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Abstract: Duchenne muscular dystrophy (DMD) arises from protein-truncating mutations in the large dystrophin gene that preclude syn-
thesis of a functional protein that primarily stabilizes muscle fibre membranes. The absence of dystrophin leads to this most common and
serious form of childhood muscle-wasting. Since the identification of the dystrophin gene in 1987, cell and gene repair or replacement
therapies have been evaluated for DMD treatment and one genetic intervention, exon skipping, is now in clinical trials. Antisense oli-
gomers have been designed to redirect dystrophin splicing patterns so that targeted exons may be removed from a defective dystrophin
pre-mRNA to either restore the reading frame of a deletion, or excise an in-frame exon corrupted by a nonsense mutation or micro-
insertion/deletion. This review discusses the evolution of oligomer induced exon skipping, including in vitro applications, evaluation of
different oligomer chemistries, the treatment of animal models and alternative exon skipping strategies involving viral expression cas-
settes and ex vivo manipulation of stem cells. The discussion culminates with the current clinical trials and the great challenges that lie
ahead. The major obstacle to the implementation of personalised genetic treatments to address the many different mutations that can lead
to DMD, are considered to be establishing effective treatments for the different patients and their mutations. Furthermore, the view of
regulatory authorities in assessing preclinical data on potentially scores of different but class-specific compounds will be of paramount
importance in expediting the clinical application of exon skipping therapy for this serious and relentlessly progressive muscle wasting

disease.
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INTRODUCTION

When considered individually, serious monogenic disorders are
fortunately relatively rare, especially when compared to complex
traits such as Alzheimer's, asthma, diabetes, or acquired conditions,
including pathogenic infections and cancer. The most common
human autosomal recessive disorder, cystic fibrosis, is reported to
occur at a frequency of about 1 in 2100 in the Caucasian population
[1]. However, when viewed collectively, single gene disorders are
an enormous burden to those affected, their families, communities,
and the health care system.

It is no longer appropriate to consider single gene disorders as
"simple", particularly since it is apparent that different lesions in a
particular gene can result in a variety of clinically distinguishable
conditions, with either recessive or dominant modes of transmis-
sion. Although the AF508 mutation defect accounts for about 75%
of cystic fibrosis cases [2, 3], over 1,000 different mutations have
been reported and the clinical presentation can vary considerably
from severe, with extensive lung involvement, to a very mild phe-
notype with reduced fertility as the predominant symptom. Simi-
larly, different mutations in the huge dystrophin gene can lead to
the allelic conditions, Duchenne muscular dystrophy (DMD),
Becker muscular dystrophy (BMD), and X-linked dilated cardio-
myopathy [4].

Restoration of expression of a single component to address a
missing or defective gene product is the basis of gene replacement
(viral and non-viral systems) or cell-based therapies. Although great
advances are being made in the treatment of some conditions, for
example, gene replacement in children with X-linked severe com-
bined immune deficiency (SCID) [5, 6], there have also been seri-
ous adverse events and progress has not been as rapid as anticipated
[7]. Challenges to gene and cell replacement therapy for DMD arise
from the size of the gene product and/or nature of the gene expres-
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sion. Dystrophin, the affected gene product in DMD, is encoded by
the largest known gene and is expressed as multiple isoforms in
different tissues, with the 427 kDa skeletal muscle protein produced
at low amounts in about 30% of the human body mass [8].

Such challenges in gene and cell replacement for DMD have
prompted the examination of other possible therapeutic interven-
tions, including up-regulation of a homologous protein or redirect-
ing expression, processing, or translation of the defective gene
product [9-11]. This review will consider the use of antisense oli-
gomers (AOs) to reduce the severity of DMD, through specific
redirection of dystrophin pre-mRNA processing to by-pass protein-
truncating mutations during mRNA maturation. The nature of this
genetic therapy is such that specific AOs and exon skipping strate-
gies must be tailored to address different mutations. Although this
may sound daunting, development of personalized treatments
should not be considered unrealistic. Many compounds have now
been optimised to address different dystrophin mutations in vitro,
and two compounds are currently in clinical testing to restore the
reading frame of a common type of dystrophin mutation. Demon-
stration of dystrophin expression in these trials should facilitate
implementation of other AO strategies for different DMD patients,
particularly if exon skipping could be regarded as a generic therapy.

DUCHENNE AND BECKER MUSCULAR DYSTROPHY

DMD and BMD are allelic X-linked recessive conditions aris-
ing from mutations in the dystrophin gene. One third of cases are de
novo and germ-line mosaicism has been reported to be as high as
14% [12]. The tremendous size of the dystrophin gene and organi-
zation of repeated elements within some introns in excess of 200kb,
are thought to contribute to the high spontaneous mutation rate.
DMD occurs at a cited incidence of 1 in 3,500 live male births, and
is the most common severe muscular disorder in childhood [13].
DMD individuals appear normal at birth, but present with muscle
weakness between the ages of 3-5 years. Muscle degeneration
gradually overwhelms regenerative capacity in a relentlessly pro-
gressive and predictable manner. As muscle degeneration pro-
gresses, affected individuals exhibit difficulties arising from the
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Table 1. Some Examples of BMD Deletions with Associated Comments on Phenotype
Exonic Deletion Special Comments Reference

3-9 Playing competitive badminton at age 62 years [16]

9-22 High CK, myalgia but well developed musculature and no evidence of muscle weakness [134]

13-18 Myalgia and cramps after normal activity [135]

13-41 Very mild BMD [136]

17-47 Source of the dystrophin mini-gene used in gene replacement studies [34]

17-51 Mild BMD with congenital cataracts [137]

35-44 Cramping after soccer or mountain climbing [138]

41-44 Elevated CK, otherwise asymptomatic [139]

45-53 Diagnosed age 60 [140]

48 Accidentally diagnosed in female, four affected male members then diagnosed with high CK only [141]

50-53 Elevated CK, otherwise asymptomatic [139]

It should be noted that very few BMD patients have been identified with in-frame deletion in the central rod domain involving exons 33-45 [142]

floor, climbing stairs and running, and eventually lose ambulation
before the age of 12 years. The most common causes of death are
cardiac or respiratory complications, but improvements in heath
care, the use of steroids and assisted ventilation have extended the
life span of DMD patients by up to 50% over the last two decades
[14].

BMD is estimated to occur at one tenth the frequency of DMD
[15]. Presenting with a spectrum of severities, BMD is clinically
classified as an individual becoming wheelchair bound by age 16
years or later, while some are apparently asymptomatic and may
only be diagnosed later in life [16]. Examples of gross dystrophin
gene deletions that have been identified in mildly affected BMD
patients are shown in Table 1, where it can be seen that over 50
dystrophin exons may be deleted, in various combinations, with
relatively minor clinical consequences. It seems probable that the
low incidence of BMD, compared to DMD, may be due to the in-
ability to identify cases that do not present with overt symptoms. A
mutation in the dystrophin gene was recently reported where the
loss of exon 16 did not raise the serum creatine kinase levels [17], a
sensitive marker of muscle damage.

The molecular distinction between DMD and BMD depends
upon the quantity and quality of dystrophin that can be synthesized
as a consequence of the gene lesion [18]. Genomic deletions of one
or more exons, found to cluster in 2 hotspots near huge introns, are
the most common type of dystrophin mutation and account for
about 60% of cases. Duplications, typically involving multiple ex-
ons are generally found in the proximal third of the gene and are
seen in 8-15% of DMD cases [19-22]. Disruption of the reading
frame that leads to premature termination of dystrophin synthesis
results in DMD, while in-frame gene re-arrangements typically
allow the generation of internally truncated dystrophin that retains
some biological function. The variable manifestation of BMD, from
border-line DMD to asymptomatic, reflects the quality and/or quan-
tity of the internally shortened dystrophin (for review see [23-25]).

The dystrophin gene contains 79 exons spanning approximately
2.4 million base pairs and encodes 3 major isoforms, which are
expressed primarily in muscle, heart and brain. The reading frame
organization of the 79 exons is shown in Fig. (1). In addition, there
are 4 internal promoters, which encode shorter isoforms expressed
in other tissues. Due to the catastrophic consequences of dystrophin
loss on muscle function and integrity, it is presumed that the 427
kDa skeletal muscle isoform is most important, hence this has been
the focus of the gene repair or replacement studies (for review see
[26, 27]).

Dystrophin is thought to act much like a shock absorber linking
the actin cytoskeleton to a complex of proteins embedded in the

sarcolemma. The primary actin binding domain involves dystrophin
exons 2-8, although secondary actin binding sites have been identi-
fied [28, 29], supported by the identification of mildly affected
BMD individuals missing exons 3-9 [16]. Dystrophin exons 62-69
encode the cysteine rich domain, which is pivotal in the linkage of
dystrophin to B-dystroglycan, and hence to the dystrophin associ-
ated proteins and glycoproteins embedded in the sarcolemma. In
addition to the primary structural role linking the actin cytoskeleton
and the sarcolemma, dystrophin also anchors syntrophin, dystrobre-
vin, and localizes nNOS [25]. As well as the major 427 kDa iso-
forms expressed in muscle, heart and brain, internal promoters lo-
cated within introns 30, 45, 56 and 63 are responsible for the pro-
duction of the shorter isoforms, DP260, DP116, DP140, and DP71,
respectively. In non-muscle tissue, DP116 associates with the sar-
coglycan complex and is implicated in myelin stability in schwann
cells [30]. Transient expression of DP140 in embryonic kidney is
involved in renal tubulogenesis [31]. The carboxy (C)-terminal
domain of DP71 isoforms plays an important role in neuronal dif-
ferentiation [32].

The actin and B-dystroglycan binding domains are separated by
24 spectrin-like repeats, and this rod domain is encoded by about
two thirds of the dystrophin gene transcript [33]. Portions of the rod
domain appear to be somewhat redundant in that substantial in-
frame deletions of rod domain generally lead only to a mild BMD
phenotype [34] (Table 1).

NATURAL PRECEDENTS FOR EXON EXCLUSION DUR-
ING DYSTROPHIN PROCESSING

There are two precedents to support the hypothesis that induced
exon skipping could minimise the consequences of protein-
truncating mutations in the dystrophin gene. Revertant fibres are
dystrophin-positive fibres that occur naturally and have been de-
tected in mdx mouse model of muscular dystrophy [35, 36], the
dystrophin-deficient muscular dystrophy canine model [37-39] and
at least 60% of all DMD cases [40-43]. Another canine model, a
German short-haired pointer [44], in which the entire dystrophin
gene was missing, did not contain any revertant fibres, suggesting
that the mechanism responsible for restoring some dystrophin ex-
pression required the retention of sufficient coding sequences of the
dystrophin gene.

Although revertant fibres are regularly detected in many dys-
trophic tissues, the frequency is insufficient to be of any substantial
clinical benefit [42]. RNA analysis and epitope mapping indicated
the presence of multiple revertant dystrophin isoforms in human
and mouse muscle. This suggested some natural exon skipping
event led to re-arrangements [36, 45], generally excluding 20 or
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Fig. (1). Structure of the dystrophin gene transcript indicating the reading frame and major functional domains. Boxes represent in-frame exons whereas inter-
locking forward and reverse arrows and notches indicate codons spanning the exon:exon junction. Junction codon sequences are shown above the exons.

more exons [46]. In situ hybridization studies in the mdx mouse
using exon 23 and flanking intronic sequences as a genomic probe,
indicated that the dystrophin gene in the majority of revertant fibres
was structurally intact, thereby excluding secondary somatic dele-
tions in the dystrophin gene as the primary possible mechanism
[46]. The underlying basis of revertant fibres is believed to involve
some form of alternative splicing [36, 47], although it is difficult to
conceptualize a mechanism whereby 20 exons spanning hundreds
of kilobases of pre-mRNA are consistently excluded in one muscle
fibre and not another.

BMD patients typically have genomic deletions in the dystro-
phin gene that do not disrupt the reading frame. A few point muta-
tions that lead to BMD have been identified, including missense
mutations in the actin binding domain [15] and splice motif muta-
tions that either lead to excision of an in-frame exon, or reduce the
amount of normal dystrophin mRNA [48]. Some nonsense muta-
tions in the dystrophin gene have also been found to lead to BMD
[49, 50], in apparent conflict with the reading frame hypothesis,
which predicts that protein-truncating mutations should result in
DMD [51]. However in these milder than expected BMD cases, it
was found that the nonsense mutation influenced splicing patterns
such that natural exon skipping excluded the exon containing the
nonsense mutations [50]. Comprehensive screening of genomic
DNA has been reported to confirm diagnosis of over 96% of DMD
cases, whereas only 60% of BMD mutations were identified [52,
53]. Analysis and sequencing of dystrophin cDNA from muscle is
often essential to identify the consequences of less obvious gene
mutations, where a nonsense or missense mutation/polymorphism
may lead to exon skipping or activation of a cryptic splice site.
Similarly, deep intronic DNA changes, sometimes kilobases away
from the nearest dystrophin exon, can lead to the incorporation of
pseudo-exons in the mature gene transcript [54].

ANTISENSE OLIGOMERS AND MODES OF ACTION

An oligodeoxyribonucleotide was reported to inhibit Rous sar-
coma virus replication in cell culture nearly three decades ago [55,
56]. Antisense technologies became synonymous with gene down-
regulation studies, most commonly through the induction of
RNaseH degradation of the RNA strand in the AO:RNA duplex.
Inadequate controls confounded results of some early experiments,
where apparent gene suppression arose from non-sequence specific
effects, in particular the sequestration of transcription/translation
proteins by the phosphorothioate backbone. Despite these early
sethacks, which saw antisense technology regarded with a great
deal of skepticism, there has since been great progress in terms of
new chemistry development and identifying distinct mechanisms of
altering gene expression.

New oligomer chemistries, with modified bases and/or back-
bones, generated compounds with greatly increased annealing affin-
ity and/or enhanced resistance to nuclease degradation. Vitravene
(fomivirsen) was the first antisense drug to achieve marketing
clearance in the USA to treat cytomegalovirus retinitis in people
with AIDS [57]. In addition, new oligomer chemistries were able to
influence gene expression through mechanisms other than RNaseH-
induced degradation. Chemically synthesised RNA oligomers are
routinely used in gene silencing studies in nematodes, plants and
human cells [58-61]. Some second or third generation oligomers,
which were not able to activate silencing pathways, can modify
gene expression at different stages. Depending upon the target se-
quence design, some modified oligomers can suppress translation
by masking motifs essential for ribosomal initiation and elongation,
while other oligomers can anneal to motifs involved in exon recog-
nition and intron removal, thereby redirecting pre-mRNA process-
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EARLY SPLICE INTERVENTION STUDIES

Kole and colleagues first reported the use of AOs to corrrect
aberrant B-globin pre-mRNA splicing fifteen years ago [62]. In-
tronic mutations in this gene activated cryptic splice sites and ac-
count for nearly 30% of B-thalassemia cases. Despite the presence
of intact splice donor and acceptor sites, the selection of cryptic
splice sites led to some intron retention in the mutant B-globin
mRNA. AOs consisting of 2'-O-methyl modified bases on a phos-
phorothioate backbone (20Me) were designed to anneal to the
cryptic splice sites, rendering them inaccessible to the splicing ma-
chinery, which in turn defaulted to the selection of the normal
splice sites. A few years later, Matsuo and colleagues were able to
induce an abnormal dystrophin gene transcript by targeting an oli-
godeoxynucleotide on a phosphorothioate backbone (ODN) to an
internal domain within dystrophin exon 19 [63]. The "Kobe" DMD
mutation was found to arise from a 52 bp deletion within dystrophin
exon 19 that, while leaving the donor and acceptor sites intact, re-
sulted in the excision of the entire exon from the gene transcript
[64, 65]. Matsuo and colleagues hypothesized that the small intra-
exonic deletion removed crucial exon recognition motifs and re-
sulted in complete exon removal. An AO was designed to induce
dystrophin exon 19 skipping in normal lymphoblastoid cells trans-
formed with Epstein-Barr virus [63]. Hence, the first demonstration
of exon skipping in the dystrophin gene did not rescue defective
gene expression, but induced abnormal splicing and disrupted the
reading frame. Nevertheless these experiments confirmed the prin-
ciple of targeted exon skipping and proposed this approach as a
potential therapy for DMD.

ANIMAL MODELS

The most commonly studied animal models of dystrophin muta-
tions are the mdx mouse, which carries a nonsense mutation in exon
23 [35], and the Golden retriever muscular dystrophy model
(GRMD), which was found to have a splice site mutation that leads
to exon 7 exclusion and a subsequent mMRNA frame-shift [39]. The
mdx mouse model is readily available, inexpensive, but suffers from
the limitation that the dystrophin deficiency does not induce an
overt severe dystrophic phenotype. Nevertheless, detailed examina-
tions show raised serum creatine kinase levels, muscle weakness
and some muscles, in particular the diaphragm, show extensive
fibrosis and dystrophic pathology [66]. As these animals age, the
consequences of the dystrophinopathy become more obvious, but
these animals can voluntarily run in a manner similar to wild type
animals. Another mouse model, which does show a very severe
phenotype is the utrophin/dystrophin double knockout mouse [67],
although no exon skipping studies in this model have been reported
to date.

The canine GRMD model is much more severely affected, per-
haps more so than the human condition, and provides a more rele-
vant model in which to assess any therapies. Limitations of the
canine model include substantial variation in severity, excessive
costs involved in maintenance and care, limited numbers available
from each litter, and the emotive issues associated with working on
companion animals.

AO DESIGN AND TARGET SELECTION

The rescue of dystrophin expression using AO-induced exon
skipping in the mdx mouse was first reported by Dunkley and col-
leagues, who described a 20Me AO 12mer directed at the exon 23
acceptor splice site that generated a transcript in which exons 23 to
29 had been skipped. 20Me AOs directed at the branch point or the
donor splice site of exon 23 were not found to have any effect on
the dystrophin mRNA processing [68]. In contrast, the following
year we demonstrated that targeting the exon 23 donor splice site
with a 20Me AO 20mer was able to induce precise and consistent
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exon 23 skipping, whereas a 20mer directed at the acceptor site was
found to be ineffective [69]. Subsequent refinements in AOs target-
ing the dystrophin exon 23 donor splice site were reported and
found to further enhance the capacity of the AO to induce exon 23
skipping [70]. Additional AO refinement at the acceptor splice site
consistently failed to induce any detectable skipping [70].

Studies describing the application of AOs directed to exons
flanking frame-shifting genomic deletions in DMD patient cell lines
were reported by van Deutekom and colleagues [71]. The Leiden
muscular dystrophy database (http://www.dmd.nl/) lists exon 45 as
one of the most commonly deleted exons in DMD, whereas the in-
frame deletion of exons 45 and 46 is associated with a mild form of
BMD. van Deutekom and colleagues designed a 20Me AO to mo-
tifs within exon 46 and conclusively demonstrated restoration of the
reading frame in cells from DMD individuals carrying a dystrophin
genomic deletion of exon 45 [71]. These studies were then extended
to a variety of other mutations in the dystrophin gene [72-74].

It has been proposed that only 12 different AOs would be able
to restore the reading frame in the majority of DMD deletion pa-
tients, particularly since this type of mutation is clustered in the
minor and major dystrophin deletion hotspots [75]. Indeed, the most
commonly deleted exons lie between exons 45 and 55, and Beroud
and colleagues [76] reported that multiple exon skipping across
those exons could restore some functional dystrophin expression in
almost two thirds of all DMD patients.

However, more than one-third of DMD cases do not arise from
genomic deletions and these patients should not be excluded from
any potential exon skipping therapy. Nonsense mutations, splicing
defects and micro-insertion/deletions have the potential to lead to
premature termination of translation, and these defects appear
evenly distributed across the entire gene. As discussed previously,
an apparent catastrophic DNA change such as a honsense mutation,
does not necessarily lead to premature termination of translation, if
the DNA variant compromises exon recognition and results in vari-
able levels of natural exon skipping. Since the excluded exon is in-
frame, a protein typical of BMD is generated [49, 50], again provid-
ing evidence that exon skipping has the potential to ameliorate
DMD progression.

Furthermore, unlike many genomic deletions involving multiple
exons, the entire dystrophin coding region is present in the non-
deletion DMD patients. The removal of one or two exons to by-pass
a protein-truncating mutation is unlikely to seriously compromise
the function of the induced dystrophin, unless the exons code for a
crucial functional domain. Aartsma-rus and colleagues [77] de-
scribed 114 AOs that target 35 exons for removal. In 2007, we re-
leased the first draft of AOs targeting every exon in the dystrophin
pre-mRNA for excision, excluding the first and last exons [78].

It has been suggested that directing AOs to dystrophin donor or
acceptor splice sites may lead to off-target effects on other splice
sites [79], a possibility which cannot be discounted. However, the
invariant bases of the acceptor and donor splice sites are only 2
nucleotides long, and occur at the end and beginning of each intron
flanking the target exon (---ag[EXON]gu---). We took the approach
that any motif involved in splicing must be regarded as a potentially
amenable target and evaluated the efficiency of AOs directed at
acceptor and donor splice sites, as well as Exon Splicing Enhancers
(ESE's) as predicted by ESEFinder [80, 81]. Although the "ag" and
"gu" motifs are almost invariant at the acceptor and donor splice
sites respectively, these two nucleotides would only constitute a
minor proportion of the AO annealing site. It may be argued that
targeting ESE's, where 6 or 8 consensus nucleotide motifs are rec-
ognised by SRp55 or SC35 respectively, offers a greater chance of
cross-transcript targeting.

Remarkably from these two extensive reports on AO design to
induce dystrophin exon skipping [77, 78], about two thirds of AOs
designed and evaluated were able to induce some level of targeted
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exon exclusion. This is consistent with the observation that many
changes in the protein coding region can disrupt splicing [82], and
implies that many motifs are involved in exon recognition and
splicing. However, there are substantial variations in exon skipping
efficiencies, as clearly some AOs targeted more amenable or re-
sponsive sites for induced exon skipping than others. Some exons
were readily and efficiently removed at what was arbitrarily chosen
an acceptable level in vitro, greater than 30% exon removal com-
pared to the intact transcript after transfection at 100 nM
AO:lipoplex [78], while other exons were more difficult to dis-
lodge. Aartsma-Rus and colleagues [83] noted that the effective
AOs targeted significantly higher numbers of SF2/ASF, SC35 and
SRp40 motifs than the ineffective AOs [77].

Our strategy for AO design has been more empirically based.
An initial panel of AOs were designed to target splice site junctions
for each exon, as well as predicted ESE motifs. Normal myogenic
cultures were transfected and the test compounds exhibiting the
most pronounced exon skipping efficiency were used as a template
to design a subsequent series of overlapping AOs. The most effi-
cient AO was defined as the compound that induced maximal exon
excision in vitro, after transfection at concentrations over the range
10 to 100 nM. Although the AOs designed to induce specific exon
skipping will ultimately be applied to cells expressing a defective
dystrophin gene, AO development was undertaken in normal hu-
man primary myogenic cell cultures. Designing AOs to target the
normal dystrophin gene transcript places extra demands on evalua-
tion. Unlike cells expressing a defective dystrophin mRNA sub-
jected to increased turn-over through nonsense mediated decay
[84], removal of approximately half of the exons from a normal
dystrophin transcript may lead to a disruption of the reading frame.
Hence, the normal gene transcript will be expressed at wild-type
levels, and the induced exon deleted transcript will be subjected to
faster turn-over though nonsense mediated decay. Consequently,
when the appropriate therapeutic oligomer is applied to dystrophic
cells, the effect on exon skipping should be more pronounced, as
the reading frame will have been restored and the induced transcript
no longer subjected to nonsense mediated decay (NMD). This fea-
ture was evident in evaluating AOs to excise exon 19 from the dys-
trophin gene transcript expressed in normal and mdx murine myo-
genic cells. The mdx dystrophin transcript would be subjected to
NMD, as would any dystrophin transcripts missing exon 19. De-
spite the same nucleotide sequence and splicing machinery, exon 19
removal was induced in mdx cells at concentrations 4 fold lower
than that required in the normal cells [85].

One trend in AO design that became evident was that the length
of the AO could play a major role in determining the efficacy of
induced exon skipping, although this appears to be largely depend-
ent upon the target exon [86]. Several motifs were examined as
targets for induced skipping of human dystrophin exon 16, in par-
ticular, a cluster of high-scoring potential ESE's near the donor
splice site. Despite masking of high-scoring ESE's and this donor
splice motif, overlapping AOs directed at the human exon 16 donor
site were found to be ineffective, whereas a 25mer, spanning the
acceptor site induced moderate exon 16 skipping. AOs with addi-
tional bases at the 5' or 3' end of the 25mer were found to be about
four-fold more effective than the original AO targeting the accep-
tor. Most surprisingly, a 20mer common to all three AOs was found
to be totally ineffective [86]. Although it had been observed that a
25mer directed at the mouse exon 23 donor site was marginally
more effective than a 20mer, longer AOs (30mer) directed at this
site were consistently found to induce less exon 23 skipping than
the shorter compounds [86].

Some dystrophin exons were difficult to dislodge from the ma-
ture dystrophin mRNA, and despite designing AOs across most of
the exon, with either no or only very low levels of skipping being
induced after transfection with high AO:lipoplex concentrations.
Exon 20 was one such example, in which over 20 different AOs
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were designed and evaluated, but only one compound was eventu-
ally found to induce moderate levels of exon 20 excision. Combina-
tions of AOs were then evaluated and some, but not all AO cock-
tails, were found to be very effective in a clearly synergistic rather
than cumulative manner [83, 87]. AO cocktail design was not as
simple as combining the most effective AOs, as the optimal AO
cocktail for exon 20 consisted of two compounds that had no effect
on splicing when used individually. Replacing one of the AOs in
this cocktail with a longer overlapping compound that did show
some exon skipping potential when used alone, actually lowered the
efficiency of that cocktail [87]. In another example, very weak exon
65 skipping could be induced with one AO after transfection at a
concentration of 600 nM. When this AO was combined with an-
other directed at exon 65, pronounced exon skipping was evident
after transfection at a combined AO concentration of 2 nM [87].

This raises the question of exactly how AOs influence the splic-
ing process. It had been assumed that AOs anneal to single stranded
motifs on the pre-mRNA, where SR proteins or other splice factors,
such as short non-coding RNAs including miRNAs [88] may be
involved in exon recognition and definition. AO binding to the
appropriate target would render that pre-mRNA site double-
stranded and presumably prevent correct assembly of the spli-
ceosome. If this were the case, one would assume that the more
obvious motifs involved in splicing, such as the acceptor or donor
sites should provide reliable targets for consistent splice interven-
tion. This is clearly not the case, as we have identified only one
human dystrophin exon in which the donor splice site was the sin-
gle most amenable target for exon skipping [78]. Although direct-
ing AOs to some donor splice sites does induce exon skipping,
there are more examples of no skipping whatsoever. As reported by
Arechavala-Gomeza et al. [89], applying a panel of AOs to micro-
walk across the donor splice site of human dystrophin exon 51, or
using AOs of increased length targeting the donor site, failed to
induce any substantial exon skipping. It would appear that if a do-
nor splice motif does not appear amenable, extensive AO design
and manipulation targeting that area will be a futile exercise.

Rather than directly masking motifs recognized by the various
splice factors, perhaps the AOs bind to the pre-mRNA and alter
secondary structures that are crucial in exon recognition and splic-
ing. There is mounting evidence that secondary structures within
the pre-mRNA are involved in both constitutive and alternative
splicing [90-92] and this may account for the observations that 2
out of 3 AOs designed and evaluated were able to induce some
exon skipping [77, 78]. It is possible that some donor or acceptor
sites unresponsive to AO intervention are influenced by particular
splicing factors, which bind very strongly and/or immediately after
transcription.

Several oligomer chemistries have been identified as suitable to
induce exon skipping. While ODNs were first used to induce exon
19 excision in dystrophin processing [93] and later used in the first
clinical trial involving one patient [94], there are several reasons
why this particular chemistry should not be taken to the clinic for
induced exon skipping. This type of oligomer is more susceptible to
nuclease degradation than many other chemistries and would need
constant re-administration to maintain therapeutic concentration.
Secondly, ODNs are typically used to induce degradation of the
target gene transcript by RNaseH action. Presumably if exon exci-
sion can occur before RNaseH degradation, the induced transcripts
would then be resistant to degradation, unlike the intact transcript.
Although ODNs were able to induce exon 19 skipping in cultured
cells, AOs of this chemistry directed at other splice motifs did not
induce exon skipping [85]. Chimeric AOs consisting of a mixture of
modified and unmodified bases demonstrated increased exon skip-
ping efficiency, correlated with increased content of 2'-O-methyl
modified bases [95].

One of the more commonly used nucleotide chemistry for AOs
to induce exon skipping are those consisting of 2'-O-methyl modi-
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fied bases on a phosphorothioate backbone [62, 69, 71, 96]. Several
other AO chemistries have also been evaluated for induction of
exon skipping, including terminally modified 20Me AOs [97], 2'-
O-methoxy-ethoxy AOs (MOE, unpublished data), 4'-C-ethylene
bridge nucleic acids (ENAs) [72, 95, 98], locked nucleic acids
(LNAS) [72, 99], peptide nucleic acids (PNAs) [72], and phos-
phorodiamidate morpholino oligomers (PMOs) [72, 100]. LNA,
PNA, PMO, and 20Me AOs were directly compared to remove
exon 46 from a DMD cell line in which exon 45 was deleted [72].
This study found that oligomers prepared as 20Me and LNAs could
efficiently induce exon 46 removal, whereas the equivalent com-
pounds prepared as PMOs or PNAs were ineffective [72]. These
authors concluded that the 20Me chemistry was preferable to pur-
sue further induced exon skipping strategies [72], and an AO of this
chemistry has now undergone Phase I clinical trials [101, 102].

There are advantages and disadvantages to each of the AO
chemistries, and several factors must be taken into account. The
LNA compound designed to excise exon 46 was able to induce
substantial exon skipping, has the additional advantages of in-
creased resistance to nuclease degradation and an exceptional affin-
ity for the target sequence. A 15mer targeting exon 46 was esti-
mated to have a Tm of 131°C [72], and it was the latter feature that
raised concerns for potential off-target annealing, particularly after
the authors showed that an AO with 2 mismatches was still able to
induce targeted exon skipping [72]. We have shown that 20Me
AOs containing several mismatches could also induce targeted exon
skipping in vitro, but this was only after application of high concen-
trations of AO, and skipping was not efficient compared to opti-
mally designed AOs [85].

Although earlier studies reported that PNAs may be of limited
use as agents to induce exon skipping [72, 100], this may again
reflect limitations of delivery of the PNA into the nucleus, neces-
sary for splice intervention. Recently, a report by Yin et al. [103]
indicated that PNAs of 20 bases long could induce substantial exon
23 skipping in both mdx cells in vitro and in vivo after intramuscu-
lar injection. These authors were able to compare efficiencies of
different oligomer chemistries and concluded that the PMOs were
marginally more efficient than the PNAs. It should be noted that
direct sequence comparisons were not reported.

One limitation of the PMO chemistry is poor uptake in vitro,
unless either very high concentrations were used or the cells were
encouraged to take up the PMO by scrape loading [104]. Sense
strand oligonucleotide leashes, designed to anneal to a PMO di-
rected at mouse exon 23 donor, allowed the uncharged PMO to be
complexed with a cationic liposome, and induced targeted exon
removal at concentrations three orders of magnitude lower than the
uncomplexed PMO in cell culture [100]. Once the PMOs were
taken up by the cells, high levels of exon skipping were maintained
for the life of the cultures, as these uncharged compounds are not
metabolized. The PMO chemistry does not show any overt toxicity
in vitro, even when added to cultures at concentrations of 50uM.
More importantly, no serious drug-related adverse events have been
observed in 15 safety studies of 4 different PMOs, designed as anti-
viral and metabolism modifying agents, involving approximately
350 individuals [105].

It is not realistic to consider using cationic liposome prepara-
tions for repeated systemic delivery, based upon cost and more
importantly, potential toxicity. The pluronic block co-polymer F127
was shown to enhance uptake of 20Me AOs [106, 107] and Wells
et al. [108] showed enhanced AO delivery in the mouse using elec-
troporation. However, it is possible that systemic delivery may not
be as great a challenge for PMOs as first anticipated. In vivo ad-
ministration of a PMO was undertaken by injecting a cationic lipo-
plex composed of a PMO annealed to a sense strand leash, (1-5 ug)
directed to the donor splice site of mouse dystrophin exon 23. As
anticipated from in vitro studies, substantial dystrophin exon skip-
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ping was detected at the RNA and protein levels [100]. Im-
munofluorescence indicated that the induced dystrophin was cor-
rectly localized and the sarcolemmal complex was re-established.
What was unexpected was that similar levels of exon skipping were
induced after administration of an equivalent amount of PMO that
was not annealed to the leash. It quickly became apparent that in
vivo PMO uptake was much more efficient than anticipated from in
vitro studies. Systemic studies followed and dystrophin expression
could be detected in all tissues examined, except the heart [109,
110]. Further advances in PMO delivery came with conjugation to
cell penetrating peptides, and even more substantial dystrophin
expression was induced, using even lower doses of the PMO [111].
However, to date, the heart remains resistant to AO-induced exon
skipping, prompting additional studies using different peptide tags
and dosage regimens.

ALTERNATIVE EXON SKIPPING STRATEGIES

Several approaches are being investigated as potential avenues
to induce permanent exon skipping. Gene editing using chimeric
RNA/DNA oligonucleotides (RDOs) [112, 113], single stranded
oligodeoxynucleotides (ODNs) [114], and plasmid DNA [115] has
been reported. If a base change could be introduced at a donor or
acceptor splice site, the modified cell could maintain permanent
exon skipping. Although, the most common consequence of a splice
site mutation is exon skipping, such as found in the canine model of
muscular dystrophy [39], there are many instances where a donor or
acceptor mutation has led to the activation of a cryptic splice site,
thereby causing intron retention or partial exon loss in the mature
mRNA. We previously reported a case of germline mosaicism in a
family with a defect in the exon 26 donor splice site [116]. This
mutation did not lead to loss of exon recognition and skipping, but
rather activation of a cryptic splice site downstream, with intron
retention and an in-frame stop codon now in the mature mRNA. It
may be difficult to predict the consequences of each splice motif
mutation until it has been induced and validated in human cells.
What is clear is that levels of induced gene correction reported are
generally very low, and vary extensively from one laboratory to
another and this avenue of therapy is many years from the clinic
[117, 118].

Viral vectors are being developed to introduce expression cas-
settes that allow synthesis of antisense RNA sequences [119, 120].
Auxiliary sequences such as Ul and U7 are proposed to enhance
accessibility of the AO to the splice site. Goyenvalle et al. [121]
presented elegant work showing long-term dystrophin expression in
the mdx mouse after introducing a viral construct carrying se-
quences annealing to the branch point of intron 22 and donor site of
exon 23, linked to a modified U7 sequence under control of the U7
promoter. Dystrophin was readily detectable by western blotting
and immunostaining 3 months after treatment. Should the appropri-
ate construct be introduced into a stem or progenitor cell [122],
proliferation capacity could allow for potentially enhanced thera-
peutic benefits.

Autologous cell therapy is also being investigated to restore
dystrophin [123, 124]. Cells were harvested and then transfected
with a lentiviral construct, containing an exon skipping cassette
designed to constantly generate RNAs to dislodge the target exon.
The treated autologous cells were evaluated for exon skipping and
transplanted into the tibialis anterior of mdx/SCID mouse. A few
dystrophin positive myofibres were detected 10 weeks after trans-
plantion [123], and it appears that the low levels of dystrophin ex-
pression was caused by a combination of low exon skipping effi-
ciency and poor viability of transplanted cells.

CLINICAL TRIALS

The first clinical trial to address a DMD-causing mutation by
induced exon skipping involved a single patient with a frame-
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shifting deletion of exon 20. An oligomer, directed to exon 19,
should restore the reading frame in this individual [94]. The treat-
ment consisted of an ODN administered intravenously at a dosage
of 0.5 mg/kg of body weight per week, for 4 weeks. Dystrophin
protein was reportedly detected at very low levels by immunostain-
ing of sections from the patient’s biceps, 1 week after the last infu-
sion. No western blot data was shown and the treatment failed to
reduce serum creatine kinase levels. Although exon skipping was
demonstrated in lymphocytes after the third and fourth treatments,
only low levels of transcript missing exons 19 and 20 were found in
the muscle biopsy after 4 treatments. In this report, preclinical test-
ing was limited to one species, the mdx mouse, in which doses of
200mg/kg were administered by infusion. There were no adverse
effects reported, but surprisingly neither were any exon skipping
studies, since this particular oligomer matched the mouse dystro-
phin sequence perfectly and had been shown to induce mouse exon
skipping in vitro [85]. Even more surprising, this compound had
previously been reported to induce exon 19 skipping in the mdx
mouse, but only after intraperitoneal injection [125]. Although a
similar infusion protocol was used to administer this compound to a
normal human volunteer for safety testing, no exon skipping analy-
sis was reported.

This raises one of the fundamental problems with pre-clinical
testing oligomers designed for dystrophin exon skipping. If this
compound had efficiently dislodged exon 19 from the dystrophin
pre-mRNA of the normal human volunteer, the reading frame will
be disrupted, leading to reduced dystrophin expression, and in es-
sence induce muscular dystrophy. This aspect is discussed in more
detail below.

In addition, highly sensitive assays could lead to misinterpreta-
tion of exon skipping efficiency. Lymphocytes have been used to
study illegitimate dystrophin expression [126], where it has been
estimated that one copy of dystrophin gene transcript occurs in
about one thousand cells [127]. As very sensitive assays were re-
quired to detect these illegitimate transcripts, the low level of exon
19 skipping from the muscle biopsy is unlikely to reflect an accu-
rate ratio of rescued muscle gene transcript. Several issues relating
to dosage and route of administration, which were not properly
addressed, highlight some limitations of this clinical trial.

A Phase | clinical trial in Leiden has now been completed
[102]. A 20Me AO designed to induce exon 51 skipping was in-
jected into tibialis anterior muscles of 4 DMD patients. Exon 51
was chosen as the target for this study as its removal would correct
the reading frame in more DMD individuals than any other exon,
according to the Leiden muscular dystrophy database
(http://www.dmd.nl/). Preexisting or fibroblast derived myogenic
cells from patients were used for in vitro pre-screening of oligomer
PROO051 [102]. Four weeks after four intramuscular injections of
200ug of PRO051 oligomer, running along a 1.5cm measuring line,
muscle from the 8 to 12 year old participants were assessed for
exon skipping at the RNA level and dystrophin restoration. Sub-
stantial dystrophin restoration was demonstrated in all patients by
both immunostaining and western blot analysis [102]. This is the
first evidence to conclusively support the potential of using AOs to
restore dystrophin in DMD patients. Another trial has recently
commenced injecting patients in the United Kingdom, also with the
aim of inducing exon 51 excision. However, there are several dif-
ferences from the above study, including oligomer sequence [89],
oligomer chemistry and dosage, and the muscle to be treated [101].

FUTURE CHALLENGES

There is considerable optimism that AO-induced exon skipping
may substantially reduce the progression and symptoms of DMD.
However, a number of major challenges lie ahead. First, the classi-
fication of exon skipping as a gene therapy is regarded differently
by regulatory agencies in different countries. We propose that the
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use of AOs to induce exon skipping should not be regarded as a
form of gene therapy, since no permanent genetic changes are in-
duced in the recipient. These oligomers cannot integrate into the
DNA, and their mode of action interferes with gene expression, not
the gene. In some respects, oligomers inducing exon skipping
should be viewed no differently to a compound such as PTC124,
which can suppress premature termination codons [10], or any other
molecule or antibody that blocks or modifies the function of a gene
product. Upon cessation of the AO administration, the compounds
will be either degraded by endogenous nucleases or gradually
cleared from the system. No permanent changes will have been
introduced, and while this may expedite some regulatory aspects of
the work, it also poses a potential limitation, as the AOs will need
to be re-administered at periodic intervals to maintain therapeutic
levels of the induced protein.

The initial exon 51 skipping trials in Leiden and the United
Kingdom will only provide proof-of-principle, with relatively lim-
ited information on safety being generated, since low doses of AOs
of two chemistries are administered by an intramuscular injection.
This mode of delivery cannot be considered to treat the entire body,
although it may be possible to treat individual muscles in the hand,
wrist, and forearm of older boys. This may preserve what little
muscle is left and enhance their function.

The extent of the genomic deletion causing DMD will signifi-
cantly influence the functionality of the AO-induced dystrophin
isoform. The dystrophin isoform rescued by skipping of exon 51 in
a DMD individual carrying a genomic deletion of exon 50 is likely
to be more functional than the isoform induced in a patient whose
gene lesion extended from exon 13 to 50. Targeted excision of exon
51 would restore the reading frame in both deletions, but the miss-
ing coding region from the larger deletion would result in a greatly
shortened dystrophin isoform. Genomic deletions in excess of 36
exons have generally been associated with a severe phenotype,
regardless of the reading frame [128]. It is to be expected that dif-
ferent BMD-like dystrophin isoforms will have variable function,
which would in turn influence the stability and rate of turn-over of
the protein in muscle and presumably, the muscle fibres.

While different DMD patients with the same type of genomic
mutation could be treated with the same AO preparation, the differ-
ent dystrophic individuals may require oligomer dosage regimens
that will be determined by their genetic background and nature of
the dystrophin mutation. The influence of genetic backgrounds on
manifestation of the same dystrophin mutation within one family
has been reported [50]. Prescreening the target exons in recipients
will then be essential to ensure there are no neutral DNA polymor-
phisms that could compromise AO annealing and hence excision of
the targeted exon.

The cost of bringing a single drug to the market can be hun-
dreds of millions of dollars [129]. In the case of drugs to treat
common conditions, it would be expected that these may be used by
millions of people. In these situations, extensive testing is manda-
tory to identify any adverse effects, particularly considering the
number of individuals being exposed. The potential cost of bringing
12 different AOs, which would treat the majority of DMD deletion
patients, to the market is staggering and will be beyond the capacity
of any organizations other than the largest pharmaceutical compa-
nies. It should be noted that the “majority of deletion patients’
would still only constitute about 60% of all DMD individuals, and a
proportion of these would carry such large deletions, or the loss of
crucial coding domains, such that exon skipping may not be a vi-
able option.

The non-deletion DMD individuals will require many different
AOs to address their mutations, as such lesions are scattered across
the dystrophin gene. The concept of developing over 100 antisense
compounds seems ludicrous, yet this must be considered if exon
skipping is to be applicable to all amenable dystrophin mutations,
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especially since many of these defects occur in the large central rod
domain. The loss of a single exon in the rod domain is expected to
result in a dystrophin isoform of near normal function, since this is
a variably dispensable part of the dystrophin protein. If AOs are to
be used as a personalized genetic medicine, some compounds may
be designed to treat a mutation found in only a single family. We
have shown that targeting dystrophin pseudo-exons with AOs can
block their inclusion in the mature mRNA [54, 130]. Unlike restor-
ing the reading frame around a genomic deletion or excising exons
carrying nonsense mutations, AO-induced pseudo-exon suppression
could lead to the production of a perfectly normal dystrophin. If the
priority of targeted exon skipping is only based upon the frequency
of mutations, then pseudo-exons would never be considered, de-
spite being potentially the most responsive type of dystrophin gene
defect.

Several PMOs of different sequences have been tested in ani-
mals, including mouse, rat, dog, and non-human primate for general
toxicity and side-effects that may be associated with the backbone
chemistry [105]. While safety studies of oligomers designed for
viral gene suppression have been undertaken in normal human vol-
unteers, similar safety trials cannot be considered for testing AVI-
4658, a PMO designed to excise dystrophin exon 51. Evaluating
AV1-4658 in normal human volunteers must be regarded as unethi-
cal due to unacceptable risks to the participants. If this compound
works exactly as predicted, exon 51 would be removed from the
normal dystrophin gene transcript, disrupting the reading frame and
potentially inducing DMD. As shown in Fig. (2), the consequences
of exon 51 skipping will vary extensively between normal individu-
als and different DMD patients. In what should be a most amenable
mutation (DMD A50), AVI-4658 would restore the reading frame
around this single exon deletion, and allow synthesis of a dystro-
phin of near-normal length and function. The nature of induced
dystrophin isoform will depend upon the extent of the primary gene
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deletion, hence potential benefits of exon skipping would be com-
promised by larger gene deletions; such as DMD A30-50 and A13-
50. Thus, there is a broad spectrum of potential consequences of
administering AV1-4658 to different individuals, ranging from no
restoration of the reading frame in DMD patients with non-
responsive mutations, induction of dystrophin isoforms of variable
function depending upon the primary gene lesion, to inducing DMD
in a normal individual by disrupting the dystrophin reading frame.

Although non-human primate studies may be more relevant,
there are limitations, as there are no known primate models with
dystrophin genomic deletions that would be restored by exon 51
skipping. Similarly, removal of a dystrophin exon could disrupt the
reading frame and induce an adverse reaction associated with dys-
trophin deficiency, since the exon skipping compound would be
working exactly as it was designed to do. Animal testing of com-
pounds designed for specific human dystrophin mutations can only
supply limited information, and should be only undertaken if rele-
vant data is generated.

There is currently no therapy available for DMD that addresses
the missing or defective dystrophin. Although corticosteroids such
as prednisolone or deflazacort have been shown a clear benefit in
slowing muscle wasting [131-133], mood swings, weight gain,
stunted growth, brittle bone and cataracts have inevitably become
acceptable side effects of the treatment. It is imperative that as
many therapeutic compounds are made available to the DMD
community in shortest possible time frame. DMD is a relentless
progressive muscle wasting disorder that does not wait for regula-
tory approval, challenges in oligomer design, delivery, and produc-
tion.

For the widespread implementation of oligomer induced splice
intervention as a therapy for DMD, it may become necessary to
regard induced exon skipping as a generic platform. If the first
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Fig. (2). Potential consequences of AO induced exon 51 skipping in individuals with different dystrophin genes. An indicates deleted exons before and after
treatment. A19-51, A35-51, and A50-51 are all in-frame transcripts and should lead to various BMD phenotypes.
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clinical trials show safety and efficacy in restoration of dystrophin
expression after excising exon 51 from some patients, there must be
a move to systemic administration and developing therapeutic dos-
age regimens. This is likely to take some considerable time, and
may be confounded by the nature of the primary gene lesion and the
genetic background of the patient. At the same time, additional
exon targets must be considered to address other DMD mutations,
and in this manner, sufficient safety data would become available
that could allow different oligomer sequences of a particular class,
for example PMOs, to be regarded as class-specific compounds.

Steroids, the current "gold standard" treatment to delay DMD
progression, exert their effect through an unknown mechanism and
have been available for decades. Despite this, there is still no con-
sensus on the best dose and treatment regimen for steroids. Faced
with the challenge of developing a personalized genetic interven-
tion to address many different dystrophin mutations, it is most
likely that establishing oligomer dosage regimens for individual
DMD patients will prove to be an even greater challenge. Neverthe-
less, upon the demonstration of one mutation being amenable to
exon skipping, we must make all efforts to expedite the application
to as many different dystrophin mutations as possible.
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ABBREVIATIONS

AO =  Antisense oligomer

BMD =  Becker muscular dystrophy

cDNA = Complementary DNA

DMD =  Duchenne muscular dystrophy

DNA = Deoxyribonucleic acid

ENAs = 4'-C-ethylene bridge nucleic acids

ESE = Exon splicing enhancer

GRMD = Golden retriever muscular dystrophy

kDa = Kilodalton

LNAs = Locked nucleic acids

MOE = 2'-O-methoxy-ethoxy AO

NMD = Nonsense mediated decay

ODN = Oligodeoxynucleotide

PMO = Phosphorodiamidate Morpholino Oligomer

PNAs = Peptide nucleic acids

pre-mRNA = Precursor messenger ribonucleic acid

RNA = Ribonucleic acid

SCID = Severe combined immunodeficiency

20Me = 2'-O-methyl modified on a phosphorothioate

backbone
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