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vectors into diseased muscle, this system seemed to be useful in
modifying genetically autologous cells ex vivo rather than in direct
injection’ in vivo. In fact, lentiviral vectors expressing mini-
dystrophin transduced mouse satellite cells efficiently, and the
transduced cells regenerated muscle fibers after transplantation
[28]. Quenneville et al. [29] showed that lentiviral vectors are useful
in transducing monkey muscle stem cells. The lentiviral vector has
been recently used to modify muscle stem cells to deliver an
antisense sequence linked to a modified U7 [30] or U1 [31] small
nuclear RNA for restoration of the reading frame.

Antisense oligonucleotide (AO)-mediated exon
skipping for DMD gene

Skipping of targeted exons

DMD is caused by mutations in the DMD gene that disrupt the
open reading frame. BMD is also caused by mutations in the DMD
gene, but in the case of BMD, the open reading frame is
maintained. If we can skip (splice out) targeted exons by
modification of splicing patterns and restore the reading frame, a
shorter dystrophin protein can be restored in the DMD muscle,
converting the DMD phenotype to a BMD phenotype. To this end, a
number of antisense oligonucleotides (AOs) have been designed
and tested in vitro [32-34] and in vivo [35-37]. Fig. 1 illustrates the
skipping of exon 51 using one AO. Whether the resultant
shortened dystrophin is functional or not depends largely on the
function of the deleted part. In general, truncation of the rod
domain is thought to be relatively harmless.

Single exon 51 skipping is expected to be suitable for approxi-
mately 13% of DMD patients. Multiple exon skipping is estimated to
be applicable to more than 80% of DMD patients. Theoretically, the
AO-mediated exon skipping strategy cannot treat patients with
mutations in the promoter region, deletion of the first or last (79th)

exon, deletion of the domain bound by dystroglycan: exons 62-69
[38] or large deletions (>35 exons) [39]. However, these mutations
are rare, and the majority of patients have a mutation in the hotspot
located between exons 43 and 55.

Design of AOs

AOs are designed to hybridize specific sequences, such as exon-
intron boundaries, and exon splicing enhancer (ESE) sequences in
transcripts. AOs interfere sterically with the splicing machinery
[4041]. There are several software programs, such as ESEfinder
(http://rulai.cshledu/tools/ESE), to design antisense oligonucleo-
tides, but extensive empirical analysis is still required for each exon.

AO chemistry, delivery in vivo, and toxicity

Among the AOs tested so far, AOs having a 2’-O-methyl phosphor-
othioate backbone (2’-0-MeAO) and phosphorodiamidate morpho-
lino oligomers (PMOs) (Fig. 2) are commonly used in animal models
and in clinical trials [4243]. 2'-0-MeAOs have a chemically
modified RNA structure (Fig. 2). The modifications increase the
half-life and distribution to tissues. 2’-O-MeAOs have been well
tolerated in clinical trials. PMOs have a morpholino backbone, are
uncharged, are not recognized by cellular proteins, and, therefore,
are rapidly cleared from plasma and excreted in urine. Very high
doses of PMOs are reported to be well tolerated by animal
models. This would be partly because PMOs hardly evoke innate
immune responses.

In vivo delivery of AOs

One limitation of PMO-mediated exon-skipping therapy is that
PMOs do not easily enter cardiac muscle. Recently, to improve the
uptake of PMOs by cardiocytes, peptide-tagged PMOs (PPMOs) [44]
and Octa-guanidine PMOs [45] were developed. These modified
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Fig. 1 - Exon skipping therapy for DMD patients with deletion of exon 51. (A) Normal dystrophin transcript and mRNA. (B) Deletion
of exon 50 disrupts the open reading frame, leading to a premature stop codon, unstable mRNA, and a truncated protein.

(C) Targeted skipping of exon 51 using AO restores the reading frame and produces a shorter but functional dystrophin that lacks
exons 50 and 51. Blue bar indicates AO targeting the sequence in exon 51.
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Fig. 2 - Structure of RNA, 2’-0-MeAO, and PMO. B: bases (adenine, cytosine, guanine, and thymine).

morpholinos are reported to be more effective than native PMOs in
inducing exon skipping in cardiac muscle after intravascular
injection. But there are potential concerns that PPMOs might elicit
an immune response or have toxicity compared with PMOs due to
the protein moiety.

Skipping multiple exons

If fully approved, AVI-4658 and PROO051, both of which target
dystrophin exon 51, will be able to treat 13% of DMD patients. To
treat more patients, elimination of two or more exons from the
final mRNA is required. Theoretically, multiexon skipping using a
cocktail of AOs can restore the reading frame of the DMD gene in
more than 83% of the all DMD patients. Double-exon skipping
using AOs has been shown to be feasible in patient-derived cells
[46], mouse models, and dystrophic dogs [37]. On the other hand,
the efficiency of multiexon skipping is much lower than expected
[47]. This is presumably because partial exon skipping results in
out-of-frame transcripts. It will be some time before multiple-exon
skipping is applied to DMD patients.

Ongoing clinical trials of exon skipping

Clinical trials using intramuscular administration of 51 AOs, PRO051
(2'-0-Me AO), and AVI-4658 (PMO) have been performed in Europe
by Prosensa and AVI BioPharma respectively. PRO051 and AVI-4658
were both designed to induce exon 51 skipping in the DMD gene and,
therefore, can treat DMD patients with deletions such as 45-50, 47—
50, 48-50, 49-50, 50, or 52. AVI BioPharma reported the initial data of
systemic treatment with AVI-4658 (a phase 1b/2 clinical study) in the
United Kingdom, which resulted in the successful restoration of
dystrophin in the 2-mg/kg dose cohort (http://www.avibio.com/).
AVI-4658 is well tolerated and so far has caused no serious side effects
in treated patients. A phase 1/2 dose-ranging safety study using
PRO051 was performed on 12 patients at two European clinical
centers. The study demonstrated that PRO051 was also well tolerated
up to 6 mg/kg and that novel dystrophin expression was detected in
the patients in response to injections above 0.5 mg/kg [48] (also refer
to http://prosensa.eu/technology-and-products/Pipeline/PRO-051.
php or http://www.parentproject.org.au/html/s02_article/article_
view.asp?art_id=679&nav_catid=214&nav_top_id=78).

However, the consequences of long-term administration of
both AOs should be carefully examined because AOs have a
transient effect and must be readministered to sustain the effect.

Conclusions

Development of gene therapy for DMD has long been a challenge, but
recent strategies, such as AAV-8 or AAV-9-mediated systemic
delivery of microdystrophin and exon skipping, hold great potential.
AO-induced exon skipping is a mutation-specific approach. Both the
mutation and splicing patterns of dystrophin mRNA must be
examined individually, and the AO sequences used would differ
from patient to patient. One concern is that the efficacy and safety of
each variation must be tested on the same backbone, requiring more
time to get approval from the regulatory authorities.

Although AO-mediated exon skipping has shown promising
results, the authors predict that a combination of exon skipping
and other therapeutic approaches, such as viral vector-mediated
gene transfer, stem cell-based therapy, or additional strategies of
enhancing muscle regeneration, will become the standard ap-
proach for future DMD therapy.
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Pathomechanism of Fukuyama-type congenital muscular dystrophy and related disorders
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