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Progress in therapeutic antisense applications for
neuromuscular disorders

Annemieke Aartsma-Rus*,1 and Gert-Jan B van Ommen1

Neuromuscular disorders are a frequent cause of chronic disability in man. They often result from mutations in single genes and

are thus, in principle, well suited for gene therapy. However, the tissues involved (muscle and the central nervous system) are

post-mitotic, which poses a challenge for most viral vectors. In some cases, alternative approaches may use small molecules,

for example, antisense oligonucleotides (AONs). These do not deliver a new gene, but rather modulate existing gene products or

alter the utilization of pathways. For Duchenne muscular dystrophy, this approach is in early phase clinical trials, and for two

other common neuromuscular disorders (spinal muscular atrophy and myotonic dystrophy), significant preclinical advances have

recently been made.
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INTRODUCTION

Neuromuscular disorders (NMDs) are a frequent cause of loss of
ambulation, chronic disability, and early death worldwide. An esti-
mated 300 000 people suffer from NMDs in Europe alone. Some of
these disorders have a genetic cause, with mutations in different genes
leading to a variety of phenotypes that differ in severity and/or affected
muscles.1 As yet, treatment is largely palliative and delays, but does not
prevent the progressive loss of muscle and/or function and increasing
disability. In principle, gene therapy to replace the defective gene is an
attractive approach.2 However, whole body treatment is challenging
for NMDs because of the tissues involved: B30 to 40% of the human
body consists of muscle, and delivery to the central nervous system is
impeded by the blood–brain barrier. Although adeno-associated virus
(AAV) is one of the few viral vector systems that efficiently infects
muscle, it has a small cloning capacity.3 Not only do cDNAs of most
NMD genes exceed this capacity, but also many genes are regulated by
long and complex promoters, involving multiple start sites and
complex alternative splicing.

For some NMDs (eg, myotonic dystrophy (DM)), a dominant-
negative effect underlies the disease. For these, replacing the defective
gene is unlikely to be therapeutic at all. Thus, it is not surprising that
for NMDs, research also focuses on ways to restore gene expression at
the (pre-) mRNA level. This can be achieved through antisense
oligonucleotides (AONs), small synthetic RNAs, DNAs or analogs,
which hybridize specifically to their target sequences.2 Today, AONs
are in clinical trials for several applications (Table 1). They are
relatively small (B10 kDa) and have more favorable biodistribution
properties than, for example, plasmids.4 They can be produced on a
large scale under GMP conditions much easier than viral vectors. For
three of the major NMDs (Duchenne muscular dystrophy (DMD),
Spinal muscular atrophy (SMA) and Myotonic dystrophy), AONs
have therapeutic potential and are currently in various stages of

translational trajectories.5–8 Interestingly, although the tool is the same
for each disease (AONs), it is tailored in different ways for the different
NMDs (see below). For DMD, AONs are already in Phase IIa clinical
trials and are generally considered the most promising therapy for this
disease.7,9 For SMA and DM, studies are only preclinical so far, but
major advances have been made in the recent past5,6,8,10 and clinical
trials are likely to take place in the near future.

Here, we will review the different therapeutic approaches for
DMD, SMA and DM, and discuss the development toward clinical
application of these treatments.

DUCHENNE MUSCULAR DYSTROPHY

Duchenne muscular dystrophy (DMD) is the most common child-
hood NMD. The disease is inherited X-recessive and has an incidence
of 1 in 3500 newborn boys. DMD is caused by mutations in the DMD
gene that result in non-functional dystrophin proteins.11,12 Dystrophin
is required for muscle fiber membrane stability on exercise, and
consequently, loss of functional dystrophin leads to recurrent muscle
fiber damage during contraction. After initial attempts at regeneration,
muscle fibers are eventually replaced by adipose and fibrotic tissue.
This process is accompanied by the progressive loss of muscle function
and generally leads to wheelchair dependency before the age of 13 and
premature death, mostly before the age of 30.1 DMD treatment is
only symptomatic, but corticosteroids and assisted ventilation have
significantly increased the quality of life and the life expectancy of
patients during the last few decades.13,14

Interestingly, there is an allelic disease, Becker muscular dystrophy
(BMD), in which mutations in the same gene maintain the open
reading frame and allow the production of a partially functional
dystrophin protein.1,12,15 BMD patients have a varying phenotype, but
are less severely affected; the disease progression is typically much
slower and they have a longer to normal life expectancy.1
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Antisense-mediated reading frame restoration approach
AONs can be used to reframe dystrophin transcripts, by hiding an
exon from the splicing machinery and causing the skipping of said
exon (Figure 1).2 This will allow the generation of BMD-type,
internally deleted, partly functional dystrophin proteins and should
minimally convert a severe into a milder phenotype. Proof of concept
has been obtained in patient-derived tissue cultures and mouse
models carrying different (types of) mutations. For deletions of one
or more exons (present in 65% of all DMD patients), the skipping of
one or two additional exons resulted in reading frame and dystrophin
restoration for the majority of treated myogenic cells.16–19 Typically,
small mutations (28% of all DMD mutations) can be bypassed by
skipping the exon harboring the mutation, provided the mutation is
not present in the first or the final (79th) exon, as these cannot be
skipped. For in-frame exons – there are 39 exons for which the
number of nucleotides is divisible by three – this is sufficient.20 For
out-of-frame exons, the reading frame has to be restored by skipping
an adjacent exon, so that the total number of lost nucleotides becomes
divisible by three. This double exon skipping is feasible for 31 of 38
out-of-frame exons.20 For both mutations in in-frame and out-of-
frame exons, exon skipping led to dystrophin re-expression in cultured

myogenic cells16,17,21 and two dystrophic mouse models (mdx and
mdx4cv), which carry point mutations in mouse exons 23 and 53,
respectively.22,23 Furthermore, a point mutation in a splice site causing
exon 7 skipping in a dog model of the disease has been corrected by
exon 6 and 8 skipping in cultured cells and in vivo24,25 AONs have
been used to restore normal splicing in very rare small intronic
mutations that induce the inclusion of cryptic exons26 and to restore
the reading frame for a single patient with an inversion of exons 49
and 50.27 For duplications (present in 7% of DMD patients28) exon
skipping is more challenging, as the original and the duplicated exons
are indistinguishable for the AONs. In case of single exon duplications,
either exon can be skipped to restore the wild-type transcript. This
has been achieved in cultured cells from a patient with an exon 45
duplication.29 However, for other single exon duplications, exon
skipping was so efficient that both exons were skipped, thus once
more disrupting the open reading frame.29,30 Through skipping of the
duplicated exons as well as of an additional adjacent exon, the
transcripts could be reframed.29 For multiple exon duplications,
exon skipping is more complex, as only the skipping of one or two
specific duplicated exon(s) is beneficial, whereas the skipping of most
other combinations of exons still disrupts the open reading frame.

Table 1 Overview of antisense oligonucleotide applications

Mechanism Application Stage References

RNase H knockdown of DNA-RNA hybrids Antiviral therapy

Anticancer therapy

Registered drug phase III clinical trials 95,96

Immune activation through toll-like receptor 9 Anticancer therapy

Vaccination adjuvant

Phase II clinical trials 97

Translation initiation/elongation block Therapy (anticancer, antiviral, immune modulation,

hypercholesterolemia)

Developmental studies (mainly zebrafish)

Phase III trials 98,99

Splice modulation Prevent cryptic splicing

Modulate alternative splicing

Restore open reading frame

Phase II clinical trials 7

Gene correction through mismatch repair mechanisms Correct small mutations Preclinical, low efficiency 100

Figure 1 Antisense-mediated exon skipping for DMD. DMD is caused by mutations (in this example, a deletion of exons 49–50, upper panel) in the DMD

gene that disrupt the open reading frame. Consequently, protein translation is truncated prematurely and the resulting dystrophin cannot fulfill its normal

function (ie, to connect the extracellular matrix and the cytoskeleton in muscle fibers). AONs complementary to an exon (exon 51 in this example, lower

panel) can hide this exon from the splicing machinery during pre-mRNA splicing, resulting in the skipping of the targeted exon. By strategically targeting

specific exons in DMD patients, the reading frame can be restored through exon skipping, allowing the synthesis of an internally truncated protein that is

partially functional.

Therapeutic antisense applications for NMDs
A Aartsma-Rus and G-JB van Ommen

147

European Journal of Human Genetics



The exon-skipping approach is fundamentally mutation-specific
and, as such, a clear example of ‘personalized medicine.’9 In theory,
exon skipping would be applicable to almost 80%20 of all patients and
AONs to induce the skipping of each dystrophin exon, except for the
first and the last that have been identified.31,32 As 70 and 25% of all
deletions occur in the major (exons 45–53) and minor (exons 2–11)
hotspots, respectively, and deletions are present in 65% of patients,28

skipping of some exons is applicable to large groups of patients. The
most notable example is exon 51 skipping, which is applicable to 13%
of all patients (or 19% of all deletion patients).20 Skipping of the 10
most applicable exons would already be applicable to 41% of all
patients (or 60% of all deletion patients).20

Toward clinical application
The exon-skipping approach was first tested in vivo in the mdx mouse
model. Intramuscular injections with B5–20mg AONs targeting
exon23 resulted in exon skipping and dystrophin restoration that
persisted for up to 3 months and was accompanied by functional
improvement.23 In addition, proof of concept of this approach in man
was recently delivered in a first-in-man clinical trial. Four DMD
patients were injected locally in the tibialis anterior muscle with a
single dose of 0.8 mg PRO051, targeting exon 51 and applying 2¢-O-
methyl phosphorothioate chemistry.7 In each patient, dystrophin was
restored in the vast majority of muscle fibers at levels varying between
17 and 35%, in the absence of treatment-related adverse events.
A similar trial is currently ongoing in the United Kingdom with
0.09 and 0.9 mg of a phosphorodiamidate morpholino oligomer
(PMO, AVI 4658) also targeting exon 51.33

Although the results of the first clinical trial and preliminary results
of the second trials are encouraging, intramuscular injection of each
individual muscle is not feasible. Therefore, ways to deliver AONs
systemically are now under study. Several different AON chemistries,
each with different properties regarding biodistribution and bio-
kinetics, are currently under investigation. These chemistries are also
used in clinical trials, and hence safety data (albeit rather limited) are
available for humans.4 Interestingly, biodistribution studies in mice
have revealed that AONs are taken up more easily by dystrophic than
healthy muscle. This is presumably because of the leakiness of the
dystrophic fibers,34 but is in fact one of the few examples where the
disease state assists in therapy. Systemic treatment (intravenous, intra-
arterial, intraperitoneal or subcutaneous injection) of B100 mg/kg
2¢-O-methyl phosphorothioate or PMO AONs resulted in body-wide
exon skipping, dystrophin restoration and functional improvement35–37

and (Heemskerk JA et al manuscript submitted). Following these
encouraging results, dose-finding/safety Phase I/II trials are currently
ongoing with PRO051 and AVI4658. These trials are essential not just
to confirm safety and determine the optimal dose of the AONs, but
also to determine as yet unknown parameters, such as the serum half-
life of the respective AONs in humans.

It is noted that for both chemistries, mouse studies revealed that the
exon skipping and dystrophin levels were much lower or even non-
existent in the heart.35–37 Direct injection in the ventricle wall resulted
in local exon-skipping and dystrophin production, but at much lower
levels than that observed after intramuscular injection in skeletal
muscles.38 This is probably because of the fact that although skeletal
muscle fibers show damage and membrane tears, heart cells do not.
Thus, although AONs can diffuse into muscle fibers through these
holes, heart cells do not have this ‘advantage.’ Interestingly, conjugated
cell-penetrating arginine-rich peptides to PMOs greatly improve
uptake by skeletal muscles and also by the heart. This would allow
lower doses of AONs, while resulting in higher dystrophin levels in

skeletal and heart muscles, accompanied by lower serum creatine
kinase levels and improved muscle and cardiac histology.39–41 So far,
mice have only been treated with these conjugated AONs for brief
time periods, and therefore no efficacy and toxicity data have yet
been published for longer treatment. However, if safety profiles are
favorable, these conjugated AONs are very promising for systemic
AON treatment.

Owing to AON and muscle fiber turnover, therapeutic AONs will
have to be delivered repeatedly. To achieve more permanent exon
skipping, an ‘antisense gene’ may be introduced with viral vectors.
These antisense genes are usually modified U7 or U1 small nuclear
ribonucleoprotein (snRNP) genes, with the original antisense
sequences that hybridize to histones or the 5¢ splice site, respectively,
replaced by the AON antisense sequence.42,43 As the snRNP genes are
very small, they easily fit in the AAV vector. Indeed, long-term (18
months), body-wide exon skipping, dystrophin restoration and
improved muscle morphology have been observed in the skeletal
muscles and heart of mdx mice treated with AAV vectors containing
modified snRNP genes.42–44 However, although AAV appears to be
non-immunogenic in mice, it is in dogs45 and humans46 which
precludes repeated administration. Moreover, it is a major challenge
to obtain the number of AAV vector particles required for whole body
treatment of DMD patients at clinical grade.47 By contrast, AONs can
be produced under GMP conditions at a high scale relatively easily.

A key regulatory hurdle both for AONs and AAV-delivered anti-
sense sequences is that presently each AON or antisense sequence is
considered a new drug by the drug administration offices. Thus, AONs
targeting different exons all have to go through extensive toxicity
studies and clinical trials individually. This makes the development of
different AONs expensive for all mutations, and close to impossible
for the lower frequency mutations, as the number of patients required
in clinical trials simply is not present worldwide.48

SPINAL MUSCULAR ATROPHY

Spinal muscular atrophy (SMA) is the second most common auto-
somal recessive disease with an incidence of B1 in 6000.49 The most
severe form (SMA type I) is the leading cause of infantile death, and
less severe forms (type II and III) are a major cause for loss of
ambulance and/or chronic disability. The disease is caused by homo-
zygous loss of the ‘survival of motor neuron 1’ (SMN1) gene.50 This
encodes an essential protein for the assembly of small nuclear
ribonucleoproteins (snRNPs), the major components of the spliceo-
some.51 As a consequence, a-motor neurons die in the anterior horn
spinal cord, leading to a neurodegenerative disease characterized by
the progressive paralysis of the trunk and limbs and pervasive,
generalized weakness. Complete lack of SMN is embryonic lethal in
mice.52 However, in humans, low levels of SMN protein are generated
by the adjacent, homologous SMN2 gene, with opposite polarity.49 As
the disease manifests only in motor neurons, these low levels are
apparently sufficient for normal function of all other cells. The low
SMN2 level is attributed to a translationally silent point mutation in
exon 7, disrupting an exonic splicing enhancer site, while inducing an
exonic splicing silencer (see Figure 2 for an explanation about exonic
and intronic splicing enhancers and silencers). Consequently, this exon
is largely (90%) skipped, resulting in an unstable SMN protein.53–55

Functional, full-length protein can only be generated from the minor
amount of transcripts including exon 7. The SMN2 gene is present in
1–5 copies in the population, resulting in 10–50% of full-length
protein in patients. This explains the genetic heterogeneity of the
disease phenotype for SMA type 1 (10% protein) to the less severe
types 2 and 3 (20% or more full size protein).56
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Antisense-mediated exon inclusion approach
As the number of SMN2 copies correlates inversely with disease
severity,56 moderate increases in SMN protein levels may already
have significant beneficial effects. Therefore, ways to increase exon
inclusions are under investigation. A number of drugs that increase
SMN2 expression and/or enhance exon 7 inclusion have been identi-
fied, including sodium butyrate,57 sodium vanadate,58 aclarubicin59

and valproic acid.60 However, these drugs act nonspecifically, and so it
is anticipated that they can also disrupt the splicing of other
genes, leading to off-target effects. Obviously, AONs targeting SMN2

transcripts to induce exon 7 inclusion would be more specific. It has
been postulated that exon 7 skipping occurs because the C to T
transition disrupts an ESE,61 introduces an ESS,62 or both. However,
exon 7 and flanking regions contain many additional enhancing and
silencing elements that sometimes overlap partly (Figure 3).63–68 The
most straightforward approach is to use AONs to block exonic or
intronic silencing sequences to enhance exon inclusion. These AONs
have indeed been tested in in vitro splicing experiments,69 although
some AONs unexpectedly induce exon skipping, suggesting that exon
7 splicing is regulated by additional motives. This is not surprising
as the exon 7 splice sites are very weak,66 especially the acceptor (3¢)
splice site.70 Thus, the much stronger acceptor splice site of exon 8
may compete and be selected more often over the exon 7 splice site. It
has been feasible to enhance exon 7 inclusion using AONs blocking
the exon 8 acceptor splice site.70–72 As exon 8 is the final exon, and the
stop codon is present in exon 7, transcripts containing exon 7, but not
exon 8, include the complete SMN2 coding sequence giving rise to
full-length SMN proteins.72

Recently, Krainer and co-workers performed systematic ‘AON
walks’ in intron 6, exon 7 and intron 7 in vitro in a minigene to
identify the most optimal AON for exon 7 inclusion.5,10 Promising
AONs were also tested in patient-derived cells and intravenously
injected into an SMA mouse model that contains a copy of the
human SMN2 gene. This led to increased SMN protein levels in cells,
in liver and to a lesser extent in kidney and muscle in the mouse
model.5,10 Unfortunately, no exon skipping or SMN protein increase
has been observed in the central nervous system yet. It is known that
AONs are unable to cross the blood–brain barrier, and so direct
injection into the spinal cord or the central nervous system is required.
Indeed, it has already been shown that intraventricular injections of
AONs targeting the exon 8 splice site resulted in an increase in SMN
production in the brain.72

Another way to shift splicing uses AONs that contain a tail with ESE
motives. The rationale is that these AONs will induce exon inclusion,
regardless of whether they target an ESE or an ESS sequence, as the tail
will act as an enhancer and recruit the required splicing factors to the
exons to facilitate exon inclusion. Proof-of-principle was obtained
with a tailed AON that induced dose-dependent exon 7 inclusion in
an in vitro splicing system73 and in patient fibroblasts where SMN
levels were increased accordingly.74 Alternatively, infection with AAV
or lentiviral vectors expressing bifunctional RNAs or inducible U7
snRNPs targeting exon 7 and simultaneously recruiting SR proteins
enhanced exon 7 inclusion in patient-derived fibroblasts that was
accompanied by increased SMN levels.75–77 Further proof of concept
for this approach has been presented recently with the generation
of transgenic mouse models expressing bifunctional RNAs in an
SMN1-negative background, but with a copy of the human SMN2

Figure 2 Exonic and intronic splicing enhancers and silencers. (a) Pre-

mRNA splicing is a highly complex process that is orchestrated by the

spliceosome, and involves hundreds of different proteins and small nuclear

RNAs (snRNAs). The start and the end of introns are recognized by the

splicing machinery as these so-called splice sites contain consensus

sequences. However, not all exons have strong splice sites, and consensus-

like sequences are also present in introns. A family of splicing factors
facilitates the recognition of proper exons through binding to exonic/intronic

splicing enhancer sequences (E/ISEs) and impedes the inclusion of

pseudoexons by binding to intronic/exonic splicing silencers (I/ESSs). The

splicing factors involved are SR proteins (eg, SF2/ASF and Tra-2b) and

hnRNPs, respectively. Generally, splicing enhancers are located in exons,

and silencers in introns, but this is not always the case. Some exons contain

both enhancer and silencer elements, and, depending on the tissue-specific

levels of SR and hnRNP proteins, the exon is included or excluded from the

transcript. (b) In exon 7 of SMN2, a translationally silent mutation disrupts

an ESE while it creates an ESS. As a consequence, the splicing enhancing

SF2/ASF can no longer bind, whereas the splicing silencing hnRNP A

protein can now bind. The exon is no longer properly recognized and skipped

in most transcripts.

Figure 3 Splicing enhancers and silencers in and flanking SMN2 exon 7. SMN exon 7 splicing is regulated by many enhancing (blue) and silencing (yellow)

elements located in intron 6, the exon itself and intron 7, and the exon has a weak 3¢ splice site. An intronic splicing silencer, called element 1, is located

in intron 6. The C to T transition in the proximal part of the exon disrupts an exonic splicing enhancer that normally recruits SF2/ASF and creates a new
splicing silencer that binds hnRNP A1 (extinct). A Tra-2b binding site is located downstream of the extinct in the so-called conserved region that acts as an

ESE. An additional silencer is located at the end of the exon in the 3¢ cluster. Two intronic splicing silencers are located in intron 7, interspersed by an

intronic splicing enhancer. Together, these sequences make up ‘element 2.’ The first silencer is called ‘N1.’ The more recently discovered second silencer

has been shown to bind to hnRNP A1.
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gene (there is no SMN2 homolog in the mouse). Transgenic expres-
sion of the antisense RNAs induced exon 7 inclusion, restored SMN
production in motor neurons and complemented the lethal pheno-
type.78

MYOTONIC DYSTROPHY

Myotonic dystrophy (DM) is the most common adult onset NMD
with an incidence of 1 in 8000 in Europe and North America and
shows an autosomal dominant inheritance pattern.79 The disease is
characterized by neuromuscular symptoms including myotonia, pro-
gressive muscle weakness, muscle wasting and cardiac defects, as well
as non-neuromuscular symptoms, such as hypogonadism, cataract,
insulin resistance and premature male baldness.80 There are two types
of the disease (DM1 and DM2), for which the symptoms largely
overlap. Both diseases are caused by nucleotide expansions.81,82 In
DM1, the expansion involves a CUG trinucleotide repeat located in
the 3¢ UTR of the DM protein kinase gene (DMPK).82 DM2 involves a
CCUG expansion in the first intron of the zinc finger 9 (ZNF9) gene.81

The functions of the DM protein kinase and zinc finger protein 9
differ vastly, which is surprising given the overlapping symptoms.
However, DM1 and DM2 are in all likelihood RNA-mediated diseases
with a common disease pathology (Figure 4).83 The expanded repeats
in the mutant ZNF9 or DMPK transcripts form hairpin-like structures
that are found in ribonuclear foci.84 Here, they sequester a specific
family of RNA-binding factors, the so-called muscleblind-like proteins
(MBLN1-3).85 This is accompanied by increased levels of another
RNA-binding factor, the CUG-binding protein (CUGBP),86 which
could be attributed to CUGBP binding to soluble mutated RNAs
(present outside foci).87 This binding would increase the CUGBP half-
life significantly, thus resulting in increased concentrations and
activity. Decreased levels of MBLN and increased levels of CUGBP
led to a synergistic misregulation of alternative splicing of a number of
genes, including a muscle-specific chloride channel (ClC-1),88 cardiac
troponin 2 (TNNT2)86 and the insulin receptor (INSR).89 For each

gene, the fetal isoform rather than the adult isoform is expressed in MD
patients. There is strong evidence that the misregulation of certain
transcripts leads to different aspects of the disease, for example, ClC-1
misregulation leads to myotonia, INSR to insulin resistance and TNNT2
to cardiac conduction defects.83 Thus, restoring proper alternative
splicing of one or more transcripts could have a therapeutic effect.

Antisense approaches for myotonic dystrophy
Misregulation of splicing of the ClC-1 gene is (partially) responsible
for one of the main features of DM (myotonia). In DM patients and
mouse models, the alternatively spliced exon 7a is generally included
(Figure 4). This exon disrupts the open reading frame leading to a
premature stop codon in the constitutively included exon 7. Conse-
quently, transcripts including exon 7a are subjected to NMD and do
not result in ClC-1 protein. By contrast, functional protein can be
translated from transcripts that do not contain exon 7a (as found in
muscles from unaffected individuals). Wheeler et al8 have used AONs
targeting either the 3¢ or 5¢ splice sites of the aberrantly included exon
7a of the ClC-1 gene in two mouse models. In the first model, ClC-1
splicing is disrupted because of a transgene with an expanded CUG
repeat,90 whereas in the other model this is the result of functionally
knocking out MBNL1.91,92 In both models, a single AON injection in
the tibialis anterior muscle restored normal Cl–C1 splicing for at least
3 weeks, whereas lower levels of exon 7a skipping could be detected for
over 8 weeks.8 Exon 7a skipping was accompanied by increased ClC-1
protein levels at the sarcolemma, and current densities and deactiva-
tion kinetics as detected by patch clamp were restored to wild-type
levels. EMG analysis showed a correlation between exon 7a skipping
levels and the reduction of myotonia. Antisense-mediated exon 7a
skipping may thus be a promising approach to treat one of the
pathological hallmarks of DM. However, DM results from the
misregulation of splicing of many genes and thus AONs targeting
different genes would have to be combined to treat the different
symptoms.

Figure 4 Overview of the pathology of myotonic dystrophy. Expanded repeat units eventually lead to a misregulation of alternative splicing (the ClC-1 gene is

shown as an example). Therapeutic approaches can either target the expanded transcripts or try to restore normal splicing.
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Alternatively, AONs are used to treat the cause of the misregulation,
that is, the expanded repeats. Already in 1996, an attempt was made to
inhibit DMPK expression in DM patient-derived cell cultures with
DMPK-specific AONs that induced RNase H-mediated degradation.93

However, this approach does not discriminate between wild-type and
mutant transcripts and thus decreased overall DMPK levels, which by
itself is considered to be detrimental.83 A more specific result was
reported by Krol et al6 who treated DM patient-derived cells, inter-
estingly in a relatively unspecific way using (CAG)7 siRNA. Short CUG
repeats are present throughout the human genome, and using CAG
oligonucleotides might be expected to decrease expression of all
(CUG)n containing transcripts. Surprisingly, this turned out not to
be the case, as the wild-type DMPK transcript was unaffected, whereas
only the level of the mutated transcript was significantly decreased.6

The cause of this may be the relative molecular excess of the expanded
repeat target (which can consist of hundreds or even thousands of
CUGs) compared with the non-expanded allele and non-expanded
other genes. In addition, the expanded repeats are thought to generate
loops, which may increase the accessibility of the repeats compared
with normal alleles. This approach could thus offer a therapeutic
opportunity for other expanded repeat diseases as well. Recently, a
25mer CAG-repeat AON has been used to displace MBLN from the
expanded repeats in foci in a DM mouse model.94 This restored
alternative splicing patterns of multiple genes, including
ClC-1 and also reduced myotonia. A clinical trial to test this
approach in DM patients is being planned (T Wheeler, personal
communication).

CONCLUSION

This review provided an overview of how one tool can be tailored as a
treatment for different disease mechanisms. The use of antisense
oligonucleotides to modulate splicing has developed very fast during
the last decade. Although recent experiments focused mainly on
antisense-mediated exon skipping, it has now been shown that
AONs can also be used to induce exon inclusion. In addition, the
antisense approach can be used to induce specific knockdown of an
expanded repeat. Proof-of-concept has been obtained for each of the
different approaches and the current hurdle is delivery to the target
tissues. In case of the dystrophies, AON uptake is facilitated by disease
pathology, causing a damaged muscle membrane. However, for SMA,
the AONs have to be delivered to the CNS, which may be more
challenging, as the target is being protected by the blood- brain
barrier. However, this may also be an advantage, as after intrathecal
injection, the AON half-life in the CNS may be increased as they
cannot exit the CNS.

It is noted that although for DMD the exon-skipping approach is
mutation specific, for SMA and MD a single AON would be beneficial
to all patients. Therefore, it is very likely that should the currently
ongoing clinical trials with AONs for DMD prove successful, AONs
will also be further developed for clinical applications for these NMDs.

ACKNOWLEDGEMENTS
We are grateful to Matt Hestand for a careful reading of the manuscript. AAR is

funded by grants from ZonMw (the Netherlands) and from the Duchenne

Parent Project (the Netherlands).

1 Emery AE: The muscular dystrophies. Lancet 2002; 359: 687–695.
2 van Deutekom JC, van Ommen GJ: Advances in Duchenne muscular dystrophy gene

therapy. Nat Rev Genet 2003; 4: 774–783.

3 Judge LM, Chamberlain JS: Gene therapy for Duchenne muscular dystrophy: AAV
leads the way. Acta Myol 2005; 24: 184–193.

4 Antisense Drug Technology: Principles, Strategies, and Applications. New York: Marcel

Dekker Inc., 2001.
5 Hua Y, Vickers TA, Okunola HL, Bennett CF, Krainer AR: Antisense masking of an

hnRNP A1/A2 intronic splicing silencer corrects SMN2 splicing in transgenic mice.
Am J Hum Genet 2008; 82: 834–848.

6 Krol J, Fiszer A, Mykowska A, Sobczak K, de Mezer M, Krzyzosiak WJ: Ribonuclease

dicer cleaves triplet repeat hairpins into shorter repeats that silence specific targets.
Mol Cell 2007; 25: 575–586.

7 van Deutekom JC, Janson AA, Ginjaar IB et al: Local dystrophin restoration with

antisense oligonucleotide PRO051. N Engl J Med 2007; 357: 2677–2686.
8 Wheeler TM, Lueck JD, Swanson MS, Dirksen RT, Thornton CA: Correction of ClC-1

splicing eliminates chloride channelopathy and myotonia in mouse models of myo-
tonic dystrophy. J Clin Invest 2007; 117: 3952–3957.

9 Hoffman EP: Skipping toward personalized molecular medicine. N Engl J Med 2007;

357: 2719–2722.
10 Hua Y, Vickers TA, Baker BF, Bennett CF, Krainer AR: Enhancement of SMN2 exon 7

inclusion by antisense oligonucleotides targeting the exon. PLoS Biol 2007; 5: e73.
11 Hoffman EP, Brown Jr RH, Kunkel LM: Dystrophin: the protein product of the

Duchenne muscular dystrophy locus. Cell 1987; 51: 919–928.
12 Monaco AP, Bertelson CJ, Liechti-Gallati S, Moser H, Kunkel LM: An explanation for

the phenotypic differences between patients bearing partial deletions of the DMD

locus. Genomics 1988; 2: 90–95.
13 Kohler M, Clarenbach CF, Bahler C, Brack T, Russi EW, Bloch KE: Disability and

survival in Duchenne muscular dystrophy. J Neurol Neurosurg Psychiatry 2009; 80:

320–325.
14 Angelini C: The role of corticosteroids in muscular dystrophy: a critical appraisal.

Muscle Nerve 2007; 36: 424–435.
15 Hoffman EP, Fischbeck KH, Brown RH et al: Characterization of dystrophin in muscle-

biopsy specimens from patients with Duchenne’s or Becker’s muscular dystrophy.

N Engl J Med 1988; 318: 1363–1368.
16 Aartsma-Rus A, Janson AA, Kaman WE et al: Therapeutic antisense-induced exon

skipping in cultured muscle cells from six different DMD patients. Hum Mol Genet

2003; 12: 907–914.
17 Aartsma-Rus A, Janson AA, Kaman WE et al: Antisense-induced multiexon skipping

for duchenne muscular dystrophy makes more sense. Am J Hum Genet 2004; 74:

83–92.
18 Takeshima Y, Wada H, Yagi M et al: Oligonucleotides against a splicing enhancer

sequence led to dystrophin production in muscle cells from a Duchenne muscular

dystrophy patient. Brain Dev 2001; 23: 788–790.
19 van Deutekom JC, Bremmer-Bout M, Janson AA et al: Antisense-induced exon

skipping restores dystrophin expression in DMD patient derived muscle cells. Hum

Mol Genet 2001; 10: 1547–1554.
20 Aartsma-Rus A, Fokkema IF, Verschuuren JJ et al: Theoretic applicability of antisense-

mediated exon skipping for Duchenne muscular dystrophy mutations. Hum Mutat
2009; 30: 293–299.

21 Surono A, Van Khanh T, Takeshima Y et al: 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 2004;

15: 749–757.
22 Mitrpant C, Fletcher S, Iversen PL, Wilton SD: By-passing the nonsense mutation in

the 4 CV mouse model of muscular dystrophy by induced exon skipping. J Gene Med

2009; 11: 46–56.
23 Lu QL, Mann CJ, Lou F et al: Functional amounts of dystrophin produced by skipping

the mutated exon in the mdx dystrophic mouse. Nat Med 2003; 8: 1009–1014.
24 McClorey G, Moulton HM, Iversen PL, Fletcher S, Wilton SD: Antisense oligonucleo-

tide-induced exon skipping restores dystrophin expression in vitro in a canine model of

DMD. Gene Therapy 2006; 13: 1373–1381.
25 Yokota T, Pistilli E, Duddy W, Nagaraju K: Potential of oligonucleotide-mediated exon-

skipping therapy for Duchenne muscular dystrophy. Expert Opin Biol Ther 2007; 7:

831–842.
26 Gurvich OL, Tuohy TM, Howard MT et al: DMD pseudoexon mutations: splicing

efficiency, phenotype, and potential therapy. Ann Neurol 2008; 63: 81–89.
27 Madden HR, Fletcher S, Davis MR, Wilton SD: Characterization of a complex

Duchenne muscular dystrophy-causing dystrophin gene inversion and restoration of

the reading frame by induced exon skipping. Hum Mutat 2009; 30: 22–28.
28 Aartsma-Rus A, van Deutekom JC, Fokkema IF, van Ommen GJ, den Dunnen JT:

Entries in the Leiden Duchenne muscular dystrophy mutation database: an overview

of mutation types and paradoxical cases that confirm the reading-frame rule. Muscle
Nerve 2006; 34: 135–144.

29 Aartsma-Rus A, Janson AA, van Ommen GJ, van Deutekom JC: Antisense-induced

exon skipping for duplications in Duchenne muscular dystrophy. BMC Med Genet
2007; 8: 43.

30 Wilton SD, Fletcher S: Exon skipping and Duchenne muscular dystrophy: hope, hype

and how feasible? Neurol India 2008; 56: 254–262.
31 Aartsma-Rus A, Winter CL, Janson AAM et al: Functional analysis of 114 exon-

internal AONs for targeted DMD exon skipping: indication for steric hindrance of SR
protein binding sites. Oligonucleotides 2005; 15: 284–297.

32 Wilton SD, Fall AM, Harding PL, McClorey G, Coleman C, Fletcher S: Antisense

oligonucleotide-induced exon skipping across the human dystrophin gene transcript.
Mol Ther 2007; 15: 1288–1296.

Therapeutic antisense applications for NMDs
A Aartsma-Rus and G-JB van Ommen

151

European Journal of Human Genetics



33 Muntoni F, Bushby KD, van Ommen G: 149th ENMC International Workshop and 1st
TREAT-NMD Workshop on: ‘planning phase i/ii clinical trials using systemically
delivered antisense oligonucleotides in duchenne muscular dystrophy’. Neuromuscul
Disord 2008; 18: 268–275.

34 Aartsma-Rus A, van Deutekom JC: Antisense-mediated reading-frame restoration as a
genetic therapy for duchenne muscular dystrophy; in Hernandes AG (ed): Antisense
Elements (Genetics) Research Focus. Nova publishers: Hauppauge, NY, USA, 2007.

35 Alter J, Lou F, Rabinowitz A. et al: Systemic delivery of morpholino oligonucleotide
restores dystrophin expression bodywide and improves dystrophic pathology. Nat Med
2006; 12: 175–177.

36 Lu QL, Rabinowitz A, Chen YC et al: Systemic delivery of antisense oligoribonucleo-
tide restores dystrophin expression in body-wide skeletal muscles. Proc Natl Acad Sci
USA 2005; 102: 198–203.

37 Heemskerk HA, De Winter CL, de Kimpe SJ et al: In vivo comparison of 2¢-O-methyl
phosphorothioate and morpholino antisense oligonucleotides for Duchenne muscular
dystrophy exon skipping. J Gene Med 2009; 11: 257–266.

38 Vitiello L, Bassi N, Campagnolo P et al: In vivo delivery of naked antisense oligos in
aged mdx mice: analysis of dystrophin restoration in skeletal and cardiac muscle.
Neuromuscul Disord 2008; 18: 597–605.

39 Fletcher S, Honeyman K, Fall AM et al: Morpholino oligomer-mediated exon skipping
averts the onset of dystrophic pathology in the mdx mouse. Mol Ther 2007; 15:
1587–1592.

40 Yin H, Moulton HM, Seow Y et al: Cell-penetrating peptide-conjugated antisense
oligonucleotides restore systemic muscle and cardiac dystrophin expression and
function. Hum Mol Genet 2008; 17: 3909–3918.

41 Jearawiriyapaisarn N, Moulton HM, Buckley B et al: Sustained dystrophin expression
induced by peptide-conjugated morpholino oligomers in the muscles of mdx mice.
Mol Ther 2008; 16: 1624–1629.

42 Goyenvalle A, Vulin A, Fougerousse F et al: Rescue of dystrophic muscle through U7
snRNA-mediated exon skipping. Science 2004; 306: 1796–1799.

43 Denti MA, Rosa A, D’Antona G et al: Body-wide gene therapy of Duchenne
muscular dystrophy in the mdx mouse model. Proc Natl Acad Sci USA 2006; 103:
3758–3763.

44 Denti MA, Incitti T, Sthandier O et al: Long-term benefit of adeno-associated virus/
antisense-mediated exon skipping in dystrophic mice. Hum Gene Ther 2008; 19:
601–608.

45 Yuasa K, Yoshimura M, Urasawa N et al: Injection of a recombinant AAV serotype 2
into canine skeletal muscles evokes strong immune responses against transgene
products. Gene Therapy 2007; 14: 1249–1260.

46 Zaiss AK, Muruve DA: Immunity to adeno-associated virus vectors in animals and
humans: a continued challenge. Gene Therapy 2008; 15: 808–816.

47 Wright JF: Manufacturing and characterizing AAV-based vectors for use in clinical
studies. Gene Therapy 2008; 15: 840–848.

48 van Ommen GJ, van Deutekom J, Aartsma-Rus A: The therapeutic potential of
antisense-mediated exon skipping. Curr Opin Mol Ther 2008; 10: 140–149.

49 Frugier T, Nicole S, Cifuentes-Diaz C, Melki J: The molecular bases of spinal muscular
atrophy. Curr Opin Genet Dev 2002; 12: 294–298.

50 Lefebvre S, Burglen L, Reboullet S et al: Identification and characterization of a spinal
muscular atrophy-determining gene. Cell 1995; 80: 155–165.

51 Dreyfuss G, Kim VN, Kataoka N: Messenger-RNA-binding proteins and the messages
they carry. Nat Rev Mol Cell Biol 2002; 3: 195–205.

52 Schrank B, Gotz R, Gunnersen JM et al: Inactivation of the survival motor
neuron gene, a candidate gene for human spinal muscular atrophy, leads to
massive cell death in early mouse embryos. Proc Natl Acad Sci USA 1997; 94:
9920–9925.

53 Lorson CL, Strasswimmer J, Yao JM et al: SMN oligomerization defect correlates with
spinal muscular atrophy severity. Nat Genet 1998; 19: 63–66.

54 Lorson CL, Hahnen E, Androphy EJ, Wirth B: A single nucleotide in the SMN gene
regulates splicing and is responsible for spinal muscular atrophy. Proc Natl Acad Sci
USA 1999; 96: 6307–6311.

55 Monani UR, Lorson CL, Parsons DW et al: A single nucleotide difference that alters
splicing patterns distinguishes the SMA gene SMN1 from the copy gene SMN2. Hum
Mol Genet 1999; 8: 1177–1183.

56 Mailman MD, Heinz JW, Papp AC et al: Molecular analysis of spinal muscular atrophy
and modification of the phenotype by SMN2. Genet Med 2002; 4: 20–26.

57 Chang JG, Hsieh-Li HM, Jong YJ, Wang NM, Tsai CH, Li H: Treatment of
spinal muscular atrophy by sodium butyrate. Proc Natl Acad Sci USA 2001; 98:
9808–9813.

58 Zhang ML, Lorson CL, Androphy EJ, Zhou J: An in vivo reporter system for measuring
increased inclusion of exon 7 in SMN2 mRNA: potential therapy of SMA. Gene
Therapy 2001; 8: 1532–1538.

59 Andreassi C, Jarecki J, Zhou J et al: Aclarubicin treatment restores SMN levels to cells
derived from type I spinal muscular atrophy patients. Hum Mol Genet 2001; 10:
2841–2849.

60 Sumner CJ, Huynh TN, Markowitz JA et al: Valproic acid increases SMN levels in
spinal muscular atrophy patient cells. Ann Neurol 2003; 54: 647–654.

61 Cartegni L, Krainer AR: Disruption of an SF2/ASF-dependent exonic splicing enhancer
in SMN2 causes spinal muscular atrophy in the absence of SMN1. Nat Genet 2002;
30: 377–384.

62 Kashima T, Manley JL: A negative element in SMN2 exon 7 inhibits splicing in spinal
muscular atrophy. Nat Genet 2003; 34: 460–463.

63 Kashima T, Rao N, Manley JL: An intronic element contributes to splicing repression
in spinal muscular atrophy. Proc Natl Acad Sci USA 2007; 104: 3426–3431.

64 Miyaso H, Okumura M, Kondo S, Higashide S, Miyajima H, Imaizumi K: An intronic
splicing enhancer element in survival motor neuron (SMN) pre-mRNA. J Biol Chem

2003; 278: 15825–15831.
65 Miyajima H, Miyaso H, Okumura M, Kurisu J, Imaizumi K: Identification of a cis-

acting element for the regulation of SMN exon 7 splicing. J Biol Chem 2002; 277:

23271–23277.
66 Singh NN, Androphy EJ, Singh RN: In vivo selection reveals combinatorial controls

that define a critical exon in the spinal muscular atrophy genes. RNA 2004; 10:

1291–1305.
67 Singh NN, Androphy EJ, Singh RN: An extended inhibitory context causes skipping of

exon 7 of SMN2 in spinal muscular atrophy. Biochem Biophys Res Commun 2004;

315: 381–388.
68 Singh RN: Evolving concepts on human SMN pre-mRNA splicing. RNA Biol 2007; 4:

7–10.
69 Singh NK, Singh NN, Androphy EJ, Singh RN: Splicing of a critical exon of human

Survival Motor Neuron is regulated by a unique silencer element located in the last

intron. Mol Cell Biol 2006; 26: 1333–1346.
70 Lim SR, Hertel KJ: Modulation of survival motor neuron pre-mRNA splicing

by inhibition of alternative 3¢ splice site pairing. J Biol Chem 2001; 276:

45476–45483.
71 Madocsai C, Lim SR, Geib T, Lam BJ, Hertel KJ: Correction of SMN2

Pre-mRNA splicing by antisense U7 small nuclear RNAs. Mol Ther 2005; 12:

1013–1022.
72 Dickson A, Osman E, Lorson C: A Negatively-Acting Bifunctional RNA Increases

Survival Motor Neuron in vitro and in vivo. Hum Gene Ther 2008; 25 August
[e-pub ahead of print].

73 Cartegni L, Krainer AR: Correction of disease-associated exon skipping by synthetic

exon-specific activators. Nat Struct Biol 2003; 10: 120–125.
74 Skordis LA, Dunckley MG, Yue B, Eperon IC, Muntoni F: Bifunctional

antisense oligonucleotides provide a trans-acting splicing enhancer that stimulates
SMN2 gene expression in patient fibroblasts. Proc Natl Acad Sci USA 2003; 100:

4114–4119.
75 Baughan T, Shababi M, Coady TH, Dickson AM, Tullis GE, Lorson CL: Stimulating full-

length SMN2 expression by delivering bifunctional RNAs via a viral vector. Mol Ther

2006; 14: 54–62.
76 Marquis J, Meyer K, Angehrn L, Kampfer SS, Rothen-Rutishauser B, Schumperli D:

Spinal Muscular Atrophy: SMN2 Pre-mRNA Splicing Corrected by a U7

snRNA Derivative Carrying a Splicing Enhancer Sequence. Mol Ther 2007; 15:

1479–1486.
77 Marquis J, Kampfer SS, Angehrn L, Schumperli D: Doxycycline-controlled splicing

modulation by regulated antisense U7 snRNA expression cassettes. Gene Therapy
2009; 16: 70–77.

78 Meyer K, Marquis J, Trub J et al: Rescue of a severe mouse model for spinal muscular

atrophy by U7 snRNA-mediated splicing modulation. Hum Mol Genet 2009; 18:
546–555.

79 Caskey CT, Pizzuti A, Fu YH, Fenwick Jr RG, Nelson DL: Triplet repeat mutations in

human disease. Science 1992; 256: 784–789.
80 Machuca-Tzili L, Brook D, Hilton-Jones D: Clinical and molecular aspects of the

myotonic dystrophies: a review. Muscle Nerve 2005; 32: 1–18.
81 Liquori CL, Ricker K, Moseley ML et al: Myotonic dystrophy type 2 caused by a CCTG

expansion in intron 1 of ZNF9. Science 2001; 293: 864–867.
82 Brook JD, McCurrach ME, Harley HG et al: Molecular basis of myotonic dystrophy:

expansion of a trinucleotide (CTG) repeat at the 3¢ end of a transcript encoding a

protein kinase family member. Cell 1992; 69: 385.
83 Cho DH, Tapscott SJ: Myotonic dystrophy: emerging mechanisms for DM1 and DM2.

Biochim Biophys Acta 2007; 1772: 195–204.
84 Taneja KL, McCurrach M, Schalling M, Housman D, Singer RH: Foci of trinucleotide

repeat transcripts in nuclei of myotonic dystrophy cells and tissues. J Cell Biol 1995;

128: 995–1002.
85 Fardaei M, Rogers MT, Thorpe HM et al: Three proteins, MBNL, MBLL and MBXL, co-

localize in vivo with nuclear foci of expanded-repeat transcripts in DM1 and DM2

cells. Hum Mol Genet 2002; 11: 805–814.
86 Philips AV, Timchenko LT, Cooper TA: Disruption of splicing regulated by a CUG-

binding protein in myotonic dystrophy. Science 1998; 280: 737–741.
87 Junghans RP: Dystrophia myotonia: why focus on foci? Eur J Hum Genet 2009; 17:

543–553.
88 Charlet B, Savkur RS, Singh G, Philips AV, Grice EA, Cooper TA: Loss of the muscle-

specific chloride channel in type 1 myotonic dystrophy due to misregulated alternative
splicing. Mol Cell 2002; 10: 45–53.

89 Savkur RS, Philips AV, Cooper TA et al: Insulin receptor splicing alteration in myotonic
dystrophy type 2. Am J Hum Genet 2004; 74: 1309–1313.

90 Mankodi A, Takahashi MP, Jiang H et al: Expanded CUG repeats trigger aberrant

splicing of ClC-1 chloride channel pre-mRNA and hyperexcitability of skeletal muscle
in myotonic dystrophy. Mol Cell 2002; 10: 35–44.

91 Kanadia RN, Johnstone KA, Mankodi A et al: A muscleblind knockout model for
myotonic dystrophy. Science 2003; 302: 1978–1980.

92 Lueck JD, Mankodi A, Swanson MS, Thornton CA, Dirksen RT: Muscle chloride

channel dysfunction in two mouse models of myotonic dystrophy. J Gen Physiol 2007;
129: 79–94.

93 Galderisi U, Cipollaro M, Melone MA et al: Myotonic dystrophy: antisense oligonu-

cleotide inhibition of DMPK gene expression in vitro. Biochem Biophys Res Commun
1996; 221: 750–754.

Therapeutic antisense applications for NMDs
A Aartsma-Rus and G-JB van Ommen

152

European Journal of Human Genetics



94 Wheeler TM, Sobczak K, Lueck JD et al: Reversal of RNA dominance by displacement
of protein sequestered on triplet repeat RNA. Science 2009; 325: 336–339.

95 Marwick C: First ‘antisense’ drug will treat CMV retinitis. JAMA 1998; 280: 871.
96 Pan WH, Clawson GA: Antisense applications for biological control. J Cell Biochem

2006; 98: 14–35.
97 Dorn A, Kippenberger S: Clinical application of CpG-, non-CpG-, and antisense

oligodeoxynucleotides as immunomodulators. Curr Opin Mol Ther 2008; 10: 10–20.

98 Rayburn ER, Zhang R: Antisense, RNAi, and gene silencing strategies
for therapy: mission possible or impossible? Drug Discov Today 2008; 13:
513–521.

99 Nasevicius A, Ekker SC: Effective targeted gene ‘knockdown’ in zebrafish. Nat Genet
2000; 26: 216–220.

100 Bertoni C: Clinical approaches in the treatment of Duchenne muscular dystrophy
(DMD) using oligonucleotides. Front Biosci 2008; 13: 517–527.

Therapeutic antisense applications for NMDs
A Aartsma-Rus and G-JB van Ommen

153

European Journal of Human Genetics


	Progress in therapeutic antisense applications for neuromuscular disorders
	Introduction
	Duchenne muscular dystrophy
	Antisense-mediated reading frame restoration approach
	Antisense-mediated reading frame restoration approach

	Table 1 Overview of antisense oligonucleotide applications
	Figure 1 Antisense-mediated exon skipping for DMD.
	Toward clinical application

	Spinal muscular atrophy
	Antisense-mediated exon inclusion approach

	Figure 2 Exonic and intronic splicing enhancers and silencers.
	Figure 3 Splicing enhancers and silencers in and flanking SMN2 exon 7.
	Myotonic dystrophy
	Antisense approaches for myotonic dystrophy

	Figure 4 Overview of the pathology of myotonic dystrophy.
	Conclusion
	ACKNOWLEDGEMENTS




