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Antisense Oligonucleotide-Mediated Exon-skipping Therapies: Precision
Medicine Spreading from Duchenne Muscular Dystrophy

Masafumi Matsuo

Abstract:
In 1995, we were the first to propose antisense oligonucleotide (ASO)-mediated exon-skipping therapy for the treatment of
Duchenne muscular dystrophy (DMD), a noncurable, progressive muscle-wasting disease. DMD is caused by deletion mu-
tations in one or more exons of the DMD gene that shift the translational reading frame and create a premature stop codon,
thus prohibiting dystrophin production. The therapy aims to correct out-of-frame mRNAs to produce in-frame transcripts
by removing an exon during splicing, with the resumption of dystrophin production. As this treatment is recognized as the
most promising, many extensive studies have been performed to develop ASOs that induce the skipping of DMD exons. In
2016, an ASO designed to skip exon 51 was first approved by the Food and Drug Administration, which accelerated studies
on the use of ASOs to treat other monogenic diseases. The ease of mRNA editing by ASO-mediated exon skipping has
resulted in the further application of exon-skipping therapy to nonmonogenic diseases, such as diabetes mellites. Recently,
this precision medicine strategy was drastically transformed for the emergent treatment of only one patient with one ASO,
which represents a future aspect of ASO-mediated exon-skipping therapy for extremely rare diseases. Herein, the invention
of ASO-mediated exon-skipping therapy for DMD and the current applications of ASO-mediated exon-skipping therapies
are reviewed, and future perspectives on this therapeutic strategy are discussed. This overview will encourage studies on
ASO-mediated exon-skipping therapy and will especially contribute to the development of treatments for noncurable dis-
eases.
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Introduction

In 1995, we first proposed antisense oligonucleotide (ASO)-
mediated exon-skipping therapy for Duchenne muscular dys-
trophy (DMD) (1), (2), and this method has since developed into
a genuine strategy for DMD treatment. As exon-skipping
therapy allows the editing of mRNA, it has been applied to
treat both monogenic and nonmonogenic diseases. Remarka-
bly, this precision medicine strategy was revolutionized for the
treatment of a single patient, thus representing a future aspect
of ASO-mediated exon-skipping therapy. In this article, ASO-
mediated exon-skipping therapy is reviewed, beginning from
its invention for DMD treatment to its wider uses in the treat-
ments of nonmonogenic diseases, and future perspectives for
ASO-mediated exon-skipping therapies are discussed.

1. Exon Skipping

Exon skipping involves the removal of certain exons from
mRNAs during splicing, during which introns are removed
from pre-mRNA to produce mature mRNA. Although splic-
ing is strictly regulated to produce mRNAs with no errors, al-
ternative splicing occurs in more than 90% of human genes to
produce a variety of mRNAs and diverse protein products (3).
Notably, exon skipping is the most common pattern of alter-
native splicing. In cancer cells, for example, 90,616 exon-skip-
ping events are reported to occur in 14,272 genes (4).

On the other hand, exon skipping is induced by gene mu-
tations and causes genetic diseases. Exons are defined by splic-
ing consensus sequences located at the junction of exons and
introns in pre-mRNA, and GT and AG dinucleotides are
strictly conserved at the splice donor and acceptor sites, re-
spectively. Furthermore, this definition is supported by the
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splicing cis elements located in exon or intron sequences, and
most mutations that induce exon skipping are located at splic-
ing consensus sequences. In addition, mutations splicing regu-
latory cis elements, such as exonic splicing enhancers/silencers
and intronic splicing enhancers/silencers, cause exon skipping,
and exon-skipping mutations are common in genetic diseas-
es (5).

2. Duchenne Muscular Dystrophy

DMD (OMIM 310200), a fatal X chromosome-linked reces-
sive disorder, is the most common inherited muscle disease
and affects one in 5,000 to 6,000 live-born male children.
DMD is characterized by infantile-onset progressive muscle
wasting, and patients usually succumb to the disease during
their 20s. Although DMD has remained uncurable since its
initial appearance in 1868, the life expectancy of patients with
DMD has been extended slowly by general medical treatments
and physical therapy (6), (7), and establishing a fundamental
treatment protocol has long been the goal of DMD studies.

In 1987, the DMD gene, responsible for DMD, was
cloned (8) and shown to comprise 79 exons spanning 2.4 Mb
on the X chromosome and to yield a 14-kb cDNA encoding
dystrophin; dystrophin deficiency leads to DMD. Exon dele-
tions, which are the most common deletion type (>50%),
cause both DMD and Becker muscular dystrophy (BMD), a
milder progressive muscle-wasting disease. The differences in
the two types of diseases are attributed to a translational read-
ing frame rule (9); mutations shifting the translational reading
frame of the mRNA usually result in the more severe DMD
phenotype because of the creation of premature stop codons
that totally prohibit dystrophin protein expression, whereas
mutations that maintain the original mRNA reading frame
cause the milder BMD phenotype because a mutated but still
functional dystrophin protein can be expressed from the
mRNA.

3. Exon-skipping Therapy for DMD

3-1. Exon skipping in dystrophin Kobe
A case of a Japanese boy with DMD contributed greatly to the
development of ASO-mediated exon-skipping therapy (10). For
this patient, a small product of exon 19 of the DMD gene was
produced by polymerase chain reaction (PCR), and the se-
quencing of the product revealed a 52-bp deletion within the
88-bp exon 19, thus shortening the exon to 36 bp (11). This
out-of-frame genomic deletion in DMD is 6 bp upstream of
the 3′ end of exon 19 and does not disrupt the splicing con-
sensus sequences, consistent with the reading frame rule (9).
This mutation caused the smallest deletion known at the time
and was termed dystrophin Kobe (11).

Analysis of the patient’s DMD cDNA revealed a com-
plete absence of the exon 19 sequence, indicating the skipping
of exon 19, although the consensus sequences at the splicing

acceptor and donor sites were intact. Remarkably, the cause of
exon skipping was attributed to the deletion of an exonic splic-
ing enhancer encoded by the deleted sequence (1). This was the
first demonstration of an exonic splicing enhancer being criti-
cal for the recognition of DMD gene exons. Furthermore,
ASOs directed against this splicing enhancer sequence were
shown to inhibit the splicing of exon 19 (1).

3-2. Proposal of novel exon-skipping therapy
Based on the above findings, we proposed a novel precision
medicine strategy for the use of ASO-mediated exon-skipping
therapy for DMD. The induction of exon skipping allows one
exon to be omitted from the mutated DMD mRNA, leading
to the conversion of an out-of-frame mRNA to an in-frame
mRNA, thereby restoring dystrophin production (1), (2). Subse-
quently, we showed that an ASO against exon 19 could induce
the skipping of exon 19 of the endogenous transcript (12).

Furthermore, we obtained convincing evidence for the ef-
ficacy of exon-skipping therapy on a Japanese patient with
BMD exhibiting a single-nucleotide mutation in exon 27
(c.3631G > T) that led to the substitution of glutamate for a
stop codon (E1211X) (13). The single-nucleotide mutation in-
duced the skipping of exon 27, thereby producing an in-frame
semifunctional DMD mRNA sequence and leading to the
production of a truncated dystrophin protein, with a mild dis-
ease phenotype. These results clearly indicate the potential ef-
fect of exon skipping as a treatment for DMD.

3-3. The first study on exon-skipping therapy
Theoretically, ASOs capable of inducing exon 19 skipping
should produce in-frame mRNAs in patients with DMD car-
rying an exon 20 deletion. This was verified by the transfection
of an ASO into cultured muscle cells obtained from a patient
with DMD with a deletion of exon 20 (14). Subsequently, the
patient received the ASO via intravenous infusion once a week
for 4 weeks (15), and a muscle biopsy performed at 1 week after
the final infusion revealed a novel in-frame mRNA lacking
both exon 19 and exon 20 that represented approximately 6%
of the total reverse transcription PCR product. Dystrophin
was identified histochemically in the sarcolemma of muscle
cells after ASO treatment. These findings demonstrate that
ASO-mediated exon skipping shows promise for the treat-
ment of DMD.

3-4. Approval of ASOs for DMD
The DMD gene contains numerous hotspots for exon dele-
tion. Among exon deletions in patients with DMD, approxi-
mately 20%, 13%, 12%, and 11% are amendable with the skip-
ping of exons 51, 53, 45, and 44, respectively (16). To treat a
sufficient number of patients with DMD, several ASOs target-
ing the top three exons have been developed for clinical use by
international researchers. As a result, eteplirsen, a 25-mer
phosphorodiamidate morpholino ASO injected intravenously,
was the first approved by the Food and Drug Administration

DOI: 10.31662/jmaj.2021-0019
JMA Journal: Volume 4, Issue 3 https://www.jmaj.jp/

233



(FDA) in 2016 for the treatment of patients with DMD with
mutations amenable to the skipping of exon 51 (Table 1). Go-
lodirsen, a morpholino ASO targeting the skipping of exon
53, was next approved in 2019 (17), and viltolarsen, a 21-mer
phosphorodiamidate morpholino ASO targeting the skipping
of exon 51, was approved in 2020 (18).

We developed an 18-mer ASO that induces the skipping
of exon 45, named renadirsen, that contains both 2'-O,4'-C-
ethylene-bridged nucleic acid (ENA) and 2'-O-methyl
RNA (19). A modified ENA invented in Japan was shown to
have suitable characteristics for clinical use, such as high affini-
ty for complementary sequences and high resistance to nucle-
ase (20). Renadirsen was injected subcutaneously into patients
in a phase I/II study (JapicCTI-153072).

4. Applications of Exon-skipping
Therapies

ASO-mediated exon skipping serves as a method to edit
mRNA and can therefore be applied to manipulate gene func-
tions for restoration, destruction, and modulation (Table 2).
For the restoration of gene function, mRNAs that lose certain
exons should be functional or semifunctional, and this strat-
egy is applied mainly to induce the skipping of mutated exons
in monogenic diseases. In contrast, ASO-mediated exon skip-
ping is applied for the disruption of gene function, which in-
volves the targeting of out-of-frame exons, and this strategy

has been applied to suppress MSTN gene function, thereby
promoting muscle growth. In particular, the skipping of in-
frame exons has been implemented to modulate gene func-
tion, producing an isoform that differs in structure and func-
tion from the original product. This strategy has also been ap-
plied to the removal of an integrin alpha 4 transmembrane do-
main by the skipping of exon 27 of the ITG4 gene for the
treatment of Crohn’s disease. Although exon skipping has
multiple potential applications, caution should be taken to
avoid the unintentional skipping of flanking exons, which has
been reported in the ITGA4 and COL7A1 genes (21), (22).

4-1. Skipping of out-of-frame exons for the
restoration of gene function
The skipping of out-of-frame exons shifts the translational
reading frame and is therefore applied to the conversion of
out-of-frame mutations to in-frame mutations, as shown in
DMD therapy (Figure 1 and Table 3). For dysferlinopathy
and Parkinson’s disease, ASOs were designed for the skipping
of DYSF and PRKN exons to restore the reading frame for the
production of semifunctional proteins (23), (24).

4-2. Skipping of mutated in-frame exons for the
restoration of gene function
The skipping of an in-frame exon encoding a disease-causing
mutation aims to remove the mutation and produce in-frame
mRNA, which should give rise to the semifunctional truncat-

Table 1. Antisense Oligonucleotides (ASOs) to Treat Duchenne Muscular Dystrophy (DMD).

Name
ASO

Target exon Phase
Nucleic acid Size Route

Eteplirsen PMO 25 IV 51 Approved

Golodirsen PMO 25 IV 53 Approved

Viltolarsen PMO 21 IV 53 Approved

Casimersen PMO 25 IV 45 Approval stage

Renadirsen ENA/2'RNA 18 SC 45 I/II

PMO: phosphorodiamidate morpholino; ENA: 2'-O,4'-C-ethylene-bridged nucleic acid; 2'RNA: 2'-O-methyl RNA; IV: intravenous injection; SC: subcutaneous
injection

Table 2. Gene Functional Changes Induced by Exon Skipping.

Function Target exon Gene Inheritance Disease

Restoration

Normal out-of-frame DMD Monogenetic DMD

Mutated in-frame exon DYSF Monogenetic LGMD2B

Mutated out-of-frame exon SGCG Monogenetic LGMD2C

Mutated pseudo exon CLRN1 Monogenetic USH3

Destruction Out-of-frame exon MSTN Non monogenetic Diabetes mellitus

Modulation Normal in-frame exon ITGA4 Non monogenetic Crohn’s disease

DMD: Duchenne muscular dystrophy; LGMD2B: limb girdle muscular dystrophy 2B; LGMD2C: limb girdle muscular dystrophy 2C; USH3: Usher syndrome type III
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ed protein. Therefore, this method can be applied to cases in
which the truncated protein is confirmed to be semifunctional
(Table 4). ASOs targeting mutated exons of the DYSF and
LMNA genes have been studied to restore dysferlin in limb
girdle muscular dystrophy 2B and laminin in laminopathy, re-
spectively (26), (27). As most collagen molecules are synthesized in
a trimeric procollagen form, exon-skipping therapies produc-
ing truncated proteins is challenging for the treatment of col-
lagenopathy (28). Despite this, an ASO targeting exon 21 encod-
ing a nonsense mutation of the COL4A5 gene successfully im-
proved the clinical phenotypes of a mouse model of Alport
syndrome (29), suggesting that mutations in the in-frame exons
of collagen genes are amendable by exon skipping. At the same

time, an ASO designed to induce the skipping of exon 73 of
the COL7A1 gene, a mutational hotspot, was developed for
the treatment of dystrophic epidermolysis bullosa (30). For dys-
trophic epidermolysis bullosa, ASOs can be administered top-
ically, opening a new avenue for ASO transfection (30). ASO-
mediated exon-skipping therapies have also been applied to
several other diseases, including enzyme deficiency (Table 4).

4-3. Skipping of mutated out-of-frame exons for
the recovery of gene function
The skipping of mutated out-of-frame exons can remove the
mutations but produce out-of-frame mRNAs incapable of
producing proteins. Therefore, this strategy is applied in three

Figure 1. Antisense oligonucleotide (ASO)-mediated exon-skipping therapy.
In DMD, an out-of-frame exon is deleted from the pre-mRNA (dotted box at the top). Therefore, the splicing produces an out-
of-frame mRNA (middle) and no dystrophin (bottom). An ASO induces the skipping of the flanking exon to the deleted exon
(red box) during splicing and produces an in-frame mRNA (middle), and the in-frame mRNA produces semifunctional dystro-
phin (bottom). The black boxes and lines indicate exons and introns, respectively.

Table 3. Skipping of Normal Out-of-frame Exons.

Disease Gene Exon Phase Author, Year

DMD DMD 51, 53, 45 A, W, I/II Schneider et al. 2021 (25)

Dysferlinopathy DYSF 51 P Verwey et al. 2020 (23)

Parkinson’s disease PRKN 4 P Li et al. 2020 (24)

DMD: Duchenne muscular dystrophy; A: approved; W: wait for approval; P: preclinical study
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situations: (1) the skipping of multiple exons to produce in-
frame mRNA; (2) the skipping of a single exon to reduce a
certain isoform; and (3) the skipping of the penultimate exon
(Table 5). For example, four exons of the SGCG gene, includ-
ing an out-of-frame exon with a mutation, were removed to-
gether using a combination of ASOs for the treatment of limb
girdle muscular dystrophy type 2C (35). The skipping of an
exon to reduce a certain isoform was applied in the treatment
of laminopathy, which reduced laminin A production and
thus led to the reduced accumulation of a toxic substance (36).
The skipping of the penultimate exon has been investigated
for the treatment of spinocerebellar ataxia type 3 by skipping
exon 10 of the ATXN3 gene (37).

4-4. Skipping of mutated pseudoexons for the
restoration of normal gene function
The skipping of mutated pseudoexons is expected to produce
completely normal mRNAs and proteins and is therefore con-
sidered a complete treatment. One study revealed that pseu-
doexons were incorporated by the creation of 5' and 3' splice
sites in 52 and 11 genes, respectively, and by the interference
of splicing regulatory elements in nine genes (39). In cancer,
pseudoexons have been identified in 10 genes directly involved
in cancer pathology, such as ATM, BRCA1, and NF1, and in
32 cancer-related genes, such as CYBB and CYP17A1(40). Every
pseudoexon can be a target of skipping therapy, and recent

studies on pseudoexon skipping are summarized in Table 6.
Nevertheless, mutations that create identical pseudoexons are
rarely reported, and the low patient numbers have hampered
the clinical development of ASOs designed for this purpose.

4-5. Skipping of out-of-frame exons for the
disruption of gene function
The skipping of out-of-frame exons is a gene silencing method
that involves the alteration of the reading frame and has there-
fore been applied to treat diseases involving modifier genes
(Table 7). As gene function can be silenced via techniques
such as ASO-mediated RNase and siRNA transfection (46),
ASO-mediated exon skipping has not been well studied for the
treatment of diseases. An ASO designed to induce the skip-
ping of the out-of-frame exon 2 of the MSTN gene was stud-
ied to enhance muscle growth in patients with muscular dys-
trophies and diabetes mellitus (47). An ASO designed to induce
the skipping of exon 41 of LRRK2, which encodes part of the
kinase domain, was developed to reduce LRRK2 kinase func-
tion in patients with genetic and sporadic Parkinson’s dis-
ease (48). Interestingly, an ASO designed to induce the skipping
of the out-of-frame exon 4 of the fusion gene ERG was devel-
oped to suppress its function in prostate cancer cells and
markedly reduced ERG protein levels, resulting in decreased
cell proliferation (49).

Table 4. Skipping of Mutated In-frame Exons.

Disease Gene Exon Phase Author, Year

LGMD2B DYSF 32 P Barthelemy et al. 2015 (26)

Laminopathy LMNA 5 P Scharner et al. 2015 (27)

Joubert syndrome CEP290 41 P Molinari et al. 2019 (31)

Alport syndrome COL4A5 21 P Yamamura et al. 2020 (29)

Dystrophic epidermolysis bullosa COL7A1 73 P Bornert et al. 2020 (30)

CADASIL NOTCH3 9 P Gravesteijn et al. 2020 (32)

Mucolipidosis II GNPTAB 19 P Matos et al. 2020 (33)

Myotonic dystrophy type1 DMPK 15 P Stepniak et al. 2020 (34)

LGMD2B: limb girdle muscular dystrophy 2B; CADASIL: cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; P: preclinical
study

Table 5. Skipping of Mutated Out-of-frame Exons.

Disease Gene Exon Phase Author, Year

LGMD2C SGCG 4-7 P Wyatt et al. 2018 (35)

CADASIL NOTCH3 2-3,4-5,6 P Rutten 2016 (38)

HGPS LMNA 11 P Lee et al. 2016 (36)

SCA3 ATXN3 10 P McIntosh et al. 2019 (37)

LGMD2C: limb girdle muscular dystrophy 2C; CADASIL: cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; HPGS:
Hutchinson-Gilford progeria syndrome; SCA3: spinocerebellar ataxia type 3; P: preclinical study

DOI: 10.31662/jmaj.2021-0019
JMA Journal: Volume 4, Issue 3 https://www.jmaj.jp/

236



4-6. Skipping of normal in-frame exons for the
modulation of gene function
The skipping of in-frame exons produces in-frame mRNAs,
thereby resulting in the production of short, truncated pro-
teins. In cases of truncated proteins functioning differently
from the original protein products, this exon skipping is ap-
plied to modulate gene function (Table 8). One example was
reported in the ITGA4 gene (21). Moreover, exon 27 was re-
moved from the normal gene to produce an integrin alpha 4
protein lacking a transmembrane domain (Figure 2), result-
ing in the production of soluble integrin alpha 4 that bound
beta. This strategy was devised to treat diseases such as
Crohn’s disease and multiple sclerosis, which are modified by
the hyperactivity of integrin beta.

5. Future Perspectives on ASO-mediated
Exon-skipping Therapies: One Drug for
One Patient

ASO-mediated exon-skipping therapies are now applicable for
a wide variety of diseases. Currently, most exon-skippable
ASOs under clinical development have been developed to
treat a certain number of patients, and ASOs designed to in-
duce the skipping of exons 51, 53, and 45 have been developed
for the clinical treatment of patients with DMD. In contrast,
patients with deletions not treatable with these ASOs do not
benefit from these treatment opportunities, even though exon
skipping is theoretically applicable. Recently, one ASO was de-
veloped for the treatment of one patient within a remarkably
short time period to stop the aggressive progression of a neu-
rodegenerative disease (Table 6) (45). This event stimulated a

Table 6. Skipping of Pseudoexons.

Disease Gene Phase Author, Year

Usher syndrome type III CLRN1 P Panagiotopoulos et al. 2020 (41)

LGMD2B DYSF P Dominov et al. 2020 (42)

Erythropoietic protoporphyria FECH P Halloy et al. 2020 (43)

Stargardt disease ABCA4 P Sangermano et al. 2019 (44)

Neuronal ceroid lipofuscinosis 7 CLN7 H Kim et al. 2019 (45)

LGMD2B: limb girdle muscular dystrophy 2B; P: preclinical study; H: human trial

Table 7. Skipping of Out-of-frame Exons for the Disruption of Gene Function.

Disease Gene Exon Phase Author, Year

Diabetes mellitus
MSTN 2

P Eilers et al. 2021 (50)

DMD P Kemaladewi et al. 2011 (47)

Parkinson’s disease LRRK2 41 P Korecka et al. 2020 (48)

Prostate cancer ERG 4 P Li et al. 2020 (49)

Muscle fibrosis ALK5 6 P Kemaladewi et al. 2014 (51)

Familial hypercholesterolemia APOB 27 P Disterer et al. 2013 (52)

DMD: Duchenne muscular dystrophy; P: preclinical study

Table 8. Skipping of Normal In-frame Exons.

Disease Gene Exon Lost domain Phase Author, Year

Crohn’s disease ITGA4 27 transmembrane P Aung-Htut 2019 (21)

Dupuytren’s disease

ALK5 2 ligand binding

P Karkampouna et al. 2014 (53)

Muscle fibrosis P Kemaladewi et al. 2014 (51)

Hypertrophic scar P Raktoe et al. 2020 (54)

Cancer CD44 v8 ligand binding P Fukushima et al. 2020 (55)

P: preclinical study
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large discussion on precision medicine among staff at the
FDA (56), (57), and the one-drug/one-patient policy may enhance
the further development of ASOs and open a new avenue for
the treatment of patients, especially those with rare uncurable
diseases.

ASO-mediated exon-skipping therapy is an emerging area
of drug development that targets the disease source at the
RNA level and offers a promising therapy for a wide variety of
diseases. However, there are some concerns about the therapy:
first, side effects including off-target effects should be moni-
tored carefully, because ultra-long-term treatment has not yet
been completed. Second, currently approved ASOs are expen-
sive. These high costs are not specific to ASOs but relate to the
fact that ASOs mainly target rare diseases. As the number of
treated patients is lower, development costs per patient are
higher (58). The cost to synthesize ASO would be reduced by a
large-scale synthesis when the demand for ASOs increases by
treating common diseases. Third, the delivery of ASOs has al-
ways been a significant hurdle for their broad clinical applica-
tions, and various strategies have been employed to deliver
them (59). For example, the conjugation of ASO to N-acetyl gal-

actosamine (GalNAc) is a well-defined liver-targeted moiety,
because GalNAc selectively targets the asialoglycoprotein re-
ceptor that is highly expressed in hepatocytes (60). These con-
cerns will be solved by conducting more studies on ASO drugs
in the future.
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Figure 2. Production of soluble integrin alpha 4 by exon skipping.
Integrin alpha 4 is encoded by the ITGA4 gene, which produces an mRNA consisting of 28 exons (upper left). Integrin alpha 4 is
localized to the membrane (upper right) through a transmembrane domain that is encoded in exon 27 (upper left). The ASO-
induced skipping of exon 27 yields an exon 27-deleted mRNA (lower left) that produces an integrin alpha 4 protein with a delet-
ed transmembrane domain in a soluble form (lower right). The box and number in the box indicate the exon and its number.
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