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Abstract: Duchenne and Becker muscular dystrophy (DMD/BMD) are X-linked muscle disorders
caused by mutations of the DMD gene, which encodes the subsarcolemmal protein dystrophin.
In DMD, dystrophin is not expressed due to a disruption in the reading frame of the DMD gene,
resulting in a severe phenotype. Becker muscular dystrophy exhibits a milder phenotype, having
mutations that maintain the reading frame and allow for the production of truncated dystrophin.
To date, various therapeutic approaches for DMD have been extensively developed. However, the
pathomechanism is quite complex despite it being a single gene disorder, and dystrophin is expressed
not only in a large amount of skeletal muscle but also in cardiac, vascular, intestinal smooth muscle,
and nervous system tissue. Thus, the most appropriate therapy would be complementation or
restoration of dystrophin expression, such as gene therapy using viral vectors, readthrough therapy,
or exon skipping therapy. Among them, exon skipping therapy with antisense oligonucleotides can
restore the reading frame and yield the conversion of a severe phenotype to one that is mild. In
this paper, I present the significance of molecular diagnosis and the development of mutation-based
therapeutic strategies to complement or restore dystrophin expression.

Keywords: Duchenne/Becker muscular dystrophy (DMD/BMD); DMD gene; dystrophin; molecular
diagnosis; DMD model animal; gene therapy; readthrough therapy; exon skipping therapy;
antisense oligonucleotide

1. Introduction

The dystrophinopathies Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy
(BMD) are X-linked muscle diseases caused by a lack of the subsarcolemmal protein dystrophin due to
mutations in the dystrophin (DMD) gene [1,2]. Duchenne muscular dystrophy is typically diagnosed
between two and five years of age and presents with an abnormal gait and whole-body skeletal
muscle wasting, which progress due to a marked increase in serum creatine kinase (CK), typically
resulting in the inability to walk before the age of 16 years [3,4]. These patients often die around 30
years of age due to respiratory or heart failure [3,4]. The pooled prevalence rate of DMD is 4.78 per
100,000 males and incidence ranges from 10.71 to 27.78 per 100,000 males [5]. In general, DMD is first
perceived as a retardation of motor development, but family history or an unexpected discovery of
high serum CK levels in blood tests allows for the diagnosis of this disease even when it is still in the
early, asymptomatic stage. Genetic counseling is difficult because approximately 1/3 of the patients
have DMD due to a de novo mutation.

Becker muscular dystrophy (BMD) is a milder variant of DMD and also shows motor development
retardation, hyperCKemia, calf hypertrophy, and dilated cardiomyopathy (DCM). Its severity markedly
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varies among patients, ranging from asymptomatic to early death due to cardiac failure [6–9]. The
incidence of BMD is 1.53 per 100,000 male births [5].

2. The DMD Gene and its Mutations in Dystrophinopathy

Located at Xp21, the DMD gene has 79 exons spanning ~2500 kb in genomic DNA and encodes
the subsarcolemmal protein dystrophin [1,2]. mRNA of the DMD gene is mainly expressed in skeletal,
cardiac, and smooth muscles as well as in the brain. Dystrophinopathy is diagnosed by identifying
the DMD gene mutation, frequently via multiplex ligation-dependent probe amplification (MLPA),
which quickly and accurately identifies mutations in ~70% of dystrophinopathy cases that have
deletion(s) and/or duplication(s) of the 79 exons in the DMD gene [10]. In dystrophinopathy, DMD
gene mutations include deletions of one or more exons (60–70% of cases) [11–14] and duplications
(5–10%) [14–17] (Table 1). The phenotypic distinction between DMD and BMD is mostly explained by
the reading frame theory [18,19]. When the reading-frame of amino acids is disrupted by a mutation
(out-of-frame), dystrophin is not expressed, resulting in the severe DMD phenotype [4,5]. Contrarily,
maintaining the reading frame despite a mutation (in-frame), results in dystrophin production, leading
to a milder phenotype, such as BMD. The BMD phenotype also varies because of the different structure,
function, and expression level of truncated dystrophin, which arises due to mutation type, size, and
location within the DMD gene [18–20]. This frame-shift theory illustrates the differences in phenotype
of ~90% of dystrophinopathies [15,18,21,22]. There are two genetic hotspots of deletion mutations in
the DMD gene, exons 45–55 and exons 3–7 [10]; these regions account for approximately 60% and 7% of
the total mutations seen in DMD, respectively [4,5]. The remaining mutations involve single nucleotide
variants, small deletions or insertions, single-base changes, and splice site changes in 25–35% of DMD
cases and in 10–20% of BMD cases [15,23–27] (Table 1). Among them, nonsense mutations are observed
in 20–30% of DMD cases and ~5% of BMD cases [15,17].

If MLPA detects a single exon deletion, it is likely that a point mutation or a small deletion exists
within the deleted exon; therefore, direct sequencing methods are needed to confirm diagnosis [28,29]
(Table 1). If a mutation is not detected, Western blot analysis and/or immunohistochemistry would
be required to identify and quantify the protein from muscle biopsies [28,29] (Table 2). If protein
studies show a decrease in dystrophin expression, direct sequencing of all exons and nearby introns
is warranted. Chromosomal microarray analysis is considered in rare cases with a contiguous gene
deletion [30].

So far, therapy aimed at complete recovery has not been developed for these diseases; however,
advances in molecular biology have enabled the development of various therapeutic strategies. In
particular, exon skipping therapy to recover the reading frame [31], readthrough therapy for nonsense
mutations [32], gene therapy using viral vectors [33], and cell transplantation therapy are being
actively developed [34]. Here, I describe the advances in molecular therapy for DMD based on DMD
gene mutations.

Sometimes mutational information is insufficient to distinguish between DMD and BMD. In
such cases, protein analysis by western blotting and/or immunohistochemistry should be performed.
Identification of mutations is essential, not only in determining the most effective therapy and disease
management for the patient, but also for familial counseling to establish carrier status, which is strongly
suggested [29]. Accurate and early diagnosis allows for evaluation of cardiorespiratory function and
the cardiopulmonary state, professional management of physical therapy, and application of new
therapies [29].
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Table 1. Diagnosis by DNA analysis of dystrophinopathy [28,29].

DNA Analysis Mutational Type (Frequency) Note

MLPA Deletions of one or more exons (60–70%)
Duplications (5–10%)

Mutational type:
DMD: out-of-frame mutation

BMD: in-frame mutation

Direct sequencing

Single nucleotide variants
Small deletions or insertions

Single-base changes
Splice site changes

(20–35% in total)
Frequency:

DMD: 25–35%
BMD: 10–20%

MLPA: multiplex ligation-dependent probe amplification.

Table 2. Diagnosis by protein analysis of dystrophinopathy [28,29].

Immunohistochemistry
Western Blotting

Molecular Weight
(normal 427 kDa)

Protein Amount
(normal 100%)

DMD Compete or almost complete defect Not detected 0–5%

BMD Reduced staining and/or patchy pattern Normal 20–50%
Abnormal 20–100%

3. Pathomechanism of Dystrophinopathy

Dystrophin assumes a rod-like structure comprised of an N-terminal actin-binding domain; a
rod domain with repeating arrangements of 24 spectrin-like motifs; a cysteine-rich domain, which
binds dystroglycan/sarcoglycans complexes; and a C-terminal domain, which interacts with the
syntrophin complex dystrobrevin [35,36]. Dystrophin binds to dystroglycans, sarcoglycans, and
syntrophin complexes, forming a dystrophin glycoprotein complex (DGC). DGC binds the cytoskeleton
and extracellular matrix in skeletal muscle cells [35,36] and plays a role not only as a membrane
stabilizer, but also as a signal converter from the extracellular environment to the cytoplasm via
receptors on muscle cells prior to contraction [2]. Dystrophin deficiency caused by DMD gene
mutations lack sarcolemmal stability against mechanical stress [37,38]. As a result, an increase in
intracellular calcium ion concentration activates calcium-dependent proteases, such as calpain and
various chemokines/cytokines, resulting in muscle degeneration and necrosis, eventually leading to
fibrosis and fatty cell infiltration [39,40] (Figure 1). In addition, the abnormal expression and/or activity
of various molecules such as neuronal nitric oxide synthase (nNOS) [41,42], aquaporin 4 [43,44], sodium
ion channels [45], L-type calcium ion channels [46], or the stretch-activated calcium channel (located in
the sarcolemma) [47,48] may be related to muscle degeneration. Furthermore, nitric oxide (NO) may
also impact the regulation of calcium signaling in a muscle-protective way and immune responses [49].
Several studies have reported that modulation of NO signaling may alleviate dystrophin-deficient
muscle function and pathology [50–54].



J. Pers. Med. 2019, 9, 16 4 of 21J. Pers. Med. 2018, 8, x FOR PEER REVIEW  4 of 20 

 

 

Figure 1. Hypothetical pathogenic mechanism of dystrophin deficiency. Dystrophin deficiency causes 

sarcolemmal disruption and calcium channel activation by mechanical stress. As a result, an increase 

in intracellular calcium through the concentration gradient and stretch-activated calcium channel 

activates calcium-dependent protease and chemokines/cytokines, resulting in muscle degeneration 

and necrosis. Following necrosis, muscle regeneration is retarded, which causes disease progression 

as regeneration cannot catch up with necrosis. Finally, fibrous and fatty tissues infiltrate the muscle 

fibers. 

4. DMD Animal Models for the Development of Mutation-Specific Therapeutic Strategies 

DMD requires treatment given its severe symptoms and clinical outcomes. To elucidate 

pathogenesis and develop novel therapies, it is necessary to utilize appropriate animal models 

exhibiting DMD symptoms and pathology. For DMD research, mdx mice, mdx52 mice, and dystrophic 

dogs have mainly been used [55]. 

4.1. Mdx mice 

Mdx mice with a C57BL/10ScSnJ background harbor a nonsense mutation in exon 23 of the Dmd 

gene [56]. Compared with DMD patients, limb muscle weakness is mild; however, respiratory 

muscles, such as the diaphragm, prominently indicate necrosis, degeneration, and fibrosis [57]. In 

general, mdx mice develop heart failure from approximately 6 months of age onwards [58], and aged 

mdx mice show the myocardial fibrosis and dysfunction observed in DMD patients [59]. Mdx mice 

have been bred in many laboratories around the world for elucidation of DMD pathogenesis and 

development of therapeutic strategies. 

4.2. Mdx52 mice 

Mdx52 mice that lack exon 52 of the Dmd gene were developed using gene knockout technology 

[60]. These mice lack dystrophin and show dystrophic changes along with muscle hypertrophy. 

Unlike mdx mice, mdx52 show an abnormal electroretinogram resulting from a deficiency of the 

dystrophin isoform Dp260, which is expressed in the retina [61]. To date, mdx52 mice have been used 

for the development of exon 51, exon 53, and multiexon 45–55 skipping strategies that will be 

described in section 5. 

 

Figure 1. Hypothetical pathogenic mechanism of dystrophin deficiency. Dystrophin deficiency causes
sarcolemmal disruption and calcium channel activation by mechanical stress. As a result, an increase
in intracellular calcium through the concentration gradient and stretch-activated calcium channel
activates calcium-dependent protease and chemokines/cytokines, resulting in muscle degeneration
and necrosis. Following necrosis, muscle regeneration is retarded, which causes disease progression as
regeneration cannot catch up with necrosis. Finally, fibrous and fatty tissues infiltrate the muscle fibers.

4. DMD Animal Models for the Development of Mutation-Specific Therapeutic Strategies

DMD requires treatment given its severe symptoms and clinical outcomes. To elucidate
pathogenesis and develop novel therapies, it is necessary to utilize appropriate animal models
exhibiting DMD symptoms and pathology. For DMD research, mdx mice, mdx52 mice, and dystrophic
dogs have mainly been used [55].

4.1. Mdx Mice

Mdx mice with a C57BL/10ScSnJ background harbor a nonsense mutation in exon 23 of the Dmd
gene [56]. Compared with DMD patients, limb muscle weakness is mild; however, respiratory muscles,
such as the diaphragm, prominently indicate necrosis, degeneration, and fibrosis [57]. In general,
mdx mice develop heart failure from approximately 6 months of age onwards [58], and aged mdx mice
show the myocardial fibrosis and dysfunction observed in DMD patients [59]. Mdx mice have been
bred in many laboratories around the world for elucidation of DMD pathogenesis and development of
therapeutic strategies.

4.2. Mdx52 Mice

Mdx52 mice that lack exon 52 of the Dmd gene were developed using gene knockout
technology [60]. These mice lack dystrophin and show dystrophic changes along with muscle
hypertrophy. Unlike mdx mice, mdx52 show an abnormal electroretinogram resulting from a deficiency
of the dystrophin isoform Dp260, which is expressed in the retina [61]. To date, mdx52 mice have been
used for the development of exon 51, exon 53, and multiexon 45–55 skipping strategies that will be
described in Section 5.
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4.3. Dystrophic Dogs

Golden retriever muscular dystrophy (GRMD), found in the Golden Retriever breed of dog, shows
progressive muscular wasting, electrocardiography abnormalities, and myocardial degeneration,
similar to DMD in humans [62,63]. The National Center of Neurology and Psychiatry in Japan has
established a colony of Beagle-based dystrophic dogs (canine X-linked muscular dystrophy in Japan
(CXMDJ)) inseminated by GRMD sperm, for easy breeding and testing [64]. These dystrophic dogs
harbor a point mutation in the intron 6 splice acceptor site causing exon 7 skipping, resulting in a stop
codon in exon 8 and thereby inhibiting dystrophin production [65].

Unlike DMD patients and mdx mice, serum CK levels after birth are extremely high in dystrophic
dogs [63,66]. Approximately 30% of dystrophic dogs die neonatally due to respiratory failure or feeding
difficulty [63,66]. At 2–3 months of age, the dogs show muscle wasting of limbs and temporal muscles,
limb–joint contractures, gait disturbance, macroglossia, and dysphagia [63,66]. Cardiac involvement
is detected as abnormal Q waves on electrocardiography (ECG) around two months of age, and
fibrosis of the left ventricle is detected by cardiac ultrasonography and pathological examination after
12 months of age [67]. Compared with mouse models, the phenotypic severity in dystrophic dogs
is more similar to DMD. Thus, dystrophic dogs are useful for the elucidation of pathogenesis and
development of therapy.

Cavalier King Charles Spaniels with dystrophin-deficient muscular dystrophy (CKCS-MD) have
also been identified [68]. CKCS-MD dogs have a 5′ splice site missense mutation in intron 50 of the
DMD gene, causing out-of-frame skipping of exon 50 and resulting in a lack of dystrophin and a
severe dystrophic phenotype resembling DMD; therefore, this dog model is available to develop exon
skipping therapy for DMD with hotspot mutations.

5. Therapeutic Strategies Based on Mutations of DMD

In the last two decades, advances in the management of the cardiopulmonary function of DMD
patients have extended life expectancy by more than 10 years of what it was previously. Moreover,
corticosteroids are administered as standard treatment, prolonging normal motor function and
allowing for rehabilitation. Nevertheless, corticosteroids cannot stop the progression of DMD, and
their long-term use causes debilitating side effects, which necessitates alternative therapeutic strategies.
Based on the dystrophic mechanism, the most appropriate therapy may be to complement or restore
dystrophin by targeting all organs that express it. Strategies for dystrophin protein restoration include
(1) vector-mediated mini- or microdystrophin gene delivery, (2) nonsense readthrough therapy, and
(3) exon skipping with synthetic antisense oligonucleotides (AOs) or genome editing.

5.1. Gene Therapy Using Vectors

Gene replacement therapy is considered a potential strategy for the treatment of DMD, aiming to
restore the missing protein. Gene therapy for DMD involves expressing dystrophin by introducing
it to muscle cells using a full-length or functionally truncated DMD gene (cDNA) in a viral vector.
Representative vectors commonly used in nondividing muscle cells include lentiviral, adenoviral,
adeno-associated virus (AAV), and human artificial chromosome (HAC) vectors. All are capable of
long-term expression of the exogenous gene without eliciting overt host immune reactions. Viral gene
transfer of the full-length DMD gene may restore wild type functionality; however, this approach
is restricted by the limited capacity of recombinant viral vectors. The loading capacity of lentiviral,
adenoviral, and AAV vectors is ~8 kb, 8–36 kb, and ~4.7 kb, respectively [69]. The large size of DMD
gene transcript has been a major obstacle in developing methods for DMD gene therapy. However,
numerous studies in both animal models and the clinic have generated considerable knowledge
regarding the structural domains of dystrophin and have enabled rational design of highly functional
mini- and microdystrophins more amenable to gene therapy applications. To impart the function of
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full-length dystrophin, mini- and microdystrophins retain the N-terminal actin-binding, cysteine-rich,
and C-terminal domains, whereas the rod domain is truncated (Figure 2).
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Figure 2. Structure of mini- and microdystrophins and utrophin. Minidystrophin is a dystrophin
of mild BMD patients that is ~6.4 kb in size. Based on this, the rod region was further truncated to
create microdystrophin (4.9 kb) that can be incorporated into viral vectors. Both dystrophins retain the
actin-binding, cysteine-rich (Cys), and C-terminal domains of normal, full-length dystrophin (14 kb).

5.1.1. Lentiviral Vector

Lentiviral vectors, derived from HIV-1, can integrate into the host genome and achieve
long-term transgene expression in a wide variety of dividing and nondividing cells, including skeletal
muscle [70,71]. VSV-G-pseudo-typed lentiviral vectors can transduce adult mouse skeletal muscle
cells—albeit with a relatively low efficiency [72]. Nonetheless, myofibers transduced with a fully
functional 6.3-kb Becker-like dystrophin cDNA (minidystrophin gene) were partially protected from
degeneration for at least six months in mdx mice [70,72].

Viral gene transfer of full-length dystrophin may restore wild type functionality. Lentiviral vectors
can package and deliver inserts of a similar size to dystrophin. A recent breakthrough demonstrated
that lentiviruses can be used to deliver full-length dystrophin to DMD myoblasts as a proof-of-concept,
ex vivo gene therapy strategy [73,74]. However, lentiviral vectors come with biosafety issues, such as
insertional mutagenesis by enhancer-mediated dysregulation of neighboring genes or aberrant splicing,
immunogenicity of vector particles, toxicity of the transgene, and potential vertical or horizontal
transmission by replication competent retroviruses [75].

5.1.2. Adenoviral Vector

The adenoviral vector, a recombinant adenovirus, has been used to deliver a minidystrophin
gene via injection into dystrophic muscles [76,77]. Minidystrophin confers important functional and
structural protection of the limb muscles against high mechanical stress, even after partial somatic
gene transfer [78]. Moreover, the expression of recombinant human minidystrophin cDNA was found
to significantly reduce the myopathic phenotype in transgenic mdx mice [78]. Adenoviral vectors
can efficiently transduce a broad variety of different cell types and have been used extensively in
preclinical and clinical studies. However, adenoviral vectors retain residual adenoviral genes that
contribute to inflammatory immune responses and toxicity. Moreover, these vectors often result in
transient expression of the potentially therapeutic transgene. The latest generation of high-capacity
adenoviral vectors is devoid of viral genes, has a significantly improved safety profile, and yields
prolonged transgene expression compared with that of early generation vectors [79]. Nevertheless,
transgene expression gradually declines over time even when high-capacity adenoviral vectors are
used, possibly due to the gradual loss of vector genomes. Despite their improved safety, high-capacity
adenoviral vectors can still trigger transient toxic effects in animals and patients [79]. Currently,
integrating adenoviral vectors carry a malignancy risk due to their ability to integrate randomly into
the target genome.
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5.1.3. AAV Vector

AAV vectors have the highest safety and transfection efficiency in skeletal muscle cells [33].
However, the AAV vector can only incorporate a maximum length of 4.9 kb. Thus, the shorter
microdystrophin (CS1), embedded in the rod domain, is produced and incorporated in AAV
vectors [80]. After binding to the receptor of the muscle membrane, CS1—which was introduced
into the AAV vector—is incorporated into the cells and migrates to the nucleus. The gene is then
translated in the nucleus and microdystrophin is expressed and localized to the cell membrane. When
CS1 incorporated into type 2 AAV (AAV2) was administered to mdx mice, muscle pathology and
muscle tension improved [81]. However, AAV2 carrying CS1 did not lead to dystrophin production in
the skeletal muscle of dystrophic dogs due to strong immune responses [82]. CS1 incorporated into
type 8 AAV vector (AAV8), whose T cell activation is lower than in AAV2, showed a high-efficiency
expression in dystrophic dogs for eight weeks [83]. CS1 combined with type 9 AAV vector (AAV9)
was also successfully introduced into cardiac [84,85] and whole-body skeletal muscles of neonatal
dystrophic dogs [86].

In other AAV-based therapies, AAV-mediated gene therapy with GALGT2 is currently being
investigated to upregulate the expression of dystrophin and laminin-α2 surrogates, including utrophin,
plectin1, agrin, and laminin α5 [87–89]. Phase I/IIa gene transfer clinical trials of this strategy for DMD
are currently ongoing [89].

5.1.4. HAC Vector

HACs have the capacity to deliver extremely large genetic regions to host cells without integration
into the host genome, preventing insertional mutagenesis or genomic instability. A HAC vector with
the entire human DMD gene (DYS-HAC) can be stably maintained in mice and in human immortalized
mesenchymal stem cells (hiMSCs). In chimeric mice generated from embryonic stem cells transferred
from DYS-HAC, isoforms of the DYS-HAC-derived human dystrophin were correctly expressed in a
tissue-specific manner [90].

Furthermore, to the extent that the proliferative potential can withstand clonal DMD satellite
cell-derived myoblast and perivascular cell-derived mesoangioblast expansion after HAC transfer, one
study reported reversible cell immortalization mediated by lentiviral vectors via excisable hTERT and
Bmi1 transgene delivery that extended cell proliferation. The cells remained myogenic in vitro and
engrafted into murine skeletal muscle upon transplantation. These results represent next-generation
HACs, capable of delivering reversible immortalization, complete genetic correction, additional
dystrophin expression, inducible differentiation, and controllable cell death [91]. This HAC method
holds promise for future DMD gene therapies.

5.2. Readthrough Therapy

Readthrough therapy restores dystrophin expression through strategies that inhibit translation
termination at nonsense mutations. For example, the antibiotic gentamicin can skip (i.e., readthrough)
a nonsense mutation in vitro [92]. Thus, gentamycin was injected into mdx mice with a nonsense
mutation, which restored dystrophin expression [93]. This therapy is applicable to approximately 10%
of DMD patients. However, gentamicin can cause nephrotoxicity and auditory nerve toxicity, and
thus large and long-term administration is unadvisable for humans. Therefore, a new readthrough
compound—PTC124—was developed and its administration to mdx mice restored dystrophin
expression in skeletal and cardiac muscles [32]. Furthermore, PTC124 (Ataluren, TranslarnaTM) showed
efficacy and safety during a Phase IIa trial [94,95]. Thus, Ataluren—produced by PTC Therapeutics
Inc., South Plainfield, NJ, USA—has received conditional approval in the European Union for the
treatment DMD patients with nonsense mutations [96]. The antibiotic arbekacin sulfate (NPC-14)
also exhibits a similar mechanism to PTC124, and Phase II clinical trials are currently underway in
Japan [97].
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5.3. Exon Skipping Therapy

In DMD patients and animal models, some dystrophin-positive fibers (revertant fibers) are
observed at the sarcolemma, despite the fact that it usually lacks dystrophin. The number of revertant
fibers increases with age due to the degeneration and regeneration cycles of the disease [98,99]. The
basic idea of exon skipping therapy is the skipping of exon(s) around the original mutation, which
leads to correction of the reading frame and restoration of dystrophin expression at the sarcolemma.
Thus, exon skipping strategies have attracted attention as potential DMD therapy [99–101].

The development of several new AOs has contributed to the advancement of DMD exon skipping
therapy [102]. Moreover, the ethical issues involved in exon skipping therapy are fewer than those
associated with vector-mediated gene therapy or stem-cell transplantation therapy. This is because
AOs are classified as drugs, rather than gene therapy agents, by the Food and Drug Administration
(FDA) of the USA and representative agencies in the European Union and Japan. Exon skipping
therapy may be useful for up to 90% of DMD patients with deletion mutations [103,104]. Additionally,
patients exhibiting very mild phenotypes with high blood CK concentrations have an in-frame deletion
in the DMD gene [105,106]; therefore, it may also be possible to aim to make a mild phenotype more
intense after exon skipping therapy.

5.3.1. Exon Skipping Using Antisense Oligonucleotides

Antisense oligonucleotides are chemically synthesized, short (~20 bases) nucleic acids that are
designed to hybridize to complementary pre-mRNA sequences [105]. Antisense oligonucleotides
bind to an exon–intron boundary or exonic splicing enhancers (ESEs) to regulate a splice-suppressing
spliceosome composed of proteins, snRNA, and mRNA [107,108]. The representative AO compounds
2′-O-methyl-phosphorothioate AO (2′OMeAO) and phosphorodiamidate morpholino oligomers (PMO
or morpholino) are most frequently used because of their safety and efficiency [109,110]. Moreover,
peptide-conjugated PMO (PPMO) and vivo-morpholino were developed to provide high uptake
efficiency by cells [108,109]. The ESE finder program can be used to predict/search for ESEs [107] and
pre-mRNA secondary structures during AO design [110].

The therapeutic strategy for DMD involves skipping an exon with a mutation or nearby exons
via AOs during mRNA splicing, leading to the correction of the reading frame and restoration of
dystrophin expression (Figure 3) [107]. It has been shown that exon skipping therapy converts the
DMD phenotype to the BMD phenotype. However, the scenario is complex due to the phenotypic
diversity of BMD, ranging from asymptomatic to symptoms typical of severe DMD; furthermore,
cardiac involvement of BMD frequently progresses faster than DMD. Therefore, I have suggested that
researchers aim at improving dystrophinopathy to a very mild or asymptomatic phenotype prior to
administration of this therapy [108]. For a successful therapeutic strategy, it is important to understand
the BMD phenotypes of in-frame mutations and dystrophin structure after exon skipping, rather than
simply correcting the reading frame by AOs [108].
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Figure 3. Exon 51-skipping therapy for exon 52-deleted Duchenne muscular dystrophy (DMD).
(A) DMD with an exon 52 deletion. Exon 52 (the number of bases is not a multiple of 3) is absent from
pre-mRNA, which results in a misalignment of the reading frame after splicing (out-of-frame); this
leads to a premature stop codon in the following exon of the mRNA. As a result, dystrophin is not
produced, leading to a severe dystrophic phenotype. (B) Exon 51-skipping therapy for exon 52-deleted
DMD. Exon 51 is skipped by AO (sum of deleted bases is a multiple of 3) in pre-mRNA; subsequently,
the reading frame is corrected in mRNA (in-frame) and translation progresses normally. As a result,
a truncated but functional dystrophin is produced, resulting in a mild dystrophic phenotype. AO,
antisense oligonucleotide; ex, exon.

5.3.2. Preclinical Trials of Exon skipping Therapy using Antisense Oligonucleotides

Preclinical trials have been performed using DMD model mice (mdx and mdx52) and dogs.
In mdx mice, 2’OMeAO targeting of the exon–intron boundary sequence of exon 23 of the
DMD gene successfully induced more than 20% dystrophin-positive skeletal muscle fibers [111].
Moreover, systemic administration of PMO targeting the same region revealed approximately 25%
dystrophin-positive skeletal muscle fibers [106,112]. Long-term administration of PMO yielded more
than 70% dystrophin-immunoreactive fibers in the quadriceps femoris and gastrocnemius muscles
and improved muscle pathology and muscle tension [106,111]. A cocktail of three kinds of PMOs
targeting exons 6 and 8 restored dystrophin expression in whole-body skeletal muscles after being
administered to dystrophic dogs; the results showed improved muscle pathology, magnetic resonance
imaging findings, and motor function as well as decreased serum CK levels [112]. However, in other
mouse and dog studies, restoration of dystrophin expression in cardiac muscle was lower than in
skeletal muscles. Hence, PPMO, which exhibits high cell penetration efficiency, was used to increase
the restoration rate of dystrophin [113,114].

Exon skipping therapy is a personalized medicine based on gene mutations; targeting the same
exon for a greater number of patients can reduce production costs and medical expenses. Deletion
mutations in the DMD gene are concentrated in exons 3–7 and exons 45–55 [4,5] The number of DMD
patients with a deletion in exons 45–55 account for ~60% of the DMD population [115]. Approximately
13% of DMD patients can be treated when exon 51 is targeted by skipping [116]. Thus, mdx52 mice
were used for the development of an exon 51-skipping strategy in preclinical trials; as a result, the
systemic administration of PMO recovered dystrophin expression in skeletal muscle and improved
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muscle pathology and function of mice [117]. In addition, exon 53 is the second most commonly
targeted exon in patients, whose skipping strategy has been previously reported [118].

5.3.3. Clinical Trials of Exon Skipping Therapy using Antisense Oligonucleotides

For patients with DMD, clinical applications of exon 51 skipping were first performed as a focal
injection of 2’OMeAO. Results from intramuscular injections of PRO051 into the tibialis anterior (TA)
muscle revealed the presence of sarcolemmal dystrophin in more than 50% of muscle fibers. The
amount of dystrophin in total protein extracts ranged from 3 to 12% of controls, and a quantitative
ratio of dystrophin to laminin-α2 was 17 to 35% of control specimens [119]. During the systemic
administration of PRO051 (2’OMeAO) to DMD patients (phase I/IIa), weekly abdominal subcutaneous
injections were administered for 12 weeks in 2.0 to 6.0 mg/kg doses. The results showed that
dystrophin was expressed in approximately 60–100% of muscle fibers in 10 of the 12 trial participants.
Furthermore, dystrophin expression increased in a dose-dependent manner to 15.6% of normal controls.
A six-minute walk test (6MWT) showed a mean improvement of 35.2 ± 28.7 m [120].

A 48-week double-blind, placebo-controlled, multicenter trial of PRO051 (drisapersen)
subcutaneous administration (6 mg/kg) was performed with 53 patients (18 received once-weekly
injections, 17 received intermittent drisapersen (nine doses over 10 weeks), and 18 received a placebo
(either continuous or intermittent)). Mean distance of the 6MWT at week 25 increased by 31.5 m for
patients receiving continuous drisapersen, with a mean difference of 35.09 m compared with that of
patients given the placebo. As the studies extended beyond the 25th week, the difference between
treated and placebo cohorts were less apparent and no longer statistically significant (p = 0.051) by
week 49 [121]. Drisapersen, developed by BioMarin Ltd., was discontinued at the end of a phase
III study due to inefficacy and adverse effects, such as injection site reactions, mild proteinuria, and
rarely reduced platelet counts. The product was further tested in a GSK/Prosensa sponsored, pivotal,
phase III, placebo-controlled clinical trial that included 186 DMD patients. Boys with DMD were
randomized into groups and given a dose of drisapersen at 6 mg/kg/week (n =125) or a placebo
(n = 61) for 48 weeks. However, the study failed to achieve statistical significance in its primary end
point, the 6MWT [122]. Thus, the US FDA voted that there was no conclusive benefit, and BioMarin
Ltd. withdrew the compound from clinical testing. Presently, there are no clinical trials that employ
the use of drisapersen or the related 2OMeAO.

As for the use of PMO in exon 51 skipping, intravenously delivered AVI-4658 (eteplirsen)
was performed on 19 ambulatory boys (5–15 years old) with DMD in an open-label, phase II,
dose-escalation study [123]. Twelve weekly and intravenously administered doses of eteplirsen
induced exon 51 skipping, leading to dystrophin expression that increased in a dose-dependent
manner. Seven patients responded to treatment, demonstrating significantly increased dystrophin
fluorescence intensity [124,125]. Another clinical trial investigating eteplirsen, under the sponsorship
of Sarepta Therapeutics Ltd., was designed as a phase IIb, double-blind, placebo-controlled study [126].
Twelve boys with DMD (7–13 years old) were enrolled and divided into three cohorts (placebo,
30 mg/kg/week, and 50 mg/kg/week). This study is currently ongoing as an open-label, long-term
study, inclusive of safety and efficacy outcomes with evaluation of long-term dystrophin expression
at 180 weeks and functional motor assessments, including the 6MWT (36 months). The first phase
of eteplirsen administration revealed an increase in dystrophin expression, but the findings were
considered inconclusive [127]. Muscle biopsies were performed at 180 weeks for 11 patients and
three methods used to quantify total dystrophin protein (Western blot analysis, scoring of dystrophin
stained sections by three independent pathologists, and analysis of immunofluorescent dystrophin
fiber intensity). The results showed significant increases in dystrophin expression in eteplirsen-treated
samples, with Western blot analysis showing an absolute increase in expression at + 0.85% difference
from that of control, representing an 11.6-fold increase (p = 0.007). Motor assessment resulting from
long-term use of eteplirsen was evaluated by the 6MWT, pulmonary functions of maximum inspiratory
pressure, maximum expiratory pressure, and forced vital capacity. Safety assessments of adverse
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events in the eteplirsen study were also recorded [128,129]. Eteplirsen improved the 6MWT distance by
151 m compared with that of historical age and mutation-matched controls for three years of follow-up.
Furthermore, weekly eteplirsen infusions were well tolerated, with no serious adverse events leading
to treatment interruption or dose change [128]. Thus, eteplirsen has received accelerated approval from
the FDA; however, the approval is preliminary and requires further clinical confirmation of efficacy in
the currently ongoing clinical trials.

The National Center of Neurology and Psychiatry in cooperation with Nippon Shinyaku Co,
Ltd. (Tokyo, Japan) developed a PMO (NS-065/NCNP-01) for exon 53 skipping [130]. This therapy
is applicable to 10.1% of patients with DMD. The phase I study was an open-label, dose-escalation
clinical trial for determining the safety, pharmacokinetics, and activity of this PMO. NS-065/NCNP-01
at doses of 1.25, 5, or 20 mg/kg were administered weekly for 12 weeks to 10 DMD patients (6–16 years
old). Severe adverse effects were not observed and muscle biopsies revealed that NS-065/NCNP-01
induced exon 53 skipping in a dose-dependent manner and increased dystrophin expression in seven
of 10 patients. Thus, NS-065/NCNP-01 appears safe, has pharmacokinetic potential, and is currently
being tested in a phase II clinical trial [130]. Other ongoing clinical trials of exon skipping therapy
include SRP-4053 for exon 53 targeting (Golodirsen; Sarepta Therapeutics Ltd., Cambridge, MA,
USA), exon 45 targeting by SRP-4045 (Casimersen; Sarepta Therapeutics Ltd.), and exon 45 or DS-514b
targeting using 2′-O,4′-C-ethylene-bridged nucleic acid (ENA; Daiichi Sanko Co., Ltd., Chuo-ku, Tokyo,
Japan) among others.

5.3.4. Issues and Prospects of Exon Skipping Therapy using AOs

There are some issues associated with the development of exon skipping therapy. First, from the
study of animal models, the effect of exon skipping lasts 2–3 months; making repeated administration
necessary [109]. Second, skipping efficiency varies among different tissues and cells; for example,
less dystrophin is induced in the cardiac muscle. Studies on mouse-derived C2C12 myoblasts and
laminin-α2 chain-null congenital muscular dystrophy mice revealed that PMO is easily incorporated
during active muscle regeneration [131]. Moreover, PPMO can be incorporated into cells via scavenger
receptor class A-mediated endocytosis after forming spontaneous micellar nanoparticles [132]. Thus,
strategies should aim to improve AO delivery. Third, exon skipping therapy only targets one exon;
therefore, the number of patients that can be treated is limited. Furthermore, very little is known about
the converted phenotype following exon skipping therapy due to our lack of knowledge regarding
dystrophinopathy patients with in-frame mutations. Nevertheless, it has been reported that patients
with a deletion of exons 45–55 show a very mild or asymptomatic phenotypes [115,133,134]. Exons
45–55 span an entire region of genetic hotspots; thus, exon skipping therapy of exons 45–55 for
patients with DMD or severe BMD with mutations in this region would result in approximately
60% of DMD patients that can be converted to very mild or asymptomatic phenotypes, making
this a highly effective therapeutic strategy [109,115]. This strategy was successful in mdx52 mice,
showing restoration of dystrophin expression and improved muscle pathology and function after
multiexon skipping treatment with PMOs [135]. Furthermore, given that a case with a deletion of exons
3–9—spanning a second genetic hotspot region (exons 3–7)—was asymptomatic, we now understand
that exon 3–9-skipping therapy is applicable for approximately 7% of DMD patients and may also
convert them to a very mild phenotype [136]. However, the challenges of multiexon skipping therapy
include attenuation of skipping efficiency due to AO double chain formation or off-target effects.

5.3.5. Exon Skipping via Genome Editing

As mentioned above, AOs exhibit some drawbacks, such as poor uptake in the heart and
short-lasting efficacy. To overcome these issues, clustered regularly interspaced short palindromic
repeats (CRISPR)-associated protein 9 (CRISPR/Cas9)-mediated gene editing has recently become
available for exon skipping therapy [137]. The first in vivo gene editing using CRISPR/Cas9 was
performed to correct a nonsense mutation in exon 23 of the Dmd gene in mdx mice [138]. Components of
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CRISPR/Cas9 were injected into mdx zygotes at the single-cell stage, followed by zygote implantation
into pseudopregnant mice. The obtained treated pups varied in the extent of Dmd gene editing.
Approximately 50% of muscle fibers were dystrophin-positive—confirmed by immunostaining—in
mdx mice at 7–9 weeks of age. Treated mice also showed decreased serum CK levels and improved
grip strength.

AAV vectors (serotype 8 or 9) have been used to deliver CRISPR/Cas9 components in vivo, either
intramuscularly, intraperitoneally, or intravenously to delete the mutated exon 23 of the DMD gene
from the genome of mdx mice [139–141]. These studies showed restored dystrophin in both skeletal
and cardiac muscles—confirmed by immunostaining and Western blotting—and was accompanied by
relocalization of DGC components at the sarcolemma and improvements in skeletal muscle function.
Off-target effects were not observed in these treatments. Moreover, CRISPR/Cas9-mediated multiexon
skipping of exons 21–23 [142], 52–53 [143], and 45–55 [144] has been successful in DMD mouse models.
These strategies can increase the number of patients for future therapeutic applicability.

The CRISPR/Cas9 strategy was also applied to CKCS-MD dogs [145]. Cas9-containing AAV9
vectors were intramuscularly delivered to the TA muscles of 1-month-old CKCS-MD dogs (n = 2) and
then treatment efficacy was evaluated six weeks postinjection. Dystrophin levels of approximately 52
or 67% of that of wild type were observed in the TA muscles of treated dogs, as evidenced by Western
blot analysis; contralateral muscles injected with saline showed on average 2% dystrophin of wild
type levels. Improvements in histopathology and restoration of β-dystroglycan expression were also
observed in the treated muscles, and there was no evidence of immune response. Deep sequencing
revealed no significant gene editing on the most likely off-target sites as a result of treatment. Moreover,
eight weeks after the intravenous injection of systemically treated CKCS-MD dogs (1-month old; n = 2),
dystrophin was found restored in various skeletal muscles as well as the heart, which was confirmed
by immunostaining and Western blotting. Histopathological improvements and restored expression of
β-dystroglycan were also observed, although muscle function tests were not conducted.

Human induced pluripotent stem cells derived from DMD have also been served as a development
of therapy by CRISPR/Cas9 [146,147]. CRISPR/Cas9 technology essentially yields the same results as
exon skipping with AOs, but with the advantage of inducing permanent corrections of the mutated
DMD gene without requiring repetitive treatment—unlike with AOs. Nevertheless, it is necessary to
establish therapeutic safety and efficacy in preclinical studies before embarking on clinical trials for
DMD patients.

6. Future Aspects of Therapeutic Strategies

Despite being a single gene disorder, various therapeutic approaches have been developed against
the background of the complex pathological mechanism of DMD. The most fundamental treatment
for DMD is considered supplementation or recovery of dystrophin. In this regard, the use of viral
vectors, exon skipping, or readthrough therapies as described in this review are desirable. However,
each treatment approach also faces various difficulties. Although the use of viral vectors can be widely
adapted regardless of the gene mutation, there is a limit to the size of genes that can be incorporated
while also ensuring safety. Meanwhile, exon skipping therapy is tailor-made based on the genetic
mutation; however, this limits the number of target patients, and there are other problems regarding
introduction efficiency and symptom improvement. For readthrough therapy, the number of subjects
that can be treated is also very limited. Moreover, in any treatment, the type and number of target
organs (skeletal muscle, myocardium and smooth muscle, and nervous system) of DMD patients are
both varied and high, which is another hurdle for these therapeutic strategies to overcome. Although
these issues may be resolved in the future, it is necessary to combine several drug therapies.

Funding: This work was supported by an Intramural Research Grant (29-3) for Neurological and Psychiatric
Disorders of the National Center of Neurology and Psychiatry (to A.N.), by JSPS KAKENHI (15H04756 and
18H02577 to A.N.), and by AMED under Grant Number JP18ek0109357h0001 (to A.N.)

Conflicts of Interest: The author declares no conflicts of interest.



J. Pers. Med. 2019, 9, 16 13 of 21

References

1. Koenig, M.; Hoffman, E.P.; Bertelson, C.J.; Monaco, A.P.; Feener, C.; Kunkel, L.M. Complete cloning of the
Duchenne muscular dystrophy (DMD) cDNA and preliminary genomic organization of the DMD gene in
normal and affected individuals. Cell 1987, 50, 509–517. [CrossRef]

2. Hoffman, E.P.; Brown, R.H.; Kunkel, L.M. Dystrophin: The protein product of the Duchenne muscular
dystrophy locus. Cell 1987, 51, 919–928. [CrossRef]

3. Flanigan, K.M. Duchenne and Becker Muscular Dystrophies. Neurol. Clin. 2014, 32, 671–688. [CrossRef]
[PubMed]

4. Bello, L.; Kesari, A.; Gordish-Dressman, H.; Cnaan, A.; Morgenroth, L.P.; Punetha, J.; Duong, T.;
Henricson, E.K.; Pegoraro, E.; McDonald, C.M.; et al. Cooperative International Neuromuscular Research
Group Investigators. Genetic modifiers of ambulation in the Cooperative International Neuromuscular
Research Group Duchenne Natural History Study. Ann. Neurol. 2015, 77, 684–696. [CrossRef] [PubMed]

5. Mah, J.K.; Korngut, L.; Dykeman, J.; Day, L.; Pringsheim, T.; Jette, N. A systematic review and meta-analysis
on the epidemiology of Duchenne and Becker muscular dystrophy. Neuromuscul. Disord. 2014, 24, 482–491.
[CrossRef] [PubMed]

6. Yazaki, M.; Yoshida, M.; Nakamura, A.; Koyama, J.; Nanba, T.; Ohori, N.; Ikeda, S. Clinical characteristics of
aged Becker muscular dystrophy patients with onset after 30 years. Eur. Neurol. 1999, 42, 145–149. [CrossRef]
[PubMed]

7. Ferreiro, V.; Giliberto, F.; Muniz, G.M.; Francipane, L.; Marzese, D.M.; Mampel, A.; Roque, M.; Frechtel, G.D.;
Szijan, I. Asymptomatic Becker muscular dystrophy in a family with a multiexon deletion. Muscle Nerve
2009, 39, 239–243. [CrossRef] [PubMed]

8. Nakamura, A.; Shiba, N.; Miyazaki, D.; Nishizawa, H.; Inaba, Y.; Fueki, N.; Maruyama, R.; Echigoya, Y.;
Yokota, T. Comparison of the phenotypes of patients harboring in-frame deletions starting at exon 45 in
the Duchenne muscular dystrophy gene indicates potential for the development of exon skipping therapy.
J. Hum. Genet. 2017, 62, 459–463. [CrossRef] [PubMed]

9. Yoshida, K.; Ikeda, S.; Nakamura, A.; Kagoshima, M.; Takeda, S.; Shoji, S.; Yanagisawa, N. Molecular analysis
of the Duchenne muscular dystrophy gene in patients with Becker muscular dystrophy presenting with
dilated cardiomyopathy. Muscle Nerve 1993, 16, 1161–1166. [CrossRef] [PubMed]

10. Deepha, S.; Vengalil, S.; Preethish-Kumar, V.; Polavarapu, K.; Nalini, A.; Gayathri, N.; Purushottam, M. MLPA
identification of dystrophin mutations and in silico evaluation of the predicted protein in dystrophinopathy
cases from India. BMC Med. Genet. 2017, 18, 67. [CrossRef] [PubMed]

11. Yan, J.; Feng, J.; Buzin, C.H.; Scaringe, W.; Liu, Q.; Mendell, J.R.; den Dunnen, J.; Sommer, S.S. Three-tiered
noninvasive diagnosis in 96% of patients with Duchenne muscular dystrophy (DMD). Hum. Mutat. 2004, 23,
203–204. [CrossRef] [PubMed]

12. Dent, K.M.; Dunn, D.M.; von Niederhausern, A.C.; Aoyagi, A.T.; Kerr, L.; Bromberg, M.B.; Hart, K.J.;
Tuohy, T.; White, S.; den Dunnen, J.T.; et al. Improved molecular diagnosis of dystrophinopathies in an
unselected clinical cohort. Am. J. Med. Genet. A 2005, 134, 295–298. [CrossRef] [PubMed]

13. Prior, T.W.; Bridgeman, S.J. Experience and strategy for the molecular testing of Duchenne muscular
dystrophy. J. Mol. Diagn. 2005, 7, 317–326.

14. Takeshima, Y.; Yagi, M.; Okizuka, Y.; Awano, H.; Zhang, Z.; Yamauchi, Y.; Nishio, H.; Matsuo, M. Mutation
spectrum of the dystrophin gene in 442 Duchenne/Becker muscular dystrophy cases from one Japanese
referral center. J. Hum. Genet. 2010, 55, 379–388. [CrossRef] [PubMed]

15. White, S.; Kalf, M.; Liu, Q.; Villerius, M.; Engelsma, D.; Kriek, M.; Vollebregt, E.; Bakker, B.; van Ommen, G.J.;
Breuning, M.H.; et al. Comprehensive detection of genomic duplications and deletions in the DMD gene, by
use of multiplex amplifiable probe hybridization. Am. J. Hum. Genet. 2002, 71, 365–374. [CrossRef] [PubMed]

16. White, S.J.; Aartsma-Rus, A.; Flanigan, K.M.; Weiss, R.B.; Kneppers, A.L.; Lalic, T.; Janson, A.A.; Ginjaar, H.B.;
Breuning, M.H.; den Dunnen, J.T. Duplications in the DMD gene. Hum. Mutat. 2006, 7, 938–945. [CrossRef]
[PubMed]

17. Flanigan, K.M.; Dunn, D.M.; von Niederhausern, A.; Soltanzadeh, P.; Gappmaier, E.; Howard, M.T.;
Sampson, J.B.; Mendell, J.R.; Wall, C.; King, W.M.; et al. Mutational spectrum of DMD mutations in
dystrophinopathy patients: Application of modern diagnostic techniques to a large cohort. Hum. Mutat.
2009, 30, 1657–1666. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0092-8674(87)90504-6
http://dx.doi.org/10.1016/0092-8674(87)90579-4
http://dx.doi.org/10.1016/j.ncl.2014.05.002
http://www.ncbi.nlm.nih.gov/pubmed/25037084
http://dx.doi.org/10.1002/ana.24370
http://www.ncbi.nlm.nih.gov/pubmed/25641372
http://dx.doi.org/10.1016/j.nmd.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24780148
http://dx.doi.org/10.1159/000008089
http://www.ncbi.nlm.nih.gov/pubmed/10529540
http://dx.doi.org/10.1002/mus.21193
http://www.ncbi.nlm.nih.gov/pubmed/19012301
http://dx.doi.org/10.1038/jhg.2016.152
http://www.ncbi.nlm.nih.gov/pubmed/27974813
http://dx.doi.org/10.1002/mus.880161104
http://www.ncbi.nlm.nih.gov/pubmed/8413368
http://dx.doi.org/10.1186/s12881-017-0431-6
http://www.ncbi.nlm.nih.gov/pubmed/28610567
http://dx.doi.org/10.1002/humu.10307
http://www.ncbi.nlm.nih.gov/pubmed/14722924
http://dx.doi.org/10.1002/ajmg.a.30617
http://www.ncbi.nlm.nih.gov/pubmed/15723292
http://dx.doi.org/10.1038/jhg.2010.49
http://www.ncbi.nlm.nih.gov/pubmed/20485447
http://dx.doi.org/10.1086/341942
http://www.ncbi.nlm.nih.gov/pubmed/12111668
http://dx.doi.org/10.1002/humu.20367
http://www.ncbi.nlm.nih.gov/pubmed/16917894
http://dx.doi.org/10.1002/humu.21114
http://www.ncbi.nlm.nih.gov/pubmed/19937601


J. Pers. Med. 2019, 9, 16 14 of 21

18. Koenig, M.; Beggs, A.H.; Moyer, M.; Scherpf, S.; Heindrich, K.; Bettecken, T.; Meng, G.; Müller, C.R.;
Lindlöf, M.; Kaariainen, H.; et al. The molecular basis for Duchenne versus Becker muscular dystrophy:
Correlation of severity with type of deletion. Am. J. Hum. Genet. 1989, 45, 498–506. [PubMed]

19. van den Bergen, J.C.; Wokke, B.H.; Janson, A.A.; van Duinen, S.G.; Hulsker, M.A.; Ginjaar, H.B.;
van Deutekom, J.C.; Aartsma-Rus, A.; Kan, H.E.; Verschuuren, J.J. Dystrophin levels and clinical severity in
Becker muscular dystrophy patients. J. Neurol. Neurosurg. Psychiatry 2013, 85, 747–753. [CrossRef] [PubMed]

20. Nicolas, A.; Raguenes-Nicol, C.; Ben Yaou, R.; Ameziane-Le Hir, S.; Cheron, A.; Vie, V.; Claustres, M.;
Leturcq, F.; Delalande, O.; Hubert, J.F.; et al. Becker muscular dystrophy severity is linked to the structure of
dystrophin. Hum. Mol. Genet. 2014, 24, 1267–1279. [CrossRef] [PubMed]

21. Monaco, A.P.; Bertelson, C.J.; Liechti-Gallati, S.; Moser, H.; Kunkel, L.M. An explanation for the phenotype
differences between patients bearing partial deletions of the DMD locus. Genomics 1998, 2, 90–95. [CrossRef]

22. Tuffery-Giraud, S.; Beroud, C.; Leturcq, F.; Yaou, R.B.; Hamroun, D.; Michel-Calemard, L.; Moizard, M.P.;
Bernard, R.; Cossee, M.; Boisseau, P.; et al. Genotype-phenotype analysis in 2405 patients with a
dystrophinopathy using the UMD-DMD database: A model of nationwide knowledgebase. Hum. Mutat.
2009, 30, 934–945. [CrossRef] [PubMed]

23. Bennett, R.R.; den Dunnen, J.; O’Brien, K.F.; Darras, B.T.; Kunkel, L.M. Detection of mutations in the
dystrophin gene via automated DHPLC screening and direct sequencing. BMC Genet. 2001, 2, 17. [CrossRef]

24. Mendell, J.R.; Buzin, C.H.; Feng, J.; Yan, J.; Serrano, C.; Sangani, D.S.; Wall, C.; Prior, T.W.; Sommer, S.S.
Diagnosis of Duchenne dystrophy by enhanced detection of small mutations. Neurology 2001, 57, 645–650.
[CrossRef] [PubMed]

25. Dolinsky, L.C.; de Moura-Neto, R.S.; Falcao-Conceicao, D.N. DGGE analysis as a tool to identify point
mutations, de novo mutations and carriers of the dystrophin gene. Neuromuscul. Disord. 2002, 12, 845–848.
[CrossRef]

26. Flanigan, K.M.; von Niederhausern, A.; Dunn, D.M.; Alder, J.; Mendell, J.R.; Weiss, R.B. Rapid direct sequence
analysis of the dystrophin gene. Am. J. Hum. Genet. 2003, 72, 931–939. [CrossRef] [PubMed]

27. Hofstra, R.M.; Mulder, I.M.; Vossen, R.; de Koning-Gansm, P.A.; Kraak, M.; Ginjaar, I.B.; van der Hout, A.H.;
Bakker, E.; Buys, C.H.; van Ommen, G.J.; et al. DGGE-based whole-gene mutation scanning of the dystrophin
gene in Duchenne and Becker muscular dystrophy patients. Hum. Mutat. 2004, 23, 57–66. [CrossRef]
[PubMed]

28. Hoffman, E.P.; Fischbeck, K.H.; Brown, R.H.; Johnson, M.; Medori, R.; Loike, J.D.; Harris, J.B.; Waterston, R.;
Brooke, M.; Specht, L.; 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. [CrossRef] [PubMed]

29. Darras, B.T.; Urion, D.K.; Ghosh, P.S. Dystrophinopathies. In GeneReviews® [Internet]; Adam, M.P.,
Ardinger, H.H., Pagon, R.A., Wallace, S.E., Bean, L.J.H., Stephens, K., Amemiya, A., Eds.; University
of Washington: Seattle, WA, USA, 1993–2018.

30. Wong, L.J.; Dimmock, D.; Geraghty, M.T.; Quan, R.; Lichter-Konecki, U.; Wang, J.; Brundage, E.K.; Scaglia, F.;
Chinault, A.C. Utility of oligonucleotide array-based comparative genomic hybridization for detection of
target gene deletions. Clin. Chem. 2008, 54, 1141–1148. [CrossRef] [PubMed]

31. Yokota, T.; Takeda, S.; Lu, Q.L.; Partridge, T.A.; Nakamura, A.; Hoffman, E.P. A renaissance for antisense
oligonucleotide drugs in neurology: Exon skipping breaks new ground. Arch. Neurol. 2009, 66, 32–38.
[CrossRef] [PubMed]

32. Welch, E.M.; Barton, E.R.; Zhuo, J.; Tomizawa, Y.; Friesen, W.J.; Trifillis, P.; Paushkin, S.; Patel, M.; Trotta, C.R.;
Hwang, S.; et al. PTC124 targets genetic disorders caused by nonsense mutations. Nature 2007, 447, 87.
[CrossRef] [PubMed]

33. Okada, T.; Takeda, S. Current challenges and future directions in recombinant AAV-mediated gene therapy
of Duchenne muscular dystrophy. Pharmaceuticals 2013, 6, 813–836. [CrossRef] [PubMed]

34. Ikemoto, M.; Fukuda, S.; Uezumi, A.; Masuda, S.; Miyoshi, H.; Yamamoto, H.; Wada, M.R.; Masubuchi, N.;
Miyagoe-Suzuki, Y.; Takeda, S. Autologous transplantation of SM/C-2.6(+) satellite cells transduced with
micro-dystrophin CS1 cDNA by lentiviral vector into mdx mice. Mol. Ther. 2007, 15, 2178–2185. [CrossRef]
[PubMed]

35. Sunada, Y.; Campbell, K.P. Dystrophin-glycoprotein complex: Molecular organization and critical roles in
skeletal muscle. Curr. Opin. Neurol. 1995, 8, 379–384. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/2491009
http://dx.doi.org/10.1136/jnnp-2013-306350
http://www.ncbi.nlm.nih.gov/pubmed/24292997
http://dx.doi.org/10.1093/hmg/ddu537
http://www.ncbi.nlm.nih.gov/pubmed/25348330
http://dx.doi.org/10.1016/0888-7543(88)90113-9
http://dx.doi.org/10.1002/humu.20976
http://www.ncbi.nlm.nih.gov/pubmed/19367636
http://dx.doi.org/10.1186/1471-2156-2-17
http://dx.doi.org/10.1212/WNL.57.4.645
http://www.ncbi.nlm.nih.gov/pubmed/11524473
http://dx.doi.org/10.1016/S0960-8966(02)00069-X
http://dx.doi.org/10.1086/374176
http://www.ncbi.nlm.nih.gov/pubmed/12632325
http://dx.doi.org/10.1002/humu.10283
http://www.ncbi.nlm.nih.gov/pubmed/14695533
http://dx.doi.org/10.1056/NEJM198805263182104
http://www.ncbi.nlm.nih.gov/pubmed/3285207
http://dx.doi.org/10.1373/clinchem.2008.103721
http://www.ncbi.nlm.nih.gov/pubmed/18487280
http://dx.doi.org/10.1001/archneurol.2008.540
http://www.ncbi.nlm.nih.gov/pubmed/19139297
http://dx.doi.org/10.1038/nature05756
http://www.ncbi.nlm.nih.gov/pubmed/17450125
http://dx.doi.org/10.3390/ph6070813
http://www.ncbi.nlm.nih.gov/pubmed/24276316
http://dx.doi.org/10.1038/sj.mt.6300295
http://www.ncbi.nlm.nih.gov/pubmed/17726457
http://dx.doi.org/10.1097/00019052-199510000-00010
http://www.ncbi.nlm.nih.gov/pubmed/8542044


J. Pers. Med. 2019, 9, 16 15 of 21

36. Worton, R. Muscular dystrophies: Diseases of the dystrophin-glycoprotein complex. Science 1995, 270,
755–756. [CrossRef] [PubMed]

37. Hutter, O.F.; Burton, F.L.; Bovell, D.L. Mechanical properties of normal and mdx mouse sarcolemma: Bearing
on function of dystrophin. J. Muscle. Res. Cell Motil. 1991, 12, 585–589. [CrossRef] [PubMed]

38. Petrof, B.J.; Shrager, J.B.; Stedman, H.H.; Kelly, A.M.; Sweeney, H.L. Dystrophin protects the sarcolemma from
stresses developed during muscle contraction. Proc. Natl. Acad. Sci. USA 1993, 90, 3710–3714. [CrossRef]
[PubMed]

39. Yeung, E.W.; Whitehead, N.P.; Suchyna, T.M.; Gottlieb, P.A.; Sachs, F.; Allen, D.G. Effects of stretch-activated
channel blockers on [Ca2+] i and muscle damage in the mdx mouse. J. Physiol. 2005, 562, 367–380. [CrossRef]
[PubMed]

40. Kumar, A.; Boriek, A.M. Mechanical stress activates the nuclear factor-kappa B pathway in skeletal muscle
fibers: A possible role in Duchenne muscular dystrophy. FASEB J. 2003, 17, 386–396. [CrossRef] [PubMed]

41. Brenman, J.E.; Chao, D.S.; Xia, H.; Aldape, K.; Bredt, D.S. Nitric oxide synthase complexed with dystrophin
and absent from skeletal muscle sarcolemma in Duchenne muscular dystrophy. Cell 1995, 82, 743–752.
[CrossRef]

42. Sato, K.; Yokota, T.; Ichioka, S.; Shibata, M.; Takeda, S. Vasodilation of intramuscular arterioles under shear
stress in dystrophin-deficient skeletal muscle is impaired through decreased nNOS expression. Acta Myol.
2008, 27, 30–36. [PubMed]

43. Wakayama, Y.; Jimi, T.; Inoue, M.; Kojima, H.; Murahashi, M.; Kumagai, T.; Yamashita, S.; Hara, H.; Shibuya, S.
Reduced aquaporin 4 expression in the muscle plasma membrane of patients with Duchenne muscular
dystrophy. Arch. Neurol. 2002, 59, 431–437. [CrossRef] [PubMed]

44. Frigeri, A.; Nicchia, G.P.; Balena, R.; Nico, B.; Svelto, M. Aquaporins in skeletal muscle: Reassessment of the
functional role of aquaporin-4. FASEB J. 2004, 18, 905–907. [CrossRef] [PubMed]

45. Hirn, C.; Shapovalov, G.; Petermann, O.; Roulet, E.; Ruegg, U.T. Nav1.4 deregulation in dystrophic skeletal
muscle leads to Na+ overload and enhanced cell death. J. Gen. Physiol. 2008, 132, 199–208. [CrossRef]
[PubMed]

46. Friedrich, O.; von Wegner, F.; Chamberlain, J.S.; Fink, R.H.; Rohrbach, P. L-type Ca2+ channel function is
linked to dystrophin expression in mammalian muscle. PLoS ONE 2008, 3, e1762. [CrossRef] [PubMed]

47. Iwata, Y.; Katanosaka, Y.; Arai, Y.; Komamura, K.; Miyatake, K.; Shigekawa, M. A novel mechanism of
myocyte degeneration involving the Ca2+-permeable growth factor-regulated channel. J. Cell Biol. 2003, 161,
957–967. [CrossRef] [PubMed]

48. Matsumura, C.Y.; Taniguti, A.P.; Pertille, A.; Santo Neto, H.; Marques, M.J. Stretch-activated calcium channel
protein TRPC1 is correlated with the different degrees of the dystrophic phenotype in mdx mice. Am. J.
Physiol. Cell Physiol. 2011, 301, C1344–C1350. [CrossRef] [PubMed]

49. Allen, D.G.; Whitehead, N.P.; Froehner, S.C. Absence of Dystrophin Disrupts Skeletal Muscle Signaling:
Roles of Ca2+, Reactive Oxygen Species, and Nitric Oxide in the Development of Muscular Dystrophy.
Physiol. Rev. 2016, 96, 253–305. [CrossRef] [PubMed]

50. Ramachandran, J.; Schneider, J.S.; Crassous, P.A.; Zheng, R.; Gonzalez, J.P.; Xie, L.H.; Beuve, A.;
Fraidenraich, D.; Peluffo, R.D. Nitric oxide signaling pathway in Duchenne muscular dystrophy mice:
Up-regulation of L-arginine transporters. Biochem. J. 2013, 449, 13342. [CrossRef] [PubMed]

51. De Palma, C.; Clementi, E. Nitric oxide in myogenesis and therapeutic muscle repair. Mol. Neurobiol. 2012,
46, 682–692. [CrossRef] [PubMed]

52. Thomas, G.D.; Ye, J.; De Nardi, C.; Monopoli, A.; Ongini, E.; Victor, R.G. Treatment with a nitric
oxide-donating NSAID alleviates functional muscle ischemia in the mouse model of Duchenne muscular
dystrophy. PLoS ONE 2012, 7, e49350. [CrossRef] [PubMed]

53. Mizunoya, W.; Upadhaya, R.; Burczynski, F.J.; Wang, G.; Anderson, J.E. Nitric oxide donors improve
prednisone effects on muscular dystrophy in the mdx mouse diaphragm. Am. J. Physiol. Cell Physiol. 2011,
300, C1065–C1077. [CrossRef] [PubMed]

54. Brunelli, S.; Sciorati, C.; D’Antona, G.; Innocenzi, A.; Covarello, D.; Galvez, B.G.; Perrotta, C.; Monopoli, A.;
Sanvito, F.; Bottinelli, R.; et al. Nitric oxide release combined with nonsteroidal anti-inflammatory activity
prevents muscular dystrophy pathology and enhances stem cell therapy. Proc. Natl. Acad. Sci. USA 2007,
104, 264–269. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.270.5237.755
http://www.ncbi.nlm.nih.gov/pubmed/7481760
http://dx.doi.org/10.1007/BF01738447
http://www.ncbi.nlm.nih.gov/pubmed/1791198
http://dx.doi.org/10.1073/pnas.90.8.3710
http://www.ncbi.nlm.nih.gov/pubmed/8475120
http://dx.doi.org/10.1113/jphysiol.2004.075275
http://www.ncbi.nlm.nih.gov/pubmed/15528244
http://dx.doi.org/10.1096/fj.02-0542com
http://www.ncbi.nlm.nih.gov/pubmed/12631578
http://dx.doi.org/10.1016/0092-8674(95)90471-9
http://www.ncbi.nlm.nih.gov/pubmed/19108575
http://dx.doi.org/10.1001/archneur.59.3.431
http://www.ncbi.nlm.nih.gov/pubmed/11890849
http://dx.doi.org/10.1096/fj.03-0987fje
http://www.ncbi.nlm.nih.gov/pubmed/15033928
http://dx.doi.org/10.1085/jgp.200810024
http://www.ncbi.nlm.nih.gov/pubmed/18625851
http://dx.doi.org/10.1371/journal.pone.0001762
http://www.ncbi.nlm.nih.gov/pubmed/18516256
http://dx.doi.org/10.1083/jcb.200301101
http://www.ncbi.nlm.nih.gov/pubmed/12796481
http://dx.doi.org/10.1152/ajpcell.00056.2011
http://www.ncbi.nlm.nih.gov/pubmed/21900691
http://dx.doi.org/10.1152/physrev.00007.2015
http://www.ncbi.nlm.nih.gov/pubmed/26676145
http://dx.doi.org/10.1042/BJ20120787
http://www.ncbi.nlm.nih.gov/pubmed/23009292
http://dx.doi.org/10.1007/s12035-012-8311-8
http://www.ncbi.nlm.nih.gov/pubmed/22821188
http://dx.doi.org/10.1371/journal.pone.0049350
http://www.ncbi.nlm.nih.gov/pubmed/23139842
http://dx.doi.org/10.1152/ajpcell.00482.2010
http://www.ncbi.nlm.nih.gov/pubmed/21270295
http://dx.doi.org/10.1073/pnas.0608277104
http://www.ncbi.nlm.nih.gov/pubmed/17182743


J. Pers. Med. 2019, 9, 16 16 of 21

55. Nakamura, A.; Takeda, S. Mammalian models of Duchenne muscular dystrophy: Pathological characteristics
and therapeutic applications. J. Biomed. Biotechnol. 2011, 2011, 184393. [CrossRef] [PubMed]

56. Bulfield, G.; Siller, W.G.; Wight, P.A.; Moore, K.J. X chromosome-linked muscular dystrophy (mdx) in the
mouse. Proc. Natl. Acad. Sci. USA 1984, 81, 1189–1192. [CrossRef] [PubMed]

57. Tanabe, Y.; Esaki, K.; Nomura, T. Skeletal muscle pathology in X chromosome-linked muscular dystrophy
(mdx) mouse. Acta Neuropathol. 1986, 79, 91–95. [CrossRef]

58. Van Erp, C.; Loch, D.; Laws, N.; Trebbin, A.; Hoey, A.J. Timeline of cardiac dystrophy in 3-18-month-old
MDX mice. Muscle Nerve 2010, 42, 504–513. [CrossRef] [PubMed]

59. Quinlan, J.G.; Hahn, H.S.; Wong, B.L.; Lorenz, J.N.; Wenisch, A.S.; Levin, L.S. Evolution of the mdx mouse
cardiomyopathy: Physiological and morphological findings. Neuromuscul. Disord. 2004, 14, 491–496.
[CrossRef] [PubMed]

60. Araki, E.; Nakamura, K.; Nakao, K.; Kameya, S.; Kobayashi, O.; Nonaka, I.; Kobayashi, T.; Katsuki, M.
Targeted disruption of exon 52 in the mouse dystrophin gene induced muscle degeneration similar to that
observed in Duchenne muscular dystrophy. Biochem. Biophys. Res. Commun. 1997, 238, 492–497. [CrossRef]
[PubMed]

61. Kameya, S.; Araki, E.; Katsuki, M.; Mizota, A.; Adachi, E.; Nakahara, K.; Nonaka, I.; Sakuragi, S.; Takeda, S.;
Nabeshima, Y. Dp260 disrupted mice revealed prolonged implicit time of the b-wave in ERG and loss of
accumulation of beta-dystroglycan in the outer plexiform layer of the retina. Hum. Mol. Genet. 1997, 6,
2195–2203. [CrossRef] [PubMed]

62. Cooper, B.J.; Winand, N.J.; Stedman, H.; Valentaine, B.A.; Hoffman, E.P.; Kunkel, L.M.; Scott, M.O.;
Fishbeck, K.H.; Korneygay, J.N.; Avery, R.J.; et al. The homologue of the Duchenne locus in defective
in X-linked muscular dystrophy of dogs. Nature 1988, 334, 154–156. [CrossRef] [PubMed]

63. Valentine, B.A.; Cooper, B.J.; De Lahunta, R.; O’Quinn, R.; Blue, J.T. Canine X-linked muscular dystrophy. An
animal model of Duchenne muscular dystrophy. Clinical studies. J. Neurol. Sci. 1988, 88, 69–81. [CrossRef]

64. Shimatsu, Y.; Katagiri, K.; Furuta, T.; Nakura, M.; Tanioka, Y.; Yuasa, K.; Tomohiro, M.; Kornegay, J.N.;
Nonaka, I.; Takeda, S. Canine X-linked muscular dystrophy in Japan (CXMDJ). Exp. Anim. 2003, 52, 93–97.
[CrossRef] [PubMed]

65. Sharp, N.J.H.; Kornegay, J.N.; van Camp, S.D.; Herbstreith, M.H.; Secore, S.L.; Kettle, S.; Hung, W.Y.;
Constantinou, C.D.; Dykstra, M.J.; Roses, A.D.; et al. An error in dystrophin mRNA processing in golden
retriever muscular dystrophy, an animal homologue of Duchenne muscular dystrophy. Genomics 1992, 13,
115–121. [CrossRef]

66. Shimatsu, Y.; Yoshimura, M.; Yuasa, K.; Urasawa, N.; Tomohiro, M.; Nakura, M.; Tanigawa, M.; Nakamura, A.;
Takeda, S. Major clinical and histopathological characteristics of canine X-linked muscular dystrophy in
Japan, CXMDJ. Acta. Myol. 2005, 24, 145–154. [PubMed]

67. Yugeta, N.; Urasawa, N.; Fujii, Y.; Yoshimura, M.; Yuasa, K.; Wada, M.R.; Nakura, M.; Shimatsu, Y.;
Tomohiro, M.; Takahashi, A.; et al. Cardiac involvement in Beagle-based canine X-linked muscular dystrophy
in Japan (CXMDJ): Electrocardiographic, echocardiographic, and morphologic studies. BMC Cardiovasc.
Disord. 2006, 6, 47. [CrossRef] [PubMed]

68. Walmsley, G.L.; Arechavala-Gomeza, V.; Fernandez-Fuente, M.; Burke, M.M.; Nagel, N.; Holder, A.;
Stanley, R.; Chandler, K.; Marks, S.L.; Muntoni, F.; et al. A duchenne muscular dystrophy gene hot spot
mutation in dystrophin-deficient cavalier king charles spaniels is amenable to exon 51 skipping. PLoS ONE
2010, 5, e8647. [CrossRef] [PubMed]

69. Howarth, J.L.; Lee, Y.B.; Uney, J.B. Using viral vectors as gene transfer tools (Cell Biology and Toxicology
Special Issue: ETCS-UK 1 day meeting on genetic manipulation of cells). Cell Biol. Toxicol. 2010, 26, 1–20.
[CrossRef] [PubMed]

70. MacKenzie, T.C.; Kobinger, G.P.; Louboutin, J.P.; Radu, A.; Javazon, E.H.; Sena-Esteves, M.; Wilson, J.M.;
Flake, A.W. Transduction of satellite cells after prenatal intramuscular administration of lentiviral vectors.
J. Gene Med. 2005, 7, 50–58. [CrossRef] [PubMed]

71. Kafri, T.; Blömer, U.; Peterson, D.A.; Gage, F.H.; Verma, I.M. Sustained expression of genes delivered directly
into liver and muscle by lentiviral vectors. Nat. Genet. 1997, 17, 314–317. [CrossRef] [PubMed]

72. Li, S.; Kimura, E.; Fall, B.M.; Reyes, M.; Angello, J.C.; Welikson, R.; Hauschka, S.D.; Chamberlain, J.S. Stable
transduction of myogenic cells with lentiviral vectors expressing a minidystrophin. Gene. Ther. 2005, 12,
1099–1108. [CrossRef] [PubMed]

http://dx.doi.org/10.1155/2011/184393
http://www.ncbi.nlm.nih.gov/pubmed/21274260
http://dx.doi.org/10.1073/pnas.81.4.1189
http://www.ncbi.nlm.nih.gov/pubmed/6583703
http://dx.doi.org/10.1007/BF00687043
http://dx.doi.org/10.1002/mus.21716
http://www.ncbi.nlm.nih.gov/pubmed/20589894
http://dx.doi.org/10.1016/j.nmd.2004.04.007
http://www.ncbi.nlm.nih.gov/pubmed/15336690
http://dx.doi.org/10.1006/bbrc.1997.7328
http://www.ncbi.nlm.nih.gov/pubmed/9299538
http://dx.doi.org/10.1093/hmg/6.13.2195
http://www.ncbi.nlm.nih.gov/pubmed/9361023
http://dx.doi.org/10.1038/334154a0
http://www.ncbi.nlm.nih.gov/pubmed/3290691
http://dx.doi.org/10.1016/0022-510X(88)90206-7
http://dx.doi.org/10.1538/expanim.52.93
http://www.ncbi.nlm.nih.gov/pubmed/12806883
http://dx.doi.org/10.1016/0888-7543(92)90210-J
http://www.ncbi.nlm.nih.gov/pubmed/16550932
http://dx.doi.org/10.1186/1471-2261-6-47
http://www.ncbi.nlm.nih.gov/pubmed/17140458
http://dx.doi.org/10.1371/journal.pone.0008647
http://www.ncbi.nlm.nih.gov/pubmed/20072625
http://dx.doi.org/10.1007/s10565-009-9139-5
http://www.ncbi.nlm.nih.gov/pubmed/19830583
http://dx.doi.org/10.1002/jgm.649
http://www.ncbi.nlm.nih.gov/pubmed/15515139
http://dx.doi.org/10.1038/ng1197-314
http://www.ncbi.nlm.nih.gov/pubmed/9354796
http://dx.doi.org/10.1038/sj.gt.3302505
http://www.ncbi.nlm.nih.gov/pubmed/15759015


J. Pers. Med. 2019, 9, 16 17 of 21

73. Counsell, J.R.; Asgarian, Z.; Meng, J.; Ferrer, V.; Vink, C.A.; Howe, S.J.; Waddington, S.N.; Thrasher, A.J.;
Muntoni, F.; Morgan, J.E.; et al. Lentiviral vectors can be used for full-length dystrophin gene therapy.
Sci. Rep. 2017, 7, 79. [CrossRef] [PubMed]

74. Counsell, J.R.; Asgarian, Z.; Meng, J.; Ferrer, V.; Vink, C.A.; Howe, S.J.; Waddington, S.N.; Thrasher, A.J.;
Muntoni, F.; Morgan, J.E.; et al. Lentiviral vectors can be used for full-length dystrophin gene therapy.
Sci. Rep. 2017, 7, 44775. [CrossRef] [PubMed]

75. Rothe, M.; Modlich, U.; Schambach, A. Biosafety challenges for use of lentiviral vectors in gene therapy.
Curr. Gene Ther. 2013, 13, 453–468. [CrossRef] [PubMed]

76. Ragot, T.; Vincent, N.; Chafey, P.; Vigne, E.; Gilgenkrantz, H.; Couton, D.; Cartaud, J.; Briand, P.; Kaplan, J.C.;
Perricaudet, M.; et al. Efficient adenovirus-mediated transfer of a human minidystrophin gene to skeletal
muscle of mdx mice. Nature 1993, 361, 647–650. [CrossRef] [PubMed]

77. Jani, A.; Lochmüller, H.; Acsadi, G.; Simoneau, M.; Huard, J.; Garnier, A.; Karpati, G.; Massie, B. Generation,
validation, and large scale production of adenoviral recombinants with large size inserts such as a 6.3 kb
human dystrophin cDNA. J. Virol. Methods 1997, 64, 111–124. [CrossRef]

78. Deconinck, N.; Ragot, T.; Maréchal, G.; Perricaudet, M.; Gillis, J.M. Functional protection of dystrophic
mouse (mdx) muscles after adenovirus-mediated transfer of a dystrophin minigene. Proc. Natl. Acad.
Sci. USA 1996, 93, 3570–3574. [CrossRef] [PubMed]

79. Chuah, M.K.; Collen, D.; Vanden Driessche, T. Biosafety of adenoviral vectors. Curr. Gene Ther. 2003, 3,
527–543. [CrossRef] [PubMed]

80. Sakamoto, M.; Yuasa, K.; Yoshimura, M.; Yokota, T.; Ikemoto, T.; Suzuki, M.; Dickson, G.; Miyagoe-Suzuki, Y.;
Takeda, S. Micro-dystrophin cDNA ameliorates dystrophic phenotypes when introduced into mdx mice as a
transgene. Biochem. Biophys. Res. Commun. 2002, 293, 1265–1272. [CrossRef]

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

82. Yuasa, K.; Yoshimura, M.; Urasawa, N.; Ohshima, S.; Howell, J.M.; Nakamura, A.; Hijikata, T.;
Miyagoe-Suzuki, Y.; Takeda, S. Injection of a recombinant AAV serotype 2 into canine skeletal muscles
evokes strong immune responses against transgene products. Gene Ther. 2007, 14, 1249–1260. [CrossRef]
[PubMed]

83. Ohshima, S.; Shin, J.H.; Yuasa, K.; Nishiyama, A.; Kira, J.; Okada, T.; Takeda, S. Transduction efficiency and
immune response associated with the administration of AAV8 vector into dog skeletal muscle. Mol. Ther.
2009, 17, 73–80. [CrossRef] [PubMed]

84. Bostick, B.; Yue, Y.; Lai, Y.; Long, C.; Li, D.; Duan, D. Adeno-associated virus serotype-9 microdystrophin
gene therapy ameliorates electrocardiographic abnormalities in mdx mice. Hum. Gene Ther. 2008, 19, 851–856.
[CrossRef] [PubMed]

85. Shin, J.H.; Nitahara-Kasahara, Y.; Hayashita-Kinoh, H.; Ohshima-Hosoyama, S.; Kinoshita, K.; Chiyo, T.;
Okada, H.; Okada, T.; Takeda, S. Improvement of cardiac fibrosis in dystrophic mice by rAAV9-mediated
microdystrophin transduction. Gene Ther. 2011, 18, 910–919. [CrossRef] [PubMed]

86. Yue, Y.; Ghosh, A.; Long, C.; Bostick, B.; Smith, B.F.; Kornegay, J.N.; Duan, D. A single intravenous injection
of adeno-associated virus serotype-9 leads to whole body skeletal muscle transduction in dogs. Mol. Ther.
2008, 16, 1944–1952. [CrossRef] [PubMed]

87. Yoon, J.H.; Chandrasekharan, K.; Xu, R.; Glass, M.; Singhal, N.; Martin, P.T. The synaptic CT carbohydrate
modulates binding and expression of extracellular matrix proteins in skeletal muscle: Partial dependence on
utrophin. Mol. Cell Neurosci. 2009, 41, 448–463. [CrossRef] [PubMed]

88. Chicoine, L.G.; Rodino-Klapac, L.R.; Shao, G.; Xu, R.; Bremer, W.G.; Camboni, M.; Golden, B.;
Montgomery, C.L.; Shontz, K.; Heller, K.N.; et al. Vascular delivery of rAAVrh74.MCK.GALGT2 to the
gastrocnemius muscle of the rhesus macaque stimulates the expression of dystrophin and laminin α2
surrogates. Mol. Ther. 2014, 22, 713–724. [CrossRef] [PubMed]

89. Shieh, P.B. Emerging Strategies in the Treatment of Duchenne Muscular Dystrophy. Neurotherapeutics 2018,
15, 840–848. [CrossRef] [PubMed]

90. Hoshiya, H.; Kazuki, Y.; Abe, S.; Takiguchi, M.; Kajitani, N.; Watanabe, Y.; Yoshino, T.; Shirayoshi, Y.;
Higaki, K.; Messina, G.; et al. A highly stable and nonintegrated human artificial chromosome (HAC)
containing the 2.4 Mb entire human dystrophin gene. Mol. Ther. 2009, 17, 309–317. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41598-017-00152-5
http://www.ncbi.nlm.nih.gov/pubmed/28250438
http://dx.doi.org/10.1038/srep44775
http://www.ncbi.nlm.nih.gov/pubmed/28303972
http://dx.doi.org/10.2174/15665232113136660006
http://www.ncbi.nlm.nih.gov/pubmed/24195603
http://dx.doi.org/10.1038/361647a0
http://www.ncbi.nlm.nih.gov/pubmed/8437625
http://dx.doi.org/10.1016/S0166-0934(96)02138-6
http://dx.doi.org/10.1073/pnas.93.8.3570
http://www.ncbi.nlm.nih.gov/pubmed/8622977
http://dx.doi.org/10.2174/1566523034578140
http://www.ncbi.nlm.nih.gov/pubmed/14683450
http://dx.doi.org/10.1016/S0006-291X(02)00362-5
http://dx.doi.org/10.1016/j.ymthe.2004.07.025
http://www.ncbi.nlm.nih.gov/pubmed/15509500
http://dx.doi.org/10.1038/sj.gt.3302984
http://www.ncbi.nlm.nih.gov/pubmed/17581597
http://dx.doi.org/10.1038/mt.2008.225
http://www.ncbi.nlm.nih.gov/pubmed/18941441
http://dx.doi.org/10.1089/hum.2008.058
http://www.ncbi.nlm.nih.gov/pubmed/18666839
http://dx.doi.org/10.1038/gt.2011.36
http://www.ncbi.nlm.nih.gov/pubmed/21451578
http://dx.doi.org/10.1038/mt.2008.207
http://www.ncbi.nlm.nih.gov/pubmed/18827804
http://dx.doi.org/10.1016/j.mcn.2009.04.013
http://www.ncbi.nlm.nih.gov/pubmed/19442736
http://dx.doi.org/10.1038/mt.2013.246
http://www.ncbi.nlm.nih.gov/pubmed/24145553
http://dx.doi.org/10.1007/s13311-018-00687-z
http://www.ncbi.nlm.nih.gov/pubmed/30414046
http://dx.doi.org/10.1038/mt.2008.253
http://www.ncbi.nlm.nih.gov/pubmed/19034264


J. Pers. Med. 2019, 9, 16 18 of 21

91. Benedetti, S.; Uno, N.; Hoshiya, H.; Ragazzi, M.; Ferrari, G.; Kazuki, Y.; Moyle, L.A.; Tonlorenzi, R.;
Lombardo, A.; Chaouch, S.; et al. Reversible immortalisation enables genetic correction of human muscle
progenitors and engineering of next-generation human artificial chromosomes for Duchenne muscular
dystrophy. EMBO Mol. Med. 2018, 10, 254–275. [CrossRef] [PubMed]

92. Howard, M.T.; Shirts, B.H.; Petros, L.M.; Flanigan, K.M.; Gesteland, R.F.; Atkins, J.F. Sequence specificity
of aminoglycoside-induced stop codon readthrough: Potential implications for treatment of Duchenne
muscular dystrophy. Ann. Neurol. 2000, 48, 164–169. [CrossRef]

93. Malik, V.; Rodino-Klapac, L.R.; Viollet, L.; Wall, C.; King, W.; Al-Dahhak, R.; Lewis, S.; Shilling, C.J.;
Kota, J.; Serrano-Munuera, C.; et al. Gentamicin-induced readthrough of stop codons in Duchenne muscular
dystrophy. Ann. Neurol. 2010, 67, 771–780. [CrossRef] [PubMed]

94. Finkel, R.S.; Flanigan, K.M.; Wong, B.; Bönnemann, C.; Sampson, J.; Sweeney, H.L.; Reha, A.; Northcutt, V.J.;
Elfring, G.; Barth, J.; et al. Phase 2a study of ataluren-mediated dystrophin production in patients with
nonsense mutation Duchenne muscular dystrophy. PLoS ONE 2013, 8, e81302. [CrossRef] [PubMed]

95. Bushby, K.; Finkel, R.; Wong, B.; Barohn, R.; Campbell, C.; Comi, G.P.; Connolly, A.M.; Day, J.W.;
Flanigan, K.M.; Goemans, N.; et al. Ataluren treatment of patients with nonsense mutation dystrophinopathy.
Muscle Nerve. 2014, 50, 477–487. [CrossRef] [PubMed]

96. PTC Therapeutics. PTC Therapeutics receives conditional approval in the European Union for Translarna
for the treatment of nonsense mutation Duchenne muscular dystrophy. Available online: http://ir.ptcbio.
com/releasedetail.cfm?releaseid=863914 (accessed on 27 February 2019).

97. Takeshima, Y. Molecular therapies for Duchenne muscular dystrophy. Brain Dev. 2016, 48, 241–246.
(In Japanese)

98. Wilton, S.D.; Dye, D.E.; Blechynden, L.M.; Laing, N.G. Revertant fibres: A possible genetic therapy for
Duchenne muscular dystrophy? Neuromuscul. Disord. 1997, 7, 329–335. [CrossRef]

99. Crawford, G.E.; Lu, Q.L.; Partridge, T.A.; Chamberlain, J.S. Suppression of revertant fibers in mdx mice by
expression of a functional dystrophin. Hum. Mol. Genet. 2001, 10, 2745–2750. [CrossRef] [PubMed]

100. Lu, Q.L.; Morris, G.E.; Wilton, S.D.; Ly, T.; Artem’yeva, O.V.; Strong, P.; Partridge, T.A. Massive idiosyncratic
exon skipping corrects the nonsense mutation in dystrophic mouse muscle and produces functional revertant
fibers by clonal expansion. J. Cell Biol. 2000, 148, 985–996. [CrossRef] [PubMed]

101. Yokota, T.; Lu, Q.L.; Morgan, J.E.; Davies, K.E.; Fisher, R.; Takeda, S.; Partridge, T.A. Expansion of revertant
fibers in dystrophic mdx muscles reflects activity of muscle precursor cells and serves as an index of muscle
regeneration. J. Cell Sci. 2006, 119, 2679–2687. [CrossRef] [PubMed]

102. Wilton, S.D.; Fletcher, S. Modification of pre-mRNA processing: Application to dystrophin expression.
Curr. Opin. Mol. Ther. 2006, 8, 130–135. [PubMed]

103. Alter, J.; Lou, F.; Rabinowitz, A.; Yin, H.; Rosenfeld, J.; Wilton, S.D.; Partridge, T.A.; Lu, Q.L. Systemic
delivery of morpholino oligonucleotide restores dystrophin expression bodywide and improves dystrophic
pathology. Nat. Med. 2006, 12, 175–177. [CrossRef] [PubMed]

104. Aartsma-Rus, A.; Janson, A.A.; Kaman, W.E.; Bremmer-Bout, M.; van Ommen, G.J.; den Dunnen, J.T.;
van Deutekom, J.C. Antisense-induced multiexon skipping for Duchenne muscular dystrophy makes more
sense. Am. J. Hum. Genet. 2004, 74, 83–92. [CrossRef] [PubMed]

105. Melis, M.A.; Cau, M.; Muntoni, F.; Mateddu, A.; Galanello, R.; Boccone, L.; Deidda, F.; Loi, D.; Cao, A.
Elevation of serum creatine kinase as the only manifestation of an intragenic deletion of the dystrophin gene
in three unrelated families. Eur. J. Paediatr. Neurol. 1998, 2, 255–261. [CrossRef]

106. Schwartz, M.; Duno, M.; Palle, A.L.; Krag, T.; Vissing, J. Deletion of exon 16 of the dystrophin gene is not
associated with disease. Hum. Mutat. 2007, 28, 205. [CrossRef] [PubMed]

107. 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. [CrossRef] [PubMed]

108. Nakamura, A. Moving towards successful exon-skipping therapy for Duchenne muscular dystrophy.
J. Hum. Genet. 2017, 62, 871–876. [CrossRef] [PubMed]

109. Nakamura, A.; Takeda, S. Exon-skipping therapy for Duchnne muscular dystrophy. Neuropathology 2009, 29,
494–501. [CrossRef] [PubMed]

110. Echigoya, Y.; Mouly, V.; Garcia, L.; Yokota, T.; Duddy, W. In silico screening based on predictive algorithms
as a design tool for exon skipping of oligonucleotides in Duchenne muscular dystrophy. PLoS ONE 2015, 10,
e0120058. [CrossRef] [PubMed]

http://dx.doi.org/10.15252/emmm.201607284
http://www.ncbi.nlm.nih.gov/pubmed/29242210
http://dx.doi.org/10.1002/1531-8249(200008)48:2&lt;164::AID-ANA5&gt;3.0.CO;2-B
http://dx.doi.org/10.1002/ana.22024
http://www.ncbi.nlm.nih.gov/pubmed/20517938
http://dx.doi.org/10.1371/journal.pone.0081302
http://www.ncbi.nlm.nih.gov/pubmed/24349052
http://dx.doi.org/10.1002/mus.24332
http://www.ncbi.nlm.nih.gov/pubmed/25042182
http://ir.ptcbio.com/releasedetail.cfm?releaseid=863914
http://ir.ptcbio.com/releasedetail.cfm?releaseid=863914
http://dx.doi.org/10.1016/S0960-8966(97)00058-8
http://dx.doi.org/10.1093/hmg/10.24.2745
http://www.ncbi.nlm.nih.gov/pubmed/11734539
http://dx.doi.org/10.1083/jcb.148.5.985
http://www.ncbi.nlm.nih.gov/pubmed/10704448
http://dx.doi.org/10.1242/jcs.03000
http://www.ncbi.nlm.nih.gov/pubmed/16757519
http://www.ncbi.nlm.nih.gov/pubmed/16610765
http://dx.doi.org/10.1038/nm1345
http://www.ncbi.nlm.nih.gov/pubmed/16444267
http://dx.doi.org/10.1086/381039
http://www.ncbi.nlm.nih.gov/pubmed/14681829
http://dx.doi.org/10.1016/S1090-3798(98)80039-1
http://dx.doi.org/10.1002/humu.9477
http://www.ncbi.nlm.nih.gov/pubmed/17226814
http://dx.doi.org/10.1517/14712598.7.6.831
http://www.ncbi.nlm.nih.gov/pubmed/17555369
http://dx.doi.org/10.1038/jhg.2017.57
http://www.ncbi.nlm.nih.gov/pubmed/28566768
http://dx.doi.org/10.1111/j.1440-1789.2009.01028.x
http://www.ncbi.nlm.nih.gov/pubmed/19486303
http://dx.doi.org/10.1371/journal.pone.0120058
http://www.ncbi.nlm.nih.gov/pubmed/25816009


J. Pers. Med. 2019, 9, 16 19 of 21

111. Fletcher, S.; Honeyman, K.; Fall, A.M.; Harding, P.L.; Johnsen, R.D.; Wilton, S.D. Dystrophin expression
in the mdx mouse after localised and systemic administration of a morpholino antisense oligonucleotide.
J. Gene Med. 2006, 8, 207–216. [CrossRef] [PubMed]

112. Yokota, T.; Lu, Q.L.; Partridge, T.; Kobayashi, M.; Nakamura, A.; Takeda, S.; Hoffman, E. Efficacy of systemic
morpholino exon-skipping in Duchenne dystrophy dogs. Ann. Neurol. 2009, 65, 667–676. [CrossRef]
[PubMed]

113. Jearawiriyapaisarn, N.; Moulton, H.M.; Buckley, B.; Roberts, J.; Sazani, P.; Fucharoen, S.; Iversen, P.L.; Kole, R.
Sustained dystrophin expression induced by peptide-conjugated morpholino oligomers in the muscle of
mdx mice. Mol. Ther. 2008, 16, 1624–1629. [CrossRef] [PubMed]

114. Echigoya, Y.; Nakamura, A.; Nagata, T.; Urasawa, N.; Lim, K.R.Q.; Trieu, N.; Panesar, D.; Kuraoka, M.;
Moulton, H.M.; Saito, T.; et al. Effects of systemic multiexon skipping with peptide-conjugated morpholinos
in the heart of a dog model of Duchenne muscular dystrophy. Proc. Natl. Acad. Sci. USA 2017, 114, 4213–4218.
[CrossRef] [PubMed]

115. Beroud, C.; Tuffery-Giraud, S.; Matsuo, M.; Hamroun, D.; Humbertclaude, V.; Monnier, N.; Moizard, M.P.;
Voelckel, M.A.; Calemard, L.M.; Boisseau, P.; et al. Multiexon skipping leading to an artificial DMD protein
lacking amino acids from exons 45 through 55 could rescue up to 63% of patients with Duchenne muscular
dystrophy. Hum. Mutat. 2007, 28, 196–202. [CrossRef] [PubMed]

116. Bladen, C.L.; Salgado, D.; Monges, S.; Foncuberta, M.E.; Kekou, K.; Kosma, K.; Dawkins, H.; Lamont, L.;
Roy, A.J.; Chamova, T.; et al. The TREAT-NMD DMD Global Database: Analysis of more than 7,000
Duchenne muscular dystrophy mutations. Hum. Mutat. 2015, 36, 395–402. [CrossRef] [PubMed]

117. Aoki, Y.; Nakamura, A.; Yokota, T.; Saito, T.; Okazawa, H.; Nagata, T.; Takeda, S. In-frame dystrophin
following exon 51-skipping improves muscle pathology and function in the exon 52-deficient mdx mouse.
Mol. Ther. 2010, 18, 1995–2005. [CrossRef] [PubMed]

118. Veltrop, M.; van Vliet, L.; Hulsker, M.; Claassens, J.; Brouwers, C.; Breukel, C.; van der Kaa, J.; Linssen, M.M.;
den Dunnen, J.T.; Verbeek, S.; et al. A dystrophic Duchenne mouse model for testing human antisense
oligonucleotides. PLoS ONE 2018, 13, e0193289. [CrossRef] [PubMed]

119. van Deutekom, J.C.; Janson, A.A.; Ginjaar, I.B.; Frankhuizen, W.S.; Aartsma-Rus, A.; Bremmer-Bout, M.; den
Dunnen, J.T.; Koop, K.; van der Kooi, A.J.; Goemans, N.M.; et al. Local dystrophin restoration with antisense
oligonucleotide PRO051. N. Engl. J. Med. 2007, 357, 2677–2686. [CrossRef] [PubMed]

120. Goemans, N.M.; Tulinius, M.; van den Akker, J.T.; Burm, B.E.; Ekhart, P.F.; Heuvelmans, N.; Holling, T.;
Janson, A.A.; Platenburg, G.J.; Sipkens, J.A.; et al. Systemic administration of PRO051 in Duchenne’s
muscular dystrophy. N. Engl. J. Med. 2011, 364, 1513–1522. [CrossRef] [PubMed]

121. Voit, T.; Topaloglu, H.; Straub, V.; Muntoni, F.; Deconinck, N.; Campion, G.; De Kimpe, S.J.; Eagle, M.;
Guglieri, M.; Hood, S.; et al. Safety and efficacy of drisapersen for the treatment of Duchenne muscular
dystrophy (DEMAND II): An exploratory, randomised, placebo-controlled phase 2 study. Lancet Neurol.
2014, 13, 987–996. [CrossRef]

122. Carroll, J. Muscular Dystrophy Drug from GlaxoSmithKline, Prosensa Fails PhIII. FierceBiotechol. 20
September 2013. Available online: http://www.fiercebiotech.com/story/muscular-dystrophy-drug-
glaxosmithkline-prosensa-fails-phiii/2013-09-20 (accessed on 27 February 2019).

123. Cirak, S.; Arechavala-Gomeza, V.; Guglieri, M.; Feng, L.; Torelli, S.; Anthony, K.; Abbs, S.; Garralda, M.E.;
Bourke, J.; Wells, D.J.; et al. Exon skipping and dystrophin restoration in patients with Duchenne muscular
dystrophy after systemic phosphorodiamidate morpholino oligomer treatment: An open-label, phase 2,
dose-escalation study. Lancet 2011, 378, 595–605. [CrossRef]

124. Lai, Y.; Thomas, G.D.; Yue, Y.; Yang, H.; Li, D.; Long, C.; Judge, L.; Bostick, B.; Chamberlain, J.S.; Terjung, R.L.;
et al. Dystrophins carrying spectrin-like repeats 16 and 17 anchor nNOS to the sarcolemma and enhance
exercise performance in a mouse model of muscular dystrophy. J. Clin. Investig. 2009, 119, 624–635.
[CrossRef] [PubMed]

125. Krieger, C.C.; Bhasin, N.; Tewari, M.; Brown, A.E.; Safer, D.; Sweeney, H.L.; Discher, D.E. Exon-skipped
dystrophins for treatment of Duchenne muscular dystrophy: Mass spectrometry mapping of most exons and
cooperative domain designs based on single molecule mechanics. Cytoskeleton 2010, 67, 796–807. [CrossRef]
[PubMed]

http://dx.doi.org/10.1002/jgm.838
http://www.ncbi.nlm.nih.gov/pubmed/16285002
http://dx.doi.org/10.1002/ana.21627
http://www.ncbi.nlm.nih.gov/pubmed/19288467
http://dx.doi.org/10.1038/mt.2008.120
http://www.ncbi.nlm.nih.gov/pubmed/18545222
http://dx.doi.org/10.1073/pnas.1613203114
http://www.ncbi.nlm.nih.gov/pubmed/28373570
http://dx.doi.org/10.1002/humu.20428
http://www.ncbi.nlm.nih.gov/pubmed/17041910
http://dx.doi.org/10.1002/humu.22758
http://www.ncbi.nlm.nih.gov/pubmed/25604253
http://dx.doi.org/10.1038/mt.2010.186
http://www.ncbi.nlm.nih.gov/pubmed/20823833
http://dx.doi.org/10.1371/journal.pone.0193289
http://www.ncbi.nlm.nih.gov/pubmed/29466448
http://dx.doi.org/10.1056/NEJMoa073108
http://www.ncbi.nlm.nih.gov/pubmed/18160687
http://dx.doi.org/10.1056/NEJMoa1011367
http://www.ncbi.nlm.nih.gov/pubmed/21428760
http://dx.doi.org/10.1016/S1474-4422(14)70195-4
http://www.fiercebiotech.com/story/muscular-dystrophy-drug-glaxosmithkline-prosensa-fails-phiii/2013-09-20
http://www.fiercebiotech.com/story/muscular-dystrophy-drug-glaxosmithkline-prosensa-fails-phiii/2013-09-20
http://dx.doi.org/10.1016/S0140-6736(11)60756-3
http://dx.doi.org/10.1172/JCI36612
http://www.ncbi.nlm.nih.gov/pubmed/19229108
http://dx.doi.org/10.1002/cm.20489
http://www.ncbi.nlm.nih.gov/pubmed/20886611


J. Pers. Med. 2019, 9, 16 20 of 21

126. Mendell, J.R.; Rodino-Klapac, L.R.; Sahenk, Z.; Roush, K.; Bird, L.; Lowes, L.P.; Alfano, L.; Gomez, A.M.;
Lewis, S.; Kota, J.; et al. Eteplirsen for the treatment of Duchenne muscular dystrophy. Ann. Neurol. 2013, 74,
637–647. [CrossRef] [PubMed]

127. Fitzgerald, S. Approves Controversial FDA. DMD drug amid scientific controversy and advocates’ pleas.
Neurol. Today 2016, 16, 8–12.

128. Mendell, J.R.; Goemans, N.; Lowes, L.; Alfano, L.N.; Berry, K.; Shao, J.; Kaye, E.M.; Mercuri, E.; Eteplirsen
Study Group and Telethon Foundation DMD Italian Network. Longitudinal effect of eteplirsen versus
historical control on ambulation in Duchenne muscular dystrophy. Ann. Neurol. 2016, 79, 257–271. [CrossRef]
[PubMed]

129. Mayer, O.H.; Finkel, R.S.; Rummey, C.; Benton, M.J.; Glanzman, A.M.; Flickinger, J.; Lindström, B.M.;
Meier, T. Characterization of pulmonary function in Duchenne muscular dystrophy. Pediatr. Pulmonol. 2015,
50, 487–494. [CrossRef] [PubMed]

130. Komaki, H.; Nagata, T.; Saito, T.; Masuda, S.; Takeshita, E.; Sasaki, M.; Tachimori, H.; Nakamura, H.; Aoki, Y.;
Takeda, S. Systemic administration of the antisense oligonucleotide NS-065/NCNP-01 for skipping of exon
53 in patients with Duchenne muscular dystrophy. Science Trans. Med. 2018, 10, 437. [CrossRef] [PubMed]

131. Aoki, Y.; Nagata, T.; Yokota, T.; McClorey, G.; Benner, L.; Coenen-Stass, A.; O’Donovan, L.; Lehto, T.;
Garcia-Guerra, A.; Nordin, J.; et al. High efficient in vivo delivery of PMO in to regenerating myotubes and
rescue in laminin-α2 chain null congenital muscular dystrophy mice. Hum. Mol. Genet. 2013, 22, 4914–4928.
[CrossRef] [PubMed]

132. Ezzat, K.; Aoki, Y.; Koo, T.; McClorey, G.; Benner, L.; Coenen-Stass, A.; O’Donovan, L.; Lehto, T.;
Garcia-Guerra, A.; Nordin, J.; et al. Self-assembly into nanoparticles is essential for receptor mediated
uptake of therapeutic antisense oligonucleotides. Nano Lett. 2015, 15, 4364–4373. [CrossRef] [PubMed]

133. Nakamura, A.; Yoshida, K.; Fukushima, K.; Ueda, H.; Urasawa, N.; Koyama, J.; Yazaki, Y.; Yazaki, M.;
Sakai, T.; Haruta, S.; et al. Follow-up of three patients with a large in-frame deletion of exons 45-55 in the
Duchenne muscular dystrophy (DMD) gene. J. Clin. Neurosci. 2008, 15, 757–763. [CrossRef] [PubMed]

134. Taglia, A.; Petillo, R.; D’Ambrosio, P.; Picillo, E.; Torella, A.; Orsini, C.; Ergoli, M.; Scutifero, M.; Passamano, L.;
Palladino, A.; et al. Clinical features of patients with dystrophinopathy sharing the 45-55 exon deletion of
DMD gene. Acta Myol. 2015, 34, 9–13. [PubMed]

135. Aoki, Y.; Yokota, T.; Nagata, T.; Nakamura, A.; Tanihata, J.; Saito, T.; Duguez, S.M.; Nagaraju, K.;
Hoffman, E.P.; Partridge, T.; et al. Bodywide skipping of exons 45-55 in dystrophic mdx52 mice by systemic
antisense delivery. Proc. Natl. Acad. Sci. USA 2012, 109, 13763–13768. [CrossRef] [PubMed]

136. Nakamura, A.; Fueki, N.; Shiba, N.; Motoki, H.; Miyazaki, D.; Nishizawa, H.; Echigoya, Y.; Yokota, T.;
Aoki, Y.; Takeda, S. Deletion of exons 3-9 encompassing a mutational hot spot in the DMD gene presents an
asymptomatic phenotype, indicating a target region for multiexon skipping therapy. J. Hum. Genet. 2016, 61,
663–667. [CrossRef] [PubMed]

137. Ousterout, D.G.; Kabadi, A.M.; Thakore, P.I.; Majoros, W.H.; Reddy, T.E.; Gersbach, C.A. Multiplex
CRISPR/Cas9-based genome editing for correction of dystrophin mutations that cause duchenne muscular
dystrophy. Nat. Commun. 2015, 6, 6244. [CrossRef] [PubMed]

138. Long, C.; McAnally, J.R.; Shelton, J.M.; Mireault, A.A.; Bassel-Duby, R.; Olson, E.N. Prevention of muscular
dystrophy in mice by CRISPR/Cas9-mediated editing of germline DNA. Science 2014, 345, 1184–1188.
[CrossRef] [PubMed]

139. Long, C.; Amoasii, L.; Mireault, A.A.; McAnally, J.R.; Li, H.; Sanchez-Ortiz, E.; Bhattacharyya, S.; Shelton, J.M.;
Bassel-Duby, R.; Olson, E.N. Postnatal genome editing partially restores dystrophin expression in a mouse
model of muscular dystrophy. Science 2016, 351, 400–403. [CrossRef] [PubMed]

140. Nelson, C.E.; Hakim, C.H.; Ousterout, D.G.; Thakore, P.I.; Moreb, E.A.; Castellanos Rivera, R.M.;
Madhavan, S.; Pan, X.; Ran, F.A.; Yan, W.X.; et al. In vivo genome editing improves muscle function
in a mouse model of duchenne muscular dystrophy. Science 2016, 351, 403–407. [CrossRef] [PubMed]

141. Tabebordbar, M.; Zhu, K.; Cheng, J.K.W.; Chew, W.L.; Widrick, J.J.; Yan, W.X.; Maesner, C.; Wu, E.Y.; Xiao, R.;
Ran, F.A.; et al. In vivo gene editing in dystrophic mouse muscle and muscle stem cells. Science 2016, 351,
407–411. [CrossRef] [PubMed]

142. Xu, L.; Park, K.H.; Zhao, L.; Xu, J.; El Refaey, M.; Gao, Y.; Zhu, H.; Ma, J.; Han, R. Crispr-mediated genome
editing restores dystrophin expression and function in MDX mice. Mol. Ther. 2016, 24, 564–569. [CrossRef]
[PubMed]

http://dx.doi.org/10.1002/ana.23982
http://www.ncbi.nlm.nih.gov/pubmed/23907995
http://dx.doi.org/10.1002/ana.24555
http://www.ncbi.nlm.nih.gov/pubmed/26573217
http://dx.doi.org/10.1002/ppul.23172
http://www.ncbi.nlm.nih.gov/pubmed/25755201
http://dx.doi.org/10.1126/scitranslmed.aan0713
http://www.ncbi.nlm.nih.gov/pubmed/29669851
http://dx.doi.org/10.1093/hmg/ddt341
http://www.ncbi.nlm.nih.gov/pubmed/23882132
http://dx.doi.org/10.1021/acs.nanolett.5b00490
http://www.ncbi.nlm.nih.gov/pubmed/26042553
http://dx.doi.org/10.1016/j.jocn.2006.12.012
http://www.ncbi.nlm.nih.gov/pubmed/18261911
http://www.ncbi.nlm.nih.gov/pubmed/26155064
http://dx.doi.org/10.1073/pnas.1204638109
http://www.ncbi.nlm.nih.gov/pubmed/22869723
http://dx.doi.org/10.1038/jhg.2016.28
http://www.ncbi.nlm.nih.gov/pubmed/27009627
http://dx.doi.org/10.1038/ncomms7244
http://www.ncbi.nlm.nih.gov/pubmed/25692716
http://dx.doi.org/10.1126/science.1254445
http://www.ncbi.nlm.nih.gov/pubmed/25123483
http://dx.doi.org/10.1126/science.aad5725
http://www.ncbi.nlm.nih.gov/pubmed/26721683
http://dx.doi.org/10.1126/science.aad5143
http://www.ncbi.nlm.nih.gov/pubmed/26721684
http://dx.doi.org/10.1126/science.aad5177
http://www.ncbi.nlm.nih.gov/pubmed/26721686
http://dx.doi.org/10.1038/mt.2015.192
http://www.ncbi.nlm.nih.gov/pubmed/26449883


J. Pers. Med. 2019, 9, 16 21 of 21

143. Bengtsson, N.E.; Hall, J.K.; Odom, G.L.; Phelps, M.P.; Andrus, C.R.; Hawkins, R.D.; Hauschka, S.D.;
Chamberlain, J.R.; Chamberlain, J.S. Muscle-specific CRISPR/Cas9 dystrophin gene editing ameliorates
pathophysiology in a mouse model for duchenne muscular dystrophy. Nat. Commun. 2017, 8, 14454.
[CrossRef] [PubMed]

144. Zhu, P.; Wu, F.; Mosenson, J.; Zhang, H.; He, T.C.; Wu, W.S. Crispr/Cas9-mediated genome editing corrects
dystrophin mutation in skeletal muscle stem cells in a mouse model of muscle dystrophy. Mol. Ther. Nucleic
Acids 2017, 7, 31–41. [CrossRef] [PubMed]

145. Amoasii, L.; Hildyard, J.C.W.; Li, H.; Sanchez-Ortiz, E.; Mireault, A.; Caballero, D.; Harron, R.;
Stathopoulou, T.R.; Massey, C.; Shelton, J.M.; et al. Gene editing restores dystrophin expression in a
canine model of duchenne muscular dystrophy. Science 2018, 362, 86–91. [CrossRef] [PubMed]

146. Young, C.S.; Hicks, M.R.; Ermolova, N.V.; Nakano, H.; Jan, M.; Younesi, S.; Karumbayaram, S.;
Kumagai-Cresse, C.; Wang, D.; Zack, J.A.; et al. A single CRISPR-Cas9 deletion strategy that targets
the majority of DMD patients restores dystrophin function in hiPSC-derived muscle cells. Cell Stem Cell.
2016, 18, 533–540. [CrossRef] [PubMed]

147. Kyrychenko, V.; Kyrychenko, S.; Tiburcy, M.; Shelton, J.M.; Long, C.; Schneider, J.W.; Zimmermann, W.H.;
Bassel-Duby, R.; Olson, E.N. Functional correction of dystrophin actin binding domain mutations by genome
editing. JCI Insight. 2017, 2, 18. [CrossRef] [PubMed]

© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/ncomms14454
http://www.ncbi.nlm.nih.gov/pubmed/28195574
http://dx.doi.org/10.1016/j.omtn.2017.02.007
http://www.ncbi.nlm.nih.gov/pubmed/28624206
http://dx.doi.org/10.1126/science.aau1549
http://www.ncbi.nlm.nih.gov/pubmed/30166439
http://dx.doi.org/10.1016/j.stem.2016.01.021
http://www.ncbi.nlm.nih.gov/pubmed/26877224
http://dx.doi.org/10.1172/jci.insight.95918
http://www.ncbi.nlm.nih.gov/pubmed/28931764
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The DMD Gene and its Mutations in Dystrophinopathy 
	Pathomechanism of Dystrophinopathy 
	DMD Animal Models for the Development of Mutation-Specific Therapeutic Strategies 
	Mdx Mice 
	Mdx52 Mice 
	Dystrophic Dogs 

	Therapeutic Strategies Based on Mutations of DMD 
	Gene Therapy Using Vectors 
	Lentiviral Vector 
	Adenoviral Vector 
	AAV Vector 
	HAC Vector 

	Readthrough Therapy 
	Exon Skipping Therapy 
	Exon Skipping Using Antisense Oligonucleotides 
	Preclinical Trials of Exon skipping Therapy using Antisense Oligonucleotides 
	Clinical Trials of Exon Skipping Therapy using Antisense Oligonucleotides 
	Issues and Prospects of Exon Skipping Therapy using AOs 
	Exon Skipping via Genome Editing 


	Future Aspects of Therapeutic Strategies 
	References

