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Abstract Duchenne muscular dystrophy is one of the most
common inherited genetic diseases and is caused by muta-
tions to the DMD gene that encodes the dystrophin pro-
tein. Recent advances in genome editing and gene therapy
offer hope for the development of potential therapeutics.
Truncated versions of the DMD gene can be delivered to
the affected tissues with viral vectors and show promising
results in a variety of animal models. Genome editing with
the CRISPR/Cas9 system has recently been used to restore
dystrophin expression by deleting one or more exons of the
DMD gene in patient cells and in a mouse model that led to
functional improvement of muscle strength. Exon skipping
with oligonucleotides has been successful in several ani-
mal models and evaluated in multiple clinical trials. Next-
generation oligonucleotide formulations offer significant
promise to build on these results. All these approaches to
restoring dystrophin expression are encouraging, but many
hurdles remain. This review summarizes the current state of
these technologies and summarizes considerations for their
future development.
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Introduction
Duchenne muscular dystrophy

Duchenne muscular dystrophy (DMD) is a progressive
wasting disease of skeletal and cardiac muscle (Falzarano
et al. 2015). This X-linked disease affects about 1/3500—
1/5000 live male U.S. births, making it one of the most
common fatal genetic diseases (Parker et al. 2005; Guiraud
et al. 2015). Diagnosis usually occurs between 2 and
5 years of age. DMD patients typically lose ambulation in
their teenage years and premature fatality often occurs in
the third decade of life due to respiratory and cardiac com-
plications (D’Orsogna et al. 1988; Dittrich et al. 2015).
DMD occurs when there is a mutation in the DMD gene
leading to a complete lack of the essential musculoskeletal
protein dystrophin (Hoffman et al. 1987). The dystrophin
protein normally links the actin fibers of the cytoskeleton
and intracellular contractile apparatus to the extracellu-
lar matrix. Mutations in the DMD gene that cause DMD
disrupt the translational reading frame or create a prema-
ture stop codon. This results in disruption of the connec-
tion between the cytoskeleton and extracellular matrix.
This bond is crucial to maintain function during contractile
stress in skeletal and cardiac muscle; weakened bonds lead
to damage that builds up over time and results in overall
loss of muscle function (Lapidos et al. 2004). There are
a variety of DMD mutations that disrupt the translational
reading frame: 6-10 % duplications, 30-35 % point muta-
tions, and 65 % deletions of gene segments (Grimm et al.
1994; Nallamilli et al. 2014). Symptoms are managed pri-
marily through corticosteroids, physical therapy, and con-
sideration of cardiac complications (Wagner et al. 2007;
Baxter 2010; Goemans et al. 2013b; Pane et al. 2014,
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Fig. 1 Example mutations in the DMD gene that cause BMD or DMD phenotypes and relate exon removal strategies to restore dystrophin

expression

Falzarano et al. 2015; van Westering et al. 2015). Anti-
inflammatory steroids slow the disease progression (Ricotti
et al. 2013), but they do not ultimately address the cause
of DMD. Currently, there is no effective curative treatment
for DMD, and thus there is a clear need for a therapy that
addresses both cardiac and skeletal muscle deterioration
(Ramos and Chamberlain 2015).

The well-defined genetic cause of DMD makes it a pos-
sible candidate for gene therapy. The DMD gene is approx-
imately 2.4 Mb in size and is composed of 79 exons encod-
ing a 14 kb cDNA. It is the largest human gene, which
likely contributes to the high rate of mutation. Nearly, one-
third of all DMD cases arise from spontaneous mutations in
the germline (Grimm et al. 1994; Crow 2000). Some inher-
ited dystrophin mutations maintain the reading frame and
result in production of an internally truncated, but partially
functional, dystrophin protein (Hoffman et al. 1989; Eng-
land et al. 1990; Helderman-van den Enden et al. 2010).
As a result of the significantly less severe phenotype and
later onset, these mutations are classified as Becker mus-
cular dystrophy (BMD), rather than DMD (Fig. 1) (Hoff-
man et al. 1989; Romero et al. 2004; Helderman-van den
Enden et al. 2010). Because of the challenges of delivering
the large full-length dystrophin cDNA, many therapeutic
approaches have focused on shifting the DMD phenotype
to be BMD-like by restoring the expression of a gene har-
boring internal deletions. This can be achieved by editing
the DMD gene through genome editing (Maeder and Gers-
bach 2016) or skipping exons in the pre-mRNA (Kole and
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Krieg 2015). Alternatively, exogenous dystrophin cDNA
transgenes can be delivered, typically by viral vectors (Hol-
linger and Chamberlain 2015).

Recent technology advances

Many gene therapies are under development for diseases
with clear genetic causes, and rapidly developing technol-
ogies are creating new approaches to treat these diseases.
Classical gene therapy has traditionally focused on deliver-
ing exogenous DNA to substitute for the lost endogenous
gene expression. This has been successful in many cases,
with several programs showing efficacy and safety in clini-
cal trials (Naldini 2015). In contrast to conventional gene
therapy, recent advances in genome editing have enabled
the correction of the genetic mutations that are the funda-
mental cause of the disease (Cox et al. 2015; Maeder and
Gersbach 2016). These genome editing platforms include
zinc finger nucleases (Urnov et al. 2010; Gersbach et al.
2014), TALENS (Gaj et al. 2013; Joung and Sander 2013),
meganucleases (Arnould et al. 2011; Silva et al. 2011), and
CRISPR/Cas9 (Hsu et al. 2014). These systems facilitate
new opportunities for gene therapy by designing enzymes
to modify nearly any site in the human genome. Zinc fin-
ger nucleases and TALENS consist of programmable DNA-
binding proteins fused to the catalytic domain of the FokI
endonuclease to enable targeted cleaving of DNA. Cas9
is naturally a nuclease and can also be used for targeted
DNA cleavage when directed by a guide RNA (gRNA).
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Fig. 2 Genome editing strate-
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The gRNA contains a constant region, to which Cas9 binds,
and a variable sequence that is designed to target a comple-
mentary genomic sequence. When a DNA break is created
by any of these platforms, naturally occurring DNA repair
mechanisms are triggered (Fig. 2). Non-homologous end
joining is one possible mechanism of repair in which the
broken ends are religated. However, this is an error-prone
repair process that can result in small insertions or dele-
tions (indels) where the double-strand break was made.
These indels can be used to shift or disrupt the reading
frame in the targeted gene or disrupt specific sites involved
in exon splicing during mRNA processing. Two nucleases
can also be introduced to delete the sequence between
the two double-strand breaks. Alternatively, another DNA
repair mechanism, homology-directed repair, can be used
to introduce specific changes at the targeted genomic site
by delivering a DNA donor repair template carrying the
intended sequence changes along with the nuclease.

Each genome editing platform has its own nuances
(Maeder and Gersbach 2016). However, the relative ease
of designing and testing gRNAs with the CRISPR/Cas9
method, along with the high frequencies of success with
this system, has recently created significant excitement
around the potential of rewriting the human genome to
treat disease. Nevertheless, all of these genome editing
tools have shown success in preclinical models of cor-
rection of genetic mutations associated with a plethora of
diseases such as sickle cell anemia, X-linked severe com-
bined immunodeficiency, and hemophilia (Urnov et al.
2010; Arnould et al. 2011; Li et al. 2011; Miller et al. 2011;
Sebastiano et al. 2011; Zou et al. 2011).

In addition to the recent advances in genome editing,
several other approaches for gene therapy for DMD have
been extensively evaluated. Oligonucleotide-mediated exon
skipping can be utilized to ‘skip’ targeted exons in the pre-
mRNA to address point mutations or deleterious frame
shifts. This method is currently being widely explored
for DMD and two drug candidates have been assessed in
clinical trials. More recent advances in this area include
improved chemical formulations and expression of these
oligonucleotides from viral vectors. In fact, efficient exog-
enous gene delivery to skeletal and cardiac muscle is pos-
sible with viral vectors, but is most effective with the size-
restricted adeno-associated virus (AAV). Therefore, the

Frame shift mutation Deletion

R R S

{ NHEJ { NHEJ

large size of the DMD gene is a challenge for using this
method for DMD. There have also been many cell-based
approaches evaluated for delivery of the full-length DMD
gene through fusion of donor cells to host myofibers by
injection of skeletal myoblasts, bone marrow-derived cells,
or other stem cells. Some of these strategies have even been
tested in clinical trials, but there has been limited success
due to poor cell survival and migration from the injection
site (Gussoni et al. 1992; Law et al. 1992; Tremblay et al.
1993; Mendell et al. 1995; Jin et al. 2005; Farini et al.
2009; Palmieri et al. 2010; Farini et al. 2012). Furthermore,
the systemic nature of DMD and the cardiac and pulmo-
nary complications that lead to premature fatality make
cell-based treatments less feasible at this time. Small mol-
ecule drugs are also being developed to suppress translation
termination caused by nonsense mutations, which generate
premature stop codons, and have showed dystrophin resto-
ration in vitro and in vivo (Welch et al. 2007; Gonzalez-
Hilarion et al. 2012). Thus, this review summarizes recent
developments in gene-based methods that restore dystro-
phin expression, including gene and cell therapy, genome
editing, and exon skipping.

Gene and cell therapy

Several variations of dystrophin cDNA delivery to mus-
cle are under evaluation in ongoing studies. The dystro-
phin cDNA can be delivered as naked plasmid, as has been
assessed in the mdx mouse resulting in stably expressed
dystrophin in 1-5 % of myofibers (Zhang et al. 2004). This
principle was applied in a clinical trial where 6 out of 9
patients had low but present levels of dystrophin (Romero
et al. 2004). However, this plasmid-mediated gene delivery
approach can only be applied locally at the injection site
and provides only transient dystrophin expression and,
therefore, is currently not able to generate therapeutic ben-
efit for DMD patients.

Efficiency of gene transfer and expression levels can
be increased using a viral delivery system rather than
plasmid DNA. However, the full-length dystrophin
cDNA exceeds packaging limits of many viral vectors.
The cDNA can be split up into three parts and delivered
through co-injection of three viruses, where the expres-
sion cassette is reconstituted in vivo via trans-splicing or
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homologous recombination (Koo et al. 2014; Lostal et al.
2014). Although the efficiency of triple trans-splicing and
reconstitution may be low, optimization of the co-injection
may be a viable way to express the full-length dystrophin
cDNA. A gene therapy utilizing adeno-associated virus
(AAV) is particularly compelling as AAV has been shown
to have high and persistent levels of in vivo transduction
and gene expression in skeletal and cardiac muscle (Wang
et al. 2005). Additionally, the virus remains predominantly
episomal so it does not pose the same level of risk of non-
specific genomic integration and insertional mutagenesis as
has been documented for lentivirus (Ehrhardt et al. 2006;
Penaud-Budloo et al. 2008). The positive results for both
safety and efficacy in many ongoing clinical trials with
AAV vectors for diverse conditions, and an approved prod-
uct in Europe based on intramuscular injection of AAV
(Glybera), also support this approach (Naldini 2015).

To develop an approach using a single AAV vector, trun-
cated versions of the dystrophin cDNA have been created
termed mini-dystrophin and micro-dystrophin. The DMD
gene contains repetitive domains that can be removed to
truncate the size of the dystrophin cDNA while retain-
ing significant functionality. Minidystrophins are based
on deletion mutations found in very mildly affected BMD
patients, whereas microsydstrophins were engineered
based on the minimum requirement of the gene for normal
dystrophin function (Athanasopoulos et al. 2004). Both
have been codon optimized for enhanced expression levels
(Kornegay et al. 2010; Athanasopoulos et al. 2011). Early
studies in mouse models confirmed that viral delivery of
truncated dystrophin cDNAs restores myofiber morphol-
ogy, histology, and cell membrane integrity (Wang et al.
2000). Follow-up work showed an increase of contractile
force in treated muscles (Watchko et al. 2002; Yoshimura
et al. 2004; Gregorevic et al. 2008) and protection against
eccentric contraction-induced injury (Liu et al. 2005), as
well as increased lifespan (Gregorevic et al. 2006; Wang
et al. 2009). Further, groups have assessed AAV-mediated
expression in mouse cardiac tissue (Yue et al. 2003), and
shown improved cardiomyopathy index and ameliorated
electrocardiographic abnormalities (Bostick et al. 2008),
and protection against dobutamine-stress induced cardiac
death (Bostick et al. 2011, 2012). Several studies have
also assessed persistence, immunogenicity, and function
of microdystrophin expression following AAV delivery to
dog models of DMD (Ohshima et al. 2009; Koo et al. 2011,
Shin et al. 2013). In particular, delivery of microdystrophin
with a modified AAV-9 vector to multiple muscles showed
persistent microdystrophin expression and function,
improved muscle pathology, and increased muscle force in
a dog model of DMD (Shin et al. 2013). These results in a
large animal model are promising for the clinical transla-
tion of gene therapy for DMD.
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In fact, AAV delivery of minidystrophin was assessed
in a clinical trial that included intramuscular injection with
various doses of AAV expressing minidystrophin. However,
there were very few dystrophin-positive fibers in only some
patients even though the viral genomes were easily detecta-
ble in muscle biopsies (Mendell et al. 2010). It appears that
the immune system played a role in the lackluster results;
T cells targeting dystrophin epitopes were detected in the
blood of many patients, representing a possible immune
response to the foreign epitope (Mendell et al. 2010). How-
ever, some patients were also found to harbor these T cells
prior to gene therapy with the AAV-minidystrophin. There
currently lacks a clear explanation for this anti-dystro-
phin immune response and whether it was aggravated by
minidystrophin expression. Moving forward, newer mini-
and micro-dystrophin constructs can be engineered to avoid
immunogenic neoantigens and patients can be screened for
immunity to epitopes in the therapeutic construct. Contin-
ued study of possible immune responses and development
of immunosuppression regimens will be of utmost concern
for all future approaches for dystrophin restoration in DMD
patients.

Another strategy for delivery of dystrophin gene
sequences to muscle is the administration of cells that
engraft into muscle tissues and fuse into muscle fibers.
These cells may be allogeneic cells from healthy patients,
or autologous cells derived from the DMD patient that have
been engineered ex vivo to express dystrophin. In particu-
lar, reconstitution of the satellite cell pool, the progenitor
cells of skeletal muscle, will be of utmost importance for
muscle diseases. Induced pluripotent stem cells from DMD
mouse models have been shown to have regenerative poten-
tial after correction, and display engraftment after systemic
delivery (Filareto et al. 2013). Furthermore, transplantation
of myogenic precursors derived from pluripotent cells pro-
duces dystrophin-positive myofibers that have improved
contractile properties (Darabi et al. 2012). The knowledge
gained from studies of satellite cell reconstitution will help
inform all gene-based approaches to treating DMD, and
targeting these cells is likely important to establishing ther-
apeutic benefit that will last the lifetime of the patient.

Genome editing

There are several possible approaches for applying genome
editing to the correction of DMD. The majority of DMD-
causing mutations are deletions that disturb the trans-
lational reading frame (Fig. 1). By removing additional
exons around the inherited deletion, the reading frame
can be restored. Exon 51 of the human DMD gene has
been a primary target for this approach as removal of this
exon would address about 13 % of the patient population,
which represents the largest population segment that can
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be addressed by removal of a single exon (Helderman-van
den Enden et al. 2010). A large deletion of exons 45-55
has also been tested, as this single approach would capture
mutations in a much larger segment of the gene and address
60-65 % of DMD patient mutations (Flanigan et al. 2009;
Lu et al. 2011; Aoki et al. 2012). This large deletion has
been observed in BMD patients and typically presents as a
mild phenotype, suggesting that this region of the protein
is dispensable. Targeted deletions of both of these regions
have shown dystrophin restoration in patient-derived myo-
blasts (Ousterout et al. 2015a, b) and human induced pluri-
potent stem cells (Li et al. 2015; Young et al. 2016). These
ex vivo edited cells have been transplanted into the mouse
models to show feasibility of dystrophin expression in vivo.
Utilization of genome editing tools for targeted exon dele-
tions is a leading approach for applying gene editing for
treatment of DMD.

Another approach for DMD treatment using genome
editing is to create targeted frameshifts in the gene. Nucle-
ases directed to sites within exons around the deleted
region of the gene can create indels that restore the transla-
tional reading frame. Meganucleases were used to generate
indels that restore the reading frame of a modified DMD
gene containing synthetic nuclease target sites, successfully
restoring dystrophin expression in myoblasts in vitro and
in muscle fibers through plasmid electroporation in vivo
(Chapdelaine et al. 2010). This same approach was later
extended to targeting DMD gene sequences with TALENs
and restoring dystrophin expression in patient-derived cells
(Ousterout et al. 2013). However, this strategy is limited by
the stochastic nature of indel generation, such that only a
fraction of the edited sequences lead to the correct reading
frame, and each unique indel will produce novel epitopes
of unknown immunogenicity.

Lastly, homologous recombination can be used to
restore the reading frame. For example, exons 45 through
52 were successfully inserted into intron 44 in DMD myo-
blasts (Popplewell et al. 2013), and a nonsense mutation
in exon 23 in the mdx mouse model was corrected with
homology-directed repair (Long et al. 2014). However, the
efficiency of homologous recombination is typically lower
than NHEJ, and this repair mechanism is also downregu-
lated in post-mitotic cells such as muscle fibers. As gene
editing technologies continue to develop, including the
development of methods for reducing NHEJ activity that
competes with HDR (Chu et al. 2015), this approach may
become more feasible for preclinical development.

Genome editing of the dystrophin gene has been suc-
cessful in cultured myoblasts, induced pluripotent stem
cells, and fibroblasts with zinc finger nucleases, TAL-
ENs, meganucleases, and CRISPR/Cas9 systems. Another
important approach for restoring dystrophin expression
uses phage integrases to insert dystrophin gene sequences

from plasmid DNA into genomic target sites either ex vivo
in human myoblasts (Quenneville et al. 2004) or in vivo in
mdx muscles (Bertoni et al. 2006). This site-specific inte-
gration of the transgene leads to sustained expression, in
contrast to typical plasmid delivery. However, there are still
some concerns regarding efficiency, systemic delivery to
large animals, and potential unpredictability of the genomic
insertion sites.

Recently, several groups showed efficacy of in vivo
gene editing of the DMD gene utilizing NHEJ to create
targeted deletions. (Long et al. 2015; Nelson et al. 2015;
Tabebordbar et al. 2015; Xu et al. 2015; Iyombe-Engembe
et al. 2016). In particular, delivery of the CRISPR/Cas9
system with AAV vectors that are currently in clinical tri-
als for other neuromuscular diseases restored dystrophin
expression in skeletal and cardiac muscle in the mdx mouse
model (Table 1). Furthermore, both local and systemic
delivery of these AAV systems in adult and neonatal mice
increased muscle strength. The efficacy of systemic deliv-
ery is of particular interest for treatment of all the muscle
groups affected by DMD. These studies are the first report
of a phenotypic improvement via genome editing in an ani-
mal model of muscular dystrophy. These results also dem-
onstrated that even low levels of genome editing and cor-
rection are sufficient to produce many dystrophin-positive
muscle fibers and a dramatic increase in dystrophin protein
expression since each muscle fiber contains hundreds of
individual nuclei. Furthermore, Tabebordbar et al. showed
that the satellite cells, the stem cells of skeletal muscle, are
also edited via AAV-delivered CRISPR/Cas9. This suggests
that the level of gene editing and dystrophin restoration will
increase as these progenitor cells continue to repopulate the
muscle tissues.

Although genome editing is a relatively new approach
for DMD correction, similar tools have already moved into
the clinic for ex vivo editing of T cells and hematopoietic
stem cells and are moving quickly along the clinical pipe-
line for applications in vivo (Maeder and Gersbach 2016).
Recently, FDA approval for a clinical trial of gene editing
in the liver to treat hemophilia was announced (Gibney
2016). This first human trial using gene editing tools will
help establish safety, paving way for future gene editing
therapies.

Exon skipping

Antisense oligonucleotides (AONs) are small single-
stranded chemically modified nucleic acids that are
designed to target specific gene transcripts. The small size
is crucial for delivery, and chemical modifications affect
stability, solubility, toxicity, affinity, and degradation resist-
ance. For treatment of DMD, AONs are primarily used to
alter pre-mRNA splicing, such that specific exons in the

@ Springer



1034

Hum Genet (2016) 135:1029-1040

Table 1 Genome editing in the mdx mouse. Summary of treatment and outcomes in three recent studies of in vivo genome editing with
CRISPR/Cas9 delivered by AAV vectors for the correction of DMD in the mdx mouse model

Type of injection ~ Long et al. Nelson et al. Tabebordbar et al.
M RO 1P IM to TA Tail vein IP IMto TA Tail vein IP

Administration age P12 P18 P1 8 weeks 8 weeks P2 6 weeks 6 weeks P3
Cas9 Streptococcus pyogenes Staphylococcus aureus Staphylococcus aureus
AAV serotype 9 8 8
Dose 1E13 1.8E13 6EI12 1E12 54E12 5.6El11 1.5E12 3.6E13 3EI2
Treatment duration 3, 6 4,8,12 4,8 8,24 8 7 4 6 3

(weeks)
% Modification in 2 2

gDNA
% Modification in 59 39

cDNA
9% Dystrophin 8 3-8

restoration by

Western
% Dystrophin- 53 27 23 67

positive fibers by

HC
Muscle function Grip strength In situ TA force In situ TA force

improved
Cardiac cell editing Yes Yes Yes
Satellite cell Yes

editing

IM intramuscular, RO retroorbital, /P intraperitoneal, P days post-natal, TA tibialis anterior muscle

46 47 .x., x DMD - out of frame, no protein

Target AON to mask exon 51

6.4 M., v BMD —truncated, partially

L’ 46 47 52 53 54

functional protein

Fig. 3 Strategy of using antisense oligonucleotides (AONSs) to ‘skip’ an exon during mRNA processing and restore the dystrophin reading frame

dystrophin mRNA are removed during the splicing pro-
cess (Touznik et al. 2014; Jirka and Aartsma-Rus 2015).
The targeted sequence is spliced out with the flanking
introns as the AON essentially hides the exon splice sites
from the splicing machinery (Fig. 3). By skipping specific
exons, the reading frame of the transcript can be restored.
AON-mediated exon skipping has shown tremendous suc-
cess in preclinical studies in mouse models (Kole and Krieg
2015). Two leading AON chemistries for drug development
are 2’-O-methyl phosphorothioate (20MePs) AONs, and
phosphorodiamidate morpholino oligomers (PMOs). The
20MePs chemistry has a negative charge, whereas PMOs
are uncharged at physiological pH (Kole and Krieg 2015).
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Dystrophin restoration has been achieved in vivo in the
mdx mouse model by targeting the splice site of exon 23
using the 20MePs chemistry (Heemskerk et al. 2010) and
the PMO chemistry (Alter et al. 2006). Both AON chemis-
tries have also been evaluated in vitro in myoblasts from a
dog model, with the PMO chemistry restoring higher levels
of dystrophin than the 20MePs chemistry (McClorey et al.
2006), as well as in vivo through systemic delivery to dog
models of DMD (Yokota et al. 2009). They have also both
been used in clinical trials to target exon 51 in the human
dystrophin gene (Aartsma-Rus et al. 2014). A primary
outcome assessed in DMD clinical trials is the six-minute
walk test (6MWT), also called the six-minute walk distance



Hum Genet (2016) 135:1029-1040

1035

(6MWD), an outcome measure used in a variety of clinical
trials (McDonald et al. 2010a, b). The test essentially deter-
mines the distance that a patient can walk within six min-
utes. This test aims to assess the systems involved in walk-
ing as a measure of disease progression (Crapo et al. 2002).

The 20MePs-based AON targeting exon 51 was evalu-
ated in several clinical trials and roughly 300 patients (Goe-
mans et al. 2011; Voit et al. 2014). In a placebo-controlled
phase 2 study, this drug was delivered subcutaneously
twice weekly during the first 3 weeks, then either weekly
or intermittently at a dose of 6 mg/kg (Voit et al. 2014).
At week 25, the average distance traveled by the weekly
treated patients increased compared to placebo controls;
however by week 49, there was no statistical difference
between the treated and placebo patients (Voit et al. 2014).
Data from a phase 1-2a study showed that dystrophin levels
in treated patients vary from 1.5- to 8.2-fold above base-
line levels as measured by western blot (Goemans et al.
2011). In an open-label extension trial, eight patients had
stable 6MWTs for 177 weeks (Jirka and Aartsma-Rus
2015). In a double-blind, placebo-controlled phase 3 study,
patients were given 6 mg/kg of drug or placebo weekly for
48 weeks; this study also failed to achieve statistical signifi-
cance in the 6MWT. However, post hoc analysis suggests
that the mixed population of patients 5-16 years old with
varying disease severity makes it extremely challenging to
find statistical differences (McDonald et al. 2010a; Goe-
mans et al. 2013a; McDonald et al. 2013; Pane et al. 2014;
Jirka and Aartsma-Rus 2015). Safety and tolerability risks
of the 20MePs chemistry are also a concern, as the therapy
can be associated with injection site reactions, proteinuria,
thrombocytopenia, vascular injury, and renal injury. These
are likely due to the negatively charged AON interacting
with immune cell receptors like toll-like receptors (Kole
and Krieg 2015). This can ultimately lead to kidney inflam-
mation, as seen in some patients in the clinical trial (Kole
and Krieg 2015).

The PMO AON has been injected intravenously in 31
DMD patients with doses up to 50 mg/kg every week. The
study reported dystrophin restoration in 30-60 % of mus-
cle fibers from a biopsy taken at 48 weeks post-treatment
(Cirak et al. 2011; Mendell et al. 2013). Six patients showed
stable 6MWT results for 120 weeks (Cirak et al. 2011;
Mendell et al. 2013). Although there was an overall decline
in the 6MWT, the patients performed better than histori-
cal controls indicating that the treatment is slowing down
the disease progression (Jirka and Aartsma-Rus 2015). In a
more recent clinical study at the same dose, treatment with
the PMO AON led to a slower rate of decline in ambula-
tion over 3 years as assessed by the 6MWT compared to
historical controls (Mendell et al. 2016). Side effects of this

drug are minimal in patients, with occasional transient pro-
teinuria, headaches, and procedural pain related to biopsy
and catheter placement. There is also a lack of adverse side
effects in mice and nonhuman primates even at doses more
than ten-fold greater than the clinical dose (Sazani et al.
2010, 2011a, b).

Although treatment for exon 51 skipping is the furthest
along in the regulatory process, there are also ongoing
trials targeting exons 44, 45, and 53 through exon skip-
ping (Lee and Yokota 2013). Exon skipping is a mutation-
specific approach, such that every patient would need to
be genotyped and matched to a therapy that will correct
their specific reading frame mutations. Currently, there
is a focus on skipping single exons as a proof-of-princi-
ple for the overall approach. However, this approach may
prove challenging for the patients with duplications of
one or more exons. In this case, the AONs would target
both the original and duplicated copies, which will gener-
ally result in an out-of-frame transcript. Thus, more than
1 exon will need to be targeted for these patients. This
approach requires a combination of several AONs being
delivered as a ‘cocktail’ of drugs to skip larger regions of
the transcript. If a cocktail for exons 45-55 were effective,
as has been done in mouse studies, this could treat a large
cohort of >60 % of all DMD patients (Aoki et al. 2012).
An exception is the treatment of mutations that occur in
the first few exons, which may be treatable by stimulating
translation from an internal ribosomal entry site (IRES)
within exon 5, as was done by AON-mediated skipping of
exon 2 in a mouse model of exon 2 duplication (Wein et al.
2014).

The impressive preclinical animal data support the con-
cept of therapeutic AON-mediated exon skipping, but the
modest clinical trial results suggest that improvements to
delivery, pharmacodynamics, and pharmacokinetics are
necessary to significantly improve patient outcomes. More
recent AON formulations, such as the tricyclo-DNA oli-
gomers, show improved uptake in multiple tissues after sys-
temic administration, including therapeutic benefit in the
heart (Goyenvalle et al. 2015). Additionally, the incorpora-
tion of cell-penetrating peptides into AONs can similarly
assist in tissue penetration, particularly facilitating deliv-
ery to the heart (Wu et al. 2008; Yin et al. 2008; McClorey
and Wood 2015). Finally, the expression of exon skipping
AONs linked to small nuclear RNAs such as U7 enables
efficient delivery and prolonged expression of AONs in
skeletal and cardiac muscle by AAV vectors (Goyenvalle
et al. 2004, 2012). The success of this approach in dog
models of DMD is promising for its continued develop-
ment (Bish et al. 2012; Vulin et al. 2012; Le Guiner et al.
2014).
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Conclusions and future directions

There are several promising gene-based strategies under
development for restoring dystrophin expression to treat
DMD. Exon skipping appears to slow the disease pro-
gression in clinical studies and is under consideration for
regulatory approval. However, AON-based exon skipping
therapies only transiently restore dystrophin expression
and, therefore, would require regularly timed injections
for the lifetime of the patient (Voit et al. 2014; Mendell
et al. 2013). Additionally, thus far exon skipping has
only shown a reduced rate of decline in patient function
and does not address the need for a curative treatment.
New AON formulations or delivery strategies are under
development to treat the fatal cardiac complications.
Exon skipping drugs have been pioneering in informing
the regulatory process for DMD drugs and gene thera-
pies. Continued refinement of this process, including the
development of robust clinical endpoints and biomark-
ers, will dramatically shape the design of future clinical
trials.

Gene therapy and genome editing are both restricted by
the limitations of delivery with AAV vectors, particularly
as the result of the limited packaging size (Gaj et al. 2016).
Additionally, the large amounts of viral vector necessary
for systemic delivery present economic and feasibility chal-
lenges to manufacturing. Thus, continued development of
gene delivery technologies will be important to advancing
both these fields (Nelson and Gersbach 2016). Another
concern is the restriction of the expression of modified
DMD genes or gene editing components to specific tis-
sues, which may be aided by new or existing muscle-tropic
AAV serotypes (Madigan and Asokan 2016) and muscle-
specific promoters (Himeda et al. 2011). The preclinical
animal data following mini- and micro-dystrophin delivery
are very exciting and have now led to efforts to evaluate
its clinical safety and efficacy. A remaining concern is to
what extent mini- or micro-dystrophin will address DMD
symptoms in humans, particularly the cardiomyopathy, as
these truncated proteins presumably do not possess the full
wild-type functionality.

Genome editing is the newest method to show poten-
tial efficacy as a therapeutic in mouse models, but there
is significant work remaining before clinical trials can be
pursued. Dystrophin expression has been restored using
genome editing in DMD patient cells, but all in vivo
genome editing, thus far, has been in the mdx mouse
model. Because genome editing nucleases are specifically
targeted to a particular DNA sequence, the reagents for
editing the mouse DMD gene demonstrate proof-of-princi-
ple for the technology but are not necessarily translatable
to human therapy. Furthermore, any genome editing-based
therapy will need to undergo extensive characterization for
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specificity of on-target activity without modifying poten-
tial off-target sites (Bolukbasi et al. 2016). This work can
be facilitated by recently described unbiased genome-wide
assays of nuclease activity (Tsai et al. 2015; Kim et al.
2016) and next-generation high-fidelity nucleases (Klein-
stiver et al. 2016; Slaymaker et al. 2016). This analysis will
be particularly important given the possibility of sustained
expression and activity of genome editing tools from AAV
vectors in post-mitotic cells. Similarly, immune response to
the nuclease components derived from bacteria, in addition
to any potential responses to the AAV viral proteins or the
restored dystrophin protein, is a primary concern that needs
additional study. Improvements to cell therapy, including
cell survival, engraftment, and distribution, may help over-
come these concerns of in vivo genome editing (McCullagh
and Perlingeiro 2015).

Overall, there is substantial progress in treating DMD
by targeting dystrophin from a variety of methods. Each
has unique positive and negative attributes, and likely all
avenues require further research and optimization. How-
ever, for the first time it is plausible that a DMD treatment
that addresses the fundamental cause of the disease is on
the horizon.
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