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Duchenne muscular dystrophy (DMD) is an X-linked hereditary disease characterized
by progressive muscle wasting due to modifications in the DMD gene (exon deletions,
nonsense mutations, intra-exonic insertions or deletions, exon duplications, splice site
defects, and deep intronic mutations) that result in a lack of functional dystrophin
expression. Many therapeutic approaches have so far been attempted to induce
dystrophin expression and improve the patient phenotype. In this manuscript, we
describe the relevant updates for some therapeutic strategies for DMD aiming to
restore dystrophin expression. We also present and analyze in vitro and in vivo ongoing
experimental approaches to treat the disease.

Keywords: artificial chromosome, progenitor cell, CRISPR/Cas 9, Duchenne muscular dystrophy, dystrophin,
exon skipping, gene replacement, read through treatment

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a lethal X-linked recessive disease caused by mutations in
the DMD gene coding for dystrophin protein (1). The DMD gene has been found to be altered by
more than 4,000 mutations leading to the absence of dystrophin expression under the sarcolemma
of the affected patients (2). Nowadays, many therapeutic approaches to address the DMD pathology
are elaborated with the final expectation of an effective and safe treatment to cure the disease. Some
of these drugs have already obtained accelerated approval as treatments for DMD. However, so
far none of these approved treatments or those still in ongoing clinical trials are able to restore a
permanent expression of dystrophin under the sarcolemma. In the present review, we present the
major molecular approaches for therapeutics leading to dystrophin restoration.

Dystrophin Structure
Dystrophin is one of the most important proteins required for structural and functional muscle
dynamism (1). It is encoded by one of the biggest known genes in humans representing about 0.1%
of the entire genome (3). The DMD gene contains 79 exons representing approximately 2,200 kb.
The dystrophin protein is localized under the sarcolemma, the cell membrane of the striated muscle
fibers (Figure 1A). This protein is divided into four essential domains. The first domain is the
actin binding amino terminal domain (ABD1), which contains two calponin homology domains
(CH1 and CH2) that bind directly to actin filaments. This binding links the dystrophin to the
subsarcolemmal actin network and connects it to the contractile apparatus in skeletal muscle
cells (4). The second domain is the dystrophin central rod domain, which contains 24 spectrin-
like repeats, each made of three alpha helices. This domain contains the second actin binding
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motif (ABD2), localized around the middle of the rod domain,
which interacts with the ABD1, forming a strong association
with actin filaments. The rod domain interacts with microtubules
and membrane phospholipids, it also provides elasticity to
the dystrophin and facilitates interactions with other proteins
through hinges made of proline rich spacers (3, 5). The third
domain is the cysteine rich domain located between the rod
domain and the carboxyl terminal domain. The cysteine rich
domain binds the ankyrin, a protein that plays a key role in
maintaining dystrophin under the sarcolemma. This domain
is required for the dystrophin function (6). The fourth and
last domain of dystrophin is the carboxy terminal domain,
a crucial component of dystrophin that contains two regions
forming alpha helical coiled coils, a protein motif involved as
hinge protein into the protein–protein interaction. This domain
also provides binding sites for syntrophin and dystrobrevin (3)
(Figure 1B). These four domains interact with other structures
of the cell cytoskeleton at the extra cellular level with alpha-
dystroglycan, at the transmembrane level with dystroglycan,
sarcoglycan, and sarcospan, and at the cytoplasmic level with
dystrobrevin, syntrophin, and nNOS to form what is called
the dystrophin complex (3). This complex is necessary for the
maintenance of the membrane stability. Any modification in the
dystrophin complex structure could result in various myopathies
amongst which the DMD, which is the most common myopathy.

Duchenne Muscular Dystrophy
Pathogenesis
Duchenne muscular dystrophy is an inherited disease
characterized by progressive muscle wasting due to mutations
in the DMD gene coding for the dystrophin protein (7). There
are many dystrophin isoforms whose expression generally
depends on tissue-specific promoters, mRNA splice events, and
poly-adenylation signal sites. The muscle dystrophin protein
(Dp427m), a protein of 427 kDa, is the most important and the
most implicated in DMD (8). The absence of dystrophin under
the sarcolemma makes the muscle fibers more vulnerable during
muscle contraction. Since it is a recessive X-linked disease, males
are more likely to be affected (7).

The frequency of DMD mutations may depends on geography
and race. In an updated systematic review and meta-analysis
study conducted by Crisafulli et al. (9), the global prevalence of
DMD was estimated to be 7.1 cases per 100,000 males and 2.8
cases per 100,000 individuals in the general population. In the
pediatric population, the prevalence was about 19.8 per 100,000
live male births. In another study conducted by Ryder et al. (10),
the DMD prevalence was evaluated at 10.9 per 100,000 males in
France, 1.9 per 100,000 males in United States, 2.2 per 100,000
males in United Kingdom and 6.1 per 100,000 males in Canada.

Single or multi-exon deletions account in average for about
60–70% of cases depending on the geographical region of the
world (64% in Oceania, 66% in Europe, 70% in America, 72%
in Asia, and 88% in Africa) thus representing about 2/3 of all
DMD cases (11). Two regions of the DMD gene are considered
hotspots for mutations (12). The first and most important is
between exons 45 and 55; deletions in this zone remove the

central part of the rod domain. The second hotspot concerns
the region between exon 3 to exon 19 of the DMD gene.
Deletions in this zone remove all or part of the actin binding
amino terminal domain as well as a section of the rod domain.
Some exon deletions induce a frameshift mutation that results
in a premature stop codon, which alters the dystrophin protein
synthesis through the translational process. In a study conducted
by Bladen et al. (11), some exons were found to be the most
frequently mutated in DMD patients. Exon 51 represented about
14% of total DMD mutations and 21% of exon deletions. It was
followed by exon 53, which carried 10% of total DMD mutations
and 15% of exon deletions. Exon 45 represented 9% of total
DMD mutations and 13% of exon deletions. Exons 43 and 44
each represented 7% of total DMD mutations and 11% of exon
deletions. Point mutations represented around 26% of DMD
cases. These represent nonsense and missense mutations, splice
site mutations, and mid intronic mutations. DMD mutations also
include 10–15% exonic and intronic duplications and about 3%
small indels (3, 11).

Children with DMD initially show weakness of proximal
muscles, abnormal gait and calf muscle pseudo-hypertrophy by
the time they are three to 5 years old. Scoliosis is generally
observed by the age of 12, patients usually die before the age
of 30 due to severe cardiac and respiratory complications (13,
14). De novo mutations in the DMD gene have been found to
be associated with DMD pathogenesis and HLA polymorphism
(15). The DMD gene is one of only a few genes that can
tolerate the deletion of one or many exons and still be translated
into dystrophin protein with reduced functionality. A favorable
prognostic was observed in a 7 years follow-up study involving
three Becker patients with in-frame deletions of exons 45–55 (16).
In another case, a 61 years old man had 46% of his DMD gene
deleted, however, this gene was still capable of synthesizing a
functional truncated dystrophin (17). The tolerance of the DMD
gene to deletions is extremely relevant in the context of certain
gene therapies, which seek to remove one or many exons to
restore the expression of an internally deleted dystrophin and
improve the symptoms of the patients.

MOLECULAR BIOLOGY APPROACHES
FOR DUCHENNE MUSCULAR
DYSTROPHY

There are many strategies that researchers are developing to
improve the phenotype of DMD patients. In this review, we
discuss molecular biology approaches for the treatment of DMD:
exon skipping, read through non-sense mutations, Cas9 based
modification of the DMD gene, delivery of micro-dystrophin or
full-length dystrophin gene, progenitor cell modulation, artificial
chromosome for dystrophin transfer, gene replacement, and
skeletal muscle cell transplantation.

Read Through Nonsense Mutations
This approach targets stop codon point mutations that otherwise
prevent the proper translation of the dystrophin mRNA
(Figure 2A). Drugs are used to disrupt translational fidelity
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FIGURE 1 | Dystrophin structure and protein associated domain. Design and adapted from the following references (1, 3, 147, 148). Panel (A) represents the basic
structure of the dystrophin complex in the normal context and in a DMD context. In the normal context, dystrophin is present under the sarcolemma and is properly
attached to other components to form the dystrophin complex. In the DMD context, there is an absence of the dystrophin complex, which results in the absence of
the dystrophin complex and in muscle fiber degradation during muscle contraction. Panel (B) depicts the dystrophin gene (exons 1–79) with different functional
domains: 1- the N-terminal actin binding domain (ABD1 in green) with its two calponin-homology motifs (CH1 and CH2). This domain is required for the function of
the dystrophin protein. 2- The central rod domain (CR in blue color) contains 24 spectrin-like repeats (R1–R24), the normal alignment of this region is fundamental for
a correctly functional dystrophin protein. This domain is interrupted and bordered by four proline rich hinge regions (H1, H2, H3, and H4). It also contains the second
actin binding domain (ABD2) and the nNos binding site (nNos bs). 3- The Cysteine rich domain contains the WW domain, EF hands, and ZZ domain. This domain
serves as the binding site for beta dystroglycan and it is required for a functional dystrophin. 4- The C terminal domain serves as a binding site for syntrophins and
the dystrobrevin glycoprotein. This domain is also required for a functional dystrophin. The DMD gene encodes seven different protein isoforms under different
tissues specific promoters (Dp427P, Dp427B, Dp427M, Dp260R, Dp140B3, Dp116S, and Dp71G, respectively for cerebellar Purkinje cells, brain, muscle, retina,
and Schwann cells).
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FIGURE 2 | Read through and ASOs strategies. Panel (A) represents the
normal dystrophin expression and a scenario where premature termination
codon (PTC) is present and induces the absence of the dystrophin expression
which can be restored by read through mutation molecules (RTM). Panel (B)
represents a scenario for the DMD mutation amenable to exon 52 deletion
(del52). In the presence of exon 52 there is dystrophin expression, in the case
of exon 52 deletion, there is no dystrophin expression. Dystrophin expression
can however be restored by inducing the skipping of exon 53 with anti-sense
oligonucleotides (ASOs).

by interacting with the ribosomal RNA to translate the full
length dystrophin despite the presence of the premature stop
codon (18–20). Gentamicin was the first aminoglycoside drug
used for this type of approach (21). A preliminary trial carried
out with two DMD and two BMD patients, both possessing
nonsense mutations, and treated once a day with gentamicin
at 7.5 mg/kg/day for 2 weeks did not show any dystrophin
expression (22). In a subsequent trial with four DMD patients
carrying point mutations, a different protocol was used (two
6-day cycles of gentamicin sulfate, at an interval of 7 weeks)
and the result revealed dystrophin expression in three out of
four patients with a UGA mutation (23). In a cohort study
carried out over 6 months with 12 DMD patients that had point
mutations in different exons, six patients saw an increase in their
levels of dystrophin after the treatment with six patients reaching
real increased levels (post-treatment minus pre-treatment level
of dystrophin) of 10.4, 10.9, and 11% respectively for point
mutations in exons 25, 33, and 35 (18). There is no updated data
about the Gentamicin potential for DMD treatment perhaps due
to the lack of clear evidence of clinical efficacy as well as notable
side effects such as hearing loss, kidney toxicity, injection site
reactions, stomach upset, and neurotoxicity (24).

Other molecules such as Ataluren and Arbekacin sulfate
(PTC Therapeutics Inc.) have also been reported to have some
beneficial effects for DMD patients (20, 25). The beneficial results
reported with Ataluren in a phase 2 clinical trial led to a phase 3
trial (26). Unfortunately, the phase 3 clinical trial results showed
limited clinical benefits (27). In that trial carried out from 26
March 2013 to 26 August 2014, 230 participants were randomly
divided into placebo and treated groups. There was no significant
difference between Ataluren treated and placebo groups. Adverse
effects were also reported for some patients (27). There is
an ongoing phase 3 randomized, double-blind and placebo-
controlled trial (NCT03179631) aiming to characterize the
long-term effects of Ataluren-mediated dystrophin restoration
in DMD patients. The study started in July 2017 and is
expected to be completed by October 2023. In February 2021, a
communication to the Duchenne community about preliminary
results seemed to be encouraging (28).

Treatment Using Exon Skipping
Antisense Oligonucleotide Approach
This approach uses antisense oligonucleotides (ASOs), which
are designed to bind and modulate the RNA functions
through different mechanisms (Figure 2B) (29). Here, the term
oligonucleotide refers to a short, unmodified, or chemically
modified nucleic acid. This sequence is theoretically capable
of hybridizing to a complementary nucleic acid sequence
(30). ASOs used in antisense therapeutics undergo different
chemical modifications to improve their metabolic stability,
binding specificity and affinity (30, 31). The major modifications
include the sugar modifications (2′-O-methoxyethyl, 2′-O-
methyl, 2′fluoro, locked nucleic acid and constrained ethyl
bicyclic nucleic acid), the phosphate group modifications (methyl
phosphonate, phosphorothioate, and phosphoramidate) and
both the sugar and phosphate (morpholino) (29, 30). ASOs can
act by the selective cleavage of RNA through the RNase H or the
Ago 2, which is active in RNA-induced silencing complex (RISC).
These molecules mediate the splice modulation by targeting
splice junctions or exonic/intronic splicing enhancer/silencer
sites resulting in the exon skipping (29, 30). The mechanisms
for the removal of the exons are not completely clear. ASOs also
mediate the regulation of microRNA involved in many diseases,
the mRNA polyadenylation signals and the binding between
proteins and pathogenic RNA (29, 30). ASO therapeutics for
DMD restore the reading frame of the mRNA by excluding
some of the exons during the maturation of the messenger RNA
transcript. This resulting in a truncated dystrophin protein with
reduce functionality (32, 33).

Since exon deletions represent about 60–70% of the total DMD
cases, there are many ongoing clinical trials aiming to restore
the normal reading frame of the dystrophin mRNA by skipping
certain exons (Table 1). For example, trials are ongoing to skip
exon 45 (Casimersen) (NCT03532542), exon 51 (Suvodirsen,
Eteplirsen) (34), and exon 53 (Golodirsen, Viltolarsen) (35, 36).

Eteplirsen also known as Exondys 51 (Sarepta Therapeutics,
Inc.) was the first drug that obtained FDA accelerated approval.
In DMD patients whose mutations are amenable to exon 51
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TABLE 1 | Updated summary of exon skipping strategy for DMD.

No Drug Study
phase

Status Period Target Trial number Result
available

Number of
patients

1 – – Unknown October 2011–December 2018 Exon 53 skipping NCT01385917 No 45

2 Casimersen
(SRP-4045)

1 Completed October 2015–October 2018 Exon 45 skipping NCT02530905 Yes 12

3 Casimersen/Eliptersen/
Golodirsen

2 Enrolling February 2020–September 2022 Exon 45/51/53
skipping

NCT04179409 No 6

4 Cesimersen-SRP-
4045/
Golodirsen-SRP-4053

3 Enrolling August 2018–August 2026 Exon 45/53
skipping

NCT03532542 No 260

5 Cesimersen-SRP-
4045/
Golodirsen-SRP-4053

3 Recruiting September 2016–May 2023 Exon 45/53
skipping

NCT02500381 No 222

6 DS-5141b 1 and 2 Completed October 2015–October 2020 Exon 45 skipping NCT02667483 No 7

7 DS-5141b 2 Enrolling July 2020–March 2022 Exon 45 skipping NCT04433234 No 8

8 Eteplirsen 3 Completed November 2014–June 2017 Exon 51 skipping NCT02255552 Yes 109

9 Eteplirsen 2 Completed June 2015–December 2018 Exon 51 skipping NCT02420379 Yes 33

10 Eteplirsen 2 Enrolling June 2017–February 2027 Exon 51 skipping NCT03985878 No 17

11 Eteplirsen 2 Completed August 2017–March 2021 Exon 51 skipping NCT03218995 No 15

12 Eteplirsen/
EXONDYS 51

3 Active July 2020–February 2026 Exon 51 skipping NCT03992430 No 152

13 Eteplirsen-SRP-5051 2 Active June 2019–May 2022 Exon 51 skipping NCT04004065 No 70

14 Eteplirsen-SRP-5051 1 and 2 Active December 2018–July 2024 Exon 51 skipping NCT03675126 No 60

15 Golodirsen-SRP-4053 1 and 2 Completed January 2015–March 2019 Exon 53 skipping NCT02310906 Yes 39

16 PreU7-53 – Unknown October 2011–December 2018 Exon 53 skipping NCT01385917 No 45

17 PRO-044 2 Completed December 2014–August 2016 Exon 44 skipping NCT02329769 No 15

18 Suvodirsen 2 and 3 Completed September 2019–January 2020 Exon 51 skipping NCT03907072 Yes 6

19 Viltolarsen – – – Exon 53 skipping NCT04337112 No –

20 Viltolarsen 3 Not yet recruiting April 2021–June 2026 Exon 53 skipping NCT04768062 No 74

21 Viltolarsen 4 Not yet recruiting May 2021–November 2033 Exon 53 skipping NCT04687020 No 16

22 Viltolarsen 3 Recruiting April 2020–December 2024 Exon 53 skipping NCT04060199 No 74

skipping, this treatment has increased dystrophin expression
by 0.28% and by 0.93% after 48 and 180 weeks of treatment
respectively (34, 37). The phase 2 trial (NCT03218995), which
evaluated the safety, efficacy and tolerability of Eteplirsen in 15
patients aged 6–48 months ended in March 2021, and the results
published in clinical trial site indicated a serious adverse event
(Bronchiolitis) in 1 patient aged less than 24 months. Some
adverse events (not including serious) were also indicated in
many patients. A long-term phase 3 clinical trial (NCT02255552)
evaluated the efficacy of Eteplirsen in 18 patients ended in July
2019. A significant difference was demonstrated in the 6 min
walk test (6MWT) between the baseline and 36 months post-
treatment and six patients with a mean age of 9 lost ambulation
(38). There is an ongoing phase 3 randomized, double-blind,
dose finding and comparison study for the safety and efficacy
of high dose of Eteplirsen. This study was preceded by the
first phase of an open-label dose escalation study involving 144
DMD patients that is planned to be completed by February
2026. The next generation of Eteplirsen experimented with SRP-
5051 that is ongoing clinical trials phase 1 and 2 (NCT03675126
and NCT04004065) is presented to have many advantages. The
most relevant is the addition of cell penetrating peptides to
the phosphorodiamidate morpholino oligomer (PMO) to form

peptide phosphorodiamidate morpholino oligomer (PPMO),
which leads to more efficient delivery, higher level of dystrophin
production and efficient dosing for patients (39). Preliminary
results from phase 2 MOMENTUM study revealed that SRP-5051
for DMD patients amenable exon 51 skipping dosed monthly at
30 mg/kg lead to mean dystrophin expression of 6.55% (39).

Viltolarsen or ViltepsoTM (NS Pharma, Inc.) has also been
granted accelerated approval by FDA in August 2020 to treat
DMD patients amenable to exon 53 skipping (35, 40). Viltolarsen
has shown in a phase 1/2 trial that the intravenous infusions
of 80 mg/kg/week for 24 weeks increased the mean dystrophin
level by 2.8% by western blot analyses (35). The final approval of
this treatment will be determined by the outcome of the ongoing
phase 3 randomized, double-blind, placebo-controlled, multi-
center study (NCT04060199) to assess the efficacy and safety of
Viltolarsen in ambulant boys with DMD amenable to exon 53
skipping. The study is planned to be completed by December
2024. In another phase 2 trial (NCT02740972) assessing the safety
and intravenous dose of NS-065/NCNP-01 in DMD boys aged 4–
9 years amenable exon 53 skipping, the authors showed a proof
of beneficial functional and clinical effects in the group receiving
low-dose (40 mg/kg per week) or high-dose (80 mg/kg per week)
of Viltolarsen (40).
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Golodersen also known as Vyondys 53 (Sarepta Therapeutics,
Inc.) got an accelerated approval from the FDA in December
2019. Results from the phase 1/2 trials involving 12 participants
showed a dystrophin mean level of 1.019% representing
an approximate 16-fold increase in truncated dystrophin.
A significant increase in dystrophin positive fibers was found
at week 48 compared to the baseline level (36). The phase 3
trial (NCT02500381) to evaluate the effectiveness of Golodersen
is still ongoing and is expected to be completed in May
2023. Another ongoing trial (NCT03532542) aiming to evaluate
the long-term safety and tolerability is also expected to be
concluded by August 2026.

Casimersen also known as AMONDYS 45TM (Sarepta
Therapeutics, Inc.) got an accelerated approval from the FDA
in February 2021 for the treatment of DMD patients amenable
to exon 45 skipping (41). This conditional approval may be
associated to the preliminary results obtained after 48 weeks
of treatment for the ongoing trial (NCT02500381) where the
mean dystrophin protein level in the treated group was 1.736%
compared to 0.925% in the placebo group. There was also an
increase in the mRNA level post-treatment compared to the
baseline level (42). Side effects including upper respiratory tract
infections, cough, fever, headache, joint pain, and pain in the
mouth and throat were observed in about 20% of the patients.
The study is estimated to be completed by May 2023. In the
meantime, an ongoing long-term, open-label and extension trial
(NCT03532542) in which 260 participants aged 7–23 years were
enrolled is aiming to evaluate the long-term effects of AMONDYS
45TM. The study is estimated to be completed by August 2026 and
may determine the final approval of Casimersen.

Small Nuclear RNA Approach
Another interesting approach for exon skipping is the use of
small nuclear RNAs (snRNAs), which play a major role in mRNA
splice modulation (43, 44). Decades ago, the snRNAs including
U1snRNA and U7snRNA have been used as therapeutic approach
targeting the dystrophin pre-messenger RNA to mediate skipping
of exon 45 in human myoblasts (45) and exon 51 in mice (46)
resulted in nearly complete restauration of dystrophin compared
to wild type expression. This approach can be appropriately
designed to mediate either a single or multi exon skipping
(47). Recently, it has been shown that both the systemic and
intramuscular injection of U7snRNA for the correction of
DMD exon 2 duplication using a single complementary adeno-
associated virus (scAAV) in a mouse model harboring exon
2 duplication (48), resulted in robust dystrophin expression
and correction of muscle physiologic defects (49). In that
study a dose-escalation experiment showed that the highest
dose of scAAV U7 (7.6 × 1013 vg/kg) following a systemic
injection in mouse tail vein resulted in 42–96% skipped
transcripts (single or double skipping of exon 2) and 69–92%
dystrophin positive fibers in skeletal muscle of 4 weeks post
injection. Twelve weeks post injection permitted to achieve 85%
positive fibers with progressive increase observed in absolute
and specific force to finally reach complete rescue in absolute
force and partial rescue of specific force. This improvement
was also observed in heart muscle with up to 40% dystrophin

level after immunoblotting either for 4 or 12 weeks treated
mice (49).

Astellas Gene Therapies recently started a clinical trial
phase 1/2 using this approach for the correction of DMD
exon 2 duplication (NCT04240314) in three participants at
Nationwide Children’s Hospital. The study aiming to access the
systemic single dose delivery of scAAV9.U7.ACCA via peripheral
vein injection is to be completed by November 2025. The
scAAV9.U7.ACCA will cause the skipping of exon 2 during
the splicing event to form a mRNA containing a single exon
2 or no exon 2 at all. Transcriptomic analyses indicated that
scAAV9.U7.ACCA is not associated with important off target
events in non-human primates (50) and in mice (51, 52).
This approach is very encouraging for because of its potential
safety in human. Although the preliminary clinical trial results
are not yet available, the preclinical results described above
seem to present this approach to be much promising that the
ASOs approach where, whatever it has been granted accelerated
approval, the highest editing percentage (6.55%) was shown with
SRP-5051 (39).

Mechanism Based on Nuclease Activity
of CRISPR Associated Protein 9 Protein
The Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) technology is generally considered as new, simple, and
efficient approach to cut and modify a DNA strand. The CRISPR
associated protein 9 (Cas9) nuclease is guided to a specific region
of the DNA through a sequence of 20 nucleotides called a
single guide RNA (sgRNA) (53–55). This technology was first
discovered in bacteria. Many bacteria and most archaea defend
themselves from invading genomic elements from bacteriophage
infections and plasmid transfer using this sophisticated adaptive
immune system. After being exposed, a small fragment of foreign
DNA is integrated into the CRISPR array in the host genome
as a new spacer sequence, which provides a memory record
of this infection. In future attacks by the same invaders, the
foreign DNA fragment is recognized by the CRISPR RNAs
and cleaved through enzymatic processing commonly known as
endonucleolytic cleavage (53–55). There are six types of nucleases
divided into two major classes.

Class 1 nucleases are composed of type I, III, and IV nucleases
and require a large complex of several effector proteins for
the RNA guided target cleavage system. Class 2 nucleases are
composed of type II, V, and VI nucleases and require only one
RNA guided endonuclease to mediate the cleavage. CRISPR/Cas9
are type II endonucleases and the most commonly used types
of Cas proteins for genome editing. The most commonly used
Cas9 proteins for gene editing are the Streptococcus pyogenes Cas9
(SpCas9) and Staphylococcus aureus Cas9 (SaCas9). SaCas9 is
about 1 kb smaller than SpCas9 and can be easily packaged with
its sgRNA into a single AAV vector in what has been called an all-
in-one vector. To guide the Cas9 onto a specific genomic locus,
a sgRNA containing a spacer sequence of 17–24 nucleotides is
required. This sgRNA also contains a constant sequence, which
forms a stable complex with the Cas9 (53–55). When performing
gene editing, the Cas9 nuclease that is used must be chosen based
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on the nucleotide sequence surrounding the target site. Each
Cas9 recognizes its own sequence of two to six nucleotides called
the proto spacer adjacent motif (PAM) to bind to the DNA and
subsequently causes an efficient DNA break.

Various technologies were derived from the original
CRISPR/Cas9 system (CRISPR-induced double strand breaks
(54, 55), Cytidine Base Editing (CBE) (56), Adenine Base Editing
(ABE) (56), and PRIME Editing (PE) (57). Current efforts with
these technologies are ongoing to investigate the feasibility of
genetically modifying the DMD gene. These approaches seek
to introduce permanent modifications in the genomes of DMD
patients to efficiently restore the dystrophin expression. These
modifications include the correction of nonsense mutations, the
insertion of one or multiple nucleotides to reframe a frameshift
mutation, the modification of splicing sites to favor exon
skipping and reframing, etc. (58).

Clustered Regularly Interspaced Short Palindromic
Repeats-Induced Double Strand Break
Depending on the genome modification that is required, 1 or 2
sgRNAs are required with a Cas9 nuclease to induce 1 or 2 double
stranded breaks at 1 or 2 specific DNA sites (Figure 3A).

Exon Deletion
This approach was used by our research group to target sequences
in exons 50 and 54 and in exons 47 and 58 to induce deletions of
part of the DMD gene using 2 sgRNAs (59, 60). This generated
a hybrid exon that not only restored the normal reading frame
of the DMD mRNA, but also produced a dystrophin protein
with a normal spectrin-like repeat structure. This was performed
in vitro in DMD patient myoblasts carrying exon deletions and
in vivo in the hDMD152 mouse model (59, 60). About 50%
of dystrophin expression was restored in the mdx23 mice by
targeting the flanking regions of exons 21 and 23 to induce an
in-frame deletion using 2 sgRNAs (61).

Exon Reframing
Koo et al. (62) successfully used this approach to mediate exon
reframing using 1 sgRNA. Authors showed that 8 weeks post
injection of 5 × 1011 vg/kg of AAV2/9 driving the expression of
CjCas9 and one sgRNA in mdx23 mouse model of DMD resulted
in 39 ± 4% dystrophin positive fibers in mice with one base pair
insertion (cytidine nucleotide) and 28 ± 6% of mice carrying 14
base pairs deletion. The mice showed increase in muscle-specific
maximal force. Min at al. (63) also showed that the insertion of
a single adenine nucleotide at 5′ boundary of exon 45 lets to the
reframing of that exon and the dystrophin expression.

Exon Skipping
This approach has also been experimented in vitro for the
skipping of exon 23 in DMDmdx induced multipotent progenitor
cells (iMPCs). Two sgRNAs were designed to target the splice
donor site of exon 23 mediating the skipping of exon 23 during
the splice event. The corrected cells restored the dystrophin
expression in vivo and contributed to the muscle stem cell
reservoir in DMDmdx (64). Min et al. (63) used 1sgRNA to target
the 5′ junction of exon 45 in a mouse carrying the deletion of
exon 44 to mediate the skipping of exon 45. By skipping the

exon 45, the strategy permitted to link the exon 43 to exon 46
to restore the reading frame. A systemic delivery of Cas9 and
sgRNAs through peritoneal injection using two AAV9 vectors
(5 × 1013 vg/kg at a ratio of 1:1) resulted in 94, 90, and 95%
dystrophin expression observed by immunostaining respectively
in TA, triceps, and diaphragm muscles followed by improvement
in mouse muscle function. A ratio of 1 (Cas9):10 (sgRNA) was
used to achieve similar results in cardiomyocytes.

However, this CRISPR double strand break technique
promotes frequent non-specific insertions and deletions
following off-target DNA cleavages. In the Min et al. study, up to
0.2 and 1.1% inverted terminal repeat integrations were reported
respectively at the genomic and the mRNA levels. Koo et al.
also reported up to 8 ± 0.7% INDELs. Happi Mbakam et al.
recently presented an update of the CRISPR-Cas9 gene therapy
for dystrophin replacement in DMD (58).

Base Editing
This approach uses an adenine or cytidine deaminase coupled
to a Cas9 nickase (a modified Cas9, which can only cut one
DNA strand) to deaminate a cytidine (C to T modification) or
an adenine (A to G modification) after being guided to that
specific genomic region by a sgRNA (Figure 3B) (65). This system
has been used in the adult mdx4cv mouse, a dystrophic mouse
model of DMD carrying a premature stop codon in exon 53
of the DMD gene, to demonstrate that base editing can restore
dystrophin expression. The authors of that experiment showed
that the systemic delivery of the adenine base editor (ABE)
using an improved AAV vector (AAV-iNG) led to long-term
and efficient restoration of up to 80% dystrophin and functional
improvement of dystrophic heart (66). However, this technique is
not precise enough because, other adenines or cytidines present
in the editing window are susceptible to be also deaminated (65).
CBEs and ABEs are also recognized to generate other off-target
mutations (67).

Prime Editing
Prime editing is one of the most recent, efficient, and precise
genome editing technology to be developed so far. It uses a
prime editor (PE) and a prime editing guide RNA (pegRNA)
(Figure 3C). The prime editor is made of a Cas9 nickase protein
fused through a flexible linker to an engineered Murine Leukemia
Virus Reverse transcriptase (RT). The pegRNA is a modified
sgRNA, it contains the spacer sequence of the sgRNA (a sequence
of 20 nucleotides designed to target a specific DNA locus), the
scaffold of the sgRNA (which permits it to bind to the Cas9
protein). However, the pegRNA also contains a 3′ extension
made of a primer binding site (PBS) and a reverse transcriptase
template (RTT). The PBS sequence is designed to serve as primer
to start the synthesis of a complementary DNA strand by the
RT. The RTT sequence serves as a template for the synthesis
by the RT of the intended complementary strand containing
the desired modification(s) (57). The pegRNA can, in principle,
change any nucleotide for any other nucleotide with precision.
This technique can therefore correct point mutation, and either
eliminate or insert a few nucleotides to permanently modify the
genome of target cells (57, 66, 68–71). Many ongoing experiments
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FIGURE 3 | Clustered Regularly Interspaced Short Palindromic Repeats approaches. This figure adapted from Happi Mbakam et al. (58) represents the principle of
CRISPR-Cas9 gene modification, which uses a guide RNA and a Cas9 to mediate the nuclease activity resulting in insertions, deletions, or INDELs (A). Panel (B)
represents the general mechanism for base editing, which uses a sgRNA (spacer sequence + scaffold) and a Cas9 nickase fused with a cytosine or an adenine
deaminase. Depending on the deaminase used, after binding with a specific DNA template, a cytosine is chemically modified into a thymine or an adenosine into a
guanine. Panel (C) shows a PE2 protein (a Cas9 nickase fused with an engineered reverse transcriptase enzyme from M-MLV) and a pegRNA. The pegRNA is an
extended sgRNA including the spacer sequence and the constant sequence (scaffold), a reverse transcriptase template (RTT), and a primer binding site (PBS). The
binding of PE2 and pegRNA with a DNA target permits to induce insertion, deletion, or substitution of a few nucleotides.

are demonstrating the capacity of this approach to permanently
correct the DMD gene as well as other genetic mutations
responsible for many other hereditary diseases (69, 72).

Mechanism Based on Progenitor
Modulation
Also considered as a stem cell disease, the DMD disease
progression and severity is strongly associate to the capacity of
myogenic progenitors to maintain the regeneration, growth and
repair of skeletal muscle (20). Satellite cells, the prototype of
muscle stem cells, have been identified as the primary quiescent
progenitor for myofibers (73). The cell environment has been
identified to play a key role in the maintenance of the satellite
cell niche and the performance of these stem cells (74). Many
other progenitors such as mesoangioblasts (75), pericytes (76),
side population cells (77), muscle derived stem cells (78), PW1+
interstitial cells (79), and fibro-adipogenic progenitors (150) have
also been investigated for muscle regeneration.

Histone deacetylase inhibitors (HDACi), such as valproic
acid, phenylbutyrate, givinostat (ITF2357), and suberoylanilide

hydroxamic acid, have been tested in DMD mouse models.
Although, promising results have been obtained in mdx mice
(80), the safety and tolerability of these drugs in the pediatric
population remains the main concern for their use in clinical
trials. However, the pharmacological effects of Givinostat,
a class I and II HDACi, in pediatric patients are already
known (81). By blocking the histone deacetylase enzyme,
Givinostat permitted the activation of the follistatin gene leading
to muscle mass increase. That effect also prevented muscle
degeneration, reducing the adipogenesis process and fibrotic
tissue accumulation.

Interim results from phase 1 and 2 clinical trials
(NCT01761292) sponsored by Italfarmaco Inc. involving 20
DMD patients aged 7–10 years showed that Givinostat induced
a significant reduction of the amount of fibrotic tissues, tissue
necrosis and fatty replacement. It also significantly increased
the fraction of muscle tissue in the biopsies. No improvement
was observed in functional tests (82). The NCT01761292 trial
has been extended to phase 2/3 clinical trial (NCT03373968) for
the study of long-term safety and tolerability of Givinostat. The
study is expected to be ended by December 2023. Italfarmaco

Frontiers in Medicine | www.frontiersin.org 8 March 2022 | Volume 9 | Article 859930

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles


fmed-09-859930 March 22, 2022 Time: 15:1 # 9

Happi Mbakam et al. Therapeutics for DMD

FIGURE 4 | Micro-dystrophin variants. This figure adapted from Duan et al. (147) represents the full-length dystrophin with different domains including the N-terminal
domain (N), the four hinges (H), the central rod domain (R), the cysteine rich domain (CR), and the C-terminal domain (C). The figure also illustrates the different
versions of micro-dystrophin with lacking domains in use in different clinical trials including the initial micro-dystrophin constructed by Yuasa et al. (149), the 13990
used for the development of PF-06939926, the (1DysM3), the 1R4-23/1C used for the development of SRP-9001, and finally the µDys-5R used for the
development of SGT-001.

Inc. communicated in February 2021 that boys from this study
continued to show delayed disease progression (83). The ongoing
phase 3 pivotal trial (NCT02851797) has enrolled 179 patients
aged 6–17 years. The aim of this trial is to evaluate the efficacy
and the safety of Givinostat and the preliminary results is
expected in second quarter of 2022 (83). Givinostat has been
approved by the European Medicine Agency for the treatment of
DMD (84). FDA also granted in October 2020 a Rare Pediatric
Disease designation to Givinostat for the treatment of DMD (83).

Gene Replacement
The gene replacement approach consists of transferring a
functional copy of complete or truncated dystrophin gene into
myofibers to restore the muscle strength in DMD patients. The
DMD gene is one of the biggest genes measuring about 2.2
million base pairs (85). This large size makes it difficult to
package. In this approach, the full-length dystrophin cDNA and
mini or micro-dystrophin constructs, are investigated to develop
treatments for DMD.

Artificial Chromosome Transfer of the Dystrophin
Gene
Human artificial chromosome (HAC) is a kind of multipotent
vector derived from native or synthetic chromosome, able to
deliver a full length DMD gene in mice and eventually in humans
(151). Benedetti et al. (86) developed a novel generation of HAC
(DYS-HAC 2) eliminating potential immunogenic products such
as the enhanced green fluorescent protein (EGFP), blasticidin

(Bsd), Herpes Simplex Virus type 1-thymidine kinase (HSV1-
TK), and hypoxanthine-guanine phosphoribosyl-transferase
(HPRT) from DYS-HAC 1 (86). DYS-HAC 2 permits genomic
integration, reversible immortalization, genetic correction,
additional dystrophin expression, inducible differentiation, and
cell death control.

This approach presents at least two important advantages
for DMD gene therapy. The first is the ability to carry large
DNA sequences that could lead to physiological expression of
genes with complex transcriptional regulation such as the DMD
gene. The second advantage is the episomal maintenance of
a single gene copy, preventing the risk of oncogenic insertion
(86). However, some limitations (low formation efficiency, the
structural complexity, tissue target efficiency, and a stability
problem) explain why this approach did not yet move forward
to clinical trial.

Full Length Dystrophin
Meng et al. showed that DMD myoblasts transduced with
a foamy virus vector expressing the full-length dystrophin
transplanted intramuscularly into mdx nude mice, participated in
muscle regeneration leading to the expression of full-length and
functional dystrophin proteins (87).

Micro-Dystrophin
Mini or micro-dystrophin are short versions of the DMD
gene made of at least N terminal domain and different parts
of the DMD sequences between these N and C terminal
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domains (Figure 4). Several micro-dystrophins and different
AAVs serotypes have been developed through decades of research
on this approach (88). Nowadays, three micro-dystrophins are
used in clinical trials: the five-repeat micro-dystrophin D3990
(89) (Pfizer Inc. trial for PF-06939926), the four-repeat micro-
dystrophin 1R4–23/1C (90) (Sarepta Inc. trial for SRP-9001)
and the five-repeat micro-dystrophin mDys5R (91) (Solid GT
Inc. trial for SGT-001). All the three transgenes have in common
at least the N-terminal domain, the cysteine-rich domain, the
spectrin-like repeats 1 and 24 (R1 and R24) and Hinges 1 and
4 (H1 and H4). All of them lack the C-terminal domain spanning
from exons 71 to 79. The C-terminal domain contain the alpha1
and beta1 syntrophin biding sites and the dystrobrevin biding
site, which play important role in signalization pathways and
the maintenance of dystrophin complex (3). This domain has
been identified to have a protective role in heart (92). Wang
et al. (93) showed that compared to full-length dystrophin,
micro-dystrophin (1R4–23/1C) has altered association with
alpha and beta syntrophins and cavins in mdx5cv mouse hearth.
The authors also indicated that the expression of micro-
dystrophin in mdx5cv mice prevented the development of cardiac
histopathology but did not rescue membrane localization of
cavins nor did it normalize ERK signaling (93). Bourdon
et al. (94) recently showed in DMDmdx rats that the 1R4-
23/1CT expression is sufficient to restore the interactions of
most dystrophin associated protein complex (DAPC) partners
in skeletal and cardiac muscles. In contrast, the addition of
C terminal domain significantly increases the restoration of
that interaction. The micro-dystrophin D3990 lack the nNOS
binding domain and H2. The micro-dystrophin DR4–23/DC
lack the nNOS binding domain and H3. The micro-dystrophin
mDys5R lack H2 and H3. The H2 influence functional capacity
of micro-dystrophin in mouse model (3). The nNOS is involved
in important signaling transduction pathways and produces NO
leading to vasodilatation which help to provide oxygen and
nutrients to muscle cells (3). It is evident that each domain
removed from the native dystrophin gene to build micro-
dystrophin plays a role in the dynamism of the DAPC. To which
extend the removal of the so qualified “unnecessary domains”
in micro-dystrophin impacts the membrane dynamism and
is not clear cut.

In 2020, Mendell et al. (95) published a preliminary result
from the phase 1/2 clinical trial study (NCT03375164) sponsored
by Sarepta Therapeutics Inc. that aimed to evaluate the safety
and tolerability of intravenous SRP-9001 in DMD patients. This
treatment involved the use of a recombinant adeno-associated
virus (AAV) serotype rh74 (rAAVrh74) and codon-optimized
human micro-dystrophin sequence expressed using a skeletal
and cardiac muscle-specific promoter with enhanced cardiac
expression (MHCK7). The micro-dystrophin sequence was made
of N-terminus actin binding domain, spectrin-like repeats 1 to
3 and 24, hinges 1, 2, and 4, the cysteine-rich domain and
the C-terminus domain. Four boys aged 4–7 years with exon
deletions (46–50, 46–49, partial deletion exon 44) or a premature
stop codon in exon 27 were enrolled. Patients received single
intravenous infusion of 2 × 1014 vg/kg rAAVrh74.MHCK7
micro-dystrophin. The immunochemistry of muscle biopsy

showed 81.2% of muscle fibers expressing micro-dystrophin with
an intensity of 96% at the sarcolemma. Functional improvement
was also observed in North Star Ambulatory Assessment (NSAA)
scores. The patients were followed until March 2021 with the
results yet to be published. A parallel randomized, double blind,
placebo-controlled study of SRP-9001 (NCT03769116) involving
41 participants is planned to be completed by April 2026.
A minimal fat infiltration was further confirmed in a case
control study (96) assessing the association between treatment
with rAAVrh74 and muscle quality in three patients previously
involved in the Mendell et al. study (95).

There is another ongoing randomized, placebo-controlled
phase 3 clinical trial sponsored by Pfizer Inc., which seeks to
evaluate the efficacy and safety of PF-06939926 (NCT04281485)
in 99 boys aged 4–7 years old. The mini-dystrophin gene is
delivered by an AAV9 serotype, which has good affinity to skeletal
muscle, nervous, heart, liver, and lung tissues (97). The study
is expected to be completed by September 2028. However, in
December 2021, FDA imposed a clinical hold after the death
of one patient participating the non-ambulatory cohort of the
phase 1b trial (NCT03362502) (98). The trial was a multicenter,
open-label, single ascending dose study to evaluate the safety and
tolerability of PF-06939926 in ambulatory and non-ambulatory
subjects with DMD. The preliminary results presented by Pfizer
Inc. in 2019 were promising and some observed adverse effects
were resolved in approximately 2 weeks (99).

In September 2021, Solid Bioscience LLC reported 1.5-year
data of their IGNITE trial phase 1/2 (NCT03368742), which was
a controlled, open-label, single-ascending dose study to evaluate
the safety, the tolerability and efficacy of SGT-001 in adolescents
and children with DMD. The company indicated that SGT-001,
which is a rAAV9 encoded micro-dystrophin, showed functional
benefits through NSAA, 6MWT, and Forced Vital Capacity (FVC)
compared to natural history data after 1.5-post treatment (100).

Some recent trials in this approach have been summarized in
Table 2. The results of Mendell trial (NCT03375164), showed
a great promise of this gene transfer approach although the
observed mild and moderate side effects (95) and a death in
Pfizer trail (NCT03362502). Specific questions about the AAVs
and transgene safety and the long-term assessment in this respect
need to be addressed. There is no evidence about the long-
term micro-dystrophin related truncated dystrophin expression
in DMD patients.

Mechanism Based on Skeletal Muscle
Cell Transplantation
This approach is investigated for DMD and other myopathies.
It is based on a specific healthy donor cell transplantation to
a specific DMD patient to repair the damaged organ or to
repopulate the satellite cell pool and enable the dystrophin
expression (101). The engraftment of human cells in an
immunodeficient mouse model requires preliminary mechanical,
irradiation or chemically induced muscle damage to create a
niche (102). The transplanted cells have to be able to proliferate,
differentiate and integrate into the host muscle (103). The cell
types usually transplanted are satellite cells, induced pluripotent
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TABLE 2 | Summary of clinical trials of gene transfer for DMD.

AAV
serotype

Study
phase

Status Period Trial number Result
available

Number of
patients

Study title

AAV9 1 Active, not
recruiting

January 2018–
July 2026

NCT03362502 No 30 A Study to Evaluate the Safety and Tolerability
of PF-06939926 Gene Therapy in Duchenne
Muscular Dystrophy

rAAVrh74 1 and 2 Active, not
recruiting

November 2017–
November 2021

NCT03333590 No 6 Gene Transfer Clinical Trial to Deliver
rAAVrh74.MCK.GALGT2 for Duchenne
Muscular Dystrophy

rAAVrh74 1 and 2 Active, not
recruiting

January 2018–
April 2023

NCT03375164 No 4 Systemic Gene Delivery Clinical Trial for
Duchenne Muscular Dystrophy (DMD)

rAAVrh74 1 Completed March 2015–
September 2017

NCT02376816 Yes 2 Clinical Intramuscular Gene Transfer Trial of
rAAVrh74.MCK.Micro-Dystrophin to Patients
with Duchenne Muscular Dystrophy

rAAVrh74 2 Active, not
recruiting

December 2018–
April 2026

NCT03769116 No 41 A Randomized, Double-blind,
Placebo-controlled Study of SRP-9001 for
Duchenne Muscular Dystrophy (DMD)

rAAVrh74 1 Recruiting November 2020–
March 2026

NCT04626674 No 20 A Gene Delivery Study to Evaluate the Safety of
and Expression From SRP-9001 in Duchenne
Muscular Dystrophy (DMD)

rAAV9 1 and 2 Recruiting December 2017–
April 2027

NCT03368742 No 16 Micro-dystrophin Gene Transfer Study in
Adolescents and Children With DMD

rAAV9 3 Recruiting November 2020–
October 2027

NCT04281485 No 99 A Phase 3 Study to Evaluate the Safety and
Efficacy of PF-06939926 for the Treatment of
Duchenne Muscular Dystrophy

scAAV9 1 and 2 Enrolling by
invitation

January 2020–
January 2025

NCT04240314 No 3 AAV9 U7snRNA Gene Therapy to Treat Boys
with DMD Exon 2 Duplications

stem cells, mesoangioblasts, pericytes, myoendothelial cells,
and myoblasts derived from satellites cells (101). Cells can
be delivered by multiple intra-muscular injections, repeated
cell delivery or systemic delivery (102). In a preclinical study
involving seven non-human primates, Skuk and Tremblay
showed that the intra-arterial (femoral arteries) injection of
myoblasts contribute to myofiber regeneration but only in
muscle sites that were damaged at the time of cell injection
(104). There is no recent update about the human myoblast
transplantation to restore the dystrophin. Some reasons could be
pointing out. The proliferation of myoblasts is labor intensive.
The myoblasts injected in a muscle remain at the injection sites
and thus because of large tissue surface hundreds of injection
sits are required making this treatment difficult for the patients
(105). Moreover, r transplanted myoblasts and finally, a high
percentage of myoblasts usually died at the injection sites (106).
A study of the kinetic of death of transplanted myoblasts in
non-human primates over three weeks noted that transplanted
myoblasts died at a significantly higher rate during the first
week due to an inflammatory response that remains a critical
challenge to be resolved for intra-muscular skeletal muscle cell
transplantation (107).

A clinical trial conducted with nine immunosuppressed
DMD patients to test a protocol including a high density
of injection trajectories in skeletal muscles indicated that the
transplanted cultured myoblasts from one of the patient’s
parent permitted the expression of the donor dystrophin in
3.5 and up to 26% of the muscle fibers in eight patients
(108). Thus, this clinical trial conducted in immunosuppressed
DMD patients showed evidence that allo-transplantation under

Tacrolimus immunosuppression of normal myoblasts permitted
their fusion with patient myofibers leading to dystrophin
expression. However, the presence of muscle fibers expressing the
donor dystrophin was observed only close to the injection sites.
Other investigational studies by the same authors demonstrated
the pertinence and the relevance of this approach following
different methodologies, which resulted in 34.5% dystrophin
positive fibers in one DMD patient (105, 109).

A single blinded trial conducted in various hospitals in India
with 11 participants showed the proof of principle that the
transplantation of human umbilical cord mesenchymal stem cells
stabilized the muscle power with no serious adverse effect (110).

Utrophin Upregulation
Utrophin is known as dystrophin homolog mostly found at the
neuromuscular junction. It possess similarities with dystrophin
in sequences and protein binding properties (111). Utrophin A
is the predominant isoform and is found in the myotendinous
junction of adult muscles and at the sarcolemma of regenerating
myofibers (111). It has been shown that the activation of UTRN-A
promoter mediates the upregulation of UTRN expression in mdx
mice (112, 113). Some post-transcriptional effectors of utrophin
upregulation have also been identified in a mouse model of
DMD using an utrophin 5′/3′UTR reporter assay (114). Sengupta
et al. (115) used the CRISPR-Cas9 technic to delete 500 bp
IMTR containing five miRNAs binding sites within the UTRN
in DMD patients derived human pluripotent stem cells (hiPSCs).
The deletion of that sequence resulted in a twofold increase
in utrophin level, which permitted to improve the dystrophin
glycoprotein complex restoration. Some authors also successfully
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FIGURE 5 | Therapeutic strategies for DMD. This figure represents the summary of different strategies described in the present manuscript for dystrophin
replacement in DMD. snRNA means small nuclear ribonucleic acid. ASOs means antisense oligonucleotides. CRISPR-Cas9 means Clustered Regularly Interspaced
Short Palindromic Repeats, CRISPR-associated protein 9.

used this approach (112, 113, 116). The upregulation of utrophin
as therapeutic approach helps in the maintenance of muscle
stability and integrity thus, might functionally compensates the
lack of dystrophin in DMD. Although the upregulation of
utrophin has benefit in animal DMD models, there is no evidence
about the impact of the persistence of that over-expression.
However, this approach may be beneficial for all DMD cases
since it is not mutation type-related and the UTRN is present in
all DMD patients.

Clinical trials supported by Summit Therapeutics Inc.
including the phase 1 placebo-controlled randomized trial
(NCT02383511) in 12 healthy male volunteers, and the
phase 1b placebo-controlled, randomized, double-blind study
(NCT02056808) in 12 boys with DMD, demonstrated that
Ezutromid (SMT C1100) was safe and well-tolerated by
participants (117). The phase 2 trial (NCT02858362) involving
43 participants and consider as proof of concept study to assess
activity and safety of SMT C1100 in boys with DMD was ended
because of lack of efficacy (118).

SIDE EFFECTS OF DRUGS

Each drug development approach for DMD has the main
objective to develop a suitable molecule with long-term
effectiveness and safety for DMD patients. At least two major
reasons including the incapacity of the drug to mediate
dystrophin expression and the harmful side effects of the drugs
could explain the fact that some potential drug developments

for DMD did not move forward. Gentamicin is one example
of read through molecule that seemed to mediate interesting
level of dystrophin expression but associated with important side
effects such as ototoxicity, neurotoxicity, nephrotoxicity, harmful
injection site reactions, nausea, stomach upset, vomiting, etc. (18,
24). ASO therapeutics mediating exon skipping also highlighted
several toxicities including upper respiratory tract infections,
cough, fever, headache, joint pain, pain in the mouth and throat,
blood disorders, hyperglycemia, complement and coagulation
cascades activation, nephrotoxicity, hypotension, etc., attributed
to the chemical structure of these molecules (119). With regards
to the level of dystrophin restoration that ranged from 0.2 to
6.5% editing percentages versus the side effects observed, it is
questionable how easy most of these ASO therapeutics have
been granted accelerated approvals for the treatment of DMD.
PRO044 is an example of molecules that showed some of these
side effects in DMD patients (NCT01037309). Most of times, drug
developments for DMD are paused because of ineffectiveness of
dystrophin expression.

The dystrophin replacement is usually associated with
immune response both against dystrophin (120, 121) and AAV
vector (122, 123) used to deliver the micro-gene. Mendell et al.
(124) raised attention a decade ago about the consideration
of cellular immunity against self and non-self dystrophin
epitopes for the mini dystrophin gene transfer. As well, a
24 months study carried out in GRMD dogs for the dystrophin
restauration through mini-dystrophin cMD1 gene transfer using
the rAAVs2/8 indicated a transient humoral immune response
against cMD1 1–2 months post injection. These reactions become
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undetectable after 8 months except for one dog who showed
a persistent IgG response to cMD1 (121). These authors also
indicated a persistent immune response against the AAV8 capsid
(121). The use of immunomodulatory drugs such as rituximab
and VBP6 might completely abrogate the cellular immune
response against micro-dystrophin and partially the interferon
gamma response (120).

The in vivo AAVs related gene transfer has been shown
to be linked to adverse events including neurotoxicity,
hepatotoxicity, myocarditis, oncogenicity, and thrombotic
microangiopathy (125). Third death were recorded in 2020
because of hepatotoxicity during the ASPIRO clinical trial
(NCT03199469) phase 1/2 for the treatment of X-Linked
Myotubular Myopathy (126). The patients were treated with
high dose of 3.5 × 1014 vg/kg of the AT132 which is an
AAV8 vector containing a functional copy of the human
MTM1 (hMTM1) gene. Despite the predicted lower dose of
1.3 × 1014 vg/kg that supposed to be safe, four other deaths
were recorded in September 2021 (127). The chromosomal
integration also represent a non-negligeable risk for the use of
some AAV serotypes (128). This evidence highlights serious
concerns about the prior validation of AAVs for the prevention
of patient health.

DELIVERY METHODS

The choice of drug delivery systems is a challenging question in
drug development experiments. Although they allow for good
precision and efficiency in vitro, molecules such as programable
nucleases or nucleic acid are always challenging to deliver to a
target site in vivo. These difficulties account for the low number
of clinical studies. The choice of one method over another always
depends on characteristics such as immunogenicity, packaging
capacity, integration ability, long or short-term expression ability,
etc. Nowadays, many approaches have been investigated such
as: (1) biological delivery approaches including viral delivery
systems (129) and extracellular vesicle (EV) delivery systems
(130), (2) chemical delivery approaches including nanoparticles,
peptide-based, and lipid particles (131), (3) physical delivery
approaches including injections, electroporation, ultrasound,
ballistic DNA, photoporation, magnetofection, mechanical
massage, and hydrostatic pressure (131). Here we will only
discuss the biological approaches explored by researchers to
deliver large molecules to human or animal models.

Viral Delivery System
Many viral delivery systems are used for gene therapy including
AAV, adenovirus (AdV), lentivirus, and bacterial phages (129).
AAVs are frequently used in gene therapy experiments, and thus
they are currently the most well characterized virus for human
therapy. Their serotype diversity allows them to preferentially
target a specific organ or biological system (132). Their limited
size capacity, which was an important issue for gene therapy,
was recently solved by the development of trans-splicing dual
or triple AAV vectors but with reduced expression efficiency
(133, 134). Dual AAVs coding for proteins with intein sequences

have also been used because these inteins can fuse to each other
and exclude themselves in the process of making the fusion
protein (135).

Extracellular Vesicle Delivery System
Extracellular vesicles represent a new alternative for the delivery
of nucleic acids and proteins. EVs are small lipid bilayer particles
that are released by cells. They play a critical role in cell-to-cell
communication by carrying and transferring their contents to
other cells (130). Their contents and function strictly depend on
their biogenesis. EVs can be divided into many sub-populations:
micro-vesicles, exosomes, apoptotic vesicles, ectosomes, and
lysosomes (130). They can be used as biomarkers of diseases
by observing their contents and extrapolating the states of the
cells producing them from there (130). The EV delivery method
is gaining interest in science because of their natural potential
to carry macromolecules such as Cas9 components. Bobis-
Wozowicz et al. showed the proof of concept that programable
nucleases can be packaged into EVs for genomic target editing
(136). Gee et al. also demonstrated that EVs can be used as a
delivery method for the CRISPR/Cas9 protein and sgRNA for
exon 45 skipping in DMD induced pluripotent stem cells with
90% efficiency (137).

PERSPECTIVES

The therapeutic approach consisting of read through the
mutation initially seemed to be the most effective drug
development approach to handle DMD nonsense mutations
allowing significant phenotypic improvement. However, success
rate in this approach remains very low and usually combined
adverse effects observed in treated patients. These adverse effects
prevalently include ototoxicity, neurotoxicity, nephrotoxicity,
harmful injection site reactions, nausea, stomach upset, etc.,
depending on the molecule or the strategy (18, 27). Another
approach allowing exon skipping using ASOs has achieved up
to 5% dystrophin expression after 24 weeks of treatment (36),
which has been considerably improved to 6.5% mean dystrophin
production for only three doses of a monthly administration of
30 mg/kg SRP-5051 in DMD patients with amenable exon 51
skipping in the phase 2 momentum trial of SRP-5051 (39). Many
chemical improvements have been made to this drug approach to
reduce adverse effects minimizing the toxicity level for improved
tolerability (95). Improvements also made the drug more stable
increasing the half-life to enlarge the time between two uptakes.
They also permit to increase the drug affinity and specificity
to the target as well as the level of dystrophin production (39,
138). One of the most recent and more promising modification
made by Sarepta therapeutics for antisense therapeutics is
the addition of polypeptides to PMO to form the next
generation PPMO (39). Gene replacement approaches are
also interesting since they would permit long-term dystrophin
expression. The most advanced gene replacement approach
inducing a robust dystrophin expression consists of transferring
a functional copy of a micro-dystrophin gene with a recombinant
AAV serotype rh74 (rAAVrh74) and codon-optimized human
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micro-dystrophin sequence expressed using a skeletal and cardiac
muscle-specific promoter with enhanced cardiac expression
(MHCK7) (95). There are some ongoing phase 3 clinical trials
for this approach (NCT03769116 and NCT03362502), but results
are not yet available. However, a previous trial reported some
cases of advert effects mostly included nausea, vomiting and an
elevated transaminase levels that should be taken into account for
subsequent study designs (95).

One of the big challenges in the gene replacement approach
is the problem of transgene persistence and sustainability of the
treatment. The in vivo AAVs persist in episomal forms. The
therapeutic efficacy can then be significantly reduced or lost
when cells proliferate (139). Since the persistence depend on the
division rate, the transgene expression persistence depends on
the tissue type. Nakai et al. (140) showed that up to 92% of
rAAV injected in mice portal vein were loss after hepatectomy
at 6–12 weeks post injection. Authors suggested that episomal
rAAVs represent the major form of gene expression in the liver.
Efforts are put together to develop vectors that can be less
genotoxic and more persistent in episomal forms (141, 142). Such
effort might be beneficial for diseases requiring long-term robust
expression of transgene. The DMD patients mostly die by the age
of 30 because of cardiorespiratory complications (13, 14). The
DMD patients are often diagnosed late by their teen age. The
capacity of micro-dystrophin to prevent such cardiorespiratory
complications is currently unknown. The existing animal models
for DMD are not appropriate for such a study because they
die before the disease progression into cardiopathy. To address
this gap, Howard et al. (143) recently developed a dystrophic
dko mouse model with transgenic correction of skeletal muscles
that progresses into late-stage heart failure over 12 months in a
series of steps similar to human DMD cardiomyopathy. Authors
showed for the first time that micro-dystrophin effectively
prevents cardiac failure in mouse.

The gene modification approach using CRISPR/Cas9
technology is evolving rapidly and gaining interest for different
possibilities to modify the human genome. However, it leads to
frequent micro-insertions or micro-deletions (INDELs) (59).
Modifications of the Cas9 gene resulted in the development of
Cas9 variants with PAMless requirement, nickase and/or high-
fidelity activity (144). Nowadays, there are new nuclease variants
coupled with cytidine or adenine deaminase to change cytidine
into thymine and adenine into guanine, respectively. This
permitted the specific modification of DMD nonsense mutations
with editing efficiency of 80% in the mdx4cv mice. Off-target
mutations, however, are also associated with this technology,
both in the conversion window and in the transcriptome of the
cells. The most recent and promising gene editing technology is
the CRISPR/Cas9 Prime editing technique that can change any
nucleotide into any other nucleotide, as well as insert or delete
nucleotides in a specific sequence (57). That technology has
recently been modified for more efficiency (69, 70, 145). There
are some examples, which have served as proofs of principle, that
Prime editing can be used to introduce specific point mutations
in many exons of the DMD gene (72). Translation to human
trials for CRISPR/Cas9 derived technologies is very difficult to
implement because of a set of challenges including pre-existing

immune responses to Cas9, the effects of repetitive expositions,
the genome stability and off target effects of the protein, the
optimization for the transient expression of Cas9, etc.

Adeno-associated viruses have long been used as viral delivery
method for gene therapy approaches. However, AAVs induce
immune responses and thus, patients undergoing treatment using
AAVs will not be able to participate in other trials using the
same vector (129). This serious issue might be handled by the
removal of AAVs neutralizing antibodies by plasmaphereses in
AAV seropositive candidates prior to treatment (122) and by
immunomodulation of anti-AAV precursor (120, 123). Another
approach to solve this anti-AAV issue is the development of AAV
serotypes that are less immunogenic and cannot be recognized by
the host immune system (146). AAVs also have limited packaging
size, a drawback which is partially circumvented using trans-
splicing technics with dual or triple AAV systems to package large
DNA sequences. However, the trans-splicing methods are not
as efficient as the use of single AAVs (133, 134). EVs represent
a potential alternative for gene therapy cargo delivery. EVs are
naturally produced by the human body and can be used to
transfer large molecules (136).

CONCLUSION

Duchenne muscular dystrophy, as a hereditary rare disease,
causes serious burdens, and suffering for both patients and
their families. The increased knowledge about the disease and
its etiology has led to a better understanding and development
of pharmacological and clinical strategies to help patients.
Nowadays, interesting therapeutic approaches (Figure 5) and
combined strategies for phenotypic improvement, transitive,
or long-term dystrophin expression under the sarcolemma are
increasing and giving hope to those afflicted with this disease.
Some of these DMD treatments have already obtained pre-
authorization to treat some DMD patients. Improvements are
still required to increase the effectiveness and long-term safety of
these treatments.
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