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Abstract: Duchenne muscular dystrophy is caused by inadequate generation of functional dystrophin 
protein. Traditional clinical treatments can only slightly mitigate the progression of the disease, but not 
completely stem or reverse the decline in muscle function. Therapies aimed at dystrophin recovery are 
currently under development, among which are exon skipping and stop codon readthrough therapies. They 
are now used in clinics, while gene addition therapies are in phase III clinical trials. Gene editing therapies 
have also been approved for the first clinical trial recently. This review will discuss these emerging 
therapies, clinical trials, and directions for future developments.
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1. Introduction

Duchenne muscular dystrophy (DMD) is a severe progressive X-chromosome genetic disorder that 
affects approximately 19.8 out of every 100,000 male infants worldwide [1]. Boys with DMD typically begin 
to exhibit symptoms after the first year of life. Early symptoms include frequent falls, inability to run and 
climb stairs. By the age of twelve, many experience complete loss of independent walking ability, followed 
by the gradual development of cardiomyopathy and respiratory failure, and finally early death due to 
respiratory failure [2].

The dystrophin gene has 79 exons to encode dystrophin protein. Frameshift and nonsense mutations in 
the dystrophin gene might result in DMD; these mutations lead to premature termination of translation and 
production of non-functional dystrophin. Dystrophin protein has four structural domains: the N-terminal 
domain; the rod domain; the cysteine-rich domain (CR); the C-terminal domain (CT) [4]. Together with 
sarcoglycans, sarcospan, dystrobrevin, syntrophins and neuronal nitric oxide synthase (nNOS), they 
constitute a major part of the dystrophin-associated protein complex (DAPC). DAPC acts as a membrane 
stabilizer during myocyte contraction [5]. Dystrophin deficiency is responsible for DAPC disintegration, with 
consequent widespread implications for muscle cell function. Another phenotype of dystrophin mutation is 
Becker muscular dystrophy (BMD), a relatively benign form of muscular dystrophy, with a semi-functional 
dystrophin [5].

The current clinical strategies for treating DMD are mainly symptomatic regimes, including 
glucocorticoids, physical therapy and symptomatic supportive therapy, which only delay the advancement of 
DMD, but do not halt or reverse its progression. In some conditions, these treatment options even have 
obvious side-effects [6]. Therefore, etiological therapeutic approaches for DMD have emerged; these 
therapeutic approaches either aim to directly restore dystrophin expression or indirectly target the 
downstream effectors caused by insufficient dystrophin [7]. As described below, the pathogenesis of DMD 
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consists of multiple processes, thus therapies directly restoring dystrophin would resolve the original cause, 
while therapies targeting the downstream of insufficient dystrophin might only partially address these issues. 
This review focuses on reviewing the current development of the dystrophin gene-related nucleic acid 
therapies.

2. Pathogenic Mechanism of DMD

Since its first discovery in 1986, thousands of mutations of the dystrophin gene have been reported. 
Most patients with DMD carry one or more exon deletions; duplications, small deletions, insertions and point 
mutations are also frequently found, and these mutations all have their own “hot spot” regions [8,9]. These 
various mutations cause the production of non-functional dystrophin, which in turn accounts for the 
disassembly of DAPC. Because of the important role of DAPC in maintaining the structural integrity and 
contractile activity of muscle cells, its disintegration has a wide spectrum of adverse effects on muscle cell 
functions, such as sarcolemma weakening, functional ischemia, free-radical damage, cytosolic calcium 
overloading, regeneration failure, and sequences of muscle damage [10]. Multiple pathological processes are 
instigated and eventually the damaged muscle cells are replaced by fibrotic and adipose tissue, giving rise to 
muscle dysfunction.

3. Restoring Dystrophin Expression

The pathological changes of DMD are caused by the lack of functional dystrophin. Over the recent 
years, several therapies aimed at restoring dystrophin expression have been approved. The following novel 
nucleic acid therapeutic strategies have been developed to restore functional dystrophin expression (Figure 1).

4. Exon Skipping

Antisense oligonucleotide (ASO) achieves exon skipping by regulating mRNA splicing, thereby 
restoring the disrupted reading frame and producing truncated, but functional dystrophin, similar to what 
happens in BMD. The first nucleic acid drug approved for DMD is Eteplisren, a phosphorodiamidate 
morpholino oligomer (PMO), that selectively binds to exon 51 of the pre-mRNA of dystrophin and re-instates 
the open reading frame. A phase III, multicenter, open-label study (NCT02255552) evaluated the efficacy and 
safety of Eteplirsen in a large cohort [11]. After 96 weeks, patients with DMD in the treatment group showed 
an increase in exon skipping (18.7-fold) and functional dystrophin (7-fold) compared to baseline. Consistent 
with the Phase II clinical trial (NCT01396239), the six-minute walk test distance decreased more slowly 
compared to the control group, and no drug-related adverse effects were observed [11,12]. In 2016, Eteplirsen 
was approved for marketing in the United States, even though the phase III clinical trial was not finished. 
Although there was incomplete evidence, advocation from patients contributed considerably to driving the 
drug development process [13].

The skipping efficiency of Eteplirsen could be improved by fusion with a cell-penetrating peptide [14]. 
Sarepta used this approach to develop SRP-5051; phase I trials have been completed and now it is in phase II 
for dose determination (NCT04004065). According to the information provided by Sarepta Therapeutics, 
SRP-5051 showed higher exon skipping efficiency and more dystrophin production at a tenfold lower 
exposure dose than Eteplirsen [15]. When SRP-5051 was administered at 30 mg/kg monthly, the mean exon 
skipping rate was 10.79% and the mean dystrophin expression was 6.55% [16]. However, safety is a 
prerequisite for drug trials; the U.S. Food and Drug Administration (FDA) placed SRP-5051 on clinical hold 
after two patients developed severe hypomagnesemia [17]. In September 2022, FDA removed the clinical 
hold on SRP-5051 and the trial will be conducted under more stringent safety monitoring [18].

In addition to Eteplirsen, there are three other ASO drugs already commercially available: Casimersen 
(exon 45), Viltolarsen (exon 53) and Golodirsen (exon 51). It is worth noting that the hot region of dystrophin 
gene mutations is exons 45–55, and if multi-exon skipping can be performed, more patients will benefit [19].

5. Stop Codon Read-Through

Approximately 13% of patients with DMD carry nonsense mutations with an early-appearing stop 
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codon. Therefore, promoting read-through of the early-appearing stop codon might produce a fully functional 
protein. Ataluren is a small molecule with such a feature; it is able to bind to multiple protein synthesis 
apparatus sites and competitively inhibit release factor-dependent termination [20,21]. Data from a phase II 
trial (NCT00592553) concluded that Ataluren was statistically significantly better than placebo [22]. 
However, the outcomes of another phase II clinical trial (NCT03648827) showed minimal changes in muscle 
dystrophin levels in patients before and after the use of Ataluren. Moreover, the findings of a recent phase III 
clinical trial showed that the use of Ataluren delayed the age of ambulatory capacity loss by 2.2 years and the 
deterioration of predicted forced vital capacity to <60% by 3.0 years [23]. While results of a different phase 
III clinical trial (NCT01826487) showed that Ataluren only limited the loss of walking ability in some 
patients [24].

The efficacy of Ataluren remains controversial and its mechanism is not fully explored. Further studies 
are needed to identify suitable patients for this drug [25].

6. Gene Addition

Adeno-associated virus (AAV) vector has long been used when inserting exogenous genes for 
therapeutic purposes. However, the cDNA of the full-length dystrophin gene exceeds the packaging capacity 
of AAV, so a truncated micro-dystrophin or mini-dystrophin is used [26, 27]. To minimize the toxicity and 
immunogenicity of expression in non-muscle tissues, a number of muscle-specific promoters have been 
tested for therapeutic use [28]. One of them, using the MHCK7 promoter (SRP-9001), has entered phase III 
clinical trial (NCT05096221). Four patients were recruited in the phase I/IIa and results showed no serious 
adverse effects after treatment. At 12 weeks post-trial, immunohistochemistry of gastrocnemius muscle 

Figure 1.　Approaches to restore dystrophin. A. Non-functional dystrophin generated by DMD. The deletion of exon 51 
resulted in the production of a non-functional dystrophin. B. Exon skipping. A kind of antisense oligonucleotide (ASO) 
binds to exon 52 of the pre-mRNA of dystrophin, thus inducing skipping of exon 52 and restoring the reading frame. 
C. Stop codon readthrough. Ataluren can help patients with nonsense mutations readthrough the stop codon. D. Gene
editing. One of the methods of gene editing: reframing the target exon to restore the reading frame. E. Gene addition.
Comparison of the structure of a micro-dystrophin with that of a full-length dystrophin. ABD, actin-binding domain.
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biopsy specimens showed that a mean of 81.2% of myofibrils expressed micro-dystrophin, with a mean 
intensity of 96% at the sarcolemma. Western blot showed an average expression of 74.3% without fat or 
fibrosis adjustment [29]. In July 2022, Sarepta provided new data at the 17th International Congress on 
Neuromuscular Diseases (ICNMD 2022); the results of I/IIa trial (NCT03375164) showed that the total North 
Star Ambulatory Assessment (NSAA) score (the higher the score, the better the functional motor abilities, up 
to 34 points) was 9.9 points higher in patients treated over four years than that in the control group [30]. In 
another Open-Label trial (NCT04626674), after one year of treatment, the NSAA score was 3.8 points higher 
in the treatment group than that in the control group [30]. These data imply that patients in the treatment 
group have experienced a significant improvement in motor function. With positive clinical results, Sarepta 
announced in September 2022 that it has submitted a Biologics License Application (BAL) to FDA for an 
accelerated approval of SRP-9001.

Pfizer’s PF 06939926 (also in Phase III clinical trial) was suspended after one patient died in Phase I 
clinical trial [31]. Before this incident, a total of six serious adverse events were reported, including persistent 
vomiting resulting in dehydration, acute kidney injury with atypical hemolytic uremic syndrome (aHUS)-like 
complement activation, thrombocytopenia with aHUS-like complement activation [32] and myocarditis [33]. 
Evidence of active viral infection was found in these patients and after consultation with the study’s 
monitoring committee, the safety risk is deemed as “manageable” [34]. The trial resumed after Pfizer 
addressed the relevant requirements proposed by the FDA and updated the Phase III clinical trial 
protocol [35].

SGT-001, a gene therapy drug developed by Solid, was placed on hold twice due to reduced platelet and 
red blood cell counts in phase I/II trials. One patient also developed acute kidney injury, which could be a 
side effect caused by an overdose of the virus. The trial has resumed after all adverse events were resolved 
and once the safety management plan had been revised [36].

One concern is how long the micro-dystrophin transgene can be consistently expressed in humans after 
injection. In a canine model of DMD, gene expression and clinical score improvement were continuously 
maintained for up to 24 months after vector injection, in the absence of immunosuppression [37]. However, 
similar data is absent in patients with DMD. For patients with pre-existing AAV antibodies or those who have 
been treated but micro-dystrophin expression has declined, a change of vector serotype [38], plasma 
replacement or Imlifidase [39], which could reduce AAV antibody titer, is required.

In addition, common features of current micro-dystrophin coding sequences are the presence of an N-
terminal domain, the cysteine-rich domain, a partial structure of the rod domain, and the absence of a C-
terminal domain. The design of the sequence is related to the interaction of the expressed micro-dystrophin 
with various intracellular proteins, especially the rod domain. The rod domain may be associated with nNOS 
and possess the ability to regulate muscle perfusion and enhance muscle strength [40]. It also needs to be 
acknowledged that viral vectors are expensive and it is difficult to produce enough to meet patients’  need.

7. Gene Editing

The number of cells that need to be edited in patients with DMD is large, thus the ideal option is to 
deliver guide RNA and Cas9 to the appropriate location for in vivo editing. In vivo gene editing is suitable for 
DMD for several reasons: (1) the dystrophin gene is located on the X chromosome, so only one gene per 
nucleus needs to be corrected; (2) the dystrophin gene cannot be directly replaced due to its enormous size, 
but the gene itself can be repaired; (3) improving the patient’s condition does not require restoring dystrophin 
to normal level; and (4) the structure of the dystrophin gene allows restoration of some of its functions by 
exon skipping, which can also be achieved by gene editing [40]. With gene editing, exon remodeling, deletion 
and jumping can be performed. Base editing techniques can be used to regulate splicing or correct nonsense 
mutations, and even homology directed repair (HDR) can be performed [41]. One advantage of gene editing 
over gene addition is that the endogenous normal dystrophin can be regulated physically.

In multiple animal models of DMD, gene editing corrects mutations [40]. Recently, the first gene editing 
therapy, CRD-TMH-001, entered clinical trial (NCT05514249). It targets mutations in the dystrophin gene at 
the promoter or exon 1, which might stabilize or even reverse DMD progression by upregulating the 
expression of an isoform of dystrophin through gene editing [42].
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At present, certain trials are ongoing for DMD (Table 1). ASO, stop codon read-through, gene addition 
and gene editing therapies all have considerable potential to help patients with DMD. However, there are 
many difficulties for nucleic acid therapies to overcome before they can be used clinically. The first challenge 
is safety; the immune response to the bacterial proteins and synthetic molecules used in gene editing must be 
minimized. The next challenge is effectiveness. Although the edited genes can be permanent, how long the 
cells will survive is still undefined. Exon skipping drugs require continual optimization of oligonucleotide 
sequences to increase skipping efficiency and reduce side effects. Finally, the delivery system might also 
trigger an immune response and side-effects [43]. Scientists and paralogical companies need to work in 
conjunction to address these challenges [44].

8. Conclusion

Gene therapy has progressed rapidly since 1972, when Friedmann and Roblin proposed the hypothesis 
of gene therapy for the treatment of genetic diseases [45]. This has been especially important for rare 
diseases, where conventional drugs seldom prevent disease progression. Nucleic acid therapy based on 
genetic central dogma gives hope to patients. For the development and approval of drugs for rare diseases, it 
is important to consider clinical need, humanistic care and data-based scientific principles.

Author Contributions: G. H. drafted manuscript; G. H. prepared figures; C. C. supervised and drafted manuscript. All 
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the National Natural Science Foundation of China (82270363 to C.
C.). No funding bodies had any role in the study design, data collection and analysis, decision to publish, or preparation 
of the article.

Data Availability Statement: Not applicable.

Acknowledgments: We thank our colleagues in Dr. Chen Chen’s group for technical assistance and stimulating 
discussions during the course of this investigation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Crisafulli S.; Sultana J.; Fontana A.; et al. Global epidemiology of Duchenne muscular dystrophy: an updated
systematic review and meta-analysis. Orphanet. J. Rare Dis., 2020, 15(1): 141.

2. Mercuri E.; Bönnemann C.G.; Muntoni F. Muscular dystrophies. Lancet, 2019, 394(10213): 2025-38.

Table 1.　Gene addition and gene editing therapies for DMD in ongoing clinical development.

SRP-9001

PF-
06939926

SGT-001

CRD-
TMH-001

Mechanism

Vector: AAVrh74
Promoter: MHCK

Vector: AAV9
Promoter: MCK

Vector: AAV9
Promoter: CK
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Trial 
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Ⅲ

Ⅰ/Ⅱ
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Details

Available results from 
Phase I and Phase I/II 
experiments indicate that 
patients in the treatment 
group experienced a more 
significant improvement in 
motor performance [30].

A hold was placed after 
one patient died in Phase 
I clinical trials. The trial 
has now resumed [34, 35].

A hold was placed twice 
due to reduced platelet and 
red blood cell counts in 
phase I/II trials. The trial 
has now resumed [36].

The trial has just begun.
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