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Abstract: The CRISPR system has emerged as a ground-breaking gene-editing tool, offering promising therapeutic potential for 
Duchenne muscular dystrophy (DMD), a severe genetic disorder affecting approximately 1 in 5000 male births globally. DMD is 
caused by mutations in the dystrophin gene, which encodes a critical membrane-associated protein essential for maintaining muscle 
structure, function and repair. Patients with DMD experience progressive muscle degeneration, loss of ambulation, respiratory 
insufficiency, and cardiac failure, with most succumbing to the disease by their third decade of life. Despite the well-characterized 
genetic basis of DMD, curative treatments- such as exon skipping therapies, micro-dystrophin, and steroids- remain elusive. Recent 
preclinical studies have demonstrated the promise of CRISPR-based approaches in restoring dystrophin expression across various 
models, including human cells, murine systems, and large animal models. These advancements highlight the potential of gene editing 
to fundamentally alter the trajectory of the disease. However, significant challenges persist, including immunogenicity, off-target 
effects, and limited editing efficiency, which hinder clinical translation. This review provides a comprehensive analysis of the latest 
developments in CRISPR-based therapeutic strategies for DMD. It emphasizes the need for further innovation in gene-editing 
technologies, delivery systems, and rigorous safety evaluations to overcome current barriers and harness the full potential of 
CRISPR/Cas as a durable and effective treatment for DMD. 
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Introduction
Duchenne muscular dystrophy (DMD) is one of the most severe monogenic disorders, characterized by progressive 
muscle degeneration and weakness.1 Primarily affecting boys, DMD arises from mutations in the X-linked DMD gene, 
which encodes dystrophin, a protein critical for maintaining muscle fiber integrity. Due to lack of dystrophin protein 
production, DMD patients experience progressive muscle degeneration, leading to increasing muscle weakness and 
eventual loss of ambulation.2,3 The impact extends further into adolescence, with patients, between 18 and 20 years of 
age, often requiring ventilatory support as the disease affects respiratory and cardiac muscles.4,5 Tragically, most patients 
with DMD face premature mortality, often before the age of 30. Affecting approximately 1 in 5,000 male births 
worldwide,6 DMD imposes a profound clinical and societal burden due to its early onset and lack of curative therapies.

Current management strategies, such as corticosteroid therapy can only delay the progression of disease and prolong 
ambulation.4,7 However, corticosteroid treatment is linked to several side effects, including unintended weight gain, 
growth delay, delayed puberty, bone fragility, and adrenal insufficiency.8 Advanced therapeutic approaches include exon 
skipping with oligonucleotides, stem cell-based therapies, and gene replacement to restore dystrophin expression.9 While 
some have shown transient benefits, most target the symptoms rather than correcting the root genetic defect, and their 
long-term efficacy remains under investigation in ongoing clinical trials.

In recent years, significant advancements in molecular genetics have paved the way for innovative therapeutic 
approaches targeting the root cause of DMD. Gene editing technologies, particularly CRISPR/Cas9, have shown promise 
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in correcting the mutations within the DMD gene.10,11 Preclinical studies have demonstrated the potential of CRISPR- 
based strategies to restore dystrophin expression in animal models, offering hope for a transformative treatment that 
could alter the disease trajectory. It has been estimated that up to 80% of DMD patients could potentially benefit from 
gene editing strategies targeting common and less frequent mutations.12 Despite these promising advances, numerous 
challenges remain to be addressed before gene editing can become a viable clinical treatment for DMD. These include 
optimizing editing efficiency, ensuring precise targeting, developing effective delivery methods to reach all affected 
muscles, and mitigating potential immune responses to the therapy.13,14

This review article aims to provide an update on the current state of gene editing approaches for DMD, discussing 
recent advancements, potential opportunities, and remaining obstacles in the field. By examining these facets, we seek to 
elucidate the potential of gene editing as a viable therapeutic avenue for individuals afflicted with Duchenne muscular 
dystrophy.

Current Therapeutic Landscape of DMD
The current therapeutic landscape for DMD has evolved significantly with advancements targeting the disease’s genetic 
and pathological basis. The DMD gene, one of the largest in the human genome (~2.2 Mb), is highly prone to mutations 
that often disrupt the open reading frame (ORF) and result in non-functional dystrophin, leading to DMD.15–18 DMD 
gene contains 79 exons, many of which encode the central rod domain of dystrophin, consisting of 24 spectrin-like repeat 
domains.12,19 Certain in-frame deletions in the central rod domain of dystrophin can preserve partially functional 
dystrophin, leading to the milder Becker muscular dystrophy (BMD) phenotype.20–23 BMD patients typically exhibit 
less severe muscle degeneration, later disease onset, and longer survival compared to DMD patients. Therefore, 
therapeutic strategies aim to leverage this natural phenomenon by converting the severe DMD phenotype into the milder 
BMD condition.20,21,24,25 This can be achieved through gene replacement therapies that introduce microdystrophin 
transgenes or through exon skipping approaches using antisense oligonucleotides (ASOs).

Exon skipping restores the open reading frame by masking specific exons during pre-mRNA splicing, allowing for the 
production of truncated but functional dystrophin. Since 2016, four FDA-approved ASO therapies—Exondys 51, 
Vyondys 53, Viltepso, and Amondys 45—have been tailored to specific exon deletions26 (Table 1). Despite advances 

Table 1 Available FDA-Approved Antisense Oligonucleotide and Gene Therapy Options for DMD

Name Manufacturer Chemistry & 
Therapeutic Target

FDA 
Approval 
Date

Eligible DMD Population References

Exondys 51 
(eteplirsen)

Sarepta 

Therapeutics

Antisense oligonucleotide 

(PMO); Targets exon 51

Sep 19, 

2016

~13% of DMD patients (exon 51 mutation) [27,28]

Vyondys 53 
(golodirsen)

Sarepta 

Therapeutics

Antisense oligonucleotide 

(PMO); Targets exon 53

Dec 12, 

2019

~8% of DMD patients (exon 53 mutation) [29]

Viltepso 
(viltolarsen)

NS Pharma 

(Nippon 
Shinyaku)

Antisense oligonucleotide 

(PMO); Targets exon 53

Aug 12, 

2020

~8% of DMD patients (exon 53 mutation) [30,31]

Amondys 45 
(casimersen)

Sarepta 
Therapeutics

Antisense oligonucleotide 
(PMO); Targets exon 45

Feb 25, 
2021

~8% of DMD patients (exon 45 mutation) [32–34]

Elevidys 
(delandistrogene 

moxeparvovec- 

rokl)

Sarepta 
Therapeutics

AAV vector gene transfer; 
delivers micro-dystrophin 

gene to muscle (one-time 

infusion)

Jun 22, 
2023 

(expanded 

Jun 20, 
2024)

Theoretically benefits 100% of DMD patients 
regardless of mutation type (ELEVIDYS is 

contraindicated in patients with any deletion in 

exon 8 and/or exon 9 in the DMD gene due to 
the increased risk for a severe immune- 

mediated myositis reaction). Initially approved 

for ambulatory patients aged 4–5 years.

[35–37]
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in ASO technology, challenges remain, including limited applicability to specific mutations, incomplete restoration of 
dystrophin function, and the need for systemic delivery to all affected muscle groups specifically cardiac tissue.

Gene-replacement therapy has emerged as a promising approach to replace the dysfunction endogenous dystrophin 
using microdystrophin, a functional but shortened version of dystrophin. In June 2023, FDA granted accelerated approval 
to delandistrogene moxeparvovec (Elevidys), an AAV-mediated gene therapy for DMD patients aged four and five years 
who do not have deletions in exon 8 and/or 938 (Table 1). This single-dose therapy delivers a microdystrophin transgene 
via AAV74.39 Despite its potential, microdystrophin therapy has limitations, including transgene loss due to rare AAV 
integration, immune responses preventing retreatment, and risks of insertional mutagenesis and off-target effects.

Glucocorticoids like prednisone/prednisolone and deflazacort remain a mainstay for managing secondary symptoms 
of DMD, such as inflammation, fibrosis, impaired angiogenesis, altered calcium homeostasis, and mitochondrial 
dysfunction. However, their non-selective action leads to significant side effects, including weight gain, growth 
suppression, bone fragility, and adrenal insufficiency, limiting long-term use.8,40–42 To reduce steroid toxicity, alternative 
dosing regimens have been explored. A study by Quattrocelli et al demonstrated that pulsed weekly steroids can confer 
metabolic advantages and improved muscle performance43 while reducing corticosteroid-associated side effects com
pared to conventional daily dosing.43 Translating this concept to patients, the FOR-DMD trial (a large multicenter 
randomized study) directly compared daily prednisone with an intermittent regimen (10 days on, 10 days off) in boys 
with DMD. The trial found that although intermittent prednisone was associated with a modest reduction in some side 
effects, it was significantly less effective than daily dosing in slowing disease progression and improving motor 
outcomes.44

In parallel with dosing modifications, Vamorolone (brand name Agamree), a first-in-class dissociative corticosteroid, 
was recently approved for the treatment of DMD.42 It is specifically designed to preserve the anti-inflammatory efficacy 
of traditional glucocorticoids while minimizing their detrimental effects on bone health, metabolism, and growth. In the 
pivotal VISION-DMD trial, vamorolone demonstrated clinical efficacy comparable to prednisone along with a more 
favorable safety and tolerability profile. Nevertheless, some adverse events characteristic of corticosteroid therapy were 
still observed under vamorolone. According to trial data and subsequent post-approval analyses, the most common side 
effects reported with vamorolone included Cushingoid features (eg rounded face), behavioral and mood disturbances 
(psychiatric disorders), vomiting, increased body weight, and vitamin D deficiency.45

Adding to the therapeutic arsenal, the FDA recently approved givinostat, a histone deacetylase inhibitor, in 
March 2024 for DMD patients aged six years and older.46 Unlike other therapies, givinostat is applicable irrespective 
of specific genetic mutations and has shown efficacy in reducing fibrosis and improving muscle function. Ongoing 
studies aim to evaluate its long-term safety and effectiveness, marking a significant step forward in non-steroidal 
treatment options for DMD.

While significant progress has been made, there remains a critical need for more comprehensive and effective 
therapies that address the underlying genetic causes of DMD. Overcoming challenges such as systemic delivery, 
mutation-specific limitations, and ensuring durable efficacy will require ongoing innovation to advance treatment options 
and improve the quality of life for all DMD patients. Gene editing can offer the potential to directly target the underlying 
genetic causes of DMD, providing a more effective, durable, and broadly applicable solution.

Gene Editing as a Promising Therapeutic Approach for DMD
CRISPR/Cas System
Clustered regularly interspaced short palindromic repeats (CRISPR) originally discovered as a bacterial immune 
mechanism, has been adapted as a powerful genome-editing tool.47–49 In bacteria, CRISPR incorporates segments of 
viral DNA into the host genome, where they are transcribed into RNAs that guide Cas endonuclease to recognize and 
destroy invading viral DNA. The system has been repurposed for genome editing, involving two key components: 
a single guide RNA (sgRNA) that directs the Cas protein to a specific genomic target sequence near a PAM (protospacer 
adjacent motif) region and the Cas endonuclease itself, which creates double-stranded DNA breaks (DSBs).47,49

Degenerative Neurological and Neuromuscular Disease 2025:15                                                           https://doi.org/10.2147/DNND.S495536                                                                                                                                                                                                                                                                                                                                                                                                      19

Haque and Yokota

Powered by TCPDF (www.tcpdf.org)



Gene editing is facilitated by two repair mechanisms after creating a double-stranded DNA break (DSB). In the 
presence of a DNA donor template, homology-directed repair (HDR) can introduce precise modifications at the target 
site. However, HDR is active only in proliferative cells and has limited efficiency in quiescent cells and postmitotic cells, 
such as muscle stem cells and myofibers and cardiomyocytes.50,51 Nonhomologous end-joining (NHEJ), on the other 
hand, operates in both dividing and non-dividing cells, introducing small insertions or deletions (indels) at the site of the 
DSB.52 This process is especially effective in correcting out-of-frame mutations, such as restoring the open reading frame 
(ORF) of the DMD gene by targeting splice donor or acceptor sequences.

CRISPR systems are categorized into two classes based on the Cas proteins involved. Class 1 systems require 
multiple Cas effectors, while Class 2 systems, which include Cas9, Cas12, and Cas13, use a single Cas protein and are 
more commonly employed in genome editing.53 The most commonly used Cas9 enzyme, derived from Streptococcus 
pyogenes (SpCas9), has 1368 amino acids and typically generates blunt-end cuts by recognizing PAM sequences of 5′- 
NGG-3′ or 5′-NAG-3′.47,49,54 Smaller Cas9 variants, such as Staphylococcus aureus Cas9 (SaCas9, 1053 amino acids) 
and Campylobacter jejuni Cas9 (CjCas9, 984 amino acids), recognize more restrictive PAM sequences (eg, 5′-NNGRRT 
-3′ and 5′-NNNVRYM-3′, respectively) but are better suited for delivery via adeno-associated virus (AAV) vectors due to 
their smaller size.55–57 Similarly, Cas12 enzymes like LbCas12a (1228 amino acids) and AsCas12a (1307 amino acids) 
target T-rich PAM sequences (5′-TTN-3′), expanding the editing possibilities.58–60

Advances in Cas protein engineering have further enhanced specificity and reduced off-target activity, leading to 
high-precision variants like eSpCas9, Spy-mac Cas9, HypaCas9, evoCas9, HeFSpCas9, xCas9, HiFiCas9, Sniper-Cas9, 
SpCas9-HF1, SpCas9-NG, FnCas9-RHA, SaCas9-KKH, AsCas12a-RVR, and enAsCas12a.61 Additionally, modified 
forms such as nickase Cas9 (nCas9) and deactivated Cas9 (dCas9) expand its applications to base editing and transcrip
tional regulation, further increasing its utility.62,63

These features, combined with the range of PAM sequences and sizes available, make CRISPR/Cas the preferred 
choice for DMD therapeutics and other genetic disorders, where targeted, efficient, and scalable gene-editing solutions 
are critical. Most importantly, it outperforms older technologies like transcription activator-like effector nucleases 
(TALENs) and zinc-finger nucleases (ZFNs). While ZFNs lack targeting specificity, increasing the risk of cytotoxic off- 
target effects, TALENs face challenges in delivery due to their large size.64–67 In contrast, CRISPR/Cas9, with its smaller 
sgRNA-directed mechanism, offers greater flexibility and ease of delivery.

For DMD, the modularity and efficiency of CRISPR/Cas9 make it uniquely suited to correct mutations in the DMD 
gene. Its ability to restore dystrophin expression by precisely targeting and repairing disrupted exons offers hope for 
transforming DMD treatment, surpassing the limitations of older gene-editing approaches and providing a pathway to 
durable and effective therapeutics.

Gene Editing Therapeutic Strategy for DMD Using CRISPR/Cas System
The first proof-of-concept study for in vivo CRISPR-mediated gene editing in DMD was demonstrated in 2014 by Long 
et al.68 This study utilized the mdx mouse model, which carries a nonsense mutation in Dmd exon 23. Researchers 
injected zygotes with SpCas9, a single guide RNA (sgRNA), and an exogenous single-stranded oligodeoxynucleotide 
(ssODN) DNA template to facilitate homology-directed repair (HDR).68 A key finding of this study was that approxi
mately 15% genetic correction was sufficient to restore dystrophin expression to normal levels in nearly all myofibers. 
This outcome is attributed to the syncytial nature of skeletal muscle, where corrected nuclei can distribute dystrophin 
protein throughout the muscle fibers, enabling therapeutic benefits even with partial correction.

Although germline editing demonstrated potential in this study, ethical considerations and regulatory policies have 
since directed research toward postnatal gene-editing approaches for human DMD therapy. Subsequently, postnatal 
editing was accomplished using recombinant adeno-associated viruses (AAVs) to deliver CRISPR/Cas9 components, 
enabling in vivo exon skipping or deletion to correct the dystrophin gene. These findings highlight the therapeutic 
potential of CRISPR-based strategies to target various DMD mutations effectively. The primary strategies for CRISPR- 
mediated therapeutic correction of DMD mutations include exon excision, exon skipping, exon reframing, exon knock in, 
base editing, and prime editing.
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Single-Cut Exon Editing
Single-cut exon editing requires only one sgRNA to create a single double-stranded DNA break (DSB) at the target 
intron-exon boundaries or splice signal sequences of DMD. Following the DSB, the endogenous non-homologous end- 
joining (NHEJ) repair mechanism introduces insertions or deletions (INDELs) at the break site, leading to two potential 
outcomes69 (Figure 1A). One is exon skipping, where INDELs disrupt the splicing consensus sequence, causing the exon 
to be skipped during mRNA splicing. This restores the open reading frame (ORF) of dystrophin, enabling the production 
of a functional protein.13 As almost 80% of the DMD patients could benefit from exon skipping based on the Leiden 
DMD mutation database, this strategy has high potential as therapeutic option for DMD.70

Another strategy is exon reframing where the generated indels lead to a targeted frameshift to restore ORF.13 While 
theoretically, one-third of INDELs should be in-frame, studies suggest that the outcomes of NHEJ can often be predicted 
by analyzing the fourth nucleotide upstream of the PAM sequence.69 This predictability enhances the precision of the 
single-cut editing process. In cases where INDELs inadvertently recreate the original uncorrected DNA sequence, the 
sgRNA can continue directing the Cas enzyme to recut the DNA. This iterative process continues until the PAM site or 
DNA target sequence is eliminated, ensuring the intended genetic correction. Additionally, Min et al developed another 
strategy where optimized sgRNA generates a single adenosine insertion at the DSB due to a strategically created single 
nucleotide overhang. This targeted approach can consistently restore the ORF in cases where exons are out of frame by 
only one nucleotide, significantly enhancing the reliability of reframing.

A study by Li et al demonstrated the very first example of single-cut exon editing in in vitro model. In the study the 
authors used a patient-derived iPSCs carried a deletion of exon 44 in the Dmd gene.71 This mutation caused a frameshift 
in the open reading frame (ORF), preventing the production of functional dystrophin protein, a hallmark of DMD. To 
correct the mutation, the authors used specific single-guide RNAs (sgRNAs) to target the sequences flanking exon 44 
either to disrupt the splicing acceptor to skip exon 45 which will connect exons 43 and 46 and would restore the reading 
frame. Another strategy was to introduce small indels to modulate the protein reading frame. After correction, the edited 
iPSCs were differentiated into skeletal muscle cells, which expressed full-length dystrophin protein, demonstrating 
successful restoration of gene function.71

In another in vitro study, Long et al used patient-derived iPSCs with exon 48–50 deletions which creates an out-of- 
frame exon 51 with a stop codon.72 By designing single-guide RNAs (sgRNAs) to the splice acceptor site of exon 51, the 
researchers induced exon skipping and effectively restored the open reading frame of the dystrophin gene. Most 
importantly, the corrected iPSCs were then differentiated into cardiomyocytes, which showed restored dystrophin protein 
expression. Three-dimensional engineered heart muscle (EHM) derived from corrected cells demonstrated restored 
dystrophin expression and improved mechanical force of contraction. Notably, correcting only 30–50% of cardiomyo
cytes was sufficient to rescue the mutant EHM phenotype to near-normal control levels.72

Apart from exon 45–55 mutational hotspot, single-cut exon skipping has been used to skip exons within the exon 2–9. 
In a very recent study, researchers employed a single-guide RNA (sgRNA) CRISPR/Cas9 strategy to excise duplicated 
exons—specifically exon 2, exons 2–9, and exons 8–9 in patient-derived myogenic cells—thereby restoring the ORF of 
the dystrophin gene. The method showed high specificity with minimal off-target effects, demonstrating its potential as 
an efficient and precise therapeutic strategy for correcting DMD mutations involving exon duplications.73

In animal models, several studies have demonstrated the high efficiency of single-cut sgRNA strategies in restoring 
dystrophin expression. For example, Amoasii et al treated ΔEx50 mice74 and dogs75 with a single-cut exon-skipping 
approach targeting exon 51. This strategy successfully reframed the dystrophin transcript by skipping exon 51 and 
restored up to 90% of dystrophin protein expression in skeletal muscles and the heart. The treatment significantly 
improved muscle function and reduced histopathological markers of muscular dystrophy without adverse effects such as 
immune responses, off-target mutagenesis, or liver toxicity. Similarly, Min et al (2019) reported ~90% restoration of 
dystrophin protein expression across all muscle groups, including the heart, in ΔEx44 mice within four weeks of a single 
systemic dose of AAV9-encoded gene editing components.76 A recent study by Rok et al (2024) demonstrated that 
targeting the splice donor site of exon 55 with a single guide enhanced editing efficiency and dystrophin recovery 
compared to a dual-guide exon excision approach.77 While this method showed potential in preventing early-onset 
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Figure 1 A schematic of CRISPR mediated therapeutic strategies for DMD including single-cut exon editing (A), double-cut exon editing (B), Nucleotide editing (C and D), 
Exon knock-in (E), HDR (Homology dependent repair) mediated exon correction (F), CRISPR/dCas mediated utrophin activation (G).
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cardiac dysfunction in Δ52–54 DMD mice, dystrophin recovery in skeletal muscle was insufficient to improve motor 
function, highlighting the need for better AAV delivery strategies to peripheral muscles. Additionally, the efficacy of 
single-cut editing can vary significantly depending on the specific mutation. For instance, a study reported SpCas9 with 
an sgRNA targeting the splice donor site of exon 44 restored dystrophin in ~60% of myofibers in DMD ΔEx45 mice but 
achieved only ~36% in a DMD ΔEx43 model.78 These findings emphasize the need to optimize sgRNA design and 
delivery strategies for single-cut exon editing to maximize its therapeutic potential in DMD treatment.

Double-Cut Exon Editing
Approximately 65–72% of DMD patients carry out-of-frame mutations caused by the deletion of one or more exons.15 

Restoring the reading frame through single or multiple exon deletions has the potential to produce a shorter yet functional 
dystrophin protein. The double-cut exon deletion approach, which utilizes two guide RNAs (sgRNAs) targeting regions 
flanking the mutated exons, effectively removes the target exon(s)79–81 (Figure 1B). This method is particularly 
advantageous due to its mutation-independent nature, making it applicable to exon duplications, deletions, and point 
mutations. Consequently, it could benefit up to 85% of DMD patients, addressing a broad range of mutational profiles.61

One prominent target for CRISPR/Cas9-mediated exon excision is the region spanning exons 3–9 of the DMD gene, 
a hotspot frequently implicated in N-terminal mutations.82 However, this domain plays a critical functional role, and 
large multi-exon deletions within this region may yield unstable or non-functional dystrophin proteins. Clinical 
observations suggest that individuals with a deletion encompassing exons 3–9 (Δ3–9) often exhibit asymptomatic or 
mild Becker muscular dystrophy (BMD) phenotypes due to the retention of the actin-binding site ABS1 which is 
essential for dystrophin’s role in stabilizing the muscle membrane.17 A study by Kyrychenko et al (2017) demonstrated 
the efficacy of three distinct multi-exon deletions (exons 3–9, 6–9, or 7–11) in human induced pluripotent stem cells 
(iPSCs) for restoring the dystrophin reading frame.82 Among these, exon 3–9 excision was the most effective, restoring 
contractility and calcium transients in iPSC-derived cardiomyocytes. Conversely, exon 7–11 deletion resulted in minimal 
recovery of cardiomyocyte function due to the production of an unstable dystrophin protein.

Single exon deletion strategies have also been explored in animal models. The deletion of exon 23 using either AAV- 
SaCas9 or AAV-SpCas9 systems has been validated in neonatal and adult mdx mice. For instance, Nelson CE et al (2019) 
demonstrated that genome editing in mdx mice was sustained for one year following a single intravenous administration 
of AAV-CRISPR.83 However, the study also highlighted an unintended increase in AAV integrations at CRISPR-induced 
double-strand breaks than the intended exon deletion.

Expanding on these findings, Xu L. et al (2019) investigated the long-term safety and efficacy of CRISPR/Cas9- 
mediated multi-exon deletions in mdx mice.84 Using the AAVrh.74 vector to deliver the CRISPR/SaCas9 system 
targeting introns 20 and 23, exon 21–23 was successfully deleted in 3-day-old mdx mouse pups. This approach restored 
dystrophin expression in cardiac muscle, which remained detectable even 19 months post-treatment. The intervention 
significantly improved cardiac function, with no evidence of tumor formation or other adverse effects in major vital 
organs, underscoring the therapeutic potential and safety of multi-exon deletion strategies in DMD.

The exon 45–55 mutational hotspot also presents a promising target for CRISPR/Cas9 mediated multi-exon deletion 
strategy, as small in-frame deletions within this region could serve as a therapeutic approach for over 60% of DMD 
patients, regardless of their mutation type.80 For instance, Ousterout et al (2015) demonstrated that CRISPR/Cas9- 
mediated deletion of exon 51 or exon 45–55 successfully restored the dystrophin reading frame in patient-derived 
myoblasts.80 However, the efficiency of exon 45–55 deletion was notably lower than that of single-exon deletions due to 
the size-dependent decline in nuclease-mediated genomic deletion efficiency. Further studies by Young et al (2017) 
showed that ∆exon 45–55-corrected hiPSC-derived cardiomyocytes and skeletal muscle myotubes exhibited restored 
dystrophin expression and improved muscle stability.79 A significant finding was the reduction in microRNA 31 (miR31) 
levels post-correction, aligning with patterns observed in BMD patients, suggesting a shift toward a milder phenotype. 
Recent advancements, such as the study by Poyatos-García (2024), provided additional insights into CRISPR/Cas9- 
mediated exon 45–55 excision.85 Edited ∆45–55 clones not only restored the DMD reading frame and dystrophin 
expression in patient-derived myoblasts but also corrected terminal myogenic differentiation defects observed in unedited 
DMD myotubes.
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Several studies have extended this double-cut editing strategy to other multi-exon deletions, such as ∆44–54, ∆46–54, 
and ∆.48–57[86–88] Notably, the deletion of exon 48–57 restored a normal reading frame and produced dystrophin with 
normally phased spectrin-like repeats (SLRs), a structural feature often disrupted by exon skipping or complete exon 
deletions.88 Furthermore, single exon deletions, such as exon 51 or 53, using SpCas9 have also proven effective in 
repairing the dystrophin reading frame in human DMD ΔEx48–50 or ΔEx45–52 myoblasts, respectively.61

In vivo studies further validated these approaches. For example, Young et al reported that electroporation of plasmids 
containing guide RNAs (gRNAs) targeting introns 44 and 55 successfully generated an exon 45–55-deleted in-frame 
dystrophin transcript in hDMD del45 mdx mice.89 Similarly, targeting introns flanking exons 52–53 in mdx4cv mice with 
a nonsense mutation in exon 53 restored the dystrophin reading frame, with dystrophin expression observed in cardiac, 
diaphragmatic, and skeletal muscles.90 Interestingly, dystrophin expression in the heart was more robust than in skeletal 
muscle, likely due to the high turnover rate of skeletal muscle fibers and the persistence of AAV-mediated editing in 
cardiac tissue. A recent study by Rok et al (2024) explored a double-cut strategy to excise exon 55 in Δ52–54 mice using 
SaCas9 and intronic sgRNAs.77 While this approach successfully removed exon 55, the overall editing efficiency and 
dystrophin recovery were limited and found to be restricted to cardiac tissue, underscoring the need for more efficient 
editing strategies.

Beyond mouse models, systemic administration of SpCas9 components via AAV9 vectors in DMD ΔEx52 pigs 
restored dystrophin expression across muscle tissues, ranging from 12% to 54% of normal levels. This led to improve
ments in muscle pathology, enhanced skeletal and cardiac function, and extended lifespan.91

Despite encouraging outcomes, double-cut editing strategies face notable limitations. This approach is primarily 
effective for excising exons that encode regions of dystrophin capable of tolerating deletions without compromising 
functionality. However, its efficiency is generally lower than that of single-cut strategies. The reduced efficiency is likely 
attributable to the requirement for precise cleavage by both sgRNAs across large genomic distances and the accurate 
joining of DNA ends.83 Furthermore, the use of two distinct sgRNAs increases the risk of off-target effects and raises 
concerns about the potential for unintended mutations or chromosomal rearrangements caused by the simultaneous 
generation of DSBs.83 These challenges emphasize the need for further refinement and optimization to maximize the 
therapeutic potential of multi-exon deletion strategies in DMD treatment.

Nucleotide Editing
To address the limitations of traditional genome editing methods, nucleotide editing technologies such as base editing and 
prime editing have emerged as promising alternatives, offering precise and permanent genome modifications without 
generating double-stranded DNA breaks.14,15 Base editing, which includes cytosine base editors (CBEs) that convert 
DNA C•G base pairs to T•A base pairs and adenine base editors (ABEs) that convert DNA A•T base pairs to G•C base 
pairs, has shown potential in correcting point mutations in the dystrophin gene and inducing beneficial NHEJ-mediated 
exon skipping by modifying splice sites92,93 (Figure 1C). These approaches are particularly significant for DMD, where 
approximately 25–35% of patients carry point mutations.12,15 Unlike conventional CRISPR approaches, nickase Cas9 
(nCas9) and deactivated Cas9 (dCas9), which are used for BEs and PEs, do not induce double-strand breaks (DSBs), 
thereby reducing the risks of AAV vector integration and undesired insertions or deletions (INDELs).94

A range of studies highlights the potential of base editing in DMD. Chemello et al (2017) employed an ABE-triggered 
exon skipping approach using the nSpCas9-ABEmax system to correct mutations in human DMD ΔEx51 iPSCs and 
neonatal DMD ΔEx51 mice, successfully inducing exon 50 skipping.95 The local delivery of nSpCas9-ABEmax 
components into the skeletal muscles of DMD ΔEx51 mice can induce dystrophin restoration in nearly all skeletal 
myofibers and thereby prevent muscle pathology. At the very same time another study by Ryu S.M. et al (2017) corrected 
a nonsense point mutation in exon 20 by introducing an A-to-G substitution.96 The system has been found to cause 
genomic correction at ~3.3% efficiency and restore dystrophin expression in up to 17% of skeletal myofibers in the DMD 
mice.

Yuan J. et al (2018) employed cytosine base editors (CBEs) fused with nSaCas9 to induce exon skipping by 
converting G-to-A at splice sites in human DMD ΔEx51 iPSC-derived cardiomyocytes.97 The study demonstrated 
~90% at the genomic level, which brings about nearly complete restorations of dystrophin and β-dystroglycan in the 
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corrected cardiomyocytes. Li et al (2021) further demonstrated that a single-dose AAV9-CBE treatment targeting exon 4 
in neonatal DmdE4 mice resulted in over 50% exon skipping and up to 90% dystrophin restoration in the heart, with 
therapeutic effects persisting for over a year.98 Although cytosine base editors (CBEs) have demonstrated success in 
genome editing, multiple studies suggest that adenine base editors (ABEs) offer a safer alternative due to their higher 
specificity and lower off-target activity. This raises the critical need to investigate the potential risks associated with 
in vivo use of CBEs, particularly in the context of DMD animal models, to evaluate whether they might lead to 
unforeseen adverse effects such as oncogenesis.99–101

Xu et al (2021) addressed key challenges such as large size of base editors, their inherent off-target activities, and the 
dependency on a nearby protospacer adjacent motif (PAM) by developing the NG-targeting adenine base editor (iABE- 
NGA).102 Systemic delivery of AAV9-iABE-NGA in adult mdx4cv mice achieved near-complete dystrophin restoration in 
the heart and up to 15% in skeletal muscle fibers after 10 months, with minimal off-target activity and no detectable toxicity. 
Additional advancements include the study by Qiu H. et al (2023) who developed targeted activation-induced cytidine 
deaminase (AID)-mediated mutagenesis (TAM) to achieve exon skipping in patient-derived iPSC cardiomyocytes.103 This 
approach precisely edits conserved guanines at splice sites in genomic DNA, abrogates exon recognition, and skips targeted 
exons. Using a targeted AID-mediated mutagenesis cytosine base editor (TAM-CBE), they achieved near-complete 
skipping of these exons in patient-derived iPSC cardiomyocytes. Chai et al (2023) employed an ABE-mediated “single- 
swap” editing strategy in human iPSC-derived cardiomyocytes and ΔEx44 mice.104 The “single-swap” editing approach 
corrects the frameshift mutation by substituting a single nucleotide, thereby restoring dystrophin expression in skeletal and 
cardiac muscles at rates of 19–31% and 53–60%, respectively. Similarly, transfection of ABE and a guide RNA (gRNA) in 
human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) with a large deletion (ΔE48–54) enabled exon 
55 skipping and subsequently achieving 42.5% dystrophin restoration.105

In a very recent study, intramuscular administration of ABEs, driven by ubiquitous or muscle-specific promoters, was 
employed to target and correct the nonsense mutations in the dystrophin gene of two humanized mouse models 
expressing human dystrophin gene exons with nonsense mutations in exon 23 or exon 30. The base editing treatment 
successfully restored dystrophin expression up to 59% in the skeletal muscle fibers of the humanized DMD mice.106 

Most notably, Lin J et al (2024) demonstrated systemic delivery of ABE via AAV in the humanized DMD mice improves 
the muscle function to the similar level of wild type with up to 96% restoration of dystrophin expression in critical 
muscle tissues, including the heart, tibialis anterior, and diaphragm muscles.107

Although these studies collectively underscore the transformative potential of base editing in treating DMD, limited 
target specificity, off-target changes to the genome, large size of dCas9-deaminase fusion protein are the current major 
weakness of base editing.96,108,109 Additionally, newly engineered prime editing can also function as BEs, allowing for 
all possible base conversions at a specific position of the genome.

Prime editing gRNA (pegRNA) in combination with nickase Cas9 and a spacer complementary to the target site can 
perform targeted and precise small insertions, deletions, or base changing62,110 (Figure 1D). Chemello et al (2021) were the 
first to evaluate prime editing in the context of DMD.95 The study utilized PE in cardiomyocytes derived from human DMD 
ΔEx51 iPSCs to restore the open reading frame (ORF) of dystrophin transcripts by inserting two nucleotides into downstream 
exon 52. This editing resulted in functional dystrophin protein expression at 24.8–39.7% of normal levels in the corrected 
cardiomyocytes. Additionally, contractile function was improved in cardiomyocytes differentiated from the edited iPSCs.

A major limitation of prime editing is the rapid decline in editing efficiency when the target nucleotide is distant from the 
nick site, reducing flexibility in target site selection.111 To address this limitation, Happi MC et al optimized the reverse 
transcription template (RTT) length to enhance editing efficiency.111 This optimization was applied to correct the c.8713C>T 
mutation in DMD exon 59 in patient-derived myoblasts. The approach led to a 3.8-fold improvement in the correction of the 
target nucleotide located at position +13 from the nick site. Collectively, the optimized prime editing achieved a 22% mutation 
correction rate, restoring 42% dystrophin expression in differentiated myotubes. In a related study, PE was used to correct the 
c.428 G>A point mutation in exon 6 of the DMD gene in patient-derived myoblasts.112 Electroporation of myoblasts yielded 
up to 28% modifications, resulting in detectable dystrophin expression in myotubes. These findings highlight the potential of 
prime editing as a precise and versatile tool for correcting mutations in the DMD gene.
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Exon Knock-In
In contrast to the previously discussed strategies, the exon knock-in approach uses CRISPR-induced homology- 
dependent repair (HDR) to incorporate a DNA donor template, enabling the restoration of full-length dystrophin 
protein12 (Figure 1E and F). This approach is particularly critical for mutations in the N- or C-terminal regions of 
dystrophin, which are functionally important and cannot tolerate CRISPR-mediated deletions.19 However, exon knock-in 
via HDR is generally unsuitable for restoration dystrophin expression in DMD due to its low efficiency in post-mitotic 
cells.61 Nevertheless, HDR-based strategies have been utilized to address point mutations in DMD animal models and 
single-exon deletions in human DMD iPSCs.61

In one of the earliest studies employing HDR-mediated correction of the DMD gene, Long et al (2014) injected a sgRNA 
targeting exon 23 of the Dmd gene and a single-stranded oligodeoxynucleotide (ssODN) as a donor template for HDR- 
mediated gene repair into zygote of mdx mice.68 The study reported a 41% correction rate of the mdx alleles through HDR, 
leading to dystrophin restoration in various muscle tissues, albeit at different rates in 7- to 9-week-old mice. Despite the 
remarkable efficiency of HDR-mediated gene editing, it was still only half of what was achieved using non-homologous end 
joining (NHEJ)-mediated in-frame correction. In a similar study, the authors employed a 180-bp ssODN with LbCpf1 and 
sgRNA in zygotes to correct a point mutation in exon 23.113 The correction rates ranged from 8% to 50%, resulting in full 
restoration of dystrophin protein in multiple skeletal muscle groups, heart, and brain, with no signs of fibrosis or inflammatory 
infiltration. Moreover, the SpCas9 system and donor templates have been used to insert the missing exon 44 into DMD ΔEx44 
iPSCs, enabling the generation of full-length human dystrophin protein in derived cells.71

A study by Bengtsson NE et al (2017) utilized CRISPR/Cas9-mediated HDR to target exon 53 in mdx4Cv mice.90 

AAV6-encoded SpCas9, sgRNA, and a donor template were delivered intramuscularly to restore full-length wild-type 
dystrophin. HDR-mediated gene editing achieved an efficacy of 0.18% in total genomes, approximately 47.7% lower 
than the efficiency of NHEJ for the same target region. Although HDR was not the primary focus of this study, it 
highlighted the limited applicability of HDR in post-mitotic cells, such as mature muscle fibers, due to its reliance on the 
cell cycle.

In addition to mouse models, HDR-mediated correction of the Dmd gene has been explored in canine models. A study 
by Mata López S et al (2020) demonstrated intramuscular injections of HDR-CRISPR/Cas9 in GRMD dogs resorted up 
to 16% dystrophin protein expression of normal levels.114 However, the treatment did not yield significant improvements 
in histopathologic analysis or muscle force measurements. The findings underscore the necessity of further optimization 
of HDR-based gene editing strategies to enhance their efficacy for the treatment of DMD.

To address the limitations of conventional approaches, a recently developed method known as homology-independent 
targeted integration (HITI) provides a more efficient alternative for exon knock-in in post-mitotic cells.115 HITI is an 
NHEJ-based knock-in technique that uses an exogenous donor template flanked by Cas9 cleavage sites. Cas9-mediated 
cleavage of the genomic target and donor template enables the NHEJ machinery to integrate the donor DNA precisely 
and efficiently. HITI-mediated exon knock-in was recently applied to insert the missing human exon 52 into hDMDΔ52/ 
mdx mice.116 Both intramuscular and systemic delivery of the SaCas9 system and AAV-encoded DNA templates restored 
full-length dystrophin expression in skeletal and cardiac muscles, with up to 50% dystrophin-positive cells observed in 
one mouse. Additionally, the study demonstrated the potential of delivering a “superexon” encompassing the last 28 
exons of the DMD gene, which could be applicable to a broader range of DMD mutations, potentially benefiting over 
20% of DMD patients.116

Alternative Approaches
Modulating disease-modifier genes offers a promising therapeutic approach for all DMD patients, regardless of their 
specific dystrophin mutation. One such modifier, utrophin (UTRN), a dystrophin homolog,117,118 has shown potential to 
partially compensate for the lack of dystrophin in DMD.119 While it plays a crucial membrane-stabilizing role in fetal 
muscle cells, utrophin is typically replaced by dystrophin during adulthood.120,121 Studies have demonstrated that 
increasing UTRN expression can alleviate dystrophinopathy symptoms in a dose-dependent manner without inducing 
toxicity, highlighting its therapeutic potential.122,123
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Given the large size of utrophin cDNA, which exceeds the packaging capacity of most viral vectors, alternative 
strategies have been explored to upregulate UTRN expression. CRISPR activation (CRISPRa) systems have shown 
significant promise in this regard (Figure 1G). For instance, Wojtal et al (2016) employed a catalytically inactive SpCas9 
fused to a VP160 transcriptional activator (dCas9-VP160) to target the UTRN promoter in Δexon 45–52 DMD 
myoblasts.124 This approach led to a 1.7- to 6.9-fold increase in utrophin expression compared to basal levels. 
Similarly, Liao et al used a different CRISPRa system in mdx mice, achieving a 3-4-fold increase in UTRN expression 
in vivo, along with improved hind-limb grip strength compared to Cas9/mdx controls after two months of treatment.125

In a recent study, Andrysiak et al (2024) applied a CRISPR-dCas9-VP64 system with sgRNA targeting the UTRN 
promoter in DMD hiPSC-CMs. This approach resulted in a nearly 4-fold increase in UTRN mRNA levels, which 
preserved the physiological functions of dystrophic hiPSC-CMs, including intracellular Ca²+ handling.126

Another strategy for upregulating utrophin involves CRISPR/Cas9-mediated genome editing to delete the inhibitory 
miRNA target region (IMTR) within the UTRN 3′ UTR. Sengupta et al (2020) demonstrated this approach in DMD 
patient-derived human induced pluripotent stem cells (DMD-hiPSCs), resulting in a 2-fold increase in utrophin protein 
levels.127 Functional improvements were also observed in myotubes differentiated from the edited iPSCs.

In addition to CRISPR-mediated utrophin upregulation, efforts have focused on enhancing the expression of 
dystrophin variants. For instance, Cure Rare Disease, Inc. initiated the first CRISPR-based n-of-1 clinical trial for 
DMD (NCT05514249), targeting a 27-year-old patient with an exon 1 deletion.128 The trial employed AAV9-dCas9- 
VP64 to upregulate dystrophin expression. However, the patient experienced severe adverse events, including cardiac 
dysfunction and acute respiratory distress syndrome, which were later found to be attributed to the high AAV dose rather 
than the CRISPR technology itself.

DMD Animal Models Generated by CRISPR-Mediated Genome Editing
In addition to its therapeutic applications, CRISPR/Cas9 technology has transformed the creation of animal models for 
DMD by providing a rapid, cost-effective, and precise method for introducing specific genetic mutations. Unlike 
traditional methods that take years, CRISPR reduces the timeline to months and allows simultaneous targeting of 
multiple genes using guide RNAs (gRNAs).129,130 With minimal reagents and direct microinjection into zygotes, it 
eliminates the need for complex processes like embryonic stem cell use. The high efficiency and ease of use associated 
with CRISPR/Cas9 make it an invaluable tool for developing animal models that closely mimic human diseases like 
DMD.131–134 These models are crucial for understanding disease mechanisms and testing potential treatments, signifi
cantly advancing research in neuromuscular disorders.

To date, over 60 different animal models of DMD have been identified or generated across various species, including 
Caenorhabditis elegans, Drosophila, zebrafish, rodents, rabbits, dogs, pigs, and nonhuman primates.135

Mice Model
ΔEx50 Mouse Model: Created by Amoasii et al (2017), this model carries an out-of-frame deletion of exon 50 in the 
Dmd gene, leading to dystrophin absence in skeletal and cardiac muscles and exhibiting dystrophic symptoms.74 

A variant with a luciferase construct was later developed to enable non-invasive monitoring of dystrophin 
restoration.136

ΔEx44 Mouse Model: Developed by Min et al (2019), this model features exon 44 deletion, showing a lack of 
dystrophin in skeletal and cardiac muscles and severe dystrophic pathology, making it suitable for testing exon-skipping 
therapies targeting distal exon 43–55 hotspots.76

ΔEx8-34 Model: Generated by Egorova et al (2019), this model harbors the largest deletion created in vivo, spanning 
exons 8–34. It displays severe dystrophic features and is used for testing therapies targeting the proximal exon 1–22 
mutation hotspot.137

Exon 23 Frameshift Models: Koo et al (2018) created models with a 14 bp deletion or 1 bp insertion in exon 23, 
resulting in dystrophin loss and muscle dysfunction. These models demonstrated the potential of smaller Cas9 variants 
like CjCas9 for DMD therapies.138
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Point Mutation Model (D108): Kim et al (2017) introduced a point mutation in exon 20 using base-editing 
technology, leading to a premature stop codon.139 While phenotypic analysis was limited, this model serves as proof 
of concept for base-editing therapeutic approaches.

hDMD del45: This humanized model carries an exon 45 deletion, mimicking common patient mutations. It exhibits 
dystrophic pathology when crossed with mdx backgrounds and is used to test therapies like exon 45–55 skipping.89

Δ52-54 mouse model: Wong et al (2020) generated a DMD mouse model which carries a deletion of exons 52 to 54 
in the dystrophin gene.140 This genetic alteration leads to the absence of dystrophin protein, resulting in progressive 
muscle deterioration and weakened muscle strength. Notably, these mice also present with early-onset hypertrophic 
cardiomyopathy, a condition that is absent in some existing DMD mouse models.

DMD∆mE5051,KIhE50/Y mice: In this model, mouse exons 50 and 51 of the Dmd gene are replaced with the human exon 
50 sequence, effectively mimicking the human condition.107 Lin et al (2024) knocked in the human exon 50 sequence to 
replace both exon 50 and 51 of mouse Dmd gene in a single step. This humanized DMD mouse model exhibited 
disorganized muscle fiber and severe fibrosis in muscle but not heart tissue.

Other Animal Models
Although DMD mice model are easily reproducible and cost-effective, they sometimes show mild symptoms compared 
to human DMD patients. For example, for mdx model they do not develop pronounced pathological characteristics until 
around 15 months of age and have a relatively minor reduction in lifespan of about 25%.61 One possible reason behind 
this mild phenotype can be attributed to their strong muscle regeneration capabilities and the compensatory upregulation 
of utrophin.141,142 To address these limitations, researchers have sought to replicate the DMD phenotype in other animal 
models.

Nakamura et al (2014) developed several DMD rat models using CRISPR/Cas9 technology.143 By targeting exons 3 
and 16 of the Dmd gene with two gRNAs and Cas9 mRNA, the authors generated mutations characterized by deletions 
(1–577 bp) or insertions (1–4 bp), with deletions being more frequent. Some rats exhibited mosaicism. Out-of-frame 
mutants demonstrated complete dystrophin loss in the tibialis anterior (TA) muscle, while in-frame mutants showed 
reduced dystrophin levels. Both mutant types exhibited impaired muscle function and significantly elevated serum 
creatine kinase (CK) levels.

In addition to skeletal muscle pathology, the diaphragm and heart displayed dystrophic changes, with the cardiac 
abnormalities representing a notable advantage of this model over the mdx mouse model, although further investigation 
is required.144 The larger body size and continuous disease progression in these rats make them a promising alternative 
for studying DMD and its therapeutic interventions.144–146

A DMD rabbit model was developed by Sui et al (2018) using CRISPR/Cas9 technology.147 Cas9 mRNA and two 
gRNAs targeting exon 51 of the Dmd gene were co-injected into rabbit zygotes, resulting in 26 mutant rabbits out of 33 
live births from 128 injected zygotes. These mutants displayed various indels, including cases with multiple mutations in 
the same or both alleles. Mutant rabbits showed significantly reduced DMD transcript levels and a complete loss of 
dystrophin protein. Reduced levels of α-sarcoglycan and glycosylated α-dystroglycan were also observed at skeletal 
muscle membranes. Dystrophic phenotypes included reduced muscle fiber, increased fibrosis and abnormal cardiac 
function with reduced ejection fraction (EF) and fractional shortening (FS) by 4 months. Additionally, rabbits are highly 
productive, with year-round breeding capabilities, shorter gestation periods, and relatively low maintenance costs 
compared to larger animals.147–149 However, despite its physiological relevance and potential for studying DMD 
progression and cardiac pathology, the DMD rabbit model has not yet been utilized for therapeutic testing, limiting its 
application in preclinical studies.150

Pigs have emerged as a promising model for DMD research due to their genetic, physiological, and anatomical 
similarities to humans, particularly in cardiac structure and function. The first CRISPR/Cas9-generated DMD pig model 
was developed by Klymiuk et al (2013) through exon 52 deletions.151 However, this model exhibited early mortality, 
with most piglets dying within the first week of life. Subsequently, in 2016, Yu et al employed CRISPR/Cas9 technology 
to target exon 27 of the Dmd gene in Diannan miniature pigs.152 They microinjected Cas9 mRNA and a single-guide 
RNA (sgRNA) into zygotes, resulting in the birth of two piglets, one of which carried multiple indel mutations in the 
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Dmd gene. This mutant pig exhibited reduced dystrophin levels in skeletal muscles and the heart, along with typical 
dystrophic features such as decreased myofiber size and necrosis. However, again both piglets died shortly after birth, 
with the mutant surviving only 52 days. The early mortality observed in these models presents a significant challenge for 
utilizing porcine DMD models in preclinical studies, as the short lifespan limits the ability to comprehensively evaluate 
disease progression and therapeutic interventions. Despite these limitations, the close anatomical and physiological 
parallels between pigs and humans make porcine models particularly valuable for studying the cardiac aspects of DMD. 
Additional challenges include the longer gestational period of pigs (approximately 114 days), their substantial space 
requirements, higher maintenance costs, and regulatory restrictions on the use of genetically engineered pigs.148,153,154 

Despite these limitations, the anatomical and physiological similarities between pigs and humans, particularly in cardiac 
structure and function, make them valuable for studying the cardiac aspects of DMD.150

Although no CRISPR/Cas9-generated canine model for DMD currently exists, canine DMD models closely replicate 
the disease progression and severity observed in human patients, including limb muscle fibrosis and cardiomyopathy.155– 

157 In Japan, studies utilizing canine DMD models, such as the Golden Retriever model of DMD (GRMD)155 and Canine 
X-linked Muscular Dystrophy in Japan (CXMDJ) dogs,158 have demonstrated that these models may be more suitable for 
preclinical translational research compared to other large animal models. However, the widespread use of canine DMD 
models in therapeutic translation is significantly constrained by the substantial economic costs and the extended time 
required to breed these animals in sufficient numbers.148,153,154

The first CRISPR/Cas9-generated monkey model for DMD was developed by Chen et al in 2015.159 The researchers 
used CRISPR/Cas9 to introduce mutations in exons 4 and 46 of the DMD gene in rhesus monkeys (Macaca mulatta). 
A total of 179 embryos were injected, resulting in two stillborn and nine live monkeys carrying the desired mutations. 
For stillborn monkeys, three different frameshifting mutations in exon 4: a 2 bp deletion and 2 bp and 20 bp insertions 
was found. Histological analysis revealed dystrophic features, including reduced fiber size, hypertrophic myofiber 
clusters, 12.5–17.5% centrally nucleated fibers (CNFs), and increased interstitial space. These findings suggest early- 
onset dystrophic symptoms before birth. The live monkeys displayed various frameshifting mutations in exons 4 and/or 
46, but no phenotypic analysis was conducted. A subsequent study by the same group confirmed the absence of off-target 
edits in coding regions for two live mutant monkeys, with minimal off-target indels detected in intergenic and intronic 
regions.160 While monkeys share the highest genetic and physiological similarity to humans, challenges such as high 
costs, long gestational periods, the lack of phenotypic data for live mutants, and ethical considerations make the use of 
this model in therapeutic testing for DMD highly challenging.150,159

Challenges and Future Direction
CRISPR-based therapies have gained significant attention in recent years for their potential to revolutionize the treatment 
of genetic diseases. Approval of the first CRISPR/Cas9-based therapy for sickle cell disease on December 8, 2023,161 

highlights the transformative potential of genome editing in treating genetic disorders. In the context of DMD, CRISPR 
holds promise as a ground-breaking approach to address the root genetic causes of the disease. However, its application 
remains experimental and is still in the early stages of development due to several challenges in this field. This discussion 
aims to outline the key challenges associated with the use of CRISPR for DMD therapy and explore potential solutions to 
enable therapeutic genome editing to become a reality for DMD patients.

Editing Efficiency and Durability
Optimizing CRISPR technology through the precise design of editing strategies and efficient delivery of CRISPR 
components to various tissues is pivotal for developing effective therapies for DMD. Over the years, researchers have 
developed different strategies to enhance this technology. For instance, the development of single-cut editing approaches 
has resolved challenges associated with double-cut methods. Innovative techniques such as Homology-Independent 
Targeted Integration (HITI)115,116 and Single Homology Arm Donor-Mediated Intron-Targeting Integration (SATI)162 

have been established to enable robust DNA knock-in in both proliferating and quiescent cells. Alternative strategies 
focusing on overexpressing utrophin, a paralog of dystrophin, have also been explored to compensate for dystrophin’s 
functional deficiency.127,163 Additionally, refining newly developed technologies such as CRISPR-associated 
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transposases, guide RNA-assisted targeting of transposable elements, twin prime editors, and programmable site-specific 
integration methods could pave the way for therapies capable of fully restoring dystrophin protein levels, offering 
transformative potential for DMD treatment.164–167

Given the multinucleated nature of myofibers, complete correction of all nuclei may not be necessary to achieve 
therapeutic benefits. Clinical findings suggest that restoring dystrophin expression to levels between 4% and 50% can 
shift a DMD phenotype to the milder Becker Muscular Dystrophy (BMD) phenotype.168 However, due to the high 
turnover rates of skeletal muscles in DMD patients, corrected myofibers may eventually be replaced by dystrophic ones, 
limiting the long-term effectiveness of treatment.169,170 Since muscle regeneration is driven by satellite cells undergoing 
de novo myogenesis, targeting these cells with CRISPR components could theoretically ensure durable therapeutic 
benefits. Several studies have shown that genomic editing in muscle satellite cells can maintain restored dystrophin 
expression for up to 18 months in the skeletal muscles of mdx mice.171–174

An alternative strategy involves co-delivering micro-dystrophin with CRISPR gene-editing components to achieve 
prolonged dystrophin restoration.175 A recent study reported that systemic administration of an AAV6-encoded micro- 
dystrophin gene in DMD mdx4Cv mice stabilizes skeletal myofibers, prevents the loss of CRISPR components, and 
ensures persistent dystrophin expression in skeletal muscles.175 Given the success of micro-dystrophin gene therapy in 
clinical trials and its subsequent FDA approval, this dual approach may provide sustained therapeutic benefits, addressing 
key challenges in DMD management.

Immunogenicity
Adeno-associated virus (AAV) vectors are currently the most effective means for systemic delivery of CRISPR 
components.176,177 However, a significant challenge in using AAV vectors is the activation of innate and adaptive 
immune responses. Pre-existing anti-AAV antibodies are present in a substantial proportion of the population, rendering 
some DMD patients with high levels of AAV-neutralizing antibodies ineligible for AAV-based therapies.178,179 

Additionally, the high doses of AAV, typically ranging from 5.5 × 1014 to 1.8 × 1015 vector genomes (vg)/kg, required 
to targ et al l muscles in the human body can lead to adverse effects.76,83,90,180 The administration of high-dose AAV9 (at 
least 1.5 × 10¹14 vg/kg) has been associated with adverse effects, including liver toxicity and kidney injury, in animal 
models such as dogs, piglets, and nonhuman primates.181,182 Furthermore, systemic delivery of AAV9 carrying the 
human micro-dystrophin gene in clinical trials for DMD patients, at doses between 5 × 10¹³ and 3 × 1014 vg/kg, has been 
linked to severe adverse events such as cardiopulmonary insufficiency and thrombocytopenia, with a recent patient 
fatality raising additional concerns.183 To address these issues, interventions such as plasmapheresis or immunosuppres
sive treatments may be employed to lower anti-AAV antibody titers or suppress the host immune system before initiating 
therapy.64,184 Moreover, novel AAV capsid variants like AAVMYO and MyoAAV, which exhibit enhanced muscle 
tropism, are being developed.185–187 These variants have the potential to reduce the required viral dose by at least tenfold, 
significantly improving safety. Self-complementary AAV (scAAV) vectors have been developed to deliver sgRNA 
expression cassettes to skeletal and cardiac muscles.188 Unlike single-stranded AAV (ssAAV) vectors, scAAV bypasses 
the need for second-strand synthesis, is more resistant to degradation, and requires at least 20-fold lower doses to achieve 
effective genome modification.188–190

While the dual-AAV system offers an advantage in achieving the necessary sgRNA-to-Cas9 ratio for efficient 
systemic editing, the development of “all-in-one” AAV vectors that combine small Cas9 variants and sgRNAs into 
a single vector could further reduce the required viral dose and simplify manufacturing processes.13,138,191

Beyond AAV vectors, immune responses specific to Cas proteins, which are derived from bacterial and archaeal 
sources, have been observed in both animal models and humans. For example, antibodies and T cells targeting SaCas9 
and SpCas9 have been detected in approximately 78% and 58–67% of healthy individuals, respectively.192 However, 
systemic delivery of AAV-SaCas9 components in neonatal mice did not elicit cellular or humoral immune responses 
against AAV vectors or Cas proteins, possibly due to the lower AAV dosage requirement, better-preserved muscle 
condition, and absence of pre-existing immunity in young animals.11,83 Furthermore, engineered Cas9 proteins with 
reduced immunogenicity have been developed, providing a promising strategy to minimize immune activation.193 

Another component of CRISPR/Cas gene editing, sgRNAs, has been shown to stimulate innate immune responses 
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in vitro, though their immunogenicity in vivo remains uncertain.194,195 Further research is needed to explore post- 
transcriptional modifications of sgRNAs to reduce potential immunogenic effects in vivo.

Since corticosteroids are commonly used in DMD patients to manage inflammation, their concurrent administration 
with CRISPR gene therapy presents a practical strategy to mitigate immune responses, enhancing the feasibility and 
safety of the treatment. Additionally, concerns regarding immune responses to restored dystrophin protein appear 
minimal, as DMD patients typically exhibit a low frequency of spontaneous “revertant fibers” in which the reading 
frame is naturally corrected.196 Consequently, dystrophin is unlikely to be recognized as foreign by the immune system, 
further supporting the therapeutic potential of CRISPR-based approaches for DMD.

Off-Target Activity
The potential for off-target activity in CRISPR systems remains a significant challenge for clinical applications. Despite 
efforts to design precise single-guide RNAs (sgRNAs), the CRISPR/Cas9 system can tolerate minor mismatches, 
potentially causing double-stranded breaks (DSBs) at unintended genomic locations. Additionally, SpCas9 has been 
reported to exhibit relatively high off-target activity due to its tolerance for up to five mismatches between the sgRNA 
sequence and the target site.197–199 While most off-target events are observed in highly proliferative cells in vitro, studies 
suggest that off-target genome editing is minimal in post-mitotic skeletal and cardiac cells.11,12

To reduce this potential outcome, different high-fidelity Cas enzymes, such as HypaCas9, evoCas9, SpCas9-HF1, and 
enAsCas12a-HF1, have been developed).[61,199–204] Cas12 proteins, in particular, demonstrate lower off-target activity 
compared to Cas9 variants, making them a safer alternative for therapeutic applications.60,205 Another approach involves 
paired nicking, where a nickase Cas9 (nCas9) induces offset single-stranded breaks instead of DSBs. These single- 
stranded breaks are repaired via base-excision repair, a high-fidelity DNA repair pathway, significantly reducing off- 
target mutagenesis.206

Optimizing sgRNAs also plays a crucial role in improving specificity. Truncated sgRNAs, shorter than 20 nucleotides, 
have been shown to decrease genome-wide off-target events by up to fivefold.207 Additionally, muscle-specific promoters 
can be employed to restrict CRISPR component expression exclusively to muscle tissue, reducing the risk of unintended 
editing in non-target tissues such as the liver and kidneys.74,90,208

Computational tools, including Cas-OFFinder and CRISPRscan, assist in designing sgRNAs with high efficiency and 
minimal off-target potential. Furthermore, advanced techniques such as Digenome-seq, GUIDE-seq, and CIRCLE-seq 
enable the identification of a broader range of potential off-target sites, facilitating comprehensive assessments of 
CRISPR-mediated genome editing.14 These strategies collectively enhance the precision and safety of CRISPR-based 
therapeutics, paving the way for more effective clinical applications.

Delivery
Adeno-associated virus (AAV) vectors are widely utilized for delivering CRISPR components in DMD studies due to 
their ability to efficiently transduce both dividing and non-dividing cells. Their high transduction efficiency, low 
immunogenicity, and tissue tropism toward skeletal and cardiac muscles make them particularly suitable for DMD 
therapy.14,209 However, AAV vectors face significant limitations, including a packaging capacity of approximately 4.7 
kilobases (kb).57 Since the SpCas9 protein alone (~4 kb) nearly fills this limit, adding components such as sgRNAs, 
transcriptional activators, or reverse transcriptases becomes impractical. To address this limitation, smaller Cas9 
orthologs like SaCas9 and CjCas9 or dual AAV vectors are used to deliver separate components.178,210 However, the 
dual vector system often requires higher viral doses, increasing the risk of toxicity. Additionally, AAV vectors pose risks 
such as integration into double-stranded DNA break (DSB) sites, potentially leading to unintended mutagenesis, and their 
accumulation in the liver raises concerns about dose-dependent toxicity and adverse effects.11,211

Lentiviral vectors (LVs) have also been explored as delivery vehicles for CRISPR components in DMD patient- 
derived myoblasts. With a relatively large packaging capacity (~8 kb) and the ability to transduce both mitotic and post- 
mitotic cells, LVs present an alternative option.212–214 However, their potential for insertional mutagenesis and limited 
systemic bioavailability in skeletal muscle hinder their broader application in DMD models.215 Adenovirus (AdV), 
another viral vector, has been employed for delivering CRISPR components in DMD therapy.216,217 While AdV 
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efficiently transduces immature or regenerative muscle cells, its efficacy in mature skeletal muscle fibers remains 
limited.218 Despite this, AdV has demonstrated promise in in vitro studies by removing large fragments of the DMD 
mutational hotspot and restoring dystrophin expression up to 50% in intramuscularly treated mdx mice, improving 
muscle function.216,217

Non-viral vectors, including Lipid Nanoparticles (LNPs), Polymers, Gold Nanoparticles (GNPs), and Virus-Like 
Particles (VLPs), provide alternative approaches for CRISPR component delivery in DMD therapy.212 These nanopar
ticles are internalized by cells via endocytosis and offer several advantages, such as reduced immunogenicity, lower 
costs, and minimized off-target effects.12,219,220 Among these, LNPs have been extensively studied. Initially approved for 
siRNA delivery,221 LNPs gained prominence with their use in the first U.S.-approved SARS-CoV-2 vaccines.222,223 In 
DMD therapy, Kenjo E. et al (2021) demonstrated that LNP-encapsulated Cas9 mRNA and gRNA restored functional 
dystrophin expression by excising exon 45 in a ∆exon 44 humanized mouse model and DMD patient-derived 
myoblasts.224 Similarly, Mata López S. et al (2020) showed that a commercial LNP encapsulating plasmid expressing 
Cas9 and sgRNAs successfully restored dystrophin expression through HDR-mediated insertion of exon 7 in the GRMD 
model.114 Wei et al (2020) reported a 4.2% restoration of dystrophin protein following LNP delivery in ΔEx44 DMD 
mice.225

Gold Nanoparticles (GNPs) have also been explored for delivering CRISPR/Cas9 components in DMD therapy due to 
their diverse surface coatings,226 nontoxic core, and the range of their core sizes.227 Lee et al pioneered the use of 
CRISPR-Gold for DMD-related gene editing, demonstrating minimal broad immune activation with no upregulation of 
pro-inflammatory cytokines in plasma.228 However, localized inflammation was observed two weeks post-injection, with 
increased recruitment of innate immune cells. Additionally, the gene editing efficiency with CRISPR-Gold was reported 
to be around 1%.

Last but the not the least, virus-Like Particles (VLPs), composed of viral proteins but lacking a viral genome, have 
emerged as a promising delivery system for CRISPR/Cas9 components229,230 in DMD therapy. VLPs are modular and 
capable of packaging mRNA, RNPs, or proteins, allowing for high editing efficiency while avoiding the risks of viral 
genome integration.229,230 For DMD, a VLP system containing a VSV-G protein and an RNP targeting exon 53 restored 
dystrophin expression in the TA muscles of the del52hDMD/mdx model.231 Additionally, the NanoMEDIC VLP delivery 
system achieved over 90% exon skipping in DMD patient-derived iPS-myoblasts, sustained exon skipping in a luciferase 
reporter mouse model, and 1.6% exon 23 skipping in the mdx mouse model.232 These findings highlight the potential of 
VLPs as a non-viral delivery platform for CRISPR therapeutics in DMD.

All these studies suggest that, while viral vectors remain prominent tools for delivering CRISPR components for 
DMD therapy, their inherent limitations, such as size constraints, potential immunogenicity, and toxicity risks, necessitate 
the exploration of alternative delivery systems. Non-viral vectors have the potential to revolutionize CRISPR-based 
DMD therapies and address key challenges in clinical translation. However, further study is needed to increase their 
efficacy and specificity.

Concluding Remarks
CRISPR/Cas9-mediated gene editing has emerged as a transformative therapeutic strategy for Duchenne muscular 
dystrophy (DMD), offering the prospect of a one-time, potentially curative intervention that addresses the disease at 
its genetic root. This stands in contrast to current FDA-approved therapies such as exon-skipping antisense oligonucleo
tides and micro-dystrophin gene therapy which remain prohibitively expensive and inaccessible to patients in developing 
nations. For instance, the annual cost of exon-skipping therapies such as eteplirsen (Exondys 51) exceeds $1 million per 
patient, while delandistrogene moxeparvovec is priced at $3.2 million for a single infusion (FDA, 2023; Institute for 
Clinical and Economic Review, 2023). Such exorbitant costs severely limit global accessibility, particularly in resource- 
limited regions. In contrast, CRISPR-based interventions aim to permanently restore dystrophin expression through 
a single administration, eliminating the need for lifelong treatments and their cumulative financial burden. Encouragingly, 
the recent approval of the first CRISPR-based therapy for sickle cell disease marks a pivotal milestone in the field of gene 
editing, demonstrating the feasibility of translating this technology into clinical applications. This achievement highlights 
the potential of CRISPR-based therapies to address other monogenic disorders, including DMD. Given the substantial 
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progress in preclinical research involving patient-derived cell lines and animal models, CRISPR/Cas9-based therapies are 
poised to become a viable treatment for DMD within the next decade. Advances in the precision, safety, and delivery of 
CRISPR systems are likely to address current challenges, such as efficient systemic delivery, consistent editing across 
affected tissues, and minimizing potential risks like off-target effects and immunogenicity. As the field continues to 
evolve, the collaboration of scientists, clinicians, and regulatory agencies will be paramount in navigating the complex
ities of gene-editing therapies. With continued innovation and concerted efforts, CRISPR-based treatments hold the 
potential to revolutionize the management of DMD and significantly improve patient outcomes.
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