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Abstract

IMPORTANCE—Muscle weakness, the most common symptom of neuromuscular disease, may 

result from muscle dysfunction or may be caused indirectly by neuronal and neuromuscular 

junction abnormalities. To date, more than 780 monogenic neuromuscular diseases, linked to 417 

different genes, have been identified in humans. Genome-editing methods, especially the CRISPR 

(clustered regularly interspaced short palindromic repeats)–Cas9 (CRISPR-associated protein 9) 

system, hold clinical potential for curing many monogenic disorders, including neuromuscular 

diseases such as Duchenne muscular dystrophy, spinal muscular atrophy, amyotrophic lateral 

sclerosis, and myotonic dystrophy type 1.

OBJECTIVES—To provide an overview of genome-editing approaches; to summarize published 

reports on the feasibility, efficacy, and safety of current genome-editing methods as they relate to 

the potential correction of monogenic neuromuscular diseases; and to highlight scientific and 

clinical opportunities and obstacles toward permanent correction of disease-causing mutations 

responsible for monogenic neuromuscular diseases by genome editing.

EVIDENCE REVIEW—PubMed and Google Scholar were searched for articles published from 

June 30, 1989, through June 9, 2016, using the following keywords: genome editing, CRISPR-
Cas9, neuromuscular disease, Duchenne muscular dystrophy, spinal muscular atrophy, 

amyotrophic lateral sclerosis, andmyotonic dystrophy type 1. The following sources were 

reviewed: 341 articles describing different approaches to edit mammalian genomes; 330 articles 

describing CRISPR-Cas9–mediated genome editing in cell culture lines (in vitro) and animal 
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models (in vivo); 16 websites used to generate single-guide RNA; 4 websites for off-target effects; 

and 382 articles describing viral and nonviral delivery systems. Articles describing neuromuscular 

diseases, including Duchenne muscular dystrophy, spinal muscular atrophy, amyotrophic lateral 

sclerosis, and myotonic dystrophy type 1, were also reviewed.

FINDINGS—Multiple proof-of-concept studies reveal the feasibility and efficacy of genome-

editing–meditated correction of monogenic neuromuscular diseases in cultured cells and animal 

models.

CONCLUSIONS AND RELEVANCE—Genome editing is a rapidly evolving technology with 

enormous translational potential once efficacy, delivery, and safety issues are addressed. The 

clinical impact of this technology is that genome editing can permanently correct disease-causing 

mutations and circumvent the hurdles of traditional gene- and cell-based therapies.

Despite major advances in the identification of monogenic human disease genes, many 

challenges remain in the amelioration of these disorders. Monogenic disorders are estimated 

to account for more than 10 000 diagnosed human diseases.1 Although individually 

relatively rare, together these diseases affect approximately 1 in 100 individuals.1 

Neuromuscular diseases, which impair the function of muscles, motor nerves, and/or 

neuromuscular junctions, are among the most common and severe monogenic disorders. To 

date, more than 780 monogenic neuromuscular diseases, linked to 417 different genes, have 

been identified in humans.2 Muscle weakness, spasms, hypertonia, and hypotonia are 

common, incurable consequences of neuromuscular diseases, including Duchenne muscular 

dystrophy (DMD), spinal muscular atrophy (SMA), amyotrophic lateral sclerosis (ALS), and 

myotonic dystrophy type 1 (DM1).

Recently developed genome-editing systems, which allow for precise modification of the 

genome, are revolutionizing our understanding of the molecular basis of disease and 

providing the potential to permanently correct the underlying causes of disease. However, 

this technology is still in its infancy, and many questions and challenges remain to be 

addressed. This review introduces the most up-to-date genome-editing systems and their 

potential applications to medicine. We also summarize published proof-of-concept studies 

on representative neuromuscular diseases and discuss the clinical feasibility of genome 

editing in the neuromuscular system.

Data Sources and Extraction

We searched PubMed, which comprises more than 26 million citations for biomedical 

literature from MEDLINE, life science journals, and online books, for articles published 

from June 30, 1989, through June 9, 2016. We also used Google Scholar, which allows 

searches across many disciplines and sources, including articles, theses, books, abstracts, 

and court opinions from academic publishers, professional societies, online repositories, 

universities, and other websites. Subject headings and indexed text keywords used were 

genome editing, CRISPR-Cas9, neuromuscular disease, Duchenne muscular dystrophy, 

spinal muscular atrophy, amyotrophic lateral sclerosis, and myotonic dystrophy type 1. The 

following sources were reviewed: 341 articles describing different approaches to edit 

mammalian genomes; 330 articles describing CRISPR (clustered regularly interspaced short 
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palindromic repeats)–Cas9 (CRISPR-associated protein 9)–mediated genome editing in cell 

culture lines (in vitro) and animal models (in vivo); 16 websites used to generate single-

guide RNA; 4 websites for off-target effects; and 382 articles describing viral and nonviral 

delivery systems. Articles describing neuromuscular diseases, including DMD, SMA, ALS, 

and DM1, were included.

Results

Multiple engineered nucleases, including meganucleases,3 zinc finger nucleases (ZNFs),4,5 

transcription activator–like effector nucleases (TALENs),6 and the CRISPR-Cas9 system,7,8 

have been developed in recent years to modify the genomes of model organisms and 

humans. Targeting the cause of monogenic disease represents a promising and rapidly 

moving aspect of genome-editing technologies. In brief, an engineered nuclease binds to a 

targeted genomic locus and generates a double-strand break (DSB) (Figure 1). The DSB is 

then repaired by nonhomologous end joining (NHEJ), which leads to imprecise insertion/

deletion (indel) mutations, or homology-directed repair (HDR), which requires an 

exogenous DNA template and can generate a precise modification at the target locus. The 

phase of the cell cycle determines the repair pathway choice between NHEJ and HDR. 

Nonhomologous end joining directly ligates broken DNA ends throughout the cell cycle, 

whereas HDR is restricted to the S and G2 phases when the sister chromatid is available as a 

repair template.9 Hence, engineered nucleases can effectively generate NHEJ-mediated 

mutations in most cell types, whereas HDR-mediated editing generally does not occur in 

postmitotic cells. Thus, postnatal cells, which exit the cell cycle shortly after birth, such as 

myofibers, cardiomyocytes, and neurons, are less likely to undergo HDR-mediated genome 

editing. Engineered nuclease–mediated genome editing represents a potentially powerful 

technique to correct disease-causing mutations in the genome. This review focuses on the 

CRISPR-Cas9 system, a relatively rapid and simple editing method.

Introduction of the CRISPR-Cas9 System

The CRISPR-Cas9 system, an RNA-guided, nuclease-mediated form of genome editing, 

represents a major breakthrough in genomic engineering and offers a revolutionary approach 

to alter the human genome.7,8,10 The Cas9 and Cpf1 (cas gene of Pasteurella francisella) 

endonucleases are guided by single-guide RNAs (sgRNAs) to bind a targeted genomic locus 

next to a protospacer adjacent motif, generating a DSB (Figure 1).11 The DSB can then be 

repaired by NHEJ or HDR, as described above. CRISPR-Cas9 genome editing can 

permanently remove the genetic defect, whereas other gene therapy methods add only a 

functional copy of a gene to the cells but retain the underlying dysfunctional copy of the 

gene. During the past 3 years, numerous studies have found that the CRISPR-Cas9 system 

can be used to modify specific sequences in the genome or correct monogenic diseases in 

tissue culture cells,12 in the mouse or rat germline, and in multiple postnatal organs, such as 

brain,13 liver,14,15 muscle, and heart.16–18

Correction of DMD Mutations by CRISPR-Cas9 Genome Editing

Duchenne muscular dystrophy is caused by mutations in the DMD (dystrophin) gene 

(OMIM 300377) on the X chromosome and affects approximately 1 in 5000 boys.19 DMD is 
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the largest gene in the human genome, consisting of 2.6 million base pairs and 79 exons. 

Dystrophin is a large cytoskeletal protein essential for muscle cell membrane integrity. 

Without dystrophin, muscles degenerate, causing weakness and myopathy.20 Death of a 

patient with DMD usually occurs by 25 years of age, typically from breathing complications 

and cardiomyopathy. Hence, therapy for DMD necessitates sustained rescue of skeletal, 

respiratory, and cardiac muscle structure and function.

The mdx mouse harbors a premature termination codon in exon 23 of the DMD locus and 

serves as a useful model for DMD. An initial proof-of-concept study21 found that CRISPR-

Cas9 genome editing could correct the premature termination codon in mdx mice by HDR 

within the germline. However, genome editing within the germline is not feasible in humans, 

necessitating methods for safe and effective gene correction after birth. A series of 

articles16–18 published in 2016 reported successful editing of the DMD mutation in mdx 
mice using recombinant adeno-associated virus (AAV), a harmless virus vector, to 

systemically deliver Cas9 and sgRNA expression vectors to muscle tissues. In those studies, 

sgRNAs that flanked exon 23 were used to skip this exon and restore dystrophin expression 

in cardiac and skeletal muscle cells of postnatal mdx mice (Figure 2A). Similarly, 

adenovirus-mediated genome editing restores dystrophin expression in specific muscles of 

mdx mice after intramuscular injection.22 This approach has been validated by CRISPR-

Cas9–mediated correction of human DMD mutations using myoblast or induced pluripotent 

stem cells (iPSCs) derived from patients with DMD that were differentiated into skeletal 

muscle cells in vitro.23–28

Exon Skipping as a Strategy to Bypass Mutations in Protein-Coding Genes

CRISPR-Cas9–mediated genome editing of DMD mutations in muscles, which we termed 

myoediting (Figure 2A), can create internal genomic deletions to correct the open reading 

frame or disrupt splice sites, thereby allowing splicing between surrounding exons to re-

create an in-frame dystrophin protein that lacks the mutations. Whereas DMD, because of 

loss-of-function mutations in dystrophin, is a fatal disease, Becker muscular dystrophy, 

caused by in-frame internal deletions of dystrophin, is a comparatively mild muscle disorder 

such that patients live into their 60s with relatively modest muscle impairment. The 

functionality of muscle in patients with Becker muscular dystrophy has guided approaches 

for skipping of mutant exons as an approach to partially restore dystrophin expression in 

patients with DMD.

Exon skipping is a strategy in which nonessential sections of a gene that harbor mutations 

are skipped, allowing the creation of partially functional proteins with internal deletions.29 

Traditional exon-skipping strategies that involve the use of antisense oligonucleotides to 

mask splice sites suffer from the inefficiency of tissue uptake of oligonucleotides, the 

requirement for lifelong delivery of oligonucleotides, and incomplete exon skipping. 

Genome-editing–mediated exon skipping represents a powerful new approach to 

permanently eliminate the genetic cause of the disease and restore muscle structure and 

function in patients with devastating diseases, such as DMD. In principle, CRISPR-Cas9–

mediated exon-skipping strategies could be applied to many genes harboring disease-causing 
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mutations, including out-of-frame deletions or insertions, exon duplications, and 

pseudoexons.

Imprecise deletions, induced by NHEJ, that prevent splicing of exons that harbor mutations 

are sufficient to restore protein expression by exon skipping. However, this approach is not 

feasible if the mutation is located in an exon that codes for an essential domain of the 

protein. For this type of mutation, HDR-mediated precise correction will be required. In this 

regard, muscle and neural delivery of the genome-editing components, including the HDR 

DNA template using AAV and in vivo electroporation, was recently reported.30

Gene Correction in Monogenic Neuromuscular Diseases

Spinal muscular atrophy is an autosomal recessive neuromuscular disease characterized by 

degeneration of α-motor neurons in the spinal cord and brainstem, resulting in progressive 

proximal muscle weakness, hyposthenia, and paralysis. Spinal muscular atrophy is the 

leading genetic cause of infant mortality, with an estimated incidence of 1 in 6000 to 1 in 10 

000 live births.31 Spinal muscular atrophy is the second most common autosomal recessive 

lethal disease in white individuals, with a carrier frequency of 1 in 37.32 The disease is 

caused by mutations in the gene encoding the SMN (survival motor neuron) protein, a 

protein required for the maintenance of motor neurons, which control muscle movement.33 

The common form of the disorder is caused by genetic mutations in the SMN1 gene (OMIM 

600354). Prognosis depends on the phenotypic severity, ranging from high mortality within 

the first year for SMA type 1 to no mortality in later-onset forms. The primary modulator of 

the clinical phenotype is the paralogue gene SMN2 (OMIM 601627), which differs from 

SMN1 by a critical single-nucleotide polymorphism in exon 7 (C to T). Although no amino 

acid substitution is induced by the exonic single-nucleotide polymorphisms, the substitution 

of a C with a T in exon 7 alters splicing, resulting in exon 7 exclusion in 90% of SMN2 
messenger RNA transcripts and the generation of an unstable truncated protein, termed 

SMNΔ7. Hence, SMN2 cannot produce sufficient functional SMN protein to maintain 

viability of motor neurons.34

Genome editing might be used to potentially convert SMN2 into an SMN1-like gene by 

changing a T to a C in exon 7. Corti et al35 generated iPSCs from patients with SMA and 

used a targeted genome-editing correction approach with single-stranded oligo-nucleotides 

to convert the SMN2 gene into an SMN1-like gene. CRISPR-Cas9–mediated genome 

editing could, in principle, generate a fully functional SMN gene that permanently includes 

exon 7 in motor neurons (Figure 2B). The copy number of SMN2 varies in patients with 

SMA from 2 to 4, and the SMN2 copy number can modify the clinical phenotypes. Results 

from SMA animal models and patients with SMA indicate that the severity of SMA 

inversely correlates with the SMN2 copy number. Interestingly, Ogino et al36 provided 

evidence that gene conversion from SMN2 to SMN1 occurs in the general population. 

Hence, genome-editing methods might imitate nature’s way of converting a mutant gene into 

a functional one (SMN1-like). Similar logic has been applied to oligonucleotide-mediated 

correction strategies in vitro.35,37 Similar strategies might be applied to correct other point 

mutations that cause neurodegenerative disorders.

Long et al. Page 5

JAMA Neurol. Author manuscript; available in PMC 2017 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://omim.org/entry/600354
http://omim.org/entry/601627


Repeat Snipping in Monogenic Neuromuscular Diseases

A major cause of monogenic neuromuscular diseases is the unstable and dynamic 

transmission of simple, repetitive DNA elements, such as trinucleotide repeat expansion and 

hexanucleotide repeat expansion. If these disease-causing repeats are localized in a 

nonessential region of the gene, such as an intron or the 3′-untranslated region, genome 

editing could potentially expunge the repeats and prevent their expansion (termed repeat 
snipping) without affecting the normal function of the gene.

Expansion of a hexanucleotide repeat GGGGCC in the first intron of the C9orf72 
(chromosome 9 open reading frame 72) gene (OMIM 614260) is the most commonly known 

genetic abnormality in patients with ALS and in the related disorder, frontotemporal 

dementia.38 Death of patients with ALS or frontotemporal dementia is attributable to 

progressive loss of motor neurons in the brain and spinal cord. In a proof-of-concept study, 

Mutihac et al39 generated iPSC lines from 4 patients with ALS or frontotemporal dementia 

carrying the C9orf72 repeat expansion. CRISPR-Cas9 genome editing was used to target the 

expanded (GGGGCC)n repeat (Figure 2C). The corrected ALS-iPSC–derived motor neurons 

rescued the ALS phenotype by increasing cellular survival and enhancing calcium 

homeostasis.

A similar strategy can be applied to other nucleotide repeat disorders, such as DM1, a 

common form of adult muscular dystrophy with a prevalence of 1 in 8000 worldwide.40 

Myotonic dystrophy type 1 is an autosomal dominant disease with multisystemic symptoms, 

including myotonia, muscle wasting, cardiac conduction defects, insulin resistance, 

cataracts, and cognitive dysfunction.41 It is caused by the progressive expansion of a CTG 

triplet in the 3′-untranslated region of the dystrophia myotonica-protein kinase (DMPK) 

gene (OMIM 605377) (Figure 2D). The expanded repeat in the DMPK gene is transcribed 

into a toxic CUG expansion RNA, which sequesters the muscle blind–like family of splicing 

factors. Muscle blind–like sequestration causes aberrant splicing of a large number of 

genes.42 These aberrant splicing events have been proposed to contribute to the multisystem 

clinical presentation of DM1. Genome editing could potentially be used to eliminate the 

CTG repeats that cause DM1. A proof-of-concept study37 has been reported using iPSCs 

derived from patients with DM1. A TALEN genome-editing strategy was used to insert 

polyA signals upstream of the DMPK CTG repeats, resulting in premature termination of 

transcription and elimination of the toxic mutant transcripts.43 Genome-editing–mediated 

repeat snipping represents a potential approach to permanently correct DM1 and other 

disorders caused by expansion of noncoding trinucleotide repeats,44 such as Friedreich 

ataxia and spinocerebellar ataxia type 8.

Discussion

Safety and efficacy of CRISPR-Cas9–based gene therapy need to be evaluated and refined 

before being applied therapeutically to repair mutations in human monogenic diseases. Four 

key issues, including potential off-target effects, delivery, immunogenicity, and longevity of 

the benefit of editing in vivo, are addressed below.
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Possible Off-Target Effects of Genome Editing

One concern with the use of engineered nucleases and CRISPR-Cas9 to modify the human 

genome is the specificity of these genome-editing tools. Although significant off-target 

effects were not observed in an initial study45 of genome editing, it is conceivable that 

certain sgRNAs will have significant off-target effects. Unexpected cuts and mutations in the 

genome attributable to promiscuous targeting of nucleases to sequences related to those of 

the gene to be targeted have the potential to generate adverse effects. Potential off-target 

effects by ZNFs and TALENs are reduced by the requirement that only heterodimers of the 

nuclease domains are functional. In addition, the target sequence for ZNFs and TALENs is 

usually more than 30 base pairs, minimizing the likelihood of homologous sequences at 

multiple locations in the genome. In contrast, Cas9 from Streptococcus pyogenes only needs 

a 20-nucleotide sgRNA to bind to its target sequence and make a DSB, and an early study45 

found that a few mismatches between the sgRNA and its target were tolerated for Cas9 

editing. Recent studies46,47 of genome-wide binding of Cas9 and elucidation of the crystal 

structure of Cas9, sgRNA, and target DNA have provided a deeper understanding of the 

molecular basis of target recognition and target specificity of the Cas9 system, which is 

important for the design of optimized sgRNAs to avoid potential off-target effects in genome 

editing.

Multiple approaches have been developed to evaluate possible Cas9-mediated off-target 

effects. Multiple similar sequences in the genome can be identified by the Basic Local 

Alignment Search Tool and tested for off-target cutting. This approach is fast and simple; 

however, it may not reveal off-target effects on other sites and may not be sensitive enough 

to identify rare off-target effects in an entire organism. In silico prediction of target sites and 

testing by deep sequencing have emerged as accepted methods of identification of possible 

off-target sites. Unbiased whole-genome sequencing would be ideal. However, it is costly 

and time consuming and therefore unlikely to be widely used for regular analysis. Several 

new strategies have also been developed to improve the specificity or minimize off-target 

modification of the CRISPR-Cas9 system, including paired Cas9 nickases,48–50 truncated 

guide RNA,51 titration of dosage for Cas9-sgRNA,52 and high-fidelity53 or enhanced 

Cas9.54 Continued advances in this area will undoubtedly minimize possible off-target 

actions of genome-editing tools.

Current Delivery Strategies

For genome-editing technologies to become clinically viable for a wide range of 

neuromuscular disorders, the delivery systems need to be efficient and effective. Genome-

editing components have been delivered to target cells by nonviral or viral vector–mediated 

delivery systems (Figure 3). Other delivery approaches that have, thus far, been less effective 

include hydrodynamic delivery of naked DNA plasmid that contains expression cassettes of 

Cas9 and sgRNA and nanomaterials, such as cationic liposomes or cationic polymers, which 

readily associate with negatively charged nucleic acid (DNA and RNA) to form polycationic 

nanomeric particles. Replicative-defective viruses provide the most efficient method for in 

vivo delivery of genome-editing components.55 Recombinant adenovirus has been used to 

deliver Cas9 and sgRNA in mdx mice to effectively edit the Dmd gene. Although 

recombinant adenovirus efficiently infects postmitotic cells and accepts 37 kilobases of 
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exogenous genetic information, it produces an acute immunologic response, severely 

limiting clinical applicability.

Recombinant AAV (rAAV) has a variety of serotypes, offering variation in tissue specificity 

and infectivity. In addition, rAAVs do not integrate into the genome and are not associated 

with human disease, making them attractive delivery systems for gene therapy. The major 

disadvantage of these vectors is the limited transgene capacity of 4.7 to 4.9 kilobases, 

thereby limiting the size of the genome-editing components that can be delivered. Owing to 

high tropism for specific tissues and nonpathogenicity in humans, rAAV gene therapy has 

emerged as one of the most promising delivery approaches. Recent studies16–18 have 

successfully used this delivery method to correct dystrophin expression in mdx mice using 

CRISPR-Cas9.

Immunogenicity

Potential immunologic complications of CRISPR-Cas9 therapies include the immune 

response to (1) the rescued protein product; (2) genome-editing components, such as Cas9 

protein; and (3) delivery particles, such as viral proteins. In patients with monogenic 

disorders in which the product of the mutated gene is completely absent or in an abnormal 

form, introduction of previously unseen epitopes may trigger an immune response. However, 

in the case of DMD, approximately 50% of patients have 0.2% to 4% dystrophin-positive 

revertant muscle fibers,56 attributable to spontaneous exon skipping, which may mitigate 

possible immune responses. With regard to Cas9 immunogenicity, high-level expression of 

Cas9 in various tissues of transgenic mice evoked no overt abnormalities.57,58 However, in 

humans, the potential immunogenicity of Cas9 remains to be determined.

Recombinant adenoviruses elicit the strongest immune responses among current viral 

delivery systems. However, new strategies have been developed to limit immunologic 

responses to recombinant adenoviruses, such as preemptive administration of 

immunosuppressants to prevent innate immune responses to the vector and the development 

of adenoviruses that lack viral genes. Although rAAV gene therapy is the favored viral 

delivery system, a substantial fraction of the population harbors preexisting humoral 

immunity to AAV serotypes, rendering them resistant to AAV delivery approaches. Current 

clinical trials circumvent this issue by excluding research participants with preexisting anti-

AAV antibodies and providing prophylactic pretreatment with anti-inflammatory drugs. 

Efforts are also underway to generate rAAV capsids that are less immunogenic and more 

efficient by coating rAAV particles, modifying the capsid of rAAV to reduce the immune 

response, and creating novel chimeric vectors.

Efficiency and Longevity of the Benefit of Editing In Vivo

Genome editing of monogenic neuromuscular diseases is clearly a goal worth pursuing. 

Although multiple proof-of-concept studies have revealed the potential of genome editing to 

cure disease in animal models, long-term benefits and effects need to be examined in large 

animal models and humans. Skeletal muscle is well suited for genome-editing therapies 

because correcting a small subset of skeletal muscle cells leads to progressive improvement 

in muscle function at least in part attributable to the multinucleation of this tissue. In 
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addition, genome editing of adult skeletal muscle stem cells (termed satellite cells), in 

principle, provides the possibility of a renewable population of corrected cells for continuous 

regeneration of diseased muscle. Because the heart and nervous system lack endogenous 

regenerative potential, more efficient genome-editing strategies of these tissues are needed 

for clinical use. On the other hand, because cardiomyocytes and neurons have a very low 

turnover rate, once these cell types are corrected, they can confer long-lasting clinical 

benefits. Indeed, a recent study16 revealed the progressive rescue of cardiomyocytes in mdx 
mice.

Conclusions

Monogenic neuromuscular diseases impair the function of muscles, motor nerves, and/or 

neuromuscular junctions. These debilitating diseases are commonly noticed during early 

childhood, but as the disease progresses, there is no effective treatment. Most therapies focus 

on alleviating symptoms and are ineffective at ameliorating the disease. New genome-

editing technologies target the genetic cause of monogenic disease. In particular, CRISPR-

Cas9–mediated genome editing is revolutionizing our understanding of the molecular basis 

of numerous monogenic neuromuscular diseases and is providing a path toward potential 

cures of these devastating diseases in patients.
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Key Points

Question

What is the clinical potential of genome-editing technology for treating neuromuscular 

monogenic disorders?

Findings

This review describes recent advances in genome-editing technology, the latest 

applications of the method, and potential clinical applications by highlighting 4 

monogenic neuromuscular disorders as examples. Opportunities and obstacles in the path 

toward efficient and permanent correction of the genetic cause of these disorders are 

discussed.

Meaning

Genome editing is a powerful, revolutionary approach to permanently eliminate or 

correct the genetic cause of monogenic diseases and has broad translational potential 

when efficacy, delivery, and safety issues are addressed.
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Figure 1. Schematic Outline of CRISPR (Clustered Regularly Interspaced Short Palindromic 
Repeats)–Cas9 (CRISPR-Associated Protein 9)–Mediated Genomic Editing
Cas9 (yellow) guided by single-guide RNA (sgRNA) binds to a target DNA site next to the 

protospacer adjacent motif (PAM). Scissors indicate the Cas9 cleavage site. Red lines mark 

the sgRNA scaffold. The Cas9-sgRNA complex generates a double-strand break, which is 

repaired by nonhomologous end joining or homology-directed repair. Orange lines indicate 

the insertion or deletion (indel) mutations. The green line marks an exogenous DNA 

template (donor template).
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Figure 2. Strategy for Application of CRISPR (Clustered Regularly Interspaced Short 
Palindromic Repeats)–Cas9 (CRISPR-Associated Protein 9)–Mediated Gene Editing for 
Monogenic Neuromuscular Diseases
A, Duchenne muscular dystrophy (DMD) is shown as an example of the application of exon 

skipping to skip sections of the gene that harbor mutations, allowing the creation of 

functional, truncated dystrophin protein. B, Spinal muscular atrophy is shown as an example 

of the application of a mutation correction strategy in which replacement of 1 nucleotide (T 

to C) will convert SMN2 (the gene encoding the survival motor neuron protein 2) to a 

correct copy of the SMN1 gene (termed SMN1-like gene). C and D, Amyotrophic lateral 

sclerosis and myotonic dystrophy type 1 are shown as examples of the application of a 
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repeat-snipping strategy in which CRISPR-Cas9 editing cuts the nucleotide repeats present 

in the intron or 3′-untranslated region (3′UTR) of the C9orf72 (chromosome 9 open reading 

frame 72) or DMPK (dystrophia myotonica-protein kinase) gene, respectively, to restore a 

functional RNA transcript. HDR indicates homology-directed repair; mRNA, messenger 

RNA; and NHEJ, nonhomologous end joining.
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Figure 3. In Vivo Delivery Strategies for CRISPR (Clustered Regularly Interspaced Short 
Palindromic Repeats)–Cas9 (CRISPR-Associated Protein 9) Genomic-Editing Machinery
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