2766

REVIEW

The Journal of Clinical Investigation

Correction of muscular dystrophies by CRISPR gene

editing

Francesco Chemello, Rhonda Bassel-Duby, and Eric N. Olson

Department of Molecular Biology, Hamon Center for Regenerative Science and Medicine, and Senator Paul D. Wellstone Muscular Dystrophy Cooperative Research Center, University of Texas Southwestern

Medical Center, Dallas, Texas, USA.

enabling normal expression of the repaired gene.

Muscular dystrophies (MDs) comprise a heterogeneous group
of disorders that disrupt the function of different muscle groups,
with manifestations including muscle weakness, muscle atrophy,
spasm, muscle hypertonia, and myalgias (Figure 1A). Additional-
ly, most MDs involve cardiac failure and respiratory dysfunction,
leading to premature death. Over 800 monogenic mutations have
been associated with human MDs, with many of the associated
genes encoding structural muscle proteins (ref. 1 and Figure 1B).
Our increased understanding of the causative genetic mutations
has benefited MD classification and clinical practice by enabling a
precise DNA-based diagnosis (2).

To date, there are no cures for any MDs; however, different
treatments have been developed to ameliorate disease symptoms.
Treatments for MDs can be categorized into three classes: (a)
disease-modifying therapies, (b) gene expression therapies, and
(c) gene replacement therapies.

Several disease-modifying therapies have been developed
for Duchenne muscular dystrophy (DMD), a fatal disease caused
by mutations in the dystrophin gene (DMD). DMD patients on
corticosteroid treatment benefit from prolonged ambulation;
however, they experience substantial health problems due to
the side effects of steroids. Other disease-modifying therapies
for DMD seek to overcome the lack of dystrophin by upregu-
lating utrophin, a protein structurally and functionally similar
to dystrophin that could compensate for the lack of dystrophin
(3). Additional therapies focus on improving muscle mass and
strength by using myostatin inhibitors (4). Different gene expres-
sion therapy approaches have also been developed to “mask”
nonsense mutations or to induce exon skipping using an RNA-
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Muscular dystrophies are debilitating disorders that result in progressive weakness and degeneration of skeletal muscle.
Although the genetic mutations and clinical abnormalities of a variety of neuromuscular diseases are well known, no curative
therapies have been developed to date. The advent of genome editing technology provides new opportunities to correct the
underlying mutations responsible for many monogenic neuromuscular diseases. For example, Duchenne muscular dystrophy,
which is caused by mutations in the dystrophin gene, has been successfully corrected in mice, dogs, and human cells through
CRISPR/Cas9 editing. In this Review, we focus on the potential for, and challenges of, correcting muscular dystrophies by
editing disease-causing mutations at the genomic level. Ideally, because muscle tissues are extremely long-lived, CRISPR
technology could offer a one-time treatment for muscular dystrophies by correcting the culprit genomic mutations and

based approach to restore dystrophin expression (5). For exam-
ple, eteplirsen allows skipping of exon 51, which is applicable to
approximately 14% of DMD-affected boys; however, the efficacy
of eteplirsen is extremely low (6).

Gene replacement therapy for DMD is challenging because
of the large size of full-length dystrophin. The focus of DMD
gene replacement therapy has been on the development of
microdystrophin, a truncated form of dystrophin that contains
the minimal functional regions of the protein (7). An alternative
approach of gene replacement uses micro-utrophin, which in
preclinical studies prevented most of the deleterious histological
and physiological aspects of DMD (8). Treatment of limb-girdle
muscular dystrophy type 2B (LGMD2B) myopathy by introduc-
tion of dysferlin cDNA also showed restoration of muscle func-
tion in a mouse model (9).

Although these therapeutic approaches have produced prom-
ising in vitro and in vivo results, some leading to ongoing clini-
cal trials, they all have noteworthy limitations. First, they do not
eliminate the disease-causing mutation, and the mutated non-
functional protein is still present. Second, their effectiveness is
temporary, so patients require lifelong treatment. Third, for gene
replacement therapies, the expression of the exogenous protein is
restricted to an exogenous promoter that could lead to undesired
issues regarding protein localization and expression level (7, 10).

The lack of effective therapies to cure MDs emphasizes the
need for new discoveries and treatment strategies. The past two
decades have seen the rapid development of new genome edit-
ing technologies, which allow precise and efficient introduction
of a variety of genetic alterations into mammalian cells, from a
single-nucleotide modification to insertion of genes and dele-
tion of chromosomal regions (11). Among the tools available for
genome editing, clustered regularly interspaced short palindromic
repeats-mediated (CRISPR-mediated) genome editing has revo-
lutionized the field by offering a relatively simple, accurate, and
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effective method to alter the genome (12). This Review highlights
current applications and the future potential of CRISPR technolo-
gies in the treatment of MDs.

CRISPR genome editing components

CRISPR/Cas system

CRISPR was initially discovered as an adaptive immune system in
bacteriathat cleavesinvasive phage DNA elements (13). The CRIS-
PR system has been adapted to eukaryotic cells and consists of

REVIEW

Figure 1. MD muscles and genes. (A) Muscle areas (red) affected in the
most common MDs. In Duchenne muscular dystrophy (DMD), progres-

sive muscle weakness and atrophy are observed in major muscle groups,
including heart and diaphragm. In myotonic dystrophy (DM), muscle
degeneration leads to weakness and myotonia in distal muscles with
progression to proximal muscles. DM also involves multiple organ systems,
including cataracts, cardiac conduction defects, and other endocrine dis-
orders. Facioscapulohumeral muscular dystrophy (FSHD) is characterized
by progressive weakness and wasting of muscles of the face, shoulder,

and upper arm. Limb-girdle muscular dystrophy (LGMD) shows progressive
proximal muscle weakness, plus different pathogenic variants depending
on the type of genetic mutation. Numbers indicate prevalence of disease.
(B) Muscle proteins involved in MDs. Dystrophic muscle is caused by muta-
tions in genes encoding proteins in the sarcolemma (e.g., dystrophin, sar-
coglycans, dysferlin) and sarcomere (e.g., myotilin), as well as expansion/
contraction of different genomic locations. Dystrophin protein (mutated

in DMD) has four functional domains: the first actin-binding domain
(ABD-1) at the amino terminus (NH,); the central rod domain, containing 24
spectrin-like repeats and ABD-2; the cysteine-rich domain (Cys); and the
carboxyl-terminal domain (COOH).

two components: a CRISPR-associated (Cas) protein and a single-
guide RNA (sgRNA). The Cas protein can be adapted to cleave
any DNA sequence by changing the 20-bp protospacer of the
sgRNA, which contains the complementary sequence of the DNA
to be targeted (14). Based on its sequence, the sgRNA directs the
Cas protein to bind and cleave a specific DNA sequence. More-
over, there is a specific “protospacer adjacent motif” (PAM)
sequence in the DNA that is recognized by the Cas protein (ref.
15 and Figure 2A). The preferential PAM sequence of Streptococ-
cus pyogenes Cas9 (SpCas9), a commonly used Cas, is 5'-NGG-3/,
which occurs at a high frequency in the human genome (approxi-
mately every 40 bp), conferring high targetability.

In eukaryotic cells, a DNA double-strand break (DSB) mediated
by Cas9 nuclease can be repaired through nonhomologous end
joining (NHE]) or homology-directed repair (HDR) (Figure 2A).
NHE] is error prone and generates small insertions or deletions
(INDELSs) of nucleotides at the cut site. Recent studies have shown
that the error patterns of NHE] are strongly biased by the DNA
sequence context (16, 17). In contrast, HDR repairs the DSB by
precisely inserting a DNA template, either a double-stranded DNA
fragment or a single-stranded oligodeoxynucleotide (ssODN), into
the genome, potentially repairing a genetic mutation (18). Howev-
er, quiescent cells and postmitotic cells, such as muscle stem cells
and myofibers, have very low levels of HDR machinery, thereby
requiring these cells and tissues to rely on NHE] for DSB repair.

The CRISPR system possesses remarkable diversity, with new
Cas proteins continuously being discovered from different bacte-
rial strains (19). The different attributes of the various Cas proteins
expand the range of genome editing options by offering different
PAM sequences, reducing protein size for easier vector packag-
ing, and cleaving different substrates, including RNA (20). Nev-
ertheless, some Cas proteins have long, complex PAM sequenc-
es, restricting the number of target genes. Other Cas proteins are
large and pose packaging dilemmas.

Engineered CRISPR/Cas systems
In addition to the endogenous Cas proteins, engineered Cas pro-
teins offer new genome editing tools and expand therapeutic
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Figure 2. Components and outcomes of CRISPR genome editing. (A) DNA double-strand breaks generated by CRISPR/Cas9 and sgRNA are repaired by
nonhomologous end joining (NHEJ) or, in the presence of a donor template, by homology-directed repair (HDR). The Cas protein recognizes the DNA by the
protospacer adjacent motif (PAM). Base editors are generated by fusion of nCas9 or dCas9 with the cytidine deaminase APOBEC1 for cytidine base editors
(CBEs) to convert nucleotide C/G to T/A within a 5-bp activity window located in the spacer sequence (108). Similarly, fusion with adenosine deaminase
TadA produces adenine base editors (ABEs) to convert nucleotide A/T to G/C (109). Prime editors (PEs) are generated by fusion of nCas9 or dCas9 with
reverse transcriptase to perform targeted small insertions, deletions, and base changing in a precise way (28). (B) DMD patients with deletion of exon 50

in the DMD gene have an out-of-frame mutation. (i) Double-cut myoediting results in single- or multi-exon deletion. (ii) Single-cut sgRNA myoediting
precisely designed at splice sites (e.g., splice acceptor site [SAS]) restores the correct ORF by both exon skipping and exon reframing events. (iii) Nucleotide
editing can be accomplished by BEs or PEs, correcting nonsense mutations. Shaded area highlights different myoediting approaches. Exons encoding ORF
are shown in blue. Exons with stop codon are shown in red. The corrected exon is shown in green.

possibilities. For example, different high-fidelity SpCas9 variants
(such as eSpCas9, SpCas9-HF1, HypaCas9, and evoCas9) (21-24)
increase the specificity and fidelity of Cas9 without losing the sgR-
NA on-target activity, thus enhancing safety for future clinical use.
By mutation of specific sites in the Cas9 nuclease domains, Cas9
proteins with partial or complete loss of cleavage activity have also
been generated, such as Cas9 nickase (nCas9) or deactivated /dead
Cas9 (dCas9). Since these engineered Cas9 variants cannot intro-
duce DSBs in the genome, they can be fused to different effectors
for genome modification purposes (25). Specifically, both nCas9
and dCas9 have been fused with specific deaminase proteins to
generate base editors (BEs) that allow precise conversion of a sin-
gle nucleotide base into another base without causing DSBs (ref.
26 and Figure 2A). These BEs may be instrumental in genome
editing therapy, since it has been estimated that more than 50%
of human genetic variants associated with diseases are caused
by a single point mutation (27). Recently, nCas9 was fused with a
reverse transcriptase to generate prime editors (PEs). Remarkably,
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these engineered proteins in combination with the prime editing
extended guide RNA (pegRNA) can directly write new genetic
information into a target DNA site (Figure 2A). Although the PE
CRISPR technology is new and in need of further testing, it has the
potential to correct many known pathogenic mutations (28).

Myoediting of DMD

We coined the term “myoediting” to refer to CRISPR-mediated
genome editing in muscle to permanently correct genomic
mutations of MDs and restore muscle function (29). In this sec-
tion, we will describe various myoediting strategies using DMD,
a severe dystrophinopathy, as a model MD. Additionally, we
will describe how myoediting approaches might be expanded
to other common MDs.

Dystrophinopathies
DMD, located on the X chromosome, is the largest gene in the
human genome, consisting of 79 exons that encode the dystrophin
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Figure 3. Overview of correction of DMD by
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protein. In muscle cells, dystrophin is one of the main components
of the dystrophin-glycoprotein complex (DGC), which connects the
sarcomere with the sarcolemma (Figure 1B). In the DGC, dystro-
phin functions as a shock absorber, reducing the mechanical stress
induced by muscle contraction. Mutations in the DMD gene causing
loss or dysfunction of dystrophin cause two major phenotypes: DMD
or Becker muscular dystrophy (BMD). DMD is the most common
and lethal muscular dystrophy, caused by mutations that disrupt the
open reading frame (ORF) of dystrophin, leading to truncated, dys-
functional, and unstable protein products. DMD mutations include
exon deletions (68.8% of DMD patients), exon duplications (11.2%),
point mutations (10.4%), and small deletions/insertions (9.6%)
(30). Although over 7000 DMD mutations have been associated
with DMD patients, the mutations cluster in hotspot areas of DMD,
located primarily in the regions that encode actin-binding domain-1
(ABD-1) and the central rod domain (30, 31).

Strategies for DMD myoediting are inspired by the observa-
tion that BMD patients carrying in-frame DMD mutations usually
present with a less severe muscle disorder or are asymptomat-
ic (32). Whereas DMD patients do not express dystrophin, BMD
patients have mutations in DMD that preserve the ORF and pro-
duce a shortened but functional dystrophin protein. BMD sever-
ity is usually correlated to the quantity of dystrophin protein
produced, ranging from a severe form (with <10% expression of
dystrophin in comparison with healthy subjects) to a mild form
(with >50% of dystrophin expressed) (33). Additionally, there is a
subset of in-frame mutations (usually encoding a truncated form
of the ABD-1 region) that phenotypically resemble DMD patients
and show diminished amounts of dystrophin protein, most likely
due to protein instability and degradation (34, 35).

DMD myoediting strategies
DMD myoediting is designed, in most cases, to change the DMD
out-of-frame mutation to generate a BMD in-frame form of dys-

trophin, albeit generating a truncated but functional form of the
protein. Myoediting of exon duplication mutations and pseu-
do-exon mutations has the potential to restore full-length dys-
trophin. However, there are also DMD mutations that cannot be
corrected by current iterations of myoediting — for example, large
deletions of essential portions of the N- or C-terminal domains.
An important consideration of myoediting is that the CRISPR/
Cas system in muscle, a postmitotic tissue, uses NHE] repair to
rejoin the DSB and generates unpredictable INDELSs at the cleav-
age site. Attempts have been made in postmitotic cells to insert
an exogenous DNA template into the cut site using homology-
independent targeted integration (HITI) or intercellular linear-
ized single-homology arm donor-mediated intron-targeting inte-
gration (SATI); however, these genome editing approaches are still
in need of further improvement of efficiency (36, 37).

The genetic modifications needed to correct DMD mutations
by myoediting can be grouped into four categories: exon deletion,
exon skipping, exon reframing, and base modification events.
These genetic alterations can be accomplished using myoedit-
ing with careful selection of the Cas and thoughtful design of the
sgRNAs to optimize the genome editing outcome. The myoedit-
ing strategies discussed below produce genetic outcomes that can
correct DMD at the genome level and restore dystrophin function
(summarized in Figure 2B).

Double-cut myoediting. One potential means to remove a DMD
mutation is by exon deletion. This myoediting strategy requires two
sgRNAs, flanking the mutated DMD exon, to simultaneously cut in
the presence of Cas and excise the exon (Figure 2B). The location
of the two sgRNAs is critical to ensure that the remaining exons will
splice correctly to yield truncated but functional dystrophin. This
strategyiseffective when deleting exonsin DMDthatencode regions
of dystrophin that tolerate deletions. Exon deletion approaches
using two sgRNAs have been reported to excise multi-exonic
genomic regions encompassing a mutational hotspot region (exons
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Table 1. DMD mutation corrections in human iPSC and mouse models

Strategy DMD mutations Correction outcomes
Human iPSC model
Double-cut myoediting A Ex44 Knock-in
A Ex46-51 Exons del
A Ex46-47 Exons del
Dup Ex50 Exon del
AEx8-9 Exons del
Dup Ex55-59 Exons del
Single-cut sgRNA myoediting A Ex44 Exon skp/ref
A Ex48-50 Exon skp/ref
A Ex48-50 Exon skp/ref
Pseudo Ex47 Exon skp
A Ex44 Exon skp/ref
A Ex43 Exon skp
A Ex45 Exon skp/ref
A Ex52 Exon skp/ref
Nucleotide myoediting A Ex51 Exon skp
Other A Ex44 Exon del
Mouse model
Double-cut myoediting Ex23 mut Exon del
Ex23 mut Exon del
Ex53 mut Exon del
Ex23 mut Exon del
Ex23 mut Knock-in
A Ex45 Exon del
Single-cut sgRNA myoediting A Ex50 Exon skp/ref
Ex23 mut Exon ref
A Ex44 Exon skp/ref
A Exd4 Exon skp/ref
AEx43 Exon skp
A Ex45 Exon skp/ref
A Ex52 Exon skp/ref
Nucleotide myoediting Ex20 mut Base editing

CRISPR/Cas system Delivery method Reference
SpCas9 Electroporation 57
SpCas9 Electroporation 39
SpCas9 Electroporation 39
SpCas9 Electroporation 39
SpCas9 Nucleofection 58
SpCas9 Nucleofection 56
SpCas9 Nucleofection 57
LbCpfl Nucleofection 59
SpCas9 Nucleofection 56
SpCas9 Nucleofection 56
SpCas9 Nucleofection 45
SpCas9 Nucleofection 46
SpCas9 Nucleofection 46
SpCas9 Nucleofection 46

SpCasS-CBE Lipotransfection 60
(as3 Lipotransfection 61
SpCas9 ssAAV8 or 9 40,62, 63
SaCas9 ssAAV8, 9, or th74 40, 65, 66
SpCas9 or SaCas9 ssAAV6 64
SpCas9 Electroporation 67
SpCas9 Gold nanoparticles 68
SpCas9 Electroporation 69
SpCas9 ssAAVS 43
(jCas9 ssAAV9 70
SpCas9 ssAAVI 45
SpCas9 SCAAV9 72
SpCas9 ScAAV9 46
SpCas9 ScAAVS 46
SpCas9 ScAAVS 46
SpCas9-ABE Trans-splicing AAV9 il

A, deletion mutation; dup, duplication mutation; mut, mutation; Ex, exon; Exon(s) del, exon(s) deletion; Exon skp, exon skipping; Exon ref, exon reframing;
ssAAV, single-stranded adeno-associated virus; scAAV, self-complementary adeno-associated virus.

45-55) in DMD, thereby deleting a region of the central rod domain
and producing a truncated but functional form of dystrophin (38,
39). However, when numerous exons are being deleted, caution
must be taken not to disrupt dystrophin function, especially when
the mutations are within the essential domains, such as those that
interact with actin or dystroglycan. Moreover, when two sgRNAs
are used, exon deletions can generate diverse and unpredictable
genome modifications, including exogenous DNA integration
or aberrant splicing at the cut sites (40). Another weakness of the
double-cut myoediting approach is the low efficiency of editing,
which is most likely due to the necessity of simultaneous cutting of
both sgRNAs separated by vast genomic distances and the religa-
tion of free DNA ends. Additionally, using two sgRNAs increases
the likelihood of generating off-target effects, making it necessary
to test the putative off-target sites for each sgRNA (40).

Single-cut sgRNA myoediting. Single-cut gene editing over-
comes many of the limitations of the double-cut approach and
offers several advantages to correct DMD mutations. In this
technology, only one sgRNA is used to generate a single cut in the
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genome. The sgRNA is designed to target a genomic sequence in
the close vicinity of the intron-exon region of the out-of-frame
exon and to produce one DSB. Since NHE] introduces INDELs
at the DSB site, it offers the ability to destroy the splicing con-
sensus sequence and cause exon skipping to restore the dystro-
phin OREF. Since exon skipping has the potential to restore dys-
trophin expression in approximately 70% of DMD patients, the
single-cut sgRNA strategy represents an especially promising
approach for DMD therapy (41).

Another outcome of single-cut sgRNA myoediting is exon
reframing. This occurs when the splice consensus sequence is
retained and the INDELSs generate a frameshift in the exon, restor-
ing the ORF of dystrophin. Theoretically, one-third of INDELs
should be in frame; however, it was reported that NHE] repair out-
comes can be predicted based on the fourth nucleotide upstream
of the PAM sequence (42). Interestingly, in the event that the
INDELSs restore the original uncorrected DNA sequence, the DNA
remains recognizable by the sgRNA, enabling Cas to cut again
until the PAM site or DNA target sequence is eliminated.
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Several studies demonstrated high-efficiency editing with
the single-cut sgRNA strategy to restore dystrophin expression
(43-46). Other advantages of the single-cut sgRNA approach
are that it requires minimal modification of the genome and
decreases the likelihood of off-target mutations since only
one sgRNA is used. Although any Cas protein can perform the
single-cut sgRNA approach, SpCas9 has a distinct advantage,
since the PAM sequence is NAG or NGG, which represents exon
splicing consensus sites.

There are some limitations to the single-cut approach. First, to
augment efficiency of the single-cut strategy, both exon skipping
and reframing outcomes should occur using one sgRNA. For exam-
ple, an sgRNA targeting exon 44 in the AEx45 DMD mouse mod-
el efficiently restores dystrophin by exon skipping and reframing
events, but the same sgRNA shows reduced dystrophin restoration
in the AEx43 DMD mouse model, as only exon skipping occurs
in this correction (46). Second, the single-cut strategy precisely
targets specific DMD mutations, so consequently each sgRNA is
limited to specific DMD patients, as opposed to the double-cut
approach, which eliminates a large region of genome and can be
applied to many DMD mutations (39). Third, there remains the
possibility of adeno-associated virus (AAV) integration into the
cut site (47). However, the advantages of single-cut supersede the
minor limitations.

Nucleotide myoediting. The new engineered CRISPR tech-
nologies, BE and PE, expand the breadth of myoediting strate-
gies. Point mutation correction by BEs could play a meaningful
role in correcting DMD, as 10% of DMD cases are caused by
point mutations (30). For gene therapy, where a single nucle-
otide base change is required and editing of adjacent bases is
not tolerated, using newly engineered BEs for site-specific sin-
gle nucleotide replacement is desirable (48). nCas9 and dCas9
do not create DSBs, thereby minimizing AAV vector integration
after AAV delivery, and circumventing the production of unde-
sired INDELs by NHE]. However, a current major weakness of
BEs is their limited target specificity, which can result in many
off-target changes to the genome (49). Since BEs offer a pow-
erful approach to correct genomic mutations, much effort has
gone toward developing new BEs that minimize both RNA and
DNA off-target editing activity (50, 51). Additionally, newly
engineered PEs can also function as BEs, allowing for all pos-
sible base conversions at a specific position of the genome. BEs
are versatile and can also be targeted to mutate splice accep-
tor or donor sites to induce exon skipping (52). Theoretically,
both exon skipping and exon reframing can be accomplished
using PEs, by mutation of the splicing consensus sequences or
introduction of a specific number of nucleotides to restore the
dystrophin ORF.

Myoediting human induced pluripotent stem
cells and DMD animal models

For preclinical studies of DMD, hundreds of patient-derived
induced pluripotent stem cell (iPSC) lines have been established,
and more than 60 spontaneous or engineered DMD animal mod-
els have been reported (53, 54). These DMD models offer valuable
platforms to evaluate efficacy and efficiency of myoediting for
future clinical applications.

REVIEW

Myoediting human iPSC models of DMD

Human iPSCs can be derived from patient samples, such as
peripheral blood mononuclear cells, and directed to differentiate
into relevant cell types for testing, such as cardiomyocytes and
myotubes (39, 55). Moreover, instead of being derived from DMD
patients, iPSCs can be obtained from healthy individuals and
modified with CRISPR technology to generate mutations in DMD,
producing induced DMD (iDMD) iPSCs. This strategy provides an
isogenic iPSC control line that differs from the iDMD iPSC line
only at the DMD locus, minimizing intrinsic variations between
iPSC lines (56).

Patient-derived DMD and iDMD iPSCs with exon dele-
tions, duplications, point mutations, or pseudo-exons have been
corrected by myoediting to restore dystrophin (Table 1 and refs.
39, 40, 43, 45, 46, 56-72). To assess optimization of sgRNAs and
evaluate the efficiency of correction with different CRISPR sys-
tems (such as SaCas9, Cpfl, and BEs), various myoediting strat-
egies, including double-cut or single-cut sgRNA and nucleotide
base editing, have been performed on DMD and iDMD iPSCs.
To evaluate the function of the restored dystrophin in corrected
DMD and iDMD iPSCs, calcium transient assays and 3D engi-
neered heart muscle contraction assays have been performed (56,
58). These studies performed in human cells are instrumental in
identifying sgRNAs that can be translated to the clinic.

Myoediting animal models of DMD

Although germline editing is not permissible or acceptable in
humans, it was successfully used as a proof of concept for myoed-
iting in mdx mice, which harbor a stop mutation causing loss of
dystrophin (59, 73). Although the mdx mouse is a widely used
DMD model, it does not reflect the common mutations reported
in human DMD patients. To test postnatal myoediting strategies,
several DMD mouse models representing the most commonly
deleted exons in DMD patients (including deletion of exon 43, 44,
45, 50, or 52) were generated by CRISPR technology to optimize
myoediting strategies (43, 45, 46, 54, 69).

Clearly, one of the biggest challenges of postnatal, somatic
myoediting is efficient delivery of the CRISPR components, Cas
and sgRNA, to skeletal muscle and cardiac tissue. Both nonvi-
ral and viral delivery systems have been developed and used for
myoediting (Table 1). Nonviral delivery systems, including elec-
troporation and gold nanoparticles, have been reported to deliver
Cas9 and sgRNAs into skeletal muscle of DMD mice and showed
genomic correction of the dystrophin mutation (67, 68). However,
because high-efficiency body-wide delivery of CRISPR compo-
nents is required for effective DMD therapy, improvements are
needed to enhance distribution of CRISPR components by nonvi-
ral delivery systems.

Adeno-associated virus (AAV) is an effective viral delivery
system for myoediting, especially since AAV serotypes (1, 6, 8,
9, th10, or rh74) have tropism for skeletal muscle and cardiac tis-
sue (74). However, the small packaging size limitations (<4.7 kb)
of the AAV delivery system pose a substantial challenge, espe-
cially because the size of SpCas9 is approximately 4.2 kb. One
way to circumvent the cargo size limitation is to use a dual-AAV
system, with one AAV system encoding Cas (AAV-Cas) and the
second AAV expressing sgRNAs (AAV-sgRNA). In initial studies
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of postnatal myoediting of mdx mice, three independent groups
used single- or dual-AAV systems for intramuscular or systemic
injection (62, 63, 65). In these original studies, Cas9 expression
was regulated by a constitutive CMV or mini-CMV promoter,
so tissue specificity was determined primarily by the AAV sero-
type used for delivery. In subsequent studies, a muscle-specif-
ic promoter was used to express Cas9 to enhance myoediting
specificity (43). Using myoediting, several DMD mouse models
expressing common human DMD mutations were corrected, and
high levels of dystrophin were restored. Most impressively, the
dual-AAV delivery system was used to restore dystrophin expres-
sion and function in a canine model of spontaneous DMD (44).
For nucleotide base myoediting, the BEs and PEs are too large
to be packaged into the AAV delivery system. This necessitates
splitting the BE or PE constructs in half and using a trans-splic-
ing AAV vector system (75, 76). This split-construct delivery
system substantially decreases editing efficiency and conse-
quently restores less dystrophin protein (71). Recently, intein-
split SpCas9 was shown to restore dystrophin expression in a pig
DMD model (77, 78).

Myoediting of other MDs

Myotonic dystrophy

Myotonic dystrophy (DM) is caused by nucleotide expansion and
is categorized into two major types, DM1 and DM2, each caused
by mutations in a different gene. DM1 results from CTG trinucleo-
tide repeat expansion in the noncoding region of the DMPK gene,
while DM2 is caused by CCTG tetranucleotide repeat expansion
in the CNBP gene (encoding ZNF9) (Figure 1B). In both forms of
DM, the expanded RNA is toxic, folding into hairpin-like struc-
tures and forming RNA plus protein accumulations that cause
ribonuclear foci to form. This causes misregulation of crucial
RNA-binding proteins involved in alternative splicing, resulting in
splicing deregulation of many genes (79-81).

The goal of myoediting of DM is deletion of the nucleotide
expansions (82). A commonly used correction strategy is double-
cut myoediting to excise the repeated region using Cas9 and two
sgRNAs flanking the repeat expansion in both DM1 cell and ani-
mal models (83-85). A single DSB near a long repeat expansion was
shown to potentially induce loss of the entire repeat, offering anoth-
er genomic editing approach for DM (86). However, this approach’s
efficiency is extremely low. Additionally, it was reported that
CRISPR/Cas9-mediated HDR efficiently introduced a polyad-
enylation signal into the 3-UTR upstream of the CTG repeats,
reverting the DM1 phenotype and serving as a practical strategy for
advancing therapeutic genome editing for DM1 (87).

Facioscapulohumeral muscular dystrophy

Facioscapulohumeral muscular dystrophy (FSHD) is character-
ized by the contraction of the D4Z4 region in the genome that
leads to the aberrant expression of the transcription factor DUX4
and, eventually, misregulation of hundreds of genes (Figure 1B).
To date, no CRISPR-based genome editing technologies have
been applied to the different DUX4-transgenic mouse models
of FSHD. To decrease expression of full-length DUX4 mRNA in
primary FSHD myoblasts, dCas9 was fused to the transcriptional
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repressor KRAB in order to epigenetically repress DUX4 gene
expression (88). However, this approach does not permanently
modify the genome, so repeated administration would likely be
required for therapeutic benefit.

Limb-girdle muscular dystrophy

Limb-girdle muscular dystrophy (LGMD) pertains to a group of
muscle diseases caused by mutations in many different genes
(Figure 1B). LGMD2B is caused by mutations in the dysferlin gene
(DYSF), and LGMD2D is caused by mutations in the a-sarcoglycan
gene (SGCA). Using patient-derived iPSCs, CRISPR genome edit-
ing with a DNA template (ssODN) induced HDR to correct two
of the most common point mutations, the ¢.5713C>T mutation
in DYSF and the ¢.229C>T mutation in SGCA (89). Although this
method worked in cells, HDR is inefficient in postmitotic skele-
tal muscle, so different approaches based on new genome editing
technologies such as BEs and PEs should be explored to correct
this class of MDs.

Future challenges of myoediting

CRISPR genome editing technology has revolutionized the field
of MDs, offering the anticipation of a therapeutic cure (Figure 3).
Successful clinical trials of CRISPR technology with other mono-
genic diseases such as sickle cell disease and Leber congenital
amaurosis have paved the way for future clinical application of
CRISPR (90). Here we delineate challenges that need to be over-
come and possible solutions to make therapeutic genome editing
areality for MD patients.

Efficiency of editing

It is clear that the higher the efficiency of editing, the greater
the functional recovery of muscle. Therefore, optimization of
CRISPR technology by careful design of the editing strategies
and efficient delivery of CRISPR components to muscle is key to
generating an effective CRISPR therapy. In DMD mouse models,
the single-cut myoediting approach for exon skipping and exon
reframing dramatically increases editing efficiency over that
observed with the double-cut myoediting approach (43). Addi-
tionally, increasing the ratio of AAV-sgRNA to AAV-Cas highly
improves the genomic editing events and consequently enhances
dystrophin protein recovery (45, 91).

Since myofibers are multinucleated, it may not be necessary
to correct 100% of nuclei to achieve clinical benefit. Findings
from patients indicate that restoring dystrophin protein expres-
sion between 4% and 50% can convert a DMD phenotype to a
BMD phenotype, increasing quality of life and prolonging lifespan
(33). However, the minimal level of dystrophin per myofiber and
the number of nuclei that need to be corrected remain uncertain.
Future transcriptomic and proteomic analyses at the single-myofi-
ber level, in conjunction with single-nucleus RNA sequencing, can
assess the efficiency of editing needed in MDs.

Delivery of CRISPR components

As muscle comprises about 40% of the body mass, the major
challenge for CRISPR therapy in MDs is delivery. To date, three
different approaches have been applied: (a) engineered nanoparti-
cles, (b) muscle progenitor engraftment, and (c) AAV delivery. The
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only in vivo study in which engineered nanoparticles were used
achieved editing efficiency of less than 1% (68), making it unlikely
that nanoparticles, at least in current formulations, will be suffi-
ciently efficient for systemic delivery for myoediting. Addition-
ally, muscle progenitor cells were corrected by CRISPR genome
editing and then engrafted in muscle of mdx mice by intramus-
cular injection (92). Major weaknesses of this approach include
low efficiency of engraftment and the inability to generate muscle
stem cells with long-term repopulation potential.

Currently, AAV is the most promising delivery system for
CRISPR genome editing therapies and has many advantages,
including low immunogenicity, minimal integration risk, long-
term transgene expression, and approval by the Food and Drug
Administration for human clinical use. The skeletal and cardiac
muscle tropism of some serotypes can be further enhanced using
specific promoters for these tissues. For efficient in vivo genome
editing, high doses of AAV are required, posing challenges for
clinical application. A recent study demonstrated that the use of
self-complementary AAV for the expression of the sgRNA, instead
of the single-stranded AAV, enhances the in vivo delivery efficien-
cy, allowing a lower viral dose to achieve efficient myoediting (72).
Most encouragingly, the first studies using CRISPR technology in
a spontaneously generated DMD dog model and in an induced
DMD pig model, involving systemic administration of AAV9,
allowed efficient restoration of dystrophin protein production,
thereby validating therapeutic genome editing in large animals
and auguring future clinical application (44, 78).

The new CRISPR genome editing tools, such as BEs and PEs, are
too large to be packaged in a single AAV, requiring split systems that
are relatively inefficient (71). Another major limitation for clinical
use of AAV delivery system is the preexisting anti-AAV antibodies
in the human population (93, 94). Although myoediting strategies
could be considered “one and done” treatments, there might be a
need to repeat myoediting. Due to high antibody titers developed
against the first AAV dose, high corticosteroids would need to be
administered to reduce the activity of the immune system (95).

Recent studies have shown innate and adaptive cellular immu-
nogenicity to Cas9 in mouse models and the presence of anti-
Cas9 antibodies in human plasma (96, 97). However, different
approaches, such as masking the immunogenic Cas9 epitopes,
have the potential to circumvent the problem of immune recogni-
tion (98, 99). In addition, it was observed that sgRNAs could poten-
tially trigger an innate immune response (100). Further studies on
the specific post-transcriptional modifications of sgRNAs need to
be conducted to avoid this induced immune response (101).

Off-target activity detection

One of the major intrinsic concerns regarding CRISPR genome
editing is off-target activity. To reduce this potential outcome, dif-
ferent high-fidelity Cas enzymes have been developed, but off-tar-
get mutagenesis has not been thoroughly assessed in vivo. CRIS-
PR/Cas off-target activity has been analyzed only at predicted
sites. The use of different methods is needed to capture all poten-
tial genomic sites, and other events such as viral genome integra-
tion or aberrant splicing. These investigative methods include
Digenome-seq (102), GUIDE-seq (40), and CIRCLE-seq (103).
The first generation of BEs introduced a large number of off-target
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edits, also at the transcriptome level, so the complete sequencing
of the genome and transcriptome is required to demonstrate spec-
ificity. In addition, comprehensive transcriptomic and proteomic
analyses after myoediting could identify dysregulated biological
pathways due to off-target activities.

Age of treatment and long-term effects

Another important variable in achieving high efficiency is the
timing of the correction. When should myoediting be done in
patients? Generally, all the in vivo studies that show efficient dys-
trophin recovery have been performed using young mice or dogs,
suggesting the importance of starting the treatment as early as
possible. Future applications of recently developed dystrophin
reporter mice could elucidate the importance of timing of myoed-
iting for treatment of DMD patients (104).

Two different studies were performed to test the long-term
effects of CRISPR genome editing (40, 91). Both studies showed
reduced skeletal muscle editing at 12 or 18 months after AAV
injection of the CRISPR components and a disproportionate
reduction of the sgRNA vector compared with the Cas9 vector.
These studies were performed using the double-cut approach
for exon deletion, and currently there are no reported studies
showing the long-term effects of the single-cut approach on
myoediting outcomes.

The ability to deliver CRISPR components into satellite cells
or muscle stem cells could help to sustain long-term genome edit-
ing. However, AAV infectivity of satellite cells has been controver-
sial (63, 105, 106). Encouragingly, a recent study using a muscle
graft model showed that AAV9 effectively transduces satellite
cells (107). Single-cell analyses and the use of a satellite cell-
specific promoter (instead of a constitutive CMV promoter) to
drive CRISPR component expression could advance our under-
standing in this field and be beneficial to DMD therapy.

Novel myoediting strategies

Although many different CRISPR/Cas systems have been engi-
neered and developed, only Cas9 has been extensively used to
correct MDs. BEs and PEs possess specific editing activities that
could advance the field of genome editing of MDs, if their in vivo
delivery efficiency is improved. In addition, it might be of inter-
est to take a combinatorial approach to therapy and combine
genome editing with other treatments in order to boost the effect
of genome editing.

Concluding remarks

Different CRISPR-mediated technologies have the potential
to be applied to many MDs. It may be argued that gene replace-
ment therapy, which involves ectopic overexpression of missing
proteins in muscles, may be a sufficient approach to treat MDs.
However, the limitations of gene replacement therapy are that the
disease-causing mutation is retained, many of the protein-coding
transcripts are too large for gene replacement delivery, and there
is no regulation of ectopic expression, so excessive amounts of
protein could potentially be made. In contrast, genomic editing
corrects the mutation at the genomic level and allows for endog-
enous regulation of the restored protein, thereby providing the
appropriate amount of protein in the correct tissue.
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Myoediting has successfully been applied in human iPSCs
and in animal models, providing a new path for MD treatment.
Because of all the effort placed on genome editing systems
during the last several years, the efficacy of the technology
is no longer a deterrent for treatment of MDs in the clinic.
The remaining challenges before clinical translation are val-
idation of the safety of the system and optimization of the
delivery systems. Considering all the recent preclinical suc-
cesses obtained with CRISPR systems, especially in DMD, it
seems reasonable that these challenges will be overcome in the
next few years.
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