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Duchenne muscular dystrophy (DMD) is a lethal neuromus-
cular disease caused by mutations in the X-linked dystrophin
(DMD) gene. Exon deletions flanking exon 51, which disrupt
the dystrophin open reading frame (ORF), represent one of
the most common types of human DMD mutations. Previ-
ously, we used clustered regularly interspaced short palin-
dromic repeats (CRISPR) and CRISPR-associated proteins
(Cas) gene editing to restore the reading frame of exon 51
in mice and dogs with exon 50 deletions. Due to genomic
sequence variations between species, the single guide RNAs
(sgRNAs) used for DMD gene editing are often not
conserved, impeding direct clinical translation of CRISPR-
Cas therapeutic gene-editing strategies. To circumvent this
potential obstacle, we generated a humanized DMD mouse
model by replacing mouse exon 51 with human exon 51, fol-
lowed by deletion of mouse exon 50, which disrupted the
dystrophin ORF. Systemic CRISPR-Cas9 gene editing using
an sgRNA that targets human exon 51 efficiently restored
dystrophin expression and ameliorated pathologic hallmarks
of DMD, including histopathology and grip strength in this
mouse model. This unique DMD mouse model with the hu-
man genomic sequence allows in vivo assessment of clinically
relevant gene editing strategies as well as other therapeutic
approaches and represents a significant step toward thera-
peutic translation of CRISPR-Cas9 gene editing for correc-
tion of DMD.
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INTRODUCTION
Skeletal muscle is indispensable for a variety of human activities.
Despite the remarkable regeneration capacity of skeletal muscle, it
is vulnerable to numerous pathological disorders, including myopa-
thies and muscular dystrophies. Among them, Duchenne muscular
dystrophy (DMD) represents one of the most devastating muscle dis-
orders. DMD is a progressive muscle disease, caused by mutations in
the DMD gene located on the X chromosome.1,2 The protein product
of the DMD gene is dystrophin, a large intracellular protein essential
for tethering the inner cytoskeleton and extracellular matrix.3 Loss of
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dystrophin protein in skeletal muscle and the heart causes membrane
leakage during muscle contraction, leading to contraction-induced
damage, followed by muscle fibrosis, cardiomyopathy, respiratory
failure, and, ultimately, premature death.4 Despite extensive efforts,
DMD remains the leading cause of early death in boys affected with
monogenic muscle disorders, highlighting the need for effective
therapies.

In contrast to conventional gene replacement therapy, gene editing
therapy uses a programmable nuclease to correct disease-causing
mutations at the genome level. Among the different programmable
nucleases developed so far, clustered regularly interspaced short
palindromic repeats (CRISPR) and CRISPR-associated proteins
(Cas) offer simplicity and accuracy in therapeutic gene editing.5–7

Early intervention into DMD by CRISPR-mediated genome edit-
ing before the replacement of muscle cells with fibrotic or adipose
tissue allows functional recovery and rescue of abnormalities
associated with disease. With this approach, we and others have
corrected nonsense mutations in mdx and mdx4cv DMD mouse
models.8–11 However, single point mutations represent only
�10% of DMD cases, while exon deletion mutations that disrupt
the reading frame between adjacent exons are the predominant
mutation type, accounting for �70% of total cases.12 To investigate
exon deletion mutations of the dystrophin gene, several DMD
mouse models carrying frame-shifting exon deletion mutations
in “hotspot” regions of the gene have been established by
CRISPR-Cas9-mediated mutagenesis, including deletion of exons
8, 9, 43, 44, 45, 50, 51, and 52.13–17 Using adeno-associated virus
(AAV) as a delivery vector, CRISPR-Cas gene editing components
were delivered to these mouse models and successfully corrected
DMD mutations post-natally, further supporting CRISPR-Cas
gene editing as a potential therapy for DMD.13–15,18–20
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While the mouse and human dystrophin proteins are highly
conserved with respect to exon composition and amino acid
sequence, the mouse and human dystrophin genes vary at the
genomic level because of codon degeneracy. These nucleotide differ-
ences impede direct translation of CRISPR-Cas9 gene editing between
DMD animal models and humans since the Cas9 nuclease is guided
by sequence-specific single guide RNAs (sgRNAs), and hence hu-
man-specific sgRNAs may not efficiently target the mouse genome
and thus cannot be tested in DMD mouse models. In this study, we
describe the creation of a unique X-linked humanized DMD mouse
model in which mouse exon 51 was replaced with human exon 51.
Subsequent deletion of mouse exon 50 placed human exon 51 out
of frame, generating themDmdDEx50; hDMD Ex51 knockin human-
ized DMD mouse model (hereafter referred to as D50;h51KI mice).

We then explored the potential of CRISPR-mediated single-cut gene
editing using Staphylococcus pyogenes Cas9 (SpCas9) as a means of
correcting the human exon 51 out-of-frame mutation in this
X-linked humanized DMDmodel. Systemic delivery of AAV9 vectors
expressing an engineered SpCas9 nuclease and sgRNAs in D50;h51KI
mice resulted in efficient restoration of dystrophin expression in
skeletal muscle and heart and improved muscle contractility. Addi-
tionally, we translated this gene editing strategy to restore dystrophin
protein expression in DMD patient-derived human cardiomyocytes
generated from induced pluripotent stem cells (iPSCs). The establish-
ment of this X-linked humanized DMD mouse model allows rapid
sgRNA screening and optimization in human cells and direct trans-
lation to animals and, ultimately, patients with DMD.

RESULTS
Generation of humanized DMD mouse model with human exon

51

Previously, using CRISPR-SpCas9-mediated single-cut gene editing
technology, we restored the open reading frame (ORF) of Dmd
exon 51 in mice and dogs with exon 50 deletion.13,21 However, due
to genomic sequence variations between different species, in vivo
evaluation of human sgRNAs and editing of the human genome is
not possible with the mouse genomic sequence (Figure S1). To
address this issue, we first introduced the human exon 51 genomic
sequence in mice by CRISPR-SpCas9-mediated homology-directed
repair (HDR) (Figure 1A). These mice, referred to as human exon
51 KI (h51KI) mice, have endogenous mouse exon 51 replaced by
233 bp of human exon 51 on the X chromosome, while mouse introns
50 and 51 remain unchanged. Sequencing of reverse transcription
polymerase chain reaction (RT-PCR) amplicons from h51KI mouse
triceps muscle confirmed precise splicing of mouse exon 50 with hu-
man exon 51 (Figures S2A and S2B). Similar to wild-type (WT) mice,
h51KI mice showed membrane localization of the dystrophin protein
(Figure S2C), and western blot analysis showed no difference in dys-
trophin protein expression levels between WT and h51KI mice
(Figures S2D and S2E).

Next, we injected zygotes of h51KI mice with two sgRNAs that target
the introns flanking mouse exon 50. By genomic sequencing, we iden-
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tified a F0 founder mouse with a 216 bp deletion that placed the hu-
man exon 51 out of frame and used this mouse line for further studies.
We confirmed deletion of mouse exon 50 in the D50;h51KI mouse
line by RT-PCR using primers targeting mouse exons 49–52 (Fig-
ure 1B). Sanger sequencing of the RT-PCR product showed precise
splicing of mouse exon 49 with human exon 51, which generates a
premature termination codon in human exon 51 (Figure 1C). Histo-
logical analysis at 4 weeks of age showed inflammatory infiltration
and regenerative muscle fibers with central nuclei in D50;h51KI
mice (Figure 1D). Absence of dystrophin in muscle membranes was
shown in the triceps and heart of D50;h51KI mice by immunohisto-
chemistry (Figure 1E). Western blot analysis confirmed complete loss
of dystrophin protein expression (Figure 1F). Muscle contraction in
the absence of dystrophin tears muscle membranes and releases cre-
atine kinase (CK) into the bloodstream. The serum CK level in
D50;h51KI mice was elevated 34-fold compared with h51KI mice,
indicating muscle damage (Figure 1G). The dystrophic phenotype
manifested in D50;h51KI mice indicates that this KI humanized
DMD mouse line recapitulates DMD pathology seen in other mouse
models and can be used as an animal model to develop therapies for
DMD.

Strategies for CRISPR-Cas9-mediated gene editing of

humanized DMD mice

The D50;h51KI mice carry one of the most common genomic dele-
tions seen in patients with DMD. CRISPR-Cas-mediated gene editing
of DMD exon 51, in principle, could provide therapeutic benefit to
�13% of the population with DMD.22 We investigated the feasibility
of using CRISPR-SpCas9-mediated single-cut gene editing to correct
the human exon 51 out-of-frame mutation. In this strategy, a single
sgRNA was used to induce a DNA double-strand break (DSB) be-
tween the 50-AG-30 splice acceptor and the 50-TGA-30 premature
termination codon. Non-homologous end-joining (NHEJ) generated
genomic insertions and deletions (indels) to repair the DSB. Res-
toration of dystrophin protein by reframing of exon 51 can be
accomplished by indels that insert one nucleotide (3n+1) or delete
two nucleotides (3n�2) (Figure 2A). Alternatively, skipping of exon
51 will occur if an indel is large enough to disrupt the 50-AG-30 splice
acceptor (Figure 2A).

We screened SpCas9 with sgRNAs in human 293T cells because the
D50; h51KI mice carry human exon 51. We tested a control sgRNA
that was used in previous studies to correct an exon 51 out-of-frame
mutation in mice (Figures 2B and S1). This control sgRNA did not
induce efficient DNA cutting in human exon 51, as indicated by the
low percentage, less than 15%, of total NHEJ events (Figure 2B).
Next, we tested two additional sgRNAs (sgRNA-1 and -2) that
demonstrated 26%–33% total DNA-cutting activity. However, the
productive editing activity, as defined by restoration of the human
exon 51 ORF, remained low at 10% (Figure 2B).

To identify an optimal sgRNA with high productive editing, we
examined additional SpCas9 variants with different protospacer
adjacent motif (PAM) sequence requirements for DNA cutting.



Figure 1. Generation of humanized dystrophic mice with DMD human exon 51 knockin

(A) CRISPR-Cas9-mediated gene targeting to generate humanized dystrophic mice. Mouse exon 51 (mEx51) was replaced by human exon 51 (hEx51) through HDR,

generating h51KI mice. Subsequent deletion of mEx50 placed hEx51 out of frame, generating D50;h51KI mice. (B) RT-PCR analysis of triceps muscle to validate deletion of

mEx50. Primers target mouse exons 49 and 52. Amplicon size is 494 bp for h51KI mice and 385 bp for D50;h51KI mice (n = 3). (C) Sanger sequencing of RT-PCR product

from the triceps muscle of D50;h51KI mice confirms splicing of mEx49 to hEx51. Deletion of mEx50 generates a premature termination codon in hEx51, indicated by a red

asterisk. (D) H&E staining of triceps and heart of h51KI and D50;h51KI mice. Note centralized nuclei in D50;h51KI triceps, indicative of myofiber degeneration and

regeneration. Scale bar, 100 mm. (E) Immunohistochemistry of triceps and heart of h51KI and D50;h51KI mice. Dystrophin is shown in green. Nuclei are stained with DAPI in

blue. Scale bar, 200 mm. (F) Western blot shows complete loss of dystrophin protein expression in triceps and heart of D50;h51KI mice. Vinculin is the loading control (n = 3).

(G) Serum creatine kinase (CK), an indicator of muscle damage, is abnormally elevated in D50;h51KI mice. Data are represented as mean ± SEM. Unpaired two-tailed

Student’s t tests were performed. ***p < 0.001 (n = 6).
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SpCas9-NG and SpCas9-VRQR nucleases are engineered Cas9 var-
iants carrying amino acid substitutions in the PAM-interacting
domain that enable robust genome editing at target sites with a
50-NGN-30 PAM or a 50-NGA-30 PAM, respectively.23,24 We
screened 7 additional sgRNAs (sgRNA-3 to -9) and discovered
that sgRNA-9 coupled with SpCas9-VRQR nuclease generated the
highest productive editing activity (Figure 2B). This optimized
sgRNA-9 recognizes a 50-TGA-30 PAM in human exon 51 and
cuts genomic DNA 11 bp upstream of the premature termination
codon (Figure 2C).
Systemic CRISPR-SpCas9-VRQR gene editing restores dystro-

phin expression in humanized DMD mice

To assess the efficacy of the SpCas9-VRQR nuclease and sgRNA-9
in vivo, we designed a dual AAV delivery system to package the
CRISPR-Cas9 gene editing components individually. AAV serotype
9 (AAV9) was chosen because of its tropism to striated muscle. In
this dual AAV delivery system, the SpCas9-VRQR nuclease was
cloned into a single-stranded AAV vector, and its expression was
driven by the muscle-specific CK8e promoter (Figure 3A).25 We
chose a double-stranded self-complementary AAV (scAAV) vector
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 527
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Figure 2. Strategies for CRISPR-Cas9-mediated gene editing of humanized

DMD mice

(A)D50;h51KI mice have deletion of mEx50, resulting in splicing of mEx49 to hEx51,

generating a premature termination codon in hEx51. A CRISPR-Cas9-mediated

single-cut gene editing strategy was designed to restore the open reading frame of

the dystrophin gene. Small insertions and deletions (indels) with one nucleotide

insertion (3n+1) or two nucleotide deletions (3n�2) can reframe hEx51. Large indels

disrupting the 50-AG-30 splice acceptor sequence cause hEx51 skipping, resulting

in splicing of exon 49 to exon 52. (B) In vitro screening of CRISPR sgRNAs targeting

hEx51. Total NHEJ is defined as total genomic indels after gene editing. Productive

editing is defined as indels with 3n+1 insertion or 3n�2 deletion, which are capable

of reframing or skipping hEx51. Data are represented as mean ± SEM (n = 2). (C)

Illustration of the sgRNA-9 targeting hEx51. This sgRNA recognizes a 50-TGA-30

PAM in exon 51 and generates a DSB 11 bp upstream of the premature termination

sequence (indicated in red). The 50-AG-30 splice acceptor sequence is indicated in

yellow. Exon is highlighted in blue. Exon sequence is shown as uppercase letters.

Intron sequence is shown as lowercase letters.
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to express sgRNA-9 because scAAV showed substantially higher viral
transduction efficiency in systemic CRISPR gene editing.14,19 More-
over, we cloned two copies of the sgRNA-9 expression cassette driven
by two RNA polymerase III promoters, U6 and M11, because sgRNA
has been shown to be rate limiting for in vivo gene editing of DMD
mouse models (Figure 3A).15,26

To achieve whole-body gene editing, we systemically delivered
AAV-SpCas9-VRQR and AAV-sgRNA-9 to post-natal day 4
(P4) D50;h51KI mice through intraperitoneal (i.p.) injection at
a dose of 8 � 1013 vector genomes (vg)/kg for each AAV vector.
Four weeks after systemic AAV delivery, we assessed dystrophin
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protein expression in several muscle tissues, including tibialis
anterior (TA) of the hindlimb, triceps of the forelimb, diaphragm,
and cardiac muscle. Assessment by immunohistochemistry
showed extensive dystrophin expression in skeletal muscles and
the heart (Figures 3B and S3). D50;h51KI mice receiving systemic
gene editing displayed 89%, 86%, and 93% dystrophin-positive
myofibers in TA, triceps, and diaphragm, respectively (Figure S4).
To further quantitatively assess dystrophin protein restoration, we
performed western blot analysis in skeletal muscles and the heart
of SpCas9-VRQR gene-edited D50;h51KI mice. Mice receiving the
systemic AAV treatment restored 18%–26% of WT levels of
dystrophin protein in multiple skeletal muscles and heart
(Figures 4A and 4B).

To determine the genomic alterations associated with restoration of
the dystrophin ORF, we performed deep sequencing analysis on mus-
cles of SpCas9-VRQR gene-edited D50;h51KI mice. Mice receiving
systemic administration of AAV-SpCas9-VRQR and AAV-sgRNA-
9 had an average 11%–15% of total indels in skeletal muscles, while
genomic indels in the heart reached 17% (Figure 4C). Notably, pro-
ductive editing events that restored the human exon 51 ORF were
the predominant indels in SpCas9-VRQR gene-edited D50;h51KI
mice (Figures 4C, S5A, and S5B). Genomic indel analysis of whole
muscle tissue may underestimate the CRISPR-Cas9 gene editing effi-
ciency because the other cell types in muscle, such as endothelial cells,
inflammatory monocytes, and fibroblasts, are not edited by the mus-
cle-specific SpCas9-VRQR nuclease. Therefore, by RT-PCR and
sequencing, we analyzed dystrophin transcripts at the cDNA level
and found reframing events, which included one nucleotide insertion
(+T) and two-nucleotide deletion (–GT) as the predominant indels,
accounting for 55%–65% of sequence alterations at the cDNA level
(Figures 4D and S5C). In addition to reframing events, we observed
skipping of human exon 51 at the cDNA level, with an average of
4.5%–12.8% in skeletal muscle and 26.5% in the heart (Figures 4D
and S5C). These findings indicate that SpCas9-VRQR-mediated sin-
gle-cut gene editing coupled with the optimized CRISPR sgRNA-9
can effectively correct human exon 50 DMD deletion mutations
in vivo.

Systemic CRISPR-SpCas9-VRQR gene editing improvesmuscle

function and restores muscle integrity in humanized DMD mice

To examine the effect of dystrophin restoration on muscle integrity
and function, we measured serum CK levels, forelimb grip strength,
and muscle contractility in SpCas9-VRQR gene-edited D50;h51KI
mice. Elevated serum CK is a pathological indicator of muscle dam-
age. Compared with h51KI control mice, the serum CK activity of
D50;h51KI mice injected with saline was elevated by 33.4-fold. In
contrast, the serum CK of SpCas9-VRQR gene-edited D50;h51KI
mice was only elevated by 3.2-fold, indicative of muscle protection
from contraction-induced damage (Figure 5A). Additionally, we
determined whether SpCas9-VRQR gene editing was able to improve
muscle strength in D50;h51KI mice. The grip strength of D50;h51KI
mice receiving saline was reduced by 45% compared with h51KI con-
trol mice (Figure 5B). In contrast, the grip strength ofD50;h51KImice



Figure 3. Systemic delivery of SpCas9-VRQR gene editing components

restores dystrophin expression in humanized DMD mice

(A) Illustration of AAV vectors used to deliver SpCas9-VRQR nuclease and

sgRNAs. SpCas9-VRQR nuclease was cloned into a single-stranded AAV back-

bone, and its expression was driven by the muscle-specific CK8e promoter. Two

copies of the sgRNA-9 targeting hEx51 were cloned into a double-stranded self-

complementary AAV backbone. sgRNA expression was driven by two RNA poly-

merase III promoters, U6 and M11. A stuffer sequence was cloned into the

sgRNA-expression AAV vector for optimal viral packaging. (B) Immunohistochem-

istry shows restoration of dystrophin in the tibialis anterior (TA), triceps, dia-

phragm, and heart of D50;h51KI mice after systemic delivery of AAV-SpCas9-

VRQR (8 � 1013 vg/kg) and AAV-sgRNA-9 (8 � 1013 vg/kg). Delivery age, P4;

analysis age, 4 weeks. Dystrophin is shown in green. Scale bars, 100 mm (n =

6 for each muscle group, one representative image is presented for each muscle

group).
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receiving systemic AAV-SpCas9-VRQR and AAV-sgRNA-9 was only
reduced by 11% compared with h51KI control mice (Figure 5B).

To evaluate whether systemic CRISPR-SpCas9-VRQR gene editing
was able to rescue the pathological phenotype seen in D50;h51KI
mice, we performed hematoxylin and eosin (H&E) staining of skeletal
muscles and the heart isolated from D50;h51KI mice. In the saline-
treated control group, D50;h51KI mice displayed centralized nuclei,
necrosis, and inflammatory infiltration in TA, triceps, and diaphragm
muscles (Figures S6 and S7). The percentage of regenerating myofib-
ers with central nuclei in saline-treated D50;h51KI mice was between
26% and 45% across different skeletal muscle groups (Figure S8). Af-
ter systemic CRISPR-SpCas9-VRQR gene editing, the percentage of
centralized nuclei in myofibers declined substantially (Figure S8).
Together, these findings demonstrate that SpCas9-VRQR-mediated
single-cut gene editing improves muscle integrity and provides func-
tional benefit to D50;h51KI mice.

Next, we performed muscle contraction analysis on soleus and
extensor digitorum longus (EDL) muscles isolated from D50;h51KI
mice 4 weeks after receiving systemic AAV-SpCas9-VRQR and
AAV-sgRNA-9. In the cohort administered saline, the force of soleus
and EDL was reduced by 58% and 43%, respectively, compared with
h51KI control mice (Figures 5C and 5D). After systemic CRISPR-
SpCas9-VRQR gene editing, the force exhibited by soleus and EDL
was increased by 82% and 47%, respectively, compared with the saline
control group (Figures 5C and 5D). A similar pattern was seen for
maximal tetanic force of treated soleus and EDL (Figures 5E and
5F). Improvement of muscle contraction in soleus and EDL corre-
lated with increased dystrophin expression and decreased muscle
degeneration (Figures S9 and S10).

SpCas9-VRQR gene editing restores dystrophin expression and

showsminimal off-target editing in patient iPSC-derivedDEx48-

50 cardiomyocytes

To investigate whether efficient gene editing in humanized mice is
translatable to human DMD cardiomyocytes, we performed
SpCas9-VRQR-mediated single-cut gene editing in human iPSCs
generated from a patient with DEx48-50 DMD (Figure 6A). This
DMD iPSC line carries an out-of-frame deletion of multiple DMD
exons, spanning from exon 48 to 50, which generates a premature
termination codon in exon 51. We used the same sgRNA-9 that
showed high efficiency in humanized DMD mice to correct the mu-
tation in DEx48-50 iPSCs. From immunocytochemistry and western
blot analysis, we found that cardiomyocytes differentiated from
SpCas9-VRQR gene-edited DEx48-50 iPSC mixtures (DEx48-50
iPSC-cardiomyocytes [CMs]) showed a high level of dystrophin pro-
tein expression comparable to healthy control CMs, even without
clonal selection and expansion (Figures 6B and 6C). To assess the po-
tential off-target effects of SpCas9-VRQR-mediated gene editing, we
performed deep sequencing analysis on the top four off-target
sites. We did not observe significant genomic modifications across
any of the off-target sites (Figure 6D; Table S2). We conclude that
SpCas9-VRQR-mediated single-cut gene editing represents an
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 529
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Figure 4. Restoration of dystrophin protein expression in humanized DMD mice after systemic delivery of SpCas9-VRQR gene editing components

(A) Western blot analysis shows restoration of dystrophin protein expression in the TA, triceps, diaphragm, and heart of AAV-SpCas9-VRQR and AAV-sgRNA-9 gene-edited

D50;h51KI mice. Dilutions of protein extract from muscle tissues of h51KI control mice, expressed as percentage of protein input, serve to standardize dystrophin protein

expression. Vinculin was used as the loading control (n = 6). (B) Quantification of dystrophin protein expression in the TA, triceps, diaphragm, and heart of saline-treated and

AAV-SpCas9-VRQR and AAV-sgRNA-9 gene-edited D50;h51KI mice. Relative dystrophin intensity was calibrated with vinculin internal control before normalizing to the

h51KI control mice. Data are represented as mean ± SEM (n = 6). (C) Deep sequencing analysis of genomic indels in the TA, triceps, diaphragm, and heart of

D50;h51KI mice after systemic delivery of AAV-SpCas9-VRQR and sgRNA-9. Data are represented as mean ± SEM (n = 3). (D) Analysis of cDNA indels in the TA, triceps,

diaphragm, and heart ofD50;h51KI mice after systemic delivery of AAV-SpCas9-VRQR and AAV-sgRNA-9. NE, not edited; RF, exon 51 reframed; SK, exon 51 skipped; OF,

out of frame. Data are represented as mean ± SEM (n = 3). All measurements were performed 4 weeks after systemic delivery of AAV-SpCas9-VRQR (8 � 1013 vg/kg) and

AAV-sgRNA-9 (8 � 1013 vg/kg); delivery age, P4.
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efficient and safe strategy to correct human exon 51 out-of-framemu-
tations in both humanized DMD mice and human DMD iPSCs.

DISCUSSION
Despite extensive efforts to developCRISPR-Cas-mediated therapeutic
gene editing to correct DMD mutations, challenges remain in testing
human-specificCRISPR sgRNAs in animalmodels because of genomic
530 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
sequence variations between species. By truncating two nucleotides in
the PAM-distal region of a sgRNA, we were able to find a conserved
18-nucleotide sgRNA that efficiently corrects DMDexon 45mutations
in human CMs and mice.15,19 However, this approach cannot be uni-
versally applied to other dystrophin exons, such as exon 51, because
sgRNAs targeting human or mouse exon 51 have sequence variations
in the PAM-proximal region or at the PAM site.



Figure 5. Systemic SpCas9-VRQR-mediated single-cut gene editing

improves muscle function in humanized DMD mice

(A) Serum CK measurements in h51KI control mice, saline-treated, and AAV-

SpCas9-VRQR, AAV-sgRNA-9 gene-edited D50;h51KI mice. Data are represented

as mean ± SEM. One-way ANOVA was performed with post-hoc Tukey’s multiple

comparisons test. ****p < 0.0001 (n = 6). (B) Forelimb grip-strength analysis of h51KI

control mice, saline-treated, and AAV-SpCas9-VRQR, AAV-sgRNA-9 gene-edited

D50;h51KI mice. Grams of force is normalized with body weight. Data are repre-

sented as mean ± SEM. One-way ANOVA was performed with post-hoc Tukey’s

multiple comparisons test. *p < 0.05, **p < 0.01 (n = 6). (C and D) Specific force

(mN/mm2) of the soleus (C) and extensor digitorum longus (EDL) (D) muscles of

h51KI control mice, saline treated, and AAV-SpCas9-VRQR, AAV-sgRNA-9 gene

edited D50;h51KI mice. Data are represented as mean ± SEM. One-way ANOVA

was performed with post-hoc Tukey’s multiple comparisons test. *p < 0.05,

**p < 0.005, ***p < 0.001 (n = 10 for analysis of EDL muscle of saline-treated

D50;h51KI mice, n = 6 for other treatments). (E and F) Maximal tetanic force of

the soleus (E) and EDL (F) muscles of h51KI control mice, saline-treated, and

AAV-SpCas9-VRQR, AAV-sgRNA-9 gene-edited D50;h51KI mice (n = 10 for anal-

ysis of EDL muscle of saline treated D50;h51KI mice, n = 6 for other treatments, one

representative trace image is presented for each group). All measurements were

performed 4 weeks after systemic delivery of AAV-SpCas9-VRQR (8 � 1013 vg/

kg) and AAV-sgRNA-9 (8 � 1013 vg/kg); delivery age, P4.
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Previously, two humanized DMD mouse models were established by
integrating the full-length human DMD gene into mouse chromo-
some 5 and deleting human DMD exon 45 or 52 in embryonic
stem cells isolated from the mouse model.27,28 When backcrossed
to mdx mice, these transgenic humanized DMD mice displayed
muscular dystrophy. However, a recent study revealed that these hu-
manized DMD mice carry two copies of the human DMD transgene
at the integration locus in a tail-to-tail orientation, making this DMD
mouse model unsuitable for testing in vivo CRISPR-Cas9 gene edit-
ing.29 This is because the sgRNA can cut twice in the human DMD
transgenes, which may generate unwanted chromosomal alterations,
including large deletions, inversions, or translocations. In contrast,
the humanized DMD mouse model created in this study contains
mouse exon 51 replaced by its human ortholog within the endoge-
nous genomic location on the X chromosome. Subsequent deletion
of mouse exon 50 puts the human exon 51 out of frame and generates
a dystrophic DMD mouse model that represents the most common
genomic deletions seen in patients with DMD. In addition, this
X-linked humanized DMD mouse model transcribes the chimeric
dystrophin gene from the endogenous promoter and faithfully segre-
gates the mouse Dmd gene with human DMD exon 51 in an
X-chromosome-dependent manner without the need to cross with
other dystrophic mice.

The WT SpCas9 nuclease prefers a 50-NGG-30 PAM for efficient gene
editing.30 The sgRNAs used for correctingDmd exon 51 out-of-frame
mutations in mice and dogs utilize the 50-TGG-30 PAM for DNA cut-
ting, which is a canonical PAM for the WT SpCas9. However, the
PAM sequence for the corresponding sgRNA targeting human exon
51 is 50-TAG-3’. This 50-NAG-30 PAM is not an optimal PAM for
WT SpCas9, rendering gene editing of human exon 51 less efficient.
In this study, we devised an efficient single-cut gene editing method
using an engineered SpCas9-VRQR nuclease to restore the human
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Figure 6. SpCas9-VRQR-mediated single-cut gene editing restores dystrophin expression in patient iPSC-derived DMD DEx48-50 cardiomyocytes

(A) DMD DEx48-50 iPSCs were edited by SpCas9-VRQR gene editing components (corrected DMD iPSCs) and then differentiated into corrected cardiomyocytes (CMs) for

downstream analysis. (B) Immunocytochemistry shows dystrophin restoration in mixtures of DMD DEx48-50 CMs following SpCas9-VRQR-mediated single-cut gene

editing. Red, dystrophin immunostaining; green, troponin I immunostaining. Scale bar, 100 mm. (C) Western blot shows dystrophin protein restoration in mixtures of DMD

DEx48-50 CMs following SpCas9-VRQR-mediated single-cut gene editing. Vinculin was used as the loading control. (D) Genomic deep sequencing analysis of the on-target

and top four predicted off-target sites of SpCas9-VRQR sgRNA-9. OT, off-target.
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exon 51 ORF. SpCas9-VRQR utilizes a 50-NGA-30 PAM for DNA cut-
ting.23 By screening several sgRNAs, we identified an optimal sgRNA
with a 50-TGA-30 PAM in human cells and translated SpCas9-VRQR-
mediated single-cut gene editing in D50;h51KI mice and observed a
high percentage of productive editing in this humanized DMDmouse
model while manifesting minimal off-target editing based on ampli-
con sequencing. To further ensure clinical safety in the future, it
would be beneficial to perform unbiased off-target analyses, such as
SITE-seq or GUIDE-seq, to systematically interrogate potential off-
target activities.31,32 Therefore, the D50;h51KI humanized DMD
mice established in this study bring compatibility between in vitro
screening of sgRNAs in human cells and in vivo assessment of
gene-editing efficacy in animals.

In this study, D50;h51KI humanized DMD mice were established by
deleting mouse exon 50 in h51KI WT mice. This KI humanized
mouse model can be used to test different CRISPR-Cas-based gene
editing strategies that target human exon 51. This mouse model can
also be used to test other therapeutic approaches for DMD, such as
antisense oligonucleotide-based exon skipping and microdystro-
phin-based gene replacement. Using h51KI WT mice as a starting
point, additional humanized DMD mice can be generated, such as
mice with exon 52 deletion mutation (D52;h51KI mice) and mice
with exon 46–50 deletion mutation (D46-50;h51KI mice). Different
editing strategies can be deployed to correct these mutations. Specif-
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ically, a mutation in D52;h51KI mice can be corrected by one nucle-
otide insertion (3n+1) or two nucleotide deletions (3n�2) at the 30

end of human exon 51, while a mutation in D46-50;h51KI mice can
be corrected by two nucleotide insertions (3n+2) or one nucleotide
deletion (3n�1) at the 50 end of human exon 51. However, the hu-
manized DMD mouse model developed in this study only contains
human exon 51, while other exons remain mouse sequences, which
limits its application in CRISPR-Cas-based gene editing of other
exons. In the future, it would be useful to establish additional human-
ized DMD mouse models by knocking in other human exons.

CRISPR-Cas-mediated gene editing has shown promise in treating
DMD in preclinical studies, although several questions and challenges
remain to be addressed. One concern is the immune response elicited
by the Cas9 nuclease. Preclinical studies in DMD dog models using
AAV-delivered SaCas9 or SpCas9 showed different gene editing out-
comes. A short-term study in AAV9-SpCas9-mediated gene editing
of DMD dogs with exon 50 deletion showed highly efficient dystro-
phin protein restoration without significant CD4- or CD8-positive
cell infiltration in skeletal muscles.21 In contrast, another study of
AAV8-SaCas9- or -SpCas9-mediated gene editing of DMD dogs
withmutations in introns 6, 13, and 19 reported Cas9-specific humor-
al and cytotoxic T lymphocyte responses, leading to loss of dystro-
phin-positive myofibers.33 SpCas9 and SaCas9 nucleases are derived
from Streptococcus pyogenes and Staphylococcus aureus, which infect
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the human population at high frequencies.34 Therefore, there might
be a high prevalence of preexisting adaptive immunity to these
Cas9 nucleases. Potential solutions to reduce Cas9-specific immune
responses include (1) screening Cas orthologs from other bacterial
systems with less human exposure; (2) designing a tunable
CRISPR-Cas system to turn off Cas nuclease expression after comple-
tion of gene editing; (3) extending immunosuppressant supplementa-
tion to alleviate immune responses; and (4) establishing immune
tolerance to Cas9 by generating Cas9-specific regulatory T cells.35,36

The single-cut gene editing strategy deployed in this study is able to
restore 20%–25% of dystrophin protein in skeletal muscle and heart.
However, this strategy relies on NHEJ-mediated reframing, which
generates small genomic indels around the cut site. Dystrophin pro-
tein restored by exon reframing may have alternations of amino acid
residues around the reframed exon. This alteration may create a
neoantigen, which presents potential safety challenges in clinical
application of the single-cut reframing strategy for DMD treatment.
In the future, it would be instructive to use the humanized DMD
mouse model to interrogate potential immune responses triggered
by a dystrophin-specific neoantigen.

Another limitation of this study is the high dose of AAV used, which
may restrict its clinical application and commercialization. It has been
reported that systemic administration of high-dose AAV in large an-
imals may cause acute liver damage.37,38 Two recent studies showed
that screening or engineering a novel AAV capsid with higher muscle
tropism and lower liver tropism may reduce the AAV dose used in
systemic delivery and potentially prevent liver toxicity.39,40 In addi-
tion, a novel AAV capsid may also prevent potential AAV immunity.
The Cas9 nuclease used in this study is derived from SpCas9, which
contains over 1,300 amino acids. Therefore, two AAV vectors are
required to separately package Cas nuclease and sgRNA, which in-
creases production cost and the total AAV dose used in gene therapy.
In the future, it would be instructive to test other smaller Cas ortho-
logs, such as SlugCas9 or SauriCas9, in editing human exon 51.41,42

This could allow consolidation of the entire CRISPR-Cas gene editing
system into a single AAV vector and subsequently lower the AAV
dose and production cost.

Complete restoration of dystrophin protein to normal levels is not
achievable with gene editing because CRISPR-Cas9-mediated editing
of myonuclei is not 100% efficient. Prior studies in patients with
Becker muscular dystrophy have estimated that �15% of normal
levels of dystrophin protein could provide therapeutic benefits.43 In
this study, we showed that SpCas9-VRQR-mediated gene editing in
D50;h51KI mice restored 20%–25% of dystrophin protein in multiple
skeletal muscles and heart within 4 weeks of systemic AAV delivery,
indicating a beneficial therapeutic outcome of DMD gene editing. It is
likely that higher levels of dystrophin protein expression will be
achieved after longer-term editing. Repeated cycles of muscle degen-
eration and regeneration cause replacement of muscle cells with
fibrotic and adipose tissues. Therefore, early intervention of DMD us-
ing CRISPR-Cas gene editing may provide better therapeutic benefit.
In this study, we performed systemic CRISPR-Cas gene editing in P4
mice before the onset of DMD pathology. In the future, additional
studies in older mice manifesting DMD pathology would also be
informative in evaluating CRISPR-Cas gene editing as a therapy for
treating patients with more advanced DMD.

In summary, the D50;h51KI humanized DMD mice described in
this study, combined with the optimized SpCas9-VRQR-mediated
single-cut gene editing, should facilitate clinical translation of
CRISPR-Cas gene editing as a means of permanent correction of
DMD in humans.

MATERIALS AND METHODS
Study design

This study was designed with the primary aim of generating an
X-linked humanized DMD mouse model with an exon 50 deletion
mutation. The secondary objective was to investigate the feasibility
of using SpCas9-VRQR for therapeutic gene editing of this human-
ized DMD mouse model. Male mice were used in this study. Blind
approaches were used for immunostaining analysis, histology
validation, grip-strength test, CK measurement, and muscle electro-
physiology. For each experiment, the sample size reflects the number
of independent biological replicates and was provided in the figure
legends. Each animal group (WT, saline treated, and AAV treated)
has at least 6 mice (n = 6). Each group of mice are from 2 to 3 different
litters.

Mice

D50;h51KI mice were generated in the B6C3F1 background (a cross
between female C57BL/6NCrl and male C3H/HeNCrl) by two
rounds of CRISPR-Cas9-mediated gene targeting. In the first round
of gene targeting, mouse exon 51 was replaced by human exon 51
through HDR, generating h51KI mice. In the second round of
gene targeting, mouse exon 50 was excised by two sgRNAs, placing
human exon 51 out of frame and generating D50;h51KI mice.
CRISPR sgRNAs were synthesized and purchased from Integrated
DNA Technologies; Cas9 mRNA was purchased from TriLink Bio-
technologies. Injection procedures were performed as described pre-
viously.9 The injection solution comprises CRISPR sgRNAs (20 ng/
mL), Cas9 mRNA (50 ng/mL), and HDR template (10 ng/mL circular
plasmid). CRISPR sgRNAs used in zygote injections are listed in
Table S3. D50;h51KI mice were backcrossed with C57BL/6NCrl
mice for more than four generations. Genotyping primers are listed
in Table S3.

SpCas9-VRQR vector cloning and AAV vector production

The C terminus of SpCas9-VRQR was synthesized as gBlocks (Inte-
grated DNA Technologies) and subcloned into NheI-HF and BsmI
digested p458 VQR plasmid, a gift from A. Holland (Addgene
plasmid #101727), using In-Fusion Cloning Kit (Takara Bio),
generating the pSpCas9-VRQR-2A-GFP plasmid. CRISPR sgRNAs
targeting human exon 51 were subcloned into the newly designed
pSpCas9-VRQR-2A-GFP plasmid, pSpCas9-NG-2A-GFP plasmid,
or pSpCas9-WT-2A-GFP plasmid using BbsI digestion and T4 liga-
tion. Sequence information for all sgRNAs is listed in Table S1.
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The SpCas9-VRQR AAV plasmid was generated by subcloning of the
C-terminal SpCas9-VRQR PCR fragment into the KflI and ClaI di-
gested ssAAV-CK8e-WT-SpCas9 plasmid, generating the ssAAV-
CK8e-SpCas9-VRQR plasmid. Muscle-specific CK8e promoter
(a gift from S. Hauschka) was chosen for driving Cas9 expression.
The CRISPR sgRNA AAV plasmid was generated by subcloning
the U6 and M11 sgRNA expression cassettes into the KpnI-HF and
MluI-HF digested pSJG-CBH scAAV plasmid (a gift from S. Gray),
generating the scAAV-U6-M11-sgRNA plasmid. A 1.2 kb stuffer
sequence was cloned into the scAAV-U6-M11-sgRNA plasmid for
optimal AAV packaging. Cloning primer sequences are listed in
Table S3. AAV viral plasmids were column purified and digested
with SmaI and AhdI to check inverted terminal repeat (ITR) integrity.
AAVs were packaged by Boston Children’s Hospital Viral Core, and
serotype 9 was chosen for capsid assembly. AAV titer was determined
by quantitative real-time PCR assay.

In vitro CRISPR sgRNA screening

CRISPR sgRNA screening was performed in human 293T cells by
transient transfection. Briefly, 2 � 106 cells were transfected with 3
ug pSpCas9-VRQR-2A-GFP plasmid, pSpCas9-NG-2A-GFP plas-
mid, or pSpCas9-WT-2A-GFP plasmid cloned with individual
sgRNA with 7.5 mL Lipofectamine 2000 transfection reagent accord-
ing to the manufacturer’s protocol. Seventy-two hours post-transient
transfection, cells were harvested for genomic DNA extraction.
Genomic PCR was performed to amplify the CRISPR-Cas9-edited
human DMD exon 51 locus. Indel efficiency was analyzed by TIDE
analysis.44

Human iPSC maintenance, nucleofection, and differentiation

DMD DEx48-50 iPSCs (RBRC-HPS0164) were purchased from Cell
Bank RIKEN BioResource Center. Stem cell work described in this
manuscript was conducted under the oversight of the UT South-
western Stem Cell Research Oversight (SCRO) Committee. Human
iPSCs were cultured in mTeSR plus medium (STEMCELL Technolo-
gies) and passaged once reaching 70% confluence (1:18 split ratio).
One hour before nucleofection, DMD DEx48-50 iPSCs were pre-
treated with 10 mM ROCK inhibitor (Y-27632) and dissociated into
single cells using Accutase (Innovative Cell Technologies). DMD
DEx48-50 iPSCs (1 � 106) were mixed with 5 mg pSpCas9-VRQR-
2A-GFP-U6-sgRNA-9 plasmid and then nucleofected with the P3
Primary Cell 4D-Nucleofector X Kit (Lonza) according to the manu-
facturer’s protocol. After nucleofection, DMD DEx48-50 iPSCs were
cultured in mTeSR plus medium supplemented with 10 mM ROCK
inhibitor and Primocin (100 mg/mL; InvivoGen). Three days after nu-
cleofection, GFP+ cells were sorted by fluorescence-activated cell
sorting (FACS) and subjected to differentiation to CMs and TIDE
analysis, as previously described.14

In vivo AAV delivery into D50;h51KI mice

P4 D50;h51KI mice (body weight �3 g) were injected i.p. with 80 mL
saline or AAV9 containing ssAAV2/9-SpCas9-VRQR (8 � 1013 vg/
kg) and scAAV2/9-U6-M11-sgRNAs (8� 1013 vg/kg) using an ultra-
fine BD insulin syringe (Becton Dickinson). Four weeks after systemic
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delivery, D50;h51KI mice and h51KI control mice were dissected for
physiological, biochemical, and histological analysis. Animal work
described in this manuscript was approved and conducted under
the oversight of the University of Texas Southwestern Institutional
Animal Care and Use Committee.

Genomic DNA and RNA isolation, cDNA synthesis, and PCR

amplification

According to the manufacturer’s protocol, genomic DNA of human
293T cells and DMD DEx48-50 iPSCs was isolated using Quick-
DNA Miniprep Plus Kit (Zymo Research); genomic DNA of skeletal
muscles and hearts of D50;h51KI mice and h51KI control mice was
isolated using DNeasy Blood and Tissue Kit (QIAGEN); total RNA
of skeletal muscles and heart of D50;h51KI mice and h51KI control
mice was isolated using miRNeasy Kit (QIAGEN); cDNA was reverse
transcribed from total RNA using iScript Reverse Transcription
Supermix (Bio-Rad). Genomic DNA and cDNA were PCR amplified
using LongAmp Taq DNA Polymerase (New England Biolabs) PCR
products were sequenced and analyzed by TIDE analysis.44 Primer
sequences are listed in Table S3.

Dystrophin immunocytochemistry and immunohistochemistry

Immunocytochemistry of iPSC-derived CMs was performed as
previously described.45 In brief, iPSC-derived CMs were fixed
with acetone, blocked with serum cocktail (2% normal horse
serum, 2% normal donkey serum, 0.2% bovine serum albumin
[BSA] in phosphate-buffered saline [PBS]), and incubated with a
dystrophin antibody (MANDYS8, 1:800; Sigma-Aldrich) and
troponin I antibody (H170, 1:200; Santa Cruz Biotechnology) in
0.2% BSA/PBS. Following overnight incubation at 4�C, CMs
were incubated with secondary antibodies (biotinylated horse
anti-mouse immunoglobulin G [IgG], 1:200; Vector Laboratories)
and fluorescein-conjugated donkey anti-rabbit IgG (1:50; Jackson
ImmunoResearch) for 1 h. Nuclei were counterstained with
DAPI (1:250; Sigma-Aldrich).

Immunohistochemistry of skeletal muscles and heart of D50;h51KI
mice and h51KI control mice was performed as previously
described.15 In brief, skeletal muscles and heart of h51KI and
D50;h51KI mice were cryosectioned into 8 mm transverse sections
and delipidated in 1% Triton X-100 in PBS (pH 7.4). Following deli-
pidation, sections were incubated with mouse IgG blocking reagent
(M.O.M. Kit, Vector Laboratories), washed, and sequentially equili-
brated with M.O.M diluent (600 uL of M.O.M Protein Concentrate
stock solution to 7.5 mL of PBS [pH 7.4]). Sections were then incu-
bated with mouse anti-dystrophin primary antibody (MANDYS8,
1:800; Sigma-Aldrich) and rabbit anti-laminin primary antibody
(L9393, 1:500; Sigma-Aldrich) dissolved in M.O.M. diluent at room
temperature for 1 h. Followed by PBS wash, sections were then incu-
bated with Avidin D conjugated with fluorescein isothiocyanate
(FITC; 1:250; Vector Laboratories), goat anti-rabbit IgG secondary
antibody conjugated with Alexa Fluor 555 (1:500; Thermo Fisher Sci-
entific), and DAPI (1:250; Sigma-Aldrich) dissolved in M.O.M.
diluent at room temperature for 30 min.
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Dystrophin western blot analysis

For western blot analysis of iPSC-derived CMs, 4� 106 cells were lysed
in lysis buffer (10%SDS, 62.5mM tris-HCl [pH6.8], 1mMEDTA, and
protease inhibitor). Heart and skeletal muscles ofD50;h51KI mice and
h51KI controlmicewere crushed intofine powder using a liquid-nitro-
gen-frozen crushing apparatus and lysed in the same lysis buffer as
iPSC-derived CMs. Protein concentration was determined by Pierce
BCA Protein Assay Kit according to manufacturer’s protocol. A total
of 40 mg protein was loaded onto 4%–20% Criterion TGX Precast
Midi Protein Gel (Bio-Rad). Gels were run at 80 V for 30 min and
switched to 130V for 2 h, followed by awet transfer to a polyvinylidene
difluoride (PVDF) membrane at 100 V at 4�C for 90 min. For dystro-
phin protein detection, the PVDF membrane was blocked in blocking
buffer (5%w/v nonfat drymilk, 1�TBS, 0.1%Tween 20) at room tem-
perature for 1 h and incubated with mouse anti-dystrophin primary
antibody (MANDYS8, 1:1,000; Sigma-Aldrich) at 4�C overnight, fol-
lowed by incubationwith goat anti-mouse IgG (H+L)-HRP secondary
antibody (1:10,000; Bio-Rad) at room temperature for 1 h. For vinculin
protein detection, the PVDF membrane was cleared with stripping
buffer and blocked with blocking buffer at room temperature for 1 h.
Then, the PVDF membrane was incubated with mouse anti-vinculin
primary antibody (V9131, 1:1,000; Sigma-Aldrich) at room tempera-
ture for 1 h, followed by incubation with goat anti-mouse IgG
(H+L)-HRP secondary antibody (1:10,000; Bio-Rad) at room temper-
ature for 1 h. ThePVDFmembranewas developed byWesternBlotting
Luminol Reagent (Santa Cruz) according to manufacturer’s protocol
and imaged by digital imager (Bio-Rad).

Amplicon deep sequencing analysis

A first round of genomic PCR was performed to amplify on- and off-
target sites with adaptor sequence introduced. A second round of PCR
was performed to add Illumina flow cell binding sequence and barcodes.
All samples were pooled at equal molar ratios and sent for deep
sequencing usingMiSeq v3 flow cells (22million reads total). All primer
sequences are listed in Table S3. Deep sequencing data was analyzed us-
ing CRISPResso2 (https://github.com/pinellolab/crispresso2).

Grip-strength test and serum CK measurement

Forelimb-muscle strength of 4-week-old D50;h51KI mice and h51KI
control mice was assessed by the grip-strength meter (Columbus In-
struments). In brief, an individual mouse was weighed and lifted by
the tail, causing the forelimbs to grasp the pull-bar assembly con-
nected to the grip-strength meter. The mouse was drawn along a
straight line leading away from the sensor until the grip was broken,
and the peak amount of force in grams was recorded. Measurement of
forelimb grip strength of each mouse was repeated 5 times in a
blinded experimental design. Serum CK was measured by the Meta-
bolic Phenotyping Core at UT Southwestern Medical Center using
the VITROS 250 Chemistry System in a blinded experimental design.

Electrophysiological analysis of isolated soleus and EDL

muscles

Four weeks after systemic AAV9-SpCas9-VRQR gene editing, soleus
and EDL muscles of h51KI mice and D50;h51KI mice were isolated
for electrophysiological analysis. Briefly, soleus and EDL muscles
were surgically isolated from 4-week-old D50;h51KI mice, mounted
on Grass FT03.C force transducers, bathed in physiological salt solu-
tion at 37�C, and gassed continuously with 95%O2 and 5%CO2. After
calibration, muscles were adjusted to an initial length, at which the
passive force was 0.5 g, and then stimulated with two platinum wire
electrodes to establish optimal length (Lo) for obtaining maximal iso-
metric tetanic tension, step by step following the protocol (at 150 Hz
for 2 s). Specific force (mN/mm2) was calculated by normalizing
contraction force to muscle cross-sectional area.

Statistics

All data are shown as means ± SEM. Unpaired two-tailed Student’s t
tests were performed to analyze Figures 1G and S2E. One-way anal-
ysis of variance (ANOVA) with post-hoc Tukey’s multiple compari-
sons test was performed to analyze Figures 5A–5D and S8. Two-way
ANOVA with post-hoc Tukey’s multiple comparisons test was per-
formed to analyze Figure S4. p <0.05 was considered statistically
significant. Data analyses were performed with GraphPad Prism
Software.

Data and materials availability

All data needed to evaluate the conclusions in the paper are present in
the paper and/or the supplemental information. Additional data
related to this paper may be requested from the authors.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2022.07.024.
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