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Duchenne muscular dystrophy (DMD) is a lethal muscle dis-
ease caused by mutations in the dystrophin gene. CRISPR/
Cas9 genome editing has been used to correct DMD mutations
in animal models at young ages. However, the longevity and
durability of CRISPR/Cas9 editing remained to be determined.
To address these issues, we subjected AEx44 DMD mice to sys-
temic delivery of AAV9-expressing CRISPR/Cas9 gene editing
components to reframe exon 45 of the dystrophin gene, allow-
ing robust dystrophin expression and maintenance of muscle
structure and function. We found that genome correction by
CRISPR/Cas9 confers lifelong expression of dystrophin in
mice and that corrected skeletal muscle is highly durable and
resistant to myofiber necrosis and fibrosis, even in response
to chronic injury. In contrast, when muscle fibers were ablated
by barium chloride injection, we observed a loss of gene edited
dystrophin expression. Analysis of on- and off-target editing in
aged mice confirmed the stability of gene correction and the
lack of significant off-target editing at 18 months of age. These
findings demonstrate the long-term durability of CRISPR/Cas9
genome editing as a therapy for maintaining the integrity and
function of DMD muscle, even under conditions of stress.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is an X-linked disorder that
affects 1 in 5,000 boys worldwide. The disease is caused by the loss
of dystrophin, a large sarcolemma protein that connects the actin
cytoskeleton network to the extracellular matrix." In addition, dys-
trophin interacts with sarcospan, the sarcoglycan complex, dystrogly-
can, syntrophin, alpha-dystrobrevin, and nitric oxide synthase to
form the dystrophin-glycoprotein complex (DGC), which partici-
pates in mechanotransduction, muscle growth, and calcium
handling.” The dystrophin protein consists of a N-terminal actin
binding domain, 24 spectrin-like repeats, a cysteine-rich region,
and a C-terminal scaffold. During muscle contraction, dystrophin
functions to transduce force across the sarcolemma and maintains
membrane integrity. In the absence of dystrophin, muscle fibers
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degenerate and are especially susceptible to contraction-induced
injury.” DGC components are also lost or mislocalized in muscles
affected by DMD, and signaling downstream of the DGC is
disrupted.*”” Consequently, DMD muscle is unable to adapt to
increased use and undergoes progressive damage and degeneration.
As a result of these abnormalities, most DMD patients lose ambula-
tion by the early teenage years and die in the third decade of life
due to either dilated cardiomyopathy or respiratory failure.

Over 4,000 mutations in the dystrophin gene (DMD) have been iden-
tified in DMD patients.>” Approximately 70% of these mutations are
exon deletions or duplications that disrupt the DMD open reading
frame and introduce a premature stop codon, which prevents the pro-
duction of functional dystrophin protein.*” Many of these mutations
are found in a hotspot region containing exons 43-55, which encode
the spectrin repeats within the dystrophin protein.'®'" In contrast to
DMD, Becker muscular dystrophy (BMD) patients contain in-frame
deletions in exons that encode the spectrin repeats. As a result, these
patients express functional, truncated forms of dystrophin and can
present with mild or no muscle symptoms.'* Thus, exon skipping
or reframing strategies that bypass or correct out-of-frame exons
potentially allow for restoration of the dystrophin open reading frame
and conversion of DMD to the milder BMD.

We and others have worked to correct DMD mutations based on
CRISPR (Clustered Regularly Interspaced Short Palindromic Re-
peats) gene editing (reviewed in Chemello et al’*; Coi and Koo'%;
and Olson"”). In “single-cut” CRISPR editing, a Cas9 nuclease in-
duces a double-strand DNA break (DSB) near the mutation causing
DMD. Subsequently, repair of the DSB by non-homologous end-
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joining (NHE]J) results in the introduction of insertions or deletions
(INDELSs) that either reframe an out-of-frame exon or cause exon
skipping, allowing the preceding exon to splice into downstream
in-frame exons.”'® These permanent alterations to the mutant
DMD allele result in production of a functional dystrophin protein
with truncations in the spectrin-like repeats. Using this approach,
we have corrected a variety of DMD mutations in animals and cardi-
omyocytes from patient-derived induced pluripotent stem cells
(iPSCS).S,U—ZU

Skeletal muscle injury from DMD, as well as chronic use, results in
activation of satellite cells residing below the muscle basal lamina,
culminating in myofiber regeneration.”’ The extent to which satel-
lite cells contribute to the maintenance of muscle structure and
function following CRISPR/Cas9 gene editing is currently unre-
solved. Efficient gene editing in satellite cells following systemic de-
livery of gene editing components with adeno-associated virus
(AAV) would require efficient AAV infectivity as well as the use
of gene regulatory elements that allow for Cas9 expression in this
specialized stem cell population.

Recently, it has been shown that dystrophin expression is sustained
for 18 months in CRISPR-corrected mdx mice, which harbor a
nonsense mutation in exon 23 of the dystrophin gene.”>”> However,
the effects of chronic injury on corrected DMD muscle are unknown.
This is a particularly important issue because of the cycles of degen-
eration and regeneration and known turnover of skeletal muscle fi-
bers in response to injury. To address these issues, we monitored
the longevity of dystrophin expression in gene edited mice with a
deletion of Dmd exon 44 (AEx44), which represents a prominent
deletion mutation in humans. Here, we demonstrate that gene edited
dystrophin expression is sustained throughout the lifespan of cor-
rected AEx44 mice. In addition, corrected AEx44 muscle was resistant
to damage induced by chronic injury resulting from high intensity
downhill running. In contrast, severe injury induced by BaCl, injec-
tion, which causes loss of muscle fibers, resulted in the loss of gene
edited dystrophin expression. These results highlight the potential
of single-cut CRISPR/Cas9 genome editing for long-term mainte-
nance of skeletal muscle structure and function in DMD.

RESULTS

CRISPR/Cas9-mediated "single-cut" gene editing in AEx44 mice
prevents skeletal muscle damage induced by downhill running
Forced downhill treadmill running causes severe muscle injury over
time to mdx mice.”*** To determine whether CRISPR/Cas9 gene edi-
ted muscle is resistant to this form of chronic injury, we used a DMD
mouse model harboring a deletion of exon 44 in the Dmd gene
(AEx44)."” We corrected AEx44 mice by intraperitoneal administra-
tion of AAV9-SpCas9 and AAV9-single-guide RNA (sgRNA) ata 1:1
ratio of 8 x 10" vector genomes (vg)/kg each on postnatal day 4 (P4),
as previously described.'” SpCas9 expression was controlled by the
creatine kinase 8 promoter (CK8e), a muscle-specific regulatory
element from the MCK gene,’>”” and sgRNA expression was
controlled by three different RNA polymerase III promoters, as pre-

viously described.” This strategy induces a single DSB in exon 45 of
the Dmd gene, and the INDELs generated by NHE]-mediated DNA
repair reframe exon 45, restoring the open reading frame of dystro-
phin. Exons 44 and 45 encode for spectrin-like repeat 17 of the central
rod domain of dystrophin, which is contained within the neuronal ni-
tric oxide synthase (nNOS) binding site. Therefore, gene editing pre-
dominantly produces a near-full-length dystrophin protein that is
missing 48 amino acids of the nNOS binding domain.

Immunohistochemistry (IHC) of the tibialis anterior (TA) muscle at
1 month of age showed that >90% of corrected AEx44 muscle fibers
expressed dystrophin (Figure S1A). In addition, corrected AEx44
mice exhibited a 90% reduction in serum creatine kinase (CK) activ-
ity, an indicator of muscle damage, when compared with uncorrected
AEx44 mice (Figure S1B). These results validate the efficient rescue of
dystrophin expression in corrected AEx44 mice.

To induce chronic injury, 4-week-old wild-type (WT), AEx44, and
corrected AEx44 mice were subjected to a protocol of forced down-
hill running modified from TREAT-Neuromuscular Disease guide-
lines (Figure 1A).%*
centralized nuclei, a marker of skeletal muscle regeneration, or ne-
crosis (Figures 1B-1D and S2). In contrast, AEx44 mice exhibited
prominent centralized nuclei and necrosis in the quadriceps, TA,
and diaphragm muscles following downhill running (Figures 1B-
1D and S2). The AEx44 quadriceps muscle was the most affected,
with a 20% increase in centralized nuclei and a 15% increase in
necrotic area (Figures 1C, 1D, and S2). Therefore, high-speed down-
hill running selectively induced skeletal muscle damage and subse-
quent necrosis in AEx44 mice.

After downhill running, WT mice did not show

After CRISPR/Cas9-mediated "single-cut" genome editing, skeletal
muscles of AEx44 mice were protected from damage. Under seden-
tary conditions, corrected AEx44 muscle contained <5% centralized
nuclei and <1% necrosis (Figures 1B-1D and S2). After downhill
running, there was no significant increase in centralized nuclei or ne-
crosis in corrected AEx44 skeletal muscle (Figures 1B-1D and S2). In
addition, following downhill running, the serum CK activity of cor-
rected AEx44 mice was 10% of uncorrected AEx44 mice (Figure S3).
Because serum CK activity is a marker for muscle fiber integrity, these
results demonstrate that corrected AEx44 muscle fibers are resistant
to damage induced by downhill running.

To assess corrected AEx44 skeletal muscle function following chronic
injury, we performed hindlimb grip strength tests and ex vivo electro-
physiological analyses of the extensor digitorum longus (EDL) and
soleus muscles. Following downhill running, we observed a 40%
reduction in the grip strength of AEx44 mice relative to WT mice
(Figure 1E). However, the grip strengths of corrected AEx44 and
WT mice were indistinguishable after downhill running (Figure 1E).
Consistent with these results, following downhill running, the
maximum specific forces of AEx44 EDL and soleus muscles were
65% of the forces generated by WT muscles (Figure 1F). In contrast,
the maximum specific forces of corrected AEx44 EDL and soleus
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Figure 1. CRISPR/Cas9 genome editing prevents
skeletal muscle injury induced by downhill running in
AEx44 mice

(A) AEx44 mice were injected intraperitoneally (IP)
with ssAAV-SpCas9 and scAAV-sgRNA, each at 8 x
10" vg/kg on postnatal day 4 (P4) (corrected AEx44). At
4 weeks of age, mice were subjected to sedentary or
downhill running conditions for 4 weeks. (B) H&E staining of
the quadriceps muscle from WT, AEx44, and corrected
AEx44 mice that were either sedentary or run downhill.
Scale bar, 100 um. (C) Quantification of centralized nuclei
in sedentary or downhill run WT, AEx44, and corrected
AEx44 quadriceps muscle. Data are shown as mean +
SEM. Unpaired Student’s t test was performed. **p <
0.001 (n = 6). (D) Quantification of necrotic area in seden-
tary or downhill run WT, AEx44, and corrected AEx44
quadriceps muscle. Data are shown as mean + SEM.
Unpaired Student’s t test was performed. ****p < 0.0001
(n = 6). (E) Hindlimb grip strengths of WT, AEx44, and
corrected AEx44 mice, measured following 4 weeks of
downhill running. Hindlimb grip strength was normalized to
body weight. Data are shown as mean + SEM. A one-way
ANOVA and a post hoc Tukey’s multiple comparison test
were performed. **p < 0.001 (n > 5). (F) Specific force
generated by the extensor digitorum longus (EDL) and
soleus muscles of WT, AEx44, and corrected AEx44 mice
following 4 weeks of downhill running. Data are shown as
mean + SEM. A one-way ANOVA and a post hoc Tukey’s
multiple comparison test were performed. *p < 0.05, **p <
0.005 (n > 5).
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muscles were equivalent to the WT controls (Figure 1F). Together,
these results demonstrate that CRISPR/Cas9 gene editing provides
functional benefit to AEx44 muscle subjected to chronic injury.

THC for dystrophin revealed the lack of dystrophin-positive fibers in
sedentary and downhill run AEx44 skeletal muscle (Figure 2A). In
contrast, >75% of muscle fibers expressed dystrophin in the dia-
phragm, TA, quadriceps, EDL, and soleus muscles of sedentary and
downhill-run corrected AEx44 mice (Figures 2A, S4, S5A, and
S5B). Western blot analysis indicated the absence of dystrophin
expression in sedentary and downhill run AEx44 mice (Figures 2B,
2C, S5C, and S5D). In sedentary corrected AEx44 mice, there
was >30% rescue of dystrophin protein across various muscle groups
relative to WT (Figures 2B, 2C, S5C, and S5D). After downhill
running, gene edited dystrophin protein levels remained constant
in corrected AEx44 mice (Figures 2B, 2C, S5C, and S5D). Consistent
with these findings, we observed no decrease in on-target INDELSs or
AAV9-SpCas9 viral genomes in the quadriceps muscles of corrected
AEx44 mice following downhill running (Figures S6 and S7). Thus,
CRISPR/Cas9-mediated gene editing in AEx44 mice restores dystro-
phin expression, prevents muscle damage, and provides functional
benefit following chronic injury.

CRISPR/Cas9 gene editing normalizes the transcriptome of
corrected AEx44 skeletal muscle

The DGC preserves muscle fiber integrity and participates in me-
chanical signal transduction.™ Previous work demonstrated that
CRISPR/Cas9 correction of dystrophin mutations restores the DGC
to the sarcolemma.”>***° However, in corrected DMD skeletal mus-
cle, it is unknown whether gene expression pathways downstream of
the DGC are properly restored. Therefore, we compared gene expres-
sion profiles of quadriceps muscles from WT, AEx44, and corrected
AEx44 mice by RNA sequencing (RNA-seq) analysis.

In quadriceps muscles from 4-week-old AEx44 mice, we identified
1,222 upregulated and 216 downregulated genes (>2-fold difference,
adjusted p < 0.01) compared with WT muscle (Figure 3A). Gene
ontology (GO) analysis revealed that the upregulated genes were en-
riched in terms such as innate immune response, chemotaxis,
cellular response to interferon gamma, and the adaptive immune
response (Figure S8A). In DMD, membrane damage elicits uptake
of cellular debris by the innate immune system, and subsequent
cytokine release activates the adaptive immune response.”® Mean-
while, GO analysis of the downregulated genes revealed terms
related to cell junctions, Z disc, I band, and skeletal muscle thin fila-
ment assembly, consistent with the degeneration of DMD skeletal
muscle (Figure S8A).

Molecular Therapy: Nucleic Acids

To determine the effects of gene editing, we compared the transcrip-
tomes of WT, AEx44, and corrected AEx44 quadriceps muscles
(Figure 3A). Compared with AEx44 muscle, there were 187 upregu-
lated and 1,142 downregulated genes (>2-fold difference, adjusted
p < 0.01) in corrected AEx44 quadriceps muscle. Upregulated genes
were related to myofibril, muscle myosin complex, and integral com-
ponents of the membrane (Figure 3B). Downregulated genes were
related to T cell activation, regulation of cytokine production, tumor
necrosis factor superfamily cytokine production, and regulation of
phagocytosis (Figure 3B). Therefore, CRISPR/Cas9 genome editing
of the AEx44 mutation normalizes the DMD phenotype at the tran-
scriptomic level.

Differential gene expression analysis of the transcriptomes of WT and
corrected AEx44 quadriceps muscles revealed no significant differen-
tially expressed genes between the two groups (Figure 3C). Consistent
with these findings, principal-component analysis (PCA) revealed
high divergence between the transcriptomes of WT and AEx44
quadriceps muscles (Figure S8B), whereas the transcriptomes of
WT and corrected AEx44 quadriceps muscles were highly similar
(Figure S8B).

Next, we sought to determine whether the normalization of gene
expression of DMD muscle by gene editing was maintained
following chronic stress from forced downhill running. Therefore,
we conducted RNA-seq analysis of quadriceps muscles from 8-
week-old WT, AEx44, and corrected AEx44 mice that had under-
gone 4 weeks of downhill running (Figure 3D). Differential gene
expression analysis revealed 679 upregulated and 149 downregu-
lated genes (>2-fold difference, adjusted p < 0.05) in the downhill
run AEx44 quadriceps muscles relative to WT (Figure 3D). GO
analysis of upregulated genes revealed terms related to immune sys-
tem processes, phagocytosis, and the external side of the plasma
membrane (Figure S8C). Downregulated genes were related to cell
junctions, membrane, and neuron projections (Figure S8C). These
transcriptional changes are consistent with the increased muscle
damage and necrosis observed in the downhill run AEx44 quadri-
ceps muscles.

Comparison of the transcriptomes of the downhill run AEx44 and
corrected AEx44 quadriceps muscles revealed 510 dysregulated
genes between the two groups (>2-fold difference, adjusted p <
0.05) (Figure 3D). GO analysis of the downregulated genes in cor-
rected AEx44 quadriceps muscles revealed terms related to inflam-
matory response, lysosome, and extracellular matrix deposition
(Figure 3E). These downregulated genes indicated that CRISPR/
Cas9 genome editing preserved muscle fiber integrity following

Figure 2. Expression of dystrophin is retained in corrected AEx44 mice following chronic injury

(A) Immunohistochemistry shows retention of dystrophin-positive fibers in the diaphragm, tibialis anterior, and quadriceps muscles of corrected AEx44 mice following
4 weeks of downhill running. Dystrophin is shown in green. Scale bar, 100 um. (B) Western blot analysis shows retention of dystrophin protein in the diaphragm, tibialis
anterior, and quadriceps muscles of corrected AEx44 mice following 4 weeks of downhill running. Vinculin was loading control. (C) Quantification of dystrophin protein in
diaphragm, tibialis anterior, and quadriceps muscles. Dystrophin protein levels were first normalized to vinculin loading control and then to WT sedentary controls. Data are

shown as mean + SEM. Unpaired Student’s t test was performed (n = 3).
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downhill running. These results are consistent with histology and
muscle function findings (Figures 1 and S2). Interestingly, GO anal-
ysis of the upregulated genes in corrected AEx44 quadriceps mus-
cles revealed terms related to mitogen-activated protein kinase
(MAPK) activity, glucose and lipid metabolism, and muscle fiber
development (Figure 3E). In normal muscle, running has been
shown to activate MAPK and downstream signaling to promote
fat and glucose utilization to meet increased metabolic demands.”"**
In DMD muscle, repeated damage to the sarcolemma does not allow
muscle fibers to properly adapt to running.” Therefore, our results
suggest that gene edited dystrophin expression is sufficient to pre-
serve muscle fiber integrity and to permit proper adaptations to
downhill running,

Finally, to assess the degree of transcriptional rescue in downhill-run
corrected AEx44 mice, we compared differentially expressed genes
between WT and corrected AEx44 quadriceps muscles following
downhill running. Differential gene expression analysis revealed no
significant differentially expressed genes between the two groups (Fig-
ure 3F). To validate these findings, we conducted PCA of downbhill
run WT, AEx44, and corrected AEx44 quadriceps muscles (Fig-
ure S8D). While AEx44 and corrected AEx44 quadriceps muscles
were highly divergent, WT and corrected AEx44 quadriceps muscles
clustered closely (Figure S8D). Therefore, our RNA-seq results indi-
cate that CRISPR/Cas9 genome editing of the AEx44 mutation
rescues the transcriptome of DMD muscle, and that transcriptional
homeostasis is preserved following chronic injury caused by downhill
running.

Destruction of myofibers results in the loss of gene edited
dystrophin expression

Recently, it was reported that AAV9 can transduce satellite
cells.**° The muscle-specific CK8e promoter has also been sug-
gested to be active in satellite cells, although there is debate as
to the level of activity of this promoter in these cells.”® Injection
of muscle with BaCl, results in rapid ablation of muscle fibers
and is followed by regeneration via satellite cell activation.”” To
determine whether activated satellite cells were capable of
restoring dystrophin expression following myofiber ablation, we
injected TA muscles of 3-month-old WT, AEx44, and corrected
AEx44 mice with BaCl, to induce acute injury (Figure 4A). Two
months following BaCl, injection, H&E analysis of WT TA muscle
showed muscle fibers with centralized nuclei and no necrosis,
indicative of robust regeneration (Figure S9). In contrast, corrected
AEx44 TA muscle exhibited small necrotic foci similar to those of
uncorrected AEx44 TA muscle, suggesting impaired muscle regen-
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eration (Figure S9). To determine whether this impaired muscle
regeneration was due to a loss in gene edited muscle nuclei, we
performed genomic analysis of BaCl, injected, corrected AEx44
TA muscle and saline injected contralateral controls (Figure 4B).
In the saline injected, corrected AEx44 TA muscle, we observed
~20% INDELs within exon 45 (Figure 4B). However, we did not
detect INDELs in corrected AEx44 TA muscle injected with
BaCl,, suggesting a complete loss of CRISPR/Cas9 genome editing
(Figure 4B). Consistent with these results, IHC showed a loss of
almost all dystrophin-positive fibers in BaCl, treated, corrected
AEx44 TA muscle when compared with saline injected controls
(Figure 4C). Western blot analysis showed <5% of WT dystrophin
protein levels in corrected AEx44 TA muscle following acute
injury (Figure 4D). In addition, we were unable to detect
ssAAV-SpCas9 viral genomes in BaCl, treated, corrected AEx44
TA muscle (Figure S10). Together, these results suggest that satel-
lite cells are not efficiently edited by the AAV delivery strategy de-
ployed in these experiments. As a result, following BaCl, induced
injury, CRISPR/Cas9 gene edited myofiber nuclei were replaced by
unedited satellite cells, resulting in the loss of gene edited dystro-
phin expression.

Gene edited dystrophin expression is sustained in 18-month-old
corrected AEx44 mice

To determine whether gene edited dystrophin was expressed
throughout the lifespan of corrected AEx44 mice, we analyzed
18-month-old corrected AEx44 mice for gene edited dystrophin
expression. THC showed no dystrophin-positive fibers in the
AEx44 diaphragm, TA, and quadriceps muscles (Figure 5A). In
contrast, >90% of muscle fibers in the corrected AEx44 diaphragm,
TA, and quadriceps muscles were dystrophin positive (Figures 5A
and S11). Consistent with these findings, western blot analysis did
not detect dystrophin in the AEx44 skeletal muscle, whereas there
was >40% rescue of dystrophin protein expression in the corrected
AEx44 diaphragm, TA, and quadriceps muscles, relative to WT
(Figures 5B and 5C).

To determine whether CRISPR/Cas9 genome editing could rescue
muscle degeneration seen in 18-month-old AEx44 mice, we per-
formed H&E analysis (Figure 5D). In corrected AEx44 mice, we
observed <1% necrosis and <10% centrally nucleated muscle fibers
in the diaphragm, TA, and quadriceps muscles (Figures 5D and
S12). Together, these findings demonstrate that sustained gene edited
dystrophin expression prevents skeletal muscle degeneration in
18-month-old corrected AEx44 mice.

Figure 3. Transcriptional homeostasis is maintained in quadriceps muscle of corrected AEx44 mice following downhill running

(A) Heatmap of differentially expressed genes in the quadriceps muscles of 4-week-old WT, AEx44, and corrected AEx44 mice. Gene expression is represented as a
transformed Z score (n = 3). (B) Selected GO terms for up- and downregulated genes in corrected AEx44 quadriceps muscle relative to AEx44 quadriceps muscle. (C)
Volcano plot of differentially expressed genes between corrected AEx44 and WT quadriceps muscles. (D) Heatmap of differentially expressed genes in the quadriceps of
8-week-old WT, AEx44, and corrected AEx44 mice following 4 weeks of downhill running. Gene expression is represented as a transformed Z score (n = 2). (E) Selected GO
terms for up- and downregulated genes in downhill-run-corrected AEx44 quadriceps muscle relative to AEx44 quadriceps muscle. (F) Volcano plot of differentially expressed

genes between downhill-run-corrected AEx44 and WT quadriceps muscles.
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Figure 4. BaCl,-induced acute injury results in the loss of gene edited dystrophin

(A) AEx44 mice were injected intraperitoneally (IP) with ssAAV-SpCas9 and scAAV-sgRNA, each at 8 x 10'® vg/kg on postnatal day 4 (P4) (corrected AEx44). At 3 months of
age, the corrected AEx44 tibialis anterior muscle was injected with BaCl,. Two months after BaCls injury, tissues were harvested for analysis. (B) TIDE analysis of Dmd exon
45 in saline-injected or BaCl, treated WT, AEx44, and corrected AEx44 tibialis anterior muscle. (C) Immunohistochemistry shows the loss of dystrophin-positive fibers in
corrected AEx44 tibialis anterior muscle following BaCl, injury. Dystrophin is shown in green. Scale bar, 250 um (n = 4). (D) Western blot analysis shows a loss of dystrophin
protein in the tibialis anterior muscle of corrected AEx44 mice following BaCl, injury. Vinculin was loading control. (E) Quantification of dystrophin protein in saline or BaCl,
injected, corrected AEx44 TA muscle. Dystrophin protein levels were first normalized to vinculin loading control and then to corresponding WT controls. Data are shown as

mean + SEM. Unpaired Student’s t test was performed. ****p < 0.0001 (n = 3).

Analysis of SpCas9 expression and gene editing in aged mice

In addition to sustained dystrophin protein expression, we observed
significant SpCas9 protein expression in corrected AEx44 mice at
18 months of age (Figure 4B). To determine the long-term effects
of SpCas9 in skeletal muscle, we performed amplicon-based deep
sequencing on genomic DNA isolated from 18-month-old corrected
AEx44 TA. We observed, on average, 23.5% INDEL formation in
exon 45 of the Dmd gene (Figure 5E). Tracking of Indels by Decom-
position (TIDE) analysis indicated that there was a 15% increase in
the total on-target INDEL formation compared with 4-week-old cor-
rected AEx44 TA (Figure S13). Approximately 80% of these INDELs

were a single-nucleotide insertion or a two-nucleotide deletion at the
predicted double-stranded DNA cleavage site, which results in
productive reframing of the dystrophin transcript (Figure S14 and
Table S1).”

Also, using CRISPR design tools (Benchling), we determined the top
10 potential off-target sites, as previously described.'” We did not
observe significant INDELs at these predicted off-target sites (Fig-
ure 5E). In addition, we observed <1% AAV genome integration at
the target site and none at the potential off-target sites (Table S1).
The rates of off-target editing and AAV integration were similar to
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Figure 5. Gene edited dystrophin is retained in 18-month-old corrected AEx44 mice

(A) Immunohistochemistry shows dystrophin-positive muscle fibers in the diaphragm and tibialis anterior of 18-month-old corrected AEx44 mice. Dystrophin is shown
in green. Scale bar, 100 um. (B) Western blot analysis shows sustained dystrophin and SpCas9 expression in the diaphragm, tibialis anterior, and quadriceps muscles of
18-month-old corrected AEx44 mice. Vinculin was loading control. (C) Quantification of dystrophin protein in the diaphragm, tibialis anterior, and quadriceps muscles.
Dystrophin protein levels were first normalized to vinculin loading control and then to WT controls. Data are shown as mean + SEM. (D) H&E staining of the diaphragm, tibialis
anterior, and quadriceps muscles from 18-month-old WT, AEx44, and corrected AEx44 mice. Scale bar, 100 um. (E) INDEL analysis of the on-target and top 10 off-target
sites in 18-month-old corrected AEx44 tibialis anterior muscle. INDELs have been normalized to a WT control (n = 3).
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Figure 6. Transcriptional homeostasis is maintained in 18-month-old corrected AEx44 quadriceps muscle
(A) Heatmap of differentially expressed genes in 18-month-old WT, AEx44, and corrected AEx44 quadriceps muscles. Gene expression is represented as a transformed Z
score (n = 3). (B) Selected GO terms for up- and downregulated genes in 18-month-old corrected AEx44 quadriceps muscle relative to AEx44 quadriceps muscle. (C)
Volcano plot of differentially expressed genes between 18-month-old corrected AEx44 and WT quadriceps muscles.

those previously reported in 4-week-old corrected AEx44 TA, sug-
gesting that sustained expression of SpCas9 does not result in signif-
icant off-target editing.'”

Transcriptional homeostasis is retained in 18-month-old
corrected AEx44 skeletal muscle

To determine the longevity of CRISPR/Cas9-mediated transcrip-
tional homeostasis, we performed RNA-seq of quadriceps muscles
from 18-month-old mice (Figure 6A). In AEx44 quadriceps muscle,
there were 1,571 upregulated and 524 downregulated genes when
compared with WT (>2-fold change, p < 0.01). GO analysis of upre-
gulated genes revealed terms related to immune system processes,
positive regulation of tumor necrosis factor, and signal transduction
(Figure SI15A). Downregulated genes were related to membrane,

ion channel activity, and muscle contraction (Figure S15A). These
findings are consistent with the severe muscle degeneration observed
in 18-month-old AEx44 skeletal muscle.

Next, we compared the transcriptomes of 18-month-old corrected
AEx44 and AEx44 quadriceps muscles. Compared with AEx44
quadriceps muscles, there were 193 upregulated and 526 downregu-
lated genes in corrected AEx44 quadriceps muscles (>2-fold change,
p < 0.01). GO analysis of upregulated genes revealed terms related
to glycogen metabolic processes, cell junctions, ion channel activity,
sarcoplasmic reticulum, and synapses (Figure 6B). Downregulated
genes were related to the extracellular region, cell adhesion, and
fat cell differentiation (Figure 6B). These findings suggest that cor-
rected AEx44 muscle fibers are largely intact and are not replaced by
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adipose tissue and fibrosis, which is also observed histologically
(Figure 5D).

To evaluate the extent of this transcriptional rescue, we compared the
transcriptomes of 18-month-old corrected AEx44 and WT quadri-
ceps muscles. Only 18 genes were dysregulated in corrected AEx44
quadriceps muscles compared with WT (>2-fold change, p < 0.05).
Upregulated genes were related to immune system processes
(Timp1, Len2, Mt2, Ccl6, and Nox4) and to regenerating muscle fibers
(Myh3, Myl4, and Actcl) (Figure 6C). Downregulated genes were
involved in energy utilization (Plinl and TiamI) (Figure 6C). Addi-
tionally, we observed a downregulation in Cd28, which is also
observed in chronic inflammation (Figure 6C).*® These results indi-
cate activation of the immune system in response to muscle fiber
damage. However, considering the small number of dysregulated
genes, the inflammation in 18-month-old corrected AEx44 quadri-
ceps muscle is very mild. Consistent with this conclusion, there was
only a small distance between corrected AEx44 and WT samples in
a PCA plot (Figure S15B), suggesting that the transcriptional rescue
observed in corrected AEx44 skeletal muscle persists with aging.

DISCUSSION

Multiple studies have utilized CRISPR/Cas9 gene editing to rescue
dystrophin expression in mouse models of DMD (reviewed in Chem-
ello et al**; Coi and Koo'*; and Olson'’). However, the durability of
gene edited DMD skeletal muscle following chronic injury has not
been fully explored. Because mice lacking dystrophin maintain
mobility and display a relatively modest phenotype,” we used
high-speed downbhill treadmill running to exacerbate the DMD skel-
etal muscle phenotype. Here, we demonstrate that CRISPR/Cas9 gene
edited AEx44 skeletal muscle is resistant to damage induced by down-
hill running. Expression of gene edited dystrophin protein was also
maintained following chronic injury.

Previous work showed that restoration of ~15% of dystrophin pro-
tein is sufficient to maintain muscle fiber integrity in mdx mice."""'
In corrected AEx44 skeletal muscle, we observed rescue of dystro-
phin expression to >30% of normal levels in almost all muscle
groups. Thus, there was sufficient dystrophin to stabilize the sarco-
lemma of corrected AEx44 muscle fibers. We and others have
reported that CRISPR/Cas9 gene editing can restore the DGC at
the sarcolemma.*>'”**** In the present study, corrected AEx44
and WT skeletal muscle transcriptomes were indistinguishable after
chronic injury. Therefore, we hypothesize that mechanical signal
transduction downstream of the DGC was restored in corrected
AEx44 skeletal muscle, allowing adaptation to the eccentric contrac-
tions induced by chronic injury. Together, these results suggest that
CRISPR/Cas9 genome editing can preserve muscle fiber integrity.
Thus, the durability of gene edited DMD muscle demonstrates the
promise of CRISPR/Cas9 genome editing as a potential therapeutic
for DMD.

Remarkably, we observed >40% restoration of dystrophin protein af-
ter 18 months, demonstrating the stability of gene edited myofibers.
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Our in vivo CRISPR/Cas9 strategy utilizes the muscle-specific CK8e
promoter to drive SpCas9 expression. The CK8e promoter is not
highly active in the resident muscle stem cells.’® Therefore, we would
expect a decrease in dystrophin expression with aging due to the
fusion of unedited resident stem cells with corrected DMD muscle fi-
bers. However, we observed an increase in on-target INDEL forma-
tion with age. Also, we observed significant SpCas9 expression at
18 months. It is possible that sustained SpCas9 expression resulted
in editing of newly incorporated muscle nuclei.

The sustained expression of SpCas9 at 18 months raises a potential
concern of increased off-target genome editing over time. Impor-
tantly, however, we observed <1% off-target genome editing in
18-month-old corrected AEx44 TA muscle. In addition, there was
<1% of AAV integration at the target locus and no observable
AAV integration at the top 10 predicted off-target sites. These
low off-target editing rates, combined with the postmitotic nature
of skeletal muscle, diminish the likelihood of malignant transforma-
tions resulting from long-term systemic gene editing.

Our results add to a growing body of work suggesting that CRISPR/
Cas9 gene editing may confer long-term benefits in DMD.**** The
clinical efficacy and safety of AAV9 were demonstrated in successful
SMA gene-therapy trials."> However, AAV can only be effectively
delivered once due to the development of a humoral immune
response.”’ Importantly, our findings suggest that a single CRISPR
AAV dose is sufficient to maintain long-term gene edited dystrophin
expression. It will be of interest to monitor gene edited dystrophin
expression over longer times in larger mammalian DMD models in
which the progression of muscle fiber degeneration is much more
severe than in mice.

In this study, we showed that CRISPR/Cas9 genome editing protected
AEx44 skeletal muscle from chronic injury caused by downhill
running. However, acute injury induced by BaCl, resulted in the
loss of gene edited dystrophin. Recent studies have shown that
AAV9 can transduce satellite cells, albeit relatively inefficiently.”>>°
However, the CK8e promoter shows low activity in satellite cells.*
We hypothesize that low promoter activity, combined with relatively
low tropism of AAV9 for satellite cells, resulted in inefficient satellite
cell genome editing in corrected AEx44 mice. Therefore, following
BaCl, injury, muscle was likely reconstituted by unedited satellite
cells; hence, we observed little or no dystrophin expression in this
setting. In the future, it will be of interest to design a promoter that
is highly active in skeletal muscle and satellite cells. Ubiquitously ex-
pressed promoters such as CMV are not desirable due to accumula-
tion of Cas9 and editing of non-target tissues.

While acute injury resulted in the loss of gene edited dystrophin, these
findings do not diminish the potential of CRISPR/Cas9 genome edit-
ing as a long-term therapeutic for DMD. Injury induced by BaCl, is
more acute and severe than in DMD. Under physiologically relevant
stress, as in our chronic injury model and in aging, corrected muscle
nuclei are retained and gene edited dystrophin is sustained.
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Finally, we recently developed a base editing strategy to induce exon
skipping in DMD by disrupting exon splice sites.** In addition, new
genome editing technologies, such as prime editing, have been
developed.****
durability of gene edited dystrophin resulting from these new
strategies.

In the future, it will be of interest to determine the

MATERIALS AND METHODS

Study design

This study aimed to determine the durability and longevity of "single-
cut" CRISPR/Cas9 gene editing in a mouse model of DMD. Exclusion,
randomization, or blinding was not used to assign mice to experi-
ments. Animal work described in this manuscript has been approved
and conducted under the oversight of the UT Southwestern Institu-
tional Animal Care and Use Committee. Sample sizes for each exper-
iment are stated in the figure legends and represent independent bio-
logical replicates.

AAV9 production

Single-stranded (ss) and self-complementary (sc) AAV9 were pro-
duced and purified by Boston Children’s Hospital Viral Core, as pre-
viously described.'” These AAV9 vectors expressed CRISPR/Cas9
genome editing components that target the AEx44 mutation in the
Dmd gene. AAV9Y titers were determined with qPCR, as previously
described."”

In vivo delivery of CRISPR AAV9 to AEx44 mice

On P4, AEx44 male pups were injected intraperitoneally with 80 uL of
a viral mixture containing AAV-SpCas9 and AAV-sgRNA, as previ-
ously described.'””"” For long-term studies, viruses were delivered at
doses of 5 x 10'* vg/kg for ssAAV-SpCas9 and 2.5 x 10'* vg/kg
for ssAAV-sgRNA. While these longevity studies were in progress,
our group discovered that packaging the sgRNA expression cassette
in scAAV increases sgRNA expression and subsequently enhances
gene editing efficiency.'® Therefore, for injury studies and transcrip-
tome analyses in younger mice, viruses were delivered at doses of 8 x
10" vg/kg for ssAAV-SpCas9 and 8 x 10"* vg/kg for scAAV-sgRNA.
At various time points following systemic AAV9 delivery, mice were
sacrificed for physiology, histology, and molecular analysis.

Downhill running

Prior to the forced running regime, WT, AEx44, and corrected AEx44
mice were acclimatized to the treadmill (C Exer-3/6M, Columbus In-
struments), as previously described.?* Then, 4-week-old mice were
run (12 m/min at a 25° decline) on alternating days for 1 month.
The duration of each running session was 30 min.

Histological analysis of skeletal muscle

Skeletal muscle was cryosectioned into 8 pum sections, and IHC or
H&E staining was conducted, as previously described.'” For THC,
mouse anti-dystrophin antibody (1:1000, MANDYSS, Sigma-Al-
drich, D8168) and Mouse on Mouse biotinylated anti-mouse IgG
(BMK-2202, Vector Laboratories) were used.

Western blot for dystrophin and SpCas9

Skeletal muscle was crushed and lysed in 10% SDS, 62.5 mM Tris (pH
6.8), 1 mM EDTA, and protease inhibitor. Protein, 50 jum, was loaded
onto a 4%-20% Criterion TGX Stain-Free Protein Gel. SDS-PAGE
electrophoresis, membrane transfer, and membrane blotting were
conducted as previously described.'” Antibodies used for western
blot analysis were mouse anti-dystrophin antibody (1:1000,
MANDYSS, Sigma-Aldrich, D8168), mouse anti-SpCas9 Antibody
(1:1000, clone 7A9, Millipore, MAC133), and mouse anti-vinculin
antibody (1:1000, Sigma-Aldrich, V9131). Secondary antibody was
goat anti-mouse horseradish peroxidase (HRP) antibody (1:10,000,
BioRad).

Muscle physiology

Following 4 weeks of downhill running, the EDL and soleus muscles
were isolated from WT, AEx44, or corrected AEx44 mice, as previ-
ously described.'” Contraction-induced specific force (mN/mm?)
was measured as previously described.'”

Serum creatine measurement

Blood was collected via the submandibular vein and then centrifuged
at 15,000 x g at 4°C to collect the serum. CK activity was measured
using VITROS Chemistry 7 slides, as per manufacturer instructions.

Grip strength measurements

In a blinded study, grip strengths of WT, AEx44, and corrected AEx44
mice were measured using a grip strength meter (Columbus Instru-
ments), as previously described.'®

BaCl, induced injury

Mice were anesthetized with 5% Avertin. The right TA muscle was in-
jected with 50 uL of 1.2% (w/v) BaCl, in saline. As an uninjured con-
trol, in the same mouse, the left TA muscle was injected with 50 uL of
saline. Two months following injury, the TA muscles were harvested
and analyzed for genome editing, dystrophin, and histology.

Viral genome quantification in skeletal muscle

AAV-SpCas9 viral copy numbers were quantified with qPCR, as pre-
viously described.'” Primers used for qPCR annealed to the SpCas9
gene and are listed in Table S2.

RNA sequencing

Cryopreserved quadriceps muscle was homogenized in TRIzol
(Thermo Fisher Scientific). RNA was isolated using QTAGEN RNeasy
columns, as per manufacturer instructions. mRNA library prepara-
tion was conducted using a KAPA mRNA HyperPrep Kit (Roche).
Deep sequencing and analysis were performed as previously
described.*

TIDE analysis

PCR was conducted to amplify a 500 bp region around the target site
in exon 45 of the Dmd gene. PCR primers are listed in Table S2. Then,
Sanger sequencing was conducted. INDELs were analyzed using the
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TIDE package
described.'”"”

(https://www.tide.deskgen.com), as previously

Amplicon deep sequencing analysis of genomic DNA

Genomic DNA was isolated from skeletal muscle using a DNeasy
and Blood & Tissue Kit (QIAGEN). PCR was conducted to amplify
genomic regions containing the CRISPR/Cas9 target site and pre-
dicted off-target sites, as previously described.'” A second round of
PCR was performed to add Illumina flow cell binding sequences
and barcodes. Primers are listed in Table S3. Deep sequencing and
analysis were conducted as previously described.'”

Data availability

Data to evaluate the conclusions in this paper are presented in the pa-
per figures and supplemental data. RNA-seq data have been uploaded
to GEO. GEO profile:GSE180771. Additional data pertaining to this
paper can be requested from the authors.

Statistics

Data are represented as mean + SEM. To compare two groups, an un-
paired Student’s t test was performed. To compare multiple groups,
one-way ANOVA and Tukey’s multiple comparison tests were per-
formed; p < 0.05 was considered statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.0mtn.2022.03.004.
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