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Gene editing has shown promise for correcting or bypassing
dystrophin mutations in Duchenne muscular dystrophy
(DMD). However, preclinical studies have focused on young
animals with limited muscle fibrosis and wasting, thereby
favoring muscle transduction, myonuclear editing, and pre-
vention of disease progression. Here, we explore muscle-spe-
cific dystrophin gene editing following intramuscular delivery
of AAV6:CK8e-CRISPR/SaCas9 in 3- and 8-year-old dystro-
phic CXMD dogs and provide a qualitative comparison to
AAV6:CK8e-micro-dystrophin gene replacement at 6 weeks
post-treatment. Gene editing restored the dystrophin reading
frame in ~1.3% of genomes and in up to 4.0% of dystrophin
transcripts following excision of a 105-kb mutation contain-
ing region spanning exons 6-8. However, resulting dystro-
phin expression levels and effects on muscle pathology were
greater with the use of micro-dystrophin gene transfer. This
study demonstrates that our muscle-specific multi-exon dele-
tion strategy can correct a frequently mutated region of the
dystrophin gene in an aged large animal DMD model, but un-
derscores that further enhancements are required to reach
efficiencies comparable to AAV micro-dystrophin. Our obser-
vations also indicate that treatment efficacy and state of mus-
cle pathology at the time of intervention are linked, suggest-
ing the need for additional methodological optimizations
related to age and disease progression to achieve relevant
clinical translation of CRISPR-based therapies to all DMD
patients.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a devastating X-linked
muscle degenerative condition affecting the majority of muscle
groups throughout the body." DMD is caused by the lack of func-
tional dystrophin at the sarcolemma, which is critical for maintaining
muscle integrity during contraction. In its absence, skeletal muscle fi-
bers experience repeated bouts of necrosis and regeneration, eventu-
ally resulting in significant loss of muscle mass and function, which
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together with cardiomyopathy reduces life expectancy. Three ongoing
clinical trials in the United States, conducted by Solid Biosciences
(NCT03368742), Sarepta Therapeutics (NCT03375164), and Pfizer
(NCT03362502), are aimed at restoring muscle integrity and function
following micro-dystrophin (uDys) gene replacement using adeno-
associated viral vectors (AAVs). While gene replacement therapies
hold great promise for ameliorating DMD pathology, the utilization
of a uDys gene, as necessitated by the limited carrying capacity of
AAVs, means that some aspects of dystrophin functionality are sacri-
ficed.> For patients with amenable mutations, AAV-mediated
CRISPR/Cas-based gene editing therapies could restore larger dystro-
phin proteins with greater function.™ However, for these benefits to
be realized, CRISPR/Cas editing efficacies must rival those of uDys
gene replacement. Several promising proof-of-principle studies
have demonstrated both feasibility and some efficacy of in vivo
gene editing for inducing dystrophin expression and improving mus-
cle pathophysiology in DMD animal models.”'> However, except for
high-efficiency corrections in very young animals with individually
rare and relatively easily correctible mutations affecting single
exons,”” induced dystrophin levels have frequently been less than
5-10% of wild-type levels and well below pDys levels routinely ob-
tained following gene replacement.'® '® Also, more than two-thirds
of DMD patients carry gene deletions or duplications that are chal-
lenging to fully “correct” using current gene editing methods,"”
though promising progress have been made to enable correction of
duplications.”””" While encouraging, suboptimal levels of dystrophin
expression from more broadly applicable editing strategies may offer
only transient therapeutic effects, as partially corrected myofibers
may be gradually lost over time as a result of skeletal muscle turn-
over.® Loss of CRISPR-corrected dystrophin expression may poten-
tially be mitigated by efficient editing of the dystrophin gene in
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Figure 1. Generating a dystrophin open reading frame in primary CXMD-
derived myoblasts

(A) Outline of the strategy to generate a functional dystrophin open reading frame in
CXMD dogs via CRISPR-mediated deletion of exons 6-8, including the splice
acceptor mutation in intron 6 (red dot). (B) Primary CXMD-derived myotubes at
5 days post-transfection. (C) Semi-quantitative PCR of DNA isolated from CXMD
myotubes at 5 days post-transfection with CRISPR-plasmid using 3.75 and 7.5 pL
of lipofectamine. Amplification across the ~105 kb region targeted for deletion
generates a unique Aexons 6-8 deletion product (340 bp; red arrow) in CRISPR-
treated samples. The additional products seen likely represent non-specific or
incomplete amplification of non-edited genomes due to the large size of the native
genomic region being amplified.

muscle stem cells (satellite cells [SCs]).”* While AAV-mediated gene
editing has been demonstrated in SCs,'***** it is still unclear how
readily AAV vectors are able to transduce quiescent and/or activated
SCs.> This potential caveat is also highlighted by contrasting reports
of relatively high levels of AAV SC targeting using Cre-reporter sys-
tems against the very low levels of dystrophin gene correction in SCs
of dystrophic hosts (<0.05%) following ubiquitous (CMV-mediated)
in vivo editing,”* which indicates a need for significant technological/
methodological improvements for SC editing to have a beneficial
therapeutic impact.

Notably, most studies to date have focused on treating young animals
that exhibit only mild disease pathology, including minimal levels of
fibrosis, adipogenic tissue accumulation, and muscle wasting. Effec-
tive treatment of older animals, and future patients with more pro-
gressed pathophysiology, may require higher vector doses to enable
sufficient vector diffusion through fibrotic and adipogenic muscle in-
filtrates to transduce the remaining muscle mass. If so, this may repre-
sent a significant hurdle, as AAV clinical trials using very high doses
have in some cases shown adverse events ranging from thrombocyto-
penia to acute kidney damage and cardiopulmonary insufficiency.
Encouragingly, recent advances in AAV vector design have yielded
synthetically modified vector capsids (AAVMYO) that exhibit signif-
icantly enhanced muscle transduction (up to 10-fold),***” which
could effectively reduce vector doses while improving therapeutic
efficacies.

The outbred canine X-linked muscular dystrophy (CXMD) model of
DMD?® carries a splice acceptor site mutation in intron 6 of the dys-
trophin gene.”” This results in incorrect pre-messenger RNA
(mRNA) splicing, skipping of exon 7, and a disrupted translational
reading frame leading to a premature stop codon encoded in exon
8. Our group and others have previously utilized canine models in
preclinical AAV-uDys studies®® > and in one AAV-mediated gene
editing study.” The deltaE50-MD canine model of DMD used in
that gene editing study carries an exon 50 deletion that generates
an out-of-frame transcript and loss of dystrophin expression.”* This
mutation was addressed by delivering AAV9 vectors carrying SpCas9
and a single guide RNA (sgRNA) designed to disrupt the splice
acceptor site and an exonic splicing enhancer for exon 51, resulting
in the “skipping” of exon 51 and restoration of an open reading frame
(ORF) encoding a slightly smaller dystrophin.” While results from the
deltaE50-MD study are extremely encouraging, the sgRNA approach
is amenable only to a subset of DMD mutations in which removing a
single exon is sufficient to restore an ORF that encodes a functional
dystrophin.”> Also, as these dogs were treated at a very young age
when muscle pathophysiology is still developing, both AAV transduc-
tion and myonuclear editing were facilitated by the absence of signif-
icant muscle loss, inflammation, and fibrosis. Here, we investigated
the potential for AAV to induce dystrophin expression in old
CXMD dogs using our previously developed muscle-specific expres-
sion system for CRISPR-mediated multi-exon deletion® and
compared the results with micro-dystrophin delivery.

RESULTS

To generate a functional dystrophin ORF in the CXMD model of
DMD, we adapted our previously developed muscle-restricted,>*
multi-exon deletion strategy to excise exons 6-8 (Figure 1A). This
~105 kb region encodes significant portions of the N-terminal
actin-binding domain as well as part of the first hinge region of the
dystrophin protein.’® While this actin-binding domain is considered
an important domain for proper function and stability of dystro-
phin,®” removal of this relatively large segment was necessary because
the OREF is shared across exons 6-8, and removal of any one or two
exons would fail to encode an in-frame transcript.”® The ability to
excise exons 6-8 of the canine dystrophin gene was evaluated
following in vitro transfection of primary myogenic progenitor cells,
isolated from skeletal muscles of CXMD dogs, with a single plasmid
carrying the muscle creatine kinase-based CK8e expression cassette
driving expression of SaCas9, along with two ubiquitous U6-driven
sgRNA expression cassettes targeting introns 5 and 8 (Figure 1A).
PCR analysis of DNA isolated from differentiated myotubes at
5 days post-transfection revealed a unique amplification product cor-
responding in size to a product lacking the genomic sequence en-
coded between the target sites (Figures 1B and 1C). Subsequent
Sanger sequencing of the product confirmed successful deletion of
the targeted genomic region containing exons 6-8, thus demon-
strating feasibility of the strategy.

To evaluate the potential for amelioration or reversal of advanced
dystrophic muscle pathology, we compared the therapeutic potential
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Figure 2. Induction of dystrophin expression
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of our single vector gene editing system (modified to target canine
exons 6-8)° with that of our third-generation micro-dystrophins
(uDys5)."° This was accomplished by AAV-mediated intramuscular
(IM) administration into the cranial tibialis (CT) muscles of fully im-
munosuppressed 3- and 8-year-old male CXMD dogs, as previously
described.”>" Expression of SaCas9 and pDys5 was restricted to stri-
ated muscle using the mouse muscle creatine kinase (MCK)-based
CK8e expression cassette, and the CRISPR (AAV6:CK8e-SaCas9-
2XsgRNA) or uDys (AAV6:CK8e-puDys5) vectors (Figure 2A) were
delivered into contralateral CT muscles via 25 equally spaced injec-
tions each containing 4 x 10" vector genomes (vg). Treated dogs re-
mained on immunosuppression until the end of the study (6 weeks
post-transduction), when AAV-injected and control muscles were
harvested and analyzed for dystrophin expression. Immunofluores-
cence (IF) analysis of samples taken from proximal, medial, and distal
regions of the treated CT muscles revealed highly mosaic myofiber
expression of both uDys- and CRISPR-generated dystrophin
following either treatment (Figure 2C). However, the number of dys-
trophin-positive fibers was greater in the pDys-injected than in the
CRISPR-injected 3-year-old CXMD dogs, whereas such differences
were less obvious in 8-year-old CXMD dogs (Figure 2C). Interest-
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3-year-old og

(~404 kDa), and pDys5 (147 kDa). (C) Immunofluores-
cence analysis of well-transduced muscle sample regions
from the 3- and 8-year-old dogs injected with
AAV6B:CK8e-CRISPR/Cas9 (CRISPR) and AAV6:CK8e-
uDys5 (uDys). Untreated control samples were derived
from non-treated vastus lateralis muscles. Sections were
stained with DAPI (top row) and for dystrophin (middle
row). Merged images of DAPI and dystrophin are shown in
the bottom row. CRISPR-treated sections were stained
with antibodies raised against the C-terminus of dystro-
phin, while untreated control- and uDys-treated samples
were stained with antibodies raised against the hinge 1/
spectrin-like repeat 1 (H1/R1) region of dystrophin, as
uDys5 contains this region but lacks the majority of the
C-terminus. Scale bar, 100 um. Images of control wild-
type cranial tibialis muscle sections stained with both
C-terminal and H1/R1 dystrophin antibodies are available
in Figure S1.

8-year-old dog

ingly, while pDys protein was typically found
to completely envelope the sarcolemma (~64%
of positive fibers), most dystrophin-positive fi-
bers resulting from CRISPR treatment were
not completely enveloped (~17%); instead, the
majority of positive gene-edited myofibers ex-
hibited fenestrated distribution of dystrophin (see Discussion). In
line with the observed differences in sarcolemmal dystrophin immu-
nofluorescent staining (Figure 2C), fewer dystrophin-positive myo-
fibers exhibited centrally located nuclei (CN) following puDys treat-
ment (~26% CN) compared with CRISPR treatment (~37% CN),
indicating that uniformly distributed pDys across the sarcolemma
offered better stabilization of the muscle. Histological evaluation
was then performed on serial muscle cross sections from regions ex-
hibiting the most uniform expression of dystrophin to explore the ef-
fect of the resulting expression levels on amelioration of dystrophic
histopathology. Notably, interstitial collagen deposition was not obvi-
ously reduced during this short treatment window by either therapeu-
tic strategy (Figure 3), although both puDys- and CRISPR-mediated
dystrophin expression were able to protect transduced myofibers
from necrosis.

To evaluate dystrophin gene editing efficiency, nucleic acids were ex-
tracted from several CRISPR-treated muscle samples adjacent to
those identified (via IF) as exhibiting the most uniform AAV trans-
duction and dystrophin expression. Three of four muscle samples
examined showed successful deletion of the targeted region at both
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the genomic and the transcript levels, as demonstrated by the gener-
ation of a unique amplification product following semi-quantitative
PCR (Figure 4A) and RT-PCR (Figure 4B). Despite attempting to
match adjacent muscle samples shown to contain dystrophin-cor-
rected myofibers via IF, one of the samples from the 8-year-old dog
still showed undetectable dystrophin gene editing, presumably as a
result of poor AAV transduction, and was excluded from subsequent
statistical analysis. Sanger sequencing of the unique PCR and RT-
PCR amplicons demonstrated that while the genomic PCR product
corresponded to successful deletion of the intended genomic region
containing exons 6-8, the main RT-PCR product generated from iso-
lated mRNA corresponded to a deletion of exons 6-9 (Figures 4C and
4D). Dystrophin transcripts lacking exons 6-9 also encode a func-
tional ORF and likely result from a cryptic splice site associated
with exon 9, which has previously been detected in both untreated
and antisense oligonucleotide-treated GRMD/CXMD muscle ex-
tracts.”” "' As indicated by our results, deleting the genomic region
spanning introns 5-8 appears to preferentially result in the produc-
tion of dystrophin transcripts that lack exons 6-9, which effectively
removes the hinge-1 region of the dystrophin protein.

Quantification of genomes and transcripts containing CRISPR-
induced deletion of the targeted region was accomplished via digital
PCR and RT-PCR. Statistically significant deletion events were de-
tected only in CRISPR-treated samples, in which 1.31 + 0.17% of total
genomes corresponded to deletion of the genomic region spanning
introns 5-8 (Figure 4E). At the transcript level, deletion of exons 6-
8 was detected in 1.13 + 0.24% of total dystrophin transcripts, while
deletion of exons 6-9 occurred at a significantly higher frequency of
2.93 + 0.31% (Figure 4F). ICE (Inference of CRISPR Edits) analysis of
Sanger sequencing data from PCR amplicons across the individual
CRISPR target sites showed that the editing frequency at intron 8
(6%) was significantly higher than that of intron 5 (1.25%) (Table
1). This seemingly asynchronous CRISPR activity likely contributed
to the relatively low overall genomic deletion frequency of exons 6—
8, though the ICE analysis data reflect only genomes where
CRISPR-treatment failed to remove the genomic sequence spanning
the two target sites. Individual sample values from ICE analyses,
digital PCR (dPCR) and digital RT-PCR (dRT-PCR) are presented
in Table 1.

Figure 3. Partial amelioration of dystrophic muscle
histopathology following uDys, but not CRISPR
treatment

CRISPR- versus pDys-treated muscle sample cross
sections from the 3-year-old dog (exhibiting dystrophin
expression in Figure 2), stained with hematoxylin and
eosin to reveal myofibers (pink) and cell nuclei (blue) (H&E;
left columns) or stained with picrosirius red to reveal my-
ofibers (orange) and collagen/fibrotic tissue (red) (right
columns). Images located in the top or bottom rows were
acquired from the same muscle samples at 100x- and
400x magnification, respectively. Scale bars, 100 um.

Successful generation of a functional dystrophin open reading frame
led to near-full-length dystrophin expression above background levels
in three out of the four analyzed CRISPR-treated samples, as deter-
mined via western blotting of muscle lysates (Figure 5). Low levels
of background expression of near-full-length dystrophin was
observed in untreated and pDys-treated samples, likely reflecting
the selective clonal preservation of dystrophin revertant myofibers
with age.*'** Expression of pDys5 was reliably detected using anti-
bodies raised against the region of dystrophin that is encoded by
exons 10 and 11, as uDys5 lacks the majority of the C-terminal
domain that was used to detect CRISPR-generated dystrophin.

DISCUSSION

The difference in sarcolemmal distribution of dystrophin following
CRISPR versus puDys treatment (Figure 2B) may reflect differences
in the mechanisms by which the two methods produce dystrophin.
With gene editing, individual myonuclei must accumulate both
Cas9 and two sgRNAs, which must then act in synchrony to cleave
the dystrophin gene twice and enable joining of the two ends. In
contrast, uDys can be generated following transcription of individual
AAYV vector genomes without the need for multiple endonuclease and
ligation events. Also, a correctly edited dystrophin gene must be tran-
scribed across a >2 MB genomic region from its endogenous pro-
moter, whereas pDys is generated by transcription of a <4 kb
c¢DNA using the powerful CK8e-regulatory cassette. Previous studies
have also shown that individual proteins produced in myofibers
display discreet “nuclear domains” of expression, with small proteins
diffusing considerably greater distances from their nuclei of origin
than larger proteins, including full-length dystrophin.** While our
micro-dystrophins have been carefully developed to provide both sta-
bility and functionality, it is also possible that deleting exons 6-8 (or
6-9) through gene editing might produce unstable, less functional, or
mis-localized dystrophin isoforms. Dystrophins lacking exons 6-9
carry all 24 spectrin-like repeats, but they lack the C-terminal portion
of the N-terminal actin-binding domain and much of hinge-1. Previ-
ous studies have shown that this same deletion, when induced by
morpholino antisense oligos, in this same dog model led to a clear
improvement in performance.*” In contrast, all micro-dystrophins
include the full N-terminal actin-binding domain (ABD) and
hinge-1, portions of which are encoded by exons 6-9.'° Additionally,
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(A) Semi-quantitative PCR analysis demonstrating pres-
ence of unique Aexon 6-8 amplicon in 3 of 4 muscle
samples treated with CRISPR/Cas9 (red arrow); bottom
amplicon represents GAPDH controls. (B) Semi-quanti-
tative RT-PCR analysis demonstrating presence of unique
deletion generated amplicon in 3 of 4 muscle samples
treated with CRISPR/Cas9 (red arrow); bottom amplicon
represents GAPDH controls. (C and D) lllustrations rep-
resenting Sanger sequencing results of CRISPR-edited
DNA lacking the genomic region flanked by the CRISPR
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Digital PCR quantification showing deletion frequency of
the genomic region spanning introns 5-8 for CRISPR-
versus uDysb-treated muscles as well as for untreated
wild-type (WT) and CXMD [(—) control] samples. Note that
one of the CRISPR-treated samples demonstrated ineffi-
cient gene editing owing to suboptimal AAV transduction
(red point) and was hence excluded from statistical anal-
ysis (one-way ANOVA with Tukey’s multiple comparisons
test, **p < 0.01). (F) Digital RT-PCR quantification showing
deletion frequency of exons 6-8 and 6-9 at the transcript
level for CRISPR-treated samples compared with un-
treated controls consisting of one WT and one CXMD
muscle sample. The CRISPR-treated muscle sample
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previous studies of Becker muscular dystrophy (BMD) patients with
deletions in the ABD showed that many of these proteins were unsta-
ble.*>*¢ Though available in vivo data are sparse, iPSC-derived cardi-
omyocytes lacking dystrophin exons 6-9 exhibited no aberrant
dystrophin expression patterns and displayed improved calcium
handling compared with dystrophic controls, albeit not to the level
of wild-type controls.*” Also, many deletions in the N-terminal
actin-binding domain have been associated with BMD,*® and in
particular, a mildly affected BMD patient with a deletion of exons
3-9 was not diagnosed until age 67.” As one of the two deletion
“hotspots” of the DMD gene overlap the N-terminal actin-binding
domain, widespread use of gene editing for mutations in this part
of the gene will need to consider effects on the stability of the edited
dystrophin proteins.”

The overall observation of mosaic transduction and expression of
delivered genes following IM administration may result from limited
AAV vector diffusion from the injection site and is a major consider-
ation in using systemic versus local delivery methods in clinical tri-
als.”' Vector diffusivity throughout aged dystrophic muscle (whether
following IM or systemic delivery) may be particularly concerning for
treating older patients, as increased fat and connective tissue deposi-
tion could present significant obstacles for efficient AAV transduction
of remaining muscle fibers. As we previously demonstrated in mice,
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demonstrating undetectable editing at the genome level
also lacked Aexon 6-8 or Aexon 6-9 edited transcripts
(red dot) and was excluded from statistical analysis (one-
way ANOVA with Tukey’s multiple comparisons test, **p <
0.01, **p < 0.001).

AB-9

achieving sufficient levels and uniform distribution of dystrophin
expression is essential for stabilizing dystrophic skeletal muscle and
has important implications for the longevity of DMD gene therapies.®
The results seen here align with those studies, suggesting that turn-
over of inadequately stabilized skeletal muscle contributes to the
loss of CRISPR-corrected dystrophin expression over time. While
Cas9-mediated immune responses were recently shown to cause
rapid and significant loss of gene-edited dystrophin correction,”
our dogs were maintained on an extensive immunosuppression
regimen®"”’ for the duration of the study for the specific purpose
of avoiding elicitation of host immune responses toward a likely high-
ly immunogenic transgene product, thus making it unlikely that Cas9
immune responses played any significant role in the resulting
outcomes.

Our results show the feasibility of increasing therapeutic dystrophin
levels in aged dystrophic skeletal muscle using both CRISPR gene
correction and micro-dystrophin replacement strategies. However,
pronounced dystrophic pathology may present significant hurdles
for both efficient vector transduction and subsequent dystrophin
expression via either approach. While our data demonstrate the
promise of in vivo gene editing for correcting dystrophin expression
in advanced DMD stages, it is currently less efficient than micro-dys-
trophin gene replacement. Importantly, though, mutations that can
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Table 1. Quantification of CRISPR-editing efficiency

ICE (intron 5) ICE (intron 8)

dPCR (genomic)

dRT-PCR (transcript)

Samples % indels R’ % indels R’ A6-8 (%) CI (%) A6-8 (%) CI (%) A6-9 (%) CI (%)
Untreated control Ref N/A Ref N/A 0.006 0.003-0.044 0.002 0.0002-0.0091 0.002 0.0002-0.0093
WT control 0 1 - - 0.012 0.011-0.036 0.002 0.0002-0.0086 0.005 0.0014-0.0140
CRISPR (D1-S1) 2 1 9 0.99 1.419 1.183-1.698 1.443 1.2950-1.5990 3.222 2.9630-3.4890
CRISPR (D1-S2) 1 1 6 1 0.981 0.796-1.204 0.654 0.5570-0.7620 2.320 2.0770-2.5710
CRISPR" (D2-S1) 1 1 1 1 0.089 0.051-0.153 0.067 0.0458-0.0974 0.139 0.1060-0.1810
CRISPR (D2-52) 1 1 8 1 1.537 1.326-1.776 1.306 1.1650-1.4550 3.261 2.9930-3.5380
uDys5 (D1-S1) 0 1 0 1 0.006 0.001-0.033 0.002 0.0004-0.0134 - -

uDys5 (D1-52) - - - - 0.055 0.028-0.109 0 - - -

uDys5 (D2-S1) - - - - 0.016 0.004-0.057 0.006 0.0021-0.0164 - -

uDys5 (D2-52) - - - - 0.007 0.001-0.042 0 - - -

Quantification of editing frequency in CRISPR- versus uDys-treated muscle samples (S1-2) acquired from the 3-year-old dog (D1) and the 8-year-old dog (D2), as presented in Figure 4.
ICE analysis reveals estimated cutting frequency at the individual genomic target sites within introns 5 and 8 and where the coefficient of determination (R?) represents the fit of the
indel distribution to the Sanger sequences of the edited versus untreated negative control sample for ICE analyses. Note: ICE analysis of amplicons generated across the individual target
sites is possible only for genomes where gene editing failed to remove the targeted genomic region. Digital PCR [dPCR (genomic)] and dRT-PCR (transcript) columns represent
percent A6-8 deletion genomes per total genomes and percent A6-8 or A6-9 transcripts per total dystrophin transcripts, respectively. Confidence intervals (CI) for individual sample
levels of corrected genomes and transcripts following dPCR and dRT-PCR are generated as part of the automated analysis performed using the Thermo Fisher Scientific Cloud-based

dPCR analysis platform. CI, confidence interval; Ref, reference; N/A, not applicable.
“CRISPR-treated muscle sample exhibiting near-undetectable gene editing in Figure 4.

be edited to enable production of large, highly functional dystrophins
following gene editing are likely to be functionally superior to
micro-dystrophins. Nonetheless, as with the example here involving
truncation of the N-terminal actin-binding domain, some larger dys-
trophins may lack a subset of functional domains or may have
improperly phased spectrin-like repeats that could impact their over-
all stability or functionality such that rationally designed, synthetic
micro-dystrophins could display better expression, stability, or pro-
tection from contraction-induced injury.>*'® Further improvements
to both approaches (or combinatorial treatments) may significantly
improve therapeutic outcomes, especially in older patients. In this re-
gard, we previously showed that co-administration of vectors that
mediate both micro-dystrophin and gene editing in systemic treat-
ments of young mdx*" mice provided higher levels of dystrophin
correction.’

MATERIALS AND METHODS

Cloning and vector production

Plasmids containing regulatory cassettes for expression of Cas9 and
sgRNAs flanked by AAV serotype 2 inverted terminal repeats
(ITRs) were generated using standard cloning techniques. A single
AAV6 vector system was designed to express Cas9 from Staphylo-
coccus aureus (SaCas9),”* under control of a synthetic muscle-spe-
cific creatine kinase (CK8e) gene regulatory cassette as well as two
U6-driven sgRNA expression cassettes targeting introns 5 and 8
of the canine genome. We have previously designed and validated
a similar single vector system for use in the mdx*"
of DMD using sgRNAs targeting introns 51 and 53 of the mouse
genome.5 Both canine sgRNA spacer sequences demonstrated no
predictable genomic off-target sites containing three or fewer nucle-
otide mismatches based on in silico modeling using Cas-OFFinder

mouse model

(CRISPR RGEN Tools, http://www.rgenome.net/cas-offinder/).
Additional sgRNAs were not evaluated, as the selected pair showed
clear editing in vitro. Some improvements in editing activity might
be achieved by screening additional target sites, as we have done in
previous and related studies. However, while we sometimes find that
some sgRNAs exhibit very low to undetectable activities, the ones
that do show clear activity rarely vary drastically from each other
when applied in vivo. Plasmids for producing AAV6 vectors that ex-
press micro-dystrophin-5 (uDys5)'® under control of the CK8e
muscle-specific expression cassette were also generated. Both plas-
mids were co-transfected with pDGM6 packaging plasmid into
subcloned HEK293 cells (American Type Culture Collection) using
calcium phosphate-mediated transfection to generate AAV6 vectors
that were harvested, purified via heparin-affinity chromatography,
and concentrated using sucrose gradient centrifugation.’*® Result-
ing titers were determined by Southern analyses and qPCR using
probes specific to CK8e.

Primary canine myogenic cell isolation and in vitro transfection

Primary myogenic cells were obtained via explant cultures of muscle
samples harvested from a CXMD dog using previously described pro-
tocols.”” Resulting cells were seeded in culture vessels coated with 10%
Matrigel (growth factor reduced; Invitrogen) containing myogenic
proliferation media (DMEM containing 4.5 g/L L-glutamine, 10%
fetal bovine serum, penicillin, and streptomycin) and allowed to
grow to ~75% confluency before transfection with pAAV-CK8eSa-
Cas9-K9AX6-8 plasmid according to manufacturer’s specifications
(Lipofectamine 3000; Invitrogen). At 24 h post-transfection myogenic
growth media were switched to differentiation media (DMEM con-
taining 4,500 mg/L L-glutamine, 2% horse serum, penicillin, and
streptomycin) and allowed to differentiate into myotubes for an
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Figure 5. Expression of dystrophin in treated muscle samples

(A) Western blotting of muscle sample lysates reveals increased near-full-length
dystrophin expression over background/revertant levels in samples receiving
CRISPR treatment (Dys (CT), 427 kDa band). (B) Expression of uDys5 (~147 kDa)
was visualized using antibodies raised against H1/R1 of dystrophin [Dys (Ex10/11)].
The slightly weaker product seen between the 147 kDa pDys5 band and the
427 kDa full-length dystrophin band (possibly reflecting dystrophin-revertant fibers)
likely represents nDys5 duplexes that were insufficiently reduced during sample
preparation. (C) Expression of SaCas9 was observed only in samples receiving
CRISPR/Cas9, visualized using antibodies against a triple HA epitope fused at the 3’
end of SaCas9. (D) Detection of GAPDH expression to visualize total protein load for
the various samples. Note that CRISPR-treated sample 1 from the 8-year-old dog
exhibits reduced expression of near-full-length dystrophin and almost undetectable
expression of SaCas9, likely reflecting a poorly transduced sample from the IM in-
jection protocol applied. The positive control (WT) lanes were loaded with normal
(wild-type) canine muscle extracts. The negative control sample (—) was acquired
from the vastus lateralis muscle of the 3-year-old dog. Select additional molecular
size markers are provided in gray italics (130 and 250 kDa).

additional 4 days before harvest of DNA and RNA (DNeasy and
RNeasy kits; Qiagen).

Animals

Dogs were handled according to principles outlined in the NIH Guide
for the Care and Use of Laboratory Animals and as approved by the
University of Washington Institutional Animal Care and Use Com-
mittee (IACUC). The canine X-linked muscular dystrophy
(CXMD) dog model of DMD carries the GRMD splice acceptor site
mutation in intron 6, causing skipping of exon 7 and production of
an out-of-frame dystrophin transcript.”® Dogs were housed in a tem-
perature- and humidity-monitored environment, maintained be-
tween 18°C and 26°C. Dogs were fed twice daily, and fresh drinking
water was provided ad libitum. Animals were fasted as required by
specific procedures (e.g., involving sedation or anesthesia). Enrich-
ment toys and treats were routinely supplied, and trained staff exer-
cised the animals.
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AAV serotype 6 vectors encoding CK8e-CRISPR/Cas9 or CK8e-
uDys5 were injected into the left and right cranial tibialis (CT) mus-
cles, respectively, of 3- and 8-year-old CXMD dogs under anesthesia
(n =2 dogs). Briefly, longitudinal skin incisions were made to expose
the CT muscles before administering a total of 1 x 10" vg per CT via
25 equally spaced 100 mL injections (~ 10 mm apart). AAV vectors
were diluted in phosphate-buffered saline (PBS) and injected using a
'/,-in 30G needle. Saline-soaked gauze was used to cover the CT for
5 min after the injection and before the incision was sutured closed.
Carprofen and/or buprenorphine were administered for post-surgical
pain management. Two days before AAV injection, dogs were started
on an immunosuppressive regimen of cyclosporine (up to 7.5 mg/kg
b.i.d.), and on the day of injection, mycophenolate mofetil (MMF) (up
to 5 mg/kg b.i.d.) was added to the regimen. Additionally, diphenhy-
dramine was administered 30 min before the injections. AAV-treated
dogs remained on the immunosuppression regimen (cyclosporine
and MMF) for the duration of the study. This regimen has been
shown to block cellular immune responses against dystrophin and
AAV vectors in the canine model of DMD and is based on clinical
immunosuppression regimens used in human bone marrow trans-

plantation 30,31,53,58-60

Tissue harvest and processing

Treated CT muscles were harvested at 6 weeks post-transduction and
compared with wild-type CT samples or non-injected control muscle
samples. Treated CT muscles were divided into proximal, medial, and
distal sampling regions, from which three sequential cross-sectional
slices were obtained. Each slice was further subdivided in quarters
(3 x 12 total samples from each muscle), and serial portions of
each quarter were used for immunohistochemical, RNA/DNA, and
protein analyses. For immunohistochemical analyses, muscle samples
were embedded in an optimal cutting temperature compound (O.C.T.
Compound; VWR International) and fresh frozen in liquid-nitrogen-
cooled isopentane for IF analysis. Corresponding serial quadrant
samples were snap frozen in liquid nitrogen and ground to a powder
under liquid nitrogen in a mortar kept on dry ice for subsequent RNA,
DNA, and protein extraction.

Immunohistochemical analyses

Muscle cross sections (10 um) were co-stained with antibodies raised
against the C-terminal domain of dystrophin (331/332 rabbit poly-
clonal Ab, 1:500 dilution; a kind gift from Dr. Stanley Froehner at
the University of Washington Department of Physiology and
Biophysics). Expression of uDys5 was detected using antibodies
raised against the hinge-1 (H1)/spectrin-like repeat 1 (R1) region
(exons 10 and 11) of dystrophin (clone 1011b, mouse monoclonal
IgG2a, developmental studies hybridoma bank), as uDys5 lacks the
majority of the C-terminal domain and exhibits only limited immu-
noreactivity with certain C-terminal antibodies that share partial
epitope homology. Slides were mounted using ProLong Gold with
DAPI (Thermo Fisher Scientific) and imaged using an Olympus
E1000 fluorescent microscope running SlideBook 6 acquisition soft-
ware (3i, Denver, CO). Images were processed and assembled into fig-
ures using Photoshop CS5 (Adobe, San Jose, CA).
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Nucleic acid and protein analyses

Nucleic acids were isolated from homogenized muscle tissue using
TRIzol Reagent (Invitrogen), and RNA was extracted according to
the manufacturer’s recommendations. DNA was extracted from the
TRIzol suspension using back-extraction with 4 M guanidine thiocya-
nate, 50 mM sodium citrate, and 1 M Tris base. Analysis of dystrophin
transcripts by RT-PCR was performed on cDNA produced from mus-
cle lysates using the Superscript IV VILO with ezDNase master mix kit
(Thermo Fisher Scientific). Semi-quantitative PCR and RT-PCR ampli-
cons across the targeted region were generated using Phusion high-fi-
delity polymerase (New England Biolabs) and separated by gel electro-
phoresis on 2% agarose gels. Unique deletion PCR and RT-PCR
amplicons were excised following gel electrophoresis, purified, and sub-
mitted for Sanger sequencing (Eurofins Genomics). PCR amplicons
were also generated across the individual cut sites in introns 5 and 8
and submitted for Sanger sequencing. The resulting reads were sub-
jected to ICE CRISPR Analysis Tool (https://www.synthego.com/
products/bioinformatics/crispr-analysis), where the Sanger sequencing
data from treated samples were compared with an untreated control
sample to establish editing frequency at each target site. Deletion of
the entire targeted region at the genome and transcript levels was quan-
tified using a QuantStudio 3D digital PCR system (Thermo Fisher Sci-
entific) using the manufacturer’s proprietary reagents in combination
with primer/probe sets detecting either native unmodified dystrophin
alleles/transcripts or alleles/transcripts lacking the sequence spanning
the two target sites. Data analysis was performed on the Thermo Fisher
Scientific Cloud Software Connect platform using dPCR AnalysisSuite.

Muscle proteins were extracted in radioimmunoprecipitation assay
(RIPA) buffer supplemented with 5 mM EDTA and 4% protease inhib-
itor cocktail (MilliporeSigma, catalog no. P8340), for 1 h on ice with
gentle agitation every 15 min. Total protein concentration was deter-
mined using Pierce BCA assay kit (Thermo Fisher Scientific). Muscle
lysates from wild-type (WT) (3 and 0.3 pg), untreated (30 pg), and
treated (30 pg) tissue samples were denatured at 100°C for 10 min,
quenched on ice, and separated via gel electrophoresis after loading
onto Bolt 4-12% Bis-Tris polyacrylamide gels (Invitrogen). Protein
transfer to 0.45 pm polyvinylidene fluoride (PVDF) membranes was
performed overnight at constant 46 V at 4°C in Towbin’s buffer con-
taining 20% methanol. Blots were blocked for 1 h at room temperature
(RT) in 5% non-fat dry milk (NFDM) before overnight incubation with
antibodies raised against the C-terminal domain of dystrophin (rabbit
polyclonal, 1:15,000; Froehner Lab), 1011b anti-H1/R1 of dystrophin
(DSHB; University of Iowa, Iowa city, IA), anti-HA (rat monoclonal-
HRP conjugated, 1:2,000; Roche) for detection of hemagglutin antigen
(HA)-tagged saCas9 and GAPDH (rabbit polyclonal, 1:100,000;
MilliporeSigma). Horseradish-peroxidase-conjugated secondary anti-
body staining (1:50,000) was performed for 1 h at RT before signal
development using Clarity Western ECL Substrate (Bio-Rad) and
visualization using a Chemidoc MP imaging system (Bio-Rad).

Statistical analyses
Except where otherwise noted, data values are represented as mean +
SEM and were analyzed in Excel (Microsoft) and Prism 6

(GraphPad). Measurements were analyzed for statistical significance
using one-way analysis of variance (ANOVA) multiple comparison
tests with Turkey’s post hoc tests unless otherwise stated. Statistical
significance was set to p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.02.003.
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