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Full-length dystrophin restoration via targeted
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Targeted gene-editing strategies have emerged as promising
therapeutic approaches for the permanent treatment of in-
herited genetic diseases. However, precise gene correction
and insertion approaches using homology-directed repair are
still limited by low efficiencies. Consequently, many gene-edit-
ing strategies have focused on removal or disruption, rather
than repair, of genomic DNA. In contrast, homology-indepen-
dent targeted integration (HITI) has been reported to effec-
tively insert DNA sequences at targeted genomic loci. This
approach could be particularly useful for restoring full-length
sequences of genes affected by a spectrum of mutations that
are also too large to deliver by conventional adeno-associated
virus (AAV) vectors. Here, we utilize an AAV-based, HITI-
mediated approach for correction of full-length dystrophin
expression in a humanized mouse model of Duchenne
muscular dystrophy (DMD). We co-deliver CRISPR-Cas9 and
a donor DNA sequence to insert the missing human exon 52
into its corresponding position within the DMD gene and
achieve full-length dystrophin correction in skeletal and car-
diac muscle. Additionally, as a proof-of-concept strategy to
correct genetic mutations characterized by diverse patient mu-
tations, we deliver a superexon donor encoding the last 28
exons of the DMD gene as a therapeutic strategy to restore
full-length dystrophin in >20% of the DMDpatient population.
This work highlights the potential of HITI-mediated gene
correction for diverse DMD mutations and advances genome
editing toward realizing the promise of full-length gene resto-
ration to treat genetic disease.
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INTRODUCTION
Genome-editing technologies provide exciting potential for treating
genetic disease.1 Specifically, the RNA-guided clustered regularly in-
terspaced short palindromic repeats (CRISPR)-Cas9 genome-editing
system can be targeted to directly and precisely cleave genomic DNA
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and stimulate DNA repair by various mechanisms.2–6 The resulting
double-strand breaks (DSBs) in DNA stimulate the error-prone
nonhomologous end-joining (NHEJ) repair pathway that leaves small
insertion or deletion mutations (indels) at the target site. These indels
can be used for gene knockout strategies by shifting the reading frame
and introducing premature stop codons. Additionally, genomic dele-
tions can be generated when two nucleases are simultaneously
targeted to a region to remove the sequence between two DSBs.
Alternatively, a DNA repair template can be delivered with Cas9 to
stimulate the homologous recombination-mediated repair (HDR)
pathway. This repair mechanism can be used to introduce a specific
change in the targeted genomic site, such as generating a nucleotide
substitution or a targeted DNA insertion. The various DSB repair
mechanisms can be utilized for a wide range of gene therapy
strategies.

Targeted DNA insertion approaches are typically based on the HDR
pathway,7–10 but this strategy is inefficient and limited to dividing
cells.11 Alternatively, site-specific integration frequencies in both
dividing and non-dividing cells have been improved using an
NHEJ-based method for targeted integration of linear double-
stranded DNA.12,13 The CRISPR-Cas9-mediated homology-indepen-
dent targeted integration (HITI) strategy was originally demonstrated
as a gene-replacement therapy using a rat model for retinitis pigmen-
tosa.14 Subretinal injection of HITI-AAV injection in a rat model led
to correction of theMertk gene by inserting a corrected copy ofMertk
exon 2 upstream of a genomic deletion mutation. Recently, HITI-
mediated reporter gene integration was reported in primary human
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CD34+ hematopoietic progenitor cells with long-term transgene
expression following transplantation into immunodeficient mice.15

These proof-of-principle studies demonstrate the exciting potential
of HITI-based gene therapy approaches to correct genetic disease
by targeted insertion strategies.

A primary target for gene therapy development is Duchenne muscular
dystrophy (DMD). Occurring in �1:5,000 newborn males, DMD is
among the most prevalent fatal genetic diseases.16 DMD is often fatal
in the third decade of life as a result of progressivemuscle weakness due
to a lack of functional dystrophin protein in skeletal and cardiacmuscle
cells.17 In these cells, dystrophin is an important structural element
that functions to anchor proteins between the cytoskeleton and muscle
fiber membrane. A lack of functional dystrophin is caused by muta-
tions that disrupt the translational reading frame or create a premature
stop codon in the X-linked DMD gene. This gene is susceptible to a
high sporadic mutation rate due to its large size of 79 exons that cover
over 2.3 million bp,18 as well as repetitive elements that make the gene
susceptible to recombination, leading to deletions of one or more
exons. Because DMD ismonogenic, prevalent, and fatal, it is an impor-
tant candidate for gene therapy development.

The large size of the 14-kb dystrophin transcript makes conventional
gene delivery strategies difficult. Consequently, commonly pursued
therapeutic strategies aim to generate expression of a truncated but
partially functional dystrophin protein that is similar to the product
of theDMD gene in Becker muscular dystrophy (BMD), which is asso-
ciated with milder symptoms relative to DMD. These approaches
include delivery of mini- or micro-dystrophin genes19–23 and oligonu-
cleotide-mediated exon-skipping strategies in which aDMDdeletion is
extended to restore the correct reading frame.24,25 Genome editing for
DMD offers the potential of a one-time treatment that permanently re-
stores a large fraction of the endogenous gene sequence in its natural
position in the chromosomal DNA.26 Numerous genome-editing ap-
proaches for correcting DMD have been explored for targeting
CRISPR-Cas9 to edit the DMD gene. In �60% of DMD patients, de-
letions in the mutational hotspot around exons 45–55 disturb the
translational reading frame.27 Several groups have restored the reading
frame with NHEJ-mediated genome-editing approaches that excise or
exclude additional exons around the inherited deletion. Targeted exon
deletions generated in this region have shownmouse dystrophin resto-
ration in mouse models,28–34 canine dystrophin restoration in a canine
model,35 and human dystrophin restoration in patient-derived myo-
blasts,36,37 patient-derived pluripotent stem cells,27,38 and humanized
mouse models. However, although truncated dystrophin proteins
have the potential to convert theDMDphenotype to themilder pheno-
type of BMDpatients, they do not fully recapitulate the function of full-
length dystrophin.39 There remains a need to develop gene-editing
strategies to restore the complete, fully functional dystrophin protein.

In this study, we developed AAV-based, HITI-mediated gene-editing
therapies for correcting full-length human dystrophin. We used a
dual AAV delivery system to express Cas9 and guide RNAs (gRNAs)
for generating a targeted genomic DSB and to deliver donor templates
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for NHEJ-mediated integration at the cut site. To assess the therapeu-
tic potential of this corrective therapy, we performed local intramus-
cular and systemic intravenous injections to evaluate full-length hu-
man dystrophin protein restoration in a humanized mouse model
of DMD that contains the full-length human DMD gene but a
frame-disrupting deletion of exon 52 on the dystrophin null mdx
mouse background (hDMDD52/mdx). By delivering donor vectors
to insert either the missing human exon 52 or a superexon encoding
the complete human dystrophin cDNA sequence downstream of
exon 51, we achieved full-length dystrophin restoration in skeletal
and cardiac muscles. We used a high-throughput unbiased
sequencing approach to characterize and quantify gene-editing out-
comes in genomic DNA and cDNA transcripts. These HITI-based
CRISPR gene-editing strategies could potentially be effective thera-
pies to restore full-length dystrophin for >20% of the DMD patient
population and could be extended to an even broader population.

RESULTS
Correction strategy for humanized mouse model of DMD

The hDMD/mdx mouse lacks mouse dystrophin due to the hallmark
mdx mutation but produces human dystrophin from the full-length
human DMD (hDMD) gene on mouse chromosome 5.40 These mice
can be used to generate humanized DMD mouse models by removing
hDMD exons known to be missing in patient populations and thus
eliminating all dystrophin expression.41,42 Importantly, these human-
ized models can be used to test therapeutic strategies because human
dystrophin restoration can functionally compensate for the lack of
mouse dystrophin.40 To study various gene-editing therapeutic strate-
gies, we generated a hDMDD52/mdxmousemodel by delivering Strep-
tococcus pyogenes Cas9 (SpCas9) and gRNAs to hDMD/mdx zygotes
for targeted exon 52 deletion from the hDMD gene. Deletion of exon
52 results in an out-of-frame mutation (Figure 1A) that creates a pre-
mature stop codon and subsequent loss of dystrophin expression. To
restore full-length dystrophin expression, we developed a HITI-based
approach to insert exon 52 at its corresponding position in the hDMD
gene in this humanized hDMDD52/mdxmousemodel. This dual AAV
vector approach includes one AAV vector that encodes a Staphylo-
coccus aureus Cas9 (SaCas9)43 expression cassette and a second
AAV vector that encodes a gRNA expression cassette with the exon
52 donor sequence (Ex52) flanked by the same gRNA target site found
in intron 51 of the hDMD gene. Following co-delivery of both AAV
vectors, Cas9 and the gRNA will be expressed and create a DSB at
the genomic target site, as well as liberate the Ex52 donor sequence
from the AAV vector so that, following NHEJ-based repair, the exon
52 sequence will integrate into the target site and restore a full-length
dystrophin gene. Importantly, the gRNA target sites are in opposite
orientation in the genomicDNA andAAV vector so that correct donor
integration will disrupt the gRNA target sequence and prohibit further
Cas9-based editing (Figure 1A).

Screening and validation of HITI-mediated integration

The specificity of DNA cleavage by the CRISPR-Cas9 system is crit-
ical to ensuring the safety and efficacy of this approach. To minimize
potential off-target effects, bioinformatic analysis was used to design



Figure 1. HITI-mediated exon 52 insertion restores full-length dystrophin in humanized hDMDD52/mdx primary myofibers

(A) Schematic of dual AAV vector approach for HITI-based exon 52 integration and correction of hDMDD52 mutation. Orange pentagon, Cas9/gRNA target sequence;

orange triangle, Cas9 cleavage site with PAM. (B) Primary myoblasts were isolated from hDMDD52/mdx skeletal muscle, co-transduced with AAV2 vectors at 1:1 and 1:5

(Cas9:gRNA-donor) vector genome ratios, and differentiated into myofibers. (C) Validation of correct gene knockin by genomic PCR is shown. (D) Validation of correct donor

mRNA splicing by cDNA PCR is shown. (E) Western blot for dystrophin and Cas9 shows restoration of full-length dystrophin expression.
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gRNAs with limited predicted off-target sites in murine and human
genomes.44 We screened a panel of SaCas9 gRNAs targeting intron
51 (Figure S1A; Table S1) to identify targets with high specificity
and activity, initially using the Surveyor assay following plasmid
transfection of HEK293T cells (Figure S1B). SaCas9 activity can
vary across a range of spacer lengths;43,45 therefore, we generated
19- to 23-nt spacers of our top gRNAs and individually screened
them for activity by Surveyor assay, following plasmid electroporation
into DMD patient myoblasts (Figure S1C). The individual gRNA se-
quences with the highest activity levels and fewest predicted off-target
sites (g12 and g7), along with a scrambled non-target control gRNA
(gScbl), were cloned into AAV vector plasmids for gRNA expression,
and the corresponding spacer and PAM target sequences were
included, flanking the donor sequence.

To validate targeted integration of the Ex52 donor sequence, primary
myoblasts were isolated from hDMDD52/mdx skeletal muscle (Fig-
ure 1B). Following electroporation of AAV plasmids, targeted Ex52
integration in genomic DNA (gDNA) was confirmed by Sanger
sequencing of the PCR-amplified genome-donor junction for g12-
Ex52- and g7-Ex52-treated hDMDD52/mdx primary myoblasts, but
not gScbl-treated cells (Figure S1D). To validate AAV-mediated tar-
geted integration and subsequent correction of dystrophin transcripts
and protein restoration, we transduced primary myoblasts with
AAV2 and then cultured the cells in differentiation conditions to up-
regulate dystrophin expression (Figure 1B). In addition to delivering
both AAV2 constructs at equal doses (1:1), we also tested delivery of
5� more AAV donor than AAV-Cas9 (1:5). Total volume of AAV
preps remained consistent for 1:1 and 1:5 treatment groups, resulting
in delivery of more AAV-Cas9 viral genomes for the 1:1 treatment
group. Using both delivery ratios, targeted Ex52 integration was
confirmed in gDNA by PCR amplification of the genome-donor junc-
tion (Figure 1C). We also detected the presence of a larger amplicon,
which we confirmed to be intact AAV-donor integration by Sanger
sequencing (data not shown). Additionally, the presence of Ex52
was observed in dystrophin cDNA following PCR amplification (Fig-
ure 1D) and resulted in dystrophin protein restoration (Figure 1E).
The higher Cas9 expression observed in 1:1 treated cells correlates
with the higher AAV-Cas9 viral dose. These results confirm activity
of our AAV-Cas9-based strategy for targeted Ex52 integration and
full-length dystrophin protein restoration.

AAV-Cas9 exon 52 integration restores full-length dystrophin

in vivo

We used AAV9 for delivery of the CRISPR-Cas system to hDMDD52/
mdx mouse skeletal and cardiac muscle.46 Following co-injection of
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Figure 2. AAV-CRISPR-targeted exon 52 integration restores full-length dystrophin in hDMDD52/mdx mouse skeletal muscle

(A) Adult hDMDD52/mdxmale mice were co-injected in TAmuscles with AAV9 vectors at 1:1 and 1:5 (Cas9:gRNA-donor) vector genome ratios. (B) No significant differences

in AAV viral genomes per diploid genomes (vg/dg) quantification in TA tissue between corresponding treatment groups are shown. (C) Validation of correct gene knockin in TA

tissue by genomic PCR is shown. Black triangle, detected intact AAV-donor integration. (D) Schematic of potential on-target genomic edits that resulted from targeted DNA

cleavage is shown. (E) Unbiased Tn5 tagmentation-based sequencing analysis of the various on-target genomic edits in TA tissues is shown. (F) Unbiased Tn5 tagmentation-

based sequencing quantification of total on-target genomic edits in TA tissues is shown. (G) Validation of correct donormRNA splicing in TA tissue by cDNAPCR is shown. (H)

Higher levels of corrected dystrophin transcripts in TA tissue for g7-Ex52-treated mice quantified by ddPCR are shown. (I) Western blot for dystrophin and Cas9 expression

shows restoration of dystrophin expression. (J) Dystrophin immunofluorescence staining shows a greater percentage of dystrophin-positive fibers in g7-Ex52-treated mice

(scale bar, 200 mm; each dot represents mean of 5 images per mouse). One-way ANOVA, followed by Tukey’s post hoc multiple comparisons test (**p < 0.01 and *p < 0.05;

mean ± SEM; n = 4 mice).
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the two AAV vectors into the tibialis anterior (TA) muscle of adult
hDMDD52/mdx male mice (Figure 2A), we confirmed local AAV
vector delivery at comparable levels for both g12 and g7 vectors by
digital droplet PCR (ddPCR) of DNA vector genomes (Figure 2B).
For all treated mice, targeted Ex52 integration and intact AAV-donor
integration were confirmed in gDNA from TA tissue by PCR
amplification of the genome-donor junction (Figure 2C). To quantify
editing activity and comprehensively map possible genome-editing
outcomes with an unbiased approach, we adapted Tn5-transposon-
based library preparation methods47,48 and included unique molecu-
lar identifiers (UMIs) to remove PCR duplicates for increased
accuracy of quantifying rare events. The Tn5-based method elimi-
nates PCR biases associated with target specificity and amplicon
3246 Molecular Therapy Vol. 29 No 11 November 2021
length by using a single genome-specific primer (GSP) adjacent to a
gRNA cut site in combination with a transposon-specific primer for
the Tn5-integrated DNA tag. In addition to quantifying donor inte-
grations in the correct orientation, we measured genome-editing
events that include indels, donor inversion integrations, and AAV-
ITR integrations (Figure 2D). We measured higher correction and to-
tal genomic editing events in g7-treated mice (Figures 2E, 2F and S2).
Indel and AAV integration edits were observed in both g7- and g12-
treated mice (Figures 2E and S2). Although corrected genomic reads
were not detected in g12-treated mice, the presence of exon 52 was
observed in corrected dystrophin cDNA following PCR amplification
(Figure 2G) and quantified by ddPCR (Figure 2H) for all treatment
groups. Full-length dystrophin restoration was confirmed by western
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blot of whole TA tissue lysates (Figure 2I), and dystrophin-positive
fibers were quantified by immunofluorescence (IF) (Figure 2J). These
results confirm in vivo activity of our AAV-Cas9-based strategy for
targeted Ex52 integration and full-length dystrophin protein restora-
tion following local injection in hDMDD52/mdx mouse skeletal
muscle.

Assessing CRISPR-Cas targeting specificity is important for pre-clin-
ical development. Collectively, greater genome-editing activity and
subsequent dystrophin restoration was measured for g7-treated
mice (Figure 1); thus, we focused our specificity analyses on g7. To
empirically determine the top g7 off-target sites in the human genome
with an unbiased genome-wide assay, we performed high-throughput
genome-wide editing quantification (Figure S3).49,50 These analyses
identified 6 potential off-target sites with editing activity %1.07%
of on-target gDNA editing, confirming high specificity of this g7
gRNA. Deep sequencing of 5 of these sites (OT1–5) in transfected
HEK293T cells did not detect any editing above the detection limit
of �0.2% in untreated controls; 1 of the sites (OT6) was not amplifi-
able by PCR. For the remainder of our work, we focused on g7-tar-
geted, full-length dystrophin restoration strategies.

In vitro validation of AAV-Cas9 superexon strategy for full-length

dystrophin restoration

The g7-Ex52 integration approach can correct full-length dystrophin
for D52 DMD patients and restore the proper reading frame to pro-
duce a truncated dystrophin protein for D52–58, D52–61, and D52–
76 patient mutations. To expand the full-length dystrophin correction
strategy to treat any genetic mutation downstream of exon 51, we en-
gineered an AAV-superexon donor vector. This superexon encodes
the complete dystrophin cDNA coding sequence downstream of
exon 51, including exons 52 through 79. Additionally, we replaced
the stop codon with a 3� stop to ensure translation termination in
all reading frames, included the SV40 polyA sequence, and flanked
the donor cassette with the previously validated g7 target sites (Fig-
ure 3A). Targeted integration of this g7-superexon construct could
correct full-length dystrophin in >20% of all DMD patients.51,52

To validate superexon integration and subsequent correction of dys-
trophin transcripts and protein restoration, we transduced primary
myoblasts with AAV2 at 1:1 and 1:5 vector ratios and then cultured
the cells in differentiation conditions to upregulate dystrophin
expression (Figure 3B). Targeted integration was confirmed in
gDNA by PCR amplification of the genome-donor junction for all
treated samples, in addition to detection of intact AAV-donor inte-
gration (Figure 3C). The presence of exon 52 from both donors was
observed at comparable levels in dystrophin cDNA following PCR
amplification (Figure 3D). For wild-type dystrophin transcripts,
almost 2.7 kb of untranslated region (30 UTR) is included in exon
79 following the stop codon. In the superexon donor, we replaced
this sequence with a shortened polyA signal due to the packaging
size restrictions of AAV (�4.7 kb). To characterize this engineered
30 UTR, we performed 30 rapid amplification of cDNA ends
(RACE) using cDNA of AAV-transduced cells and amplified super-
exon-corrected dystrophin transcripts using a GSP that recognizes
the engineered 3� stop (Figure 3E). Following Sanger sequencing,
we observed addition of a polyA tail within the SV40 polyA signal
sequence. Next, we confirmed that superexon-corrected dystrophin
transcripts resulted in dystrophin protein restoration (Figure 3F).
These results confirm activity of this targeted AAV-Cas9-based
Ex52–79 superexon integration strategy for full-length dystrophin
protein restoration.

AAV-Cas9 superexon strategy restores full-length dystrophin in

skeletal muscle and cardiac muscle

To test the superexon strategy in vivo, we co-injected our AAV9 con-
structs at a ratio of 1:1 and 1:5 into the TA muscle of adult
hDMDD52/mdx male mice (Figure 4A). We included a scrambled
non-target gRNA donor (gScbl-Ex52) as an additional control. At
8 weeks post-injection, we measured equivalent AAV vector genome
levels between treatment groups by ddPCR (Figure 4B). Targeted ed-
iting activity was quantified using Tn5-based library preparation and
analysis methods with the highest editing levels in the 1:5 treated
mice. The lower g7-Ex52 editing levels observed in this donor
comparative study (Figures 4C and S4), in contrast to the previous
gRNA comparative study (Figures 2E and S2), are likely due to lower
AAV transduction in the TA as demonstrated by differences in vector
genome quantification (Figures 2B and 4B). Although corrected
gDNA levels were not detected above background by Tn5 analysis,
we observed an increase in the percent of corrected transcripts for
all treatment groups (Figure 4D). Additionally, full-length dystrophin
expression was observed by western blot (Figure 4E) and IF (Fig-
ure 4F), and quantification of dystrophin-positive fibers resulted in
a significant increase for g7-Ex52-treated mice compared to the
scrambled non-targeted donor control. These results confirm in vivo
activity of this AAV-Cas9-based strategy for targeted superexon inte-
gration and full-length dystrophin protein restoration following local
injection in hDMDD52/mdx mouse skeletal muscle.

Next, we evaluated the corrective therapeutic potential of these integra-
tion strategies following systemic delivery. For transduction of cardiac
and skeletal muscle, we co-delivered the AAV9 constructs at a ratio of
1:1 and 1:5 by facial vein injection of postnatal day 2 (P2) neonate
hDMDD52/mdx male mice (Figure 5A). At 8 weeks post-injection,
vector genome quantification by ddPCR revealed higher transduction
levels in cardiac tissue than skeletal (diaphragm and TA) tissues (Fig-
ure 5B), suggesting the potential for higher editing activity in hearts of
treated mice. Indeed, Tn5-based quantification revealed higher editing
for all quantified outcomes in the heart gDNA compared to diaphragm
and TA, with the highest on-target gDNA correction >3% in hearts of
g7-superexon treatment groups (Figure 5C) with 4%–7% gDNA
correction in four mice (Figure S5). We also observed higher levels
of corrected dystrophin transcripts in hearts of g7-superexon treat-
ment groups with mice achieving >25% corrected transcripts (Fig-
ure 5D). Our ddPCR-based transcript quantification is limited to
detection of unedited (Ex51-Ex53 junction) and corrected (Ex51-
Ex52 junction) cDNA molecules. For additional heart transcript char-
acterization, we measured putative aberrant splicing events that
Molecular Therapy Vol. 29 No 11 November 2021 3247
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Figure 3. HITI-mediated superexon insertion restores full-length dystrophin in humanized hDMDD52/mdx primary myofibers

(A) Schematic of dual AAV vector approach for HITI-based superexon integration and correction of hDMDD52 mutation. Orange pentagon, Cas9/gRNA target sequence;

orange triangle, Cas9 cleavage site with PAM; red hexagon, stop codon. (B) Primarymyoblasts were isolated from hDMDD52/mdx skeletal muscle, co-transduced with AAV2

vectors at 1:1 and 1:5 (Cas9:gRNA-donor) vector genome ratios, and differentiated into myofibers. (C) Validation of correct gene knockin by genomic PCR is shown. (D)

Validation of correct donor mRNA splicing by cDNA PCR is shown. (E) Characterization of Superexon-corrected polyA tail using 30 RACE with genome-specific primer (GSP)

for 3� stop is shown. (F) Western blot for dystrophin and Cas9 shows restoration of dystrophin expression for Ex52- and superexon-treated samples.
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include inversion donor integrations, splicing with the SaCas9 coding
sequence, circular RNA formation (exons 1–51), multi-exon skipping
(exons 53–79), and alternative splicing with downstream intronic se-
quences (introns 51–53; Figure 5E). Consistent with previous work
from our group, higher levels of editing were measured by ddPCR
than Tn5-based deep sequencing strategies.47 Lower deep sequencing
editing percentages may be attributed by larger denominators gener-
ated from measuring unintended gene editing outcomes. For cDNA
analysis, our high-throughput deep sequencing characterization re-
vealed considerable aberrant splicing with the SaCas9 coding sequence
in two treated mice (Figure S6A). Upon further investigation, we
confirmed genomic integration of aligned sequences in corresponding
genomic mouse samples (Figure S6B). Transcript isoforms that
contain partial AAV genomes, including partial SaCas9 coding se-
quences, have an unknown biological effect and could be investigated
in future studies. In heart tissue, full-length dystrophin restoration was
confirmed by western blot (Figure 5F) and dystrophin-positive cells
were detected in all treated mice (Figures 5G and S7). A significant in-
crease in dystrophin-positive cells was observed for g7-superexon
3248 Molecular Therapy Vol. 29 No 11 November 2021
(1:1)-treated mice compared to the scrambled non-targeted gRNA
donor control, with almost 50% of dystrophin-positive cells observed
for onemouse. Serum creatine kinase levels, a marker ofmuscle degen-
eration, were significantly higher for control hDMDD52/mdx mice
compared to hDMD/mdxmice, suggestive of a diseased DMD pheno-
type (Figure 5H). Additionally, serum creatine kinase levels were
reduced in hDMDD52/mdxmice after all systemic treatments, demon-
strating protection from muscle damage by the restored full-length
dystrophin protein.

DISCUSSION
DMD gene therapy strategies have been explored for nearly 30
years;18,53 however, strategies to correct full-length dystrophin are
lacking. In this study, we demonstrate use of targeted HITI-mediated
transgene insertion for full-length human dystrophin correction and
restoration in hDMDD52/mdx mice. We used a dual AAV delivery
system for generating a Cas9-targeted genomic DSB and delivering
donor sequences for NHEJ-mediated integration at the cut site. Pre-
viously, NHEJ-mediated integration has been utilized for in vivo



Figure 4. AAV-CRISPR-targeted superexon integration restores full-length dystrophin in hDMDD52/mdx mouse skeletal muscle

(A) Adult hDMDD52/mdxmale mice were co-injected in TAmuscles with AAV9 vectors at 1:1 and 1:5 (Cas9:gRNA-donor) vector genome ratios. (B) No significant differences

in AAV vector genomes per diploid genomes (vg/dg) quantification in TA tissue between corresponding treatment groups are shown. (C) Unbiased Tn5 tagmentation-based

sequencing analysis of the various on-target genomic edits in TA tissues is shown. (D) Quantification of corrected dystrophin transcripts in TA tissue by ddPCR is shown. (E)

Western blot for dystrophin and Cas9 shows restoration of dystrophin expression. (F) Dystrophin immunofluorescence staining shows a significant increase in the percentage

of dystrophin-positive fibers in g7-Ex52-treatedmice compared to scrambled non-targeted donor control mice (scale bar, 200 mm; each dot representsmean of 5 images per

mouse). One-way ANOVA, followed by Tukey’s post hoc multiple comparisons test (**p < 0.01 and *p < 0.05; mean ± SEM; n = 6 mice).
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proof-of-principle gene therapy approaches following AAV delivery
in primary human CD34+ HSPCs15 and following direct administra-
tion in the targeted tissue.14 Here, we demonstrate the therapeutic po-
tential of NHEJ-mediated integration approaches following both local
injection and systemic delivery in skeletal and cardiac tissues. Addi-
tionally, we perform high-throughput unbiased sequencing to charac-
terize and quantify genomic and transcriptional editing events.

Although downstream consequences of HITI-mediated correction re-
sulted in dystrophin protein restoration, our deep sequencing results
demonstrate low genomic correction efficiency. The observation of
high dystrophin protein restoration resulting from low genomic edit-
ing efficiency is consistent with alternative DMD gene-editing
approaches.28,47 Although low levels of dystrophin expression, even
less than 4% of normal, can result in potential therapeutic
benefit,54–56 improving HITI efficiency will aid translation of knockin
gene therapy strategies to clinical applications. This gene-editing
strategy is similar to other gene transfer strategies in its need for
robust delivery to targeted tissues and cells. Additionally, humoral-
and cellular-mediated host immune responses have been shown to
Molecular Therapy Vol. 29 No 11 November 2021 3249
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Figure 5. Systemic delivery of AAV-CRISPR-targeted integration strategies restores full-length dystrophin in hDMDD52/mdx mouse cardiac muscle

(A) Systemic facial vein co-injection in P2 neonate hDMDD52/mdxmale mice with AAV9 vectors at 1:1 and 1:5 (Cas9:gRNA-donor) vector genome ratios. (B) No significant

differences in AAV vector genomes per diploid genomes (vg/dg) quantification in cardiac (heart) or skeletal (diaphragm and TA) tissue between corresponding treatment

groups are shown. (C) Unbiased Tn5 tagmentation-based sequencing analysis of the various on-target genomic edits shows corrected integration at levels above back-

ground in cardiac tissue. (D) Higher levels of corrected dystrophin transcripts in heart tissue for treated mice quantified by ddPCR are shown. (E) Unbiased Tn5 tagmentation-

based sequencing analysis of the various on-target heart cDNA shows diverse transcript outcomes, including aberrant splicing. (F) Western blot for dystrophin and Cas9

shows restoration of dystrophin expression in heart tissue. (G) Dystrophin immunofluorescence staining in heart tissue shows detection of dystrophin-positive fibers in all

treated mice, with a significant increase in the percentage of dystrophin-positive fibers in g7-superexon (1:1)-treated mice compared to scrambled non-targeted donor

control mice (scale bar, 200 mm; each dot represents mean of 5 images per mouse). (H) Serum creatine kinase levels show a decrease in hDMDD52/mdx-treated mice

compared to diseased hDMDD52/mdx scrambled non-targeted donor control mice. One-way ANOVA, followed by Tukey’s post hoc multiple comparisons test (**p < 0.01

and *p < 0.05; mean ± SEM; n = 6 mice).
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impact gene-editing activity.47,57–59 Methods to circumvent host
immunological responses and improve AAV-mediated, tissue-spe-
cific transduction and expression, such as AAV capsid evolution60

and promoter engineering,61 will ensure improvements in gene-edit-
ing activity and therapeutic potential. Additionally, targeted
integration in dividing and non-dividing cells can be increased by
identification of NHEJ regulators, leading to the development of
small-molecule targets for enhancing HITI-mediated activity. Alter-
natively, other targeted gene knockin methods can be explored,
including microhomology-mediated end-joining (MMEJ),62 precise
integration into target chromosome (PiTCh),63–65 homology-medi-
ated end joining (HMEJ),66 and intercellular linearized single homol-
ogy arm donor mediated intron-targeting integration (SATI).67 With
continued progress in editing efficiency, HITI-mediated transgene
knockin holds great promise for future development of corrective
gene therapy strategies.

Pre-clinical gene editing studies benefit from use of humanized
mouse models because they permit testing of therapeutic approaches
specifically designed to treat human patients. To apply HITI-based
gene therapy strategies to a DMD disease model that recapitulates
mutations found in patients, we utilized hDMDD52/mdxmice, which
contain a gene deletion within the DMD patient mutational hotspot
of exons 45–55.27 We demonstrate full-length protein restoration
following targeted integration of the missing exon 52 coding
sequence. To expand this corrective gene therapy approach to a larger
patient population (>20%), we engineered a superexon encoding the
complete human dystrophin cDNA coding sequence downstream of
exon 51 that can correct all patient mutations located after exon 51
and demonstrated full-length protein restoration using this approach.
This work is the first demonstration of a targeted gene-editing
approach to permanently correct full-length human dystrophin.
Future efforts can expand this approach to all patients with mutations
within and downstream the exon 45–55 hotspot (>50% of all patients)
by developing a dual AAV-based system with one AAV that encodes
SaCas9 and a gRNA targeting intron 44 and a second donor AAV vec-
tor that contains the human dystrophin cDNA coding sequence
downstream of exon 44 (exons 45–79).

The engineered superexon donor encodes a shortened polyA signal to
ensure proper transcriptional signals during mRNA generation from
corrected genomic edits. The 30 RACE characterization confirmed the
addition of a polyA tail in superexon-corrected transcripts (Fig-
ure 2E). Future efforts aimed to engineer superexon donors with 30

UTRs optimized for mRNA stability may result in enhanced thera-
peutic potential. HITI-mediated single exon and superexon gene-ed-
iting approaches can also be applied to other genetic diseases,
including those with gene targets, likeDMD, that are too large to fully
package in AAV delivery vectors or characterized by a wide spectrum
of patient mutations, including hemophilia, cystic fibrosis, and neuro-
fibromatosis type 1.

Previously, proof-of-principle HITI-mediated gene-corrective strate-
gies characterized editing outcomes by Surveyor analysis, in-out PCR
amplification, ddPCR, and TOPO sequencing.14,15 In this study, we
also used Tn5-transposon-based library preparationmethods and un-
biased deep sequencing characterization for greater resolution of
diverse HITI-mediated editing outcomes. Using these methods, we
detected on-target genomic site-specific integration of intended
donor corrections, inverted donor insertions, indels, AAV-ITR inte-
grations, and AAV-Cas9 coding sequences. Analysis of cDNA edits
demonstrated on-target intended splicing and aberrant splicing,
including intended donor inclusion, inverted donor sequences,
Cas9 coding sequences, circular RNAs, multi-exon skips, and alterna-
tive splice sites in downstream introns. These results are all consistent
with our previous observations of unintended editing outcomes using
AAV-CRISPR.47 Although these unintended on-target editing out-
comes are undesirable, it is not yet clear whether there is any negative
biological consequence of these events. Moreover, our unbiased,
genome-wide investigation of off-target editing activity showed
�1% or less DNA cutting at any off-target site relative to on-target
activity in a highly sensitive in vitro digestion assay (Figure S3), and
editing at these putative off-target sites was undetectable in trans-
fected HEK293T cells. Continued efforts for unbiased characteriza-
tion of genomic and transcriptional editing events are indispensable
for future development of therapeutic gene-editing strategies and
HITI-based approaches in particular. Although Tn5-based library
preparation methods permit improved characterization of unin-
tended edits, the Illumina sequencing methods are limited to short-
read sequencing (�150–300 bp). Short read lengths do not permit
full characterization of intact AAV-donor integrations; therefore,
we are unable to confirm whether these editing events contain the
full donor sequence and potentially contribute to full-length dystro-
phin expression. Additionally, we observed integration of AAV
genome fragments, including partial SaCas9 coding sequences; how-
ever, any biological effect of these edits remains uncertain. Further
characterization of AAV integration events will be informative for
HITI and non-HITI AAV-CRISPR approaches. In future studies,
long-read sequencing technologies could be combined with amplifi-
cation-free targeted sequencing for complete characterization of full
integrated sequences.

Gene-editing technologies have garnered incredible enthusiasm for
the potential to correct genetic mutations to restore healthy, wild-
type gene sequences. However, the majority of gene-editing strategies
being advanced to clinical trials today involve gene disruption, activa-
tion of compensatory factors, introduction of therapeutic genes to
non-native “safe-harbor” loci, or the creation of truncated, partially
functional gene sequences.68 This study, and others using similar ap-
proaches aimed to restore native genes, represents an important step
toward realizing the full potential of genome editing to treat the
fundamental cause of genetic disease.

MATERIALS AND METHODS
Plasmid design and AAV production

The ITR-containing Staphylococcus aureus Cas9 (pAAV-SaCas9)
expression plasmid was generated by adding a 3xHA epitope to the
carboxyl terminus of SaCas947 using Gibson cloning strategies. The
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CMV-SaCas9-3xHA-polyA was transferred to a new plasmid (pSa-
Cas9) without ITRs for stability in cell culture experiments. A sepa-
rate plasmid with a hU6-driven guide RNA cassette28 (pU6-gRNA)
was used with BbsI cloning to screen guides in vitro. For AAV-
gRNA-donor plasmids (pAAV-g12-Ex52, pAAV-g7-Ex52, and
pAAV-g7-Superexon), gene blocks were synthesized by integrated
DNA technology (IDT) and integrated into ITR-containing plasmids
by Gibson cloning strategies. See Note S1 for pAAV plasmid se-
quences. Intact ITRs were verified by SmaI digest before AAV pro-
duction on all vectors. Multiple batches of AAV2 and AAV9 were
produced by the Duke University Viral Vector Core and by the Aso-
kan laboratory at Duke University. Titers were measured by qPCR
with a plasmid standard curve.

In vitro gRNA screening

A panel of gRNAs (Table S1), with predicted minimal off-target ef-
fects,44 was designed to target intron 51 of the human DMD gene
and compared for SaCas9 activity by Surveyor assay in HEK293T cells
and DMDpatient myoblasts. HEK293T cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) (Invitrogen) with 10%
fetal bovine serum (FBS) (Sigma) and 1% penicillin-streptomycin
(P/S) (Gibco). Immortalized DMD patient 8036 myoblasts
(DM8036 cell line with a deletion of exons 48–50 in the DMD
gene)69 were maintained in skeletal muscle media (PromoCell) with
20% FBS (Sigma), 50 mg/mL fetuin (Sigma), 10 ng/mL human
epidermal growth factor (Sigma), 1 ng/mL human basic fibroblast
growth factor (bFGF) (Sigma), 10 mg/mL human insulin (Sigma),
400 ng/mL dexamethasone (Sigma), 1% GlutaMAX (Invitrogen),
and 1% P/S. Cells were incubated at 37�C with 5% CO2. HEK293T
cells were transfected with 375 ng pSaCas9 and 125 ng pU6-gRNA
plasmid using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. DMD myoblasts were electroporated with
10 mg pSaCas9 and 10 mg pU6-gRNA plasmid with a Gene Pulser
XCell (Bio-Rad) in PBS using previously optimized conditions.37

Cells were incubated for 72 h, and genomic DNA was isolated with
a DNeasy kit (QIAGEN). Indels were identified by PCR of the region
of interest (Surveyor primers provided in Table S2) performed using
the Invitrogen AccuPrime High Fidelity PCR kit, following by incu-
bation with the Surveyor Nuclease and electrophoresed on TBE gels
(Life Technologies) as previously described.28,70 In brief, percent ed-
iting was calculated by measuring the intensities of the unedited and
edited amplicon bands. These values were used to calculate the
percent of edited amplicon bands ([edited band 1 + edited band 2]/
[total band intensities]) and then used to calculate percent editing us-
ing the following formula: (1 � [square root(1 � percent of edited
amplicon bands)] � 100).

Animals

All experiments involving animals were conducted with strict adher-
ence to the guidelines for the care and use of laboratory animals of the
National Institutes of Health (NIH). All experiments were approved
by the Institutional Animal Care and Use Committee (IACUC) at
Duke University. The hDMD/mdx mouse40 was kindly provided
by Leiden University Medical Center. The generation of the
3252 Molecular Therapy Vol. 29 No 11 November 2021
hDMDD52/mdx mouse was completed by the Duke Transgenic
Mouse Facility. Briefly, B6SJLF1/J donor females were superovulated
by intraperitoneal injection of 5IU PMSG on day 1 and 5IU HCG on
day 3, followed by mating with fertile hDMD/mdx males. On day 4,
embryos were harvested and injected with mRNA encoding
S. pyogenes Cas9 and gRNAs targeting human intron 51 (CTCTGAT
AACCCAGCTGTGTGTT) and human intron 52 (CTAGACCAT
TTCCCACCAGTTCT). Injected embryos were implanted into
pseudo-pregnant CD1 female mice. Genomic DNA was extracted
from ear punches of chimeric pups using the DNeasy Blood and Tis-
sue Kit (QIAGEN) and screened for presence or deletion of exon 52.
Mice with loss of exon 52 were bred with mdx mice. The resulting
male hDMDD52/mdx (het;hemi) mice were used for experiments.

In vitro AAV transductions

Primary myoblasts were isolated from the TA and gastrocnemius
muscles of hDMDD52/mdx mice, as previously described,71 and
maintained in F10 media (Invitrogen) supplemented with 20% FBS,
5 ng/mL bFGF, and 1% P/S. Cells were grown on plates coated with
bovine type I collagen (Sigma) and incubated at 37�C with 5% CO2.
For transductions, cells were plated for 1.5 h and then AAV2-SaCas9
and AAV2-gRNA-donor vectors were combined and added to the
plates at an MOI of 1 � 106 total vectors per cell. Cells were immedi-
ately spun at 3,000� g for 5 min and returned to the incubator. Once
cells reached 70% confluency, the media was changed to DMEM sup-
plemented with 5% horse serum and 1% P/S and replaced every 2 days
for differentiation intomyofibers. Cells were differentiated for 10 days
and processed for analysis of genomic DNA, total RNA, and protein
as described.

Genomic DNA and RNA analysis from primary hDMDD52/mdx

myoblasts

Genomic DNA was isolated using the DNeasy kit (QIAGEN) accord-
ing to the manufacturer’s protocol. Total RNA was isolated using
QIAshredder and RNeasy Plus kits (QIAGEN). First-strand cDNA
synthesis was performed using 500 ng total RNA per sample using
the SuperScript VILO Reverse Transcription Kit (Invitrogen) and
incubated at 25�C for 10 min, 42�C for 2 h, and 85�C for 5 min.
Donor integration was detected by PCR (primers provided in Table
S2) using the Invitrogen AccuPrime High Fidelity PCR kit according
to the manufacturer’s protocol and electrophoresed on 1% agarose
gels. 30 RACE was carried out on RNA samples using the SMARTer
RACE 50/30 kit (Takara) for cDNA synthesis and primary PCR
(primers provided in Table S2) using Program 1 according to the
manufacturer’s instructions.

In vivo AAV administration

Adult 6- to 8-week-old mice were administered AAV by intramus-
cular injection into the TA muscle with 40 mL PBS or AAV vector
per mouse. For the donor comparative study, 1.56e12 total vg was
administered to 1:1 treatment groups (7.81e11 AAV-Cas9 and
7.81e11 AAV-donor) and 2.13e12 total vg was administered to 1:5
treatment groups (3.55e11 AAV-Cas9 and 1.77e12 AAV-donor).
For the gRNA comparative study, 8.64e11 total vg was administered
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to the 1:1 treatment groups (4.32e11 AAV-Cas9 and 4.32e11 AAV-
donor) and 7.00e11 total vg was administered to the 1:5 treatment
groups (1.17e11 AAV-Cas9 and 5.83e11 AAV-donor). 2-day-old
(P2) neonatal mice were administered AAV by intravenous injection
through the facial vein72 with 40 mL AAV vector per mouse. For the
1:1 treatment groups, 8.64e11 total vg was administered (4.32e11
AAV-Cas9 and 4.32e11 AAV-donor), and for the 1:5 treatment
groups, 7.00e11 total vg was administered (1.17e11 AAV-Cas9 and
5.83e11 AAV-donor). At set time points, mice were euthanized and
skeletal muscle, cardiac muscle, and serum were collected.

ddPCR

Quantitative ddPCRwas performed on cDNA and gDNA samples us-
ing the QX200 Droplet Digital PCR system according to the manufac-
turer’s instructions. To quantify corrected transcript levels, RNA was
extracted from mouse tissues using the QIAGEN Universal kit. Sub-
sequently, first-strand cDNA synthesis was performed using 500 ng
total RNA per sample as stated above. Corrected hDMD transcripts
containing exon 52 were detected using the QX200 ddPCR Supermix
for Probes without dUTP (Bio-Rad) and Taqman assays with probes
(Table S2) designed to bind to the human dystrophin Ex51–52 junc-
tion (corrected; ThermoFisher custom assay ID: AP2XDZ9), human
dystrophin Ex51–53 junction (unedited; ThermoFisher custom assay
ID: AP327K6), and human dystrophin Ex59–60 (input normaliza-
tion; ThermoFisher custom assay ID: AP47Z63). Quantification was
determined based on the number of positive droplets in each reaction
using QuantaSoft Analysis software (Bio-Rad). cDNA input for cor-
rected or unedited transcript levels was normalized by dividing the
number of Ex51–52 or Ex51–53 of positive droplets, respectively,
by the number of positive Ex59–60 droplets in each reaction. The per-
centage of corrected transcripts was calculated as (normalized Ex51–
52) / ([normalized Ex51–52] + [normalized Ex51–53]) � 100. For
vector genome quantification, gDNA was extracted from mouse tis-
sues using the QIAGEN DNeasy kit and digested with HindIII-HF
at 37�C for 1 h. Episomes were detected using the QX200 ddPCR
Supermix for Probes without dUTP (Bio-Rad) and Bio-Rad assays
with probes (Table S2) designed to bind SaCas9 (AAV-SaCas9; Bio-
Rad unique assay ID: dCNS159380965), U6 (AAV-gRNA-donor;
Bio-Rad unique assay ID: dCNS116676529), and mouse EEF2 (input
normalization; Bio-Rad unique assay ID: dMmuCNS781688813).
Quantification was determined based on the number of positive drop-
lets in each reaction using QuantaSoft Analysis software. Episome
quantification was calculated as viral genomes per diploid genome
(vg/dg) by dividing the number of SaCas9- or U6-positive droplets
by the number of mouse EEF2-positive droplets in the corresponding
reaction.

Transposon-mediated target enrichment and sequencing

Tn5 transposase protein was expressed and purified as previously
described.73 Tagmentation of genomic DNA was completed as previ-
ously described,48 with the following modifications to include unique
molecular indexes (UMIs). For RNA transcript analysis, first-strand
cDNA synthesis was performed using 500 ng total RNA per sample
as stated above. Second-strand synthesis was performed using Kle-
now fragment DNA polymerase (NEB) and purified using Ampure
beads (Beckman Coulter) at 1.8�. All primer sequences are provided
in Table S2. In brief, the linker oligonucleotides (Tn5-Top contains
Illumina i7 adaptor sequence and 10 nucleotide UMI; Tn5-Bottom
contains Tn5-ME sequence) were annealed and assembled on Tn5.
Genomic DNA was quantified using NanoDrop (Thermo Fisher
Scientific), and second-strand products were quantified using
Qubit Fluorometric Quantification (Thermo Fisher Scientific). Tag-
mentation of 200 ng genomic DNA or second-strand products
was performed using a 1:40 dilution of assembled Tn5 and purified
using DNA Clean and Concentrator-5 columns or 96-well kits
(ZymoGenetics). To enrich the targeted sequence, first-round PCR
using a genome-specific primer (Tn5-GSP; contains custom adaptor)
was used with a reverse primer (Tn5-Universal) specific for the i7
adaptor sequence inserted by the transposon for 25 cycles. Amplicons
were purified with Ampure beads at 1.8�. Second-round PCR using a
barcode primer (Tn5-BC) specific for the custom adaptor sequence
was used to add 6-nt experimental barcodes, and the Illumina i5
adaptor was used with the Tn5-Universal reverse primer for 15 cycles.
Amplicons were gel purified, followed by purification with Ampure
beads at 0.6� to select for fragment sizes greater than 250 bp.
Sequencing was conducted on an Illumina Miseq using 250- (read
1) and 50-cycle (read 2) paired-end reads with a custom read 1 primer
(Tn5-Read1) or on an Illumina Novaseq v1.5 using 200-cycle single-
end reads with a custom read 1 primer (Tn5-Read1) and custom in-
dex 1 primer (Tn5-Index1). The Tn5-based method is expected to
reduce PCR-related bias from amplicon size; however, some bias
may remain from the transposition selectivity.48

TSransposon-mediated target enrichment and sequencing

Demultiplex

Sequencing fastq files were demultiplexed using the list of barcodes
for each sample.

Trim

The reads were trimmed for sequencing adapters and low-quality ba-
ses using Trimmomatic (v0.33).

Alignment and deduplication

Alignment of the trimmed reads was done using bwa-mem (v0.7.12)
to the reference genomes (gDNA aligned to mouse genome
GRCm38 + human DMD; cDNA aligned to human dystrophin
cDNA). Aligned reads were tagged with their UMI using fgbio
(v0.8.1) AnnotateBamWithUmis, and PCR duplicates were marked
using Picard (v2.14.0) MarkDuplicates based on the UMI tag.

Alignment to reference sequences

Reference amplicons were built to align to the targeted locus and ex-
pected edits. To remove reads that are due to false priming, reads that
do not contain the 20 bases directly adjacent to the GSP expected
sequence were filtered out. To remove reads that do not extend far
enough past the edit site, reads that are shorter than the required min-
imum length were filtered out. On-site deduplicated reads were
aligned to reference amplicons using bwa-mem (v0.7.12). Aligned
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reads were analyzed and identified based on editing outcomes using a
custom-built script using python3 (https://github.com/siyansusan/
DMD_integration_analysis). Reads that contain an indel ± 15 bp at
the expected cut site or junction were identified. The number of
distinct UMIs was counted for each edit to quantify frequency of ed-
iting events.

Western blot

Protein was isolated from muscle tissues by disruption with a Bio-
Masher II Micro Tissue Homogenizer (VWR) in RIPA buffer (Sigma)
with a protease inhibitor cocktail (Roche) and incubated for 30 min
on ice with intermittent vortexing. Samples were spun at 16,000 �
g at 4�C for 30 min, and supernatant was collected. Total protein
was quantified using the BCA Protein assay kit (Pierce) according
to the manufacturer’s protocol and measured on a BioTek Synergy
2 Multi-Mode Microplate Reader. Sample was mixed with NuPAGE
loading buffer (Invitrogen) and 5% b-mercaptoethanol, and 3.125 mg
of hDMD/mdx protein or 25 mg of all other protein samples was heat-
ed at 100�C for 10 min. Samples were loaded into 4%–12% NuPAGE
Bis-Tris gels (Invitrogen) with MES buffer (Invitrogen) and electro-
phoresed for 45 min at 200 V on ice. Protein was transferred to nitro-
cellulose membranes for 90min in 1� tris-glycine transfer buffer with
0.01% SDS at 4�C at 400 mA. The blot was blocked in 5% milk-TBST
(50 mM Tris, 150 mM NaCl, and 0.1% Tween-20) at 4�C overnight.
Blots were cut and incubated with anti-MANDYS106 (1:50 dilution;
Millipore clone 2C6), anti-HA (1:1,000 dilution; BioLegend clone
16B12), or anti-GAPDH (1:5,000 dilution; Cell Signaling Technology
clone 14C10) in 5% milk-TBST at room temperature for 1 h. Blots
were then washed in TBST and incubated with goat anti-mouse-con-
jugated horseradish peroxidase (1:2,500 dilution; Sigma) or goat anti-
rabbit-conjugated horseradish peroxidase (1:2,500 dilution; Sigma) in
5% milk-TBST at room temperature for 1 h. Blots were washed in
TBST then visualized using Western-C ECL substrate (Bio-Rad) on
a ChemiDoc XRS+ System (Bio-Rad).

Histological analysis

Muscles were dissected and embedded in OCT or flash frozen using
liquid-nitrogen-cooled isopentane. Subsequently, 10-mm sections
were cut onto pretreated histological slides using a cryostat (Leica).
Slides were washed in PBS and blocked in PBS supplemented with
5% BSA and 0.1% Triton X-100. Slides were stained with mouse
anti-MANDYS106 (1:200 dilution; Millipore clone 2C6) and rabbit
anti-laminin (1:300 dilution; Sigma L9393) in blocking buffer at
room temperature for 1 h. Slides were washed 3� with PBS for
5 min, and goat anti-mouse immunoglobulin G2a (IgG2a), Alexa
Fluor 594 (1:500 dilution; ThermoFisher A-21135) or goat anti-rabbit
IgG (H+L), Alexa Fluor 488 (1:500 dilution; ThermoFisher A-11034)
was applied with DAPI (1:1,000 dilution) at room temperature for 1 h.
Slides were washed and mounted with ProLong Gold Antifade
Mountant (Invitrogen) and imaged with a Zeiss AxioObserve 7 mi-
croscope. Total fibers (anti-laminin) were counted using the analyze
particles function on ImageJ,74 and human dystrophin-positive fibers
(anti-MANDYS106) were manually counted from a series of 5 ran-
domized images for each sample. Percent dystrophin-positive fibers
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was calculated as dystrophin-positive fibers divided by the total fibers
for each image. p values were calculated by nested global one-way
ANOVA with Tukey post hoc multiple comparisons tests.

Off-target analysis

CIRCLE-seq libraries49 were generated as previously described.75

Approximately 50–100 mg of HEK293T gDNA was used to generate
circles for each reaction. Using a Diagenode Bioruptor XL sonicator at
4�C, gDNA was sonicated to an average size of approximately 50 bp,
with a visible range of 200–1,000 bp, as determined by agarose gel
electrophoresis. The enzymatic procedure to generate circles was car-
ried out as previously described.49 For the in vitro digest of the circles,
gRNAs were synthesized from IDT and SaCas9 was purchased from
Applied Biological Materials. Library production was carried out as
previously described for CHANGE-seq.50 Libraries were quantified
by the qPCR-based KAPA Library Quantification Kit (KAPA Bio-
systems), pooled, and sequenced with 150-bp paired-end reads on
an Illumina NextSeq instrument. Read counts were obtained using
previously described methods and software for CHANGE-seq.50

The following parameters were used for running the analysis pipeline:
read threshold of 4; window size of 3; mapq threshold of 50; start
threshold of 1; gap threshold of 3; mismatch threshold of 6; and
PAM of NNGRRN.43

Creatine kinase assay

Serum creatine kinase was measured using a Liquid Creatine Kinase
Reagent set (Pointe Scientific) following the manufacturer’s instruc-
tions. In brief, 5 mL of serum was diluted in 45 mL sterile PBS and
incubated with reagent for 2 min at 37�C followed by absorbance
measurements taken every minute for three readings using a nano-
drop spectrophotometer set for 340-nm readings. Calculations for to-
tal creatine kinase in U/L were made according to the manufacturer’s
instructions.

Data and code availability

All custom code has been made available online (https://github.com/
siyansusan/DMD_integration_analysis).All sequencingdata, including
analyzed read counts, used in this study have been deposited in the Na-
tional Center for Biotechnology Information Sequence Read Archive
(SRA) database (GSE173224). All other relevant raw data are available
from the corresponding author on request.

Statistical analysis

All data were analyzed with four to six biological replicates and pre-
sented as mean ± SEM. All p values were calculated by global one-way
ANOVA with Tukey post hoc tests (a = 0.05).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2021.09.003.
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