
Original Article
Targeting Duchenne muscular dystrophy
by skipping DMD exon 45 with base editors
Michael Gapinske,1 JacksonWinter,1 Devyani Swami,1 Lauren Gapinske,1,2 Wendy S. Woods,1 Shraddha Shirguppe,1

Angelo Miskalis,1 Anna Busza,1 Dana Joulani,1 Collin J. Kao,1 Kurt Kostan,1 Anne Bigot,3 Rashid Bashir,1,2,4

and Pablo Perez-Pinera1,4,5,6,7

1Department of Bioengineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA; 2Nick J. Holonyak Micro and Nano Technology Laboratory,

University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA; 3Sorbonne Université, Inserm, Institut de Myologie, Centre de Recherche en Myologie, 75013

Paris, France; 4Carle Illinois College of Medicine, Champaign, IL 61820, USA; 5Carl R. Woese Institute for Genomic Biology, University of Illinois at

Urbana-Champaign, Urbana, IL 61801, USA; 6Cancer Center at Illinois, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA; 7Department of

Molecular and Integrative Physiology, University of Illinois Urbana-Champaign, Urbana, IL 61801, USA
Duchenne muscular dystrophy is an X-linked monogenic
disease caused by mutations in the dystrophin gene (DMD)
characterized by progressive muscle weakness, leading to loss
of ambulation and decreased life expectancy. Since the current
standard of care for Duchenne muscular dystrophy is to merely
treat symptoms, there is a dire need for treatment modalities
that can correct the underlying genetic mutations. While
several gene replacement therapies are being explored in clin-
ical trials, one emerging approach that can directly correct mu-
tations in genomic DNA is base editing. We have recently
developed CRISPR-SKIP, a base editing strategy to induce per-
manent exon skipping by introducing C > T or A >Gmutations
at splice acceptors in genomic DNA, which can be used thera-
peutically to recover dystrophin expression when a genomic
deletion leads to an out-of-frame DMD transcript. We now
demonstrate that CRISPR-SKIP can be adapted to correct
some forms of Duchenne muscular dystrophy by disrupting
the splice acceptor in human DMD exon 45 with high
efficiency, which enables open reading frame recovery and
restoration of dystrophin expression. We also demonstrate
that AAV-delivered split-intein base editors edit the splice
acceptor of DMD exon 45 in cultured human cells and in vivo,
highlighting the therapeutic potential of this strategy.
Received 15 December 2022; accepted 25 July 2023;
https://doi.org/10.1016/j.omtn.2023.07.029.

Correspondence: Pablo Perez-Pinera, Department of Bioengineering, University of
Illinois at Urbana-Champaign, 1406 West Green Street, Urbana 61801-2910, USA.
E-mail: pablo@illinois.edu
INTRODUCTION
Duchenne muscular dystrophy is a degenerative disease of skeletal
and cardiac muscle, caused by mutations in the dystrophin (DMD)
gene. DMD encodes a protein that provides a stabilizing connection
between the myocyte cytoskeleton and the dystroglycan complex,
which serves as an anchor to the extracellular matrix.1 Loss-of-func-
tion mutations in DMD destabilize the muscle membrane and lead to
muscle cell deterioration, which is responsible for the symptoms of
the disease and ultimately causes the death of the patients, typically
in their 20s.2 Because no curative therapy exists, the current standard
of care for Duchenne muscular dystrophy is focused on symptomatic
treatments.
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More than 7,929 mutations have been reported in the DMD gene,
more than 1,000 of which are associated with dystrophinopathies.3,4

Mutations causing Duchenne muscular dystrophy are most common
in mutational hotspots, particularly from exons 45 to 55.5,6 For this
reason, exon skipping therapies that exclude specific exons from
mature transcripts can be used to restore dystrophin functionality
for a large percentage of patients. Overall, exon skipping approaches
targeting a single exon can be used to correct 60% of all Duchenne
muscular dystrophy cases3 and as many as 83% of all cases when
one or two exons are skipped.5

In fact, an exon skipping therapy that uses antisense oligonucleotides
(AONs), eteplirsen (Exondys 51), has been granted accelerated U.S.
Food and Drug Administration (FDA) approval for treating patients
with Duchenne muscular dystrophy mutations that can be addressed
by skipping DMD exon 51.7,8 A second exon skipping AON, casi-
mersen (Amondys 45), has also recently been granted accelerated
FDA approval for skipping DMD exon 45.9 However, AONs have
only a transient effect on RNA,5,6,10–12 and thus necessitate repeated
administration, which represents a life-long health care stressor on
patients and hospitals, along with a large economic burden for
some patients because of the high cost of these drugs.8

To overcome the limitations inherent to AON-based exon skipping
approaches, gene editing technologies that alter the splicing of
mutated DMD have been developed.13–15 By directly modifying
DNA, gene editing systems can accomplish permanent modifications
leading to long-lasting therapeutic benefit after a single administra-
tion. CRISPR-Cas9, the most widely used gene editing platform,
has been used to disrupt splice acceptor sequences, which induces
exon skipping to recover dystrophin expression both in cells from
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Figure 1. Base editing at DMD exon 45 in HEK293 cells

(A) Schematic representation of DMD splicing and the exon 45 splice acceptor.

Wild-type exon splicing maintains the DMD open reading frame, but a deletion of

exon 44 (red) causes a premature STOP codon in exon 45. Skipping exon 45 in cells

with a deletion of exon 44 recovers the reading frame (blue). (B and C) Editing rates

measured in HEK293T cells. Six days after transfection with a panel of (B) CBEs and

(C) ABEs, editing in genomic DNA was quantified. Editing rates represented as

mean ± s.d.; *p < 0.05; **p < 0.01; ***p < 0.001, two-tailed t tests; n = 3. (D)

Graphical representation of base editing outcomes. Exonic bystander editing (light

blue) was rare in the absence of splice acceptor editing (red).
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patients with Duchenne muscular dystrophy14–17 and in mouse
models of Duchenne muscular dystrophy.18–21

However, CRISPR-Cas9 functions by inducing targeted double-
strand breaks (DSB) in DNA and exon skipping with Cas9 relies on
the error-prone non-homologous end-joining (NHEJ) DNA repair
pathway to introduce a wide range of often undesirable mutations,
some of which create splice-disrupting outcomes. Additionally,
NHEJ repair can lead to unexpected mutations, chromosomal aberra-
tions, chromothripsis, and DNA damage responses that can compro-
mise the survival of the edited cells,22–24 which has triggered the
development of novel editing systems that can introduce targeted
exon skipping more safely and precisely.

We previously overcame these problems by developing CRISPR-
SKIP, a technology for disrupting the splice acceptor of target exons
using Cas9 base editors (BEs).25,26 CRISPR-SKIP relies on a Cas9
nickase fused with a deoxyadenosine or cytidine deaminase to pre-
cisely introduce A > G or C > T genomic DNA modifications,
respectively, within splice acceptors without creating DSBs. The
CRISPR-SKIP strategy was recently applied to skip exon 50 of the
mouse Dmd gene, which was predicted to be applicable to �4% of
Duchenne muscular dystrophy cases if the results could be success-
fully translated to the human DMD exon 50.3,27 In the current
work, we first used CRISPR-SKIP with both cytidine- and adenine-
BEs to effectively disrupt the splice acceptor of exon 45, which led
to permanent exon skipping in cultured cells. We further demon-
strated that split-intein BEs targeting DMD exon 45 are functional
and can edit the DMD exon 45 splice acceptor after delivery by
adeno-associated viral (AAV) vectors in vitro and in vivo via intra-
muscular or systemic injection, which, given the efficacy and safety
profile of AAV, could enable application of this therapy to patients
with Duchenne muscular dystrophy in the future.

Overall, this gene editing strategy could be used to treat�9% of cases
of Duchenne muscular dystrophy,6 making it a substantial addition to
the Duchenne muscular dystrophy therapeutic toolbox.

RESULTS
Characterization of on-target base editing activity

Since BEs can introduce targeted modifications in genomic DNAwith
higher precision and with a better safety profile than DSB-based gene
editing tools, we first sought to identify the most active BE technolo-
gies for inducing skipping of exon 45 in DMD (Figure 1A). We previ-
ously demonstrated that exon skipping can be achieved by mutating
splice acceptors with cytidine BEs (CBEs)25 and adenine BEs
(ABEs),26 but there are multiple generations of each,26,28–32 which
have distinct editing preferences, specificity, editing windows, and
bystander activity. For these reasons, we performed a CBE screening
comparing the more conventional BE332 with BE4-Gam,28 which
generally increases base editing by approximately 50% over BE3 while
decreasing the frequency of by-products, and that includes the bacte-
riophage Mu Gam protein for reducing indel formation, and FNLS,29

which is a codon-optimized version of BE3 for efficient editing after
delivery with lentiviral vectors (Figure 1B). The screening with
ABEs included the first-generation ABE7.10,31 ABE7.10 fused with a
uracil glycosylase inhibitor (UGI),26 which is generally more active
than ABE7.10, ABERA,29 a codon-optimized version of ABE7.10 for
efficient editing after delivery with lentiviral vectors, and ABE8e,30
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Figure 2. Lentiviral base editing and exon skipping in a human myoblast model of Duchenne muscular dystrophy

(A) Design of lentiviral expression cassettes to co-deliver a blasticidin-selectable CBE (FNLS-Blast) and ABE (ABERA-Blast) with a U6 sgRNA expression cassette. (B) NGS

quantification of base editing rates achieved with lentiviral BEs post-selection. Wemeasured C > T editing rates of 27.8%with FNLS-Blast, and an A >G editing rate of 10.1%

with ABERA-Blast, n = 3. (C) Skipping of exon 45 was observed in 77.9% (FNLS-Blast) and 55% (ABERA-Blast) of reads from transcripts using the exon 44 splice donor.

Editing rates represented as mean ± s.d.; *p < 0.05; ***p < 0.001, two-tailed t test; n = 3. (D) RT-PCR and Sanger sequencing of edited clonal cell lines generated from FNLS-

Blast and ABERA-Blast selected pools.
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which contains an engineered highly active adenosine deaminase (Fig-
ure 1C). Since in these experiments we exclusively used BEs built with
SpCas9-D10A, which requires an NGG PAM, the splice acceptor of
DMD exon 45 is within the editing window of only one CBE single
guide RNA (sgRNA) and one ABE sgRNA. We transfected each BE-
sgRNA pair in HEK293T cells by lipofection and analyzed mutations
in genomic DNA via next-generation sequencing (NGS). In these ex-
periments, the CBEs BE3 and FNLS introduced the highest modifica-
tion rates at the target site (45.40% and 50.51%, respectively), while
BE4-Gam was less effective (35.44%). When targeting the splice
acceptor with ABEs, we observed that ABE8e had the greatest editing
efficiency (85.93%), while ABE7.10-GGGGS5-UGI (30.07%) outper-
formed ABE7.10 and ABERA (19.29% and 19.61%, respectively). It
should be noted that FNLS and ABERA used the EFS promoter and
were codon optimized for increased expression levels while the other
constructs used the CMV promoter and varied in their codon optimi-
zation schemes, which could partially account for some of the variance
between the constructs.

Importantly, while CBEs and ABEs exhibited exonic bystander edit-
ing that would alter the amino acid sequence, it is predicted that
exonic mutations that occur simultaneously with splice acceptor mu-
tations would not have a biological effect since the exon would be
skipped. We found that among all base editing outcomes, exonic
base changes without splice acceptor mutations were relatively rare
574 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
(Figure 1D). When using CBEs, the first base of DMD exon 45 was
edited in nearly all reads that exhibited splice acceptor editing as
well as an additional 1%–2% of reads. Similarly, no ABE construct
caused more than 0.33% exonic bystander editing without a splice
acceptor mutation, and ABE8e did not edit any exonic bystanders
without also editing the splice acceptor. Overall, the results of these
experiments identified a set of BE that can effectively disrupt the
splice acceptor of DMD exon 45 with minimal bystander mutations.

Characterization of DMD exon 45 skipping by BEs

Next, we sought to characterize skipping of DMD exon 45 after
genomic DNA editing. Since HEK293T cells do not express dystro-
phin, we created a human myoblast Duchenne muscular dystrophy
cell line with a deletion of exon 44 (DMDD44) to determine if splice
acceptor editing would cause therapeutic exon skipping (Materials
and methods) (Figure S1). To ensure efficient gene delivery in our
DMDD44 myoblast cell line, we chose to use lentiviral delivery of
BEs and sgRNAs. To facilitate delivery of BEs and sgRNAs, we modi-
fied the FNLS (CBE) and ABERA (ABE) lentiviral BE vectors to
contain a U6-sgRNA expression cassette and a blasticidin resistance
gene tethered to the BEs via a P2A sequence (FNLS-Blast, ABERA-
Blast) (Figure 2A). While FNLS and ABERA were not the most active
BEs at this target site in transient transfections, they were extensively
codon optimized, including removal of polyadenylation sites within
the cDNA, for efficient expression and activity after lentiviral



Figure 3. Recovery of dystrophin expression

following base editing

(A) Detection of dystrophin and myosin-4 from

differentiated WT, DMDD44, and base-edited myoblast

cell lines by western blot. (B) Detection of dystrophin by

immunofluorescence imaging of myotube cross-

sections. Representative immunofluorescent images

stained with DAPI (blue), rabbit anti-Dystrophin (green),

and MF20 (red) to label mature myotubes are shown.
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transduction. For this reason, we chose them to generate clonal cell
lines by viral transduction. We transduced the DMDD44 myoblast
cell line with FNLS-Blast or ABERA-Blast, we applied selection
with blasticidin, and pooled cells were differentiated into skeletal
muscle myotubes for 5 days. After differentiation, we measured
DNA editing rates and DMD exon 45 skipping using NGS and found
that FNLS-Blast and ABERA-Blast edited the splice acceptor in 27.8%
and 10.1% of reads, respectively (Figure 2B). To fully characterize the
spectrum of splice alterations introduced by base editing and check
for the usage of cryptic splice acceptors, we performed NGS from
mRNA from exons 43 to 47. We found that FNLS-Blast caused an
exon skipping rate of 77.9%, while ABERA-Blast editing led to an
exon skipping rate of 55.0% (Figure 2C). Because exon skipping is
required to recover theDMD reading frame in DMDD44 cells, we hy-
pothesize that nonsense mediated mRNA decay contributed to the
high exon skipping rates observed relative to editing rates, as the cor-
rected transcripts are expected to havemuch longer half-lives than the
mutant transcripts, which are more rapidly degraded.33 Furthermore,
it should be noted that PCR bias toward the smaller transcripts
missing both exons 44 and 45 instead of just exon 44 could also
contribute to high skipping rates relative to DNA editing. Impor-
tantly, we also determined by NGS that our DMDD44 disease model
did not undergo alternative splicing of the exon 43-exon 46 junction
to recover the DMD reading frame without BE activity. Finally, NGS
of pooled ABERA-Blast-edited cells revealed only 0.16% inclusion of
exonic bystander editing, causing a silent mutation in the mature
mRNA, which further emphasizes that bystander exonic editing is
not a concern when it occurs simultaneously with splice acceptor
editing (Figure S2).

To better understand the splice patterns of edited cells, we isolated
clonal cell lines with the splice acceptor edited by FNLS-Blast or
ABERA-Blast. Each isolated clone also carried a bystander mutation,
which was intronic for ABERA-Blast and exonic for FNLS-Blast. RT-
PCR and Sanger sequencing showed that the frameshift-correcting
exon 43-46 junction was the most common DMD isoform (Fig-
ure 2D). While NGS showed that the FNLS-corrected clonal cell
line used the exon 43-exon 46 in-frame splice junction in more
than 99% of transcripts, the ABERA-corrected cell line used the
Molecular Therap
43-exon 46 in-frame splice junction in more
than 97.4% of transcripts and a cryptic splice
acceptor within exon 45 in 2.3% of transcripts
(Figure S3). This alternative splice event does
not recover the DMDD44 reading frame and is, therefore, not thera-
peutic. However, given the rarity of this splice event compared to
exon 45 skipping, we do not anticipate the existence of this splice
event to be detrimental to the therapeutic goal of treating Duchenne
muscular dystrophy via CRISPR-SKIP.

Analysis of dystrophin protein expression

We next used the BE-corrected cell lines to determine whether skip-
ping exon 45 restored dystrophin expression, which is drastically
decreased following deletion of exon 44 in comparison with wild-
type myoblasts. The clonal cell populations were differentiated into
skeletal muscle myotubes and after 7 days the expression of dystro-
phin was analyzed by western blot probed with an anti-dystrophin
antibody, anti-MF20, and anti-GAPDH antibodies. Analysis of cell
lysates by western blot demonstrated that skipping of exon 45 in
DMDD44 cells successfully restored dystrophin protein expression
(Figure 3A).

Additionally, we created muscle tissue constructs from wild-type
myoblasts, DMDD44 myoblasts, and DMDD44 myoblasts treated
with CBEs or ABEs following previously published protocols that
enable three-dimensional formation of contractile muscle tissue
that can be sectioned to ascertain expression and subcellular localiza-
tion of dystrophin.34 Immunohistochemical staining with an anti-
body raised against the C-terminal domain of dystrophin (ab15277,
Abcam) demonstrated that in wild-type myotubes dystrophin is
localized primarily to the cell membrane, while in DMDD44 myo-
blasts dystrophin is absent. Treatment with exon 45-skipping CBEs
or ABEs restored expression of dystrophin, which was observed at
the plasma membrane, as well as in the cytoplasm (Figure 3B).

AAV-mediated CRISPR-SKIP for DMD exon 45

Given its efficacy and safety profile, AAV is rapidly becoming the
platform of choice for in vivo gene delivery.35 However, AAV vectors
have limited packaging capacity, which makes them incompatible
with large DNA cargoes, such as transgenes encoding BEs. To over-
come this problem, we recently engineered a split-intein BE technol-
ogy in which the N-terminus of the BE, including a nuclear localiza-
tion signal, the deaminase domain, the first 712 amino acids of
y: Nucleic Acids Vol. 33 September 2023 575
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Figure 4. Split BE Constructs for Editing Exon 45 Splice Acceptor

(A) Design of split BE constructs and schematic representation of their intein-based reconstitution upon co-delivery. (B) Western blot showing reconstitution of the full-length

BE3, using an antibody directed to an N-terminal V5 epitope tag. (C and D) Base editing rates achieved by split BEs were equivalent to (ABE7.10-GGGS5-UGI) or surpassed

(BE3, ABE8e) the editing rates achieved with full-length BEs. Editing rates represented as mean ± s.d.; *p < 0.05; **p < 0.01; ***p < 0.001, two-tailed t test; n = 3.
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SpCas9-D10A are fused with the N-terminal Rhodothermus marinus
DnaB split intein.26,36 A second vector contains the DNA sequences
encoding the C-terminal split intein, SpCas9 amino acids 713–
1371, the UGI domain, and an NLS. A U6-sgRNA expression cassette
is also included in each vector (Figure 4A).We packaged the split base
editing system into AAV, used the viral particles to transduce
HEK293T cells and demonstrated reconstitution of the full-length
BE after transduction using western blot with anti-V5 antibodies
(Figure 4B).

We tested our split-BE platform by editing the splice acceptor of
DMD exon 45 in HEK293T cells with a split-BE3, split-ABE7.10-
GGGGS5-UGI, and split-ABE8e-UGI and found that each BE
showed editing rates comparable or greater than to its full-length
counterpart (Figures 4C and 4D). While we did not directly compare
the editing rates of ABE8e with or without a UGI domain, our previ-
ously published results26 and the data shown in Figure 1 support that
it generally enhances the activity of ABEs and, for this reason, we elec-
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ted to include it in the split-intein AAV vectors. Additionally, one
important consideration when using BEs is their potential for off-
target editing.25,37 To determine the off-target editing rates of our split
BEs split-BE3 and split-ABE8e-UGI, we performed NGS sequencing
at predicted off-target loci from split BE-transfected HEK293T cells.

We found significant off-target editing at three loci when using split-
CBE (30.7%, 25.1%, and 0.69%), though notably no editing was
observed in coding regions. We did not detect off-target editing at
the loci tested when using ABE8e-UGI (Figure S4 and Table S1).

In vivo Dmd exon 45 editing

Wenext tested the ability of CRISPR-SKIP to edit the splice acceptor of
mouseDmd exon 45 in vivo after delivery by AAV. Given the sequence
differences between the human and mouse genomes at the splice
acceptor site (Figure 5A), we determined that using a truncated sgRNA
with full homology toboth the human andmousegenomewould give us
the best estimate of the therapeutic potential of CRISPR-SKIP to



Figure 5. In vivo editing of the splice acceptor of Dmd exon 45

(A) Alignment of mouse and human dystrophin gene sequences. Human and mouse exon 45 splice acceptor sequences allow for each to be targeted with the same sgRNA

only if an 18-nucleotide spacer is used with an ABE. (B) Editing rates in HEK293T cells treated with split-ABE8e-UGI and either an sgRNA with a 20-nucleotide spacer

(90.61%) or with an 18-nucleotide spacer (87.98%); n=3. (C) Schematic of workflow for testing in vivo editing. Viral vectors were packaged into AAV9 capsids using HEK293T

cells and purified. Male mice were injected with 1E11 VG of each split BE construct and 1E10 VG of GFP-KASH intramuscularly into the biceps femoris. After 4 weeks, nuclei

were isolated and GFP+ nuclei were enriched using FACS followed by analysis of DNA editing rates by NGS. (D) AAV transduction of HEK293T cells. HEK293T cells

transduced with AAV9-ABE8e-DMD45 exhibited 37.26% editing of the splice acceptor; n = 3. (E) Comparison of transduction efficiency following injection of the targeting or

non-targeting BEs. No significant difference was seen between the percent of GFP+ nuclei in mice injected with the BE and an sgRNA targeting the Rosa26 safe-harbor

locus; n = 4. (F) Base editing rates following intramuscular injection of the targeting or non-targeting BEs. 22.98% A > G base editing was accomplished in mice injected with

the split-ABE8e-UGI AAV targeted to Dmd exon 45; n=4. Editing rates represented as mean ± s.d.; ns, p > 0.05; ***p < 0.001; two-tailed t test.
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effectively edit the splice acceptor ofDmd exon 45. In these experiments
we usedABE8e,which edits the splice acceptor of humanDMD exon 45
with the highest efficiency (Figure 1C). First, we demonstrated that in
HEK293T cells there is no significant difference between the editing
rates of split-ABE8e-UGI used in conjunction with an sgRNA with a
20-nucleotide spacer or with a 50-truncated 18-nucleotide spacer with
full homology to both the human and mouse sequences (Figure 5B).
Interestingly, while ABE8e-UGI did not install off-target mutations
when using a 20-nucleotide sgRNA spacer (Figure S4 and Table S1),
we observed off-target editing at 4 sites when using an 18-nucleotide
sgRNA spacer (Figure S5 and Table S1).

Next, we packaged split-ABE8e-UGI with the sgRNA with an
18-nucleotide truncated spacer or a control sgRNA into AAV9 capsids,
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 577
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Figure 6. Base editing of the Dmd exon 45 splice acceptor following systemic delivery by AAV

(A) Schematic of workflow for systemic injection of AAV. Viral vectors were packaged into MyoAAV capsids using HEK293T cells and purified. Two-day-old male C57BL/6J

mice were injected systemically via facial vein injection with 5E10 VG of each BE construct. Four weeks after injection, tissue from the abdominal muscle, diaphragm, heart,

and tibialis anterior were collected and processed for sequencing of genomic DNA and immunohistochemistry experiments. (B) Immunohistochemical analysis of cardiac

muscle after AAV injection. Immunohistochemistry of control uninjected mice (left panel) and mice injected with BEs staining for the HA tag fused to the C-terminus of the BE

(red), dystrophin (green) and DAPI (blue) shows expression of BE in the heart. Scale bar, 55 mm. (C) Quantification of in vivo base editing in genomic DNA by NGS in mice

injected with split-ABE8e-UGI AAV. Editing rates represented as mean ± s.d.; **p < 0.01; two-tailed t test; n = 3.
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tomakeAAV9-ABE8e-DMD45 andAAV9-ABE8e-CTRL, respectively
(Figure 5C). We delivered each BE vector to HEK293T cells at an esti-
mated MOI of 2.5E5 vector genomes per cell to confirm that the AAV-
delivered split-ABE8e-UGIwould edit human cells and found a 37.26%
editing rate at the splice acceptor of DMD exon 45 (Figure 5D).

We next delivered 2E11 vector genomes of AAV9-ABE8e-DMD45 or
AAV9-ABE8e-CTRL along with 1E10 vector genomes of AAV9-
GFP-Klarsicht/ANC-1/Syne-1 homology (KASH) per mouse via
intramuscular injection in the biceps femoris of male C57BL/6J
mice (Figure 5C). AAV9-GFP-KASH contained a payload of GFP
fused to the KASH nuclear membrane localization domain, which
was used to label nuclei of successfully transduced myotubes. Four
weeks after injection, we isolated nuclei from the injected muscle
and used fluorescence-activated cell sorting (FACS) to enrich for
GFP-positive nuclei and found no significant difference in the percent
of GFP-positive nuclei in mice injected with AAV9-ABE8e-DMD45
and AAV9-ABE8e-CTRL (Figure 5E). We analyzed editing rates of
the GFP-KASH-enriched nuclei via NGS and found an A > G editing
rate at the target site of 22.98% (Figure 5F).

Finally, we sought to evaluate the efficacy of our base editing system
when delivered systemically via MyoAAV, a recently engineered
578 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
AAV capsid containing an RGD peptide that offers enhanced trans-
duction efficiencies to muscle cells compared with other serotypes.38

We packaged split-ABE8e-UGI and the sgRNAwith an 18-nucleotide
spacer or a Rosa26 targeting control sgRNA into MyoAAV and in-
jected 5E10 vector genomes (VG) of each BE vector systemically
into 2-day-old mice via facial vein injection. At 60 days post-injection,
we harvested tissue from the abdominal muscle, diaphragm,
heart, and tibialis anterior for analysis of editing rates in genomic
DNA by NGS and BE distribution using immunohistochemistry
(Figure 6A).

We performed immunohistochemistry staining with anti-HA anti-
bodies to detect the C-terminal tag of the split-ABE8e-UGI construct,
which confirmed the presence of the BE in the cytoplasm of cardio-
myocytes. We observed low levels of expression of the BE in most
cells, but the levels of expression were variable with some cells ex-
pressing high levels of BE (Figure 6B). While no measurable editing
was detected in the abdominal muscle compared with control mice,
we observed editing in the tibialis anterior and diaphragm, although
this was not statistically significant because of variability across mice
(Figure 6C). We did, however, observe significant editing in the
cardiac muscle with a maximum of 9.7% in one mouse and a mean
editing rate of 7.62%.
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DISCUSSION
In this work, we developed a base editing system to edit the splice
acceptor of DMD exon 45 both in vitro and in vivo, as well as to
induce skipping of exon 45 of human DMD in vitro. Exon 45 is a
hotspot for mutations in the DMD gene that cause Duchenne
muscular dystrophy, thus skipping exon 45 is a potential therapeutic
approach which could potentially correct �9% of Duchenne
muscular dystrophy cases. Importantly, AONs for inducing skip-
ping of DMD exon 45 have recently received FDA accelerated
approval (Sarepta, ClinicalTrials.gov ID: NCT02500381) for the
treatment of patients with Duchenne muscular dystrophy amenable
to exon 45 skipping, although the clinical benefit remains to be es-
tablished.9,39 Given the transient nature and rapid clearance of AON
therapies, this therapeutic modality requires repeated administra-
tion of the AON, with limited activity in the periods of time leading
up to the new dosage.

Alternatively, most existing gene editing approaches to correct
Duchenne muscular dystrophy-causing mutations rely on the use of
active nucleases to delete specific exons or introduce DSBs at splice
acceptors to restore the reading frame of DMD.14,15,18–20 While these
approaches have been successful at restoring the expression of inter-
nally truncated forms of dystrophin, a major limitation of this
approach is the unpredictability of the mutations introduced, which
could potentially create novel and unexpected variants of unknown
biological significance, activate and select for mutations in the p53
pathway,22,40–42 as well as lead to chromosomal translocations or
chromothripsis.22–24

To overcome these problems, in this work we adapted CRISPR-SKIP
to induce skipping of exon 45 of the DMD gene and restore dystro-
phin expression using BEs. Base editing-mediated correction directly
edits the genome and since BEs do not introduce DSBs in DNA, their
safety profile is better than that of CRISPR systems that utilize active
nucleases.

The strategy of skipping DMD exon 45 is applicable to multiple
Duchenne muscular dystrophy deletion patterns, including deletions
of exons 44, 46–47, 46–48, 46–49, 46–51, and 46–53, and the exon
skipping outcomes of each of these mutations may vary, based on
the stability and folding of the internally-truncated protein prod-
uct.6,43,44 Notably, the outcome of skipping exon 45 in the presence
of an exon 44 deletion is the exon 44–45 Becker muscular dystrophy
deletion, which is not commonly reported44 perhaps because it is
associated with a phenotype that is very mild and not well
characterized.

To evaluate the therapeutic potential of base editing with regards to
Duchenne muscular dystrophy by skipping exon 45, we first demon-
strated that the single-base editing approach restores dystrophin
expression in human myotubes with a deletion of exon 44 in the
DMD gene. We demonstrated that a CBE-edited clonal cell line skip-
ped exon 45 in more than 99% of reads, while our ABE-edited clonal
cell line also included a nine-base partial skip of exon 45 in 2.3% of
reads, which does not recover the reading frame of Duchenne
muscular dystrophy mutations, though this did not seem to have a
significant effect on protein expression. It is important to note that
exon skipping can also be achieved by mutating the conserved GT
dinucleotide found immediately downstream of the targeted
exon.45–48 Targeting splice donors has been shown to reduce partial
exon skipping by avoiding activation of cryptic splice acceptors,
although it can lead to partial or full intron retention, which can
potentially disrupt the reading frame and function of the resulting
transcripts. While the lack of an appropriately positioned NGG
PAM sequence prevented us from targeting the splice donor sequence
of DMD exon 45 with the set of editing tools we used, BEs with
relaxed PAM requirements such as SpCas9-NG49 and SpCas9-
SpRY50 could be used to target the splice donor of exon 45 for
comprehensive evaluation of splicing outcomes.

Interestingly, we observed by immunofluorescence that while dys-
trophin was localized primarily at the sarcolemma as expected,
the edited clones exhibited more cytoplasmic localization than
wild-type cells. The unexpected subcellular localization of dystro-
phin in this experimental setting could be the result of different
levels of differentiation of the different tissue constructs, given
that during differentiation of skeletal muscle dystrophin is first
localized in the cytoplasm.51

Twomain concerns when using BEs are bystander mutations and off-
target effects. Since BEs can edit all available base pairs within a
defined editing window, they have the potential to generate bystander
edits that are deleterious in some gene editing applications. However,
CRISPR-SKIP applications are unique in that bystander modifica-
tions that occur in conjunction with splice acceptor editing would
not affect the coding sequence, as any exonic mutations would be
skipped with the remainder of the exon.

We observed off-target editing with both cytidine and ABEs. Inter-
estingly, the split-ABE8e-UGI with a truncated 18-nucleotide
sgRNA spacer exhibited significantly higher off-target editing than
the full-length ABE8e with a 20-nucleotide sgRNA spacer, although
they have similar on-target editing rates, which suggests that the
additional length of this 20-nucleotide sgRNA spacer enhances
specificity of ABE8e (Figures 5B, S4, and S5). Importantly, all the
off-target mutations detected occurred in non-coding regions of
the genome and are unlikely to be biologically relevant, although
OT5 for the 18-base pair ABE sgRNA introduced a mutation within
a non-coding RNA, long non-coding RNA SGO1-AS1, which may
warrant follow-up investigation. Despite the low off-target editing
with 20-base pair sgRNAs, off-target editing remains a concern
because BEs also exhibit RNA editing that is independent of
sgRNA sequence, and cannot be predicted effectively with current
technologies.52–54

AAV is a promising gene therapy delivery tool that provides long-
term expression of transgenes in vivo.55,56 While the size of BEs ex-
ceeds the packaging capacity of single AAV particles, we and others
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have previously demonstrated that split-intein BEs can be used to
effectively deliver active BEs in vivo via AAV.26,27,36,57,58

In this study, we demonstrated base editing in vivo in C57BL/6J
mice, which express wild-type dystrophin. Given the similarity be-
tween human and mouse dystrophin, this model enabled demon-
stration of the feasibility of in vivo editing of Dmd, however this
mutation is predicted to result in skipping of exon 45 in wild-
type dystrophin and an early stop codon, which prevents the detec-
tion of exon skipping. Additional studies in humanized mouse
models with human DMD lacking exon 44 will be critical to further
establish the therapeutic value of this approach. Notably, because
skeletal muscle is multinucleated, a given myotube could have a
combination of both edited and unedited nuclei and few edited
nuclei within a myotube could compensate for lack of dystrophin
expression by unedited nuclei, thereby leading to recovery of
DMD protein in a larger proportion of myotubes than what the ed-
iting rates alone would suggest. Since we observed that 98% of
mRNA transcripts from our ABE-edited DMDD44 model cell line
exhibit exon skipping, we expect dystrophin expression to be recov-
ered in any myotube containing an edited nucleus. Since recovery of
as little as �4% of dystrophin expression has been demonstrated to
drastically improve Duchenne muscular dystrophy phenotype in an-
imal models,59 the 23% editing rate we achieved through intramus-
cular injection has potential therapeutic value, although it should be
noted that these editing rates were accomplished through injection
of an AAV dosage higher than the maximum dose recommended by
the FDA (3E14 VG/kg) when adjusted to the estimated weight of
the biceps femoris muscle.

Because DMD is a systemic neuromuscular disease, we sought to
investigate editing outcomes after systemic injection of AAV into
2-day-old mouse neonates. To facilitate systemic delivery of AAV
to muscles, several groups have engineered AAV capsids to have
enhanced muscle tropism through directed evolution38,60,61 or
rational engineering of surface-exposed regions of the capsid proteins
to cells with or without lower liver retention.62–64 We used one of
these evolved AAV variants with improved muscle transduction,
MyoAAV,38 to systemically deliver our base editing system. While
we detected very limited editing in the diaphragm, abdominal muscle
or tibialis anterior of the injected pups, we did observe significant
DNA editing in the heart tissue with values of up to 9.7% in one
mouse. Successful cardiac editing is particularly promising as patients
with Duchenne muscular dystrophy typically succumb to heart or
respiratory failure. The low levels of editing at the other muscle
groups could be attributed to the titer of 2.5E13 VG/kg, an order of
magnitude lower than the dosages used in current clinical trials for
Duchenne muscular dystrophy.65

The only DMD gene editing approach to date that explored DMD re-
framing strategies without DSBs targeted exon 50 of the mouse Dmd
gene with CRISPR-SKIP and exon 52 of the human DMD gene with
prime editors.27 In addition to reframing strategies to correct whole-
exon deletions in DMD, CRISPR-SKIP has also been used to skip a
580 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
mutation-containing exon that is a multiple of three base pairs,46

thereby eliminating the mutation from the transcripts without
altering the reading frame. We anticipate that similar approaches
can be developed to target other mutational hotspots within DMD
to further expand the potential for base editing technologies to pro-
vide therapeutic options for most patients with Duchenne muscular
dystrophy.

In summary, the work described in this paper demonstrate that both
cytidine and ABEs can recover expression of the dystrophin protein
in a model of Duchenne muscular dystrophy using a single base
change to disrupt a splice acceptor, leading to exon skipping and
reading frame correction. Since permanent modification of genomic
DNA is advantageous over the transient effect of AONs and base
editing induces permanent changes in genomic DNA without
relying on potentially deleterious DSBs, the strategy described in
this work with further optimization has potential for therapeutic
impact.

MATERIALS AND METHODS
Cell culture and transfection

The cell line HEK293T was obtained from the American Type Cul-
ture Collection and was maintained in DMEM supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin at 37�C
with 5% CO2. For BE characterization, HEK293T cells were trans-
fected in 24-well plates with Lipofectamine 2000 (Invitrogen)
following the manufacturer’s instructions. The amount of DNA
used for lipofection was 1 mg per well. Transfection efficiency was
routinely higher than 90% for 293T cells as determined by fluorescent
microscopy after delivery of a control GFP expression plasmid.

The cell line AB1190c16 was a gift from Vincent Mouly and was
maintained in Skeletal Muscle Complete Growth Media (SMCGM)
(PromoCell C-23060) supplemented with GrowthMedia Supplement
Mix (PromoCell C-39365), 15% fetal bovine serum, and 1% peni-
cillin/streptomycin) at 37�C with 5% CO2.

Model cell line generation

We chose AB1190c16—an immortalized myoblast cell line from an
apparently healthy male—as the parent cell line because it can be
effectively differentiated into dystrophin-expressing skeletal muscle
myotubes. To create our disease model cell line, we used NAVI66,67

to first integrate a plasmid within DMD exon 44 and then used a
two-sgRNA deletion approach to remove the plasmid and the exon.
To generate the DMDD44 cell line, 250,000 AB1190c16 cells were
electroporated with SpCas9 (Addgene, #41815), pCMV-GFP-T2A-
HygroR, a plasmid expressing a transfer vector sgRNA, and a plasmid
expressing a DMD exon 44-targeting sgRNA. Electroporations were
performed using a Bio-Rad GenePulser Xcell (square wave, 160 V,
950 mF, infinite resistance, 0.2 cm cuvette; Bio-Rad), and after
1 week of recovery cells were selected with 250 mg/mL hygromycin
(GoldBio). A clonal cell line with a vector integration in DMD exon
44 was isolated and integration was confirmed by PCR using the
KAPA2G Robust PCR kit (Roche) according to manufacturer’s
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instructions. The cell line was again electroporated with SpCas9 and
two sgRNA vectors targeting introns 43 and 44. GFP-negative cells
were sorted using FACS (Roy J Carver Biotechnology Center, Cytom-
etry and Microscopy to Omics, UIUC), and a clonal cell line with
a deletion of exon 44 was isolated, expanded, and genetically charac-
terized by PCR using the KAPA2G Robust PCR kit (Roche) according
to manufacturer’s instructions.

Plasmids and cloning

The plasmids encoding SpCas9 (#41815), BE3 (#73021), BE4-Gam
(#100806), FNLS (#211476), ABE8e (#138489), ABERA (#215671),
and the U6-sgRNA expression cassette (#47108) were obtained
from Addgene. SgRNAs were cloned into the sgRNA plasmid
backbone with paired oligonucleotides (IDT, Table S2) as previ-
ously described.67 Briefly, the oligonucleotides used to create the
guide sequences were hybridized, phosphorylated and cloned into
the sgRNA vector using BpiI (ThermoFisher), or into AAV
vectors using BsaI-HFv2 (NEB), T4-PNK (NEB), and T4 DNA
Ligase (NEB).

The ABE7.10 plasmid was previously cloned through Gibson assem-
bly of a gBlock Gene Fragment (IDT) and an SpCas9-D10A backbone
(Addgene #41816).26 The ABE7.10-GGGGS5-UGI plasmid was pre-
viously cloned through sequential Gibson assembly of the SpCas9-
D10A backbone, a gBlock (IDT), and a PCR product generated
from the BE3 plasmid (#73021) (Table S3).

The pCMV-GFP-T2A-HygroR transfer vector plasmid was previ-
ously cloned with gBlock gene fragments obtained from IDT into
the pCDNA3.1 backbone66 (Table S3).

The lentiviral expression plasmids pLenti-EFS-FNLS-P2A-BlastR
(FNLS-Blast) and pLenti-EFS-ABERA-P2A-BlastR (ABERA-Blast)
were cloned using pLenti-FNLS-P2A-GFP-PGK-Puro (Addgene
#211476) and pLenti-ABERA-P2A-Puro (Addgene #215671).
pLenti-FNLS-P2A-GFP-PGK-Puro was digested with NheI and
XbaI (NEB), pLenti-ABERA-P2A-Puro was digested with NheI and
MluI (NEB), and a P2A-BlastR gene was inserted after amplification
by KAPA HiFi HotStart PCR kit and purification on a DNA Clean
and Concentrator column (Zymo Research) (Table S4). Subsequently,
the U6-sgRNA expression cassette was cloned into the lentiviral plas-
mids upstream of the promoter at the XhoI (NEB) restriction site, via
Gibson assembly with Kapa HiFi HotStart PCR amplicons generated
from the sgRNA expression cassette plasmid.

The AAV plasmids were cloned by Gibson assembly using gBlocks
(IDT) encoding the split BE sequences and U6 expression cassettes
with a CMV promoter, using the NotI and XbaI restriction sites of
pX602 (Addgene #107055) (Table S5).

Lentiviral vector production

For lentiviral vector production, HEK293T cells were seeded in 10-cm
dishes 15–18 h before transfection of 20 mg lentiviral vector, 20 mg
packaging plasmid (psPAX2, Addgene #12260), and 5 mg lentiviral
envelope plasmid (psMD2.G, Addgene #12259). The plasmid DNA
was mixed with 0.25 M CaCl2, and 2� HEPES-buffered saline was
added dropwise while vortexing. The resultant DNA-calcium
phosphate precipitate was added to adherent HEK293T cells at
80%–90% confluence. After 24 h, the cell media was discarded and re-
placed. Viral supernatant was collected every 24 h for the next 72 h,
filtered with 0.45-mm syringe filters (Sigma-Aldrich), concentrated
�30� using 100-kDa filter units (Amicon), mixed with an appro-
priate volume of SMCGM, and 4 mg/mL polybrene was added. We re-
suspended 250,000 DMDD44 cells in the viral media and plated in
6-well plates.

Three-dimensional skeletal muscle tissue fabrication and

imaging

Skeletal muscle tissues were formed by resuspending 1E7 myoblast
cells/mL within a matrix mixture of 30% v/v Matrigel (BD Biosci-
ences), 4 mg/mL fibrinogen (Sigma-Aldrich), and 0.5 U/mg fibrin-
ogen thrombin (Sigma-Aldrich) in SMCGM supplemented with
1 mg/mL aminocaproic acid (ACA, Sigma-Aldrich). The cell-matrix
suspension was pipetted into an injection mold formed of 20% w/v
polyethylene glycol diacrylate (Sigma-Aldrich) of molecular weight
700 g/mol with 0.1%w/v lithium phenyl-2,4,6-trimethylbenzoylphos-
phinate (Sigma-Aldrich) photoinitiator, and 0.04% w/v Sunset Yellow
FCF (Sigma-Aldrich). Molds were printed three-dimensionally using
the Asiga PICO2 printer, with two pillars to serve as anchors for mus-
cle tissue attachment. After 3 days in cell growth media supplemented
with ACA, cell differentiation was initiated by switching to DMEM
supplemented with 5% horse serum, 1% insulin-transferrin-selenium
mix, and 1 mg/mL ACA. Tissues were differentiated for 7 days before
collection.

Immunofluorescence imaging of in vitro tissues

After 1 week of differentiation, tissues were fixed in 4% paraformal-
dehyde (Sigma-Aldrich), permeabilized with 0.1% Triton X-100
(Sigma-Aldrich) and blocked using 3% w/v bovine serum albumin
(Sigma-Aldrich) in PBS-T (PBS with 0.1% v/v Tween 20). Tissues
were embedded in 3% agarose and sliced with a vibratome at a thick-
ness of 300 mm. Tissues were labeled with rabbit anti-dystrophin
(ab15277, 1:200, AbCam), mouse anti-myosin 4 (MF20, 1:200,
ThermoFisher) and 40,6-Diamidino-2-Phenylindole (DAPI, 1 mg/
mL, Sigma-Aldrich). Fluorescent images were taken using a multi-
photon confocal microscope (LSM 710, Carl Zeiss).

AAV vector production

AAV was produced as previously described.68 pAAV2/9n was a gift
from James M. Wilson (Addgene plasmid # 112865). The RGD pep-
tide described by Tabebordbar et al. was cloned into the pAAV2/9n
backbone to create pMyoAAV through Gibson assembly using a
gBlock gene fragment (IDT).38 pJEP317-pAAV-U6SaCas9gRNA
(SapI)-EFS-GFP-KASH-pA was a gift from Jonathan Ploski (Addg-
ene plasmid # 113694) and was modified through removal of the
U6 sgRNA expression cassette and exchange of the EFS promoter
with a CMV promoter through Gibson assembly to create pAAV-
GFP-KASH. pHelper was purchased from Cell Biolabs Inc.
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HEK293T cells were seeded onto 15-cm plates to be 80% confluent
after 16 h and maintained in DMEM supplemented with 10% (v/v)
FBS and 1% (v/v) penicillin/streptomycin. After 16 h, cells were trans-
fected with 65 mg total of AAV vector plasmid (pAAV-CMV-N-
ABE8e-DMD45, pAAV-CMV-C-ABE8e-UGI-DMD45, or pAAV-
GFP-KASH), pAAV2/9n or pMyoAAV, and pHelper in a 1:1:1 molar
ratio using CaPO4 precipitation. XmaI digestion was used to confirm
the integrity of the pAAV plasmids before transfection. Cells were
harvested 72 h after transfection by manual dissociation using a cell
scraper and centrifuged at 500�g for 5 min at room temperature.
Cells were then resuspended in 2 mL per plate of Lysis Buffer
(50 mM Tris-HCl and 150 mM NaCl, pH 8.0) with 0.5% Triton
X-100 (Sigma-Aldrich), frozen in liquid nitrogen and thawed in a
37�C water bath for three freeze-thaw cycles. Cell lysates were incu-
bated with 10 U Benzonase (Sigma-Aldrich)/mL of cell lysate for
30 min at 37�C. We then centrifuged the lysate at 10,000�g for
15 min at room temperature. The resulting supernatant was overlaid
onto an iodixanol density gradient, and viral vectors were isolated by
ultracentrifugation at 42,000 RPM at 18�C. After extraction, AAV
was filter-dialyzed three times with 15 mL PBS with 0.001% Tween
20 using an Ultra-15 Centrifugal Filter Unit (Amicon) at 3,000�g
and concentrated to 2 mL. Viral vectors were stored at 4�C and the
genomic titer was determined by quantitative real-time PCR using
SsoFast Evagreen (Bio-Rad).

Injections

All animal procedures were approved by the Institutional Animal
Care and Use Committee at the University of Illinois and conducted
in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Intramuscular injections of
3-week-old male C57Bl/6J mice (Jackson Laboratory #000664) were
performed by injecting 1 � 1011 VG each of AAV9-CMV-N-
ABE8e-DMD45 and AAV9-CMV-C-ABE8e-UGI-DMD45 and
1 � 1010 VG of AAV9-GFP-KASH in 100 mL of PBS with 0.001%
Tween 20 into the right biceps femoris using a 0.3-mL insulin syringe
(BD). Systemic injections of 2-day-old male C57Bl/6J neonates was
performed by injecting 5 � 1010 VG each of MyoAAV-CMV-N-
ABE8e-DMD45 and MyoAAV-CMV-C-ABE8e-UGI-DMD45 in
50 mL PBS with 0.001% Tween 20 using a 3/10 mL insulin syringe
with 3/800 30G needle.

NGS

DNA amplicons for NGS were generated by PCR using KAPA HiFi
HotStart (Roche), according to manufacturer’s instructions, using
primers with overhangs compatible with Nextera XT indexing
(IDT, Table S2). After validation of the quality of PCR products
by gel electrophoresis, the PCR products were isolated using an
AMPure XP PCR purification beads (Beckman Coulter). Indexed
amplicons were then generated using a Nextera XT DNA Library
Prep Kit (Illumina) quantitated, and pooled. Libraries were
sequenced with a MiSeq Nano Flow Cell for 251 cycles from each
end of the fragment using a MiSeq Reagent Kit v2 (500 cycles).
FASTQ files were created and demultiplexed using bcl2fastq
v2.17.1.14 Conversion Software (Illumina). Deep sequencing was
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performed by the Roy J. Carver Biotechnology Center at the Univer-
sity of Illinois, Urbana, Illinois. Base editing rates were quantified
using CRISPResso2.69 Reads with average phred scores below 30
were removed, and remaining reads were aligned to the expected
amplicon sequences.

Exon skipping rates were quantified by NGS, using the STAR RNA-
Seq aligner.70 After cDNA synthesis (qScript, QuantaBio), amplicons
were generated using KAPA HiFi HotStart, purified as described, and
sequenced with MiSeq Bulk Flow Cell for 301 cycles from each end of
the fragment using a MiSeq Reagent Kit v3 (600-cycles). Resulting
reads were demultiplexed and aligned to the human genome
(GRCh38) using STAR, with “–clip3pNbases” set to 100 for reads
from cells with exon 44 deleted.70 Splice junction usage was deter-
mined from STAR SJ.out.tab files and the exon 45 skipping rate for
each sample was defined as the number of reads using the exon 46
splice acceptor divided by the total number of reads using the exon
44 splice donor (WT cells) or the exon 43 splice donor (DMDD44
and corrected cell lines). Bystander editing in cDNA was determined
using BAM files that were aligned, sorted, and indexed by STAR with
the Integrative Genomics Viewer’s (IGV’s) igvtools count function
with window size set to 1, minimum mapping quality set to 30, and
the “-bases” setting on.71

Western blot

Cells were lysed using RIPA buffer (10 mM Tris-HCl, 140 mM NaCl,
1mMEDTA, 1%Triton X-100, 0.1% SDS, and 0.5% sodiumdeoxycho-
late, 2.5% beta-mercaptoethanol, pH 8.0). Protein concentrations were
determined using a Pierce BCA Protein Assay Kit (ThermoFisher Cat.
23225) according to manufacturer’s instructions. For dystrophin and
myosin-4 staining, 5 mg total protein was loaded into NuPage Tris-
Acetate gels and run for 90 min at 130 V in NuPage Tris-Acetate
SDS running buffer (Invitrogen). For GAPDH staining, 1 mg total pro-
tein was loaded into NuPage 4%–12% Bis-Tris gels and was run for
50 min at 200 V in NuPage MES SDS running buffer (Invitrogen).
Transfer to nitrocellulose membranes was performed in Towbin’s
transfer buffer (20 mM Tris-HCl, 150 mM glycine, and 10% [v/v]
methanol) for 1.5 h at 100 V. Membranes were blocked with 5%
(v/v) bovine serum albumin fraction V or 5% (w/v) nonfat dry milk
in Tris-buffered saline (TBS) (20 mM Tris-HCl, 150 mM NaCl, and
0.1%, pH 7.5) with 1% Tween 20 (TBS-T) for 1 h and then incubated
overnight at 4�C with primary antibodies in blocking solution. The
following primary antibodies were used: mouse anti-dystrophin
(1:1000; Sigma-Aldrich, MANDYS8), mouse anti-myosin-4 (1:500;
ThermoFisher, MF20), rabbit anti-V5 (1:1000; Cell Signaling Technol-
ogy, 13202S), and rabbit anti-GAPDH (1:1,000; Cell Signaling Tech-
nology, 2118S). After the overnight incubation, membranes were
washed three times with TBS-T and incubated with goat anti-rabbit
or horse anti-mouse horseradish peroxidase conjugated antibodies
(1:10,000; Cell Signaling Technology, 7074P2, 7076P2) in blocking so-
lution for 1 h at room temperature. Membranes were washed three
times with TBS-T and developed using Clarity Western ECL Substrate
(Bio-Rad) and visualized by automated chemiluminescence using a
Licor Odyssey imager.
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Nuclei isolation

Nuclei were isolated from tissue as previously described.72 Briefly,
harvested muscle was first homogenized in 2 mL of Nuclei EZ Lysis
Buffer (Sigma-Aldrich) using the KIMBLE Dounce Tissue Grinder
(Sigma-Aldrich) per the manufacturer’s instructions. After the addi-
tion of an extra 2 mL of Nuclei EZ Lysis Buffer to each homogenized
tissue, samples were incubated at room temperature (RT) for 5 min.
Homogenized tissues were then centrifuged at 500�g for 5 min. After
removing the supernatant, nuclei were resuspended in 4 mL of Nuclei
Suspension Buffer (PBS with 100 mg/mL BSA and 3.33 mM Vibrant
Dye Cycle Violet Stain; ThermoFisher Scientific). Nuclei were centri-
fuged at 500�g for 1 min and resuspended in 1 mL of Nuclei Suspen-
sion Buffer for FACS.

FACS

Harvested cells or nuclei were strained using a 35 mm filter and sorted
using a BD FACSAria II Cell Sorter (Roy J. Carver Biotechnology
Center, University of Illinois, Urbana, IL). Cells were collected in
PureLink RNAMini Kit Lysis Buffer (Invitrogen) or DNeasy Blood &
Tissue Kit Lysis Buffer (Qiagen). At least 15,000 cells or nuclei were
sorted for each sample.

Immunohistochemistry of mouse tissues

Harvested muscle tissue was fixed in 4% paraformaldehyde overnight
at 4�C. Fixed tissues were then cut to 16-mm sagittal sections using a
CM3050 S cryostat (Leica) and stored in cryoprotectant at �20�C.
Before staining, sections were washed with PBS three times for
15 min and incubated in permeabilization buffer 0.5% Triton X-100
for 45 min and later incubated in blocking solution (PBS with 10%
[v/v]Goat serum;Abcam) for 30min at RT. Sectionswere then stained
with primary antibodies in blocking solution overnight at 4�C. After
incubation, sections were washed three times with PBS and incubated
with secondary antibodies for 1 h at RT. Sections were then washed
three times. Cell Nuclei were stained using DAPI and sections were
mounted onto slides using VECTASHIELD HardSet Antifade
MountingMedium (Vector Laboratories). Sections were imaged using
a Leica TCS SP8 confocal microscope (Beckman Institute Imaging
Technology Microscopy Suite, University of Illinois, Urbana, IL).

The following primary antibodies were used: rabbit anti-HA (1:100;
Cell Signaling Technology, 3724S) mouse monoclonal anti-Dystro-
phin antibody MANDYS8 (1:200, Signa Aldrich, D8168). The
following secondary antibodies were used: goat anti-rabbit Alexa
Fluor 555 (1:400, Cell Signaling Technology 4413), and donkey
anti-mouse Alexa Fluor 488 (1:400, Abcam 150113).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8. DNA ed-
iting data were analyzed by two-tailed unpaired t test and represented
as mean ± s.d.

DATA AND CODE AVAILABILITY
All data necessary to evaluate the conclusions is presented within the
manuscript or in supplemental information. Deep sequencing files
have been deposited in the Gene Expression Omnibus, accession
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