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Duchenne muscular dystrophy (DMD), one of the most com-
mon neuromuscular disorders of children, is caused by the
absence of dystrophin protein in striated muscle. Deletions of
exons 43, 45, and 52 represent mutational “hotspot” regions
in the dystrophin gene. We created three new DMD mouse
models harboring deletions of exons 43, 45, and 52 to represent
common DMDmutations. To optimize CRISPR-Cas9 genome
editing using the single-cut strategy, we identified single
guide RNAs (sgRNAs) capable of restoring dystrophin expres-
sion by inducing exon skipping and reframing. Intramuscular
delivery of AAV9 encoding SpCas9 and selected sgRNAs effi-
ciently restored dystrophin expression in these new mouse
models, offering a platform for future studies of dystrophin
gene correction therapies. To validate the therapeutic potential
of this approach, we identified sgRNAs capable of restoring
dystrophin expression by the single-cut strategy in cardiomyo-
cytes derived from human induced pluripotent stem cells
(iPSCs) with each of these hotspot deletion mutations. We
found that the potential effectiveness of individual sgRNAs in
correction of DMD mutations cannot be predicted a priori,
highlighting the importance of sgRNA design and testing as a
prelude for applying gene editing as a therapeutic strategy for
DMD.
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INTRODUCTION
Duchenne muscular dystrophy (DMD) is an X-linked genetic disor-
der caused by mutations in the DMD gene, a massive gene spanning
~2.3 Mb of DNA, encoding the dystrophin protein.1 Dystrophin sta-
bilizes muscle membranes by tethering the actin cytoskeleton to lam-
inin on the inner surface of the sarcolemma.2,3 The incidence of DMD
is estimated at 1:5,000 boys worldwide. More than 7,000 mutations
have been identified in DMD patients,4 leading to the generation of
a premature stop codon in the transcript and, consequently, to the
absence of dystrophin protein. Many of these mutations lie within
one of the hotspot regions spanning exons 43 to 53 of the dystrophin
gene.4,5 Lack of dystrophin in skeletal muscle results in fragility of the
sarcolemma, myocyte necrosis, and eventual replacement of muscle
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with fibrotic and fatty tissue.6 The symptoms of DMD are initially
manifested by muscle weakness and a loss of ambulation but ulti-
mately culminate in cardiomyopathy, respiratory failure, and prema-
ture death. Thus far, there has been no effective cure for the disease,
despite numerous therapeutic efforts.

Full restoration of normal levels of dystrophin is not essential for an
effective therapy. It has been estimated that as little as ~15% of normal
levels of dystrophin protein could confer substantial therapeutic ben-
efits.7 However, the minimal required level likely depends on the form
of dystrophin being expressed. In a canine model of DMD, expression
of micro-dystrophin (a truncated form of dystrophin) at ~50% of
wild-type (WT) levels was shown to confer therapeutic benefit.8–10

Clustered regularly interspaced short palindromic repeat (CRISPR)-
mediated gene editing represents a means of removing disease-
causing mutations in the genome.11–13 With this approach, single
guide RNAs (sgRNAs) are used to direct Cas9 or other endonucleases
to specific sequences in the genome. In the presence of an exogenous
DNA template, Cas9 can promote homology-directed DNA repair
(HDR), whereas in the absence of a template, DNA double-strand
breaks (DSBs) are repaired by non-homologous end joining
(NHEJ) with various insertions or deletions (INDELs).14 Another
pathway for repair of CRISPR-mediated DNA DSBs is microhomol-
ogy-mediated end-joining (MMEJ), which uses regions with 5–25 bp
of microhomology flanking a DSB for repair and results in deletion of
the region between the microhomology.15
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Recent studies by our group and others have explored the potential of
gene editing as a means of correcting DMD mutations in vivo.16–22

Because HDR and MMEJ are restricted to proliferating cells, and
mature myocytes are post-mitotic, CRISPR-Cas9 gene correction of
DMD mutations requires the NHEJ pathway.23,24 NHEJ gene editing
by double-cut or single-cut has been deployed to correct the open
reading frame (ORF) of dystrophin and restore protein expression
from mutant DMD alleles. Each editing approach has unique advan-
tages and challenges.

Double-cut editing offers the potential to excise large regions of the
DMD gene, producing truncated but still functional dystro-
phin.20,22,25,26 This approach allows correction of multiple types of
mutations in a consolidated manner. However, it requires simulta-
neous DNA cutting with two sgRNAs separated by extended genomic
distances and is relatively inefficient. Double-cutting can also intro-
duce a relatively high frequency of unpredictable genomic
rearrangements.21

To date, more than 60 spontaneous or engineered DMD animal
models have been reported.27,28 CRISPR-Cas9 has been used to
restore dystrophin expression in mouse, dog, pig, and human cells
harboring the most common mutations in DMD patients, such as
deletion of exon 50 or exon 44.16,18,19 Human exon 45 was deleted
in the hDMD mouse model, which is a mouse containing the human
dystrophin gene.29,30 This mouse model allows testing of possible ge-
netic interventions designed to treat human patients.

With single-cut CRISPR editing, a sgRNA can be used to introduce
INDELs that eliminate splice acceptor or donor sites or out-of-frame
exons, thereby allowing exon skipping and restoration of the correct
ORF.16,18,19 Alternatively, INDELs can be introduced within out-of-
frame exons to restore the ORF by shifting the reading frame triplet
forward (3n � 1 nt) or backward (3n + 1 nt). Single-cut editing has
several advantages, including requiring only one sgRNA, relatively
high efficiency, and minimal modification of the genome. However,
it requires accurate optimization of sgRNAs for each mutational hot-
spot. For example, deletion of exon 50,16,18 exon 44,19,31 or exon 52
can be corrected by reframing the triplet codon reading frame of
one of the flanking exons backward (3n + 1 nt), but deletion of
exon 43 or exon 45 necessitates reframing of the triplet reading frame
forward (3n � 1 nt) to achieve correction.

In addition to gene editing approaches based on the generation and
repair of DSBs, CRISPR base editors have been developed that allow
precise conversion of a single nucleotide base into another base.32

These genome editing tools have been used to correct the point mu-
tation in the mdx mouse model of DMD. However, the large size of
base editors necessitates splitting into two halves in vivo delivery,
decreasing editing efficiency and dystrophin restoration.33

By packaging sgRNA and Cas9 expression cassettes into adeno-asso-
ciated viruses (AAVs), efficient gene editing and dystrophin restora-
tion has been achieved in mice and other large animal models, such as
dogs and pigs.16–20,22,25,26,34 One sgRNA or two sgRNAs have been
used to permanently correct different mdx mouse models, as well
as mice lacking exons 44 and 50. Interestingly, a recent study demon-
strated the correction of an exon 52 deletion in a pig model of DMD
by double-cutting sequences flanking exon 51 with CRISPR-Cas9.26

In this study, we addressed the potential of single-cut gene editing
in the exon-52-deleted mouse model.

For single-cut editing, a highly efficient sgRNA with the preferential
generation of the correct INDEL patterns at the DSB site is required.
However, it is not currently possible to predict a priori what sgRNAs
might be most effective in allowing gene editing at different sites,
necessitating experimental validation and identification of optimal
sgRNAs for each type of mutational hotspot.

In this study, we generated three newDMDmouse models:D43 (exon
43 deletion), D45 (exon 45 deletion), and D52 (exon 52 deletion)
DMD mice, representing three common exon deletions in DMD pa-
tients. For each of these mouse models, we developed single-cut
CRISPR editing strategies to restore dystrophin expression. We
used a dual-AAV delivery system with single-stranded AAV (ssAAV)
to express SpCas9 and self-complementary AAV (scAAV) to express
sgRNAs to deliver the CRISPR components and reframe the mutant
Dmd gene to correct dystrophin expression in skeletal muscle. Addi-
tionally, to assess the therapeutic potential of the single-cut strategy,
we generated cardiomyocytes from humanDMD induced pluripotent
stem cells (iPSCs) and tested the sgRNAs for effective CRISPR editing
to restore dystrophin expression in these cells. This single-cut
CRISPR gene editing strategy could potentially be effective as a ther-
apy for ~18% of the DMD patient population. Our findings highlight
the potential of gene editing to permanently correct a wide range of
mutations that cause DMD and represent a significant step toward
potential therapeutic translation.

RESULTS
Generation of Mice with Deletions of Dystrophin Exon 52, 43, or

45

To extend gene editing as a means of correcting common DMD mu-
tations that have not been previously addressed in vivo, we generated
mice with a deletion of exon 52 (D52 DMD), exon 43 (D43 DMD), or
exon 45 (D45 DMD) using CRISPR-Cas9 directed by two sgRNAs
flanking each exon (Figure 1A; Table S1). C57BL/6 zygotes were
co-injected with in-vitro-transcribed Cas9 mRNA and sgRNAs and
then re-implanted into pseudo-pregnant females, yielding offspring
that transmitted the mutant Dmd alleles through the germline. Dele-
tion of Dmd exon 52, exon 43, or exon 45 was confirmed by RT-PCR
analysis (Figure 1A). Deletion of each exon placed the dystrophin
gene out of frame, leading to the absence of dystrophin protein in
skeletal muscle and heart (Figure 1B). Mice lacking each exon showed
pronounced dystrophic muscle at 1 month of age (Figure 1C). Serum
analysis of the D52, D43, and D45 DMD mice showed elevated crea-
tine kinase (CK) activity, a hallmark of muscle damage (Figure 1D).
Overall, the severity and progression of disease in these mice, as
marked by the absence of dystrophin protein expression, muscle
Molecular Therapy Vol. 28 No 9 September 2020 2045

http://www.moleculartherapy.org


Figure 1. Generation and Characterization of DMD Mouse Models with Deletion of Exon 52, 43, or 45

(A) CRISPR-Cas9 editing using two sgRNAs flanking an exon was used to delete exon 52, 43, or 45 and generate DMD mouse model D52, D43, or D45. Length of deleted

exon is indicated (118 bp for D52, 173 bp for D43, and 176 bp for D45). PCR products generated by primers flanking the deleted exons are indicated beneath each set of

exons. Shapes of intron-exon junctions denote complementarity that maintains the ORF upon splicing. (B) Dystrophin staining of TA, diaphragm, and heart of WT and ofD52,

D43, andD45 DMDmice. Dystrophin is indicated in green. Nuclei are marked by DAPI stain in blue. Scale bar, 50 mm. (C) H&E staining of TA, diaphragm, and heart ofWT and

of D52, D43, and D45 DMD mice. Note extensive inflammatory infiltrate and centralized myonuclei in D52, D43, and D45 DMD mice. Scale bar, 100 mm. (D) Serum creatine

kinase (CK), a marker of muscle damage and membrane leakage, was measured in WT1 (C57BL/6) and WT2 (C57BL/10), mdx, D52, D43, and D45 DMD mice. *p < 0.05;

**p < 0.005; ***p < 0.001 (n = 5). Data are presented as means ± SEM.
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histology, and serum CK (Figures 1B–1D), were comparable to those
in other mouse models of DMD, such as mdx mice that were
described previously.35,36

Correction of DMD Exon 52 Deletion in Mice by Intramuscular

(IM) AAV9 Delivery of Gene Editing Components

In D52 DMDmice, the absence of exon 52 causes exon 53 to be out of
frame with preceding exons (Figures 2A and S1A). Skipping of exon
53 or introduction of 3n + 1 INDELs before the stop codon in exon 53
has the potential to restore the correct ORF of dystrophin. Destroying
the splice acceptor site for exon 53 by targeting SpCas9 using a specific
2046 Molecular Therapy Vol. 28 No 9 September 2020
sgRNA to that sequence will cause exon 53 skipping, allowing splicing
of exon 51 to exon 54 and restoration of dystrophin expression (Fig-
ure 2A). Following NHEJ, repair of the DSB at the splice acceptor site
may also introduce 3n + 1 INDELs in exon 53, allowing reframing and
restoration of dystrophin expression (Figure 2A).

For CRISPR single-cut editing of the splice acceptor site for exon 53,
we designed 17mouse sgRNAs (marked with “m”) in the proximity of
the 50 end of mouse exon 53 (Figure S1B). The cutting sites of the
sgRNAs with reframing potential were designed to be located up-
stream of the premature stop codon in exon 53 that results from



Figure 2. Intramuscular AAV9 Delivery of Gene Editing Components to D52

DMD Mice Rescues Dystrophin Expression

(A) Diagram for sgRNA targeting strategy of exon 53 (212 bp) and potential products

after editing. (B) RT-PCR analysis of TA muscles from WT and D52 DMD mice

3 weeks after intramuscular injection of ssAAV-Cas9 and scAAV-mE53 g2.

Restoration of the ORF is obtained by reframing (middle bands, 379 bp) or skipping

of exon 53 (lower bands, 167 bp). The proportion of the different products is illus-

trated in Figure S2A. (C) Western blot analysis indicates restoration of dystrophin

expression in TA muscle of D52 DMD mice after AAV-Cas9 and AAV-mE53 g2

treatment. Relative dystrophin intensity (%) was calibrated with vinculin internal

control before normalizing to the untreated WT control. (D) Immunohistochemistry

indicates restoration of dystrophin in TA muscle of D52 DMD mice 3 weeks after

intramuscular injection of gene editing components sgRNA-mE53 g2 and SpCas9,

carried by AAV9. Dystrophin is indicated in green. Nuclei are marked by DAPI stain in

blue. Scale bar, 100 mm.
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the deletion of exon 52 (Figure S1B). Using mouse N2a cells to screen
genomic editing of sgRNAs that target exon 53, we found that sgRNA
mE53 g2 showed superior total INDEL efficiency by Tracking of
INDELs by Decomposition (TIDE) analysis (Figure S1C). Based on
these in vitro findings, we selected mouse sgRNA mE53 g2 for evalu-
ating in vivo exon skipping and/or exon reframing in the D52 DMD
mouse model.

We used recombinant AAV9 to deliver the CRISPR components to the
DMD mouse models, because AAV9 is a DNA virus that displays
tropism to both skeletal muscle and heart and has been used in
numerous clinical trials.37–40 To test the genomic editing efficiency of
the sgRNA in vivo, we used a dual-AAV9 viral system due to the cargo
size limitation of AAV9 delivery system.18 We packaged an SpCas9
expression cassette in a single-stranded AAV9 (ssAAV9) vector and
packaged the mouse sgRNA mE53 g2 expression cassette in a different
self-complementary AAV9 (scAAV9) vector. Based on our previous
studies, we discovered that scAAV9 expresses higher levels of sgRNA
and increases the efficiency of genomic editing.31 To enhance mus-
cle-specific gene editing and ensure SpCas9 expression primarily in
skeletal and cardiacmuscle, the CK8e regulatory cassette that combines
enhancer and promoter regions of the muscle CK gene was utilized to
drive SpCas9 expression in skeletal muscle.41,42 For expression of
sgRNA, we used three RNA polymerase III promoters (U6, H1, and
7SK) to express three copies of each sgRNA, as described previously.43

To validate the efficacy of the single-cut genomic editing strategy in
the D52 DMD mouse model, we performed localized IM injection
of ssAAV9 encoding SpCas9 (ssAAV-Cas9) and scAAV9 encoding
sgRNA (scAAV-mE53 g2) in the tibialis anterior (TA)muscle of post-
natal day 12 (P12) mice. As a control group, WT and D52 DMDmice
were injected with ssAAV-Cas9 without scAAV-sgRNA. In this
study, 50 mL AAV9 was injected per leg, containing equal doses of
ssAAV-Cas9 (5 � 1010 vg per leg) and scAAV-sgRNAs (5 � 1010

vg per leg). Three weeks after IM injection, we collected the TA mus-
cles for analysis.

RT-PCR showed a distinct exon skipping band at 167 bp below the
D52 DMD band at 379 bp (Figure 2B). TIDE analysis of the RT-
PCR product also revealed that, in addition to exon skipping
(10.3%), sgRNAmE53 g2 generated INDELs that allowed the refram-
ing of the ORF (3n + 1, 4.3%; Figure S2A).

To evaluate dystrophin protein restoration after IM injection, we per-
formed western blot analysis on the TA muscles of ssAAV-Cas9/
scAAV-mE53 g2 treated D52 DMD mice. In ssAAV-Cas9/scAAV-
mE53 g2-treated TAmuscle, we observed ~50% of dystrophin protein
restoration (Figure 2C). Immunostaining and whole-muscle scanning
also revealed that ssAAV-Cas9/scAAV-mE53 g2-treated muscles
restored ~72% of dystrophin-positive fibers (Figures 2D and S3A).
Histological whole-muscle scanning and hematoxylin and eosin
(H&E) staining showed that injection of ssAAV-Cas9/scAAV-
mE53 g2 rescued the dystrophic phenotype, reducing necrotic cells
and centralized nuclei (Figures S3B and S3C).

Correction of DMDExon 52 Deletion in Human iPSCs by Delivery

of Gene Editing Components

Correction of DMD exon 52 deletion by gene editing of exon 53 can
potentially benefit 10% of DMD patients.5 To test whether the gene
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Figure 3. Human D52 DMD iPSC-Derived

Cardiomyocytes Express Dystrophin after CRISPR-

Cas9-Mediated Genome Editing

(A) RT-PCR analysis of WT and D52 DMD iPSC-derived

cardiomyocytes after CRISPR-Cas9-mediated genome

editing using hE53 g10 sgRNA. Restoration of the ORF is

obtained by 8-nt deletion (band size, 502 bp). (B) Sequence

of the restored ORF obtained by 8-nt deletion of exon 53

using sgRNA hE53 g10 and SpCas9 gene editing. (C)

Western blot analysis indicates restoration of dystrophin

protein expression in human D52 DMD iPSC-derived car-

diomyocytes with hE53 g10 sgRNA, as indicated. Vinculin

is the loading control. WT, iPSC-derived cardiomyocytes

from a healthy control. (D) Immunostaining indicates

restoration of dystrophin expression in edited D52 DMD

iPSC-derived cardiomyocytes using hE53 g10 sgRNA and

SpCas9. Dystrophin is indicated in red. Cardiac troponin I is

indicated in green. Nuclei are marked by DAPI stain in blue.

Scale bar, 50 mm.
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editing strategy that we validated in mice also works in human cells
from DMD patients, we generated exon 52-deleted human iPSCs
(human D52 DMD) by reprogramming the peripheral blood mono-
nuclear cells (PBMCs) from a DMD patient with an exon 52 dele-
tion. Similar to the mouse D52 DMD correction strategy, we de-
signed 17 human sgRNAs (marked with “h”) in the proximity of
the 50 end of mouse exon 53, upstream of the premature stop codon
(Figure S1D). By screening the sgRNAs in human 293T cells, we
found that sgRNA hE53 g10 showed superior editing activity, based
on total INDEL efficiency as measured by TIDE analysis (Fig-
ure S1E). Based on these findings, human sgRNA hE53 g10 was
tested for its ability to restore dystrophin expression in the human
D52 iPSC model.

We found that sgRNA hE53 g10 generated 26% of 3n + 1 genomic
INDELs in human D52 DMD iPSCs (Figure S2B). Thus, this human
sgRNA can potentially restore the dystrophin ORF by reframing exon
53. Human D52 DMD iPSCs were subjected to editing with sgRNA
2048 Molecular Therapy Vol. 28 No 9 September 2020
hE53 g10, and the cells were differentiated into
cardiomyocytes. Single-clone characterization
by RT-PCR and sequencing showed an 8-nt
deletion, consistent with the reframing strategy
(Figures 3A and 3B). Western blot and immuno-
cytochemistry of iPSC-derived cardiomyocytes
edited with sgRNA hE53 g10 showed restoration
of dystrophin expression (Figures 3C and 3D).

Correction of DMD Exon 43 and 45 Deletions

in Mice by Intramuscular AAV9 Delivery of

Gene Editing Components

In D43 DMD mice, the lack of exon 43 gener-
ates a premature stop codon in the proximity
of the 50 region of exon 44. In D45 DMD
mice, the absence of exon 45 causes exon 46
to be out of frame with preceding exons. Skipping of exon 44 can
potentially restore dystrophin expression for both D43 DMD mice
and D45 DMD mice. Moreover, 3n � 1 reframing of exon 44 can
potentially restore the ORF and correct exon 45 deletion. However,
the 3n � 1 reframing event in the 50 region of exon 44 results in the
introduction of a new stop codon in the context of the D45 DMD
deletion (Figures 4A, S4A, and S4B). Due to these considerations,
an editing strategy that aims to use the same sgRNA to correct
both D43 and D45 DMD models needs to target the proximity of
the splice donor site of exon 44 in the 30 region of the exon.

To target the splice donor site of exon 44, allowing for exon skip-
ping of D43 and D45 deletions, or to introduce 3n � 1 INDELs
in exon 44, allowing for reframing D45 deletions, we designed 13
mouse sgRNAs at the 30 end of mouse exon 44 (Figure S4B). By
screening these sgRNAs in mouse N2a cells, we found that sgRNA
mE44 g7 showed superior total INDEL efficiency by TIDE analysis
(Figure S4C). Due to its localization, sgRNA mE44 g7 has the



Figure 4. Intramuscular AAV9 Delivery of Gene Editing Components to D43 and D45 DMD Mice Rescues dystrophin Expression

(A) Diagram for exon 44 (148 bp) targeting strategy and potential products after editing ofD43 andD45 DMDmice. The same sgRNA (mE44 g7) has been used to correct both

mutations. (B and E) RT-PCR analysis of TA muscles from WT, D43, and D45 DMD mice 3 weeks after intramuscular injection of ssAAV-Cas9 and scAAV-mE44 g7. (B) For

D43 DMD mice, restoration of the ORF is obtained by skipping of exon 44 (lower bands, 460 bp). The proportion of the different products is illustrated in Figure S5A. (E) For

D45 DMDmice, restoration of the ORF is obtained by reframing (middle bands, 466 bp) or skipping of exon 44 (lower bands, 318 bp). The proportion of the different products

is illustrated in Figure S5C. (C and F) Western blot analysis indicates restoration of dystrophin expression in TAmuscle of (C)D43 and (F)D45 DMDmice after injection of AAV-

Cas9 and AAV-mE44 g7. Relative dystrophin intensity (%) was calibrated with vinculin internal control before normalizing to the untreated WT control. (D and G) Immu-

nohistochemistry indicates restoration of dystrophin in TA muscle of (D) D43 and (G) D45 DMD mice 3 weeks after intramuscular injection of gene editing components

sgRNA-mE44 g7 and SpCas9, carried by AAV9. Dystrophin is shown in green. Nuclei are marked by DAPI stain in blue. Scale bars, 100 mm.
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potential to induce both exon skipping and reframing. Therefore,
mouse sgRNA mE44 g7 was selected for testing exon skipping
and/or exon reframing capability in both the D43 and D45 DMD
mouse models. The dual viral delivery strategy (ssAAV9-SpCas9
and scAAV-sgRNA) of the gene editing components was the
same as described earlier for the correction of the D52 DMD mouse
model.
In D43 DMD muscle edited with sgRNA mE44 g7 and SpCas9, RT-
PCR analysis showed a distinct exon-skipping band at 460 bp below
the D43 DMD band at 608 bp (Figure 4B). TIDE analysis of the RT-
PCR product revealed that sgRNA mE44 g7 generated ~16% of the
average total INDELs following IM injection and that 3.7% of the
transcripts successfully skipped exon 44; none of the transcripts
were the product of 3n � 1 reframing (Figure S5A). These results
Molecular Therapy Vol. 28 No 9 September 2020 2049
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demonstrated that our predicted strategy for editing with sgRNA
mE44 g7 in D43 DMD is robust. In fact, sgRNA mE44 g7 targets
the 30 end of exon 44 and destroys the splice donor site of exon 44.
Correction of the exon 43 deletion using sgRNA mE44 g7 with
SpCas9 induces exon skipping, but not exon reframing, in exon 44.

In ssAAV-Cas9- and scAAV-mE44 g7-treated D43 DMDmuscle, the
restoration of dystrophin was about 14% of WT levels (Figure 4C).
Immunostaining and whole-muscle scanning also revealed that
scAAV-mE44 g7-treated muscles restored ~36% of dystrophin-posi-
tive fibers (Figures 4D and S6A). H&E staining and whole-muscle
scanning showed that scAAV-mE44 g7 slightly improved the dystro-
phic phenotype (Figures S6B and S6C). Using the same scAAV-mE44
g7 to treat D45 DMD muscle, RT-PCR revealed a distinct exon-skip-
ping band at 318 bp below the D45 DMD band at 466 bp (Figure 4E).
TIDE analysis of the RT-PCR product showed a similar total INDEL
percentage of scAAV-mE44 g7-treated D43 DMD muscles (~21%)
(Figure S5C). Specifically, TIDE analysis of the RT-PCR product re-
vealed that 3.4% of the transcripts successfully skipped exon 44 and
that 6.3% of the transcripts were the product of 3n � 1 reframing
(Figure S5C). These findings confirmed the accuracy of the strategy
for correction of D45 DMD mice with sgRNA mE44 g7. As a sgRNA
that targets the 30 end of exon 44, mE44 g7 can correct exon 45 dele-
tion by inducing both exon skipping and exon reframing in exon 44.

Dystrophin protein expressionwas restored to 23%of theWT level with
scAAV-mE44g7 (Figure 4F). Immunostaining andwhole-muscle scan-
ning also revealed that scAAV-mE44 g7-treatedD45DMDTAmuscles
showed ~60%of dystrophin-positive fibers (Figures 4G and S7A). H&E
staining and whole-muscle scanning showed that scAAV-mE44 g7
improved the dystrophic phenotype of the injected muscle (Figures
S7B and S7C). Although scAAV-mE44 g7 with ssAAV-Cas9 restores
dystrophin expression in both D43 and D45 DMD mouse models, the
higher efficiency achieved inD45DMDmuscles is likely due to the com-
bination of exon skipping and reframing events.

Correction of DMD Exon 43 and 45 Deletions in Human iPSCs by

Delivery of Gene Editing Components

As shown in vivo, DMDmice with a deletion of exon 43 or deletion of
exon 45 can be corrected using the same sgRNA (mE44 g7) by editing
the 30 region of exon 44. Gene editing and correction of exon 44 can
potentially benefit 7.6% of DMD patients. To test whether the gene
editing strategy that we validated in D43 and D45 DMD mice also
works in human cells, we generated exon-45- and exon-43-deleted
human iPSCs (human D43 DMD and human D45 DMD) by
removing exon 43 or exon 45 in a normal (WT) human iPSC line.
Similar to the mouse correction strategy, we designed 15 human
sgRNAs at the 30 end of human exon 44 (Figure S4D) to target the
splice donor site for exon 44 to allow exon skipping for human D43
and human D45 DMD iPSCs or to introduce 3n-1 INDELs in
exon 44, allowing for reframing of human D45 DMD iPSCs. By
screening these sgRNAs in human 293T cells, we found that sgRNA
hE44 g4 with SpCas9 showed superior total INDEL efficiency by
TIDE analysis (Figure S4E). Due to its localization, hE44 g4 has the
2050 Molecular Therapy Vol. 28 No 9 September 2020
potential to induce both exon skipping and reframing and shares
the same sequence of the tested sgRNA mE44 g7. Therefore, human
sgRNA hE44 g4 was tested for its ability to restore dystrophin expres-
sion in the human D43 and D45 DMD iPSC models.

We found that sgRNA hE44 g4 and SpCas9 generated 8% of genomic
INDELs, resulting in the destruction of the exon 44 splice donor site in
human D43 DMD iPSCs (Figure S5B). Therefore, this human sgRNA
can potentially restore the dystrophin ORF by skipping exon 44. Hu-
man D43 DMD iPSCs were subjected to editing with sgRNA hE44
g4, and the cells were differentiated into cardiomyocytes. Single-clone
characterization by RT-PCR and sequencing showed the deletion of
exon 44, consistent with the exon-skipping strategy (Figures 5A and
5B). Western blot analysis and immunocytochemistry of iPSC-derived
cardiomyocytes edited with sgRNA hE44 g4 confirmed restoration of
dystrophin expression (Figures 5C and 5D).

Next, we tested sgRNA hE44 g4 in human D45 DMD iPSCs for its
ability restore the dystrophin ORF by reframing exon 44. Addition
of sgRNA hE44 g4 and SpCas9 to D45 DMD iPSCs generated 10%
of 3n� 1 genomic INDELs (Figure S5D). To assess restoration of dys-
trophin expression, human D45 DMD iPSCs were subjected to edit-
ing with sgRNA hE44 g4 and SpCas9, followed by differentiation to
cardiomyocytes. Single-clone characterization by RT-PCR and
sequencing showed a 1-nt deletion, consistent with the reframing
strategy (Figures 5E and 5F). Western blot analysis and immunocyto-
chemistry of iPSC-derived cardiomyocytes edited with sgRNA hE44
g4 showed restoration of dystrophin expression (Figures 5G and
5H). Together, these data demonstrate that sgRNA hE44 g4 is a
good candidate for future therapeutic applications to correct both
exon 43 and exon 45 human DMD deletions.

DISCUSSION
Deletions of exon 43, 45, or 52 represent three prominent human
DMD mutations, and targeting exon 44 or 53 with single-cut correc-
tion could potentially benefit ~18% of the DMD patient population.
Despite the prevalence of these mutations, there are no DMD mouse
models with deletions of these key exons, hindering that ability to test
different therapeutic strategies to rescue dystrophin expression. In
this study, we generated three new mouse models with the deletion
of dystrophin exon 43, 45, or 52, which recapitulate the pathologic
hallmarks of DMD. These mice represent an important resource
not only for testing possible gene editing therapies, as shown here,
but also for investigating other therapeutic modalities either alone
or in combination with gene editing.

To optimize single-cut genome editing correction of these DMDmu-
tations, we systematically tested different sgRNAs that target DMD
exons 44 and 53, with the potential to restore dystrophin expression
through exon skipping and/or reframing in these new DMD mouse
models. We demonstrated dystrophin protein recovery following
IM delivery of AAV9 encoding selected sgRNAs and SpCas9. To
ascertain the therapeutic potential of our strategies for correction of
these three exon deletions, we generated human iPSC lines bearing



Figure 5. Human D43 and D45 DMD iPSC-Derived

Cardiomyocytes Express Dystrophin after CRISPR-

Cas9-Mediated Genome Editing

(A and E) RT-PCR analysis of WT, D43, and D45 DMD

iPSC-derived cardiomyocytes after CRISPR-Cas9-medi-

ated genome editing using hE44 g4 sgRNA and SpCas9.

(A) ForD43 DMD iPSC-derived cardiomyocytes, restoration

of the ORF is obtained by exon skipping of exon 44 (148 bp;

band size, 371 bp). (E) For human D45 DMD iPSC-derived

cardiomyocytes, restoration of the ORF is obtained by 1-nt

deletion within exon 44 (band size, 515 bp). (B and F) Se-

quences of the restored ORF obtained by (B) skipping of

exon 44 (for D43) or by (F) 1-nt deletion editing exon 44 (for

D45) with hE44 g4 sgRNA. (C and G) Western blot analysis

indicates restoration of dystrophin protein expression in (C)

D43 and (G) D45 DMD iPSC-derived cardiomyocytes with

hE44 g4 sgRNA, as indicated. Vinculin is the loading con-

trol. WT, iPSC-derived cardiomyocytes from a healthy

control. (D and H) Immunostaining indicates restoration of

dystrophin expression in edited (D) D43 and (H) D45 DMD

iPSC-derived cardiomyocytes. Dystrophin is indicated in

red. Cardiac troponin I is indicated in green. Nuclei are

marked by DAPI stain in blue. Scale bars, 50 mm.
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similar exon deletion mutations. We then identified the most efficient
sgRNAs capable of restoring dystrophin in human iPSC-derived car-
diomyocytes from our DMD models.

Our in vivo results demonstrate that single-cut gene editing using a
sgRNA that permits both exon skipping and exon reframing (instead
of only exon skipping) confers the highest efficiency of dystrophin
restoration. The highest efficacy of dystrophin recovery was obtained
Molecul
with CRISPR-Cas9 genome editing using sgRNA
mE53 g2 for correcting the D52 mouse model
and sgRNA mE44 g7 for correcting the D45
mouse model. Interestingly, we found that
sgRNA mE44 g7 can correct both D43 and D45
DMD mutations. Genome editing using sgRNA
mE44 g7 generated a similar frequency of IN-
DELs in D43 and D45 DMD muscles. However,
the dystrophin transcripts generated from these
different corrected genes reflected the differences
of the strategy. In particular, sgRNA mE44 g7
generated both exon-reframed and exon-skipped
transcripts in D45 DMD muscle, but in D43
DMD muscle, sgRNA mE44 g7 generated only
exon-skipped transcripts. The dystrophin protein
recovery reflects the differences of the strategy, so
that restoration of dystrophin in D45 DMDmus-
cle was more efficient than in D43 DMD muscle
when using the same sgRNA mE44 g7 for
genomic editing.

As observed with D45 DMDmutations, different
genomic editing strategies can be deployed, re-
sulting in skipping or reframing different exons to correct a single
type of DMD mutation. When selecting the genomic strategy to cor-
rect a specific mutation, consideration should be given to the possible
functional outcomes obtained by the various truncated forms of dys-
trophin produced (e.g., editing exon 44 versus 46). For example, it has
been reported that deletion of exons 45 and 46 is associated with a se-
vere DMD phenotype, although deleting these two exons produces an
in-frame dystrophin.44 Interestingly, when searching multiple DMD
ar Therapy Vol. 28 No 9 September 2020 2051
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databases, very few patients lacking exons 44 and 45 were found, sug-
gesting a bias of such mutations toward a very mild BMD pheno-
type.4,44 Such considerations may have significant consequences for
eventual therapeutic outcomes.

Overall, our results highlight several key considerations in defining
the choice of genomic editing strategy by selecting optimal sgRNAs
for DMD gene correction. (1) 3n + 1 and 3n-1 reframing can be
equally efficient when the top selected sgRNA can create desired
INDEL types. (2) The INDEL types that a particular sgRNA creates
in cultured cells is extremely important for predicting dystrophin pro-
tein restoration in vivo. (3) Dystrophin restoration by exon reframing
is more efficient than exon skipping. sgRNAs that only induce exon
skipping are less efficient and require further testing in mice to ensure
dystrophin restoration efficiency.

Several previous studies indicated that no significant off-target effects
were detected following single-cut gene editing in mice lacking exons
44 and 50 or following double-cut gene editing in mdx mice and a pig
model of DMD lacking exon 52.18,19,21,26,31 Although these studies
failed to detect off-target cutting by deep sequencing, further assess-
ment of potential off-target effects with other optimized sgRNAs
should be performed when new tools for off-target analysis become
available.

Finally, numerous gene editing strategies are being developed for a va-
riety of clinical applications. The continuous development of high-fi-
delity gene editing tools to reduce potential off-target activity may
facilitate progress toward the possible clinical utilization of the
AAV9-Cas9 genome editing approach. Going forward, it will also
be important to test multiple different sgRNAs for each genomic
target so as to ensure optimal editing efficiency.
MATERIALS AND METHODS
Study Design

This study was designed with the primary aim of identifying the most
efficient strategy to correct exon 52, exon 43, and exon 45 mutations
in corresponding DMDmouse models and human DMD iPSCs. Sec-
ondary objectives were to investigate and compare the amounts of
exon skipping/reframing, expression of dystrophin protein, and his-
tological phenotype in corrected DMD mice. Animal work described
in this article has been approved and conducted under the oversight
of the University of Texas (UT) Southwestern Institutional Animal
Care and Use Committee. Animals were allocated to experimental
groups based on genotype; we did not use exclusion, randomization,
or blinding approaches to assign the animals for the experiments.
AAV injection and dissection experiments were conducted in a non-
blinded fashion. Blinding approaches were used during histology vali-
dation and immunostaining analysis. PBMCs from healthy individ-
uals and DMD patients were generated at the UT Southwestern
WellstoneMyoediting Core. Male donors’ PBMCs were used in all ex-
periments. PBMCs were collected based on the mutation of the pa-
tients; we did not use exclusion, randomization, or blinding ap-
2052 Molecular Therapy Vol. 28 No 9 September 2020
proaches to select the donors. For each experiment, sample size
reflects the number of independent biological replicates.

Plasmids

The pSpCas9(BB)-2A-GFP (PX458) plasmid contained the human
codon-optimized SpCas9 gene with 2A-EGFP. pSpCas9(BB)-2A-
GFP (PX458) was a gift from Feng Zhang (Addgene plasmid
#48138).14 Cloning of sgRNA was done using Bbs I sites. The sgRNAs
in this study, listed in Table S2, were selected using prediction of
https://zlab.bio/guide-design-resources. sgRNA sequences were
cloned into PX458 and then tested in tissue culture using HEK293
and N2a cells, as previously described.45

The AAV TRISPR-sgRNAs-CK8e-GFP plasmid contained three
sgRNAs driven by the U6, H1, or 7SK promoter. The expression
cassette was synthesized (GenScript), digested with restriction en-
zymes, and subcloned into the pSJG self-complementary AAV
plasmid, a gift from S. Gray (UT Southwestern).

Mice

Mice were housed in a barrier facility with a 12-h:12-h light:dark cycle
and maintained on standard chow (2916 Teklad Global). D52, D43,
andD45 DMDmice were generated in the C57/BL6N background us-
ing the CRISPR-Cas9 system. The sgRNAs for generating the mouse
models are listed in Table S1.

GenomicDNA Isolation, PCRAmplification, and TIDEAnalysis of

PCR Products

Genomic DNA of mouse N2a cells and of human HEK293T cells and
human iPSCs was isolated using DirectPCR (cell) lysis reagent (Via-
gen) according to the manufacturer’s protocol. Genomic DNA of
mouse muscle tissues was isolated using the DNeasy Blood and Tissue
Kit (QIAGEN) according to the manufacturer’s protocol. Genomic
DNA was PCR amplified using GoTaq DNA polymerase (Promega)
or with primers. RT-PCR products were sequenced and analyzed
by TIDE analysis.46 Primer sequences are listed in Table S1.

AAV Vector Production

AAVs were prepared by the Boston Children’s Hospital Viral Core, as
previously described.47 AAV vectors were purified by discontinuous
iodixanol gradients (Cosmo Bio, AXS-1114542-5) and then concen-
trated with a Millipore Amicon filter unit (UFC910008, 100 kDa).
AAV titers were determined by quantitative real-time PCR assays.
Briefly, 4 mL of the AAV vector was treated with DNase I (New En-
gland Biolabs, M0303S) and 2 M NaOH, followed by neutralization.
The mixture was serially diluted, and Droplet Digital PCR (ddPCR)
(Bio-Rad Laboratories) was performed according to the manufac-
turer’s protocol.

AAV9 Delivery to D52, D43, and D45 DMD Mice

Before intramuscular injection, the D52, D43, and D45 DMD mice
were anesthetized. For AAV9 IM injection, the TA muscle of P12
male D52, D43, and D45 DMD mice was injected using an ultrafine
needle (31G) with 50-mL AAV9 preparations or with saline solution.

https://zlab.bio/guide-design-resources
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Dystrophin Western Blot Analysis

For western blot of skeletal muscles, tissues were crushed into fine
powder using a liquid-nitrogen-frozen crushing apparatus. For west-
ern blot of iPSC-derived cardiomyocytes, 2 � 106 cardiomyocytes
were harvested and lysed with lysis buffer (10% SDS, 62.5 mM Tris
[pH 6.8], 1 mM EDTA, and protease inhibitor). Cell or tissue lysates
were passed through a 25G syringe and then a 27G syringe, 10 times
each. Protein concentration was determined by bicinchonic acid assay
(BCA) assay, and 50 mg total protein was loaded onto a 4%–20%
acrylamide gel. Gels were run at 100 V for 15 min and switched to
200 V for 45 min followed by 1 h, 20 min transfer to a polyvinylidene
fluoride (PVDF) membrane at 100 V at 4�C. The blot was incubated
with mouse anti-dystrophin antibody (MANDYS8, Sigma-Aldrich,
D8168) at 4�C overnight and then with goat anti-mouse horseradish
peroxidase (HRP) antibody (Bio-Rad Laboratories) at room temper-
ature for 1 h. The blot was developed usingWestern Blotting Luminol
Reagent (Santa Cruz Biotechnology, sc-2048). The loading control
was determined by blotting with mouse anti-vinculin antibody
(Sigma-Aldrich, V9131).

Histological Analysis of Muscles

Skeletal muscles from WT and from D52, D43, and D45 DMD mice
were individually dissected and cryo-embedded in a 1:2 volume
mixture of gum tragacanth powder (Sigma-Aldrich) to tissue-freezing
medium (TFM) (Triangle Bioscience Science). All embeds were snap
frozen in isopentane heat extractant supercooled to �155�C. Result-
ing blocks were stored at �80�C prior to sectioning. Eight-micron
transverse sections of skeletal muscle and frontal sections of heart
were prepared on a Leica CM3050 cryostat and air dried prior to
staining on the same day. H&E staining was performed according
to established staining protocols,17 and dystrophin immunohisto-
chemistry was performed using MANDYS8 monoclonal antibody
(Sigma-Aldrich), with modifications to the manufacturer’s instruc-
tions. In brief, cryostat sections were thawed and rehydrated/delipi-
dated in 1% Triton/phosphate-buffered-saline (PBS; pH 7.4).
Following delipidation, sections were washed free of Triton, incu-
bated with mouse immunoglobulin G (IgG) blocking reagent
(M.O.M. Kit, Vector Laboratories), washed, and sequentially equili-
brated with M.O.M. protein concentrate/PBS andMANDYS8 diluted
1:1,800 in M.O.M. protein concentrate/PBS. Following overnight pri-
mary antibody incubation at 4�C, sections were washed, incubated
with M.O.M. biotinylated anti-mouse IgG, and washed, and detection
was completed with incubation of Fluorescein Avidin DCS (Vector
Labs). Nuclei were counterstained with propidium iodide (Molecular
Probes) prior to coverslipping with Vectashield.

Human iPSC Maintenance and Nucleofection

Human iPSCs were cultured in mTeSR1 media (catalog no. 05850,
StemCell Technologies) and passaged approximately every 3–4 days
(1:6–1:18 split ratio). One hour before nucleofection, iPSCs were
treated with 10 mMROCK inhibitor, Y-27632 (catalog no. S1049, Sell-
eckchem), and dissociated into single cells using Accutase (catalog no.
A6964, Innovative Cell Technologies). iPSCs (8 � 105) were mixed
with 5 mg total of pSpCas9(BB)-2A-GFP (PX458) from Feng Zhang
(MIT, Cambridge, MA, USA; Addgene plasmid 48138),14 which con-
tains gRNA as indicated, and then nucleofected using the P3 Primary
Cell 4D-Nucleofector X Kit (catalog no. V4XP-3024, Lonza) accord-
ing to the manufacturer’s protocol. After nucleofection, iPSCs were
cultured in mTeSR1 media supplemented with 10 mM ROCK inhib-
itor and 100 mg/mL Primocin (InvivoGen), and the next day, the me-
dia were switched to fresh mTeSR1. Two days after nucleofection,
GFP(+) and GFP(�) cells were sorted by fluorescence-activated cell
sorting (FACS) and subjected to genotyping by PCR. Single clones
derived from GFP(+) iPSCs were picked, expanded, genotyped, and
sequenced.

Human iPSC-Cardiomyocyte Differentiation

To differentiate the iPSCs into cardiomyocytes, cells were cultured in
CDM3 media48 supplemented with 4–6 mM CHIR99021 (catalog no.
S2924, Selleckchem) for 2 days (days 1–2), followed by CDM3 supple-
mented with 2 mM WNT-C59 (catalog no. S7037, Selleckchem) for
2 days (days 3–4). Starting from day 5, cells were cultured in basal me-
dia (RPMI-1640, catalog no. 11875-093, GIBCO, supplemented with
B-27 Supplement, catalog no. 17504044, Thermo Fisher Scientific) for
6 days (days 5–10). On day 10 after differentiation initiation, media
were changed to selective media (RPMI-1640, no glucose, catalog
no. 11879-020, GIBCO, supplemented with B-27 Supplement) for
10 days (days 11–20) and, last, by basal media for 2 to 6 days.
Then, the cardiomyocytes were dissociated using TrypLE Express me-
dia (catalog no. 12605-028, GIBCO) and replated at 2 � 106 cells per
well in a six-well dish. Cardiomyocytes were used for experiments on
days 30–40 after initiation of differentiation.

Statistics

All data are presented as means ± SEM. Unpaired two-tailed Stu-
dent’s t tests were performed for comparison between the respective
two groups (WT and DMDmice) in serum CK activities of the mouse
models. Data analyses were performed with statistical software
(GraphPad Prism Software, San Diego, CA, USA). The p values
that were less than 0.05 were considered statistically significant.

Data Availability

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