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SUMMARY

To restore dystrophin protein in various mutation patterns of Duchenne muscular dystrophy (DMD), the multi-exon skipping (MES)
approach has been investigated. However, only limited techniques are available to induce a large deletion to cover the target exons spread
over several hundred kilobases. Here, we utilized the CRISPR-Cas3 system for MES induction and showed that dual crRNAs could induce a
large deletion at the dystrophin exon 45-55 region (~340 kb), which can be applied to various types of DMD patients. We developed a
two-color SSA-based reporter system for Cas3 to enrich the genome-edited cell population and demonstrated that MES induction restored
dystrophin protein in DMD-iPSCs with three distinct mutations. Whole-genome sequencing and distance analysis detected no signifi-
cant off-target deletion near the putative crRNA binding sites. Altogether, dual CRISPR-Cas3 is a promising tool to induce a gigantic
genomic deletion and restore dystrophin protein via MES induction.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a severe muscle
degeneration disorder caused by genomic mutations that
result in a frameshift in the dystrophin gene (Koenig et al.,
1988). DMD is known to be the most frequent and severe
type of muscular dystrophy (Mercuri et al., 2019); however,
there is no curative treatment so far. The dystrophin gene is
one of the largest protein-coding genes (~2 Mb) in the hu-
man genome, in which the skeletal muscle isoform of
Dp427m consists of 79 exons translated to a 427-kDa dys-
trophin protein (Muntoni et al., 2003). The dystrophin
protein stabilizes muscle cells or myofibers by binding to
the actin cytoskeleton on the N terminus and the muscle
cell membrane on the C terminus (Fairclough et al,
2013). So far, more than 7,000 kinds of mutations in the
dystrophin gene have been identified in DMD patients (Bla-
den et al., 2015), and such mutations disrupt the open
reading frame and lead to the loss of functional dystrophin
protein.

To restore dystrophin protein, exon skipping is a prom-
ising approach to correct the open reading frame. There
are already a couple of antisense oligonucleotide (ASO)-
based exon skipping drugs clinically approved for DMD
treatment (Roshmi and Yokota, 2021). However, the ASO
strategy skips exons at the RNA level and doesn’t correct
causal genomic mutations; hence, DMD patients require
repeated weekly injections throughout their life.

Recently, the induction of exon skipping at the genomic
DNA level has been expected to be an emerging approach
that can have a longer-lasting effect than ASO. Especially

the development of the CRISPR-Cas9 system has revolu-
tionized the field of genome editing (Doudna, 2020).
Many groups have utilized the CRISPR-Cas9 system to
induce genomic mono-exon skipping in vitro (Kagita
etal., 2021; Lietal., 2015; Ousterout et al., 2015) and in vivo
(Amoasii et al., 2017; El Refaey et al., 2017; Gee et al., 2020;
Kenjo et al., 2021; Koo et al., 2018; Long et al., 2016; Min
et al., 2019; Nelson et al., 2016; Tabebordbar et al., 2016;
Xu et al., 2019; Zhang et al., 2020).

However, due to the significant variations of the muta-
tion patterns in the dystrophin gene, the mono-exon skip-
ping approach can only be used for a limited number of
DMD patients. For example, the most common mono-
exon skipping of exons 51, 53, and 45 can be applied to
13%, 8%, and 8% of DMD patients, respectively (Saifullah
et al.,, 2022). To broaden the patient applicability, the
multi-exon skipping (MES) approach by targeting the
exons from 45 to 55 has been proposed (Béroud et al.,
2007). By targeting the mutation hotspots in the dystro-
phin, MES from exon 45 to 55 was estimated to restore
the dystrophin open reading frame in more than 60% of
DMD patients (Echigoya et al., 2018). Although this
approach produces a shorter dystrophin protein, multiple
clinical studies have reported that an in-frame deletion of
exon 45-55 results in a very mild phenotype or sometimes
asymptomatic even in their 60s (Ferreiro et al., 2009; Naka-
mura et al., 2008). To induce MES at the RNA level, a cock-
tail of 11 ASOs has been demonstrated to restore dystro-
phin protein, therefore improving muscle function in a
mouse model (Aoki et al., 2012). To develop a long-lasting
drug for inducing MES at the genomic DNA level, it is
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Figure 1. Induction of a large deletion by the dual-Cas3 system

(A) Schematic overview of the experiments to compare the deletion efficiency between Cas3 and Cas9 at various distances. Multiple pairs of
Cas3-crRNAs or Cas9-sgRNAs were designed upstream and downstream of the target region, as indicated by red thunder marks. The
orientation of the edge of the thunder mark indicates the PAM sequence, and Cas3 induces deletion in this direction. Each target region is
(i) 1 kb, (ii) 44 kb, (iii) 95 kb, and (iv) 344 kb distal between two crRNA (or sgRNA) targeting sites at the dystrophin gene locus. To quantify
deletion efficiencies, ddPCR probes were designed at the approximate midpoint of the target region, shown as a purple horizontal bar, and
near the crRNA binding site, shown as a green horizontal bar.

(B) The deletion efficiency is calculated as DNA copy number loss by ddPCR at the indicated position in HEK293T cells. The activity of each
crRNA was examined by the ddPCR probes indicated in (A) as green bars. Copy number loss at the approximate midpoint of the target region
(+16 kb, +38 kb, and +232 kb probes for the 44-kb, 95-kb, and 344-kb intervals, respectively) is considered as the induction of large
deletion. Data were represented as means + SD from independent experiments (n = 4). Two-tailed unpaired t test was used to calculate
p values. *p < 0.05.

(C) The summary of the deletion induction efficiency at the midpoint from (B). Data were represented as means + SD from independent
experiments (n = 4). A two-tailed unpaired t test was used to calculate p values. *p < 0.05.

(legend continued on next page)
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required to remove the exon 45-55 region, which spans at
least 344 kb in the human chromosome (Young et al.,
2016). However, the induction method to induce several
hundred kilobases genomic deletions has not been thor-
oughly investigated.

Recently, we and others have shown that class 1 type I-E
CRISPR-Cas3 can be utilized as a genome editing tool in
mammalian cells (Cameron et al.,, 2019; Dolan et al.,
2019; Morisaka et al., 2019). Unlike the class 2 type II
CRISPR-Cas9 system, the type I-E CRISPR-Cas3 system con-
sists of the multi-subunit complex, Cascade/crRNA, to bind
the target sequence, and Cas3 enzyme with the DNA heli-
case and nickase activity to shred the target DNA proces-
sively toward PAM proximal side (Loeff et al., 2018).
Thus, CRISPR-Cas3 induces a long range of deletions
from a few hundred base pairs to a hundred kilobase pairs
from the crRNA target site in a unidirectional manner. By
utilizing this property, we previously demonstrated that a
single Cas3-crRNA induced genomic mono-exon skipping
in the dystrophin gene (Morisaka et al., 2019); however, tar-
geted genomic deletion of several hundred kilobases and
the feasibility of MES were unexplored.

In this study, we sought to induce genomic MES by mul-
tiplexing Cas3-ctRNAs. We found that dual-Cas3 can cause
a large deletion of up to 340 kb. We investigated the
optimal crRNA combinations for MES induction in DMD-
iPSCs and developed a reporter system to enrich genome-
edited cells. Finally, to examine the risk of off-target muta-
genesis, we performed whole-genome sequencing of the
genome-edited subclones and investigated the deletions
associated with putative ctRNA binding sites. These results
suggest the potential of the dual CRISPR-Cas3 system to
induce large genomic deletions for MES induction in
DMD patients with a wide variety of mutation patterns.

RESULTS

Dual CRISPR-Cas3 to induce several hundred kilobases
of deletions

Since it was rare to observe a deletion of more than a hun-
dred kilobases using a single Cas3-crRNA, we sought to use
a pair of ctRNAs inwardly sandwiching the target genomic
region. To assess how this dual-Cas3 approach could
feasibly induce large deletions, we designed one crRNA
fixed near the exon 45 of the dystrophin gene and its coun-
terpart ctRNAs at 1 kb, 44 kb, 95 kb, and 344 kb positions

from the fixed ctRNA (Figures 1A and S1A and Table S1).
As a comparison, we also designed Cas9-sgRNAs in similar
positions. After transfection of plasmid DNA expression
vectors of Cas3/Cascade/crRNAs or Cas9/sgRNAs, we
measured genomic copy numbers at the approximately
halfway points of the crRNA pairs using droplet digital
PCR (ddPCR) to quantify deletion efficiency (Figure 1A,
purple bars). The deletion efficiencies at proximal positions
to designed crRNA (within 6 kb) were also monitored to
validate the activities of ctRNAs (Figure 1A, green bars).
In HEK293T cells, the losses of DNA copy number at the
exon 45 (+1 kb probe) and exon 55 (+342 kb probe) were
more evident with dual-Cas3 than dual-Cas9 (Figure 1B).
In addition, the copy number losses at the half-points
were significantly higher with 44-kb and 95-kb intervals.
The apparent copy number loss with the 344-kb interval
was also clearly detectable using dual-Cas3, though there
was no statistical difference between Cas3 and Cas9 (Fig-
ure 1C). In addition to the inward dual-Cas3 system, we
also tested parallel and outward orientations for the dual-
Cas3 (Figure S1B). Unexpectedly, we found that the parallel
and outward dual-Cas3 could also induce large deletions at
similar efficiency to the inward manner. To avoid unneces-
sary deletions outside of the crRNA target sites, we decided
to use the inward dual-ctRNA method in the following
experiments.

Next, we examined the deletion patterns induced by the
inward dual-Cas3 with the 344-kb interval in HEK293T
cells. For this, the target genomic region was amplified us-
ing the PCR primers upstream of exon 45 and downstream
of exon 55. Due to the long distance between the two
primers, amplification occurs only when large deletions
are induced. Indeed, PCR results showed multiple bands
in the genome-edited cells but not in the untreated cells
(Figure 1D). These bands were gel-extracted and sequenced
after TA cloning. As a result, we observed various patterns
of deletions around 344 kb in size (Figure 1E). Interestingly,
in many cases, the deletion extended beyond the crRNA
target sites; therefore, both crRNA binding sites were lost.
This contrasts with the single Cas3-ctRNA, as ctRNA bind-
ing sites are usually maintained (Morisaka et al., 2019).

In addition to HEK293T cells, we also performed genome
editing with the dual-Cas3 in the DMD patient-derived
iPSC line FF12020, which lacks exons 46 and 47 (Aexon
46, 47). PCR analysis of the target region similarly showed
ladder band patterns (Figure S1C), and Sanger sequencing
of the multiple PCR products following TA cloning showed

(D) PCR analysis to investigate the deletion patterns in HEK293T. After transfection of a pair of Cas3-crRNA, the dystrophin exon 45-55
region was PCR amplified using indicated primers and visualized by TapeStation with high-sensitivity D5000 DNA tape.

(E) Sanger sequencing results of PCR amplicons from (D). Ladder PCR amplicons were subjected to TA cloning, and each clone was analyzed
by Sanger sequencing (17 clones). Matching regions to the dystrophin gene are shown in green boxed lines, and gap regions are shown as

broken lines.
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Figure 2. Enrichment of Cas3-active cells by single-strand annealing (SSA) reporter

(A) Schematic of various SSA reporter vectors for monitoring dual-Cas3's activity. Structures of SSA vectors with long inserts with various
insert lengths (0.5, 1.0, and 1.7 kb) or double-nick inserts containing a spacer (0, 15, 25, and 35 bp) are constructed. When Cas3 or Cas9
induces a DNA break at the target sequence (blue boxed bar), the single-strand annealing (SSA) DNA repair pathway restores the functional
cDNA sequence of EGFP or mRFP through the two homology sequences (indicated by the slashed box).

(B) Evaluation of the SSA vectors by the dual-Cas3 system. Two-color SSA vectors (EGFP or mRFP) containing a crRNA target sequence (DMD
ex45 or ex55) were transfected into HEK293T cells together with the expression vectors of Cas3, Cascade, and two crRNAs that target DMD
ex45 and ex55, as “targeting crRNA.” As negative control to evaluate the background fluorescence activity of the SSA reporters, we used a

(legend continued on next page)

4 Stem Cell Reports | Vol. 18 | 1-13 | September 12, 2023



Cell Reports (2023), https://doi.org/10.1016/j.stemcr.2023.07.007

Please cite this article in press as: Kita et al., Dual CRISPR-Cas3 system for inducing multi-exon skipping in DMD patient-derived iPSCs, Stem

large deletions spanning the exons 45 and 55 at the dystro-
phin gene (Figure S1D). Altogether, we demonstrated that
the inward dual-Cas3 strategy successfully induced up to
344-kb large deletions not only in HEK293T cells but also
in DMD patient-derived iPSCs.

Enrichment of the dual-Cas3-edited cells using single-
strand annealing reporter
Although we successfully induced 344-kb large deletions
by Cas3, the efficiency in generating such a gigantic dele-
tion was not high enough for subcloning in DMD pa-
tient-derived iPSCs (Figure S3G). In previous studies,
genome-edited cell populations by Cas9 could be enriched
using single-strand annealing (SSA) reporter vector fol-
lowed by cell sorting (Mashiko et al., 2013). Therefore, we
sought to enrich the genome-edited cell population using
a similar system adapted for our dual-Cas3.

In the SSA reporter system, a spacer sequence containing
a crRNA target site was inserted into a split fluorescent pro-
tein gene with homology sequences for SSA repair after
DNA damage. First, we considered the optimal sequence
length of the target insert for Cas3 because Cas3 induces
large deletions rather than small deletions. The short target
sequences typically used for Cas9 (e.g., just the crRNA
recognition site) might not be suitable for Cas3. Therefore,
we inserted relatively long spacer sequences (0.5-1.7 kb)
containing the crRNA recognition site and extended the
target sequence in the direction of Cas3 deletion (Fig-
ure 2A). In addition to the spacer SSA reporter, we also con-
structed double-nick-based SSA reporters, considering that
Cas3 is a nickase. We hypothesized that a palindromic
crRNA recognition site with a spacer might induce DNA
double-strand break by induction of double nicking at
each DNA strand (Figure 2A). Lastly, to monitor the activity
of both sides of the ctRNAs in the dual-Cas3 system, we
constructed both EGFP (enhanced green fluorescence pro-
tein) and mRFP (monomeric red fluorescence protein) ver-
sions of the SSA vectors. We used these vectors and two
Cas3-crRNAs to perform two-color SSA reporter assays in
HEK293T cells. Our results showed significantly higher

EGFP and mRFP signals only when using targeting crRNAs
(DMD ex45 and ex5S5) but not with a non-targeting crRNA
(B2M #1) (Figure 2B). Among the spacer SSA vectors, the
background signals with the non-targeting crRNA were
decreased when the insert spacer was elongated from 0.5
to 1.7 kb. Although the double-positive signals were de-
tected with the three spacer SSA reporters, a slight decrease
was observed with the 1.7 kb spacer. All double-nick SSA re-
porters showed higher on-target and background signals
than long target SSA vectors, regardless of a spacer length.
Therefore, we chose the target insert with 1 kb long for
the spacer SSA reporters and no spacer sequence for dou-
ble-nick SSA reporters because of their relatively high
signal-to-noise ratio.

Next, we tested whether the genome-edited population
can be enriched by cell sorting utilizing the two-color SSA
reporter vectors in HEK293T cells. After transfection of
the Cas3/Cascade/crRNA expression vectors and the two-
color SSA vectors, EGFP and mRFP double-positive popula-
tion was sorted by a cell sorter (Figure 2C). Genome editing
efficiency of ~340 kb deletion in HEK293T cells was esti-
mated by ddPCR measuring copy number at the midpoint
of 340 kb (intron 51, +232 kb). Compared with the un-
sorted population, the sorted population showed signifi-
cantly higher deletion efficiency, up to 40% (Figure 2D).
Similar enrichment was also observed in DMD patient-
derived iPSC line FF12020 using 1-kb-long target SSA re-
porters, and around 30% of copy number loss was seen at
the midpoint (Figure 2E). Taken together, we demonstrated
that the two-color SSA reporter system can enrich the
genome-edited population by dual-Cas3 to facilitate the
isolation of cells with a large deletion.

MES induction with multiplexed Cas3-crRNAs

In addition to the dual-Cas3 approach (2x crRNAs), we also
tested whether using more than two crRNAs enhances the
efficiency of ~340-kb large deletion. For this, we designed
four crRNAs (4 x ctRNAs) with about 110-kb intervals span-
ning the 340-kb region and 11 ctrRNAs (11 x crRNAs) target-
ing all 11 exons between 45 and 55 exons (Figure S2A). In

crRNA that targets the B2M gene, as “non-targeting crRNA.” 3 days after transfection, the percentages of EGFP and mRFP double-positive
cells were analyzed by flow cytometry. Data were represented as means + SD from independent experiments (n = 3).

(C) Representative FACS plots and gating for cell sorting. After transfection of the SSA vectors (1-kb-long spacer or double nick with 0-bp
spacer) as described in (B), cell sorting of the EGFP and mRFP double-positive population (red rectangle area) was performed. As a control,
we used Cas9 and two sgRNA-expression vectors targeting exons 45 and 55.

(D) The deletion efficiency in the sorted cells with the two-color SSA vectors. Genomic DNAs of sorted HEK293T cells were subjected to
ddPCR analysis to check the deletion efficiency with the ddPCR probes at exons 45 (+1 kb), 55 (+342 kb), and the midpoint (+232 kb). Data
were represented as means + SD from independent experiments (n = 3).

(E) The deletion efficiency in DMD patient-derived iPSC FF12020 line sorted by the two-color SSA reporter system. Two SSA vectors (EGFP
for exon 45 target, mRFP for exon 55 target) with 1-kb spacer were transfected into FF12020 iPSCs, and cell sorting was performed 3 days
post-transfection. The sorted cells were similarly analyzed by ddPCR as described in (D). Data were represented as means + SD from in-
dependent experiments (n = 3).
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HEK293T cells, 4x and 11x crRNAs showed greater dele-
tion efficiencies at the middle five probes when assessed
by ddPCR (Figure S2B). However, when similar genome ed-
iting using 2%, 4%, and 11x crRNAs were performed in
DMD-iPSC line FF12020, the recovery rate of dystrophin
protein after muscle differentiation in 4x and 11x ctRNA
samples did not increase compared with the 2x crRNA
sample by western blotting (Figures S2C and S2D). In addi-
tion, we performed immunostaining to detect dystrophin
protein recovery. However, the trend of the dystrophin re-
covery rate was not consistent among 2x, 4x, and 11x
crRNA samples (Figures S2E and S2F). We speculate that a
variety of deletion patterns caused by multiple crRNAs
would lead to suboptimal in-frame deletions; therefore
dystrophin protein recovery did not match with the ddPCR
results. Because of these results and the complexity of using
multiple crRNAs, we decided to use the dual-Cas3 approach
for downstream experiments.

MES induction in various DMD patient-derived iPSCs

The advantage of the MES strategy is its broad applicability
to various DMD mutation types located within exon 45-55.
To demonstrate this, in addition to the FF12020 iPSC line
(Aexon 46, 47), we established two additional iPSC lines,
CiRA00458 (Aexon 51-53) and CiRA00646 (Aexon 48-
52), from DMD patients (Figures S3A and S3B). With a total
of three iPSC lines, we performed dual-Cas3-based genome
editing (Figure 3A), followed by enrichment with the two-
color SSA reporters and single-cell sorting. After subcloning,
PCR genotyping (Figures S3C-S3F), and Sanger sequencing
(Figures 3B and S3E), we successfully obtained subclones
with exon 45-55 skipping from all the parental iPSC lines
(Figure S3G and S3H: 21 clones out of 98 clones screened

for FF12020, one clone out of three clones for CiRA00458,
and one clone out of six clones for CiIRA00646). Next, we
confirmed the dystrophin protein recovery of the subclones
(FF12020 #4-3, #7-1, CiRA00458 #6, CiRA00646 #9) by
skeletal muscle differentiation. Immunocytochemical
staining results showed the apparent restoration of dystro-
phin protein by the dual-Cas3-mediated deletion in the
subclones (Figure 3C). Furthermore, we also confirmed
the dystrophin protein recovery by the western blotting
system using FF12020 #4-3 and #7-1 (Figure 3D). In this
analysis, a band shift of the dystrophin protein due to the
truncation of the exon 45-55 region was observed in these
subclone samples. RT-PCR also confirmed the induction of
MES at the mRNA level in the FF12020 #4-3 clone (Fig-
ure 3E). Sanger sequencing of the cDNA from #4-3 clone
clearly showed the in-frame junction of exons 44 and 56
(Figure 3F).

Overall, these results demonstrated that the dual-Cas3
system was able to induce the genomic MES in DMD-
iPSCs with various mutations and restored dystrophin pro-
tein, emphasizing the broad applicability of our dual-Cas3
strategy.

Off-target analysis of the dual-Cas3 by whole-genome
sequencing

Finally, we assessed the potential off-target risks caused by
the dual-Cas3 in the genomic MES-induced subclones. To
distinguish off-target mutations from spontaneous muta-
tions induced by cell culturing and subcloning, we pre-
pared two sets of samples (Figure 4A). MES-induced sub-
clone #7-1 was established from unedited parental DMD
patient-derived iPSC line FF12020 at passage 32 (NC1),
and another MES-induced subclone #4-3 was established

Figure 3. The dual-Cas3 genomic MES induction in multiple patient-derived iPSCs

(A) Schematic illustrations of MES induction in three DMD patients. Three DMD-iPSC clones—FF12020 iPSC clone (Aexon 46, 47),
CiRA00458 clone (Aexon 51-53), and CiRA00646 clone (Aexon 48-52)—were subject to dual-Cas3 genome editing using two crRNAs
indicated by thunder marks. The shapes of exons illustrate codon frames.

(B) Deletion patterns of genomic MES-induced DMD-iPSC subclones. Genomic MES-induced iPSC subclones (FF12020 #4-3, #7-1,
CiRA00458 #6, and CiRA00646 #9) were established by the dual-Cas3 genome editing followed by the two-color SSA-based single-cell
sorting. Genomic DNA samples were PCR amplified using indicated primers (arrows), and deletion patterns were analyzed by Sanger
sequencing. A red square indicates the insertion sequence.

(C) Confirmation of dystrophin protein recovery by immunocytochemical staining. Genomic MES-induced subclones in (B) were differ-
entiated into skeletal muscle cells by MYOD1 expression, and immunocytochemical staining was performed for MYH and dystrophin.
Nuclear staining was performed with DAPI. Healthy donor-derived iPSCs (FF409B2) and unedited FF12020 iPSC are shown as controls. Scale
bars indicate 100 pum.

(D) Confirmation of dystrophin protein recovery by Wes automated western blotting system. Healthy iPSC (FF409B2), DMD-iPSC (FF12020:
Aexon 46, 47), and genomic MES-induced clones #7-1 and #4-3 were differentiated into skeletal muscle cells, and dystrophin and MHC
proteins were detected by the Wes system.

(E) Confirmation of multi-exon skipping at mRNA level by RT-PCR. Primers to distinguish MES-induced mRNA from uninduced ones are
indicated (top). RNA samples from healthy donor iPSC (FF409B2), DMD-iPSC (FF12020: Aexon 46, 47), and MES-induced FF12020 subclone
#4-3 were reverse-transcribed and PCR amplified using indicated primer pairs. TapeStation result is shown, and expected band sizes are
shown below.

(F) Direct sequencing of cDNA from genomic MES-induced clone #4-3. PCR product from #4-3 in (D) amplified by primer (a)+(b) was Sanger
sequenced. In-frame junction of exon 44 and exon 56 is shown.
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Figure 4. Whole-genome sequencing for detecting off-target cleavages by dual-Cas3

(A) Schematic diagram of the clones assessed by whole-genome sequencing. Two genomic MES-induced FF12020 subclones (#7-1 and #4-
3) were established from their parental FF12020 cells at different passage numbers (NC1 at p32, NC2 at p50). These four samples were
subject to whole-genome sequencing.

(B) Summary of detected CNVs, indels, and SNVs. The number of de novo CNVs (left) and indel/SNVs (right) were counted using NC1 data as
a reference.

(C) Schematic of distance calculation between potential crRNA binding sites and the edge of detected CNVs. To estimate bona fide off-
target CNVs induced by Cas3, the distance between the closest crRNA binding site and a detected CNV was calculated.

(D) The number of potential Cas3 crRNA/Cas9-sgRNA binding sites. Potential crRNA binding sites of two crRNAs targeting exon 45 and exon
55 were searched by GGGenome software with an 8-base mismatches allowance. A total of 256 potential off-target sites for ex45 and 456
sites for crRNA ex55 were found in the human genome (top). Potential sgRNA binding sites of two sgRNAs targeting exon 45 and exon 55
were searched by GGGenome with a 5-base mismatches allowance. A total of 924 and 1,688 off-target sites for ex45 and ex55 were found,
respectively (bottom).

(legend continued on next page)
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from the FF12020 at passage 50 (NCZ2). Whole-genome
sequencing was performed using these four samples with
an average sequencing depth of 36.9. CNVs (copy number
variations), indels (insertions and deletions), and SNVs
(single nucleotide variations) were detected by using the
NC1 sample as a reference (Tables S3 and S4). We confirmed
that the on-target 344-kb deletion induced by dual-Cas3
was clearly detected as a CNV in the #7-1 and #4-3 clones
(Table S3, CNV ID: 77).

As previously reported (Martins-Taylor et al., 2011), some
de novo CNVs were detected in the NC2 sample, in which
the only difference is the passage number of 18 (Figure 4B).
Next, to distinguish Cas3-mediated CNVs from sponta-
neous ones, we hypothesized that Cas3-induced mutations
should accompany a putative ctRNA binding site nearby.
For this, we evaluated the distance of each detected CNV
from the nearest potential crRNA binding sites (Figure 4C).
In our previous experiences, 99% of the Cas3-mediated
deletion events start within 5 kb from a crRNA binding
site (Morisaka et al., 2019). Therefore, if detected CNVs
are outside of this region, those are most likely not due to
the Cas3-crRNA activity.

Firstly, we extracted the list of potential ctRNA binding
sites for both crRNAs targeting dystrophin exon 45 and 55 us-
ing GGGenome software, allowing up to 8-base
mismatches out of 27-base target sequence recognition,
considering that every six base positions are not involved
in target sequence recognition. As a result, we identified
257 sites for crRNA ex45 and 457 sites for ctrRNA ex55 in to-
tal (Figure 4D). Of note, the number of potential off-target
sites is much less than that of Cas9-sgRNA as many more po-
tential off-target sites were already predicted for Cas9-
sgRNAs with up to five mismatches (Figure 4D). This is
due to the longer target recognition ability of the Cas3-
crRNA (27 nt) compared with Cas9-sgRNA (20 nt). Next,
we calculated the distance between a CNV and the nearest
potential crRNA binding site (Figure 4E). Among the total
67 CNV losses detected (13 CNVs from NC2, 16 from #7-
1, and 38 from #4-3), only the on-target CNVs have the
crRNA binding site within the 5-kb window, but all other
CNV losses were outside, suggesting that those CNVs were
unlikely to be generated by the Cas3/ctRNA. Of note,
among 85 CNVs identified, one 4,058-kb CNV was found
to have a potential crRNA (ex45) binding site inside of the
CNVat 908 kb and 3184 kb from upstream and downstream
edges, respectively (Figure S4A). This is far beyond the 5-kb
window from the potential ctRNA binding site. Further-

more, this potential ctRNA site has 8-bp mismatches,
among which three mismatches are located within the
ctRNA seed sequence (within 8-bp region from PAM).
Considering even one mismatch in the seed sequence
almost abolished the activity of Cas3 (Morisaka et al.,
2019), itisunlikely the CNV is due to the off-target cleavage.

Although the Cas3 tends to induce a CNV loss (large dele-
tion), we also evaluated the association of Cas3-crRNA with
the detected indels and SNVs. Like CNVs, a greater number
of SNV/indels were detected in NC2, #7-1, and #4-3 samples
compared with the parental NC1. A similar distance calcula-
tion of SNV/indels from the closest potential crRNA binding
sites revealed that most (99.9%) of the detected SNV/indels
were located more than 5 kb away from the potential ctRNA
binding sites (Figure S4B). Notably, we found one SNV out of
717 SNV/indels in the #7-1 clone, and six SNV/indels out of
2,038 SNV/indels in the #4-3 clone were located within 5 kb
from a potential ctRNA binding site (Figure S4C). However,
all the nearest crRNAs have mismatches of 7 or 8 bp, and half
of the crRNAs pointed to the opposite direction of those
SNV/indels. Considering that we searched for relatively large
7.14-Mb regions (714 ctRNAs, +5 kb) out of 3.117-Gb
genome, we asked whether the odds of finding a few SNV/
indels were within the range of chance occurrence. As a
result, there was no significant difference in the frequency
of SNV/indels appearance between the NC2 and #7-1 or be-
tween NC2 and #4-3 (Figure S4D).

Taken together, these whole-genome sequencing ana-
lyses demonstrated no apparent off-target cleavage caused
by dual-Cas3 system, suggesting the high specificity of
the dual-Cas3 system.

DISCUSSION

MES induction is one of the promising approaches for
DMD treatment because of its broad applicability to various
mutation patterns. In this study, we took advantage of the
unique feature of CRISPR-Cas3 to induce unidirectional
deletion and developed a dual Cas3 system for genomic
MES induction.

First, we assessed the potential of the dual-Cas3 approach
to induce large deletions and showed that dual-Cas3 is
available to generate up to ~340-kb deletion not only in
HEK293T but also in iPSCs (Figures 1 and S1).

Second, to facilitate the isolation of cells edited with
dual-Cas3 system, we established an SSA reporter-based

(E) Distances between the detected CNVs and the closest potential crRNA off-target sites. Blue bars indicate the distance from the po-
tential binding sites for crRNA ex45, and red bars indicate the distance from the potential binding sites for crRNA ex55. As a threshold
window, the 5-kb line (within which 99% of the Cas3 cleavage starts) is indicated as a green vertical line. The asterisk indicates the

potential crRNA binding site detected within the CNV.
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two-color cell enrichment technique. Using this, we suc-
cessfully enriched ~340-kb-deleted cell populations up to
40% in HEK293T cells and 30% in iPSC, respectively
(Figures 2D and 2E). Of note, we also tested whether the
multiplexed Cas3 system (4X and 11x crRNAs) could
further improve the editing efficiency or not. However, it
was difficult to draw a conclusion about the efficiency of
4x and 11x crRNA methods because of the discrepancy
among ddPCR, western blotting, and immunofluorescence
results and no obvious improvement in the recovery effi-
ciency (Figure S2). Therefore, we decided to focus on the
dual-Cas3 system for the downstream experiments.

Third, to show the broad applicability of dual-Cas3
system, we induced genomic MES in three different DMD
patient-derived iPSCs (Figure 3A). By utilizing the SSA re-
porters, we successfully isolated genome-edited subclones
from those iPSCs, and the restoration of dystrophin protein
was confirmed after skeletal muscle differentiation.

Finally, we performed whole-genome sequencing and as-
sessed the potential association of the detected CNVs/
indels/SNVs with off-target activity. We searched for the
nearest potential crRNA binding site from the breakpoint
of the detected CNVs, and all the detected CNV's were distal
more than 5 kb (Figure 4E). Consistent with our previous
study (Morisaka et al., 2019), highly specific target recogni-
tion by 27-base-long crRNA may result in the high speci-
ficity of the Cas3 system.

For inducing extremely large deletions, many techniques
have been developed previously. For example, the classical
approach uses the Cre-loxP system. Although two exoge-
nous loxP sequences must be inserted in advance, this
method allows efficient and precise large genome editing.
In DMD studies, for example, ~2.4-Mb whole dystrophin
gene was deleted in mice (Kudoh et al., 2005), and our
group also successfully introduced a 342-kb deletion at
the dystrophin gene (exon 45-55) in iPSCs by Cre-loxP
recombination (Kagita et al., 2021).

After the discovery of Cas9, dual-Cas9 system has been
reported to induce a large deletion in murine erythroleuke-
mia cells (Canver et al., 2014). In fact, dual-Cas9 has been
used in iPSCs for MES induction in the dystrophin gene,
although the editing efficiency was not shown (Young
et al., 2016). Alternatively, several groups reported that
dual-prime editors introduced up to 10-kb deletions in
HEK293T cells, although the efficiency of 10-kb deletion
was still 1%-7% (Choi et al., 2022; Jiang et al., 2022). In
addition, large knockin or gene substitution techniques
can be potentially applied to induce a large deletion. The
ssODN-mediated method was used for the gene substitu-
tion up to 58 kb by combining multiple Cas9-sgRNAs and
ssSODNs in rat embryos (Yoshimi et al., 2016). Furthermore,
the two-step Universal Knock-in System was shown to
induce more than 200-kb deletion in HCT116 cells
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(Ohno et al., 2022). These methods use homology-directed
repair mechanisms and can potentially generate large dele-
tions, although their availability for MES induction re-
mains to be investigated.

Of note, there are potential limitations of the dual- or mul-
tiplexed-Cas3 systems. First, there is a variation in the dele-
tion pattern, and the precise start and endpoints of the dele-
tion cannot be fully controlled (Figure 1E). This could be a
drawback when a large but precise deletion is required. How-
ever, in the case of DMD, the disparity of the deletion size
should be acceptable because the target exons are separated
by large intron sequences averaging 28 kb in length.

Another consideration is the MES induction efficiency.
In this study, we used plasmid DNA vectors for transfecting
the Cas3/Cascade/crRNA expression, together with the
SSA reporter vectors. We anticipate investigating other
methods to deliver Cas3 into cells that might facilitate
the overall genome editing efficiency of the Cas3 system.

Finally, we could not show the functionality of the recov-
ered dystrophin protein, such as interaction with the dys-
trophin-associated protein complex, in the study. We tried
immunostaining with B-dystroglycan but failed to detect
the signal (data not shown), presumably because of the
immature nature of our MYOD1-overexpression-based
skeletal muscle differentiation, compared with primary
adult skeletal muscle. In the future, more advanced pheno-
typic assays will be necessary to show that our dual-Cas3-
mediated MES approach is still efficient in myotubes after
the differentiation of iPSCs.

Nevertheless, we believe the genomic MES-induced
iPSCs would be a cell source for future autologous cell ther-
apy applications by differentiating the iPSCs into muscle
cells or muscle progenitors to supplement the damaged
muscle tissues in DMD patients (Zhao et al., 2020).

In summary, this study demonstrated that the dual
CRISPR-Cas3 system is a powerful tool to induce genomic
MES by deleting several hundred kilobases in patient-derived
iPSCs. Thisis the first study to show the feasibility of Cas3 asa
potential tool for multi-exon skipping in DMD. We expect
this will enlighten new ways to treat DMD patients and other
genetic disorders that require extensive deletions.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the corresponding
author, Akitsu Hotta (akitsu.hotta@cira.kyoto-u.ac.jp).

Materials availability

Plasmid DNA vectors are deposited in Addgene (https://www.
addgene.org/): Cas3/Cascade expression vector pPV-Dual_pro-
moter-EF1a-2xNLS-Cascade+Cas3-P (RD) (Addgene ID: 204619),
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crRNA expression vector pPV-C1-ctRNA(DMD#20_DMD#23)-EF1a-
BA (Addgene ID: 204620), SSA reporter vector pPV-EFla-EGxx
FP(DMDex45_10)-iP-A (Addgene ID: 204621), pPV-EFla-mRxx
FP1(DMDex55_10)-iP-A (Addgene ID: 204622), crRNA cloning vec-
tor pPV-C1-crRNA-cloning-EF1a-BA (Addgene ID: 204623), SSA
cloning vectors pPV-EF1a-EGxxFP-iP-A (Addgene ID: 204624), and
pPV-EFla-mRxxFP1(Afel)-iP-A (Addgene ID: 204625).

DMD patient derived iPSC clones CiRA00646 (HPS3945) and
CiRA00458 (HPS4305) are deposited in RIKEN BRC. MES-induced
iPSC clones (CiRA00458 A45-55 #6-10, CiRA00646 A45-55 #9)
will be deposited in RIKEN BRC https://cell.brc.riken.jp/.

Data and code availability

Data can be requested from the corresponding author. The raw hu-
man sequencing data or patient data may be restricted due to the
legal restrictions in Japan and the consent of the patients.

Ethical approval

The establishment and use of patient-derived iPSCs were approved
by the Ethics Committee of the Graduate School of Medicine,
Kyoto University, and Kyoto University Hospital (approval
numbers RO091 and G259). All patient information was kept anon-
ymous, and written informed consent was obtained.

Transduction of CRISPR-Cas3 and CRISPR-Cas9

For transduction of iPSCs, 3 x 10° cells were seeded in a well of a
12-well plate coated with iMatrix-511 silk. After 24 h, the cells
were transfected with 1,000 ng of CRISPR-Cas3 expression
plasmid (pPV-Dual_promoter-EF1a-2xNLS-Cascade+Cas3-iP [RD])
and 500 ng of crRNA expression plasmids (pBSIIKS-U6 or pPV-U6
vectors) by 4 pL of Lipofectamine Stem (Thermo Fisher Scientific).
When applying the SSA reporter selection, we added 500 ng of SSA
plasmid vectors. 1 day after the transfection, the culture medium
was replaced with a fresh medium containing 1 pg/mL of puromy-
cin. After selection with puromycin for 2 days, the cells were
harvested for genomic DNA extraction or FACS (fluorescence-acti-
vated cell sorting) analysis.

For transduction of HEK293T cells, 2 x 10° cells were seeded in a
well of a 12-well plate. The next day, the cells were transfected
with plasmid vectors using Lipofectamine 2000 (Thermo Fisher
Scientific).

SSA reporter-mediated cell sorting

The iPSCs transfected with the SSA reporter vectors were detached
from a culture plate by incubating with 0.5 x TrypLE Select for
10 min at 37°C and then dissociated with PBS containing 2%
FBS and 10 pM Y-27632. Similarly, HEK293T cells were detached
from a plate by 0.25% Trypsin for 1 min at 37°C and dissociated
with PBS containing 2% FBS. The cell suspension was passed
through a 45-um-pore cell strainer (Becton, Dickinson and Com-
pany) to remove cell clumps. Then, the fluorescence signals of
EGFP and mRFP were detected by a BD FACSAria II, and the data
were analyzed by FlowJo software (Becton, Dickinson and
Company).

To isolate subclones of iPSCs with successful genome editing, we
performed single-cell sorting into a well of a 96-well plate (pre-
coated with iMatrix-511 silk) by using BD FACSAria II (BD) cell
sorter. The sorted cells were cultured in StemFit AKO2N medium

containing Y-27632 for approximately 2 weeks. Then, single iPSC
colonies were transferred into a new 24-well plate coated with
iMatrix-511 silk. After reaching semi-confluency, half of the cells
were cryo-preserved, and the other half were harvested for
genomic DNA extraction. The target region was PCR amplified
for genotyping using primers in Table S3. Sanger sequencing was
performed to analyze deletion patterns.

Quantification of genomic deletion by ddPCR assays
To detect the copy number loss of the genomic DNA, we designed
ddPCR probes and primer pairs using Primer3Plus (https://www.
bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) software.
To detect the target genomic region (i.e., dystrophin exon 44-55 lo-
cus), we used TagMan hydrolysis probes labeled with FAM fluoro-
phores. Seven target probes were designed to be approximately
equally spaced (every 57 kb) in the exon 45-55 region. Reference
probes labeled with HEX fluorophores and primers were designed
at the dystrophin exon 7 region, which is 160 kb distal from the
nearest Cas3/Cas9 target site. All the primer pairs and probes are
shown in Table S2.

Isolated genomic DNA (1 pg) was first digested by the EcoRI restric-
tion enzyme (TaKaRa) with H buffer at 37°C overnight. Next,
ddPCR reaction mixes (total 22 pl) were prepared by mixing
11 pL of Supermix for the Probes (no dUTP) (Bio-Rad Laboratories),
1 pL of 20 uM target forward and reverse primer pair each, and
0.6 pL of 10 pM target probe, 1 pL of 20 pM reference forward
and reverse primer pair each, and 0.6 uL of 10 uM reference probe
and 132 ng of EcoRI-digested genomic DNA, and the total volume
was adjusted to 22 pL by ultrapure water. Oil droplets were gener-
ated using QX200 Automated Droplet Generator (Bio-Rad Labora-
tories) and run on a C1000 Thermal Cycler with a deep-well block
(Bio-Rad Laboratories). All ddPCR reactions were run under the
following three-step thermal conditions: step 1, 95°C for 10 min;
step 2, 94°C for 30 s; step 3, 60°C for 2 min; repeat steps 2 and 3
for 40 times; step 4, 98°C for 10 min; and step 5, store at 4°C. After
PCR reactions, droplets were analyzed by the Bio-Rad QX200
Droplet Reader and QuantaSoft Pro Software.

Statistical analysis

To compare between two groups, two-tailed, unpaired Student’s t
tests were performed using Prism 8 software. To compare among
three groups or more, multiple t tests and Tukey’s tests were per-
formed by using Prism 8 software. Fisher’s exact test was performed
by using Prism 8 software.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2023.07.007.
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Supplemental Figure 1. Analyses and application of a large deletion by the dual-Cas3 system.

(A) The target sequences of crRNAs (DMD Ex45 and Ex55) used for the dual-Cas3 approach in Figure 1A (iv). CRISPR-Cas3
crRNA recognizes AAG (canonical PAM) + 32 nt target sequences, in which every 6 nt position is not involved in sequence
recognition (indicated by “N”).

(B) Comparison of the deletion efficiency among the inward, parallel, and outward orientation of dual crRNAs. Similar to Figure
1A (i), (i) and (iv), genome editing was performed in HEK293T cells using pairs of inward, parallel, and outward crRNAs. DNA
copy number losses were measured by ddPCR at indicated positions. Data were represented as means + SD from
independent experiments (n = 3). ANOVA with the Tukey test was used to calculate p-values. n.s.: not significant.

(C) CRISPR-Cas3/Cascade expression vector with puromycin resistance cassette and two crRNA expression vectors targeting
dystrophin exons 45 and 55 were transfected into DMD patient-derived iPSCs (FF12020). After one day of puromycin selection,
the dystrophin exon 45-55 region was amplified by PCR and analyzed by TapeStation D5000 DNA tape.

(D) PCR products from (C) were subjected to Sanger sequencing after TA cloning. Sequencing results were aligned to the

dystrophin gene locus shown as the green box. Identified deletion patterns with defined breakpoint(s) are indicated as the
dotted line.
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Supplemental Figure 2. Induction of multi-exon skipping by multiplexed crRNAs
(A) Schematic of designed Cas3 crRNAs/Cas9 sgRNAs and ddPCR probes for the DMD multi-exon skipping using multiplexed
crRNAs. Positions of Cas3 crRNAs/Cas9 sgRNAs are shown as red thunder marks where the edge of the thunder mark
indicates the PAM side. Positions of ddPCR probes are indicated as red horizontal bars.
(B) ddPCR analyses after multiplexed Cas3/Cas9 genome editing in HEK293T cells. DNA copy number losses were measured
by ddPCR using probes indicated in (A). Data were represented as means + S.D. from independent experiments (n = 3).

(C) Recovery of dystrophin protein after multiplexed Cas3 genome editing. Multiplexed Cas3 editing followed by two-color SSA
vector enrichment for crRNA(Ex45) and crRNA(Ex55) was performed in FF12020 DMD-iPSC line. After skeletal muscle
differentiation of the bulk cell samples, dystrophin and MHC (myosin heavy chain) proteins were detected by the Wes system.
Data from two independent experiments are shown.
(D) Quantification of dystrophin protein amount normalized with MHC protein signal was calculated from the two independent

Wes experiments.
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(E, F) Immunocytochemical staining to assess recovery of dystrophin protein in FF12020 DMD-iPSC line. Genome-edited cells
by multiplexed Cas3 were enriched with the two-color SSA vectors and subjected to skeletal muscle differentiation similar to
(C). Immunocytochemical staining experiments for myosin heavy chain (MYH) and dystrophin proteins were performed and the
results from two independent experiments are shown. For controls, healthy donor-derived iPSCs (FF409B2) and unedited
parental FF12020 DMD-iPSC were used. Quantification of dystrophin-positive area within MHC-positive skeletal muscle cells.
The area of the dystrophin-positive and the MHC-positive region were analyzed by ImageJ software. Data are represented as

means + S.D. from 10 images.
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FF12020 8 y.o. Male MLPA Exon 46, 47 deletion Skin fibroblasts
CiRA00458 13 y.o. Male MLPA Exon 51-53 deletion Peripheral blood mononuclear cells
CiRA00646 20 y.o. Male MLPA Exon 48-52 deletion Skin fibroblasts
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Supplemental Figure 3. Establishment of DMD patient-derived iPSCs and genotyping of subclones after MES

induction by the dual-Cas3 system.

(A) DMD patients’ information related to establishing the patient-derived iPSCs.

(B) Morphology of iPSC colony cultured on feeder-free and xeno-free culture condition. Scale bar : 100 pm.

(C) Exon deletion patterns of the three DMD patient iPSCs. For genotyping after dual-Cas3 treatment, we used the PCR
primers that flank the 340 kb target region. PCR amplification happens only when a large deletion is induced.

(D) Genotyping was performed after dual-Cas3 treatment and subcloning in three DMD patient-derived iPS cell lines (FF12020,
CiRA00458, and CiRA00646). As a result, we identified three subclones #4-3, #7-1, and #7-3 after dual-Cas3 treatment. and 2
subclones (#11-5, #11-14) after dual-Cas9 treatment.

(E) The deletion pattern of subclones #11-5, and #11-14 was analyzed by Sanger sequencing.

(F) Subcloning and genotyping were also performed in CiRA00458 and CiRA00646 DMD-iPSC lines and subclones #6 and #9
were established, respectively.

(G) Summary of single-cell cloning and genotyping. Dual-Cas3 genome editing was performed in FF12020, CiRA00458, and
CiRA00646 iPSCs. Isolated subclones were genotyped by the amplification size of junction PCR to detect large Ex45-55

deletions indicated in (C) and (D).
(H) Detailed genotyping results in the 3¢ subcloning trial of the FF12020 DMD-iPSCs with the SSA vector enrichment. PCR

was performed on exon 45, exon 55, and intron 50 regions separately to various genome editing patterns.



CNV_ID Position crRNA binding site (PAM) Mismatch (nt) Strand Distance (kb)
32 chr8:58,511,328-62,603,471 GTGCTGgCCtgAGAAgaCAaGACcaGCTTCCTCAA 8 - 908 & 3184
H Hl | — - HIE 44 HH + HH —HE | +—HHHMH
IMPAD1  LOC286177 LOC286178 FAM110B UBXN2B TOX CA8 RAB2A CHD7 CLVS1 ASPH
Deleted region
\ Y ? Y J
908 kb Potential crRNA binding site 3184 kb
B I crRNA(DMDex45)
Il crRNA(DMDex55)
4 o o oll oo o --‘m"%-
#4-3 D
4 : 50/ 0w .....-.W Total No. of No. of Indels/SNVs
Samole ID Indels /SNVs detected within 5 kb Fisher’s exact test
v P detected from the potential (relative to NC2)
. o |loo=c '-‘*-f*“WW crRNA binding sites
#7-1 NC2 997 0
_ e ...*W,.... #7-1 717 1 p=0.42
#4-3 2038 6 p=0.19
NC2
i .‘.“...M....
0.1 1 10 100 1000 10000 100000
Distance from potential crRNA binding sites (kb)
. Nearest - . . Distance from the Exist in the Cas3
#4-3  #7-1 Position Ref Alt crRNA crRNA binding site Mismatch indels/SNVs cleavage direction?
X - chr4:116904319 (O] ex45 chr4:116903572_116903603 8 bp 0.716 kb No
X - chr10:119402039 A C ex45 chr10:119398878 119398909 8 bp 3.127 kb Yes
X - chr17:79314829 (O] ex45 chr17:79310353_79310384 8 bp 4.445 kb No
X chr2:229669588 - AG ex55 chr2:229671019_229671050 8 bp 1.428 kb Yes
- X chr:4175456696 G T ex55 chr4:175458986_175459017 8 bp 2.287 kb Yes
X chr15:95919559 C A ex55 chr15:95917160_95917191 8 bp 2.368 kb No
X - chr17:36013899 T - ex55 chr17:36018355 36018386 7 bp 4.453 kb No

Supplemental Figure 4. Additional information for the off-target analyses performed by whole
genome sequencing.

(A) Detailed information of the 4058 kb CNV containing a potential crRNA (DMD ex45) binding site. In the
putative crRNA binding site, the noncanonical PAM motif is shown underbar, and mismatch bases are
shown as small letters.

(B) The overall distances between the detected indel/SNV and the closest potential crRNA binding site
are plotted, where blue dots represent the distances from the potential binding sites of crRNA ex45, and
red dots represent the distances from the crRNA ex55. The vertical green line represents a 5 kb window,
where most of the Cas3-induced cleavage happens within 5 kb from the crRNA binding site.

(C) Indels and SNVs detected within a 5 kb window from the potential crRNA binding sites in two MES-
induced clones #7-1 and #4-3.

(D) The number of SNV/indels detected in the whole genome and in the 5 kb window from potential
crRNA binding sites are shown for the Cas3-untreated clone (NC2) and two MES-induced clones #7-1
and #4-3. By using NC2 as a control, Fisher’s exact test was performed to calculate the odds of finding
indels/SNVs in the given area (whole genome vs. £ 5 kb from crRNAs).



Supplemental Table 1. List of Cas3 crRNA/Cas9 sgRNA targets

Cas3 crRNA/ Cas9 sgRNA name Alternative name PAM Target Sequence Used in
crRNA(DMD Ex45) crRNA(DMD#20) AAG ctgacagtagaccccagtacatgcttcctaaa 1-4, 81, S2, S4
crRNA(DMD Ex55) crRNA(DMD#23) AAG tcttggtgagaatcatattctgtagtacaagg 1-4, S1, S2, S4
crRNA(DMD Ex45_1kb) crRNA_DMDex45_1kb AAG Cctgaatctgcggtggcaggaggtctgcaaac 1,81
crRNA(DMD Ex45_44kb) crRNA_DMDex45 44kb AAG Ctcaagcagacaaatctccagtggataaaggt 1, $1
crRNA(DMD Ex45_95kb) crRNA_DMDex45_95kb AAG acaaaatattacttgttaaagtgtggtaagga 1, 81
crRNA(DMD Ex45_outward) crRNA_DMD#9 AAG gaagacttggcctttatttaccaaatgagact S1
crRNA(DMD Ex47) crRNA(DMDex45_44kb_outward) AAG gaaactgagacaaaggggttaaataccagctc S1, 82
crRNA(DMD Ex45 90kb_outward) crRNA_DMDex45 95kb_out 1 AAG ataagcaaaagtgtctgttttagaaataaaca S1
crRNA(DMD Ex55_outward) crRNA_DMDex55_out_1 AAG aaaatacaaacctagaatcaaaaggaaaagac S1
crRNA(B2M) crRNA(B2M#1) AAG gccacggagcgagacatctcggeccgaatget 2
crRNA(DMD Ex46) crRNA(DMDexon46_1) AAG actccatctcaaatacatacatacatacgtac S2
crRNA(DMD Ex48) crRNA(DMDexon48_1) AAG attgtaaaaggaagtcccttcatgtacaagga S2
crRNA(DMD Ex49) crRNA(DMDexon49_1) AAG cttattatttattaatgagtcaaacaggcctt S2
crRNA(DMD Ex50) crRNA(DMDexon50_1) AAG ttcatgcctttccccaggcagecctcatteag S2
crRNA(DMD Ex51) crRNA_DMD#25 AAG ttggcatttatgcaatgccatgttcaaatgaa S2
crRNA(DMD Ex52) crRNA(DMDexon52_1) AAG acccatctgactagacgctgtgcatattettt S2
crRNA(DMD Ex53) crRNA(DMDexon53_1) AAG atcacttcaaaattggtatacgtatttatgta S2
crRNA(DMD Ex54) crRNA(DMDexon54_1) AAG ccttgtatccttattatacctctcttgatcte S2
sgRNA(DMD Ex45#3) sgRNA_DMDexon45#3 NGG ttgctattgtgtcaaggagt 1, 84
sgRNA(DMD Ex55#1) sgRNA(DMDexon55#1) NGG tcatattctgtagtacaagg 1,4
sgRNA(DMD Ex45_1kb) sgRNA_DMD1 NGG tggtatcttacaggaactcc 1
sgRNA(DMD Ex45_44kb) sgRNA_DMDex45 44kb NGG agaagcaaagacaaggtagt 1
sgRNA(DMD Ex45_95kb) sgRNA_DMDex45_95kb NGG aaatattacttgttaaagtg 1
sgRNA(DMD Ex46) sgRNA_DMDex46_1 NGG agggtactggttatacttgg S2
sgRNA(DMD Ex47) sgRNA_DMDex47_2 NGG gggatatgaagtaaaaaatg S2
sgRNA(DMD Ex48) sgRNA_DMDex48_2 NGG aaacttccaaggatgatggt S2
sgRNA(DMD Ex49) sgRNA_DMDex49_2 NGG tgctttaagtgtttaccctt S2
sgRNA(DMD Ex50) sgRNA_DMDex50_2 NGG cagctcaggcagtccctgaa S2
sgRNA(DMD Ex51) sgRNA_DMDex51_2 NGG agataaacttgggctcaggt S2
sgRNA(DMD Ex52) sgRNA_DMDex52_1 NGG gagaatctctgagggaaacc S2
sgRNA(DMD Ex53) sgRNA_DMDex53_1 NGG aggaaggaattaagcccgaa S2
sgRNA(DMD Ex54) sgRNA DMDex54 2 NGG tagctccctattatatcacg S2




Supplemental Table 2. Primers used for PCR, Sanger sequencing, and RT-PCR (left column).
Primers and probes used for ddPCR experiments (Right column). Related to Experimental

Procedures section.

Name Sequence Name Sequence
YK#87_crRNA_DMDexon45check_rev acatctgatgtgtgcccatge DMDexon7_ddPCR_F tgtgttttaggccagacc
YK#88_crRNA_DMDexon55check_dir cgcaaatgttgaggttttcagaggc DMDexon7_ddPCR_R agcagtggtagtccagaa

YK#89_crRNA_DMDexon55check_rev
YK#90_crRNA_DMDexon51check_dir

ggatttggctgaaaatcacattgtctcg
gaggctataaaagccaagaactgacaatg

DMDexon7_probe
DMDex45 _ddPCR_F

agtcgttgtgtggcetgactgcetggea
ggaactccaggatggcattgg

YK#91_crRNA_DMDexon51check_rev catttgccagtcagcctggtgttctge DMDex45_ddPCR_R gacagctgtttgcagacct
YK#92_crRNA_DMDexon45check_rev2 ctatggtatacatctgatgtgtgcccatge DMDexon45_probe tgggaagcctgaatctgcggtggea
YK#93_crRNA_DMDexon45check_rev3 cttctggectaccatttgttgatcace DMDin50_ddPCR_F ccccaggaagggcattaag
YK#107_DMDexon45-55check_dir1 cctaccatagctgatgggtaaaatgtaaac DMDin50_ddPCR_R agttcagatgttgtccce
YK#108_DMDexon45-55check_dir2 gaagcttgcagtttcttgagattagaaatagag DMDin50_probe cccccatgaccecacacttceegt
YK#109_DMDexon45-55check_rev1 gactggtgtctctattactaagcaatgactgtc Bmg::g;—ggggg—; 2;%22;;2;22% tgg;c(::ct
YK#110_DMDexon45-55check_rev2 gcaaatgcttactgaaaccttccatgcatc DMDintron47 proae tggectgaagecgtttcagaacceaca
YK#113_DMDexon45(45-55)check_rev3  gactccatggtgatgatgagcc DMDin48 ddPCR F tgcagctttactccacac
YK#114_DMDexon45(45-55)check_rev4  ctcctcegeteatecttttcactg DMDin48 ddPCR R ggcagttcaagatttgctgg
YK#115_DMDexon45(45-55)check_rev5  caccacaggctttaacttctgccg DMDintron48 proEe cccaggaccctageggaaagageage
YK#116_DMDexon55(45-55)check_dir3 ggttaagccactggacaaaaacg DMDin51 ddPCR F ctgttgctggatactitcge
YK#117_DMDexon55(45-55)check_dir4 gagtagcctgatcgacactggac AT -
YK#118_DMDexon55(45-55)check_dir5 cctcgggtacactgaaagttatgtg DM D! I GLIRERLS cgacteactetecteteat
YK#167_sgRNA(44C4)_check_dir gccaacgctggtgtgcatge DMDintron51_probe cocaggaccctageggaaagageage
YK#168_sgRNA(44C4)_check_rev gcctggacggagctggtttatc DMDex53_ddPCR_F Gelsilgytiggaegcitagge
YK#169_sgRNA(55C3)_check_dir cttggcgtattgccttctectg DMDex53_ddPCR_R jalaienagaceeicticn
YK#170_sgRNA(55C3)_check_rev gttcctcccacatccacacge DMDexon53_probe ageaggicilaggacaggceagageea
YK#171_sgRNA(DMDexon45) check_dir  caggagcatcccatcaagatatccc DMDex55_ddPCR_F ggcigcttiggaagaaactc
YK#172_sgRNA(DMDexon55)_check_dir  ctcaacacgcattttggaggag DMDex55_ddPCR_R cageicliftactccetigg
YK#173_sgRNA(DMDexon55) check_rev gctctgaccaggaaaacatttgc DMDexon55_probe acigcaacagticcceciggaceigga
YK#229_crRNA(DMDexon46)_check_dir  gcagaactgctcaactgagcc ddPCR_ex45_16kb_fwd EEe e ieklyeitt
YK#230_crRNA(DMDexon46) check rev  gccactgagctggacacacg ddPCR_ex45_16kb_rev agasigraaciiaggeeag
YK#231_crRNA(DMDexon47)_check_dir  ccctagaacaatgaactcagtc ddPCR ex45_16kb_probe  tcagtaacggtggagacctaggeggea
YK#232_crRNA(DMDexon47) check rev  cccactctaacctttggatgaaggg ddPCR_ex45_38kb_fwd teaccacticagcctotact
YK#233_crRNA(DMDexon48)_check_dir  gctctaaggtatgttcagggatgacg ddPCR_ex45_38kb_rev aggacggtatgaaaagecac
YK#234_crRNA(DMDexon48) check rev  cacacagcagtgagtggtgac ddPCR_ex45_38kb_probe _accaacaccacgtcccacaccece
YK#235_crRNA(DMDexon49) check_dir  gcaagagactgtactgggcag ddPCR _ex45_90kb_fwd tggtaggaagatgagctggt
YK#236_crRNA(DMDexon49) check rev  gcttgggaggtgagcgtagg ddPCR _ex45_90kb_rev agtatgggggatcctcttce
YK#237_crRNA(DMDexon50)_check dir  ctgccctagggegttaggac ddPCR_ex45_90kb_probe  ccccacatgtcaagggtggagecagg
YK#238_crRNA(DMDexon50)_check rev  cctgcaagtcaggaagtcggg ddPCR_ex45_Neg1kb_fwd  acgttgectcaagtictetg
YK#239_crRNA(DMDexon52)_check dir  cgttactctcaccatatgcttgtg ddPCR_ex45_Neg1kb_rev  agtgaaaaggatgagcggag
YK#240 crRNA(DMDexon52) check rev  gtgcacacaccatctaatgcttatg ddPCR ex45 Neg1kb_probe cccaggecccaatatacaccgagage
YK#241_crRNA(DMDexon53)_check_dir  gctgttccactacctagtggaac

YK#242_crRNA(DMDexon53) check rev  gagggttttgatcaagtgccc

YK#243_crRNA(DMDexon54)_check_dir  gagtgatgggtggcttccaag

YK#244 crRNA(DMDexon54) check_rev
YK#297_DMDexon55(45-55)check_diré
YK#298 DMDexon55(45-55)check_dir7
YK#299_DMDexon55(45-55)check_dir8
YK#300_DMDexon45(45-55)check_rev6
YK#301_DMDexon45(45-55)check_rev7
YK#302_DMDexon45(45-55)check_rev8
YK414_DMDex55_check_F
YK415_DMDex45 check R
YK416_DMDex45 check_rev10
YK417_DMDex55_check_dir10
YK573_DMDex45_40kb_check_F
YK574_DMDex45 95kb_check F

gagaagaaagtccaagccttgcc
cctgaagtacaaggacgacgg
cttcagaattaatccgtgcgece
cacacacaaaccaccgaaccaaag
gtagacttagaatggaattctgggc
gaatgggtcctggtgcetgtgcttage
ccgeggtatetgttgttcge
cctcccacaaaacatatgacagtg
catgaatgagttagaaggcgagaagg
ggagtcagtcacactaaagagaacac
gcaagaagacaatcatgtgagtcttg
cagcagcaagctacggtatg
ggtttccagagctttacctgaga

YK580_crRNA_DMDex45_95kb_check_F
YK581_crRNA_DMDex45 95kb_check R
YK582_sgRNA_DMDex45_40kb_check_R
YK188_DMDexon56_rev2
YK378_DMD_E44_cDNA_F

YK379 DMD_E45 cDNA_R

ccctgetgecatgtagaatgtg
ctectacactgcetecttgge
cacatgtgacggaagagatgg
caggactgcatcatcggaacc
cagtggctaacagaagctgaac

ggcatctgtttttgaggattgc




Supplemental Table 3. List of CNVs detected in WGS. Related to Figure 4.

ID_Type Location Size (bp) NC2 #4-3 #7-1 ID Type Location Size (bp) NC2 #4-3 #7-1
1 loss chr1:838,617-1,030,456 191,840 - o - 44 loss chr11:51,207,530-561,252,364 44,835 - o -
2 gain chr1:144,810,826-145,298,712 487,887 - o c 45 loss chr11:63,527,207-63,540,475 13269 - o -
3 loss  chr2:1,357,914-1,358,836 923 o - o 46 loss chr12:38,231,554-38,408,805 177,252 - o -
4 loss  chr2:37,258,016-37,278,680 20,665 - o - 47 gain chr12:132,879,982-132,880,445 464 - o -
5 loss chr2:242,790,469-242,790,961 493 - - o 48 loss chr13:95,355,676-95,368,107 12,432 - o -
6 loss  chr3:3,412,335-3,412,629 295 o - - 49 loss chr13:110,432,870-110,446,468 13599 - o -
7 loss  chr3:4,848,820-4,848,876 57 - - o 50 loss chr14:46,590,901-46,621,369 30469 - o -
8 loss  chr3:45,609,905-45,610,321 417 - - o 51 loss chr14:78,827,811-78,828,585 775 - - o
9 loss c¢hr3:194,384,128-194,384,520 598 - - o 52 loss chr14:87,857,880-87,858,384 505 - - o
10 gain  chr4:54,592,280-54,603,331 11,052 c o c 53 loss chr14:104,674,521-104,675,002 482 ® =< .
11 loss  chr4:65,719,085-65,719,575 491 - - o 54 loss chr15:74,653,286-75,221,457 568,172 - o -
12 gain  chr4:92,606,746-93,528,071 921,326 - o 55 loss chr15:74,653,679-74,709,590 55912 - o -
13 loss  chr5:2,748,121-2,760,235 22115 - o - 56 gain chr15:75,221,643-82,903,355 7,681,713 A o -
14 loss  chr5:46,043,702-46,086,649 42,948 - o - 57 gain chr15:82,903,355-83,167,067 263,713 A o -
15 loss  chr5:46,218,649-46,333,576 114928 - o - 58 gain chr15:83,167,067-100,457,023 17,289,957 & o -
16 loss chr5:46,333,576-49,443,137 3,109,562 - o - 59 gain chr15:100,457,023-102,445,015 1,987,993 A o -
17" gain  chr5:178,012,401-178,012,673 273 e 60 gain chr16:12,021,477-29,394,630 17,373,154 - o -
e et s S 61 loss chr16:29,815,073-29,828,813 13741 - o -
iless A=A a2 Pl 165062 - o - 62 loss chr16:71,407,745-71,439,679 31935 - o -
20 loss _ chr6:382,715-3367,820 2985106 - o _ - 63 loss chr16:85,639,482-85652,218 12,737 - o -
i L 653 — 64 loss chr16:88,024,857-88,024,916 60 o
22 loss _ chr6:94,248,198-94,264 157 15960 _ - o - 65 loss chr17:77,804,119-77,821,079 16961 - o -
23 loss chr6:141,304,606-141,318406 13801 - o - 66 gain chr19:22363,444-22363.870 427 Sy
24_gain_ chr6:169,240,479.169,240928 480 - ° 67 loss chr19:27,833,052-27,870,223 37,172 - o -
2l i e PR B Mo s — 68 loss chr19:27,893,812-28,065,242 171431 - o -
26 loss _ chr7:57,950.847-58,013,552 62,706 - o - 69 loss chr20:20,337,172-20,338425 1,254 - o -
27 loss  chr7:61,241,479-61,511,524 270,046 - o - 70 gain chr20:25.582.240.25582.500 261 o
28 loss chr7:150,463,048-150,463,551 804 o - - 71 gain chr20:29,836,152-30,788,715 952564 A o -
29 gain  chr8:20,198,662-20,203,119 4,458 = © 72 loss chr20:41,624,640-41,634,640 10,001 o - -
30 loss  chr8:20,198,767-20,203,952 5,186 o - 73 loss chr20:50,347,622-50,348,035 414 - o -
31 loss chr8:43,597,003-43,660,505 63,503 - o - 74 loss chr20:52,318,479-52,318,783 305 - - o
32 loss chr8:58,511,328-62,603,471 4,092,144 - - o 75 gain chr20:55,062,013-55,385,592 323,580 o - -
33 loss  chr8:91,254,169-91,903,496 649,328  © - - 76 loss chr22:50,305,756-50,418,937 113,182 - o -
34 loss chr8:103,441,499-103,441,868 370 - - o 77 loss chrX:31,643,677-31,989,563 345887 - o o

35 loss chr8:123,165,142-123,168,985 3,844 -
36 loss  chr9:83,269,037-83,271,232 2,196 - 0o
37 loss chr10:8,075,816-8,108,417 32,602 - o

e}

78 loss chrX:50,122,314-50,135,051 12,738 o - -
loss chrX:72,358,023-72,375,780 17,758 - )
80 loss c¢chrX:80,280,719-80,295,147 14,429

'
~
©

38 loss  chr10:47,642,581-47,643,078 498 - - ° 81 loss chrX:112,703,477-112,716,769 13293 o - -
39 loss  chr10:55,893,688-55,894,134 447 - - ° 82 loss chrX:129,369,525-129,383,770 14,246 o - -
40 loss  chr10:67,032,382-67,032,923 542 ° - - 83 loss chrX:148,700,413-148,715061 14649 o - -
41 gain chr10:134,879,786-134,880,359 574 ° - 84 loss chrY:13,637,403-13,868,434 231,032 - o -
42 gain  chr11:48,528,012-87,356,743 38,828,732 - o - 85 loss chrY:22224.764-22.486.672 261.909 - o -
43 loss  chr11:50,781,651-51,163,742 382092 - o -

O : CNV is detected
— : CNV is not detected
A : CNV is a possible mosaic gain



Supplemental Table 4. List of SNV/indels detected at exonic region in WGS. Related to Figure 4.

NC2 #4-3 #71 Origin NC2 #4-3 #7-1
S %I S %‘ S % cov cov cov
E £ § € § & ch Start End Ref At Funcref  Generef cover alt [ alt  Jooalt o alt
5 2 5 2 5 2 r a n € Gene Gene age ratio ratio ratio ratio

o) o) o} ge ge ge
© o © o O 0
o o o o - - chr8 145,254,085 145,254,085 C T exonic MROH1 72 0.0% 44 182% 34 29.4% 47 0.0%
o o - - - - chr13 73,301,740 73,301,740 T G exonic MZT1 40 0.0% 41 415% 43 0.0% 36 2.8%
o o - - - - chr20 3,673,216 3,673,216 C T exonic SIGLEC1 60 0.0% 44 29.6% 47 0.0% 42 0.0%
o - - - - - chr2 125,192,138 125,192,138 G T exonic CNTNAP5 51 0.0% 38 21.1% 54 0.0% 38 2.6%
- o o o - - chr14 31,771,711 31,771,711 G T exonic HEATR5A 30 0.0% 33 152% 50 60.0% 35 0.0%
- - o o - - chr3 42,916,713 42,916,713 G T exonic CYP8B1 54 0.0% 41 7.3% 46 54.4% 33 0.0%
- - o o - - chr3 65,428,513 65,428,513 C A exonic MAGI1 41 0.0% 45 0.0% 43 581% 24 0.0%
- - o o - - chr3 194,118,222 194,118,222 G A exonic GP5 46 0.0% 46 13.0% 52 46.2% 36 0.0%
- - o o - - chrd 16,035,028 16,035,038A%A§&AA - exonic PROMA1 52 0.0% 32 0.0% 53 453% 35 0.0%
- - o o - - chrb 179,545,801 179,545,801 A T exonic RASGEF1C 60 0.0% 49 0.0% 64 56.3% 45 0.0%
- - o o - - chré 46,679,244 46,679,244 G A exonic PLA2G7 52 0.0% 42 0.0% 58 48.3% 34 0.0%
- - o o - - chré 99,956,659 99,956,659 C splicing USP45 64 0.0% 58 10.3% 49 34.7% 38 0.0%
- - o o - - chré 150,059,867 150,059,867 G A exonic NUP43 41 0.0% 40 10.0% 49 57.1% 51 0.0%
- - o o - - chré 151,646,998 151,646,998 G A exonic AKAP12 38 0.0% 37 10.8% 50 44.0% 38 0.0%
- - o o - - chr8 2,048,819 2,048,819 exonic MYOM2 48 0.0% 46 0.0% 39 41.0% 41 0.0%
- - o o - - chr11 49,078,765 49,078,765 C A exonic TRIM64C 37 0.0% 46 109% 40 32.5% 36 0.0%
- - o o - - chr11 114,393,013 114,393,013 G T exonic NXPE1 42 0.0% 42 71% 44 591% 27 0.0%
- - o o - - chr17 61,417,487 61,417,487 C A exonic TANC2 48 0.0% 23 0.0% 50 44.0% 36 0.0%
- - o o - - chr19 15,905,528 15,905,528 G A exonic OR10H5 44 0.0% 50 8.0% 41 46.3% 35 0.0%
- - o o - - chr19 46,257,754 46,257,754 C T exonic BHMG1 53 0.0% 50 0.0% 45 51.1% 41 0.0%
- - o o - - chr19 48,547,154 48,547,154 C T exonic CABP5 43 0.0% 38 53% 47 61.7% 39 0.0%
- - - - o o chr 10,336,388 10,336,388 C T exonic KIF1B 49 0.0% 36 0.0% 54 0.0% 35 42.9%
- - - - o o chrb 64,887,329 64,887,329 A G exonic TRIM23 32 0.0% 39 00% 39 0.0% 36 44.4%
- - - - o o chr8 43,147,743 43,147,743 G A exonic POTEA 34 0.0% 28 0.0% 33 0.0% 25 36.0%
- - - - o o chr14 68,040,102 68,040,102 C T exonic PLEKHH1 57 0.0% 36 0.0% 55 0.0% 49 40.8%
- - - - o o chr18 76,755,107 76,755,110 CCAA - exonic SALL3 47 0.0% 54 0.0% 47 0.0% 45 57.8%
- - - - o o chrX 129,146,629 129,146,629 C A exonic BCORLA1 31 0.0% 27 0.0% 23 0.0% 22 100.0%

O : SNV/indel is detected
— : SNV/indel is not detected

Genomon : a sequence analyzing tool to detect genomic variants

Genomon?2 : an updated version of Genomon

Coverage: the depth of coverage at the target site

Alt ratio: a percentage of detected SNVs



Supplemental Experimental procedures

Vector construction

The polycistronic CRISPR-Cas3 vectors pPV-Dual _promoter-EF1a-2xNLS-
Cascade+Cas3-iP (RD) (Addgene ID: 204619) were constructed in the previous study
(Morisaka et al, 2019). To construct Cas3 all-in-one vector with mCherry (pPV-
Dual_promoter-EF1a-2xNLS-Cascade+Cas3-iCA (RD)), the 2xNLS-Cas7-Cas5-Cas8-
IRES-mCherry region was PCR amplified from the pPV-EF1a-2xNLS-Cas7-Cas5-
Cas8-iCA vector (Addgene ID: 134922) by KOD ONE (TOYOBO) and purified with
Wizard SV Gel and PCR Clean-Up System (Promega). The PCR product was inserted
into the Hindlll site of the pPV-EF1a-2xNLS-Cas11-Cas6-Cas3-A vector (Addgene ID:
134923) by In-Fusion reaction (Clontech).

To construct Cas3-crRNA and Cas9-sgRNA expression vectors, the synthesized
crRNA/sgRNA sequences (Hokkaido System Science) were inserted into the two Bbsl
sites immediately downstream of the U6 promoter (pBSIIKS-U6v2-BbsI-C1, pBSIIKS-
U6-Bbsl-Cas9 or pPV-U6-crRNA-cloning-EF1a-BA (Addgene ID: 204623)). As for the
crRNA/sgRNA sequences, Annealed oligonucleotides (Sense: "ACCG" 4 nt overhang
+ 32 nt target sequence (top strand), Antisense: "ACAC" 4 nt overhang + 32 nt target
sequence (bottom strand) for crRNA, Sense: "ACCG" 4 nt overhang + 32 nt target
sequence (top strand), Antisense: AAAC+ 32 nt target sequence (bottom strand) for
sgRNA) were inserted between Bbsl sites into the backbone vectors for ligation
reaction. To design Cas9 sgRNA target sites, CRISPick
(https://portals.broadinstitute.org/gppx/crispick/public) was used. To design Cas3
crRNA target sites, AAG (PAM) + 32 nt sequences (Cas3 induces deletions toward
PAM direction) were extracted, and GGGenome (https://gggenome.dbcls.jp) was used
to check their specificity to the human genome. Examples of designed crRNAs are
shown in Figure S1A. Cas3-crRNA targeting DMD exon 45 and 55 are deposited into
Addgene (pPV-C1-crRNA (DMD#20_DMD#23)-EF1a-BA (Addgene ID: 204620)). All
the target sequences are shown in Supplemental Table 1.

To construct single-strand annealing (SSA) vectors, the genomic sequences around
the dystrophin exon 45 or exon 55 region containing crRNA or sgRNA target site were
amplified by PCR. The amplified fragments were inserted into the Afel site of the pPV-
EF1a-eGxxFP-iBA or pPV-EF1a-mRxxFP-iPA (Addgene ID: 204625) vector by In-
Fusion reaction. SSA vectors with 1.0 kb spacer were deposited into Addgene (pPV-
EF1a-EGxxFP(DMDex45_10)-iP-A(Addgene  ID:  204621) and pPV-EF1o-
MRxxFP1(DMDex55_10)-iP-A (Addgene ID: 204622)).

To construct double-nick SSA vectors, single strand oligos containing two CRISPR
target sites and a spacer (35 bp, 25 bp, or 15 bp) were annealed and amplified into
double-strand DNA by PCR. The PCR fragments were inserted into the Afel site of the
pPV-EF1a-eGxxFP-iPA (Addgene ID: 204624) vector by an In-Fusion reaction.

To construct a double-nick EGFP SSA vector (EGxxFP) with 0 bp spacer, the pPV-
EF1a-eGxxFP-iPA vector backbone region was amplified by PCR, and the target
region oligos were cloned by In-Fusion reaction.

To construct a double-nick mRFP SSA vector (mRxxFP) with 0 bp spacer, pPV-
EF1a-mRxxFP-iPA vector was digested with Afel and the target region oligos were
cloned by In-Fusion reaction.

Cell culture

HEK293T cells (CRL-3216, ATCC) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) high glucose (Nacalai Tesque, Kyoto, Japan) supplemented with 10%
FBS (BioSera North America, Kansas City, MO, USA). All iPSCs were cultured in



StemFit AKO2N media (Ajinomoto, Tokyo, Japan) on iMatrix-511 silk (Matrixome,
Osaka, Japan) coated cell culture dishes.

Establishment of human iPSCs

Healthy donor iPS cell line FF409B2 (Okita et al, 2011) and DMD patient-derived iPS
cell line FF12020 lacking exon 46 and 47 (Uchimura et al, 2021) were established
previously. To establish other DMD patient-derived iPSC lines, fibroblasts (exon 51-53
deletion) or the PBMCs (exon 48-52 deletion) were electroporated with the three
episomal DNA vectors encoding OCT3/4, SOX2, KLF4, L-MYC, LIN28, and p53
carboxy-terminal dominant-negative fragment (mp53DD) cDNAs, as previously
described (Hong et al, 2009; Okita et al., 2011). Each patient-derived iPSC line was
registered as CiRA00458 (exon 51-53 deletion) and CiRA00646 (exon 48-52 deletion),
respectively.

PCR-based genotyping and TA cloning

To examine Cas3’s deletion patterns, PCR was performed using QuickTaq
(TOYOBO). In this PCR, the forward primer was designed at the dystrophin exon 45,
and the reverse primer was designed at the exon 55. Specific bands appeared only
when a large deletion was induced from exon 45 to exon 55. To check the size of PCR
amplicons, we run agarose gel electrophoresis or TapeStation analysis with High
Sensitivity D5000 ScreenTape (Agilent) according to the manufacturer’s protocol.

For TA cloning, the ladder bands were cut from the gel and purified by Wizard® SV
Gel and PCR Clean-Up System (Promega). Then, obtained DNA fragments were TA-
cloned into pGEM-T Easy Vector (Promega). After transformation into DH5a, blue-
white selection and miniprep by Wizard® SV Minipreps DNA Purification Systems
(Promega), inserted sequences in those plasmids were Sanger sequenced. All PCR
primers are shown in Supplemental Table 2.

Skeletal muscle differentiation by doxycycline-inducible MYOD1 expression

Skeletal muscle differentiation of iPSCs was performed as described previously
(Shoji et al, 2015; Tanaka et al, 2013; Uchimura et al, 2017). Briefly, the doxycycline-
inducible human MYOD1 piggyBac vector (containing neomycin or puromycin
resistance cassette) was integrated into the genome by electroporation together with
transposase expression vector pHL-EF1a-hcPBase-A. Then, stable cells were selected
with neomycin (FF12020) or puromycin (CiRA00458, CiRA00646) for 7 days.
Subsequently, 1 x 10° cells/well were seeded into a 6-well plate coated with Matrigel
in AKO2N StemFit media with 10 uM Y-27632 (TOCRIS, MN, USA). The next day, the
media was changed to Primate ES Cell Media (ReproCELL Inc., Kanagawa, Japan).
On day 3, the media was changed to Primate ES Cell Media containing 2 uM
doxycycline to induce MYOD1 expression. On day 4, media was changed to skeletal
muscle differentiation media composed of alpha Minimal Essential Medium (a-MEM,;
Nacalai Tesque) with 5% KSR (Thermo Fisher SCIENTIFIC), 100 uM 2-
Mercaptoethanol and 2 uM doxycycline. After this, medium change was performed
every day with the skeletal muscle differentiation media until Day 7.

Detection of proteins by Wes western blotting system

Skeletal muscle cells differentiated from iPSCs were lysed with RIPA buffer (Thermo
Fisher Scientific) containing cOmplete Protease Inhibitor Cocktail (Roche). The protein
concentration was quantified by the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). One microgram of samples was loaded on a Wes Simple Western system
(ProteinSimple) with a 66-440 kDa Separation Module (ProteinSimple SM-W006) and
the Anti-Mouse Detection Module (ProteinSimple DM-002). For detecting Dystrophin,
a mouse anti-dystrophin (Rod domain) monoclonal antibody (DYS1; 1:100, Leica) and
anti-mouse IgG HRP-linked antibody (ProteinSimple, 042-205) were used. For MHC



detection, the primary antibody was anti-myosin heavy chain (MAB4470, Mouse
monoclonal, 1:400, R&D systems, Inc.) and the second antibody was anti-mouse IgG
HRP-linked antibody (ProteinSimple, 042-205).

Assessment of exon skipping by RT-PCR

Total RNA was extracted from skeletal muscle cells differentiated from iPSCs using
a NucleoSpin RNA Kit (Mecherey-Nagel GmbH & Co. KG), and cDNA was synthesized
using ReverTra Ace gPCR RT Master Mix (Toyobo). Then, the exon 45-55 region was
amplified by PrimeSTAR GXL DNA Polymerase (TaKaRa Bio). Sequences of primer
pairs were listed in Supplemental Table 2. Multi-exon skipping was assessed by Agilent
4200 Tape Station (Agilent Technologies). Obtained PCR products were also Sangar
sequenced to check the Ex44-56 junction.

Immunocytochemical staining

Differentiated cells were fixed with PBS containing 2% paraformaldehyde for 10 min
at room temperature. After washing with PBS for two rounds, the cells were blocked
with Blocking One PBS solution (Nacalai Tesque) for 45 minutes. Following the
blocking, the cells were incubated with the primary antibodies diluted with 10% Blocking
One in PBS-T (0.2% Triton X100 in PBS) overnight at 4°C. Then, the cells were washed
with PBS-T for two rounds and incubated with the secondary antibodies for one hour
at room temperature. For the primary antibodies, we used anti-dystrophin (ab15277,
Rabbit polyclonal, 1:100, Abcam) and anti-myosin heavy chain (MAB4470, Mouse
monoclonal, 1:400, R&D systems, Inc.). For the secondary antibodies, goat anti-rabbit
IgG, Alexa Fluor 546 (A-11010, Invitrogen), and goat anti-mouse 1gG, Alexa Fluor 488
(Invitrogen, A-11001), were used.

Whole genome sequencing and off-target analysis

To perform whole genome sequencing, DMD-iPSC line FF12020 with two different
passage numbers (passage 32 and 50) and MES-induced subclones from each
parental iPSC subclones (#7-1 and #4-3) were prepared. Genomic DNA was extracted
from iPSCs by MonoFas cultured cell genome DNA extraction kit VI (ANIMOS). After
preparing the DNA library using KAPA Hyper Prep Kit PCR-Free Kit and IDT for
lllumina-TruSeq DNA UD Indexes, genomic sequence analysis was performed by
NovaSeq 6000. The obtained FASTQ files from each sample were mapped to the
human genome (hg19) by BWA-MEM (0.7.15), then duplicated reads were removed
by novosort (1.03.0.9). Then, SNV/Indel call was performed using Genomon (1.0.1)
and Genomon2 (2.3.0), CNV call was performed using Delly (0.7.3) and VarScan
(2.4.2), with the original iPSC sample with the lowest passage numbers (P32) as a
reference.

To search for potential Cas3-crRNA binding sites, we used GGGenome
(https://gggenome.dbcls.jp/) with up to 8 bp mismatch allowance (25% of the total
length of crRNA). Any mismatches at positions 6, 12, 18, 24, and 30 were accepted
because these bases are not involved in target recognition. Then, the distances
between the CNV (or SNV/indel) and the potential crRNA binding site were calculated
for crRNA (DMD exon 45) and crRNA (DMD exon 55), respectively. The shortest
distance was collected.
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