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Duchenne muscular dystrophy (DMD) is caused by mutations
in the DMD gene. Previously, we showed that adenine base ed-
iting (ABE) can efficiently correct a nonsense pointmutation in
a DMDmouse model. Here, we explored the feasibility of base-
editing-mediated exon skipping as a therapeutic strategy for
DMD using cardiomyocytes derived from human induced
pluripotent stem cells (hiPSCs). We first generated a DMD
hiPSC line with a large deletion spanning exon 48 through 54
(DE48–54) using CRISPR-Cas9 gene editing. Dystrophin
expression was disrupted in DMD hiPSC-derived cardiomyo-
cytes (iCMs) as examined by RT-PCR, western blot, and immu-
nofluorescence staining. Transfection of ABE and a guide RNA
(gRNA) targeting the splice acceptor led to efficient conversion
of AG to GG (35.9% ± 5.7%) and enabled exon 55 skipping.
Complete AG to GG conversion in a single clone restored dys-
trophin expression (42.5% ± 11% of wild type [WT]) in DMD
iCMs. Moreover, we designed gRNAs to target the splice sites
of exons 6, 7, 8, 43, 44, 46, and 53 in the mutational hotspots
and demonstrated their efficiency to induce exon skipping in
iCMs. These results highlight the great promise of ABE-medi-
ated exon skipping as a promising therapeutic approach for
DMD.

INTRODUCTION
Duchenne muscular dystrophy (DMD) is an X-linked genetic mus-
cle disease afflicting approximately 1 in 3,800–6,300 live male
births.1 It is caused by mutations in the DMD gene, which codes
for the protein dystrophin.2 Dystrophin plays an important role
in stabilizing the sarcolemma and mediating force transmission.3

The muscle fibers from patients with DMD are abnormally vulner-
able to mechanical stress because the mutated DMD gene fails to
produce a functional dystrophin protein.4 Muscle weakness of pa-
tients with DMD is usually noticeable starting in their early child-
hood, which gradually leads to life-threatening complications in
the teen years.5 The life expectancy of patients with DMD has
increased owing to advances in better cardiac and respiratory
care.6,7 However, it is now seen that over 90% of patients with
DMD die of heart failure in their late 20s to early 30s.8 Thus, there
is an urgent need to develop new therapeutic strategies to prevent
heart failure in patients with DMD.
40 Molecular Therapy: Methods & Clinical Development Vol. 28 March
This is an open access article under the CC BY-NC-ND license (http:
The DMD gene consists of 79 exons with mutations (such as
nonsense, missense, deletion, duplication) spread throughout the
entire gene.9 The large deletion mutations (>1 exon) are the most
common type in dystrophinopathy,10 accounting for 68% of all
DMD cases.10 There are two hot spots ranging from exons 2 to 20
and exons 45 to 55. Exon-skipping therapy via antisense oligonucle-
otides (AONs), as exemplified by recent FDA approvals golodirsen
(exon 53 skipping) and eteplirsen (exon 51 skipping),11 has been
developed to restore the disrupted reading frame of DMD, resulting
in the production of partially functional dystrophin proteins.12–20 It
is estimated that �80% of deletions (�55% of total mutations) could
potentially be treated by exon-skipping therapy.10 Although effective,
the AON-based exon-skipping therapy requires repeated treatments.
It is thus highly desirable to develop new therapeutic approaches to
institute permanent exon skipping. Previous studies from our lab
and others21–36 have established the principle of concept for a gene-
editing-based therapeutic approach for DMD. However, mounting
evidence showed that CRISPR gene editing may cause unwanted large
deletions, DNA rearrangement, and even chromosome loss because it
relies on the creation of the dangerous double-strand DNA breaks
(DSBs).37–39

New genome editing technologies are continuously emerging. Base
editors (BEs), including cytosine BEs (CBEs) and adenine BEs
(ABEs), can catalyze base conversion in genomic DNA without mak-
ing DSBs.40–42 We recently showed that ABE can efficiently correct a
nonsense point mutation in a mouse model of DMD.43 Although
promising, correcting individual mutations for DMD is impractical.
BEs can be directed to the canonical splice sites of exon/intron junc-
tions to mutate the highly conserved splice acceptor (AG) or donor
(GT), thereby triggering exon skipping.44–46 Therefore, BEs can be
developed as promising therapeutics to cure DMD.47
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Recent advances in generating human induced pluripotent stem cells
(hiPSCs) offer a convenient platform to study disease mechanisms
and develop novel therapeutics.47–50 Protocols for efficient differen-
tiation of hiPSCs toward cardiomyocytes using defined, serum-free
culture medium combined with small molecules have been devel-
oped,49,51–53 which can be further assembled to form 3D beating struc-
tures. These engineered human heart tissues (EHHTs) resemble the
biological characteristics and functions of adult human organs more
accurately than regular 2D cultures.54,55 In this study, we generated
an isogenic DMD hiPSC line with exons 48–54 deleted (DE48–54) us-
ing CRISPR-Cas9 and demonstrated the restoration of dystrophin
expression by ABE-mediated skipping of exon 55 in cardiomyocytes
(CMs) and EHHTs derived from DE48–54 hiPSCs. Moreover, we de-
signed guide RNAs (gRNAs) targeting additional exons within the
mutational hotspots and demonstrated their efficiency to induce corre-
sponding exon skipping in wild-type (WT) hiPSC-derived CMs
(iCMs). This study highlights the great promise of ABE-mediated
exon skipping as a promising therapeutic approach for DMD
cardiomyopathy.

RESULTS
Generation of DMD hiPSC line with exon deletions using

CRISPR-Cas9

To generate a human cell model of DMD, we explored the feasibility to
generate DMD hiPSC lines using CRISPR gene editing. We designed a
pair of gRNAs targeting introns 47 and 54 to delete a large genomic re-
gion spanning exons 48–54, as commonly seen in human patients with
DMD (Figure 1A). The DMDi47gRNA_Cas9, DMDi54gRNA_Cas9,
and GFP plasmids were co-transfected into a control hiPSC line (desig-
nated as WT) by electroporation and sorted into GFP+ single-cell
clones (Figure 1B). The expanded single-cell clones were genotyped
by genomic DNA PCR analysis. As shown in Figure 1C (right), an am-
pliconwith an expected size of the targeted deletionwas detected in one
of the two individual clones (clone 1). Sanger sequencing confirmed
that this amplicon carried the precise ligation of the two gRNA cleavage
sites (Figure 1D). Although hiPSCs were derived from a female, the
absence of an amplified band in clone 1 withWT oliognucleotides (oli-
gos) (Figure 1C, left) and clean Sanger sequencing trace in Figure 1D
indicated that this cell clone is likely homozygous for the deletion.

To examine if the CRISPR gene editing and single-cell cloning process
affected the stemness of the hiPSCs, we performed immunofluores-
cence staining with antibodies against OCT4 and NANOG. Both
WT and DE48–54 hiPSCs showed strong OCT4/NANOG staining
(Figure 1E). We also performed the trilineage differentiation assay56

to assess their differentiation potential. The expression of the ecto-
dermmarker PAX6, the endodermmarker SOX17, and themesoderm
marker CXCR4 were all significantly increased upon the directed dif-
ferentiation (Figures S1A–S1C). There were no significant differences
in the expression of PAX6 or CXCR4 between WT and DE48–54
hiPSC groups (Figures S1A and S1C), while the expression of
SOX17 was significantly lower in DE48–54 hiPSCs (Figure S1B), sug-
gesting that the editing/selection processes may have some effect on
endoderm differentiation.
Molecul
Rescue of dystrophin expression in DE48–54 hiPSC-derived

CMs by base-editing-induced exon skipping

Due to the disruption of the reading frame following deletion of exons
48 through 54, it is expected that dystrophin expression would be dis-
rupted in CMs derived fromDE48–54 hiPSCs, while skipping exon 55
would restore the dystrophin reading frame (Figure 2A). We hypoth-
esized that ABE-induced mutation of the canonical splice acceptor of
intron 54 fromAG to GGwould lead to exon 55 skipping. To test this,
we designed a gRNA targeting the intron 54 and exon 55 junction
with the nucleotide A of the splice acceptor located at position 5 of
the spacer (Figure 2A). The gRNA and ABE8eV106W-SpCas9,57

which was engineered to have increased on-target editing activity
and reduced off-target RNA and DNA editing activity, were co-trans-
fected intoDE48–54 hiPSCs by electroporation. The editing efficiency
in the pool population was 35.9% ± 5.7% as measured by BEAT58

analysis of Sanger sequencing data (Figures 2B and 2C).

The parental and DE48–54 hiPSCs transfected with or without
gRNA/ABE8eV106W-SpCas9 were differentiated to beating CMs
(Videos S1, S2, and S3). As expected, RT-PCR analysis showed that
the dystrophin transcript amplicon in CMs derived from DE48–54
hiPSCs was smaller compared with the parental iCMs (Figure 2D)
due to the deletion of exons 48 through 54. Sanger sequencing
confirmed that the amplicon from DE48–54-derived CMs was the
product spliced from exon 47 to 55, while the smaller product from
the base-edited DE48–54-derived CMs was due to exon 55 skipping
(Figure 2E). We further sorted the gRNA/ABE8eV106W-SpCas9-
P2A-EGFP transfected DE48–54 hiPSCs into single-cell clones.
Upon differentiation into CMs, three out of the four single-cell clones
(clones 2, 3, and 4) showed exon 55-skipped RT-PCR products
(Figures S2 and 2D). Clone 4 was used for further studies.

Western blotting analysis showed that dystrophin was expressed in
WT but not DE48–54 iCMs (Figure 3A). Dystrophin expression
was rescued in the DE48–54 iCMs after gRNA/ABE8e-SpCas9NG
transfection (Figures 3A and 3B) and in the CMs derived from clone
4 (Figure 3C), in which dystrophin was expressed at 42.5% ± 11% of
the WT level (Figures 3A and 3B).

The iCMs were used to manufacture the EHHTs following the previ-
ously established protocol.50,53 Immunofluorescence staining of
EHHTs derived from the hiPSCs showed extensive cardiac troponin
T-positive CMs in all constructs (Figure S3). Dystrophin was readily
detectable in theWT and clone 4-derived EHHTs but not inDE48–54
EHHTs (Figure S3).

The off-target activities are one of the major concerns with gene edit-
ing therapy.59 ABE can tolerate mismatches between the gRNA and
its target sites, especially 1–2 mismatches at positions distal to the
PAM.60 We used Cas-OFFinder61 to predict potential off-target sites,
which showed that one site on chromosome 17 (Chr17_OT) has two
mismatches and 20 sites have three mismatches (Figure 4A). We
tested the Chr17_OT and 3 sites (Chr2_OT, Chr8_OT, Chr18_OT)
with three mismatches (Figure 4B). As shown in Figure 4C, we did
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Figure 1. Establishment of DMD hiPSC line

(A) Schematic showing the targeting strategy to generate DMD hiPSCs with exon 48–54 deletion. Blue arrows indicate the location of WT oligos (i47-F and i47-R), and the red

arrow shows the reverse KO oligo (i54R). The KO PCR uses the same forward oligo as for the WT PCR. (B) The transfection and screening process. (C) Genomic DNA PCR

screening of two hiPSC clones with a pair of WT and KO oligos, respectively. (D) Sanger sequencing of the PCR product with the KO oligo pair. (E) Immunofluorescence

staining of hiPSCs with DAPI and antibodies against OCT4 (green) and NANOG (red). Scale bar: 200 mm.
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Figure 2. ABE-induced exon 55 skipping in DE48–54 iCMs

(A) Schematic showing the targeting strategy to induce exon 55 skipping by ABE. (B) Sanger sequencing of genomic DNA of ABE-gRNA electroporatedDE48–54 hiPSCs. (C)

Editing efficiency of ABE-gRNA electroporated DE48–54 hiPSCs. (D) RT-PCR analysis the dystrophin transcript amplicons in WT and DE48–54 iCMs with or without base

editing. (E) Sanger sequencing of the RT-PCR dystrophin transcript amplicon in DE48–54 iCMs with or without base editing.
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not observe significant editing at Chr8_OT, Chr17_OT, and Chr18_
OT, but we observed 24.5% ± 0.9% editing at Chr2_OT, which is
located at the donor splice site of COBLL1 exon 1. In addition, it
has been shown that ABE8e induces high bystander off-target edit-
ing.43,47 There was only one A (at position 5) from position 1 through
10 along the spacer sequence of the exon 55 gRNA (Figure 4B), pre-
venting us from assessing the bystander activity at the optimal editing
window. The bystander editing at A11, A15, and A19 was not signif-
icant (Figure 4D).

Base-editing-induced skipping of additional exons within the

mutational hotspots

After demonstration of efficient ABE-mediated skipping of exon 55 in
DE48–54 iCMs, we further tested the feasibility of ABE-mediated
exon-skipping strategy to target other exons of DMD that potentially
allow skipping of the common mutant or out-of-frame exons within
the mutational hotspots. We designed gRNAs targeting exons 6, 7, 8,
43, 44, 46, and 53 (Table 1). The gRNAs and ABE8eV106W-SpCas9
(targeting NGG PAM sites)57 or ABE8eV106W-SpG (targeting NG
PAM sites)62 were co-transfected into hiPSCs by electroporation.
The editing efficiency in each group was measured by BEAT58 anal-
Molecul
ysis of the Sanger sequencing data. The gRNAs targeting 44 and 53
showed a low editing efficiency (<5%), and the gRNA targeting
exon 46 showed an efficiency of 17.1% ± 1% (Figure S4A), resulting
in little to no detectable skipping of the corresponding exons (Fig-
ure S4B). In contrast, the gRNAs targeting exons 6, 7, 8, and 43
showed an efficiency above 25% (Figure 5A), leading to efficient skip-
ping of the corresponding exons as detected by RT-PCR analysis (Fig-
ure 5B). Sanger sequencing confirmed that the smaller amplicons
from the exon 6-, 7-, and 43-targeting gRNA transfected hiPSC-
derived iCMs were the corresponding exon-skipping products
(Figures 5C–5E). Interestingly, the gRNA targeting exon 8 triggered
the skipping of both exons 8 and 9 (Figure 5F). Finally, the bystander
off-target editing activities were detected for many of these gRNAs, as
expected (Figure S5).

DISCUSSION
We recently demonstrated that ABE reversed a nonsense mutation
with high efficiency in the heart of a mouse model of DMD. In this
study, we reported the generation of a DMD hiPSC line with deletion
of exons 48–54 using CRISPR-Cas9 and their differentiation into
beating CMs to model DMD cardiomyopathy. We demonstrated
ar Therapy: Methods & Clinical Development Vol. 28 March 2023 43
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Figure 3. Rescue of dystrophin expression inDE48–54

iCMs by ABE-induced exon skipping

(A) Representative western blot showing the dystrophin

expression in WT iCMs and DE48–54 iCMs with or without

ABE-gRNA transfection. GAPDH was used as a loading

control. (B) Densitometry quantification of the western blot

data. *p < 0.05. (C) Immunofluorescence staining of iCMs

derived from WT, DE48–54 hiPSCs, and clone 4 with

antibodies against cardiac troponin T (cTnT) and

dystrophin. Scale bars: 50 mm.
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the restoration of dystrophin expression by ABE-mediated skipping
of exon 55 in iCMs derived from DE48–54. Furthermore, we showed
that the ABE-mediated exon-skipping strategy can be applied to skip
other exons of DMD within the mutational hotspots, such as exons 6,
7, 8, and 43. Consistent with previous reports,44,45,47 our study high-
lights ABE as a promising therapeutic platform to induce therapeutic
exon skipping while avoiding the introduction of deleterious DSBs in
genomic DNA.

Exon skipping has been achieved by ASOs,63,64 CRISPR-Cas9,21–36 and
BEs.44,45,47,65 Despite recent FDA approvals of several ASOs for DMD,
the requirement of repeated administrations represents a major disad-
vantage of ASO therapy. In animal models, several groups including us
showed that CRISPR-Cas9-mediated exon deletion can be efficient to
restore dystrophin reading frame.21–36 However, this CRISPR-Cas9-
deletion approach is associated with a p53-dependent DNA damage
44 Molecular Therapy: Methods & Clinical Development Vol. 28 March 2023
response due to the creation of DSBs.66,67 More-
over, the Cas9 nucleases can potentially lead to
large genomic DNA deletions and chromosome
rearrangements, as well as increased AAV integra-
tion at the Cas9 cleavage sites.37–39 In contrast,
base editing installs permanent corrections with
high efficiencies, particularly in the heart,43,68

without creating excessive DSBs, thus largely cur-
tailing the genotoxicity of Cas9 nucleases.
Compared with CBEs, ABEs offer additional ad-
vantages. First, the targeting fidelity of ABEs ap-
pears to be higher than CBEs.65 Second, all current
CBEs need the fusion of a monomeric or tandem
dimeric Uracil glycosylase inhibitor (UGI) in addi-
tion to the cytosine deaminase domain, while UGI
is not required for ABEs. This additional UGI
domain does not only increase the size of the
CBE coding sequences but also inhibits the normal
function of uracil-DNA glycosylases essential for
the base-excision repair pathway. The impact of
long-term UGI expression from the adeno-associ-
ated virus (AAV)-delivered CBEs has not been
fully explored.

Recently, Chemello et al. published an elegant
study showing a similar ABE-mediated exon-
skipping strategy to restore dystrophin expression in a mouse
model and hiPSC-derived CMs.47 The editing efficiency to mutate
the splice donor site of exon 50 with ABEmax-SpCas9 was about
38% in HEK293T cells without sorting, which is comparable to
what we observed for exon 55 splice acceptor editing in the pool
population of hiPSCs after electroporation (35.9% ± 5.7%). In
fluorescence-enriched, male-derived hiPSCs, the authors reported
an 87.7% ± 4.1% editing efficiency, which led to a high level of
dystrophin protein restoration. However, as there was no descrip-
tion about the editing efficiency in the pool population of hiPSCs
without sorting and enrichment in that study, we could not make a
direct comparison with ours. Moreover, there was no quantifica-
tion of the dystrophin protein rescue in exon 51-corrected cells
by western blot. It would be interesting in the future to compare
the protein rescue levels following ABE-mediated skipping of
different exons, which may shed light on the contributions of



Figure 4. Off-target studies of DE48–54 iCMs with

ABE-gRNA transfection

(A) Predicted off-target sites with a different number of

mismatches from the exon 55-skipping gRNA. (B) The

sequences of 4 most similar off-target sites located on

chromosomes 2, 8, 17, and 18, respectively. The

numbers indicate the positions of the adenines. The

targeted A5 is labeled green, and mismatches are labeled

red. (C) Quantification of Sanger sequencing reads of the

genomic DNA PCR amplicons at the on- and off-target

sites. **p < 0.01, ****p < 0.0001. (D) Quantification of the

bystander editing at the on-target site.
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different exon deletions to the truncated dystrophin protein
stability.

In the present study, Western blot analysis showed that dystrophin
was restored to only about 40% of WT levels in clone 4, which carries
a 100% exon 55 skipped allele, while our previous in vivo studies with
AAV9-delivered ABEs in mdx4cv mice showed an efficiency higher
than 85% (at transcript level) with 95% dystrophin-positive CMs.43

Several reasons may explain why dystrophin was expressed at below
WT level in iCMs. First, the truncated dystrophin protein may be less
stable compared with the full-length WT dystrophin. Second, even in
a pure single colony where all bases are edited, it is possible that alter-
native splicing may still occur with downstream cryptic splicing ac-
ceptor(s) in intron 55 to produce large intron retention products,
for which RT-PCR may not detect due to the large size or
nonsense-mediated decay. Third, the differentiation and maturation
status of iPSCs varied among different clones and different experi-
ments.69 Finally, the electroporation and single-cell colony screening
process may further have detrimental effects on their differentiation/
maturation status, thus reducing the expression of cardiac-related
genes. Nevertheless, 40% dystrophin rescue should still have clinical
benefits, as previous research showed that 10%–20% of dystrophin
was functionally protective.70,71

Although animal models are valuable for proof-of-principle studies,
gene editing therapeutics are highly sequence and context dependent,
thus requiring suitable human models for preclinical development.
The advancements in hiPSC reprogramming, differentiation, and
3Dmicro-tissue manufacturing offer an unprecedented research plat-
form for disease pathogenesis and therapeutic development studies
that are directly relevant to a human genomic context. We generated
a DMD-hiPSC line with a large deletion from exons 48 to 54 using
CRISPR-Cas9 gene editing and their differentiation to beating CMs.
This platform would greatly facilitate the preclinical development
of gene editing therapeutics for human diseases. In addition, the
gene-corrected hiPSCs and their derived myocytes could provide a
renewable resource of cells for transplantation therapy if break-
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throughs were made to improve the in vivo graft-
ing, differentiation, and maturation efficiency in
the future. Compared with the in vivo gene edit-
ing therapy via viral (AAV) or non-viral (such
as lipid nanoparticles) delivery approaches, cell transplantation ther-
apy has the advantage of potentially avoiding the genotoxicity associ-
ated with the delivery vehicles and gene editing reagents. Off-target
editing could be minimized and/or eliminated before transplantation.
Indeed, transplantation of hiPSC-derived CMs has shown great
promise in regenerating injured heart tissues in vivo.72–75 The en-
grafted hiPSC-derived CMs can make physiological connections
with the host CMs and promote recovery of host myocardium. How-
ever, low grafting efficiency, potential tumorigenicity, immune rejec-
tion, and graft-associated arrhythmia are major concerns about this
therapeutic strategy75 and warrant intensive future investigations.

MATERIALS AND METHODS
Plasmid construction

The ABE plasmids including ABE8e(TadA-8eV106W)-nSpCas9
(Addgene #138495),57 pCMV-T7-ABEmax_7.10-SpG-P2A-EGFP_R
TW4562 (Addgene #140002),62 and pCMV-ABEmax (Addgene
#112095)76 were obtained from Addgene (Watertown, MA, USA).
pLKO-puro-E2A-GFP plasmid was described previously.77 ABE8eV1
06W-SpG-P2A-EGFP was constructed by PCR of the ABE8eV106W
from ABE8e(TadA-8eV106W)-nSpCas9 and inserted into the NotI/
BglII of pCMV-T7-ABEmax_7.10-SpG-P2A-EGFP_RTW4562. ABE
8eV106W-nSpCas9-P2A-EGFP was constructed by amplifying the
nSpCas9 from ABE8e(TadA-8eV106W)-nSpCas9 and inserted into
PspOMI/EcoRI of ABE8eV106W-SpG-P2A-EGFP. The gRNAs were
designed to target the human DMD gene. The annealed gRNA oligos
were cloned into pLenti-OgRNA-Zeo43 or pLKO-ogRNA-puro2A-
hCas9 plasmids.77 All oligos for gRNAs and PCR are listed in
Table S1. All plasmids are listed in Table S2.

Cell culture

Human iPSCs were purchased from Thermo Fisher Scientific (cat.
#A18945, Waltham,MA, USA). They were grown onMatrigel (Corn-
ing #356231, NY, USA) coated 6-well plates andmaintained in Essen-
tial 8 Flex Medium (Gibco, Thermo Fisher Scientific) at 37�C with
95% air and 5% CO2. Cells were passaged at 70%–80% confluence us-
ing TrypLE Express Enzyme (Gibco).
& Clinical Development Vol. 28 March 2023 45
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Table 1. Guide RNA targets of the splice site for exon skipping

Exon SD/SA Sequence PAM ABE used

6 SD ttcttacCTATGACTATGGA TGA ABE106W-SpG

7 SD accaacCTTCAGGATCGAGT AGT ABE106W-SpG

8 SD actttacCTGTTGAGAATAG TGC ABE106W-SpG

43 SD tacctacCCTTGTCGGTCCT TGT ABE106W-SpG

44 SA tgcagGCGATTTGACAGATC TGT ABE106W-SpG

46 SA ctccagGCTAGAAGAACAAA AGA ABE106W-SpG

53 SA tattctagTTGAAAGAATTC AGA ABE106W-SpG

55 SA ttgcagGGTGAGTGAGCGAG AGG ABE106W-SpCas9

Molecular Therapy: Methods & Clinical Development
Human cardiac ventricular fibroblasts (HCVFBs) were purchased
from Lonza (#CC-2904, Bend, OR, USA) and cultured in FGM-2 me-
dium (CC-3132, Lonza). Human adipose-derived stem cells
(hADSCs) were purchased from Lonza (#PT5006) and cultured in
low-glucose Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin-strepto-
mycin, 1% glutamine, and 1% antimycin (Gibco). Human umbilical
vein endothelial cells (HUVECs) were purchased from Lonza (cat.
#C2519A) and cultured in EGM-3 medium (Lonza). HCVFBs,
hADSCs, and HUVECs were used at passages of 3–5 after purchasing
for cardiac organoid fabrication.

Electroporation and selection of hiPSCs

hiPSCs were dissociated into single cells using TrypLE Express
Enzyme. To generate DE48–54 cell line, 1 � 106 hiPSCs were mixed
with 5 mg gRNA-hCas9 plasmid and 0.5 mg GFP plasmid. For the base
editing studies, 1 � 106 cells were mixed with 2.5 mg ABE, 2.5 mg
gRNA, and 0.5 mg GFP plasmid. The cell-plasmid mixtures were elec-
troporated using the Neon transfection system (Thermo Fisher Scien-
tific) with the conditions of 1,200 V, 30 ms, and 1 pulse. The day
following transfection, cells were treated with 1 mg/mL puromycin
in Essential 8 medium for 24 h to enrich transfected cells. The cells
were cultured for 3 more days in Essential 8 medium then either
differentiated into CMs or sorted into individual 96-well plate to
generate single-cell clones using Aria III at the Analytical Cytometry
Shared Resource of the Ohio State University Comprehensive Cancer
Center. After 10 to 14 days, individual colonies were passaged and
screened by PCR analysis.

CM differentiation of hiPSCs

hiPSCs were differentiated into CMs as described by Zhao et al.49

Briefly, cells were trypsinized with TrypLE Express Enzyme and
plated as single cells on Matrigel-coated 6-well plates in Essential 8
Medium. When the cells reached 70%–80% confluency, they were
cultured in RPMI 1640 medium supplemented with B-27minus insu-
lin (Gibco) and 8 mMCHIR-99021 (Selleckchem, Houston, TX, USA)
(days 1–2). After 2 days, the medium was changed to RPMI 1640 me-
dium supplemented with B-27 minus insulin for 1 day (day 3), fol-
lowed by RPMI 1640 medium supplemented with B-27 minus insulin
and 5 mM IWR-1 (Sigma, St. Louis, MO, USA) for 2 days (days 4–5).
46 Molecular Therapy: Methods & Clinical Development Vol. 28 March
The medium was replaced with RPMI 1640 medium supplemented
with B-27minus insulin for another 2 days (days 6–7) and substituted
with cardiac proliferationmedium, which is RPMI 1640medium sup-
plemented with B-27 (Gibco), for 2 days (days 8–9). Then, the differ-
entiated cells were selected with the media RPMI 1640 without
glucose (Gibco) supplemented with B-27 for 4 days (days 10–13)
and then cardiac proliferation medium thereafter. CMs were used
for experiments between days 20 and 30.

EHHTs

Human iPSC-CMs, HCVFBs, hADSCs, and HUVECs were con-
structed into EHHTs as adapted from Richards et al.50 Briefly, agarose
hydrogel molds were generated from the MicroTissues 3D Petri Dish
(Z764051, Sigma) according to the manufacturer’s protocol and
transferred to 24-well plates. Cell suspensions with 50% hiPSC-
CMs and 50% non-myocyte (including FBs, HUVECs, and hADSCs
at a 4:2:1 ratio) were prepared in culture medium (F12/DMEM with
10% FBS, 1% glutamine, and 1% non-essential amino acids) (Gibco)
at a final concentration of 2� 106 cells/mL, and then 75 mL of the cell
suspension was pipetted into each agarose mold and incubated at
37�C for 15 min to let the cells settle into the recesses of the mold.
One mL culture medium was then added to submerge the molds
and exchanged every 2 days for a total of 10 days.

PCR and Sanger sequencing

Genomic DNA or total RNA was extracted from hiPSCs or iCMs.
PCR reactions were carried out with 100 ng genomic DNA or
cDNA in the GoTaq Master Mix (Promega) according to the manu-
facturer’s instruction. PCR conditions were 5 min at 95�C, followed
by 32 cycles of 30 s at 95�C, 30 s at 60�C, and 30 s at 72�C. The
PCR products were run on a 1% or 3% agarose gel and purified using
the Wizard SV Gel and PCR Clean-up System (Promega). Purified
PCR products (100 ng) were subjected to Sanger sequencing at the
Genomics Shared Resource of the Ohio State University Comprehen-
sive Cancer Center and analyzed by BEAT program.58

Trilineage differentiation assay

WT and DE48–54 hiPSC lines underwent in-vitro-directed differen-
tiation using the STEMdiff Trilineage Differentiation Kit (StemCell
Technologies, cat. #05230) according to manufacturer’s instruction.
Briefly, hiPSCs were seeded onto 12-well plates coated with Matigel
at 400,000 cells/well for both the ectoderm and endoderm differenti-
ation and 100,000 cells/well for the mesoderm differentiation and
treated with the appropriate differentiationmedia. Differentiated cells
were then collected for RNA isolation for quantitative real-time
RT-PCR.

Quantitative real-time RT-PCR

RNA was isolated using Quick-RNAMiniPrep Kit (ZYMO Research,
Irvine, CA, USA). 100 ng RNA was used as template for first-strand
cDNA synthesis using RevertAid RT Reverse Transcription Kit
(Life Technologies, Carlsbad, CA, USA) according to manufacturer’s
instruction. Real-time PCR was performed using PowerUp SYBR
Green Master Mix (Applied Biosystems, Thermo Fisher Scientific)
2023



Figure 5. Exon 6, 7, 8, and 43 skipping induced by ABE

(A) BEAT quantification of the editing efficiency at splice donor sites in iCMs transfected with ABE and the corresponding targeting gRNAs. (B) RT-PCR analysis of the

dystrophin transcript amplicons in iCMs transfected with or without ABE and the corresponding targeting gRNAs. (C–F) Sanger sequencing of theWT and smaller dystrophin

transcript amplicons shown in (B).
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in CFX384 Real-time PCR Detection Systems (Bio-Rad, Hercules,
CA, USA). Samples were normalized for expression of GAPDH and
analyzed by the 2�DDCt method.

Western blot analysis

Cells in each group were lysed with cold radioimmunoprecipitation
assay (RIPA) buffer supplemented with protease inhibitors, and ex-
tracted protein samples were separated by SDS-PAGE (Bio-Rad,
4%–15%) and transferred onto Nitrocellulose membranes
(0.45 mm). The mouse monoclonal anti-dystrophin (MANDRA1,
cat. #MA1-26837 1:1,000, Invitrogen, Carlsbad, CA, USA) and rabbit
monoclonal anti-Gapdh (2118 S, 14C10, 1:2,000, Cell Signaling
Technology, Danvers, MA, USA) antibodies were used for immuno-
Molecul
blotting analysis. Horseradish peroxide (HRP)-conjugated goat anti-
mouse (7076 S, 1:2,000) and goat anti-rabbit (7074 S, 1:2,000) sec-
ondary antibodies were obtained from Cell Signaling Technology.
The membranes were developed using enhanced chemiluminescence
(ECL) western blotting substrate (Pierce Biotechnology, Rockford, IL,
USA) and scanned by ChemiDoc XRS+ system (Bio-Rad). Western
blots were quantified using Image Lab 6.0.1 software (Bio-Rad) ac-
cording to the manufacturer’s instruction.

Immunofluorescence analysis

EHHTs with mold were embedded in optimal cutting temperature
(OCT) compound (Sakura Finetek, Alphen aan den Rijn, the
Netherlands), snap frozen in cold isopentane, and stored at �80�C.
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Frozen cryosections (7 mm), hiPSCs, or iCMs on glass coverslips were
fixed with 4% paraformaldehyde for 10 min at room temperature. Af-
ter washing with phosphate-buffered saline (PBS), the slides and glass
coverslips were blocked with 4% BSA with 0.15% Triton X-100 at
room temperature for 1 h. The slides and glass coverslips were incu-
bated with primary antibodies including dystrophin (MANDRA1,
1:200), cardiac troponin T (cTnT; ab209813, 1:200, Abcam), OCT4
(PA5-27438, 1:300, Invitrogen), or NANOG (PA1-097, 1:200, Invi-
trogen) at 4�C overnight. After that, the slides and glass coverslips
were warmed up at room temperature for 30 min, washed with PBS
and incubated with secondary antibodies Alexa Fluor 555 goat anti-
mouse IgG (1:400, Invitrogen) or Alexa Fluor 488 donkey anti-rabbit
IgG (1:400, Invitrogen) for 1 h at room temperature. The slides and
glass coverslips were sealed with VECTASHIELD Antifade Mounting
Medium with DAPI (Vector Laboratory, Burlingame, CA, USA). All
images were taken under a Nikon Ti-E fluorescence microscope
(magnification 200�).
Statistics

The data are expressed as the mean ± SEM. Statistical significance was
determined using Student’s t test for two groups or one-way ANOVA
analysis followed by Bonferroni post hoc tests for multiple groups us-
ing GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA). A p
value <0.05 was considered significant.
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