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Precise correction of Duchenne muscular dystrophy 
exon deletion mutations by base and prime editing
F. Chemello1,2,3†, A. C. Chai1,2,3†, H. Li1,2,3†, C. Rodriguez-Caycedo1,2,3, E. Sanchez-Ortiz1,2,3, 
A. Atmanli1,2,3, A. A. Mireault1,2,3, N. Liu1,2,3, R. Bassel-Duby1,2,3, E. N. Olson1,2,3*

Duchenne muscular dystrophy (DMD) is a fatal muscle disease caused by the lack of dystrophin, which maintains 
muscle membrane integrity. We used an adenine base editor (ABE) to modify splice donor sites of the dystrophin 
gene, causing skipping of a common DMD deletion mutation of exon 51 (�Ex51) in cardiomyocytes derived from 
human induced pluripotent stem cells, restoring dystrophin expression. Prime editing was also capable of refram-
ing the dystrophin open reading frame in these cardiomyocytes. Intramuscular injection of �Ex51 mice with adeno- 
associated virus serotype-9 encoding ABE components as a split-intein trans-splicing system allowed gene editing 
and disease correction in vivo. Our findings demonstrate the effectiveness of nucleotide editing for the correction 
of diverse DMD mutations with minimal modification of the genome, although improved delivery methods will 
be required before these strategies can be used to sufficiently edit the genome in patients with DMD.

INTRODUCTION
Duchenne muscular dystrophy (DMD) is a fatal X-linked recessive 
disorder of progressive neuromuscular weakness and wasting, caused 
by mutations in the DMD gene that encodes the dystrophin protein 
(1). While there are thousands of documented clinical mutations, 
most DMD-causing mutations occur in a “hotspot” region encom-
passing exons 45 to 55 of the DMD gene that encodes the central 
rod domain of the protein (2). Mutations in the DMD gene most 
commonly involve single- or multi-exon deletions that disrupt the 
open reading frame (ORF) and introduce a premature stop codon 
that results in the production of a nonfunctional truncated dystro-
phin protein and causes a severe muscle degeneration phenotype (3).

Our laboratory and others have demonstrated the use of myoediting, 
defined as the CRISPR-Cas9 genome editing in muscle, to perma-
nently correct DMD mutations. Myoediting restores the production 
of a truncated but functional dystrophin protein in human induced 
pluripotent stem cell (iPSC)–derived cardiomyocytes, mouse models, 
and large animal models with DMD mutations (4–10). These 
myoediting strategies aimed to “reframe” the correct ORF of the 
dystrophin transcript by introducing small insertions and deletions 
(INDELs) via nonhomologous end joining (NHEJ) of double- stranded 
DNA breaks (DSBs) generated by CRISPR-Cas9. Restoration of the ORF 
was also accomplished via exon skipping by using a single- guide RNA 
(sgRNA) that introduces large INDELs by a “single cut” at a splice 
acceptor site (SAS) or splice donor site (SDS) or by using two sgRNAs 
to introduce a “double cut” and remove one or more exons (11).

The engineered CRISPR technologies of base editing and prime 
editing have expanded the toolbox of gene editing strategies to po-
tentially correct genetic mutations by enabling precise edits at indi-
vidual nucleotides (12). In base editing, Cas9 nickase (nCas9) or 
deactivated Cas9 (dCas9) is fused to a deaminase protein, allowing 

precise single–base pair conversions without DSBs within a defined 
editing window in relation to the protospacer adjacent motif (PAM) 
site of an sgRNA (13). There are two major classes of DNA base 
editors: cytosine base editors (CBEs), which convert a C:G base pair 
into a T:A base pair, and adenine base editors (ABEs), which 
convert an A:T base pair into a G:C base pair. Recently, an ABE 
(ABE7.10) was used to introduce a point mutation and a premature 
stop codon (p.Q871X) in exon 20 of the mouse Dmd gene and to 
correct that same point mutation (14,�15). In addition to correcting 
point mutations, base editors can also be used to induce exon skip-
ping by mutating target DNA bases of splice motifs (16). In this re-
gard, a CBE (hAID P182X) was used at various canonical intronic 
motifs to modulate splicing of different genes, including the DMD 
gene in DMD patient–derived iPSCs (17). However, CBEs have 
been reported to introduce Cas-independent off-target editing at 
both the genome and transcriptome levels (18–21).

The prime editing system is composed of a prime editing guide 
RNA (pegRNA) and a nCas9 fused to an engineered reverse tran-
scriptase (22). The pegRNA consists of an sgRNA (from 5� to 3�) 
that anneals to a target site, a scaffold for the nCas9, a reverse tran-
scription template (RT template) containing the desired edit, and a 
primer binding site (PBS) that binds to the nontarget strand. The 
RT template can be programmed to introduce any type of edit, in-
cluding all possible base transitions and transversions, and insertions 
and deletions of nucleotides of any length. The prime editing sys-
tem is further enhanced by including an additional nicking sgRNA 
that increases editing efficiency by favoring DNA repair to replace 
the non-edited strand. Notably, prime editing has not been previ-
ously demonstrated as a gene editing correction strategy for DMD.

In this study, we developed nucleotide gene editing correction 
strategies to restore dystrophin expression in mice and human car-
diomyocytes harboring a deletion of exon 51 (�Ex51) of the DMD 
gene, one of the most common single-exon deletion mutations in 
patients with DMD (23). We demonstrate the use of an optimized 
ABE [ABEmax (24)] packaged into adeno-associated virus 9 
(AAV9) using a split-intein system to restore dystrophin protein 
expression in a �Ex51 DMD mouse model, in which correction 
strategies have not previously been described. We then validate the 
efficacy of ABEmax for exon skipping in the DMD gene locus by 
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targeting SDSs and the efficacy of prime editing for exon reframing 
in human �Ex51 DMD iPSCs. Both of these gene editing tools re-
stored the ORF of the dystrophin transcript and rescued dystrophin 
protein expression. These proposed correction strategies for the 
�Ex51 mutation could theoretically restore the correct ORF in ~8% 
of patients with DMD (25). However, the use of a high viral dose to 
restore in�vivo dystrophin expression precludes safe therapeutic de-
ployment of these strategies without further evaluation of dose ti-
tration or the effects of systemic treatments. Our findings establish 
the proof of concept of two nucleotide editing strategies to correct 
exon deletion mutations in the DMD gene through the most mini-
mal possible genomic modifications, resulting in restoration of dys-
trophin protein expression.

RESULTS
Development of “single-swap” ABE as an in vivo nucleotide 
editing strategy
Previously, we generated and validated a DMD mouse model with 
deletion of exon 51� in the mouse Dmd gene (�Ex51) (26). These 
mice display the hallmarks of DMD, including the absence of dys-
trophin, replacement of degenerative muscle fibers with inflamma-
tory cells and fibrotic and fatty tissue, and an increased percentage 
of centralized nuclei in myofibers, indicative of active myofiber de-
generation and regeneration. Deletion of exon 51�in the Dmd gene 
results in the introduction of a downstream premature stop codon 
in exon 52 and production of a nonfunctional truncated dystrophin 
protein (Fig.�1A, top). The Dmd ORF can be restored by skipping of 
either exon 50 or 52. This allows splicing of exons 49 to 52�in the 
case of exon 50 skipping or splicing of exons 50 to 53�in the case of 
exon 52 skipping (Fig.� 1A, exon skipping). Another correction 
strategy involves “reframing” of exon 50 or 52 by targeted nucleo-
tide base pair insertions or deletions. Accordingly, insertions of 3n + 
2 nucleotides (nt) or deletions of 3n � 1 nt within exon 50 or 52 can 
restore the ORF (Fig.�1A, reframing). However, these INDELs must 

occur at sites in the exon that do not result in introduction of a new 
premature stop codon following the targeted insertions or deletions. 
Both correction strategies can restore the ORF and lead to production 
of a functional but internally truncated dystrophin protein.

To restore dystrophin expression in the �Ex51 mouse model, we 
decided to induce exon skipping by destroying the SAS or SDS of 
exon 50 or 52 by a single-swap base pair transition using base edit-
ing. The canonical SAS consensus sequence is AG, and the canoni-
cal SDS consensus sequence is GT, and the pairing of the SAS and 
SDS defines an exon for recognition by the splicing machinery (27). 
ABEs can disrupt either the SAS or SDS consensus sequences by causing 
a single swap of one of the base pairs in the dinucleotide splicing 
motifs. We reasoned that destruction of either splice site bracketing 
exon 50 or 52 could prevent pairing of the splice sites across that 
exon by the splicing machinery. This would preclude the splicing 
machinery from recognizing that exon, thereby causing skipping of 
that exon and restoring the correct ORF of the Dmd transcript.

For exon skipping in �Ex51 mice, we used the ABEmax ABE, as 
ABEs produce less off-target editing than CBEs (18–21). ABEmax 
can edit the adenine in the sense strand of the SAS AG consensus 
sequence or the adenine in the antisense strand of the SDS GT con-
sensus sequence. We identified candidate sgRNAs around the SAS 
and SDS for both exons 50 and 52 that had PAMs with an NGG 
PAM sequence for editing with ABEmax-SpCas9 or the more relaxed 
NG PAM sequence for editing with the engineered ABEmax-
SpCas9- NG (28). These sgRNAs also positioned the target SAS or 
SDS within the canonical base editing window of ABEmax (approx-
imatively nucleotide positions 12 to 18; counting the PAM nucleotides 
as �2 to 0 for NGG or��1 to 0 for NG).

We tested a total of nine candidate sgRNAs in mouse N2a neuro-
blastoma cells targeting either the SAS or SDS of exon 50 or 52 (fig. 
S1A). We found that mouse exon 50 (mEx50) sgRNA-4 together 
with ABEmax-SpCas9-NG was the most efficient sgRNA overall 
(Fig.�1B and fig. S1B). mEx50 sgRNA-4 induced on-target editing of 
position A14 of 51.0�±�2.3% in the SDS of exon 50, with minor 

Fig. 1. Strategy for in vivo exon skipping mediated by adenine base editing in the �Ex51 mouse model.  (A) Schematic showing exon skipping and exon reframing 
strategies to restore the correct ORF of the Dmd transcript. Shape and color of boxes of Dmd exons indicate reading frame. Deletion of exon 51 (�Ex51) in the Dmd gene 
generates a premature stop codon in exon 52 (red). Restoration of the correct ORF can be obtained by skipping of exon 50 or 52 (gray) or reframing by a precise insertion 
of 3n + 2 nt or deletion of 3n � 1 nt in exon 50 or 52 (green). (B) Illustration of the mEx50 sgRNA-4 binding position in the region of the SDS (green) of mouse Dmd exon 
50. Sequence shows sgRNA (blue) and PAM (red). Adenines in the editable window of ABEmax-SpCas9-NG are numbered, starting from the PAM. (C) Representative 
Sanger sequencing chromatogram of the genomic region of the exon 50 SDS in mouse N2a cells, after transfection with ABEmax-SpCas9-NG and mEx50 sgRNA-4. 
(D) Percentages of DNA editing in mouse N2a cells after transfection with ABEmax-SpCas9-NG and mEx50 sgRNA-4. On-target edit (A14) is colored green. Dots and bars 
represent different transfection experiments and are means ± SEM (n = 3).
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bystander editing at A12 and A18 (Fig.�1,�C�and�D). The other can-
didate sgRNAs showed low editing efficiency at on-target sites (fig. S1B). 
We therefore selected mEx50 sgRNA-4 with ABEmax- SpCas9-NG 
for further in�vivo base editing studies.

AAV packaging of ABE components in a split-intein system 
for in vivo delivery
Current viral-based gene editing therapies use AAVs that have a 
packaging limit of <5 kb, which precludes packaging of the ABEmax- 
SpCas9-NG base editor (~5.8 kb) into a single AAV vector. Recently, 
dual AAVs have been described for the delivery of split base editors 
using trans-splicing inteins, which act as protein introns to enable 
covalent splicing of N- and C-terminal peptides (29). Each half of 
the split base editor when linked to trans-splicing inteins can re-
assemble after translation into a functional base editor that retains 
similar editing efficiencies compared to its nonsplit, full-length 
equivalent.

We adapted the split-intein system by dividing ABEmax-SpCas9-NG 
into two smaller fragments that can each be packaged within separate 

AAV vectors (Fig.�2A). The N-terminal AAV construct consisted of 
the N-terminal half of ABEmax-SpCas9-NG fused to one split DnaE 
intein half from Nostoc punctiforme (Npu) that was expressed under 
the control of the creatine kinase 8 (CK8e) promoter. This promoter 
drives high level expression specifically in skeletal muscle and heart 
(30). The C-terminal AAV construct consisted of the other DnaE intein 
half from Npu fused to the C-terminal half of ABEmax- SpCas9-NG, 
also driven by the CK8e promoter. Each AAV construct also con-
tained a truncated Woodchuck hepatitis virus posttranscriptional 
regulatory element (WPRE3) (31), two codon-optimized nuclear lo-
calization signals each flanking the ABEmax-SpCas9-NG halves, 
and a U6-driven sgRNA in the reverse orientation. We then gener-
ated dual-AAV9 particles encoding each of the terminal halves and 
mEx50 sgRNA-4 (Fig.�2A).

Single-swap ABE in �Ex51 mice by AAV9 delivery restores 
dystrophin production
To validate the efficacy of the single-swap gene editing strategy in 
the �Ex51 mouse model using ABEmax-SpCas9-NG and mEx50 

Fig. 2. Exon skipping by AAV-mediated base editing in the �Ex51 mouse model. (A) Schematic of the dual-AAV9 system for in vivo delivery of ABEmax-SpCas9-NG 
and two copies of mEx50 sgRNA-4. (B) Overview for the in vivo intramuscular (IM) injection of the dual-AAV9 system in the TA muscle of the left leg of P12 �Ex51 mice. 
Right leg was injected with saline as a control. (C) Percentages of DNA editing of the adenines from TA injected with the dual-AAV9 system. On-target adenine (A14) is 
colored green. Dots and bars represent biological replicates and are means ± SEM (n = 3). (D) Alignment of the top eight off-target sites in mouse DNA. The target adenine 
(A14) is colored green. (E) Percentages of DNA editing of A14 in the top eight off-target sites from TA injected with the dual-AAV9 system. Dots and bars represent bio-
logical replicates and are means ± SEM (n = 3). (F) RT-PCR analysis of RNA from the TA of wild-type (WT) and �Ex51 mice injected with the dual-AAV9 system or saline as 
control (Ctrl). (G) Sequence of the RT-PCR product of the lower band confirms splicing of exons 49 to 52.
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sgRNA-4, we performed localized intramuscular injection of the 
dual-AAV9 split-intein system in the left tibialis anterior (TA) muscle 
[5 × 1010 viral genomes (vg) per leg for each virus] of postnatal day 
12 (P12) mice. The right TA muscle was injected with saline solu-
tion as a control. Three weeks after intramuscular injection, TA 
muscles were collected for analyses (Fig.�2B).

Sequencing of genomic DNA in the treated left leg showed an 
efficiency of on-target editing of A14 of 35.0�±�1.5%, with bystander 
editing at A12 of 6.7�±�0.9% and at A18 of 10.7�±�1.2% (Fig.�2C). To 
assess the specificity of base editing, we screened for potential 
off-target editing of the top eight sites predicted by CRISPOR 
(Fig.�2D) (32). Sequence analysis of the candidate off-target ampli-
cons revealed no notable editing at any of the eight tested off- target 
sites (Fig.�2E and fig. S2, A and B).

Sequencing of the RT-PCR (polymerase chain reaction) prod-
ucts generated by primers that amplified the region from exon 48 to 
53 from the injected TA muscle revealed skipping of exon 50�in ma-
ture Dmd mRNA (Fig.�2F, lower band). Skipping of exon 50 allows 
exon 49 to splice to exon 52 and places the downstream Dmd tran-
script back in frame (Fig.�2G). Accordingly, Western blot analysis 
showed restoration of dystrophin protein expression in the AAV- 
injected TA muscle to a level of 54.0�±�1.7% compared to wild-type 
(WT) littermate controls (Fig.�3,�A�and�B). Immunohistochemistry 
showed that dystrophin expression was restored in 96.5�±�0.7% of 
myofibers (Fig.�3C and fig. S3, A and B). Histological analysis by 
hematoxylin and eosin (H&E) staining showed substantial reduc-
tion in fibrosis, necrotic myofibers, and regenerating fibers with a 
reduction in centralized nuclei from 51.5� ±� 2.8 to 5.9� ±� 1.1%, 
demonstrating amelioration of the DMD phenotype (Fig.�3D and 
fig. S4, A to C). Collectively, these data demonstrate that exon skip-
ping mediated by base editing can restore dystrophin expression in 
developing P12 �Ex51 mouse TA muscles following intramuscular 
injection of AAV9 at a dose similar to previously published studies 
(4,�8,�9,�15,�33,�34). The amount of AAV9 used in this study pertains 
specifically to intramuscular injection. As our work represents a 
proof-of-concept study, we do not recommend extrapolating this 
AAV dose to systemic application, as it would correspond to ~1.5 × 
1016 vg/kg and would be an inappropriate amount of virus to ad-
minister systemically.

A single-swap ABE transition induces exon skipping 
and restores dystrophin expression in human 
cardiomyocytes
Correction of the DMD exon 51 deletion mutation by skipping of 
exon 50 or 52 can therapeutically benefit ~8% of patients with DMD 
(25). To test whether the single-swap gene editing strategy that we 
validated in mice was therapeutically translatable to human iPSC- 
derived cardiomyocytes, we first generated exon 51–deleted human 
iPSCs. Starting with an iPSC line generated from a healthy male 
donor, we used CRISPR-Cas9 genomic editing to generate an 
isogenic disease-specific human iPSC line (�Ex51 iPSCs) with a de-
letion of exon 51� in the DMD gene (fig. S5). This isogenic pair 
lessens the possibility of potential intrinsic variations between indi-
vidual iPSC lines that could lead to misinterpretation of disease- 
relevant phenotypes (35,�36).

To evaluate the efficiency of base editing of splice sites within the 
DMD gene by the ABEmax base editor, we screened available sgRNAs 
with NGG PAMs for editing of the SDS or SAS of exon 50 or 52�in 
human 293T cells. We identified one sgRNA for the SDS of human 

exon 50 (hEx50 sgRNA-1), which has high homology to mEx50 
sgRNA-4 used for the previous mouse in�vivo experiments, and two 
sgRNAs for the SAS of human exon 52 (hEx52 sgRNA-2 and sgRNA-3) 
that positioned the SAS or SDS within the editing window of ABEmax 
(Fig.�4,�A�and�B, and fig. S6A).

In human 293T cells, hEx50 sgRNA-1 paired with ABEmax- 
SpCas9 was the most efficient combination of ABE components, 
with on-target editing of the A:T to G:C base pair in the SDS GT 
sequence of 38�±�0.6% (nucleotide position A14) and bystander 
edits of 2.0�±�0.0 and 11�±�0.0% at nucleotide positions A12 and 
A18, respectively (fig. S6B). The other two candidate guides hEx52 
sgRNA-2 and sgRNA-3 paired with ABEmax-SpCas9 were both rel-
atively inefficient at the target A:T base pair (nucleotide position 
A12 editing of 2.3�±�0.6% and nucleotide position A18 editing of 
5.3�±�0.6%, respectively) at the SAS AG sequence (fig. S6B).

Because of its high efficiency in inducing a single nucleotide 
transition at the SDS of exon 50, hEx50 sgRNA-1 was tested for its 
ability to promote exon skipping and restore dystrophin expression 
in human �Ex51 iPSC–derived cardiomyocytes. Editing in �Ex51 
iPSCs with hEx50 sgRNA-1 and ABEmax-SpCas9 generated on-target 
editing at A14 of 87.7�±�4.1%, with bystander editing at A18 of 

Fig. 3. Dystrophin restoration following AAV-mediated base editing in the 
�Ex51 mouse model.  (A) Western blot analysis of dystrophin protein expression 
in TA muscles of WT and �Ex51 mice 3 weeks after intramuscular injection of saline 
as control (Ctrl) or the dual-AAV9 system for the expression of ABEmax-SpCas9-NG 
and mEx50 sgRNA-4. Vinculin is the loading control. (B) Quantification of dystro-
phin expression from Western blots after normalization to vinculin. Dots and bars 
represent biological replicates and are means ± SEM (n = 3). (C) Immunohisto-
chemistry of dystrophin in TA muscles 3 weeks after intramuscular injection of the 
dual-AAV9 system. Indicated is the percentage (means ± SEM) of dystrophin-positive 
myofibers of TA muscles of �Ex51 mice receiving an intramuscular injection of the 
dual-AAV9 system (n = 3). Dystrophin is indicated in green. Scale bar, 100 mm. 
(D) H&E staining of TA muscles from WT, �Ex51, and corrected �Ex51 mice 3 weeks 
after intramuscular injection. Scale bar, 100 mm.
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29.3�±�4.3% and at A12 of 5.0�±�0.0% (Fig.�4,�C�and�D). As the by-
stander edits are located in the intron region or in the to-be-skipped 
exon, they are not predicted to affect the final dystrophin transcript.

Single clones of iPSCs containing a base-edited SDS GT dinucle-
otide sequence to a GC dinucleotide sequence were isolated and 
differentiated into cardiomyocytes. RT-PCR using primers that am-
plify the region from exon 48 to 54 and complementary DNA 
(cDNA) sequencing analysis showed skipping of exon 50 and splic-
ing of exons 49 to 52 (Fig.�4E and fig. S6C).

Western blot analysis and immunocytochemistry showed resto-
ration of dystrophin protein expression in �Ex51 cardiomyocytes 
that had been corrected with hEx50 sgRNA-1 and ABEmax-SpCas9 
(Fig.�4,�F�and�G, and fig. S6D). These findings are consistent with 
previous studies on exon skipping correction strategies around the 
exon 50 to 51 locus in DMD patient–derived iPSC cardiomyocytes 
(7,�37). Together, our data suggest that a single-swap transition gen-
erated by ABEmax at the SDS GT sequence of DMD exon 50 is suf-
ficient to cause skipping of exon 50�in human DMD cells and restore 
dystrophin protein expression.

Prime editing of DMD exons can enable exon reframing 
and restore dystrophin expression in human cardiomyocytes
As we found base editing for exon 52 skipping to be relatively inefficient, 
we developed a prime editing–based reframing strategy for exon 52 
as another potential gene editing correction strategy for the exon 51 
deletion mutation in iPSC-derived cardiomyocytes (Fig.�5A). We 
reasoned that one of the keys to efficient prime editing is the effi-
ciency of the sgRNA in the pegRNA construct. sgRNA efficiency 
prediction software using CRISPOR suggested that hEx52 sgRNA-4 
was likely to be the most efficient sgRNA in exon 52 as calculated by 
scoring from Doench et�al. (38), so we selected this sgRNA for 
further optimization in the pegRNA construct (fig. S7A). As prime 
editing allows discretionary gene insertions and deletions, we arbi-
trarily chose to introduce a�+2-nt AC insertion at position +1 with 
respect to the nicking site generated by hEx52 sgRNA-4 (counting 
the PAM positions as +4 to +6). As hEx52 sgRNA-4 is in the anti-
sense orientation and inserts the AC dinucleotide sequence on the 
antisense strand, the final DMD transcript will contain a GT dinu-
cleotide insertion on the sense strand upon successful prime editing 
(Fig.�5B). Following recommendations for prime editing optimiza-
tion (22), we started with a pegRNA with a PBS length of 13 nt and 
an RT template length of 15 nt (referred to as hEx52-PE) (Fig.�5B). 
We then systematically varied the lengths of the PBS and RT tem-
plate to find the most highly efficient pegRNA. We found that while 
longer lengths of the PBS and RT template correlated with increased 
editing efficiency, the longest lengths performed comparably (fig. 
S7, B and C). To further optimize the editing efficiency, we also 
selected two nicking sgRNAs to pair with hEx52-PE, which cause a 
nick 29 nt upstream (nick-1, �29 nt) or a nick 52 nt downstream on 
the sense strand (nick-2, +52 nt) with respect to the nicking site 
generated by hEx52 sgRNA-4 (Fig.�5B).

We tested the efficiency of hEx52-PE in the �Ex51 iPSC model 
with both nicking sgRNAs. We detected a 20.2% efficiency in in-
troducing a�+2-nt GT insertion on the sense strand at the desired 
position using hEx52-PE and nick-1 and a 54.0% efficiency using 
hEx52-PE and nick-2 (fig. S8A). We then differentiated the total 
mixture of edited and non-edited iPSCs into cardiomyocytes to 
determine the effects of the insertion on dystrophin recovery. The 
relative quantity of dystrophin protein with respect to the healthy 
control iPSC- derived cardiomyocytes was 24.8% after editing 
with hEx52-PE and nick-1 and 39.7% after editing with hEx52-PE 
and nick-2, which correlated with the DNA editing efficiencies 
(fig. S8, B and C).

Single clones of iPSCs with the prime-edited insertion in exon 52 
were isolated and differentiated into cardiomyocytes. RT-PCR and 
cDNA sequencing analyses confirmed the precise GT insertion on 
the sense strand in exon 52 (Fig.�5,�C�and�D). The correct reframing 
of the ORF was confirmed by the restoration of dystrophin protein 

Fig. 4. Base editing–mediated exon skipping restores dystrophin expression 
in human �Ex51 iPSC–derived cardiomyocytes. (A) Gene editing strategy to re-
store the in-frame ORF by exon skipping using base editing. (B) The hEx50 sgRNA-1 
binding position in the region of the SDS of human DMD exon 50 (green). Sequence 
shows sgRNA (blue) and PAM (red). (C) Percentages of DNA editing of adenines in 
the editing window of ABEmax-SpCas9 with hEx50 sgRNA-1 following nucleofection 
in human �Ex51 iPSCs. On-target edit (A14) is colored green. Dots and bars repre-
sent results of different nucleofections and are means ± SEM (n = 3). (D) Representa-
tive Sanger sequencing chromatogram of the genomic region of the exon 50 SDS of 
human iPSCs following nucleofection with ABEmax-SpCas9 and hEx50 sgRNA-1. 
(E) RT-PCR analysis of RNA from single clones of healthy control (Ctrl), �Ex51, and 
corrected �Ex51 iPSC–derived cardiomyocytes after base editing. (F) Western blot 
analysis of dystrophin protein expression of Ctrl, �Ex51, and corrected �Ex51 iPSC–
derived cardiomyocytes. Vinculin is the loading control. (G) Immunocytochemistry 
of dystrophin in Ctrl, �Ex51, and corrected �Ex51 iPSC–derived cardiomyocytes. 
Dystrophin is indicated in red. Cardiac troponin-I (TnI) is indicated in green. Nuclei 
are marked by DAPI (4�,6-diamidino-2-phenylindole) (blue). Scale bar, 50 mm.
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Fig. 5. Prime editing–mediated exon reframing restores dystrophin expression in human �Ex51 iPSC–derived cardiomyocytes.  (A) Gene editing strategy to re-
store the in-frame ORF by exon reframing using prime editing. (B) Illustration of the pegRNA used in the following experiments (red) and the target DNA sequence (blue). 
PAM is indicated in orange and programmed insertion in green. (C) RT-PCR analysis of RNA from single clones of healthy control (Ctrl), �Ex51, and corrected �Ex51 iPSC–
derived cardiomyocytes after prime editing with nick-1 or nick-2. (D) Sanger sequencing chromatograms of the RT-PCR product of RNA from �Ex51 iPSC–derived cardio-
myocytes before and after prime editing. (E) Western blot analysis of dystrophin protein expression of Ctrl, �Ex51, and corrected �Ex51 iPSC–derived cardiomyocytes. 
Vinculin is the loading control. (F) Immunocytochemistry of dystrophin in Ctrl, �Ex51, and corrected �Ex51 iPSC–derived cardiomyocytes. Dystrophin is indicated in red. 
Cardiac troponin-I is indicated in green. Nuclei are marked by DAPI stain in blue. Scale bar, 50 mm. (G) Percentage of arrhythmic calcium traces of Ctrl, �Ex51, and correct-
ed �Ex51 iPSC–derived cardiomyocytes. Dots and bars represent results of different biological replicates (n = 216 cells across three biological replicate experiments) and 
are means ± SEM (n = 3). *P < 0.05 and **P < 0.001 using unpaired two-tailed Student’s t test.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversit degli S

tudi di P
adova on M

arch 06, 2023



Chemello et al., Sci. Adv. 2021; 7 : eabg4910     30 April 2021

S C I E N C E  A D V A N C E S |  R E S E A R C H  A R T I C L E

7 of 12

expression, as demonstrated by Western blot analysis and immuno-
cytochemistry (Fig.�5,�E�and�F).

Prime editing of DMD exons normalizes contractile 
abnormalities of human DMD cardiomyocytes
We next investigated whether genome editing of cardiomyocytes by 
prime editing could rescue a possible arrhythmic defect in �Ex51 
cardiomyocytes. We treated 30-day-old iPSC-derived cardiomyocytes 
with isoproterenol and performed calcium-cycling analyses. We de-
tected an arrhythmic defect in the �Ex51 cardiomyocytes compared 
to the healthy control cardiomyocytes. This observation recapitu-
lates patient phenotypes (39) and human cardiac iPSC models of 
DMD (5,�40), with a significant increase in the percentage of ar-
rhythmic calcium traces from 33.7�±�5.6% of the healthy control car-
diomyocytes to 64.7�±�3.8% of �Ex51 cardiomyocytes (Fig.�5G and 
fig. S8, D and E). Our observation that a fraction of �Ex51 cardio-
myocytes did not exhibit an arrhythmic phenotype could stem from 
the transcriptional, structural, and functional heterogeneity of 
iPSC-derived cardiomyocytes (41,�42), whereby cardiomyocytes from 
different lineages (i.e., nodal, atrial, and ventricular) could display 
variable susceptibilities to arrhythmias. A similar observation was 
reported in other studies investigating the electrophysiological prop-
erties of iPSC-derived cardiomyocytes in the setting of diseases that 
affect cardiac electrophysiology (40,�43,�44). In contrast, prime-edited 
�Ex51 cardiomyocytes exhibited a percentage of arrhythmic calcium 
traces comparable to that of the healthy control cardiomyocytes 
(38.0�±�2.5% after editing with hEx52-PE and nick-1 and 41.7�±�6.6% 
after editing with hEx52-PE and nick-2), confirming alleviation of the 
arrhythmic defect in prime-edited–reframed �Ex51 cardiomyocytes 
(Fig.�5G and fig. S8D). Together, these data demonstrate that prime 
editing can be used to precisely reframe the correct ORF and restore 
functional dystrophin expression in cultured human �Ex51 iPSC car-
diomyocytes when cells are nucleofected and sorted to isolate trans-
fected cells.

DISCUSSION
Our results demonstrate the effectiveness of two different nucleo-
tide genome editing techniques, base editing and prime editing, for 
the correction of one of the most common single-exon mutations in 
patients with DMD deletion of exon 51� in the dystrophin gene 
(23). Our laboratory and others previously demonstrated the efficacy 
of in�vivo gene editing to correct DMD-causing mutations by the 
introduction of INDELs within or surrounding out-of-frame exons 
using CRISPR-Cas9 (4,�6,�8,�9,�34,�45–47). One approach to restore 
the correct ORF in mutated dystrophin transcripts, referred to as 
double-cut myoediting, used CRISPR-Cas9 and a pair of sgRNAs to 
introduce two cuts in the DNA to remove intervening target exons 
for exon skipping. However, double-cut myoediting in its current 
iterations has limitations in its therapeutic applicability because of 
its low editing efficiency and its generation of unpredictable genome 
modifications, such as AAV integration and DNA inversion (34). 
Another genome editing approach, single-cut myoediting, overcomes 
some of these limitations by using CRISPR-Cas9 and one sgRNA to 
introduce one cut in the DNA in the proximity of splice sites to 
cause exon skipping following small deletions or exon reframing 
following insertion or deletion of appropriate numbers of nucleo-
tides within out-of-frame exons (4). However, both double- and 
single-cut myoediting rely on the generation of DSBs in the genome 

and the NHEJ repair pathway to introduce random INDELs at the 
cutting site.

Here, we investigated the use of nucleotide editing, namely base 
editing or prime editing, to induce exon skipping or exon refram-
ing, respectively, to correct the DMD exon 51 deletion mutation. 
These two technologies do not introduce DSBs in the genome and 
offer more precision in the final editing outcome as they do not rely 
on random INDEL generation for gene editing. However, these 
advantages are tempered by the size of these nucleotide editing 
systems, as they both exceed the current packaging size limita-
tion of AAV.

We demonstrated that ABEmax-SpCas9-NG can be delivered 
in�vivo in a mouse model as a split-intein dual-AAV system and 
correct the �Ex51 mutation in postmitotic skeletal muscle. We used 
SpCas9-NG because of its more relaxed NG PAM requirement 
compared to other Cas nucleases with more stringent PAM require-
ments (48). This increases the number of available sgRNAs that are 
positioned to edit SAS or SDS. We selected ABEmax as base editor 
as it is associated with fewer off-target consequences compared to 
CBEs (18–21). We found that intramuscular delivery of the split- 
intein dual-AAV system edits the SDS of exon 50�in muscles of the 
�Ex51 mouse model.

Correction of DMD mutations by base editing of splice sites
The single swap of a nucleotide base pair in the GT SDS consensus 
sequence was sufficient to induce exon skipping and restore pro-
duction of an internally deleted but functional dystrophin protein. 
Deletion of exon 51 eliminates 78 amino acids from the highly re-
dundant central rod domain of dystrophin. Skipping of exon 50 to 
enable splicing of exons 49 to 52 restores the ORF of dystrophin. 
Because exon 50 encodes only 36 amino acids in the central rod 
domain, the corrected form of the dystrophin protein contains 97% 
of the 3685 amino acids of the full-length dystrophin protein and is 
therefore expected to be highly functional. In contrast, “micro-
dystrophins” currently used in DMD gene therapy clinical trials 
contain approximately 30% of the dystrophin protein and are rela-
tively functionally compromised.

One of the potential concerns reported for base editors is off- 
target editing. Our off-target analysis did not detect any notable 
off-target edits in the tested sites. Base editors, such as ABEmax, can 
edit all available base pairs within a defined activity window. These 
bystander edits can potentially be disadvantageous in some gene 
editing applications. For exon skipping, however, bystander edits 
would occur in the intron or in the to-be-skipped exon and thus not 
affect the final dystrophin transcript, which makes it an attractive 
gene editing strategy for correction of DMD mutations.

Adenine base editing as a gene therapy has been previously 
demonstrated in an adult mouse model of DMD harboring a non-
sense point mutation in exon 20. Intramuscular injection of dual 
trans-splicing viral vectors containing the split ABE and one copy 
of sgRNA into the TA muscle of these DMD mice resulted in resto-
ration of dystrophin expression in a modest percentage of myofi-
bers (15). Their findings of lower dystrophin expression could be 
due to differences in the editing efficiency of the sgRNA, the ABE 
system, the age of the injected mice, or the splicing strategy. Their 
study used a trans-splicing dual-AAV strategy, which has been 
shown to have relatively poor transduction efficiency of the pack-
aged transgene compared to single-vector or split-intein AAV sys-
tems, which limits its therapeutic potential (49). This is likely due to 
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the need for trans-splicing AAVs to undergo complex intermolecular 
concatamerization/recombination and subsequent splicing between 
the two vectors to reconstitute gene expression (50). We used a 
split-intein dual-AAV system that reconstitutes the full-length base 
editor by protein trans-splicing and has been previously shown to 
be as efficient as a full-length non–split-intein base editor (29). That 
study also demonstrated correction of a nonsense mutation (p.Q871X) 
for which the human equivalent mutation (p.Q869X) has been clin-
ically documented in only a few patients. Furthermore, nonsense 
mutations make up only 10% of the more than 7000 documented 
DMD-causing mutations and are evenly distributed across all 79 exons 
of the largest human gene. On the other hand, exon deletion muta-
tions cluster in a hotspot region of the DMD gene and account for 
68% of all total mutations with deletion of exon 51 being the second 
most common single-exon deletion mutation. Correction strate-
gies for skipping of exon 50 would benefit not only the single exon 
51 deletion mutation but also some multi-exon deletion mutations 
and could be therapeutically applicable to 4% of all patients with 
DMD (2,�51).

To evaluate the clinical applicability of base editing, we also 
demonstrated that the single-swap strategy restores dystrophin ex-
pression in human iPSCs with deletion of exon 51�in the DMD gene. 
Base editing was originally envisioned to correct disease-causing 
point mutations in the genome; however, its utility in inducing exon 
skipping has become increasingly more intriguing because of its 
more flexible applications as a gene correction strategy (16). In this 
work, we used ABEmax as a base editor for exon skipping; however, 
other groups also have demonstrated the use of a cytidine deaminase 
base editor for exon skipping (17). In the future, the continuous 
optimization of more efficient base editors will further increase the 
efficiency of single-swap–based exon skipping using base editors. 
For exon skipping, the destruction of a splice site can activate new 
cryptic splice sites around that exon. This potential for alternative 
splicing and failure of exon skipping necessitates the need to determine 
or predict splicing outcomes after base editing.

Correction of disease-causing mutations by reframing 
through prime editing
While base editing at the exon 52 SAS for exon skipping was rela-
tively inefficient in our initial screen, we found that prime editing 
generated a desired +2-nt insertion within exon 52 for exon refram-
ing and serves as an additional nucleotide editing strategy. While 
INDEL profiles from CRISPR-induced DSBs may have some 
sequence-dependent predictability in INDEL outcomes (52), the 
INDEL profiles are nonetheless heterogeneous in their outcome 
and are site specific. NHEJ-based INDEL correction thus may 
produce both nonproductive edits and productive edits in restoring 
the ORF. Prime editing has an advantage of specifying the exact 
insertion or deletion outcome for exon reframing, thereby ensur-
ing that all of the edits are productive in restoring the correct 
ORF. Furthermore, in NHEJ-based INDEL correction, a nonpro-
ductive edit prevents the sgRNA from reannealing to the site and 
inducing a productive edit. In prime editing, a nonproductive event 
(i.e., no editing as the edited strand is not successfully incorporated, 
leaving the native sequence intact) leaves the sgRNA target site still 
amenable to reannealing and another attempt at inducing the de-
sired edit.

Our demonstration that prime editing can correct DMD-causing 
mutations opens interesting new possibilities. First, prime editing 

can theoretically be used to correct all possible point mutations 
including base pair transitions and transversions, whereas base edi-
tors are limited only to transitions of A:T to G:C or C:G to T:A. In 
addition, as shown here, the correction of exon deletion mutations 
by precise exon reframing instead of exon skipping allows retention 
of the edited exon, therefore minimizing the number of amino acids 
that are missing from the final dystrophin protein. As prime editing 
necessitates the coordination of multiple pegRNA components for 
editing, such as the spacer sequence, the PBS, and the RT template, 
it is likely that editing events at off-target sites are minimal. However, 
a recent preprint demonstrated that two opposite strand nicks using 
the PE3 system can cause undesired editing outcomes in mouse zygote 
injections (53). These undesired editing outcomes were reduced by 
using an sgRNA that is mutation specific and can nick only after 
successful editing and resolution of the pegRNA nick (PE3b system). 
All of these limitations, together with the large size of the prime 
editing construct that precludes single-vector AAV packaging, have 
to be taken into consideration before moving to in�vivo genome 
editing by prime editing.

Looking to the future
Future studies will need to address several remaining questions con-
cerning nucleotide editing as a therapeutic strategy for DMD. While 
we have shown dystrophin restoration in a mouse model using a 
split-intein dual-AAV system, clinical translation of our work is still 
far, and it would need to be demonstrated in large animal models 
and evaluated for efficacy and safety. The high editing efficiency 
that we detected in�vivo is evidently influenced by the elevated viral 
dose that we used. We injected in the TA (average weight of�~6.5 mg) 
of P12 �Ex51 mouse a 1 × 1011 vg/kg dose, which corresponds to a 
theoretically equivalent systemic dose of ~1.5 × 1016 vg/kg. This is 
much greater than the highest systemic AAV9 dose currently per-
mitted (3 × 1014) by the U.S. Food and Drug Administration. In 
addition, as transduction efficiency in immature myofibers of P12 
mice is likely higher than in mature myofibers, which are surrounded 
by more connective tissue and extracellular matrix, the editing effi-
ciency in older mice should be analyzed in the future.

Long-term studies will need to be performed to determine the 
longevity of rescue, potential consequences of persistent in�vivo ex-
pression of base editors or prime editors, and the potential contri-
bution of muscle satellite cells to gene-edited skeletal muscle following 
muscle repair and regeneration. In this regard, recent work demon-
strated that the AAV9 serotype and CK8e promoter can transduce 
and deliver editing systems to muscle satellite cells and drive ex-
pression of the packaged transgene (54,�55). However, further studies 
to determine the minimal viral dose for satellite cell transduction 
and the most efficient promoters for expression of gene editing 
components need to be performed before clinical translation of 
skeletal muscle gene editing. Questions about possible immunolog-
ical responses to base editors or prime editors have also not been 
addressed.

Nucleotide editing technologies have the potential to eliminate 
disease-causing mutations following a single treatment. Here, we 
demonstrate a unique utilization of these two technologies as a gene 
therapy strategy to induce exon skipping or reframing in an exon 
deletion DMD model. These new editing tools and strategies com-
plement previous genome editing approaches developed for the 
correction of DMD and represent a step toward clinical correction 
of DMD and other genetic neuromuscular disorders.
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MATERIALS AND METHODS
Study design
This study aimed to use nucleotide editing technologies to correct 
the DMD-causing �Ex51 deletion mutation in the DMD gene in 
both a mouse model and a human iPSC model of DMD. This resulted 
in rescue of dystrophin protein expression, improvement of skeletal 
muscle fiber architecture in�vivo, and reduction of arrhythmic car-
diomyocytes in human iPSCs. We tested in�vitro mouse sgRNAs for 
base editing that target SAS or SDS of exon 50 or 52, and we evalu-
ated genome editing efficiencies using Sanger sequencing. We used 
AAV9 to deliver, in�vivo, the sgRNA with the highest efficiency and 
an ABE by intramuscular injection. We evaluated the editing out-
comes using Sanger sequencing, RT-PCR, Western blot analysis, 
immunohistochemistry, and H&E staining. Mice injected with 
saline solution served as a control. As an additional control, one leg 
of the mouse was injected with saline solution and the other leg with 
AAV containing the base editing components. We tested in�vitro 
human sgRNAs for gene correction by base editing or prime edit-
ing. The optimal sgRNAs were nucleofected into iPSCs with the 
�Ex51 mutation. Editing outcomes were evaluated in iPSC-derived 
cardiomyocytes by Sanger sequencing, RT-PCR, Western blot anal-
ysis, immunocytochemistry, and calcium imaging. Each experiment 
was conducted in replicate as indicated by n values in the figure 
legends. Sample size was chosen to use the fewest number of animals 
to achieve statistical significance; no statistical methods were used 
to predetermine sample size. All experimental samples were included 
in the analyses, with no data excluded.

Study approval
All experimental procedures involving animals in this study were 
reviewed and approved by the University of Texas Southwestern 
Medical Center’s Institutional Animal Care and Use Committee.

Plasmids and cloning
The pmCherry_gRNA plasmid contained a U6-driven sgRNA scaf-
fold and a cytomegalovirus (CMV)–driven pmCherry fluorescent 
protein. pmCherry_gRNA was a gift from E. Welker (Addgene 
plasmid #80457). pCMV_ABEmax_P2A_GFP (Addgene plasmid 
#112101) (24), NG-ABEmax (Addgene plasmid #124163) (28), pCMV- 
PE2-P2A-GFP (Addgene plasmid #132776) (22), and pU6-pegRNA- 
GG-acceptor (Addgene plasmid #132777) (22) were gifts from D. Liu. 
The N-terminal ABE and C-terminal ABE constructs were adapted 
from Cbh_v5 AAV-ABE N terminus (Addgene plasmid #137177) (29) 
and Cbh_v5 AAV-ABE C terminus (Addgene plasmid #137178) (29) 
and synthesized by Twist Bioscience and GenScript. The pSpCas9(BB)- 
2A-GFP (PX458) plasmid used for the generation of isogenic �Ex51 
iPSCs was a gift from F. Zhang (Addgene plasmid #48138) (56). 
Cloning of sgRNAs was done using NEBuilder HiFi DNA Assembly 
(NEB) into restriction enzyme–digested destination vectors.

Cell culture and transfection
N2a and 293T cells were maintained in Dulbecco’s modified Eagle’s 
medium supplemented with 10% (v/v) fetal bovine serum. For 
transfection experiments, cells were seeded onto 24-well plates at 
125,000 cells per well. The following day, cells were transfected by 
Lipofectamine 2000 (Thermo Fisher Scientific), according to the 
manufacturer’s instructions. Cells were harvested for downstream 
analyses 3 days later. The sequences of the tested sgRNAs are listed 
in table S1.

Sequencing analysis
Genomic DNA of mouse N2a cells, human 293T cells, and human 
iPSCs was isolated using DirectPCR cell lysis reagent (Viagen) sup-
plemented with proteinase K (1 mg/ml) according to the manufacturer’s 
protocol. Genomic DNA of mouse muscle tissues was isolated using 
the DNeasy Blood and Tissue Kit (Qiagen) according to the manu-
facturer’s protocol. Total RNA of mouse skeletal muscles and hu-
man iPSC-derived cardiomyocytes was isolated using RNeasy Mini 
Kit (Qiagen) according to the manufacturer’s protocol. cDNA was 
reverse-transcribed from total RNA using the iScript cDNA Synthesis 
Kit (Bio-Rad Laboratories). Genomic DNA and cDNA were PCR- 
amplified using PrimeSTAR GXL DNA polymerase (Takara). The 
top eight potential off-target sites were predicted by CRISPOR (32). 
Base editing on-target and off-target efficiencies were analyzed 
from Sanger sequencing by EditR (57). Prime editing efficiency was 
analyzed from Sanger sequencing by TIDE analysis (58). Primers of 
the PCR reactions are listed in table S1.

AAV vector production
AAVs were prepared by the Boston Children’s Hospital Viral Core, 
as previously described (58). AAV vectors were purified by discon-
tinuous iodixanol gradients (Cosmo Bio, AXS-1114542-5) and con-
centrated with a Millipore Amicon filter unit (UFC910008, 100 kDa). 
AAV titers were determined by quantitative real-time PCR assays.

Mice
Mice were housed in a barrier facility with a 12-hour:12-hour light:dark 
cycle and maintained on standard chow (2916 Teklad Global). �Ex51 
mice and WT littermates were genotyped as previously described (26). 
All experiments used only male mice. Animals were assigned to experi-
mental groups by genotype. We did not use exclusion, randomization, 
or blinding approaches to assign animals for experiments. All AAV 
injections and dissections were conducted in an unblinded fashion.

AAV9 delivery to �Ex51 mice
Before intramuscular injections, mice were anesthetized by intra-
peritoneal injection of a ketamine and xylazine anesthetic cocktail. 
Intramuscular injection of P12 male �Ex51 mice was performed via 
slow longitudinal injection into TA muscles using an ultrafine nee-
dle (31 gauge) with 50 ml of saline solution or a prepared mixture of 
the dual-AAV9 viruses (5�×�1010 vg per leg of each virus).

Western blot analysis
Western blot analyses were performed as previously described (9). 
Briefly, for Western blots of muscles, tissues were crushed using a 
liquid nitrogen–frozen crushing apparatus. For Western blots of 
iPSC-derived cardiomyocytes, 2�×�106 cardiomyocytes were harvested 
and lysed in lysis buffer [10% sodium dodecyl sulfate, 62.5 mM tris 
(pH 6.8), 1 mM EDTA, and protease inhibitor] with a pestle. Cell 
or tissue lysates were passed through a 25-gauge syringe and then a 
27-gauge syringe, 10 times each. Fifty micrograms of total protein 
was loaded onto a 4 to 20% acrylamide gel. Blots were then incubated 
with mouse anti-dystrophin antibody (Sigma-Aldrich, D8168) at 
4°C overnight for dystrophin detection or with anti-vinculin antibody 
(Sigma-Aldrich, V9131) at room temperature for 1 hour for vinculin 
detection (loading control) and then with horseradish peroxidase 
antibody (Bio-Rad Laboratories) at room temperature for 1 hour. 
Blots were developed using Western blotting luminol reagent (Santa 
Cruz Biotechnology, sc-2048).
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Histological analyses of skeletal muscles
Muscles were individually dissected and cryo-embedded in a 1:2 vol-
ume mixture of Gum Tragacanth powder (Sigma-Aldrich) to tissue 
freezing medium (Triangle Bioscience). All embeds were snap-frozen 
in isopentane heat extractant and supercooled to �155°C. Eight- 
micrometer transverse sections of muscle were prepared on a Leica 
CM3050 cryostat. H&E staining was performed as previously de-
scribed in established staining protocols (45). Dystrophin immuno-
histochemistry was performed using MANDYS8 monoclonal 
antibody (Sigma-Aldrich, D8168) with modifications to the manu-
facturer’s instructions as previously described (9). Image analyses 
were performed using Fiji software (59) on at least three muscles for 
each condition as indicated in the figures. Myofiber diameter was 
calculated as minimal Feret’s diameter, a geometrical parameter for 
reliable measurement of cross-sectional size (60).

Human iPSC maintenance and nucleofection
Human iPSCs were cultured on Matrigel-coated polystyrene tissue 
culture plates and maintained in mTeSR Plus media (Stem Cell 
Technologies). Cells were passaged at 60 to 80% confluence using 
Versene (Gibco). One hour before nucleofection, iPSCs were treated 
with 10 mM ROCK inhibitor, Y-27632 (Selleckchem). iPSCs were 
then dissociated into single cells using Accutase (Innovative Cell 
Technologies). For the base editing studies, iPSCs (8 × 105) were 
mixed with 1.5 mg of pmCherry_gRNA plasmid containing the target 
sgRNA and 4.5 mg of pCMV_ABEmax_P2A_GFP. For the prime 
editing studies, iPSCs (8 × 105) were mixed with 500�ng of pmCherry_
gRNA plasmid containing the nicking sgRNA, 1.5 mg of the pU6- 
pegRNA-GG-acceptor plasmid containing the target pegRNA, and 
4.5 mg of the pCMV-PE2-P2A-GFP plasmid. iPSCs were then nucleo-
fected using the P3 Primary Cell 4D-Nucleofector X Kit (Lonza) 
according to the manufacturer’s protocol. After nucleofection, iPSCs 
were cultured in mTeSR Plus media supplemented with 10 mM 
ROCK inhibitor and Primocin (100 mg/ml) (InvivoGen) and then 
switched to fresh mTeSR Plus media the following day. Three days 
after nucleofection, green fluorescent protein (GFP) and pmCherry 
double-positive cells were isolated by fluorescence-activated cell 
sorting. Mixed population or single clones were isolated, expanded, 
genotyped, and sequenced.

Human iPSC cardiomyocyte differentiation
Human iPSCs at 60 to 80% confluency were differentiated into car-
diomyocytes as previously described (61). Briefly, cells were cul-
tured in CDM3 media supplemented with 4 to 6 mM CHIR99021 
(Selleckchem) for 48 hours (days 1 to 2) and then CDM3 media 
supplemented with 2 mM WNT-C59 (Selleckchem) for 48 hours 
(days 3 to 4). Starting on day 5, cells were cultured in basal media 
[RPMI 1640 (Gibco) supplemented with B-27 supplement (Thermo 
Fisher Scientific)] for 6 days (days 5 to 10). On day 10, cells were 
cultured in selective media [RPMI 1640, without glucose (Gibco), 
supplemented with B-27 supplement] for 10 days (days 11 to 20) 
and then basal media thereafter. Cardiomyocytes were used for ex-
periments on day 30 and harvested using TrypLE Express (Thermo 
Fisher Scientific).

Human iPSC cardiomyocyte immunocytochemistry
Dystrophin and troponin-I immunocytochemistry of iPSC-derived 
cardiomyocytes was performed as previously described (5). Briefly, 
iPSC-derived cardiomyocytes (1�×�105) were seeded on 12-mm 

coverslips coated with poly-D-lysine and Matrigel (Corning) and 
fixed in cold acetone (10�min, �20°C). Following fixation, covers-
lips were equilibrated in phosphate-buffered saline and then blocked 
for 1 hour with serum cocktail [2% normal horse serum/2% normal 
donkey serum/0.2% bovine serum albumin (BSA)/phosphate-buffered 
saline]. Mouse anti-dystrophin (1:800) (MANDYS8, Sigma-Aldrich, 
D8168) and rabbit anti–troponin-I (1:200) (clone H170, Santa Cruz 
Biotechnology, sc-15368) in 0.2% BSA/phosphate-buffered saline 
were applied and incubated overnight at 4°C. Then, coverslips were 
probed for 1 hour with biotinylated horse anti-mouse immunoglobulin 
G (IgG) (1:200) (Vector Laboratories, BA-2000) and fluorescein- 
conjugated donkey anti-rabbit IgG (1:50) (Jackson ImmunoResearch, 
711-095-152) diluted in 0.2% BSA/phosphate-buffered saline. Unbound 
secondary antibodies were removed with phosphate-buffered saline 
washes, and final dystrophin labeling was done with a 10-min incu-
bation of rhodamine avidin DCS (1:60) (Vector Laboratories) diluted 
in phosphate-buffered saline.

Human iPSC cardiomyocyte calcium imaging
Calcium imaging of human iPSC-derived cardiomyocytes was per-
formed as previously described (41). Beating cardiomyocytes were 
dissociated into a single-cell suspension and seeded on a glass- 
bottom dish at single-cell density. Cells were loaded with the fluores-
cent calcium indicator Fluo-4 AM (Thermo Fisher Scientific) at 
2 mM for 30�min and then cultured in medium containing 0 or 10 mM 
isoproterenol (Sigma-Aldrich) for another 30�min before imaging. 
Spontaneous Ca2+ transients of beating iPSC-derived cardiomyocytes 
were imaged at 37°C using a Nikon A1R+ confocal system. Ca2+ 
transients were processed using Fiji software (59) and analyzed using 
Microsoft Excel.

Statistics
All data are presented as means�±�SEM. Unpaired two-tailed Student’s 
t tests were performed for comparison between the respective two 
groups as indicated in the figures. Data analyses were performed 
with statistical software (GraphPad Prism Software). P values less 
than 0.05 were considered statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/18/eabg4910/DC1

View/request a protocol for this paper from Bio-protocol.
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/(K/()(&1!I+.4.-+'#4!/(K4+'#1()!#&$!#/(!,(#&!d!DCF!a#!e!Xb*!
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":>*+!342!%1;<=!:,/!C8$@+8!%+W.+,-+%2!

!"#$%&'( ( )* ( +',"'-.'(/01 2314(

!"#$% !&'()"*'+,"&-./!*&
*0.,&12 &!34+5*&!+'*!&

-6012 7!"#$% 78& CTATTAAAGAGGAAGTTAGA 

-6012 7!"#$% 79& AAAGAGGAAGTTAGAAGATC 

-6012 7!"#$% 7:& TACAGGCTCCAGTAGTGCTC 

-6012 7!"#$% 7;& GTACTTACAGGCTCCAGTAG 

-6012 7!"#$% 71& ATGTACTTACAGGCTCCAGT 

!"#$% !&'()"*'+,"&-./!*&
*0.,&19&!34+5*&!+'*!&

-601 97!"#$% 78& TTCTTTCAGGCAACACTGCA 

-601 97!"#$% 79& TCAGGCAACACTGCAAGATT 

-601 97!"#$% 7:& TTACTTCGATCAGTAATGAT 

-601 97!"#$% 7;& AGACTTACTTCGATCAGTAA 
!"#$%&'()"*'+,"& </-(, &

*0.,&12 &!34+5*&!+'*!& <60127!"#$% 78& ATACTTACAGGCTCCAATAG 

!"#$% !&'()"*'+,"& </-(, &
*0.,&19&!34+5*&!+'*!&

<60197!"#$% 79& GTTCTTACAGGCAACAATGC 

<60197!"#$% 7:& ACAGGCAACAATGCAGGATT 

=)+-*)!&>.)&?(,"*)&
! *@/*,5+,"&(,(4A!*! &

-6012 7B& CTGAAATGATGGCCAAGGAT 

-6012 7#& CCACAAAGCCATCCAGTTTT 

-6019 7B& AACTGGAGATTCATATTGTTATCCTG 

-6019 7#& GCCCTACCTTCATGAAGATTACAAC 

<60127B& ATGCCTGGAGAAAGGGTTTT 

<60127#& CTCTCCCACAATCTCCCTTG 

<60197B& GAATGAAACATATTTCCTGTTAAATTG 

<60197#& GAAAGATGGCCCAGGAAGA 

-185C$% 7B& AGGTTCACTTAAAAGATTTTAGGCAG 

-185C$% 7#& TAACATTTCATTCAACTGTTGTCTCC 

<185C$%7B& TAAAAGACCTTGGGCAGCTT 

<185C$%7#& GCCAACTGCTTGGTTTCTGT 

=)+-*)! &>.)&.>>7'()"*'&
(,(4A!+! &

DBB787-%E6C12 7B& CGTCTGAATGCGCTTGTCTG 

DBB787-%E6C12 7#& ACAGCCGTCCAATGTCAACT 

DBB797-%E6C12 7B& CAAGGGTTCCTCGACTGCAT 

DBB797-%E6C12 7#& TGTACATGGAAGCTGGCCAC 

DBB7:7-%E6C12 7B& AGGCTGCTGGAGACTTAGGA 

DBB7:7-%E6C12 7#& CTAGAGAGCCAGGTGGTCCT 

DBB7;7-%E6C12 7B& CCTCCAGCAACTTAGGGACC 

DBB7;7-%E6C12 7#& CCTTCTCCCTGTCTGCCTTG 

DBB717-%E6C12 7B& CTGTGGAAAGCGGAGACACT 

DBB717-%E6C12 7#& CCAACCTTCTCAGGGCAGTT 

DBB7F7-%E6C12 7B& GAGGACAACTGGAAGGCCTG 

DBB7F7-%E6C12 7#& TCTGTCTGCCAGAGTTGTTTTCT 
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DBB7G7-%E6C12 7B& CCTAACTCTGTCTGCTGCCC 

DBB7G7-%E6C12 7#& TCAGACCGTGATTGTCAACGA 

DBB7H7-%E6C12 7B& TGTCAATTGCTGGAGGGACC 

DBB7H7-%E6C12 7#& GCAGACTGGCTGTGAGCTTA 

D4+".!&>.)&3)+-*&*I+'+,"&

<619";J=6J!3(5*) & GTAATGAGTTCTTCCAACTG 
<619";J3K!8:)'88 & CGTCCCCAGGTTTGGAAGAACTCA 
<619";J3K!8:)'89 & GCGTCCCCAGGTTTGGAAGAACTCA 
<619";J3K!8:)'8: & GGCGTCCCCAGGTTTGGAAGAACTCA 
<619";J3K!8:)'8; & AGGCGTCCCCAGGTTTGGAAGAACTCA 
<619";J3K!8:)'81 & GAGGCGTCCCCAGGTTTGGAAGAACTCA 
<619";J3K!8:)'8F & AGAGGCGTCCCCAGGTTTGGAAGAACTCA 
<619";J3K!88)'81 & GAGGCGTCCCCAGGTTTGGAAGAACT 
<619";J3K!89)'81 & GAGGCGTCCCCAGGTTTGGAAGAACTC 
<619";J3K!8;)'81 & GAGGCGTCCCCAGGTTTGGAAGAACTCAT 
<619";J3K!81)'81 & GAGGCGTCCCCAGGTTTGGAAGAACTCATT 
<619";J,+5L8 & GTTCTTACAGGCAACAATGC 
<619";J,+5L9 & AAACAAGACCAGCAATCAAG 
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