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A mitochondrial disease model is generated 
and corrected using engineered base editors 
in rat zygotes
 

Liang Chen    1,2,9 , Changming Luan3,9, Mengjia Hong3,9, Meng Yuan3, 
Hao Huang3, Debo Gao4, Xinyuan Guo3, Zhengxin Chen1, Yongmei Li3, Lei Yang3, 
Zongyi Yi    5, Wensheng Wei    5,6, Mingyao Liu    7, Liangcai Gao3, Honghui Han3 
& Dali Li    2,3,8 

Efficient generation and correction of mutations in mitochondrial DNA 
(mtDNA) is challenging. Here, through embryonic injection of an mtDNA 
adenine base editor (eTd-mtABE), Leigh syndrome rat models were generated 
efficiently (up to 74%) in the F0 generation, exhibiting severe defects. To 
correct this mutation, a precise mtDNA C-to-T base editor was engineered 
and injected into mutated embryos. It achieved restoration of wild-type 
alleles to an average of 53%, leading to amelioration of disease symptoms.

Point mutations are responsible for 95% of mitochondrial DNA 
(mtDNA) pathogenic mutations1, yet efficiently generating tar-
geted point mutations in mtDNA to model or correct the disease 
remains challenging. Although a proven method exists for creating 
transmitochondrial cytoplasmic hybrid cells (cybrids) to model 
mtDNA diseases in cells and mice2, the technical complexity and 
lack of tools for introducing specific mtDNA mutations hinder the 
efficient generation of mtDNA disease models, which are essential 
for elucidating pathogenic mechanisms and advancing therapeu-
tic development3,4. Unlike nuclear DNA mutation-induced genetic 
disorder, mtDNA diseases currently have no curative therapies3. 
As mitochondrial replacement therapy is the only intervention to 
prevent the transmission of mutant mtDNA between generations, 
there is an urgent demand for the development and demonstration 
of technology to directly correct the pathogenic mtDNA mutations 
without introducing nonparental DNA.

mtDNA base-editing technologies, enabling C-to-T or A-to-G base 
conversions, are very promising for disease modeling and potentially 
for intervention of mtDNA diseases through direct correction of path-
ogenic mutations. Mitochondrial cytosine base editors (DdCBEs), 

comprising transcription activator-like effector (TALE) arrays, mito-
chondrial targeting sequences (MTSs), cytosine deaminase DddAtox 
and a uracil glycosylase inhibitor (UGI), enable C•G-to-T•A conver-
sions in mtDNA5,6. Recently, through substitution of UGI to TadA-8e 
adenosine deaminase in DdCBE backbones, mtDNA adenine base edi-
tors (ABEs) named TALE-linked deaminases (TALEDs) were developed 
for targeted A•T-to-G•C mutation in mtDNA. However, compared to 
TadA-derived CRISPR-based nuclear ABEs, TALEDs catalyzed limited 
editing efficiency (especially A-to-G mutations) in animals. This aggra-
vates the unavailability of mtDNA disease animal models whose pheno-
types rely heavily on high levels of mtDNA mutations above a threshold 
(typically >50%)7–10. As rapid and efficient modeling in animals using 
canonical mitochondrial A-to-G editors remains challenging9, a recent 
study engineered strand-selective mitochondrial base editors encoded 
by circular RNA, which enabled robust mtDNA adenine base editing 
in mouse zygotes11. We applied efficient eTd-mtABE variants reported 
in our companion study12 to generate a heritable rat mtDNA disease 
model. A pathogenic mtDNA single-nucleotide variant (m.14487T>C 
mutation in the ND6 gene) causing Leigh syndrome13,14 was selected 
for targeting (Fig. 1a,b).
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Fig. 1 | Mitochondrial disease models generated by eTd-mtABEs in rats.  
a, Leigh syndrome-associated mutations in human mtDNA and corresponding 
rat mtDNA. Pathogenic mutation sites are highlighted in red. b, The target 
sequence of the rat mitochondrial ND6 gene is shown. The pathogenic position 
is shown in red. c, Architecture of eTd-mtABEs to target ND6 site 1. d, Heat map 
showing frequencies of mitochondrial A-to-G conversion treated with indicated 
editors targeting the ND6 site 1 in PC12 cells. Data represent the mean of three 
biologically independent replicates. e, Sanger sequencing chromatogram 
of ND6 site 1 in a wild-type (WT) rat and a representative F0 founder. The red 
arrow indicates the target site. f, Genotyping of representative F0 founders. 
The desired T7-to-C conversion is highlighted in blue. Frequencies of mutant 
alleles were determined by HTS. g, Desired T7-to-C editing frequencies of F0 

founders with m.13875T>C mutation (n = 49). h, Motor coordination of WT 
rats (n = 11) and F0 founders (n = 19) at 11 weeks old was evaluated by a rotating 
rod test, with time on rotarods (left) and rotarod speed (right). i, Grip strength 
of mutant F0 rats with m.13875T>C (n = 19) was measured by grip strength 
test compared to WT rats (n = 11) at 11 weeks old. j, Snapshots of M-mode of 
echocardiographic measurements including a WT rat and a representative 
rat. k–p, Echocardiographic measurements of WT rats (n = 11) and F0 founders 
(n = 19) at 12 weeks old. Tests include LVIDS (k), LVIDD (l), LVVS (m), LVVD (n), 
LVFS (o) and LVEF (p). In g–i and k–p, data represent the mean ± s.d. and each 
data point represents an individual rat. For h,i and k–p, P values were calculated 
using an unpaired Student’s t-test (two-tailed).
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In previous work12, we generated highly efficient eTd-mtABE vari-
ants (bearing A142W, L145W and A142R/L145W, denoted as RW, RW/
V28A and RW/V106W, respectively). To screen the optimal eTd-mtABE 
construct for targeting ND6 site 1 to model Leigh syndrome, we tested 
40 eTd-mtABE constructs containing distinct TadA mutations fused 
to either left (L-AD) or right (R-AD) TALE arrays with different split 
orientations of DddAtox, targeting T7 of mitochondrial ND6 site 1 to 
induce an m.13875 (corresponding to human m.14487) T-to-C muta-
tion in PC12 cells (Fig. 1c,d and Supplementary Fig. 1a–d). In the R-AD 
version, all eTd6-mtABEs achieved high mutation rates (40–69%) of 
nearly single-base T7-to-C editing compared to sTALED, which only 
induced 7.5–20% editing (Fig. 1d and Supplementary Fig. 1b,d). Then, 
the eTd6-mtABE-RW/V28A construct was selected and injected into 
rat zygotes, as we showed that introduction of V28A dramatically 
reduced DNA and RNA off-target effects in cells12. High-throughput 
sequencing (HTS) data revealed robust desired editing in all 49 F0 rats 
with efficiency ranging from 26% to 74% (54% on average). Minimal 
bystander mutations (T+4, averaging 2%) in the TALE-binding region 
were observed in founders (Fig. 1e–g and Supplementary Fig. 2a). 
Analysis of the editing outcomes in different organs showed similar 
mitochondrial adenine conversion ratios across various organs in 
each founder (Supplementary Fig. 2b). These on-target mtDNA muta-
tions were efficiently transmitted to the F1 and F2 generations with the 
ratio increasing to 98.5%, while the bystander mutation (T+4) in the 
TALE-binding region was further reduced to a minimal level (averaging 
0.9% in F1 pups and 0.02% in F2 pups) after two generations of breeding 
(Fig. 1g and Supplementary Fig. 2c–g).

As Leigh syndrome in human is associated with skeletal muscle 
and heart defects14,15, we leveraged the rotarod test and grip strength 
test to assess the founder rats. The results indicated dramatic impair-
ments in motor coordination, body balance and forelimb grip strength 
in the founders (Fig. 1h,i and Supplementary Fig. 3a,b). Furthermore, 
echocardiography confirmed abnormal cardiac structure and function, 
including dilated heart chambers, increased left-ventricular volume at 
end of systole (LVVS) and decreased left-ventricular ejection fraction 
(LVEF) (Fig. 1j–p and Supplementary Fig. 3c–h), suggesting successful 
generation of a mitochondrial disease model of Leigh syndrome. We 
observed gender-biased phenotypic manifestations of the disorder; 
female founders were more susceptible to muscle defects, whereas 
cardiac abnormalities were more prominent in male founders (Sup-
plementary Fig. 3c–h). These data demonstrate that the eTd-mtABE 
variant is highly efficient for generating heritable mtDNA disease 
models in rats exhibiting apparent defects.

Previous studies showed that a heteroplasmy shift toward 
wild-type mtDNA is achievable through mitochondrially targeted 
site-specific nucleases to cleave and eliminate mutant mtDNA16. How-
ever, heteroplasmy shifting approaches using programmable nucleases 
rely on wild-type mitochondrial fission after elimination of mutant 
mtDNA, which is impractical for treating near-homoplasmic mtDNA 
mutations, such as establishment of Leigh syndrome rats from an 
F2 generation bearing 99% T7-to-C mutations (Fig. 2a). We aimed to 
explore the feasibility of correcting the pathogenic point mutation 
through mtDNA cytosine base editing. Given that the target cyto-
sine (C7) is located in an unfavorable AC motif for DdCBE5,17 within a 
homopolymeric cytosine target site (Fig. 2b), it was challenging to 
correct the mutation with both high efficiency and accuracy. Base 
conversions of C5 to T and C8 to T were synonymous mutations but we 
still needed to engineer a DdCBE variant with a narrow editing window 
to minimize undesired bystander edits causing missense mutations 
(Fig. 2b and Supplementary Fig. 4a).

DdCBEs incorporating evolved DddA6/11 deaminases17, which 
exhibited high activity with expanded sequence context preference, 
were selected for further engineering. Four additional mutations 
known to enhance mtDNA-editing specificity were individually intro-
duced into the DddA6 or DddA11 variant18,19. These ten DddA variants 

were then fused with two sets of TALE arrays (featuring short or long 
spacers) to create a total of 60 new DdCBE variants, arranged under 
either G1397-split or G1333-split orientation (Supplementary Fig. 4b,c). 
These DdCBE variants were tested in homoplasmic fibroblasts (99.9% of 
T7-to-C mutation) derived from newborn F2 Leigh syndrome rats. HTS 
data showed that DdCBE variants with a short spacer (targeting ND6 
site 3) generally induced much higher activity with a slightly narrower 
editing window compared to the variants with a long spacer (targeting 
ND6 site 2) in primary fibroblasts of Leigh syndrome rats (Fig. 2c and 
Supplementary Fig. 4d,e). Among them, the 1397NC-DddA11-V1411A 
variant induced the highest C7-to-T correction (up to 55%) with a rela-
tively condensed editing window (positions 7–9) but also induced 
considerable undesired bystander C9-to-T edits (Fig. 2d,e). The 
1333NC-DddA11-K1389A variant dramatically reduced the bystander 
edits, leaving a 2-nt (C7-C8) editing window (Fig. 2c), which led to 25% 
desired functional alleles containing C7-to-T correction regardless of 
synonymous mutations (Fig. 2e).

Next, we attempted to use the high-precision variant 1333NC- 
DddA11-K1389A to directly correct point mutation Leigh syndrome 
rats (Fig. 2f). Zygotes from nearly homoplasmic female rats (averag-
ing 91.3% T7-to-C mutation) were collected and injected with mRNA 
encoding the aforementioned DdCBE variant. A total of 12 live pups 
were obtained, exhibiting highly efficient and precise correction of 
the m.13875T>C mutation (averaging 53% efficiency, ranging from 
44% to 59%) with minimal bystander edits (averaging 10% in C9 and 
0.3% in C10). Among them, seven pups carried efficiently corrected 
m.13875T>C mutations with frequencies of over 50% (Fig. 2g,h and 
Supplementary Fig. 5a–d). Consistent with the editing outcomes 
observed in primary cells, the engineered DdCBE variant demon-
strated highly efficient on-target C7 editing within a narrow editing 
window in F0 founders (Fig. 2c and Supplementary Fig. 5c,d). An aver-
age of 42% alleles contained the desired C7-to-T correction without 
missense mutation in all pups (Fig. 2i), further confirming the accuracy 
of 1333NC-DddA11-K1389A in vivo. Additionally, correction of the 
m.13875T>C mutation was consistently maintained throughout the 
pups’ development (Supplementary Fig. 5e).

To investigate whether the ratio of C-to-T correction could ame-
liorate Leigh syndrome, phenotypic evaluations were performed. The 
rotarod test and grip strength test revealed that the near-homoplasmic 
(94% on average) F3 rats showed severe defects in motor coordination, 
body balance and forelimb grip strength compared to wild-type con-
trols (Fig. 2j,k and Supplementary Fig. 5f–j), which was consistent with 
the observation in F0 founders (Fig. 1h,i), despite the fact that testing 
was conducted at different ages. Rats derived from Leigh syndrome 
embryos that were edited with 1333NC-DddA11-K1389A exhibited simi-
lar levels of muscle function to wild-type controls and demonstrated 
substantial improvement compared to homoplasmic m.13875T>C rats 
(Fig. 2j,k and Supplementary Fig. 5g–j). A more beneficial muscle recov-
ery in female rats were observed (Supplementary Fig. 5g–j). Then, six 
representative edited rats were selected to investigate their heart func-
tion. Echocardiography experiments revealed apparent correction of 
cardiac abnormalities in the edited rats, with the observed parameters 
being similar to those of wild-type controls (Fig. 2l–n and Supplemen-
tary Fig. 5k–u). The correction efficiency is theoretically correlated with 
phenotypic alleviation. However, this correlation was not observed 
in DdCBE-injected Leigh syndrome rats, as varying correction rates 
resulted in similar levels of phenotypic improvement (Supplementary 
Fig. 5v–x). This lack of correlation may be attributed to the high cor-
rection efficiency (44–59%) achieved by the engineered DdCBE, which 
is likely below the threshold required to induce severe symptoms in 
this model. Because it was reported that incorporating the K1389A 
substitution into the split-dimer interface of DddAtox significantly 
reduced mitochondrial genome-wide off-target activity of DdCBEs18, 
we also found that the editing window of the 1333NC-DddA11-K1389A 
variant was narrower than other highly active DdCBEs. This suggests 
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that editing the m.13875T>C site using the 1333NC-DddA11-K1389A 
variant would not induce considerable off-target editing across the 
entire mtDNA in this rat model. However, experimental validation of 

potential genomic DNA off-target effects remains essential for future 
therapeutic applications. Taken together, these results suggest that 
our accurate DdCBE variant is highly efficient in zygotes for correcting 
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Fig. 2 | Therapeutic editing of Leigh syndrome rats with engineered DdCBEs. 
a, Sanger sequencing chromatogram of ND6 site 1 in the representative F2 
pup-derived fibroblasts with m.13875T>C. b, Diagram of the target site of the 
pathogenic mutation (ND6 site 3, m.13875T>C) in Leigh syndrome rat cells to 
be corrected by DdCBE. The red letter indicates the target mutation and yellow 
letters indicate synonymous mutations. c, Heat map showing the editing 
efficiency of indicated editors targeted to ND6 site 3 in primary cells. d, The 
percentage of mutant (C) and WT (T) alleles at position 7 of the spacer in untreated 
primary cells and cells treated with indicated editors with the data from c. e, The 
valid allele frequencies in untreated or DdCBE variant treated primary cells. Data 
are the mean ± s.d. of n = 3 independent replicates. f, The workflow for DdCBE-
mediated correction of Leigh syndrome mutation in rats. g, Sanger sequencing 
chromatogram of DNA from representative F0 rat (D09) injected with engineered 
DdCBE mRNA. h, C7-to-T editing frequencies of untreated (m.13875T>C; n = 5) 
and treated (n = 12) rats with indicated editors. i, Efficiency of desired corrected 
alleles containing on-target C7-to-T edits in treated rats (n = 12). In the box plot, the 

box spans the interquartile range (first to third quartile) and the horizontal line 
indicates the median (second quartile). The lower and upper whiskers indicate 
the minimum and maximum values within 1.5 times the interquartile range from 
the first and third quartiles, respectively. Data points in the plot represent the 
full range of values plotted. Each single dot represents an individual rat. j, Motor 
coordination of WT (n = 11), m.13875T>C (n = 10) and treated rats (n = 12) at 8 weeks 
old was evaluated by a rotating rod test, with time on rotarods (left) and rotarod 
speed (right). k, Grip strength measured by grip strength test of treated (n = 12), 
WT (n = 11) and m.13875T>C (n = 10) rats at 8 weeks old. l, Snapshots of M-mode 
of echocardiographic measurements including representative WT, m.13875T>C 
and treated rats at 9 weeks old. m,n, Echocardiographic measurements including 
LVEF (m) and LVFS (n) of WT (n = 6), m.13875T>C (n = 6) and treated (n = 6) rats 
at 9 weeks old. In c,d, data represent the mean of three biologically independent 
replicates. In h–k,m,n, data represent the mean ± s.d. and each data point 
represents an individual rat. In j,k,m,n, P values were calculated using an unpaired 
Student’s t-test (two-tailed).
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pathogenic mtDNA mutations and ameliorating the Leigh syndrome 
phenotype in rats, thereby encouraging the development of new treat-
ments for mtDNA diseases through the correction of point mutations.

mtDNA diseases are currently incurable and cause substantial 
illness and premature death7. In this study, we demonstrated that 
evolved hyperactive eTd-mtABE-RW/V28A exhibited high specific-
ity in installing pathogenic mutations in rat embryos and achieved a 
very high point mutation rate to model Leigh syndrome. We further 
demonstrated that the eTd-mtABE variant is a superb editor with high 
efficiency and accuracy. This rapid and efficient modeling methodol-
ogy, reliant on advanced mitochondrial ABEs, substantially enhances 
the ability to investigate mtDNA-related diseases, offering a powerful 
tool for advancing research in this critical field. Therapeutic interven-
tion for mitochondrial diseases is usually very challenging and, to 
our knowledge, no study has been reported on the direct correction 
of mtDNA mutations in animal models. Through engineering and 
screening of 60 DdCBE variants, we obtained a new DdCBE variant 
with a condensed editing window and high efficiency for correcting 
the pathogenic m.13875T>C mutation in rat zygotes, substantially 
reduced the transmission of mtDNA mutation and ameliorated Leigh 
syndrome phenotypes in rats. To date, the only practical method for 
intervening in mtDNA diseases is mitochondrial replacement therapy, 
which may risk the inadvertent transfer of perinuclear mtDNA into the 
recipient oocyte or zygote, thereby raising ethical concerns20. Although 
mtDNA base editing is still in its infancy and there will be a long journey 
to improve it before clinical applications can be realized, our study 
demonstrates a method for potentially treating mtDNA diseases. This 
could represent a favorable alternative to mitochondrial replacement 
therapy and programmable nuclease-mediated heteroplasmy shifting 
in various cases.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41587-025-02684-y.
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Methods
Plasmid construction
The primers used in this study are listed in Supplementary Table 1. 
Amino acid and nucleotide sequences are listed in Supplementary 
Table 3. The primers and oligonucleotides were synthesized by Bio-
Sune. TALED_Left-ND1-1397C-AD (183892), TALED_Right-ND1-1397N 
(183898), ND4.2-Left TALE-G1397-N-DddA11-mCherry (179682) and 
ND4.2-Right DdCBE-G1397-C-T1413I-GFP (179686) plasmids were pur-
chased from Addgene. New mitochondrial base editor plasmids were 
constructed using previously published methods21,22. In brief, DNA frag-
ments were amplified using PrimeSTAR Max DNA polymerase (Takara) 
and assembled with a 2× MultiF seamless assembly mix (Abclonal) 
according to the manufacturer’s protocol. The TALE arrays targeting 
disease-associated mutations in rat mtDNA were constructed using 
Golden Gate (New England Biolabs). All TALE array sequences are 
listed in Supplementary Table 2. eTd-mtABEs were replaced by TadA-8e 
and DddAtox variants based on sTALEDs. Engineered DdCBEs were 
constructed by site-directed mutagenesis using a PCR-based method 
based on original editors. For flow cytometry assay, double-strand 
mtDNA-editing constructs were modified with mCherry or GFP using 
a P2A sequence. Plasmids were transformed into DH5α chemically 
competent cells (TransGen Biotech). Plasmids used for transfection 
were isolated using the Tiangen plasmid mini extraction kit according 
to the manufacturer’s instructions.

Cell culture and transfection
Rat PC12 cells (American Type Culture Collection, CRL-1721) and 
primary rat m.13875T>C cells were cultured in DMEM (Gibco) sup-
plemented with 10% (v/v) FBS (Gibco) and 1% (v/v) penicillin and strep-
tomycin. All cell types were maintained at 37 °C with 5% CO2. PC12 cells 
and primary rat m.13875T>C cells were passaged every 3 or 4 days. For 
evaluating the mitochondrial base editing, PC12 cells and primary rat 
m.13875T>C cells were seeded in 12-well plates (Corning) and trans-
fected with 1,600 ng of each eTd-mtABE, sTALED or DdCBE variant 
monomer at 70–80% confluence using Lipofectamine LTX (Thermo 
Fisher Scientific).

Genomic DNA extraction and amplification
PC12 cells or primary rat m.13875T>C cells transfected after 72 h 
were washed with 1× PBS and digested with 0.25% trypsin (Gibco) for 
fluorescence-activated cell sorting. EGFP and mCherry double-positive 
cells were harvested and the genomic DNA was extracted using Quick-
Extract DNA extraction solution (Lucigen) according to the manufac-
turer’s recommended protocol. The extraction solution was incubated 
at 65 °C for 6 min and then 98 °C for 2 min. To obtain the genotype of 
modified and treated rats, genomic DNA for PCR was extracted from 
collected tissues using traditional isopropyl method. Genome loci of 
interest were amplified with site-specific primers listed in Supplemen-
tary Table 1 using KOD-Plus-Neo DNA Polymerase (Toyobo).

mRNA preparation
In vitro transcription (IVT) template DNAs were prepared by lineariz-
ing with EcoRI and extracted using the phenol–chloroform method. 
eTd-mtABE and engineered DdCBE mRNAs were synthesized using 
Hi-yield T7 IVT reagent (N1-Me-pUTP, Hzymes) according to the manu-
facturer’s protocol. In brief, after 2-h incubation at 37 °C, 1 μl of DNase I 
was added into the solution and incubated at 37 °C for 15 min to digest 
the template DNA. Subsequently, IVT reaction solution was purified by 
ammonium acetate and washed with precooled 70% ethanol. mRNA was 
eluted in RNase-free water (Takara) and stored at −80 °C.

Animals and microinjection of zygotes
Sprague–Dawley rats used in this study were purchased from 
Shanghai Jihui Textile Technology. Rats were maintained in 
specific-pathogen-free facilities at 20–22 °C with 40–60% humidity 

under a 12-h light–dark cycle. All animal experiments met the regula-
tions drafted by the Association for Assessment and Accreditation of 
Laboratory Animal Care in Shanghai and were approved by the Experi-
mental Animal Welfare Ethics Committee of East China Normal Univer-
sity (ECNU; license number R20241214). Animal manipulations were in 
line with a previous report10. The mixture of eTd-mtABE-encoding or 
engineered DdCBE mRNAs (150 ng μl−1 each) was diluted in RNase-free 
water and injected into the cytoplasm using an Eppendorf Transfer-
Man NK2 micromanipulator. Injected zygotes were transferred into 
pseudopregnant female rats at 7–8 weeks old.

Rotarod test
To assess the motor coordination of rats, a rotarod machine with auto-
matic timers and falling sensor (XR-6D, Shanghai Xinruan Information 
Technology) was used. Rats were acclimated to the rotarod at a constant 
speed of 5 rpm for 10 min as training. The rotarod test was started at 
an initial speed of 4 rpm and accelerated uniformly to 40 rpm within 
5 min. The time rats spent on the rotarod and the rotarod speed at which 
rats fell were recorded.

Grip strength test
To evaluate the muscle strength of rats, the maximal force of the 
forelimbs was measured using a BIO-GS3 (Bioseb) according to the 
manufacturer’s instructions. The rat hung on a metal bar with its 
forepaws until its grip failed while the tester pulled the tail of the rat. 
Three repeats were performed on each rat and the average data were 
calculated.

Echocardiography analysis
The heart structure and function of mutant rats were evaluated by 
echocardiography. The m.13875T>C or treated rats were lightly anes-
thetized (heart rate ≥ 370 beats per min) and compared to same-aged 
wild-type rats. Echocardiographic observations were performed using 
a Vevo LAZR-X ultrasound machine with an MX250S probe (20 MHz). 
M-mode images were used to measure the internal diameter of the left 
ventricle measured at the end of systole (LVIDS) and diastole (LVIDD), 
LVVS, left-ventricular volume at end of diastole (LVVD), left-ventricular 
percentage fractional shortening (LVFS) and LVEF. Measurements were 
recorded at least three continuous cardiac cycles.

Next-generation sequencing and data analysis
The second PCR amplifications were performed with primers contain-
ing an adaptor sequence (forward, 5′-GGAGTGAGTACGGTGTGC-3′; 
reverse, 5′-GAGTTGGATGCTGGATGG-3′) and diverse barcode 
sequences at the 5′ end. The resulting HTS libraries were pooled 
and purified by electrophoresis with a 1.5% agarose gel using HiPure 
gel pure DNA micro kit (Magen) eluting with 60 μl of H2O and then 
sequenced on an Illumina HiSeq platform. To assess base-editing 
efficiencies, A•T-to-G•C efficiencies and indels in the HTS data were 
analyzed using BE-Analyzer23. Base-editing efficiencies were calcu-
lated as the number of base substitution reads divided by total reads. 
Purities were calculated as the percentage of reads of A•T-to-G•C 
edits divided by reads of adenine edits without indels. Indel frequen-
cies were calculated as the percentage of reads of indels divided by  
total reads.

Statistical analysis and reproducibility
Data are presented as the mean ± s.d. from independent experiments. 
All statistical analyses were performed on n = 3 biologically independ-
ent experiments, unless otherwise noted in the figure captions, using 
GraphPad Prism version 9.3.1 software.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.
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Data availability
HTS data were deposited to the National Center for Biotechnology 
Information Sequence Read Archive database under accession code 
PRJNA1252023. There are no restrictions on data availability. Source 
data are provided with this paper.
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