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Efficient mitochondrial A-to-G base editors 
for the generation of mitochondrial  
disease models
 

Liang Chen    1,2,3,11 , Mengjia Hong1,11, Changming Luan1,11, Meng Yuan1, 
Yiming Wang2, Xinyuan Guo1, Yue Fang4,5, Hao Huang1, Xiaohua Dong2,6, 
Hongyi Gao1, Dan Zhang1, Xi Chen7, Dihao Meng1, Molin Huang1, Zongyi Yi    8, 
Mingyao Liu    1,7, Wensheng Wei    8,9, Liangcai Gao1, Gaojie Song    1, 
Xiaoming Zhou4,5 & Dali Li    1,3,10 

Existing A-to-G base editors for mitochondrial DNA (mtDNA) are limited 
by low efficiency. We used directed evolution to discover variants of 
the TadA-8e base editors that have substantially increased activity and 
expanded targeting compatibility for both nuclear and mitochondrial 
adenine base editing, especially in previously unfavored sequence 
contexts. The engineered mtDNA editors (eTd-mtABEs) showed up to 
87% editing efficiency in human cells, with greatly reduced DNA and RNA 
off-target effects. Strand-selective A-to-G editing was enhanced by an 
average of 3.2-fold with substitution of DddA to DNA nickases in eTd-mtABE 
backbones compared to mitochondrial ABEs. In rat cells, editing efficiencies 
of eTd-mtABEs were up to 145-fold higher compared to split DddA 
transcription activator-like effector-linked deaminase. We also generated 
rats with sensorineural hearing loss by installing targeted mutations with 
frequencies of up to 44% through embryonic injection. The developed 
eTd-mtABEs are efficient and precise mtDNA-engineering tools for basic 
research and translational studies.
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Mutations in mitochondrial DNA (mtDNA) have been associated with 
genetic diseases including Leber hereditary optic neuropathy (LHON), 
mitochondrial encephalomyopathy with lactic acidosis and stroke-like 
episodes (MELAS) and Leigh syndrome, with an estimated prevalence of 
~1 in 5,000 (refs. 1,2). Among 95 pathogenic mutations in mtDNA genes, 
95% (90/95) of them are point mutations1–3. In contrast to research on 
genetic disorders caused by nuclear genes, genetic manipulation of 
mammalian mtDNA has been difficult, hampering mechanistic studies 
and the development of therapeutics for mtDNA diseases4,5. A method 
is available to create transmitochondrial cytoplasmic hybrid cells 
(cybrids), which permits the generation of cells and mouse models 
that mimic mitochondrial diseases6. However, its technical complexity, 
coupled with the scarcity of technologies to induce targeted mtDNA 

mutations, renders the development of mitochondrial disease models 
challenging5,7.

mtDNA can be targeted through customized nucleases. A het-
eroplasmy shift toward wild-type mtDNA is achievable through 
site-specific nucleases, specifically mitochondrially targeted 
restriction endonucleases and programmable nucleases, including 
zinc-finger nucleases (ZFNs), transcriptional-activator-like effector 
(TALE) nucleases and ARCUS nucleases, in transmitochondrial cells 
or mouse models5,8–11. These encouraging studies shed light on the 
development of therapeutics for mtDNA diseases. However, because 
the programmable nucleases are unable to induce specific point muta-
tions, which are the major type of pathogenic mtDNA mutations, tar-
geted engineering of mtDNA to model human mitochondrial disorders 
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Fig. 1 | Protein engineering of adenine deaminases in CRISPR-based ABEs. 
a, Schematic illustration of eTd-mtABEs using evolved TadA for enhancing dsDNA 
and ssDNA preferential editing of mitochondria genome. Right, cryo-electron 
microscopy structure of TadA-8e in complex with the DNA substrate (Protein 
Data Bank 6VPC). b, Heat maps showing nuclear A•T-to-G•C editing efficiencies 

induced by ABE8e and ABE variants at HEK site 7 and PTEN-sg2 in HEK293T cells. 
The A142R, A142W and L145W substitutions highlighted in orange dotted boxes 
were chosen for further evaluation. Data represent the mean of three biologically 
independent experiments.
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remains highly challenging, especially without the development of 
mitochondrial base editors (mitoBEs).

Inspired by CRISPR-based nuclear base-editing strategies, 
mitoBEs were recently developed by fusing a mitochondrially local-
ized programmable DNA-binding protein module with a nucleotide 
deaminase moiety to induce targeted base conversions2,12. With the 
identification of double-stranded DNA (dsDNA) cytosine deaminase 
DddAtox, DddA-derived cytosine BEs (DdCBEs) and zinc-finger deami-
nases were generated through fusion with a uracil glycosylase inhibitor 
(UGI) and TALE or ZFN DNA recognition moieties13–20. By substituting 
UGI with evolved adenine deaminase (AD) TadA-8e variant, mitochon-
drial adenine BEs (miABEs) named TALE-linked deaminases (TALEDs) 
were generated to introduce A•T-to-G•C transitions in both strands 
of dsDNA3. Given that A•T-to-G•C edits theoretically model ~45% and 
correct ~41% of mtDNA diseases3,21, miABEs hold immense promise 
for interrogating the function of mtDNA variants and potentially for 
mtDNA disease therapeutics. To increase the mtDNA-editing preci-
sion, we and other groups have shown that using DNA nickases instead 
of DddA enhances the strand-preference base conversions but the 
A•T-to-G•C editing efficiency still has room for improvement22,23. A pre-
vious study developed improved TALED variants with greatly reduced 
RNA off-target effects and demonstrated generation of an mtDNA 
disease mouse model. However, the phenotype of these models is 
mild, probably because of limited editing efficiency24. Most recently, 
we and other groups demonstrated that using circular RNA-encoded 
engineered miABEs or fusing human uracil DNA glycosylase to TALEDs 
can enhance mtDNA base editing in cells or in mice25,26 because the 
clinical manifestation of mtDNA diseases often requires heteroplasmy 
of mtDNA mutation to exceed a high threshold (typically >50%)5,27. 
As a high heteroplasmic mtDNA mutation rate is a prerequisite to 
mimic mitochondrial disorders, highly efficient mitoBEs are urgently 
demanded in the field.

In this study, through extensive engineering of TadA-8e, we 
obtained evolved variants with enhanced editing activity and target-
ing scope, particularly the RA* (R = A or G) sequence contexts, which are 
unpreferred targets for TadA-8e. Using these superactive TadA variants, 
the engineered TadA-derived mtDNA ABEs (eTd-mtABEs) were devel-
oped through fusion with split DddAtox modules or nickases guided by 
TALE arrays and mitochondrial targeting sequences (MTSs) (Fig. 1a). 
eTd-mtABEs showed enhanced A•T-to-G•C editing frequency compar-
ing to original editors, averaging 6.9-fold (with the TadA-8e-RW variant) 
or 3.8-fold (with the TadA-8e-RW/V28A variant) in dsDNA-preferred or 
single-stranded DNA (ssDNA)-preferred targeting, respectively, with 
an expanded targeting scope and minimized DNA and RNA off-target 
effects. eTd-mtABEs efficiently installed mtDNA pathogenic point 
mutations in human cells to model LHON and in rats showing sensori-
neural hearing loss (SNHL). The development of eTd-mtABEs broadens 
the spectrum of potential applications and enhances the overall ver-
satility of mitochondrial base-editing technology.

Results
Molecular engineering of ADs
As miABEs induce base conversions less efficiently compared to 
DdCBEs3,13, we speculate that the activity of AD is the most critical index 
for editing efficiency. Inspired by our previous studies and those of oth-
ers, which showed that the features of activity, specificity and substrate 
selectivity of TadA deaminase can be substantially amended28–37, we 
attempted to further increase its activity through laboratory evolu-
tion to ultimately enhance the editing efficiency of miABEs. To evolve 
a highly efficient TadA variant, CRISPR-based ABE8e was selected as the 
starting point because of its ease of construction compared to mitoBEs. 
On the basis of the structure of ABE8e in complex with its substrates38 
(Fig. 1a), the amino acids of TadA-8e involved in substrate recognition 
or located in or adjacent to the active pocket were individually substi-
tuted and the editing efficiency was evaluated at an endogenous target 

(HEK site 7) with scattered adenosines in variant sequence contexts in 
HEK293T cells (Fig. 1b).

Firstly, we examined 51 variants constructed by substituting 16 
residues to acquire small side chains, aromatic side chains, polarity 
with positive charges or hydrophobic properties (Fig. 1b). We found 
that some variants (for example, E27W, V28R, P29F, P86F and P152A) 
displayed an extremely condensed editing window (A6) and several 
variants (for example, V28W, G31W, R47F, A142R and L145W) induced 
a similar or slightly increased A-to-G efficiency compared to ABE8e in 
a regular A4–A8 (protospacer-adjacent motif sequence as positions 
21–23) editing window. Although A3, A9 and A10 are outside of the canoni-
cal editing window, the A142R (43% at A3, 21% at A9 and 13% at A10) and 
A142W (50% at A3, 33% at A9 and 15% at A10) variants induced a higher 
ratio of adenine conversions than ABE8e (31% at A3, 8% at A9 and 9% at 
A10). In addition, the L145W variant also induced a considerable increase 
in A-to-G events at positions A9 and A10 (40% and 26%) (Fig. 1b and Sup-
plementary Fig. 1a). Similar results were also observed at another target 
site, demonstrating robust editing activity with average improvements 
of 1.9-fold and 6.9-fold at A3 and A9 for these three variants (A142R, 
A142W and L145W) (Fig. 1b and Supplementary Fig. 1b,c). We also 
noticed that, at the evaluated two sites, the activity at all four sequence 
contexts (NA*, N = A, T, C or G) was increased (Fig. 1b). Therefore, these 
three variants were selected for further investigation.

Development of enhanced CRISPR-based ABEs
Next, five TadA-8e variant-derived ABEs (A142R, A142W, L145W, A142R/
L145W and A142W/L145W) were further characterized at 29 endogenous 
sites (Fig. 2a). Compared to ABE8e, all constructs exhibited increased 
base-editing efficiency to some extent. For example, ABE8e-A142W 
showed up to 40% and 43% A-to-G editing, whereas ABE8e barely edited 
adenines with frequencies of 2.8% and 7.7% at A2 and A8 of EMX1 site 1, 
respectively. Higher base conversion rates were induced by ABE8e-A142R/
L145W (ABE8e-RW) compared to ABE8e (55% versus 21% at A9) at another 
target (PD1-sg13). Overall, ABE8e-RW exhibited the highest average edit-
ing activity among these five constructs. It showed a dramatic elevation 
of editing activity at positions A−1–A3 (averaging 4.9-fold) and A8–A11 (aver-
aging 2.6-fold) in comparison to ABE8e (Fig. 2b,c and Supplementary 
Fig. 2a). An up to 20-fold increase in adenine conversions was observed 
for ABE8e-RW at A10. Even within the conventional editing window 
(A4–A7), which is considered nearly saturated in ABE8e31, the activity of 
ABE8e-RW exhibited an average 1.2-fold increase (Fig. 2b,c). Previous 
studies showed that ABEs, including ABE7.10, ABE8s and ABE8e, had a 
preference for the YA* (Y = T or C) motif context, especially outside the 
conventional editing window27,31,32,38,39. After carefully analyzing A-to-G 
conversion fold changes at the A−1–A11 positions of the above 29 sites, 
we found that, compared to ABE8e, ABE8e variants (especially A142W 
and RW) showed enhanced activity in all sequence contexts, with more 
efficient adenine conversions (up to 4.5-fold on average) in YA* (Y = G or 
A) motifs, which are considered inefficient contexts for TadA7-derived 
and TadA8-derived ABEs (Fig. 2d and Supplementary Fig. 2b).

Previous studies demonstrated that ABEs also induce cytosine 
bystander edits35,36,40. Outside of the A142R variant, the other four 
evolved ABE8e variants only induced minimal indels and very mild 
cytosine mutations (less than 1.2% on average) compared to ABE8e (less 
than 2.9% on average) at the evaluated sites (Supplementary Fig. 2c,d). 
This suggests that the L145 residue is critical for distinguishing between 
adenine and cytosine substrates and reducing cytosine bystander 
editing, which is consistent with our previous study35. These results 
indicate that the introduction of substitutions at residues 142 and/or 
145 of TadA-8e considerably enhances editing activity and targeting 
scope and reduces cytosine bystander editing of nuclear ABEs.

Robust mtDNA editing with engineered TadA variants
The dramatically increased deaminase activity and targeting scope 
of TadA-8e variants encouraged us to investigate their potential for 
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Fig. 2 | Characterization of enhanced CRISPR-derived ABEs. a, Heat  
maps showing nuclear A-to-G editing efficiencies by indicated ABEs at 29  
endogenous target sites in HEK293T cells. Data are shown as the mean from  
n = 3 biologically independent samples. b, Average A-to-G edits of indicated  
ABEs in the protospacer at 29 target sites in a. Fold changes of ABE variants  
versus ABE8e on average A-to-G editing are shown above the bars. Data are  
shown as the mean ± s.d. from n = 3 biologically independent samples. c, Dot  
plot representing fold changes in A-to-G edits of indicated ABEs normalized to  

ABE8e at positions outside the conventional editing window. Data represent the 
mean ± s.d. and each dot represents the mean of three biologically independent 
samples. d, Violin plots representing fold changes in A-to-G edits of the indicated 
ABEs normalized to ABE8e in all sequence contexts (TA, n = 5; CA, n = 20; GA, 
n = 27; AA, n = 36) at 29 endogenous genomic loci in a. Average fold changes are 
shown above each column. Each dot represents the mean of three biologically 
independent samples.
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Fig. 3 | Evolved TadA variants improve A•T-to-G•C editing in mtDNA. 
a–c, maps showing mitochondrial A•T-to-G•C editing frequencies induced 
by sTALEDs and eTd1-mtABEs at ND5 site 2 (a), ND1 site 1 (b) and ND4 site 1 (c) 
in HEK293T cells. Data represent the mean of three biologically independent 
replicates. d–h, Editing frequencies of indicated editors at ND5 site 2 (d), 
ND5 site 1 (e), ND4 site 2 (f), CYTB site 1 (g) and ND1 site 1 (h) in HEK293T cells. 
i, Average mitochondrial A-to-G editing frequencies induced by indicated 
eTd-mtABEs. j, Fold changes in A-to-G edits mediated by indicated eTd-mtABEs 
normalized to sTALEDs (dashed line). Data represent the mean ± s.d. and each dot 
represents the mean of three biologically independent replicates. k, Violin plots 
representing fold changes in A-to-G edits of indicated eTd1-mtABEs (left; TA, n = 5; 

CA, n = 6; GA, n = 17; AA, n = 12) and eTd6-mtABEs (right; TA, n = 3; CA, n = 5; GA, 
n = 15; AA, n = 10) normalized to sTALEDs (dashed line) in all sequence contexts 
at target sites in a–h. Average fold changes are shown above each column. 
Each dot represents the mean of three biologically independent replicates. 
l–n, Mitochondrial A-to-G editing of sTALEDs and eTd-mtABEs with DddAtox 
split at G1333 at ND5 site 2 (l), ND1 site 1 (m) and ND4 site 1 (n) in HEK293T cells. 
o, Left, comparison of ND6 site 1 and ND6-DdCBE site. Right, lengths of coding 
regions for mitochondrial A-to-G editors using corresponding RVD modules. 
p, Mitochondrial A-to-G editing frequencies of sTALED and eTd-mtABEs at ND6-
DdCBE site. In i,j, data were obtained from the five sites in d–h. In d–i,l–n,p, data 
represent the mean ± s.d. of n = 3 biologically independent replicates.
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mitochondrial A-to-G base editing. The evolved mtDNA ABEs were 
constructed through fusion of wild-type DddAtox halves split at G1397 
and TadA-8e AD variants along with MTSs and TALE arrays (Supplemen-
tary Fig. 3a), resulting in a pair of L-1397C-AD/R-1397N or L-1397N/R-
1397C-AD variants (eTd1-mtABEs). These eTd1-mtABEs were targeted 
to three mtDNA sites previously examined with split DddA TALED 
(sTALED) in HEK293T cells3. High-throughput sequencing (HTS) data 
showed that sTALED (AD in L-TALE) induced A-to-G editing frequencies 
ranging from 6.5% to 29% at positions 9–18 (the spacer region of two 
TALE-binding sites) on ND5 site 2. Notably, all eTd1-mtABEs achieved 
much higher adenine conversions (14–71%) and the A142W variant was 
more active than the others (28–71%) at this site (Fig. 3a). Similar results 
were also obtained from the other construction with AD fused to the 
R-TALE array and the editing frequency within the same editing win-
dow was 52% on average in eTd1-mtABE-A142W-treated cells, whereas 
sTALED only induced 24% on average (Supplementary Fig. 3b). When 
targeted to ND1 site 1, sTALED poorly catalyzed A-to-G conversions 
(7%) when AD was fused to the R-TALE array, while higher efficiency 
was observed in the L-1397C-AD construction (26–39%, averaging 34%). 
Similarly, eTd1-mtABE-RW with the R-TALE (21–35%, averaging 26%) 
or L-TALE (54–79%, averaging 66%) construction showed a dramatic 
increase in adenine edits compared to sTALED (Fig. 3b and Supple-
mentary Fig. 3c). In contrast to sTALEDs (averaging 17% editing at ND4 
site 1), all eTd1-mtABEs extended the editing window from A5–A8 to 
A5–A10 while averaging 28–44% editing efficiency regardless of AD loca-
tions (Fig. 3c and Supplementary Fig. 3d). In addition to tremendously 
elevated mtDNA on-target editing efficiency, eTd1-mtABEs showed 
high product purity and rarely induced indels compared to sTALEDs3 
(Supplementary Fig. 3e–j).

We thought that the recently reported highly active DddA vari-
ants41 might have better ability to unwind mtDNA, which would further 
improve the efficiency of eTd-mtABE. eTd-mtABEs with the DddA6 
variant (eTd6-mtABEs) induced up to 76% A-to-G edits and displayed 
average improvements of 1.6-fold and 4.3-fold compared to the origi-
nal eTd1-mtABEs and sTALED at ND5 site 2, respectively (Fig. 3d), but 
introduction of the DddA11 variant almost abolished editing activity 
(Supplementary Fig. 4a). After evaluation of four more targets, we 
found that the editing frequencies of eTd1-mtABEs and eTd6-mtABEs 
were much higher (up to 11-fold and 36-fold increases, respectively) 
than sTALEDs (Fig. 3e–j). However, eTd6-mtABEs were not always 
more efficient than eTd1-mtABEs. For example, eTd6-mtABEs showed 
higher efficiency up to 87% at two targets (ND1 site 1 and ND4 site 2) but 
lower efficiency at CYTB site 1 and ND5 site 1 compared to eTd1-mtABEs 
(Fig. 3e–h). This suggests that the cytosine deaminase activity of DddA 
variants is probably not necessarily consistent with the DNA-unwinding 
capability to facilitate TadA deamination. In addition, consistent with 
the previous study3 on sTALED, eTd-mtABEs induced very minimal 
cytosine conversions at the evaluated sites, as C-to-T conversions 
depend on the presence of UGI in the mitochondria (Supplementary 
Fig. 4b–f). These data suggest that all eTd1-mtABEs exhibited much 
higher activity compared to sTALEDs regardless of the location of the 
evolved deaminase, DddA versions and their split positions. Consistent 
with the results in nuclear ABE8e variants, eTd-mtABEs showed substan-
tially increased activity in all sequence contexts compared to sTALEDs, 
especially in the RA* context, where eTd1-mtABEs and eTd6-mtABEs 
showed up to 4.3-fold and 6.6-fold increases on average (up to 36-fold 
at a GA motif), respectively, suggesting highly efficient mtDNA A-to-G 
editing with an expanded targeting scope (Fig. 3k).

Compatibility of TadA variants with diverse constructions
The split orientation of DddAtox is one of the determinants affecting 
the editing efficiency of mitoBEs and higher mutation rates were 
achieved using G1333-split DddAtox halves for some targets3,13. sTALEDs, 
eTd1-mtABEs and eTd6-mtABEs with DddAtox split at G1333 were tested 
at three sites. The average conversion rate of adenines within the 

spacers of all three targets was 5.4% for the sTALEDs-G1333 construction 
and higher for the sTALEDs-G1397 construction (13%) (Fig. 3a–c,l–n). 
Compared to sTALEDs-G1333 (averaging 5.4%), eTd1-mtABEs-G1333 
(averaging 15%) and eTd6-mtABEs-G1333 (averaging 32%) catalyzed 
much higher A-to-G conversions. For example, eTd6-mtABE-A142W 
and eTd6-mtABE-RW variants showed higher activity (averaging 33% 
and 34%, respectively) with frequencies up to 67%, even surpassing 
their counterparts that used DddA-G1397 split orientation at some 
positions (Fig. 3a–c,l–n).

Given that our TadA-8e variants exhibited exceptionally high 
activity, we speculated that the superactive deaminase activity would 
be compatible with shorter TALE arrays and the reduced size would 
facilitate delivery. TALE arrays of eTd-mtABEs targeting ND6 site 1 
(recognized by 35 RVD modules) and ND6-DdCBE site (recognized 
by 21 RVD modules) were designed to target the same site containing 
highly similar spacers, as this site was previously tested by mitoBEs with 
varying lengths of TALE-binding motifs. However, a 1-nt mismatch was 
introduced in each short TALE array to the ND6-DdCBE site as designed 
previously3,13,42. We also observed that the right short TALE array lacked 
a thymidine (T0) in the target sequence immediately preceding the 
RVD13 (Fig. 3o), the presence of which is critical for TALE-binding activ-
ity. When constructed with the conventional 35 RVD modules, sTALEDs 
induced efficient A-to-G editing, whereas eTd-mtABEs exhibited signifi-
cantly higher activity (Supplementary Fig. 4g). However, when using 21 
RVD modules containing mismatches to the target sequence, sTALEDs 
nearly lost its activity at this site (<4%). In contrast, eTd-mtABEs, espe-
cially eTd6-mtABE-A142W and eTd6-mtABE-RW, induced robust A-to-G 
conversions with frequencies up to 40% (Fig. 3p). Taken together, these 
data suggest that TadA variants are very efficient in supporting the 
fusion of diverse split orientations of DddAtox halves and are compatible 
for short TALE arrays even with sequence mismatches, which reduces 
the size by about 25% (~1,400 bp) while achieving efficient editing, 
indicating an advantage for delivery.

Off-target analysis of evolved mitochondrial A-to-G editors
To profile the off-target activity of eTd-mtABEs, we first evaluated 
whether they would induce nuclear DNA editing at previously identi-
fied sites with similar TALE arrays3. Like TALEDs, eTd-mtABEs induced a 
background level of off-target mutations in the nuclear genome (Sup-
plementary Fig. 5a). Next, mitochondrial whole-genome sequenc-
ing (WGS) of HEK293T cells transfected with sTALEDs, eTd-mtABEs 
and a TALE-free control was performed to test the TALE-independent 
off-target editing. Compared to sTALEDs, eTd-mtABEs exhibited com-
parable or slightly increased DNA off-target editing levels without 
sequence preference (Fig. 4a and Supplementary Fig. 5b,c). Inspired 
by studies on nuclear ABEs, which showed that substitutions of criti-
cal residues increased substrate selectivity and dramatically reduced 
off-target edits29–31,34,35,43, we generated 28 constructs combining 
eTd6-mtABE-A142W or eTd6-mtABE-RW with other variants. After 
evaluation at two endogenous targets, three constructs (RW/V28A, 
RW/V106W and V82S/A142W/Q154R) showed consistently compa-
rable or increased A-to-G edits (Fig. 4b). Then, five representative 
DNA off-target sites identified by the above mitochondrial WGS were 
used to evaluate the off-target effects of the triple-mutant variants in 
eTd1-mtABE and eTd6-mtABE constructions. HTS data revealed that all 
six constructs substantially reduced DNA off-target editing compared 
to sTALED (Fig. 4c).

A most recent study showed that the original mitochondrial A-to-G 
editors induced considerable RNA off-target edits24. To evaluate this 
issue, four previously identified high-frequency RNA off-target sites24 
were selected for HTS analysis using four different constructs targeting 
two endogenous sites (ND4 site 1 and ND1 site 1). In contrast to TALEDs, 
which showed 9–41% RNA off-target editing, all eTd-mtABEs (especially 
RW;V28A and RW;V106W) induced minimized random RNA off-target 
editing (Fig. 4d). The above data suggest that these eTd-mtABE variants 
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Fig. 4 | TadA variants enhanced specificity of eTd-mtABE and strand-biased 
mtDNA editing. a, Average percentage of mitochondrial genome-wide off-target 
editing for sTALEDs and eTd-mtABEs targeting ND4 and ND1 sites, respectively. 
Data represent the mean ± s.d. of n = 2 biologically independent replicates. 
b, Comparison of A-to-G efficiencies by sTALED and eTd6-mtABE variants at 
ND6 site 2 and ND5 site 2 in HEK293T cells. eTd6-mtABE variants marked with 
blue arrows were chosen for further evaluation. Data represent the mean of 
three biologically independent replicates. c, DNA off-target editing frequencies 
induced by sTALEDs and eTd-mtABEs at five representative DNA off-target sites 
identified by mitochondrial WGS. d, Bar plots showing RNA off-target editing 

frequencies induced by sTALEDs and eTd-mtABEs at four high-frequency 
RNA off-target sites identified by transcriptome-wide sequencing. In c,d, data 
represent the mean ± s.d. of n = 3 independent replicates. e, Heat map showing 
A-to-G editing efficiencies of canonical miABEMutH and miABEMutH constructs with 
indicated TadA variants at ND4 site 1 in HEK293T cells. Data represent the mean 
of three biologically independent replicates. f–h, A-to-G editing efficiencies of 
canonical miABENt.BspD6I(C) and miABENt.BspD6I(C) constructs with indicated TadA 
variants at RNR2 site 1 (f), ATP6 site 1 (g) and ND1 site 1 (h) in HEK293T cells. Data 
represent the mean ± s.d. of n = 3 independent replicates.
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(especially RW;V28A and RW;V106W) exhibit increased on-target activ-
ity but dramatically reduced off-target events compared to sTALED at 
both DNA and RNA levels.

Enhancing precise mtDNA editing with evolved TadA variants
Recent studies, including ours, demonstrated that fusion of DNA nick-
ases instead of DddA enabled strand-preferred mitochondrial base edit-
ing but their limited activity would hinder their applications3,13,22,23,41. 
As the deaminase is a critical limiting component of this system, we 
supposed that highly efficient TadA variants could enhance their per-
formance. Five engineered TadA variants were individually introduced 
into miABEMutH, a mitochondrial A-to-G editor with specific nicking 
preferences (5′-GATC-3′) to achieve selective editing at an unnicked 
mtDNA strand22. Editing results at ND4 site 1 showed that these variants 
kept the strand-biased editing feature with obviously increased activ-
ity. For example, within the editing window (A5–A10), the TadA-8e-RW 
variant showed average frequencies of up to 49%, about twofold higher 
than the original miABEMutH (average of 25%), and the efficiency of the 
highest editing position was also substantially increased (62% versus 
39%) (Fig. 4e). At the hardly edited position for miABEMutH (9.2% at A9), 
the RW variant displayed robust A9-to-G edits (39%). Two precise vari-
ants (RW/V28A and RW/V106W) also exhibited very high editing activity 
comparable to the RW variant. Moreover, the substantial improve-
ment in efficiency by TadA-8e variants was also applicable to miABENt.

BspD6I(C), which recruits truncated Nt.BspD6I nickase without sequence 

context constraints22 (Fig. 4f). Compared to miABENt.BspD6I(C), TadA-8e 
variant-derived editors achieved much higher A-to-G edits with an 
average improvement of 3.2-fold at all edited adenines of the three 
tested sites. Even at the highest positions of each site, evolved TadA-8e 
variants showed more than twofold increases, such as at the highest 
position of RNR2 site 1 (25% versus 7%), ATP6 site 1 (3.7% versus 1.7%) and 
ND1 site 1 (44% versus 22%), and kept a low level of undesired editing at 
the opposite strand (Fig. 4f–h). These results indicate that the evolved 
TadA-8e variants considerably enhance the efficiency of strand-biased 
mitochondrial A-to-G editing without affecting editing precision.

Installing pathogenic single-nucleotide variants (SNVs) using 
eTd-mtABEs in human cells
To test whether eTd-mtABE-induced mtDNA mutations could cause 
phenotypic effects, we attempted to evaluate the potential of 
eTd-mtABEs to mimic pathogenic SNVs in human cells. As m.14484T>C 
and m.14487T>C mutations in the ND6 gene are implicated in LHON 
and Leigh syndrome44–47, respectively, eTd1-mtABEs and eTd6-mtABEs 
with a G1397 or G1333 orientation were constructed to target ND6 site 
3 covering the pathogenic mutations (Fig. 5a). sTALEDs-G1397 induced 
less than 15% and 3.8% editing at the desired T8 and T11 positions cor-
responding to the above pathogenic SNVs and the G1333 orientation 
showed even lower activity (less than 6.7% and 2.9%, respectively). For 
instance, the eTd1-mtABE-RW and the accurate eTd1-mtABE-RW;V28A 
variants supported highly efficient desired T8 and T11 editing with 
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Fig. 5 | Application of eTd-mtABEs to install pathogenic mutations in human 
cells. a, Application of eTd-mtABEs to install disease-associated mutations in 
human mtDNA. Two pathogenic mutations located in target spacer region are 
shown in red. b, A-to-G editing frequencies of sTALEDs and eTd-mtABEs with 
DddAtox split at G1397 or G1333 targeting ND6 site 3. c, The level of intracellular 
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AD) targeting ND6 site 3. d, Fold changes of intracellular ATP in HEK293T cells 
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either the G1397 orientation (41–48% and 23–30%, respectively) or 
the G1333 orientation (26–33% and 11–21%, respectively) (Fig. 5b). 
Although ND6 site 3 contains an A + T-rich flanking sequence, which 
is an unfavorable target for TALE binding48 (Supplementary Fig. 6a), 
eTd-mtABEs still induced substantially higher editing compared to 
sTALEDs. In addition, compared to sTALED (3%), up to 26% of edited 
alleles contained simultaneous m.14484 and m.14487 T-to-C mutations 
when using eTd1-mtABE-RW, indicating its high activity (Supplemen-
tary Fig. 6b,c). Then, we evaluated the phenotypic consequences of 
these pathogenic SNVs. Compared to untreated cells and cells con-
taining inactive monomer L-1397N, higher levels of reactive oxygen 
species (ROS) and lower adenosine triphosphate (ATP) levels were 
observed in cells treated with eTd1-mtABE-RW (Fig. 5c,d). As the cel-
lular phenotype is highly dependent on mtDNA mutation rates, these 
data suggest that eTd-mtABEs can achieve highly efficient editing to 
reach the mutation threshold necessary to induce phenotypes in cells, 
indicating that they are optimal tools for generating cellular models 
of mitochondrial diseases.

eTd-mtABEs enable mitochondria disease modeling in rats
Animal models of mtDNA diseases are invaluable resources for both 
basic and translational studies. We attempted to use hyperactive 
eTd-mtABEs to generate inheritable rat disease models, as the only 
animal model created by A-to-G conversion associated with mtDNA 
diseases was generated in mice, albeit with relatively low efficiency24. 
Two pathogenic mtDNA SNVs, m.7510T>C and m.7511T>C mutations in 
the TRNS1 gene, cause SNHL49,50 (Fig. 6a,b and Supplementary Fig. 7a). 
Firstly, we constructed five eTd-mtABEs along with sTALEDs to target 
the pathogenic T9 and T10 positions (corresponding to rat m.6929 and 

m.6930 positions) of TRNS1 site 1 in PC12 cells (Fig. 6c). In contrast to 
sTALEDs, which hardly induced the desired T9 and T10 conversions 
(0.8% and 0.9%, respectively), all eTd-mtABE constructs induced sub-
stantially higher base transitions. eTd6-mtABE-RW exhibited superior 
activity, representing an up to 145-fold increase compared to sTALED, 
achieving up to 49% and 42% editing at the T9 and T10 positions, respec-
tively (Fig. 6d and Supplementary Fig. 7b). Then, eTd6-mtABE-RW 
mRNA was injected into rat zygotes; notably, 100% (54/54) of F0 pups 
bearing the desired T9-to-C (averaging 27%, 2.7–44%) and T10-to-C 
(averaging 27%, 3.8–44%) mutations were obtained (Fig. 6e). Nota-
bly, 13 of the founders carried simultaneous pathogenic m.6929 and 
m.6930 T-to-C mutations with frequencies of over 25% (Fig. 6f and 
Supplementary Fig. 7c). These pathogenic mutations were efficiently 
transmitted to the F1 generation (Supplementary Fig. 7d). Addition-
ally, we observed bystander T8-to-C editing. Because m.T7510 and 
m.T7511 (on-target T9 and T10 in TRNS1) mutations have been reported 
to disrupt Watson–Crick base pairing in the acceptor stem of human 
mt-tRNASer (ref. 51), we hypothesized that the editing of T8 (adjacent 
to the pathogenic mutation sites and located in the tRNA acceptor 
arm) could similarly lead to abnormal base pairing, potentially desta-
bilizing the tRNA secondary structure and impairing its function. 
Auditory brainstem response (ABR) assays across frequencies of 3, 
10, 15 and 20 kHz from 4-week-old F0 founders demonstrated that 
the ABR thresholds of eight founders were significantly increased at 
frequencies of 3 and 20 kHz compared to wild-type rats (Fig. 6g), with 
more severe phenotypes in female founders (Supplementary Fig. 7e). 
These data demonstrate that eTd-mtABEs can induce robust mtDNA 
editing in vivo, successfully generating a mitochondrial disease model 
of SNHL with hearing disorders in rats.
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Discussion
MiABEs are crucial tools for mtDNA disease modeling and potentially 
for gene therapy, as A•T-to-G•C editing can theoretically model and 
correct over 40% of mtDNA diseases3,21. However, this requires a very 
high ratio of base conversion frequencies (typically >50%)5,27. In this 
study, we evolved hyperactive TadA variants to increase the activity 
of both nuclear BEs and mitoBEs, especially in noncanonical editing 
windows and broad sequence contexts.

As TadA deaminases prefer the YA* sequence context, especially 
outside the major editing window28,32,33, we believed that this could be an 
important start point to evolve TadA-8e mutants to reach higher activity. 
We demonstrated that A142W or A142R;L145W variants could enhance 
the activity and expand the editing window regardless of sequence con-
text in both nuclear ABEs and miABEs. Our previous study showed that 
L145 was a critical residue for substrate recognition, as L145T/Q/C sub-
stitutions narrowed the editing window and reduced off-target effects 
and cytosine bystander edits35. Here, we found that L145W increased 
activity but reduced cytosine editing effects (Fig. 2b and Supplementary 
Fig. 2c). Compared to L145T/Q/C, the bulky substitution of L145W may 
pack against F84 and adjust L145 to an even more optimal position for 
deamination. An additional substitution at the nearby position (A142R) 
may further strengthen the hydrophobic patch created by W145 and 
F84. Without the L145W substitution, the single A142W substitution 
may function similarly to L145W. Although TadA7.10 is screened from 
TA preference targets28, we demonstrated that extensive evolution can 
push the deaminase evolving to a broader targeting scope. During the 
course of our study, an independent group reported the development 
of TadA8r, which was evolved from wild-type Escherichia coli TadA to 
increase context compatibility in nuclear DNA52. The authors considered 
that the different substitutions at the D108 residue (D108G in TadA8r 
and D108N in TadA7.10 and TadA-8e descendants) led their BEs to evolve 
along a distinct trajectory. Our study shows that the D108G substitu-
tion is not necessarily required to relax TadA sequence preference and 
will contribute to the understanding of the working mechanisms of 
deaminase and further evolution of BEs.

Compared to their original versions, higher adenine conversion 
activity was observed in miABEs (up to an average of 6.4-fold in the RA* 
context and 2.4-fold in the YA* context) in comparison to nuclear ABEs 
(up to an average of 4.0-fold in the RA* context and 1.9-fold in the YA* 
context) (Figs. 2d and 3k), suggesting that enhancement of deaminase 
activity is more effective in miABEs. This is probably because of the 
different mechanisms for exposing the ssDNA substrate by Cas9 and 
DddA, as Cas9 functions as a helicase and exposes the nontarget strand 
more thoroughly assisted by single guide RNA (sgRNA)53,54. It was evi-
denced that the evolved DddA6 variant41, which showed higher activity 
and an expanded targeting scope in DdCBEs, could further increase 
base-editing efficiency at some tested sites but not all (Figs. 3e,g and 
5b and Supplementary Fig. 4b). Given the more complicated construc-
tion of mitoBEs compared to nuclear BEs, it would be important to 
reveal the underlying rules for generating highly active constructs 
for specific targets.

Very recently, a V28R variant was identified to reduce the RNA 
off-targets of sTALEDs but with relatively low on-target activity24. In this 
study, the additional introduction of either V28A or V106W substitu-
tions to eTd-mtABE-RW resulted in a significant decrease in off-target 
mutations at both DNA and RNA levels (Fig. 4c,d).The accurate ver-
sion showed increased activity at the tested sites (Fig. 4b) because 
enhanced precision usually leads to compromised efficiency35,55. How-
ever, eTd-mtABEs induced base conversion in both mtDNA strands, 
which increases bystander edits. This problem was partially resolved 
by our previous study using DNA nickase instead of DddA to induce 
strand-biased editing22 and the TadA-8e-RW/V28A variant further 
increased the activity (Fig. 4e–h), while further improvement of the 
efficiency of stand-specific editing is highly demanded. eTd-mtABE-RW 
enabled the highly efficient introduction of pathogenic mutations into 

rat embryos, allowing for the generation of an SNHL model that can 
prove invaluable as a resource for both pathological and therapeu-
tic studies. Obvious phenotypes were observed in the F0 generation 
with sex-biased defects (Supplementary Fig. 7d). It would be quite 
interesting to investigate this phenomenon in patients and to further 
develop treatments on the basis of this model. As demonstrated in 
recent studies25,26, modulating the mtDNA repair pathway or using 
circular RNA-encoded mitoBEs achieved efficient base editing; we 
speculate that the combination of our TadA variants with these two 
strategies could further improving A-to-G editing in mtDNA.

The development of eTd-mtABEs advances the utility of mito-
chondrial base editing for disease modeling and potential therapeutic 
strategies. Our accompanying study showed the generation of a Leigh 
syndrome rat model using eTd-mtABE and correction of the pathogenic 
mutation using engineered DdCBEs in rat embryos56. These studies 
aimed to correct pathogenic point mutations rather than eliminate 
mutant mtDNA, which would be dangerous in tissues with extremely 
high levels of mtDNA mutation.
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Methods
Plasmid construction
The primers used in this study are listed in Supplementary Table 1. 
Oligonucleotides are listed in Supplementary Table 2. Amino acid 
and nucleotide sequences are listed in Supplementary Table 3. The 
primers and oligonucleotides were synthesized by BioSune. TALED_
Left-ND1-1397C-AD (183892), TALED_Right-ND1-1397N (183898), 
ND4-DdCBE-left side TALE (157844), ND4-DdCBE-right side TALE 
(157843), ND4.2-Left TALE-G1397-N-DddA11-mCherry (179682), 
ND4.2-Right DdCBE-G1397-C-T1413I-GFP (179686) and ABE8e 
(138489) plasmids were purchased from Addgene. New nuclear BE 
and mitoBE plasmids were constructed using previously published 
methods57,58. In brief, DNA fragments were amplified using PrimeS-
TAR Max DNA polymerase (Takara) and assembled with a ClonExpress 
MultiS one-step cloning kit (Vazyme) according to the manufac-
turer’s protocol. TadA-8e variants with individual or combinational 
substitutions were constructed by site-directed mutagenesis using 
a PCR-based method. For nuclear base editing, sgRNAs were con-
structed by annealing from 95 °C down to room temperature and 
ligating into BbsI-linearized U6-sgRNA(sp)-EF1α-GFP (Thermo Fisher 
Scientific). For double-strand mtDNA editing, we firstly construct 
the original eTd-mtABE expression plasmids (the TALE array was 
replaced with two inverted BsmBI restriction sites) and assembled 
the TALE array 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. 
For stand-preferred mtDNA editing, human codon-optimized MutH 
and Nt.BspD6I(C) were synthesized (Genewiz). The miABE expres-
sion plasmids were constructed by fusing MutH/Nt.BspD6I(C) or 
TadA-8e variants to the C terminus of TALE22. For flow cytometry 
assays, double-stranded or stand-preferred mtDNA-editing con-
structs 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 manu-
facturer’s instructions.

Cell culture and transfection
Human HEK293T cells (American Type Culture Collection (ATCC), 
CRL-3216) and rat PC12 cells (ATCC, CRL-1721) were cultured in 
DMEM (Gibco) supplemented with 10% (v/v) FBS (Gibco) and 1% 
(v/v) penicillin and streptomycin. All cell types were maintained at 
37 °C with 5% CO2. HEK293T cells were passaged every 2 or 3 days 
and PC12 cells were passaged every 3 or 4 days. For nuclear base 
editing, HEK293T cells were seeded in 24-well plates (Corning) 
and transfected with 750 ng of nuclear BE plasmids and 250 ng of 
sgRNA plasmids at 70–80% confluence using polyethyleneimine 
(PEI; Polysciences). For evaluating the mitochondrial base edit-
ing, HEK293T cells were seeded in 12-well plates (Corning) and 
transfected with 800 ng of eTd-mtABE, sTALED or miABE mono-
mer at 70–80% confluence using PEI (Polysciences). PC12 cells were 
seeded in 12-well plates (Corning) and transfected with 1,600 ng of 
eTd-mtABE or TALED monomer at 70–80% confluence using Lipo-
fectamine LTX (Thermo Fisher Scientific).

Genomic DNA extraction and amplification
To assess nuclear base-editing efficiency, HEK293T cells transfected 
after 72 h were washed with 1× PBS, trypsinized and collected by 
centrifugation for genomic DNA extraction. To evaluate mitochon-
drial base-editing efficiency, HEK293T cells or PC12 cells transfected 
after 72 h were washed with 1× PBS and digested with 0.25% trypsin 
(Gibco) for fluorescence-activated cell sorting (FACS). EGFP and 
mCherry double-positive cells were harvested and the genomic DNA 
was extracted using QuickExtract DNA extraction solution (Lucigen) 
according to the manufacturer’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 rat, genomic DNA for 
PCR was extracted from collected tissues using the traditional isopro-
pyl method. Genome loci of interest were amplified with site-specific 
primers listed in Supplementary Table 1 using KOD-Plus-Neo DNA 
polymerase (Toyobo).

Mitochondrial WGS
To evaluate the specificity of eTd-mtABEs across the whole mitochon-
drial genome, HEK293T cells were seeded in 12-well plates (Corning) 
and transfected with 800 ng of eTd-mtABE or sTALED monomer at 
70–80% confluence using PEI. HEK293T cells transfected after 72 h 
were washed with 1× PBS, trypsinized and collected by centrifugation 
at 800g, 4 °C. The mitochondria were isolated from transfected cells 
using the mitochondria isolation kit for cultured cells (Thermo Fisher 
Scientific) according to the manufacturer’s protocol. mtDNA was 
extracted from isolated mitochondria using the TIANamp genomic 
DNA kit. Long-range PCR was amplified by PrimeSTAR GXL polymer-
ase (Takara) using two sets of partially overlapping primers (listed in 
Supplementary Table 1) to capture the whole mtDNA genome. PCR 
products were purified using HiPure gel pure micro kit (Magen Bio-
tech). Subsequently, the WGS was performed at the mean coverage of 
13,151× using the Illumina NovaSeq 6000 platform (Genewiz). Regions 
of interest were amplified by PCR with site-specific primers listed in 
Supplementary Table 1.

RNA purification and targeted RNA sequencing
HEK293T cells were seeded in 12-well plates (Corning) and transfected 
with 800 ng of eTd-mtABE or sTALED monomer using PEI. Cells trans-
fected after 72 h were washed with 1× PBS, trypsinized and collected by 
centrifugation at 800g, 4 °C. Collected cells were then homogenized 
in TRIzol reagent (Magen Biotech). Total RNA was extracted using 
standard methods and then reverse-transcribed into complemen-
tary DNA (cDNA) using Hifair II first-strand cDNA synthesis supermix 
(Yeasen) according to the manufacturer’s protocol. Genome loci of 
interest were amplified with site-specific primers listed in Supple-
mentary Table 1.

Intracellular ROS assay
Intracellular ROS was measured using an ROS assay kit (Beyotime 
Biotech) following the manufacturer’s instructions. The DCFH-DA 
probe was diluted to a final concentration of 10 μM and Rosup served 
as the positive control. HEK293T cells were seeded in 12-well plates 
(Corning) and transfected with 800 ng of eTd-mtABE monomer 
or L-1397N using PEI. After 72 h, the medium was removed and the 
cells were washed three times with PBS. The staining method was 
conducted according to the instructions. In brief, HEK293T cells 
were incubated with diluted DCFH-DA probe for 5 min at 37 °C and 
detected through flow cytometry using a BD Fortessa flow cytometer 
(BD Biosciences).

ATP assay
ATP was measured using an enhanced ATP assay kit (Beyotime Biotech) 
following the manufacturer’s instructions. HEK293T cells were seeded 
in six-well plates (Corning) and transfected with 800 ng of eTd-mtABE 
or L-1397N using PEI. The transfected cells after 72 h were washed 
with 1× PBS and digested with 0.25% trypsin (Gibco) for FACS. About 
1,000,000 EGFP and mCherry double-positive cells were harvested 
and immediately lysed in 200 μl of lysis buffer on ice. The protein con-
centration of each treated group was determined using the Pierce BCA 
protein assay kit (Thermo Fisher Scientific). In a 96-well plate, 20 μl of 
supernatant was added into wells containing 100 μl of ATP detection 
working reagent. The plate was then incubated at room temperature 
for 5 min. The luminescence was detected using an EnVision multilabel 
reader and the total ATP levels were defined in nmol mg−1.
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mRNA preparation
In vitro transcription (IVT) template DNAs were prepared by lineariz-
ing with EcoRI and extracted using the phenol–chloroform method. 
mRNAs were synthesized using Hi-Yield T7 IVT reagent (N1-Me-pUTP) 
(Hzymes) according to the manufacturer’s protocol. In brief, after 2-h 
incubation at 37 °C, 1 μl of DNase I was added into the solution and incu-
bated at 37 °C for 15 min to digest the template DNA. Subsequently, the 
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 previous reports35,59. The mixture of eTd-mtABE-encoding 
mRNAs (150 ng μl−1 each) was diluted in RNase-free water and injected 
into the cytoplasm using an Eppendorf TransferMan NK2 micromanipu-
lator. Injected zygotes were transferred into pseudopregnant female 
rats at 7–8 weeks old.

ABR measurement
The ABR measurements were consistent with a previous report in a 
shielded, double-walled sound room60. Rats were anesthetized with 
an intraperitoneal injection of pentobarbitone (50 mg kg−1 body 
weight) and three electrodes were inserted into the subcutaneous 
tissues at the scalp midline (the recording electrode), posterior to 
the stimulated ear (the reference electrode) and on the midline of 
the back 1–2 cm posterior to the neck of the animal (the ground elec-
trode). Tone pips (3, 10, 15 and 20 kHz) at different intensities were 
generated and delivered using TDT System III (Tucker-Davis Technolo-
gies) to test the frequency-specific hearing thresholds. Each sound 
stimulus was played 20 times per second for 10 s and passed through 
the sound guide tube into the rat’s external ear canal. The ABR signals 
were acquired, filtered, amplified and analyzed using equipment and 
software (BioSig) manufactured by Tucker-Davis Technologies. The 
ABR threshold was defined as the lowest sound intensity capable of 
eliciting a response pattern characteristic of that observed at higher 
intensities. The animal’s body temperature was monitored using 
a rectal probe and maintained at ∼37 °C by a feedback-controlled 
heating blanket.

Next-generation sequencing and data analysis
The second PCR amplifications were performed with primers contain-
ing an adaptor sequence (forward, 5′-GGAGTGAGTACGGTGTGC-3′; 
backward, 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 the 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 effi-
ciencies, A•T-to-G•C efficiencies and indels in the HTS data were ana-
lyzed using BE-Analyzer61. Base-editing efficiencies were calculated 
as the base substitution reads divided by total reads. Purities were 
calculated as the percentage of the reads of A•T-to-G•C edits divided 
by the reads of adenine edits without indels. Indel frequencies were 
calculated as the percentage of reads of indels divided by total reads.

Analysis of mitochondrial genome-wide off-target editing
The analysis of mitochondrial WGS data was performed as previ-
ously reported3. Initially, we aligned the FASTQ sequences to the 

GRCh38 (release version 102) reference genome using BWA (version 
0.7.17) and then created BAM files with SAMtools (version 1.9) by 
fixing read=pairing information and flags. Subsequently, we used 
the REDItoolDenovo.py script from REDItools (version 1.2.1) to find 
all thymines and adenines in the mitochondrial genome with con-
version rates > 0.1%. Positions with conversion rates ≥ 10% in both 
treated and untreated samples were identified as SNVs in the cell lines 
and removed. We also excluded the construct’s on-target sites. The 
remaining sites were regarded as off-target sites and we counted the 
number of edited A or T nucleotides with editing frequencies > 0.1%. 
We calculated the average A•T-to-G•C editing frequency for all bases 
in the mitochondrial genome by averaging the conversion rates at 
each base location in the off-target sites. Average mtDNA-wide A-to-G 
editing frequency was calculated as the percentage of the sum of 
A•T-to-G•C off-target sites divided by all bases in the mitochondrial 
genome. Average mtDNA-wide C-to-T editing frequency was calculated 
as the percentage of the sum of C•G-to-T•A off-target sites divided by 
all bases in the mitochondrial genome. Mitochondrial genome-wide 
graphs were constructed by plotting the conversion rates at on-target 
and off-target sites with an editing frequency ≥ 1% across the entire 
mitochondrial genome.

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.

Data availability
HTS data were deposited to the National Center for Biotechnology 
Information (NCBI) Sequence Read Archive (SRA) database under 
BioProjects PRJNA1249660, PRJNA1249952 and PRJNA1249944. Mito-
chondrial WGS data were deposited to the NCBI SRA database under 
BioProject PRJNA1249252. There are no restrictions on data availability. 
Source data are provided with this paper.
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