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The engineered TadA variants used in cytosine base editors (CBEs) present
distinctive advantages, including a smaller size and fewer off-target effects
compared to cytosine base editors that rely on natural deaminases. However,
the current TadA variants demonstrate a preference for base editing in DNA
with specific motif sequences and possess dual deaminase activity, acting on
both cytosine and adenosine in adjacent positions, limiting their application
scope. To address these issues, we employ TadA orthologs screening and multi
sequence alignment (MSA)-guided protein engineering techniques to create a
highly effective cytosine base editor (aTdCBE) without motif and adenosine
deaminase activity limitations. Notably, the delivery of aTdCBE to a humanized
mouse model of Duchenne muscular dystrophy (DMD) mice achieves robust
exon 55 skipping and restoration of dystrophin expression. Our advancement
in engineering TadA ortholog for cytosine editing enriches the base editing
toolkits for gene-editing therapy and other potential applications.

DNA base editors composed of Cas9 nickase and deaminases can
perform specific single base conversion on target sequences without
requiring DNA double-stranded breaks'. The main effector domains of
the cytosine base editor (CBE) and adenine base editor (ABE) are
cytidine and adenine deaminase, catalyzing the base conversion from
C-G to T-A and A-T to G-C, respectively. Cytidine deaminases derived
from proteins such as APOBEC, AID, and CDA naturally possess cyto-
sine deamination activity'>. The adenosine deaminases TadA of ABEs
were engineered from tRNA-specific adenosine deaminase for adeno-
sine base editing of DNA*’. After removing uracil glycosylase inhibitor
(UGI) from CBEs, C-to-G base editors (CGBEs) were developed to cat-
alyze the conversion of bases from C.G to T.A%’.

By introducing stop codons (CAA/CAG/CGA to TAA/TAG/TGA),
CBEs have shown great potential in the treatment of common diseases
such as T-cell acute lymphoblastic leukemia®, Hepatitis B*'°, and
acquired immunodeficiency syndrome™. Although high on-target DNA
editing efficiency can be achieved with traditional CBEs®”, they can
also exhibit different types of DNA and RNA off-target effects™™.
Compared to natural cytidine deaminases with high intrinsic single-
stranded DNA (ssDNA) affinity, TadA of ABE exhibited undetectable
guide-independent off-target effects at DNA and RNA levels”. Previous
studies reported that the TadA8e variant derived from E. coli TadA
exhibited partial cytidine deaminase activity for TC sequences within
the editing window™. Recently, various CBEs, including Td-CBEmax
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and TadCBEd, have been developed by engineering TadA8e into a
cytosine deaminase, demonstrating the engineering plasticity of TadA
for versatile base editors development?. In addition, TadA homo-
logues from different species were introduced with two amino acid
mutations, exhibiting efficient cytidine deaminase activity”’. However,
these TadA-based CBEs still have defects such as motif bias, unwanted
adenosine deaminase activity or insufficient cytosine editing activity.
Moreover, unwanted A-to-G base editing can cause the termination
codon to become TGG, limiting the disruption effect of the target
gene. Therefore, screening more TadA variants or orthologs are
expected to further improve the functionality of CBEs.

Here, we utilize both TadA orthologs screening and protein
mutagenesis strategies to obtain TadA variants from Acinetobacter
Jjunii with the most potent activity for cytosine base editing. Further-
more, by optimizing its activity through protein amino acid substitu-
tion, we obtain aTdCBE with better performance. We then establish a
genetically humanized DMD mouse model and demonstrate the
potential of exon skipping and dystrophin restoration using AAV
delivery, which may inform future pre-clinical research. This study
provides a practical strategy for the development of base editors with
distinctive features, which is valuable for expanding the functional
diversity of gene editing tools and their potential applications for gene
editing therapy and research use.

Results

Screening of TadA orthologs using fluorescent reporter system
To sensitively detect DNA base editing activity in mammalian cells, we
designed a fluorescent reporter system, termed as BFP-*EGFP which
contains a BFP and an inactive EGFP carrying stop mutation that can be
corrected through C-to-G base editing (Fig. 1a). Due to the weakest
base editing preference for ACT motif by cytosine base editor based on
the ecTadA variant”, we introduced ACT in the 5th to 7th positions of

the target sequence to screen for variants that can efficiently edit AC
motif sequences. When the target sequence is edited by cytosine
deaminase of CGBEs, the TAG termination codon within mutant
*EGFP will be corrected into TAC to achieve normal translation of
EGFP protein.

Given that ABE2.1 constructed by ecTadA carrying four amino acid
mutations of D1I08N/A106V/D147Y/E155V can produce effective edit-
ing at multiple genomic sites, we introduced these four mutations into
different TadA orthologs to construct base editors'. Based on different
sequence homology, we synthesized nine representative TadA ortho-
logs with four amino acid substitutions, and constructed base editors
together with SpG Cas9 (Fig. 1b). We also used Td-CGBE as control to
edit the BFP-*EGFP reporter by co-transfection of CGBE-mCherry and
reporter plasmids targeted by the *EGFP-specific sgRNA in HEK293T
cells. Two days after transfection, we observed that about 5% of suc-
cessfully transfected cells had EGFP activated by Td-CGBE (Fig. 1c).
Notably, we found that a TadA ortholog from Acinetobacter junii
showed the highest editing activity among the nine TadA orthologs,
thereby named AjTadA.v1(Fig. 1c). We further used AjTadA.v1 to target
PIK3CA loci and only found that AjTadA.vl has the cytosine deamina-
tion activity (Supplementary Fig. 1).

Engineering of AjTadA based on multiple sequence alignment

Multiple sequence alignment (MSAs) is commonly used for phyloge-
netic inference®, protein structure prediction®*”, functional effects of
mutations prediction’*?. Through multiple sequence alignment, we
identified 20 highly conserved amino acid sites with over 99% con-
servation in the TadA family (Supplementary Fig. 2). Highly conserved
residues are under greater selection pressure throughout the evolu-
tion process to be indispensable for normal deaminase activity of TadA
and survival advantage of the organism. We assume that adjacent
amino acids of highly conserved sites (AHC) can assist highly
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Fig. 1| Screening for TadA orthologs with cytosine deaminase activity in
mammalian cells. a The experimental workflow for detecting base editing activity
with fluorescence reporter system in HEK293T cells. b The Phylogenetic Tree of
TadA orthologs. ¢ Screening for TadA orthologs using fluorescence reporter

system. Data are presented as means + S.D. Values and error bars represent mean
and S.D., n =3 independent biological replicates. All of the above base editors do
not contain UGI. PAM stands for protospacer adjacent motif. NC represents
negative control. Source data are provided as a Source Data file.
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Fig. 2 | Engineering of AjTadA to improve base editing efficiency in
mammalian cells. a The experimental workflow for engineering of AjTadA.

b Substitutions of non-positively charged amino acids of AjTadA at the AHC sites.
Each dot represents activity for a single variant. ¢ Substitutions of 25E and 46 P of
AjTadA.v1 with seven amino acid residues. Values represent mean, n=2 indepen-
dent biological replicates. d Combination of mutations in 25E and 46 P of

Editing efficiency (%)

Editing efficiency (%)

AjTadA.v1. Values and error bars represent means + S.D., n =3 independent biolo-
gical replicates. e Combination of single amino acid mutation with AjTadA.v2 at
three endogenous loci. Values and error bars represent means + S.D., n=3 inde-
pendent biological replicates. All of the above base editors do not contain UGI.
Source data are provided as a Source Data file.

conserved amino acids in performing their functions, and replacing
these AHC amino acids may enhance or decrease their activity. Sub-
stitutions of amino acid residues with arginine have been shown to
improve editing activity of RNA-guided nucleases by improving the
binding ability of proteins and nucleic acids, including Cas12, IscB and
Fanzor®>', We wonder whether this strategy can be applied to
improve the editing efficiency of deaminases. Then we performed
scanning mutagenesis and substituted all non-positively charged AHC
residues with arginine (Fig. 2a, Supplementary Fig. 2). We divided AHC
amino acids with distances of 1, 2, 3, and 4 from highly conserved
amino acids into four groups: D1, D2, D3, and D4. In total, 65 arginine
single substitutions of AjTadA.vl were screened using BFP-*EGFP
reporter assay. Based on the threshold of over 1.5-fold for the EGFP
signal increased by AjTadA variants relative to the AjTadA.v1 controls,
we identified 12 variants with enhanced base editing activity (Fig. 2b).

Remarkably, 40% (6/15) of D2 variants showed enhanced activity. In
addition, E25R and P46R variants showed over 4-fold improvement
relative to AjTadA.v1 (Fig. 2b).

To test whether replacing these two sites with other amino acids
can further enhance activity, we selected six different type of amino
acids and found that the P46G variant performed best, producing over
60% of EGFP positive cells (Fig. 2c). We then combined P46G with E25R,
E25W, E25F, E25Y, E25G, E25A, or E25D in AjTadA.v1 for reporter assay
and found that the variant carrying P46G/E25A exhibited the highest
editing activity, named AjTadA.v2 (Fig. 2d). Considering the upper
detection limit of the fluorescent reporter system, we next selected
three different endogenous gene loci to further evaluate the editing
activity of the variants. On the basis of AjTadA.v2, we further intro-
duced amino acid substitutions in different regions (Y8R, Y43R, Y146R)
that performed well in the first round of screening. We found that the
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variant carrying P46G/E25A/Y146R showed relatively high editing
activity at all three endogenous sites. We further fused AjTadA.v2-
Y146R with SpCas9 and UGI to obtain a cytosine editor named as
aTdCBE (Fig. 2e).

ATdCBE enables robust genomic editing in mammalian cells
with broad target scope and high specificity

In order to compare the editing efficiency of our aTdCBE with other
CBEs, Td-CBEmax'’, TadCBEd”, B3PCY2-CBE*, hA3AY'**A(hA3A*)-CBE*
and YE1-BE4max® were selected due to their diverse properties,
including differences in editing efficiency, off-target effects, substrate
preferences, and applicability across various cell types and model
organisms. By including these specific CBEs in our study, we aimed to
provide a comprehensive analysis of the current state-of-the-art cyti-
dine base editing tools and facilitate a comparative assessment of their
performance under standardized experimental conditions. We selec-
ted 25 different genomic loci for activity assessment and found that
aTdCBE and TadCBEd showed comparable cytosine editing efficiency
(Fig. 3a, Supplementary Fig. 3). It is noteworthy that aTdCBE exhibited
no significant adenosine deaminase activity. However, TadCBEd had
detectable adenosine deaminase activity at multiple sites (Supple-
mentary Fig. 4). At almost all loci, aTdCBE and TadCBEd performed
better than Td-CBEmax, B3PCY2-CBE, hA3A*-CBE and YE1-BE4max.
Moreover, the non-evolved TadA deaminase B3PCY2 only produces
effective editing for very few targets. Except for hA3A*-CBE, the
aTdCBE and TadCBEd exhibit a broad cytosine editing window than
other cytosine base editors, approximately between target position 4
and 7 (Fig. 3b). In addition, TadCBEd exhibits weak editing activity
towards adenosine in the fifth to seventh positions of the target
sequence (Fig. 3¢).

Previous studies have shown that CBE editors YEI-BE4max and
TadCBEd based on Apopec and ecTadA have weaker editing abilities
for GC and AC motif in library experiments, respectively. Consistent
with previous results, the average editing efficiency of Apobec and
ecTadA in GC and AC context of endogenous loci is indeed weaker
than in other motifs, respectively (Fig. 3d). Another ecTadA-derived
cytosine base editor Td-CBEmax exhibits weak editing efficiency in
both AC and GC. To verify the motif preference of the TadA deami-
nases, we performed high-throughput library experiments using a
library containing 11,868 paired sgRNA*. Consistent with previous
results, the aTdCBE has better editing efficiency for AC sites (Fig. 3e).

We then tested the effects of aTdCBE, TadCBEd, and recently
reported CBE6b* on introducing the PCSK9 termination codon, using
four sites containing the CAG codon (Fig. 3f). We found that TadCBEd
produces A-to-G editing at all four sites, while aTdCBE and CBE6b
hardly cause A-to-G editing. The aTdCBE performs better at the AC
motif site than aTdCBE and CBE6b. The aTdCBE, TadCBEd and CBE6b
can generate C-to-T editing efficiencies of up to approximately 72%,
57% and 60% for these CAG codon sites, respectively.

We further evaluated the specificity of aTdCBE, Td-CBEmax,
TadCBEd, B3PCY2-CBE, and YE1-BE4max in HEK293T cells at two target
sites respectively. After deep-sequencing analysis, we found that all the
base editors displayed low level of off-target effects at the predicted
off-target sites by Cas-OFFinder (Supplementary Fig. 5a). To detect
nuclease-independent off-target effect of aTdCBE and TadCBEd, we
performed the orthogonal R-loop assay®’. Using five previous SaCas9
target sites, we found that aTdCBE exhibited comparably low nuclease-
independent off-target events with TadCBEd (Supplementary Fig. 5b).

TadA8e was previously reported to have significant RNA off-target
editing, and the introduction of VIO6W mutations resulted in sig-
nificant reduction of RNA editing with slightly decreased on-target
editing activity®. To investigate whether TadA variants with cytosine
deaminase activity can cause transcriptome-wide off-target effects, we
conducted RNA-seq to evaluate RNA off-target effect for aTdCBE and
TadCBEd. Compared to the HEK293T control without the base editor

transfection, both aTdCBE and TadCBEd showed a slight off-target
effect on cytosine in RNA, while TadCBEd showed lower off-target
effects (Supplementary Fig. 5c).

Due to the engineered AjTadA was obtained through C-to-G
fluorescence reporter screening. To investigate whether the edited
product of engineered AjTadA exhibits C-to-G preference compared to
other deaminase enzymes, we removed the UGIs of aTdCBE and
TadCBEd performed better than Td-CBEmax, B3PCY2-CBE, hA3A*-CBE
and CBE6, and generated 6 CGBEs. Compared to the effect of sites and
sequences on editing product preference, the effect of deaminase
variants on C-to-G preference is relatively low (Supplementary Fig. 6).

Local muscle administration of cytosine base editor aTdCBE
restores dystrophin expression

DMD is a fatal X-linked recessive disease affecting 1 out of 3500-5000
newborn males resulting from thousands of pathogenic mutations in
the human X chromosome-linked DMD gene®. While there are thou-
sands of documented clinical mutations, most DMD-causing muta-
tions occur in a “hotspot” region encompassing exons 45 to 55 of the
DMD gene, and skipping of exon 55 can provide therapeutic benefits to
approximately 2% of DMD patients®. Engineering TadA with broad
targeting scope and stringent cytosine deaminase activity may be a
potential strategy for gene editing correction of DMD.

To evaluate the in vivo activity of cytosine base editors, we firstly
compared the cytosine base editors in HEK293T cells, and found that
only aTdCBE and TadCBEd exhibited high activity at exon 55 splice
acceptor site (SAS) (Supplementary Fig. 7). We further generate a
genetically humanized DMD mouse model (DMD2F* m& mice)
(Fig. 4a, Supplementary Fig. 8a). Sequencing of the RT-PCR product
confirmed proper splicing between human DMD exon53 and exon55
in the DMD**™* mice (Supplementary Fig. 8b). Immunostaining and
western blot revealed a complete loss of dystrophin expression in
DMD25# M mice (Supplementary Fig. 8c, d). Additionally, muscular
histology, creatine kinase (CK) activity and motor function also
suggested that DMD*t* M mijce presented severe DMD symptoms
(Supplementary Fig. 8e, f, g).

Given the vector size beyond the genome packaging capacity of
AAV, we have developed a strategy where each fragment of the
base editor is expressed individually by two separate AAV vectors.
The Rhodothermus marinus (Rma) intein facilitated the precise
autocatalytic splicing of the two fragments, thereby reconstructing
the full-length, active form of aTdCBE within the target cells. Then,
we performed intramuscular (IM) injection of dual-AAV9 particles in
tibialis anterior (TA) muscle of 3-week-old DMD** ™* mijce. Six
weeks after IM injection, TA muscle samples were collected for
subsequent analysis (Fig. 4a). Deletion of exon 54 in the DMD gene
resulted in the introduction of a downstream premature stop codon
in exon 55, resulting in the production of a nonfunctional truncated
dystrophin protein. The DMD open reading frame (ORF) can be
restored by editing exon 55 SAS, allowing for the splicing of exons 53
to 56 in the case of exon 55 skipping (Fig. 4b). Our findings revealed
that aTdCBE exhibited over 40% DNA base editing efficiency (Fig. 4¢).
RT-PCR results indicated successful splicing alteration to skip human
DMD exon 55 following aTdCBE-induced base conversion, as con-
firmed by gel analysis (Fig. 4d). Furthermore, immunostaining results
demonstrated a remarkable rescue of dystrophin expression fol-
lowing local injection of aTdCBE (Fig. 4e, Supplementary Fig. 9). The
percentage of dystrophin-positive fibers after aTdCBE treatment
reached up to 99% of the wildtype level (Fig. 4f). To quantify the level
of dystrophin restoration, we conducted western blot analysis,
revealing that aTdCBE system restored 60% of dystrophin expression
(Fig. 4g). Together, these results indicate that aTdCBE-derived
cytosine base editor, as a highly effective base editing tool with
broad targeting scope, provides a promising approach for basic
research and therapeutic applications.
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Discussion Compared to other strategies, protein engineering methods used in

In this study, through TadA orthologs screening and MSA-based pro-
tein engineering, we obtained the cytosine base editor aTdCBE with
robust cytosine editing activity in mammalian cells. We found that by
replacing adjacent amino acids of conserved residues with arginine,
over 18% variants achieved enhanced activity with more than 1.5 fold.

our study are much more convenient and have the potential to be
applied to the engineering of other proteins. Compared with the pre-
vious cytosine base editors, aTdCBE has significant advantages in
editing target sequences with AC motif. In addition, the aTdCBE car-
rying no significant adenosine deaminase activity avoids generating
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Fig. 3 | ATdCBE enables robust genomic base editing in mammalian cells.

a Comparison of C-to-T conversion efficiency for endogenous loci by base editors
derived from aTdCBE, Td-CBEmax, TadCBEd, B3PCY2-CBE, hA3A*-CBE and YEI-
BE4max in HEK293T cells. b Base editing activity window plots showing mean C-to-T
editing at all tested target positions. ¢ Base editing activity window plots showing
mean A-to-G editing at all tested target positions. d Comparison of motif preference
for 25 endogenous loci by base editors derived from aTdCBE, Td-CBEmax, TadCBEd,
B3PCY2-CBE, hA3A*-CBE and YEI-BE4max in HEK293T cells. The editing window of
CBEs was primarily concentrated between bases 4-7. Consequently, the analysis

focused on preference motifs exhibiting higher editing efficiency within this range.
e High-throughput library experiments to evaluate the motif preference of aTdCBE,
Td-CBEmax, TadCBEd and B3PCY2-CBE. f Introducing premature termination codons
into the PCSK9 coding region using CBEs. The numbers in the grid represent the
average editing efficiency of cytosines with corresponding motif's at positions 4-7 for
each sgRNA. Data are presented as means * S.D. Values represent n =3 independent
biological replicates. P-values determined by one-sided Mann-Whitney U-test and
adjusted by Benjamini-Hochberg procedure. All of the above base editors contain
UGI. NC represents negative control. Source data are provided as a Source Data file.
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Fig. 4 | ATdCBE treatment robustly rescued dystrophin expression in TA six
weeks after AAV injection. a Overview for the invivo intramuscular (IM) injection
of the AAV9-aTdCBE construct into the tibialis anterior (TA) of the right leg of 3-
week-old DMD*** ™ mjce. The DMD** ™ mice were derived from the mating of
the humanized DMD*®* mice with mdx mice. Left leg was injected with saline as a
control. Black arrows indicate time points for tissue collection after injection.
AjTadA.v2-Y146R, UGlIs, Cas9n split by Rma intein and gRNA were packaged into
2 separated AAV particles. A muscle-specific promoter Spc5.12 was used to drive
AjTadA-Cas9n-N or Cas9n-C. b Schematic illustrating exon skipping strategies to
restore the correct open reading frame (ORF) of the DMD transcript. The shape and
color of the boxes representing DMD exons indicate the reading frame. Specifically,
the deletion of exon 54 in the DMD gene results in a premature stop codon in exon
55 (depicted in red). The in-frame ORF can be achieved by editing exon 55 splice
acceptor sites (SAS) (ag base pair). ¢ The DNA editing efficiency was analyzed after

6-week treatment. d RT-PCR products from muscle of DMD*®* ™* mice were ana-
lyzed by gel electrophoresis. e Dystrophin (Abcam, ab15277) is shown in green.
Scale bar, 100 pm. f Quantification of Dys+ fibers in cross sections of TA muscles.
g Western blot analysis of dystrophin (Sigma, D8168) and vinculin (CST, 13901S)
expression in TA muscles 6 weeks after injection with AAV-aTdCBE or saline. For
comparative analyses, wild-type (WT) mice were derived from crosses between
STOCK Tg (DMD) 72Thoen/) mice (#018900) and mdx mice, which carry a

¢.2977 C>T, p.GIn993* mutation in exon 23 on Chr.X. Dilutions of protein extract
from WT mice were used to standardize dystrophin expression (25%, 50% and 75%).
Each band (#1-4) represents an individual mouse sample. Vinculin was used as the
loading control. Data are represented as mean + S.E.M (n =4 independent biolo-
gical replicates). Each dot represents an individual mouse. Source data are provided
as a Source Data file.

unwanted editing products in applications. Although these TadA
deaminases exhibited slight RNA off-target of C-to-U compared to the
control, their specificity can be further improved by mutant mod-
ification or insertion of deaminases into the Cas9 protein in the

future®**’. Considering its high efficiency with DNA base editing and
high specificity at DNA levels, aTdCBE may have more advantages in
application compared to other cytosine base editors. The aTdCBE has
been employed in in vivo gene editing therapy studies for DMD in
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mice, and has demonstrated that aTdCBE is an efficient strategy to
modulate exon skipping and restores dystrophin expression. Overall,
aTdCBE offers a platform with highly efficient DNA base editing in
mammalian cells, broadening applications in fundamental research,
and has the potential to be applied in the field of gene editing therapy.

Methods

Study approval

Exclusively male mice were utilized for all experiments, including grip
strength tests, creatine kinase (CK) analysis, and AAV injections. All
animal experiments were performed and approved by the Institutional
Animal Care and Use Committee (IACUC) of HuidaGene Therapeutics
Inc., Shanghai, China and Lingang Laboratory, Shanghai, China.

Computational analysis of TadA orthologs

Firstly, we downloaded 15,167 TadA protein sequences from NCBI
database. We further used BLASTP (v2.2.21) to remove redundant
proteins with identity over than 90%*°. Then, we performed multiple
sequence alignment using MAFFT (v7.429)*. MEGA1l were used to
construct phylogenetic tree*’. “Calculate_ AHC.pl” were used to identify
highly conservative residues and AHC residues. MCL (v14-137)** was
used to cluster the redundant proteins with identity over than 70%,
and nine TadA orthologs were randomly selected from different
clusters for experimental screening.

Plasmid constructions

Human Codon-optimized orthologous TadAs were synthesized com-
mercially (GenScript Co., Ltd) and cloned to generate pT7_NLS-TadA-
Cas9-NLS_pA_pCBH_mCherry_pA plasmid by NEBuilder (New England
Biolabs). All sequences are listed in Supplementary Data 1. The dual-
AAV delivery system was designed to express two separate fragments
of a base editor, which are subsequently spliced into the full-length
protein via the Rhodothermus marinus (Rma) intein, as described in a
previous study**. The intein sequences, specifically the N- and
C-terminal segments, were synthesized by Genewiz (Suzhou, China).
These segments were then integrated into the 573 and 574 amino
acid residues of the aTdCBE backbones using Gibson cloning of PCR-
amplified inserts.

Mammalian cell culture, transfection and flow cytometry
analysis

The HEK293T cells (ATCC, CRL-3216) were cultured in Dulbecco’s
Modified Eagle’s Medium (Gibco, 11965-092) supplemented with 10%
fetal bovine serum (Gibco, 10099-141 C), and 1% Pen-Strep-Glutamine
(100x) (Gibco, 10378-016) at 37 °C with 5% CO2 in a cell incubator. For
TadA variants screening, HEK293T cells cultured in 24-well plates were
co-transfected with 1.0 pg of tagBFP-*EGFP reporter plasmid and TadA-
mCherry plasmid in a molar ratio of 1:1 with Polyetherimide (PEI). After
48 h, mCherry, BFP and EGFP fluorescence were analyzed by Beckman
CytoFlex flow-cytometer. To evaluate genome editing in endogenous
sites, cells were harvested at 48 h after transfection and sorted by BD
FACS Aria IIl flow cytometer. FACS data were analyzed with FlowJo
X (v10.0.7).

Detection of gene editing frequency

20 pL of lysis buffer with proteinase K (Vazyme Biotech) were used to
lysis about ten thousand sorted cells following the manufacturer’s
manual. Targeted amplifications were produced by Phanta Max Super-
Fidelity DNA Polymerase (Vazyme Biotech). For targeted amplicon
sequencing, PCR reactions were performed using primers with differ-
ent barcodes (Supplementary Data 2). The DNA products were purified
with Gel extraction kit (Omega) and analyzed by 150 bp paired-end
reads Illumina NovaSeq 6000 platform (Genewiz Co. Ltd.). The deep
sequencing data were first de-multiplexed by Cutadapt (v.2.8) based
on sample barcodes. The de-multiplexed reads were then processed by

CRISPResso2 for the quantification of editing efficiency, including
indels, A-to-G or C-to-T conversions at each target site*’.

High-throughput library experiments

The HEK293T cells previously constructed using 11,868 pairs of sgRNA
lentivirus plasmid library was used to detect motif preference in the
base editor*. For each 10 cm dish, 35 pg plasmids that encode CBEs
and mCherry were transfected using PEI. After 48 h, transfected cells
were harvested using FACS followed by genomic DNA extraction.
The PCR products were sequenced using a 150 bp paired-end Illumina
NovaSeq 6000 platform (Genewiz Co. Ltd.). High-throughput
sequencing datasets were processed using CRISPResso2 to calculate
editing efficiency of each target. The target sites were excluded with a
coverage depth of less than 100 in each sample. Cytosines in positions
4-7 of the target sequences were used to statistically analyze motif
preferences.

Off-target analysis with in-silico prediction

To evaluate the specificity of TadA base editors, the Cas-OFFinder was
employed to predict the potential off-target sites as described
previously*’. Search queries covered both Cas9 spacer sequence and
PAM of the on-target site. The PAM of research was set to “NGG” and
the mismatches were set to less than 5. All other parameters were left
as default. The potential off-target sites were amplified and deep
sequenced for analysis (Supplementary Data 3).

Orthogonal R-loop assay

Orthogonal R-loop assay was performed to detect the nuclease-
independent off-target editing as described previously®. 1.5 pg plas-
mids that encode aTdCBE/TadCBEd and an on-target sgRNA for
aTdCBE/TadCBEd, along with plasmids expressing dSaCas9 and a
SaCas9 sgRNA that targets the genome locus previously reported were
co-transfected using PEI. After 48 h, transfected cells were harvested
using FACS followed by genomic DNA extraction with 20 pL of freshly
prepared lysis buffer (Vazyme) with proteinase K added. The targeted
loci by dSaCas9 were amplified and deep sequenced.

Generation of humanized DMD** ™ mice

Mice were housed in a barrier facility with a 12 h light/dark cycle and
maintained in compliance with the guidelines outlined in the Instruc-
tive Notions with Respect to Caring for Laboratory Animals issued by
the Ministry of Science and Technology of China. To generate the
humanized DMD*** mice, we employed the CRISPR/Cas9 system on
the embryos obtained from mating STOCK Tg(DMD)72Thoen/] male
and female mice (#018900). Specifically, we designed two sgRNAs
targeting the flanking introns of human DMD exon 54 on Chr.5. The
sequences of these sgRNAs are gRNAL: gTTTCTGCAAGTGCAGAGAGG
and gRNA2: GGTGTGTGGAGTGAGATACT. Each sgRNA template was
appended with the T7 promoter sequence (TAATACGACTCACTATAg)
for efficient transcription. The PCR product was then purified directly
using the Omega gel extraction kit (Omega, D2500-02), and the tem-
plates were used for in vitro transcription with the MEGAshortscript T7
Kit (Invitrogen, AM1354). The sgRNAs were purified using a MEGAclear
Kit (Invitrogen, AM1908) and eluted with nuclease-free water. The
concentration of target sgRNA was measured using a NanoDrop
instrument. For cytoplasmic injection, spCas9 mRNA (100 ng/pl),
sgRNA-L (50 ng/pl) and sgRNA-R (50 ng/pl) were mixed and then
injected into fertilized eggs using a FemtoJet microinjector (Eppen-
dorf) with constant flow settings. The injected zygotes were cultured in
KSOM medium for 12 h and surgically transferred to the oviduct of
recipient mice 24 h after estrus was observed. Genomic DNA from the
tail tissue of founder (FO) mice was isolated according to manu-
facturer’s instructions for the OMEGA Kit (Omega, D3396-02) for PCR,
followed by gel electrophoresis. All sequences are listed in Supple-
mentary Data 4.
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AAV9 production and delivery to DMD*** ™ mice

AAVs used in this study were produced by HuidaGene Therapeutics
Co., Ltd. The transfection process involved achieving a confluency of
70-90%, after which the media was replaced with fresh pre-warmed
growth media prior to transfection. For each 15 cm dish, a mixture of
20 pg of pHelper, 10 pg of pRepCap and 10 pg of GOI plasmid was
transferred dropwise to the cell media. Following a three-day incuba-
tion, the AAVs were purified using iodixanol density gradient cen-
trifugation. The DMD*®™ ™* mice were derived by mating the
humanized DMD*** mice with mdx mice carrying stop mutation
in mouse exon 23 on Chr.X. In the case of intramuscular injection,
3-week-old DMD*®™* ™* mice were anesthetized, and their tibialis
anterior (TA) muscle was injected with 50 pL of AAV9 (2.5 x 10" vg per
virus) preparations or with an equivalent volume of saline solution.
Tissues were divided into distinct segments for targeted assessment.
Specifically, the distal region was allocated for evaluating DNA editing
and exon skipping efficiency, the middle portion was dedicated to
Western blot analysis of dystrophin expression, and the proximal
segment was reserved for immunofluorescent analysis of dystrophin
levels at six weeks after treatment.

Western blot analysis

The samples were homogenized using RIPA buffer supplemented with
protease inhibitor cocktail. The lysate supernatants were quantified
using a Pierce BCA protein assay kit (Thermo Fisher Scientific, 23225)
and adjusted to an identical concentration using H20. Equal amounts
of the sample were mixed with NUPAGE LDS sample buffer (Invitrogen,
NP00O07) and 10% [-mercaptoethanol, then boiled at 70 °C for 10 min.
Ten pg of total protein per lane was loaded into 3% to 8% tris-acetate
gels (Invitrogen, EA03752BOX) and electrophoresed for 1h at 200 V.
Protein was transferred onto a PVDF membrane under wet conditions
at 350 mA for 3.5 h. Subsequently, the membrane was blocked in 5%
non-fat milk in TBST buffer and then incubated with primary antibody
to label the specific protein. After washing three times with TBST, the
membrane was incubated with an HRP-conjugated secondary antibody
specific to the IgG of the species of primary antibody against dystro-
phin (Sigma, D8168) or vinculin (CST, 13901S). Finally, the target pro-
teins were visualized using Chemiluminescent substrates (Invitrogen,
WP20005).

Histology and Immunofluorescence

Tissue samples were collected and immersed into preconditioned 4%
paraformaldehyde. The fixed tissues underwent dehydration through
a series of alcohol concentrations, followed by treatment with xylene
and embedding in melted paraffin wax. Subsequently, the paraffin-
embedded tissues were deparaffinized using xylene, followed by a
series of alcohol washes ranging from high to low concentrations, and
finally placed in distilled water. For hematoxylin and eosin (H&E)
staining, the slides were stained with hematoxylin for 3-8 min, fol-
lowed by color separation using acid water and ammonia water. After
dehydration using 70% and 90% alcohol for 10 min each, the tissues
were stained in eosin staining solution for 1-3 min, and dehydrated in
ascending alcohol solutions (50%, 70%, 80%, 95%, 100%). Coverslips
were then mounted onto the glass slides with neutral resin.

For Sirius red staining, the slides were stained with picrosirius red
for one hour, washed in two changes of acidified water. Physical
removal of most of the water from the slides was accomplished by
vigorous shaking. Then, slides were dehydrated in three changes of
100% ethanol, cleared in xylene, and finally mounted in neutral resin.

For immunofluorescence, the tissues were embedded in optimal
cutting temperature (OCT) compound and snap-frozen in liquid
nitrogen. Serial frozen cryosections (10 um) were fixed for two hours at
37 °C followed by permeabilization with PBS+0.4%Triton-X for
30 min. After washing with PBS, the samples were blocked with 10%
goat serum for 1h at room temperature. Next, the slides were

incubated overnight at 4 °C with primary antibodies against dystro-
phin (Abcam, ab15277) and spectrin (Millipore, MAB1622). The next
day, samples were extensively washed with PBS and incubated with
compatible secondary antibodies (Alexa Fluor® 488 AffiniPure donkey
anti-rabbit IgG (Jackson ImmunoResearch labs, 711-545-152) or Alexa
Fluor 647 AffiniPure donkey anti-mouse IgG (Jackson ImmunoR-
esearch labs, 715-605-151)) and DAPI for 3h at room temperature.
Following a 15-minute wash with PBS, the slides were sealed with
fluoromount-G mounting medium. All images were visualized using
Nikon C2. The number of Dys+ muscle fibers is represented as a per-
centage of total spectrin-positive muscle fibers.

RNA-seq for off-target analysis

To quantify the transcriptome deaminases off-target edits, HEK293T
cells were cultured in 10 cm dishes with 80% confluence and trans-
fected with 35 pg plasmids containing base editors and gRNA. After
48 h, about 600,000 transfected cells were sorted by FACS, and RNA
was extracted using Trizol (Ambion) for RNA-seq library preparation.
An RNA-seq library was generated with a TruSeq Stranded Total RNA
library preparation kit according to the standard protocol. The tran-
scriptome libraries were sequenced using a 150 bp paired-end Illumina
NovaSeq 6000 platform (Genewiz Co. Ltd.).

The calculation analysis referred to previously published
methods*. Trimmomatic (v.0.39-2) were using to filter the RNAseq raw
data*®. The clean reads were aligned to the hg38 reference genome
with Hisat2 (v.2.2.1)*. RNA editing sites were calculated using REDI-
tools (v1.2.1) with “-e -d -p -u -m 60 -T 5-5 -W -n 0.0” parameters*’. The
edited adenosines divided by total adenosines and the edited cyto-
sines divided by total cytosines were calculated separately.

Statistics & reproducibility

All cell experimental results are presented as mean + s.d, while all
animal experimental results are presented as mean * s.e.m. The one-
sided Mann-Whitney U test or unpaired two-tailed Student’s t-test were
utilized for comparisons. The number of independent biological
replicates are shown in figure legends. No data were excluded from the
analyses. We randomly selected cells for test group and control group.
DMD mice used for gene editing therapy were allocated to control or
AAV9 treated group randomly.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The deep-seq data and RNA-seq data generated in this study have been
deposited in the NCBI database under accession code PRJNA1061823.
Source data are provided with this paper.

Code availability
The scripts and codes used in this manuscript are available at zeno-
do.org (accession code: 13337534).
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