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Cytosine base editors (CBEs) offer a powerful tool for correcting 
point mutations, yet their DNA and RNA off-target activities 
have caused concerns in biomedical applications. We describe 
screens of 23 rationally engineered CBE variants, which reveal 
mutation residues in the predicted DNA-binding site can dra-
matically decrease the Cas9-independent off-target effects. 
Furthermore, we obtained a CBE variant—YE1-BE3-FNLS—
that retains high on-target editing efficiency while causing 
extremely low off-target edits and bystander edits.

Base editors hold great potential for correcting pathogenetic 
mutations1. CBEs use the rat apolipoprotein-B-editing enzyme, cata-
lytic polypeptide-1 APOBEC1 (rAPOBEC1), a cytidine deaminase 
binding to single-stranded DNA (ssDNA) and is fused to nCas9, to 
convert cytosine to thymine. However, previous studies have shown 
unwanted off-target edits of DNA and RNA introduced by CBEs2–6. 
Here, we analyzed the DNA and RNA off-target effects of engineered 
CBE variants using genome-wide off-target analysis by two-cell 
embryo injection (GOTI)2 and RNA sequencing, respectiviely.

Guided by structural and biochemical insights from previous 
studies7–11, we designed and introduced various mutations in rAPO-
BEC1 for tuning DNA7–10- or RNA10,11-editing activity (Extended 
Data Fig. 1a). Specifically, the variants included deletions and muta-
tions at the Leu-enriched amino- or carboxy-terminals of rAPO-
BEC1 (p.X32del, p.R33A, p.K34A, p.X34del, p.X77del, p.X116del, 
p.X169del, p.X182del, p.P190A and p.P191A) and mutations of 
putative catalytic active site residues of rAPOBEC1 (p.H61A, 
p.H61R, p.V62A, p.E63A, p.E63Q, p.C93S, p.C96S). On the basis of 
the structure of human APOBEC3G8,9, Arg126 of rAPOBEC1 is pre-
dicted to interact with the phosphate backbone of ssDNA (Fig. 1a 
and Extended Data Fig. 1b), and a variant with an R126E mutation 
was shown to retain on-target editing activity7. Arg128 and Arg132 
are near to Arg126. Arg132 has been reported to affect the accessi-
bility of ssDNA7, so we also introduced p.R128E and p.R132E muta-
tions (Fig. 1a and Extended Data Fig. 1a,b). Further, we examined  

the effect of the combination of point mutations in the domain 
responsible for the hydrophobicity of the active site on rAPOBEC1 
(p.W90A, p.W90F and p.W90Y), which was reported to narrow the 
width of the base-editing window7,8.

We transfected HEK293T cells with plasmids encoding various 
CBE variants, and firstly evaluated the on-target activity of these 23 
variants on 10 genomic loci. Screen results identified five variants 
which retained their on-target efficiency (Fig. 1b), among which 
four variants (p.W90F+p.R126E, p.W90Y+p.R126E, p.R126E and 
p.R132E) had no increase in insertion/deletion polymorphism 
(indel) rates (Fig. 1b, Supplementary Fig. 1 and Supplementary  
Table 1). We additionally examined 11 genomic loci to test the 
on-target activity of these 4 variants and found similar results 
(Extended Data Fig. 1c). Moreover, these experiments revealed 
that these three variants (p.W90F+p.R126E, p.W90Y+p.R126E and 
p.R132E) exhibited narrowed base-editing windows and lower level 
of indels (Extended Data Fig. 1d–f). These findings are consistent 
with previous work7.

We next performed GOTI using CRISPR-Cas9, cytosine base edi-
tor 3 (BE3, rAPOBEC1-nCas9-UGI) to evaluate the DNA off-target 
edits of these variants with high DNA on-target efficiency: BE3R126E, 
BE3R132E, BE3W90Y+R126E (hereafter YE1-BE3) and BE3W90F+R126E (here-
after FE1-BE3) (Supplementary Table 2). We note that embryonic 
development was not deleteriously affected by any of these variants 
(Extended Data Fig. 2a). The on-target efficiency of these variants 
was assessed via whole-genome sequencing (WGS) (Extended Data 
Fig. 3a). Compared with wild-type BE3-treated embryos, the number 
of DNA off-target single-nucleotide variants (SNVs) in the embryos 
treated with BE3R126E, BE3R132E, YE1-BE3 or FE1-BE3 was signifi-
cantly reduced: from 283 ± 32 in the BE3-treated embryos to 28 ± 6 in 
BE3R126E, 47 ± 8 in BE3R132E, 12 ± 2 in YE1-BE3 and 27 ± 19 in FE1-BE3 
(Fig. 2a, Extended Data Fig. 4a–e and Supplementary Table 3).

Importantly, there was no significant difference in the number 
of SNVs between the embryos injected with the three CBE variants  
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(BE3R126E, YE1-BE3 and FE1-BE3) and the non-edited control 
embryos (ten SNVs on average, which is close to the spontaneous 
mutation rate2). Moreover, these CBE variants exhibited signifi-
cantly reduced mutation bias compared with wild-type BE3, and 
none of the detected SNVs overlapped with the off-target sites pre-
dicted by Cas-OFFinder and CRISPOR (Fig. 2b and Extended Data 
Figs. 3b and 5). These findings suggest that the CBE variants induce 
fewer Cas9-independent DNA off-target SNVs.

We also assess the off-target activity on the transcriptomes of 
transfected HEK293T cells. Compared with wild-type BE3, three 
variants showed significantly reduced RNA off-target edits at 36 h 
post-transfection: BE3R132E, YE1-BE3 and FE1-BE3 (Fig. 2c,d and 
Extended Data Fig. 6). In contrast, the BE3R126E variant showed no 
decrease of RNA off-target effects 36 h post-transfection (Fig. 2c), 
but exhibited a significant decrease at the 72 h post-transfection 
time point (Extended Data Fig. 7a). In comparison with green 
fluorescent protein (GFP)-transfected control cells, the wild-type 
BE3 and the BE3R126E variant cells had significantly higher numbers 
of SNVs, whereas no difference was detected for the BE3-R132E, 
YE1-BE3 or FE1-BE3 variants with GFP-transfected control cells 
(Fig. 2c,d and Extended Data Figs. 6 and 7a–c). Together, these 
results support the notion that the BE3R132E, YE1-BE3 and FE1-BE3 

variants are high-fidelity base editors that offer remarkable  
reductions in the extent of both DNA and RNA off-target effects 
compared with BE3.

Although these three BE3 variants could significantly reduce the 
off-target effects, their on-target efficiencies are not as high as for 
the previously reported BE3-human APOBEC3A (hA3A)12 (Fig. 3a).  
We attempted to analyze the off-target effects of BE3-hA3A 
using GOTI; however, we found that BE3-hA3A was toxic to the 
embryos (Extended Data Fig. 2a,b), which was possibly caused by 
the accumulation of Cas9-independent off-target SNVs. We thus 
introduced BE3-hA3A with a p.Y130F mutation, conferring high 
DNA on-target efficiency13 and high fidelity6. This BE3-hA3AY130F 
editor had high on-target editing efficiency (Fig. 3a and Extended 
Data Fig. 8a), but still generated a substantial number of DNA 
off-target SNVs (409 ± 86) (Fig. 3b, Extended Data Fig. 8b–d and 
Supplementary Tables 2 and 3).

We next generated a variant of the high-fidelity variant YE1-BE3 
that had two additional attributes on the basis of the previously 
reported BE3-flag-tagged nuclear localizaiton signal (FNLS) editor: 
a DNA sequence codon optimized for expression in human cells, and 
an N-terminal nuclear localization signal peptide14. We found this 
new YE1-BE3-FNLS variant had comparable on-target efficiency 
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Fig. 1 | On-target efficiency of engineered CBEs. a, A sequence alignment between human APOBEC3G and rAPOBEC1. +, common substitutions.  
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the variants which were subsequently assessed for their off-target effects.
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(at the site C5–C7, 78.3 ± 2.8%) with BE3-FNLS (80.8 ± 2.1%), 
BE3-hA3A (78.7 ± 2.4%) and BE3-hA3AY130F (79.9 ± 2.4%), but much 
higher than BE3 (59.2 ± 4.1%) or YE1-BE3 (47.6 ± 3.9%) (Fig. 3a,d–g  
and Supplementary Table 4 includes the original sequence infor-
mation from which we calculated the on-target editing efficiency). 
Moreover, YE1-BE3-FNLS exhibited the lower level of bystander 
edits (out of C5-C7, 7.3 ± 1.5%) (Fig. 3e) and indels (3.5 ± 1.3%)  
(Fig. 3f) than BE3-FNLS (19.7 ± 2.8% for bystander edits and 
7.2 ± 1.6% for indels). We also compared YE1-BE3-FNLS with 
BE4max15 and found that YE1-BE3-FNLS displayed a comparable 
or higher on-target editing efficiency, but lower level of bystander 
edits and indels (Extended Data Fig. 9a,b). Besides, YE1-BE3-FNLS 
also had significantly reduced DNA and RNA off-target effects 
compared with BE3, reaching levels indistinguishable from uned-
ited controls (Fig. 3b,c, Extended Data Fig. 8b–g and Supplementary 
Tables 2 and 3). We further examined Cas9-dependent off-target 
effects of YE1-BE3-FNLS by a previously reported method16 and 
found no significant difference in Cas9-dependent off-target effects 
in cells transfected with YE1-BE3-FNLS compared with cells treated 
with other BE3 variants (Extended Data Fig. 10). This new CBE 
variant thus meets dual criteria for an advanced base editor: high 
on-target efficiency and high fidelity.

We observed that the variants with reduced DNA and RNA 
off-target effects (BE3R132E, YE1-BE3, FE1-BE3 and YE1-BE3-FNLS) 

all had narrowed base-editing windows. To explain these results, 
Rees et  al.1 previously reported that bases located outside the 
activity window yet within the ssDNA R-loop region may still be 
edited—albeit at a lower efficiency—particularly if they are located 
in a favorable editing motif for rAPOBEC1. It is notable that our 
best-performing variant YE1-BE3-FNLS simultaneously exhibited 
the highest on-target efficiency and the lowest levels of indels and 
of bystander edits. A previous study showed that multiple cytosines 
in the editing window may increase the probability of indels occur-
ring during editing17. Compared with BE3-FNLS, YE1-BE3-FNLS 
substantially narrows the base-editing window, which inherently 
decreases the distribution of multiple cytosines, potentially explain-
ing our observation of significantly reduced indel frequency.

Very recently, Liu and colleagues18 also found that YE1 variants 
display background levels of Cas9-independent DNA and RNA 
off-target editing, a narrowed editing window and a lower indel fre-
quency. Notably, in our study we found that some of the CBE vari-
ants retained high off-target DNA SNV effects while dramatically 
decreasing off-target RNA effects (and vice versa). It is possible that 
rAPOBEC1 or hAPOBEC3A may adopt distinct binding modes 
to accommodate ssDNA versus RNA. This highlights the need for 
base editor researchers to evaluate the off-target effects of base edi-
tors on both DNA and RNA. Specifically, we suspect that p.R132E 
affects rAPOBEC1’s interactions with both DNA and RNA, whereas 
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p.R126E mainly affects its DNA-binding and p.Y130F mainly affects 
its RNA-binding ability. The YE1-BE3-FNLS variant harbors both the 
p.R126E mutation and a tyrosine substitution at Trp90—positioned 

at the hydrophobic region of rAPOBEC1 that has been proposed  
to participate in rAPOBEC1’s binding with ssDNA and RNA. We 
tentatively speculate that the functional contribution of p.W90Y 
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Fig. 3 | Activities of engineered BE3-FNLS and BE3-hA3A. a, The on-target C-to-T editing efficiency of engineered BE3-FNLS and BE3-hA3A at 21 
target sites. Sequences of the on-target protospacers and primers are shown in Supplementary Table 4. The red numbers indicate on-site positions, 
which are those from 5 to 7. b, Comparison of the total number of detected DNA off-target SNVs. Biologically independent samples for Cre (n = 3), BE3 
(n = 6), YE1-BE3 (n = 5), BE3-hA3AY130F (n = 3) and YE1-BE3-FNLS (n = 3). c, The comparison of the total number of detected RNA off-target SNVs at 36 h 
post-transfection. n = 3 biologically independent samples for each group. d, The C-to-T editing efficiency of engineered variants on BE3-FNLS at each of 
the 21 target sites. e, Comparison of on-site C-to-T editing efficiency and bystanders for the engineered variants on 21 target sites. On-site, positions 5–7. 
Other, positions outside 5–7. The center line indicates the median, and the bottom and top lines of the box represent the first quartile and third quartile of 
the values, respectively. Tails extend to the minimum and maximum values. f, The indel frequency of the engineered variants for the 21 target sites. n = 21 
independent experiments for each group in d, e and f. g, Indel distributions for the engineered variants. All P values were calculated by two-sided Student’s 
t-tests. All values are presented as mean ± s.e.m in c and d.
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to the observed increase in YE1-BE3-FNLS’s fidelity likely results 
from alteration of rAPOBEC1–RNA interactions. Our work illus-
trates examples of how the off-target effects of base editors can be 
minimized via biological-insight-driven engineering to extend the 
utility of these powerful gene-editing tools for both research and 
therapeutic applications.
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Methods
Animal care. Heterozygous Ai9 (full name B6.Cg-Gt (ROSA) 26Sortm9 
(CAG-td-Tomato) Hze/J; JAX strain 007909) male mice and female C57BL/6 
mice (4 weeks old) were mated for embryo collection. ICR female mice were 
used for recipients. The animals usage and care complied with the guideline of 
the Biomedical Research Ethics Committee of Shanghai Institutes for Biological 
Science, Chinese Academy of Sciences.

Generation of mutant base editor messenger RNA and single guide RNA. T7 
promoter was added to base-editor coding region by PCR amplification of plasmid, 
using primer base editor F and R. T7-base editor PCR product was purified and used 
as the template for in vitro transcription (IVT) using mMESSAGE mMACHINE T7 
ULTRA kit (Life Technologies). T7 promoter was added to sgRNA template by PCR 
amplification of px330. The T7-sgRNA PCR product was purified and used as the 
template for IVT using MEGA shortscript T7 kit (Life Technologies). T7 promoter 
was added to Cre template by PCR amplification. T7-Cre PCR product was purified 
and used as the template for IVT using mMESSAGE mMACHINE T7 ULTRA 
kit (Life Technologies). Cas9 mRNA, Cre mRNA and sgRNAs were purified using 
MEGA clear kit (Life Technologies) and eluted in RNase-free water.

sgRNA sequences were as follows:
Locus sequence (5′–3′)
Tyr-C2 GACCTCAGTTCCCCTTCAAAGGG
Tyr-D2 CTGTGCCAAGGCAGAAACCCTGG
Tyr-F TGCGGCCAGCTTTCAGGCAGAGG
Primers were as follows:
Name sequence (5′–3′)
Base editor IVT: FTCCGCGGCCGCTAATACGACT
Base editor IVT: RTGGTTCTTTCCGCCTCAGAAGCC
Cre IVT: 

FTAATACGACTCACTATAGGGAGACAGATCACCTTTCCTATCAACC
Cre IVT: RTCGGTATTTCCAGCACACTGGA
Tyr-C IVT: FTAATACGACTCACTATAGGGGACCTCAGTTCCCCTTCA

AAGTTTTAGAGCTAGAAATAG
Tyr-D IVT: FTAATACGACTCACTATAGGGCTGTGCCAAGGCAGAAAC

CCGTTTTAGAGCTAGAAATAG
Tyr-F IVT: FTAATACGACTCACTATAGGGTGCGGCCAGCTTTCAGGCAG

GTTTTAGAGCTAGAAATAG
sgRNA IVT: RAAAAGCACCGACTCGGTGCC

Blastocyst rate evaluation. Superovulated female C57BL/6 mice (4 weeks old) 
were mated to C57BL/6 males, and fertilized embryos were collected from 
oviducts 24 h after human chorionic gonadotropin (hCG) injection. Cas9 mRNA 
and sgRNA were mixed and injected into the cytoplasm of fertilized eggs in M2 
medium containing 5 μg mL–1 cytochalasin B (CB) using a FemtoJet microinjector 
(Eppendorf) with constant flow settings. The injected embryos were cultured in 
KSOM at 37 °C under 5% CO2 in air until blastocyst stage.

Two-cell embryo injection, embryo culturing and embryo transplantation. 
Super ovulated C57BL/6 females (4 weeks old) were mated to heterozygous 
Ai9 (full name B6.Cg-Gt(ROSA)26Sortm9(CAG-td-Tomato)Hze/J; JAX strain 
007909) males, and fertilized embryos were collected from oviducts 23 h after 
hCG injection. For two-cell editing, the mixture of BE3 mRNA (50 ng µL–1) or BE3 
variants mRNA (50 ng µL–1), sgRNA (50 ng µL–1) and Cre mRNA (2 ng µL–1) was 
injected into the cytoplasm of one blastomere of the two-cell embryo 48 h after 
hCG injection in a droplet of M2 medium containing 5 μg mL–1 cytochalasin B 
(CB) using a FemtoJet microinjector (Eppendorf) with constant flow settings. The 
injected embryos were cultured in KSOM medium with amino acids at 37 °C under 
5% CO2 in air for 2 h and then transferred into oviducts of pseudopregnant ICR 
females at 0.5 d post coitum.

Cloning. Site-directed mutagenesis of BE3 (Addgene plasmid no. 73021) 
was done using NEBuilder HiFi DNA Assembly Master Mix (New England 
BioLabs). Plasmids encoding BE3-FNLS and BE4max were obtained from 
Addgene (plasmid no. 110841, no. 112093). Briefly, a primer with an overhang 
containing the desired point mutation was used to amplify the appropriate 
vector plasmid by PCR. pCMV-BE3 variants-polyA-pCMV-mCherry-polyA 
was generated through NEBuilder HiFi DNA Assembly, by combining a 
PCR-amplified pCMV-mCherry-poly A with a digested pCMV-BE3 variants 
backbone (Supplementary Sequence 1). pCMV-EGFP-polyA-U6-sgRNA were 
generated through NEBuilder HiFi DNA Assembly, by combining a PCR-amplified 
U6-sgRNA with a digested pCMV-EGFP-poly A backbone.

Cell culture, transfections and FACS. HEK293T cells were maintained in 
DMEM supplemented with 10% FBS in a 37 °C humidified incubator with 
5% CO2. pCMV-BE3 (WT/BE3 variants)-polyA-pCMV-mCherry-polyA and 
pCMV-EGFP-polyA-U6-sgRNA expression plasmids were co-transfected using 
Lipofectamine 3000 (ThermoFisher Scientific) according to the manufacturer’s 
protocol. At 36 or 72 h post-transfection, cells were washed with PBS and 
trypsinized using 0.05% trypsin–EDTA. The cell suspension was filtered 

through a 40-μm cell strainer, and EGFP/mCherry positive cells were isolated by 
fluorescence-activated cell sorting (FACS).

RNA sequencing. Around 500,000 cells (top 5% EGFP/mCheery signal) were 
collected, and RNA was extracted according to the standard protocol. For library 
construction, mRNAs were fragmented and converted to cDNA using random 
hexamers or oligo(dT) primers. The 5′ and 3′ ends of cDNA were ligated with 
adapters, and correctly ligated cDNA fragments were enriched and amplified by 
PCR. The concentration of the library was assessed using Bioanalyzer. Sequencing 
was performed on the Illumina HiSeq platforms.

Next-generation sequencing of DNA amplicons. Transfected cells were collected 
after 72 h, and EGFP+mCherry+ cells were sorted by FACS. The genomic DNA 
was isolated using the TIANamp Genomic DNA Kit (TIANGEN) according to the 
manufacturer’s instructions. Genomic sites of interest were amplified by PCR using 
gene-specific primers (Supplementary Tables 5 and 6) flanking the target sequence. 
ExTaq (TAKARA) was activated at 95 °C for 3 min, and PCR was performed for 34 
cycles at 95 °C for 30 s, 62 °C for 30 s and 72 °C for 1 min, with a final extension at 
72 °C for 5 min. DNA amplicons were purified using universal DNA purification 
kit (TIANGEN) according to the manufacturer’s instructions. The amplicons were 
ligated to adapters and sequencing was performed on the Illumina HiSeq Xten 
platforms.

Targeted amplicon sequencing data analysis. Sequencing data was firstly 
demultiplexed by Cutadapt (v2.8) on the basis of sample barcode. The 
demultiplexed reads were then processed by CRISPResso2 (ref. 19) for the 
quantification of mutations, insertions and deletions at each target site. Alternatively, 
we also aligned the demultiplexed reads to the target genome by NCBI BLASTN20 
(v2.2.29+), BWA21 (v0.7.12) and Bowtie2 (ref. 22) (v2.2.9), respectively, quantified 
the mutated alleles by each method and compared the results with those from 
CRISPResso2. Note that we found that the other three tools13,20–24 have difficulty 
aligning consecutive mutated sequences to the target sites, thus resulting in the loss 
of many consecutively mutated reads when the on-target site has continuous Cs 
(Supplementary Fig. 2). Here we recommended CRISPResso2, recently developed 
by Clement et al.19 solved this problem by extending the Needleman–Wunsch 
algorithm to increase the detection sensitivity of these fragments.

FACS for GOTI. To isolate mouse embryonic cells, the prepared tissues were 
dissociated enzymatically in an incubation solution of 5 mL trypsin–EDTA (0.05%) 
at 37 °C for 30 min. The digestion was stopped by adding 5 mL of DMEM with 10% 
FBS. Fetal tissues were then homogenized by being passed 30-40 times through 
1-mL pipette tips. The cell suspension was centrifuged for 6 min (800 r.p.m.), and 
the pellet was resuspended in DMEM with 10% FBS. Finally, the cell suspension 
was filtered through a 40-μm cell strainer, and tdtomato+tdtomato- cells were 
isolated by FACS. Samples were found to be >95% pure when assessed with a 
second round of flow cytometry and fluorescence microscopy analysis.

WGS and RNA-seq data analysis. DNeasy blood and tissue kit (catalog number 
69504, Qiagen) was used to extract genomic DNA from cells following the 
manufacturer’s instructions. WGS was performed at mean coverages of 50× by 
Illumina HiSeq X Ten. BWA (v0.7.12) was used to map qualified sequencing 
reads to the reference genome (mm10). The mapped BAM files were then sorted 
and marked using Picard tools (v2.3.0). To identify the genome-wide de novo 
SNVs with high confidence, we conducted single-nucleotide variation calling on 
three algorithms, Mutect2 (v3.5), Lofreq (v2.1.2) and Strelka (v2.7.1) with default 
parameters, separately25–27. In parallel, Mutect2 (v3.5), Scalpel (v0.5.3) and Strelka 
(v2.7.1) were run individually for the detection of whole-genome de novo indels 
with default parameters25,27,28. The overlap of three algorithms of SNVs or indels 
were considered as the true variants. All the sequencing data were deposited in 
NCBI Sequence Read Archive (SRA) under project accession PRJNA527003.

Potential off-targets of targeted sites were predicted using two previous 
reported algorithms, Cas-OFFinder (http://www.rgenome.net/cas-offinder/) and 
CRISPOR (http://crispor.tefor.net/) with all possible mismatches29,30.

The SNVs and indels were annotated with annovar (version 2016-02-01) using 
RefSeq database31.

For RNA-seq data analysis, FastQC (v0.11.3) and Trimmomatic (v0.36)32 were 
used for quality control. Qualified reads were mapped to the reference genome 
(Ensemble GRCh38) using STAR (v2.5.2b)33 in two-pass mode with default 
parameters. Picard tools (v2.3.0) was then applied to sort and mark duplicates 
of the mapped BAM files. The refined BAM files were subject to split reads that 
spanned splice junctions, local realignment, base recalibration and variant calling 
with SplitNCigarReads, IndelRealigner, BaseRecalibrator and HaplotypeCaller 
tools from GATK (v3.5)34, respectively.

Structure prediction. Amino acid sequences of rat APOBEC1 and human 
APOBEC3G were retrieved from UniProt (https://www.uniprot.org/) and sequence 
alignment was performed with NCBI blastp (https://blast.ncbi.nlm.nih.gov/Blast.
cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome). 
The structure of rAPOBEC1 was predicted by Protein Structure Prediction 
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Server, (PS)2 35,36, according to the consensus sequence and secondary structure 
information for proteins with known structures. The crystal structure of 
APOBEC3G was downloaded from PDB (http://www.rcsb.org/3d-view/3IQS) and 
presented using PyMOL (v2.3.2).

Statistical analysis. R version 3.5.1 (http://www.R-project.org/) was used to conduct 
all the statistical analyses in this work. All tests conducted were two-sided, and the 
difference was considered significant at P < 0.05. In box-and-whisker plots, the 
center line indicates the median, the bottom and top lines of the box represents the 
first quartile and third quartile of the values, respectively. The bottom and top lines 
represent the minimum and maximum values.

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

Data availability
All the sequencing data were deposited in NCBI Sequence Read Archive (SRA) 
under project accession PRJNA527003 and https://www.biosino.org/node/project/
detail/OEP000272. The data that support the findings of this study are available 
from the corresponding author upon request.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | The on-target editing ofthe BE3 and BE3 variants in different target sites. a, The mutated residues are highlighted in the predicted 
structure of rAPOBEC1. Green and yellow colors indicate residues in the helix and the loop of the structure, respectively. b, The crystal structure of 
APOBEC3G. c, The on-target efficiency and indel frequencies of different versions of engineered CBEs for additional 11 target sites. d, The C-to-T editing 
efficiency for the engineered variants at each C of the 21 target sites. n = 21 independent experiments for each group. All values are presented as mean ± 
s.e.m. e, The indel frequency comparison among the engineered variants for the 21 target sites. n = 21 independent experiments for each group. P value 
was calculated by two-sided Student’s t-tests. Box-and-whisker plots: center line indicates median, the bottom and top lines of the box represents the first 
quartile and third quartile of the values, respectively. The bottom and top of the vertical line represent the minimum and maximum value. f, The on-target 
C-to-T editing efficiency of engineered BE3 variants at each target site. n = 3 biologically independent samples for each group. P value was calculated by 
two-sided Student’s t-tests. Sequences of the on-target protospacers and primers were shown in Extended Data Table 5. The data for BE3 and YE1-BE3 are 
also used in Figs. 3a and 3d-g.
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Extended Data Fig. 2 | The embryonicdevelopment rates for BE3 and BE3 variants. a, The blastocyst rate of BE3 and BE3 variants with sgRNA-D. All 
values are presented as mean ± s.e.m. b, The blastocyst rate for BE3-hA3A and BE3-FNLSwith additional sgRNAs. All values are presented as mean ± 
s.e.m. n = 3 biologically independent samples for each group.
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Extended Data Fig. 3 | On-target editing efficiency and characteristics of off-target SNVs of engineered CBEs. a, On-target editing efficiency of BE3 
and CBE variants from WGS data. Two BE3 embryos without sgRNAs were not shown as they have no target site. b, Comparison of C-to-T and G-to-A 
conversions between CBE variants-treated and Cre or BE3 groups. n = 3 biologically independent samples for Cre, n = 6 biologically independent samples 
for BE3, n = 12 biologically independent samples for BE3R126E, n = 3 biologically independent samples for BE3R132E, n = 8 biologically independent samples 
for YE1-BE3, and n = 3 biologically independent samples for FE1-BE3. Two Cre samples and six BE3 samples were derived from Zuo et al.22 and one Cre 
sample was newly generated in this study. All values are presented as mean ± s.e.m. P value was calculated by two-sided Student’s t-test.
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Extended Data Fig. 4 | Venn diagrams of SNVs detected in each embryo by WGS data using the indicated software tools. a, SNVs identified 
in BE3R126E-treated embryos. b, SNVs identified in BE3R132E-treated embryos. c, SNVs identified in YE1-BE3-treated embryos. d, SNVs identified in 
FE1-BE3-treated embryos. e, SNVs identified in the newly generated Cre-treated embryo.
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Extended Data Fig. 5 | Characteristics of off-target SNVs of engineered CBEs. a, The overlap among SNVs detected from our analysis with predicted 
off-targets sites by Cas-OFFinder and CRISPOR.
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Extended Data Fig. 6 | Editing rate of RNA off-targets for BE3 variants at 36 h post-transfection. Editing rate of each variant across the chromosomes  
for each sample.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | RNA off-target evaluation of engineered CBEs at 72h post-transfection. a, The comparison of the total number of detected RNA 
off-target SNVs at 72 h post-transfection. n = 6 biologically independent samples for GFP, n = 9 biologically independent samples for BE3, n = 7 biologically 
independent samples for BE3R126E and n = 2 biologically independent samples for YE1-BE3 groups. All values are presented as mean ± s.e.m. P values 
above each bar were calculated by comparing with GFP group with two-sided Student’s t-tests. b, The distribution of mutation types for GFP, BE3, and BE3 
variants-treated groups. c, Editing rate of RNA off-targets for BE3 variants at 72 h post-transfection.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | On-target editing efficiency and off-target effects of BE3-FNLS and BE3-hA3A. a, The C-to-T editing efficiency for the engineered 
variants at each C of the 21 target sites. n = 21 independent experiments for each group. All values are presented as mean ± s.e.m. The data for BE3 are 
also used in Fig. 3d. b, SNVs identified in BE3-hA3AY130F and YE1-BE3-FNLS-treated embryos. c, The overlap among SNVs detected from our analysis 
with predicted off-targets sites by Cas-OFFinder and CRISPOR. d, The distribution of mutation types of DNA off-target SNVs for BE3-hA3AY130F and 
YE1-BE3-FNLS-treated embryos. e, The distribution of mutation types of RNA off-target SNVs for BE3-hA3AY130F and YE1-BE3-FNLS-treated embryos.  
f, The expression level of APOBEC1 in BE3 and BE3-FNLS variants. n = 3 biologically independent samples for each group. Box-and-whisker plots: center 
line indicates median, the bottom and top lines of the box represents the first quartile and third quartile of the values, respectively. The bottom and top of 
the vertical line represent the minimum and maximum value. g, Editing rate of RNA off-targets for BE3 and BE3-FNLS variants at 36 h post-transfection. 
n = 3 biological replicates for each group. P value was calculated by two-sided Student’s t-test.
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Extended Data Fig. 9 | The comparation of BE3-FNLS, YE1-BE3-FNLS and BE4max. a, The C-to-T editing efficiency for BE3-FNLS, YE1-BE3-FNLS and 
BE4max at indicated target sites. b, Indel frequency for BE3-FNLS, YE1-BE3-FNLS and BE4max at indicated target sites. Data are shown as mean values ± 
SEM for n = 3 biological replicates performed at the same time. P value was calculated by two-sided Student’s t-test.
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Extended Data Fig. 10 | Activities of CBE and CBE variants at the indicated Cas9-dependent off-target sites. a, The Cas9-dependent off-target effects 
of the CBE and CBE variants. b, The comparison of editing frequencies of CBE and CBE variants at 34 potential off-target sites. P values were calculated 
by two sided Student’s t-tests, compared with YE1-BE3-FNLS group. Each cell represents the percentage of total sequencing reads with C to T conversion. 
n = 21 independent experiments for each group. Box-and-whisker plots: center line indicates median, the bottom and top lines of the box represents the 
first quartile and third quartile of the values, respectively. The bottom and top of the vertical line represent the minimum and maximum value. HEK293T 
cells were transfected with plasmids expressing BE3, BE3R126E, BE3R132E, YE1-BE3, FE1-BE3, BE3-hA3A, BE3-hA3AY130F, BE3-FNLS and YE1-BE3-FNLS and 
sgRNAs matching the indicated on-target sequence using Lipofectamine 3000. Three days after transfection, genomic DNA was extracted, amplified by 
PCR, and analyzed by high-throughput DNA sequencing at the on-target loci, plus the top ten known Cas9 off-target loci for these sgRNAs, as previously 
determined using the GUIDE-seq method23, 24 and ChIP-seq method25. Sequences of the on-target and off-target protospacers and primers were shown 
in Extended Data Table 5.
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Sciences.

Authentication Cell lines were authenticated by the supplier.

Mycoplasma contamination Cell lines were tested and no contamination of mycoplasma.

Commonly misidentified lines
(See ICLAC register)

None of the cell lines used was listed in the database of ICLAC.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals he following mouse strains were used in the manuscript: 
C57BL/6J mice: female, 3-4 week-old; 
Ai9 mice: male , 8-15week-old; 
ICR mice: females, 8 week-old;

Wild animals No wild animals were involved in this study.

Field-collected samples The study did not involve samples collected from field.

Ethics oversight The use and care of animals complied with the guideline of the Biomedical Research Ethics Committee of Shanghai Institutes for 
Biological Science, Chinese Academy of Sciences.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation To isolate cells, the prepared tissues were dissociated enzymatically in an incubation solution of 5 mL Trypsin-EDTA (0.05%) at 
37°C for 30min. The digestion was stopped by adding 5 ml of DMEM medium with 10% Fetal Bovine Serum (FBS). Fetal tissues 
were then homogenized by passing 30-40 times through a 1ml pipette tips. The cell suspension was centrifuged for 6 min (800 
rpm), and the pellet was resuspended in DMEM medium with 10% FBS. Finally, the cell suspension was filtered through a 40-μm 
cell strainer, and tdtomato+/tdtomato- cells were isolated by FACS. Samples were found to be >95% pure when assessed with a 
second round of flow cytometry and fluorescence microscopy analysis.

Instrument Cell Sorter (Beckman, MoFlo XDP)

Software FlowJo X 10.0.7

Cell population abundance Samples were found to be >95% pure when assessed with a second round of flow cytometry and fluorescence microscopy 
analysis.

Gating strategy Positive boundaries were determined by E14.5 tdTomato+ embryos injected with Cre at zygote stage, and negative boundaries 
were determined by control E14.5 tdTomato- embryos that were not injected with Cre.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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