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Off-target RNA mutation induced by DNA base
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Recently developed DNA base editing methods enable the direct
generation of desired point mutations in genomic DNA without
generating any double-strand breaks'~>, but the issue of off-target
edits has limited the application of these methods. Although several
previous studies have evaluated off-target mutations in genomic
DNA*-3, it is now clear that the deaminases that are integral to
commonly used DNA base editors often bind to RNA®~!3, For
example, the cytosine deaminase APOBEC1—which is used in
cytosine base editors (CBEs)—targets both DNA and RNA'?,
and the adenine deaminase TadA—which is used in adenine
base editors (ABEs)—induces site-specific inosine formation on
RNA®!1, However, any potential RNA mutations caused by DNA
base editors have not been evaluated. Adeno-associated viruses are
the most common delivery system for gene therapies that involve
DNA editing; these viruses can sustain long-term gene expression
in vivo, so the extent of potential RNA mutations induced by DNA
base editors is of great concern!*~!%, Here we quantitatively evaluated
RNA single nucleotide variations (SN'Vs) that were induced by CBEs
or ABEs. Both the cytosine base editor BE3 and the adenine base
editor ABE7.10 generated tens of thousands of off-target RNA SN'Vs.
Subsequently, by engineering deaminases, we found that three CBE
variants and one ABE variant showed a reduction in off-target RNA
SNVs to the baseline while maintaining efficient DNA on-target
activity. This study reveals a previously overlooked aspect of off-
target effects in DNA editing and also demonstrates that such effects
can be eliminated by engineering deaminases.

To evaluate the off-target effects of base editors at the RNA level,
we transfected one type of CBE (BE3; APOBEC1-nCas9-UGI) or
ABE (ABE7.10; TadA-TadA*-nCas9), together with GFP and with
or without a single guide RNA (sgRNA) into cultured HEK293T cells
(Fig. 1a, Extended Data Fig. 1). First, we validated the high on-target
efficiency of DNA editing by both BE3 and ABE7.10 in these HEK293T
cells using Sanger sequencing (Fig. 1b—e). We next performed RNA
sequencing (RNA-seq) at an average depth of 125 on these samples
(Supplementary Table 1). RNA SNV were called from the RNA-seq
data in each replicate separately, and any SNV identified in a wild-type
sample was filtered out (Fig. 1a).

We found 742 4 113 (mean =+ s.e.m.) RNA SNVs in the GFP-alone
control cells (Fig. 1f-h, Supplementary Table 2), but observed nota-
bly higher numbers of RNA SNV in cells from the following sample
groups: APOBECI, BE3 without sgRNA, and BE3 with either site 3
(see Methods) or ring finger protein 2 (RNF2) sgRNA (5-40 times
that in GFP-only cells; Fig. 1f, h, Extended Data Fig. 2, Supplementary
Tables 2, 3). Similarly, large numbers of RNA SNV (5-10 times those

in GFP-only cells) were also found in cells expressing only TadA-
TadA*, ABE7.10 without sgRNA, and ABE7.10 with either site 1 or
site 2 sgRNA (Fig. 1g, h, Extended Data Fig. 2, Supplementary Tables 2,
3). Notably, transfection of APOBEC1 or TadA-TadA* induced the
greatest numbers of RNA SN'Vs compared to other transfected groups,
which implies that increased SNVs in CBE- or ABE-treated cells are
likely to be caused by overexpression of the deaminase APOBEC1 or
TadA (Fig. 1f, g, Extended Data Fig. 2, Supplementary Tables 2, 3).
Moreover, the number of off-target RNA SNV was increased when
higher levels of CBEs or ABEs were expressed (Extended Data Fig. 2).

Notably, nearly 100% of the RNA SNV identified in BE3-treated
cells were mutations from G to A or C to U; this level is significantly
higher than that in the GFP-alone control cells (P = 2.03 x 107 for
BE3, P = 0.017 for BE3-site 3 and P = 5.90 x 107" for BE3-RNF2)
(Fig. 2a, ¢, Extended Data Fig. 3). This mutation bias was the same as
that of APOBECT itself?, which indicates that these mutations were not
spontaneous but rather were induced by BE3 or APOBECI. Similarly,
95% of the ABE7.10-induced mutations were A to G or U to C, consist-
ent with the action of TadA (Fig. 2b, ¢, Extended Data Fig. 3). We noted
that the GFP group also exhibited bias towards A to G and U to C muta-
tions (Fig. 2c), probably owing to innate mutation preferences'’~'?. We
observed 27.7 £ 3.6% (mean =+ s.e.m.) or 51.0 &= 3.3% (mean =+ s.e.m.)
overlap between any two samples from the BE3- or ABE7.10-transfected
groups, respectively, and these overlapping SNVs were substantially
enriched for genes with high levels of expression (Fig. 2d, Extended Data
Fig. 3). Additionally, we found that a consensus motif ACW (W = A
or U) or TAW (W = C or T) typically occurred in BE3- or ABE7.10-
induced RNA SNVs, respectively (Fig. 2e). However, none of the off-
target sites overlapped with predicted off-target mutations and we
observed no similarities between the off-target and on-target sequences
(Fig. 2d, Extended Data Fig. 4). Thus, the off-target RNA SNVs induced
by the CBE and ABE were independent of sgRNA and caused by over-
expression of APOBEC1 and TadA-TadA¥*, respectively. By Sanger
sequencing validation, we found that these SNV could be detected only
in RNAs and not in DNA (Extended Data Fig. 4). Moreover, the off-tar-
get RNA SNVs were found in both coding and non-coding sequences
(a substantial percentage in 3’ UTRs and exonic regions for BE3 and
ABE7.10, respectively; Extended Data Fig. 5). In addition, ABE7.10
induced 56 and 12 non-synonymous RNA SNVs in oncogenes and
tumour suppressor genes, respectively, and many of these showed an
editing rate higher than 40%, raising concern about the oncogenic risk
of DNA base editing (Extended Data Fig. 5, Supplementary Tables 4, 5).

Bulk RNA-seq is based on large pools of cells with variable editing.
Thus, we performed single-cell RNA-seq to avoid the loss of random

!Institute of Neuroscience, State Key Laboratory of Neuroscience, Key Laboratory of Primate Neurobiology, CAS Center for Excellence in Brain Science and Intelligence Technology, Shanghai
Research Center for Brain Science and Brain-Inspired Intelligence, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai, China. ?College of Life Sciences, University
of Chinese Academy of Sciences, Beijing, China. 3CAS Key Laboratory of Systems Biology, CAS Center for Excellence in Molecular Cell Science, Institute of Biochemistry and Cell Biology,

Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai, China. *Bio-Med Big Data Center, Key Laboratory of Computational Biology, CAS-MPG Partner Institute for
Computational Biology, Shanghai Institute of Nutrition and Health, Shanghai Institutes for Biological Sciences, University of Chinese Academy of Sciences, Chinese Academy of Sciences, Shanghai,
China. 5Center for Translational Medicine, Ministry of Education Key Laboratory of Birth Defects and Related Diseases of Women and Children, Department of Obstetrics and Gynecology, West
China Second University Hospital, College of Life Sciences, Sichuan University, Chengdu, China. ®School of Life Science and Technology, Shanghai Tech University, Shanghai, China. “Center for
Animal Genomics, Agricultural Genome Institute at Shenzhen, Chinese Academy of Agricultural Sciences, Shenzhen, China. 8Shanghai Jiao Tong University, Fudan University, Shanghai Academy of
Science & Technology, Shanghai, China. °These authors contributed equally: Changyang Zhou, Yidi Sun, Rui Yan, Yajing Liu, Erwei Zuo. *e-mail: yxli@sibs.ac.cn; hbzhou@ion.ac.cn; guofan@scu.

edu.cn; huiyang@ion.ac.cn

11 JULY 2019 | VOL 571 | NATURE | 275


https://doi.org/10.1038/s41586-019-1314-0
mailto:yxli@sibs.ac.cn
mailto:hbzhou@ion.ac.cn
mailto:guofan@scu.edu.cn
mailto:guofan@scu.edu.cn
mailto:huiyang@ion.ac.cn

LETTER

RNA

FACS o /a \sequencin%
.

eecoe

HEK293T
Day 0

o
0
-}

BE3-site 3
C4C,CAGAC, 2

BE3-RNF2
CATC, 3

mcs

=6

ABE-site 1
AGA,
A5
A7

®
=}
o
=}
o
=}

@

o
®
=]
®
=}

IS

=}
EN- ]
S o
EN- 3
S o

N
=}

20{3 3 3 3 20

C-to-T conversion rate (%)

o

C-to-T conversion rate (%)
A-to-G conversion rate (%)

-
«Q

125X transcriptome coverage
GFP-#1 (553 off-targets)

00

Editing rate (%) =
@©
o

3 L3

=)

., BE3-#1 (13,240 off-targets)

No. of RNA SNVs (x 1,000)
Editing rate (%)

No. of RNA SNVs (x 1,000)

5

A

t

Editing rate (%)
(o2}
o

Raw reads

AR

Fig. 1 | Base editors induce numerous
off-target RNA SNVs. a, Scheme of the
experimental design. b, ¢, DNA on-target
efficiency of BE3-site 3 and BE3-RNF2. Note
that APOBECI is the cytosine deaminase

of BE3. d, e, DNA on-target efficiency of
ABE7.10-site 1 and ABE7.10-site 2. Note that
TadA-TadA* (wild-type TadA-evolved TadA
heterodimer) is the adenine deaminase of
ABE7.10, and evolved TadA is indicated

40 by TadA*. f, g, Comparison of the off-target
RNA SNVs for BE3 and ABE7.10 groups.

o h, Representative distributions of off-target
RNA SNVs on human chromosomes for GFP,
BE3 and ABE7.10. Chromosomes are indicated
with different colours. Right, number of RNA
SNVs for each chromosome. GFP group serves
as control for all comparisons. WT, wild-type;
GFP, GFP only; APOBEC1, APOBECI1 only;
BE3, BE3 only; BE3-site 3, BE3 with sgRNA
targeting site 3; BE3-RNF2, BE3 with sgRNA
targeting RNF2; TadA-TadA*, TadA-TadA*
only; ABE7.10, ABE7.10 only; ABE7.10-site 1,
ABE7.10 with sgRNA targeting site 1;
ABE?7.10-site 2, ABE7.10 with sgRNA targeting
site 2. All values are presented as mean =+ s.e.m.
Number above the bar indicates the number of
biologically independent samples. *P < 0.05,
##P < 0.01, ¥#*P < 0.001, two-sided

unpaired ¢-test. Exact P values are provided in

Variant
calling

SNVs

[}

ABE-site 2
ATGA

. A5

<]
o
©

@
=}

X}
=}

-3
=)

N
o O

,600
,200

=}

400
320

N
N
S

160

No. of RNA SNVs  No. of RNA SNVs  No. of RNA SNVs
-
S o
ISIRS)

®
o o

b :
WE ot e
20 iﬁ:"iﬁ
0
1 6

Chromosome

off-target signals due to population averaging, on four groups of cells
(wild-type, GFP-alone, BE3-site 3 and ABE7.10-site 1) (Fig. 3a).
Consistently, we observed severe RNA off-target effects and similar
mutation patterns in cells with high expression of deaminases, but
not in cells with low deaminase expression (Fig. 3b—d, Extended Data
Figs. 6, 7). Therefore, only cells with high expression of the indicated
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Supplementary Table 3.

deaminase were used for further analysis (Extended Data Fig. 6).
Notably, the percentage of off-target sites (4.5 £ 1.0%, mean =+ s.e.m.)
shared by any of the BE3- or ABE7.10-edited cells was much lower than
that of the cell populations (40.8 £ 3.7%, mean =+ s.e.m.), which indi-
cates that BE3- or ABE7.10-induced off-target SNVs were essentially
random and independent of sgRNA (Extended Data Fig. 8). Notably,

-6 3 3 2 3 -6 3 3 3 3
a €100 A o b 100 S 838 ¢© GFP [ apoBEG1 || BE3
S o u{ 117 0 05 0 0 08 0
o <] < y 4
2 s 2 G52 16 13 0 0 0 0
e ¥ Cc{13 16 6.1 0 o 7@ | o ['l49.2
< [
3 50 g s0 A 13516 0 05 0 009 0
e < [ BEs-RNF2 ][ BE3-site3 TadA-TadA"
[s} [s}
£ £ L Ufo1 8 02 03 47 0.4 0.1 o2
£ £ gofdoz o Pos  o2|[0702 01
Q Q
o o 1y .
g e R cloz  o2[foz os[|lor o208
A Al 01 3 02 0252 04 01| o1
LSRN
& ABE7.10 ABE7.10-site 1 || ABE7.10-site 2
BE3-site 3-#1 ABEZ.10-site 1-#1  Ud 02 il 0.3 028 0.3 01802
BE3-site 3-#2 ABE7.10-site 1-#2 73 =
BE3-RNF2-#1 ABE7.10-ste 1-#3  G{09 03  01|[ 1 03  03[/0802 01
BE3-RNF2-#2 ABE7.10-site 2-#1
BEs ANF2o3 ABE7.10-ste2-#2 C{02 02 09|[02 03 12[l02 0207
ABE7.10-site 2-#3
ABE-#1 A1 02 o4 0202 02[PB 0.1
BE3-#3 ABE#2 100 SRV SRV SRR
B 11 AES Wi ACGU ACGU ACGU
APOBEC1-#2 TadA-#2 To
APOBEC1-#3 TadA#3 60 10 20 30 40
el es o p Ie) 40 e
mmmmmmmmT™ 2 8 -
oRgEaseg 20
2.2.:0:0:04:4:4:% o ]
Fazzz-N00 i 0
T 3
WM N =3
L4l 4 a
Ebxax @ g
N

Fig. 2 | Characterization of off-target RNA SNVs. a, Proportion of
G-to-A and C-to-U mutations for GFP, APOBEC1, BE3, BE3-site 3

and BE3-RNF2. b, Proportion of A-to-G and U-to-C mutations for
GFP, TadA-TadA*, ABE7.10, ABE7.10-site 1 and ABE7.10-site 2.

¢, Distribution of mutation types in each group. The number indicates
the percentage of a certain type of mutation among all mutations. d, The
ratio of shared RNA SNVs between any two samples in the APOBECI,
BE3, TadA and ABE7.10 groups or with predicted off-target sites by
Cas-OFFinder. The proportion in each cell is calculated by the number
of overlapping RNA SNV between two samples divided by the number
of RNA SNVs in the row. e, Sequence logos derived from off-target RNA
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SNVs of BE3 (left) and ABE7.10 (right). Analysis was performed on
generated RNA-seq data using cDNA, and thus every T depicted should
be considered a U in RNA. Bits account for how much each column is
conserved and how much the nucleotide frequencies obtained in the
profile differ from those that would have been obtained by aligning
oligonucleotides chosen at random. The GFP group serves as the
control for all comparisons. All values are presented as mean =+ s.e.m.

n = biologically independent samples. *P < 0.05, **P < 0.01,

##*P < 0.001, two-sided unpaired t-test. Exact P values are provided in
Supplementary Table 13.
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Fig. 3 | Single-cell RNA SNV analysis of cells transfected with base
editors. a, Diagram of SN'Vs analysed by single-cell RNA-seq method.
b, Number of off-target RNA SNV detected in single cells transfected
with GFP, BE3-site 3 or ABE7.10-site 1. ¢, d, Proportion of G-to-A and
C-to-U mutations or A-to-G and U-to-C mutations for GFP, BE3-site 3
and ABE7.10-site 1 groups. e, Non-synonymous mutations located on
the oncogenes and tumour suppressors with the highest editing rates

some oncogene and tumour suppressor sites remained highly edited at
specific sites, as in the bulk RNA-seq datasets, which implies that the
editing might be directed to specific sequence motifs (Fig. 3e, Extended
Data Fig. 8, Supplementary Tables 6, 7).

To further explore experimental approaches that may eliminate the
RNA off-target activity of base editors, we examined the potential effect
of de-stabilizing the RNA binding capacity of APOBECI1 and TadA
(Extended Data Fig. 9). Specifically, we introduced a point mutation
W90A to the predicted hydrophobic region in APOBEC1%?!, and
found that although BE3"%4 eliminated the RNA off-target effect,
the on-target DNA editing activity of BE3W*°A was essentially absent
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from ABE7.10-treated single cells. Gene names, amino acid mutations
and single nucleotide conversions are indicated in blue, red and green,
respectively. GFP group serves as control for all comparisons. All values
are presented as mean =+ s.e.m. Number above the bar indicates the
number of cells. *P < 0.05, **P < 0.01, ***P < 0.001, two-sided unpaired
t-test. Exact P values are provided in Supplementary Table 14.

(Fig. 4a, b, Extended Data Fig. 9, Supplementary Tables 8, 9). A previous
study has shown that double mutations to BE3 (W90Y and R126E)
can increase the editing specificity by reducing the hydrophobicity and
binding affinity for DNA?2, which implies that BE3W#0Y/RI26E might
also show reduced RNA-binding activity. The RNA off-target effect
of BE3W0Y/RIZE wyaq reduced to a base level, but it maintained BE3-
like DNA on-target efficiency. In an alternative approach, we tested
whether replacing APOBEC1 with human APOBEC3A (hA3A)—
which is reported to have DNA but not RNA binding activity>*—could
eliminate the RNA off-target activity of BE3 (Extended Data Fig. 9).
Indeed, BE3(hA3A)-transfected HEK293T cells showed significantly
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Fig. 4 | Elimination of off-target RNA SNVs by engineering of
deaminases. a, Frequency of C-to-T conversion for GFP, BE3-site 3,
BE3WOOF/RI26E_gite 3 BE3WA_site 3, BE3(hA3A)-site 3, BE3(hA3ARIZ8A)_
site 3, and BE3(hA3AY*F)_site 3 groups. b, Comparison of the off-target
RNA SNVs among BE3-treated groups. ¢, Frequency of A-to-G conversion
for GFP, ABE7.10-site 1, ABE7.10P>*—site 1, ABE7.10"84_site 1,
ABE7.10-site 2 and ABE7.10F'48_site 2 groups. Note that site 2 does not
have A7. d, Comparison of off-target RNA SNVs among ABE7.10-treated
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groups. e, Comparison of editing efficiency between ABE7.10 and
ABE7.10F1484 on four different sites. f, A representative editing site
shows that ABE7.10F1484 narrows the width of the editing window. n = 2
and 3 biologically independent samples for ABE7.10 and ABE7.10F1484,
respectively. All values are presented as mean = s.e.m. Number above the
bar indicates the number of biologically independent samples. *P < 0.05,
*##P < 0.01, ##*P < 0.001, two-sided unpaired ¢-test. Exact P values are
provided in Supplementary Table 9.
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fewer off-target RNA SNVs than BE3(APOBEC1)-transfected cells
(Fig. 4a, b, Extended Data Fig. 9, Supplementary Tables 9, 10). To fur-
ther reduce off-target effects, we introduced point mutations R128A*
and Y130F**% into the predicted RNA and single-stranded DNA
binding domains of hA3A, respectively, and found that the number
of off-target RNA SNV in both variants was decreased to the base
level (Fig. 4a, b, Extended Data Fig. 9). Notably, the mutation patterns
for three high-fidelity variants—BE3W*Y/R126E BE3(hA3ARIZ8A) and
BE3(hA3AY13%F) _were similar to those found in cells transfected with
GFP alone (Extended Data Fig. 9).

For ABE engineering, previous studies have shown that a D53E muta-
tion can reduce the RNA activity of TadA in vitro, and an F148A mutation
completely abolished the activity in Escherichia coli®'*%”. We there-
fore introduced a D53E or F148 A mutation into both TadA and TadA*
(Extended Data Fig. 9). Notably, both ABE7.10P**E and ABE7.10F1484
maintained high DNA on-target efficiency, and only ABE7.10F1484
showed a complete absence of RNA off-target effects (Fig. 4c, d, Extended
Data Fig. 9, Supplementary Tables 8, 9). Moreover, the remaining SNV
in ABE7.1054%A_transfected cells in both sites were similar to those found
in cells transfected with GFP alone (Extended Data Fig. 9). We further
confirmed that the DNA on-target activity of ABE7.10F!484 was similar to
that of ABE7.10 on three additional sites (Fig. 4e). The editing window of
ABE7.10F1484 was substantially narrowed (Fig. 4f, Extended Data Fig. 10),
which indicates increased precision of DNA base editing. To determine
whether the off-target RNA editing was due to the wild-type TadA mon-
omer, we examined the editing activities by catalytic inactivation of only
the wild-type monomer (via an F148A mutation), and found that this
variant maintained DNA on-target activity but could not decrease the
number of RNA SNVs (Extended Data Fig. 10).

We have shown that BE3 and ABE7.10 generated substantial off-
target RNA SNVs, consistent with three recent studies?®*’. Although
RNA off-target mutations could exist for only a short period of time by
transient expression of base editors via ribonucleoprotein or nucleo-
fection, in vivo genetic correction of the most common inherited
diseases depends greatly on the delivery system: adeno-associated
viruses, which maintain long-term gene expression!*'6, Thus, contin-
uous induction of tens of thousands of off-target RNA SNV's for months
or even years could be highly risky in gene therapies. Here, we intro-
duced point mutations to the deaminases and obtained high-fidelity
variants for both CBEs and ABEs. Notably, recent reports have shown
that CBEs, but not ABEs, induce substantial DNA off-target effects”®.
Thus, ABE7.107184 could potentially be used for highly specific DNA
base editing without off-target effects on DNA or RNA.
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METHODS

sgRNA and vector information. All gRNA and vector sequences are provided in
Supplementary Tables 10, 11.

Transient transfection and sequencing. Plasmids were constructed using
NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs) according to
the standard protocol. HEK293T cells (Cell Bank of SIBCB, CAS) were authenti-
cated by the supplier and free of mycoplasma contamination. Mycoplasma contam-
ination was determined by PCR of the supernatant of HEK293T cells. HEK293T
cells were seeded in 10-cm dishes and cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Thermo Fisher Scientific) supplemented with 10% FBS (Thermo
Fisher Scientific) and penicillin-streptomycin at 37 °C with 5% CO,. Cells were
transfected with 30 pg plasmids using Lipofectamine 3000 (Thermo Fisher
Scientific). Three days after transfection, cells were digested with 0.05% trypsin
(Thermo Fisher Scientific) and prepared for FACS. GFP-positive cells were sorted
and kept in DMEM or Trizol (Ambion) for determination of DNA base editing or
RNA-seq. To determine the efficiency of DNA base editing, cells were lysed using
One Step Mouse Genotyping Kit (Vazyme) and subsequently prepared for Sanger
sequencing and quantified using EditR 1.0.8 (https://moriaritylab.shinyapps.io/
editr_v10/). All experiments in Figs. 1b-e, 4a-d were performed simultaneously.
Thus, data for GFP and BE3-site 3 at the site 3 locus were used in Figs. 1b, 4a,
and data for GFP and ABE7.10-site 1 at the site 1 locus were used in Figs. 1d, 4c.
For RNA-seq, ~500,000 cells (top 5% GFP 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 adaptors, and correctly
ligated cDNA fragments were enriched and amplified by PCR. The concentration
of the library was assessed using Bioanalyzer.

RNA-editing analysis by RNA-seq. We used fourteen groups of transfected cells:
cells that expressed only GFP (36 h and 72 h), APOBECI1 or TadA-TadA*, cells that
expressed BE3, BE3 with site 3 sgRNA (36 h and 72 h), BE3 with RNF2 ngNAZ,
BE3 (FNLS)*! with site 3 sgRNA, ABE7.10, ABE7.10 with site 1 sgRNA (36 h and
72 h)?, ABE7.10 with site 2 sgRNA and ABEmax™ with site 1 sgRNA (Extended
Data Figs. 1, 2).

High-throughput mRNA sequencing was carried out using Illumina Hiseq
at mean coverages of 125 x. FastQC (v.0.11.3) and Trimmomatic (v.0.36)** were
used for quality control. Qualified reads were mapped to the reference genome
(Ensemble GRCh38) using STAR (v.2.5.2b)** in two-pass mode with the param-
eters implemented by the ENCODE project. Picard tools (v.2.3.0) 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 (v.3.5)%, respectively.
To identify variants with high confidence, we filtered clusters of at least five SNV's
that were within a window of 35 bases and retained variants with base-quality score
>25, mapping quality score >20, Fisher strand values >30.0, qual by depth values
<2.0 and sequencing depth >20. As the mRNAs were converted into cDNA before
sequencing, both the nucleotide and its complementary base could be sequenced.
For example, if there is a C in the mRNA, cDNA have both C and G at the specific
site. When the reference genome was C, the sequence would be read as C, and if
the reference was G at the site, G will be read oppositely. Therefore, we counted
the sum of C to T + G to A mutations as the editing of BE3 and the sum of A to G
+ T to C for ABE7.10 editing.

Any confident variants found in wild-type HEK293T cells were considered to
be SNPs and were filtered out from the GFP and base-editor-transfected groups
for off-target analysis. The editing rate was calculated as the number of mutated
reads divided by the sequencing depth for each site. To analyse the predicted var-
iant effects of each off-target variant, we conducted variant annotation by Variant
Effect Predicitor (VEP, v.94) with the GRCh38 database.

RSEM (v.1.2.21) was used to estimate the gene-expression levels on the align-
ment file with default parameters® and gene abundances were reported in TPM
(transcripts per million kilobases). The off-target RNA SNV identified in BE3- or
ABE?7.10-transfected cells were mapped to the gene level. We randomly selected
the same number of genes from the transcriptome in each sample as that of the
off-target SN'Vs, and then compared the expression levels between the two groups
with log,-transformed TPM values.
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The adjacent 3-bp sequences of the off-target RNA SNV's were extracted from
the reference and subjected to motif prediction using WebLogo3 (http://weblogo.
threeplusone.com/)¥.

All sequencing data have been deposited in the NCBI Sequence Read Archive
(SRA) under project accession PRINA528149.

Library construction for full-length RNA-seq from single cells. Individual
human HEK293T cells were manually picked after FACS, lysed and subjected to
cDNA synthesis using the Smart-seq2 protocol®®. Single-cell cDNA was then ampli-
fied and fragmented as previously described*®. The sequencing library was con-
structed (New England Biolabs), quality checked and sequenced with paired-end
150-bp reads on an Illumina HiSeq X-Ten platform (Novogene). We performed
single-cell RNA-seq from 96 individual HEK293T cells, among which 16 were
generated from single wild-type cells, 16 were generated from single GFP™ cells,
32 were generated from single BE3-GFP™ cells, and 32 were generated from single
ABE-GFP™ cells. After the quality check of all the libraries, 91 single-cell libraries
passed our criteria and were subjected to deep sequencing. All the sequencing data
were deposited in the SRA under PRJNA528561.

Processing of the single-cell RNA-seq data. Raw reads of single-cell RNA-seq
data were first trimmed and aligned to the GRCh38 human transcriptome (STAR
v2.5.2b)*. After de-duplication, RNA SNVs from individual cell were identified
using GATK software (v3.5)3°. Those SNVs detected in single cells with read
depth > 20.0, Fisher strand values < 30.0 and qual by depth values > 2.0 were
retained for downstream analysis. Gene expression was quantified as log,(frag-
ments per kilobase of transcript per million mapped reads (FPKM) + 1) using
HTSeq (v0.10.0)*. On average, 10,932 RefSeq genes were detected in each single
cell by about 6.07 million sequenced reads (Supplementary Table 12).

Statistical analysis. All values are shown as mean + s.e.m. Unpaired Student’s ¢-test
(two-tailed) was used for comparisons and P < 0.05 was considered to be statisti-
cally significant. Details of statistical values are provided in Supplementary Tables.
The experiments were not randomized and the investigators were not blinded to
allocation during experiments and outcome assessment.

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

Data availability

All the sequencing data have been deposited in the NCBI SRA under project
accession numbers PRJNA528149 and PRINA528561 or at http://www.biosino.
org/node/project/detail/OEP000277. All materials are available upon reasonable
request.

Code availability
The authors declare that all code used in this study are available within the article
and its Extended Data or from the corresponding author upon reasonable request.
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Extended Data Fig. 1 | Schematics of plasmids. The schematics show the plasmids used in this study.
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Extended Data Fig. 2 | Increased expression of deaminases induces an
increase in off-target RNA SNVs. a, Representative distributions of
off-target RNA SNVs on human chromosomes for APOBEC1, BE3-site 3,
BE3-RNF2, TadA-TadA*, ABE7.10-site 1 and ABE7.10-site 2.

b, Schematics of BE3(FNLS) and ABEmax. Note that BE3(FNLS)*!' and
ABEmax>? have previously been reported to greatly increase the expression
of base editors. ¢, Expression of APOBECI in cells transfected with BE3—
site 3 for 36 or 72 h, or with BE3(FNLS)-site 3 for 72 h. d, Expression

level of in cells transfected with ABE7.10-site 1 for 36 and 72 h, or with
ABEmax-site 1 for 72 h. e, The number of off-target RNA SNV in cells

transfected with BE3-site 3 for 36 or 72 h, or with BE3(FNLS)-site 3

for 72 h. f, The number of off-target RNA SNV in cells transfected

with ABE7.10-site 1 for 36 or 72 h, or with ABEmax-site 1 for 72 h.
Transfections: GFP for 36 h; BE3-site 3 for 36 h; GFP for 72 h; BE3-site 3
for 72 h; BE3(FNLS)-site 3 for 72 h; ABE7.10-site 1 for 36 h; ABE7.10-
site 1 for 72 h; ABEmax-site 1 for 72 h. RSEM, RNA-seq by expectation
maximization. All values are presented as mean =+ s.e.m. Number above
the bar indicates the number of biologically independent samples.

*P < 0.05, ¥*#P < 0.01, ##*P < 0.001, two-sided unpaired ¢-test. Exact

P values are provided in Supplementary Table 15.
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Extended Data Fig. 4 | Characteristics of off-target RNA SNVs.

a, Similarity between adjacent sequences of off-target RNA SNVs and on-
target sequences. n = 2 biologically independent samples for BE3-site 2,
n =3 for BE3-RNF2, n = 3 for ABE7.10-site 1, n = 3 for ABE7.10-site 2.
b, Sanger sequencing chromatograms show that C to U mutation was

H;MMG.MJ.muhnlmum

observed only in RNA but not DNA for two BE3 off-target sites. OF,
off-target. Gene names, amino acid mutations and single nucleotide
conversions are indicated by blue, red and green, respectively. ¢, Sanger
sequencing chromatograms show that U to C mutation was observed only
in the RNA of three ABE7.10 off-target sites.
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Extended Data Fig. 5 | Biotypes and tumour-associated genes of off-
target RNA SNVs. a, Percentages of different locations of SNV's for
GFP, BE3 (BE3, BE3-site 3 and BE3-RNF2) and ABE7.10 (ABE7.10,
ABE?7.10-site 1 and ABE7.10-site 2) groups. All values are presented as
mean =+ s.e.m. # denotes biologically independent samples. *P < 0.05,
##P < 0.01, ¥**P < 0.001, two-sided unpaired ¢-test. Exact P values are
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provided in Supplementary Table 16. b, Editing rate of BE3-induced non-
synonymous mutations located on oncogenes and tumour suppressor
genes. ¢, Editing rate of ABE7.10-induced non-synonymous mutations
located on oncogenes and tumour suppressor genes. Gene names, amino
acid mutations and single nucleotide conversions are indicated by blue, red

and green, respectively.
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Extended Data Fig. 6 | Expression of transfected vectors and mutation
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BE3-site 3

ABE7.10-site 1

types of off-target RNA SNVs in single cells. a, Expression of GFP,
APOBECI and TadA-TadA* was quantified in all sequenced single

cells. Thresholds are indicated by blue dashed lines. Thresholds of log,
(FPKM + 1) for GFP, BE3 and ABE7.10 are 0.3, 1 and 0.3, respectively.
Cells with expression levels higher than the threshold were included
for further analysis. b, ¢, Cells with high expression of TadA-TadA*

or APOBEC1 showed greater numbers of RNA SNV than those with
low expressions in the ABE7.10 (n = 9 cells) or BE3 group (n = 4 cells),

SC #2 SC #3

LETTER

SC #4 SC #6 SC #18 SC #30

Ufro a8 10 1778 21 08 43 07 12 81 20
Ie + s KB 10 15 24 06 o8 [ERT)
clos 1a 21 27 05 o8 LT
A 09 46 09 15 82 22 05 47 08 12 69 17

ACGU ACGU ACGUACGU

SC#11

SC#3 SC#5 SC #10
24 28] 53 40
30
20
SC #13 SC #14 10
24 ss|fidsas  [risl 0
SC #23 SC #24
ACGU ACGU ACGUACGU ACGU ACGU ACGU ACGU
SC#3 SC #8 SC #23 SC #24 SC #26 SC #28 SC #7
FE= [ B |[~B- [ B | e
ACGU ACGU ACGU ACGU ACGU ACGU U ACGU
SC #4 SC #5 SC #6 SC #12 SC #13 SC #14
] [l a Bl ]
C 50 26 28 40 182|
A 29 20 [{llss ] 20 [+
SC #15 SC #16 SC #17 SC #21 SC #22 SC #25 SC #27
yE = | o
G| 2s as 24 20
Clss a0 a2 as 27 aslf]s0 a0
Al saeol| e = o[ oo Blos]]
ACGU ACGU ACGU ACGU

ACGU ACGU ACGU ACGUACGU ACGU

To

single cells (n = 16 cells). e, Distribution o

box represents first and third quantile, whisker indicates maximum and
minimum values. d, Distribution of mutation types for GFP-transfected

f mutation types for BE3-site

3-transfected single cells (n = 31 cells). Cells with expression of APOBEC1
higher than the threshold are included in the red square. f, Distribution

of mutation types for ABE7.10-site 1-transfected single cells (n = 28
cells). Cells with expression of TadA-TadA* higher than the threshold
are included in the red square. The number indicates the percentage of a

respectively. Box-and-whisker plots: centre line indicates median value,

certain type of mutation among all mutations. SC, single cell.



LETTER

SC#1 SC#2 SC#3 SC#4
No. of SNVs =721

No. of SNVs = 3470 No. of SNVs = 4651 No. of SNVs = 2554

o L e o
) t o g t o
: 0z x h 02 : 0z “ 02
Chromosame Chromosome Chromosome Chromosome
SC#5 SC #6 SC#7 SC#8
No. of SNVs = 502 No. of SNVs = 911 No. of SNVs = 440 No. of SNVs = 560
Chromosame
SC#9 SC#10 SC #11 SC#13
No. of SNVs = 1026 No. of SNVs = 1060 No. of SNVs = 1054 No. of SNVs = 939
£ HE HES HIERPYY ik
S o o o | PRI 1
Chromosame Chromosame Ctromosome
SC#14 SC#15 SC #16
No. of SNVs = 764 No. of SNVs = 827
Chromosame
b BE3
SC#4 SC#6 SC #18 SC #30
No. of SNVs = 1693 No. of SNVs = 919
w e e e e e e “,
2w £ e g 2 oo
g g g g
S - S HE
Chromosome Chromosome Chromosome
c ABE7.10
SC#1 sC#2 SC#3 SC#7
No. of SNVs = 17200 No. of SNVs = 6312 No. of SNVs = 6928 No. of SNVs = 664
" L " L
) i - i
Chromosarme Chromosome Chromosame Chromosome
SC#8 SC #23 SC #24 SC #26
No. of SNVs = 4215 No. of SNVs = 4673 No. of SNVs = 2658
. : : O T 7y
] 2 ] 2 4
H £ . g . 3 £ . i
Chromosarme Chromosome Chromosame Ctromosome

SC #28
No. of SNVs = 2688

Ediing rate

iR v 5 " T Eogt
L e LA S e e

Chromosome

Extended Data Fig. 7 | Distribution of off-target RNA SNVs on human RNA SNVs on human chromosomes for BE3-site 3-transfected single
chromosomes for all single cells with expression above thresholds. cells (n = 4 cells). ¢, Distribution of off-target RNA SNVs on human
a, Distribution of off-target RNA SNVs on human chromosomes for chromosomes for ABE7.10-site 1-transfected single cells (n = 9 cells).
GFP-transfected single cells (n = 15 cells). b, Distribution of off-target



BE3-site 3 ABE7.10-site 1

| 80
60
40

SC #23 lo
SC #24
SC #26
SC #28

Jepuld40-sed
Jepuli40-sed

(4

EMP2 (chr16_10537963_C/T_RK) )
FOCAD (chr9_20949665_C/T_T/I) [
UFL1 (chr6_96538716_C/T_T/l) e ——

BCL6 (chr3_187728423_C/T_AT) )

CCNL1 (chr3_157159412_C/A_s/l) )

CDKB6 (chr7_92774781_G/A_T/I) I

DCAF1 (chr3_51427439_G/A_L/F) )

PTN13 (chr4_86785344_G/C_A/P) )

DLP1 (chr6_107334247_C/T_v/v) I

UHRF1 (chr19_4930806_G/A_D/N) ) =3 Oncogene

LAP4B (chrg_97819231_C/T_T/) ) E=3 Tumor suppressor gene
KHDR1 (chri_32036976_C/T_P/s) )

RAD17 (chr5_69374634_C/T_L/F) )

MSH2 (chr2_47466717_C/T_R/C) )

RHG29 (chr1_94220276_G/A_L/F) ]

RLF (chr1_40189124_C/T_L/F) | ————

EPHA7 (chr6_932509417_C/T_v/) )

TPR (chr1_186362893_C/T_EK) )

NUP98 (chr11_3778923_A/G_r/s) )

EXO1 (chr1_241889530_c/T_1/) )

DEDD (chr1_161124200_A/G_L/P)

NADAP (chr2_27687941_G/A_\/)) )

CSDET (chr1_114738036_c/A_1/)) )

RANB (chr6_13657118_c/A_H/y) )

MPIP3 (chr5_138331071_G/A_T/l)

AGRL? (chr1_81936796_C/T_T/) ]

RASEF (chr9_83000934_C/T_v/v) )

ABI1 (chr10_26748577_G/A_T/)

MDAL1 (chr7_1980504_C/T_s/N) ]

DAXX (chr6_33321558_G/A_L/F) ]
CHKI (chr11_125635518_C/A_D/N)

AKT2 (chr19_40242614_C/A_D/Y) =
KLH20 (chr1 173775832_G/A_R/H) ]
2A5G (chr14_101890251_C/T_T/) o
UBAPT (chrg_34179046 G E/G)
TET1 (chr10_68572516_A/G_K/E) ]
LZTL1 (chr3_45828491_G/A_T/I) ]
M3K20 (chr2_ 173182872 C/T_SIL) [ —
YES (chr18 745837 GIARIC) = ]
GUAA (chr3_ 155937831 C/T_LF) e
RASN (chr1_114708632_C/A_TI) e
PHB (chr17_49411765_G/A_HIY) [E—]
TIPRL (chr1_168184826_C/T_T/I)

r T T T

0 20 40 60
Editing rate (%)

Extended Data Fig. 8 | Characteristics of off-target RNA SNVs in single

80

d

MB3K1 (chr5_56872664_A/G_R/G)
TFDP2 (chr 141974112 T/C_E/G)
STK25 (chr2_241499346_T/C_T/A)
TEX10 (chr9 100347324‘T/C‘Y/C)
LPP (chr3_188872702 ETG)
ABI1 (chrf0) 26860769‘T/c‘wc
CE162 (chr6 84200844 T/C_IIM
MAPKS3 (chr3_ 50645737 A/G_Y/C)
P48 (chr§ 97805399 A/G D/G
SMADZ chrfp 47848741 TIC S/G)
580614_T/A ‘77/!:1)

=3 Oncogene

3 Y/C)
TIPRL (chr1_168184072_A/G_Q/R)
FUMH (chr1-241506054_T/C_T/A)
2A5G (chr14_101890245_A/G_Y/C)
UBP33 (chri_ 77741647 T/C I/M)
PGM1 (chr1 6 K/E)
SC31A chrd Srbr085 T/ KIR)
MSH2 (chr2_37475045 A/G T/A
CREG1 (chri 167546158 T/C_D/G)
PDLI5ichr4 94573355 T/C_I/T
LZTL1 chr3‘45830935‘ TIC_Qll )
OCAD (c 5 NGKI

P
BCCIP (chr10_125853238_T/C_S/P)
EXT2 (chr11 44234125 ATG YIC
GPKOW (cth 49117140_T/C_N/S)
UFL1éhr6 96538700 A/G_SIG

3 (chr_94458340 1/C N/

C (chrT 50970477 T/C FIL
At (chr8_140846647 T/C_D)
EXO1 (chr{~ 241885327 A/G " V/C)
ELKT (ohrX 47641239 T/C_VIC
BOREA (ch_3770179% ATG I/l
CERS2 {::hm 0067084 T1C- v 2:)

CCD3 chr11 2735751? TIC_N/!
chr5 69384824 A/G TQ/R)
TFG (chr3 100713776 A/G_IV
EPHAT7 (chré_93356876_T/C_M/V)
FGOP2 chrﬁ 26954285 A/ERE/A)

STK26 (cth ~132071149_A/G_I/M)
GRB2 (chr17_75321726_T/C_Y/C)
E2F6 (chr2_11453643_T/C_TIA)
ELOC échr& 73946765_A/C_H/ ?
MUL1 (chr1-20501012_A/C"V/G:
GUAA (chr3_155893561_A/G_Y/C)
BNI3L (chr8~26408333_A/G_I1V,
TYK2 (chr19_10378343_T/C_M/V)
FYN (chr6_171661863_T/C_E/G)

= Tumor suppressor gene

LETTER

I T T T T
0 20 40 60 80

Editing rate (%)

100

non-synonymous mutations on oncogenes and tumour suppressor genes

cells. a, b, The ratio of shared SNV between any two samples in the same
group or with predicted off-target sites by Cas-OFFinder. The proportion
in each cell is calculated by the number of overlapping SNV's between two
samples divided by the sample in the row. ¢, Editing rate of BE3-induced

in single cells. d, Editing rate of ABE7.10-induced non-synonymous
mutations on oncogenes and tumour suppressor genes in single cells.
Gene names, amino acid mutations and single nucleotide conversions are
indicated by blue, red and green, respectively.



LETTER

a
BE3 LS BE3 (hAJAY'*F) LS ABET.10 s
| B ;
Y
PolyA PolyA PolyA
BEGVovRizsE NLS ABE7.10°% LS
A\F
= @D
oly PolyA
BEg"™ NLS ABE7.107144
PolyA
BE3 (hA3A) NLS PolyA
I PolyA
BE3 (hA3ARZ54) NLS
R |
R1j
PolyA
125X transcriptome coverage 125X transcriptome coverage 125X transcriptome coverage
BE3 (hA3A)-site 3-#1 BE3"site 3-#1 BE3"0r =< ite 3-4#1
No. of SNVs = 2556 (off-targets) No. of SNVs = 581 (off-targets) No. of SNVs = 1185 (off-targets)
£ o o 8
I 0 <
H « H
o o 0
wd ™ w0 wd
L2 s s e amne W e mx T P
Chromosome Chromosome Chromosams
BE3 (hASA®)-site 3-#1 BES (NASAY*F)-site 3-#1 BES (NABAR2A150) e 3-4#1
No. of SNVs = 777 (off-targets) No. of SNVs = 711 (off-targets) No. of SNVs = 1534 (off-targets)
» . » o . L.
o8 . AN o8 o . :
o . ce e . ° g
2 o 2 o 2w
£ o £ o 2 o
E E H
@ @ 5 02
o0 e e e e B ML BN 8 18 A o0 T o0 L LI e mm ey )
. D e e
Chromosome Chromosome Chromosams
125X transcriptome coverage 125X transcriptome coverage 125X transcriptome coverage
ABE7.100% site 1-#1 ABE7.107site 1-#1 ABE7.1074%4 site 2-#1
No. of SNVs = 3074 (off-targets) ' No. of SNVs = 749 (off-targets) ' No. of SNVs = 888 (off-targets)
: .o x .
H g H w En g
o o o |
LR e T e e B e e e S S AR At o0 L FE A e e e e e e o SR Ao
O T A Y 5 44 &5 taam ww wa s 3 0a 5 s aras W@ woww
Cheomesarme Cheomesarme Crvamosoms
c
[[ees [ a-#2 | [ee3 BE3™ sito 3+#1 BE3"™site 3-#2 BE™ silo 3-#3 BESE'—site 3-#1 BEG"EI—site 3-#2
U402 59 02 0.1 64 02 03 76 02 15.0.9 2.3. 2 1.1 .35 37 .4.5 34 182 45
G . 0.2 0.1 .0v3 0.2 . 0.2 01|45 16 03|[63 1.7 17|67 1.1 0.7 152 34 3.3 ||15.6 35 38
C+ 03 0.2. 0.3 0,3. 0.2 0.5. 21 0.7 48 17 23 86 11 25 53 3 4 17 3 43 16.8 value
A 02 64 04 0.2 55 03 04 84 03 17 19 0.7 17 28 .7 4.7 1789 3.7 5.1 181 36 50
ks 2] G2 .
BE3 (hasa =) site 3-#1 | | BES (hasar=+ysite 3-#2| | BE3 (hasav=-site 3-#3 | | BES (hasaro*).site 3-#1 | | BES (hasav=)site 3-#2| | BES (nasA =) site 3-43 30
| e hanc =y st o-#1| | BE9 (a3 2 |9 (A3 st 3 40 | | BE3 (A3 i -1 f | BE0 (Ao 5 72 f 859 nasar it 5 43 -
uio. ! . . . : .7 |81 1. 1.1 . 4
0.4 5808 0.6 8 1.6 03§12 |[o7[Bl13 B8 os 0.4 318 "
£ of10618 128119 12[|1417 1 |[18114  13|[11513  17|fros517 17
% ooi12 1510212  1793[[11 1510([13 16134[|11  15109|[16 18111
~{  oofiljos 1388 04 1.1 {8l 08 1458814 0.8 1.2 1§12
ABE7.10° -site 1-#1 | | ABE7.10°* -site 1-#2 | | ABE7.10°**¢ -site 1-#3 | | ABE7.10°"**site 1-#1 | | ABE7.10""** -site 1-#2 | | ABE7.10""***site 1-#3 ABE7.107“*-site 1-#1 ABE7.10"“**-site 1-#2 | | ABE7.10""*-site 1-#3
u 0.2 . 02 05 . 0.4 15 . 14 1.4 . 1 11 . 1.4 0.7 . 06 0.7 . 06 0.2 . 08
G 16 04 0.2 15 03 0.4 6 08 1.4 41 17 13 53 1.4 0.6 43 12 14 34 15 06 38 08 03
c 0.3 03 11{|03 01 18|07 1 49([13 15 48 ([ 18 17 45 0.6 02 35 13 04 41 0.6 06 45
A 03 0.4 03 0.4 1 13 1 11 1.4 06 0.7 0.6 1.3 0.4 0.6 05
BN DS N N bl | [ = =
A c A [ u A [ G u A c G u A [} G u A Cc u A [ G u
d To

BE3-site 3-#1
BE3-site 3-#2
BE3W90A-site 3-#1
BE3WO0A-site 3-#2
BE3W90A-site 3-#3
BE3WI0Y+R126E-site 3-#1
BE3W90Y+R126E-site 3-#2
BE3 (hA3A)-site 3-#1

BE3 (hA3A) -site 3-#2

BE3 (hAJA) -site 3-#3

BE3 (hA3AR128A)-site 3-#1
BE3 (NAAR128A)-site 3-#2
BE3 (hA3AR128A)-site 3-#3
BE3 (NA3AY 130F)-site 3-#1

BE3 (hA3AY130F)-site 3-#2
BE3 (WASAY130F)-site 3-#3

FEFEEEEEETE] o

coo0igg888y% H z2z222322

225335333333 9 FRRERRRER

55888883222 ul NN

wePPPIILLLP a 2 e

i PPILIEEE> 3 S ssss32z2

#B222 30705 2 2 & 699017

85565222225 5 22858827
ER® N - @ T L @ w

GowSRE6 6 Y 222528

- ~ Mo b33

HERMMPPLPE N

S8BLoAd A E¥Bs568 LR

35" @ P

G & r112t

3 i TRBLG

=y & * &

Extended Data Fig. 9 | Characteristics of off-target RNA SNVs for
engineered BE3 and ABE7.10 variants. a, Schematic of BE3 and ABE7.10
variants. Point mutations are indicated by red lines. b, Representative
distributions of off-target RNA SNVs on human chromosomes.
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target sites predicted by Cas-OFFinder. The proportion in each cell was
calculated by the number of overlapping RNA SNV between two samples
divided by the number of RNA SNVs in the row.
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Extended Data Fig. 10 | DNA on-target and RNA off-target activities biologically independent samples for each group. ¢, The number of RNA
of different engineered variants. a, Comparison of the width of editing SNVs in the GFP, TadA-TadA*-Cas9n, TadAF*84A_Tad A*-Cas9n and
windows between ABE7.10 and ABE7.1051484, 1 = 3 biologically Tad AF1484_Tad A*F148A_Cas9n groups. n = 3 biologically independent
independent samples for each group. b, DNA on-target efficiency onsite 1~ samples for each group. All values are presented as mean =+ s.e.m.
of TadA-TadA*-Cas9n (wild-type TadA-evolved TadA heterodimer), *P < 0.05, ¥*#P < 0.01, **#*P < 0.001. Two-sided unpaired ¢-test. Exact

TadAF484_Tad A*-Cas9n and Tad AF18A-_Tad A*F1*8A_Cason. n =3 P values are provided in Supplementary Table 17.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection EditR 1.0.8, FlowJo X, FastQC (v0.11.3), Trimmomatic (v0.36), Illumina HiSeq X-Ten

Data analysis Microsoft Excel 2019, GraphPad Prism 8.0.2, STAR (v2.5.2b), Picard tools (v2.3.0), SplitNCigarReads, IndelRealigner, BaseRecalibrator and
HaplotypeCaller tools from GATK (v3.5) ,Variant Effect Predicitor (VEP, v94) ,RSEM (v1.2.21)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All raw data are deposited in NCBI Sequence Read Archive (SRA) under project accession PRINA528149 and PRINA528561 or http://www.biosino.org/node/project/
detail/OEP000277 and interpreted data is either available in the supplemental information or upon request.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

[ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was chosen based on the results of previous works in this field that used similar sample sizes to generate reproducible results.

Data exclusions  To avoid mistakes during sample preparation and sequencing, samples expressing the right transfected vectors were included in this study.
One RNA-seq dataset was excluded due to expression of the wrong transfected vectors.

Replication To ensure the robustness, we performed independent biological replicates for each experiments. Moreover, we replicated the results using
different gRNAs.

Randomization  Randomization was not relevant to this study given that top 5% GFP positive cells were collected by FACS sorting strategy for all samples.

Blinding Blinding was not relevant to our study. Based on previous studies in this field, these assays do not require blinding. Thus, blinding was not
used.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study

|Z| D Antibodies

|Z| Eukaryotic cell lines
[ ] palaeontology

n/a | Involved in the study

|Z| |:| ChlIP-seq
D IZI Flow cytometry
[ ] MRI-based neuroimaging
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X
X[ ] Animals and other organisms
X

|:| Human research participants

IXI |:| Clinical data

Eukaryotic cell lines

Policy information about cell lines
Cell line source(s) In this study, we only used one cell line HEK293T, which was from the Cell bank of Shanghai Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences

Authentication Cell lines were authenticated by the supplier.

Mycoplasma contamination Cells used in this study were free of mycoplasma contamination. Mycoplasma contamination was determined by PCR the

supernatant of HEK293T cells.

Commonly misidentified lines None of the cell lines used was listed in the database of ICLAC.
(See ICLAC register)
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Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| 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.

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

Methodology
Sample preparation HEK293T cells were digested by trypsin (0.05%), contrifuged at 1000 rpm and filtered with a 35 um nylon mesh.
Instrument MoFlo XDP (Beckman)
Software Summit Software version 5.2, FlowJo X.

Cell population abundance  Cell population abundance: Cell population abundance was influenced by the size of the plasmids. Normally, HEK293T cells
transfected with plasmids were usually ~60% GFP+ and around 500000 cells were sorted for RNA-seq.

Gating strategy Positive and negative boundaries were determined by control cells that were not transfected with any plasmids. Cells with top
5% of GFP signal were collected.

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