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Abstract

Background:Site-specific C>T DNA base editing has been achieved by recruiting cytidine deaminases to the target
C using catalytically impaired Cas proteins; the target C is typically located within 5-nt editing window specified by
the guide RNAs. The prototypical cytidine base editor BE3, comprising rat APOBEC1 (rA1) fused to nCas9, can
indiscriminately deaminate multiple C’s within the editing window and also create substantial off-target edits on
the transcriptome. A powerful countermeasure for the DNA off-target editing is to replace rA1 with APOBEC
proteins which selectively edit C’s in the context of specific motifs, as illustrated in eA3A-BE3 which targets TC.
However, analogous editors selective for other motifs have not been described. In particular, it has been
challenging to target a particular C in C-rich sequences. Here, we sought to confront this challenge and also to
overcome the RNA off-target effects seen in BE3.

Results:By replacing rA1 with an optimized human A3G (oA3G), we developed oA3G-BE3, which selectively targets
CC and CCC and is also free of global off-target effects on the transcriptome. Furthermore, we created oA3G-
BE4max, an upgraded version of oA3G-BE3 with robust on-target editing. Finally, we showed that oA3G-BE4max
has negligible Cas9-independent off-target effects at the genome.

Conclusions:oA3G-BE4max can edit C(C)C with high efficiency and selectivity, which complements eA3A-editors
to broaden the collective editing scope of motif selective editors, thus filling a void in the base editing tool box.
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Background
C>T DNA base editors (CBEs), consisting of APOBEC
proteins linked to nCas proteins, complement other
forms of base editors (A>G base editors and the recently
described prime editor), with great potential for basic re-
search and disease treatment [1, 2]. However, the classic
CBEs, namely BE3 comprising rat APOBEC1 (rA1) fused
to nCas9, have several important limitations, including
indiscriminate deamination of multiple cytidines in

diverse editing motifs within the 5-bp editing window
and massive off-target effects on the transcriptome. One
approach to counter these undesirable activities is to
mutate rA1, as illustrated in the BE3 variants named
YE1-BE3 which bears W90Y/R126E [3, 4] and BE3-
R33A/K34A [5]. Both variants display undetectable RNA
editing and narrowed on-target editing window, the lat-
ter helping reduce editing at the bystander cytidines.
However, the editing motifs of YE1-BE3 remain broad,
and so the bystanders within the narrowed editing win-
dow remain susceptible to indiscriminate deamination
by YE1. Remarkably, BE3-R33A/K34A preferentially tar-
gets the cytidines preceded by T (namely the cytidines in
the TC motif, the target C underlined). This selectivity
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minimizes bystander editing but at the same time makes
BE3-R33A/K34A largely inapplicable to CC, GC, or AC.

The second countermeasure is to exploit the natural
diversity of APOBEC proteins. For example, the human
APOBEC family comprises 11 members with diversified
functional properties, including A3A which selectively
edits TC [6] and A3G, which preferentially deaminates
CCC as well as CC [7–10]. By replacing rA1 in BE3 with
an engineered A3A, Joung and colleagues created eA3A-
BE3 that preferentially edits TC, therefore minimizing
the bystander editing as in BE3-R33A/K34A [11, 12].
However, just as BE3-R33A/K34A, eA3A-BE3 is in-
applicable to CC, GC, or AC. It is thus highly desirable
to develop editor targeting these three motifs.

Here, we present oA3G-BE3, which selectively edits
CC and CCC and furthermore has a very narrow editing
window and lacks detectable global off-target edits on
RNA or DNA. We also describe oA3G-BE4max, which
is as selective as oA3G-BE3 but more active. These novel
editors complement eA3A-BE3 and BE3-R33A/K34A to
broaden the collective editing scope of highly selective
editors.

Results
Development of oA3G-BE3
A3G has a duplicated deaminase domain structure, with
the C-terminal domain catalyzing cytidine deamination
while the N-terminal domain has poorly understood
regulatory functions [6]. We opted to use the entire pro-
tein for base editing. To harness A3G, we replaced the
rA1 in BE3 with human hA3G (Fig.1a, editors #1 and
#3) and assayed its on-target editing in HEK293T cells
at a well-defined genomic site carrying CCC within the
editing window (HEK293 site 3). We found that A3G-
BE3 was indeed capable of editing both the second C
and the third C at CCC, but with the third C edited
preferentially as expected (26% vs. 32%; Fig.1b); here-
after, the preferentially edited C’s within the editing win-
dow will be considered the target C’s and the remaining
the bystanders. Not surprisingly, A3G-BE3 outperformed
alternative CBEs comprising BE3 fused to other mem-
bers of APOBEC family tested (A3C, A3D, A3F, A3H,
AID) in terms of editing efficiency or selectivity (Fig.1b).
However, A3G-BE3 seemed somewhat weaker than BE3.
Furthermore, although the off-target edits created by
A3G-BE3 at the transcriptome were dramatically re-
duced compared with that created by BE3 (89–202 vs.
54,469–85,917), they remained clearly above the back-
ground (< 35 edits, as seen in cells expressing GFP or
nCas9; Fig.1c). Accordingly, we took two steps to
optimize A3G-BE3.

First, we sought to eliminate the RNA editing. The N-
terminal domain (aa 1–196) can bind RNA, and four
residues (R24, W94, Y124, and W127) have each been

clearly shown to be important for association with mul-
tiple RNA targets through mutagenesis and structural
studies [18–22]. To ensure complete elimination of
binding to any RNA, we mutated all the 4 residues
(R24A, W94L, Y124A, and W127L) and found that in-
deed, the resulting mutant A3G-BE3-4M created only
12–14 edits, comparable to GFP (21–22) or nCas9 (16–
36; Fig. 1d). The loss of off-target edits was not an
artifact resulting from nonspecific inactivation of A3G-
BE3-4M, as the mutant edited the target C at HEK293
site 3 as efficiently as A3G-BE3 (Fig.1d). Unexpectedly,
the mutations also increased the selectivity of A3G-BE3
for the target C relative to the bystander. Specifically,
A3G-BE3 displayed only a slight (1.3×) preference for
the target C over the preceding C (67% vs. 41% editing
rates), but the preference was much stronger (3.4×) for
A3G-BE3-4M (67% vs. 20%; Fig.1d). In other words, the
mutations inhibited off-target editing not only at RNA
but also at the bystander C within the editing window,
but remarkably, on-target editing was not compromised,
at least at the CCC at HEK293 site 3.

We next extended the analysis by testing the editors at
two more motifs, namely CC and CCCC, present at
EMX1-2 and EMX1-1, respectively. A3G-BE3 edited CC
with a 6.9× preference over the bystander, but A3G-
BE3-4M showed stronger (8.7×) preference (Fig.1f), and
the same trend was seen at CCCC, where the preference
of the target C over the two flanking bystanders was
1.3×–2.6× for A3G-BE3 but 2.4×–3.5× for A3G-BE3-4M
(Fig. 1g). These data reinforce the notion that the quad-
ruple mutations improved the editor specificity not only
at RNA but also within the editing window on DNA.
The mutagenesis approach was thus successful. Of note,
since our focus was on method development rather than
mechanistic understanding, we have not sought to dis-
sect the contributions of the individual mutations to the
performance of A3G-BE3-4M.

Our second step of optimization was aimed at increas-
ing the editing efficiency of A3G-BE3-4M. A3G-BE3-
4M, just as A3G-BE3, was less efficient than BE3, the
editing rates at the target C’s being 35%, 12%, and 8%
for BE3, A3G-BE3, and A3G-BE3-4M respectively at
EMX1-2 (Fig. 1f), and 41%, 24%, and 22% for the three
editors at EMX1-1 (Fig. 1g). To potentiate A3G-BE3-
4M, we singularly mutated multiple residues in A3G-
BE3-4M that are (potentially) capable of impacting edit-
ing rates, including D128, P198, P200, and Q322. Specif-
ically, P199A, P200A, and Q322K are present in a
previously engineered A3G variant with enhanced cata-
lytic activity, whereas D128 is located near the A3G
dimer interface [21], and we speculated that D128K
might also alter A3G catalytic activity. Finally, we also
tested P199W and P200K. We compared all these mu-
tants at a total of 5 target sites, including 3 sites
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lack of a co-crystal structure of hA3G in complex with
RNA. However, rhesus macaque A3G (rA3G) is highly
similar to the human protein, with all the 5 residues mu-
tated in oA3G conserved except P200, and rA3G struc-
ture has been solved, which provides some clues
regarding the elimination of RNA off-target editing [22]
(Additional file 5: Fig. S5). Specifically, rA3G is dimeric
in solution, with 18 residues (including R24, Y124,
and W127) aligned around the dimer junction in a
way suitable for binding RNA. Through dimerization,
the R24 and a few positive residues nearby in each
monomer are brought into close proximity, which
markedly enhances the local positive electrostatic po-
tentials (PEP). Thus, dimerization promotes RNA
binding, and the latter in turn might stabilize
dimerization via a positive feedback loop [22]. Ac-
cording to this model, mutations in R24, Y124, and
W127 might disrupt RNA contact with the hA3G
dimer, leading to dimer dissociation, which would in
turn further impair RNA binding. Indeed, mutagenesis
experiments show that R24A, Y124A, and W127L
each impair hA3G oligomerization and RNA associ-
ation, and W94L has similar effects [18–20]. However,
W94 is not among the 18 residues at the dimer junc-
tion, and so how/whether W94L impairs RNA bind-
ing is unclear. Neither is it clear how the quadruple
mutations increase the selectivity of A3G-BE3 for the
target C relative to the bystander. Finally, it is also
unclear how exactly P200K works, but it might act by
somehow increasing hA3G catalytic activity as re-
ported [25].

To our knowledge, base editors using A3G have been
described in two formal publications. First, as mentioned
above, Doman et al. find A3G-BE4max one of the most
specific CBEs available [15]. Second, Martin et al. devel-
oped a panel of GFP reporters carrying the TCA editing
motif and used them to compare the editing activities of
7 human APOBEC3 enzymes including A3G, finding
A3G-BE3 unable to edit the C, as expected from the
property of A3G [30]. Neither study is focused on A3G,
and so neither addresses the crucial issues regarding the
A3G-editors, such as on-target editing of C-rich sites
and off-target effects on the transcriptome. The third
base editor using A3G is A3Gcd(D316R/D317R)-
BE4max, described in the preprint [16]. However, the
global off-target effects on the transcriptome or genome
were not analyzed in the study. In any case, we have
found A3Gcd(D316R/D317R)-BE4max far less selective
than oA3G-BE4max, which might result from its lack of
the N-terminal domain of A3G.

Conclusion
We have developed oA3G-BE4max for efficient and se-
lective editing of C(C)C, which complements eA3A- and

rA1(R33A/K34A)-editors to broaden the collective edit-
ing scope of motif selective editors.

Methods
Plasmids
gRNA and editor expression vectors were constructed
using standard methods [26], as detailed in Supplemen-
tal Information. Key plasmids will be deposited at
Addgene.

Cell culture and transfection
The human embryonic kidney HEK293T cells (ATCC)
were cultured at 37 °C with 5% CO2 in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (10566, Gibco/Thermo
Fisher Scientific) containing high glucose, sodium pyru-
vate, penicillin-streptomycin, and 10% fetal bovine
serum (Gemini). Cells were passaged 3 times per week
and tested to exclude mycoplasma contamination. For
transfection, cells were seeded at proper density into 24-
well or 6-well plates so that they reached 70% con-
fluency the following day. Transfections were performed
with Lipofectamine 3000 per the manufacturer’s instruc-
tion. Briefly, DNA was mixed with 2� l Lipofectamine
P3000 (Thermo Fisher Scientific, L3000015) and 25� l
Opti-MEM (Invitrogen) and incubated for 5 min at room
temperature. 1.5� l of the Lipofectamine 3000 (Thermo
Fisher Scientific, L3000015) was diluted into 25� l Opti-
MEM (Invitrogen) and combined with the DNA:P3000
mixture, incubated for another 15 min at room
temperature. The DNA:P3000:Lipofectamine 3000 mix-
ture was added dropwise into the 24-wells.

Analysis of on-target editing
Vectors expressing base editors (628 ng) and gRNA-
puromycin resistance gene (373 ng) were co-transfected
into HEK293T cells in 24-well plates (JETBIOFIL). Puro-
mycin (InvivoGen) was added 24 h later to a final con-
centration of 2� g/ml. Cells were harvested 72 h after
transfection and genomic DNA extracted using Quick-
Extract™DNA Extraction Solution (Lucigen). The edit-
ing rates were determined by Sanger sequencing except
for Fig. 1d, e where deep-seq was used instead mainly
for detecting editing at the bystander atEMX1-2. The
results obtained with the two sequencing methods are in
good agreement except when the editing rates fall below
10%, where only deep-seq remains reliable. Thus, we
routinely used Sanger sequencing unless higher sensitiv-
ity is needed as in Fig.1e. For Sanger sequencing, the
target sites (~ 300 bp) were amplified using Phanta® Max
Super-Fidelity DNA Polymerase (Vazyme) in a touch-
down PCR with the following parameter: 94 °C 5� ,
followed by 10 cycles of 94 °C 30� , 68 °C (Š1 °C/cycle)
30� , and 72 °C 30� , followed by 15 cycles of 94 °C 30� ,
58 °C 30� , and 72 °C 30� . The sequencing
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chromatograms were analyzed using EditR, an“accurate,
fast, and low-cost method for the identification and quan-
tification of base editing from fluorescent Sanger sequen-
cing data” [27, 28]. The primer sequences are provided in
Supplemental Information. For deep-seq, the same target
regions were amplified in two rounds of PCR using
Phanta® Max Super-Fidelity DNA Polymerase (Vazyme) to
add Illumina adaptors and sample barcodes. The ampli-
cons were then sequenced using Illumina Nextseq 500
(2 × 150 PE). BWA and Samtools were employed for map-
ping the pair-end reads to human reference genome
(hg38), and VarDict for calling single nucleotide variants
(SNVs) in the amplicon aware mode. The aligned reads
were visualized using the Integrated Genome Viewer
(IGV) and tabbed using Pysamstats. Primers used for se-
quencing are listed in Additional file6.

Analysis of Cas9-independent editing at the genome
Orthogonal R-loop assay was performed as described
[15]. Briefly, to check off-target editing at site 5, plas-
mids expressing the dSaCas9 (300 ng) and its gRNA tar-
geting site 5 (200 ng) were co-transfected into HEK293T
cells with plasmids expressing an indicated editor (300
ng) and its gRNA targetingEMX1-2 (200 ng). Cells were
treated with puromycin, and the editing at both site 5
and EMX1-2 detected by Sanger sequencing as described
in the previous section. Off-targeting at site 6 was exam-
ined in the same way, except that the plasmid expressing
the sgRNA for site 6 was used instead of the site 5
gRNA.

Western blot
Vectors expressing the editors (4� g) and gRNA-puro
(2 � g) were co-transfected into HEK293T cells in 6 cm
dish (JETBIOFIL). Puromycin (InvivoGen) was added 24
h later to a final concentration of 2� g/ml. Cells were
harvested 72 h after transfection, and total protein ex-
tracted by RIPA lysis (EpiZyme). The protein samples
were separated by SDS-PAGE, transferred to PVDF
membrane (Merck Millipore). After blocking with 5%
(w/v) non-fat milk dissolved in TBST (25 Mm Tris, PH
8.0, 150 Mm NaCl, and 0.1% Tween 20) for 1 h, the
membranes were incubated overnight with anti-CRISPR-
Cas9 antibody (Abcam # ab204448) or anti-GAPDH
antibody (Absin #abs132004) at 4 °C. After extensive
washing, the membranes were incubated with HRP-
conjugated secondary antibodies at room temperature
for 1 h. Proteins were visualized using Enhanced Chemi-
luminescence (ELC) reagent (Merck Millipore) and de-
tected with an Amersham Imager 600.

Analysis of RNA off-targets
Vectors expressing the editors or nCas9 (4� g) and
gRNA-GFP (2� g) were co-transfected into HEK293T

cells in 6 cm dish (JETBIOFIL). Cells with top 15% GFP
signal were harvested using FACS 48 h later, and total
RNA extracted using the TRIzol reagent (Vazyme). The
mRNA fraction was then enriched using a NEBNext
Poly(A) mRNA Magnetic Isolation Module (NEB) before
library construction using NEBNext Ultra RNA Library
Prep Kit for Illumina (NEB). The libraries were se-
quenced on an Illumina HiseqXten-PE150, at a depth of
around 20 million reads per sample. The reads were
mapped to the human reference genome (hg38) by
STAR software (version 2.5.1), with annotations from
GENCODE version v30. After removing duplications
and subtracting the reads in non-transfected cells, vari-
ants were identified by GATK (version 4.1.2) Mutect2
and filtered with FilterMutectCalls. The depth for a
given edit should be at least 10×, and these edits are re-
quired to have at least 99% of reads supporting the refer-
ence allele in the wild-type samples. Finally, only C-to-T
edits in transcribed strand are considered for down-
stream analysis.

Statistics
Statistical significance throughout the paper was calcu-
lated using two-tailed Student’s t test, and data repre-
sented as mean ± SEM.
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