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ABSTRACT

Establishing saturated mutagenesis in a specific
gene through gene editing is an efficient approach
for identifying the relationships between mutations
and the corresponding phenotypes. CRISPR/Cas9-
based sgRNA library screening often creates indel
mutations with multiple nucleotides. Single base ed-
itors and dual deaminase-mediated base editors can
achieve only one and two types of base substitu-
tions, respectively. A new glycosylase base editor
(CGBE) system, in which the uracil glycosylase in-
hibitor (UGI) is replaced with uracil-DNA glycosylase
(UNG), was recently reported to efficiently induce
multiple base conversions, including C-to-G, C-to-T
and C-to-A. In this study, we fused a CGBE with ABE
to develop a new type of dual deaminase-mediated
base editing system, the AGBE system, that can si-
multaneously introduce 4 types of base conversions
(C-to-G, C-to-T, C-to-A and A-to-G) as well as indels
with a single sgRNA in mammalian cells. AGBEs can
be used to establish saturated mutant populations
for verification of the functions and consequences
of multiple gene mutation patterns, including single-

nucleotide variants (SNVs) and indels, through high-
throughput screening.

INTRODUCTION

A large number of mutations involving insertions or dele-
tions of multiple nucleotides (indels), as well as single-
nucleotide variants (SNVs) associated with human genetic
diseases (1-3) or traits of crops (4) and livestock (5) have
been detected through high-throughput genome sequenc-
ing. However, the functions or consequences of most mu-
tations, particularly SNVs, have not yet been determined.
The establishment of saturated mutagenesis (6,7) in a spe-
cific gene through gene editing is an efficient approach for
identifying the relationships between these mutations and
the corresponding phenotypes.

CRISPR /Cas9-based sgRNA library screening (8-10),
the method most frequently used to generate saturated mu-
tant populations, often creates mutations consisting of in-
sertions or deletions of multiple nucleotides and is therefore
not applicable for identifying the functions of SN'Vs. The re-
cently developed base editor (BE) system enables base sub-
stitution in the genome and is thus considered an effective
tool for the generation of SN'V-associated saturated mutant
populations (11-13). The two early types of BEs, cytosine
base editor (CBE) (14,15) and adenine base editor (ABE)
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(16), can perform only one type of base transition, i.e. C-to-
T or A-to-G, respectively, which limits their utility in site-
directed saturated mutagenesis. To address this limitation,
a variety of new BEs, such as STEMEs (17), SPACE (18),
Target-ACEmax (19), A&C-BEmax (20) and ACBE (21),
have been created by fusing cytidine deaminase and ade-
nine deaminase together with Cas9 nickase to concurrently
achieve C-to-T and A-to-G conversions at the same tar-
get site in plant and mammalian systems. Nevertheless, the
types of combinational variants introduced by these dual-
editors do not meet the requirements of saturated mutagen-
esis. More recently, a new glycosylase base editor (CGBE),
in which the uracil (U) glycosylase inhibitor (UGI) is re-
placed with U-DNA glycosylase (UNG), has been reported
to efficiently induce not only targeted C-to-G base transver-
sion but also C-to-T and C-to-A conversions (22-25). In
addition, UNG in the CGBE system can excise the U-base
created by the deaminase to form an apurinic/apyrimidinic
(AP) site that initiates the DNA repair process, which intro-
duces indel mutations via an error-prone repair mechanism
(26). The C-to-T and C-to-A conversions as well as the in-
dels generated by a CGBE are considered two unwanted by-
products for precise base editing (22,23). Conversely, these
by-products are believed to be an advantage when a CGBE
is used to create a saturated mutagenesis population in a
gene since they increase the diversity of base editing out-
comes. Therefore, in this study, we fused a CGBE with an-
other base editor that is able to induce A-to-G conversion,
ABE, to produce a new type of dual deaminase-mediated
base editor named AGBE. The AGBE simultaneously gen-
erated A-to-G and C-to-G/C-to-T/C-to-A conversions as
well as indels and thus substantially extended the diversity
of variants in the same DNA strand at the target sites (Fig-
ure 1).

To validate its practical application, we employed the
AGBE to generate a saturated mutant population with base
substitutions and indels in the human diphtheria toxin (DT)
receptor (hDTR) gene that resists DT in human embry-
onic kidney 293 (HEK?293) cells. Through amplicon deep
sequencing, 59,269 mutant variants with different DT sen-
sitivities were identified using 20 functional sgR NAs target-
ing the hDTR gene.

MATERIALS AND METHODS
Vector construction

The adenosine deaminases,
nCas9(D10A) and Escherichia coli-UNG  proteins
of miniAGBE/AGBEs constructs were amplified
from pCMV_ABEmax (#112095), ABES8e (#138489),
pCMV-hA3A-BE3 (#113410), CGBEl (#140252) and
miniCGBE1 (#140263), respectively. All of them were
cloned into a mammalian expression vector backbone un-
der the control of a CMV promoter by ClonExpress MultiS
One Step Cloning Kit (Vazyme, C113). All miniAGBE-
puro-EGFP were encoded for co-translational expression
of miniAGBEs and PGK-puro-T2A-EGFP. PCR were
performed using Q5 High-Fidelity 2X Master Mix (NEB,
MO0492S). All sgRNA constructs used in this study were
designed in accordance with G-N19-NGG rule and cloned
into the Bpil-digested (ThermoFisher, FD1014) acceptor

cytidine  deaminases,
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vector under a U6 promoter (#48962) by ligating reaction
with Solution I (Takara, 6022) for 1 h at 16 °C. All newly
constructed vectors were confirmed by Sanger sequencing.
All of the primer sets used in this study are listed in Sup-
plementary Table S1 and were synthesized by AZENTA
and IGEbio.

Cell culture and electro-transfections

HEK293 cells were cultured and passaged in Dul-
becco’s modified Eagle’s medium (DMEM; HyClone,
SH30243.01) supplemented with 10% (v/v) fetal bovine
serum (FBS; Gibco, 10270-106), and porcine fetal fi-
broblasts (PFFs) were cultured in DMEM supple-
mented with 15% (v/v) FBS (Gibco, 10099-141C) and
1 x penicillin/streptomycin (Gibco, 15140122) with 1%
nonessential amino acids (Gibco, 11140050), 2 mM Glu-
taMAX (Gibco, 35050061) and 1 mM sodium pyruvate
(Gibco, 11360070). The culture dishes of HEK?293 cells
were incubated, maintained and cultured at 37.5°C with
5% CO,, and PFFs were maintained at 38.5°C with 5%
CO;. Before electro-transfection, cells were digested with
0.25% trypsin (Gibco, 25200-052) and collected. Collected
cells were resuspended in 100 pl suspension buffer and
co-clectro-transfected with 2 g of sgRNA-expressing
vector and 6 wg of base editor-expressing vector at 1150 V,
20 ms and 2 pulse (HEK293 cells) or 1350 V, 30 ms and 1
pulse (PFFs) by using the Neon™ transfection system (Life
Technology). At 72 h post-electro-transfection, cells were
collected and then used as a template for subsequent PCR
to detect efficiencies of gene editing in genome.

Diphtheria toxin (DT) and puromycin treatments in vitro

Transfected HEK293 cells for human diphtheria toxin re-
ceptor (hDTR) mutagenesis were selected with 20 ng/ml DT
(List Labs, #150) from day 3 after electro-transfections. Cell
clones mutated in hDTR-sgRNA-1 or hDTR-sgRNA-2 tar-
geted regions were cultured with DT-supplemented growth
medium from day 1 after cell sorting (day 0 refers to the
day of cell sorting). Transfected PFFs were selected with
300 ng/ml puromycin-containing (MPBIO, 219453925)
medium for 48 h after electro-transfections of 12 h. Both
DT and puromycin-supplemented growth medium were ex-
changed daily until negative control cells died completely.

Transcription of RNA in vitro

Vector pcDNA3.1-miniAGBE-4 containing a T7 promoter
in front of the coding sequence was linearized by re-
striction endonuclease Mssl (ThermoFisher, FD1344) and
then used as transcription template of miniAGBE mRNA.
The miniAGBE-4 mRNA was synthesized using HiS-
cribe™ T7 ARCA mRNA Kit (with tailing) (NEB, E2060S).
By using specific forward primers, we amplified sgRNAs
with a U6 promoter with each pT7-pBRCA2-F, pT7-
PRAG2-F, and pT7-pPPARy-F to introduce a T7 pro-
moter sequences (TAATACGACTCACTATAGGG) and
construct pT7 driving expression sgRNA scaffolds together
with consistent reverse primer T7-template-R (GGGTC-
TAGAAAAAAAGCACCGACQC). The PCR products were
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Figure 1. Schematic of potential cellular mechanisms and outcomes of AGBE-mediated gene editing. DNA strand with target As and Cs (purple letters)
at a locus targeted by a sgRNA (green) is bound by a nCas9(D10A) (blue), which cleaves the non-edited strand. Adenine deamination by an adenine
deaminase (yellow) convers the single-strand target A to I (blue letter), which is read as guanosine (G) by polymerase. Following DNA replication or
repair, the original A:T base pair is replaced with a G:C base pair at the target site. Cytidine deamination by a cytidine deaminase (pink) convers the
single-strand target C to U (blue letter). The resulting G:U heteroduplex induces three possible pathways for DNA repair. Once the U-base is recognized
and excised by uracil-DNA glycosylase (UNG), an apurinic/apyrimidinic (AP) site forms (by UNG [purple circle]). (1) The AP site generates a nick by AP
lyase or spontaneous lysis at target site and forms a DSB with another nick generated by nCas9(D10A) at a nearby location, which leads to generate indels
through NHEJ (left). Or (2) the AP site initiates base repair process, which leads to C-to-N (N = A/T/C/G) conversion, including the C:G starting state
(middle). (3) When excision of U-base is inhibited, the G:U mismatch is processed by mismatch repair (MMR), which preferentially repairs the nicked
non-edited strand using the deaminated strand as template (the newly synthesized strand is grey). The resulting G:U heteroduplex can be permanently
converted to an A:T base pair following DNA replication or DNA repair (right). Editing window of A-to-I: position 4-8, counting the PAM as position
21-23. Editing window of C-to-U: position 3-13.

then transcribed using HiScribe™ T7 Quick High Yield
RNA Synthesis Kit (NEB, E2040S). Both mRNA and sgR-
NAs were purified with RNeasy MiniElute Cleanup kit (Qi-
agen, 74204) following the manufacturer’s instructions. The
purified mRNA of miniAGBE and sgRNA were diluted to
1000 ng/wl and 300 ng/pl with RNase-free water, respec-
tively, and stored at —80 °C. They were mixed in a 3:1 ratio
before microinjection at a final concentration of 150 and 50
ng/pl, respectively. The primers used for amplifying tem-
plate of sgRNAs are listed in Supplementary Table S1.

day in vitro culture, blastocysts were collected for genotyp-
ing by PCR and Sanger sequencing.

Genomic DNA extraction and genotyping

HEK293 cells, PFFs, and porcine blastocysts were collected
in 10 pl (HEK293 cells and PFFs) and 6 pl (porcine blasto-
cysts) of lysis buffer (0.45% NP-40 plus 0.6% proteinase K),
respectively, and lysed at 56°C for 60 min, followed by a 96
°C enzyme inactivation step for 10 min. The cell lysates were
used as PCR templates for editing efficiencies analysis. With
the above purpose, specific primer pairs of target region and
2 pl cell lysate were applied to amplify DNA fragments in-
cluding the edited site. The PCR products were then directly
sent for Sanger sequencing or cloned into T vector for se-
quencing.

Pig embryo collection, microinjection and identification

In theory, porcine zygotes from Large White pigs were col-
lected after insemination and transferred into manipulation
medium. Given that the porcine oocytes are easily avail-
able from a local slaughterhouse, in vitro-activated porcine
parthenogenetic (PA) embryos were used to evaluate the
editing efficiency in pig embryos after injection with a mix-

ture of RNAs. Porcine oocyte collection, in vitro matura- TA clone sequencing

tion, and parthenogenetic activation were conducted as pre-
vious described (27,28). In brief, a mixture of miniAGBE
mRNA (150 ng/pl) and sgRNA (50 ng/pl) was microin-
jected into the cytoplasm of porcine PA embryos. After 6-

TA clone sequencing here was mainly used to confirm geno-
types of specific cell clones with hD TR mutation. The target
sequence was first generated from the genome of cell clone
by PCR with the 2x Phanta Max Master mix (Vazyme,



P515-01) and specific primers. Then, an adenine deoxyri-
bonucleotide was added to the PCR products with Taq
polymerase at 72 °C for 10 min (10 pl reaction mix, consist-
ing of 5 ul 2x Rapid Taq Master Mix [Vazyme, P222-03]
and 5 w1 PCR product). The final product was cloned into
pMD™18-T Vector (Takara, 6011) with Solution I at 16 °C
for 2 h (10 pl reaction mix, consisting of 4.5 wl final PCR
product, 0.5 pl pMD™18-T Vector, and 5 pl Solution I).
Ligation product was transfected to 50 wl competent cells
and cultured at 37°C until proper single bacteria colony oc-
curred. Ten single bacterial colonies were sent for vector ex-
traction and then Sanger sequencing.

Editing efficiency detection and analysis by Sanger sequenc-
ing

HEK?293 cells and PFFs were electro-transfected with indi-
cated AGBEs and sgRNAs. After 72 h, HEK293 cells were
collected without sorting or selecting, and PFFs were col-
lected with puromycin selecting for subsequent PCR am-
plification. Editing efficiency was detected by Sanger se-
quencing, comparing with control groups. The Sanger se-
quencing results of AGBEs were analysed by EditR (https:
/Imoriaritylab.shinyapps.io/editr_v10/) (29) for quantifica-
tion.

Whole-genome sequencing (WGS) and bioinformatics analy-
sis

Five groups with electro-transfected HEK293 cells were
used for WGS analysis: cells electro-transfected with
miniAGBE-4 with a sgRNA targeting h4 BE site 1 (AGBE-
hABE site 1), or a sgRNA targeting h4BE site 7 (AGBE-
hABE site 7), or a non-targeting sgRNA (AGBE-NT);
cells electro-transfected with miniAGBE-4 alone or with-
out transfection of miniAGBE-4 and sgRNA were used
as negative control and WT control, respectively. Triplicate
trails were conducted for all the five groups. About 10° cells
(EGFP*) of each sample were collected by fluorescence-
activated cell sorting (~48-72 h post electro-transfection)
and genomic DNA were extracted by Cell Genome Extrac-
tion kit (Tiangen Biotech, DP304-03). The WGS libraries
were prepared by HaploX Biotechnology (Jiangxi, China)
and then sequenced at mean coverages of 30x by Illu-
mina Nova 6000. The raw data were filtered and trimmed
using fastp (v0.20.1) with the base quality value >15 (-
q 15). The qualified short reads were mapped to human
genome (GCF_000001405.39 from NCBI) using BWA (v
0.7.15-r1140) MEM algorithm. After the initial alignment,
Samtools (v1.3.1) was used to process aligned BAM files.
Picard (v2.24.2) was run to remove duplicate reads in the
mapped BAM files. The genome-wide variants were called
using HaplotypeCaller (GATK v4.2.0.0), and known vari-
ants in dbSNP version 146 were used during base qual-
ity recalibration. Variants pass the filter expression ‘QUAL
>20& DP >30& QD > 2 & MQ > 20 & FS < 6
& SOR < 2’ were considered as high-confidence variant
calls. Variant annotation and further filtration were con-
ducted using ANNOVAR (version 20190c¢t24) and whole-
genome databases avsnp150. Variants annotated to known
sites were eliminated in the subsequent analysis. These final,
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high-confidence variant calls for each treated sample were
used for downstream analysis. Genomic tracks of single-
nucleotide variants (SNVs) and indels were drawn using
Circlize (version 0.4.4), and ggplot2 (3.3.0) was used for
other customized visualizations.

Transcriptome sequencing (RNA-seq) and bioinformatics
analysis

For transcriptome analysis, ~10° cells (EGFP*) of each
sample were collected and used for RNA extraction
(Magen, R4012-03). The RNA-seq libraries were con-
structed by HaploX Biotechnology (Jiangxi, China) ac-
cording to the standard protocol. High-throughput tran-
scriptome sequencing was carried out using Illumina Nova
6000 according to the manufacturer’s instructions. As the
whole-genome sequencing data analysis described above
with small modification. Simply, raw data were filtered
and trimmed using fastp (v0.20.1) with the base quality
value >15 (-q 15). The qualified short reads were mapped
to human genome (GCF_000001405.39 from NCBI) us-
ing STAR (v2.7.0£.0328). Samtools (v1.3.1) and Picard
(v2.24.2) were used to process aligned BAM files and
remove duplicate reads. The transcriptome-wide variants
were called using HaplotypeCaller (GATK v4.2.0.0) with
the additional parameters ‘~min-pruning 0, —dont-use-
soft-clipped-bases, —linked-de-bruijn-graph and —recover-
all-dangling-branches’. These final, high-confidence variant
calls were used for downstream analysis.

Amplicon deep sequencing and data analysis

The target sites were amplified with site-specific primer
pairs for 30 cycles with 98°C 10 s, 58°C 30's, 72°C 8 s by Q5
DNA polymerases (NEB, M0492S) from cell lysate of the
electro-transfected cells or cell clone-derived from hDTR
mutations. The PCR products were then used as a template
for subsequent amplification with different index primers
of different samples at 98°C 10 s, 58°C 30 s, 72°C 8 s for 12
cycles by Q5 DNA polymerases. PCR products of all sam-
ples were gel-purified using HiPure Gel Pure DNA Mini Kit
(Magen, D1001-03). The concentration of purified products
was quantified with an TPure Qubit dsSDNA HS assay kit
(IGE Biotech, IGE2019052901). Then, equivalent amounts
of purified products were mixed together to make a DNA
library, which was sent to Annoroad Gene Technology Co.,
Ltd, Beijing, China for amplicon deep sequencing by using
a NovaSeq platform. The protospacer sequences in reads
were investigated to identify different point mutation types
and indels. The presented ratio was calculated by comparing
individual reads to the whole reads. The amplicons were se-
quenced in three of the repeated assays for each target site.
Amplicon reads with a quality score of <30 were filtered.
Primer sets used for amplicon deep sequencing are listed in
Supplementary Table S1.

Plotting of cell growth curve

To determine whether mutations introduced into hDTR by
miniAGBE-4 confer DT-resistance to HEK293 cells, we
quantified cell numbers of 6 hDTR-mutated cell clones and
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HEK?293 wildtype (WT) cell to evaluate cell growth rate.
Each 2000 cells were sorted using BD FACSAria 11
and seeded per well of a 24-well plate (Corning). DT-
supplemented growth medium was exchange 24 h later after
sorting. Cell number of each cell clone was recorded every
24 h for 7 days by manual counting with blood cell count-
ing board (Qiu Jing). Each clone was quantified for three
duplicate wells and each well was counted by three biologi-
cal replicates and averaged every day.

RT-PCR

Total RNA was extracted from cell clones using Ra-
Pure Total RNA Micro Kit (Magen, R4012-03) accord-
ing to manufacturer’s instructions. cDNA synthesis was
performed using HiScript® III Ist Strand cDNA Syn-
thesis Kit (+gDNA wiper) (Vazyme, R312-02). Sanger
sequencing after PCR was performed with primers as
follows, F: 5-GTGCCTCCCTCCTCCCCAT-3; R: 5'-
CACAAAGCCAGTTTCCCCA-3.

Statistical analysis

Data were statistically analysed by using Excel and Graph-
Pad Prism v.8.0. Editing frequencies of different cytosines
and adenines in the spacer sequence were analysed on an
online tool, EditR 1.0.10 (https://moriaritylab.shinyapps.io/
editr_v10/) (29).The simultaneous base editing frequencies
and indels were calculated from data of amplicon deep se-
quencing. All the numerical values of target sites were pre-
sented as means =+ s.d.. A statistical comparison adjustment
was performed using two tailed Student’s 7-test. P <0.05
was considered as a significant difference between treatment
groups.

RESULTS
Construction and optimization of AGBEs

AGBEs are composed of two deaminases (cytidine deam-
inase and adenine deaminase), a nCas9(D10A) and an E.
coli-derived UNG (eUNG). Similar to previously reported
CGBEs (22,23), the first version of AGBE (AGBE-1) was
constructed by fusing a rat-derived cytidine deaminase vari-
ant, rat APOBECI1(R33A), to the N-terminus of ABEmax
with an eUNG at the C-terminus of ABEmax (Figure 2A).
Given that human APOBEC3A-conjugated BEs can medi-
ate higher C-to-T base editing than rat APOBEC1 (30-34),
we initially attempted to create the second AGBE version
(AGBE-2) by simply replacing rat APOBEC1(R33A) with
human APOBEC3A (hAPOBEC3A) (Figure 2A). How-
ever, during the process of constructing the vectors, we were
unable to obtain the correct vectors with the hAAPOBEC3A-
nCas9(D10A) fusion gene from E. coli competent cells, in-
dicating that this fusion protein could be toxic to bacte-
ria (Supplementary Figure S1A). We speculated that as
a deaminase with increased efficiency, hAPOBEC3A in-
duced more extensive deamination of the cytosine (C) base
in the prokaryotic genome, reducing the stability of the
genome in the absence of the UGI domain. To overcome
this problem, an artificial intron was inserted into the cod-
ing sequence (CDS) of hAPOBEC3A to prevent the expres-
sion of functional APOBEC3A protein due to the lack of

an endogenous mRNA splicing machinery in prokaryotic
cells (Supplementary Figure S1B) (35). Using this modified
APOBEC3A, named APOBEC3AL|, the functional mRNAs
of hAPOBEC3A deaminase could be formed since eukary-
otic cells possess endogenous mRNA splicing machinery.

In the preliminary experiment, we co-electro-transfected
AGBE-1 and AGBE-2 together with sgRNAs targeting hu-
man endogenous genes into HEK293 cells. Sanger and am-
plicon deep sequencing showed that AGBE-2 produced
more abundant gene editing outcomes, whereas AGBE-1
achieved mainly A-to-G base substitution (Supplementary
Figures S2A-E).

Based on AGBE-2, we further constructed another two
AGBE versions by replacing the ecTadA-TadA*7.10 het-
erodimer with the monomers ecTadA8e (AGBE-3) and ec-
TadA8e(V106W) (AGBE-4) (Figure 2A), as both ABES8e
and ABE8e(V106W) exhibited substantially greater editing
efficiency than ABEmax (36-38).

Previous reports have suggested that the existence of a
UNG domain (22) or a UNG ortholog (UdgX) (25) in
CGBE:s results in comparable or only slightly altered edit-
ing frequencies. Hence, to reduce the size of AGBE, three
smaller AGBEs, namely, miniAGBE-2, miniAGBE-3 and
miniAGBE-4, were constructed by removing of the eUNG
domain (Figure 2A).

Validation and comparison of the editing activity of AGBEs
in HEK293 cells

To evaluate the base editing activities of the AGBEs on
endogenous genes, seven sgRNAs (hABE site 1, hABE
site 7, hABE site 8, hRPI 97D16, hHEK4 OT2, hRNF2
site 1 and hPPPIRI2C site 6) targeting human genomic
genes were designed according to the CGBEs (22,23) (Fig-
ure 2B and Supplementary Figure S3A). Each sgRNA
was co-electro-transfected into HEK293 cells along with
each of the six AGBEs (AGBE-2-AGBE-4 and miniAGBE-
2-miniAGBE-4). Cells electro-transfected with ABEmax,
CGBE (or miniCGBE) (22) and sgRNA-expressing vectors
or sgRNA-expressing vectors only were used as controls.
Three days post-transduction, the cells were collected, and
whole genomic DNA was extracted to determine the editing
frequencies and editing windows. Sanger sequencing of the
PCR products surrounding the target sites confirmed that
all six AGBEs produced simultaneous C-to-G/T/A and A-
to-G conversions; in contrast, when co-electro-transfected
alone, ABEmax and CGBE/miniCGBE only achieved one
type of base substitution at the tested sites, i.e. A-to-G
or C-to-G/T/A substitution. The base editing efficiencies
were then quantified using a novel base editing quantifi-
cation software program, EditR (29). For A-to-G conver-
sion, the editing windows of the AGBEs were consistent
with that of ABEmax (39) (from positions 4-8, counting the
protospacer-adjacent motif [PAM] as positions 21-23) at
most of the target sites (Figures 2C, D and Supplementary
Figures S3B, C and S4), whereas the editing efficiencies of
the AGBEs with the ecTadA-TadA*7.10 heterodimer were
markedly lower than those of ABEmax, which might have
been obtained because the function of the ABE was dis-
turbed by the competition with CGBE (17). However, when
the ecTadA-TadA*7.10 heterodimer was replaced with ec-
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TadAS8e or ecTadA8e(V106W), the AGBE variants had A-
to-G editing efficiencies comparable to that of ABE alone
(Figures 2C, D and Supplementary Figures S3B, C and
S5). For cytosine base editing, the editing window expanded
from positions 4-8 to 3—13. The C-to-G, C-to-T and C-to-A
conversions were generated at all sites, and different efficien-
cies were detected at different sites.

The PCR products were then subjected to amplicon deep
sequencing to determine the abundances of mutation pat-
terns and whether C-to-G/T/A and A-to-G base editing
occurred simultaneously at the same DNA strand. The re-
sults revealed that hAPOBEC3Ai-derived AGBE systems
induced simultaneous A-to-G and C-to-G (0.01-32.46%),
A-to-G and C-to-T (0.18-23.75%), or A-to-G and C-to-A
(0.01-2.59%) conversions at the same DNA strand, while
concurrent A and C editing was almost undetectable in
cells co-electro-transfected with single base editors (A-to-G
and C-to-G: 0.13-0.90%; A-to-G and C-to-T: 0.07-0.58%;
A-to-G and C-to-A: 0.01-0.30%) (Figure 3A, Supplemen-
tary Figure S6A and Supplementary Table S2). In addi-
tion, three or more simultaneous types of base substitutions
(such as simultaneous C-to-A, C-to-G, and A-to-G; C-to-
A, C-to-T, and A-to-G; C-to-T, C-to-G, and A-to-G; and C-
to-A, C-to-G, C-to-T, and A-to-G substitutions) were also
found with efficiencies ranging from 0.01% to 10.35%.

In addition to base editing, the indel efficiencies
of the hAPOBEC3Ai-derived AGBE systems in the
seven tested loci (AGBE-2: 4.10-19.73%; AGBE-3:
7.21-35.92%; AGBE-4: 6.95-40.89%; miniAGBE-2: 5.64—
33.42%; miniAGBE-3: 5.41-32.04% and miniAGBE-4:
5.54-43.01%) were significantly higher than those of ABE-
max + miniCGBE (0.29-2.44%) and ABEmax + CGBE
(0.36-2.77%) (Figure 3A, Supplementary Figure S6A and
Supplementary Table S2).

We further analysed the details of the outcomes yielded
by AGBEs in HEK293 cells. Due to the random edit-
ing of Cs and the expanded editing windows within the
protospacer, hAPOBEC3Ai-based AGBEs yielded diverse
mutation types with different editing events, and most
of these were desired (Supplementary Figure S7). Using
hABE site 1 as an example, AGBE-2, AGBE-3, AGBE-
4, mintAGBE-2, miniAGBE-3 and miniAGBE-4 induced
1,603, 2,387, 2,592, 1,752, 2,124 and 2,234 types of muta-
tional SN'Vs with the same sgRNA, respectively, while only
836 and 926 mutation patterns were observed in the ABE-
max + miniCGBE and ABEmax + CGBE groups, respec-
tively (Supplementary Table S3). Thus, AGBEs can be used
to improve the gene editing diversity for the establishment
of saturated mutant populations.

We subsequently evaluated whether ¢eUNG was indis-
pensable for the architecture of AGBEs. Sanger sequencing
and amplicon deep sequencing of these seven target sites
showed no significant difference in the editing frequency,
editing window or number of mutation types after the con-
jugation of eUNG. The smaller size of the miniAGBEs
(A684 bp) (22) is an advantage for achieving higher vector
transfection efficiency; thus, we used the miniAGBEs in the
subsequent experiments.

The top 10 patterns of genome modification mediated by
miniAGBE-2-miniAGBE-4 are separately listed in Figures
3B-E and Supplementary Figures S6B-D. For h4BE site

1 and hABE site 7, the most frequent gene editing pattern
was simultaneous As-to-G and Cg-to-G editing, and the ef-
ficiencies ranged from 14.73% to 27.76%. In addition, other
patterns of simultaneous heterogeneous base editing (such
as As-to-G and Cg-to-T; As-to-G, Ce-to-G and Cy;-to-T;
As-to-G and Cq1-to-T; As-to-G, Cg¢-to-G and Cy-to-G; As-
to-G, Cg¢-to-G and A7-to-G; As-to-G, Ce-to-T and Ay-to-
G) were also found with efficiencies ranging from 0.48%
to 7.88%. For hABE site 8 and hRPI 97DI16, simultane-
ous heterogeneous base editing at the same DNA strand
was also observed with somewhat low efficiencies ranging
from 0.74% to 10.18%. However, for hHEK4 OT2, hRNF2
site 1 and hPPPIRI12C site 6, simultaneous heterogeneous
base substitutions at the same DNA strand were almost un-
detectable with efficiencies lower than 1%. All the above-
described results suggest that the AGBE system provides
a flexible tool for the efficient generation of multiple ho-
mogeneous base editing, heterogeneous base editing, and
indels.

The miniAGBE:s edit efficiently in PFFs and porcine embryos

We subsequently verified whether the miniAGBEs could
efficiently induce multiple patterns of genome modifica-
tions in primary somatic cells and embryos. PFFs and em-
bryos were selected for further verification. Three sgRNAs
targeting porcine BRCA2, PPARy and RAG2 were de-
signed. Individual sgRNAs with miniAGBE-2-miniAGBE-
4-expressing vectors were co-electro-transfected into PFFs.
After 3 days of puromycin screening, the surviving PFFs
were collected and analysed by Sanger sequencing and am-
plicon deep sequencing. Sanger sequencing revealed that
miniAGBE-3 and miniAGBE-4 induced comparable A-to-
G, C-to-G and C-to-T base substitutions in primary so-
matic cells, while miniAGBE-2 exhibited substantially de-
creased base editing at all three tested loci (Figure 4A). In-
stead of simultaneous A-to-G and C-to-G conversions in
HEK?293 cells, the miniAGBEs mainly introduced simulta-
neous A-to-G and C-to-T conversions in PFFs (pBRCA2:
11.05%, pPPARy: 36.29%, pRAG2: 13.20%) (Figure 4B,
Supplementary Figures S8A-C and Supplementary Table
S4). The analysis of deep sequencing reads revealed that the
miniAGBEs generated many more abundant types of base-
edited mutants (pBRCA2:1,761 £+ 76; pPPARy: 1,429 + 89;
PRAG2: 1,959 £ 235) than WT PFFs (pBRCA2: 674 £ 29;
pPPARy: 341 £+ 86; pRAG2: 529 + 51) (Supplementary
Figure S8D and Supplementary Table S5). Moreover, the
miniAGBEs induced a higher indel frequency in PFFs than
in HEK293 cells, which ranged from 17.71% to 71.82%, and
these differences might have been related to the cell types
and gene loci. miniAGBE-3 showed the highest frequency
of A and C co-conversion (ranging from 4.18% in pRAG2 to
12.72% in pPPARy) (Figure 4B and Supplementary Table
S4) across all tested sites, followed by miniAGBE-4 (rang-
ing from 3.96% in pRAG2 to 10.99% in pPPARy). Both
of them shared comparable numbers of mutation types
(295 £ 89 and 323 £ 115, respectively) (Supplementary Fig-
ure S8D and Supplementary Table S5). Given that the ade-
nine deaminase mutant ecTadA8e(V106W) in miniAGBE-
4 can minimize possible off-target RNA editing, we used
miniAGBE-4 in the subsequent trials.
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Figure 3. Comparison of gene editing products induced by various AGBEs at four target sites in HEK293 cells. (A) Comparison of base editing products
distribution (top) and indel frequencies (below) among four human genomic loci in HEK293 cells treated with AGBEs and the corresponding sgRNA, or
in control groups. Editing frequencies reflect sequencing reads that contain base editing only and do not contain indels among all treated cells, without
sorting. (B-E) Allele frequencies of DNA on-target editing within four human genomic loci by miniAGBE-2, miniAGBE-3 and miniAGBE-4, respectively
(n = 1) in HEK293 cells. The values in right represent frequencies and reads of mutation alleles. Data are taken from the first replicate obtained for each
sgRNA from the on-target experiment shown in Figure 2C. HEK 293 cells electro-transfected with sgRNA only served as negative control group, and cells
electro-transfected with resuspension buffer only served as WT group.
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Figure 4. Gene editing activities of miniAGBEs at three target sites in PFFs and porcine embryos. (A) Comparison of A-to-G, C-to-G and C-to-T edit-
ing frequencies at 3 endogenous porcine genomic loci by miniAGBE-2, miniAGBE-3, and miniAGBE-4, respectively (n = 3) in PFFs (The indistinctive
conversion of C-to-A are not shown). (B) Comparison of base editing products distribution (top) and indel frequencies (below) among edited porcine
genomic loci in PFFs treated with miniAGBE-2, miniAGBE-3 and miniAGBE-4 and the corresponding sgRNA, or in control groups. Values and error
bars indicate the mean =+ s.d. of three independent replicates. Editing frequencies reflect sequencing reads that contain base editing only and do not contain
indels among all treated cells, with puromycin selecting. PFFs electro-transfected with resuspension buffer only served as WT control. ns, no significant
difference (P > 0.05). (C) Summary of porcine embryo development with miniAGBE-4. Embryo injected with sterile water served as WT control. ns, no
significant difference (P > 0.05). (D) Scatter plots shows base editing frequencies in porcine embryos by co-delivering miniAGBE-4 mRNA (150 ng/pl)
with each three sgRNAs (50 ng/pl) in (A) via micro-injection. Each dot indicates an individual embryo. Data are presented as mean =+ s.d., and the bold
lines are represented the mean of base editing frequencies.



Subsequently, to validate the effectiveness of miniAGBE-
4 in mammalian embryos in vitro, porcine parthenogeneti-
cally activated (PA) oocytes were collected and injected with
a mixture of miniAGBE-4 mRNA and the three sgRNAs
that were effective in PFFs. The injected embryos were cul-
tured for 6 days after parthenogenetic activation until blas-
tocyst formation. No significant difference in the blastocyst
rate was found between the embryos injected with RNA
(48.2%, 45.1%, and 50.7%) and the control embryos (53.3%)
(Figure 4C and Supplementary Table S6). The blastocysts
were collected to detect the editing frequency. Sanger se-
quencing revealed that miniIAGBE-4 exhibited high base
conversion efficiency (A-to-G up to 73% at pPPARy, C-
to-G up to 22% at pBRCA2, and C-to-T up to 52% at
pPPARYy) (Figure 4D).

DNA and RNA off-target effects analysis for miniAGBE-4

Base editors have been reported to exhibit potential
DNA and RNA off-target effects, raising safety con-
cerns regarding the AGBE system (40,41,42,43). Thus,
we performed both sgRNA-dependent and deaminase-
dependent off-target analyses to characterize the poten-
tial off-target effects of miniAGBE-4 in HEK?293 cells.
The miniAGBE-4 was electro-transfected into cells with
a sgRNA targeting h4ABE site 1 (AGBE-hABE site 1),
or a sgRNA targeting hABE site 7 (AGBE-hABE site
7), or a non-targeting sgRNA (AGBE-NT). Cells electro-
transfected with miniAGBE-4 alone or without transfec-
tion of miniAGBE-4 or sgRNA were used as negative con-
trol and wildtype control, respectively. Triplicate trials were
conducted for all five groups.

First, we performed whole-genome sequencing (WGS) to
assess both sgRNA-dependent and deaminase-dependent
DNA off-target activities of miniAGBE-4. The TOP20 po-
tential off-target sites of each sgRNA were selected by Cas-
OFFinder prediction (44) and analysed by searching the
WGS dataset for all similar target sites that contained up
to a 4-nucleotide mismatch. The sites we scanned did not
reveal any notable sequence alterations in comparison to
the WT one (Supplementary Table S7). For the deaminase-
dependent off-target analysis, we retrieved the de novo SN'Vs
and indels from the WGS dataset of all groups. As shown in
Supplementary Figures SOA-E and Supplementary Tables
S8-S9, miniAGBE-4 did not induce detectable deaminase-
dependent off-target editing in terms of the number, distri-
bution or proportion of SNVs and indels at the genome-
wide level. The overlap scope of SNV numbers displayed
in the Venn diagram among different groups was not dis-
tinct, indicating that they might be derived from natural
random mutations (Supplementary Figure SOF and Sup-
plementary Table S10). To examine transcriptome-wide off-
target effects, we performed WGS-matched side-by-side
RNA sequencing (RNA-seq) of total RNA of miniAGBE-
4-expressing cells. Given that miniAGBE-4 was fused with
the ecTadA8e V106W mutant and hAPOBEC3Ai, we fo-
cused on the A-to-I substitution and C-to-G/U/A substitu-
tion induced by the two deaminases, respectively. As shown
in Supplementary Figure S10 and Supplementary Tables
S11-S12, the number and proportion of de novo SNVs and
indels in the RNA-seq dataset were not elevated in the

Nucleic Acids Research, 2022, Vol. 50, No. 9 5393

groups with cells expressing miniAGBE-4 with sgRNAs,
which were comparable to the control groups. Moreover, the
off-target RNA SNVs were found in both coding and non-
coding sequences, which was consistent with previous re-
ports (40,41). The results above indicated that miniAGBE-
4 enabled the efficient on-target editing and did not induce
dramatically different DNA or RNA off-target effects com-
pared with the wildtype HEK293 cells.

Installation of DT-resistant mutations in human cells with
miniAGBE-4

To demonstrate the utility of AGBESs in screening for func-
tional mutations through saturated mutagenesis, we ap-
plied miniAGBE-4 to install loss-of-function mutations in
hDTR. If an encoding genetic variant that rendered re-
sistance to DT was created, the human cell would sur-
vive the screening and proliferation to form a popula-
tion (45) (Figure SA). We designed a library that included
32 sgRNAs with As and Cs in the optimal editing win-
dow. Sixteen of these sgRNAs covered the critical region
(amino acids Asp'%-Ser'#”) of the human epidermal growth
factor (EGF)-like DT binding domain, which acted as
the functional DT receptor, while others covered some
non-conserved amino acids between mouse and human
DTRs (Figure 5B and Supplementary Figure S11A) (46).
Each sgRNA was transiently co-electro-transfected into
HEK293 cells with miniAGBE-4. Cells electro-transfected
with miniAGBE-4 only or with resuspension buffer only
were used as negative controls and WT control. Two days
later, we observed distinct gene editing at 28 out of 32 sgR-
NAs (87.50%). After treatment of cells with DT, we were
able to determine whether hDTR was inactivated based
on the survival of the cells. After 5 days of DT screen-
ing, 20 groups (20/28) with sgRNAs targeting the hDTR
locus exhibited robust resistance to DT, while the groups
of cells electro-transfected with other combinations of vec-
tors, as well as the control cells, did not survive after treat-
ment (Figure 5C). Conversely, cells electro-transfected with
miniAGBE-4 and the hDTR sgRNA library maintained
a growth rate similar to that of the WT cells in normal
medium (Supplementary Figure S11B). We selected cells
with mutations introduced by miniAGBE-4 and the 20
sgRNAs for further analysis. Amplicon deep sequencing
was performed to reveal the differences in the genotypes
of cells cultured in DT-supplemented medium and nor-
mal medium. The rate of knockout mutation reads was in-
creased in the cells with hDTR mutations under DT selec-
tion (Supplementary Figures S11C, S12A and S13).

A total of 59,269 types of base-edited alleles induced
by the 20 sgRNAs were achieved after treatment with DT
(Supplementary Figure S12B and Supplementary Table
S13). Among them, 54.23% (32,140/59,269) contained con-
current A-to-G (T-to-C) and C-to-G/T/A (G-to-C/A/T)
conversions (Supplementary Figure SI2A and Supplemen-
tary Tables S13-S14). Based on our analysis of the TOP10
mutations, Cys'?!, Tyr!'??, Glu'*" and Thr'%® appeared to
play a key role in conferring DT insensitivity to human
cells because most amino acid substitutions were induced in
these residues: 80.59% were Y 123C mutations for sgRNA-
1, 25.69% were C121Y /Y 123H synchronous mutations for
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Figure 5. Installation of diphtheria toxin (DT) resistance mutations in hD7R by miniAGBE-4 in HEK 293 cells. (A) Workflow of procedure for mutating
the hDTR under DT-based selection via miniAGBE-4 in HEK293 cells. NGS, next generation sequencing. (B) Schematic shows the target sites of AGBE-
based sgRNA library for hDTR mutation screening. Coloured boxes indicate boundaries of exon region. Gray lowercase letters represent intron sequences.
Black (forward) and yellow (reversed) half arrows targeting the below letters indicate protospacer sequences and direction of individual sgRNA. (C) Images
of HEK293 cells with DT treatment for 5 days after miniAGBE-4 editing with indicated sgRNAs. NC, HEK 293 cells electro-transfected with miniAGBE-4
only. WT, HEK 293 cells electro-transfected with resuspension buffer only. +DT, cultured in DT-supplemented medium. -DT, cultured in normal medium.
The effect of individual sgRNA had been verified by three biological replicates. Scale bar: 200 wm. (D) Frequencies of hDTR mutations in DT-resistant
cells after miniAGBE-4 with sgRNA-1 or sgRNA-2 editing. Gray values in right represent frequency of mutations. Mutations in hD7TR sgRNA-2 targeted
splice site (5-GT) resulting in RNA alternative splicing events. Dark blue values in sgRNA-2 represent scores of the WT and predicted emerging splice
donor sites by http://wangcomputing.com/assp/. The black arrow indicates boundary of exon and intron sequences. Target DNA sequence and amino
acids (blue and green), PAM (underline), mutant sites and amino acids (red). Splicing defect means the splice site is destroyed. Alt. isoform/cryptic donor
means the alternative isoform or cryptic splice site may be activated.
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sgRNA-8, and 5.69% were T1601 mutations for sgRNA-19
(Figure 5D and Supplementary Figures S11C and S13).

A recent study developed a new approach called BAR-
BEK, which leverages CBEs and iBARed sgRNAs for the
genome-scale interrogation of gene functions via perturba-
tion of gene splice sites (13). Inspired by this concept, 4
out of 32 sgRNAs (sgRNA-2, sgRNA-18, sgRNA-27 and
sgRNA-28) targeting the splice donor site (5-GT) and
splice acceptor site (5'-AG) were designed to disrupt splic-
ing of hDTR precursor-mRNAs (Figure 5B). Amplicon
deep sequencing indicated that most of the conserved splice
site motifs at these four targets were mutated. These muta-
tions might have resulted in altered RNA-splicing events,
including splicing defects or activation of a cryptic splice
site (47) (based on the scores predicted by an online tool,
http://wangcomputing.com/assp/), or in direct disruption of
gene function (48,49) (Figure 5D and Supplementary Fig-
ures S11C and S13).

Characterization of the functions of hDTR variants gener-
ated by miniAGBE-4

We then characterized the functions of the hDTR vari-
ants to verify whether this AGBE system could be used to
study mutations associated with specific phenotypes. hDTR
sgRNA-1 targeting the CDS and hDTR sgRNA-2 targeting
the 5 splice site of intron 3 (Figure SD), both of which were
expected to interfere with hDTR expression, were selected
to create variants in cells for functional characterization.

First, we used flow cytometry to isolate single cells from
bulk-edited cells and obtained corresponding cell clones af-
ter culturing the cells in normal medium for a period of time.
Through Sanger sequencing of genomic DNA from the mu-
tant clones, we identified 73 and 76 clones with hDTR mu-
tations from sgRNA-1-derived cells and sgRNA-2-derived
cells, respectively. A total of 76.7% (56/73) of sgRNA-1-
derived clones had A or C conversions within the proto-
spacer, and 76.3% (58/76) of sgRNA-2-derived clones had
T4-to-C or Gs-to-A/T conversions at the desired T and G
bases of the 5 splice site (Supplementary Figure S14 and
Supplementary Table S15). Subsequently, 6 clones with a
variety of editing types were cultured under DT pressure
for 7 days. Clone 1-68# exhibited the fastest proliferation
rate, followed by Clone 1-51#, Clone 1-74#, Clone 2-09#
and Clone 2-56#. The cells of Clone 2-52# were alive but
displayed no growth, whereas those of the WT group died
after 3 days (Figures 6B, C).

Sanger sequencing indicated that Clone 1-51# and
Clone 1-74# were homozygotes with the K122G/Y123C
and KI122E/Y123C mutations, respectively, and Clone
1-68# was heterozygous with the KI122E/Y123C and
K122G/Y123C biallelic mutations (Figure 6A and Sup-
plementary Figure S14B). As sgRNA-2 targeted the con-
served motif of the 5'-splice site, whether the transcription
of hDTR was disrupted in these clones needed to be in-
vestigated further. We performed RT-PCR with a forward
primer in exon 2 and a reverse primer in exon 6 to ex-
amine the product of hDTR splicing. A 619-bp fragment
was detected in WT cells, whereas 1, 4, and 3 fragments
were observed in Clone 2-09#, Clone 2-52# and Clone
2-56#, respectively (Figure 6D). Sanger sequencing con-
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firmed that skipping of exon 3, retention of intron 3, and
activation of a cryptic splice site of exon 3 occurred in these
cell clones (Figure 6E). The above-described results indicate
that miniAGBE-4 can generate a range of variants with dif-
ferent DT sensitivities by editing the CDSs or splice sites.

DISCUSSION

In this study, we developed AGBE, a novel dual-deaminase-
mediated system, that provides a versatile tool for the simul-
taneous introduction of 4 kinds of base conversions (C-to-
G, C-to-T, C-to-A and A-to-G) as well as indels with sgR-
NAs at the same DNA strand in mammalian immortalized
cells, primary somatic cells and embryos.

We constructed 7 versions of AGBE with different com-
ponents. AGBE-1, containing a rat APOBEC1(R33A) and
an ecTadA-TadA*7.10, achieved mainly A-to-G base sub-
stitution and almost no conversion of Cs. One reason for
this observation was that cytosine deaminase and adenine
deaminase could compete for the same target site, resulting
in suppression of the editing activity of cytosine deaminase
by adenine deaminase (19,21). However, AGBE-2, contain-
ing human-derived APOBEC3A instead of rat APOBECI,
produced more abundant gene editing types because, as
shown in previous reports, human APOBEC3A-conjugated
BEs mediated higher C-to-T base editing than rAPOBECI
(30-34). Therefore, all six AGBEs (AGBE-2, AGBE-3,
AGBE-4, miniAGBE-2, minAGBE-3 and minAGBE-4)
with hAPOBEC3A produced simultaneous C-to-G/T/A
and A-to-G conversions. The editing efficiencies of AGBE-2
with the ecTadA-TadA*7.10 heterodimer were much lower
than those of the original ABEmax, which might be because
the function of adenine deaminase was also disturbed by
the competition of cytosine deaminase in the AGBE (17).
It was reported that the two adenine deaminase mutants
ABESe and ABE8e(V106W) could increase activity (k)
590-fold compared with that of ABE7.10 (36,38). There-
fore, AGBE-3 and AGBE-4, derived from ecTadA8e and
ecTadA8e(V106W), respectively, could result in a higher
A-to-G conversion efficiency, comparable to that of ABE-
max alone. In the original CGBE1, UNG was used to re-
place UGI to enhance the C-to-G conversion efficiency
(22). However, as reported previously (22,25), we also found
that the presence of ¢eUNG in AGBEs had almost no ef-
fect on editing frequencies. The amount of endogenous
UNG appeared sufficient to meet the demand for exci-
sion of the U base. Hence, to reduce the size of AGBE,
three smaller AGBEs, namely, miniAGBE-2, miniAGBE-
3, and miniAGBE-4 were constructed by removing of the
eUNG domain. We expected these miniAGBEs to be de-
livered into cells more easily than the original AGBEs. In
addition, it was reported that ecTadA8e(V106W) could re-
duce off-target efficiency (36,38). Taking all factors into
consideration, miniAGBE-4 without eUNG but containing
hAPOBEC3AI, ecTadA8e(V106W) and nCas9(D10A) was
considered the best editing tool to perform saturated muta-
genesis.

For A-to-G conversion, the optimal AGBEs not only
maintained the same editing efficiency but also maintained
editing windows (from positions 4-8) similar to those of
ABEs. For C base editing, the editing window expanded
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Figure 6. Characterization of the function of hDTR variants generated by miniAGBE-4. (A) Genotypes and corresponding amino acid substitution
(sgRNA-1) or RNA alternative splicing events (sgRNA-2) of hDTR-mutated single-cell clones derived from miniAGBE-4/sgRNA-1 and miniAGBE-
4/sgRNA-2 edited HEK293 cells. Target DNA sequence and amino acids (blue and green), PAM (underline), mutant sites and amino acids (red). (B) Cell
proliferation in DT-supplemented medium. Wildtype HEK293 cells are almost completely eliminated by DT after 3 days culturing. Values and error bars
indicate the mean =+ s.d. of three independent replicates. (C) Images of DT-insensitive single-cell clones with DT treatment for 5 days. +3d/+5d, cultured
in DT-supplemented medium for 3 or 5 days. -5d, cultured in normal medium for 5 days. Scale bar: 200 um. (D) RT-PCR analysis of isoforms expression
in WT HEK293 cells and single-cell clones derived from miniAGBE-4/sgRNA-2-edited cells. Data are the representative of three independent replicates.
DL 2000, DNA marker. (E) Schematic diagram of hDTR mRNA variants in WT and mutated cell clones edited the 5 splice site of exon 3 in hDTR and
details of the sequences of RT-PCR amplicons.



from positions 4-8 to 3—13, possibly because the cytosine
deaminase (hAPOBEC3A) used in this study could induce
a significantly enlarged editing window compared with that
of rAPOBECI1 in CGBE1/miniCGBE]1 (31,32,34). The ex-
panded editing window was likely an advantage for gen-
erating saturated mutagenesis since it increased the abun-
dance of editing outcomes. C-to-G, C-to-T and C-to-A
conversions were induced by all versions of AGBEs with
hAPOBEC3AI at all sites, but were induced with differ-
ent frequencies for a specific mutation at different sites.
The frequencies of C-to-G and C-to-T conversions were
equal but higher than that of C-to-A conversion. Due
to the random editing of Cs and the expanded editing
windows within the protospacer, the AGBEs yielded di-
verse mutation types with different combinations of nu-
cleotide conversions in the same target site guided by a
single sgRNA. These included one-base conversions as
well as combinations of two to four types of base substi-
tutions, which enriched the gene-editing diversity for the
establishment of a saturated mutant population. For ex-
ample, using hABE site 1 confirmed these capacities of
AGBEs because the number of SNV reads induced by all
six hAPOBEC3Ai-based AGBEs (AGBE-2-AGBE-4 and
miniAGBE-2-miniAGBE-4) was dramatically higher than
the number induced by both ABEmax + miniCGBE and
ABEmax + CGBE. Similar to the original CGBE sys-
tem (22,23), the AGBE system generated indels in target
sites, but the efficiency of hAPOBEC3Ai-derived AGBEs
was substantially higher than that of CGBEs. We hypoth-
esize that when AGBEs function, a nick on one DNA
strand is generated by AP lyase or spontancous lysis of
the AP site in the absence of UGI, and a double-strand
break (DSB) is then formed with the other nick gener-
ated by nCas9(D10A) on the other strand at a nearby lo-
cation, which results in promotion of the formation of in-
dels through non-homologous end joining (NHEJ). An in-
creased frequency of indels conferred AGBEs with a sup-
plementary capacity to identify target genes related to phe-
notypes, similar to CRISPR /Cas9.

In addition to determining on-target editing efficiency,
evaluating off-target editing risk is an important consid-
eration for the practical application of the AGBE system.
To address off-target issues, ABE8e(V106W), an ABE vari-
ant with capacity to reduce both RNA and DNA off-
target editing (36,38), was used to construct the AGBE
with miniCGBE, which itself was confirmed to induce less
sgRNA-dependent DNA off-target editing than BE4max
(22). All WGS and RNA-seq data showed no significant dif-
ference in the number of de novo SNVs and indels among
cells expressing miniAGBE-4 with or without sgRNAs and
wildtype cells. Therefore, miniAGBE-4 can minimize both
DNA and RNA off-target editing activity and can be con-
sidered a safe base editor.

Additionally, we found that the AGBE:s efficiently gen-
erated diverse mutations with the same sgRNA in early-
developmental stage embryos, indicating that AGBE could
be used to generate animals with saturated mutations in a
specific gene when the embryos were transferred into a sur-
rogate. The animals with saturated mutations can be used
as animal models containing a substitution mutation-aided
lineage-trancing system, which would enrich bio-barcodes
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with SNVs for mapping the cell phylogeny in vivo. This
also meant that AGBEs could be a potential alternative
approach for the large-scale production of animals with a
variety of mutations for discovering novel phenotypes of
mutants in a specific gene, similar to that of N-ethyl-N-
nitrosourea (ENU)-induced mutagenesis, which had been
used to define novel gene functions at the whole-genome
level in Caenorhabditis elegans, flies, zebrafish, mice and
even in pigs (50).

To validate the practical applications of AGBEs for the
generation of saturated mutant populations, we employed
miniAGBE-4 to introduce mass mutations in hDTR and
generated corresponding cell clones with different DT sen-
sitivities. As many as 59,269 mutation reads were produced
by miniAGBE-4 with 20 sgRNAs targeting the same gene.
Among these mutations, we identified some amino acid
residues, including Cys'?!, Tyr'??, Glu'*! (51) and Thr'®,
that possibly played key roles in conferring DT insensitiv-
ity to human cells. These findings indicate that AGBEs can
be used for the directed mutagenesis of drug target genes,
which will aid the characterization of drug sensitivity-
associated SNVs for the precise treatment of genetic dis-
eases in clinical practice.

In summary, AGBEs can be used to increase the gene-
editing diversity for the establishment of saturated mutant
populations to verify the functions and consequences of
multiple gene mutation patterns through screening.
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