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ABSTRACT

CRISPR base editing techniques tend to edit multi-
ple bases in the targeted region, which is a limitation
for precisely reverting disease-associated single-
nucleotide polymorphisms (SNPs). We designed an
imperfect gRNA (igRNA) editing methodology, which
utilized a gRNA with one or more bases that were
not complementary to the target locus to direct
base editing toward the generation of a single-base
edited product. Base editing experiments illustrated
that igRNA editing with CBEs greatly increased the
single-base editing fraction relative to normal gRNA
editing with increased editing efficiencies. Similar
results were obtained with an adenine base editor
(ABE). At loci such as DNMT3B, NSD1, PSMB2, VIATA
hs267 and ANO5, near-perfect single-base editing
was achieved. Normally an igRNA with good single-
base editing efficiency could be selected from a set
of a few igRNAs, with a simple protocol. As a proof-
of-concept, igRNAs were used in the research to con-
struct cell lines of disease-associated SNP causing
primary hyperoxaluria construction research. This
work provides a simple strategy to achieve single-
base base editing with both ABEs and CBEs and
overcomes a key obstacle that limits the use of base
editors in treating SNP-associated diseases or creat-
ing disease-associated SNP-harboring cell lines and
animal models.

INTRODUCTION

Base editors were initially developed for precise cytosine (C)
to thymine (T) editing (cytosine base editor, CBE) without
DNA double-strand breaks and the use of an editing tem-
plate (1,2) and were then expanded to adenine (A) to gua-
nine (G) editing (adenine base editor, ABE) (3), cytosine
(C) to guanine (G) editing (glycosylase base editor, GBE),
and, recently, cytosine (C) to adenine (A) editing in bacteria
(4,5). These techniques represent a breakthrough for precise
base conversion in the chromosomes of various species (6—
9).

Normally, multiple bases are edited instead of a single-
base, causing unwanted base conversions (bystander edit-
ing) if multiple Cs or As exist within or near the editing win-
dow. Specific single-base editing is one of the most desired
properties for the application of base editing techniques.
Within the editing window, editing at a position other than
the target position, that is, at nearby C or A nucleotides,
may lead to undesirable effects in most cases. For exam-
ple, a large proportion of single-gene genetic diseases are
caused by individual mutations, known as single-nucleotide
polymorphisms (SNPs). When a base editor is employed to
correct such SNPs, only the target nucleotide is expected
to be edited, and any other nucleotides within the same
editing window should be avoided except synonymous mu-
tations. Unfortunately, most base editors, including CBEs
and ABEs, have editing windows with multiple target nu-
cleotides.

By studying the interaction between the Cas9/gRNA
complex and DNA, it was determined that in the base edit-
ing process, a DNA R-loop is formed after the Cas9 pro-
tein binds its target (1,10). The formation of an R-loop pro-
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vides a single-stranded DNA substrate for the deaminase of
the base editor (11). Since, theoretically, most nucleotides
within the R-loop may be accessed by the deaminase, mul-
tiple targeted nucleotides are normally edited in the editing
process. Thus, an editing window is formed and defined as
protospacer positions that support a certain fraction (typ-
ically 50%) or higher of the average peak editing efficiency
(12). Since the R-loop, which is the molecular basis of the
editing window of base editors, is formed by binding of the
Cas protein, the Cas domain of base editors is considered
to be one of the main determinants of its editing window
(12,13).

Currently, all base editors based on natural Cas have a
multiple-nucleotide editing window. For example, SaCas9
typically supports a broader editing window of protospacer
positions 3-12 for CBEs and 4-12 for ABEs (14), while
SpCas9 editors have editing windows of positions 4-8 for
CBEs and 4-7 for ABEs. In addition, the activity of the
fused deaminase and the fusion linker of the base editor
also affect the editing window (14,15). To increase the loca-
tion specificity and narrow the editing window, researchers
have developed various base editors by engineering their
constituted domains (16). For example, modification of the
base editor linker and deaminases was reported for narrow-
ing the editing window of some CBEs (15,17); mutations in
the deaminase could reduce the size of the editing window
(14,18) of CBEs; and using an alternative deaminase that re-
quires a specific motif could also narrow the editing window
of CBEs (19,20). However, no universal base editors with
a single-nucleotide editing window have been reported. In
addition, no modified ABE with a single-base window has
been constructed to date, although approximately half of
the known disease-associated SNPs need ABEs for correc-
tion (3).

In this work, we analyzed the distribution of various
types of editing products generated by CBEs and found that
base editors had a strong preference to edit multiple cy-
tosine bases together. It was reported that an RNA bub-
ble hairpin was added to gRNAs to decrease the off-target
effect, proving that gRNA engineering has the potential
to change the base editing performance (21). Thus, we at-
tempted to design and test gRNAs to develop a simple and
universal strategy for convenient specific single-base editing
with both ABEs and CBEs.

MATERIALS AND METHODS
Strains and culture conditions

Escherichia coliDH5a was used as a cloning host and grown
at 37°C in lysogeny broth (LB, 1% (w/v) tryptone, 0.5%
(w/v) yeast extract and 1% (w/v) NaCl. Ampicillin (100
mg/1) was added to the medium when appropriate.

Plasmid construction

HEK293T and HeLa cells gRNA expression plasmids were
assembled with the Golden Gate method with the N20 se-
quence embedded in the primers, and RNF2 sgRNA expres-
sion plasmids were used as the template (1). All the DNA

templates were PCR amplified with Phusion DNA poly-
merase (NEB, USA). PCR products were gel purified, di-
gested with the restriction enzyme Dpnl (NEB, USA), and
assembled with the Golden Gate assembly method.

Cell culture and transfection

HeLa cells and HEK293T cells (from ATCC) were cul-
tivated in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS) at
37°C under 5% CO,. Cells were seeded in 24-well plates
(Corning, USA). Approximately 24 h after seeding, cells
were transfected at ~40% confluency with Lipofectamine
2000 (Life Technologies, Invitrogen, USA) according to the
manufacturer’s protocols. Then, 600 ng of CBE or ABE
plasmids and 300 ng of sgRNA-expressing plasmids were
transfected with 50 wl of DMEM containing 1.8 pl of Lipo-
fectamine 2000. Twenty-four hours after transfection, 5
pg/ml puromycin (Merck, USA) was added to the medium
besides the groups without puromycin. In addition, 120 h
after transfection, genomic DNA was extracted from the
cells using QuickExtract DNA Extraction Solution (Epi-
centre, USA). Puromycin was also added to the medium
at twenty-four hours in the experiment groups with differ-
ent treatment times, and genomic DNA was extracted from
the edited cells at 24, 48, 72, 96, 120 and 144 h after trans-
fection, respectively. Ultimately, the target genomic regions
(200-300 bp) of interest were amplified by PCR for high-
throughput DNA sequencing.

High-throughput DNA sequencing of genomic DNA samples
and data analysis

Next-generation sequencing library preparations were con-
structed following the manufacturer’s protocol (VAHTS
Universal DNA Library Prep Kit for Illumina), as de-
scribed previously (5). Then, libraries with different indexes
were multiplexed and loaded on an Illumina HiSeq instru-
ment according to the manufacturer’s instructions (Illu-
mina, San Diego, CA, USA). Sequencing was carried out
using a 2 x 150 paired-end configuration; image analysis
and base calling were conducted by HiSeq Control Soft-
ware (HCS) + RTA 2.7 (Illumina) on a HiSeq instrument.
For paired-end sequencing results, read 1 and read 2 were
merged to generate a complete sequence according to their
overlapping regions, and a file in FASTA (fa) format was
generated. Data were split according to their barcodes. The
merged sequences were aligned to the reference sequence
by using BWA (version 0.7.12) software. Examined target
sites that mapped with ~100 000 independent reads were
selected, and obvious base substitutions were observed at
only the targeted base editing sites. Base substitution fre-
quencies were calculated by dividing the base substitution
read number by the total read number.

Statistical analysis

The experimental data were presented as mean + s.d. of n =
3 independent biological replicates, and the significant dif-
ferences were conducted using two-tailed Student’s z-tests.



RESULTS

Design of an imperfect guide RNA (igRNA) for single-base
editing with a CBE

To understand the actual distribution of various types of
editing products generated by CBEs, nine loci were edited
using the BE4max (22) editor, and the PCR products am-
plified from edited loci were subjected to deep sequencing.
By analyzing the results illustrated in Supplementary Fig-
ure SIA, we found that Cs within the editing window are
preference to co-edited at most loci. For example, at the
RNF2 locus, there were four major editing products, includ-
ing conversion products with Ts at position Cg, positions
C; and Cg, positions Cg and Cy,, and positions C3, C4 and
C». The editing efficiencies of each type ranged from 1% to
41%, with a total editing efficiency of 54.48 £ 0.74%, and
single C¢-to-T conversion was only 5.02 £+ 0.08%. Similar
editing results were also observed from the editing of most
loci (Supplementary Figure S1A).

Based on these results, we propose that in the process of
base editing, after one target base is converted, the gRNA
of the base editor could still bind to its complementary
sequence to convert other target bases within the editing
window. Such a binding pattern favors editing of multiple
but not one base. However, if we start with igRNA, after
one base is converted, the igRNA would have more non-
complementary bases to the target locus and might lose
its ability to guide the base editor complex to the modi-
fied locus while keeping its ability to bind with the origi-
nal DNA sequence. This results in the ending of the edit-
ing process with a modified locus, but not the original se-
quence. Thus, the whole editing process may cause increased
single-base editing conversion as shown in Supplementary
Figure SIB.

CBE-mediated single-base editing with igRNNA

To test the above hypothesis, base editing experiments were
carried out using BE4max and hyBE4max (23), an edi-
tor increased activity and expanded the editing window
by inserting a non-sequence-specific single-stranded DNA-
binding domain from Rad51 protein between Cas9 nick-
ase and the deaminase in BE4max, with both normal gR-
NAs and igRNAs. To achieve optimal single-base editing
efficiency and specificity, multiple igRNAs were employed
to edit each locus. igRNAs were designed with one, two,
or three noncomplementary bases with the target DNA se-
quences. The editing results in HEK293T cells were ob-
tained by deep sequencing (Figure 1, Supplementary Ta-
ble S1, and Supplementary Table S2). At the HIRA lo-
cus, HIRA-A igRNA with one noncomplementary base
achieved the highest single-base editing efficiency. The edit-
ing efficiencies for single Cg-to-T conversion were improved
from 3.34 £+ 0.29% to 19.72 £+ 0.81% and 5.35 + 0.34%
to 18.57 + 0.26% with BE4max and hyBE4max, respec-
tively. The fraction of single Cg-to-T conversion among
all the editing types also improved from 8.40 £+ 0.66% to
55.75 £ 0.62% and 14.22 £ 0.39% to 54.90 £+ 0.50% with
BE4max and hyBE4max, respectively. At the DNMT3 B and
RNF2 loci, similar improvements were achieved by utiliz-
ing igRNAs. At RNF216 locus, the editing efficiency of sin-
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gle Cs in the context of dual Cs (CC) is low with igR-
NAs, but is significantly higher than the control. Even if
the single-base editing efficiency at the NSDI locus was al-
ready high with normal gRNA, NSD1-A igRNA could still
improve the Cg-to-T editing efficiencies and fractions from
52.49 + 0.06% to 59.34 + 0.18% and 89.58 + 0.27% to
95.06 £ 0.11% with BE4max, respectively. With hyBE4max
at the NSDI locus, NSD1-A igRNA reduced the Cg-to-T
editing efficiency from 54.19 £ 1.44% to 47.03 £ 0.60%, but
the fraction of C¢-to-T was improved from 92.35 4+ 0.43%
to 94.94 £+ 0.16%.

To verify the generalizability of igRNAs in CBE, base
editing experiments have also been tested in HeLa cells un-
der the same conditions (Supplementary Figure S2, Supple-
mentary Table S3 and Supplementary Table S4). Similar to
the results in HEK293T cells, we found that igRNAs can
also increase the editing probability at one preferred proto-
spacer position compared to other positions. Four more loci
were tested using gRNAs and igRNAs with the BE4max
editors in HEK293T cells (Supplementary Figure S3, Sup-
plementary Table S5). At 4 tested loci, igRNAs can also im-
prove the efficiencies of single-base editing. Especially at the
EMXI-SITEI locus, EMX1-SITE1-B igRNA performed a
great effect that improved, the C;-to-T editing efficiencies
and fractions from 1.12 £ 0.07% to 50.83 + 0.33% and
1.44 4 0.08% to 74.78 4 0.31%, respectively. Nevertheless,
we found igRNAs might perform an ordinary effect on dual
Cs. Although it partly decreased the portion of bystanders
or other products, igRNA yet couldn’t increase the absolute
editing efficiency of target C.

For the design of igRNAs, we conclude from the results
for the 9 tested loci that effective igRNAs for the CBE nor-
mally contained one or two noncomplementary bases, while
the editing efficiencies of the igRNA containing three non-
complementary bases were greatly reduced.

ABE-mediated single-base editing with igRNA

Since half of the total reported disease-associated SNPs can
be corrected by ABEs, this single-base conversion technique
is extremely important for the potential treatment of human
genetic diseases (24). Further modification of the deami-
nase TadA could be difficult, most likely because it is al-
ready highly evolved; currently, there are no reported ABEs
with single-base editing windows (12). This could be a ma-
jor obstacle preventing the development of genetic therapies
based on ABEs.

To minimize the editing window of ABEs, igRNAs for
the NG-ABEmax (13) editor were designed to perform base
editing experiments both in HEK293T and HeLa cells, the
editing results were obtained by deep sequencing. Optimal
igRNAs were found to have greatly narrowed the editing
window of NG-ABEmax to mainly one base, and the
fractions of edited products containing single A-to-G con-
version were improved at most tested loci in HEK293T cells
(Figure 2, Supplementary Table S6 and Supplementary Ta-
ble S7). Optimal single-base editing was achieved with the
igRNAs PSMB2-B, ABCA3-A, EMXI1-SITE3-A, EMX1-
SITE4-B, EMXI-SITES-A, EMXI-SITE6-B, EMXI-
SITE7-A, EMXI-SITES-B, VISTA hs267-B, SNCA-A,
ANOS5-A, GFII-C, KCNQ2-A, NOTCH2-C, PRNP-
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Figure 1. Editing efficiencies and editing product fractions of cytosine base editing with igRNA in HEK293T cells. The base editing efficiencies and
fractions of editing products were obtained from five loci using gRNAs and igRNAs with the BE4max and hyBE4max editors. Con, the control gRNAs
that exactly matched the target sequence. Capital A to D, different igRNAs. The red asterisk represents the igRNA with the best performance. The bars
represent mean values, and the error bars represent the s.d. of three independent biological replicates. The pie charts represent the fractions of various
types of editing products.
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Figure 2. Editing efficiencies and editing product fractions of adenine base editing with igRNA in HEK293T cells. Base editing efficiencies and fractions
of editing products obtained from 16 loci by the NG-ABEmax editor using gRNAs and igRNAs. Con, the control gRNAs that exactly matched the target
sequence. Capital A to D, different igRNAs. The red asterisk represents the igRNA with the best performance. The bars represent mean values, and the
error bars represent the s.d. of three independent biological replicates. The pie charts represent the fractions of various types of editing products.
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SITE2-A and SLC22A5-SITE1-A. At these tested loci,
the fractions of single A-to-G conversion were improved
from 63.49 + 1.74% to 77.40 £ 0.21%, 73.33 £+ 0.32%
to 84.86 £+ 0.45%, 48.20 £ 0.31% to 72.37 £ 0.40%,
4270 + 0.27% to 66.12 + 0.52%, 4.77 + 0.21% to
4046 + 0.50%, 8.24 + 0.80% to 53.83 + 1.06%,
3.26 + 0.09% to 33.61 £ 0.23%, 12.00 £ 0.09% to
29.73 + 0.70%, 61.85 £ 0.55% to 87.04 + 0.41%,
79.73 £ 0.41% to 82.63 £ 0.37%, 27.75 £+ 0.03%
to 84.23 + 0.98%, 1.39 £+ 0.18% to 15.50 £+ 0.54%,
25.36 £ 0.72% to 41.91 £ 0.70%, 22.76 + 0.15% to
48.25 £+ 0.81%, 2.81 £+ 0.17% to 47.33 + 0.51% and
73.56 + 0.33% to 81.50 + 0.81% at As of PSMB2, As of
ABCA3, Ag of EMXI-SITE3, As of EMXI-SITE4, A7 of
EMXI-SITES, As of EMXI-SITEG6, Ag of EMXI-SITE7,
A7 of EMXI-SITES, As of VISTA hs267, As of SNCA,
A; of ANOS, As of KCNQ2, As of NOTCH?2, As of
GFII, A7 of PRNP-SITE2 and As of SLC22A5-SITEI,
respectively. The corresponding A-to-G editing efficien-
cies changed from 44.22 + 0.97% to 40.66 + 4.04%,
47.77 £ 0.68% to 56.72 £+ 1.64%, 19.54 £+ 0.44% to
27.15 £ 0.29%, 36.06 + 0.63% to 42.36 + 1.07%,
3.05 £ 0.19% to 22.67 £ 0.47%, 6.18 £+ 0.58% to
14.954+0.14%, 1.04 £ 0.16%to 1.61 +0.21%, 8.28 £ 0.20%
to 15.04 £+ 0.36%, 38.10 £ 3.82% to 64.71 £ 0.85%,
3472 £ 1.27% to 22.61 £ 1.36%, 1546 + 0.66%
to 18.56 + 0.35%, 0.79 £+ 0.11% to 10.41 £ 0.50%,
1393 £+ 0.76% to 22.74 £ 0.69%, 9.57 + 0.87% to
13.24 £ 1.49%, 1.27 £ 0.07% to 15.27 + 1.02% and
35.30 £ 1.04% to 11.32 £+ 0.49%. Surprisingly, increased
editing efficiency was observed at 13 out of the 16 tested
loci. Single-base editing with the consecutive dual As
(AA) with igRNAs is similar to consecutive dual Cs (CC).
Similar editing results are found in HeLa cells with igRNA
(Supplementary Figure S4, Supplementary Table S8 and
Supplementary Table S9). In addition, igRNA can also
reduce bystander editing without puromycin selection
(Supplementary Figure SS5A, and Supplementary Table
S10). Compare to the experiments with puromycin, the
editing efficiency was lower, probably due to the lower
fractions of cells with plasmids.

The single-base conversion fractions with igRNA were
improved at tested loci, demonstrating successful ABE-
mediated single-base editing. Once again, surprisingly good
results were obtained, revealing that the optimal igRNAs
had both improved editing specificity and efficiency rela-
tive to their parent gRNA for the ABE at most loci, as ob-
served with the CBE. In contrast to CBEs, ABEs have a
more rigid requirement for complementary base numbers
between gRNA and target DNA, and all igRNAs with two
noncomplementary bases were found to have greatly re-
duced editing efficiencies. Therefore, the rule for designing
ABE igRNAs is to make igRNAs with only one noncom-
plementary site.

Controllable single-base editing strategy with the SpRY-
editors and igRNA

Based on our experiment, it is not possible to edit one po-
sition dominantly by using an igRNA, and to edit another
position dominantly by using another igRNA at one locus.

One set of igRNA derived from one gRNA can only in-
crease the single-base editing of the dominant position. So
that it is difficult to achieve controllable single-base editing
at one locus, especially at the loci containing consecutive
dual Cs or dual As.

Here, we provide a strategy to use SpRY-editors (near-
PAMless editors) (25) combined with igRNA to achieve
controllable single-base editing and single-base editing with
dual consecutive bases. Theoretically, variation of the PAM
position changes the major editing substrate position, and
igRNA reduces the bystander editing. The SpRY-ABEmax
editor, consisting of an engineering cas9 variant and ade-
nine deaminases, can recognize almost all PAMs (25). With
this editor, the gRNA for the protospacers of PSMB2,
NOTCH2, KCNQ?2 and GFII were redesigned in two sets
designated as PAM1 and PAM?2, targeting different bases,
Al and A" respectively within one locus (Figure 3 and Sup-
plementary Table S11).

Experiment results shown that moving of PAM po-
sition could change the dominant editing position, that
the editing efficiencies and product fractions of Al at
PSMB2 and NOTCH? loci were sharply decreased with
Al increased (Figure 3 and Supplementary Table S11).
At these tested loci, the fractions of single A-to-G con-
version of A! were changed from 63.49 + 1.74% to
0.77 £ 0.04%, 25.36 £ 0.72%t0 0.23 + 0.01%, 1.39 + 0.18%
to 2.36 + 0.10% and 22.76 £+ 0.15% to 64.99 + 1.27%
at PSMB2, NOTCH2, KCNQ2 and GFII, respectively.
The corresponding A-to-G editing efficiencies changed
from 44.22 + 0.97% to 0.49 + 0.02%, 13.93 + 0.76%
to 0.16 + 0.01%, 0.79 £ 0.11% to 1.80 £+ 0.10% and
9.57 £ 0.87% to 40.95 £+ 2.02%, respectively. In con-
trast, the fractions of single A-to-G conversion of Al! were
changed from 0.68 £ 0.08% to 39.32 + 0.46%, 4.95 £ 0.14%
to 29.59 £+ 0.41%, 0.22 £ 0.03% to 1.86 £+ 0.09% and
2.70 £ 0.10% to 2.25 + 0.14% at PSMB2, NOTCH?2,
KCNQ2 and GFII, respectively. The corresponding A-
to-G editing efficiencies changed from 0.47 + 0.05%
to 25.30 + 0.25%, 2.72 + 0.18% to 19.89 + 0.68%,
0.13 £ 0.01% to 1.41 £ 0.05% and 1.13 £ 0.10% to
1.42 4+ 0.01%. Obviously, the editing preferability between
Al and A" could be exchanged by moving the PAM posi-
tion.

In the following step, we designed igRNAs derived from
PAMI1 gRNA or PAM?2 to gRNA to reduce the bystanders
as in previous experiments, from a mall set of igRNAs,
optimal single-base editing was achieved with the igRNAs
PSMB2-PAM2-C, NOTCH2- PAM2-A, KCNQ2- PAM2-
A and GFI1-PAM2-A (Figure 3 and Supplementary Table
S11). At three out of four tested loci, the fractions of single
A-to-G conversion of Al was increased from 39.32 4 0.46%
to 67.99 £+ 0.42%, 29.59 £ 0.41% to 64.28 + 0.27%, and
1.86 + 0.09% to 28.77 £ 0.23% at PSM B2, NOTCH2, and
KCNQ?2, respectively. The corresponding A-to-G editing ef-
ficiencies changed from 25.30 £ 0.25% to 21.51 4 0.66%,
19.89 £ 0.68% to 45.23 + 2.03% and 1.41 £+ 0.05% to
18.82 £ 0.67%. These results demonstrated the successful
controllable single-base editing. At GFII loci, it was ob-
served that the editing preferability between A’ and A! was
not exchanged, but the proportion of single-A of the dual
As was increased with the igRNAs and SpRY-ABEmax
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Figure 3. The base editing results of controllable single-base editing with SpRY-editor and igRNA. Base editing efficiencies and fractions of editing products
were obtained from 4 loci by the NG-ABEmax and SpRY-ABEmax editors using gRNAs or igRNAs. Al represents blue A, Al represents orange A. PAMI,
the control gRNAs for NG-ABEmax editor exactly matched the target sequence. PAM?2, the gRNAs for SpRY-ABEmax editor also exactly matched the
target sequence. Capital A to C, different igRNAs. The frames represent PAMs for different loci. The red asterisk represents the igRNA with the best
performance. The bars represent mean values, and the error bars represent the s.d. of three independent biological replicates. The pie charts represent the

fractions of various types of editing products.

combined strategy. This strategy was also applied to CBE
at the RNF216 locus, the results show very low editing ef-
ficiency for both Cs, probably because of PAM or proto-
spacer changing. Thus, combined igRNAs with the PAM-
less editors, such as SpRY-ABEmax, controllable single-
base editing at any position might be achieved at some ge-
nomic loci.

Research for construction of disease-associated SNPs cell
lines with igRNA

Most SNPs are located at genomic loci surrounded by other
bases editable by current base editors (bystanders). The low
single-base editing specificity makes it difficult to obtain
cleanly edited cells, which is the major obstacle preventing
the application of base editing to efficiently create model cell
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lines or animal models with disease-associated SNPs. This
problem is even more severe in the development of efficient
and safe genetic therapies by onsite SNP correction with
base editors. To demonstrate the technical advancement of
igRNA for the construction of cell lines with SNPs, a lo-
cus containing disease-associated SNPs among multiple ed-
itable bases in the editing window was selected for editing
with igRNAs.

The 661T > C SNP (T-to-C conversion SNP at position
661, A > G in the complementary chain) in the AGXT gene
causes the Ser221Pro missense mutation and leads to pri-
mary hyperoxaluria, which is a rare condition character-
ized by the recurrent kidney and bladder stones (26,27).
As shown in Figure 4A, As-to-G conversion at the tar-
get site causes a Ser-to-Pro amino acid exchange (indi-
cated in green); however, the presence of A; or other As
around As causes bystander editing and undesired non-
synonymous amino acid exchange (indicated in red). To
construct cell lines bearing a clean 661T > C disease-
associated SNP, six igRNAs with one noncomplementary
base either at different sites or with different base types
were designed. Among these igRNAs, AGXT-C gave the
best As-to-G single-base editing performance. The single-
base editing fraction was improved from 15.89 £+ 0.27%
to 32.78 £ 0.33%, and the editing efficiency was improved
from 7.8 + 0.98% to 15.30 + 0.61% relative to the par-
ent gRNA, while the A5 and A7 double-base editing frac-
tion dropped from 76.22 + 0.67% to 56.43 + 0.45% (Fig-
ure 4B, Supplementary Table S6 and Supplementary Table
S7). The increased editing efficiency indicated that the num-
ber of correctly edited cells increased 2-fold with igRNA,
and the proportion of edited cells with As-to-G single-base
conversion was also increased 2-fold by igRNA. The results
demonstrated the great capacity of igRNA techniques for
creating model cell lines and, more importantly, for correc-
tion of disease-associated SNPs to treat human diseases.

DISCUSSION

In this work, we found that Cs within the editing window are
preference to co-edited in most loci (Supplementary Fig-
ure S1A), and designed an imperfect gRNA (igRNA) edit-
ing methodology for convenient specific single-base edit-
ing with both ABEs and CBEs. For genome editing ap-
plications, especially genetic therapies, the single-base edit-
ing fraction parameter could be even more important than
the editing efficiency, since bystander editing with target
SNP correction might cause unknown problems. The frac-
tion of single-base editing with igRNA was improved by
5.64-, 38.50-, 5.13-, 1.58-, 0.06-, 50.93-, 0.57-, 6.48- and
3.31-fold relative to that with normal gRNA at the nine loci
tested with BE4max, demonstrating a tremendous improve-
ment (Supplementary Table S1, and Supplementary Table
S5). In above loci, igRNAs were able to increase the abso-
lute single-base editing efficiency, which was a surprisingly
good result that we did not expect. We considered that mis-
matched igRNAs are inferior to normal perfectly matched
gRNAs and certainly reduce the editing efficiency. In our
systematic experiment of various igRNAs derived from one
gRNA, the data suggested that it was quite possible that one
or more igRNAs might have a superior performance rela-

tive to their parent gRNA at most loci. Nevertheless, it is
actually difficult to achieve single-base editing with the con-
secutive dual Cs or dual As with igRNAs, we come up with
a strategy to use SpRY-editors (near-PAMless editors) com-
bined with igRNA, this strategy provides a possible way to
solve single-base editing with consecutive dual Cs or dual
As. We thus suggest that researchers attempt or adopt the
igRNA strategy with their projects in cellular research or
molecular therapy development to further improve both the
efficiency and specificity of base editing.

To obtain some support for our hypothesis that BEs
(ABEs or CBEg) firstly bind on-target and convert one nu-
cleotide before converting other bases, we have measured
the editing outcome at different time points (e.g. 24, 48,
72, 96, 120, 144 h) in one base editing process using NG-
ABEmax (Supplementary Figure S5B, and Supplementary
Table S12). We found with the original gRNA, the editing
efficiency of single A7 of the target locus was much higher
than bystander editing at the 24 h time point, which gradu-
ally increased over time. However, the major bystander edit-
ing, A5 and A7 dual editing, increased faster than the single
A7 editing, which surpassed A7 at around 60 h and became
the dominant bystander. Based on changed the editing re-
sults along with the time period, we might be able to pro-
pose the hypothesis, that one base located at the best po-
sition of the R-loop might be converted first, after which
the base editor might still bind to the target locus and con-
vert to other bases. Such a binding pattern favors editing
of multiple but not one base. However, as illustrated in
Supplementary Figure S5B, when an imperfect guide RNA
(igRNA) that already has one or more bases not comple-
mentary to the target locus was used, at 24 h, both A7 edit-
ing and bystander editing were lowered, however, as the
editing proceeded, the A7 editing continued to increase but
bystander editing had almost no change. This result might
support the hypothesis, that if we start with igRNA, after
one base is converted, the igRNA would have more non-
complementary bases to the target locus and might lose its
ability to guide the base editor complex to the modified lo-
cus while keeping its ability binding with original DNA se-
quence. This results in the ending of the editing process with
a modified locus, but not the original sequence. Thus, the
whole editing process may cause increased single-base edit-
ing conversion as shown in Supplementary Figure S1B.

Currently, off-target effects and bystander editing are two
major obstacles to be overcome for better application of
base editing techniques. While our work resolved the by-
stander editing issue to some extent, it did not tackle the
off-target effect problem. The off-target (28-31) include the
effect of base editing is contributed by two factors: deami-
nase and Cas9. Since the igRNA techniques change only the
gRNA part and still use the established base editors, the off-
target effect due to the deaminase should be the same. The
nonspecific binding of Cas9 is mainly observed at genomic
loci containing protospacer sequences similar to those of
the gRNA. To estimate Cas9-induced off-target effects, re-
searchers normally sequence and analyze multiple poten-
tial off-target sites, which are genomic loci with the most
similar protospacer. We have run all of the parent gRNAs
with its according igRNAs of the different target sites with
Cas-OFFinder (up to 3 mismatches, no bulges) (32). Based
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Figure 4. Cell lines bearing the disease-associated SNP AGXT 661T > C construction research with igRNA single-base editing. (A) The target sequence
in the AGXT gene. The PAM sequence is shown in blue. The desired As-to-G conversion, which causes a Ser-to-Pro amino acid exchange, is indicated
in green. Base conversion of the bystander A7 is indicated in red and causes undesired nonsynonymous amino acid changes. (B) Six igRNAs with one
noncomplementary base either at different sites or with different base types were employed to accomplish 661T > C conversion in the AGXT gene, which
causes primary hyperoxaluria. Con, the control gRNAs. A~F, different igRNAs. The red asterisk represents the igRNA with the best performance. The
bars represent mean values, and the error bars represent the s.d. of three independent biological replicates. The pie charts represent the fractions of various

types of editing products.

on the results, there were differences in the number of off-
target sites between the gRNAs and igRNAs of each locus,
the numbers of predicted off-target sites were listed in Sup-
plementary Table S13 and Supplementary Table S14. The
data revealed that for any given igRNA, the number of off-
target sites could be either more or less relative to that of
the original gRNA. For example, the number of off-target
sites of PRNP-sitel original gRNA was 25, and that of the
two igRNA, igRNA A and B, were 34 and 4 respectively.
In general, the off-target status of igRNAs is comparable
with their parental gRNA. When using igRNAs, we could
select one having the same or fewer potential off-target
sites as the original gRNA to maintain the same off-target
potential.

According to the research of the article, we generalize
a relatively simple guideline for igRNA design. First, sev-
eral igRNAs are designed from the parent gRNA with mis-
matches up to 2 positions spanning approximately proto-
spacer positions 2—-6 (where position 1 is the first nucleotide
of the protospacer and the PAM is at positions 21-23) with
CBEs, and only 1 position spans approximately protospacer
positions 2-5 with ABEs. Here, the nucleotide type of mis-
matches could be random. Choosing the same or fewer
potential Cas9 dependent off-target sites as the original
gRNA. Second, editing experiments were performed with
the set of igRNAs to select the best one. From the experi-
ment we have done, we found an improved single-base edit-
ing result could be obtained from four or fewer igRNAs at
most loci. Of course, for a single important edit locus, such
as a disease-associated mutation, the researcher can also de-
sign a larger library of igRNAs based on the capacity to
screen for the best igRNA. We think this is a generally us-
able rule for igRNA implementation.

However, if conditions allowed, a more systematic ap-
proach might be employed to construct a mathematical
model helping design igRNA for each target. We found that
different base type changes, such as G-to-A, G-to-C, G-
to-T, at the same site also showed different editing results
(Figure 4B). Furthermore, the number of mismatched nu-
cleotides had also different effects at various loci. An ideal
approach would be generating a systemically mismatched

igRNA library, which would contain (4*°-1) gRNAs even
only mismatches one N20 position, to cover the variations
at one locus. To generate enough data, editing experiment
with this number of igRNAs needs to be carried out at a
large number of loci. Then, artificial intelligence could be
employed to analyze the large data to form a mathemati-
cal model to help design igRNAs. Apparently, such a com-
pletely systematic approach requires a great researching ca-
pacity and investment. And whether a functional model
could be constructed considering the very diverse data set.
Hopefully, with the decrease of cost for high-throughput
DNA synthesis and DNA sequencing, along with more
powerful computers, this systematic approach could be re-
alized.

This work describes the innovation of a simple strategy
to be able to conveniently obtain single-base editing with
both ABEs and CBEs. The igRNA technique achieves more
controllable and specific genomic manipulation and over-
comes the most significant obstacle of base editors for appli-
cations in genetic therapies and for the creation of disease-
associated models.
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