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Base editing has emerged as a revolutionary technology for
single nucleotide modifications. The cytosine and adenine base
editors (CBEs and ABEs) have demonstrated great potential in
clinical and fundamental research. However, screening and
isolating target-edited cells remains challenging. In the current
study, we developed a universal Adenine and Cytosine Base-
Editing Antibiotic Resistance Screening Reporter (ACBE-ARSR)
for improving the editing efficiency. To develop the reporter, the
CBE-ARSR was first constructed and shown to be capable of
enriching cells for those that had undergoneCBE editing activity.
Then, the ACBE-ARSR was constructed and was further vali-
dated in the editing assays by four different CBEs and two ver-
sions of ABE at several different genomic loci. Our results
demonstrated that ACBE-ARSR, compared to the reporter of
transfection (RoT) screening strategy, improved the editing effi-
ciency of CBE and ABE by 4.6- and 1.9-fold on average, respec-
tively. We found the highest CBE and ABE editing efficiencies as
enriched by ACBE-ARSR reached 90% and 88.7%. Moreover, we
also demonstrated ACBE-ARSR could be employed for
enhancing simultaneous multiplexed genome editing. In
conclusion, both CBE and ABE activity can be improved signifi-
cantly using our novel ACBE-ARSR screening strategy, which we
believe will facilitate the development of base editors and their
application in biomedical and fundamental research studies.

The CRISPR/Cas9-based genome editing methods, including
gene knock-in, KO, and point mutation, as well as small or large
insertion and deletion, have been widely applied in different
cells and organisms with great efficiency and accuracy (1–3).
Single-guide RNA (sgRNA) guides the Cas9 endonuclease to
introduce DNA double-stranded breaks (DSBs) at the desired
target sites (4–6), and the DSBs are repaired by cellular
endogenous repair systems such as nonhomologous end joining
(NHEJ) or homology-directed repair (HDR) (7, 8). NHEJ takes
up the dominant role but often leads to gene disruptions due to
the error-prone insertion or deletion (indels) in DNA sequences
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(9). HDR is considered as an accurate repair, but the sponta-
neous efficiency is extremely low and requires active cell divi-
sion (10, 11).

The emergence of engineered base editor (BE) has made up
for the shortcomings of the CRISPR/Cas9 technology.
Compared with the inefficient CRISPR/Cas9-based HDR (12),
much higher base-editing efficiency can be achieved by the
base editing technology without DSB induction and exoge-
nous template. To date, there are many types of BEs with
different deaminases, targeting windows, editing efficiencies,
and protospacer adjacent motif (PAM) specificities (13, 14).
The cytosine base editor (CBE), which induces C to T mu-
tation (or G-to-A on the complementary strand) (15), and the
adenine base editor (ABE), which mediates the change of A-
to-G (or T-to-C on the complementary strand) have been
well established (16). Since its development, the BE tech-
nology has been rapidly and widely used in various organisms
(12, 17–19). These BEs play important roles in generating
animal models (20) and correcting pathogenic mutations in
somatic cells (21).

Although the efficiency of BE is much higher than CRISPR/
Cas9-mediated HDR-based point mutation, it is still time
consuming and laborious to isolate the base-edited cells from the
cell population, especially for the target sites with low editing
efficiency or the host cells hard to transfect such as induced
pluripotent stem cells. The reporter of transfection (RoT) stra-
tegies by cotransfecting a plasmid containing fluorescent protein
or antibiotic-resistant genes or fusing the marker genes to Cas9
have been used to select the transfection-positive or Cas9
expression-positive cells (22–24). However, the RoT strategies
lack the capability to directly measure the BE activity (25).
Consequently, real-timemethods to identify and to enrich in situ
the base-editing activity remain to be established.

In this work, we developed a novel universal screening
reporter for both CBE and ABE, named Adenine and Cytosine
Base-Editing Antibiotic Resistance Screening Reporter (ACBE-
ARSR). The ACBE-ARSR was demonstrated versatile for
improving the editing efficiency by different CBE and ABE.
We believe that the ACBE-ARSR will facilitate the generation
of base-edited cell models in biomedical and translational
studies.
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Results

Development of the CBE-ARSR for cytosine base editing

To develop a strategy for enriching and screening the base-
edited cells based on the recovery of puromycin-resistance
function, we firstly conducted site-directed mutagenesis
focused on three residues of PuroR gene of pPuroR-T2A-eGFP
vector (the initiation codon ATG-ACG, third codon GAG-
GAA, and fourth codon TAC-TGC). The mutation vector,
pmPuroR-T2A-eGFP (m means mutation), was predicted to
cause a frame shift of PuroR gene, producing an altered and
nonfunctional protein (Fig. 1A). To validate function of the
two vectors, pmPuroR-T2A-eGFP and pPuroR-T2A-eGFP
were transiently transfected into human embryonic kidney
293T (HEK293T) cells, respectively. As expected, untrans-
fected HEK293T cells and cells transfected with pmPuroR-
T2A-eGFP did not survive after 72 h of selection with puro-
mycin, while cells transfected with pPuroR-T2A-eGFP could
resist puromycin selection (Fig. 1B).

Inspired by this observation, we constructed a novel re-
porter construct, named CBE-ARSR. The CBE-ARSR reporter
vector contains three components: a universal sgRNA
expression cassette driven by the U6 promoter, a PuroR gene
(the start codon ATG had been mutated) containing the uni-
versal sgRNA target sequence, and an ATG-removed eGFP
cassette fused in frame with the upstream PuroR gene by a
T2A self-cleavage peptide. For further application, we created
a necessary NGG PAM for SpCas9 by introducing a mutation
from threonine 7 (T7) to arginine (R) of the PuroR gene
(Fig. 1C). Two versions of CBE-ARSR have been designed, one
with a single ACG (CBE-ARSR-1 × ACG) and the other with
two ACGs (CBE-ARSR-2 × ACG). With the guidance of the
universal sgRNA, CBE can convert the ‘ACG’ to ‘ATG’, leading
to expression of a functional PuroR and eGFP (Fig. 1D). We
speculated that the C-to-T conversion of two ACG within the
editing window (the two target Cs are located at position 4 and
7, respectively) would reflect the base-editing activity within a
cell more sensitively than only one ACG (the target C is
located at position 7 of editing window).

To tune the system, we first transfected the HEK293T cells
with CBE-ARSR-1 × ACG or CBE-ARSR-2 × ACG and the
untransfected HEK293T cells as the control group. The
transfected cells were then subjected to puromycin treatment
for 24 h, 48 h, 72 h, and 96 h, respectively, starting at 48 h post-
transfection. In principle, the initiation codon of PuroR in
CBE-ARSR reporter was not repaired, cells transfected with
CBE-ARSR alone did not express eGFP, which was in frame
with PuroR. Unexpectedly, although the cells transfected with
CBE-ARSR-1 × ACG and CBE-ARSR-2 × ACG failed to resist
puromycin selection, green fluorescence was observed at 48 h
post-transfection (Fig. 1E). It is clear from the aforementioned
results that the PuroR gene without an ATG is nonfunctional
under the control of the cytomegalovirus (CMV) promoter but
the eGFP expression cassette is functional. We suspected that
it’s caused by the transcription initiated by the ATGs internal
to the PuoR gene sequence, which are in frame with T2A-
eGFP. The relative cell viability detected by Cell Counting
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Kit-8 (CCK8) assay revealed that cells transfected with two
versions of reporter, similar to the nontransfection control,
were sensitive to the puromycin selection, as the relative cell
viability dramatically decreased as the puromycin treatment
time increased (Fig. 1F). After taking into consideration of
puromycin selection time and cells viability, 72 h was used as
the selection time of puromycin treatment in all of the
following experiments unless noted otherwise. Next, CBE-
ARSR-1 × ACG was transfected alone or cotransfected with
YE1-BE3-FNLS into HEK293T cells. Fluorescence microscopy
examination (Fig. 1G) and CCK8 assay (Fig. 1H) revealed that
generation of PuroR/eGFP double-positive cells when the re-
porter was edited by YE1-BE3-FNLS successfully.

Based on these results, we can conclude that under corre-
sponding universal sgRNA guidance, YE1-BE3-FNLS would
convert ‘ACG’ to ‘ATG’, resulting in a functional PuroR
expression. Collectively, these results indicate that the CBE-
ARSR can be used as a reporter for screening cells that had
undergone CBE editing activity.

CBE-ARSR mediated improvement of cytosine base-editing
efficiency

The results of fluorescence microscopy showed that two
versions of CBE-ARSR reporter either repaired or not by CBE,
expressed constitutive GFP. In order to explore the reason
behind this phenomenon, we carefully checked the PuroR-
T2A-(ΔATG)eGFP cassette. In addition to the start codon
ATG that was mutated to ACG, we found two internal ‘ATG’
and the second frame-shift ‘ATG’ introduced for inactivating
the PuroR gene transcription (Fig. 2A). We speculated that the
ORF starting from two internal ‘ATG’ causes the continuous
eGFP expression. To address this question, we constructed
1 × ACG-3 × Flag and 2 × ACG-3 × Flag reporter vectors by
fusing 3 × Flag tag to the C terminus of the PuroR in CBE-
ARSR-1 × ACG and CBE-ARSR-2 × ACG. Using puromycin
selection and fluorescence microscopy, we confirmed that
1 × ACG-3 × Flag and 2 × ACG-3 × Flag reporter vectors
expressed eGFP but not PuroR, suggesting the 3 × Flag tag
fusion did not affect the function of the original vectors
(Fig. 2B).

The Western blot (WB) analysis showed that when the
1 × ACG-3 × Flag and 2 × ACG-3 × Flag reporters were not
edited by YE1-BE3-FNLS, two PuroR-3 × Flag variants (�19
kDa and �16 kDa) were encoded by #3 and #4 ‘ATG’,
respectively. When the #1 ‘ATG’ was restored by YE1-BE3-
FNLS, an intact and functional PuroR-3 × Flag protein (�35
kDa) was expressed (Fig. 2C). The WB result also confirmed
our speculation mentioned previously that the eGFP contin-
uously expression resulting from the presence of additional
ORFs. PuroR-3 × Flag proteins (�35 kDa) were quantified, and
the result showed that PuroR-3 × Flag (�35 kDa) in 1 × ACG-
3 × Flag is significantly higher than that in 2 × ACG-3 × Flag
(Fig. 2D).

The primary purpose for developing CBE-ARSR reporter
system was primarily intended to screen cytosine base-edited
cells, in turn enhance editing efficiency of the target locus.



Figure 1. Design of the CBE-ARSR and preliminary functional analysis. A, schematic representation of site-directed mutagenesis of PuroR gene. Bases in
red indicate mutated bases. B, mutations in the PuroR gene result in a complete loss of PuroR function. HEK293T cells transfected with pPuroR-T2A-eGFP or
pmPuroR-T2A-eGFP were visualized by fluorescence microscopy at the indicated time points (0 h, 48 h, and 72 h after puromycin screening, respectively).
HEK293T cells without any treatment were used as the blank control (Blank). The scale bar represents 100 μm. C, diagram of the CBE-ARSR system. The
CBE-ARSR vector contains a CMV promoter-driven PuroR and (ΔATG)eGFP (the starting codon ATG of PuroR is replaced with ACG codon) and a U6 promoter-
driven universal sgRNA expression cassette. The target sequence of the universal sgRNA is present in the 50 end of the PuroR gene (containing the ACG
codon) in the CBE-ARSR plasmid. Targeting CBE-ARSR with CBE will result in a C-to-T conversion, enabling restore the correct ORF of PuroR gene. D, two
versions of CBE-ARSR plasmid, one with an ACG codon (CBE-ARSR-1 × ACG) and another with two ACG codons (CBE-ARSR-2 × ACG). The protospacer
sequence (underlined black) for the universal sgRNA, CBE is guided by sgRNA to perform C-to-T conversion, resulting in ACG (underlined blue) becoming
ATG and restoring PuroR expression. The PAM sequence was underlined in red, and the target ‘C’ were placed at positions 4 and 7 of base-editing window.
Fluorescence microscopy (E) and CCK8 assay (F) analysis of HEK293T cells viability at the indicated time points after transfection with CBE-ARSR-1 × ACG or
CBE-ARSR-2 × ACG. The scale bar represents 100 μm. Fluorescence microscopy (G) and CCK8 assay (H) analysis of HEK293T cells viability transfected with
CBE-ARSR-1 × ACG and YE1-BE3-FNLS at the indicated time points. The scale bar represents 200 μm. ARSR, Antibiotic Resistance Screening Reporter; CBE,
cytosine BE; CCK8, cell counting Kit-8; CMV, cytomegalovirus; sgRNA, single-guide RNA.
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Figure 2. Tagged CBE-ARSR functional analysis and enhanced cytosine base editing. A, the structure schematics of four ‘ATG’ in PuroR gene. #1 ‘ATG’
encode complete and functional PuroR protein, #2 ‘ATG’ led to a frameshift mutation, #3 and #4 ‘ATG’ encode two truncated and nonfunctional proteins.
The expression of eGFP gene in frame with PuroR gene in the three ‘ATG’ (#1, #3, and #4). B, puromycin selection and cell morphology examination
confirmed that the 3 × Flag tag fusion did not affect the function of the original reporter. The scale bar represents 100 μm. C, Western blot analysis of PuroR-
3 × Flag expression in 1 × ACG-3 × Flag or 2 × ACG-3 × Flag vector before and after base editing by YE1-BE3-FNLS. D, relative expression of PuroR-3 × Flag
between 1 × ACG-3 × Flag and 2 × ACG-3 × Flag, which were edited by YE1-BE3-FNLS. E, schematic for enrichment of cytosine base-edited cells using
CBE-ARSR. F, comparison of the C to T conversion efficiency at five different gene loci in HEK293T cells enriched using RoT, CBE-ARSR-1 × ACG, and
CBE-ARSR-2 × ACG strategies, respectively. *p < 0.05, **p < 0.01, ***p < 0.001, n = 3. ARSR, Antibiotic Resistance Screening Reporter; CBE, cytosine BE.

ACBE-ARSR: a universal reporter for ABE & CBE
In order to compare the editing efficiency enriched by
CBE-ARSR-1 × ACG and CBE-ARSR-2 × ACG, we con-
structed five sgRNA vectors targeting five genomic loci
(EMX1, WRNIP1, APOE, Site1, and Site2). The information of
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Site1 and Site2 from referencess (26, 27). Cotransfected
HEK293T cells with YE1-BE3-FNLS, sgRNA vector, and CBE-
ARSR-1 × ACG or CBE-ARSR-2 × ACG. In addition, we
wanted to compare the editing efficiency of CBE-ARSR with
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conventional RoT strategies. As a RoT control group,
cotransfected HEK293T cells with YE1-BE3-FNLS, sgRNA
vector, and pPuroR-T2A-eGFP. Forty-eight hours after trans-
fection, the cells were screened with 3 ng/μl puromycin for
3 days. Genomic DNA was extracted from the PuroR-positive
cells and the targeted genomic sites were subject to Sanger
sequencing after PCR amplification (Fig. 2E). C-to-T editing
efficiencies of the target loci were analyzed by Sanger
sequencing and BEAT programs https://hanlab.cc/beat/.

Compared to RoT strategy, both CBE-ARSR-1 × ACG and
CBE-ARSR-2 × ACG could increase base-editing efficiency at
all five gene loci. The average base-editing efficiency of PuroR-
positive cells enriched using CBE-ARSR-1 × ACG system was
about 2.98-fold of that in RoT strategies, suggesting that the
CBE-ARSR-1 × ACG reporter system can significantly increase
the base-editing efficiency compared to RoT enrichment
strategy. Particularly for APOE, a difficult to edit locus, both
RoT and CBE-ARSR-2 × ACG did not enrich edited positive
cells, while CBE-ARSR-1 × ACG achieved a 4.6% base-editing
efficiency (Fig. 2F). Accordingly, it is reasonable to suggest that
the difference in enrichment of base-editing efficiency between
two reporters is due to different PuroR expression levels after
CBE editing.

Thus, the CBE-ARSR reporter system is more efficient and
feasible to screen base-edited positive cell populations than
conventional RoT strategies, particularly for some loci that
were recalcitrant to editing.
Engineering a universal ACBE-ARSR for both ABE and CBE

Some of the fluorescence-based reporters were previously
designed based on the assumption that a stop codon TAG/
TGA can be converted to TGG by ABE, so that a fluorescent
gene downstream can be expressed and used for evaluating the
ABE activity (26). To develop a universal surrogate reporter
that can be used to simultaneously enrich the cells edited by
either ABE or CBE, we constructed a new reporter vector
ACBE-ARSR on the basis of CBE-ARSR-1 × ACG reporter
construct for evaluating both adenosine base editing and
cytosine base editing (Fig. 3A). ABE can convert A-to-G, thus
allowing the conversion of ATA codon to other codons (such
as ATG, GTA, and GTG codons). Only the second ‘A’ of ATA
was converted to ‘G’, making the ACBE-ARSR vector express a
functional PuroR protein. Considering that the base-editing
window for most ABEs is positions 4 to 7, we put the sec-
ond ‘A’ of ATA on position five, then ATA has a greater
chance of being converted to ATG. In principle, either CBE or
ABE can create an ATG start codon, activating PuroR
expression in ACBE-ARSR (Fig. 3B).

To further determine whether ACBE-ARSR can restore pu-
romycin resistance protein expression following CBE or ABE
editing, we constructed ACBE-ARSR-3 × Flag by fusing a 3 ×
Flag tag to PuroRC terminus as we did previously. Then, ACBE-
ARSR-3 × Flag was cotransfected with YE1-BE3-FNLS or
ABE7.10 into HEK293T cells. The WB result showed two
3 × Flag-tagged protein (�19 kDa and�16 kDa) were translated
from two internal ‘ATG’ of theACBE-ARSR reporter, as inCBE-
ARSR. The full-length PuroR-3 × Flag (�35 kDa) was translated
when the initiation codon ATG of ACBE-ARSR was repaired by
YE1-BE3-FNLS or ABE7.10 targeting (Fig. 3C). Further analysis
showed the expression of full-length PuroR-3 × Flag was not
significantly different among the ACBE-ARSR repaired with
ABE7.10 or YE1-BE3-FNLS (Fig. 3D).

Since the first version of CBE was published, numerous
variants have been developed recently. Among them, BE3 with
a standard editing window (positions 4–8) is the most widely
used CBE developed by David Liu lab (15). In order to reduce
unwanted editing byproducts, on the basis of BE3, BE4max
was developed with higher editing efficiency. YE1-BE3-FNLS is
a CBE variant with narrowed base-editing window (positions
5–7) displaying a comparable or higher on-target editing ef-
ficiency compared with BE4max (28). As a variant, hA3A-BE3
exhibits significantly higher base editing frequencies than BE3,
and its editing window (positions 2–13) is wider than BE3 (29).

To further determine whether ACBE-ARSR reporter can be
restored by different versions of CBE, four versions of CBE
described previously were cotransfected into HEK293T cells
separately with ACBE-ARSR. A fluorescence microscopy ex-
amination showed that all of these CBE could restore PuroR
expression of the ACBE-ARSR; however, their relative editing
activities are different among four types of CBE (Fig. 3E).
Relative cell viability was determined using CCK8 assay, and
the results showed that BE4max had the highest editing ac-
tivity, followed by YE1-BE3-FNLS, hA3A-BE3, and BE3 that is
consistent with the result reported by Zuo et al (28) (Fig. 3F).

ABE7.10 is one of the most efficient and widely used ver-
sions of ABE, and its editing window is typically found at
protospacer positions 4 to 7(16). Zhou et al. developed
ABE7.10F148A by introducing an F148A mutation into both
TadA and TadA* of ABE7.10. Although ABE7.10F148A has a
narrower window, it maintains a high level of editing efficiency
compared to ABE7.10 (30). Then, HEK293T cells were
cotransfected with ABE7.10 or ABE7.10F148A vectors along
with the ACBE-ARSR. Notably, both of ABE7.10 and
ABE7.10F148A could restore PuroR expression of the ACBE-
ARSR reporter (Fig. 3G) and ABE7.10 showed higher base-
editing activity than ABE7.10F148A (Fig. 3H).

To further confirm ACBE-ARSR can be used to improve the
editing efficiency of various BEs, we compared the base-editing
efficiency of BE4max and hA3A-BE3 at EMX1 locus.
HEK293T cells were transfected with ACBE-ARSR, sgEMX1,
and BE4max or hA3A-BE3, respectively. Then next-generation
sequencing was performed on PCR amplicons of the EMX1
locus, and the results confirmed BE4max had a significant
higher editing efficacy than hA3A-BE3 (Fig. 3I, top panel).
Similarly, ABE7.10 exhibited higher editing activity than
ABE7.10F148A at Site1 and Site3 loci (Fig. 3I, middle and
bottom panels). The deep sequencing analyses were consistent
with those shown in Figure 3, F and H.

Consequently, the ACBE-ARSR reporter can be employed
to evaluate relative editing efficiency of different versions of
CBE or ABE and screen base-edited positive cell populations.
J. Biol. Chem. (2022) 298(7) 102103 5
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Figure 3. Design of the ACBE-ARSR and the functional analysis. A, a schematic diagram of the ACBE-ARSR reporter construct. A and C nucleotides are
shown in red at the fifth and seventh positions of the editing window, respectively, indicating the target sites for ABE and CBE. The PAM sequence was
underlined in red. B, sgRNA-CBE targets the ‘ACG’ codon (underlined blue) causing the conversion of ‘ACG’ to ‘ATG’ and initiating PuroR gene expression.
sgRNA-ABE targets the ‘ATA’ codon (underlined brown) resulting in ‘ATA’ conversion to ‘ATG’ and initiating PuroR gene expression. C, analysis of the
expression of PuroR-3 × Flag by Western Blot in HEK293T cells transfected with ACBE-ARSR-3 × Flag alone or cotransfected ACBE-ARSR-3 × Flag and
different base editors (YE1-BE3-FNLS and ABE7.10). D, a comparison of full-length PuroR-3 × Flag expression in ACBE-ARSR-3 × Flag vector edited by YE1-
BE3-FNLS or ABE7.10. E, ACBE-ARSR reporter can be restored by different CBE variants (BE3, hA3A-BE3, YE1-BE3-FNLS, and BE4max). HEK293T cells were
transiently transfected with ACBE-ARSR and one of four version CBE. Cell viability was assessed by fluorescence microscopy after puromycin selection for
72 h. The scale bar represents 200 μm. F, relative cell viability in each group after puromycin selection was determined by CCK-8 assay, the grouping was the
same as (E). G, ACBE-ARSR reporter can be restored by two ABE variants (ABE7.10 and ABE7.10F148A). The scale bar represents 200 μm. H, relative cell
viability in each group after puromycin selection was determined by CCK-8 assay, the grouping was the same as (G). I, deep sequencing quantification of
C-to-T and A-to-G editing efficiency on PCR amplicons generated from pooled genomic DNA. *p < 0.05, **p < 0.01, ***p < 0.001, n = 3. ABE, adenine BE;
ACBE-ARSR, Adenine and Cytosine Base-Editing Antibiotic Resistance Screening Reporter; BE, base editor; CBE, cytosine BE; CCK8, Counting Kit-8; sgRNA, single-
guide RNA.
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ACBE-ARSR meditated enhanced base-editing by different ABE
and CBE

Based on the phenomenon of ‘cotargeting with selection’ in
genome-editing experiments, we envisioned that successful
editing of the ACBE-ARSR surrogate reporter could allow us
to enrich cells in which endogenous target loci had been edited
by CBE or ABE.

To utilize ACBE-ARSR for the enrichment of cells that have
been edited by CBE at five target loci (EMX1, WRNIP1, APOE,
Site1, and Site2) respectively, we cotransfected sgRNA vector
with ACBE-ARSR and different versions of CBE into HEK293T
cells. To utilize ACBE-ARSR for the enrichment of cells that
have been edited by ABE at three target loci, respectively (Site1,
Site2, Site3), we cotransfected sgRNA vector, ACBE-ARSR and
one version of ABE into HEK293T cells. Cotransfected
HEK293T cells with pPuroR-T2A-eGFP, BE, and sgRNA vec-
tor as RoT control group. Forty-eight hours post-transfection,
the base-edited cells were enriched with puromycin (3 ng/ul)
for 3 days. Then, these puromycin-resistant cell populations
were analyzed for base editing of the genomic sites by Sanger
sequencing and the BEAT software (https://hanlab.cc/beat/).

In conclusion, regardless of the CBE variant used, statistical
analysis confirmed that ACBE-ARSR enriched the C-to-T base
editing efficiency significantly higher than that enriched by
RoT at all of the five genomic sites (Fig. 4A). The editing ef-
ficiencies at target loci were summarized in Table 1; we found
the highest CBE editing efficiency enriched by ACBE-ARSR
reached up excitingly 90%. The editing efficiency of CBE
enriched by ACBE-ARSR system was, on average, 4.6-fold than
those from RoT strategy. The APOE locus is strongly associ-
ated with Alzheimer’s disease, and analysis of PCR amplifica-
tion products of the locus revealed that cells enriched using
RoT-based approach had a very low editing efficiency. Sur-
prisingly, ACBE-ARSR system achieved efficient editing in
APOE locus, which was edited by BE4max, it was 6.4-fold in
editing efficiency that of RoT method (Fig. 4B and Table 1).

Similarly, we observed ACBE-ARSR enrichment system
could be enriched effectively by ABE7.10 and ABE7.10F148A
edited-positive cells at all tested sites than RoT enrichment
strategies (Fig. 4, C and D). The highest ABE editing efficiency
enriched by ACBE-ARSR reached up to an amazing 88.7%. On
average, the efficiency of adenosine base editing at three target
loci using the ACBE-ARSR system was 1.9-fold than that of the
RoT strategy (Table 1).

In summary, ACBE-ARSR is a universal surrogate reporter
for the enrichment of cell populations edited by CBE and ABE.
Compared to conventional RoT approaches, ACBE-ARSR al-
lows for statistically significantly higher frequency of base
editing at target sites.
Enhanced multiplex base editing by ACBE-ARSR

We finally investigated whether the ACBE-ARSR could be
used for multiplexed genome modification. First, sgEMX1-
Site2 was constructed, which targets EMX1 and Site2 simul-
taneously, and sgEMX1-Site2-Site1, which targets EMX1,
Site2, and Site1 simultaneously (Fig. 5A). The ACBE-ARSR
reporter was then cotransfected into HEK293T cells with
YE1-BE3-FNLS and sgEMX1-Site2 or with YE1-BE3-FNLS
and sgEMX1-Site2-Site1 to achieve base editing of multiple
loci, simultaneously. In parallel, we used RoT-based approach
as control groups that HEK293T cells were cotransfected with
pPuroR-T2A-eGFP, YE1-BE3-FNLS, and sgEMX1-Site2 or
sgEMX1-Site2-Site1. After puromycin selection, puromycin
resistance cells were harvested. Sanger sequencing of the
multiple targeted genomic sites in puromycin-resistant cells
isolated from ACBE-ARSR and RoT approaches revealed that
ACBE-ARSR allowed for statistically significant higher fre-
quency of base editing than RoT approaches. As shown in
Figure 5B, simultaneous editing at two sites, the editing effi-
ciency of YE1-BE3-FNLS-mediated C-to-T conversion
enriched using ACBE-ARSR was 83.7 ± 7.1% for EMX1 and
52 ± 6.2% for Site2, whereas the editing efficiency enriched
using RoT was 42.7 ± 3.5% for EMX1 and 25.7 ± 3.2% for Site2.
As shown in Figure 5C, for the ACBE-ARSR enrichment sys-
tem, the C-to-T conversion efficiency were 78.3 ± 5%, 59.7 ±
4.5%, and 67.7 ± 5.1% for EMX1, Site1, and Site2 loci,
respectively, that is also significantly higher than base-editing
efficiency enriched by RoT.
Discussion

Compared with CRISPR/Cas9-based HDR-mediated point
mutations, BEs are more efficient in correcting point muta-
tions and produce fewer by-product indels (12). According to
the ClinVar database, about 60% of genetic diseases caused by
single-base mutations can be corrected by CBE and ABE (31,
32). Despite the advantages of BEs, it is still a time consuming
and laborious task to isolate and obtain desired edited cells
from the large cell population, especially for the target loci
with low editing efficiency. Just as we summarized previously,
gene editing efficiency is usually limited by transfection effi-
ciency, nuclease activity, and DNA repair efficiency, and the
selection and enrichment of gene-edited positive cells is always
necessary in many biological studies (24).

Recently, several fluorescence-based reporters have been
developed to report CBE or ABE activities (26, 27, 33–38). The
codon CAC at the 66th position of BFP, when modified to
‘TAC’ or ‘TAT’ by CBE, can result in the amino acid change
from histidine to tyrosine, making the fluorescence shift from
BFP to GFP. Accordingly, two research teams developed
transient reporters BE-FLARE and TREE for enriching cells
edited by CBE (27, 36). Moreover, Martin et al. established a
panel of eGFP reporters for CBEs based on the findings that
three codons that have a T-to-C mutation ablates GFP fluo-
rescence (37). The reporters for detecting and enriching ABEs
edited cells were established by mediating A-to-G conversion
in the TGA stop codon located in GFP frame or upstream of
an ATG-removed GFP gene to evoke GFP expression, such as
XMAS-TREE and BEON (26, 34, 35). It should also be noted
that all of the reporters mentioned previously were designed
for either CBE or ABE but not both.

Although the fluorescence-based screening strategy is
intuitively, time-saving, and convenient, its application is
J. Biol. Chem. (2022) 298(7) 102103 7
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Figure 4. ACBE-ARSR improves the base-editing efficiency of different CBE and ABE. A, qualification of base-editing efficiency at five genomic loci in
HEK293T cells enriched using ACBE-ARSR or RoT-based enrichment strategies. Five target sites were edited with four versions of CBE. B, representative
chromatographs of Sanger sequencing results of the five target sites. The target ‘C’ in editing windows is labeled with red. BE4max + RoT, cells cotransfected
with BE4max, the sgRNA plasmid, and pPuroR-T2A-eGFP; BE4max + ACBE-ARSR, cells cotransfected with BE4max, the sgRNA plasmid, and ACBE-ARSR.
C, qualification of base-editing efficiency at three genomic loci in HEK293T cells enriched using ACBE-ARSR- or RoT-based enrichment strategies. Three
target sites were edited with two versions of ABE. D, representative chromatographs of Sanger sequencing results of the three target sites. The target ‘A’ in
editing windows is labeled with red. ABE7.10 + RoT, cells cotransfected with ABE7.10, the sgRNA plasmid, and pPuroR-T2A-eGFP; ABE7.10 + ACBE-ARSR, cells
cotransfected with ABE7.10, the sgRNA plasmid, and ACBE-ARSR. *p < 0.05, **p < 0.01, ***p < 0.001, n = 3. ABE, adenine BE; ACBE-ARSR, Adenine and
Cytosine Base-Editing Antibiotic Resistance Screening Reporter; BE, base editor; CBE, cytosine BE; RoT, reporter of transfection; sgRNA, single-guide RNA.

ACBE-ARSR: a universal reporter for ABE & CBE
usually limited by the equipment flow cytometer. Besides,
contamination and poor cell growth are also headache prob-
lems when cloning flow cytometry–sorted cells. On the other
hand, antibiotic resistance-based screening strategy has also
been usually used for screening gene-edited cells. Puromycin is
8 J. Biol. Chem. (2022) 298(7) 102103
a common antibiotic-resistance selection agent. Different pu-
romycin selecting strategies have been developed, including
the transfection-positive selection (39), the NHEJ-based (40),
single strand annealing-based (41) and HDR-based (42)
nuclease-active selections. Here, we developed the
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ACBE-ARSR: a universal reporter for ABE & CBE
ACBE-ARSR for the selection of BE editing positive cells,
which will help to complete the jigsaw puzzle for the screening
strategies of gene-edited positive cells. All of these surrogate
reporter-based strategies apply transient puromycin selection
(3–5 days) for the enrichment of gene-edited positive cells.
What’s more, stable puromycin selection (usually more than
1 week) has also been applied in the CRISPR/Cas9-based KO
and transcriptional activation screening systems (43), as well as
the BE-based screening systems (44, 45), for screening essen-
tial genes. All these applications suggest puromycin selection is
a promising strategy for screening gene-edited cells in funda-
mental researches. Nevertheless, we must admit that the
cytotoxicity and integration of the resistance gene cassette may
be the major concerns for puromycin selection as well as other
antibiotic resistance-based selecting strategies, which remain
to be discussed.

Although we focused on enriching base-edited cells by
puromycin-resistant selection in this work, it is easy to adapt
our system to use fluorescent marker gene in order to enable
enrichment of endogenous base editing by fluorescence-
activated cell sorting. Indeed, a paralleled work by other re-
searchers was published lately, reporting a Gene On system
applied similar ACG > ATG strategy but just for improving
CBE editing efficiency only by fluorescence-activated cell
sorting sorting (34).

Notably, we conducted the experiments with three-plasmid
transfection (the reporter, the Cas9-deaminase expression
vector, and the separate sgRNA expression vector) for the
convenience in the current study for comparing different BEs
at different target sites, and in theory it does not seem to
guarantee that base editing occurred at the desired genomic
locus, since the reporter only labels cells in which the reporter
and the Cas9-deaminase are present. However, it is usually
assumed that cotransfection of mammalian cells with multiple
plasmids could be achieved in a constant proportion (24, 46).
And what’s more, our results did demonstrate that the reporter
improved the editing efficiency of the target genomic locus in
the puromycin-selected cells. Nevertheless, further application
of the reporter by combing the Cas9-deaminase and intent
target sgRNA in a single plasmid (Fig. 2E) may guarantee the
editing events at desired genomic locus.

Recently, a dual adenine and cytosine BE (A&C-BEmax) had
been developed by fusing both deaminases to the Cas9 D10A
(47). Simultaneous C-to-T and A-to-G conversions in a same
target sequence could be achieved by A&C-BEmax, but the
efficiency remains to be improved. We look forward to
incorporation of our ACBE-ARSR into the A&C-BEmax in the
subsequent investigation. We believe that ACBE-ARSR as a
novel universal reporter will accelerate the development of
new versions of BE and facilitate the application of CBE and
ABE in biomedical and fundamental researches.
Experimental procedures

Construction of the RoT vector

Unless otherwise noted, PCR for molecular cloning were
performed using Prime STAR Max (TAKARA). All restriction
J. Biol. Chem. (2022) 298(7) 102103 9



Figure 5. Enhanced simultaneous base editing of multiple sites using ACBE-ARSR. A, plasmid map of sgRNA vector that contains the multiple cloning
site (MCS) allowing the insertion of multiple sgRNA expression cassettes that is driven by separate U6 promoters (orange arrows). B, analysis of base-editing
efficiency at EMX1 and Site2 in HEK293T cells isolated using ACBE-ARSR or RoT-based enrichment strategies. C, analysis of base-editing efficiency at EMX1,
Site2, and Site1 in HEK293T cells isolated using ACBE-ARSR or RoT-based enrichment strategies. *p < 0.05, **p < 0.01, ***p < 0.001, n = 3. ACBE-ARSR,
Adenine and Cytosine Base-Editing Antibiotic Resistance Screening Reporter; RoT, reporter of transfection.

ACBE-ARSR: a universal reporter for ABE & CBE
enzyme (TAKARA) digestions were performed according to
the manufacturer’s instructions. Ligation reactions were per-
formed with T4 DNA Ligase (Servicebio) at 25 �C for 30 min
according to the manufacturer’s instruction. All PCR primers
and oligonucleotides were synthesized by TSINGKE. All PCR
products and intermediate plasmid products were sequenced
confirmed via Sanger sequencing (TSINGKE).

The PuroR-T2A-eGFP expression cassette was amplified
using primer CMV-F NcoI and GFP-R XbaI from plasmid
pRS426-CMV-Puro-T2A-eGFP-polyA (42) and cloned into a
NHEJ-based reporter plasmid in our lab (unpublished data)
between NcoI and XbaI, generating pPuroR-T2A-eGFP.
Primers were designed with desired base changes, then three
mutated bases were introduced into PuroR gene by overlap
PCR, and the resulting PCR products were inserted into the
NcoI/AgeI sites of the vector pPuroR-T2A-eGFP giving rise to
pmPuroR-T2A-eGFP vector.

Construction of the ARSR vectors

To construct universal screening reporter vectors, named
CBE-ARSR-1 × ACG, CBE-ARSR-2 × ACG, and ABCE-ARSR,
respectively, four main steps had to be completed. First, we
constructed pmPuroR_NGG-T2A-eGFP vector by overlap-
extension PCR introducing a point mutation to generate a
PAM sequence (AGG) for spCas9. Second, modified the
start codon of PuroR gene, generating p(ACG)PuroR_NGG-
T2A-eGFP, p(ACGACG)PuroR_NGG-T2A-eGFP, and
p(ATAACG)PuroR_NGG-T2A-eGFP. Third, the sgRNA
10 J. Biol. Chem. (2022) 298(7) 102103
sequences corresponding to the modified three PuroR se-
quences described previously were annealed into the pX330-
U6-Chimeric_BB-CBh-hSpCas9 vector (#42230; Addgene)
between BsaI, generating the sgRNA expression vectors
p(ACG)sgRNA, p(ACGACG)sgRNA, and p (ATAACG)
sgRNA, individually. Fourth, sgRNA expression cassettes were
amplified from three sgRNA expression vectors and inserted
into the corresponding vectors of the second step, respec-
tively, generating the final vectors CBE-ARSR-1 × ACG, CBE-
ARSR-2 × ACG, and ABCE-ARSR.

The 3 × Flag expression cassette was amplified using primer
Flag-F and Flag-R from plasmid pX330-U6-Chimeric_BB-
CBh-hSpCas9. The vectors 1 × ACG-3 × Flag, 2 × ACG-
3 × Flag, and ABCE-ARSR-3 × Flag were constructed using
homologous recombination kit (Vazyme, C112-01).

All primers used for constructing the transient transfection
screening vector and the universal screening reporter vectors
were listed in Table S1.

Construction of the sgRNA expression vectors

The Cas9 gene in pX330-U6-Chimeric_BB-CBh-hSpCas9
plasmid was replaced by a multiple cloning site sequence
containing XbaI, HindIII, SpeI, EcoRI, and SacI enzyme sites
using primer annealing method. We constructed six single-
locus targeting plasmids and named them sgEMX1,
sgWRNIP1, sgAPOE, sgSite1, sgSite2, and sgSite3. Double-
loci–targeting plasmids were based on single-locus–targeting
plasmids. In brief, fragment U6-Site1 was amplified from
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sgSite1 using primer U6-F XbaI and scaffold-R HindIII and
was inserted into the XbaI and HindIII sites of sgEMX1
plasmid, generating the vector sgEMX1-Site. The triple-loci–
targeting plasmids were constructed by similar method.
Primers and pairs of oligonucleotides corresponding to the
target gene locus were listed in Table S2, and all sgRNA
expressing vectors were confirmed by Sanger sequencing.

Cell culture and transfection

HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 10% (v/v) fetal bovine
serum (Gibco) and 1% 100 × penicillin–streptomycin (Gibco)
in a 37 �C humidified atmosphere with 5% CO2 incubation.
Cells were plated in 24-well plates and were transfected with
600 ng plasmids (200 ng reporter, 200 ng sgRNA, and 200 ng
BE) per well when cells confluency reached 70% to 80%. The
transfection assays were conducted using Lipofectamine TM
3000 Reagent (Invitrogen) according to protocol strictly. Each
group was performed three times for obtaining accurate
results.

Puromycin selection

Forty-eight hours after transfection, 3 μg/ml puromycin
(Invitrogen) was added to the culture medium and maintained
for 72 h. During this period, the medium containing puro-
mycin was changed every day. Then, the culture medium
containing puromycin was removed, and the surviving cells
were cultured sequentially until the cell confluency reached
90% for subsequent genome detection.

Determination of cell viability

Cell viability was monitored with CCK8 kit (CCK8,
Dojindo) following the producer’s suggestion. HEK293T cells
were transfected with plasmids, and 48 h later, cells were
digested, and 5 × 103 cells were seeded in a 96-well culture
plates. Three replicate wells were set for each group. Once
adherent, the cells were treated with puromycin (final con-
centration to 3 μg/ml) and the timepoint is defined as 0 h. Ten
microliters CCK8 solution was added to each well at 0 h, 24 h,
48 h, 72 h, and 96 h, respectively, and incubated at 37 �C for
2 h, then the absorbance was measured at 450 nm with a
microplate reader. In order to calculate relative cell viability,
the untransfected group without puromycin treatment was
used as the control. The following formula was used:

Relative cell viability (%) = [(Atreatment-Ablank)]/[Acontrol-
Ablank)] × 100%.

Western blot analysis

Proteins were extracted 48 h after the transfection. Protein
samples were resolved by electrophoresis in a 12% SDS-PAGE
gel (Genscript; M00667) and were transferred to a poly-
vinylidene difluoride membrane in transfer buffer (Genscript;
M00139) using a wet procedure at 300 mA for 1 h. Followed by
blocking with 5% nonfat milk dissolved in TBST buffer
(20 mM Tris-HCl, 150 mM NaCl, 0.05% (v/v) Tween 20) at
room temperature (RT) for 1 h, the membranes were probed
with anti–Flag-Tag mouse monoclonal antibody (1:2000,
CWBIO, CW0287) and anti–β-tubulin mouse monoclonal
antibody (1:2000, CWBIO, CW0098) overnight at 4 �C. The
membrane was washed for 10 min with TBST buffer on an
orbital shaker for three times and then incubated with goat
antimouse secondary antibody (1:2000, CWBIO, CW0102S) at
RT for 1 h and washed with TBST as described previously.
Proteins were detected with ECL Western horseradish
peroxidase substrate (Advansta) on a chemiluminescent gel
imaging system (MicroChemi, DNR). EasySee Western Marker
(Transgen; DM201-01) was used as molecular weight marker.

Quantification of base-editing efficiency

Genomic DNA was extracted from mixed pool of HEK293T
cells using Genomic DNA Kit (TIANGEN). PCR was per-
formed using 200 ng genomic DNA as the template in a 50 μl
master mix containing of Prime STAR Max DNA Polymerase
(TAKARA), 1 μM forward primer, and 1 μM reverse primer.
PCR was performed using the following conditions: 95 �C for
3 min, followed by 35 cycles at 98 �C for 15 s, 58 �C for 15 s,
and 72 �C for 10 s, followed by a final 5 min 72 �C extension.
All PCR products were confirmed and purified by 1% agarose
gel prior to Sanger sequencing. Base editing efficiencies were
analyzed from Sanger sequencing traces using BEAT (48).
Primers for amplification of the six target genes (EMX1,
WRNIP1, APOE, Site1, Site2, and Site3) were listed in
Table S3.

Next-generation sequencing of PCR amplicons

For deep sequencing, genomic DNA was used as the tem-
plate. PCR was performed to amplify different target locus with
primers with distinguishable barcodes. The PCR products
were column purified using the PCR purification kit and
amplicons were sequenced on an Illumina MiSeq by Sangon
Biotech. The primers used for deep sequencing were listed in
Table S4.

Statistical analysis

Experiments were independently replicated a minimum of
three times, and data were displayed as mean ± SD. t Test was
used to compare two groups of independent samples. Multiple
comparisons were performed with one-way ANOVA and post
hoc Tukey-test. p Value less than 0.05 was considered statis-
tically significant.

Data availability

All data in this study are available within the article, sup-
porting information, and/or from the corresponding author on
reasonable request.
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