
Original Article
Reconstructed glycosylase base editors
GBE2.0 with enhanced C-to-G base
editing efficiency and purity
Naxin Sun,1,2,4 Dongdong Zhao,1,2,4 Siwei Li,1,2 Ziteng Zhang,1,3 Changhao Bi,1,2 and Xueli Zhang1,2

1Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences, Tianjin 300000, China; 2Key Laboratory of Systems Microbial Biotechnology, Chinese

Academy of Sciences, Tianjin 300000, China; 3College of Life Science, Naikai University, Tianjin 300000, China
Received 11 June 2021; accepted 31 March 2022;
https://doi.org/10.1016/j.ymthe.2022.03.023.
4These authors contributed equally

Correspondence: Changhao Bi, Tianjin Institute of Industrial Biotechnology,
Chinese Academy of Sciences, Tianjin 300000, China.
E-mail: bi_ch@tib.cas.cn
Correspondence: Xueli Zhang, Tianjin Institute of Industrial Biotechnology,
Chinese Academy of Sciences, Tianjin 300000, China.
E-mail: zhang_xl@tib.cas.cn
Base editing techniques were developed for precise base conver-
sion on cellular genomic DNA, which has great potential for
the treatment of human genetic diseases. The glycosylase base
editor (GBE) recently developed in our lab was used to perform
C-to-G transversions in mammalian cells. To improve the
application prospects of GBE, it is necessary to further increase
its performance. With this aim, we replaced the human Ung in
GBE with Ung1 from Saccharomyces cerevisiae. The resulting
editor APOBEC-nCas9-Ung1 was tested at 17 chromosomal
loci and was found to have an increased C-to-G editing effi-
ciency ranging from 2.63% to 52.3%, with an average of
23.48%, which was a significant improvement over GBE, with
an average efficiency of 15.54%, but with a decreased purity.
For further improvement, we constructed APOBEC(R33A)-
nCas9-Rad51-Ung1 with two beneficial modifications adapted
from previous reports. This base editor was able to achieve even
higher editing efficiency ranging from 8.70% to 72.1%, aver-
aging 30.88%, while also exhibiting high C-to-G purity ranging
from 35.57% to 92.92%, and was designated GBE2.0. GBE2.0
provides high C-to-G editing efficiency and purity in mamma-
lian cells, making it a powerful genetic tool for scientific
research or potential genetic therapies for disease-causing
G/C mutations.

INTRODUCTION
The CRISPR-Cas9 system can recognize target sequences at single
nucleotide resolution, and has been adapted to develop powerful
genome-editing techniques.1–6 Subsequently, base editor techniques
were developed for precise cytosine (C) to thymine (T) and adenine
(A) to guanine (G) base editing (CBE and ABE, respectively) without
the use of a donor DNA template.7–9 In 2020, our group and the
Joung group developed a similar base editor complex comprising
Cas9 nickase (nCas9), apolipoprotein B mRNA editing enzyme, cat-
alytic polypeptide-like (APOBEC) and uracil DNA glycosylase (Ung).
These complexes perform a series of enzymatic functions, including
specifically binding to target DNA, cleaving the amine group from
cytosine, and excising the resulting uracil to create an apurinic/apyr-
imidinic (AP) site. Relatively specific C-to-G base conversion was ob-
tained by cellular DNA repair of the AP site.10,11 The glycosylase base
editor (GBE) is the first base editor that can perform specific C-to-G
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transversion in mammalian cells with high purity and a narrow edit-
ing window, which offers hope for the treatment of human genetic
diseases caused bymore than 3,000 known C/G single-nucleotide var-
iants (SNVs).9

Following years of intensive development, generations of CBE and
ABE editors were constructed and improved, enabling efficient spe-
cific C-to-T and A-to-G conversion.12–16 Compared with these
more mature systems, the performance of GBE still has room for
improvement. For example, the editing efficiency of GBE is generally
lower than that of ABE and CBE. In our work,10 the editing efficiency
of GBE at 30 tested loci varied from 5.3% to 53%, and in the work of
Joung et al.,11 the editing efficiency of CGBE1 at 25 tested sites ranged
from 4% to 68%. To improve the application prospects of GBE, it is
crucial to improve the performance of this technique. In this work,
we reconstructed the glycosylase base editor to obtain better GBE
editors.
RESULTS
Ung1 from Saccharomyces cerevisiae improved GBE editing

efficiency

Ung is a key component of the GBE complex, and it can excise uracils
from the DNA single strand to create AP sites. The relatively specific
C-to-G base conversion is obtained by cellular DNA repair of the AP
site.10,11 Thus, we speculated that different Ung homologs may affect
the C-to-G transversion base editing outcomes of GBE, and the enzy-
matic activity of Ung was positively correlated with the C-to-G edit-
ing efficiency of GBE. Previous studies indicated that the differences
in C-to-G editing efficiency may be related to the enzymatic activities
of Ung orthologs from different species,11,17,18 and an Ung with
higher enzymatic activity may be helpful to increase the performance
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of GBE. Ung with higher enzymatic activity could remove more ura-
cils and create more AP sites, ultimately resulting in an increase in
C-to-G conversion efficiency. Therefore, it is necessary to screen
the Ung domains from different organisms to obtain better GBE
editors.

To improve the performance of GBE, we replaced human Ung in GBE
with a few other Ung orthologs, such as cgUng from Corynebacterium
glutamicum and Ung1 from S. cerevisiae. The C-to-G base
editing efficiencies of different GBEs (APOBEC-nCas9-Ung,
APOBEC-nCas9-cgUng, APOBEC-nCas9-Ung1) from 5 chromo-
somal loci in HEK293T cells are shown in Figure 1A. Compared with
APOBEC-nCas9-Ung, the APOBEC-nCas9-cgUng editor exhibited a
significant reduction in C-to-G base editing efficiency at 2 out of 5 tar-
geted sites (HIRA-2,HEK3) and a significant increase inC-to-Gbase ed-
iting efficiency at 2 out of 5 targeted sites (EMX1-site6, FANCY-site4)
(p < 0.01). In contrast, the C-to-G base editing efficiency of
APOBEC-nCas9-Ung1 was significantly higher than that of
APOBEC-nCas9-Ung at 4 out of 5 targeted sites (p < 0.01). Thus, to
improve theC-to-Gbase editing efficiencyofGBE,we replaced the orig-
inal Ung in APOBEC-nCas9-Ung with Ung1 from S. cerevisiae to
obtain APOBEC-nCas9-Ung1. To explore the editing window of
APOBEC-nCas9-Ung1, we selected 12 loci (6 gRNA for non-C6 sites
and6 forC6sites) for editing inHEK293Tcells.TheC-to-Gbase editing
efficiencies of APOBEC-nCas9-Ung and APOBEC-nCas9-Ung1 are
shown in Figures 1B and 1C. The experimental data confirmed that
low C-to-G base editing was observed at the C5 and C7 positions
with both editors, in addition to the high editing efficiency at the C6 po-
sitions. Since the average efficiency of APOBEC-nCas9-Ung1 at C6was
nearly 3.5- and 7.5-fold higher than that at the C5 and C7 positions,
respectively, we considered C6 to be the major editing window.

Next, base editing was performed with the parent editor, APOBEC-
nCas9-Ung, and APOBEC-nCas9-Ung1 at the C6 sites from 17
chromosomal loci in HEK293T cells to compare their
editing efficiency (Figures 1D and S1). GBE mainly edited the C6
position of the protospacers, and the C6 base editing efficiency of
APOBEC-nCas9-Ung1 at 12 loci was significantly improved
compared with that of APOBEC-nCas9-Ung. Specifically, the
C-to-G editing efficiency of APOBEC-nCas9-Ung1 at the loci
RP11-177B4-1, PSMB2-1, RP1-97D16, HIRA-1, RP11-177B4-3,
RP11-399K21-2, RP11-582C12-2, FANCF-site4, EMX1-site7,
DNMT3B-OTS1, PPP1R12C-site3, and RP11-399K21-1 was signifi-
cantly higher than that of APOBEC-nCas9-Ung (p < 0.01), while
the base editing efficiency of APOBEC-nCas9-Ung1 at 2 loci
(VISTA hs267, HIRA-2) was significantly lower than that of
APOBEC-nCas9-Ung (p < 0.01), and there was no significant differ-
ence at 3 loci (RNF2, VEGFA, FANCY).

Among the 17 tested loci, the editing efficiency of APOBEC-nCas9-
Ung1 was generally 2–3 times that of APOBEC-nCas9-Ung at some
loci, such as RP11-177B4-1, PSMB2-1, HIRA-1, and RP11-177B4-3
(Figure 1D). For instance, the C-to-G base editing efficiency of
APOBEC-nCas9-Ung1 was nearly double that of APOBEC-nCas9-
Ung at RP11-177B4-1 (an increase from 26.80% to 52.30%),
PSMB2-1 (an increase from 25.73% to 43.90%), and RP11-177B4-3
(an increase from 14.00% to 24.90%). Moreover, the C-to-G base ed-
iting efficiency of APOBEC-nCas9-Ung1 at HIRA-1 was almost 3
times that of APOBEC-nCas9-Ung (increase from 10.00% to
29.90%). In addition, the C-to-G base editing efficiency of
APOBEC-nCas9-Ung1 reached a satisfactory level of approximately
20% at 3 loci, FANCF-site4, EMX1-site7, and DNMT3B-OTS1, while
that of APOBEC-nCas9-Ung was less than 4%.

To obtain a comprehensive overview of the editing efficiency of
APOBEC-nCas9-Ung1, the average base editing efficiencies of
APOBEC-nCas9-Ung and APOBEC-nCas9-Ung1 at 18 positions
of protospacers (C2, C3, C4, C6, C7, C8, C9, C10, C11, C12, C13,
C14, C15, C16, C17, C18, C19, and C20) from the 17 tested loci
were calculated and analyzed. We found that APOBEC-nCas9-
Ung1 mainly edited at the C6 position, similar to APOBEC-
nCas9-Ung. Nevertheless, the average C-to-G base editing efficiency
of APOBEC-nCas9-Ung1 at the C6 position was improved from
15.54% to 23.48%, with the change of Ung to Ung1, which was an
increase of 51.14% (Figures 1E and 1F). The low editing efficiency
at positions C4 and C8 by APOBEC-nCas9-Ung was also increased
to 5.08% and 4.24%, respectively, with APOBEC-nCas9-Ung1.

One problem we observed with APOBEC-nCas9-Ung1 was that the
average efficiency of the noncanonical base conversions was also
increased along with the C-to-G conversion. Both C-to-A and
C-to-T conversions at C3, C4, C6, and C8 were increased, which
caused a decrease in C-to-G purity (Figures 1E and 1F). The data re-
vealed that APOBEC-nCas9-Ung1 nonspecifically increased the inci-
dence of base conversions of all types, which suggested that the reason
for the increased editing efficiency of the APOBEC-nCas9-Ung1 ed-
itor could be the improved glycosylase activity of the complex. Our
next aim was to improve the C-to-G base editing efficiency at the
C6 position while also increasing the C-to-G purity.

APOBEC(R33A)-nCas9-Rad51-Ung1 achieved higher GBE

editing efficiency

TheR33Amutation of APOBEC1was first reported by the Joung group
to reduce the transcriptome-wide off-target RNA editing of CBE,19 and
then they introduced it to CGBEs.11 The results indicated that the
APOBEC1 R33A variant could alter the activity of cytidine deaminase,
resulting in increased C-to-G conversion efficiency of CGBEs, but the
mechanism was unclear. In 2020, the Li group20 enhanced the editing
efficiency of CBE by fusing a single-stranded DNA-binding domain
(ssDBD) from Rad51. Rad51 is a critical protein involved in DNA
repair, which may increase the affinity between the nucleotide deami-
nase and single-strand DNA (ssDNA) substrate, resulting in the
increased editing efficiency of CBE. We hypothesized that fusing
Rad51 to GBE may increase the affinity of uracil DNA glycosylase for
uracil and ultimately alter the C-to-G transversion outcomes of GBE.

To further improve the C-to-G base editing efficiency and decrease the
unexpected C-to-T and C-to-A conversions of APOBEC-nCas9-Ung1,
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Figure 1. Base editing with different GBEs in HEK293T cells

(A) The C-to-G base editing efficiency of GBEs with different Ung homologs. (B) The average C-to-G base editing efficiency of APOBEC-nCas9-Ung and APOBEC-nCas9-

Ung1 at 20 positions of protospacers from 12 loci (6 gRNA for non-C6 sites and 6 for C6 sites). (C) The C-to-G base editing efficiency of APOBEC-nCas9-Ung and APOBEC-

nCas9-Ung1 at the C3–C8 position from 12 loci (6 gRNA for non-C6 sites and 6 for C6 sites). (D) The C-to-G base editing efficiency of APOBEC-nCas9-Ung and APOBEC-

nCas9-Ung1 at the C6 position of 17 loci. (E) The average base editing (C-to-A, C-to-T, and C-to-G) efficiency of APOBEC-nCas9-Ung at 18 positions of protospacers from

17 loci (gRNA for C6 sites). (F) The average base editing (C-to-A, C-to-T, and C-to-G) efficiency of APOBEC-nCas9-Ung1 at 18 positions of protospacers from 17 loci (gRNA

for C6 sites). **p < 0.01 was considered statistically significant. The bars represent the average editing efficiency, and error bars represent the SD of 3 independent biological

replicates.
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we constructed the APOBEC(R33A)-nCas9-Rad51-Ung1 editor from
APOBEC-nCas9-Ung1 by incorporating two reported beneficial mod-
ifications.19,20 To explore the editing window of APOBEC(R33A)-
2454 Molecular Therapy Vol. 30 No 7 July 2022
nCas9-Rad51-Ung1, we selected 12 loci (6 gRNA for non-C6 sites
and6 forC6 sites) for editing inHEK293Tcells. TheC-to-Gbase editing
efficiency is shown in Figures 2A and 2B. The experimental data



Figure 2. Base editing with APOBEC-nCas9-Ung1 and APOBEC(R33A)-nCas9-Rad51-Ung1 in HEK293T cells

(A) The average C-to-G base editing efficiency of APOBEC-nCas9-Ung1 and APOBEC(R33A)-nCas9-Rad51-Ung1 at 20 positions of protospacers from 12 loci (6 gRNA for

non-C6 sites and 6 for C6 sites). (B) The C-to-G base editing efficiency of APOBEC-nCas9-Ung1 and APOBEC(R33A)-nCas9-Rad51-Ung1 at the C3–C8 position from 12

loci (6 gRNA for non-C6 sites and 6 for C6 sites). (C) The C-to-G base editing efficiency of APOBEC-nCas9-Ung1 and APOBEC(R33A)-nCas9-Rad51-Ung1 at the C6 po-

sition of 17 loci (gRNA for C6 sites). (D) The average base editing (C-to-A, C-to-T, and C-to-G) efficiency of APOBEC(R33A)-nCas9-Rad51-Ung1 at 18 positions of proto-

spacers from 17 loci (gRNA for C6 sites). **p < 0.01 was considered statistically significant. The bars represent the average editing efficiency, and error bars represent the SD

of 3 independent biological replicates.
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confirmed that similar to APOBEC-nCas9-Ung and APOBEC-nCas9-
Ung1, the C5 and C7 positions of protospacers were edited by
APOBEC(R33A)-nCas9-Rad51-Ung1 with low efficiency, and the
APOBEC(R33A)-nCas9-Rad51-Ung1 editor had even lower C-to-G
base editing at the C8 position of protospacers. Since the average effi-
ciency of APOBEC(R33A)-nCas9-Rad51-Ung1 at C6 was almost 3-,
5-, and 7-fold higher than that at the C5, C7, and C8 positions, respec-
tively, we considered C6 to be the major editing window.

Next, base editing was performed with APOBEC-nCas9-Ung1 and
APOBEC(R33A)-nCas9-Rad51-Ung1 at the C6 position of 17 chro-
mosomal loci in HEK293T cells to compare their editing efficiency
(Figures 2C and S2). The C-to-G editing efficiency of
APOBEC(R33A)-nCas9-Rad51-Ung1 at 10 loci, VISTA hs267,
RNF2, RP1-97D16, RP11-177B4-3, RP11-582C12-2, HIRA-1,
PPP1R12C-site3, FANCY, HIRA-2, and VEGFA, was significantly
higher than that of APOBEC-nCas9-Ung1 (p < 0.01), while the effi-
ciency at 2 loci, FANCF-site4 and EMX1-site7, was significantly lower
than that of APOBEC-nCas9-Ung1 (p < 0.01). There was no signifi-
cant difference at 5 loci, RP11-177B4-1, PSMB2-1, RP11-399K21-2,
DNMT3B-OTS1, and RP11-399K21-1. The C-to-G base editing effi-
ciency of APOBEC(R33A)-nCas9-Rad51-Ung1 ranged from
8.70%–72.10%, while that of APOBEC-nCas9-Ung1 ranged from
2.63% to 52.3%. Among the 17 loci, the C-to-G base editing efficiency
was approximately 1.5 times higher at the VISTA hs267 (from 47.23%
to 72.10%), RP1-97D16 (from 33.07% to 50.07%), RP11-177B4-3
(from 24.90% to 39.43%), RP11-582C12-2 (from 22.87% to 33.07%)
and PPP1R12C-site3 (from 14.00% to 23.53%) loci. Compared with
that of APOBEC-nCas9-Ung1, the C-to-G base editing efficiency of
APOBEC(R33A)-nCas9-Rad51-Ung1 was nearly twice that of
RNF2 (increased from 25.40% to 50.23%) and triple that of HIRA-2
(increased from 5.53% to 16.27%) and VEGFA (increased from
Molecular Therapy Vol. 30 No 7 July 2022 2455
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Figure 3. The C-to-G purity with APOBEC-nCas9-Ung, APOBEC-nCas9-Ung1, and GBE2.0 in HEK293T cells
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6.07% to 16.17%). In addition, the C-to-G base editing efficiency of
APOBEC(R33A)-nCas9-Rad51-Ung1 reached 22.90% at FANCY,
while the C-to-G base editing efficiency of APOBEC-nCas9-Ung1
at this locus was only 2.63%. Thus, the editing efficiency was generally
further increased with APOBEC(R33A)-nCas9-Rad51-Ung1, which
was designated GBE2.0.

To obtain a comprehensive overview of the editing efficiency of
GBE2.0, its average base editing efficiency at 18 positions
of protospacers from the 17 tested loci was calculated and analyzed
(Figure 2D). Similar to APOBEC-nCas9-Ung but unlike APOBEC-
nCas9-Ung1, the average C-to-A conversion efficiency of GBE2.0 at
the 18 positions of protospacers was very low (less than 2.6%), and
the major C-to-T base editing at the positions of C6 and C8 was
also limited to under 8.0%. GBE2.0 also mainly converted C-to-G
at the C6 position, with an average editing efficiency of 30.88%, which
was 31.50% and 98.75% higher than that of APOBEC-nCas9-Ung1
and APOBEC-nCas9-Ung, respectively. In addition, the C-to-G con-
2456 Molecular Therapy Vol. 30 No 7 July 2022
version of GBE2.0 at the C3, C4, and C13 positions decreased
compared with that of APOBEC-nCas9-Ung1.

APOBEC(R33A)-nCas9-Rad51-Ung1 achieved high C-to-G pu-

rity

The average C-to-G conversion purity at the C6 position of proto-
spacers from 17 loci using APOBEC-nCas9-Ung, APOBEC-nCas9-
Ung1, and GBE2.0 in HEK293T cells is illustrated in Figure 3. The
average C-to-G purities of the 3 base editors APOBEC-nCas9-Ung,
APOBEC-nCas9-Ung1, and GBE2.0 were 64.25%, 60.33%, and
73.44%, respectively. In other words, replacing Ung in APOBEC-
nCas9-Ung with Ung1 reduced the C-to-G purity of GBE, while the
reconstructed glycosylase base editor GBE2.0 achieved high C-to-G
conversion purity.

As shown in Figure 3, the C-to-G conversion purity from 17 loci of
APOBEC-nCas9-Ung, APOBEC-nCas9-Ung1, and GBE2.0 ranged
from 16.41% to 93.64%, 16.04% to 90.77%, and 35.57% to 93.92%,



Figure 4. C-to-G base editing using APOBEC-nCas9-Ung, APOBEC-nCas9-Ung1, and GBE2.0

(A) Use in HepG2 cells and (B) use in HeLa cells. **p < 0.01 was considered statistically significant. The bars represent the average editing efficiency, and error bars represent

the SD of 3 independent biological replicates.
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respectively. Among the 3 base editors, GBE2.0 edited the most loci,
with a purity of more than 80%, followed by APOBEC-nCas9-Ung
and APOBEC-nCas9-Ung1. Specifically, GBE2.0 edited 8 loci, with a
purity of more than 80%, while APOBEC-nCas9-Ung and APOBEC-
nCas9-Ung1 edited only 6 and 5 loci, respectively, with a purity of
more than 80%. Similarly, GBE2.0 edited the most loci, with a purity
of 60–80%, followed by APOBEC-nCas9-Ung (5 loci) and APOBEC-
nCas9-Ung1 (4 loci). In addition, the C-to-G purity of GBE2.0 was
lower than 60% at only 3 sites (PPP1R12C-site3, RP11-399K21-1, and
VEGFA), while that of APOBEC-nCas9-Ung and APOBEC-nCas9-
Ung1 was lower than 60% at 6 and 8 loci, respectively. In summary,
compared with APOBEC-nCas9-Ung and APOBEC-nCas9-Ung1,
the GBE2.0 editor achieved higher C-to-G purity.

Indel datawere obtainedbydeep sequencing. Seventeen lociwere tested,
and the observed average indel frequencies of APOBEC-nCas9-Ung,
APOBEC-nCas9-Ung1, and GBE2.0 were 0.15%, 0.83%, and 0.26%,
respectively (Figure S3). After replacing Ung in APOBEC-nCas9-Ung
with Ung1, the indel frequencies of the APOBEC-nCas9-Ung1 editor
were significantly increased (p< 0.01).Nevertheless, therewasno signif-
icant difference in the indel frequencies betweenGBE2.0 andAPOBEC-
nCas9-Ung (p > 0.01). These observations indicated that GBE2.0 did
not increase the indel frequencies of GBE.

To analyze the off-target editing frequencies of APOBEC-nCas9-Ung,
APOBEC-nCas9-Ung1, and GBE2.0, approximately 10 loci contain-
ing protospacer sequences most similar to RP11-177B4-1 and
PSMB2-1 were amplified by PCR and subjected to deep-sequence
analysis (Figure S4). The results showed that the editing rates of
APOBEC-nCas9-Ung and APOBEC-nCas9-Ung1 at these potential
off-target sites were lower than 0.4%, and the mutation rates of
GBE2.0 were also in the same range. Therefore, the off-target effects
of APOBEC-nCas9-Ung1 and GBE2.0 were comparable to those of
the original APOBEC-nCas9-Ung.
Base editing in other cell types

To test how APOBEC-nCas9-Ung, APOBEC-nCas9-Ung1, and
GBE2.0 performed in human cell lines other than HEK293T cells,
we assayed the ability of these editors to edit 7 target loci (guide
RNA [gRNA] for C6 sites) in HepG2 and HeLa cells (Figure 4).
The target loci could be edited by APOBEC-nCas9-Ung, APOBEC-
nCas9-Ung1 and GBE2.0 in both HepG2 and HeLa cells. In addition,
these 3 GBE editors showed different C-to-G editing efficiency in
HepG2 and HeLa cells. Specifically, the C-to-G editing efficiency of
APOBEC-nCas9-Ung, APOBEC-nCas9-Ung1, and GBE2.0 in
HepG2 cells ranged from 1.47% to 13.67%, with an average of
8.49%; from 5.23% to 29.47%, with an average of 13.85%; and from
13.83% to 41.23%, with an average of 25.33%. The C-to-G editing ef-
ficiency of APOBEC-nCas9-Ung, APOBEC-nCas9-Ung1, and
GBE2.0 in HeLa cells ranged from 2.07% to 22.35%, with an average
of 10.54%; from 7.93% to 34.83%, with an average of 21.18%; and
19.33% to 65.23%, with an average of 35.74%, respectively.

As illustrated in Figure 4, compared with APOBEC-nCas9-Ung, the
APOBEC-nCas9-Ung1 editor led to a significant increase in C-to-G
editing efficiency at 3 of 7 targeted sites (DNMT3B-OTS1, HIRA-1,
FANCF-site4) in HepG2 cells (p < 0.01), and 6 of 7 targeted sites
(DNMT3B-OTS1, HIRA-1, PPP1R12C-site3, FANCF-site4, RP11-
582C12-2, RNF2) in HeLa cells (p < 0.01). Nevertheless, the
GBE2.0 editor significantly improved the C-to-G editing efficiency
of all 7 targeted sites in HepG2 and HeLa cells (p < 0.01) compared
with APOBEC-nCas9-Ung. The above results indicated that the
APOBEC-nCas9-Ung1 and GBE2.0 editors could enhance the
C-to-G editing efficiency in both HepG2 and HeLa cells compared
with APOBEC-nCas9-Ung. Although the cell types were different,
the trend of efficiency increase was similar. The C-to-G editing effi-
ciency of APOBEC-nCas9-Ung1 for each tested site was higher than
that of APOBEC-nCas9-Ung, and GBE2.0 showed the highest C-to-
G editing efficiency across different cell types.
Molecular Therapy Vol. 30 No 7 July 2022 2457
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Figure 5. Comparison of GBE2.0 developed in this study with recently reported advanced GBEs

(A) The C-to-G base editing efficiency of GBE2.0 and CGBEs from 8 loci (gRNA for C6 sites). (B) The average C-to-G base editing efficiency of GBE2.0 and CGBEs from 8 loci

(gRNA for C6 sites). **p < 0.01 was considered statistically significant. The bars represent the average editing efficiency, and error bars represent the SD of 3 independent

biological replicates.
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Comparison of GBE2.0 with recently reported GBEs

In 2018, a patent by Liu and Koblan entitled “Cytosine to Guanine Base
Editing” first demonstrated the possibility of C-to-G editing using ura-
cil DNA glycosylase.21 In 2020 and 2021, 3 cytosine transversion base
editors were reported, including GBE constructed by our group,10

CGBE1 constructed by the Joung group,11 and rAPOBEC1-nCas9-
XRCC1 constructed by the Chew group.22 GBE and CGBE1 were de-
signed using the same strategy, comprising APOBEC, nCas9, and
Ung. The generation of AP sites by APOBEC and Ung, coupled with
nicking at the nonedited strand by nCas9, initiates DNA repair and
replication, and eventually leads to C-to-G base editing.23 In contrast
to the Ung-mediated base excision initiation strategy, Chew et al. fused
rAPOBEC1-nCas9 to XRCC1, a base excision repair protein, which
could recruit other BER proteins to repair DNA damage, also resulting
in cytosine transversion.22 The average editing efficiencies of GBE,
2458 Molecular Therapy Vol. 30 No 7 July 2022
CGBE1, and miniCGBE1 were reported to be 24.14%, 14.4%, and
13%, respectively,10,11 while the rAPOBEC1-nCas9-XRCC1 base editor
exhibited a 15.4% mean editing efficiency.22

Very recently, the Liu group used various fusion proteinswith functions
related toDNA repair to constructmultiple CGBEs with enhanced per-
formance.17 To evaluate the performance of GBE2.0, we compared its
editing performance with that of the 7 top CGBEs: EE-nCas9, UdgX-
EE-UdgX-nCas9-UdgX, RBMX-eA3A-UdgX-HF-nCas9, RBMX-
eA3A-UdgX-nCas9, POLD2-APOBEC1-UdgX-nCas9-UdgX, eA3A-
nCas9-NG, and UdgX-Anc689-UdgX-nCas9-RBMX developed by
Liu’s group17 from 8 loci in HEK293T cells. As illustrated in Figure 5A,
the C-to-G editing efficiencies of GBE2.0, EE-nCas9, UdgX-EE-UdgX-
nCas9-UdgX, RBMX-eA3A-UdgX-HF-nCas9, RBMX-eA3A-UdgX-
nCas9, POLD2-APOBEC1-UdgX-nCas9-UdgX, eA3A-nCas9-NG,



Figure 6. Correction of SNVs using GBE2.0. The bars represent the average

editing efficiency, and error bars represent the SD of 3 independent

biological replicates.
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andUdgX-Anc689-UdgX-nCas9-RBMXranged from5.47% to51.57%,
0.13% to 40.13%, 0% to 35.63%, 0% to 32.47%, 3.6% to 38.8%, 5.7% to
53.57%, 4.17% to 54.4%, and 0% to 37.93%, respectively.

We found that different target lociwere preferentially edited bydifferent
CGBEs. Specifically, at the EMX1-site6 and RP11-582C12-2 loci, the
C-to-G editing efficiency of GBE2.0 was significantly higher than that
of all of the other base editors (p < 0.01). At the RNF2 and loci, the
C-to-G editing efficiency of GBE2.0 was significantly higher than that
of EE-nCas9, UdgX-EE-UdgX-nCas9-UdgX, RBMX-eA3A-UdgX-
HF-nCas9, RBMX-eA3A-UdgX-nCas9, and UdgX-Anc689-UdgX-
nCas9-RBMX(p<0.01), but therewas no significant differencebetween
GBE2.0, POLD2-APOBEC1-UdgX-nCas9-UdgX, and eA3A-nCas9-
NG (p > 0.01). At the EMX1-site4 locus, the C-to-G editing efficiency
of GBE2.0 was significantly higher than that of UdgX-EE-UdgX-
nCas9-UdgX, RBMX-eA3A-UdgX-HF-nCas9 and UdgX-Anc689-
UdgX-nCas9-RBMX and lower than that of eA3A-nCas9-NG
(p < 0.01), but there was no significant difference between GBE2.0,
EE-nCas9, RBMX-eA3A-UdgX-nCas9, and POLD2-APOBEC1-
UdgX-nCas9-UdgX (p > 0.01). In addition, RBMX-eA3A-UdgX-
nCas9, EE-nCas9, POLD2-APOBEC1-UdgX-nCas9-UdgX, and
eA3A-nCas9-NG showed the highest C-to-G editing efficiency at
EMX1-site1, RP11-582C12-1,HIRA-1, and RP11-177B4-3, respectively.

The above observations suggested that the enhanced CGBE editors
and GBE2.0 exhibited different editing efficiencies across different
loci, and the GBE2.0 editor had the highest editing efficiency at a
portion of the loci (e.g., EMX1-site6, RP11-582C12-2) (Figure 5A).
Among these base editors, GBE2.0, POLD2-APOBEC1-UdgX-
nCas9-UdgX, and eA3A-nCas9-NG showed better editing efficiencies
than other CGBEs, and their average editing efficiencies were 28.01%,
29.59%, and 28.06%, respectively (Figure 5B). The results suggested
that the GBE2.0 editor showed high editing efficiency even among
the new generation of C-to-G base editors. Moreover, since GBE2.0
was constructed using different strategies from the enhanced
CGBEs from Liu’s group, the application of the preference of editing
loci may be different from that of the enhanced CGBEs.

Correction of disease-associated SNVs using GBE2.0

SNV data are retrieved from the ClinVar database. From the database,
we selected 14 point mutations that can be corrected by GBEs, mainly
the ones carrying C/G mutations at the C6 position of protospacer
with NGG protospacer adjacent motifs (PAMs). The protospacer se-
quences of disease-associated SNVs are listed in Table S3, and the
correction outcomes of C/G mutations related to human diseases us-
ing GBE2.0 are shown in Figure 6.

As illustrated in Figure 6, GBE2.0 enabled C-to-G editing at disease-
associated SNVs, and it corrected 5 SNVs to their wild-type coding
sequence at >40% editing efficiency. For example, the C-to-G SNV
in STK11 associated with Peutz-Jeghers syndrome (PJS),24 MEN1
associated with multiple endocrine neoplasia type 1,25,26 PRNP asso-
ciated with cerebral amyloid angiopathy,27 TP53 associated with Li-
Fraumeni syndrome,28,29 and FBLN5 associated with age-related
macular degeneration 3.30 In addition, GBE2.0 could correct some
recessive genetic diseases caused by C/G mutations, such as CYBB
associated with chronic granulomatous disease,31 MMUT associated
with methylmalonic acidemia,32 DOCK2 associated with immunode-
ficiency 40,33 andHADHA associated with long-chain 3-hydroxyacyl-
coenzyme A (CoA) dehydrogenase deficiency.34 Collectively, these
results revealed efficient correction of disease-related SNVs by
GBE2.0, and the GBE2.0 editor could be used for a candidate gene
therapy.

DISCUSSION
The uracil DNA glycosylase Ung, which excises the uracils from the
DNA single strand to create AP sites, is a key component of the GBE
complex. The relatively specific C-to-G base conversion is obtained
by cellular DNA repair of the AP sites.10,11 Previous studies have shown
that Ung from different homologs could affect the C-to-G
editing efficiency of GBEs.11,17,18 The Joung group11 replaced the
hUNG present in BE4max(R33A)DUGI-hUNG with a homologous
UNG from Escherichia coli (eUNG). The results revealed that the
C-to-G editing frequencies induced by BE4max(R33A)DUGI-eUNG
and eUNG-BE4max(R33A)DUGI were higher than that of
BE4max(R33A)DUGI-hUNG for 6 of 7 gRNAs tested in HEK293T
cells. Recently, the Liu17 group fused a variety of glycosylases (UNG,
UgdX, SMUG1, MBD4, and TDG) to the AC scaffold (bpNLS-APO-
BEC1-Cas9 D10A-bpNLS, similar to other reported CGBEs),10,11,22

and evaluated the C-to-G editing efficiency at 5 genomic loci in
HEK293T cells. The results showed that fusing UNG, SMUG1,
MBD4 and TDG to the AC scaffold did not enhance the C-to-G trans-
version efficiency. Nevertheless, fusion of a UNG ortholog fromMyco-
bacterium smegmatis (UdgX) was found to improve the editing yield
and product purity of C-to-G base editing. The Zuo group18 developed
4CGBEs (hUNG-CGBE, eUNG-CGBE,mUNG-CGBE, cUNG-CGBE)
by substituting the UGI of BE3 with UNGs from humans, E. coli, mice,
Molecular Therapy Vol. 30 No 7 July 2022 2459
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Figure 7. Schematics and potential mechanism of GBEs developed in this study

(A) Schematic of the APOBEC-nCas9-Ung, APOBEC-nCas9-Ung1, and GBE2.0 complexes. (B) Potential functional mechanism of GBE2.0.
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or Caenorhabditis elegans. They found that the C-to-G editing effi-
ciencies of eUNG-CGBE and cUNG-CGBE were much higher than
that of hUNG-CGBE for 34 endogenous sites in HEK293T cells. These
studies indicated that the differences in C-to-G editing efficiency were
related to the enzymatic activities of Ung orthologs from different spe-
cies, andUngswith higher enzymatic activitymay be helpful to increase
the performance of GBE.

In our work, we replaced Ung in GBE with Ung orthologs from Cory-
nebacterium glutamicum and S. cerevisiae and tested whether they
could improve the C-to-G editing efficiency of GBE. As a result,
APOBEC-nCas9-cgUng (cgUng from Corynebacterium glutamicum)
did not increase the C-to-G editing efficiency, while APOBEC-nCas9-
2460 Molecular Therapy Vol. 30 No 7 July 2022
Ung1 (Ung1 from S. cerevisiae) led to a significant improvement in
HEK293T cells. Thus, we replaced the original Ung in APOBEC-
nCas9-Ung with Ung1 from S. cerevisiae to obtain APOBEC-
nCas9-Ung1 for subsequent experiments (Figure 7A). The
APOBEC-nCas9-Ung1 editor could improve the C-to-G editing effi-
ciency, which may have been due to the improved uracil glycosylase
activity of the GBE complex. The enzymatic activity of Ung1 was
probably higher than that of Ung, so APOBEC-nCas9-Ung1 could re-
movemore uracils and create more AP sites, ultimately resulting in an
increase in C-to-G conversion efficiency. As a result, the APOBEC-
nCas9-Ung1 editor also nonspecifically increased the frequency of
base conversions of all types (C-to-T, C-to-A, and C-to-G) and
decreased the C-to-G product purity of GBE. In addition, the editing
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efficiency at the base positions of the whole editing window was
generally improved. These facts may also serve as indirect proof
that the increased editing efficiency may be due to increased Ung1
activity.

To further improve the C-to-G base editing efficiency while also
increasing the C-to-G purity of APOBEC-nCas9-Ung1, we con-
structed APOBEC(R33A)-nCas9-Rad51-Ung1 with two reported
beneficialmodifications (Figure 7A). Previously, the Joung group indi-
cated that the R33A mutation of APOBEC1 could reduce the tran-
scriptome-wide off-target RNA editing of CBE,19 after which they
introduced the R33A variant to CGBEs. The results showed that the
APOBEC1 R33A variant may alter the activity of cytidine deaminase,
resulting in increased C-to-G conversion efficiency, but the mecha-
nism was unclear.11 Similarly, the introduction of APOBEC(R33A)
increased the C-to-G editing efficiency of APOBEC(R33A)-nCas9-
Rad51-Ung1 in our study. In 2020, the Li group20 reported that the
single-stranded DNA-binding domain (ssDBD) fromRad51, a critical
protein involved in DNA repair, could dramatically enhance the edit-
ing efficiency of CBE. The reason for the enhancement may be that
Rad51 could increase the affinity between the nucleotide deaminase
and the ssDNA substrate. Thus, we hypothesized that fusing Rad51
to GBE may increase the affinity of uracil-DNA glycosylase for uracil
and ultimately alter the C-to-G transversion outcomes of GBE. In view
of this, we combined all of the beneficial traits and constructed
APOBEC(R33A)-nCas9-Rad51-Ung1, which was designated
GBE2.0. The results showed that the GBE2.0 editor developed in
this study could convert C-to-G with high efficiency and high product
purity. In addition, APOBEC-nCas9-Ung, APOBEC-nCas9-Ung1,
and GBE2.0 mainly edited the C6 position of protospacers. However,
GBE2.0 could not only edit the C5 and C7 positions of protospacers
with low efficiency but also the C8 position with even lower efficiency.
This was probably due to Rad51 functioning as a long linker sequence
in addition to ssDNA binding (Figure 7B).20

GBE2.0 provides high C-to-G editing efficiency and purity in
mammalian cells, which makes it a powerful genetic tool for scientific
research or potential genetic therapies for human diseases caused by
G/C mutations.

MATERIALS AND METHODS
Plasmid construction

Plasmids APOBEC-nCas9-Ung1 and APOBEC(R33A)-nCas9-
Rad51-Ung1 were assembled with the Golden Gate method.35 PCR
primers for Golden Gate assembly were designed with the J5 Device
Editor.36 The backbones of APOBEC-nCas9-Ung1 and
APOBEC(R33A)-nCas9-Rad51-Ung1 were PCR amplified from
APOBEC-nCas9-Ung. Ung1 used in S. cerevisiae was synthesized
(GenScript, China). The R33A residue was reintroduced via PCR dur-
ing its generation. Rad51 was PCR amplified from hyBE4max.20 The
gRNA expression plasmids were assembled with the Golden Gate
method, with the protospacer sequence embedded in the primers,
and RNF2 sgRNA expression plasmids7 were used as the template.
All of the DNA templates were PCR amplified with Phusion DNA po-
lymerase (NEB, USA). PCR products were gel purified, digested with
DpnI restriction enzyme (NEB, USA), and assembled with the Golden
Gate assembly method. The protospacer sequences and associated
primers used in this study are listed in Table S1.

Cell culture and transfection

HEK293T,HepG2, andHeLa cells (fromATCC)were cultivated inDul-
becco’smodified Eagle’smedium (DMEM) supplemented with 10% (v/
v) fetal bovine serum (FBS) at 37�Cunder 5%CO2.Cell transfectionwas
performed according to the method used by Zhang et al.10 Briefly, cells
were seeded in 24-well plates (Corning, USA) for approximately 24 h
and transfected at approximately 40% confluency. Then, 600 ng Cas9
plasmid and 300 ng single-guide RNA (sgRNA)-expressing plasmid
were cotransfected. Twenty-four hours after transfection, the medium
was replaced with new medium containing puromycin (Merck, USA).
Finally, genomic DNA was extracted from the cells using the
QuickExtract DNA Extraction Solution (Epicentre, USA).

High-throughput sequencing of genomic DNA samples and data

analysis

The high-throughput DNA sequencing of genomic DNA samples and
data analysis were performed according to the method used by Zhang
et al.10 Briefly, the next-generation sequencing library preparations
were constructed according to the manufacturer’s protocol (VAHTS
Universal DNA Library Prep Kit for Illumina). For each sample, the li-
brary was directly prepared with purified PCR fragments (>50 ng). The
PCR reaction was performed at 95�C for 3min, 30 cycles at 95�C for 30
s, 55�C for 30 s, 72�C for 10 s, and a final extension at 72�C for 5 min.
Then, librarieswith different indicesweremultiplexed and loaded on an
Illumina HiSeq instrument according to the manufacturer’s instruc-
tions. Base substitution frequencies were calculated according to the
method used by the Bae group.37 The C-to-G purity was calculated as
C-to-G editing efficiency/(C-to-T editing efficiency + C-to-A editing
efficiency+C-to-Gediting efficiency). Indel frequencieswere calculated
according to themethodusedbyZhang et al,10with somemodifications.
We required R1/1,000 of the total reads for calculating indel fre-
quencies. Library members not meeting this condition were filtered.

Selection of DNA off-target sites

The DNA off-target sites of selected target loci were analyzed by Cas-
OFFinder,38 and approximately 10 loci containing the most similar
sequences of selected target loci were chosen as predicted off-target
sites. The off-target sites and associated primers are listed in Table S2.

Generation of the SNV cell library

The generation of the SNV cell library was performed according to a
previous method of our laboratory,39 with some minor modifications.
First, the SNV target sequences was synthesized, amplified, and
cloned into the lentiviral vector lentiGuide-Puro (Addgene cat. no.
52963) using the Golden Gate assembly.35 Second, lentivirus was pro-
duced by co-transfection of 3 transfection plasmids, including lenti-
Guide-Puro carrying SNV target sequences, psPAX2, and pMD2.G.
Then HEK293T cells were infected with lentivirus to select cells
with stably integrated lentivirus. Finally, the integrated cells were
Molecular Therapy Vol. 30 No 7 July 2022 2461
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co-transfected with GBE2.0 plasmid and SNV sgRNA-expressing
plasmid. The protospacer sequences and relevant information of
SNVs are listed in Table S3.

Statistical analysis

All of the data were from 3 independent cell cultures.

DATA AVAILABILITY
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