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Abstract

Background Adenine base editors (ABEs) are promising therapeutic gene editing tools that can efficiently convert
targeted A-T to G-C base pairs in the genome. However, the large size of commonly used ABEs based on SpCas9
hinders its delivery in vivo using certain vectors such as adeno-associated virus (AAV) during preclinical applications.
Despite a number of approaches having previously been attempted to overcome that challenge, including split Cas9-
derived and numerous domain-deleted versions of editors, whether base editor (BE) and prime editor (PE) systems
can also allow deletion of those domains remains to be proven. In this study, we present a new small ABE (sABE)

with significantly reduced size.

Results We discovered that ABE8e can tolerate large single deletions in the REC2 (A174-296) and HNH (A786-855)
domains of SpCas9, and these deletions can be stacked together to create a new sABE. The SABE showed higher pre-
cision than the original ABE8e, with proximally shifted protospacer adjacent motif (PAM) editing windows (A3- A15),
and comparable editing efficiencies to 8e-SaCas9-KKH. The sABE system efficiently generated A-G mutations at dis-
ease-relevant loci (T1214C in GAA and A494G in MFNZ2) in HEK293T cells and several canonical Pcsk9 splice sites in N2a
cells. Moreover, the sABE enabled in vivo delivery in a single adeno-associated virus (AAV) vector with slight efficiency.
Furthermore, we also successfully edited the genome of mouse embryos by microinjecting mRNA and sgRNA of sABE
system into zygotes.

Conclusions We have developed a substantially smaller SABE system that expands the targeting scope and offers
higher precision of genome editing. Our findings suggest that the SABE system holds great therapeutic potential
in preclinical applications.

Keywords CRISPR/Cas9, Base editor, ABE8e, Reduce size, AAV

"Yugiang Qian, Di Wang, and Wenchao Niu contributed equally to this work.

*Correspondence:

Yang Han

hanyang8584@jlu.edu.cn

Liangxue Lai

lai_liangxue@gibh.ac.cn

Zhanjun Li

lizj_1998@jlu.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12915-023-01644-9&domain=pdf
http://orcid.org/0000-0001-6914-8589

Qian et al. BMC Biology (2023) 21:155

Background

The emerging of clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas system has revo-
lutionized the field of molecular biology and medicine
[1]. Various gene-editing systems have been established
based on CRISPR system. Base editors (BEs) can accu-
rately install four types of transition mutations (C-T,
G-A, A-G and T-C) on target sequences [2, 3], while
prime editors (PEs) can mediate small DNA inser-
tion, deletion, and all 12 base conversions [4]. Recently,
CGBE and AYBE have been developed to induce C-G and
A-T/C mutations [5, 6]. In contrast to Cas9 nucleases,
these gene editors do not generate double-stranded DNA
breaks (DSB), do not require a DNA donor template, or
do not depend on homologous recombination, making
them attractive tools for gene therapy.

Cas9, which is derived from Streptococcus pyogenes
Cas9 (SpCas9), is the most commonly used nucleases
due to its high efficiency and simple NGG PAM require-
ments. However, the size of SpCas9 (1368 aa) derived
gene editor and its sgRNA is too large to be packaged
together into a single AAV vector for efficient in vivo
delivery. To overcome this bottleneck, Cas9-derived gene
editors can be split into two smaller parts through intein-
mediated protein trans-splicing [7]. Alternative strategy
is to develop more compact Cas9 such as SaCas9 [8],
NmeCas9 [9], CjeCas9 [10], St1Cas9 [11], and SpaCas9
[12]. In recent studies, researchers have successfully
deleted the RNaseH domain (621 bp) from Moloney
murine leukemia virus (M-MLV) reverse transcriptase
in the PE system without compromising prime edit-
ing activity [13]. To reduce the size of the CBE system,
they removed the DNA-binding domain of deaminase
PmCDAL1 (261 bp) and introduced additional mutations
to restore enzyme function [14]. While dCas9 has been
shown to tolerate large single deletions of the REC2,
REC3, HNH, and RuvCIII domains and still functioning
in vitro and in vivo [15], it is still unclear whether BE and
PE systems can also tolerate such deletions.

In this study, we found ABE is capable of tolerating sub-
stantial deletions of REC2 and HNH domains, whereas
CBE and PE systems are unable to tolerate these domain
deletions. Furthermore, the sABE achieves base editing
both in vitro and in vivo. Compared with ABE8e, sABE
enables higher precision, significantly reduced size, and
has a PAM-proximally shifted editing window.

Results

Single domain deletion of ABE, CBE and PE

To develop reduced size of BE and PE systems, the
REC2 (A174-296), REC3 (A509-672), HNH (A786-
855), or RuvCIII (A1004-1081) domain of AncBE4max
[16], ABE8.17 [17], and PE [4] systems were deleted,
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respectively (Fig. 1a, Additional file 1: Fig. S1a and S2a).
Then, the mCherry/EGFP reporters were applied to eval-
uate the efficiency of these variants [18]. In these reporter
systems, ABE and PE with targeted sgRNA or pegRNA
were able to convert the stop codon (TGA) to Arg (CGA),
and CBE with targeted sgRNA converted Ser (TCA) to
Leu (TTA), thus restoring full-length EGFP transcrip-
tion (Fig. 1b, Additional file 1: Fig. S1b and S2b). The
efficiency of gene editing was represented by the fluores-
cence intensity ratio of EGFP-to-mCherry through flow
cytometry (FCM). The mCherry/EGFP assay revealed
that AncBE4max could tolerate individual deletion of the
four domains with varying efficiencies (Additional file 1:
Fig. Slc-d). Moreover, ABE8.17 and PE were able to tol-
erate deletions of each of the REC2 and HNH domains
(Fig. 1c—d and Additional file 1: Fig. S2c-d). In particu-
lar, the REC2 deletion variants consistently displayed the
highest efficiency among all deletion variants, regardless
of the utilization of AncBE4max, ABE8.17 or PE system.
However, the mCherry/GFP results could also be influ-
enced by the transfection efficiency and expression effi-
ciency of the editors. Hence, fluorescence report assays
are considered to provide only rough assessment of the
efficiency of gene editing.

Next, three sites (ABCD, Tp53 and ADAR) were
selected to investigate the gene editing capability of
AncBE4max variants with domain deletions at endog-
enous genomic loci. Unfortunately, our results showed
that the AREC3 and ARuvClIII variants failed to edit
these three sites, while the AHNH and AREC2 vari-
ants exhibited significantly lower editing efficiency (4
-15%) compared to the original AncBE4max (Additional
file 1: Fig. S1e). Recent studies showed ABEs lacking tar-
get strand-nicking (nuclease-null dTnpB [19], dCas12f
[20] or dCas12j [21]) can efficiently induce endogenous
A-to-G conversion, whereas CBEs are unable to induce
C-to-T conversion. We thus hypothesized that the lower
activity of these AncBE4max variants was due to the
lack of target strand nicking of SpCas9 after domain
deletion. As expected, we did observe that SpCas9 with
REC2 (A174-296), REC3 (A509-672), HNH (A786-855),
or RuvCIII (A1004-1081) domain deletion abolished
DNA cleavage activity (Additional file 1: Fig. S3). Simi-
larly, the PE deletion variants failed to edit endogenous
sites of Runx1, Hek2 and Hek3 (Additional file 1: Fig.
S2e). Notably, the AHNH or AREC2 variants of ABE
showed comparable efficiency with ABES8.17 at sites 8,
17, and 19 (23.5-60.7% for ABE8.17, 17-50% for AHNH
and 18.5-60% for AREC2) (Fig. le). In addition, the
ARuvCIII of ABE8.17 retained 12-23.5% efficiency for
two of the three sites, while AREC3 failed to edit any
of the three sites (Fig. le). To explore further, addi-
tional deletion architectures with ARuvCI (1-61) and
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Fig. 1 Screening single deletion for ABE. a Schematic of domain deletions of ABE8.17. b Schematic showing the mCherry/EGFP reporter. ¢
Representative fluorescence microscopy images of deletion variants analysis. d Comparison of editing efficiency of ABE8.17 deletion variants
by flow cytometry analysis (FCA). e Comparison of editing efficiency of ABE8.17 deletion variants in HEK293T cell line by plasmid transient

transfection (n=3)

ARuvCII (722-755) in ABE8.17 were tested (Fig. la), variants maintained high level of endogenous gene edit-
but these variants failed to restore EGFP fluorescence ing, and we thus focus on the domain deletion of ABE

and endogenous editing (Fig. 1d—e). In summary, ABE for further study.
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Dual-deletion of REC2 and HNH domain forms sABE
ABES8.17 enables the deletion of individual HNH, REC2
or RuvClIII domains while maintaining editing efficiency
at endogenous loci. However, it is unknown whether
multiple deletions of these domains can result in a fur-
ther reduction in the size of ABE. Therefore, four pos-
sible multiple deletion variants were tested, including
three with dual-deletion (HNH+REC2, HNH + RuvCIII,
and REC2+RuvCIIl) and one with triple-deletion
(HNH+ REC2 +RuvClIII) (Fig. 2a). These constructs and
corresponding sgRNA were transfected in HEK293T
cells. The REC2+RuvCIII and HNH+REC2 + RuvCIII
variants almost completely abolished DNA editing activ-
ity, while HNH+ RuvCIII exhibited slight editing effi-
ciency of 5-8% at site 8 and site 17 (Fig. 2b). Of note,
HNH+REC2 displayed considerable editing efficiency
for three sites (8—25%), which was similar to ABE7.10
(Fig. 2b). Therefore, HNH and REC2 domain deletions
were selected for subsequent study.

Previous evidence showed that TadA8e outperformed
TadA8.17 in rice genome [22]. Therefore, we speculated
that TadA8e will enhance the editing performance of
ABE variants. As expected, the TadA8.17 replaced by
TadA8e in ABE variants resulted in higher efficiency in
mCherry/EGFP reporter (AHNH, 87+0.9%; AREC2,
73+2.53%; respectively). Moreover, the HNH+REC2
variant remained up to 24.9+0.97% of full-length EGFP
transcription (Fig. 2c—d). Thus, the optimally small size
of ABE8e without REC2 and HNH domain was named
sABE.

To thoroughly assess sABE’s efficacy for genome edit-
ing, six endogenous loci were targeted in HEK293T cells,
sABE exhibiting varied editing efficiencies (10.3-43%)
depending on the target site and significantly expand-
ing the editing window (Fig. 2e and Additional file 1: Fig.
S4a). Notably, sABE allowed editing up to 12.7% rates
at positions 13 and 15 in site 17 and site V (Fig. 2e). We
additionally tested sABE at seven targets in N2a cell lines,
with editing efficiency ranging from 11 to 24% (Fig. 2f
and Additional file 1: Fig. S4b). In summary, we devel-
oped an efficient SABE system for introducing gene edit-
ing at endogenous genomic loci in both HEK293T and
N2a cell lines.

Characterization of SABE

Deletion of the REC2 and HNH domain reduces the size
of ABES8e from 4.8 kb to 4.15 kb, which is comparable
with the widely used small ABE, 8e-SaCas9-KKH (3.9 kb)
[23]. Through side-by-side comparisons in overlapping
regions (Additional file 1: Fig. S5), sABE displayed a
higher efficiency at sites 2 and 3, comparable efficiency at
sites 8—2 and 27, and lower efficiency at sites 1, 12, and 19
(Fig. 3a). Hence, the differences in gene editing efficiency
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between sABE and 8e-SaCas9-KKH varied depending
on the targeted sites, albeit the mean editing efficiency
of all selected sites by sABE is lower (Fig. 3b). Similarly,
when the deletion of HNH or REC2 domain architecture
was adapted to 8e-SaCas9-KKH, we did not obtain sub-
stantial A-G editing in the protospacer (Additional file 1:
Fig. S6a-b), indicating that SaCas9 can't tolerant similar
domain deletion.

A recent study shows that the removal of HNH nucle-
ase domain expands the editing window because the
NHN domain sterically constrains ssDNA accessibility
[24]. To define the editing window of SABE compared
with ABES8e, we transfected HEK293T cells with plas-
mids expressing each ABE along with sgRNAs targeting
10 human genomic loci. Although the highest editing
rates remained at position A5 and A6, sABE also allowed
additional editing at positions 13 and 15 (Fig. 3c). Taken
together, these data demonstrate that SABE exhibited a
higher editing activity at PAM-proximal adenine.

Anti-CRISPR (Acr) proteins, as a natural brake for
CRISPR-Cas technologies, have been widely used to
control genome editing in mammalian cells and organ-
isms [25]. To evaluate the inhibition of sABE’s editing
activity by Acrs, HEK293T cells were transfected with
sABE and sgRNA targeting three sites, along with four
known SpCas9 Acr proteins (AcrllA2, 4, 5, and 16) [26].
The results showed that these Acr proteins also inhib-
ited editing activity of sABE, with AcrIIA5 showing the
strongest inhibitory effect (Additional file 1: Fig. S7). This
indicates that these Acr proteins may not interact with
the HNH and RCE2 domains of SpCas9.

Previous studies have demonstrated that DNA base
editing off-target is mainly Cas9-dependent [27, 28],
due to Cas9 binding and unwinding at near-cognate
sequences. We hypothesized that sABE with truncated
HNH and REC2 domain could potentially decrease
DNA binding and unwinding. To test this hypothesis,
we generated a set of sgRNAs targeting site 8 with
dinucleotide mismatches and evaluated their activities
through plasmid transfection and sequencing (Fig. 3d).
Interestingly, we found that most of the dinucleotide
mismatches had a significant impact on the editing effi-
ciency of sABE, whereas ABE8e was able to efficiently
edit these mismatches (Fig. 3d). Hence, sABE showed
a significantly lower off-target editing efficiency pro-
pensity compared to ABE8e. Five previously reported
Cas9-dependent off-target sites of VEGFA, HEK293-4,
EMX1, HEK2, and TYRO3 were used to analyze off-
target activity of SABE in HEK293T cells. We observed
a decrease in editing at all on-target and off-target sites
when comparing sABE to ABES8e, but the ratio of on-
target to off-target editing increased up to four times
(Fig. 3e and Additional file 1: Fig. S8). At the HEK2 and
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TYRO3 sites, we observed up to 14% editing efficiency
but failed to generate detectable editing at the off-target
sites (Fig. 3e). These data indicate that the SABE system
reduced Cas9-dependent off-target editing compared
to the original ABES8e.

Application of sABE

Subsequently, we applied sABE to introduce mutations
related to glycogen storage disease (T1214C in GAA)
and Charcot-Marie-Tooth disease (A494G in MFN2)
in HEK293T cells. We observed successful installa-
tion of the two mutations at their respective sites at
protospacer position A9 with editing efficiency rang-
ing from 10 to 12% (Fig. 4a). Adenine base editors
were utilized to induce targeted A-G editing in DNA
at the conserved splice-site motif and inactivate genes
[17]. Hence, sABE was used to target several canoni-
cal Pcsk9 splice sites, including splice-donor (SD) sites
and splice-acceptor (SA) sites, in N2a cells. The results
showed that three of the gRNAs used demonstrated a
relatively high level of editing activity (17.3-27%) at
the target splice site (Fig. 4b).

Subsequently, sgRNA of Pcsk9 exon 6-SA site was
designed for in vivo experiments in mice. We packaged
a 180 bp miniCMV promoter, 4.15 kb sABE, 49 bp
short translation terminator, and 363 bp Ué6-driven
sgRNA into a single AAV vector, resulting in a 4.83 kb
expression cassette (Additional file 1: Fig. S9a). AAV
viral particles were injected via tail vein at a dose of
4% 10'* genome copies (GCs) per mouse, with PBS as
a negative control. After 1 month, liver tissues were
harvested from sacrificed mice. The editing efficiency
achieved in the liver of one mouse was only 1.09%
(Additional file 1: Fig. S9b). These findings suggest
that further optimization is required for AAV-medi-
ated delivery of sABE.

To assess the feasibility and efficiency of sABE in
mice, we selected five target sites from three genes (Tyr,
Hoxdl13, and Ar). After microinjecting of SABE mRNA
and gRNAs into mouse zygotes, the zygotes were cul-
tured in vitro and blastocytes were collected individu-
ally for genotyping. Our results showed high editing
efficiencies of sABE ranging from 23 to 66% at all tested
sites (Fig. 4c, Additional file 1: Fig. S10 and Table S1).

(See figure on next page.)
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Thus, the sABE variant is a valuable addition to the
ABE toolkit.

Discussion

In this work, we demonstrate that deleting both the HNH
(A786-855) and REC2 (A174-296) domains of SpCas9
can reduce its size from 4.1 kb to 3.4 kb. The resulting
SsABE is similar in size to 8e-SaCas9 and can be deliv-
ered in vivo using a single AAV vector with minimized
promoters. We also found that SABE has an expanded
editing window (A3-A15). Moreover, the on-target activ-
ity and the off-target propensity of sABE was compared
them with ABE8e in mammalian cells. Our findings
indicate that sABE has high fidelity but reduced activity
compared with 8e-SaCas9-KKH. But SpCas9-based sABE
also holds great potential for further optimization, as
SpCas9 has recently developed a near-PAMless variant,
SpRY [29]. Overall, our study provides a comprehensive
analysis of SABE and characterizes it as a versatile and
robust genome-editing tool for in vivo applications.

To overcome the size limitation of AAV vectors, one
approach is to split SpCas9 into two parts and package
them into separate AAVs. Previous studies have demon-
strated that SpCas9 and SaCas9 can be split into two frag-
ments and still enable in vivo base editing [30—32]. Half
of each base editor is fused to half of a fast-splicing split
intein, following a co-infection by AAV particles expressing
each base editor-split-intein half, protein splicing in trans
reconstitutes full-length base editor. However, dual vector
system is more expensive to produce and more sophis-
ticated to titrate stoichiometrically compared to a single
vector system. Another strategy is to search for smaller
CRISPR-Cas effectors. Small base editor variants that fit
within a single AAV have also been developed and used for
in vivo applications [33, 34]. However, small Cas9 orthologs
usually have restrictive PAM. Removing domains from
gene editors that retain function both in vivo and in vitro
is also considered to be a feasible strategy [13, 14, 35]. The
size of the sABE system has been remarkably reduced after
domain deletion, but its activity is severely reduced, yet it
still works effectively together with ABE8e. We observed
that sABE system has moderate editing in vivo after pack-
aging it into one AAV vector. This can be attributed to the
large genome size (4.83 kb), which exceeds the packag-
ing limit of 4.7 kb for AAVs. Furthermore, previous study

Fig. 3 Characterization of SABE. a Comparison of editing efficiency in seven target sites using SABE and 8e-SaCas9-KKH (n=3). b Summary

of the A-to-G editing efficiency induced by sABE and 8e-SaCas9-KKH at the 7 target sites. ¢ Summary of editing window for the sABE at endogenous
genomic loci. Each data point represents the mean A-to-G editing efficiency at the indicated position of the spacer across 10 target sites,
respectively (n=3). d Comparison of the tolerance of sSABE and ABE8e for mismatched sgRNAs, mismatched sgRNAs that differed from the site

8 by two nucleotides, mismatched nucleotides and the PAM sequence is shown in red and blue, respectively. Error bars indicate the SEM

(n=3). e DNA off-target analysis comparing sABE and ABE8e plasmid delivery, at VEGFA, HEK293-4, EMX1, HEK2, and TYRO3. Editing efficiencies

and on-target: off-target editing ratios are shown
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showed that CjCas9 expression was barely detectable in
cells transfected with AAV-miniCMV-CjCas9 plasmid by
western blot [36]. Thus, we speculate that the miniCMV
promoter may also negatively impact on sABE expression.
Nonetheless, it holds promise for future optimization, such
as introducing additional mutations to restore enzyme
function, placing the U6-sgRNA component in the anti-
sense direction, or adding additional regulatory elements
for enhanced protein expression [14, 30].

Surprisingly, CBE deletion variants displayed lower
efficiency in editing endogenous sites compared to exog-
enous sites. We propose that the reduction was caused
by the lack of target strand-nicking after domain dele-
tions that initiates long-patch BER. The deaminated
strand is preferentially used as a template for repair,
and CBE relies more on it [2]. To increase the effi-
ciency, we speculated that exchanging APOBEC1 with
a more active deaminase would be beneficial. The PE
system requires the strand-nicking activity to cleave the
non-target strand, allowing the 3" DNA end to hybrid-
ize and reverse transcribe the template on the pegRNA
[4]. However, further studies are needed to determine
whether domain deletions would affect the nicking
activity of PE.

Previous studies have demonstrated that the removal of
conserved SaCas9 REC and HNH functional domains still
maintains DNA binding activity. Furthermore, the tripar-
tite VPR (VP64-p65-Rta) activation domain fused with
miniSaCas9 has shown efficient transactivation activity
[37]. However, 8e-SaCas9-KKH has not been able to adapt
to the deletion strategy, possibly due to differences in pro-
tein structures between SaCas9 and SpCas9. This indi-
cates that deletion strategy may not be applicable to all Cas
effectors.

The removal of HNH and REC2 domains in sABE leads
to broader editing window (A3-A15). However, this wider
range of editing may also lead to additional bystander
mutations. Our previous research demonstrated that
eliminating the linker in ABE8.17 result in efficient base
editing within a narrowed window (2-4 nts) in human
HEK293FT cells [38]. Similarly, in the present study, sSABE
was observed to have a narrow editing window when the
same linker was removed (Additional file 1: Fig. S11). How-
ever, the SABE without such linker displayed lower editing
efficiency, indicating that additional mutations might need
to be introduced for further optimization between editing
efficiency and window.

(See figure on next page.)

Page 8 of 11

Conclusions

In summary, we have developed an sABE system that ena-
bles efficient in vivo genome editing with a broadened edit-
ing window and high fidelity. Future efforts may focus on
refining the SABE system through directed protein evolu-
tion or rational protein engineering strategies to improve
editing specificity and efficiency. Overall, the SABE system
represents a promising tool for both basic research and
clinical therapeutics.

Methods

Plasmid construction

The ABE8e, ABE8.17, AncBE4max, and PE plasmids were
obtained from Addgene (#138,489, #136,298, #138,270 and
#136,463). mCherry-T2A-GFP was described in detail in
our previously published study [39]. The DNA fragments
of deletion variants from ABE, CBE and PE were used for
in-fusion cloning by ClonExpress Ultra One Step Cloning
Kit (Vazyme, Nanjing, China). All PCR primers are listed
in Additional file 1: Table S2 and were synthesized by San-
gon Biotech. The pegRNA and sgRNA were synthesized by
Genscript Biotech (Nanjing).

Cell culture and transfection

HEK293T and N2a cell lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Meilun Biotechnol-
ogy Co., Ltd) supplemented with 10% fetal bovine serum
(HyClone, China) and incubated at 37 °C in an atmosphere
of 5% CO,. The cells were seeded into six-well plates and
transfected using Hieff TransTM Liposomal Transfection
Reagent (Yeasen, Shanghai, China) following the manufac-
turer’s instructions. After 72 h, the cells were collected and
used for genotyping by EditR [40]. All the primers used for
genotyping are listed in Additional file 1: Table S4-S5.

mCherry/EGFP reporter assay

HEK293T cells in a six-well plate were transfected with
750 ng gRNA, 750 ng mCherry/EGFP reporter, and
1500 ng of each variant. The fluorescent images were
imaged with a microscope (Olympus DP74). Cells were
harvested following 72 h of incubation for editing quantifi-
cation by flow cytometry.

mRNA and gRNA preparation

The sABE plasmids were linearized with Notl and tran-
scribed in vitro using the HiScribe T7 ARCA (Anti-Reverse
Cap Analog) mRNA kit (NEB). mRNA was purified using

Fig. 4 Successful installation of mutations by sABE in cells and mouse embryos. a Schematic illustrates the design of sgRNAs for installation.
sgRNAs with detectable editing in Sanger chromatogram are displayed. Editing efficiency was detected by Sanger sequencing and shown

by Heatmaps. b Overview of tested sgRNAs at their respective target locus in murine Pcsk9 and correlated editing efficiency of splice-donor
(SD) sites and splice-acceptor (SA) sites. ¢ Target-site sequences within the targeted loci in mouse embryos, and the A-to-G editing frequencies
at the target site using sABE. Target sequence (black), PAM region (red) and target sites (red)



Qian et al. BMC Biology

A to G effciency (%)

(2023) 21:155

Human GAA L405P (c.1214T>C

Human MFN2 L405P (c.494A>G)

> 3

3 &

Q|L(A(H|A|L|H|Q|D

GTCCAG TGG AACGACCTG GACTACATG CAG CTG GCC Cl:l' GCCCTCCACCAGGAC

°o o

(%) Aoudope n o1y

II”'”'l'” e
4-SA 6-SA 7-SA 11-SA
1-SD 6-SD 8-SD 10-SD
Em Exon1-SD
40 El Exon4-SA
’\; Bl Exon6-SA
< 30+ B Exon6-SD
§ mm Exon7-SA
'% 20 B Exon8-SD
&) Bl Exon10-SD
2 10
p Hl Exon11-SA
0_
Target Site Sequence
Tyr-9 ACCTCA(GTTCCCCTTCAAAGGGG
Tyr-1
(pT325A) AGTTTGA-CCCA,,GTA,,TGAATCTGG
Hoxdl3 | 1A GAATCGAAGGGTGAAGG
(p.Q321R) 6
Ar-1 TTA;TCTA-GCCTCAATGAGCTTGG
(p.S683G) 3
arts ATGA,TCTCTGCCAsTCATTTCAGG
(p.I878T) N 13
100 =
[ ]
80- e ™Y
[ ]
H
40-
o [ ]
20 % ojéo &‘
0 | | | 1 I 1 | 1 1 | 1 1 | 1
A6 A7 A11 A14 A4 A13 A3 A7 A6 A8
Tyr-9 Tyr-1 Ar-15 Ar-1 Hoxd13

Fig. 4 (Seelegend on previous page.)

Page 9 of 11



Qian et al. BMC Biology (2023) 21:155

the RNeasy Mini Kit (QIAGEN) according to the manufac-
turer’s protocol. The sgRNA was synthesized by Genscript
Biotech (Nanjing).

AAVS8 production and injection

AAV8 containing the sABE elements targeting Pcsk9
Exon6 SA was obtained from Genomeditech (Shanghai,
China). For AAV vector injections, 8-week-old female
ICR mice were injected with 4x 10'* GCs per mouse via
the tail vein. Mice were euthanized 30 days after vec-
tor administration, and liver tissues were collected for
analysis.

Microinjection of mouse zygotes and genotyping

Briefly, a mixture of mRNA (50 ng/ul) and sgRNA (30 ng/
ul) was co-injected into the cytoplasm of pronuclear-
stage zygotes. Each group was injected with an average
of approximately 20 zygotes to test the base editing effi-
ciency. The injected zygotes were transferred to potas-
sium simplex optimized medium (KSOM) for culture at
37 °C, 5% CO,, and 100% humidity. Then, the injected sin-
gle zygote was collected at the blastocyst stage. Genomic
DNA was extracted in embryo lysis buffer 1% NP40 (Mei-
lun Biotechnology Co., Ltd) at 56 °C for 60 min and then
at 95 °C for 10 min in a Bio-Rad PCR Amplifier. Then, the
extracted products were amplified by PCR (95 °C, 5 min
for pre-degeneration, 42 cycles of [95 °C, 30 s; 58 °C, 30 s;
72 °C, 30 s] 72 °C, 5 min for extension) and determined
by Sanger sequencing. All primers used for genotyping
are listed in Additional file 1: Table S5.

Statistical analysis

All data are expressed as means+S.E.M. of at least three
individual determinations for all experiments. Data were
analyzed by Student’s ¢-test via the GraphPad prism
software 8.0.1. The probability value smaller than 0.05
(P<0.05) was statistically significant. *P<0.05; **P<0.01;
%P <0.001; ***P<0.0001.

Abbreviations

CBEs Cytidine base editors
ABEs Adenine base editors
PE Prime editor

CGBEs C-to-G base editors

AYBE Adenine transversion base editor

CRISPR Clustered regularly interspaced short palindromic repeat
SpCas9 Streptococcus pyogenes Cas9

SaCas9 Staphylococcus aureus Cas9

PAM Protospacer adjacent motif

SgRNAs Single guide RNAs

pegRNA  Prime editing guide RNA

SABE ABE8e without REC2 and HNH domains

Acr Anti-CRISPR

AAV A single adeno-associated virus

Pcsk9 Proprotein convertase subtilisin/kexin type 9
GAA Alpha glucosidase

MFN2 Mitofusin 2
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Ar Androgen receptor
Hoxd13 Homeobox D13
TYR Tyrosinase
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