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Abstract 

Developing glycosylase-based base editors (gBEs) to broaden the editing scope 
is highly desirable for biomedical research and agricultural applications. However, 
the off-target effects and applicability of gBEs need further investigation. We employ 
GOTI to detect rare DNA off-target events in mouse embryos injected with N-meth-
ylpurine glycosylase-based AYBE and gGBE. Transcriptome-wide RNA analysis reveals 
that TadA8e-V106W, derived from AYBE, induces low-frequency RNA off-target editing. 
Both base editors efficiently induce A/G-to-Y editing in mouse and sheep embryos, 
and in newborn lambs. The robust efficiency and specificity of AYBE and gGBE under-
score their potential for clinical applications and genetic improvement in livestock.

Background
Base editors hold significant promise in basic research, therapeutic applications, and the 
enhancement of traits in plant and animal breeding. In recent years, cytosine base edi-
tors (CBEs) [1] and adenine base editors (ABEs) [2] were developed by fusing cytosine 
and adenosine deaminases with Cas9 nickase to achieve the C-to-U(T) and A-to-I(G) 
base transitions. The addition of an uracil glycosylase inhibitor (UGI) to Cas9 nickase 
is essential for CBEs to effectively suppress base excision repair (BER) and ensure effi-
cient C-to-T base editing [1]. Conversely, replacing the UGI in CBEs with uracil DNA 
N-glycosylase (UNG or UDG) enhances the excision of U bases, leading to the develop-
ment of novel C-to-G base editors (CGBEs) [3–6]. Similarly, the fusion of hypoxanthine 
(I) excision proteins such as N-methylpurine DNA glycosylase (MPG) [7] or mouse alky-
ladenine DNA glycosylase (mAAG) [8] with ABEs has resulted in the creation of a novel 
A-to-C/T base editor (AYBE) (Additional file 1: Fig. S1A). A deaminase-free glycosylase-
based guanine base editor (gGBE), capable of inducing G-to-C/T base transversions, 
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was developed by directly fusing the engineered gMPGv6.3 with the Cas9 nickase (Addi-
tional file 1: Fig. S1B) [9]. Recently, similar deaminase-free glycosylase-based gTBEs and 
gCBEs were also developed by fusing Cas9 nickase with engineered variants of uracil-
DNA glycosylase (UNG), cytosine-DNA glycosylase (CDG), or thymine-DNA glycosy-
lase (TDG) for targeted excision of T or C bases [10–13]. Overall, the evolution of DNA 
glycosylases like MPG, UNG, CDG, and TDG allows for the direct excision of G, I, T, 
and C bases, creating AP sites and initiating BER to efficiently repair the loss of these 
bases.

AYBE enables A-to-K base editing in rice and tomato [14–16], as well as A-to-Y base 
editing in mice and maize [8, 17]. Meanwhile, gGBE demonstrates efficient G-to-Y base 
editing in mice and high-purity G-to-T base editing in rice [9, 18]. However, the fea-
sibility and editing profiles of AYBE and gGBE in large animals are remain to be fully 
characterized. More importantly, the off-target effects of these two editors have yet to be 
comprehensively evaluated. The Genome-wide Off-target analysis by Two-cell embryo 
Injection (GOTI) assay enables highly sensitive and unbiased detection of sgRNA-inde-
pendent off-target effects by editing one blastomere of two-cell stage mouse embryos. 
As the embryo develops, rare off-target sites in the edited blastomere are replicated in 
daughter cells, thereby amplifying the off-target signal in sequencing analysis, as pre-
viously reported for BE3 and DdCBE architectures [19, 20]. Here, we employed GOTI 
and RNA-seq to systematically evaluate the genome-wide DNA and transcriptome-wide 
RNA off-target effects of AYBE-V106W and gGBE. We also characterized the editing 
efficiency, editing profiles, and indel frequencies of these two base editors in mouse 
embryos, sheep embryos, and lambs. These findings provide valuable evidence support-
ing the safety and feasibility of AYBE- and gGBE-mediated base editing for both clinical 
research and agricultural breeding.

Results and discussion
To assess the editing efficiency and indel profiles of the AYBE and gGBE base editors, 
we performed comprehensive evaluations at multiple genomic loci in mouse embryos. 
C57BL/6J mouse embryos were microinjected with mRNAs (100 ng/μL) encoding AYBE, 
AYBE-V106W, or gGBE, along with different sgRNAs (50  ng/μL) targeting the mouse 
Tyr gene. The AYBE and AYBE-V106W showed comparable A-to-C/T editing efficien-
cies and purities at three target sites (Additional file 1: Fig. S2A, B). Furthermore, our 
data revealed that A > Y and G > Y (Y = C or T) editing efficiencies, along with the associ-
ated indel profiles mediated by the three base editors, varied markedly across genomic 
loci and among individual mouse embryos (Additional file 1: Fig. S2A-D). Additionally, 
A > C and G > C edits exhibited higher efficiencies, and although AYBE-V106W induced 
slightly higher average indel frequencies than gGBE, both remained below 10% (Addi-
tional file 1: Fig. S2C, D).

Next, we utilized the GOTI method to assess genome-wide off-target effects of 
TadA8e-V106W and the engineered MPG in the context of AYBE and gGBE systems. 
We first in vitro transcribed AYBE-V106W and gGBE mRNAs targeting the mouse Tyr 
gene and injected them, along with the Cre mRNA, into one blastomere of two-cell 
embryos derived from Ai9 background (CAG-LoxP-Stop-LoxP-tdTomato) mice, while 
leaving the other blastomere un-injected (Fig. 1A). The embryos injected only with Cre 
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mRNA served as the control group. The restoration of tdTomato fluorescence signal by 
Cre-mediated removal of the “-Stop-” component served as an indicator of successful 
delivery of the mRNAs for these two editors and Cre (Additional file 1: Fig. S3A, S4A).

Fig. 1  Minimal off-target effects induced by AYBE-V106W and gGBE in mouse embryos. A GOTI workflow for 
analyzing the off-target profiles of N-methylpurine glycosylase-based base editors (AYBE-V106W and gGBE). 
B On-target efficiency of tdTomato+ and tdTomato− cells in Cre-, AYBE-V106W-, and gGBE-treated groups at 
multiple Tyr sites, based on targeted deep sequencing. C, D Comparison of total detected indels (C) and SNVs 
(D) in Cre-, AYBE-V106W-, and gGBE-injected groups at multiple Tyr sites, as determined by WGS. E, F Overlap 
among SNVs detected by GOTI with predicted off-target sites from Cas-OFFinder in AYBE-V106W-treated 
samples (E) and gGBE-treated samples (F). G, H The bar graph shows the number of A > I (G), A > C (G), A > U 
(G), G > C (H), and G > U (H) mutations detected in RNA from mCherry-, AYBE-V106W-, and gGBE-treated 
HEK293T cells at multiple endogenous sites. Data are presented as means ± s.e.m. p values were evaluated 
using a two-tailed unpaired Student’s t-test. All experiments included at least two biological replicates. Two 
Cre samples were obtained from previous published studies [19, 21]
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A subset of injected embryos was retained to monitor developmental progression, 
and approximately half of the un-transplanted 4-cell or 8-cell embryos exhibited tdTo-
mato expression (Additional file 1: Fig. S3A, S4A). At 14.5 days post-transfer of injected 
2-cell embryos into surrogate mothers, E14.5 embryos were collected from both the 
AYBE-V106W and gGBE groups. Embryos were digested into single cells sorted by 
fluorescence-activated cell sorting (FACS) into tdTomato+ and tdTomato– popula-
tions for genotyping of base transversion outcomes at the Tyr gene, followed by whole-
genome sequencing (WGS) analysis (Fig. 1A and Additional file 1: Fig. S3B, S4B). Sanger 
sequencing and WGS results revealed that A-to-other on-target editing efficiencies in 
the AYBE-V106W group ranged from 47.37% to 99.90%, while G-to-other editing effi-
ciencies in the gGBE group ranged from 21.00% to 85.29% (Fig. 1B and Additional file 1: 
Fig. S3C, S4C). Additionally, we observed a slight editing efficiency (< 10%) due to the 
leakage of injected mRNA components into the un-injected blastomere in both AYBE-
V106W and gGBE tdTomato− cells (Fig. 1B and Additional file 1: Fig. S3C, S4C). Next, 
WGS datasets were used to assess the off-target editing by examining the number of 
indels or single-nucleotide variants (SNVs) in the AYBE-V106W and gGBE treated 
groups through a stringent variant filter pipeline. The number of indels did not differ 
significantly between the treated groups and the Cre-only group (Fig. 1C). These results 
indicate that AYBE-V106W and gGBE base editors did not induce any detectable indels 
above background frequency in mouse embryos.

To rule out the contribution of Cre injection to SNV formation, we examined Cre-only 
samples lacking AYBE-V106W or gGBE and observed approximately 20 SNVs (Fig. 1D). 
Moreover, we did not observe any significant differences in SNV frequency in the groups 
treated with AYBE-V106W or gGBE compared to the Cre-only group (Fig. 1D). Specifi-
cally, AYBE-V106W induced 22.33 ± 0.47, 29.5 ± 4.03, 33.0 ± 3.0, and 26.5 ± 0.5 SNVs at 
the four Tyr gene sites, while gGBE induced 32.50 ± 4.50, 33.67 ± 7.54, and 27.5 ± 3.91 
SNVs at another three sites, with all values comparable to the 22.0 ± 9.0 SNVs observed 
in the Cre-only group (Fig. 1D). Additionally, none of the mutations identified in AYBE-
V106W- or gGBE-treated embryos were shared among individuals or overlapped with 
off-target sites predicted by Cas-OFFinder (mismatch threshold = 6) (Fig.  1E, F and 
Additional file 1: Fig. S5A, B). Considering the editing profiles of TadA8e-V106W and 
engineered MPGs, we analyzed all SNVs identified in AYBE-V106W- and gGBE-target-
ing samples. We found no significant enrichment of A > G/T > C base transitions (Addi-
tional file  1: Fig. S5C) or A > C/T > G and A > T/T > A base transversions (Additional 
file  1: Fig. S5D) in the AYBE-V106W group compared to the Cre-only group, nor of 
G > C/C > G and G > T/C > A base transversions (Additional file 1: Fig. S5E) in the gGBE 
group. We also performed an orthogonal R-loop assay to further evaluate the sgRNA-
independent off-target effects of the MPG-based AYBE-V106W and gGBE base editors. 
These findings demonstrated that AYBE-V106W (TadA8e-V106W) induces minimal 
off-target activity, with observed frequencies below 2% (Additional file 1: Fig. S6A). In 
contrast, the data showed that TadA8e, derived from ABE8e, exhibited substantial off-
target activity as detected by the R-loop assay (Additional file 1: Fig. S6A). Furthermore, 
no detectable off-target activity was observed for the MPG-based gGBE base editor or 
the two UNG-based CGBE editors (Additional file  1: Fig. S6B). While R-loop analysis 
revealed low-level off-target activity of AYBE-V106W, GOTI detected none, likely due 
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to differences in R-loop formation duration and the delivery methods used (plasmid vs. 
mRNA). Given that ABE8e-V106W is known to minimize off-target RNA editing [22], 
we evaluated the RNA off-target effects of AYBE-V106W and gGBE at three sites using 
RNA-seq. AYBE-V106W caused modestly increased RNA off-target effects in HEK293T 
cells, mainly A-to-I editing mediated by TadA8e-V106W, while MPG did not signifi-
cantly induce A-to-C or A-to-U edits (Fig. 1G and Additional file 1: Fig. S7A). Addition-
ally, the MPG-mediated gGBE base editor showed no significant RNA off-target editing 
activity, including G-to-C and G-to-U conversions (Fig.  1H and Additional file  1: Fig. 
S7B). Taken together, these findings suggest that AYBE-V106W and gGBE combine high 
on-target editing efficiency with minimal off-target activity.

We proceeded to investigate the feasibility of using AYBE-V106W and gGBE for gen-
erating genetically modified large animals. Four target sites for AYBE-V106W and five 
for gGBE within the sheep Myostatin (MSTN) gene were selected, and corresponding 
all-in-one expression vectors containing protein and various sgRNA architectures were 
constructed. Sheep fetal fibroblast cells (sFFCs) were transfected with their respective 
expression vectors, and transfection-positive cells were collected 72 h later using FACS. 
These cells underwent targeted deep sequencing to assess the editing efficiency at each 
target site. The results showed successful A-to-Y and G-to-Y base transversions at all 
targets in sFFCs by AYBE-V106W and gGBE, respectively (Fig. 2A, B). Although the pat-
terns of A-to-other or G-to-other base editing in sFFCs varied depending on the tar-
get and the position of the target bases, AYBE-V106W was observed to predominantly 
induce A-to-G base transitions, followed by A-to-C base transversions (Fig. 2A), while 
gGBE generally induced G-to-Y editing (Fig. 2B). We also observed that AYBE-V106W 
and gGBE induced only low levels of indels (~ 5%) in sFFCs (Fig. 2A, B). In addition, we 
assessed the editing efficiency and indel patterns of AYBE-V106W and gGBE in sheep 
embryos, yielding results consistent with those obtained in mice (Fig. 2C, D and Addi-
tional file 1: Fig. S8). AYBE-V106W paired with MSTN-sg3 (5.05 ± 7.16% A > T transver-
sion at A7, leading to premature termination of MSTN protein expression) and gGBE 
paired with MSTN-sg2 (4.03 ± 8.67% G > T transversion at G5, also resulting in prema-
ture termination of MSTN expression), both of which exhibited relatively high edit-
ing efficiencies at the tested sites in sheep embryos, were selected for the generation of 
gene-edited lambs (Fig. 2C, D and Additional file 1: Fig. S8).

In vitro transcribed AYBE-V106W or gGBE mRNA, along with their respective sgR-
NAs targeting the MSTN gene, was injected into fertilized eggs from Merino sheep. 
The injected embryos were briefly cultured in vitro to the two-cell stage prior to trans-
plantation into surrogate sheep (Fig. 2E). Following a gestation period of approximately 
150 days, six lambs edited with AYBE-V106W and three lambs edited with gGBE were 
born, all exhibiting normal growth and development. Blood samples were collected from 
each lamb for DNA extraction and genotyping. Targeted deep sequencing confirmed 
successful editing using the AYBE-V106W and gGBE systems in all lambs (Additional 
file 1: Fig. S9A, B). In gene-edited lambs, similar to AYBE-V106W in sFFCs, A-to-C edit-
ing (up to 49.48%) and A-to-T (up to 31.38%) editing are also detected at position A4 
of MSTN-sg3 (Fig. 2F, G). However, AYBE-V106W exclusively induced A-to-C editing 
(up to 88.67%) at position A7 of MSTN-sg3, showing a quite different editing pattern 
compared to that observed in sFFCs and sheep embryos (Fig.  2F, G). Interestingly, all 
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three gGBE-edited lambs exhibited exclusively the G-to-C editing genotype (ranging 
from 18.40% to 84.69%) at position G10 of MSTN-sg2, demonstrating a distinctly dif-
ferent editing profile compared to that in sFFCs and sheep embryos (Fig.  2H). Addi-
tionally, all the gene-edited lambs exhibited a low indel frequency, except for lamb #3 
edited with gGBE at MSTN-sg2, which showed a slightly higher indel frequency (8.31%) 

Fig. 2  Efficient and specific base editing was observed in sheep embryos treated with AYBE-V106W 
and gGBE. A, B Editing efficiency and indel profiles of different sgRNAs targeting the MSTN gene using 
AYBE-V106W (A) and gGBE (B) in sheep fetal fibroblasts (sFFCs). C, D Editing efficiency and indel profiles 
of different sgRNAs targeting the MSTN gene using AYBE-V106W (C) and gGBE (D) in sheep embryos. E 
Schematic representation of the generation of MSTN-edited sheep using AYBE-V106W and gGBE. F Schematic 
illustration of target sites and intended editing patterns for MSTN disruption in sheep using AYBE-V106W and 
gGBE systems. G, H Genotypes of six base-edited lambs generated using AYBE-V106W (G) and three using 
gGBE (H). I, J Comparison of total detected SNVs (I) and indels (J) in control, AYBE-V106W-, and gGBE-edited 
lambs, as determined by WGS. All experiments included at least three biological replicates
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(Fig. 2H). We performed WGS to assess DNA off-target effects in AYBE-V106W- and 
gGBE-treated lambs by quantifying indels and SNVs. Our results indicated that treat-
ment with either AYBE-V106W or gGBE did not lead to a significant increase in indel 
or SNV counts in gene-edited lambs relative to wild-type controls (Fig. 2I, J). Our ini-
tial objective was to use the AYBE-V106W and gGBE editors to introduce nonsense 
mutations (A > T or G > T) in the MSTN gene; however, the resulting edits were pre-
dominantly missense mutations (A > C or G > C) (Additional file 1: Fig. S10A). Further-
more, we conducted phenotypic analyses to evaluate whether these missense mutations 
affected MSTN function and resulted in distinct phenotypes. Our findings showed that 
the missense mutations introduced by these two base editors did not result in significant 
differences in birth weight or average daily gain (0–90 days) in gene-edited lambs com-
pared to wild-type lambs (Additional file 1: Fig. S10B-D). Collectively, these results dem-
onstrate that AYBE-V106W and gGBE induced A-to-Y and G-to-Y base transversions in 
both sFFCs and sheep embryos. Notably, a preferential A-to-C editing by AYBE-V106W 
and G-to-C editing by gGBE was observed in the resulting gene-edited lambs.

Base editors enable highly efficient and programmable nucleotide conversions without 
the need for donor templates or the risk of inducing double-strand breaks (DSBs). Estab-
lished base editors, such as CBEs and ABEs, mediate C-to-T and A-to-G conversions by 
deaminating cytosine and adenine bases, respectively. However, achieving other types of 
base substitutions via base editing has remained a significant challenge. In recent years, 
a range of base editors incorporating engineered glycosylases have been developed, 
including CGBE, AYBE, ACBE, gGBE, gTBE (DAF-TBE), and gCBE (DAF-CBE).

Several studies have demonstrated that CBEs employing APOBEC1 (a single-strand 
deaminase) or DddA (a double-strand deaminase) can cause substantial off-target DNA 
editing, as detected by the highly sensitive and unbiased GOTI method [19, 20]. AYBEs 
were generated by integrating additional glycosylases (hMPG or mAAG) into ABEs, 
whereas the deaminase-free, glycosylase-based gGBE was developed by directly fusing 
engineered gMPG to Cas9 nickase. Hence, it is crucial to investigate whether glycosy-
lase utilization leads to potential genome-wide off-target events. In this study, the GOTI 
assay was employed to assess the off-target effects of two novel base editors, revealing 
that embryos edited with AYBE-V106W and gGBE exhibited no detectable genome-
wide indels or SNVs. SNVs identified by the GOTI assay did not overlap with each 
other or with the off-target sites predicted by Cas-OFFinder, suggesting that off-target 
events were both rare and gRNA-independent. Additionally, some tdTomato-negative 
cell samples exhibited editing activity below 10%. These observations may be attributed 
to two possible factors: (1) intercellular communication between the two blastomeres, 
and (2) the occurrence of Cre activation without base editing, or vice versa, in cleavage-
stage blastomeres. While R-loop analysis detected minimal off-target activity of AYBE-
V106W, the GOTI assay revealed none, likely reflecting differences in R-loop formation 
duration and delivery methods (plasmid versus mRNA). Furthermore, the team led by 
David R. Liu has shown that delivering base editors like BE3 and ABE8e as ribonucleo-
protein (RNP) complexes markedly decreases off-target editing relative to plasmid-
based delivery in HEK293T cells [22, 23]. Regarding UNG-based GBEs, a previous study 
demonstrated that both eUNG-based eOPTI-CGBE and cUNG-based cOPTI-CGBE 
exhibited no detectable off-target editing, as assessed by the GOTI method [6]. Given 
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that ABE8e-V106W is known to minimize off-target RNA editing [22], our findings align 
with this observation, showing that AYBE-V106W induced only a slight increase in RNA 
off-target effects—mainly A-to-I edits mediated by TadA8e-V106W—while MPG did 
not significantly trigger A-to-C or A-to-U editing.

Over the past decade, our team has successfully generated MSTN-edited sheep using 
CRSIPR/Cas9 [24–26]. In this study, we aimed to employ AYBE and gGBE to induce 
nonsense mutations (A-to-T and G-to-T transversions) in the MSTN gene, marking 
the first use of these base editors in gene-edited livestock. We believe these two base 
editors hold particular promise for generating additional gene-edited sheep, especially 
those targeting SNPs linked to traits such as tail length (TBXT, c.334G > T) and live body 
weight (MC4R, c.138A > C). However, the gene-edited lambs predominantly exhibited 
missense mutations arising from A-to-C and G-to-C editing.

These results highlight the ongoing need to improve the purity and editing efficiency 
of A-to-Y or G-to-Y transversions. Potential strategies for improvement include co-
expressing TLS polymerase Polη to enhance the purity of A/G-to-T editing [7], and con-
tinuously optimizing TadA-8e or MPG to improve the efficiency of A/G-to-Y editing 
[8]. Overall, these findings underscore the promising applications of AYBE-V106W and 
gGBE for both gene disruption and genetic improvement in large animals.

Conclusions
This study employed the GOTI method to rigorously assess potential off-target editing 
events in mouse embryos treated with AYBE-V106W and gGBE, revealing no detectable 
DNA off-target effects beyond the level of spontaneous mutations. Transcriptome-wide 
RNA analysis demonstrated that AYBE-V106W induced low levels of RNA off-target 
editing, whereas gGBE exhibited none. We also observed that these two base editors 
mediate highly efficient A-to-Y and G-to-Y editing in mouse and sheep embryos, as 
well as in newborn lambs. These findings suggest that AYBE-V106W and gGBE com-
bine high on-target editing efficiency with minimal off-target activity, underscoring their 
potential applications in fundamental research, therapeutic interventions, and genetic 
improvement of large animals.

Methods
Plasmid construction

The base editor constructs used in this study were cloned into a mammalian expres-
sion plasmid backbone under the control of an EF1α promoter using standard molecu-
lar cloning techniques. The plasmids targeting the mouse Tyr and sheep MSTN genes 
were constructed based on AYBE and gGBE (gifts from Huawei Tong; Addgene plas-
mids #193967 and #202629). The sgRNA oligos were annealed and ligated into the corre-
sponding BpiI-digested backbone vectors. The spacer sequences are listed in Additional 
file 1: Table S1.

Cell culture, transfection and genotyping

Sheep fetal fibroblast cells (sFFCs) were isolated from the trunk of a 40-day-old 
sheep fetus. HEK293T cells were obtained from the American Type Culture Collec-
tion (ATCC). All cell lines were routinely tested for mycoplasma. HEK293T cells and 
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fibroblasts were cultured in DMEM medium (Gibco) supplemented with 10% FBS 
(Gibco) and 1% penicillin–streptomycin (Gibco) until they reached 80–90% confluency, 
at which point they were used for transfection. Transfection was performed using Lipo-
fectamine 3000 Reagent (Invitrogen), following the manufacturer’s instructions. Briefly, 
fibroblasts were transfected with MSTN sgRNAs (1.0  µg) along with 1.0  µg of AYBE-
V106W or gGBE plasmid using Lipofectamine 3000 in a 24-well culture plate. 72  h 
after transfection, five thousand sorted cells were harvested for genomic DNA extrac-
tion by adding 20 μL of lysis buffer (Vazyme), following the manufacturer’s manual. 
The genomic regions of the target sites were amplified using Phanta Max Super-Fidelity 
DNA Polymerase (Vazyme) through nested PCR (Additional file 1: Table S2), with the 
use of primers containing barcodes. Purified PCR products were subjected to targeted 
deep sequencing and analyzed as described in the “Targeted deep sequencing analysis” 
section of the methods. For Cas9-independent off-target evaluation, the orthogonal 
R-loop assay was adapted using a dSaCas9–sgRNA plasmid. Similarly, 300 ng of SpCas9 
sgRNA plasmid, 400 ng of base editor plasmid (ABE8e, AYBE-V106W, gGBE, eOPTI-
CGBE, cOPTI-CGBE), and 300  ng of dSaCas9–sgRNA plasmid were co-transfected 
into HEK293T cells using polyethyleneimine (PEI, Polysciences). PCR primers, target 
protospacers, and amplicons used in orthogonal R-loop assays are indicated in Addi-
tional file 1: Table S4. For the RNA sequencing experiment, HEK293T cells were seeded 
in 10-cm dishes and transfected with 20 μg of either AYBE-V106W-CMV-mCherry or 
gGBE-CMV-mCherry plasmids using PEI.

GOTI assay

A mixture of Cre mRNA, AYBE-V106W mRNA or gGBE mRNA with their correspond-
ing Tyr-sgRNAs, was injected into one blastomere of a 2-cell embryo derived from mat-
ing Ai9 male mice with wild-type C57BL/6 female mice. The embryos injected with the 
mRNA mixture were transplanted into surrogate ICR mice within 2 to 4 h after injec-
tion. The action of Cre is expected to generate a chimeric embryo where half of the cells 
are labeled with tdTomato (colored red). At E14.5, tdTomato+ and tdTomato− cells were 
isolated from the chimeric embryos using fluorescence-activated cell sorting (FACS) for 
whole-genome sequencing (WGS). Off-target SNVs and indels were identified by com-
paring tdTomato+ and tdTomato− cells using three variant calling algorithms (Mutect2, 
Lofreq, and Strelka for SNVs; Mutect2, Scalpel, and Strelka for indels). SNVs were repre-
sented as colored dots and indels as crosses in Fig. 1A.

RNA sequencing experiments

Seventy-two hours after transfection, HEK293T cells were washed with 1 × PBS and 
harvested using 0.25% trypsin (Gibco). Approximately 500,000 cells with the top 15% 
mCherry-positive signal were collected using a FACSAria III (BD Biosciences). Total 
RNA was extracted using a TRIzol-based method, then fragmented and reverse tran-
scribed into cDNA using the HiScript Q RT SuperMix (Vazyme), following the man-
ufacturer’s instructions. Total RNA integrity was quantified using an Agilent 2100 
Bioanalyzer. RNA-seq libraries were sequenced on the DNBSEQ-T7 platform.
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Animals

All experiments involving mice were approved by the Executive Committee on Labora-
tory Animal Management and Ethical Review at Northwest A&F University. Super ovu-
lated 4-week-old C57BL/6 females were mated with heterozygous Ai9 males (full name 
B6.Cg-Gt (ROSA) 26Sortm9 (CAG-td-Tomato) Hze/J; JAX strain 007909). Females from 
the ICR strain were used as foster mothers. The mice were housed in a controlled barrier 
facility with a 12-h light/dark cycle, maintained at temperatures ranging from 20 °C to 
26 °C and humidity levels between 40 and 60%. Food and water were readily available at 
all times.

In vitro transcription of mRNA and sgRNA

The AYBE-V106W and gGBE plasmids were linearized using the FastDigest HindIII 
restriction enzyme (Thermo Fisher), purified with Gel Extraction Kit (Omega), and 
employed as the template for in vitro transcription (IVT) using the mMESSAGE mMA-
CHINE T7 Ultra kit (Life Technologies). The T7 promoter was incorporated into the 
sgRNA template by PCR amplification of pCX330 (a gift from Feng Zhang; Addgene 
plasmid #42230) using the primer pair provided in Additional file 1: Table S3. The PCR 
products purified with Gel extraction Kit (Omega) as templates were transcribed using 
the MEGAshortscript T7 Kit (Life Technologies). The Cre mRNA, AYBE-V106W and 
gGBE mRNA, and Tyr/MSTN-sgRNAs were purified using the MEGAclear kit (Life 
Technologies) and eluted in RNase-free water. In vitro transcribed RNAs were aliquoted 
and stored at −80 °C until use. Prior to microinjection, the mixture of mRNA was pre-
pared by centrifugation for 10 min at 14,000 rpm at 4 °C and the supernatant was trans-
ferred to 0.2 mL RNA-free PCR tubes for injection.

Embryo injection, embryo culturing and embryo transplantation

Super ovulated 4-week-old C57BL/6 females were mated with heterozygous Ai9 males, 
and fertilized embryos were collected from oviducts 23 h after hCG injection. For the 
2-cell injection, a mixture of AYBE-V106W mRNA (100 ng/µL) or gGBE mRNA (100 ng/
µL) along with Tyr-sgRNA (50 ng/µL) was co-injected with Cre mRNA (2 ng/µL) into 
the cytoplasm of one blastomere of a 2-cell embryo 48 h after hCG injection. The injec-
tion was performed in a droplet of M2 medium containing 5 µg/mL cytochalasin B (CB) 
using a FemtoJet microinjector (Eppendorf ) with constant flow settings. The injected 
embryos were cultured in M16 medium with amino acids at 37 °C under 5% CO2 in air 
for 2 h. Subsequently, they were transferred into the oviducts of pseudo-pregnant ICR 
foster mothers at 0.5 days post-coitum (d.p.c.).

Healthy ewes (aged 3–5 years) with regular estrus cycles served as donors for zygote 
collection. Zygote collection and treatment of donors were conducted following previ-
ously described procedures [26]. One-cell stage zygotes (approximately 10–16 h after the 
last insemination) were surgically collected and immediately transferred into TCM199 
medium (Gibco). The injection procedure was consistent with that used for mouse 
embryos. Microinjected embryos were cultured in Quinn’s Advantage Cleavage Medium 
(Sage) for 24 h and then transferred into surrogate mothers, as previously reported [26]. 
Around 3–4 2-cell stage embryos were transferred into the ampullary-isthmic junc-
tion of the oviducts of recipient ewes. After approximately 150 days of pregnancy, nine 
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newborn lambs were genotyped. Comprehensive care and monitoring were provided to 
the lambs following delivery.

Genotyping of E14.5 mouse embryos and F0 sheep founders

The genotypes and off-target analysis of mutant E14.5 mouse embryos were determined 
by PCR of genomic DNA extracted from tdTomato+ and tdTomato− cells. Additionally, 
peripheral venous blood samples from two-week-old lambs were collected and subjected 
to genomic DNA extraction. The Phanta Max Super-Fidelity DNA Polymerase (Vazyme) 
was first activated at 95  °C for 5  min. PCR amplification was conducted for 35 cycles 
with the following conditions: 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s, followed 
by a final extension at 72 °C for 5 min. Subsequently, PCR products underwent Sanger or 
targeted deep sequencing. Peripheral venous blood samples from two-week-old lambs 
were collected and subjected to genomic DNA extraction. PCR primers for genotype 
analysis are listed in Additional file 1: Table S2.

Fluorescence‑activated cell sorting

To isolate tdTomato+ and tdTomato− cells, whole E14.5 mouse embryos were dissected 
and enzymatically dissociated in 5 mL of Trypsin–EDTA (0.05%) at 37  °C for 30 min. 
The enzymatic dissociation was stopped by adding 5  mL of DMEM medium contain-
ing 10% fetal bovine serum (FBS). The fetal tissues were homogenized by passing them 
through a 1 mL pipette tip 30–40 times. The cell suspension was subsequently centri-
fuged at 800 rpm for 6 min, and the resulting pellet was resuspended in DMEM medium 
supplemented with 10% FBS. Finally, the cell suspension was filtered through a 40-µm 
cell strainer, and tdTomato+ and tdTomato− cells were isolated by fluorescence-activated 
cell sorting (FACS). Samples for WGS analysis was confirmed to be > 95% pure following 
a second round of flow cytometry and fluorescence microscopy analysis.

Targeted deep sequencing analysis

The target sites were amplified using nested PCR with Phanta Max Super-Fidelity DNA 
Polymerase (Vazyme), along with primers containing barcodes. The PCR products were 
pooled and purified using a Gel extraction kit (Omega). The amplicon-seq libraries were 
prepared using the VAHTS Universal DNA Library Prep Kit (Vazyme), purified, and 
then sequenced on an Illumina NovaSeq 6000 platform with 150-bp paired-end reads. 
The sequencing data were initially demultiplexed using Cutadapt (v.2.8) and then pro-
cessed by CRISPResso2 [27] for quantifying base editing efficiency. Refer to Table S1 for 
the target site sequence information.

Whole genome sequencing (WGS) and data analysis

Briefly, genomic DNA was extracted from sorted tdTomato+ or tdTomato− cells using 
the DNeasy blood and tissue kit (Qiagen) following the manufacturer’s instructions. 
WGS was performed at an average coverage of 30 × using the Illumina NovaSeq 6000 
platform. We used FastQC (v0.12.1) and Trimmomatic (v0.39) to trim low-quality reads 
and adapter sequences from the raw FASTQ files. Qualified reads were mapped to the 
mouse reference genome (GRCm39, GCF_000001635.27) using BWA (v0.7.17) with the 
mem -M option. Picard-tools (v2.27.5) were then employed to reorder, sort, add read 
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groups, and mark duplicates in the aligned BAM files. Subsequently, Strelka2 (v2.9.2), 
Lofreq (v2.1.5), and Mutect2 (v4.3.0) were utilized to identify genome-wide de novo var-
iants with high confidence. Concurrently, Mutect2 (v4.3.0), Scalpel (v0.5.4), and Strelka2 
(v2.9.2) were independently employed to detect whole-genome de novo indels. Variants 
identified by all three algorithms would be regarded as true SNVs or indels. During vari-
ant calling, we employed tdTomato− data as a control to identify mutations observed in 
tdTomato+ data for each pair of samples. Off-target sites predicted using CRISPR RGEN 
Tools (Cas-OFFinder; http://​www.​rgeno​me.​net/​cas-​offin​der/) [28], allowing up to six 
mismatches based on the Tyr-sgRNAs, were subsequently compared with the SNVs 
identified through GOTI analysis.

Genomic DNA samples from AYBE-V106W– and gGBE-edited lambs, as well as from 
wild-type lambs, were sequenced using the DNBSEQ-T7 platform following standard 
experimental procedures. Raw sequencing reads from each individual were quality-
trimmed using Fastp (v0.22.0) and aligned to the domestic sheep reference genome 
(ARS-UI_Ramb_v2.0, GCA_016772045.1) using BWA-MEM (v0.7.17). The subsequent 
steps of read alignment, variant calling, and variant filtering were similar to those used 
in transcriptome-wide RNA analysis. To identify high-confidence (consensus) muta-
tions, variants in the edited sheep were first called using both GATK and bcftools. The 
resulting variant sets were then intersected to derive a consensus set, ensuring that only 
mutations consistently detected by both tools were retained as high-confidence.

Transcriptome‑wide RNA analysis

For transcriptome-wide RNA off-target analysis, raw RNA-seq data were first processed 
using fastp (v0.22.0) to remove adapter sequences and low-quality reads. Cleaned reads 
were analyzed using the RADAR pipeline. To eliminate ribosomal RNA contamination, 
reads were first aligned to the human RNA45SN5 reference, and those mapped to rRNA 
were discarded. The remaining reads were then aligned to the human reference genome 
using both BWA (v0.7.17-r1188) and HISAT2 (v2.2.1). Variant calling was performed 
using GATK HaplotypeCaller (v4.3.0.0), and the resulting VCF files were further pro-
cessed and filtered using bcftools (v1.21). During VCF filtering, variants present in pub-
lic databases such as dbSNP b151, the 1000 Genomes Project, and the EVS database, 
or located within Alu repeat regions, were excluded. Only variants on autosomal chro-
mosomes were retained. Additional filtering criteria included: QD < 2.0, QUAL < 30.0, 
FS > 30.0, MQ < 40.0, MQRankSum < –12.5, ReadPosRankSum < –8.0, SOR > 3.0, and 
INFO/DP < 10. Sites supported by fewer than five mutated or non-mutated reads were 
also excluded. From the resulting high-confidence variants, AYBE-mediated (A-to-C/
T/G) and gGBE-mediated (G-to-C/T) RNA editing events were extracted and visualized 
using the ggplot2 package in R.

Statistical analysis

Data from two or three biological replicate experiments are presented as the 
mean ± s.e.m. Statistical analyses were conducted using Graph-Pad Prism 9 (v.9.5.1) 
with an unpaired, two-tailed Student’s t-test. A p < 0.05 was considered to be statistically 
significant.

http://www.rgenome.net/cas-offinder/
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