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Abstract 

Background: The safety of CRISPR-based gene editing methods is of the utmost prior-
ity in clinical applications. Previous studies have reported that Cas9 cleavage induced 
frequent aneuploidy in primary human T cells, but whether cleavage-mediated editing 
of base editors would generate off-target structure variations remains unknown. Here, 
we investigate the potential off-target structural variations associated with CRISPR/
Cas9, ABE, and CBE editing in mouse embryos and primary human T cells by whole-
genome sequencing and single-cell RNA-seq analyses.

Results: The results show that both Cas9 and ABE generate off-target structural 
variations (SVs) in mouse embryos, while CBE induces rare SVs. In addition, off-target 
large deletions are detected in 32.74% of primary human T cells transfected with Cas9 
and 9.17% of cells transfected with ABE. Moreover, Cas9-induced aneuploid cells 
activate the P53 and apoptosis pathways, whereas ABE-associated aneuploid cells 
significantly upregulate cell cycle-related genes and are arrested in the G0 phase. 
A percentage of 16.59% and 4.29% aneuploid cells are still observable at 3 weeks 
post transfection of Cas9 or ABE. These off-target phenomena in ABE are universal 
as observed in other cell types such as B cells and Huh7. Furthermore, the off-target 
SVs are significantly reduced in cells treated with high-fidelity ABE (ABE-V106W).

Conclusions: This study shows both CRISPR/Cas9 and ABE induce off-target SVs 
in mouse embryos and primary human T cells, raising an urgent need for the develop-
ment of high-fidelity gene editing tools.
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Background
The paramount consideration in genome editing is the assurance of clinical safety and 
the prevention of undesirable genotoxicities. Multiple methods have been applied to 
evaluate the off-target effects of various editing tools [1–4], and high-fidelity versions 
of CRISPR-based editing systems have been subsequently developed [4–7]. In addition 
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to single nucleotide variations, structural variations (e.g., large deletion, translocation) 
induced by gene editing tools have been of significant concern for clinical application 
[4, 8, 9]. Previous studies have reported that CRISPR/Cas9 induced large deletions at 
both on-target and off-target loci in mouse [10] and human embryos [11], embryonic 
stem cells [12], and induced pluripotent stem cells [13]. Chromosome losses have been 
directly detected using single-cell RNA sequencing (scRNA-seq) analysis in CRISPR/
Cas9-edited primary human T cells [4, 7]. In addition, Tsuchida et al. demonstrated that 
the CRISPR/Cas9 editing-induced chromosomal alteration was closely linked to p53 
activation and cell death, raising safety concerns of CRISPR/Cas9 cleavage in T cell ther-
apy [7].

Base editors (BEs) have been widely used in gene therapies to effectively convert base 
pairs (A/T to G/C; C/G to T/A) without generating double-strand breaks (DSBs). Stud-
ies reported before have shown that the deaminase domains in cytosine base editor 
(CBE) [14] and adenine base editors (ABE) [15] both lead to off-target single nucleotide 
variations (SNVs) at the DNA [16] and RNA level [5]. Subsequent studies have adopted 
various methods to minimize these off-target effects [17–21]. Apart from SNVs, cytidine 
deaminases have been shown to induce genomic DNA breaks and chromosomal insta-
bility by triggering DSBs [22, 23]. Consistently, CBE has been reported to be associated 
with DSB-related DNA damage risks, primarily due to the deaminase activity [24–26]. 
Recently, CGBE is reported to generate double-strand breaks and causes structure vari-
ations [21]. However, the evaluation of such side effects after editing with ABE has been 
insufficient. In this study, we have conducted a systematic evaluation of potential off-
target structural variations for widely used gene editing tools (CRISPR/Cas9, ABE, and 
CBE) using whole genome sequencing analysis in mouse embryos. Assisted by single-cell 
RNA-seq analysis, we further evaluated the genome-wide aneuploidy and truncations of 
chromosomes in primary human T cells transfected with CRISPR/Cas9 or base editors. 
We detected frequent structural variations associated with CRISPR/Cas9 or ABE editing 
in both mouse embryos and human cells.

Results
Genome‑wide detection of structure variations induced by CRISPR/Cas9 and base editors

To explore whether various gene editing approaches would induce off-target struc-
ture variations (SVs), we applied Gridss [27] and Manta [28] to call potential SVs in 
paired whole genome sequencing (WGS) samples using the genome-wide off-target 
analysis by two-cell embryo injection (GOTI) method, where the edited and non-
edited samples derive from the same zygote and thus avoid the influence of genetic 
background [16]. We called structure variations in tdTomato + (T +) samples with 
tdTomato − (T −) samples from the same embryo as the reference. We defined high-
confident (HC) off-target SVs that were called by both algorithms, and the union 
set of structure variations was shown in Additional file  3: Table  S2. In comparison 
to the control group, HC off-target SVs were detected in Cas9-treated, ABE-treated 
(ABE7.10: TadA-TadA*-nCas9) and CBE-treated (BE3: rAPOBEC1-nCas9-UGI) 
embryos in 50% samples while not in controls (Fig. 1a and Additional file 1: Fig. S1a). 
Interestingly, Cas9-treated and ABE-treated embryos showed higher number of off-
target structure variations, while CBE-treated embryos had similar number of SVs 



Page 3 of 22Wu et al. Genome Biology          (2024) 25:291  

compared with that of the control group (Fig. 1a and Additional file 1: Fig. S1b), likely 
spontaneous structure variations during embryo development.

Among the detected SVs, HC large deletion (DEL) accounted for 56%, 75%, and 
100% of all off-target SVs in Cas9-treated, ABE-treated, and CBE-treated embryos, 
respectively (Fig.  1b). For Cas9, the off-target deletion rate (85.71%) showed much 
higher frequency than that of the on-target large deletion (14.29%) (Fig. 1c and Addi-
tional file 1: Fig. S1c), indicating that off-target SVs were more common events than 
on-target large deletions. ABE-induced large deletions had prominently larger sizes 
than those in the Cas9 group (median 2414 bp vs. 1334 bp), and with more extreme 
outliers than Cas9 and CBE (Fig.  1d). The maximum deletion detected in ABE 
reached to 4.1Mb, which was only observed in T + other than T- sample (Fig. 1e). The 
large deletions in Cas9-treated, ABE-treated and CBE-treated mice were visualized at 
the corresponding genomic loci and validated by PCR analysis both for HC and non-
HC large deletions (Fig. 1f, and Additional file 1: Fig. S1d, S1e, S1f; Additional file 3: 
Table S2). In addition to large deletions, we also observed chromosomal translocation 
in ABE-treated and Cas9-treated groups (Fig.  1b). The off-target translocations in 
Cas9-treated were visualized at the breakpoints and further confirmed by PCR analy-
sis (Fig. 1g). For these off-target large deletions in ABE-treated mice, we examined the 
breakpoints (flanking 500 bp) of SVs in different groups and found that the percent-
age of A was significantly higher in ABE-treated mice than that observed in the Cas9 
group (P = 0.0046) or random background (P = 0.003; Additional file 1: Fig. S1g). In 
addition, motif analysis of the SVs (flanking 10bp) revealed that TAT was the most 
recurrent motif in ABE-treated mice (Fig. 1h), consistent with the binding preference 
of TadA previously reported [5]. We next used Cas-OFFinder [1] to predict potential 
off-target sites showing sequence similarity with the on-target sites, and the predicted 
off-target sites with mismatches less than 8 were rare for all designed sgRNAs (Fig. 1i) 
in the whole genome, demonstrating high specificity of designed sgRNAs. In addi-
tion, local sequence alignment revealed that the off-target SV sequences showed poor 
similarity with the on-target sequences (Fig. 1j, and Additional file 1: Fig. S1h, S1i), 
indicating that these off-target SVs were more likely to be sgRNA-independent.

Fig. 1 Off-target structural variations in the mouse embryo genome. a The number of high-confidential 
structural variations detected in non-editing control, ABE, Cas9, and CBE-edited mouse embryos. b 
Proportion of structural variation types in non-editing control, ABE, Cas9, and CBE-edited mouse embryos. 
c Percentage of samples with on-target large deletions and off-target large deletions. d Size distribution 
of large deletions in Cas9, ABE, and CBE. e Sequencing depth distribution around two large deletions of 
T + (tdTomato +) and T − (tdTomato −) in ABE. f PCR validation of large deletions detected in Cas9- and 
ABE-treated embryos. g Supporting sequencing reads of Chr7-Chr14 translocation shown in IGV and 
PCR-validated translocations detected in Cas9. h Enriched motifs of sequences within 10 bp flanking the 
breakpoints of SVs in ABE-treated mice. i Proportion of off-target sites with different mismatch numbers 
predicted by Cas-Offinder for designed sgRNAs. j Similarity of the on-target sequence and sequences 
surrounding breakpoints of SVs. The ratio of matching bases between the on-target sequence and all 
off-target SVs at each position was displayed at the top heatmap. The top 5 off-target sequences showing the 
highest similarity with the on-target sequence were shown. Dots represent matched bases. k Annotation of 
high-confidential structural variations in non-editing control, ABE, Cas9, and CBE-edited mouse embryos. l 
Inferred copy number distribution in ABE-edited HEK293T cells

(See figure on next page.)
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To explore whether off-target SVs could affect gene expression, we annotated and 
mapped the genomic positions of these SVs onto annotated genes using ChIPseeker [29]. 
Distal intergenic regions were the most common annotated regions and ABE-detected 
off-targets located in promoter region for HC off-target SVs (Fig. 1k), and the same trend 
was found for all off-target SVs (Additional file 1: Fig. S1j). Then we used bedtools [30] 
to intersect off-target SVs with gene locations and normalized the deletion size for ABE 
and Cas9. The result showed that Cas9 affected the expression of a higher number of 
genes than that of ABE (Additional file 1: Fig. S1k). The existence of ABE-induced large 

Fig. 1 (See legend on previous page.)
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deletions was further validated in ABE-treated human cells using previously published 
single-cell RNA-seq data [5] (Fig. 1l).

Single‑cell RNA‑seq analysis reveals chromosomal aneuploidy after CRISPR/Cas9 or ABE 

cleavage in primary human T cells

To further explore whether off-target SVs induced by SpCas9 or ABE8.8 would occur 
in a clinically relevant setting, we performed CRISPR/Cas9 or ABE electroporation 
together with sgRNAs targeting PDCD1 or B2M into human primary T cells with high 
efficiency (Fig.  2a). The sgRNAs used for Cas9 were the same as those used clinically 
in T cells reported before [4, 31]. We collected single cells at days 0, 3, 7, and 21 after 
transfection for single-cell RNA sequencing. Both Cas9 and ABE achieved high editing 
efficiency on targeted genes (Fig. 2b), which was further validated by the downregulation 
in the gene expression level of PDCD1 and B2M (Additional file 1: Fig. S2a). For single-
cell analysis, we obtained 217,033 single cells (Additional file 4: Table S3). After quality 
control, 209,469 single cells were kept which were classified into 8 cell types by unsuper-
vised clustering (Fig. 2c). Based on the expression of canonical marker genes, we manu-
ally annotated the cell clusters as naive CD4 T cell (CD4, CD40LG, and IL7R), naive CD8 
T cell (CD8B, CD8A, and IL7R), cytotoxic CD8 T cell (CD8B, CD8A, NKG7, GZMB, and 
GZMA), CD4 effector memory T cell (CD4, ILR7, SELL, MKI67, and HMGN2), CD8 
effector memory T cell (CD8A, CD8B, SELL, NKG7, MKI67, and HMGN2), proliferating 
T cell (MKI67 and HMGN2), gamma delta T cell (TRDC) and B cell (MS4A1, CD79A, 
and BANK1; Fig. 2c and d; Additional file 5: Table S4).

We next explored chromosomal abnormalities in each annotated cell type using a 
newly developed Bayesian model to remove false positives based on inferred copy num-
ber changes from InferCNV (see Methods). Significant changed genes from the model 
were shown in Additional file  6: Table  S5. Finally, we detected 2 and 3 inferred CNV 
regions in ABE-treated T cells, and 13 and 47 in Cas9-treated T cells with significant 
aneuploid ratio change targeting B2M and PDCD1, respectively. To further reveal the 
characteristics of cells showing chromosomal abnormalities, we classified cells with 
chromosome deletions as aneuploid cells. To further validate the reliability of detected 
aneuploid cell proportion in the editing group, we did a reverse calling process to obtain 
aneuploid cell ratios (proportion/reverse proportion; see the “Methods” section). Com-
pared to control group (blank vs. none-targeting control), the overall aneuploid cell 
ratios significantly increased by 1.70 and 4.28 folds for ABE (P = 0.012) and CRISPR/
Cas9 (P = 9.1e − 09), respectively (Fig. 2e). Strikingly, we detected 32.74% of aneuploid 
cells transfected with Cas9 and 9.17% of cells transfected with ABE (Fig. 2f ).

Specifically, we observed significant chromosomal loss in chr15 in Cas9-transfected 
naive CD4 T cells, and chr13 and chr2 in ABE-transfected CD8 effector memory T cells 
and proliferating T cells (Additional file  1: Fig. S2b). For CRISPR/Cas9 or ABE-trans-
fected cells targeting PDCD1 or B2M, we found frequent deletions across the genome 
in addition to the on-target deletion at chr2 or chr15 (Additional file 1: Fig. S2b). Chro-
mosomal deletions with significant aneuploid ratio change were observed in all T cell 
types in Cas9-transfected group targeting PDCD1 (Fig. 2g), and in two subtypes of ABE-
transfected cells (Fig. 2h). Similarly, deletions occurred more often in Cas9-transfected 
group targeting B2M than ABE-treated cells (Additional file 1: Fig. S2c).
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To validate whether these off-target SVs from scRNA-seq could be detected at the 
genome level, we also performed WGS for ABE-treated T cells. The same SV calling 
pipeline was applied as that for GOTI samples. Compared to scRNA-seq that only 
reveals SVs located in coding regions, WGS analyses revealed more SVs at the whole-
genome level in ABE-treated T cells (Additional file  1: Fig. S2d; Additional file  6: 
Table S5). Motif analysis revealed a TAT motif for detected SVs in T cells targeting 

Fig. 2 Off-target structural variations detected in primary human T cells using single-cell RNA-seq. a 
Quantification of the efficiency of mRNA electroporation for editing tool through assessment of GFP 
fluorescence levels. b Editing efficiency of PDCD1 and B2M for CRISPR/Cas9 and ABE at days 3, 7, and 21. c 
Uniform manifold approximation and projection (UMAP) plot depicting 209,469 cells representing 8 cell 
lineages. d Dot plot showing averaged expression levels of marker genes across 8 cell types. e Distribution 
of aneuploid cell ratio across the whole genome for Cas9 and ABE. Dot represents the aneuploid cell ratio 
(proportion/reverse proportion) for a particular cell type detected at chromosomes. f Proportions of cells with 
deletions among all cells corresponding to Cas9 and ABE groups. The blue dot represents cells with inferred 
copy number values lower than 2 standard deviations and the gray dot represents normal cells. g Proportions 
of cells harboring deletions marked blue in the Cas9 editing group for PDCD1 compared to the control group 
marked light blue (non-targeting control vs. blank). h Proportions of cells harboring deletions marked blue 
in the ABE editing group for PDCD1 compared to the control group marked light blue (non-targeting control 
vs. blank). i Circos plot showing all HC SVs in ABE-treated cells targeting B2M or PDCD1. Pink bars represent 
regions detected by scRNA-seq data. Pink lines represent SVs located in regions detected by scRNA-seq data
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either B2M or PDCD1 (Additional file 1: Fig. S2e), in line with that found in GOTI 
samples. In B2M-targeting cells, we found two translocations located in the off-tar-
get SV regions detected from scRNA-seq (Fig. 2i, marked red). In PDCD1-targeting 
cells, WGS revealed SVs showed high overlap with those detected in scRNA-seq data 
(Fig.  2h, i and Additional file  1: Fig. S2c). The in silico visualization by sequencing 
depths and IGV further supported the high confidence of these overlapped SVs iden-
tified from both WGS and scRNA-seq data (Additional file 1: Fig. S2f and S2g).

The majority of aneuploid cells only had deletions in single chromosome for both 
Cas9 and ABE, while an increased proportion of cells with multiple chromosomal 
deletions was found in Cas9-treated cells targeting PDCD1 (Fig.  3a). Differential 
expression analysis showed that compared to normal ploid cells, aneuploid cells sig-
nificantly upregulated 31 genes (Fig. 3b). Among them, CD70 and MDM2 occurred 
frequently in multiple cell types in Cas9-transfected cells targeting B2M except naive 
CD8 T cells (Additional file  1: Fig. S3a). MDM2 has been identified as a p53 inter-
acting protein that represses p53 transcriptional activity and was associated with 
many human malignancies [32]. Overexpression of CD70 in cancer cells has been 
shown to promote cell proliferation and survival [33, 34]. In addition, a previous 
study has reported that CD70 and MDM2 as the most frequently upregulated genes 
in cells regardless of which chromosome was lost [7]. For Cas9-transfected cells tar-
geting PDCD1, we only detected three upregulated genes (DNAJB11, TNFSF10, and 
JUN) in aneuploid cells with multi chromosomes lost (Additional file 1: Fig. S3a). In 
ABE-treated naive CD8 T cells targeting PDCD1, we also detected two genes with 

Fig. 3 Deletion patterns, significant changed genes, and biological functional changes in aneuploid cells. a 
Proportions of cells with multi-deletion, one deletion, and no deletions among the six cell types. b Log2 fold 
change of differentially expressed genes from aneuploid cells and normal cells in six cell types for Cas9 and 
ABE. c Enrichment results of differentially expressed genes from aneuploid cells and normal cells for Cas9 
edited groups. d Cell cycle distribution of normal cells and cells with deletions in ABE cells
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significant upregulation, UBE2C and CKS2 (Fig. 3b), which were both reported to be 
functional in cell cycle and cancer progression [35, 36].

The upregulated genes in aneuploid cells of the Cas9-transfected group targeting B2M 
were significantly enriched in the TP53 network, programmed cell death, and G2/M 
transition (Fig. 3c), consistent with previous studies showing that a single Cas9-induced 
DSB can lead to p53 upregulation [37]. The activity of the p53 signaling pathway and 
apoptosis signaling were also significantly increased in aneuploid cells of 3 out of 6 cell 
types in the Cas9-transfected group targeting B2M but not in the Cas9-transfected 
group targeting PDCD1 (Fig. 3c and Additional file 1: Fig. S3b). By contrast, the activity 
of cell cycle-related genes was significantly expressed in ABE-transfected cells (Fig. 3b). 
Cell cycle is an important signature and it is closely related to the p53 pathway [38] and 
TP53 gene expression showed a positive correlation with UBE2C in several cancers [35]. 
Based on significantly differentially expressed genes and pathways enriched in aneuploid 
cells, we further calculated cell proportion in different cycle stages for each cell type, 
and found that the cell proportion in early cell cycle phases significantly increased in 
the aneuploid cells for the majority of cell types compared to normal cells in ABE-trans-
fected groups (Fig. 3d). In conclusion, we detected aneuploidy and chromosomal dele-
tions associated with functionally important genes when targeting PDCD1 and B2M by 
either Cas9 or ABE.

Using longitudinal single-cell data, aneuploid cells were monitored to explore their fit-
ness. Despite the gradual decrease in chromosome loss cells, Cas9 or ABE-induced chro-
mosome loss in T cells is still observable at 3 weeks after transfection (Fig. 4a). Overall, 
the percentage of aneuploid cells of Cas9 targeting B2M and PDCD1 decreased from 
11.27%, 8.17% at day 3 to 6.67%, and 3.17% at day 21, respectively. For ABE, the percent-
age of aneuploid cells targeting B2M and PDCD1 decreased from 8.51%, 6.79% at day 3 
to 4.83%, and 2.33% at day 21 (Fig. 4b). For example, aneuploid cells with chromosome 
15 loss decreased from 22.50% at day 3 to 8.99% at day 21 in Cas9-transfected naive CD4 
T cells, and the aneuploid frequency of chr10 loss in ABE-transfected naive CD8 T cells 
decreased from 10.2% at day 3 to 3.67% at day 21 (Fig. 4c). In addition, all other ane-
uploid cells changed over time were shown in Additional file  1: Fig. S4a. These long-
lived aneuploid cells highly expressed genes enriched in cell cycle, DNA repair, and DNA 
damage pathways (Additional file 7: Table S6), suggesting the safety concern of Cas9- or 
ABE-editing in clinical therapy.

Chromosomal aneuploidy in different cell types

To determine whether these SVs in ABE were specific to T cells, we also collected B 
cells from PBMC in addition to T cells. A total of 378 cells and 129 cells were iden-
tified in control and ABE-treated cells targeting PDCD1, respectively (Fig.  2c). In 
the Cas9-treated group, 226 and 25 cells were found in control and edited groups 
targeting B2M, and 226 and 276 cells were in control and edited group targeting 
PDCD1, respectively (Fig.  2c). Targeted genes B2M and PDCD1 were both signifi-
cantly repressed in ABE- or Cas9-treated B cells (Additional file 1: Fig. S5a). Nota-
bly, a significantly higher aneuploidy cell ratio was detected in ABE- or Cas9-treated 
cells than that in the control group (Additional file  1: Fig. S5b, marked red). We 
detected 3 and 3 off-target SVs in ABE and Cas9 (Fig. 5a and Additional file 1: Fig. 



Page 9 of 22Wu et al. Genome Biology          (2024) 25:291  

S5c) targeting PDCD1. To further verify the universality of off-target phenomena, 
we also performed ABE and Cas9 editing targeting B2M in Huh7 cells. High editing 
efficiency was achieved in both Cas9- and ABE-treated cells (Fig. 5b). We detected 5 
regions with chromosomal abnormality in ABE and 2 in the Cas9 group (Fig. 5c and 
Additional file 1: Fig. S5d). Similar to that found in ABE- or Cas9-treated T cells tar-
geting B2M, off-target SVs were also detected in chr15 and chr2 in Cas9- and ABE-
treated Huh7 cells, respectively (Fig. 5c). Taking together, our results indicated that 
the off-target SVs are not specific to T cells but are generally detectable in other cell 
types including B cells and Huh7 cells.

Fig. 4 Longitudinal single-cell data monitoring the fitness of aneuploid cells. a Changes in the proportion of 
aneuploid cells in different cell types from day 3 to day 21 at every detected chromosome for Cas9 and ABE 
edited B2M and PDCD1. b Overall proportion changes of aneuploid cells from day 3 to day 21, categorized 
by editing tools and targets. c Dot plot representing specific examples of aneuploid cell changes from day 3 
to day 21 in naive CD4 T cells on chr15 of Cas9 editing B2M and in naive CD8 T cells on chr10 of ABE editing 
PDCD1. Each dot represents the mean inferred copy number value of cells
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Off‑target SVs in primary T cells treated with high‑fidelity ABE

To explore whether the off-target SVs could be reduced, we next performed single-cell 
data analysis in primary T cells using high-fidelity ABE (ABE8e-V106W) [18] to target 
PDCD1. Similar editing efficiency was achieved by ABE8e-V106W in comparison to that 
achieved by ABE (Fig.  5d). These cells were clustered and annotated into 8 cell types 
(Additional file 1: Fig. S5e and S5f ). Off-target analysis revealed that off-target aneuploid 
cell ratios in ABE8e-V106W-treated cells were significantly reduced than those in ABE-
treated cells (Fig. 5e). In addition, we found off-target SV numbers were also significantly 
reduced (Fig. 5f, g and Additional file 1: Fig. S5g). These results supported that the off-
target SVs were induced by deaminase in a sgRNA-independent manner and could be 
reduced by a high-fidelity version of ABE.

Discussion
In the current study, we comprehensively assessed the off-target structure variations 
induced by CRISPR/Cas9, ABE, and CBE. In mouse embryos, we detected a signifi-
cantly increased number of off-target structure variations in ABE and Cas9, whereas no 
detectable off-target SVs were observed for CBE. Further single-cell RNA-seq analyses 
of human primary T cells showed that 32.74% of cells in Cas9 and 9.17% in ABE were 
aneuploid. Even after 3 weeks of culture, 16.59% and 4.29% of aneuploid cells were still 
detected. Furthermore, we found these off-target structural variants were also prevalent 
in B cells and Huh7 cell types. In Cas9-induced aneuploid cells, the p53 pathway and 
apoptosis pathway were significantly upregulated. On the other hand, aneuploid cells in 

Fig. 5 Off-target SVs detected in other cell types and high-fidelity ABE. a Proportions of cells harboring 
deletions marked blue in Cas9 and ABE editing group for PDCD1 compared to control group marked 
light blue (Non-targeting control vs. Blank) in B cells. b Editing efficiency of ABE and Cas9 in Huh7 cells. c 
Proportions of cells harboring deletions marked blue in Cas9 and ABE editing group for B2M compared to 
the control group marked light blue (Non-targeting control vs. Blank) in Huh7. d Editing efficiency of ABE8.8 
and ABE8e-V106W targeting PDCD1. e Aneuploidy cell ratio across the whole transcriptome in ABE and 
ABE8e-V106W. f Number of off-target SVs among different T cell types with P value 0.02 between ABE and 
ABE8e-V106W. g Proportions of cells harboring deletions marked blue in ABE8e-V106W editing group for 
PDCD1 in T cells
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ABE highly expressed two cell cycle-related genes and tended to be quiescent as the pro-
portion of cells in the early stage of the cell cycle increased. These results highlight the 
importance of minimizing off-target structure variations in CRISPR/Cas9 and ABE.

CRISPR/Cas9 generates double-strand breaks (DSBs) in DNA, which can be repaired 
through homology-directed repair (HDR) and nonhomologous end joining (NHEJ) 
mechanisms [39–41]. Repair of a single DSB can result in perfect re-joinings, small 
indels, microhomology-mediated deletions, and large deletions [42]. On-target large 
deletions caused by Cas9 have been reported in several studies [8, 9, 43, 44]. Besides, 
off-target SVs caused by Cas9 were also observed in fertilized zebrafish eggs [8], in line 
with our findings in mouse embryos. In contrast to CRISPR/Cas9, ABE is an attractive 
gene-editing modality as it can introduce precisely targeted alterations without DSBs 
[15]. Off-target effects of ABE mainly focus on the deaminase activity on RNA [5, 20] 
and sgRNA-dependent off-targets on DNA [45]. In genomic DNA, in addition to nickase 
activity, deaminase activity could lead to genomic instability [23, 25]. Thus, the off-target 
SVs might be generated through two mechanisms in BEs: (1) sgRNA-dependent off-tar-
get effects induced by the non-specific binding of sgRNA subsequent to DNA cleavage of 
nCas9 [46] and (2) sgRNA-independent off-target effects induced by the deaminases in 
base editors [5, 16, 47]. A previous study detected nearly no sgRNA-dependent off-target 
[48]. In contrast, base editors have been reported to generate significant amounts of off-
target single-nucleotide mutations, and these off-target mutations are mostly induced 
by deaminases in a sgRNA-independent manner [5, 16, 47]. Through Cas-OFFinder 
prediction, the breakpoints of off-target SVs showed poor sequence similarity with the 
protospacer sequence, and no difference was found among ABE, CBE, and Cas9 groups. 
This evidence indicated that these off-target SVs in base editors were unlikely sgRNA-
dependent. Motif analysis further showed that ABE-induced SVs had a strong preference 
for the TAT motif and significantly higher A percentage around breakpoints, consistent 
with previous findings [5]. For CBE, we did not find any motif preference, which in part 
explained why ABE induced more SVs than CBE in GOTI samples. Further WGS data 
in T cells validated the motif pattern of ABE-induced off-target SVs. These results sug-
gested that the higher number of off-target SVs induced by ABE was primarily attributed 
to TadA, leading to the activation of endogenous DNA damage repair pathways such as 
base excision repair (BER) pathway-mediated deoxyinosine repair [49]. The high-fidelity 
version of ABE (ABE8e-V106W) has been reported to substantially reduce off-target A 
to I in RNA and A•T-to-G•C in DNA [18]. Our results supported that ABE8e-V106W 
indeed reduced the off-target SVs compared with ABE8.8. However, off-target SVs were 
still detectable in ABE8e-V106W, raising a direction for further evolution of high-fidel-
ity versions of ABE. Cellular repair-related genes have been reported to play important 
roles in generating large deletions in Cas9 [50] and CGBE [21]. Thus, the repair mecha-
nism responsible for the formation of SVs in the genome by ABE needs further genetic 
screening.

Aneuploidy is a distinct feature of cancer cells and is associated with most types of 
cancers [51]. Loss of chr15 has been reported to be associated with several tumors, such 
as head and neck carcinomas [52]. In adult T-cell leukemia, chr15 loss infrequently 
occurs [53]. Deletions of 15q have been reported in childhood acute lymphoblastic leu-
kemia [54]. Both ABE and Cas9 systems have been widely applied in the treatment of 



Page 12 of 22Wu et al. Genome Biology          (2024) 25:291 

various diseases [45, 55–57]. In immunotherapies, Cas9 has been extensively used to 
engineer T cells for the development of potent immunotherapies [58–60]. Our results, 
along with previous findings [4, 7], suggest the possibility that Cas9-induced aneuploidy 
and chromosomal truncation might be associated with an increased risk of tumorigen-
esis. For the first time, we found severe off-target structure variations in the genome of 
ABE-edited cells and in different cell types. We observed differences between Cas9- and 
ABE-induced aneuploid cells. Though similar numbers of genomic structural variations 
were detected in both Cas9- and ABE-treated cells, different pathways were activated at 
the transcriptomic level. For ABE, cell cycle-related genes significantly expressed, and 
cells are arrested in the early stage. Cell cycle can be arrested by p53 under stress sig-
nals such as DNA damage, and further apoptosis is induced [38]. Previous study shows 
that Cas9 selects for p53-inactivating mutations [61]. Although we did not detect signifi-
cantly unregulated apoptosis scores in ABE, these cell cycle arrest shows DNA-damaged 
cells were found by a guard of cells [38]. This indicates the necessity of detecting off-
target genomic structure variations in clinical applications for ABE. Nevertheless, with 
future development of high-fidelity versions of base editors, the impact of off-target var-
iations could be significantly minimized.

Conclusions
The GOTI off-target detection system and our developed Bayesian method based on 
InferCNV provide an unbiased, high-throughput approach to identify nuclease-induced 
chromosomal aberrations. Our discovery of chromosomal truncation in mouse embryos 
and human T cells as well as other cell types highlights the potential oncogenic risks 
associated with both ABE and Cas9. The comprehensive characterization of these off-
target SVs and an examination of high-fidelity ABE (ABE8e-V106W) support that these 
off-target SVs were induced by TadA in a sgRNA-independent manner and could be 
reduced by deaminase engineering. Together, our study emphasizes the need for miti-
gation strategies to minimize the off-target effects caused by ABE and CRISPR/Cas9 in 
further clinical applications.

Methods
Whole genome sequencing

A total amount of 0.2 μg DNA of T cells per sample was used as input material for the 
DNA library preparations. Human PBMCs were provided by Milestone Biological Sci-
ence & Technology (Shanghai, China). PBMCs were resuspended at 1 × 106 cells/mL in 
X-VIVOTM 15 Serum-free Hematopoietic Cell Medium (Lonza), supplemented with 
10mM neutralized NAC (Sigma-Aldrich), and 10 ng/mL IL-7/IL-15. Briefly, the genomic 
DNA sample was fragmented by Covaris LE220R-plus (Covaris, USA) to a size of 350 
bp. Then DNA fragments were endpolished, A-tailed, and ligated with the full-length 
adapter for Illumina sequencing, followed by further PCR amplification. PCR products 
were purified by the AMPure XP system (Beckman Coulter, Beverly, USA). Subsequently, 
library quality was assessed on the Agilent 5400 system (AATI) and quantified by real-
time PCR (1.5 nM). The qualified libraries were pooled and sequenced on Illumina plat-
forms with PE150 strategy in Novogene Bioinformatics Technology Co., Ltd (Beijing, 
China), according to effective library concentration and the data amount required. The 



Page 13 of 22Wu et al. Genome Biology          (2024) 25:291  

original fluorescence image files are transformed into short reads (Raw data) by base 
calling and these short reads are recorded in FASTQ format, which contains sequence 
information and corresponding sequencing quality information. Sequence artifacts, 
including reads containing adapter contamination, low-quality nucleotides, and unrec-
ognizable nucleotide (N), undoubtedly set the barrier for the subsequent reliable bio-
informatics analysis. Hence, quality control is an essential step applied to guarantee 
meaningful downstream analysis. We used Fastp to perform basic statistics on the qual-
ity of the raw reads. The steps of data processing were as follows:

(1) Discard a pair of reads if either one of them contains adapter contamination (> 10 
nucleotides aligned to the adapter, allowing ≤ 10% mismatches).

(2) Discard a pair of reads if more than 10% of bases are uncertain in either one of the 
reads.

(3) Discard a pair of reads if the proportion of low-quality (Phredquality < 5) bases is 
over 50% in either one of the reads.

Structure variant calling

Based on a previous comprehensive benchmark of structure variation callers [62], 
Gridss and Manta were selected in this study to perform structure variation (SV) calling. 
Whole genome sequencing data using the genome-wide off-target analysis by two-cell 
embryo injection (GOTI) method were obtained from previously published data [16]. 
Briefly, a mixture of Cre, gene editing messenger RNA (Cas9/BE3:rAPOBEC1-nCas9-
UGI/ABE7.10:TadA-TadA*-nCas9), and single guide RNA was injected into one blasto-
mere of two-cell mouse embryo deriving from Ai9 male mice with wildtype female mice 
[63]. Cre was only injected into one of two cells of the embryo and generated a chimeric 
embryo with half of the cells labeled with tdTomato (colored red) with the Cre-loxP sys-
tem [63, 64]. Thus, the cells that received editing reagents cells can be distinguished. 
After embryonic day 14.5, through digestion into a single-cell suspension, the tdTo-
mato + cells and tdTomato − cells were then separated by fluorescence-activated cell 
sorting. The two populations were independently processed for WGS [65]. The sequence 
data was mapped to the reference genome (GRCm38.p6) and duplicates were removed 
using SpeedSeq [66]. Somatic SVs were called in the tdtomato + (T +) sample compared 
to the uninjected tdTomato − (T −) sample, with Gridss and Manta being used for the 
calling process. For Gridss [27], each sample was called separately, and a normal panel 
(PON) was created for subsequent somatic filtering. For Manta [28], the workflow was 
configured using the “configManta.py” command, with T + and T − samples as inputs. 
The configured workflow was then executed to call the somatic SVs. An in-house fil-
tering process was developed specifically for large deletions. For each candidate site 
identified by the callers, an in-house script was used to retrieve all supported reads and 
calculate the total read depth. Deletions with a size less than 15 kb and an allele fre-
quency larger than 0.15 were considered as qualified SVs, while all deletions larger than 
15 kb were retained. For translocations, the presence of direct split reads was considered 
a necessary criterion for qualifying translocations. Additionally, for deletions of different 
sizes, the mean depth was calculated using a reasonable bin size. The depth values were 
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then plotted in bins for the T + and T − samples to validate the deletions in silico. The 
identified SVs were further visualized using the integrative Genomics Viewer (IGV) [67]. 
After filtering and manual inspection, the union of SVs detected by Gridss and Manta 
constituted all the detected SVs, while the high-confidence (HC) SVs were those identi-
fied by both callers. ChIPseeker [29] was used for annotating all off-target structure vari-
ations, and bedtools [30] was utilized to intersect large deletions with genes. The effect 
of large deletions on genes was calculated by normalizing the size of the deletions.

Validation of translocation and large deletion

For validation of the detected translocations or large deletions, target sites of interest 
were amplified by 2 rounds of nested PCR using site-specific primers. Each round of 
PCR was performed at 95 °C for 3 min, 30 cycles at 95 °C for 30 s, 59 °C for 30 s, 72 °C for 
60–120 s, and a final extension at 72 °C for 5 min. The PCR products were analyzed on 
an agarose gel electrophoresis and then subjected to Sanger sequencing.

Single guide‑RNA dependent and independent off‑target assessment

The potential off-target sites of all previously designed single guide-RNA (sgRNA) 
were predicted by Cas-OFFinder [1]. The mismatch numbers were calculated from the 
outputs from Cas-OFFinder. In addition, sgRNAs were blasted against the flanking 
site (1KB) of breakpoint for every off-target deletion to assess the sequence similarity 
between sgRNA and break sites.

T cell, Huh7 cell editing, and single‑cell sequencing

In this study, two target genes, PDCD1 and B2M, were edited. The same single guide 
RNA (sgRNA) used by Gaudelli et  al. [31] to target B2M was also used in our study, 
successfully targeting both ABE and Cas9 through splice site disruption. For PDCD1, 
we used the same sgRNA as Nahmad et al. [4] did for Cas9 and Gaudelli et al. [31] did 
for ABE. For high-fidelity ABE, the same sgRNA targeting PDCD1 was used. For Huh7, 
the same sgRNA targeting B2M was used. The Huh-7 cell line was purchased from the 
National Collection of Authenticated Cell Cultures (China) (Serial No.: TChu182; Iden-
tifier No.: CSTR:19,375.09.3101HUMTCHu182) and was confirmed to be free of myco-
plasma contamination. Prior to the experiment, T Cell Medium (Lonza X vivo5 + 5% 
human AB serum + NAC + 10 ng/ml IL7 and 10 ng/ml IL15) was prepared and allowed 
to equilibrate at room temperature for 20 min within a biological safety cabinet. Cryo-
preserved PBMCs were then retrieved from a liquid nitrogen tank, thawed in a 37 °C 
water bath, and transferred into the cabinet after removing any remaining ice clumps. 
The outer surface of the container was sterilized with 5% ethanol, dried, and transferred 
into the cabinet. The cells were then transferred into 9 mL of T cell medium and cen-
trifuged at 400 g for 5 min at room temperature. After discarding the supernatant, the 
cells were resuspended in 5 mL of medium and counted using a ThermoFisher Attune 
NxT flow cytometer. Subsequently, the cells were seeded at a density of 1e6 cells/mL in 
plates or culture flasks. After 6 h of PBMC revival, CD3/28 dynabeads were added for 
activation. Following 3 days of cell activation, the activation beads were removed using 
a magnet and the culture was continued for 24 h. For electroporation, 24-well plates 
were prepared by adding 900 μL of PBMC complete medium per well and incubating 



Page 15 of 22Wu et al. Genome Biology          (2024) 25:291  

at 37 °C for 10 min. The Lonza 4D Nucleofector System with the P3 Primary Cell 4D kit 
was used, following the kit instructions for electroporation. Each electroporation reac-
tion consisted of 1E6 cells, 1.2 pmol of EPIREG mRNA, and 40 pmol of sgRNA for each 
target gene. Immediately after electroporation, 100 μL of cell-free medium was added 
to each well, followed by a 1-h incubation at 37 °C. The cells were then transferred to 
24-well plates for further culture. To assess changes in the protein levels of PDCD1 and 
B2M on T cell surfaces using flow cytometry, approximately 1e5 cells were transferred 
to 1.5 mL Eppendorf tubes and centrifuged at 400 g for 5 min at room temperature. The 
supernatant was discarded and 50 μL of the corresponding dilution ratio of antibodies 
was added. The tubes were incubated at 4  °C in the dark for 30 min, followed by the 
addition of 500 μL of MACS buffer to each tube. After centrifuging at 400 g for 5 min 
at room temperature, the supernatant was discarded and 300 μL of MACS buffer was 
added to each tube, gently mixed by pipetting. The samples were then analyzed using 
a ThermoFisher Attune NxT flow cytometer. The 10 × Genomics® Cell Preparation 
Guide was followed for washing, counting, and concentrating cells from both abundant 
and limited cell suspensions (greater than or less than 100,000 total cells, respectively) 
in preparation for use in 10 × Genomics Single Cell Protocols. The cell suspension was 
loaded into Chromium microfluidic chips with 3′ (v2 or v3, depending on the project) 
chemistry and barcoded with a 10 × Chromium Controller (10X Genomics). RNA from 
the barcoded cells was subsequently reverse-transcribed and sequencing libraries were 
constructed using reagents from a Chromium Single Cell 3′ v2 (v2 or v3, depending on 
the project) reagent kit (10X Genomics) according to the manufacturer’s instructions. 
Sequencing was performed with Illumina (HiSeq 2000 or NovaSeq, depending on the 
project) according to the manufacturer’s instructions (Illumina). The same library con-
struction process was used in Huh7 cells.

Single‑cell RNA‑seq data analysis for CRISPR/Cas9 or ABE editing‑treated T cells, B cells, 

and Huh7 cells

The scRNA-seq reads were aligned to the GRCh38 reference genome and quantified 
using cellranger count (10 × Genomics, v7.1.0). A filtered and qualified feature matrix 
was generated, which only included barcodes with unique molecular identifier (UMI) 
counts surpassing the threshold for cell detection. The raw expression matrix was pro-
cessed using the scanpy packages in Python. A total of 217,033 cells were detected 
initially. After applying quality control metrics (total counts < 50,000, mitochondrial 
ratio < 10, and detected gene numbers between 500 and 8000), 209,469 cells remained 
for further analysis. The qualified raw count data was log-normalized per cell with 
a size factor of 10,000. The top 3000 genes with the highest variations across all cells 
were selected as “highly variable genes.” A subset of the expression matrix was extracted 
and scaled using these highly variable genes. Principal component analysis (PCA) was 
then applied to derive meaningful features from the scaled data. The elbow point in the 
variance ratio distributions of PCA was used to select fifty principal components for 
computing the neighboring cluster graph. To further reduce dimensionality, Uniform 
Manifold Approximation Projection (UMAP) with the Leiden algorithm was applied 
(resolution = 1.2). For ABE8.8, a total of 19 clusters were obtained and visualized using 
UMAP. We removed cluster 13 based on the marker genes specifically expressed in 
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MT-related genes. For high-fidelity ABE, a total of 19 clusters were obtained and visual-
ized using UMAP. Next, we performed differential expression analysis in each cluster 
using the Wilcoxon rank sum-test method. The top differentially expressed genes in each 
cluster, as determined by ranking, were defined as marker genes and used for subsequent 
cell type annotations.

InferCNV and identification of aberrant genes and cells using the Bayesian model

Before conducting InferCNV analysis, for B2M, we used control expression as a ref-
erence to establish a normal distribution and extracted cells that showed significant 
repression. For PDCD1, we randomly sampled 600 cells for efficient InferCNV analysis. 
Raw gene expression data were extracted from the AnnData object following the rec-
ommendations in the “Using 10 × data” section of the InferCNV of the Trinity CTAT 
Project (https:// github. com/ broad insti tute/ infer CNV). InferCNV is a single-cell method 
developed to infer copy number changes from gene expression profiles [68, 69]. In our 
analysis, the non-targeted T cell population served as the reference, while the edited-tar-
geted population (CRISPR/Cas9, ABE) was tested. The following parameters were used: 
“denoise” with default hidden Markov model (HMM) settings and a cutoff value of 0.1. 
Additionally, we developed a Bayesian model to eliminate background noise.

From the InferCNV reference, we obtained two matrices for the reference and obser-
vation data. We then used the fitter package to fit the data using the generalized Gauss-
ian distribution (GGD) and obtained the estimated parameter values. The probability 
density function of the generalized Gaussian distribution was

Next, use a Bayesian model to fit the data. We assumed that the parameters in the 
model had a wide uniform distribution as the prior distribution (as shown in Additional 
file 2: Table S1).

We then utilized the Markov chain Monte Carlo (MCMC) method to fit the gener-
alized normal distribution model to the data. The MCMC method was implemented 
using the Gibbs sampling approach through the R package nimble. By using the sample 
mean as the parameter estimates for the model, we obtained αoi, βoi and γoi . Finally, we 
employed the stats.gennorm.cdf() function from the scipy Python package to calculate 
the cumulative probability density value for each data point in the posterior distribution. 
If a data point had a value less than 0.05, the corresponding gene was considered to be 
affected by the editing tool. This process was applied to the data of each gene, resulting 
in the identification of an affected gene list.

Next, for each cell, we computed the mean InferCNV scores on chromosomes 1–22 
using the obtained gene list. Cells with a mean inferred copy number variation (CNV) 
value higher or lower than 2 standard deviations from the mean of the reference cells 
were classified as aneuploid cells with gains or losses, respectively. To confirm the 
reliability of the signals, we performed a reverse process using observation cells as 
the reference. The aneuploid cell ratio was calculated as the percentage of forward 
cells divided by the percentage of reverse cells in both the editing and non-targeting 
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control (NTC) groups. To measure the background noise level, we applied the same 
process to the NTC blank groups using genes from the entire chromosome, calculat-
ing the aneuploid cell ratio.

We employed this method in 8 cell types to detect aberrant genes and cells. Sub-
sequently, we identified cells that harbored deletions in single and multiple chromo-
somes. For long-term cell fitness evaluation, we utilized the same gene list detected at 
day 3 to monitor changes in the percentage of aneuploid cells at day 7 and day 21. We 
treated ABE-treated Huh7 cells as a cluster and applied the same analysis for detect-
ing aberrant genes and cells.

Differential gene expression analysis and enrichment analysis

Differentially expressed genes (DEGs) were identified using DESeq2 [70] in six cell 
types targeting PDCD1 and B2M in the CRISPR/Cas9 and ABE groups. Normal cells 
were used as the reference group, while single and multi-chromosome loss cells were 
used as the case group.

To further analyze the enrichment of DEGs, we utilized the web-server Metascape 
[71] (https:// metas cape. org/ gp/ index. html). Metascape provides comprehensive 
functional annotation and enrichment analysis for gene sets.

Cell cycle analysis

Cell cycle states were determined using the data and methods described in previous 
studies [7, 72]. In our dataset, a total of 577 marker genes were identified and used to 
define the different cell cycle states, including M, M/G1, G1/S, S, and G2/M. To ensure 
the accuracy of the marker genes, only those genes that showed a correlation with 
the average normalized expression across the other marker genes in the dataset were 
retained. Subsequently, each cell was assigned a score for each of the five cell cycle states, 
which was calculated as the average normalized expression of the marker genes associ-
ated with that state. These scores were then normalized across cells to obtain z-values.

If all five z-values were negative, indicating low expression in all cell cycle states, 
the cell was labeled as non-cycling (G0). On the other hand, if at least one z-value was 
positive, the cell was assigned a label corresponding to the cell cycle state with the 
highest z-value.

TP53 and apoptosis pathway scoring

TP53 and apoptosis pathway-related genes were obtained from the GSEA Molecular 
Signatures Database (MSigDB) portal (https:// www. gseam sigdb. org/ gsea/ msigdb/). 
To assess the activity of these genes in each cell, we employed GSVA (Gene Set Varia-
tion Analysis) [73] with the “ssgsea” method.

To determine significant differences between normal and aneuploidy cells, a one-
sided t-test was performed. This test allowed us to examine whether the expression 
levels of TP53 and apoptosis pathway-related genes significantly differed between the 
two groups.

https://metascape.org/gp/index.html
https://www.gseamsigdb.org/gsea/msigdb/
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ABE editing efficiency analysis

High-throughput sequencing data were processed with CRISPResso2 to assess the edit-
ing efficiency of ABE and ABE-V106W targeting the B2M or PDCD1 gene in PBMC or 
Huh7 cells. Paired-end FASTQ files, along with the amplicon sequence or WGS data 
and guide RNA sequence, were used as the inputs for the analysis. Quality filtering of 
input reads was performed using a Phred quality score threshold of 33. Subsequently, the 
reads were aligned to the reference amplicon sequence using the alignment algorithm of 
CRISPResso2 [74] with default parameters. Upon determining the conversion of A•T-
to-G•C based on the guide RNA sequence provided, editing events were assigned and 
quantified to calculate the proportion of reads exhibiting modifications. The modifica-
tion percentage, which was calculated by comparing the number of reads showing the 
expected editing event against the total number of reads processed, was used to inform 
editing efficiency at the target site.

Statistics

To assess the knock-out efficiency in flow cytometry, statistical analyses were conducted 
using Prism (GraphPad). A t-test was performed on the averaged values to determine 
significant differences between experimental groups. Additionally, a Fisher exact test 
was utilized to compare the proportions of cell cycle distributions among different con-
ditions. This allowed for the evaluation of any significant variations in the distribution 
patterns between experimental groups.
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Additional file 1: Fig. S1 Sequencing and PCR evidence for detected off-target large deletions. a The percentage of 
samples with HC structural variations in control, ABE, Cas9, and CBE-edited mouse embryos. b The number of all 
structural variations detected in non-editing control, ABE, Cas9, and CBE-edited mouse embryos. c IGV plot showing 
supported reads of on-target large deletions in Cas9-edited mouse embryos. d-f Depth plot showing depth changes 
around large deletions in ABE, Cas9, and CBE. For Cas9 and ABE, two off-target large deletions were validated by PCR. 
g Distribution of the A base percentage within 500bp flanking the breakpoints of SVs in ABE-, Cas9-treated mice 
and randomly sampled background controls. h-i Similarity of the on-target sequence and sequences surrounding 
break points of SVs. The ratio of matching bases between the on-target sequence and all off-target SVs at each 
position was displayed at the top heatmap. The top 5 off-target sequences showing the highest similarity with the 
on-target sequence was shown. Dots represent matched bases. j Distribution of different annotated types for off-
target structural variations. k Affected genes number normalized by deletion size for ABE and Cas9 after adjusting 
overlapping fractions from 0.05 to 1.0. Fig. S2 Evidence of off-target structural variations in primary human T cells 
using single-cell RNA-seq. a The expression levels of the B2M and PDCD1 genes in different cell groups, where the 
y-axis represents the normalized and log-transformed values. b InferCNV results for CD4 effector memory T cells, CD8 
effector memory T cells, cytotoxic CD8 T cells, naive CD4 T cells, naive CD8 T cells, and proliferating T cells on Cas9 
and ABE for the B2M and PDCD1 targets. c Proportions of cells harboring deletions in Cas9 and ABE editing group for 
B2M. d The number of high-confidential (HC) SVs in ABE-treated cells targeting B2M or PDCD1. e Enriched motifs of 
sequences within 10bp flanking the breakpoints of HC SVs in ABE-treated cells targeting B2M or PDCD1. f Depth plot 
showing depth changes around big deletions and supporting sequencing reads of translocation shown by IGV in 
ABE-treated cells targeting B2M. The translocation located in the inferred region in B2M. g Depth plot showing depth 
changes around big deletions and supporting sequencing reads of translocation shown by IGV in ABE-treated cells 
targeting PDCD1. Fig. S3 Frequency of significant genes and pathway scores among different cell types in Cas9 and 
ABE. a The frequency of differentially expressed genes among different cell types. b The scores of p53 and apoptosis 
pathways for all cell types in the Cas9-editing B2M group. Fig. S4 Longitudinal single-cell data monitoring the fitness 
of aneuploid cells at different cell types over time. a The proportions of cells with deletions (represented in blue) for 
CD4 effector memory T cells, CD8 effector memory T cells, cytotoxic CD8 T cells, naive CD4 T cells, naive CD8 T cells, 
and proliferating T cells on Cas9 and ABE-edited B2M and PDCD1 at day 3, day 7, and day 21. Fig. S5 Off-target SVs 
in B cells and Huh7 cells and in ABE-V106W. a The expression levels of the B2M and PDCD1 genes in B cells, where 
the y-axis represents the normalized and log-transformed values. b Distribution of aneuploid cell ratio across the 
whole genome for Cas9 and ABE. Red Dot represents aneuploid cell ratio (proportion/reverse proportion) for B cell 
type detected at chromosomes. c InferCNV results for B cells in Cas9 and ABE targeting PDCD1. d InferCNV results for 
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Huh7 cells in Cas9 and ABE targeting B2M. e Uniform manifold approximation and projection (UMAP) plot depicting 
19650 cells representing 8 cell lineages. f Dot plot showing averaged expression levels of marker genes across 8 cell 
types. g InferCNV results for different T cell types in ABE-V106W targeting PDCD1
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