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Genome editing in pluripotent stem cells (PSCs) using CRISPR
technology holds great promise for therapeutic applications.
Yet, it has been reported that Cas9-mediated cleavage could
cause large deletions or rearrangements of DNA, and the selec-
tion of edited PSCs could acquire p53 mutations. Adenine base
editors (ABEs) do not introduce DNA double-strand breaks
and thus have been proposed as alternatives to circumvent
those problems, but their off-target effects still limit their ap-
plications. Here, we tested different combinations of off-target
reduction methods to further diminish off-target effects of
ABEs without compromising their on-target editing effi-
ciencies. We subsequently chose the best editor, CE-8e-dV,
which contains V106W substitution, R153 deletion, and Cas-
embedding strategy, to establish a single-cell-derived human
embryonic stem cell (hESC) line expressing tetracycline-induc-
ible CE-8e-dV. By performing RNA and whole-genome
sequencing, we demonstrated that the expression of CE-8e-
dV did not produce nearly any DNA or RNA off-target effects
in hESCs. Our results provide stringent proof of the safety of
ABEs in PSCs and suggest that CE-8e-dV could be suitable
for related therapeutic strategies, such as generation of engi-
neered stem cells in vitro and gene therapy in vivo.
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INTRODUCTION
Pluripotent stem cells (PSCs) are able to self-renew indefinitely and
differentiate into nearly all cell types of three germ layers, the property
holding great promises for regenerative medicine. In the past 10 years,
the efficiency and the ease of CRISPR-based gene-editing technolo-
gies have been applied in PSCs for basic researches, such as knock-
outs/knockins, building disease models, and correcting genetic
mutations.1 Recent studies suggest that the efficiency of Cas9-
nuclease-mediated gene editing in human induced PSCs (hiPSCs) is
3- to 8-fold lower than that in transformed cells (293T and K562).2

The low efficiency is, at least in part, due to the activation of p53 in
response to Cas9-mediated DNA cleavage, which leads to large dele-
tions or rearrangements in DNA.3,4 Meanwhile, the selection of suc-
cessfully edited clones could favor the accumulation of p53mutations,
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hampering further utilization of this powerful technology in human
embryonic stem cells (hESCs).4

Adenine base editors (ABEs), as one of the CRISPR-based gene-edit-
ing tools, can achieve A-to-G base substitutions in the genome.
Notably, ABEs greatly avoid the generation of DNA double-strand
breaks that could otherwise lead to genomic aberrations or p53 acti-
vation,5 making ABEs suitable candidates for correcting disease mu-
tations in human stem cells.6 For example, Lin et al. illustrated a new
therapeutic strategy for treating spinal muscular atrophy (SMA) by
ABE-mediated correction of splicing in patient-derived iPSCs.7 Os-
born et al. applied ABE to correct COL7A1 mutations in recessive
dystrophic epidermolysis bullosa (RDEB) patient-derived iPSCs.8

Huang et al. showed that correction of C625T mutation in the RS1
gene using ABE restored the phenotype of retinal organoids generated
from patients with X-linked juvenile retinoschisis (XLRS).9 These ap-
plications of ABEs in human pluripotent and adult stem cells provide
important indications for therapeutic purposes. Nevertheless, the
adenosine deaminase of ABEs, such as TadA-7.10, is evolved from
an Escherichia coli tRNA adenosine deaminase (TadA),6 which pos-
sesses RNA off-target effects in a single guide RNA (sgRNA)-inde-
pendent manner, as demonstrated by Rees et al. and Grunewald
et al.10,11 For hESCs, there is little characterization or information
regarding the off-target effects of ABEs. Therefore, the safety of
ABEs in hESCs still remains to be carefully solidified for future clin-
ical applications.

Recently, the Liu group constructed ABE8e derived by phage-
assisted evolution, exhibiting a large improvement in A-to-G
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base-editing efficiency with up to 9.4-fold increase compared with
ABE7.10.12 However, corresponding to its high DNA-editing effi-
ciency, ABE8e showed higher off-target editing effects on DNA
and RNA in both sgRNA-dependent and -independent manners.12

Several methods were applied to further reduce off-target mutations
induced by adenosine deaminases, including point mutation of
ABE8e,12 deletion of the key residue in ABE8e13 and a Cas-embed-
ding strategy.14 In this study, we combined these methods to create
a new editor: CE-8e-dV. We observed that this combination further
reduced RNA off-targeting effects without affecting its on-target ed-
iting efficiency. Since hESCs in culture could contain sporadic mu-
tations, we constructed a single-cell-derived hESC colony with
inducible CE-8e-dV to evaluate DNA and RNA off-target effects
by whole-genome sequencing and RNA sequencing in an isogenic
background. We demonstrated that long-term expression of CE-
8e-dV produces barely any DNA or RNA off-targets in hESCs,
providing the proof of the safety of CE-8e-dV in PSCs and suggest-
ing its further applications for related therapeutic strategies in vitro
and in vivo.

RESULTS
Combination of off-target reduction methods did not alter on-

target editing efficiency

Previously, we showed that both engineered ABEs (eABE) and Cas-
embedding ABEs (CE-ABEs) can reduce off-target editing without
affecting on-target editing efficiencies.13,14 eABEs delete 153 arginine
(R153), which locates in the activity area for RNA deamination, from
adenosine deaminase to reduce RNA off-target effects, while CE-
ABEs reduce off-targeting editing by inserting the adenosine deami-
nase into themiddle of Cas9 nickase (nCas9). It was also reported that
V106W mutation in TadA8e reduces both DNA and RNA off-target
effects.12 We assume that the performance of ABEs could be further
improved by combining these off-target reduction methods in
TadA8e. To this end, we generated SpRY15 (a SpCas9 variant with
high PAM compatibility)-based ABE constructs with individual or
combinations of V106W substitution, R153 deletion, and CE strategy
(Figures 1A and S1).

To investigate whether those modifications alter on-target editing
activities of ABEs, we compared on-target editing efficiencies of
these eight constructs across 48 endogenous sites. Each sgRNA,
together with eight individual constructs, were co-transfected
into HEK293T cells. As demonstrated by the results, there were
no significant changes of on-target editing efficiencies in those
eight constructs (48% ± 5.7%) (Figure S2). We classified these ed-
itors using the same method to reduce off-target efficiency into
V106W, delta 153, and CE categories and found that superimpos-
ing one variant on another did not have much impact on editing
efficiencies (Figure 1B). Interestingly, these base editors with
superimposed V106W substitution seem to exhibit slightly
increased editing efficiencies (50.12% versus 44.05%) (Figure S3).
In addition, the active editing windows of those four combinations
were still within positions 3–10, similar to the known active edit-
ing window of ABE8e-RY, suggesting that combinations of those
modifications on ABEs did not alter the widths of editing windows
(Figure 1C). Interestingly, the editors with CE strategy showed
improved editing efficiency at positions close to PAMs (28.2%
for pCMV-8e versus 41.6% for pCMV-CE-8e for the base at posi-
tion 10). Since SpRY exhibits relieved PAM restriction,15 we deep
sequenced amplicons of those 12 target sites with different PAMs
(NAN, NGN, NCN, and NTN) and found that SpRY still main-
tained its expanded editing scope with combinations of these
methods (Figures 1D and S4).

CE-8e-dV showed the lowest off-target editing effect on RNA in

HEK293T cells

We next investigated whether combinations of off-target reduction
methods could achieve lower RNA off-target effects. To detect tran-
scriptome-wide RNA off-target effects, we performed RNA
sequencing on HEK293T cells expressing the eight constructs or
GFP (negative control) with an sgRNA targeting NCA SITE3 that
shows high DNA on-target editing efficiency (Table S1; Figure 2A).
ABE constructs with individual or combinations of these methods
can all reduce RNA off-target effects (Figures 2B and S5). Among
these, combinations of two off-target reduction methods further
reduced off-target effects (reduced by 51.9%–64.1% compared
with ABE8e-RY), especially the combination of V106W substitution
and CE (Figure 2B). The CE-8e-dV combination, which includes
V106W substitution, R153 deletion, and CE strategy, exhibited the
lowest off-target effect, nearly 3.3 times fewer RNA edits than
ABE8e-RY (5,971.5 versus 19,863.5). Nevertheless, we didn’t detect
linear additive effects on the reduction of off targets in combina-
tions of these modification categories (V106W, delta 153, and CE)
(Figure 2B). One possible explanation could be the partially overlap-
ped mechanisms of these methods. We further analyzed the off-
target effects (A-to-I RNA editing) of those constructs. CE-8e-dV
again showed the lowest A-to-I RNA edits among the other editors
(Figure 2C). We also found the CE-8e-dV has lower levels of inser-
tions or deletions (indels) compared with other editors (Figure S6).
Since there are rare well-characterized off-target sites for ABE8e, we
examined the off-target editing activities of ten off-target sites using
RNA sequencing (RNA-seq) datasets used in this and another
study.16 We found that combinations of those modifications on
ABEs significantly reduced off-target editing activities compared
with ABE8e, especially for OT1, OT5, OT6, OT8, and OT10 sites
(Figure S7). Taken together, our results indicate that the combina-
tion of different off-target reduction methods indeed further reduces
off-target effects, among which CE-8e-dV exhibited the lowest off-
target effect.

Construction of the hESC colony with inducible CE-8e-dV

expression

We next want to examine the editing efficiency and safety of CE-8e-
dV in cell types more potentially relevant to therapeutics, such as
PSCs. To this end, we first tested base-editing efficiencies on several
sites by transiently transfecting sgRNAs and ABE constructs with
different combinations of off-target reduction methods in SHhES8
hESC line,17 and no significant difference was observed between the
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Figure 1. Combination of off-target reduction methods did not alter on-target editing efficiencies

(A) Schematic diagrams for four combinations’ editor of two or three pairs of off-target reduction methods (V106W substitution [V106W], R153 deletion [del 153], and Cas-

embedding strategy [CE]). (B) Mean A-to-G editing efficiency plots classified by the method about off-target reduction. The data are presented for the edited base with the

highest editing efficiency among the 48 different target sites. No significant differences were observed between any of two pairs as calculated by one-way ANOVA. (C) Aggre-

gate distribution of A-to-G edits made across the editing window. The data are presented for each edited base in the editing window at 48 endogenous sites. (D) Comparison

of the editing efficiency of the eight editors. The horizontal lines represent themean editing efficiencies at 12 endogenous sites for each editor. Each dot represents the editing

efficiency of each edited base with the highest editing efficiency (n = 3 independent replicates). No significant differences were observed between any of two pairs, except for

the comparisons marked by one asterisk (*p < 0.05) and two asterisk (**p < 0.01), Kruskal-Wallis test.
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different editors (Figure 3A). The editing outcomes of CE-8e-dV in
SHhES8 cells were comparable to that in HEK293T cells (Figure 3B)
(42.5% [SHhES8] versus 54.6% [HEK293T] for CE-8e-dV editor),
consistent with previous reports.18
504 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
It is known that hESCs in culture exhibit certain heterogeneity and
could acquire sporadic mutations.19 To further analyze the off-target
situations of ABEs in a more controlled, isogenic background, we em-
ployed the piggyBac system to establish some single-cell-derived
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Figure 2. CE-8e-dV showed the lowest off-target editing effect on RNA in HEK293T cells

(A) Heatmaps showing the on-target editing frequencies in NCA-SITE3 site. (B) Total number of RNA off-target edits detected in RNA sequencing experiments. The data

shown are from two independent replicates. ns, not significant, p > 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA. (C) Jitter plots showing the efficiencies of

A-to-I RNA off-target editing. The data shown are from two independent replicates. ns, not significant, p > 0.05, **p < 0.01, one-way ANOVA. The numbers of A-to-I RNA

edits are indicated upon the plots.
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stable SHhES8 clones, with the CE-8e-dV base editor being induced
by doxycycline (Figure 3C). We picked three clones and assessed
the mRNA and protein levels of the ABEs by western blot and
qRT-PCR (Figures S8A and S8B). No obvious leakage of expression
was detected without doxycycline treatment in all three clones, sug-
gesting the robustness of this inducible system in hESCs. Since all
three clones exhibit similar editing efficiencies (Figure S8C), we
picked clone 4, which expressed moderate CE-8e-dV (Figure S8)
and high nuclear pluripotency markers OCT4 and SOX2
(Figures 3D and S9), for the following investigations.

We next want to examine whether different overexpression methods
(transient transfection and induction) result in difference editing ef-
ficiencies in PSCs. We examined editing efficiencies of ABEs at 12
sites in the same CE-8e-dV SHhES8 clone and found that the editing
efficiency of inducible CE-8e-dV (+doxycycline [dox]) is similar to
that of transfected CE-8e-dV (�dox with transfection) in the same
hESC clone (Figure 3E). All positions were covered at least twice.
In fact, we found that the editing efficiency of the inducible system
is as robust as the transient transfection system (Figure 3E), with
similar active editing windows (Figure S10). Altogether, this stable
SHhES8 cell line showed effective base editing efficiency and ex-
hibited negligible background expression of ABE, which is suitable
for further studies.

Assessing RNA and DNA off-target effects of ectopically

expressed CE-8e-dV in hESCs

After proving the editing ability of CE-8e-dV in hESCs, we aimed to
analyze its off-target effects on RNA. We first wanted to examine
whether the overexpression methods influence off-targeting activities
of CE-8e-dV.We transfected CE-8e-dV plasmid (�dox with transfec-
tion) or treated dox (+dox) to the same CE-8e-dV stable SHhES8
clone, together with an sgRNA-targeting NCA SITE3 that shows
high DNA on-target editing efficiency (Figure S11A). We found
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 505
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that RNA off-target effects are similar compared with the transient
transfection system (Figures S11B and 11C).

We next wanted to examine transcriptome-wide RNA off-target ef-
fects in PSCs. Individual single-cell-derived clones from CE-8e-dV
hESCs were further expanded and treated with or without dox
(2 mg/mL) for 2 days to evaluate RNA mutation landscapes (Fig-
ure 4A). No obvious sgRNA-dependent off-targeting activities were
detected (Figure S12). An unsupervised principal-component anal-
ysis (PCA) revealed tight clustering across replicates (Figure S13A).
Importantly, very few differentially expressed genes were uncovered
upon ABE expression in hESCs (Figure S13B). No significant differ-
ences in RNA mutations were observed between the absence or pres-
ence of dox (210 versus 203), and the A-to-G mutation type consti-
tuted of the largest proportion (37.6% for untreated hESCs and
41.6% for dox-treated hESCs) (Figure 4B). The accumulation of these
mutations is likely the background under cultured conditions since it
has been reported that individual human adult and PSCs accumulate
3.5 ± 0.5 base substitutions per population doubling.19 We further
analyzed the distribution of mutations in CE-8e-dV stable SHhES8
cell line untreated or treated with dox. We found that the mutations
within protein coding regions accounted for a large proportion,
whereas the mutations within oncogene regions or tumor suppressor
regions accounted only for a small percentage (Figure 4C).

To analyze its off-target effects on DNA, CE-8e-dV stable SHhES8
were grown for 21 days in the presence or absence of dox to induce
CE-8e-dV base-editor expression. Individual single-cell-derived
clones were isolated after long-term expression of CE-8d-dV, further
scaled up, and harvested for whole-genome sequencing. The numbers
of sequence mutations were analyzed by comparing the sequencing
results of all newly derived hESC clones with parent hESC clones.
The sequence variations, which were detected in the three clones
derived from the non-induced group, were almost indistinguishable
from those treated with dox for 21 days (668 versus 638) (Figure 4B).
These mutations were mainly concentrated in intergenic regions and
intron regions (Figure 4D). In summary, our study proved that CE-
8e-dV produces minimal DNA or RNA off-target effects in hESCs.

DISCUSSION
PSCs are one of the key players in regenerative medicine, as exempli-
fied by the application of PSC-derived chimeric antigen receptor
(CAR)-T cells or natural killer (NK) cells in cancer immunotherapy.
However, concerns were raised, as gene-editing based on Cas9-medi-
ated DNA cleavage in hESCs produces deletions/rearrangements of
DNA.3,5 As a cleavage-independent approach for gene editing, the ef-
ficiency and the extent of off-target effects on DNA and RNA of base
editors in PSCs remain to be improved and assessed. In this study, we
demonstrated that combinations of three off-target reduction
methods in ABEs can further lower their off-target effects without
influencing their on-target editing efficiency in HEK293T cells and
hESCs. Interestingly, we obtained similar editing efficiencies in both
cell types in transformed and non-transformed cells. Since we did
not find the enrichment of genes in the p53 signaling pathway
506 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
upon ABE expression, the high editing efficiency of ABEs in hESCs
support the conclusion that ABEs did not elicit DNA damage in
hESCs, which are susceptible to p53-induced cell death.

To thoroughly examine potential off-target effects caused by our ed-
itor (CE-8e-dV, with V106W substitution, R153 deletion, and CE
strategy), RNA-seq and whole-genome sequencing were conducted
in single-cell-derived SHhES8 colonies. The results unambiguously
confirmed that our editor induces minimal DNA and RNA off-target
SNVs in hESCs. Interestingly, it has been reported that the editing ac-
tivity with NCNPAM is lower in SpRY compared with other PAMs.15

In our results, the editing activity of TadA8e-fused SpRY with NCN
PAM is at the similar level compared with NAN and NGN PAMs,
indicating that TadA8e may influence the PAM preference of SpRY.

The induction system employed in this study exhibit similar robust-
ness in editing efficiency while maintaining the lowest off-targeting
activities compared with transfection in hESCs. This system has
several advantages: (1) the single-cell-derived inducible system is
more suitable for evaluating the off-targeting effects on DNA and
RNA for other base editors because of the isogenic background and
homogeneous expression. (2) The engineered cells are genetically sta-
ble, making their editing efficiency less affected by delivery methods
(e.g., viral vectors or transfecting reagents) or microenvironments
in vivo. (3) The tetO promoter can be further modified and/or
coupled with conditionally expressed rtTA for a spatiotemporal
controlled ABE expression, which is instrumental for functional ge-
nomics, disease modeling, drug discovery, and regenerative medicine.

MATERIALS AND METHODS
Cell culture

HEK293T cells were purchased from the American Type Culture
Collection (ATCC). The cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin. We maintained the cell line
at 37�C in a 5% CO2 cell culture incubator. hESC line SHhES8 was
routinely cultured in mTeSR1 (STEMCELL Technologies) on Matri-
gel-coated (STEMCELL Technologies) plates. Cells were passaged
every 4 days using Gentle Cell Dissociation Reagent (STEMCELL
Technologies).

Plasmid construction

To construct base-editor expression plasmids, TadA8e were synthe-
sized by GenScript and cloned into the pCMV-SpRY(D10A) backbone
containing C-terminal-fused EGFP and BSD. Gene recombination
was performed using ClonExpress MultiS Cloning Kit (Vazyme)
to generate pCMV-CE-8e, pCMV-8e-V, pCMV-8e-d, pCMV-8e-
dV, pCMV-CE-8e-d, pCMV-CE-8e-V, and pCMV-CE-8e-dV. To
construct sgRNA expression vectors, synthesized oligos were annealed
and ligated into a BsaI-digested sgRNA expression vector (pGL3-U6-
sgRNA-mCherry plasmid). Sequences of sgRNA constructs used in
this work are listed in Table S1. For inducible ABE long expression
in hESCs, the TRE3Gs fragment was synthesized by GenScript and
cloned into a piggyBac plasmid containing the 50 and 30 PiggyBac
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Figure 3. Construction of the hESC colony with inducible CE-8e-dV expression

(A) Relative A-to-G base-editing efficiencies of the four editors in SHhES8 cells at three sites that already tested in HEK293T cells (n = 3 independent replicates). No significant

differences were observed between any of two pairs as determined by one-way ANOVA. (B) Comparison of the editing efficiency of the four editors at three sites by deep

sequencing in HEK293T cells and SHhES8 cells. Each dot represents the editing efficiency of each edited base (n = 3 independent replicates). The error bars represent the

standard error of the mean (SEM) values. ns, not significant, p > 0.05, Student’s t test. (C) Schematic diagram for constructions of TRE3Gs-CE-ABE8e (V106W + delta 153)-

RY and PB-CAG-Tet-On 3G-IRES2-Hyg, which are inserted into the SHhES8 cell line. (D) Representative images of SHhES8 cells with long-term stable CE-8e-dV expression

in the absence or presence of doxycycline (dox). Scale bars represent 100 mm. (E) Comparison of the A-to-G base-editing efficiencies between the induction system (+dox)

and transfection system (�dox with transfection) at 12 sites in the CE-8e-dV stable SHhES8 cell line. Each dot represents the highest editing efficiency (n = 3 independent

replicates).
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Figure 4. Assessing RNA and DNA off-target effects of ectopic expressed CE-8e-dV in hESCs

(A) Diagrammatic representation of experimental design for RNA sequencing and whole-genome sequencing analysis. For RNA sequencing, CE-8e-dV stable SHhES8

clones were treated with or without dox (2 mg/mL) for 2 days and harvested. For whole-genome sequencing, the clones were grown for 21 days in the presence or absence

of dox. Individual single-cell-derived clones were isolated after long-term expression of CE-8d-dV, further scaled up, and harvested. (B) Table about each type of mutation in

(legend continued on next page)
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homology arms. CE-8e-dV was constructed into piggyBac-TRE3Gs
vector using ClonExpress MultiS Cloning Kit (Vazyme).

Inducible base-editor expression in hESCs

SHhES8 cells were dissociated with Accutase (Thermo Fisher Scienti-
fic) and plated 50,000–75,000 cells/well in the precoated 24-well plate
supplement with 10 mM Y-27632 (Tocris) before transfection. The
PB-TRE3Gs-CE-ABE8e (V106W + delta 153)-RY (500 ng), PB-
CAG-Tet-On 3G-IRES2-Hyg (500 ng), and piggyBac transposase
plasmid (300 ng) were co-transfected using Lipofectamine Stem re-
agent (Thermo Fisher Scientific) according to the manufacturer’s pro-
tocol. Two days later, 5 mg/mL blasticidin and 20 mg/mL hygromycin
were added to the medium for 1 week to select stably transfected cells.
Single-cell suspension was then plated into Matrigel-coated 96-well
plates with 0.5 cell/well to obtain subclones of the stably transfected
cells. Cells from one subclone were split into two culture conditions.
To one of the subculture conditions, dox (2 mg/mL) was added. Two
days later, cells were harvested for RNA isolation using TRIzol reagent
(Invitrogen) and RNA-seq. Remaining cells were subcultured for
19 days either with or without daily dox addition. During this period
of expansion, cells from the two conditions were always passaged at
the same time at each passage. After 21 days, single-cell-derived clones
were again expanded, without dox, from each condition for about 14
more days before genomic DNA isolation and sequencing.

Analysis of on-target editing

To evaluate editing efficiency, HEK293T cells were seeded into
24-well plates 1 day before transfection. The base-editor expression
plasmids (1,000 ng) and corresponding sgRNA plasmids (500 ng)
were co-transfected using EZ trans (Shanghai Life iLab Bio Technol-
ogy) as the manufacturer’s protocol recommended. For SHhES8 and
H1 cells, cells were dissociated with Accutase (Thermo) and plated
50,000–75,000 cells/well in the precoated 24-well plate with 10 mM
Y-27632 (Tocris) before transfection. The base-editor expression
plasmids (1,000 ng) and corresponding sgRNA plasmids (500 ng)
were co-transfected using Lipofectamine Stem reagent (Thermo) ac-
cording to the manufacturer’s protocol. For CE-8e-dV stable SHhES8
cells, sgRNA plasmids (500 ng) were transfected using Lipofectamine
Stem reagent (Thermo) according to the manufacturer’s protocol.
Seventy-two hours after transfection,�10,000 cells with dual fluores-
cence signals (GFP andmCherry) were collected by fluorescence-acti-
vated cell sorting (FACS) to improve efficiency, and these cells were
harvested for genomic DNA extraction using QuickExtract DNA
Extraction Solution (Lucigen) according to the manufacturer’s proto-
cols. The genomic regions encompassing the target sites were ampli-
fied from the genomic DNA with Phanta Max Super-Fidelity DNA
polymerase (Vazyme, P505-03). The primers used are listed in
Table S2. The PCR products were analyzed by Sanger sequencing
uninduced (ABE) and induced (dox) clones. The RNA mutations in each clone (ABE4-1

tations in each clone (ABE4-3, ABE4-4, ABE4-5, Dox4-3, Dox4-4, Dox4-5) were identifi

sequencing experiments. Blue/red represents the number of RNA off-target edits in un

Student’s t test. (D) The situation of mutation distribution in whole-genome sequenc

duced/induced CE-8e-dV stable SHhES8 cell line. ns, not significant, p > 0.05, Stude
or high-throughput sequencing as indicated. For Sanger sequencing,
the chromatograms were quantified using EditR. For high-
throughput sequencing, the PCR products were sequenced on an Il-
lumina HiSeq X Ten (2 � 150 PE) at the Novogene Bioinformatics
Institute (Beijing, China). The sequencing data were analyzed using
CRISPResso2.

Analysis of RNA off-target editing

HEK293T cells were seeded into 6 cm dishes and transfected with
4 mg of each editor or GFP (control) plasmids and 2 mg of sgRNA
expression vector using Lipofectamine 2000 at �70% confluency.
Two days after transfection, the top 30% of the GFP-signal-positive
cells were harvested by FACS. RNA was immediately extracted using
TRIzol reagent (Invitrogen) according to the manufacturer’s instruc-
tions. The RNA samples were subjected to deep sequencing (�20
million reads per sample) on an Illumina HiSeq X Ten platform
(2 � 150 PE) at the Novogene Bioinformatics Institute (Beijing,
China). The clean data were first mapped to the human reference
genome (v.hg38) with annotations from GENCODE version v.30
by STAR software (v.2.5.1). After removing duplicates, GATK
HaplotypeCaller (v.4.1.2) was used to identify and filter the edits.
All edits were verified, and the efficiency was calculated using the
bam-readcount program with the parameters -q 20 -b 30. Impor-
tantly, for the reference allele in the wild-type sample, the depth of
a given edit had to be least 10�, and all edits had to be present in
at least 99% of reads.

Whole-genome sequencing

DNA extracted from harvested cells was sequenced using Illumina
NovaSeq (PE150) at the Annoroad Gene Technology, Beijing,
China. All cleaned reads were mapped to the human reference
genome (GRCh38/hg38) using BWA v.0.7.17 with default parame-
ters. Sequence reads were removed for duplicates using Sam-
bamba v.0.6.7. Variants were identified by GATK (v.4.1.8.1)
HaplotypeCaller, and the following criteria were applied to all vari-
ants: (1) sequencing depth (for each individual) between one-third
to 3-fold of corresponding mean depth; (2) variant confidence/quality
by depth >2; (3) root mean square (RMS) mapping quality
(MQ) > 40.0; (4) Phred-scaled p value using Fisher’s exact test to
detect strand bias <60; (5) Z score from the Wilcoxon rank-sum
test of Alt versus Ref read MQs (MQRankSum) >�12.5; and (6) Z
score from theWilcoxon rank-sum test of Alt versus Ref read position
bias (ReadPosRankSum) >�8. These variants were required to have at
least 3 reads supporting the variant.

Statistics and reproducibility

The data shown in this research were statistically analyzed by un-
paired two-tailed Student’s t test using GraphPad Software
, ABE4-2, Dox4-1, Dox4-2) were identified by RNA sequencing, while the DNA mu-

ed by whole-genome sequencing. (C) The situation of mutation distribution in RNA

induced/induced CE-8e-dV stable SHhES8 cell line. ns, not significant, p > 0.05,

ing experiments. Blue/red represents the number of DNA off-target edits in unin-

nt’s t test.
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(GraphPad Prism 8). A p value smaller than 0.05 was considered to
indicate statistical significance. The error bars represent the standard
error of the mean (SEM) values.
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