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Cytosine base editor generates
substantial off-target single-nucleotide
variants in mouse embryos

Erwei Zuo“?*, Yidi Sun®*, Wu Wei*>***, Tanglong Yuan®*, Wenqin Ying', Hao Sun®,
Liyun Yuan®, Lars M. Steinmetz*"%t, Yixue Li*>%'°t, Hui Yang't

Genome editing holds promise for correcting pathogenic mutations. However, it is
difficult to determine off-target effects of editing due to single-nucleotide polymorphism
in individuals. Here we developed a method named GOTI (genome-wide off-target
analysis by two-cell embryo injection) to detect off-target mutations by editing one
blastomere of two-cell mouse embryos using either CRISPR-Cas9 or base editors.
Comparison of the whole-genome sequences of progeny cells of edited and nonedited
blastomeres at embryonic day 14.5 showed that off-target single-nucleotide variants
(SNVs) were rare in embryos edited by CRISPR-Cas9 or adenine base editor, with a
frequency close to the spontaneous mutation rate. By contrast, cytosine base editing
induced SNVs at more than 20-fold higher frequencies, requiring a solution to address

its fidelity.

enome editing holds great potential for
treating genetic diseases induced by path-
ogenic mutations (Z). A comprehensive
analysis of off-target effects by genome
editing is required for their utility (2). Mul-
tiple methods have been developed to detect
genome-wide gene editing of off-target sites
(2-5). However, these approaches are not ap-
plicable to detecting single-nucleotide variants
(SNVs) in vivo. In this study, we developed a
method named GOTI (genome-wide off-target
analysis by two-cell embryo injection) to evaluate
the off-target effects induced by CRISPR-Cas9,
cytosine base editor 3 [BE3, rAPOBECI1-nCas9-
UGI; a single protein consisting of the rat APOBEC1
(rAPOBECI) cytosine deaminase tethered to Cas9
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nickase (nCas9), which is covalently linked to
uracil DNA glycosylase inhibitor (UGI)], and ade-
nine base editor 7.10 [ABE7.10, TadA-TadA*-nCas9;
a wild-type tRNA adenosine deaminase (TadA)
and an evolved TadA* heterodimer fused to
nCas9], three commonly used gene-editing tools
(6-8). Briefly, we injected CRISPR-Cas9, BE3, or
ABE7.10, together with Cre mRNA, into one blas-
tomere of two-cell embryos derived from Ai9
(CAG-LoxP-Stop-LoxP-tdTomato) mice (9, 10)
(Fig. 1A). The progeny cells of the edited and
nonedited blastomeres were then sorted by
fluorescence-activated cell sorting (FACS) on
the basis of tdTomato expression in gene-edited
cells at embryonic day 14.5 (E14.5) (Fig. 1B), when
the whole embryo could be readily digested to
obtain enough single cells. Whole-genome se-
quencing (WGS) was then performed separately
on the tdTomato™ and tdTomato~ cells. SNVs
and indels were called by three algorithms in
the tdTomato™ sample, with the tdTomato™ sample
from the same embryo as the reference (Fig. 1A).

We included 12 groups in our study: one Cre
group (Cre only), six Cas9 groups with or without
single-guide RNA (sgRNA) (Cas9, Cas9-LacZ, Cas9-
Pde6b, Cas9-Tyr-A, Cas9-Tyr-B, and Cas9-Tyr-C),
three BE3 groups with or without sgRNA (BE3,
BE3-Tyr-C, and BE3-Tyr-D) (1), and two ABE7.10
groups with or without sgRNA (ABE7.10 and
ABE7.10-Tyr-E). First, we validated the on-target
efficiency of our approach in embryos at the
eight-cell and E14.5 stages by Sanger sequencing
(figs. S1 to S3). To further explore the on-target
efficiency and potential genome-wide off-target
effects, we performed WGS at an average depth
of 47x on 46 samples from 23 E14.5 embryos
(table S1). The activities of Cas9, BE3, and ABE7.10
in tdTomato™ cells were confirmed by high on-
target efficiencies to induce indels and nucle-
otide substitutions (Fig. 1C, fig. S4, and tables S2
and S3).

For the off-target editing effects, we found only
zero to four indels in embryos from all 12 groups
(figs. S5 and S6 and tables S2 and S4), and none
of them overlapped with the predicted off-target
sites (fig. S5 and table S5). For all Cas9-treated
embryos, there was no significant difference
among different Cas9 groups (12 SNVs per em-
bryo on average) or in comparison with the
“Cre-only” group (14 SNVs per embryo on av-
erage) (figs. S7 and S8 and tables S2 and S6).
The SNVs detected in the Cre- or Cas9-treated
samples were likely caused by spontaneous mu-
tations during genome replication during de-
velopment, because the number of variants
was within the range of simulated spontaneous
mutations and no sequence similarity was ob-
served between the adjacent sequences of the
identified SNVs and the target sites (fig. S8 and
methods) (12).

Surprisingly, we found, on average, 283 SNVs
per embryo in BE3-treated embryos, a level at
least 20 times higher than that observed in Cre-
or Cas9-treated embryos (Fig. 24, fig. S7, and
tables S2 and S7). By contrast, ABE7.10 generated,
on average, 10 SNVs per embryo, with a fre-
quency close to the spontaneous mutation rate
(Fig. 2A and table S2). We further compared the
off-target sites identified in the “BE3-only” group
with those of the BE3-Tyr-C or BE3-Tyr-D groups
and found that the presence of sgRNAs did not
induce significantly higher SNVs (P = 0.21,
Kruskal-Wallis test). In addition, these variants
were specifically identified in tdTomato® cells
rather than in tdTomato™ cells (see methods,
fig. S9, and table S8). Notably, more than 90% of
the SNVs identified in the BE3-edited cells were
mutated from G to A or C to T, a mutation bias
not observed in Cre-, Cas9-, or ABE7.10-treated
cells (Fig. 2, B and C, and fig. S10). This bias was
the same as that of cytosine deaminase APOBEC1
itself (13), indicating that these mutations were
not spontaneous but induced by BE3 editing.
Previous studies have shown that the action of
several members of the APOBEC family (includ-
ing APOBECT) require single-stranded DNA (74-16).
Consistently, our analysis showed that SNVs
induced by BE3 were significantly enriched in
transcribed regions (Fig. 3A), especially in genes
with high expression (Fig. 3B and fig. S11). Inter-
estingly, none of the off-target sites were shared
by any of the BE3-treated embryos or overlapped
with predicted off-target mutations (Fig. 3, C
and D). In addition, no similarity was observed
between the off- and on-target sequences, whereas
the top predicted off-target sites showed high
sequence similarity with BE3 on-target loci (fig.
S12). Thus, the BE3 off-target SNVs were sgRNA-
independent and likely caused by overexpression
of APOBECL.

Among 1698 SNVs in BE3-treated embryos,
26 were located on exons, 14: of which led to non-
synonymous changes (fig. S13). We successfully
amplified 20 of them by polymerase chain re-
action (PCR) and confirmed their presence by
Sanger sequencing (fig. S14 and table S9). We
also found that one SNV was located in a proto-
oncogene and 13 SNVs were located in tumor
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Fig. 3. Characteristics of BE3-induced
off-target SNVs. (A) Off-target SNVs
are enriched in the transcribed regions of
the genome compared with random
permutation. (B) Genes containing off-
target SNVs were significantly more
highly expressed than random simulated
genes in four-cell embryos. RSEM, RNA
sequencing by expectation maximiza-
tion. (C) SNVs identified from each
embryo were nonoverlapping. (D) Over-
lap among SNVs detected by GOTI

with predicted off-targets by Cas-
OFFinder and CRISPOR. In (A) and (B),
P values were calculated by two-sided
Wilcoxon rank sum test.

suppressors (fig. S13), raising the concern about
the oncogenic risk of BE3 editing. This risk
might be reduced by expressing lower amounts
of BE3. However, we found that the on-target
efficiencies were progressively reduced with
the use of lower amounts of BE3 (fig. S15 and
table S10).

Intriguingly, we found that numerous de novo
SNVs are induced by BE3, which was not re-
ported in previous studies. A possible explana-
tion is that our method, GOTI, examines the cell
population derived from a single gene-edited
blastomere, whereas previous studies used large
pools of cells for which editing is variable, re-
sulting in loss of signal for random off-targets
due to population averaging. Unlike BE3, ABE7.10
induced no increase in SNVs, probably owing
to the lack of DNA-binding ability of TadA (17).
These results are consistent with a similar study
in rice plants (I8). The off-target effects of base
editors may be reduced by decreasing the DNA-
binding ability of APOBECI or by using differ-
ent versions of cytidine deaminase (19-2I). In
summary, GOTI could be useful for examining
off-target effects of various gene-editing tools
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without the interference of single-nucleotide
polymorphisms present in different individuals.
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Spotting off-targets from gene editing

Unintended genomic modifications limit the potential therapeutic use of gene-editing tools. Available methods to
find off-targets generally do not work in vivo or detect single-nucleotide changes. Three papers in this issue report new
methods for monitoring gene-editing tools in vivo (see the Perspective by Kempton and Qi). Wienert et al. followed the
recruitment of a DNA repair protein to DNA breaks induced by CRISPR-Cas9, enabling unbiased detection of off-target
editing in cellular and animal models. Zuo et al. identified off-targets without the interference of natural genetic
heterogeneity by injecting base editors into one blastomere of a two-cell mouse embryo and leaving the other genetically
identical blastomere unedited. Jin et al. performed whole-genome sequencing on individual, genome-edited rice plants to
identify unintended mutations. Cytosine, but not adenine, base editors induced numerous single-nucleotide variants in
both mouse and rice.
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