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Adenine base editors catalyze cytosine
conversions in human cells

Heon Seok Kim

Adenine base editors comprise an adenosine deaminase,
evolved in vitro, and a Cas9 nickase. Here, we show that in
addition to converting adenine to guanine, adenine base edi-
tors also convert cytosine to guanine or thymine in a nar-
row editing window (positions 5-7) and in a confined TC*N
sequence context. Adenine base editor-induced cytosine sub-
stitutions occur independently of adenosine conversions with
an efficiency of up to 11.2% and reduce the number of suitable
targeting sites for high-specificity base editing.

Base editing systems, including cytosine base editors (CBEs)
and adenine base editors (ABEs), efficiently enable base substitu-
tions without DNA cleavage or a requirement for template donor
DNA'-. The Liu group developed CBEs by combining APOBEC1
enzymes, which remove an amine group from cytosine, with cata-
lytically dead Cas9 (dCas9) or Cas9 nickase (nCas9)' and ABEs by
fusing an adenine deaminase to the Cas9 variants. Because an ade-
nine deaminase that accepts single-stranded DNA as a substrate is
unknown in nature, the authors created ssDNA-targetable enzymes
by evolving an Escherichia coli adenine deaminase, TadA, targeting
transfer RNAs (tRNAs). By introducing a number of mutations,
Liu’s group successfully constructed several versions of engineered
TadAs (TadA*s) that target adenine in ssDNAs’. However, recently,
Liu et al.* and Lee et al.’ reported their observations of unexpected
ABE-induced cytosine conversions in mouse embryos, but these
conversions were thought to be exceptional and the characteristics
of the engineered TadA* enzyme, including its target motifs inside
the ssDNA, remain unknown.

To investigate whether ABEs are responsible for base con-
versions other than adenine substitutions, we carefully chose
22 human endogenous DNA target sites at which Cas9 nuclease
activities are known to be sufficiently high (Supplementary Fig. 1)¢,
to examine minor noncanonical base conversion effects of ABEs
(Fig. 1a). We transfected plasmids expressing ABE v.7.10 (ABE7.10)
and each single-guide RNA (sgRNA) into human embryonic kid-
ney 293T (HEK293T) cells, and after 3d we carefully inspected all
base editing events caused by ABE7.10 at each nucleotide inside
in the sgRNA binding regions by targeted deep sequencing and
BE-analyzer software’. As expected, adenines in the editing win-
dows were converted at high rates, with an average frequency of
40%. However, for two target sites in the FANCF and RNF2 genes,
noncanonical base editing of cytosine was also induced (Fig. 1b and
Supplementary Fig. 2). The deep sequencing data showed that 10.9
and 10.2% of cytosines in the FANCF and RNF2 target sites, respec-
tively, were converted to other nucleotides by ABE7.10 (Fig. 1c and
Supplementary Fig. 3).
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We further examined whether these noncanonical cytosine con-
version events varied depending on the ABE version used; these ver-
sions possess different mutations in the TadA enzyme. We repeated
the experiments with ABE versions 6.3, 7.8 and 7.9 in addition to
7.10. Similarly to ABE7.10, ABE6.3, 7.8 and 7.9 also caused nonca-
nonical editing events at cytosines in the two target sites (Fig. 1d).
It is noteworthy that ABE7.8 and 7.9 induced cytosine conversions
less frequently than ABE6.3 and 7.10, possibly indicating that the
various TadA mutations affect the base editing specificity differently.

We next sought to examine the cause of ABE-induced cytosine
conversions. We recognized that cytosine was converted to various
nucleotides such as guanine and thymine via the action of ABEs,
whereas adenine was dominantly converted to guanine, as shown at
the substitution tables in Fig. 1c. The previous study reported that
cytosine deamination by CBEs converted cytosine to guanine as well
as thymine in the absence of uracil glycosylase inhibitor (UGI), but
that cytosine was primarily converted to thymine in the presence of
UGI". Therefore, we hypothesized that the TadA* enzyme in ABEs
deaminates not only the adenine but also the cytosine. To prove our
hypothesis, we overexpressed UGI, which inhibits the excision of
uracil and induces C-to-T substitutions™, together with ABE7.10.
We found that most cytosines were converted to thymine in the
presence of excessive UGI, supporting our hypothesis that ABEs
also directly deaminate cytosine (Fig. 1e and Supplementary Fig. 4).

We next investigated whether ABEs need specific DNA motifs
for cytosine deamination. To investigate the effect of the nucleo-
tide immediately adjacent to the cytosine, we chose 28 endogenous
target sites with NC* sequences positioned in the center of the
ABE7.10 editing window (that is, position 6), using Cas-OFFinder’.
Among the tested NC* sequences, we observed that cytosines
positioned just 3’ of a thymine were efficiently edited by ABE7.10,
in sharp contrast to cytosines downstream of other nucleotides
(Fig. 2a). Additionally, we examined the effect of nucleotides just
3’ of the cytosine after fixing the upstream nucleotide as thymine.
We further chose 23 endogenous target sites with similar criteria as
described above. In the TC*N sequences that we tested, we found
that cytosines just 5" of a pyrimidine were edited more efficiently,
but that most cases underwent conversion at measurable levels
regardless of the 3’ neighbor (Fig. 2b). From these observations, we
conclude that the DNA target motif for cytosine deamination via
ABEs is TC*N, which was confirmed by a computational de novo
motif analysis (Fig. 2¢).

We further investigated whether cytosine base editing via ABEs
was affected by nearby adenine deamination events. To address this
issue, we used two endogenous target sites that contained a TC*N
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Fig. 1| Cytosine editing by ABEs. a, Schematic diagram of ABE base editing specificities. b, Quantification of the substitution rate of each type of base in
the ABE editing windows of a set of analyzed target sequences. ¢, Sequence tables showing nucleotide frequencies at each position in the targeted sites
in two genes (FANCF, RNF2). Frequencies of expected nucleotides are highlighted in blue; frequencies of substituted nucleotides are highlighted in orange.
PAM (protospacer adjacent motif) sequences are indicated in red. d, Analysis of base substitution efficiencies induced by various versions of ABE at

A4 and C6 in the FANCF and RNF2 sites. *P< 0.1, **P < 0.001. (P=0.0001, 0.0010, 0.0006, 0.0004, 0.0001, 0.0010, 0.0995, 0.0008, 0.0003, 0.0031,
0.0005, 0.0005, 0.0002, 0.0016, 0.0007, 0.0001: Student's t-test, two-sided) (n=3, mean+s.d.) e, Effect of UGI on base editing at the FANCF site. The
cytosine substitution rate was determined (n=3, mean+s.d.) ***P=0.00038 (Student's t-test, two-sided). The proportion of edited base products from

cytosine was also determined (P=0.000091 (G), P=0.000005 (T)).

motif positioned in the target window but that lacked adenine
entirely. We found that cytosine was edited by ABE7.10 as usual
in the absence of a neighboring adenine (Supplementary Fig. 5),
indicating that cytosine deamination via ABEs is not a side effect
induced after adenine deamination, but an independent event.

We further assumed that the preferred target window for cyto-
sine deamination via ABEs might be different from the well-defined
target window for adenine deamination. To determine the target
window for efficient cytosine deamination, we chose a total of 29
endogenous target sites containing a TC*N motif at various posi-
tions in the region spanning nucleotides 4-9 inside the sgRNA
binding region. We observed that cytosine editing via ABEs occurs
at a maximum frequency at position 6 and that the editing window
(that is, positions 5-7) is narrower compared to that of CBEs and
the conventional adenine editing window of ABEs (Fig. 2d)"”. We
compared the cytosine conversion activities of ABEs to the activities
of conventional CBEs at an identical target site and found that the
CBEs showed higher cytosine editing efficiencies overall, but that
the ABEs showed more specific cytosine conversions in narrower
windows (Fig. 2e).

We further investigated whether the unexpected cytosine con-
versions induced by ABEs occur similarly in cancer- and noncancer-
derived human cells. To address this issue, we repeated the above
experiments using a more optimized version of ABE7.10, named
ABEmax". The results showed that cytosine base editing occurs at
comparable levels for all tested cell lines (Fig. 2f and Supplementary
Figs. 6-10). Furthermore, to confirm that ABE itself displays cyto-
sine deaminase activity and to exclude any unknown possibilities
that might lead to such activity in cells, we performed an in vitro
ABE activity assay using purified ABE protein with sgRNAs. We
then measured the resulting cytosine substitutions with targeted
deep sequencing, directly verifying that ABE exhibits cytosine
deaminase activity (Supplementary Fig. 11).
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The ABE cytosine deamination activity is relatively minor
compared to the canonical ABE adenine deamination activ-
ity (Supplementary Fig. 12), but is obviously independent. These
results indicate that ABEs might be used for precise cytosine base
editing in some specific cases, such as TCC-to-TGC or TCC-to-
TTC conversions. On the other hand, it is reported that mem-
bers of the APOBEC enzyme family, including rat APOBEC1 and
human APOBECs share a consensus amino acid motif, (C/H)
XEXnPCXXC'"', and have common preference for TC* motif in tar-
get DNA"", Because the engineered TadA* also has the motif in the
core of the active site (Supplementary Fig. 13), we postulate that it
has gained this unexpected cytosine deamination activity as well as
a preference for target DNA sequences such as TC*N during the
protein evolution process.

CRISPR-based base editing technologies, including CBEs and
ABEs, have undoubtedly advanced the genome editing field. The
advantage of BEs over the Cas9 nuclease has become more appar-
ent after a recent study showing that CRISPR nuclease-mediated
DNA cleavage at target sites frequently causes large deletions or
genomic rearrangements'’. However, it is notable that BEs induce
off-target single-nucleotide conversions on DNA or RNA in the
presence or absence of sgRNAs'*~*. Our results raise another con-
cern that ABEs can display unexpected on-target cytosine deami-
nation activity.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of code and data availability and
associated accession codes are available at https://doi.org/10.1038/
s41587-019-0254-4.
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Fig. 2 | Sequence motif and editing window in cytosine editing by ABE7.10. a, Dependence of the cytosine (C*) substitution rate on the neighboring
upstream base (n=3, mean+s.d.). b, Dependence of the cytosine (C*) substitution rate on the neighboring downstream base (n=3, mean+s.d.).

¢, DNA Weblogo created with target sequences in which cytosine editing was induced (n=3, mean +s.d.). d, Cytosine substitution rate depending on the
cytosine position in the editing window (n=3, mean +s.d.). e, Comparison of BE3 and ABE7.10 cytosine editing windows in the BIRC7 site (n=2, mean).
NS, not significant. f, Cytosine editing efficiency of ABEmax in various cell lines (n=3, mean+s.d.).
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Methods

Cell culture conditions. HEK293T (ATCC CRL-11268), HeLa (ATCC CLL-2),
U-2 OS (ATCC HTB-96) and K-562 (ATCC CCL-243) cells were maintained in
DMEM supplemented with 10% FBS, 100 pgml~! streptomycin, 100 units per ml
penicillin and 0.1 mM nonessential amino acids. GM14867 cells, human fibroblasts
derived from a patient containing mutations in the xeroderma pigmentosum,
complementation group C (XPC) gene, were purchased from the Coriell Institute.
GM14867 cells were maintained in MEM supplemented with 15% FBS and a
penicillin/streptomycin mix.

Transfection conditions. Here, 1.0 x 10° HEK293T cells were plated 1d before
transfection. The ABE expression plasmid (750 ng) and sgRNA plasmids (250 ng)
were transfected into cells using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol. To maintain parallel conditions, a 4D-nucleofector
(Lonza) was used for HEK293T, HeLa, U-2 OS, K-562 and GM 14867 cells.

The ABEmax expression plasmid (750 ng) and sgRNA plasmids (250 ng) were
electroporated into 2.0 X 10° cancer cells according to the manufacturer’s protocol.
In the case of GM14867 cells, ABEmax plasmid (14 pg) and sgRNA plasmid (6 pg)
were electroporated into 8 X 10° fibroblasts as described before’'. Appropriate
nucleofector programs were used for each cell line (the CM-130 program for
HEK293T, the CN-114 program for HeLa, the CM-104 program for U-2 OS, the
FF-120 program for K-562 and the DS-137 program for GM14867). Genomic DNA
was also isolated 72 h after transfection.

UGI overexpression. We constructed the CMV-UGI plasmid based on pCMV-
BE3 (Addgene, no. 73021). To overexpress UGI together with ABE, the ABE
expression plasmid (500 ng), sgRNA plasmids (250 ng) and pCMV-UGI (250 ng)
were transfected using Lipofectamine 2000. For a negative control, we transfected
the same amount of an empty pCMV vector instead of pPCMV-UGIL.

In vitro ABE activity assay. The in vitro deamination assay was performed as
previously described'®. Briefly, recombinant ABE protein (2,000 ng) and sgRNA

NATURE BIOTECHNOLOGY | www.nature.com/naturebiotechnology

(1,500 ng) were pre-incubated for 5min at room temperature. Genomic DNA

(500 ng) purified from HEK293T cells and 2x buffer were added to the ABE-
sgRNA complexes; the final volume of 50 pl contained 50 mM Tris-HCI, 25 mM
KCl, 2.5mM MgSO,, 10% glycerol, 2mM DTT and 10 mM ZnCl,. The mixture was
incubated at 37 °C overnight. Products were purified using a genomic DNA prep
kit (QIAGEN, catalog no. 69504) and amplified using PCR. Final PCR products
were analyzed using targeted deep sequencing.

Targeted deep sequencing. On-target sites were amplified with a KAPA HiFi
HotStart PCR kit (KAPA Biosystems no. KK2501) for sequencing library
generation. These libraries were sequenced using MiniSeq with a TruSeq HT
Dual Index system (Illumina) as described before. Briefly, equal amounts of the
PCR amplicons were subjected to paired-end read sequencing using Illumina
MiniSeq platform. Samples were sequenced at a sequencing depth of average
30,067 + 1,290 X (n =137 +s.e.m.). Rare sequence reads <1 were excluded.

Statistics. Statistics were calculated using GraphPad Prism v.8 and OriginPro 2016.
P values were calculated by a two-sided test.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
High-throughput sequencing data have been deposited in the NCBI Sequence
Read Archive database under accession number PRJNA525294.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies XI|[] chip-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XX XXX
O000X O

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293T, Hela, K562, U2-0S were purchased from ATCC. GM14867 were from Coriell Institute.
Authentication No cell lines were authenticated
Mycoplasma contamination Cells were not tested for mycoplasma contamination.

Commonly misidentified lines  Not mentioned
(See ICLAC register)
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	Fig. 2 Sequence motif and editing window in cytosine editing by ABE7.


