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ABSTRACT

Prime editors (PEs) enable targeted precise edit-
ing, including the generation of substitutions, in-
sertions and deletions, in eukaryotic genomes.
However, their genome-wide specificity has not
been explored. Here, we developed Nickase-based
Digenome-seq (nDigenome-seq), an in vitro assay
that uses whole-genome sequencing to identify
single-strand breaks induced by CRISPR (clustered
regularly interspaced short palindromic repeats)-
Cas9 (CRISPR-associated protein 9) nickase. We
used nDigenome-seq to screen for potential genome-
wide off-target sites of Cas9 H840A nickase, a PE
component, targeted to nine human genomic sites.
Then, using targeted amplicon sequencing of off-
target candidates identified by nDigenome-seq, we
showed that only five off-target sites showed de-
tectable PE-induced modifications in cells, at fre-
quencies ranging from 0.1 to 1.9%, suggesting that
PEs provide a highly specific method of precise
genome editing. We also found that PE specificity
in human cells could be further improved by incor-
porating mutations from engineered Cas9 variants,
particularly eSpCas9 and Sniper Cas9, into PE.

INTRODUCTION

Genome engineering has been achieved by either non-
homologous end joining (NHEJ) or homology-directed
repair (HDR) following the generation of DNA double-
stranded breaks (DSBs) by programmable nucleases in eu-
karyotic cells (1-4). NHEJ-mediated knock-out of a wide
range of target genes has been induced by CRISPR tech-
nology with high efficiency (5). Precise genome editing is
achievable by HDR in the presence of designed donor

DNAs (6-10), but HDR efficiency still remains unsatisfac-
tory (11,12). Moreover, HDR leaves uncorrected indel se-
quences at the DSB sites and potentially leads to the in-
tegration of donor DNAs at untargeted sites (11,13,14).
Significant improvements in DNA modification efficiencies
have been achieved by base editing systems, which use a fu-
sion between deaminase and Cas9 nickase or catalytically
inactive dead Cas9 protein to deaminate cytosine (15-18)
and adenine bases (19,20). However, there were several lim-
itations in the full-fledged use of base editors for gene cor-
rections: for example, base editors had relatively broad edit-
ing windows, limiting their utility for creating precise DNA
substitutions. In addition, only ‘A-T to G-C’ and ‘C-G to
T-A’ conversions were achievable, and other types of con-
versions, such as ‘A-T to T-A’ or ‘G-C to T-A’ conversions,
remained hard to achieve. Furthermore, precise deletions,
insertions, or transversion mutations, which are necessary
for the treatment of 54% of human genetic disorders, were
beyond the scope of base editing systems (21,22). Recently,
prime editing technology was developed as a powerful tool
to overcome the low efficiency, low specificity, or limited
spectrum of possible gene corrections (23).

Prime editors (PEs) consist of Cas9 H840A nickase fused
to an engineered M-MLV reverse transcriptase (RT) and a
prime editing guide RNA (pegRNA) that carries the primer
binding sequence (PBS) and an RT template sequence with
the desired edit (23). PEs can potentially lead to all types
of genetic modifications including transition and transver-
sion mutations, insertions, and deletions, as well as combi-
nations of these mutations, in eukaryotic cells without in-
ducing DSBs. Prime editing is achieved by five distinct steps:
1) the generation of a single-stranded break (SSB) in the
non-target strand via Cas9 H840A nickase, ii)) DNA/RNA
hybridization between the PBS in the pegRNA and the 3'-
region of the nicked strand, iii) RT-mediated reverse tran-
scription of the nicked strand according to the RT template
sequence, which generates a 3’-flap containing the edit, iv)
incorporation of the 3’-flap sequence in the DNA following
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ligation and v) final incorporation of the edited sequence in
both strands through DNA repair.

The initial PE study, in which mutation frequencies were
measured at several known Cas9 off-target sites, suggested
that PEs have higher specificity compared with the canoni-
cal CRISPR-Cas9 system (23). However, genome-wide PE
specificities have yet to be determined; this information
is essential for clinical and biotechnological applications.
In this study, we developed nickase-based Digenome-seq
(nDigenome-seq), which effectively profiles DNA SSBs in-
duced by Cas9 H840A nickase on a genome-wide scale. The
levels of off-target effects (expected and unexpected edits) at
each potential site were quantified by targeted amplicon se-
quencing analysis during the validation step. This method
tactically utilizes the fact that a Cas9 H840A-mediated nick
is essential for achieving PE-mediated genetic modifica-
tions. Herein, we report that PE-mediated genome editing
is quite precise, with high genome-wide specificities.

MATERIALS AND METHODS
Plasmid construction

The pCMV-PE2 (Addgene plasmid #132775) and pU6-
pegRNA-GG-acceptor (Addgene plasmid #132777) plas-
mids were a gift from David Liu. pegRNA-encoding plas-
mids were generated by Golden Gate assembly using a cus-
tom acceptor plasmid according to methods described in a
previous paper. (23) pCMV-PE2 was modified to generate a
set of plasmids encoding the PE2 variants, which included
pCMV-PE2-HF (N497A, R661A, Q695A and Q926A),
pCMV-ePE2 (K848A, K1003A and R1060A), pPCMV-Evo-
PE2 (M495V, Y515N, K526E and R661Q), pPCMV-Hypa-
PE2 (N692A, M694A, Q695A and H698A) and pCM V-
Sniper-PE2 (F539S, M7631 and K890N), by incorporating
mutations via NEBuilder® HiFi DNA Assembly Master
Mix (New England Biolabs) with gblocks containing muta-
tions (IDT) and site-directed mutagenesis (Q5 Site-Directed
Mutagenesis Kit, New England Biolabs).

Human cell culture and transfection

HEK293T cells (ATCC CRL-11268) were main-
tained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin and verified using an STR profile.
HEK293T cells were seeded onto a 24-well plate and
transfected with appropriate plasmids [for PE2 experi-
ments, the PE2- or PE2 variant-encoding plasmid (1500
ng) and the pegRNA-encoding plasmid (500 ng); for PE3
experiments, the PE2-encoding plasmid (1500 ng), the
pegRNA-encoding plasmid (500 ng) and sgRNA-encoding
plasmid (167 ng); for Cas9 experiments, the Cas9-encoding
plasmid (1500 ng) and the sgRNA-encoding plasmid (500
ng)] using 3 w1 of Lipofectamine 2000 (Life Technologies).
After 96 h, gDNA was isolated with a DNeasy tissue kit
(Qiagen) according to the manufacturer’s instructions.

Expression and purification of Cas9 H840A nickase

The plasmid encoding the His6-Cas9 H840A nickase was
generated by site-directed mutagenesis of a pET28 plas-
mid encoding His6-Cas9 nuclease. The recombinant Cas9
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HB840A protein containing a nuclear localization signal, an
HA epitope and an His-tag at the N terminus was expressed
and purified according to methods described previously
(ABE paper). Briefly, expression of the recombinant Cas9
H840A protein was induced in BL21 Star cells using 0.1
mM IPTG, after which the cells were lysed by sonication.
The recombinant protein in the soluble lysate obtained af-
ter centrifugation was purified using Ni-NTA agarose beads
(Qiagen) and heparin agarose beads (Heparin Sepharose
6 Fast Flow; GE Healthcare). The resulting protein frac-
tions were concentrated using an Ultracel 100K cellulose
column (Millipore), and the purity and concentration of the
Cas9 protein were analyzed by sodium dodecyl sulphate-
polyacrylamide gelelectrophoresis.

Cas9 nickase-mediated in vitro digestion of gDNA

gDNA was isolated from HEK293T cells using a DNeasy
tissue kit (Qiagen) according to the manufacturer’s instruc-
tions. Recombinant Cas9 H840A nickase (100 nM) and
sgRNA (300 nM) were pre-incubated at RT for 10 min and
mixed with 20 g of gDNA in a reaction buffer (100 mM
NaCl, 50 mM Tris—HCI, 10 mM MgCl,, 100 pwg/ml bovine
serum albumin, at pH 7.9) for 8 h at 37°C. Digested gDNA
was treated with RNase A (50 pg/ml) and protease K to
degrade the sgRNA and recombinant Cas9 H840A nickase
and then purified again with a DNeasy tissue kit (Qiagen).

Whole-genome and nDigenome sequencing

gDNA (1 pg), which had been previously treated with
Cas9 H840A nickase, was sheared to obtain fragments
of about 500 bp in size using a Covaris system (Life
Technologies) and blunt-ended using End Repair Mix (il-
lumina). The fragmented DNA was adenylated to pre-
vent self-ligation and ligated with adapters to produce li-
braries via TruSeq DNA Library Prep Kits (illumina),
which were then subjected to whole-genome sequencing
(WGS) using a HiSeq X Ten Sequencer (Illumina) at
Macrogen. WGS was performed at a sequencing depth
of 30-40x. Sequencing reads were aligned to a reference
genome sequence (hgl9 from UCSC) using Isaac aligner
with the following parameters: base quality cutoff, 15;
keep duplicate reads, yes; variable read length support,
yes; realign gaps, no; and adaptor clipping, yes (adap-
tor: AGATCGGAAGAGC* *GCTCTTCCGATCT). Af-
ter separating the aligned sequences into the forward and
reverse strands using SAMtools, DNA SSB sites were iden-
tified using the original Digenome programs, which are
used to calculate the count of the sequence reads with
their 5’ ends starting at the same nucleotide position and
the sequencing depth at each nucleotide position. The
source code of the original version of Digenome used in
this manuscript is available at https://github.com/snugel/
digenome-toolkit. gDNA that included the on-target and
potential off-target sites was amplified using KAPA HiFi
HotStart DNA polymerase (Roche) according to the man-
ufacturer’s instructions. The resulting polymerase chain re-
action amplicons containing Illumina TruSeq HT dual in-
dex adapter sequences were subjected to 150-bp paired-end
sequencing using Illumina iSeq 100. Substitutions and indel
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frequencies were calculated by MAUND, which is available
at https://github.com/ibs-cge/maund.

Statistical analyses

All results from experiments with three independent repli-
cates were expressed as mean =+ s.e.m. P-values were calcu-
lated by the two-tailed Student’s ¢-test.

RESULTS
Editing efficiency of PE2 in human cells

First, we compared the editing efficiencies of PE2, designed
to induce six different types of edits (1-nt insertions or dele-
tions, 3-nt insertions or deletions, or two different kinds of
1-nt substitutions), with the indel frequencies generated by
Cas9 nuclease at seven endogenous target sites (Supplemen-
tary Figure Sla—d). We transfected plasmids encoding PE2
or Cas9 nuclease into HEK293T cells together with those
encoding a corresponding pegRNA or sgRNA, respectively.
Although the PE2 efficiency is lower than that of Cas9 nu-
clease, we found that PE2s induce the expected edit with
a broad range of efficiencies (0.4-48.6%; average, 11.7 +
1.7%) depending on the target site and the type of desired
mutation (targeted insertion, deletion and substitution effi-
ciencies averaging 9.1 +2.1%, 10.5 3.4 % and 15.6 £ 3.3%,
respectively) with very low frequencies of undesired indels
(without expected edit; 0.16 £ 0.05%) (Supplementary Fig-
ure Sla—c), suggesting that PE2-mediated editing results in
a higher purity of the desired product compared with Cas9
nuclease-mediated HDR, which induces higher frequencies
of unwanted byproducts such as indels (15). We also found
that the editing efficiencies of PE2 were lower than those of
Cas9 nuclease and were independent of the Cas9 nuclease-
mediated indel frequencies at a given site (Supplementary
Figure Slc).

Tolerance of PE2 and Cas9 for mismatched pegRNAs and
sgRNAs

To appraise the specificity of PE2, we examined its toler-
ance for mismatches in the pegRNA spacer sequence and
compared it to that of Cas9 nuclease guided by mismatched
sgRNAs. To this end, we transfected HEK293T cells with
plasmids encoding PE2 or Cas9 along with plasmids en-
coding the accompanying pegRNA or sgRNA, respectively,
each of which carried zero to four mismatches in the spacer
sequences. Then, we determined the frequencies of expected
edit and indel frequencies at three endogenous target sites
(Figure 1 and Supplementary Figure S2). Overall, PE2 and
Cas9 nuclease tolerated most of the single nucleotide mis-
matches but showed almost complete loss of activities when
transfected with a guide RNA with a three or four nu-
cleotide mismatch. Although PE2 has a slightly higher level
of tolerance for certain mismatches compared to Cas9 nu-
clease, for instance, pegRNA containing two mismatches (at
positions 11-12, numbered 1-20 in the 5’ to 3’ direction) in
the RNF2 site (the relative frequency of edits and indels in-
duced by PE2 and Cas9 at the mismatched versus matched
sites was 0.18 and 0.03, respectively), PE2 generally showed
a lower tolerance for mismatched targets compared to the

Cas9 nuclease (Figure 1 and Supplementary Figure S2).
Collectively, these results indicate that PE2 enables precise
genome editing with less tolerance for mismatches between
the target and pegRNA.

Importance of nicking in PE2 activity

To test the possibility that unexpected genome editing oc-
curs through Cas9 nickase-independent incorporation of
a 3’ extension of the pegRNA (PBS), we performed an in
silico search for endogenous off-target sites that contain
an identical PBS (HEK3, RNF2 and RUNXI) but lack a
Cas9 protospacer adjacent motif (PAM) sequence. Targeted
amplicon sequencing analysis revealed, however, that none
of these sites displayed a Cas9 nickase-independent mu-
tation (Supplementary Table S1). In addition, to confirm
the requirement for nicking in PE2 activity, we generated
a catalytically inactive dead PE2 (dPE2) that consists of a
dead Cas9 (incorporation of D10A and H840A mutations)
and an engineered M-MLV RT. Transfection of the dPE2
module with pegRNA into HEK293T cells did not induce
any mutations at any of the seven endogenous target sites
(Supplementary Figure S1d). These results establish that
Cas9 H840A nickase-mediated nicking is essential for PE2-
mediated genome editing.

Nickase-based Digenome-seq (nDigenome-seq)

To evaluate the genome-wide specificity of PE2, which
can be measured as the genome-wide pattern of nicks
formed by Cas9 H840A nickase, which is essential to PE2-
mediated genome editing, genomic DNA (gDNA) isolated
from HEK293T cells was incubated with ribonucleopro-
teins (RNPs) consisting of purified Cas9 H840A nickase
protein (100 nM) and in vitro transcribed sgRNA (300 nM).
The treated gDNA was subjected to whole genome sequenc-
ing following DNA fragmentation, end repair and adaptor
ligation (Figure 2A). The genome-wide specificity was in-
vestigated by measuring the frequencies of off-target edits
obtained with pegRNAs targeted to nine endogenous sites.

First, we investigated the cleavage pattern formed by
Cas9 H840A nickase RNPs at the on-target sites. Inte-
grative Genomics Viewer (IGV) images revealed that Cas9
H840A nickase induced complete cleavage of the non-target
strand (the strand containing the PAM). However, the tar-
get strand was also, although only partially, cleaved by the
Cas9 nickase (Figure 2B). Based on this result, we consid-
ered profiling in vitro SSB sites that were generated in the
non-target strand of Cas9 target sites without considera-
tion of the SSB in the target strand. Herein, we propose
using nDigenome-seq for the determination of genome-
wide specificity, which uses the following procedure to probe
genome-wide SSB sites generated by Cas9 H840A nickase.
First, we separated the sequencing reads into forward and
reverse strands using SAMtools (Figure 2C). Second, the
number of sequence reads with the same 5 end and se-
quence depth at each nucleotide position were determined
(Figure 2C and Supplementary Figure S3a). Third, to iden-
tify in vitro SSB sites, we computationally screened for sites
where the count of the sequence reads with 5 ends start-
ing at the same nucleotide position was 10 or more and
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A RNF2 (+6 G to A) PE2 Cas9 nuclease s
GCtgcCTTAGTCATTACCTGAGG 0.00 0.00
GTCACtccAGTCATTACCTGAGG 0.00 0.00
GTCATCTTgactATTACCTGAGG 0.00 0.00
GTCATCTTAGTCgCCgCCTGAGG 0.00 0.00
GTCATCTTAGTCATTAttCAAGG f 0.01 0.00
GTtgcCTTAGTCATTACCTGAGG fr 0.01 0.00
GTCATtcCAGTCATTACCTGAGG 0.01 0.00
GTCATCTTgacCATTACCTGAGG 0.00 0.00
GTCATCTTAGTtgcTACCTGAGG 0.01 0.00
GTCATCTTAGTCATCGtCTGAGG 0.00 0.00
GTCATCTTAGTCATTACtCaAGG 0.00 0.00
GTtgTCTTAGTCATTACCTGAGG [} 0.02 0.29
GTCACtTTAGTCATTACCTGAGG 0.00 0.01
GTCATCCCAGTCATTACCTGAGG 0.05 0.12
GTCATCTTgaTCATTACCTGAGG 0.01 0.01
GTCATCTTAGCtATTACCTGAGG . 0.18 0.03
GTCATCTTAGTCGCTACCTGAGG 0.05 0.03
GTCATCTTAGTCATCGCCTGAGG 0.00 0.00
GTCATCTTAGTCATTAttTGAGG 0.00 0.00
GTCATCTTAGTCATTACCCaAGG 0.01 0.00

GCCATCTTAGTCATTACCTGAGG
GTCgTCTTAGTCATTACCTGAGG d
GTCATtTTAGTCATTACCTGAGG
GTCATCTCAGTCATTACCTGAGG

GTCATCTTAaTCATTACCTGAGG 0.30 0.46
GTCATCTTAGTtATTACCTGAGG
GTCATCTTAGTCACTACCTGAGG o 0.35 0.38

GTCATCTTAGTCATTgCCTGAGG

GTCATCTTAGTCATTACtTGAG 0.22 0.22
GTCATCTTAGTCATTACCTaAGG 0.32 0.42
GTCATCTTAGTCATTACCTGAGG

Untreated 0.00 0.00

o

0 10 20 30 40 20 40 60
Relative frequency

B RUNX1 (+6 G to C) PE2 Cas9

GtgcCcTTCAGGAGGAAGCGATGG 0.00 0.00
GCATccctAGGAGGAAGCGATGG 0.01 0.00
GCATTTTCgaagGGAAGCGATGG 0.00 0.00
GCATTTTCAGGAaaggGCGATGE 0.01 0.00
GCATTTTCAGGAGGAAatagTGG 0.01 0.00
GCgccTTCAGGAGGAAGCGATGG 0.01 0.00
GCATTcCtAGGAGGRAGCGATGG 0.01 0.00
GCATTTTCgaaAGGAAGCGATGG 0.01 0.00
GCATTTTCAGGgaaRAGCGATGG 0.01 0.00
GCATTTTCAGGAGGYgaCGATGG 0.01 0.00
GCATTTTCAGGAGGRAGtagTGG 0.01 0.00
GCyCTTTCAGGAGGAAGCGATGG 0.20
GCATCcCTCAGGAGGRAAGCGATGG r 0.03 0.26
GCATTTCtAGGAGGAAGCGA! 0.06 _
GCATTTTCgaGAGGAAGCGATGG 0.01 0.01
GCATTTTCAGagGGAAGCGATGG R 0.02 0.04
GCATTTTCAGGAaaRAGCGATGG 0.01 0.00
GCATTTTCAGGAGGYGGCGATGG 0.23
GCATTTTCAGGAGGAAatGATGG 0.01 0.00

GCATTTTCAGGAGGAAGCagTGG
GCLATTTTCAGGAGGAAGCGATGG
GCACTTTCAGGAGGAAGCGATGG
GCATTCTCAGGAGGAAGCGATGG
GCATTTTtAGGAGGAAGCGATGG o
GCATTTTCAaGAGGAAGCGATGG
GCATTTTCAGGYGGAAGCGATGG
GCATTTTCAGGAGaAAGCGATGG >
GCATTTTCAGGAGGAgGCGATGG
GCATTTTCAGGAGGAAGLGATGG
GCATTTTCAGGAGGAAGCGYTGG
GCATTTTCAGGAGGAAGCGATGG

Untreated

0 10 20 0 20 40
Frequency of expected edit (%) Indel frequency (%)

Figure 1. Tolerance of PE2 and Cas9 nuclease for mismatched pegRNAs or sgRNAs, respectively. (A and B) Together with plasmids encoding PE2 or Cas9
nuclease, plasmids encoding pegRNA or sgRNA that differed from the RNF2 (A) and RUN X1 (B) target sequences by 1-4 nt were respectively transfected
into HEK293T cells. Editing frequencies and indel frequencies were measured by targeted deep sequencing. The PAM is shown in blue and the mismatched
nucleotides are shown in red lowercase letters. Error bars indicate the s.e.m. (three biologically independent samples). Relative frequencies were calculated
by dividing the frequency of edits or indels obtained using mismatched pegRNAs or sgRNAs by the frequency of the on-target edits.
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Figure 2. nDigenome-seq to identify SSB sites generated in vitro in the human genome by Cas9 H840A. (A) Overview of nDigenome-seq. gDNA is prepared
from cells and treated with Cas9 H840A nickase and sgRNA, resulting in a nick in the protospacer of on-target and off-target sites. The fragmentation
step, done by sonication, renders a library of ~500 bp fragments with random ends. Treatment with a polymerase with 3’ to 5" exonuclease activity leads to
end repair, during which the 3’-end resulting from the nick (that is, fragments with a 5’-overhang) is filled. As a result, the filled strand shows a random end
sequence due to the random fragmentation, thereby exhibiting staggered alignment in an IGV file. However, the fragments with a 3’-overhang are trimmed
by 3’ to 5 exonuclease activity, resulting in fragments with blunt ends. Thus, the trimmed fragments show a straight alignment pattern in an IGV file. In
summary, a straight alignment pattern along with a staggered alignment pattern indicates the occurrence of a nick induced by Cas9 H840A nickase at both
on-target and off-target sites. We used a TruSeq DNA Library Prep Kit (illumina) for adaptor ligation and to generate a sequencing library. Forward and
reverse sequence reads are shown in pink and blue, respectively. Red triangles and vertical lines represent cleavage positions. (B) An IGV image of sequence
reads that reveals complete and partial cleavage of the non-target and target strands, respectively, at the HEK3 on-target site. (C) Aligned sequence data
were separated into forward and reverse strands, and the number of sequence reads with the same 5’ end at each position were counted to identify in vitro
SSB sites. (D) Representative sequence logos for the HEK3 and FANCF sites were obtained from WebLogo using DNA sequences at the sites captured by
nDigenome (sequence read counts starting at this position >10 and count/depth >20%). (E) The number of potential off-target sites with homologous
sequences (left y-axis; bars) increased exponentially as the number of mismatches with the nine Cas9 H840A on-target sites tested increased. In contrast,
the fractions of captured sites (right y-axis, red dots) decreased sharply. Error bars indicate the s.e.m (n = 9).



straight alignments account for at least 20% of the sequence
reads (Figure 2C and Supplementary Figure S3a). Finally,
we screened for off-target sites that accompany canonical
PAM (5-NGG-3')-containing sites with six or fewer mis-
matches or non-canonical PAM (5-NGH-3' or 5-NHG-3';
H is A, C, or T)-containing sites with five or fewer mis-
matches compared to the on-target sequence.

Based on this nDigenome-seq method, we identified 39—
536 in vitro SSB sites (average number, 210 4+ 71) associ-
ated with the nine on-target sites (Figure 2D; Supplemen-
tary Figures S3b-S4 and Table S2). In contrast, we could not
detect any in vitro SSB sites in the untreated gDNA, con-
firming the validity of the nDigenome-seq method. As ex-
pected, all 9 of the on-target and all 19 of the off-target sites
with one or two mismatches containing an NGG PAM se-
quence were captured by nDigenome-seq (Figure 2E). How-
ever, as the number of mismatches increased from three to
six, the fraction of in vitro SSB sites decreased exponentially
from 0.66 to 0.0019, which was similar to the pattern ob-
tained with the Cas9-based Digenome-seq method (Figure
2E) (24,25).

Comparison of in vitro cleavage sites of Cas9 H840A nickase
and Cas9 nuclease targeted to the same sites

Next, although Cas9 nuclease-mediated Digenome-seq and
Cas9 H840A nickase-mediated nDigenome-seq use differ-
ent parameters to define off-target loci, we compared the
off-target in vitro cleavage sites identified by Cas9 nuclease
(24) and Cas9 H840A nickase targeted to five genomic sites
(HEK3, FANCF, RNF2, EMXI and HEK4 sites). When
targeted to the FANCF, RNF2 and HEK4 sites, Cas9 and
Cas9 H840A nickase exhibited similar off-target profiles.
In contrast, when targeted to the HEK3 and EMX] sites,
a significant portion of the off-target sites recognized by
Cas9 and Cas9 H840 were distinct (Supplementary Figure
S5). This result requires an in-depth investigation of Cas9
HB840A nickase-induced off-target effects that are indepen-
dent of Cas9. Nonetheless, it is interesting to note that the
great majority of off-target sites detected by Digenome-seq
in vitro and validated in vivo for Cas9 (49/52 = 94%) (24)
were also identified by Cas9 H840A nickase.

Validation of in vitro cleavage sites

To check if the off-target sites identified by nDiginome-
seq show unintended, PE2-induced mutations in vivo, we
transfected plasmid DNA encoding PE2 and pegRNAs re-
spectively targeting nine human genomic sites (installing
at position +1 a CTT insertion (ins) (HEK3), +6 G to C
(FANCF), +6 G to A (RNF2), +5 G to T (EMXI), +6 G to
C (DNMTI), +6 G to C (RUNXI), +5 G to T (VEGFA),
+2 G to T (HEK4) and +4 A to T (HBB) mutations), and
the editing frequencies were measured at the 283 in vitro
cleavage sites identified by Cas9 H840A nickase-mediated
nDigenome-seq. Surprisingly, no detectable mutations at
the in vitro cleavage sites predicted by nDigenome-seq were
identified by the targeted deep sequencing for seven of the
nine targets (Figure 3A and Supplementary Table S3). PE2
coupled with pegRNA targeting HEK4 or HBB caused
mutations at five off-target sites, with frequencies ranging
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from 0.1 to 1.9% (Figure 3B). Considering that 3-20 vali-
dated off-targets (10 + 3) were identified by Cas9 nuclease-
mediated Digenome-seq for the EM X1, FANCF, RNF2,
HEK3 and HEK4 sites (24). These result suggests that PE2
provides a highly specific programmable editing system. In
particular, PE2 did not induce mutations at the DNMT1-
06 site, which contains two nucleotide mismatches in the
spacer sequence containing an NGG PAM sequence, 1 nt
mismatch in the PBS, and three nucleotide mismatches in
the RT sequence, or the HEK4-017 site, which contains
three nucleotide mismatches in the PAM distal region of
the spacer sequence containing an NGG PAM sequence,
no mismatches in the PBS and 3 nt mismatches in the RT
sequence (Supplementary Figure S6). In contrast, Cas9 nu-
clease induced off-target mutations at both the DNMT1-
06 and HEK4-017 sites. The reason for the high specificity
of PE2 may be explained by the speculation that although
SSBs are generated at the off-targets by Cas9 H840A nick-
ase, these sites do not necessarily share an identical se-
quence with the on-target sequence in the RT template re-
gion of the pegRNA. It is likely that reverse-transcribed ed-
its are not applied to the gDNA because of poor hybridiza-
tion of the 3’-flap with the opposite strand.

Tolerance of PE2 to mismatches in the RT and PBS regions

To take a closer look at how the RT template and PBS in
the pegRNA impose specificity on PE2, we constructed var-
ious pegRNA-encoding templates that carry up to four mis-
matched nucleotides in either the PBS or RT region. Using
those mismatched pegRNAs, we investigated the frequen-
cies of expected edits at RUNX1I (installing +6 G to C mu-
tation), HEKS3 (installing +1 CTT insertion) and RNF2 (in-
stalling +6 G to A mutation) in HEK293T cells (Figure 4
and Supplementary Figure S7). One mismatch in either the
PBS or RT region did not affect the precise editing efficiency
significantly. However, two or more mismatches sometimes
resulted in a significant decrease in editing efficiency, de-
pending on the mismatch site (Figure 4 and Supplementary
Figure S7). In particular, mismatches in nick-adjacent PBS
and RT template regions critically affected the editing effi-
ciency. We next found a representative target with an asso-
ciated off-target site that had an identical protospacer se-
quence and a one base mismatch in the RT sequence. A
measurement of prime editing efficiency revealed that the
expected edit frequency in the off-target site decreased up
to 65% (6.5-65.1%; average, 40.5 + 8.8%) compared to the
on-target activity (Supplementary Figure S8). These results
suggest that a bilateral checkpoint in the RT template and
PBS confers specificity to the PE system. In another respect,
they imply that the sequence similarity in the RT template
and PBS regions (that is, a target sequence) should be con-
sidered in the identification of off-target sites for the PE sys-
tem.

Effect of the PBS and RT template lengths on PE2 specificity

To investigate whether the PBS and RT template lengths
affect PE2 specificity, we transfected HEK293T cells with
plasmids encoding PE2 and pegRNAs (installing +4 A to
T (HBB) mutation) carrying different PBS or RT-template
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Figure 3. Validation of PE2 off-target sites identified by Cas9 H840A nickase-mediated nDigenome-seq. (A) In vitro SSB sites captured by nDigenome-seq
after treatment with Cas9 H840A nickase targeting FANCF (installing +6 G to C mutation) were subjected to validation by targeted deep sequencing using
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lengths and measured the editing frequency at on-target and
off-target sites (Figure SA-D). Overall, changing the RT
template length did not affect PE2 specificity (Figure 5C);
a relatively short PBS template (11-13 nt) was associated
with higher specificity than a long RT template (1417 nt)
(Figure SD).

Specificity enhancement of PE2 via engineering of Cas9
H840A

Next, we hypothesized that engineering the Cas9 H840A
portion of PE2 might improve PE specificity. Cas9 vari-
ants, including eCas9 (26), Cas9-HF (27), HypaCas9 (28),
EvoCas9 (29) and SniperCas9 (30), are known to have en-
hanced specificity compared to Cas9. Thus, we generated
PE2 variants that included the Cas9 variant mutations in
the Cas9 H840A domain. Then, we transfected HEK293T
cells with the plasmids encoding the PE2 variants (PE2,
ePE2, PE2-HF, HypaPE2, EvoPE2 and SniperPE2) with re-
spective pegRNAs (installing +1 CTT ins (HEK3), +6 G to
C (FANCF), +6 G to A (RNF2), +5 G to T (EMXI), +6 G
to C (DNMTI), +6 G to C (RUNXI), +5 G to T (VEGFA),
+2 G to T (HEK4) and +4 A to T (HBB) mutations) and
measured the precise editing frequency at the nine endoge-
nous target sites (Figure 6A).

Prime editing efficiency is governed by gene-targeting ac-
tivity in the first stage and by the mutation efficiency, involv-
ing RT, in the second stage. That is, decreased efficiency in
either of the two stages would result in reduced prime edit-
ing activity. A previous study revealed that evoCas9, Hy-
paCas9 and Cas9-HF show lower editing activity compared
to eCas9 and Sniper-Cas9 (31,32). Here we present exper-
imental data that show that ePE2 and Sniper-PE2 exhib-
ited an on-target editing efficiency comparable to that of the
canonical PE2 (Figure 6A). In contrast, PE2-HF, HypaPE2
and EvoPE2 showed a markedly reduced prime editing ef-
ficiency (Figure 6A). To investigate the specificities of the
PE2 variants, we transfected HEK293T cells with plasmids
encoding each PE2 variant (except for EvoPE2, which ex-
hibits an on-target efficiency that is very low), together with
a plasmid encoding a pegRNA carrying up to two-bp mis-
matches in the spacer sequence and measured the editing
frequency at the target site (Figure 6B). In general, all of the
PE2 variants showed increased specificities compared to the
canonical PE2. For instance, the canonical PE2 system was
highly tolerant of pegRNAs containing a 2-bp mismatch
at position 5-6, editing the target site with an efficiency of
9.6%. However, ePE2, PE2-HF, HypaPE2 and SniperPE2
showed efficiencies of <0.01, <0.01, <0.01 and 0.52, respec-
tively (Figure 6B). These results show that the PE2 variants
have a higher specificity compared to the canonical PE2.

Next, we transfected plasmids encoding each PE2 vari-
ant and a pegRNA targeting the HEK4 site (installing +2
G to T mutation) or HBB (installing +4 A to T mutation)
and measured the expected edit levels and indel frequen-
cies at the on-target and validated off-target sites. ePE2 and
SniperPE2 showed reduced expected edit and indel frequen-
cies at the off-target sites, including four validated off-target
sites for HEK4 and one off-target site for HBB, while retain-
ing on-target prime-editing efficiency (Figure 6C and D). In
contrast, the PE2-HF and HypaPE2 systems showed a con-

comitant loss in their on-target activity, which may compro-
mise the utility of these systems for prime editing (Figure
6C and D). PE2 variants, particularly ePE2 and SniperPE2,
await further investigations of their genome-wide specificity
before their use in prime editing.

Off-target effects of PE3

PE3 consists of PE2, pegRNA and an sgRNA that is com-
plementary to the PBS (or RT) strand. The Cas9 H840A
nickase of PE2 and the sgRNA induce a nick in the non-
edited strand, which is intended to enhance the prime edit-
ing activity. To investigate the off-target effects of PE3, we
transfected plasmids encoding PE2, pegRNA targeting the
HEKH4 site (installing +2 G to T mutation) or HBB (in-
stalling +4 A to T mutation) and five different sgRNAs into
HEK?293T cells and measured the frequency of expected ed-
its and indels at the on-target and validated off-target sites.
First, we measured the PE3-induced frequency of DNA
modifications at on- and off-target HEK4 sites. In line with
results from a previous report (23), PE3 modules targeting
the HEK4 site did not increase the editing frequency at ei-
ther the on-target or off-target sites relative to PE2 (Figure
7A). On the contrary, the editing efficiency at the HBB on-
target site was increased by up to 1.9-fold by the addition
of sgRNA (+30; the number refers to the number of nu-
cleotides from the PE2 nick site, +; 3’ downstream, —; 5’
upstream) compared to that of PE2 (Figure 7B). Next, the
off-target effects of PE2 and PE3 were compared at the val-
idated off-target sites. Despite the increased on-target edit-
ing efficiency of PE3, the editing efficiencies of PE2 and PE3
at the off-target sites were the same (Figure 7A and B). It
is noteworthy that, for PE3, the frequencies of indels in-
creased even at the on-target sites, which is also in line with
the previous report (23). Thus, the possible occurrence of
unwanted byproduct indels must be considered when the
PE3 system is used. Taken together, these results suggest
that the risk of off-target effects are not increased for PE3
compared to PE2. One possible explanation would be that,
except when paralogous genes are present, it is highly likely
that the sgRNA used as part of PE3 would have no recog-
nizable protospacer sequence near the off-target sites.

DISCUSSION

Programmable nickases such as Cas9 nickases and zinc fin-
ger nickases are widely used, not only to improve speci-
ficity through paired nicking (33-35), but also as fusions
with functional domains including cytosine deaminases
(15,16), adenosine deaminases (19), Rad51 (36) and engi-
neered M-MLV RT (23). Although several methods, such
as IDLV (Integrase deficient lentiviral vectorcapture) cap-
ture (37), GUIDE-seq (genome-wide, unbiased identifi-
cation of DSBs evaluated by sequencing) (38), HTGTS
(high-throughput, genome-wide translocation sequencing)
(39), BLISS (breaks labeling in situ and sequencing) (40),
CIRCLE-seq (circularization for in vitro reporting of cleav-
age effects by sequencing) (41), SITE-seq (selective enrich-
ment and identification of tagged genomicDNA ends by se-
quencing) (42) and DISCOVER-Seq (discovery of in situ
Cas off-targets and verification by sequencing) (43) were
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developed to define genome-wide off-target effects of Cas9
nucleases, these methods cannot identify nickase-mediated
genome-wide off-target effects. In a previous study, we suc-
cessfully identified genome-wide off-target effects of cy-
tosine base editors (CBEs) (44) and adenine base editors
(ABEs) (45), which are fusions between Cas9 D10A nick-
ase and a deaminase. However, in that study, we identi-
fied genome-wide off-target effects by detecting DSBs that
were induced via CBEs and USER (uracil-specific excision
reagent) or ABEs and Endonuclease V.

In this study, we developed nDigenome-seq to assess
genome-wide SSBs generated in vitro. Using this method,
we identified genome-wide SSB sites induced by Cas9
HB840A nickase, a PE component, in vitro. We then tested
whether these sites could be validated as off-target PE sites
by targeted amplicon sequencing of gDNA extracted from
HEK293T cells transfected with plasmids encoding PE2
and pegRNA. These experiments indicated that PE is highly
specific, consistent with results of a previous study pub-
lished by David Liu’s group (23). In addition, the tolerance
of PE2 to mismatches in various regions of the pegRNA,

including the spacer sequence, RT template and PBS, show
the importance of RT template and PBS for PE specificity.
Unlike Cas9 nuclease specificity, which is affected by one
checkpoint, the spacer sequence, PE specificity is addition-
ally affected by the RT template and PBS, which serve as
bilateral checkpoints. Accordingly, PE2 specificity is higher
than that of Cas9 nuclease. For instance, Cas9 nuclease in-
duces high frequencies of indels (12.1 and 38.3%, respec-
tively) at the FANCF-5 and EMX1-3 off-target sites, which
each possess 2 nt mismatches in the spacer sequence rela-
tive to the on-target site (The indel frequency at the FANCF
and EMX]I on-target sites is 44.5 and 61.6%, respectively)
(44). However, the frequency of PE2-induced mutations was
below noise levels (<0.05%) at the FANCF-5 and EM X1-3
off-target sites (Supplementary Table S3). Therefore, to ef-
fectively design specific pegRNAs, we should monitor not
only the spacer sequence but also the RT template and PBS
at potential off-target sites.

An additional increase in PE specificity was achieved by
the use of Cas9 variants. Sniper-Cas9 and eCas9 enabled
prime editing with reduced frequencies of off-target effects
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(Figure 6). Further incremental increases could be obtained
by the use of sophisticated designs for the pegRNAs. For
instance, a pegRNA with an elongated PBS resulted in in-
creased prime editing at HBB off-target sites (Figure 5C).
An alteration in the RT template length may also affect
specificity (Figure SD). However, these results are not di-
rectly applicable to all target genes and should be deter-
mined empirically.

nDigenome-seq is also expected to be useful for pro-
filing the genome-wide specificity of CBE, ABE and
hRad51-Cas9, as well as that of PE. However, although
nicking induced by Cas9 H840A nickase is essential in
PE2-assisted genome engineering, Cas9 H840A nickase-
mediated nDigenome-seq is an indirect method for pro-
filing the genome-wide specificity of PE. A more direct
method, such as genome-wide off-target analysis by two-
cell embryo injection (GOTTI) as reported previously (46)
or transcriptome sequencing (47), would complement the
nDigenome-seq-based description of the PE specificity
landscape.

CONCLUSION

Prime editing was developed to overcome the low efficiency
of HDR-mediated precise gene correction and to expand
CRISPR technology into treatments for a wider range of
genetic disorders. Given the high efficiency of PE-mediated
gene correction, it is quite demanding to investigate possi-
ble off-target sites of a prime editing system. In summary,
our data, obtained using the nDigenome-seq method, re-
vealed the high specificity with which precise, PE-mediated
genome editing can be achieved. The data suggest that the
RT template and PBS sequences serve as a dual checkpoint
for precise editing and that dissimilarity in either of these
two sequences prevents unintended off-target activity. We
also found that PE2 specificity was further improved by the
incorporation of mutations found in Cas9 variants, espe-
cially evident with ePE2 and SniperPE2, which were much
more sensitive than PE2 to even one-base mismatches with
the on-target sequence. Although further studies, including
the investigation of pegRNA-independent off-target effects,
will be required to understand PE specificities fully, our re-
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sults based on the nDigenome-seq method should promote
the broader use of PEs in clinical and biotechnological ap-
plications.
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