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Method

3’-end ligation sequencing is a sensitive method to
detect DNA nicks at potential sites of off-target
activity induced by prime editors

Jacob Stewart-Ornstein, Matthew |. Irby, Marina K. Lilieholm, Dylan Laprise,
Maria D. Collier, Thomas Aunins, Dewi Harjanto, Aaron N. Chang, Deepak Reyon,

and Jeremy S. Duffield

Prime Medicine Incorporated, Cambridge, Massachusetts 02141, USA

Gene editing makes precise changes in DNA to restore normal function or expression of genes; however, the advancement
of gene editing to the clinic is limited by the potential genotoxicity of off-target editing. To comprehensively identify po-
tential sites in the genome that may be recognized by gene editing agents, in vitro approaches, in which the editor is com-
bined with human genomic DNA and sites where editing may occur are identified biochemically, are important tools.
Existing biochemical approaches for off-target discovery recognize double-stranded breaks generated by nuclease-based
gene editors such as SpCas?, but novel approaches are needed for new editing modalities, such as prime editing, that
nick one strand of DNA. To fill this gap, we have developed 3’-end ligation sequencing (PEG-seq), which can identify prime
editor-induced nicks throughout the genome on in vitro digested human genomic DNA to identify potential off-target
sites. Here we show that PEG-seq is an important addition to the off-target detection toolkit, enabling off-target discovery

for DNA nicking gene editors such as prime editors.
[Supplemental material is available for this article.]

Biochemical methods for identifying sites in genomic DNA that
are recognized or acted on by a protein or protein—-RNA complex
form the backbone of strategies to evaluate the specificity of
gene editing molecules that may be used therapeutically. The
CRISPR family of enzymes are bacterial proteins that complex
with RNA molecules consisting of structural motifs and a “spacer”
element that can be used to search the genome for a complemen-
tary sequence. When such a target DNA sequence is identified, the
enzyme becomes active and can cleave the DNA backbone at that
genomic location. The search and recognition mechanism for
CRISPR enzymes is highly specific to the spacer sequence of the
provided gRNA, but incomplete base pairing between the guide se-
quence and the genomic DNA is tolerated to the point that, in rare
circumstances, the enzyme can bind tightly and cut DNA where
the sequence is similar, but not identical, to the RNA-encoded
spacer sequence (Jinek et al. 2012). Identifying sequences in the ge-
nome that are bound and enzymatically acted on by a specific
CRISPR-RNA complex relies on molecular biology protocols that
can recognize and isolate the product of the CRISPR-DNA reac-
tion—typically a double-stranded (DSB) or single-stranded break
(SSB, or “nick”) in the DNA—using high-throughput sequencing
to determine the sequence of those sites and map them in the ge-
nome. Since 2015, when the first of such protocols was developed
(Kim et al. 2015; Tsai et al. 2015), many methods have been
applied to map DSBs produced by Streptococcus pyogenes Cas9
(SpCas9), Staphylococcus aureus Cas9 (SaCas9), and other CRISPR
enzymes, including SITE-seq (Cameron et al. 2017), CIRCLE-seq
(Tsai et al. 2017), and CHANGE-seq (Lazzarotto et al. 2020).
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These methods have allowed for broad analysis of the specificity
of SpCas9 gene editors and have been used to identify off-target
risks of gene editing therapies.

In addition to the natural CRISPR proteins, new genome edit-
ing modalities have been engineered by converting SpCas9 into a
nickase (a protein that generates SSBs by cutting either the top or
bottom strand of DNA, not both) and adding additional enzymatic
activities, such as deaminases (Komor et al. 2016; Nishida et al.
2016) to generate “base editors” (BEs) and reverse transcriptase
(Anzalone et al. 2019) to construct “prime editors” (PEs). As with
natural CRISPR enzymes, if these BEs and PEs are to be used ther-
apeutically, it is necessary to determine their specificity.
However, traditional biochemical approaches, referenced above,
that recognize DSBs do not work in a straightforward way with
these newer genome editors. When DNA is edited using a BE, in ad-
dition to an SSB generated by an active Cas9 HNH endonuclease
domain, an altered base is introduced in the opposite strand (ino-
sine for adenine BE [ABE] or uracil for cytosine BE [CBE]), which
can be recognized by DNA repair enzymes in vitro and converted
to DSBs at the site of BE activity. Therefore, conventional biochem-
ical off-target recognition strategies can be used to evaluate BE off-
targets at sites where both nicking and base editing activity occur
(Lazzarotto et al. 2024), although these analyses potentially miss
sites where only one activity occurs. PE, however, only acts on
one strand of DNA through the activity of Cas9’s RuvC endonucle-
ase domain and prevents similar strategies from being used.
Therefore, new strategies are required to biochemically identify
where PE may act in the genome. Recently, methods for mapping
PE off-targets have been published that utilize the integration of
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DNA tags into the genome through the PE reverse transcriptase
domain and a modified pegRNA sequence (Kwon et al. 2022; Yu
et al. 2022; Liang et al. 2023). These methods are highly specific
and are applicable to both biochemical and cell-based systems;
however, they require custom pegRNA sequences, have potential
biases in the reverse transcriptase step owing to sequence-specific
targets and mismatches between the primer binding sequence and
the off-target, and do not directly detect nicking events, which
may be the most common form of off-target activity by PEs.

To identify where in the genome PE may produce off-targets,
we set out to identify where Cas9"8%4 nickase-induced SSBs occur
in the genome, as these SSBs are the essential first step in prime ed-
iting. In general, two difficulties arise when attempting to identify
SSBs: (1) biochemical ligation or isolation of a single broken end of
DNA is less efficient than the capture of DSBs, and (2) SSBs are ex-
tremely common in DNA, occurring at the rate of ten to 20,000 a
day in cells (Ciccia and Elledge 2010), and thus, any attempt to
capture SSBs is confounded by the significant background. One ef-
fective strategy for identifying SSBs in the genome uses high-depth
whole-genome sequencing of digested gDNA to identify locations
that have higher rates of SSBs (Kim et al. 2020). Other approaches
that take advantage of enzymatic activities, such as nick transla-
tion, are potentially efficient but have additional challenges and
have not been widely used for off-target identification (Cao et al
2020; Elacqua et al. 2021). We therefore sought to develop a direct
deep sequencing strategy that would utilize single-strand ligation
of sequencing adapters to efficiently capture SSBs induced by nick-
ing endonucleases.

Results

To develop our protocol, we extracted common elements from ex-
isting SSB capture and ligation protocols such as GLOE-Seq
(Sriramachandran et al. 2020), DENT-seq (Elacqua et al. 2021),
Nick-seq (Cao et al. 2020), and TrAEL-seq (Kara et al. 2021). As
SSBs are common in DNA, owing to oxidative damage and DNA
handling, we implemented a method to block pre-existing SSBs
by treating the genomic DNA with a polymerase and chain-termi-
nating ddNTPs prior to digestion with an enzyme; this ensures that
most SSBs captured will come from the tested enzyme. We then de-
veloped a ligation strategy in which a reverse-complemented
Ilumina read 1 adapter was directly ligated to the 3’ end of a SSB
using a randomized splint sequence with a 5’ biotin modification
(Supplemental Table S4). This ligation was followed by fragmenta-
tion, streptavidin purification, end repair, ligation of an Illumina
read 2 adapter, and two rounds of PCR amplification
(Supplemental Table S2). Additionally, we streamlined the proto-
col to reduce clean-up steps and retain input genomic complexity
and added a UMI tag to the Illumina read 1 adapter that enabled
deconvolution of PCR duplicates (Fig. 1A). We named this opti-
mized protocol 3'-end ligation-seq (PEG-seq).

We initially tested PEG-seq on genomic DNA digested with
the nicking endonuclease Nb.BsrDI, which generates a SSB 3’ to
the “GCAATG” recognition motif on the bottom strand. Analysis
of PEG-seq data from human genomic DNA treated with saturating
amounts of Nb.BstDI showed sharp peaks of DNA enrichment
across the genome with 1,099,701 sites receiving more than seven
unique reads in at least one replicate. Examination of individual
sites showed a clear Nb.BsrDI recognition site 3’ to the start of
the peak of signal (Fig. 1B). Overall, this protocol captured
72.01% (Rep.1) (Supplemental Table S7) or 74.08% (Rep.2)
(Supplemental Table S8) of the expected Nb.BsrDI sites in the ge-

nome, with coverage appearing to be limited by sequencing depth
(Fig. 1C). Further genome-wide analysis of the 6 bp immediately 3’
to each detected “peak” revealed a strong motif that was identical
to the Nb.BsrDI recognition sequence (Fig. 1D). Examining the po-
sition-weight matrix, we note that the bases immediately 5’ to the
recognition motif where the adapter is ligated during the experi-
ment are nearly randomly distributed, suggesting the PEG-seq pro-
tocol end capture step shows low sequence bias (Fig. 1D). To further
explore and quantify any ligation bias, we carried out a pooled ran-
dom end-capture experiment and similarly found little or no differ-
ence in ligation efficiency based on the first or second bases
adjacent to the nick (Supplemental Fig. S1; Supplemental Table S9).

As shown above, the Nb.BsrDI enzyme generates about 10°
SSBs per genome. We expect SpCas9 nicking endonucleases to gen-
erate far fewer, on the order of 10'-10 of SSBs per genome, based
on the number of off-target sites observed by different methods
with comparable intensity to the on-target site (Kim et al. 2015;
Tsai et al. 2017). To test if our protocol could identify SSBs induced
by SpCas9 variants, we digested genomic DNA with SpCas9,
SpCas9P194  SpCas9'™®494 and PE (which also contains the
SpCas9'84%4 domain) proteins complexed with FANCF sgRNA or
RNF2 sgRNA and performed the PEG-seq protocol (Supplemental
Table S1). The FANCF and RNF2 spacer sequences were selected
because they have been widely used as “models” for on- and off-tar-
get SpCas9 experiments, and substantial data are available on their
off-target activity. Examining the expected on-target site, we read-
ily identified a strong signal of read accumulation on the nontarget
strand for the SpCas9"'84°4 and PE protein, the target strand for the
SpCas9P1* protein, and both strands for SpCas9 (Fig. 1E,F). We
note that compared with SpCas9”1%4, SpCas9"84%* and PE show
asite of nicking 5’ to the expected site, the exact features of which
appear to be spacer dependent, suggesting staggered cutting or
chew back by the RuvC nuclease domain. We observe, supportive
of processive removal of the 3’ end during digestion (chew back),
that when a digestion time course is run, the position of the nick
identified by PEG-seq at the on-target site moves further 5’ in the
spacer sequence (Supplemental Fig. S2). The absolute signal also
varied between the SpCas9”'** and SpCas9™®*°* variants, suggest-
ing potential differences in activity that may be spacer dependent.
Critically, the SpCas9 condition (which contains both nickase ac-
tivities) appears to be a combination of the SpCas9”'°* and
SpCas9™8494 conditions. Overall, these results show that PEG-seq
robustly detects SSBs induced by either SpCas9 nicking domain
with strand and base resolution, allowing for differential activity
analysis of SpCas9 mutants.

In addition to the on-target site, we expect to observe PEG-seq
signal at off-target sites where the SpCas9 nickase recognizes sites
in the genome, including at sites with a close sequence match to
the spacer sequence. We therefore developed an analysis pipeline
(Supplemental Code) that (1) aligns read 1 sequences to the ge-
nome (note each read 1 sequence starts with the base that was li-
gated to the capture adapter at the SSB site and is typically 75 bp
long), (2) removes reads in regions with inaccurate sequencing
(blacklist regions) and deduplicates reads based on UMI analysis,
(3) scans the genome and identifies regions with a disproportion-
ate number of read 1 start sites on one strand, and (4) thresholds,
filters, and merges this list of peaks to identify likely sites where
SSBs disproportionally occur and assigns a PEG-seq score by com-
puting the local enrichment of the observed peak. We analyzed
the above FANCF and RNF2 data from the PEG-seq of SpCas9,
SpCas9P1°4 and PE proteins (SpCas9'84%4). For all enzymes, we
identify multiple peaks across the genome. When applying a
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Figure 1. Development and validation of PEG-seq as a genome-wide nick detection method. (A) Diagram of PEG-seq protocol for capture of single-
strand breaks (SSBs) in DNA induced by an enzyme. (B) PEG-seq detection of nicks from Nb.BsrDI-treated DNA visualized using IGV (Robinson et al.
2011) with a ~280 kb region view and zoom-in (52 bp) to one peak showing a pileup of reads next to the Nb.BsrDI enzyme recognition site. (C)
Overlap (dark brown) between Nb.BsrD1 PEG-seq replicates and sites identified by in silico analysis across the genome. (D) The motif identified from
PEG-seq sites is identical to that of the Nb.BsrD1 recognition site (GCAATG). (E,F) Identification of peaks in PEG-seq data at the on-target site for the prime
editor, SpCas9"84%4, SpCas9P’%, and SpCas9 complexed with sgRNA targeting FANCF (E) or RNF2 (F) sequences. (Top) Genomic region around the target
site in IGV indicating one significant peak in all treated conditions. (Bottom) Zoomed-in view of signal around the spacer sequence of the on-target site;
reads from two replicates are shown with base pair resolution (indicated by dark and light shading). As expected, reads from the SpCas9°'%* data set
are on the target strand, and prime editor or SpCas9"84%* shows accumulation of reads on the nontarget strand; SpCas9 shows reads on both strands

as it maintains both enzymatic activities. The expected site of canonical nickin

is indicated with a dashed line and aligns with the target strand

(SpCas9P'%4) signal, whereas the nontarget strand signal (prime editor, SpCas9Hsg°A, SpCas9) is offset by 4-6 nucleotides.

threshold of P-value 1073, SpCas9” %" recovers 398 and 2599 sites
for FANCF and RNF2, respectively, whereas PE recovers 2599 and
8985 sites for FANCF and RNF2, respectively, implying that in vitro
SpCas9 generates many SSBs in addition to the classical DSBs (Fig.
2A,D). Zooming into these data in detail, we observe sites in the ge-
nome associated with both RuvC (SpCas9H84°A) and HNH
(SpCas9P1%%) enzymatic activities, and sites associated with only
RuvC or HNH activity (Fig. 2B,E). Critically, and consistent with
a naive model, we find a strong linear correlation between the
PEG-seq signal identified for SpCas9 and the sum of SpCas9"'**
and SpCas9H840A activities (Fig. 2C,F).

To gain insight into the nature of the selectivity difference in
RuvC (nontarget strand) and HNH (target strand) nicking activity,

we visualized the proportion of matched and unmatched nucleo-
tides across the spacer sequence. Consistent with the observations
above and literature on SpCas9, the PAM-proximal region is highly
conserved across off-targets whereas the 5 PAM distal region is
more weakly constrained (Fig. 2G). We further observe differences
between the RuvC and HNH activities by this measure, with some-
what less constraint being observed for the RuvC (SpCas9''8404) in
the 8-10 nt region, consistent with the larger number of potential
off-target sites identified in the PE and SpCas9 nickase data sets
(Fig. 2G). For all enzymes, we observe that as the peak signal in-
creases (PEG-seq score), the tendency for those sites to have low
mismatches to the sgRNA spacer sequence also increases.
However, because of the relatively small number of sites identified
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at high scores, this increase is not monotonic and shows variation
as individual sites drop out (Fig. 2H,I).

From these experiments we conclude that (1) PEG-seq identi-
fies potential off-target sites with high sensitivity and fidelity, (2)
the SpCas9"84° ysed in PE has a similar pattern of off-targets com-
pared with the wild-type SpCas9 protein DSB activity but also rec-
ognizes additional sites owing to a more relaxed recognition of
specific positions in the spacer sequence, and (3) SpCas9 can gen-
erate nicks in the genome that do not form DSBs, potentially ex-
panding the spectrum of off-target sites SpCas9 might cause
beyond those typically considered.

We then focused on the PE data and set out to determine
PEG-seq’s ability to identify potential off-target sites. Examining
data from PEG-seq performed using a PE complexed with a
FANCF or RNF2 sgRNA (Fig. 3A,B) using a thresholding strategy
based on P-value peak enrichments (see Methods), we identify
5368 and 8981 potential off-target sites, respectively, dozens of
which show comparable signal to the on-target site (Fig. 3C,D).
We note that at relatively high in vitro RNP concentrations, the
on-target site is not always the strongest signal, as has been previ-
ously observed for other off-target methods (Cameron et al. 2017;
Lazzarotto et al. 2020). Additionally, we found sites identified by
PEG-seq for FANCF and RNF2 spacer sequences often overlapped
with published off-target data sets generated using traditional
DSB-based SpCas9 methods such as CIRCLE-seq, GUIDE-seq,
and in silico prediction (Fig. 3A-D; for SpCas9, SpCas9P'** and
SpCas9'™840A see Supplemental Fig. S3A,B). We note that in addi-
tion to the absolute PEG-seq signal, the position of the peak iden-
tified in the spacer varies with substantial “chew back” or staggered
cutting observed at the on-target site and the majority of the signal
falling on the expected nick site for off-target sites. This suggests
that the position of nicking observed with PEG-seq could be a mea-
sure of the RNP’s affinity for the site. Although we generally ob-
serve a trend of increased 3’ signal at lower mismatch sites, this
behavior is heterogeneous, and we lack an orthogonal RNP affinity
measurement that would let us generalize this observation.

To validate the ability of PE to nick at these target sites, we se-
lected the on-target and the top nine identified off-target sites
from the PEG-seq data set for FANCF and RNF2 spacers (10 total
sites each), cloned those sequences into plasmids, and digested
those plasmids with a PE-sgRNA complex (Supplemental Table
S5). We could observe in vitro nicking in the majority of target
plasmids in these conditions using an assay that measures loss of
supercoiling when assessed by agarose gel electrophoresis (seven
of 10 for FANCF, eight of 10 RNF2) (Supplemental Fig. S4).

To optimize reaction conditions, we compared PEG-seq signal
at 10, 100, and 500 nM PE RNP concentrations and found that 100
nM appears to optimize on-target signal (Supplemental Fig. SSA,
B). Lower or higher doses of RNP resulted in less or more identified
sites, respectively (Supplemental Fig. S5C,D). We note, however,
that these results depend on the activity of the RNP complex
and higher RNP concentrations can be helpful in conditions
with lower enzymatic activity or with sgRNA derivatives, such as
pegRNAs, that may not fold or complex as well.

To extend and generalize this analysis, we analyzed 10 addi-
tional sgRNA spacer sequences with the PE protein. In each case,
we observed a strong on-target signal that, in seven of 10 guides
tested, was in the top 25 identified sites and in all (10) cases was
above our threshold for identification (Fig. 4A; Supplemental Fig.
S6). Examining the PEG-seq top 25 site list for a selection of guides
(EMX1, HEK3, VEGFA), we identified strong potential off-target
sites (low mismatches to the spacer sequence), some of which

have previously been identified as having off-target activity by
SpCas9-based assays (Fig. 4B-D; for the remaining spacer plots,
see Supplemental Fig. S6; note the VEGFA spacer used here does
not have CIRCLE- or GUIDE-seq data available). To verify the abil-
ity of PEG-seq to identify “protospacer-like” sequences in the ge-
nome that are substrates for nickase activity, we quantified the
fraction of identified sites that had 6 or less mismatches at a range
of PEG-seq score thresholds (Fig. 4E). In all cases, we observe a
trend of an increasing fraction of sites with a close match to the
spacer, although the degree of enrichment varies across the spacers
examined. Examining this, we assigned a cutoff PEG-seq score of
30 to identify high-likelihood true-nicking at off-targets, although,
we note that this threshold may be modified depending on the
spacer activity, read depth, and desired specificity (see Methods)
(Supplemental Fig. S7). At this threshold, on-target sites of all 12
spacer sequences we examined were recovered.

Prime editing utilizes pegRNAs, which consist of a standard
sgRNA with a 3’ extension encoding a potential genomic edit.
We evaluated if PEG-seq could be used to assess PE complexed
with pegRNAs for HEK3 (encoding a +CTT edit), VEGFA (G-to-T
edit), or EMX1 (G-to-T edit) and compared the signal for the
pegRNAs to the corresponding sgRNAs (Supplemental Fig. S8A).
PEG-seq identified the on-target and several low-mismatch off-tar-
get sites for all three pegRNAs (Supplemental Fig. S8B-D). The sig-
nal obtained with HEK3 and VEGFA spacers was highly correlated
between the sgRNA and pegRNA data sets (R*>0.8), whereas the
EMX1 spacer correction is somewhat weaker (R? of 0.6), likely ow-
ing to the lower numbers of sites detected overall in the EMX1 data
set (Supplemental Fig. S8E-G). These data support the notion that
the 3’ sequence extension in the pegRNA does not greatly alter the
specificity of the RNP in the human genome.

To determine if PEG-seq can identify potential off-target sites
in the human genome for prime editing or nuclease SpCas9 edit-
ing, we used our prime editing data sets from the 12 guides exam-
ined (Supplemental Table S6) to select the top 250 sites from each
guide and designed a hybrid capture pool to detect potential off-
target activity at each of these sites. We edited HEK293T cells in
duplicate using SpCas9 or PE mRNA and pegRNAs designed to in-
sert a 3 bp sequence at each site using a fixed RTT and PBS length.
On-target editing for SpCas9 varied from 41% to 96% (average,
83%) and 11% to 73% (average, 33%) for PE (Supplemental Fig.
S9A,B). Looking across all sites sequenced, we observed two off-tar-
gets for PE, one each in VEGFA and HEK4, each of which also had
SpCas9 off-target editing at those sites (Fig. 5A, Supplemental Fig.
9C). Additional off-target sites for VEGFA and HEK4 were observed
with only SpCas9 and not PE (Fig. 5A). These results suggest that
(1) prime editing and SpCas9 off-targets are identified by PEG-
seq, and (2) prime editing off-targets appear to be less frequent
than SpCas9 off-targets. Both PE off-target sites identified show
signal in both the PE and SpCas9 samples and would therefore
be captured by other off-target methods designed for SpCas9 as
well. Indeed, the HEK4 PE off-target site has been previously ob-
served (Anzalone et al. 2019) and has been previously identified
by GUIDE-seq (Tsai et al. 2015).

To further investigate if PEG-seq could be used to further
characterize on- and off-target editing, we focused on the edits ob-
served for VEGFA and HEK4 pegRNAs. Second, we analyzed edited
cell populations by applying the targeted PEG-seq protocol (Fig.
5B), in which a target-specific primer was used to analyze a single
locus for nicks and extensions at both on- and off-target sites of
VEGFA and HEK4. Using this approach, we observe robust on-tar-
get signal for both SpCas9 mRNA-treated and PE mRNA-treated
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Figure 3. PEG-seq can detect in vitro off-target nicking by the prime editor. (A,B, left) Sorted list of top
25 highest signal peaks in PEG-seq data for FANCF (A) or RNF2 (B) sgRNA spacer sequences. For each site,
the alignment to the spacer sequence is indicated with any mismatches (colored boxes) or gaps (black
boxes), average read number, genomic location, and overlap with SpCas9 off-target data sets for
CIRCLE-seq or GUIDE-seq shown for each potential off-target site. (Right) Plots of the top five sites for
each spacer are shown for two replicates (indicated by shading) displaying the accumulation of DNA
breaks across the spacer sequence with strand and base pair resolution. It is notable that the precise po-
sition of the reads relative to the expected canonical nick site (gapped line) varies across sites and is no-
tably left-shifted at the on-target site. (C,D) Venn diagrams of genome-wide sites identified by PEG-seq,
CIRCLE-seq, and in silico analysis (sites six or fewer mismatches or gaps in the human genome) for the
FANCF (C) and RNF2 (D) spacers.

the PE-treated samples (Fig. 5C,D).
Overall, these results confirm that PEG-
seq can be used to detect both nuclease
and SSB editing sites in cells and suggests
that these editing modalities have very
different repair kinetics and availability
in cells.

Discussion

We have developed PEG-seq, a sensitive
biochemical approach for detecting
nicks in genomic DNA generated by en-
zymatic activity in isolated genomic
DNA. This method fills a gap in the arma-
mentarium to detect off-targets by iden-
tifying nicking sites of SpCas9 gene
editing agents with strand- and base-spe-
cific resolution. Using this tool, we iden-
tified differences in the activities of the
HNH and RuvC domains using mutants
with one or the other activity compro-
mised and using SpCas9 protein when
both activities are present. We find that
SpCas9 generates many more detectable
nicks on the nontarget strand compared
with the target strand throughout the ge-
nome and that this activity is recapitulat-
ed with SpCas9'®4%4 and SpCas9P104
proteins that have only nontarget strand
(RuvC) or target strand (HNH) activ-
ity. This result suggests that in addition
to the DSBs identified by traditional
SpCas9 off-target analysis, SSBs may
also occur in the genome of cells treated
with SpCas9, perhaps at a frequency sev-
eral times higher than DSBs, although
validation of these in vitro findings will
require sensitive in-cell methods to iden-
tify these events and their consequences.

We apply the PEG-seq approach to
identify off-target sites recognized by
the PE protein and show that this strat-
egy identifies potential off-target sites
efficiently in the genome for many dif-
ferent spacer sequences. These off-target
sites partially overlap with SpCas9 sites
identified by DSB off-target methods.
Further, analysis of these sites in edited
cell populations identifies off-targets
generated by both SpCas9 and PE, al-
though PE off-targets are relatively rare.
More generally, we note that, like DSBs
induced by SpCas9, the majority of SSB
sites detected for PE have strong matches
to the spacer sequence, especially in posi-
tions 11-20. These results suggest that, as
for SpCas9, in silico methods are useful

cells with the expected “+CTT” extension being observed for the to identify potent potential off-target sites, such as those sequenc-
PE samples (Supplemental Table S10). At the off-target sites, a ro- es with three or fewer mismatches to the spacer sequence, but have
bust nick site signal is observed in the SpCas9-treated samples limitations in sorting more divergent sites that nonetheless can in-
and a weak signal including a reverse-transcribed sequence in teract efficiently with the enzyme. Collection of larger data sets
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Figure 4. PEG-seq detects off-target sites for a variety of spacer sequences. (A) Distribution of reads at the on-target for each of the indicated spacer
sequences. Note that although the majority of signal comes from the nontarget strand (blue), a small amount of signal is observed on the target strand
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may enable improvement of in silico algorithms to capture the (Elacqua et al. 2021). Developing approaches to comprehensively
unique signatures of SSBs induced by the RuvC and HNH domains benchmark these tools will be important for the field moving
of SpCas9. More generally, as described in the introduction, there forward.
are many potential methods to detect off-target activity of PE, in- The ability to rapidly profile potential off-target sites for nick-
cluding PE-tag (Liang et al. 2023), and biochemical approaches for dependent editors opens the potential to robustly analyze prime
identifying SSBs, such as nick-translation methods like DENT-seq editing and base editing and to further separate activities of these
A
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Figure 5. Analysis of PEG-seq identified off-targets in edited cells for SpCas9, and prime editor validates the ability of PEG-seq to identify editing sites in
cells and shows RT extension at the on-target and infrequently at the identified off-target sites. (A) Hybrid capture analysis of SpCas9 and PE edited cells for
the HEK4 (left) and VEGFA (right) pegRNAs. The top 250 sites identified by PEG-seq were analyzed, and the indel rate minus mock edited sample is shown
averaged across two replicates. Each on-target is identified, and the prime editor off-target is shown in the inset plot (N = 2). (B) Overview of the targeted
PEG-seq method used to analyze in cellulo generated DNA nicks and flaps at each corresponding on- and off-target site. (C,D) For each on- and off-target
site, a representative IGV plot displays the mapped sequencing reads (purple blocks) and the read coverage at each position (gray bars) for prime editor and
SpCas9 samples. (C,D) A PEG-seq signal plot is included with each IGV plot to display the count of reads that start at a given position. In all samples, the
SpCas9 signal is apparent with a strong accumulation at the predicted nick site or 1-5 bp 5’ to that site (nick site is indicated by a broken line). A “scaffold”
region is included to depict reads demonstrating RTT extension (seen as an accumulation of read start sites 3’ to the predicted nick location) that would not
align to the reference sequence. The PE signal, including RTT extension, is apparent as the dominant signal at each on-target site (left) and is measurable,
albeit at low frequency, in the off-target sites (right).
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editors. For example, in the context of BE, differentiating nicking
from base modification may be important as, in principle, both
events are not required for DNA editing, whereas, for PE, robust
SSB detection can potentially be used to both profile nicking activ-
ity and reverse transcriptase extension.

Methods

Extracting genomic DNA and blocking background nicks

The input substrate of PEG-seq is high-molecular-weight genomic
DNA (HMW gDNA). Healthy single-donor bulk leukocytes from a
mobilized leukopak (AllCells) are prepared and treated with am-
monium chloride solution (STEMCELL) to lyse the remaining
red blood cells according to the manufacturer’s instructions.
HMW gDNA is then extracted from the remaining leukocytes
with a Puregene cell kit (Qiagen) according to a scaled-up version
of the manufacturer’s instructions. The average size of purified
gDNA fragments is confirmed to be >50 kb using a 0.8% agarose
gel (Lonza) with a 1 kb extend ladder (New England Biolabs
[NEB]) and is quantified by Qubit fluorimetry (Invitrogen).

The extracted genomic fragments contain both free-ends and
random nicks that contribute to significant background signal.
Prior to in vitro digestion, HMW gDNA is treated with a modified
nick translation reaction to incorporate dideoxynucleosides
(ddNTPs; TriLink) at available 3’ ends, inhibiting capture in subse-
quent steps. Replicate blocking reactions are prepared in a 96-well
plate (Bio-Rad) by combining 62.5 pM of each ddNTP base
(TriLink), ~10 pg of extracted HMW gDNAn, and 15 units of
DNA Pol I (NEB) in 1x CutSmart buffer (NEB) to a final volume
of 20 pL per well. The blocking sample plate is incubated for 90
min at 15°C, 60 min at 37°C, and 20 min at 75°C. Following incu-
bation, all blocked samples are pooled and allowed to gently mix
on a tube rotator for ~30 min. Blocked HMW gDNA is precipitated,
washed with 70% ethanol, and resuspended in IDTE buffer (at pH
7.5; IDT) to remove residual ddNTPs. Each PEG-seq sample re-
quires ~5 g of blocked gDNA (~500 ng/uL).

Digestion of blocked gDNA

All digestion reactions (excluding Nb.BstDI samples) are per-
formed for 1 h at 37°C in 1x digestion buffer (20 mM HEPES at
pH 7.4, 100 mM KCI, 5§ mM MgCl,, 1 mM DTT, 5% glycerol).
The relative concentration of the RNA guide of interest and protein
ribonucleoprotein (RNP) complex will vary by sample, but the mo-
lar ratio of RNA guide to protein will be 2:1.

Nb.BsrDI samples are digested for 1 h at 65°C in 1x CutSmart
buffer (NEB).

First, RNA guides (Supplemental Table S3) are diluted to the
appropriate concentration, denatured for 2 min at 95°C, and
cooled to 20°C at a ramp rate of 0.1°C/sec. Protein mixes are pre-
pared for the corresponding concentrations in stock digestion
buffer. RNP complexes are formed by combining 10 pL each of
the corresponding denatured guide and protein mix followed by
incubating for 10 min at 37°C. Approximately 5 ug of blocked
gDNA in 10 pL is added to the complexed RNP and digested for
1h.

To terminate the digestion reaction, 1 uL each of thermolabile
Proteinase K (NEB) and RNase A (NEB) is added to the digested
samples and incubated for 30 min at 37°C followed by 15 min at
55°C.

Sample denaturation and nick capture ligation

Following termination of the digestion reaction, samples are heat-
denatured by incubating for 2 min at 95°C to generate single-

stranded DNA (“ssDNA”) then immediately transferred to slushy
ice for 2 min. The ssDNA is then incubated with 200 units of
salt-T4 DNA ligase (NEB) and 2 pL of 15 pM PS5 capture adapter
in 1x T4 ligase buffer (NEB). The ligation reaction has a total vol-
ume of 42 pL and is incubated for 30 min at 22°C followed by over-
night at 16°C. Following the ligation reaction, the T4 ligase is heat
inactivated by incubating for 20 min at 65°C to prevent subse-
quent activity in downstream steps.

The PS5 capture adapter consists of an Illumina read 1 se-
quence, a unique molecular identifier (UMI), i5 index sequence,
and a PS5 sequence. It is annealed to a short oligo that is comple-
mentary to part of the read 1 sequence. This short oligo has a
randomized 3’ end for capture, a 3’ amino group for blocking,
and a 5’ biotin. Bulk stocks of PS capture adapter are prepared by
combining equimolar inputs of P5_adapter_top and p5_adapter_
bottom (Supplemental Table S4) in duplex buffer (IDT) to a work-
ing concentration of 15 uM. The oligos are then annealed by incu-
bating for 2 min at 95°C followed by cooling to 20°C at a rate of
0.1°C/sec.

Library preparation

Following the ligation reaction, samples are enzymatically frag-
mented to the appropriate size for Illumina sequencing (~200-
800 bp) by adding 2 pL of NEBNext dsDNA fragmentase in 1x frag-
mentation buffer (NEB) to final volume of 50 pL. The fragmenta-
tion reaction is incubated for 1 h at 37°C, terminated by adding
10 pL of 0.5 M EDTA, and then purified with SPRIselect beads
(Beckman Coulter) at a 1.2x bead:sample ratio according to the
manufacturer’s instructions. The fragmented samples are eluted
from the SPRIselect beads in 25 pL of molecular biology grade wa-
ter. Note that fragmentation results may vary based on the relative
size of the input HMW gDNA, and trial reactions may be necessary
to optimize for each HMW gDNA sample.

Following the first SPRIselect cleanup, Dynabeads MyOne
streptavidin C1 beads (Invitrogen) are prepared according to the
manufacturer’s instructions. An equal volume (25 pL) of prepared
Dynabeads is added to each sample and incubated for 30 min at
room temperature on a tube rotator. Following incubation of the
Dynabeads, samples are washed according to the manufacturer’s
instructions and resuspended in 10 puL of IDTE. Bound fragments
are then simultaneously eluted and converted to double-stranded
DNA (dsDNA) with a single-cycle polymerase chain reaction (PCR)
reaction consisting of 10 pL of washed Dynabead-bound sample,
12 pL of 2X QS high-fidelity DNA polymerase (NEB), and 2 pL of
P5_primer_short (Supplemental Table S4). Samples are incubated
for 2 min at 98°C followed by 5 min at 65°C. The dsDNA products
are purified with SPRIselect beads (1.2x) according to the manufac-
turer’s instructions and eluted in 25 puL of molecular biology—grade
water.

dsDNA products are then end-repaired and 3'-adenylated by
adding 1.5 pL of the NEBNext Ultra II end repair/dA-tailing en-
zyme mix and 3.5 pL of the corresponding NEBNext Ultra II end
repair/dA-tailing buffer mix (NEB). Samples are incubated for
30 min at 20°C followed by 30 min at 65°C.

A second ligation mix consisting of 15 pL of NEBNext Ultra II
ligation master mix, 0.5 pL of NEBNext ligation enhancer (NEB),
and 1.5 pL of 15 pM annealed p7_adapter_loop (Supplemental
Table S4) is prepared; added to each sample; and incubated for
15 min at 20°C. Following the second ligation, 1.5 uL of USER en-
zyme (NEB) is added to each sample and incubated for 15 min at
37°C. The USER enzyme will excise an uracil base from the
p7_adapter_loop to convert to the y-shaped adapter necessary for
downstream amplification and binding the Illumina flow cell.
Following USER enzyme treatment, samples are purified with
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SPRIselect beads (1.2x) according to the manufacturer’s instruc-
tions and eluted in 20 pL of molecular biology grade water for
amplification.

The looped P7 adapter consists of a 3'-T overhang that allows
for ligation at the previously repaired and dA-tailed ends, a partial
Mlumina R2 sequence that allows for subsequent amplification
with an i7 index, and a dU base that will allow for the conversion
of the adapter from a loop to a splint structure. Bulk stocks were
prepared by diluting p7_adapter_loop in duplex buffer to working
a concentration of 15 pM. The oligo was then annealed by incubat-
ing for 2 min at 95°C followed by cooling to 20°C at a rate of
0.1°C/sec.

Amplification, library QC, and sequencing

Functional products containing both the PS5 and P7 adapters are
amplified in a 50 pL reaction consisting of 20 pL of sample,
25 pL of 2x QS high-fidelity DNA polymerase (NEB), 2.5 pL of
10 pym P5_primer_short, and 2.5 pL of 10 um i7_primer (referred
to as PCR 2) (Supplemental Table S4). Cycling conditions consist
of 30 secat 98°C, 13 cycles of 10 sec at 98°C and 75 sec at 65°C, fol-
lowed by 5 min at 65°C and a hold at 4°C.

The PCR 2 product is then purified with a double-sided
SPRIselect cleanup (0.5x +0.8x) following the manufacturer’s in-
structions to narrow the library size range. An additional left-sided
SPRI cleanup (0.9x) is performed according to the manufacturer’s
instructions to remove any residual primer dimer. Purified PCR 2
product is quantified with a Qubit fluorometer and normalized
for an additional round of amplification to generate substantial
product for sequencing (referred to as PCR 3).

In a 25 pL reaction, 5 ng of purified PCR 2 product is com-
bined with 12.5 pL of 2x QS high-fidelity DNA polymerase
10 pm 1.25 pL of p5_primer_long (Supplemental Table S4) and
1.25 pL 10 um of p7_primer (Supplemental Table S4). Cycling con-
ditions consist 30 sec at 98°C, eight cycles of 10 sec at 98°C and
75 sec at 65°C, followed by 5 min at 65°C and a hold at 4°C.

PCR 3 product is purified with two rounds of SPRIselect clean-
up (0.9x) according to the manufacturer’s instruction to remove re-
sidual primer dimer. Purified PCR 3 product is then quantified by
Qubit fluorimetry and run on a D5000 TapeStation kit (Agilent) to
determine the average fragment size for molarity calculations.

Dually indexed PEG-seq libraries were normalized according
to the manufacturer’s instructions and paired-end sequenced (75
x 25) on a NextSeq 2000 using 100-cycle P3 kits (Illumina).

Protein synthesis and purification

The PE protein was expressed from a pET21b (Novagen) vector in
Escherichia coli. Cultures were grown in Terrific Broth (Boston
Bioproducts) at 37°C to the mid-log phase, at which time the
cultures were transitioned to 18°C for induction with 0.5 mM
IPTG (Teknova). Cells were left overnight and harvested the
following day. Cells were resuspended in 50 mM HEPES (pH
7.4), 1 M NaCl, 10% glycerol, 1 mM TCEP, 0.5% Triton X-100,
complete EDTA-free protease inhibitors (MilliporeSigma), benzo-
nase (MilliporeSigma), and lysozyme (MilliporeSigma) before lysis
occurred from mechanical disruption. Resulting lysate was clari-
fied and proceeded immediately to a three-step purification pro-
cess using standard liquid chromatography protein purification
techniques. Final purification step included Superdex 200 size ex-
clusion (Cytiva) in 20 mM HEPES (pH 7.4), 400 mM NacCl, 10%
glycerol, and 1 mM TCEP to ensure material was free of insoluble
aggregate (Supplemental Table S2). Protein was aliquoted and
stored at —80°C until use.

Analysis of PEG-seq data and calculating PEG-seq score

To analyze PEG-seq data, the algorithm (1) aligns reads to the ge-
nome using BWA (Li and Durbin 2009), (2) removes UMI dupli-
cates using the UMI-tool kit (Smith et al 2017) and reads in
ENCODE blacklisted regions (Amemiya et al. 2019), (3) trawls
the genome identifying sites with accumulations of more than sev-
en read starts on one strand in a 10 bp window (the window is used
because of the chew back identified in PE-treated DNA), (4) com-
pute PEG-seq score value using local (10 kb) read coverage and a
Poisson model, and (5) merge nearby peaks with BEDTools
(Quinlan and Hall 2010) in a strand specific manner. This list of
sites can then be thresholded by PEG-seq score to identify off-tar-
get sites. For nicking enzymes, accumulations of reads are strand
specific. For SpCas9 nuclease editors reads are accumulated on
both strands. Code for this analysis is provided in the manuscript’s
Supplemental Material, and similar results are easily obtained us-
ing standard peak-calling software.

Thresholding

To evaluate an appropriate PEG-seq score threshold for site filter-
ing we took two approaches: (1) using replicate data to define a
threshold at which replicates maintain agreement and (2) quanti-
fying the fraction of “spacer-like” sites (six or fewer mismatches
from the on-target spacer sequence) across a range of PEG-
score thresholds. Data from FANCF, RNF2, and the additional
10 sgRNAs were used to calibrate these values (Supplemental
Fig. S7).

Based on these analyses, we defined a PEG-seq score threshold
of 30 for the analyses in this paper, with a reasonable range for
these data between 25 and 35. The threshold may be modified de-
pending on the spacer activity, read depth, and desired specificity,
with lower thresholding increasing sensitivity and the number of
false positives.

Site filtering with PEG-seq score

Samples are first processed with the PEG-seq pipeline as described
above. For each sample and set negative controls, replicate outputs
are then concatenated, sorted, and merged with BEDTools to form
a union of all unique sites. For sites found in both replicates, the
read count is summed and the PEG-seq score is averaged. The
union of negative controls sites is the subtracted from each sample
list using BEDTools, and sites with a PEG-seq score <30 are filtered
out.

In silico analysis

Potential off-target sites were predicted from the hg38 human ge-
nome using Calitas (Fennell et al 2021) using the following param-
eters: up to six mismatches, up to three gaps, and one PAM
mismatch.

Ligation bias analysis

An ultramer oligo LigBias_oligo (IDT) (see Supplemental Table S4)
was designed with Illumina P5 and partial P7 sequences, as well
as two sets of randomized Nmers (8N and 10N) flanking a
Nb.BsrDI recognition motif sequence. The oligo was first amplified
with LigBias_amp_rev and P7_stub_fwd (Supplemental Table S4) to
produce excess double-stranded product and then digested with
the Nb.BsrDI restriction enzyme to produce free randomized
ends (10N). The PEG-seq ligation reaction was then replicated,
and the ligated product was amplified with a P5_primer_short and
i7_primer (PCR 2) to produce viable sequencing libraries. In paral-
lel, “nonnicked” controls were denatured, ligated, and amplified
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to provide an “expected” base composition of the randomized
Nmers.

FANCF digestion time course

Bulk 100 nM RNP complexes were prepared using FANCF sgRNA
and each corresponding protein (SpCas9, SpCas9'™®4%A and
SpCas9P1%%), following the previously described methods. For
each protein and time point (5, 15, 30, and 60 min), digestion re-
actions were performed in duplicate using 5 pug of blocked genomic
DNA. At each time point, corresponding digestion reactions were
quenched with a mix of thermolabile Proteinase K and RNase A
and then processed through the subsequent steps of denaturation,
capture ligation, and library preparation, as previously described.

FANCF/RNF2 top PEG-seq sites plasmid digestion

For both FANCF and RNF2, replicates for the “100 nM sgRNA PE”
samples were extended (using BEDTools slop), sorted, and merged
with BEDTools. Sites were ranked based on average PEG-seq score,
and the top 10 sites for each sample were selected. Sites from repet-
itive regions were removed and replaced with the next ranked site.

FANCF and RNF2 “100 nM sgRNA PE” RNPs were prepared as
previously described. Prior to digestion, ~500 ng of each target
plasmid stock was treated with 15 units of T5 exonuclease (NEB)
to remove nonsupercoiled contaminant species. Ten microliters
of corresponding 100 nM RNP was added to 5 pL of TS exonucle-
ase-treated target plasmid (~25 ng total). Approximately 50 ng of
heparin was added to the digestion reaction to limit background
nicking of the excess RNP (O’Connell et al. 2014). Samples were in-
cubated for 30 min at 37°C and terminated as previously described.
Samples were then purified with SPRIselect beads (1.2x) according
to the manufacturer’s instructions, eluted in 20 pL of molecular
biology grade water, and run on a 1% E-Gel (Thermo Fisher
Scientific).

Cell editing experiments with SpCas? and PE

Lenti-X 293T (Takara) cells were grown in DMEM (Gibco) supple-
mented with 10% FBS (heat-inactivated; Gibco). Cells were plated
in 24-well plates and 1 day later (~70% confluence) were edited
using the manufacturer’s protocol with Lipofectamine
MessengerMAX (Thermo Fisher Scientific) with mRNA SpCas9 or
PE (325 ng/well) and pegRNA (IDT, 125 ng/well). After 72 h, cells
were harvested and DNA-prepped using a Monarch genomic DNA
extraction kit (NEB) according to the manufacturer’s protocol. The
pegRNA’s for the 12 selected spacers were designed by selecting a
PBS length of 13 bp, a +CTT insertion, and a total RTT of 16 bp
and were ordered from IDT as desalted guides.

Hybrid capture and targeted sequencing

A hybrid capture library was designed by IDT to cover the top 250
sites identified by PEG-seq for each spacer. Each DNA sample was
prepped using the NEB Ultra Il library prep kit and NEB UMI adapt-
ers (NEB). The libraries were captured using the IDT xGen hybrid
capture V2 protocol as recommended by the manufacturer
(IDT). Libraries were pooled and sequenced on an Illumina
NextSeq2000 using XLEAP chemistry (Illumina). FASTQ files
were aligned using BWA and UMI corrected using Gencore before
calling for indels at the potential off-target sites using a pysam-
based strategy highly similar to that described by Chaudhari
etal. (2020). The indel rate at each site (12 bp surrounding the pre-
dicted nick site) was evaluated and, if at least 1000 reads (average,
2852 reads/site for rep1 and 2623/site for rep2), were recovered and
subtracted for background from the mock controls. Significant oft-

targets were identified with a 1% threshold averaged across the two
replicates. All sites passing these thresholds were manually evalu-
ated by viewing in the Integrative Genomics Viewer (IGV;
Robinson et al. 2011) and to determine if they represent genuine
off-target sites with an expected indel (SpCas9) or insertion pattern
(PE).

Targeted PEG-seq

Lenti-X 293T cells were edited wusing Lipofectamine
MessengerMAX with SpCas9 or PE mRNA and HEK4 or VEGFA
pegRNA as previously described. After 24 h, cells were harvested
and HMW gDNA was extracted using the Puregene cell kit, heat-
denatured, and ligated with the PEG-seq capture adapter as previ-
ously described.

Target-specific primers for HEK4 and VEGFA (Supplemental
Table S4) were designed upstream (5’) of each identified on- and
off-target site and oriented within the same strand as the expected
nick site. Seminested PCR was performed using 200 ng of genomic
DNA as input for the initial amplification. The first PCR consisted
of 15 cycles using a target-specific primer and the Illumina P5
primer, followed by a 1.0x SPRIselect bead cleanup. The second
PCR used a nested target-specific forward primer incorporating a
5’ Illumina Read 2 sequence, along with the PS primer, for an ad-
ditional 15 cycles, followed by a second 1.0x SPRIselect bead clean-
up. A final i7-indexing PCR was performed for 12 cycles, and the
resulting libraries were purified with a 0.9X SPRIselect bead clean-
up. Sample replicates were then pooled and cleaned up with an ad-
ditional 0.5x/0.9x double-sided SPRIselect cleanup, according to
the manufacturer’s instructions. Libraries were pooled and se-
quenced on an Illumina MiSeq.

FASTQ files were aligned using BWA, UMI-corrected using
UMI-Tools, and subsampled to 100,000 reads per sample.

Data access

The PEG-seq and capture data generated in this study have
been submitted to the NCBI BioProject database (https://
www.ncbi.nlm.nih.gov/bioproject/) under accession number
PRJNA1123405. All source data for figures are available in
Supplemental Table S10, and all other relevant data are available
in the paper or supplement. Analysis of PEGseq data can be repro-
duced using many peak-calling approaches. Code for PEGseq anal-
ysis is also available as Supplemental Code.
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