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Abstract

The ability to alter genomes specifically by CRISPR-Cas gene editing has revolutionized biological research,
biotechnology, and medicine. Broad therapeutic application of this technology, however, will require thorough
preclinical assessment of off-target editing by homology-based prediction coupled with reliable methods for
detecting off-target editing. Several off-target site nomination assays exist, but careful comparison is needed
to ascertain their relative strengths and weaknesses. In this study, HEK293T cells were treated with Streptococcus
pyogenes Cas9 and eight guide RNAs with varying levels of predicted promiscuity in order to compare the per-
formance of three homology-independent off-target nomination methods: the cell-based assay, GUIDE-seq, and
the biochemical assays CIRCLE-seq and SITE-seq. The three methods were benchmarked by sequencing 75,000
homology-nominated sites using hybrid capture followed by high-throughput sequencing, providing the most
comprehensive assessment of such methods to date. The three methods performed similarly in nominating
sequence-confirmed off-target sites, but with large differences in the total number of sites nominated. When
combined with homology-dependent nomination methods and confirmation by sequencing, all three off-target
nomination methods provide a comprehensive assessment of off-target activity. GUIDE-seq’s low false-positive
rate and the high correlation of its signal with observed editing highlight its suitability for nominating off-target
sites for ex vivo CRISPR-Cas therapies.

Introduction
The development of engineered nucleases that target

protospacer adjacent motif (PAM). Genomic sites with
a PAM and perfect complementarity to the gRNA spacer

specific sites in the genome has driven advances in
basic and applied research at a rapid pace.l’2 The more
recent advent of facile CRISPR-Cas methods for pro-
grammable RNA-guided genome editing has further
quickened the pace of both discovery and clinical appli-
cation.>* The Cas9 nuclease, in combination with a chi-
meric guide RNA (gRNA), cleaves genomic sites in a
sequence-specific manner. The gRNA comprises a spacer
(typically 17-22 bases long) that hybridizes to the target
genomic DNA strand and a trans-activating crRNA
(tractRNA) that interacts with Cas9." Cleavage of the tar-
get site by Cas9 also requires a short DNA sequence
adjacent to the complementary sequence, known as the

sequence are referred to as on-target sites. Cas9 may also
cleave DNA at off-target sites, which are genomic sites
with mismatches (MM) and/or gaps with respect to the
gRNA spacer sequence.” Once DNA is cleaved, cellular
repair machinery usually repairs the double-strand breaks
(DSBs), resulting in either a perfect repair that is avail-
able for recutting or insertions and deletions (indels) at
the cut site, resulting in disruption of the native genomic
sequence at on- and off-target sites alike.

For clinical application of genome editing, CRISPR-
Cas systems must achieve therapeutically relevant levels
of editing at the on-target site with minimal editing at any
off-target sites. Typically, two orthogonal approaches are

'CRISPR Therapeutics, Inc, Cambridge, Massachusetts, USA; >TScan Therapeutics, Waltham, Massachusetts, USA; and *Excision BioTherapeutics, San Francisco, California 94102,

USA.
"These authors contributed equally to this work.

*Address correspondence to: Andrew Kernytsky, PhD, CRISPR Therapeutics, Inc., 610 Main St., Cambridge, Massachusetts 02139, USA, Email; andrew.kernytsky@crisprtx.com

© Hemangi G. Chaudhari et al. 2020; Published by Mary Ann Liebert, Inc. This Open Access article is distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (https://creativecommons.org/licenses/by-nc/4.0/), which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

440


https://creativecommons.org/licenses/by-nc/4.0/

EVALUATION OF CRISPR-Cas9 OFF-TARGET METHODS

used to identify potential off-target sites. In the first ap-
proach, termed ‘‘homology-dependent,”” computational
tools are used to nominate potential off-target sites
based on the presence of a PAM sequence and the degree
of homology between the adjacent target DNA sequence
and the gRNA spacer sequence. Homology-dependent
approaches are based on the principle that sequences
that closely match the gRNA have a greater probability
of being cleaved than sites with a greater number of MM
and gaps do.”™® In the second approach, termed “homology-
independent,” genome-wide assays combined with next-
generation sequencing (NGS) are used to nominate
sites empirically that could potentially be cleaved by
the Cas9-gRNA ribonucleoprotein (RNP).”" 3 Poten-
tial off-target sites nominated by homology-dependent
and homology-independent approaches are then deep se-
quenced after CRISPR-Cas editing to detect editing activity.

Cell-based and in vitro biochemical genome-wide as-
says have been developed for homology-independent
nomination of off-target sites. Cell-based assays, such as
IDLV,"* GUIDE-seq,'® and DISCOVER-seq," exploit
endogenous cellular repair machinery to mark the location
of DSBs that occur during editing. Genomic DNA frag-
ments bearing these marks are enriched during Illumina
library preparation to a degree that renders them detect-
able by NGS. Biochemical assays, such as CIRCLE-
seq'' and SITE-seq,'? which use purified genomic DNA
as the substrate, also enrich sites cleaved by the RNP.
The major difference between the two assay types is
that cell-based assays nominate sites in accessible regions
of the genome in a cell type-specific manner, whereas bio-
chemical assays potentially nominate cleavable sites irre-
spective of chromatin accessibility. GUIDE-seq utilizes
incorporation of a short double-stranded oligodeoxynu-
cleotide (dsODN) at DSBs in cells. Anchoring primer
binding sites in the dSODN sequence enables identifica-
tion of dsODN insertion sites and nomination of off-target
sites. CIRCLE-seq uses purified, circularized genomic
DNA as a substrate for a CRISPR-Cas cleavage reaction.
Circles linearized through cleavage are then sequenced to
identify break points and nominate off-target sites. In
SITE-seq, DSBs are enriched using biotinylated adaptors
that are ligated to adenylated, cleaved, purified genomic
DNA. Sequence read pileups that terminate at cut sites
are detected computationally to nominate off-target sites.

While both cell-based and biochemical assays have
been used to nominate off-target sites,'>'® the relative
abilities of these methods to identify true sequence-
confirmed off-targets have not been systematically inves-
tigated. It is also unclear how quantitative the readouts
from these nomination methods are and whether these as-
says predict true editing in a cellular context. An under-
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standing of the relative performance of these methods
is critical for deciding which genome-wide assay is best
suited to nominate off-target sites when developing
CRISPR-Cas-based therapies.

Here, we evaluated and compared the performance of
the cell-based assay GUIDE-seq and the biochemical
assays CIRCLE-seq and SITE-seq in nominating true
off-target sites for eight gRNAs. We benchmarked the
three methods against homology-nominated sites that
were sequence confirmed using hybrid capture followed
by sequencing. Based on our findings, we suggest how
these genome-wide assays may be best used to nominate
potential off-target sites for CRISPR-Cas editing therapies.

Methods

Cell culture

Cellular and molecular experiments were carried out
using HEK293T/Cas9, a HEK293T cell line engineered
with a cassette comprising an Streptococcus pyogenes
Cas9 (SpCas9) cDNA under control of a strong constitu-
tive CBh promoter'® and a puromycin N-acetyltransferase
gene stably integrated into the AAVSI locus (Gene-
Copoeia, Rockville, MD). Cells were cultured in Dulbec-
co’s modified Eagle’s medium (Thermo Fisher Scientific,
Carlsbad, CA) supplemented with 10% fetal bovine serum
(Sigma—Aldrich, St. Louis, MO), 1 X Pen-Strep (50 IU/mL
each of penicillin G and streptomycin sulfate; Thermo
Fisher Scientific) and 1 mg/mL puromycin (InvivoGen,
San Diego, CA) in a humidified 5% CO, atmosphere at
37°C. Cells were passaged at a ratio of 1:10 upon treat-
ment with standard trypsin-EDTA solution.

GUIDE-seq

GUIDE-seq was performed in HEK293T/Cas9 cells accord-
ing to a published protocol.'” To prepare the dsODN, a
50 uL solution consisting of 100 mM Tris-HCI (pH 7.5),
1 mM NaCl, 10 mM EDTA, and 40 uM of each modified
oligonucleotide (Supplementary Table S1) was prepared.
Using a thermocycler block, the dsODN was generated
by first heating the solution at 95°C for 4 min and then
cooling the solution at a rate of 0.1°C/s to a final temper-
ature of 23°C.

A Lonza 4D nucleofector was used with the manufac-
turer’s program (HEK293) to electroporate 2 ug gRNA
(Supplementary Table S2) and 500nM dsODN into
2x10° cells that were re-suspended in 20 uL SF Nucleo-
fector solution (Lonza, Basel, Switzerland). For control
reactions, cells were only electroporated with dsODN. Fol-
lowing electroporation, cells were re-suspended in cul-
ture medium and allowed to recover for 48 h. Genomic
DNA was then extracted from all cells using a DNeasy
blood and tissue kit (Qiagen, Germantown, MD).
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Integration of the dsODN was verified through Sanger se-
quencing and indel analysis using the Tracking of Indels
by Decomposition method.*"

A Covaris LE220 ultrasonicator (Covaris, Woburn,
MA) was used to shear 400 ng genomic DNA to an aver-
age size of 200bp. The sheared DNA was then end
repaired, A-tailed, and adapter ligated according to the
published protocol.'® The discovery protocol was fol-
lowed, in which both the sense and antisense library
strands were amplified through two rounds of nested an-
chored polymerase chain reaction to create Illumina li-
braries. The GUIDE-seq libraries were sequenced on a
NextSeq 500 sequencer (Illumina, San Diego, CA) on a
high-output flow cell with the following cycle parame-
ters: 66X 16x16x70. Three replicates of GUIDE-seq
were carried out for each gRNA and for the control.

CIRCLE-seq

Genomic DNA was purified from 10° HEK293T/Cas9
cells using the DNeasy blood and tissue kit (Qiagen)
and then sheared to an average length of 300bp using
the Covaris LE220 ultrasonicator. Sheared DNA was
then circularized through a series of reactions, as previ-
ously detailed."’ Circularized DNA preparations were
treated with plasmid-Safe ATP-dependent DNase (Epi-
centre) to eliminate linear DNA molecules remaining
after the circularization reaction. The resulting circular
DNA was then purified with paramagnetic SPRI beads
(Beckman Coulter, Indianapolis, IN) and eluted off
beads into 10 mM TRIS-HCI, pH 8.0.

To prepare the SpCas9 RNP used in the CIRCLE-seq
assay, synthesized gRNAs (Supplementary Table S2)
were first melted at 95°C for 2 min and then allowed to
cool slowly at room temperature for 5 min before placing
on ice. A 50 uL solution containing 2 X NEBuffer™ 3.1
(New England Biolabs, Ipswich, MA), 600 nM renatured
gRNA, and 180nM Engen® Spy Cas9 (New England
Biolabs) was constructed, mixed, and then incubated at
37°C for 5 min to form SpCas9 RNP. Following this in-
cubation, the solution containing SpCas9 RNP was
placed on ice. SpCas9 cleavage reactions were prepared
by adding a 50 uL solution containing 180 ng circularized
genomic DNA to freshly prepared SpCas9 RNP (final
concentration of SpCas9 RNP was 90nM). SpCas9
RNP cleavage reactions were then incubated for 60 min
at 37°C, as previously described.'" For control reactions,
SpCas9 without gRNA was incubated with 180 ng circu-
lar DNA for 60 min at 37°C. DNA from SpCas9 RNP di-
gestions and control reactions was then purified by using
paramagnetic SPRI beads and used to prepare CIRCLE-
seq libraries, as previously detailed.'' Three replicates
of CIRCLE-seq were carried out for each gRNA and

CHAUDHARI ET AL.

for the SpCas9-only control. CIRCLE-seq libraries were se-
quenced on the NextSeq 500 sequencer on a mid-output flow
cell with the following cycle parameters: 75X 6 X 6X75.

SITE-seq

SITE-seq was performed according to a published proto-
col.'” Briefly, synthesized gRNAs (Supplementary
Table S2) were melted at 95°C for 2 min and then allowed
to cool slowly at room temperature for 5 min before plac-
ing on ice. Next, SpCas9 RNP digestions of high molec-
ular weight genomic DNA (10mg) from HEK293T/
Cas9 cells were set up in triplicate as described'? and
then incubated at 37°C for 4h. The final concentration
of SpCas9 RNP in digestions was 1 uM. For control reac-
tions, 10mg high molecular weight genomic DNA
from HEK293T/Cas9 cells was incubated with SpCas9
(without gRNA) at 37°C for 4h in triplicate. SpCas9
RNP digestions and control reactions were terminated
by adding proteinase K and RNase A and incubating reac-
tions 37°C for 20s and then 55°C for 20s. The DNA in
reactions was purified with paramagnetic SPRI beads
(I xv/v; Beckman Coulter) and eluted off beads into
10 mM TRIS-HCI, pH 8.0. Purified gDNA was processed
through a series of reactions previously detailed'? that
generate SITE-seq libraries enriched for DSBs in DNA
following the digestion or control reactions. SITE-seq li-
braries were sequenced on the NextSeq 500 sequencer on
a mid-output flow cell with the following cycle parame-
ters: 75x8x 8 x75.

Hybrid capture
The CCTop algorithm21 adapted for gapped searches was
used to complete a homology search for up to 5 MM with
no gaps or up to 3 MM with 1 gap (5 MM 0 gap, 3 MM
1 gap) with the PAM sequences specified as NNN for
each gRNA. A filtering step was applied to permit spe-
cific PAMs, the canonical NGG PAM as well as the fol-
lowing non-canonical PAMs: NAG, NGA, NAA, NCG,
NGC, NTG, and NGT. For sites nominated by the
homology-independent methods outside the 5 MM 0
gap, 3 MM 1 gap homology space, cut sites and PAM
were determined by aligning the gRNA to the DNA tar-
get. For each nominated site, hybrid capture probes
were generated by encompassing the candidate site
with 100bp 5’- and 3’-flanking regions and then tiling
120 bp probes across the region in 1bp increments. A
separate SureSelect custom DNA probe set was ordered
for each gRNA (Agilent Technologies, Santa Clara, CA).
Treated samples were generated by electroporating
2x10° HEK293T/Cas9 cells re-suspended in 20 uL SF
Nucleofector solution (Lonza) with 2 ug synthesized
gRNAs (Supplementary Table S2) using a Lonza 4D
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nucleofector with the manufacturer’s program HEK?293.
After electroporation, cells were re-suspended in culture
media and allowed to recover for 48 h. Untreated controls
were not subjected to electroporation. Genomic DNA
was then extracted using the DNeasy blood and tissue
kit (Qiagen).

A Covaris LE220 ultrasonicator was used to shear
200ng genomic DNA to 150-200 bp. Fragmented DNA
was end repaired, A-tailed, adapter ligated, and amplified
with Agilent’s SureSelect XT HS Target Enrichment Sys-
tem for Illumina Paired-End Multiplexed Sequencing
Library kit according to the manufacturer’s protocol. Pre-
pared libraries (1 ug) were hybridized to probes (Agilent)
and captured on streptavidin beads after a series of washes.
Captured libraries were amplified and purified. Libraries
were sequenced on 28 lanes of Illumina’s HiSeq sequenc-
ing platform with dual index, 2x150bp configuration
(Genewiz, South Plainfield, NJ). For all eight gRNA, rep-
licates 1 and 2 were generated, processed, and sequenced
together. Replicate 3 was generated, processed, and se-
quenced independently of replicates 1 and 2.

Hybrid capture libraries of sites that fell outside the 5
MM 0 gap, 3 MM 1 gap homology space were sequenced
on a NextSeq 500 sequencer on a high-throughput flow cell
with the following cycle parameters: 150X 88X 150.
Three replicates of treated and untreated control samples
were performed for all eight gRNAs.

Multiplexed amplicon sequencing

Multiplexed amplicon sequencing (thAmpSeq) primers
were ordered for 209 sites from Integrated DNA Tech-
nologies (IDT, Coralville, IA). Primers were success-
fully designed for 207 sites (206 as a pool and one
single assay). Following the manufacturer’s protocol,
rhAmpSeq libraries were generated from an input of
25ng DNA from the same samples analyzed with hy-
brid capture deep sequencing. Resulting rhAmpSeq
libraries were then purified, quantified, pooled, and
sequenced on a NextSeq 500 sequencer on a high-
output flow cell with the following cycle parameters:
149 10x 10x 149.

Computational Methods

All analysis was performed on an Amazon EC2 instance
with Ubuntu 16.04.2 LTS. Version numbers of impor-
tant packages are listed in Supplementary File S6.
Human genome build hg38 was used as the reference
genome for all analyses. Reads were mapped using
BWA?? v0.7.15, which performs alt-aware alignment
to align reads preferentially to standard chromosomes.
Reads mapping to alternative chromosomes were ig-
nored for this study.
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GUIDE-seq analysis

Analysis of GUIDE-seq reads was performed with the pub-
lished pipeline (https:/github.com/aryeelab/guideseq)'®
with a few modifications, as described below. Sequencing
runs downloaded from the Illumina BaseSpace platform
were converted to FASTQ format using bcl2fastq conver-
sation software (Illumina). For each sample, the sense and
antisense orientation FASTQ files were concatenated to-
gether. The concatenated files were processed with fastQC
(https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/) to check overall data quality. The molecular
barcodes at the beginning of R1 and R2 read sequences
were concatenated and subject to UMI tag deduplication
as described in https://github.com/aryeelab/umi. A slight
modification was made in the code for the tag deduplica-
tion step to account for the location of the UMI tag in
NextSeq sequencing reads. The UMI reads were consoli-
dated as specified in the published pipeline and then
aligned to the human genome build hg38 with BWA. Off-
targets sites were identified with the “identify” step in
the published pipeline. Identified sites were realigned to
gRNA sequence using the Needleman—Wunsch algorithm
from EMBOSS.* Sites with up to seven MM and five gaps
were defined as nominated. After processing, an average
UMI-corrected sequencing coverage of 3,795 (median:
223) was obtained per nominated site for GUIDE-seq.

CIRCLE-seq analysis

Our off-target site nomination workflow was modified
to process CIRCLE-seq reads using functions from the
published CIRCLE-seq pipeline (https://github.com/
tsailabSJ/circleseq)11 with a few modifications, as de-
scribed below. Sequencing runs downloaded from the
Illumina BaseSpace platform were converted to FASTQ
format using bcl2fastq. The FASTQ files were processed
with fastQC to check overall data quality. Reads were
then merged by concatenating the reverse complement of
the R1 read with the R2 read as specified in the ‘‘mer-
geReads.py”’ file of the published pipeline. Merged reads
were aligned to the human genome build hg38 with
BWA. Off-target sites were identified using the ‘‘find-
CleavageSites.py”” file of the published pipeline with
modifications in the ‘“‘tabulate_merged_start_positions”’
function to analyze 2X75bp sequencing reads with no
read thresholding applied. Identified sites with up to
10 MM and 5 gaps were realigned to the gRNA se-
quence using the Needleman—Wunsch algorithm from
EMBOSS.* Identified sites with identical start and end
coordinates but different alignments were then combined
into one nominated site by summing up read counts.
Finally, to assess noise in the assay, an empirical distri-
bution was constructed from average read counts across
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three replicates of control samples, as recommended in
the CIRCLE-seq pipeline, using the empirical cumulative
distribution function (ecdf, R stats v3.6.3). The read
count threshold was defined as the minimum read count
for which the empirically determined p-value in control
samples was <0.01 and was calculated to be six reads for
this study. Sites with up to 7 MM and 5 gaps and average
read counts across three replicates of treated samples
above the read count threshold were defined as nomi-
nated. After processing, an average sequencing coverage
of 89.9 reads (median: 12.3) was obtained per nominated
site for CIRCLE-seq.

SITE-seq analysis

Our off-target site nomination workflow was modified to
process SITE-seq reads using the code provided in the
publication.'? Sequencing runs were downloaded from
the Illumina BaseSpace platform and converted to
FASTQ format using bcl2fastq. The FASTQ files were
processed with fastQC to check overall data quality. R1
reads were aligned to human genome build hg38 with
BWA. Initial read pileups in aligned R1 reads were cal-
culated with the “‘find_initial_read_pileups” function
available in the SITE-seq publication using the default
depth threshold of five reads. Off-targets sites were iden-
tified using the default parameters with the ‘‘call_site_-
seq_features” function from the SITE-seq publication
with a modification to provide a longer flanking sequence
length for nominated sites from 20 to 35 bp. Identified
sites with up to 10 MM and 5 gaps were realigned to
the relevant gRNA sequence using the Needleman—
Wunsch algorithm from EMBOSS.*® Identified sites
with identical start and end coordinates but different
alignments were combined into one nominated site by
summing up read counts. Sites with up to 7 MM and
5 gaps were defined as nominated. After processing, an
average sequencing coverage of 36.6 reads (median:
13) was obtained per nominated site for SITE-seq.

Hybrid capture analysis
For hybrid capture sequencing, Illumina base calls were
converted to FASTQ format and de-multiplexed using
bcl2fastq. Reads were aligned to the human genome
build hg38 using the BWA MEM** algorithm with de-
fault parameters. Aligned reads were then sorted with
“samtools sort”’*> with maximum memory set to 1 Gb
and indexed using ‘‘samtools index.” The aligned reads
were de-duplicated using ‘‘samtools rmdup’’ and then
re-indexed with ‘‘samtools index.”

For each nominated site, a SpCas9 cut site was pre-
dicted based on the alignment of the off-target site to
the gRNA and a cleavage offset of 3 bp upstream of the
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PAM position. Reads mapping in a 1,000 bp region on
either side of each cut site were analyzed individually
using the ‘‘AlignedSegment class’ obtained from the
“AlignmentFile.fetch()”” method in the python package
pysam (https://github.com/pysam-developers/pysam). Soft-
clipped and supplementary alignments were not consid-
ered for indel quantification. If the read contained the
cleavage position plus 20 bp on either side of the cleavage
position, then it was considered for indel quantification.
All reads containing indels overlapping a region spanning
13 bp on either side of the predicted cleavage position
were counted, and were output along with the total number
of reads passing the aforementioned filtering criteria. For
every cut site, the indel frequency was calculated by di-
viding the number of reads containing indels by the total
number of reads.

Sites sequenced at an average read depth of more than
500 across the three treated and three untreated samples,
and with <30% indel frequency in the untreated sam-
ples, were subject to statistical testing. These minimums
exclude sites that would have a low read count that is typ-
ical of difficult to characterize genomic sites or those
with a small difference in indels (0.2% of 500=1 read,
0.2% of 3,000=6 reads). p-Values for significant differ-
ence in indel frequency between treated and untreated
samples were obtained using the Cochran—Mantel—-
Haenszel test stratified by replicates®® (mantelhaen.test
from R stats v3.6.3). Multiple hypothesis correction
was applied®’ to the p-values obtained for sites nominated
for each gRNA using the p.adjust (method=‘““BH”’) from
R stats v3.6.3. Sites were annotated as sequence confirmed
if they had an adjusted CMH p-value of <0.05, >0.2%
indel frequency difference between at least one treated
and the untreated samples, and a positive average indel
frequency difference between treated and untreated sam-
ples (A indel frequency). Median sequencing coverage
of 2,313 de-duplicated reads was obtained per site for
hybrid capture libraires for homology sites. Average se-
quencing complexity for hybrid capture libraries for ho-
mology sites was 70 million reads with a wide range
(45-150 million) based on probe set sizes.

rhAmpSeq analysis

Illumina base calls were converted to FASTQ format and
de-multiplexed using bcl2fastq. The FASTQ files were
processed with fastQC to check for overall data qual-
ity. Adapters were trimmed for R1 and R2 reads with
Trimmomatic®® without any quality trimming. Trimmed
reads were merged with the PEAR algorithm with default
parameters. Reads that had a minimum base phred quality
score of <10 were removed. Merged, trimmed, and qual-
ity filtered reads were aligned to the human genome hg38
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build with run-bwamem tool from bwa.kit, followed by
sorting and indexing of aligned files. Alignments were
evaluated using the ‘‘AlignmentFile.fetch()”” method in
the python package pysam. As described for hybrid capture
analysis above, if the read contained the cleavage position
and 20 bp on either side of the cleavage position, then it
was considered for indel quantification. All reads contain-
ing indels overlapping a region spanning +3 bp on either
side of the predicted cleavage position were counted, and
were output along with the total number of reads passing
the aforementioned filtering criteria. The A indel frequency
was calculated for sites sequenced at an average read depth
of more than 500 across the three treated and three un-
treated samples, and with <30% indel frequency in the un-
treated samples. Median sequence coverage of 35,378
reads was obtained per site for rhAmpSeq.

Results

Study design

To evaluate the performance of GUIDE-seq, CIRCLE-
seq, and SITE-seq comparatively, we used eight previ-
ously published gRNAs (Table 1). The gRNAs cover a
wide range of specificities, as demonstrated by the number
of genomic sites bioinformatically nominated?' in a ho-
mology space covering sites with up to 5 MM with
no gaps, and up to 3 MM with 1 gap (Supplementary
Fig. S1). Some of these gRNAs have multiple sequence-
confirmed off-target sites in human cell lines.”'® We in-
tentionally selected non-therapeutic gRNAs with multiple
known off-target sites to maximize the number of data
points available for evaluating the three off-target nomina-
tion methods.

We performed GUIDE-seq in triplicate on HEK293T
cells that constitutively express SpCas9. We performed
CIRCLE-seq and SITE-seq assays in triplicate on geno-
mic DNA purified from the same cell line used for
GUIDE-seq assays. For each gRNA, we performed con-
firmatory sequencing in edited HEK293T/Cas9 cells. We
used hybrid capture probes to enrich and sequence all ge-
nomic sites that were computationally determined to have
a homology distance up to 5 MM with O gap or up to

Table 1. List of gRNAs Used in this Study
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3 MM with 1 gap (5 MM 0 gap, 3 MM 1 gap) from the
gRNA (Table 1). We also sequenced a subset of sites
nominated by homology-independent methods that fell
outside of the 5 MM 0 gap, 3 MM 1 gap homology
space. All experiments included negative controls from
which gRNAs had been omitted to control for fragile
sites and random DSBs, as well as artifacts from library
preparation or sequencing errors.

Below, we compare the three off-target nomination
methods to each other and to hybrid capture followed
by sequencing. First, we assess these methods for repro-
ducibility and enrichment of signal over noise. Second,
we assess how well these methods capture sequence-
confirmed edited sites and how many unedited sites
these methods nominate.

Number of sites nominated by genome-wide assays
For this study, we filtered GUIDE-seq, CIRCLE-seq, and
SITE-seq data to remove nominated sites that did not
align to the gRNA sequence. While the standard practice
is to filter sites with more than six edit distance (defined
here as the total number of MM and gaps in the DNA tar-
get),lo’11 we included all sites with up to 7 MM and
5 gaps to be comprehensive (Supplementary File S1).
The cell-based GUIDE-seq assay nominated an average
of 40 sites per gRNA, the lowest average among the
three assays (Supplementary Table S3). This result is
expected for GUIDE-seq because unlike purified
chromatin-free DNA used in biochemical assays, the
chromatin state of a site in a cell can affect its accessibil-
ity to CRISPR-Cas-mediated cleavage and dsODN inser-
tion. CIRCLE-seq and SITE-seq, which are biochemical
assays performed on purified DNA, nominated an aver-
age of 5,244 and 2,093 sites per gRNA, respectively
(Supplementary Tables S4 and S5).

Comparing reproducibility between replicates

of genome-wide assays

The three assays were assessed for reproducibility in
nominating sites across replicates, as well for reproduc-
ibility in the number of reads obtained per nominated

gRNAReference Position in hg38 genome Sequence Sites predicted in 5 MM 0 gap, 3 MM 1 gap space
HEK 1" Intergenic GGGAAAGACCCAGCATCCGT 4,030
HEK3'! IncRNA AC114971.1 GGCCCAGACTGAGCACGTGA 5,336
RNE2% 10 RNF gene, Exon 2 GTCATCTTAGTCATTACCTG 6,264
FANCF” ' FANCEF gene, Exon 1 GGAATCCCTTCTGCAGCACC 6,678
VEGFA1% 1° Intergenic GGGTGGGGGGAGTTTGCTCC 7,957
IL2RG?® IL2RG, Exonl TGGTAATGATGGCTTCAACA 9,412
HEK2!! IncRNA AC114971.1 GAACACAAAGCATAGACTGC 13,563
CCR5° CCR2, Exon2/CCR5, Exon 3 GTGTTCATCTTTGGTTTTGT 22312

gRNA, guide RNA; MM, mismatch
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site. GUIDE-seq was the least reproducible with respect
to the identity of the sites nominated across three repli-
cates. Across the eight gRNAs, 30% of GUIDE-seq
nominated sites were reproducibly nominated by all
three replicates. For CIRCLE-seq and SITE-seq, 72%
and 60.4% of all nominated sites were reproducibly nom-
inated by all three replicates, respectively (Fig. 1A). The
percentage of total sites nominated by all three replicates
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was consistent across different gRNAs for GUIDE-seq
and SITE-seq (Supplementary Tables S3 and S5). In con-
trast, for CIRCLE-seq, we observed gRNA-dependent
reproducibility of sites across replicates (Supplementary
Table S4).

For sites nominated by multiple replicates, all three
homology-independent methods were highly reproduc-
ible in terms of the number of reads obtained (Fig. 1B
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(A) Overlap among three replicates for sites nominated by GUIDE-seq, CIRCLE-seq, and SITE-seq across all

eight gRNAs. (B) Correlation of read counts for nominated sites between two replicates for GUIDE-seq (R*=0.54-
0.67), CIRCLE-seq (R*=0.80-0.83), and SITE-seq (R*=0.90-0.91) read counts. The plots present data for replicates 1
and 2, and the R? range is calculated from all three comparisons (1 vs. 2, 2 vs. 3, 1 vs. 3). (C) Distributions of read
counts for nominated sites obtained by for GUIDE-seq, CIRCLE-seq, and SITE-seq grouped by the number of
mismatches and gaps in the site with respect to gRNA sequence. gRNA, guide RNA.
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and Supplementary Fig. S2). The range of Pearson R’
values for the three replicate-to-replicate correlations
was 0.54-0.67 for GUIDE-seq, 0.80-0.83 for CIRCLE-
seq, and 0.90-0.91 for SITE-seq. We observed that
sites nominated by multiple replicates of a single assay
had lower edit distances than those nominated by only
one replicate (Supplementary Fig. S3).

Enrichment of on-target sites

CRISPR-Cas9 generally cleaves on-target sites with
higher efficiency than off-target sites, with the reduction
in cutting activity influenced by the number and positions
of mismatches and gaps.®®*° Nomination assays can pro-
vide insights into gRNA specificity and mismatch/gap tol-
erance if the nomination signal quantitively reflects Cas9
activity in cells. Our analysis across eight gRNAs demon-
strates that while read counts for all three assays decrease
with increasing number of mismatches and gaps between
the nominated off-target sites and the gRNA sequence,
GUIDE-seq and CIRCLE-seq read counts for on-target
sites are significantly higher than read counts for off-target
sites (Fig. 1C and Supplementary Fig. S4). For GUIDE-
seq and CIRCLE-seq, respectively, only 1.29% (4/311)
and 0.07% (29/41,949) of off-target sites had read counts
that fell within the on-target site read count distribution
consistent with read signal correlating with expected
SpCas9 activity in cells. In contrast, for SITE-seq 8.7%
(1,454/16,735) of off-target sites had as many reads as
the on-target sites, suggesting a potential lack of correla-
tion in SITE-seq signal and SpCas9 activity in cells.

Overlap among assays

Given that the three assays nominate widely different num-
bers of off-target sites, a key question is the degree to which
the same off-target sites are nominated by each method.
CIRCLE-seq and SITE-seq both nominated ~86% of the
sites nominated by GUIDE-seq (Fig. 2A and Supplemen-
tary Tables S6 and S7). The CIRCLE-seq assay nominated
78% of the sites nominated by SITE-seq (Fig. 2A and
Supplementary Table S8). Sites nominated by any two as-
says had lower edit distance than sites that were nomi-
nated by only one assay (Fig. 2B; p<0.05), suggesting
that sites nominated by multiple assays are more likely
to be true gRNA-dependent sites, rather than the result
of random DSBs.

Benchmarking with targeted deep sequencing

We further evaluated the performance of GUIDE-seq,
SITE-seq, and CIRCLE-seq by measuring the level of
editing at homology-nominated sites through targeted
deep sequencing of gRNA-edited HEK293T/Cas9 cells.
For each gRNA, we determined how many sites with
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NGS-confirmed editing were nominated by each assay
(sequence-confirmed sites, true positives), how many un-
edited sites were nominated by each assay (false-
positives of the nomination step), and whether there
was editing at off-target sites not nominated by one or
more of the genome-wide assays (false-negatives of the
nomination step).

For nomination of homology-dependent sites, we
searched the human genome for sites similar to the
spacer sequences of the eight gRNAs using the CCTop
bioinformatic program?' in the 5 MM 0 gap, 3 MM 1
gap (Table 1) homology space and designed hybrid cap-
ture probes for each of the eight gRNAs to enrich the pre-
dicted homology sites. Hybrid capture-based Illumina
sequencing on gRNA-treated and control samples was
performed in triplicate in HEK293T/Cas9 cells, with
~2,300x median sequencing coverage (Supplementary
Fig. S5A). Sites with at least 500 average read depth
across all samples, a statistically significant difference
in indel frequency between treated and control samples,
an indel frequency difference of at least 0.2% in at
least one pair of treated and untreated samples, and
<30% indel frequency in control samples (to filter germ-
line indels) were considered to be sequence-confirmed
sites (Supplementary File S2). Out of 75,552 predicted
sites, 66,165 sites had more than 500 average read
depth across the treated and control samples and <30%
indel frequency in control samples. Of these sites, 51
were annotated as sequence-confirmed edited sites or
true positives (Supplementary Fig. S5B and Supplemen-
tary File S3). Sites that did not pass the statistical test for
indel frequency difference or which had <0.2% indel fre-
quency difference between treated and control samples
were annotated as unedited sites. Sequence-confirmation
calling of edited or unedited sites was robust to choice of
read coverage threshold (100, 200, 300, 400, or 500
reads) and false-discovery rates (Benjamini—Hochberg
adjusted CMH p-value thresholds of 0.05 and 0.1; Sup-
plementary Table S9).

Sequence-confirmed edited sites

We compared the list of sites nominated by GUIDE-seq,
CIRCLE-seq, and SITE-seq with the list of sequence-
confirmed edited sites and unedited sites from hybrid
capture sequencing in cells. Of the 51 sequence-
confirmed edited sites, 50 were nominated by at least
one genome-wide assay (Table 2 and Fig. 3), and 45
of these sites were nominated by all three replicates of
all three genome-wide off-target nomination assays,
suggesting an appreciable overlap among the methods
(Supplementary Table S10). The five sites not nomi-
nated by all three replicates of all three assays were
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all edited at low frequencies <0.5% (Supplementary
Fig. S6). Out of the 45 sites, nine were on-target sites
with perfect complementarity to the gRNA sequence
(CCRS5 gRNA targets to two genomic sites with perfect
complementarity).

The one site that was sequence confirmed as edited in
hybrid capture analysis but not nominated by any replicate
of SITE-seq, CIRCLE-seq, or GUIDE-seq can be classi-
fied as a false-negative of the nomination step. However,
upon closer scrutiny, this site is more likely to be a
false-positive of the sequence-confirmation step. It has a
homopolymeric stretch around the SpCas9 cut site, and
sequencing through homopolymers can be error prone
(Supplementary Fig. S7). It is likely that these sequenc-
ing errors produced high variability in indel frequencies
observed across the hybrid capture samples (Fig. 4).
Also, one site not nominated by CIRCLE-seq but nomi-
nated by GUIDE-seq and SITE-seq was just below the
CIRCLE-seq mean read count threshold that we applied
(seven, six, and five read counts in the three replicates).

Site nominated by
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FIG. 4. Indel frequencies (%) differences between
treated and control samples from three replicates of
hybrid capture followed by sequencing in HEK293T/Cas9
cells are shown for all 51 edited sites, ranked by average
indel frequency difference. Each color represents one
replicate. Vertical bars represent standard deviation in
indel frequency difference across replicates. Panels
depict overlap with genome-wide assays. The first panel
shows one site not nominated by any genome-wide
assay. The second panel shows one site nominated by
two genome-wide assays. The third panel shows 49 sites
nominated by all three genome-wide assays.
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False-positives of off-target nominations assays

While all three genome-wide methods nominated almost
all of the sequence-confirmed edited sites, they differed
vastly in the number of false-positives nominated (sites
found to be unedited by hybrid capture sequencing;
Table 2 and Fig. 3). In this sense, the cellular assay
GUIDE-seq has the highest precision and CIRCLE-seq
has the lowest. The biochemical assays CIRCLE-seq
and SITE-seq nominated many false-positive sites
within the 5 MM 0 gap, 3 MM 1 gap space, presumably
as a result of the entire genome being open and accessi-
ble to CRISPR-Cas9 gRNA complex. Reaction kinetics
may also be different between biochemical and cellular
assays due to rather different concentrations of nuclease
and gRNA.

Among those considered false-positives of off-target
nomination assays, 158 sites were nominated by all
three genome-wide methods (Table 2). Given that these
sites were nominated by a cellular-assay and two bio-
chemical assays, we wondered if these sites were truly
unedited or false-negatives of the sequence-confirmation
step. False-positives and false-negatives can arise during
sequence confirmation if the sites are not sequenced to a
sufficient depth. However, we note that these 158 sites
were sequenced at a median read depth of 3,000 reads
(Supplementary Fig. S8A). At 154 of these sites, the
average indel frequency differences between treated
and control samples were within 0.2% (Supplementary
Fig. S8B). We evaluated edit distances of these sites to
assess their likelihood of being edited in cells, and
found that the 158 sites have higher edit distances com-
pared to sites sequence confirmed as edited (Supplemen-
tary Fig. S8C). While these sites were found to be
unedited by targeted sequencing at the depth explored
in this study, it remains possible that editing occurs at
these sites at very low frequencies <0.2%.

The initial round of confirmatory targeted sequencing
of 75,552 homology-nominated sites was intended to
evaluate the reliability of genome-wide methods to nom-
inate sequence-confirmed sites within the 5 MM 0 gap, 3
MM 1 gap homology space. We subsequently expanded
the scope of this analysis to the sites nominated by the
three homology-independent nomination methods outside
of the 5 MM 0 gap, 3 MM 1 gap homology space (Sup-
plementary Table S11). Because exhaustive sequence
confirmation of these 38,265 sites would be prohibitive,
we performed a second round of hybrid capture sequenc-
ing in HEK293T/Cas9 cells focused on a subset of more
than 2,800 sites that had been nominated for CCRS,
RNF2, HEK1, and HEK3 gRNAs within the broader ho-
mology space of up to 6 MM and three gaps (Supplemen-
tary Fig. SOA and B and Supplementary Table S12).
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Table 2. Intersection of Sequence-Confirmed or Unedited Homology-Nominated Sites with Sites Nominated

by Homology-Independent Methods

Nominated by at least one replicate of

Hybrid capture on 5 MM, 0 gap and 3 MM, 1 gap sites GUIDE-seq CIRCLE-seq SITE-seq Shared by three genome-wide assays
Edited sites 51 50 49 50 49
Unedited sites 66,114 172 6,602 3,585 158
Precision True Positves 0.225 0.007 0.014
True Positives + False Positives

A total of 2,328 of the selected sites were nominated out-
side of the 5 MM 0 gap, 3 MM 1 gap space and were nom-
inated by one or more homology-independent assays.
Apart from on-target sites, no sites nominated within
this broader homology space were sequence confirmed
as edited with a statistically significant indel frequency
difference of at least 0.2% between treated samples and
untreated controls (Supplementary Fig. S9C and Supple-
mentary File S4).

Validation of hybrid capture results with rhAmpSeq

We interrogated sites of most interest with rhAmpSeq to
quantify indel frequencies using a different experimen-
tal method and at a higher depth. All nine on-target sites,
40 sequence-confirmed off-target sites, and 152 poten-
tial false-negatives were sequenced with more than
500 average read depth (Supplementary File S5). We
found that indel frequencies measured from hybrid cap-
ture sequencing and rhAmpSeq were highly correlated
(R*=0.97; Supplementary Fig. S10). Out of 152 poten-
tial false-negative sites (sites nominated by all three
genome-wide assays but not sequence confirmed by hy-
brid capture), only six sites had indel frequency differ-
ences >0.2% in rhAmpSeq, and ranged between 0.22%
and 0.36%. Additionally, the one site that was sequence

Read count in GUIDE-seq

Read count in CIRCLE-seq

confirmed as edited in hybrid capture analysis but not
nominated by any replicate of SITE-seq, CIRCLE-seq,
or GUIDE-seq was found to have a very low indel
frequency difference between treated samples and un-
treated controls (0.00015%), providing evidence that
this site was likely a false-positive of the sequence-
confirmation step.

Correlation of nomination signal

with editing rate in cells

Nomination assays would have greater utility beyond
off-target site nomination if the read counts they pro-
duced were to reflect editing in cells quantitatively.
This would enable prioritization of gRNAs based on
the inferred frequency of editing at off-target sites.
Since we observed that GUIDE-seq and CIRCLE-seq
assays enrich for on-target sites and potentially highly
cleaved sites, we expected their signal to correlate
with indel frequency difference between treated and
control samples measured by hybrid capture sequencing
in cells. We found that GUIDE-seq read counts cor-
related highly with the indel frequency difference
empirically determined by sequencing (R*=0.7), with
on-target sites having the highest GUIDE-seq read
counts (Fig. 5A). In the case of CIRCLE-seq, on-target

A R? =07 B C R?=001
< 1004 N 1004 1004
> 10+ 10+ 104 .
e Site type
5 14 o 3 14 14 .
] - ‘,’j, . Unedited
g 014 0.14 0.1 On-target
= 0.01- 0.01+ 0.014 ® Off-target
@
S 0.001 0.001 = 0.001 4
PRCE LT : : . 1e-04 = . . . 1e-04 - . :
10 100 1000 10* 10° 10 100 1000 10000 10 100 1000

Read count in SITE-seq

FIG. 5. Correlation of read counts for nominated sites obtained in (A) GUIDE-seq, (B) CIRCLE-seq, and (C) SITE-seq
with an average indel frequency (%) difference between treated and control samples from three replicates of
hybrid capture followed by sequencing in HEK293T/Cas9 cells. Color images are available online.
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sites had the highest read counts, but the correlation of
read counts to observed indel frequency difference
was lower than for GUIDE-seq (Fig. 5B; R*=0.36).
For SITE-seq, on-target sites generated the same num-
ber of reads as off-target sites and false-positives, and
there was no correlation observed between read counts
and observed indel frequency difference between trea-
ted and control samples (Fig. 5C; R>=0.01).

Discussion

Robust off-target assessment methods are essential for
the safe therapeutic application of CRISPR-Cas9 and re-
lated genome editing approaches. This study provides
the most comprehensive assessment to date of homology-
independent off-target nomination methods by bench-
marking to sequencing data from more than 66,000
off-target sites. The sequencing of a large number of
computationally nominated (homology-dependent) sites
for eight gRNAs allowed us to determine if the genome-
wide assays have an appreciable incidence of false-
negatives, that is, true off-target sites that are not nominated
by these methods. We used hybrid capture enrichment as
our sequence-confirmation method in this study because
of the ease of multiplexing thousands of sites. It has been
shown previously that hybrid capture sequencing can accu-
rately quantify species with large indels, especially with
long probes.***! We also found a high correlation between
indel frequency differences measured by hybrid capture
and multiplexed amplicon sequencing.

The three genome-wide off-target site nomination
assays—GUIDE-seq, CIRCLE-seq, and SITE-seq—
performed similarly in nominating true off-target sites
that were sequence confirmed to have indels. Of 51
sites sequence confirmed as edited across eight gRNAs,
50 were nominated by GUIDE-seq and SITE-seq,
whereas CIRCLE-seq nominated 49 of the 51 edited
sites. These results indicate that the three homology-
independent methods do not have obvious blind spots
for the detection of true off-target editing events.

The sequence-confirmed off-target site for CCRS
gRNA that had not been nominated by any of the three
genome-wide assays was a false-positive of the sequence-
confirmation step as confirmed by rhAmpSeq. This site
highlights that while targeted deep sequencing is used
as the gold standard for off-target analysis, it is not with-
out limitations. Many regions of the genome are challeng-
ing to sequence and are susceptible to sequencing errors
and false editing calls, emphasizing the need to compare
the sequencing reads carefully between the treated and
untreated samples. CRISPR-Cas-mediated cleavage re-
sults in characteristic patterns of indel around the cleav-
age site®® that could be used in future research to train
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methods to differentiate low-frequency CRISPR indels
from sequencing artifacts.

A sequence-confirmed site that was nominated by
GUIDE-seq and SITE-seq but not by CIRCLE-seq had
a very low average indel frequency difference between
treated and untreated samples (<0.2%). This site had
2 MM and 1 gap with respect to the gRNA sequence
and therefore would have been nominated bioinformati-
cally, even with a small homology search space of up
to 2 MM and 1 gap. Overall, we would have success-
fully nominated all sequence-confirmed edited sites for
all eight gRNAs in this study with a combination of
any one of the homology-independent genome-wide as-
says and homology-dependent nomination in the homol-
ogy space up to 2 MM and 1 gap. As these criteria are
comprehensive for these eight gRNAs of varying promis-
cuity, we expect that off-target sites for therapeutic
gRNAs, which are generally selected based on their
predicted off-target profile, will be comprehensively
nominated using a combination of any genome-wide
assay and a homology-dependent search in 2 MM, 1
gap space.

Most sequence-confirmed sites (45/51) were nomi-
nated by all three replicates of all three methods. The
five sites that were nominated by genome-wide assays,
but not by every replicate, had very low indel frequencies
(<0.5%). Certain replicates of nomination methods might
miss very low frequency sites, even when sequenced at
high depth, but combining hits from multiple replicates
improves the reliability of these assays.

In this study, the genome-wide assays nominated a
higher number of homology-independent sites with
more read counts per site than in previous publica-
tions,'"'%?? likely due to our use of larger homology
space and increased sequencing depth. We also chose ex-
perimental conditions that would maximize off-target
cleavage; GUIDE-seq was performed in HEK293T
cells that constitutively express SpCas9, whereas
CIRCLE-seq and SITE-seq were performed with high
RNP concentration. The number of off-target sites and
their indel frequencies would potentially be reduced
with a reduced exposure to RNP as in ex vivo therapies.

Our data support the use of GUIDE-seq as an efficient
and comprehensive homology-independent off-target
nomination method. GUIDE-seq is particularly well
suited for situations in which cell type specific chromatin
structure is an important determinant of editing efficiency
or when the edited cell type is readily available, as is the
case with therapeutic ex vivo CRISPR-Cas editing. Given
that CIRCLE-seq nominated all but one sequence-
confirmed site in this study, it should be considered a
valuable homology-independent method for contexts in
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which experimental limitations preclude the use of
GUIDE-seq, including therapeutic in vivo CRISPR-
Cas editing. Although SITE-seq performed similarly
with respect to capturing true off-target sites, the lack
of correlation between SITE-seq read counts and
indel frequencies determined by sequencing is a draw-
back of this method. In this study, we used a saturating
concentration of SpCas9 RNP for SITE-seq to maxi-
mize the number of nominated sites. The lack of corre-
lation between indel frequencies and SITE-seq read
counts was also observed in the study by Cameron
et al.'? (Supplementary Fig. S11), wherein they exam-
ined the relationship between several concentrations
of SpCas9 and the number of sites generated by the
SITE-seq assay.

Having analyzed the data in this work and other off-
target studies, we suggest the following practices to guide
assessment of off-target editing with CRISPR-Cas systems.

(1) The use of computational off-target and on-target
site prediction methods to prioritize candidate
gRNAs.

(2) The use of both a homology-independent (empiri-
cal) method and a homology-dependent (computa-
tional) method used to nominate potential off-target
sites. While this study has demonstrated that
homology-independent methods are comprehensive
and have low false-negative rates, a conservative ap-
proach should include both nomination methods.
For ex vivo therapeutics, GUIDE-seq will provide
the lowest false-positive rate of the methods evalu-
ated. For in vivo therapeutics, CIRCLE-seq may
be able to provide the broadest nomination strategy.

(3) Sequencing at sufficient depth and the use of mul-
tiple replicates for genome-wide assays and se-
quence confirmation. Sequencing at a read depth
of more than 1,000 at on- and off-target sites
will generally allow for the detection of <1% edit-
ing, while a read depth of more than 5,000 will in-
crease sensitivity to <0.2%. The use of replicates
enables comprehensive nomination of sites edited
at low frequencies and provides essential statistical
power.

(4) The use of rational selection criteria to nominate
off-target sites for further evaluation. For example,
one may choose targets within an edit distance of
three from the on-target site or choose targets
with more than 10 CIRCLE-seq reads. This con-
trasts with the common practice of assaying an ar-
bitrary number of top sites.

(5) The use of appropriate statistical methods for call-
ing off-target edits as sequence confirmed.
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(6) Consideration of potential sequence artifacts from
low complexity regions, such as homopolymeric
stretches.

(7) Analysis of indel patterns at statistically significant
sites to confirm that they resemble typical
CRISPR-Cas-mediated edits.

(8) Consideration of the genomic context of the off-
target site on the expression, regulation, and func-
tion of genes. Does editing occur in a promoter or
coding region of a gene? Does editing occur in or
near a tumor suppressor or oncogene? Or does
editing occur in an intergenic region, far from
any gene?

Conclusions

The goal of this study was to characterize and thor-
oughly compare the homology-independent laboratory
methods that are commonly used to evaluate gRNAs
for therapeutic application. Our primary concern was
that one or more of the methods would fail to detect a
particular class of off-target sites. While we cannot com-
pletely rule out this possibility, the data presented here
indicate that these methods reliably detect off-target
sites for a range of gRNAs and potential off-target
sites. Nevertheless, we believe that it remains prudent
to perform assessment of sites nominated by homology-
dependent as well as homology-independent methods,
and that adoption of practices discussed here will enable
thorough evaluation of gRNAs for preclinical assess-
ment and clinical application.
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