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Abstract

ABSTRACT: Motivation: Clustered regularly interspaced short palindromic repeats (CRISPR) technologies allow for
facile genomic modification in a site-specific manner. A key step in this process is the in silico design of single guide
RNAs to efficiently and specifically target a site of interest. To this end, it is necessary to enumerate all potential off-
target sites within a given genome that could be inadvertently altered by nuclease-mediated cleavage. Currently
available software for this task is limited by computational efficiency, variant support or annotation, and assessment
of the functional impact of potential off-target effects.

Results: To overcome these limitations, we have developed CRISPRitz, a suite of software tools to support the de-
sign and analysis of CRISPR/CRISPR-associated (Cas) experiments. Using efficient data structures combined with
parallel computation, we offer a rapid, reliable, and exhaustive search mechanism to enumerate a comprehensive
list of putative off-target sites. As proof-of-principle, we performed a head-to-head comparison with other available
tools on several datasets. This analysis highlighted the unique features and superior computational performance of
CRISPRitz including support for genomic searching with DNA/RNA bulges and mismatches of arbitrary size as
specified by the user as well as consideration of genetic variants (variant-aware). In addition, graphical reports
are offered for coding and non-coding regions that annotate the potential impact of putative off-target sites that
lie within regions of functional genomic annotation (e.g. insulator and chromatin accessible sites from the
ENCyclopedia Of DNA Elements [ENCODE] project).

Availability and implementation: The software is freely available at: https://github.com/pinellolab/CRISPRitz https://
github.com/InfOmics/CRISPRitz.

Contact: rosalba.giugno@univr.it or Ipinello@mgh.harvard.edu

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

Clustered regularly interspaced short palindromic repeats (CRISPR)
genome editing has revolutionized the ability to modify a genome of
interest in a targeted and programable way (Cong et al., 2013; Mali
et al., 2013). The initially described CRISPR system for eukaryotic
genome editing involves a single guide RNA (hereafter referred to as
a guide or sgRNA) to direct Streptococcus pyogenes-derived Cas9
(SpCas9) protein for site-specific genomic cleavage upstream of a
protospacer adjacent motif (PAM), which is NGG for SpCas9. The
Cas9-mediated double strand break is repaired by endogenous

repair pathways including non-homologous end joining (NHE]),
microhomology-mediated end joining (MME]) and homology-
directed repair (HDR). NHEJ/MME] often result in the introduction
of insertions/deletions (indels) while exploitation of the HDR path-
way allows for precise integration of customized sequence by pro-
viding a donor repair template (Komor et al., 2017). Since the initial
description of eukaryotic genome editing by SpCas9, the CRISPR
toolbox has been greatly expanded to include a variety of novel- and
modified-nucleases with distinct PAM sequences (e.g. Cas12a, Cas9
derived from different species, and modified-Cas nucleases) (Komor
et al., 2017). Although designed for site-specific cleavage, CRISPR

©The Author(s) 2019. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com 2001


http://orcid.org/0000-0001-9843-7638
https://github.com/pinellolab/CRISPRitz
https://github.com/InfOmics/CRISPRitz
https://github.com/InfOmics/CRISPRitz
https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btz867#supplementary-data
https://academic.oup.com/

2002

S.Cancellieri et al.

nuclease-mediated cleavage may occur at other genomic sites,
termed off-target sites. Off-target cleavage(s) commonly occur at
sites of sequence homology to the on-target site; however, the rules
governing off-target cleavage are incompletely understood. In gen-
eral, mismatches may lead to a reduction in cleavage activity or have
no effect at all depending on the specific base change and the relative
position as described in Doench et al. (2014, 2016). Off-target clea-
vage(s) can produce unintended cellular effects that can confound
analysis of a phenotype of interest. In particular, off-target clea-
vage(s) can impose cellular stress/toxicity and/or disrupt functional
genomic regions (i.e. disruption of tumor suppressor genes). Several
genome-wide assays have been developed to profile off-target effects
in an unbiased manner (Frock et al., 2015; Kim et al., 2015; Tsai
etal.,2015,2017; Yan et al., 2017).

A common task during guide design is to scan the genome of
interest for homologous sequences up to k mismatches (usually up
to 4-7; Hsu et al., 2013) and/or with RNA/DNA bulges (1-5 bp;
Lin et al., 2014), since these sequences may correspond to potential
off-target sites. Of note, it is necessary to take bulges into account
for off-target analysis because sgRNAs with bulges (up to 5) have
been demonstrated to have cleavage activity (Lin ez al., 2014).
Many available tools for in silico off-target site prediction have
employed strategies involving scanning for £ mismatches, consider-
ing their proximity to the PAM site, and with or without support for
DNA/RNA bulges (Bae et al., 2014; Doench et al., 2016, 2014;
Haeussler et al., 2016; Hsu et al., 2013; Labun et al., 2016; Lin and
Wong, 2018; Listgarten et al., 2018; Moreno-Mateos et al., 2015).

Short-read aligners, such as Burrows-Wheeler Aligner, can be
applied to scan a reference genome with up to a predetermined num-
ber of mismatches (Li and Durbin, 2009). However, short-read
aligners are not straightforward to use (see Supplementary File S1
Section S1 and Supplementary Fig. S1A). For these reasons, a variety
of tools have been recently proposed to perform this task efficiently.
For example, Cas-OFFinder scans a reference genome to identify all
PAM-restricted genomic sites followed by base-by-base comparison
with all identified PAM-restricted sites with the on-target site
including quantification of the number of mismatches and DNA/
RNA bulges (Bae et al., 2014). The output list of potential off-target
sites includes all sites up to a maximum number of mismatches as
set by the user. Another approach utilized by FlashFry and Off-
Spotter software (McKenna and Shendure, 2018; Pliatsika and
Rigoutsos, 2015) involves the creation of a reference genome index
for PAM-restricted sites. With this index, the two software can effi-
ciently identify all potential off-target sites including all sites up to a
user-set number of mismatches. Of note, these software do not con-
sider DNA/RNA bulges (Lin et al., 2014) in their analysis. Prior
studies have utilized variant-aware off-target site identification using
databases such as the 1000 Genomes Project and Exome
Aggregation Consortium (Lessard et al., 2017; Scott and Zhang,
2017). Variant-aware sgRNA design is important for clinical appli-
cations of CRISPR genome editing and has been previously utilized
in a CRISPR pooled screening format to minimize false positive and
false negatives (e.g. mediated by PAM creation or disruption) due to
variants (Canver et al., 2017, 2018; Lessard et al., 2017; Scott and
Zhang, 2017); highlighting the need for tools that can efficiently
search accounting for personal genetic variants. However, the tools
presented in these studies are limited by long execution times and
lack of support for RNA/DNA bulges. Cas-OFFinder is the only tool
that considers bulges to the best of our knowledge at the time of this
article. However, the bulge-related computation is incomplete
(e.g. does not take into account possible jumps’ in the analyzed
sequence, see Supplementary Section S2) and also requires long com-
putation time, as shown in Figure 5. It is computationally intensive
to compute analysis with more than two bulges due to this pro-
longed computation time although previous work has shown cleav-
age activity with greater than two RNA bulges (Lin et al., 2014).

Taken together, the currently available tools for in silico off-
target site identification commonly suffer from long execution times,
lack of support for RNA/DNA bulges, may fail to report all possible
regions, and/or lack support for variants (variant-unaware)
(see Supplementary File S1 Section S2 and Supplementary Fig. S1B).

In addition, tools available at present offer limited data visualization
capabilities to aid the user understanding of a given guides possible
effect on functionally annotated non-coding regions, on the pos-
itional distribution of mismatches among the off-targets or on the
impact of genetic variants on off-target in silico prediction, see
Supplementary File S1 Section S8 and Supplementary Table S6).

To address these issues, we present CRISPRitz, a suite of tools
for rapid, comprehensive and variant-aware CRISPR off-target site
identification. Specifically, the CRISPRitz suite offers optimized
data structures to naturally encode genetic variants and an arbitrary
number of mismatches as well as RNA/DNA bulges. It also incorpo-
rates functional annotations and visualization features to assess the
potential impact of putative off-target sites for both coding and non-
coding regions. A detailed comparison of CRISPRitz with similar
tools and an analysis of its performance is presented in Section 3.1.

2 Materials and methods

2.1 CRISPRitz overview

CRISPRitz is a suite of tools to rapidly enumerate and annotate
putative off-target sequences and to assess their potential impact on
the functional genome. Figurel shows CRISPRitz functionalities,
required and optional inputs, and generated output for each
tool. CRISPRitz has three required inputs: (i) PAM sequence, (ii) a
list of guides and (iii) a reference genome (in FASTA format). A collec-
tion of variants (in VCF format) and/or genomic annotations (in BED
format) can be included as optional inputs. CRISPRitz performs
the off-target site search by supporting a user-specified number of
mismatches and/or DNA/RNA bulges. Importantly, the parallelism
capability of multi-core architectures is utilized for all the
computational-intensive tasks, such as search and index-genome,
in order to minimize execution time. The following subsections pre-
sent the implementation details and the data structure of each tool
and the datasets used for performance evaluation and testing.

2.2 PAM search

This operation is implemented using the Aho-Corasick string match-
ing algorithm (Aho and Corasick, 1975), an efficient solution widely
used to find all occurrences of any finite number of patterns in a ref-
erence string. This step is necessary for two search operations: one
based on an index genome (with support for mismatches and bulges)
and for a simplified search with only mismatches and not requiring
the genome index.

The algorithm is based on deterministic automata that efficiently
represent all the sequences corresponding to a given PAM. These
automata can be used to scan the entire genome in linear time and
enumerate all the sites compatible with the user-specified PAM (see
Fig. 2 and Supplementary File S1 Section S3).

2.3 Encoding genetic variants in a reference genome

If a collection of variants is supplied as an optional input, the add-
variants tool adopts the [UPAC notation to represent genetic var-
iants via ambiguous DNA characters in the reference genome. As an
example, if the nucleotide is G in a given position of the reference
genome and the variant is A, the tool encodes the two alternatives
by using the ambiguous nucleotide R, which corresponds to the
IUPAC code for G or A.

The required inputs for the add-variants tool include (i) a
reference genome and (ii) list of variants included in VCF file(s) for-
mat. The tool will output two versions of the reference genome with
the first one containing single nucleotide polymorphisms (SNPs) and
the second one including both SNPs and indels. Both genomes are
coded with the IUPAC notation (Johnson, 2010) and four-bit encod-
ing (see the table in Fig. 3).

2.4 Genome indexing for rapid bulge search

The two required inputs prior to genome indexing include (i) PAM
sequence and (ii) a reference genome (in FASTA format).
CRISPRitz then identifies and compiles all PAM-restricted sites
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Fig. 1. Overview of CRISPRitz. Starting from a reference genome and a set of genetic variants, the add-variants tool builds a new reference genome that incorporates
population or personal variants (see Section 2.3). To perform searches with bulges in addition to mismatches it is necessary to create an index for the reference genome through
the index-genome tool. This tool scans the genome and collects all the candidate targets for any PAM sequence given in input. The output is a compressed representation
of candidate targets found on chromosomes (see Section 2.4). Targets and off-targets are found by the search tool, which takes in input the reference genome file or the
previously created genome index with variants and a list of sgRNAs, the mismatches threshold [mandatory], and the bulges threshold [optional]. To understand the functional
impact of the ongoing CRISPR experiment on a genome, starting from an input file of functional annotations in BED format, the annotate-results tool lists the number of
guide matches that fall in exons, introns, promoters, CTCF and DNase I regions on the genome (see Section 2.6). Finally, generate-report (see Section 2.6) implements a
graphical visualization through radar charts and motif logos of any guide behavior in a specific condition (i.e. number of mismatches and/or bulges)

(hereafter referred to as candidate off-target sites) within the pro-
vided genome into a genome index data structure (i.e. one genome
index for each input PAM). This allows for a reduction in execution
time for all subsequent searching with bulges (see Section 2.5.2).
The index-genome tool starts by searching for all occurrences of
the user-specified PAM in the genome, as explained in Section 2.2.
For each identified PAM sequence, the genomic sequence adja-
cent to the PAM with length equal to the input guide sequence is
extracted and represents a candidate off-target site. The adjacent se-
quence is upstream or downstream as specified by the user to accom-
modate CRISPR nucleases available at the time of this article (e.g.
Cas9 and Cas12a). All identified candidate off-target sequences are
collected, sorted following a lexicographical order and encoded
using the four-bit notation as shown in the table presented in
Figure 3. index-genome is based on a ternary search tree (TST)
data structure (Bentley and Sedgewick, 1998), which is optimized
for approximate string search, such as utilized for text auto-
completion or spell checking (see Supplementary File S1 Section S4).

2.5 Search for candidate off-target sites

The search tool searches for candidate off-target sites with mis-
matches only (Section 2.5.1) or with both mismatches and bulges
(Section 2.5.2). It is necessary to use an index genome when consid-
ering both mismatches and bulges because the bulge-related search
is computational expensive, and the index genome is fundamental to
obtain a robust reduction in computational time by pre-computing
an efficient data structure to perform searches.

2.5.1 Efficient search with mismatches

The search operation is computationally intensive task largely due
to the required number of base-to-base comparisons (see Fig. 3).
However, CRISPRitz implements this task through a four-bit-
based encoding to represent each nucleotide of the IUPAC code to
allow for efficient bitwise operations (see table in Fig. 3).

The inputs for analysis include: (i) the arrays of indices generated
by the PAM search, (ii) the input list of guides, (iii) the user-specified
maximum number of tolerated mismatches () and (iv) a reference
genome/enriched genome (reference genome with variants). If a
given guide from the input guide list matches to a region of the gen-
ome without mismatches, the index (or the indices) represents the
starting position of one (or more) on-target site(s), otherwise the
reported position is referred to as a candidate off-target site.

2.5.2 Efficient search with mismatches and RNA/DNA bulges
CRISPRitz also implements a search algorithm that handles a user-
specified number of mismatches and optimized for the identification
of DNA/RNA bulges. This algorithm requires the construction of an
index genome as presented in Section 2.4. The usage of an index
genome requires only O(log(#) + k) operations to search for a se-
quence of length k in a TST with # candidate off-target sites.

This search is implemented with a function that recursively visits
the TST. For all the candidate off-target sites, the algorithm begins
from the TST root and visits all TST branches by checking if the nu-
cleotide comparison corresponds to a match, a mismatch, or a bulge
(DNA/RNA). When the user allows for bulges, the CRISPRitz can
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Fig. 2. The PAM search. Searching for the PAM NGG in the genome starts by
matching the base A at position 0 in the genome with the root children T, G, C and
A of the pattern matching machine. This example illustrates the first 11 transitions
of the automata that correspond to the identification of three candidate targets
(0, 5 and 6). For more details see Supplementary File S1 Section S2
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Fig. 3. The mismatch-aware guide matching strategy. Characters are encoded using
four-bit notation, as illustrated in the table on the left. For a given genomic position,
this step compares the characters of the guide with the characters of the genome
using bitwise operations. In the example the guide matching starts from index 24

return duplicate results. For example, the results may represent the
same target with a different number of mismatches and/or bulges or
in different positions. In the mismatch-bulge search type, the visit on
the branch can reach the leaf if the bulge threshold is sufficient to visit
all the nodes in the branch. This may happen since the DNA bulges
are treated like supplementary characters on the guide that can match
with supplementary characters on the candidate off-target site. The
mismatch-bulge search type stops when a branch of the TST is visited
completely (i.e. when the leaf is reached), when the TST is visited par-
tially and any threshold of mismatches or bulges has been exceeded,
or when the visit has reached a number of nodes equal to the guide
length (see Fig. 4). A more detailed description of this approach is pre-
sented in Supplementary File S1 Section S5.

2.5.3 Scoring candidate off-targets

Evaluation of the activity of a given guide RNA requires assessment
of on-target activity as well as the probability of cleavage at genomic
at sites distinct from the intended on-target region. Several scoring

G: AAGATCGTTACATTAGGCCA

CT2: AAGATC{c|c5GACGRTAGATDG

G: AAGATCGT[.
CT1l: AAGATCdgT

G: AAGA;(_JE- [CATTAGGCCA

TTAGGCCA

AGGCCAGGG

CT1l: AAGATC gI‘A:LDTAGGCCAGGG

—

G: AAGATCGTTACATTAGG-CCA

CT3: AAGtTCGTTACATDAGGEGLCCAG

Fig. 4. Example of guide matching by considering up to one mismatch and up to one
RNA/DNA bulge. The search starts by visiting the left-most path of the tree, which
represents the candidate sequence CT2. After the second mismatch (T versus C), the
algorithm verifies that no bulges are allowed and stops the visit over the CT2 path.
Back to the previous branch G, which in the example represents the first mismatch,
it continues over the CT1 path. It verifies that the second mismatch cannot be con-
sidered as a DNA bulge but it can be considered as RNA bulge. It concludes the
CT1 path visit to the leaf, thus identifying CT1 as an off-target with one mismatch
and one RNA bulge. Similarly, the algorithm jumps back to the previous branch A
and reaches the CT3 leaf, thus identifying CT3 as an off-target with one mismatch
and one DNA bulge

methods have been developed to quantify on- and off-target cleav-
age potential (Doench et al., 2014, 2016). CRISPRitz integrates
two previously published scores: On-Target Efficacy Scoring
(Doench et al., 2016) and cutting frequency determination (CFD)
(Doench et al., 2016). The On-Target Efficacy Scoring is based on
Azimuth machine-learning model (Doench et al., 2016) trained with
more than 4000 sgRNAs targeting different positions in the protein
coding regions of 17 genes. The CFD is used to quantitatively assess
the off-target potential for a given guide. The CFD is based on a pos-
ition weight matrix that calculates the probability of binding be-
tween each nucleotide of the sgRNA and each nucleotide of the
DNA sequence. CRISPRitz executes the scoring functions for all
identified targets after the completion of the search.

2.6 CRISPRitz output: search results, annotations and

graphical report
The search tool generates three output files:

1. A list of matching DNA sequences with genomic coordinates,
number of mismatches, DNA/RNA bulges and scores (CFD and
On-Target Efficacy Scoring).

2. An overall mismatch and bulge profile for each guide consider-
ing all the putative off-target sites. The profile consists of a ma-
trix in which the rows are the guides and the columns represent
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the number of their on-target(s) and off-target sites with respect
to the mismatch values up to the user-specified threshold.

3. Motif matrices based on all the off-targets. One matrix is created
per guide and per mismatch count. Rows correspond to nucleoti-
des, columns to base-pair, and each entry represents the number
of occurrences of a given nucleotide (row) in a given base-pair
(column) for all the sites enumerated.

CRISPRitz also includes two additional tools, annotate-
results that annotates the candidate off-target sites, and gener-
ate-report that creates a summary graphical report for each
guide from the input guide list, annotate-results annotates all
identified off-target sites for each guide using a set of predefined
functional genomic annotations or using custom annotations pro-
vided by the user (in BED format). The predefined functional gen-
omic annotations include gene body (promoter, exon, and intron) as
well as DNase I hypersensitive (DHS) and CCCTC-binding factor
(CTCF) sites obtained from the ENCyclopedia Of DNA Elements
(ENCODE) project (Consortium et al., 2004). The DHS annotation
file was obtained by considering 62 tracks derived from different
ENCODE cell types. Only the peaks passing QC by the ENCODE
pipeline were included and merged into a single file containing their
union. CTCF site annotation was created in a similar fashion using
308 available ENCODE tracks. We have also evaluated CTCF
annotations based on putative binding sites based on PWM motif
models from the JASPAR database (Khan et al., 2017; (see
Supplementary File S1 Section S6 and Supplementary Figs S2-S5).

Based on the annotated results, generate-report creates a
graphical report to aid in the assessment of the potential functional
impact of the off-target sites for a given guide (see Fig. 6A and B and
Supplementary File S1 Section S6 and Supplementary Figs S2-S6).
Specifically, a radar chart is created for each mismatch threshold.
Each axis of the radar chart corresponds to a functional annotation
and the plotted value represents the similarity (in terms of found
on-/off-target sites) to the examined guide as compared with its own
guide set (so the user can assess an individual guide’s behavior as
compared with all other guides from the input guide list) or to a pre-
viously analyzed guide library (e.g. the Gecko Library v2; Sanjana
et al., 2014, see Section 2.7). The area in the radar chart allows the
user to quickly evaluate the off-target potential for a given guide.
A small area on the radar chart corresponds to a guide with reduced
candidate off-target sites (the exact number is displayed for each
annotation) whereas a large area corresponds to guides with
increased candidate off-target sites in multiple functional regions.
generate-report also produces mismatch profiles where each
position corresponds to a bar that represents the number of observed
mismatches for each nucleotide normalized on the maximum num-
ber of mismatches.

If genetic variants and enriched genomes are used during the
search operation, generate-report can also plot a bar plot
showing the percentage gain for each annotation and the additional
sites as compared with the reference genome using the annotation
file created by annotate-results (see Fig. 6C).

2.7 Reference genomes and validation datasets

For all validation testing, we used both the hg19 reference genome
and a modified version, enriched genome, which incorporates
genetic variants (SNPs and indels) from the 1000 Genome Project
(Consortium et al., 2015) through the four-bit IUPAC encoding pre-
sented in Section 2.3. Of note, CRISPRitz supports any reference
genome for which a FASTA file is available. We tested the perform-
ance and functionality of CRISPRitz by considering the following
datasets:

* Random guides from the hgl9 reference genome. To test the
scalability of CRISPRitz as compared with other tools, we
sampled different number of guides (i.e. 1, 10, 100 and 1000)
from the human reference genome among more than 300 million
positions compatible with the NGG PAM. The guides were ran-
domly selected without any filter.

*  Therapeutic guides. This set is composed of 124 guides targeting
the CCRS gene derived from (Lessard ez al., 2017).

* Gecko Library v2. Genome-wide CRISPR library used for
knock-out screens (Sanjana et al., 2014) containing 111 671
guides with six sgRNA per gene target and 2000 non-targeting
control guides designed without any perfect genomic matches.

3 Results and discussion

We evaluated the computational performance of CRISPRitz using
benchmark datasets (see Section 3.1). In addition, we evaluated its
application in solving two commonly encountered situations related
to genome editing experiments (see Section 3.2): (i) Systematically
assessing off-target potential from large CRISPR libraries (e.g.
genome-wide sgRNA libraries); (ii) Evaluating and selecting guides
targeting a therapeutically relevant locus with consideration for per-
sonalized genetic variants and potential off-target sites in functional
genomic regions. These two applications also highlight key features
of CRISPRitz and the utility of the proposed output graphical
report.

3.1 Performance evaluation and comparison with
similar tools

To evaluate the performance of CRISPRitz, we used a general
dataset of guides randomly sampled from the human reference
genome hg19 using the NGG PAM (see Section 2.7). The tests were
performed on a machine equipped with an Intel(R) Xeon(R) CPU
E5-2650 v4, clocked at 2200 MHz and 64 GBs RAM, and the
Ubuntu operating system (version 16.04).

We performed a head-to-head comparison of CRISPRitz with
Cas-OFFinder (Bae et al., 2014), FlashFry (McKenna and Shendure,
2018) and OFF-Spotter (Pliatsika and Rigoutsos, 2015) as shown in
Figure SA and B. In Figure 5C and D, we compared CRISPRitz
only with Cas-OFFinder since it was the only available tool (at the
time of writing this article), that allowed searches with both mis-
matches and DNA/RNA bulges. Both CRISPRitz and Cas-
OFFinder can take advantage of multi-core architectures.
CRISPRitz was implemented using the well-known OpenMP API
(Dagum and Menon, 1998), while Cas-OFFinder is implemented
using OpenCL API (Munshi, 2009).

First, performance testing without DNA/RNA bulges was per-
formed using a different number of guides with up to five mis-
matches. FlashFry and OFF-Spotter are faster than CRISPRitz and
Cas-OFFinder, ranging from a speed-up of 30-70x comparing
CRISPRitz and Flashfry and a ranging from 7 to 25x when com-
paring CRISPRitz to OFF-Spotter. By using CRISPRitz, we
observed an ~2-fold or greater reduction in execution time as com-
pared with Cas-OFFinder (see Fig. 5A). Notably, the execution time
slightly increase for CRISPRitz and Cas-OFFinder tools with re-
spect to the number of input guides; however we observed a signifi-
cant difference between Cas-OFFinder and CRISPRitz with 1000
guides (Cas-OFFinder performed the search in ~10 000 s with re-
spect to the ~3400 s used by CRISPRitz).

We evaluated the impact of the number of mismatches on the
execution time using a fixed number of guides (e.g. 1000 in Fig. 5B).
This analysis has shown that Cas-OFFinder, FlashFry and
CRISPRitz execution time increases similarly with the increase in
the number of mismatches compared with OFF-Spotter which exe-
cution time increases of ~ +82 and ~ +274% passing from three to
four and from four to five mismatches, respectively. Of note, the
performance testing in Figure SA and B was run by using two CPU
cores for CRISPRitz and Cas-OFFinder and one core for FlashFry
and OFF-Spotter, because the two tools lack a parallel
implementation.

Next, using the same hardware, we tested the performance of
CRISPRitz and Cas-OFFinder when DNA/RNA bulges were also
considered in the analysis. The same guides were tested as in
Figure SA and B with up to five mismatches but allowing also one
DNA and one RNA bulge. Although the execution times are similar
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for one guide, we observed a 4-fold reduction in execution time for
CRISPRitz with respect to Cas-OFFinder when the number of
guides increased (Fig. SC). Furthermore, the effect of the number of
mismatches was evaluated with a fixed number of guides (z = 1000)
with the number of DNA and RNA bulges set to one. The difference
in execution times was greatest (up to 74-fold reduction) when con-
sidering three mismatches (Fig. 5D). However, the magnitude of
execution time reduction decreased to ~4-fold with an increased
number of mismatches. This is because the number of visited
branches of the tree (and of the execution time as a consequence) by
CRISPRitz increases due to increasing the mismatch and bulge
thresholds.

Importantly, CRISPRitz showed robust scalability by varying
the number of CPU cores (from 2 to 8), the mismatch threshold
from 3 to 5 and the predicted off-target activity per guide (see
Supplementary File S1 Section S7, Supplementary Fig. S7 and
Supplementary Table S1). The results highlight that CRISPRitz
performance scales approximately linearly over the number of CPU
cores (~1.8).

Finally, we compared the features and the running time of
CRISPRitz with additional four software; CRISPOR (Haeussler
et al., 2016), CHOPCHOP (Montague et al., 2014), CRISPRseek
(Zhu et al., 2014) and CRISPRtool (Lessard et al., 2017), on search-
ing with mismatches and bulges on the reference genome and gen-
ome with variants (see Supplementary File S1 Section S8 and
Supplementary Tables S1-S6). CRISPRitz is the only software able
to perform a search taking into account genetic variants as well as
mismatches and bulges while still maintaining computational effi-
ciency. Furthermore, in a comparison performed with only mis-
matches allowed in the search, the fastest tool was FlashFry,
followed by Off-Spotter, CHOPCHOP and CRISPRitz. Of note,

the speed-up range between FlashFry and OFF-Spotter was from 2-
to 4-fold (~100 s by FlashFry as compared with >400 s by Off-
Spotter; Supplementary Table S2). In a comparison performed with
mismatches allowed in the search and using a variant genome (only
supported by CRISPRitz and CRISPRtool), CRISPRitz was
the faster tool with a speed-up range of 8.5- to 35-fold (~3000 s
by CRISPRitz as compared >100 000 s taken by CRISPRtool)
(Supplementary Table S3). In a comparison performed using mis-
matches and bulges allowed in the search (only supported by
CRISPRitz and Cas-OFFinder), we determined that CRISPRitz
was the faster tool with a speed-up range from 4- to 75-fold
(~50 000 s by CRISPRitz as compared with >200 000 seconds by
Cas-OFFinder; Supplementary Table S4). In a comparison performed
using mismatches, bulges and a variant genome in the search, only
CRISPRitz supported this combination of features with no available
alternatives at the time of this article (Supplementary Table SS; refer
to Supplementary Section S8 for further information on all compari-
son testing). Taken together, when using only mismatches FlashFry is
the fastest tool; however, when bulges or genetic variants are included
CRISPRitz offers a significant speedup over all the available tools.
Importantly, CRISPRitz is the only tool that allows a complete
enumeration of target and off-target sites when accounting simultan-
eously for mismatches, bulges and genetic variants.

3.2 CRISPRitz high-throughput and variant-aware enu-
meration of potential off-target sites on the functional

genome
In some cases, it may be necessary to identify potential off-target
sites for a large number of guides, such as for genome-wide CRISPR
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libraries. In addition, it is often important to evaluate for off-target
sites in multiple genomes, such as when performing experiments in
multiple cell lines and/or evaluating the effect of personalized
variants in individuals (Canver et al., 2018) given that these var-
iants can affect the number of on- and off-target sites or lead to
false positive/negative if not accounted for. Furthermore, once
off-target sites are identified, it is useful to inform potential risk in
the setting of off-target cleavage through genomic annotation,
such as off-target sites in coding sequence or off-targets in non-
coding sequence affecting function sequences (e.g. CTCF sites).
Therefore, CRISPRitz was designed to support genetic variants
as well as provide intuitive enrichment analysis using a set of gen-
omic annotations for a variety of functional regions, as discussed
in Section 2.3.

To showcase these features, we analyzed the GeCKO Library v2
(see Section 2.7) genome-wide library, using up to five mismatches
(and no bulges). For this analysis we constructed a single enriched
genome including 84.4 million genetic variants obtained from 2504
individuals across 26 populations from the 1000 Genome Project
Phase 3 (Consortium et al., 2015). CRISPRitz analysis of this
dataset with a variant-aware genome and also the reference hg19 gen-
ome resulted in a total time of ~3500 min (2.4 days), for both analy-
ses. Of note, differences were observed between the CRISPRitz
results when using the hg19 reference genome as compared with the
enriched genome with variants, which is consistent with previous
work (we obtain an average increase of ~50-60% in all the analyzed
genetic regions) (Lessard et al., 2017; Scott and Zhang, 2017). It is
worth noting, that although this analysis was performed using all the
variants present in at least one individual, with CRISPRitz a similar
analysis can be performed using variants from a single individual to
create a personalized, enriched genome. The results obtained from
this analysis were used as a template for comparison with subsequent
analysis of the guides targeting CCRS (see Fig. 6).

Next, we evaluated the guides targeting CCRS coding sequence,
which is a therapeutic target for patients with human immunodefi-
ciency virus (HIV) infection. Using the hg19 and the enriched gen-
ome described in the previous section derived from the 1000
Genomes Project database, we observed an increase of 18-24% in
putative off-target sites when accounting for SNPs (Fig. 6C), which
is consistent with previous works (Lessard et al., 2017; Scott and
Zhang, 2017). In addition the visualization of the functional annota-
tion of identified off-target sites can aid in the identification of spe-
cific and non-specific guides as shown in Figure 6A and B. We also
perform an analysis on the CCRS guides, including bulges in the
search, to show that also the inclusion of bulges is fundamental to
obtain an accurate analysis (see Supplementary Section S6 and
Supplementary Fig. S6). The bulges inclusion led to a dramatic in-
crease in the total number of possible off-target sites, from ~36 000

with four mismatches and no bulges to ~2.5 million with inclusion
of 1 DNA and 1 RNA bulge.

Multiple flavors of high-fidelity Cas9 (e.g. SpCas9-HF1/
eSpCas9/HypaCas9/evoCas9) are available that exhibit reduced off-
target activity while maintaining on-target editing efficiency (Casini
et al., 2018; Chen et al., 2017; Kleinstiver et al., 2016; Slaymaker
et al., 2016; Vakulskas et al., 2018). High-fidelity nucleases still
maintain probability of cleavage at putative off-target sites albeit a
lower probability as compared with standard reagents. Moreover,
use of a high-fidelity Cas9 does not preclude off-target analysis as
these nucleases can still mediate off-target cleavage, particularly if a
sgRNA is utilized with significant off-target potential. CRISPRitz
analysis may be able to aid nuclease selection prior to initiation of
wet-lab experiments as high-fidelity nucleases may be preferred for
sgRNAs with increased off-target potential.

In summary, we offer CRISPRitz as a rapid, high-throughput,
and variant-aware tool for off-target site identification for CRISPR
genome editing, which includes visualization capabilities to allow
for functional annotation of identified genomic sites in coding and/or
non-coding regions. A detailed documentation covering CRISPRitz
installation, usage and a walk-trough example is available as
Supplementary File S2 and online at GitHub (see code availability).
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