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Abstract

Recent advances in the era of genetic engineering have significantly improved our ability to
make precise changes in the genomes of human cells. Throughout the years, clinical trials
based on gene therapies have led to the cure of diseases such as X-linked severe combined
immunodeficiency (SCID-X1), adenosine deaminase deficiency (ADA-SCID) and Wiskott-
Aldrich syndrome. Despite the success gene therapy has had, there is still the risk of
genotoxicity due to the potential oncogenesis introduced by utilising viral vectors. Research
has focused on alternative strategies like genome editing without viral vectors as a means to
reduce genotoxicity introduced by the viral vectors. Although there is an extensive use of
RNA-guided genome editing via the clustered regularly interspaced short palindromic repeats
(CRISPR) and associated protein-9 (Cas9) technology for biomedical research, its genome-
wide target specificity and its genotoxic side-effects remain controversial. There have been
reports of on- and off-target effects created by CRISPR-Cas9 that can include small and large
indels and inversions, highlighting the potential risk of insertional mutagenesis. In the last few
years, a plethora of in silico, in vitro and in vivo genome-wide assays have been introduced
with the sole purpose of profiling these effects. Here we are going to discuss the genotoxic
obstacles in gene therapies and give an up-to-date overview of methodologies for quantifying
CRISPR-Cas9 effects.

Introduction

Vector-mediated genotoxicity is a recognised safety concern of viral vector-based gene
therapy [1]. Understanding the causative agents in viral vector genotoxicity will aid in
improving pre-clinical safety assessment of these vectors. Starting with viral vector-mediated
insertional mutagenesis (gain-of-function mutations, gene truncations, genomic
translocations etc), the vector design, integration site and insertion profile, become central
matters in viral vector-related genotoxicity. Efforts have been made to develop non-viral
vector delivery with less insertional mutagenesis risk [2-4]. There has been an increase in
investigating new technologies, such as clustered regularly interspaced short palindromic
repeats (CRISPR) and associated protein-9 (Cas9), as a more specific targeted genome editor.
Several research groups have devised a number of viral and non-viral vectors as appropriate
delivery systems, especially since CRISPR-Cas9 allows for broad compatibility due to the small
size of its two components.

Since the development of CRISPR-Cas9 system over a decade ago [5, 6] and its first use in
genomic engineering research [7-10], this technology has revolutionised the world of gene
editing. Nowadays, the CRISPR-Cas9 system has been applied to a number of different
projects in order to correct specific genomic sites that are related to disease. The technology
utilises short single guide RNA sequences (sgRNA) that bind to a specific target DNA sequence



in the genome and to the Cas9 enzyme which scans the genome for protospacer adjacent
motifs (PAMs). Upon recognition of complementary DNA sequence by the sgRNA and its
associated PAM, Cas9 proceeds with targeted cleavage of the DNA. The outcome of Cas9-
mediated DNA cleavage is a double-stranded break (DSB) within the target DNA (~3-4
nucleotides upstream of PAM). Although the DSB can be repaired through the error-prone
non-homologous end joining (NHEJ) pathway resulting in loss of function mutations,
researchers have been able to trigger an alternative repair pathway, homologous-directed
repair (HDR), which relies on the cell’s own repair mechanism to add, delete or change the
genetic material upon provision of exogenous customised DNA template. Although the
targeting specificity of Cas9 is thought to be tightly controlled by the gRNA and its adjacent
PAM, potential off-target cleavage activity could still occur [11-13]. These could be around
the cut site or in homologous regions around the genome which Cas9 could recognise.
Furthermore, optimising the composition of donor DNA which can be circular or linear
double-stranded DNA (dsDNA), or single-stranded oligodeoxynucleotide (ssODN) have shown
increased HDR efficiency [14] which can significantly reduce off-target indel generation [15-
17]. Validation of all major off-target events is crucial for clinical use. In this review we are
going to summarise the main quantification methodologies used to detect CRISPR-Cas9-
mediated off-target effects.

Tools for quantifying CRISPR-Cas9

The assays that have been introduced so far for quantifying off-targets in CRISPR-Cas9 edited
cells fall into three subcategories; in silico, in vitro and in vivo assays. There are advantages
and disadvantages in using any of these and deciding on one heavily relies on the sample
material and the research question.

In silico assays

Computational algorithms that detect potential off-target sites are based massively on the
sequence of the gRNA. The first web application described in literature is by Hsu and
colleagues [18] which can be used as guidance for the selection and validation of specific
target sequences as well as off-target analyses (http://www.genome-engineering.org/). They
generated a set of sgRNAs targeting multiple sites within two human genomic loci with
different trans-activating CRISPR RNA (tracrRNA) 3’ truncations. Based on criteria produced
by their experimental evidence, the group formulated a computational tool for selecting and
validating sgRNAs as well as predicting potential off-target loci. The authors argue in the end
that further in vivo investigation into the thermodynamics and stability of sgRNA-DNA
duplexes as well as exploration of spCas9 variants and orthologs will improve the prediction
power and specificity of their tool for off-targets. E-CRISP [19] is the next chronologically
available online software which provides gRNA sequence design tools and evaluates off-
target effects using alignment methodologies. Many such tools followed including but not
limited to Cas-OFFinder [20], COSMID [21], Breaking-Cas [22] (Table 1). Initially, there were
limitations with each of these tools in terms of number of mismatches allowed for finding off-
targets, but since their creation, they have each updated their versions with more relaxed
parameters allowing for greater amounts of off-target identification.
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The most exciting, maybe, in silico methodology described in literature today is an algorithm
that goes beyond predicting the off-target cleavage loci [23]. CRISTA (CRISPR Target
Assessment) not only predicts cleavage efficacies but also employs machine learning tools
providing a learning process in the patterns that underlie the mechanism of action of the
CRISPR-Cas9 system. Abadi S. and colleagues, have described the algorithm as a state-of-the-
art approach that considers a number of different features of the CRISPR-Cas9 system,
including RNA thermodynamics, sequence similarity and DNA or RNA bulges that would have
a pivotal role on CRISPR-Cas9 efficiency and selectivity [23]. Other such tools, utilising deep
learning techniques have also been described [24, 25]. By the use of deep convolutional
neural networks and deep feedforward neural networks, computational models were trained
and tested on any released off-target datasets in CRISPR-Cas9 gene editing. These
methodologies have been shown to outperform the current state-of-the-art prediction
methods on two different datasets, CRISPOR and GUIDE-seq [25].

A comparative summary table of these in silico techniques is shown in Table 1. However, in
silico predictions can be very broad and often biased, based on the parameters used,
therefore, a combinatorial approach employing additional in vitro and/or in vivo techniques
would be needed for evaluation purposes.

In vitro assays

When Cas9 and similar nucleases cut the genome, they create double-stranded breaks (DSBs).
Thisis the principle used by most of the in vitro assays in order to investigate off-target events.
They use Cas9 (or other nucleases) to cleave cell-free genomic DNA, sequence the material
and then computationally detect DSBs in the sequencing data. By doing so, these assays
become quite sensitive in identifying off-targets at a frequency as low as 0.1%. However, the
use of cell-free DNA renders them unable to predict off-targets that occur within the cells. A
summary of the in vitro techniques can be found in Table 2.

The first in vitro assay ever described, for quantifying off-target events, is Translocation-
Capture sequencing (TC-seq) [26] that has been shown to study chromosomal
rearrangements and translocations by infecting cells with a retrovirus expressing specific I-
Scel sites with or without activation-induced cytidine deaminase (AIDCA or AID) protein [27,
28]. Genomic DNA from these cells is then isolated and library prepped for sequencing. All
AID-dependent chromosomal rearrangements are identified while AID-independent
translocations are discarded. Although it is an efficient protocol for studying chromosomal
translocations within any given model or environment, PCR amplification errors and PCR
biases in GC-rich templates could still occur.

DiGenome-seq was first introduced in 2015 [29] where off-target mutations are identified in
cells with Cas9 digested genomes (digenomes). Digenome-seq relies on DNA cleavage rather
than binding, and is performed at the genomic level where DNA/RNA bulges are captured and
can detect off-targets at of a frequency as low as 0.01% in up to 10 gRNAs at once [30]. Its
main advantage is that the DSBs introduced by Cas9 will not be processed by the DNA repair
machinery, as opposed to Breaks Labelling, Enrichment on Streptavidin and next generation
Sequencing (BLESS) and GUIDE-seq (see in vivo assays), increasing the possibility of detecting
off-targets. Nonetheless, this technique could also lead to a lot of false positives due to not



being able to map properly sequence reads that are around naturally occurring indel sites. In
vivo cleavage confirmation would still be required, as would a high skilled bioinformatics
analysis [31]. Recently, the same research team that created DiGenome-seq investigated the
possibility of CRISPR-Cas9 on- and off- targets being affected by chromatin in eukaryotic cells
[32] with an optimised version of DiGenome-seq. Cas9 fusion with chromatin is found to
improve its activity by up to several fold [33]. Their work found that chromatin affects
genome-wide CRISPR specificity and they hence developed a new tool, DIG-seq, that uses
chromatin DNA rather than histone-free DNA in vitro.

Another biochemical method to identify off-target harbouring sites is SITE-seq [34, 35]. Using
this, extracted and purified genomic DNA is cleaved with Cas9 and Cas9 cleavage sites are
biochemically probed and enriched for next generation sequencing. Bioinformatics are then
used to identify off-target cleavage sites by selecting for targets with the highest possible
activity and specificity. The authors of SITE-seq state that the signature is similar to the one
observed with Digenome-seq [34].

The latest addition to the in vitro screens for genome-wide CRISPR-Cas9 nuclease off-targets
is CIRCLE-seq [36]. In contrast to previously published in vitro methods, CIRCLE-seq can be
performed using widely accessible next generation sequencing (NGS) technology and requires
no reference genome sequence. The protocol involves shearing and circularisation of the
purified genomic DNA and degradation of any residual linear DNA. Cas9 nuclease is then used
to linearize the circular DNA containing a Cas9 cleavage site, and the cleaved ends are
amplified and sequenced to detect off-targets [37]. By enriching for Cas9 nuclease-cleaved
genomic DNA before sequencing, CIRCLE-seq becomes more sensitive in locating off-target
events. Moreover, it removes the need for larger sample sizes and read depths that introduce
background noise rendering identification of low frequency cleavage events even harder as
in the case of Digenome-seq [36]. However, careful bioinformatics analysis needs to be
carried over due to the amplification bias during Cas9 nuclease-cleaved genomic DNA
enrichment.

In vivo assays

In the last 5 years there has been a flurry of development of different in vivo assays with the
earliest and most cited one being ChIP-seq [13, 38-40]. It uses chromatin
immunoprecipitation coupled with high-throughput sequencing to detect Cas9 binding sites
and chemical modifications of histone proteins genome-wide. The limiting requirements of
ChlIP-seqinclude : (1) high-complexity libraries (80% of 10 million or more reads to be mapped
to distinct genomic locations), (2) replicates of two per experiment should be carried out,
where either 80% or 40% of the identified targets in replicate one should be among the
targets of the replicate two and (3) large numbers of cells (~10 million) [41]. However, there
have been advances in the technology since ChIP-seq was first developed. For instance, the
Encyclopaedia of DNA Elements (ENCODE) Consortium suggests limiting the genomic regions
to be investigated to a few candidate regions, if possible, and then validating them using
biological experiments for ChIP-seq to be able to efficiently detect targets in low-complexity
libraries [42]. Since ChIP-seq was first used for identifying off-target events, other in vivo
assays have been established (Table 3).



BLESS is a genome-wide in vivo approach to map DSBs at nucleotide resolution by direct in
situ Breaks Labelling, Enrichment on Streptavidin and next generation Sequencing [43, 44].
The advantages of this methodology are that it can detect DSBs at a nucleotide resolution and
does not depend on proteins that bind to DSBs nor single-stranded DNA, minimising bias
(Table 3). The disadvantages are that the data have a high background, it only maps unjoined
ends and it is susceptible to artefacts associated with cell fixation [31, 45].

The same group that developed the in vitro assay CIRCLE-seq [36], had originally introduced
an in vivo assay, GUIDE-seq, that uses the integration of blunt-ended double-stranded
oligodeoxynucleotides (DSOs) into DSBs, genome-wide [45]. The DSO integration sites are
then mapped to the exact positions in the genome at nucleotide level using amplification
steps and sequencing [45]. Using this method, specific landscapes for the RNA-guided
nucleases can be generated globally in living human cells. Moreover, targeted sequencing
decreases the costs of sequencing tremendously when compared to other known protocols
for the investigation of off-targets. However, as shown in the CIRCLE-seq comparison
experiments [36], certain sites are undetectable by GUIDE-seq due to lower read counts. This
detection limit could compromise validation of off-targets sites in cells analysed by targeted
sequencing, as the lower limit of detection by NGS remains at 0.1% (Table 3). Instead, high-
depth targeted amplicon sequencing using genomic DNA from cell-based GUIDE-seq
experiments could address this concern [36].

As early as 2011, a research group developed an in vivo assay to study genome-wide
translocations that occur in haematopoietic malignancies [46]. The assay involved high
throughput, genome-wide translocation sequencing (HTGTS) in mammalian cells, particularly
identifying translocation events induced by Activation Induced-cytidine Deaminase (AID)-
dependent IgH class switching [46] and CRISPR-Cas9 [30]. It is proven to have a higher
efficiency when compared to whole genome sequencing (WGS) but tends to underestimate
the frequency of DSBs [31] and is limited by chromatin accessibility [47]. Moving forward, the
research team that first performed HTGTS using Cas9:sgRNA (Cas9:single guide RNA)
successfully, introduced a modified version of HTGTS that included a linear amplification
mediated PCR step (LAM-PCR) upgrading the technique [47]. The now called LAM-HTGTS,
uses “prey” DSBs that bind to “bait” DSBs (Table 3), and their junctions from the isolated
genomic DNA are detected in a robust and unbiased manner [31]. It is the only assay, thus
far, that can efficiently detect all recurrent DSBs that occur during a period of time in a
population of cells [31]. Although this is an exceptionally sensitive method for detecting large
genomic rearrangements, it relies on the presence of both a “prey” and a known “bait” DSB,
excluding its use on previously isolated genomic DNA without priori knowledge of a recurrent
DSB that can serve as a “bait”. Moreover, LAM-HTGTS only produces information about the
“prey” DSB that binds to a “bait” DSB and misses any data on the “prey” DSB that could persist
as a DSB. Finally, it may have a constrained outcome if input material is limited.

The latest development in the in vivo predictions for off-target sequences is the use of
integrase-defective lentiviral vectors (IDLVs) which was first introduced for the detection of
off-target cleavage sites of zinc finger nucleases (ZFNs) [48] but was further optimised for the
CRISPR-Cas9 system too [49]. IDLVs have been shown to detect off-targets to a frequency as
low as 1%, which is relatively insensitive in comparison to other techniques (DiGenome-seq,



CIRCLE-seq), but is also able to recognise a single nucleotide skipping mutation from sgRNA
or its genomic target efficiently [49] (Table 3).

Summary

e No one tool for identifying off-targets in CRISPR-Cas9 can be used in isolation and
hence a combinatorial approach of two or more techniques based on the research
hypothesis of each laboratory is advised.

e Technical limitations as a result of small sized amplicons will always arise that NGS
could overcome by maintaining high coverage and large read depth to allow for the
detection of very rare large indels, an apparent issue in many of the assays. Therefore,
choosing the most appropriate sequencing platform and careful analysis of the
sequencing data is essential too.

e Special care must be taken when discarding false-positive sequence reads that result
from amplification artifacts during PCR. In such cases, including a negative control
(with no nuclease expression) at each target site could prove to be beneficial [50].

e Optimising the delivery efficiency could also further reduce off-targets. Studies have
shown that a shorter Cas9 expression duration [51], the use of Cas9 nickases [52],
Cas9-Fokl chimeric proteins [53], proper modifications to residues of the Cas9 protein
[54, 55] could greatly increase specificity for genome editing.

e Most importantly, there have been reports on significant, unexpected on-target
mutations such as large deletions and complex mutations in mouse embryonic stem
cells, mouse hematopoietic progenitors and a human differentiated cell line [56]. This
on-target mutagenesis could potentially lead to pathogenicity if used in a clinical
setting. Thorough examination of the genome and comprehensive genomic analysis is
pivotal for the identification of normal genomes prior to patient administration.
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Table Legends

Table 1. A comparative summary for the in silico techniques described here.

Table 2. A descriptive summary for all in vitro techniques discussed here.

Table3. /n vivo off-target detection assays: a summary table.



