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tion of on-target and off-target mutations in terms of workflow, sensitivity, strengths and weaknesses.
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1. Introduction

The use of sequence-specific nucleases (SSNs) for genome editing
has become routine in many laboratories. Genome editing tools such
as zinc finger nucleases (ZFNs) (Kim, Cha, & Chandrasegaran, 1996),
transcription activator-like effector nucleases (TALENs) (Christian et
al., 2010) and especially themore recent clustered regularly interspaced
short palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9)
system (Jinek et al., 2012), have provided researchers with the ability
to create double-strand breaks (DSBs) at any desired position in the ge-
nome. In higher eukaryotes, DSBs are usually resolved by the endoge-
nous DNA repair mechanism of non-homologous end-joining (NHEJ)
which is intrinsically error-prone, typically resulting in small insertions
and/or deletions (indels) at the site of the break. If the indels cause a
frameshift mutation, they can knock out the function of the gene due
to the production of truncated polypeptides and/or nonsense-mediated
mRNAdecay (Perez et al., 2008; Ramlee, Yan, Cheung, Chuah, & Li, 2015;
Santiago et al., 2008; Sung et al., 2013).

The target sequence of the CRISPR/Cas9 system can be changed sim-
ply by altering the 20-nt sequence of the single guide RNA (gRNA), so
the generation and testing of multiple targeting constructs has become
straightforward. However, once the components of the system have
been introduced into the host organism, the next major challenge is to
confirm and characterize the resulting mutations. In the relatively sim-
ple case of targeting a single diploid cell, there are four potential out-
comes: no mutation, a heterozygous mutation (only one allele is
mutated), a biallelic mutation (both alleles are mutated but the se-
quence of each allele is distinct) or a homozygousmutation (both alleles
carry the samemutation). The latter can also occur if one allele is used as
a template to repair the break in the other allele. More complex out-
comes are possible in polyploid host species, when the mutated organ-
ism is a chimera, or when pools of samples are screened. Off-target
mutations can further complicate the analysis, but specific methods
Table 1
Overview of methods for the detection of on-target mutations induced by SSNs.

Methods Type of
mutations
preferentially
detected

Reported
sensitivity

Determination
of mutation
type?

Costa Throu

Mismatch cleavage
assay

Small indels 0.5–3% No $ Mode

HRMA Small indels 2% If insertion or
deletion

$ (+
equipment)

High

Heteroduplex
mobility assay
by PAGE

Small indels 0.5% No $ Mode

CAPS All No $ Mode
Loss of primer
binding site

Indels 10% Yes $ High

Sanger sequencing All 1–2% Yes $$/$$$b Low

NGS All 0.01% If insertion or
deletion

$$$$ High

AFLP Large indels, also
Mb

If insertion or
deletion

$ Mode

Fluorescent
PCR-capillary gel
electrophoresis

Small indels 1% Number of bp $$ High

a Estimated cost per assay. $: b1 US$; $$: b5 US$, $$$: N100 US$; $$$$: N500 US$.
b Sequencing of bulk/cloned PCR products.
have been developed to identify such events as discussed later in this ar-
ticle. All methods for the analysis of on-target and off-target mutations
have pros and cons and the ideal method in any situation depends on
a number of factors, including the type of sample, the anticipated size
and frequency of the mutations, and the cost of the method.

2. Detection of on-target mutations

The most widely used methods for the detection of targeted muta-
tions are summarized in Table 1. These are all based on the polymerase
chain reaction (PCR) and therefore tend to underestimate the frequency
of on-target activity because large deletions that extend beyond the
boundaries of the PCR amplicon are not detected, and large insertions
are amplified less efficiently than small mutations (if at all) and are
therefore less likely to be identified. This tends not to be a critical
issue when a single gRNA is used because small indels are much more
common than large deletions or insertions, but larger indels arise at
higher frequency when two gRNAs are designed to target sites on the
same chromosome. In the case of mutants present at a very low fre-
quency in an otherwise wild-type background (such as chimeras or
pooled clones), the PCR step is often biased towards themore abundant
template, and the small number of mutated sequences may not be de-
tected. One way to reduce this problem is to pre-digest the genomic
DNA with a restriction enzyme recognizing the wild-type sequence,
thus eliminating the wild-type template before the amplification step,
although this depends on the availability of restriction sites overlapping
the nuclease target sequence. An alternative is “co-amplification at
lower denaturation temperature” (ice-COLD-PCR), which improves
the detection of rare mutant sequences in chimeric clones because it
does not favor the amplification of the proportionally dominant wild-
type sequence (Milbury, Li, & Makrigiorgos, 2011). Of course, if the mu-
tated sequences are intentionally enriched, the results cannot be con-
sidered quantitative. Regardless of the detection method, it is always
ghput Limitations References

rate T7E1 can overlook single
nucleotide changes; Surveyor less
sensitive than T7E1

Kim et al., 2013; Qiu et al., 2004; Ran et
al., 2013; Vouillot, Thélie, & Pollet, 2015;
Zhu et al., 2014

Misses large indels Dahlem et al., 2012; Wang et al., 2015

rate Misses large indels Zhu et al., 2014

rate Availability of restriction site Ran et al., 2013
Misses substitutions Yu, Zhang, Yao, & Wei, 2014

Costly, labor intensive Brinkman, Chen, Amendola, & van
Steensel, 2014; Liu et al., 2015

Misses large indels Güell, Yang, & Church, 2014

rate Misses small indels Bauer, Canver, & Orkin, 2015

Misses substitutions Ramlee et al., 2015; Yang et al., 2015
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necessary to sequence the target region to confirm and ultimately de-
termine the outcome of genome editing.

2.1. Mismatch detection assays

Assays that detect mismatches typically consist of three steps: (1)
amplification of the target site and its flanking region by PCR; (2) dena-
turing and reannealing the DNA to allow the mutant and wild-type
strands to form heteroduplex DNA; and (3) detection of the heterodu-
plex using a method that is selective for the difference in structure or
melting temperature (Fig. 1).

The general advantage of mismatch detection assays is that they are
simple, rapid and cost-effective. They can be used to genotype single
clones or analyze pooled samples and populations. Although they detect
mutations, they do not reveal any details of themutation structure. Fur-
thermore, if the targeted locus is highly polymorphic then the results
can be difficult to interpret because different wild-type alleles can also
form heteroduplex DNA (Kim, Kim, Kim, & Kim, 2014a). Mismatch de-
tection is often used in a semi-quantitative manner, e.g. to compare
the efficiency of several gRNAs, to evaluate experimental conditions
that affect genome editing, or as a preliminary screening approach to
identify lines for further analysis using more accurate sequencing-
based methods.

2.1.1. The mismatch cleavage assay
The mismatch cleavage assay is a simple and cost-effective method

for the detection of indels and is therefore the most widely used proce-
dure to detectmutations induced by genome editing. The assay uses en-
zymes that cleave heteroduplex DNA at mismatches and extrahelical
loops formed by multiple nucleotides, yielding two or more smaller
fragments. A PCR product of ~300–1000 bp is generated with the pre-
dicted nuclease cleavage site off-center so that the resulting fragments
are dissimilar in size and can easily be resolved by conventional gel elec-
trophoresis or high-performance liquid chromatography (HPLC). End-
labeled digestion products can also be analyzed by automated gel or
capillary electrophoresis (Qiu et al., 2004). The frequency of indels at
the locus can be estimated by measuring the integrated intensities of
the PCR amplicon and cleaved DNA bands (Ran et al., 2013). The diges-
tion step takes 15–60 min, and when the DNA preparation and PCR
steps are added the entire assays can be completed in b3 h.

Two alternative enzymes are recommended for this assay. T7 endo-
nuclease 1 (T7E1) is a resolvase that recognizes and cleaves imperfectly
matched DNA at the first, second or third phosphodiester bond up-
stream of the mismatch. The sensitivity of a T7E1-based assay is 0.5–
5% (Kim et al., 2013; Zhu et al., 2014). In contrast, Surveyor™ nuclease
(Transgenomic Inc., Omaha, NE, USA) is a member of the CEL family of
Fig. 1.Mismatch-based assays for the detection of on-target mutations. The first steps of the w
target sequence, denaturation of the dsDNA and reannealing to form homoduplexes and hetero
and digestion of DNA bulges in heteroduplexes, and the digested fragments can be detected
heteroduplexes are exploited and measured using a fluorescence-based readout. Homodup
modified from (Zhu et al., 2014) (Creative Commons License).
mismatch-specific nucleases derived from celery. It recognizes and
cleaves mismatches due to the presence of single nucleotide polymor-
phisms (SNPs) or small indels, cleaving both DNA strands downstream
of the mismatch. It can detect indels of up to 12 nt and is sensitive to
mutations present at frequencies as low as ~3%, i.e. 1 in 32 copies (Qiu
et al., 2004).

T7E1 outperforms Surveyor nuclease in terms of sensitivity when
the substrates carry indels, but completely ignores SNPs and also
tends tomiss small indels. Surveyor nuclease is less sensitive but is bet-
ter suited for the detection of SNPs and small indels (Vouillot et al.,
2015). Therefore the choice depends on which types of mutations are
anticipated or need to be detected. The Surveyor™ kit is more expen-
sive, but it is also more robust and comes with a standardized protocol,
whereas T7E1 is sensitive to the reaction conditions (e.g. incubation
time, temperature, DNA/enzyme ratio, salt concentration) and the
assay may therefore require optimization. The mismatch cleavage
assay usually underestimates themutation frequency due to the prefer-
ential cleavage properties of each enzyme.

There are two further caveats associated with the mismatch cleav-
age assay: (1) homozygous mutations can only be detected by adding
wild-typeDNA to the PCR step in order to allow the formation of hetero-
duplexes; and (2) if the mutation frequency is high enough the mutant
sequences form homoduplexes that cannot be detected, so the number
of mutations will be under-reported (Kim et al., 2011).

2.1.2. High-resolution melting analysis
High-resolutionmelting analysis (HRMA) involves the amplification

of a DNA sequence spanning the genomic target (90–200 bp) by real-
time PCR with the incorporation of a fluorescent dye, followed by melt
curve analysis of the amplicons (Dahlem et al., 2012; Wang et al.,
2015). HRMA is based on the loss of fluorescence when intercalating
dyes are released from double-stranded DNA during thermal denatur-
ation. It records the temperature-dependent denaturation profile of
amplicons and detects whether the melting process involves one or
more molecular species.

Unlike the melt curves analyzed in typical quantitative PCR (qPCR)
experiments, the data are typically collected over narrower tempera-
ture increments of 0.2 °C, followed by signal normalization and analysis.
Melting temperature shifts and the shape of themelting curves can both
provide useful information: homozygous allelic variants may cause a
temperature shift in the melt curve compared to the wild-type
homoduplex, whereas heteroduplexes representing heterozygous mu-
tations change the shape of the melt curve due to the presence of mis-
matches (Taylor et al., 2010). Unlike the mismatch cleavage assay,
HRMA can therefore distinguish among different mutant alleles and
can also distinguish homozygous wild-type and homozygous mutant
orkflow are identical for the three mismatch-based assays and rely on amplification of the
duplexes. Mismatch cleavage with T7 or Surveyor endonuclease relies on the recognition
in an agarose gel. For HRMA, the different melting temperatures of homoduplexes and
lexes and heteroduplexes differ in their mobility and can be separated by PAGE. Figure

Image of Fig. 1
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sequences due to the shift inmelting temperatures caused by the differ-
ent nucleotide composition (Thomas, Percival, Yoder, & Parant, 2014).

HRMA can detect mutations at any target site. However, when
selecting a gRNA it is important to consider the suitability of the primers
flanking the target site, which should be tested in advance and the PCR
conditions optimized to ensure that the predicted amplicon gives a
smooth melt curve with only one melt peak (Talbot & Amacher,
2014). The shorter the amplicon, the greater the difference in melting
temperature caused by amutation and therefore the greater the resolu-
tion. But if the amplicon is too small it becomes impossible to detect
larger indels. The ideal amplicon size to maximize the resolution of
HRM is ~100 bp, although a 50-bp amplicon is best for discriminating
among sequences that differ at only one nucleotide position (Thomas
et al., 2014).

HRMA is a simple and highly sensitive method that is also compati-
ble with a high-throughput screening format (96-well microtiter
plates) so direct sample handling following the PCR step is unnecessary.
The entire procedure from the preparation of genomic DNA to the iden-
tification of mutations takes b2 h. Because HRMA is nondestructive, the
amplicons can be analyzed further by othermethods such as gel electro-
phoresis and sequencing. Its sensitivity depends on the amplicon size
and the type of mutation. For indels larger than 4 bp, the estimated de-
tection limit in a ~ 100-bp amplicon is at least 2%, i.e. onemutant among
50 wild-type genomes (Dahlem et al., 2012).

One limitation of HRMA is that the target fragments are relatively
short so larger indels cannot be detected. The setup costs are also
high, although this can be mitigated by pairing an existing qPCR ma-
chine with online HRMA software (e.g. https://dna.utah.edu/uv/
uanalyze.html). Once the equipment is in place the cost per analysis is
low (Talbot & Amacher, 2014).

2.1.3. Heteroduplex mobility assay
Mutations can also be detected by analyzing re-hybridized PCR frag-

ments directly by native polyacrylamide gel electrophoresis (PAGE).
This method takes advantage of the differential migration of heterodu-
plex and homoduplex DNA in polyacrylamide gels. The angle between
matched and mismatched DNA strands caused by an indel means that
heteroduplex DNA migrates at a significantly slower rate than
homoduplex DNA under native conditions, and they can easily be dis-
tinguished based on their mobility. Fragments of 140–170 bp can be
separated in a 15% polyacrylamide gel. The sensitivity of such assays
can approach 0.5% under optimal conditions, which is similar to T7E1
(Zhu et al., 2014). After reannealing the PCR products, the electrophore-
sis component of the assay takes ~2 h.

The advantage of this one-step method is that it does not involve
time-consuming enzyme reactions and eliminates the false negative re-
sults caused by the incomplete digestion of mismatched DNA frag-
ments. However, only small amplicons can be resolved so the assay
can only detect SNPs and small indels, and the sensitivity of PAGE across
the spectrum of indels is unclear (Shui, Hernandez Matias, Guo, & Peng,
2016). A variation of the DNAmobility assay uses slower-migrating sin-
gle-stranded DNA to detectmobility differences betweenwild-type and
mutated DNA strands differing by as little as 1 nt (Zheng et al., 2016).

2.2. Analysis of cleaved amplified polymorphic sequences

The position of mutations induced by SSNs is generally predictable
because ZFNs and TALENs induce genomic DSBs in the spacer region be-
tween their DNA recognition sites, and Cas9 induces DSBs 3 bp up-
stream of the protospacer adjacent motif (PAM). If it is possible to
design an experiment in such a way that the nuclease cuts within a re-
striction enzyme recognition site or b5 bp away from it, the combina-
tion of PCR and restriction enzymes is a straightforward and cost-
effective method for the detection of indels, which appear as cleaved
amplified polymorphic sequences (CAPS). This approach involves the
amplification of a target site and ~300–1000 bp of flanking material so
that the cleavage site is offset from the center of the amplicon. Digestion
with the appropriate restriction enzyme is then followed by analysis of
the fragment sizes by gel electrophoresis. The entire process from geno-
mic DNA preparation to mutant detection takes a few hours. Like the
mismatch cleavage assay, digestion products can be analyzed by con-
ventional 2% agarose gel electrophoresis or HPLC, or end-labeled diges-
tion products can be analyzed by automated gel or capillary
electrophoresis (Qiu et al., 2004). By measuring the integrated intensi-
ties of the PCR amplicon and cleavedDNA bands, the frequency of indels
can be estimated (Ran et al., 2013).

CAPS analysis is one of the most widely used mutation detection
methods together with the T7E1 and Surveyor assay. In contrast to
other widely-usedmismatch-detection assays, CAPS analysis can detect
homozygous mutants and, provided that the nuclease target sequence
itself is not polymorphic, is not affected by sequence polymorphisms
near the nuclease target sites. It can detect all kinds of mutations
(SNPs, and both small and large indels) as long as they disrupt the re-
striction site, and is therefore highly sensitive and convenient. Never-
theless, CAPS analysis is limited by the availability of restriction sites
covering the mismatch. Recently, an interesting application of CRISPR/
Cas9 was proposed in which the system is used in vitro just like a con-
ventional restriction enzyme to overcome this limitation because it
can target any genomic sequence as long as a PAM is present (Kim et
al., 2014a).

2.3. Loss of a primer binding site

When genomic DNA is amplified with two pairs of primers, one
spanning the target region but annealing outside it, and another that in-
cludes a primer overlapping the putative indel site, mutations at the tar-
get site will prevent the latter primer annealing and only the larger
amplicon spanning the entire target site will be produced (Yu et al.,
2014). If a qPCR approach is used, the mutation frequency can be esti-
mated, and the larger amplicon spanning the entire target site can be se-
quenced to characterize the mutations. The PCR products are resolved
by electrophoresis so the method is rapid and inexpensive, and – as
long as the sequence pairing with the 5′ end of the primer is conserved
– natural polymorphisms in the genome should not interfere with the
results. The main limitation is that point mutations can be overlooked
because primers can anneal to mismatched templates, and extension
remains possible as long as the terminal nucleotide is paired correctly.
This method also has a sensitivity of only ~10% so it is not suitable if
the SSN has a low targeting efficiency (Yu et al., 2014).

2.4. Sequencing

Mutations induced by SSNs can be characterized in detail by se-
quencing amplicons that span the entire target site. Suitable approaches
include the Sanger sequencing of individual cloned fragments or the
bulk amplicon mixture, and next generation sequencing (NGS). The
great advantage of sequencing-based detection methods is the direct
and detailed information about the nature and diversity of mutations.
The gold standard for the identification of induced mutations at on-tar-
get sites is the cloning of amplicons from independent targeting events
at each site followed by Sanger sequencing of the cloned PCR products
(50–100 events, depending on the efficiency of the SSN). This reveals
both the frequency and type of mutations at the target locus, but it is la-
borious, time-consuming and expensive when many samples are proc-
essed. An alternative is to sequence the PCR products directly. Unless
themutation is homozygous, direct Sanger sequencing generatesmulti-
ple traces with overlapping peaks. In the case of diploid organisms with
heterozygous or biallelic mutations, two overlapping traces are obtain-
ed starting at the mutation site. In polyploid organisms or when se-
quencing pooled clones, even more traces can be found in a single
chromatogram. The automatic decoding of superimposed chromato-
grams derived from PCR amplicons containing various types of

https://dna.utah.edu/uv/uanalyze.html
https://dna.utah.edu/uv/uanalyze.html
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mutations can then be achieved using ad hoc bioinformatics tools such
as DSDecode (http://dsdecode.scgene.com/) and TIDE (http://tide.nki.
nl). DSDecode can genotype various types of biallelic and heterozygous
mutations in diploid organisms (Liu et al., 2015) whereas themore ver-
satile TIDE can also identify indels by decomposition of the quantitative
sequence trace data originating from pooled samples, accurately quan-
tifying the editing efficiency and simultaneously determining the pre-
dominant type of indels in the sample (Brinkman et al., 2014). If
necessary, the decoded sequences can then be verified by cloning the
PCR products and sequencing a few clones representing each sample.
The reliability of TIDE depends on the purity of the PCR products and
the quality of the sequence reads. Highly repetitive sequences around
the target site can hamper the decomposition process. TIDE can detect
indels with a sensitivity of ∼1–2% across various target regions in a
pool of cells (Brinkman et al., 2014). This entire workflow takes up to
2 days from genomic DNA extraction to the sequencing of the target
locus, but the hands-on time is limited to preparing the PCR step.

Bulk PCR products can also be sequenced using a NGS approach
followed by software analysis, e.g. CRISPR-GA (Güell et al., 2014). This
method is highly informative and powerful because it can detect muta-
tion frequencies reliably with a sensitivity of 0.01% (Hendel, Fine, Bao, &
Porteus, 2015). It is especially usefulwhen large numbers of samples are
multiplexed and, although quite expensive, it is commonly used to as-
sess indel formation. NGS produces relatively short reads (~300–
700 bp, depending on the platform) and therefore cannot detect larger
indels. This issue has been addressed with a newmethod known as sin-
gle molecule real-time (SMRT) DNA sequencing, which provides aver-
age read lengths of 8.5 kb (Hendel et al., 2014). Although the
sensitivity of SMRT sequencing is lower than that of other sequencing
platforms, this is currently the only NGS method that can identify
large indels.

2.5. Amplified fragment length polymorphisms

When large deletions are anticipated, e.g. when targeting a gene
with multiple gRNAs separated by a few hundred base pairs, a simple
PCR followed by product resolution on a standard agarose gel to detect
the different sizes of amplicons provides a rapid and cost-effective solu-
tion. Such differences are known as amplified fragment length polymor-
phisms (AFLPs). If nested primer pairs are used, this method can also
detect very large chromosome deletions of several million base pairs
(Bauer et al., 2015). In the latter case, the presence/absence of an ampli-
fication product rather than differences in product sizes would confirm
whether or not a deletion had occurred in the target genome. However,
the resolution of conventional AFLPs with agarose gel electrophoresis is
limited, and more sophisticated techniques are necessary to detect size
differences with the resolution of few base pairs.

2.6. Fluorescent PCR capillary gel electrophoresis

Indels caused by SSNs can also be characterized by fluorescent PCR
coupled with capillary gel electrophoresis. The genomic region contain-
ing the anticipated indel site is amplified by PCR using fluorophore-la-
beled primers. The resulting labeled amplicons (b500 bp) are then
resolved by capillary gel electrophoresis and anymutations are revealed
by the differences in mobility compared to the wild-type amplicon
(Ramlee et al., 2015; Yang et al., 2015). This technique has single-nucle-
otide resolution and can thus identify frameshift mutations, and has the
sensitivity to detect mutations with a frequency of ~1% (Yang et al.,
2015). It also facilitates the multiplexed genotyping of different events
in a single sample, whichmakes it suitable for high-throughput screen-
ing. Sanger sequencing is currently the most widely used genotyping
method, but fluorescent capillary electrophoresis is less expensive and
more readily scalable (Ramlee et al., 2015). However, it does not reveal
which nucleotides have been inserted or deleted and it is not able to de-
tect SNPs, which can generate missense or nonsense mutations. The
limited size of the amplicons that can be analyzed also prevents the de-
tection of larger indels. Therefore, conventional PCR followedby agarose
gel electrophoresis should be combined with fluorescent PCR capillary
gel electrophoresis to analyze samples in which both large indels (e.g.
deletions betweenmultiple gRNAs) and small indels (mutations at indi-
vidual gRNA targets) are expected. Furthermore, this technique does
not report large indels accurately, because it tends to overestimate mu-
tations longer than 30 base pairs (Ramlee et al., 2015). The equipment
and analytical software required are rather expensive, but analysis can
be outsourced to companies that provide standard sequencing services.

3. Prevention, detection and quantification of off-target mutations
caused by SSNs

In some cases it is absolutely necessary that no off-target mutations
are induced in the genome, but the detection of off-target mutations is
more challenging than the detection of on-target mutations because
the number and position of off-target mutations is unknown. Even so,
the likelihood of an off-target mutation at a given site can be predicted
to some extent, and as for many other scientific endeavors, the saying
“An ounce of prevention is worth a pound of cure” is a good maxim to
followwhendesigning experimentswith SSNs. The CRISPR/Cas9 system
is more prone to off-target effects than ZFNs and TALENs because Cas9
works as a monomer in contrast to the dimeric ZFN and TALEN assem-
blies, and thus recognizes a shorter target sequence. Furthermore, the
gRNA can tolerate a certain number of mismatches. The first reports of
significant Cas9-induced off-target effects were reported in human can-
cer cell lines (Cradick, Fine, Antico, & Bao, 2013; Fu et al., 2013a; Fu,
Reyon, & Keith, 2013b), although the frequency was unusually high be-
cause DNA repair pathways do not function correctly in tumor cells. Ef-
forts to increase the accuracy of targeting stepped up when the crystal
structure of Cas9 was solved, revealing that the apoenzyme is inactive
and only gains endonuclease activity when the gRNA binds, resulting
in a conformational change (Anders, Niewoehner, Duerst, & Jinek,
2014; Jinek et al., 2014; Nishimasu et al., 2014). This showed that the
gRNA determines the likelihood of off-target activity and three major
off-target categories were identified. Generally, off-target sites are sim-
ilar in sequence to the desired target sites but theymay feature: (i) up to
sevenmismatches (Tsai et al., 2015); (ii) small indels that cause DNA or
RNA bulges (Lin et al., 2014); or (iii) a different PAM, e.g. NAG often acts
as a PAM in addition to NGG, although the interaction with Cas9 is
weaker (Hsu et al., 2013; Jiang, Bikard, Cox, Zhang, & Marraffini,
2013). The potential for off-target effects should be kept in mind
when designing the gRNA, but their overall impact should be consid-
ered in a wider context because the frequency of off-target mutations
is much lower than on-target mutations when the DNA repair machin-
ery is intact (Hruscha et al., 2013; Veres et al., 2014; Yang et al., 2013).
The extent of off-target activity is highly dependent on the gRNA, and
the number of off-targets varies from 0 to N150 (Frock et al., 2015;
Kim, Kim, Kim, Park, & Kim, 2016; Tsai et al., 2015). Thesefindings dem-
onstrate that the CRISPR/Cas9 system can be highly specific, but robust
methods are needed to experimentally evaluate candidate gRNAs. The
purpose of this article is to provide a comprehensive overview of the
available detection/characterization techniques for both on-target and
off-target mutations, without going into details about the mechanisms
underlying off-targetmutations. We refer readers interested in learning
how to predict andmitigate off-target effects to some excellent reviews
covering that topic (Tsai & Joung, 2016; Tycko, Myer, & Hsu, 2016; Yee,
2016). The ever-growing body of knowledge should eventually make it
possible to design accurate gRNAs lacking off-target activity, but until
then the methods presented in this section will remain relevant.

3.1. Upstream measures to reduce the likelihood of off-target mutations

For the CRISPR/Cas9 system, the careful selection of gRNAs and an
appropriate nuclease variant can substantially reduce the risk of off-
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target mutations. Numerous bioinformatics tools have been developed
to identify optimal gRNAs, and several groups have published strategies
that help to reduce the off-target activity of the CRISPR/Cas9 system.

One of the simplest measures is the use of a truncated gRNA, which
is 17–18 rather than 20nt in length (Fu et al., 2013b). Although shorten-
ing the specificity-determining region of the gRNA to improve specific-
ity may sound counterintuitive, this approach makes sense when the
binding energy between RNA and DNA is considered. The truncated
gRNAs work because the binding energy is reduced to an extent that
is just sufficient to bind a perfect target, but not targets containing mis-
matches (Fu et al., 2013b).

Whatever the length of the selected gRNA, it is always advisable to
use one of the many available bioinformatics tools to identify potential
off-target sites in the genome. These tools exploit the greatest advan-
tage of the CRISPR/Cas9 system, i.e. that target recognition is dependent
on the Watson-Crick pairing between the gRNA and target DNA.
CRISPR/Cas9 off-target sites are therefore much easier to predict com-
pared to ZFNs and TALENs, where specificity is based on protein-DNA
binding. Many different online and offline tools are now available and
it is beyond the scope of this article to discuss them, so the reader is re-
ferred to Cameron MacPherson's CRISPR Software Matchmaker post on
Addgene for further information (http://goo.gl/8Yse8H).

The method used to deliver the cas9 and gRNA genes can also affect
the frequency of off-targetmutations: lower off-target activity has been
observed following the transient expression of Cas9 and gRNA (by
mRNA delivery) or when using Cas9 protein and gRNA produced in
vitro in comparison to Cas9 expression from a plasmid (Kim, Kim, Cho,
Kim, & Kim, 2014b; Liang et al., 2015). If cells are transfected with
Cas9 protein and gRNA, the amount of each component can be titrated
to find the optimal conditions for efficient on-target activity and low
off-target activity (Hsu et al., 2013). The ribonucleoprotein consisting
of Cas9 and the gRNA is subject to the same endogenous degradation
processes as host cell molecules, and thus has a limited window of op-
portunity to introduce DSBs in the genome (Kim et al., 2014b).

3.1.1. Engineered nucleases with reduced off-target activity
Inspired by the dimeric nature of TALENs and ZFNs, two different

strategies have been used to reduce the off-target activity of Cas9 N

50-fold by ensuring that the enzyme introduces two cuts instead of
one. In one approach, two closely-spaced gRNAs are combined with a
Cas9 nickase mutant to introduce staggered double-strand breaks by
nicking the DNA in two positions (Ran et al., 2013). In the other ap-
proach, two groups have independently developed fusions comprising
the endonuclease domain of FokI and a catalytically dead Cas9 that re-
mains able to recognize the PAM (Guilinger, Thompson, & Liu, 2014;
Tsai et al., 2014). The endonuclease domain of FokI (also used in the
ZFN and TALEN systems) acts as a dimer and is not sequence specific.
Therefore, two Cas9-FokI monomers must bind to neighboring target
sites simultaneously to induce the DSB. More recently, engineered ver-
sions of Cas9 have been developed with different PAM specificities
(Kleinstiver et al., 2015), aswell an enhanced specificity Cas9 (eSpCas9)
(Slaymaker et al., 2016) and the high-fidelity variant SpCas9-HF1
(Kleinstiver et al., 2016). Both eSpCas9 and SpCas9-HF1were generated
by mutating different sets of amino acid residues involved in non-spe-
cific DNA contacts, thus reducing the binding energy and making the
Cas9/gRNA complex less tolerant of mismatches. It is possible that a
combination of these mutations may further improve the specificity of
Cas9.

3.2. Off-target detection using biased and unbiased screening methods

Even if careful measures are taken to reduce the probability of off-
target activity, it is still necessary to screen the genome for unintended
changes after the confirmation of on-target mutations. All the methods
listed above for the detection of on-targetmutations can also beused for
the analysis of off-target sites provided the sites are known. However,
othermethods have beendeveloped specifically to detect off-targetmu-
tations, most of which rely on some form of sequencing to detect muta-
tions either in pre-selected regions or on a genome-wide scale (Table 2).

These methods can be described as biased or unbiased, the former
referring to methods that confirm off-target mutations at predicted
sites and the latter referring to methods that identify off-target muta-
tions anywhere in the genome.

3.2.1. Amplification and sequencing of pre-selected off-target sites
The easiest detectionmethod is the amplification of pre-selected po-

tential off-target sites, followed by the sequencing of the PCR products
using Sanger or NGS procedures. Many of the CRISPR/Cas9 design
tools include information about potential off-target sites in the genome
of interest, but it is important to keep in mind that not every algorithm
searches for every kind of off-target (e.g. DNA or RNA bulges). Impor-
tantly, the predictions are not always correct because the CRISP/Cas9
system is not completely understood, so some predicted off-target
sitesmay be ignored by the enzymewhile DSBsmay be introduced else-
where (Anderson et al., 2015; Sander & Joung, 2014). However, this
simple method is available to most molecular biology laboratories,
whereas the more sophisticated unbiased detection methods require
special equipment and knowhow. The choice of sequencingmethod de-
pends on the number of off-target sites and the nature of the sample
(genomic DNA from a cell pool or individual clones). The larger the
number of sites and samples, the more likely that Sanger sequencing
will become too expensive and difficult to manage, and NGS then be-
comesmore attractive because of the ability to process many amplicons
in parallel. The greatest drawback of screening pre-selected sites is its
biased nature and thus the inherent risk of overlooking mutations at
other loci.

3.2.2. Whole exome sequencing
Whole exome sequencing was originally developed as a compro-

mise between targeted sequencing and the expense of whole genome
sequencing to study variants in human genes. The targeted sequencing
of all protein-coding regions in the genome allows the identification of
relevant variants in the exome but costs only a fraction of whole ge-
nome sequencing (Ng et al., 2009). The presence of on-target and off-
target mutations in the exome can be detected using this method, as
demonstrated for a set of modified human K326 cell lines (although
no off-target mutations were observed) (Cho et al., 2014). Depending
on the organism, only a small percentage of the genome needs to be
covered in this approach, but mutations in regulatory or non-coding re-
gions such as introns are not detected. Exome sequencing is thus limited
by its high false-negative rate and many off-target mutations may be
overlooked (Cho et al., 2014; Karakoc et al., 2012).

3.2.3. Whole genome sequencing
The unbiased detection of off-target mutations requires whole-ge-

nome sequencing but this is expensive and can only be applied to a rel-
atively small number of clones. This approach has been used to screen
for off-target mutations induced by TALENs or CRISPR/Cas9 in a range
of organisms, including human inducible pluripotent stem cells (Smith
et al., 2014; Veres et al., 2014; Yang et al., 2014), mice (Iyer et al.,
2015), nematodes (Paix et al., 2014), the malaria parasite Plasmodium
falciparum (Ghorbal et al., 2014) and several species of plants (Feng et
al., 2014; Zhang et al., 2014). By sequencing thewhole genome, it is pos-
sible to identify not only small indels and SNPs but also structural vari-
ants such as inversions, rearrangements, duplications and major
deletions (Veres et al., 2014). The restriction of whole genome sequenc-
ing to a small number of clones means that most low-frequency off-tar-
get events are missed (Wu, Kriz, & Sharp, 2014).

3.2.4. BLESS
Off-targetmutations occur when a nuclease-induced DSB is repaired

by error-proneNHEJ. Themost directway to detect and quantify the off-
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Table 2
Overview of methods for the detection of off-target mutations caused by SSNs.

Method Description Advantages Disadvantages

Targeted
sequencing

Amplification and Sanger or next-generation
sequencing of pre-selected off-target sites

Easy, fast and widely available Biased, no detection of unexpected mutation
sites, gets more expensive and time-consuming
when many sites are screened

Exome
sequencing

Exome capture and targeted sequencing of all
protein-coding regions in a genome

Unbiased detection of mutations in coding regions,
less expensive than whole-genome sequencing

No detection of mutations in non-coding
regions, reference genome required

Whole
genome
sequencing

Next-generation sequencing of library prepared
from genomic DNA

Unbiased, comprehensive analysis, detects SNPs,
indels and structural variants

Expensive, reference genome required

BLESS Direct in situ labeling of breaks in fixed cells, and
next-generation sequencing of enriched and
amplified fragments

Unbiased, genome-wide direct labeling of DSBs Only detection of DSBs present at the time of
labeling, reference genome required

GUIDE-seq Integration of dsODNs into DSBs by NHEJ,
amplification and next-generation sequencing

Unbiased, sensitive (0.03% reported) The dsODNs integrate only in ~30–50% of DSBs,
only detection of DSBs present at the time of
analysis, reference genome required

HTGTS Induction of “bait” DSB that can capture DNA ends
from other DSBs, amplification of the translocated
sequence and next-generation sequencing

Unbiased, detection of large chromosomal
rearrangements

Relies on concurrence of DSBs, reference
genome required

Digenome-seq In vitro digestion of genomic DNA with Cas9 and
gRNA(s) of interest, fragmentation and whole
genome next-generation sequencing

Unbiased, sensitive (0.1% reported), multiplexing
possible, does not capture random DSBs, no repair of
DSBs by cell machinery, no amplification step

Expensive when testing one gRNA, sequencing
depth can be challenging when testing several
gRNAs, reference genome required
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target activity of a given nuclease is to track these breaks in the genome.
This led to the development of BLESS (direct in situ breaks labeling, en-
richment on streptavidin, and next-generation sequencing) (Crosetto et
al., 2013). The genome-wide mapping of DSBs is achieved by ligating
the break ends to a biotinylated linker, capturing the biotinylated frag-
ments with streptavidin, ligating a second barcoded linker, and then
identifying the products by PCR amplification and sequencing (Fig. 2).
The advantage of BLESS compared to other break-labeling methods is
that the DSB itself is labeled rather than proteins associated with DSBs
(Crosetto et al., 2013). Several groups using BLESS to identify DSBs in-
troduced by different Cas9 variants in mice (Ran et al., 2015) and
human cells (Slaymaker et al., 2016) observed low frequencies of off-
Fig. 2. Overview of methods for the detection of off-target mutations caused by site-specific nu
biotinylated linker, enriched on streptavidin and analyzed by PCR and next-generat
oligodeoxynucleotide (dsODN) is incorporated into the DSB, the known sequence is used as a
a translocation involving a bait DSB and other DSBs, followed by sonication of the genomic D
biotinylated primers, enrichment and subsequent NGS analysis. (D) Digenome-seq uses cel
(WGS) and 5′ end plotting of the resulting sequences to identify all target sites cleaved by the
target activity. Although BLESS allows the unbiased and genome-wide
identification of DSBs, it can only detect breaks present at the time of la-
beling, and not earlier breaks that have already been repaired (Tsai &
Joung, 2016).

3.2.5. GUIDE-seq
Another approach to detect DSBs caused by nuclease activity is

GUIDE-seq (genome-wide, unbiased identification of DSBs enabled by
sequencing), which is based on the integration of double-stranded
oligodeoxynucleotides (dsODNs) into DSBs by NHEJ, followed by the
amplification and sequencing of the tagged DNA fragments (Fig. 2). Be-
cause two primers are used to bind both strands of the dsODN, the
cleases (SSNs). (A) In the BLESS method, a double-strand break (DSB) is captured with a
ion sequencing (NGS). (B) In the GUIDE-seq method, a known double-stranded
primer binding site and the resulting products are analyzed by NGS. (C) HTGTS relies on
NA to produce fragments of suitable size, amplification of the known bait sequence with
l-free genomic DNA digested in vitro by a SSN, followed by whole genome sequencing
SSN.

Image of Fig. 2
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genomic sequences flanking the former DSB can be sequenced and
the break site can be mapped at the single-nucleotide level. This ap-
proach was first applied in human cells, and all previously known
off-target sites were identified as well as many new off-target sites
with indel frequencies as low as 0.03% that were not predicted
using bioinformatics (Tsai et al., 2015). Although GUIDE-seq relies
on the incorporation of dsODNs into break sites, which happens in
only 30–50% of the DSBs (Tsai et al., 2015), it is a powerful method
to detect off-target effects (Lee, Cradick, Fine, & Bao, 2016). GUIDE-
seq has therefore been used in several systematic studies to deter-
mine the underlying rules of CRISPR/Cas9 off-target activity
(Doench et al., 2016; Kleinstiver et al., 2016; Kleinstiver et al.,
2015). Like BLESS, GUIDE-seq can only detect DSBs present at the
time of labeling.
3.2.6. LAM-HTGTS
Linear amplification-mediated high-throughput genome-wide

translocation sequencing (LAM-HTGTS) is a method developed to
track genomic translocations caused by end-joining between genomic
DSBs (Frock et al., 2015; Hu et al., 2016). The method was designed to
detect DSBs generated by SSNs such as TALENs and Cas9 in a sensitive,
unbiased and robust manner by translocation to a known so-called
bait DSB (Hu et al., 2016). The introduced nuclease cuts the bait se-
quence and the break is repaired by fusion with another DSB, which
can cause chromosomal translocations if the breaks are located on dif-
ferent chromosomes or chromosome regions. Because thebait sequence
is known, linear amplification PCR with a bait-specific primer can be
used to amplify the translocated sequence from bulk genomic DNA. Fol-
lowing the addition of barcodes and adapters, the amplicons are then
used for NGS and subsequent analysis (Fig. 2) (Hu et al., 2016). Repaired
DSBs that are not translocated carry a restriction enzyme site that can be
used for selective digestion so that these sequences are not amplified
and sequenced. Standard LAM-HTGTS including the optional digestion
step will therefore not identify small indels or SNPs, but could be mod-
ified accordingly. It would then require greater sequencing depth to
compensate for the higher number of mutated but not translocated
and wild-type bait sequence reads. LAM-HTGTS is a useful method to
screen cells for large genomic rearrangements caused by nuclease-in-
duced on-target and off-target DSBs that tend to be missed by other
methods, but it relies on the simultaneous presence of the bait DSB
and another DSB.
3.2.7. Digenome-seq
Cas9 is not only a genome editing tool, but it can also be used as an in

vitro nuclease to generate an unbiased profile of the off-target effects of
selected gRNAs. This is the basis of Digenome-seq (in vitro Cas9-
digested whole genome sequencing), where cell-free genomic DNA is
digested by Cas9 in vitro and the resulting fragments are sequenced by
NGS (Fig. 2). For Cas9-induced breaks, many sequence reads with iden-
tical ends should be produced, which can be identified by alignment.
Digenome-seq involves the sequencing of many individual genomes,
so it becomes possible to identify off-target sites that aremutated at fre-
quencies lower than 0.1% (Kim et al., 2015). Digenome-seq is also
amenable to multiplexing, and can be used to analyze up to 10
gRNAs in one sequencing run, effectively saving time and money.
The biggest strengths of this method include the fact that it does
not capture DSBs introduced randomly in the cell, DSBs introduced
in vitro are not processed by the DNA repair machinery, and it does
not require a PCR amplification step (Kim et al., 2016). However,
the artificial environment offered by cell-free genomic DNA also
gives rise to the potential disadvantage of Digenome-seq: differ-
ences between in vitro and in vivo activity and specificity of Cas9
(Fu, St. Onge, Fire, & Smith, 2016) could lead to the false positive or
false negative results.
4. Conclusions

Given the growing body of literature concerning the practice of ge-
nome editing, numerous strategies have been developed to enhance
the efficiency of on-targetmutationswhile reducing or even eliminating
the off-target activity of SSNs such as Cas9. All of themethods discussed
above have strengths andweaknesses, and careful selection is necessary
to find the best method for a particular genome editing experiment. Al-
gorithms for gRNA design will be improved with the growing body of
knowledge concerning the mechanisms of on-target and off-target ac-
tivity, and the combination of high-fidelity nucleases with optimally-
designed gRNAs will further enhance the accuracy of the CRISPR/Cas9
system. At some point, the existing methods will not be sensitive
enough to quantify further improvements (Nelson & Gersbach, 2016).
Therefore, more sensitive off-target detectionmethods are required, es-
pecially for applications such as gene therapy that require absolute fi-
delity. Further research efforts aiming to identify or engineer high-
fidelity nuclease variants, optimize gRNA design, and develop highly
sensitive detectionmethods, will eventually make the CRISPR/Cas9 sys-
tem suitable for application in humans. In addition, technical limitations
concerning the small size of NGS amplicons should be overcome while
maintaining high coverage, to allow the detection of even rare larger
indels. Other site-specific nucleases differing from the CRISPR/Cas9 sys-
tem but with comparable efficiency and higher specificity may also be
discovered in the near future. Even so, the risk of off-target effects
should be considered in a wider context: the few off-target mutations
that occur in an experiment with a carefully selected gRNA are far less
abundant than the spontaneous mutations that occur during the clonal
expansion of cell cultures.
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