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CRISPR-mediated genome editing is a revolutionary technology for genome manipulation that uses the
CRISPR-Cas systems and base editors. Currently, poor efficiency and off-target problems have impeded
the application of CRISPR systems. The on-target efficiency has been improved in several advanced
versions of CRISPR systems, whereas the off-target detection still remains a key challenge. Here, we
outline the different versions of CRISPR systems and off-target detection strategies, discuss the merits

and limitations of off-target detection methods, and provide potential implications for further gene

editing research.
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Introduction Cas9, CRISPR-associated protein 9 endonuclease derived from

Efficient genome editing in cells and organisms holds great
potential for both basic and applied science. Early genome editing
tools, including zinc-finger nucleases (ZFNs) and transcriptional
activator-like effector nucleases (TALENS), rely mainly on protein-
DNA interactions (Joung and Sander, 2013; Urnov et al., 2010).
Although these early gene editing tools enabled researchers to
manipulate the genome, their manipulation was complex, making
it difficult to apply this technology to a wide variety of organisms.
The clustered regularly interspaced short palindromic repeats
(CRISPR)-associated nuclease (Cas), an adaptive immune response
in archaea, has been developed into a revolutionary tool used in
gene editing (Doudna and Charpentier, 2014; Jinek et al., 2012).
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Streptococcus pyogenes, produces site-specific double-strand breaks
(DSBs) in the genome under the direction of single-guide RNAs
(sgRNAs). The DSBs of the genomic DNA activate endogenous repair
mechanisms via homology-directed repair (HDR), nonhomologous
end-joining (NHEJ), or microhomology-mediated end joining
(MME]J) (Sander and Joung, 2014).

Many researchers have recently combined the CRISPR-Cas9
systems' components with deaminase enzymes to achieve spe-
cific base editing. Base editing converts one base pair to another
base pair at the target DNA or RNA locus without the need for DSBs
or a donor template. DNA base editors (BEs) comprise a catalytically
manipulated Cas9 variants (dCas9, Cas9n) fused to a deaminase
enzyme, including cytidine deaminase (CBEs) (Komor et al., 2016)
and adenosine deaminase (ABEs) (Gaudelli et al., 2017). BEs work
efficiently and precisely, producing fewer undesired indels to
genomic DNA than standard genome editing methods.

The CRISPR-Cas systems and BEs can both generate off-target
activities that can be quite different from on-target sites and
these may cause the functional disruption of normal genes or lead
to the activation of susceptible genes (Fu et al., 2013; Kuscu et al.,
2014; Sander and Joung, 2014; Zuo et al, 2019). However, the
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detection of off-target activity associated with the CRISPR-Cas
systems and BEs have been very challenging. In this review, we
summarize different versions of the CRISPR-Cas systems and BEs,
generalize the different strategies generated to identify off-target
effects, and discuss the merits and the limitations of these off-
target analysis methods.

Development of the CRISPR-Cas systems

The CRISPR system is an adaptive immune system of archaea
and various bacteria, and it has played a revolutionary role in the
field of gene editing. Unlike previous gene editing systems (ZFNs
and TALENs), CRISPR-Cas9, a kind of RNA-guided endonuclease
(RGEN), uses the combination of DNA and RNA to guide endonu-
cleases (Cas) to target sites. The RNA used to bind DNA is known as
sgRNA, and sgRNA generally consists of ~20 nucleotides at the 5'
end of the protospacer adjacent motif (PAM). These nucleotides
guide the Cas protein to target genomic sites and induce precise
DSBs (Doudna and Charpentier, 2014; Friedland et al., 2013). Sub-
sequently, DSBs can then be repaired by three DNA repair path-
ways: NHEJ, HDR, and MME]. HDR is a precise but infrequent
method for correcting harmful mutations in the presence of ho-
mologous recombination templates. In contrast, NHE] and MME]
are error-prone repair methods that introduce insertions or de-
letions at targeted site, but these methods are dominant in most
mammalian cells (Mao et al., 2008). Thus, NHE] is commonly used
to construct gene knockdown and gene knockout models, or to
produce exon skipping events using frameshift mutations. In most
cases, HDR is less efficient than the NHE] and MME] pathways in
most cell lines (Mali et al., 2013b; Song and Stieger, 2017). Cas
nucleases derived from different bacteria have been discovered and
applied to gene editing, among which Streptococcus pyogenes
(SpCas9) and Staphylococcus aerous (SaCas9) are the most
commonly used. To produce a specific DSB, each CRISPR system
differs in terms of sgRNA design and PAM requirements: NGG for
SpCas9 and NNGRRT for SaCas9. The use of different PAM choices
greatly broadens the targeting range of the CRISPR system in gene
editing.

Classical SpCas9 uses two nuclease domains, RuvC1l and HNH
(Gasiunas et al., 2012; Jinek et al., 2012), and mutation of D10A or
H840A can inactivate these two domains, respectively, producing
nickases (known as Cas9n) that can cleave complementary or
noncomplementary DNA chains by producing single strand breaks
(Mali et al., 2013a; Shen et al., 2014). Some researchers have found
that a paired-nicking strategy with Cas9n can introduce HDR-
mediated DNA repair similar to classical SpCas9 at various sites,
but this method introduces fewer base insertions or deletions
mediated by NHE] (Ran et al.,, 2013; Xu et al., 2014). Catalytically
dead Cas9 (dCas9), which is inactivated in both nuclease domains
(HNH and RuvC), retains the DNA binding ability while losing the
DNA cleavage ability. dCas9 fused with transcriptional activation
domains form an RNA-guided transcriptional activator that can
target the promoter region of specific genes (Konermann et al.,
2015; Maeder et al., 2013; Zhou et al., 2018). Conversely, dCas9
fused to transcriptional suppressors results in decreased expression
of targeted genes (Gilbert et al., 2013; Qi et al., 2013).

Early versions of CRISPR-Cas9 systems were far from ideal. Many
attempts were made to evolve the performance of these systems
(Table 1). To facilitate the packaging of Cas9 in viral vectors, smaller
endonucleases were constantly being discovered and used. SaCas9
(Ran et al., 2015), using the NNGRRT PAM, is about 1 kb smaller
than SpCas9 (4.2 kb), which makes it more suitable for packaging
into viral vectors for therapeutic applications. KKH SaCas9, a variant
of SaCas9, contains the E782K/N968K/R1015H substitutions with
NNNRRT PAM, and these modifications increased the SaCas9

targeting range by 2—4 folds (Kleinstiver et al., 2015). Streptococcus
thermophilus Cas9 (St1Cas9) (Esvelt et al., 2013) and Neisseria
meningitidis Cas9 (NmCas9) (Hou et al., 2013) belong to the Class 2
Type Il immune system. They are about 1 kb smaller (3.4 and 3.2 kb)
than SpCas9, with more complex PAM sequences of NNAGAAW and
NNNNGMTT. The longer PAM of St1Cas9 and NmCas9 decreases
undesired editing at potential off-target sites, although at the cost
of reduced targeting range. Another group found Acid-
aminococcussp. BV3L6 (AsCpf1, 3.9 kb) and Lachnospiraceae bacte-
rium ND2006 (LbCpfl, 3.7 kb), two single CRISPR-derived RNA
(crRNA)-guided endonucleases that belong to the Cpfl family,
contained a TTTN PAM and were active both in vitro and in
mammalian cells (Zetsche et al., 2015). Moreover, Cpfl endonu-
cleases are thought to increase the efficiency of HDR because they
are able to produce staggered ends, and this may facilitate gene
editing (Zetsche et al., 2015).

SpCas9 has been the most commonly used endonuclease in gene
editing, and many variants were scrutinized for the purpose of
broadening the targeting range, improving Cas9 cutting efficiency,
and reducing the possibility of off-target activity. The engineered
VQR (D1135V/R1335Q/T1337R), EQR (D1135E/R1335Q/T1337R), and
VRER (D1135V/G1218R/R1335E/T1337R) SpCas9 variants recognize
NGA, NGAG, and NGCG, respectively, and they greatly expand the
targeting range of CRISPR-mediated gene editing (Hirano et al.,
2016; Kleinstiver et al., 2015). SpCas9-HF1, a high-fidelity variant
harboring alterations (N497A/R661A/Q695A/Q926A) designed to
reduce nonspecific DNA contacts, retains the same high on-target
efficiency as wild-type SpCas9 and rarely produces off-target
events (Kleinstiver et al., 2016). Furthermore, using structure-
guided protein engineering, Feng Zhang's laboratory developed a
new SpCas9 variant (K848A/K1003A/R1060A) termed enhanced
specificity SpCas9 (eSpCas9) that improved the specificity of
SpCas9 and reduced off-target effects by weakening nontarget
strand binding and encouraging rehybridization to the target DNA
strand (Slaymaker et al., 2016). To further solve the off-target
problem without compromising relative cleavage activity, several
variants with high fidelity were engineered, including HeFspCas9,
EvoCas9, HypaCas9, and sniper-Cas9. (Casini et al., 2018; Chen et al.,
2017; Kulcsar et al., 2017; Lee et al., 2018). Nishimasu et al. reported
an engineered SpCas9 variant (SpCas9-NG), with amino acid al-
terations of R1335A/L1111R/D1135V/G1218R/E1219F/A1322R/
T1337R, that enable relaxed NG PAM recognition and increase ac-
tivity at the NGH (H = A, T, or C) PAM (Nishimasu et al., 2018).
Subsequently, a new variant named xCas9, created by phage-
assisted continuous evolution, enables SpCas9 to reach more
relaxed PAM recognition, including NG, GAA, and GAT (Hu et al.,
2018). Notably, xCas9 greatly broadened the targeting range of
SpCas9 and showed higher specificity than SpCas9.

In addition to explore Cas9 variants and engineering Cas9, re-
searchers also investigated the impact of length and other features
of guide RNAs (gRNAs) on the off-target frequency. It has been re-
ported that the truncated gRNAs (17 or 18 nucleotides) can increase
the specificity dramatically without sacrificing on-target gene
editing efficiency (Fu et al., 2014). Ryan et al. have developed a
novel way to enhance specificity by inducing chemical modifica-
tions (2’-O-methyl-3’-phosphonoacetate, or MP) in gRNAs at spe-
cific sites in their DNA recognition sequence (Ryan et al., 2018). This
method reveals a unique way for improving specificity while
maintaining high on-target efficiency. Another group focusing on
gRNA modifications showed that incorporation of next-generation
bridged nucleic acids (2’,4’-BNANC[N—Me]) and locked nucleic
acids (LNA) at specific sites within crRNAs could greatly enhance
the target specificity in vitro and in cells (Cromwell et al., 2018). Yin
et al. revealed that off-target activity could be decreased by
replacing RNA nucleotides with DNA nucleotides in crRNA (Yin
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Table 1

The main features, purposes of improvements and PAMs of various CRISPR systems.
Nuclease Feature of improvements PAM Major purpose of improvements
SpCas9 NLS-SpCas9-NLS structure, Streptococcus pyogenes derived Cas9 protein NGG Classical Cas9
SaCas9 Staphylococcus aerous derived Cas9 protein replacement NNGRRT Reduce size
SaKKHCas9 E782K/N968K/R1015H in SaCas9 protein NNNRRT Reduce size and extend PAM
St1Cas9 Streptococcus thermophiles derived Cas9 protein replacement NNAGAAW Improve specificity
NmCas9 Neisseria meningitides derived Cas9 protein replacement NNNNGMTT Improve specificity
AsCpfl Acidaminococcus derived nuclease TTTN Increase the efficiency of HDR
LbCpf1 Lachnospiraceae derived nuclease TTTN Increase the efficiency of HDR
VQR-SpCas9 D1135V/R1335Q/T1337R in SpCas9 NGA Extend PAM
EQR-SpCas9 D1135E/R1335Q/T1337R in SpCas9 NGAG Extend PAM
VRER-SpCas9 D1135V/G1218R/R1335E/T1337R in SpCas9 NGCG Extend PAM
SpCas9-HF1 N497A/R661A/Q695A/Q926A in SpCas9 NGG Improve specificity
eSpCas9 K848A/K1003A/R1060A in SpCas9 NGG Improve specificity
HeFSpCas9 N497A/R661A/Q695A/K848A/Q926A/K1003A/R1060A in SpCas9 NGG Improve specificity
EvoSpCas9 M495V[Y515N/K526E/R661Q in SpCas9 NGG Improve specificity
HypaCas9 N692A/M694A/Q695A/H698A in SpCas9 NGG Improve specificity
Sniper-Cas9 F539S/M763I/K890N in SpCas9 NGG Improve specificity
xCas9(3.7) A262T/R324L/S4091/E480K/E543D/M694I/E1219V in SpCas9 NG/GAA/GAT Extend PAM
SpCas9-NG R1335A/L1111R/D1135V/G1218R/E1219F/A1322R/T1337R in SpCas9 NG Extend PAM

et al.,, 2018). This strategy of partial DNA replacement maintains
high on-target efficiency when applied to both crRNA and sgRNA,
as well as with crRNA of Cpfl. It was also reported that delivery of
RGN-ribonucleoproteins (RNPs) showed positive effects on
improving editing efficiency and specificity (Lone et al., 2018; Rees
et al., 2017).

Off-target activities of CRISPR-Cas9

Programmable endonucleases can induce DSBs at target sites in
genomic DNA, but can also generate unwanted cleavages outside of
on-target sites and produce off-target mutations. Cleavage at off-
target sites can lead to chromosomal rearrangements, including
deletions, insertions, and translocations, which may result in the
disruption of normal gene expression and the activation of onco-
genes (Cho et al., 2014; Choi and Meyerson, 2014; Veres et al., 2014).
In general, off-target events can be divided into two categories:
sgRNA-dependent off-target and sgRNA-independent off-target
events. The sgRNA-dependent off-target events are because of the
similarity of sequences between the sgRNA and the off-target sites
(Cong et al., 2013; Fu et al, 2013; Hsu et al., 2013b). Generally,
prime-template pairing can tolerate mismatches up to 8 bases, and
such mispairing can result in abnormal cleavages outside the target
site of CRISPR/Cas9. On the contrary, sgRNA-independent off-target
events are base alterations in the sites that differ from sgRNA se-
quences, which are more difficult to define. Detecting and pre-
venting the off-target events remains a key challenge in basic
research and therapeutic applications. Various methods have been
applied for detecting off-target sites. These methods can be clas-
sified as biased and unbiased; the biased method is off-target
detection of predicted sites, and the unbiased method is off-
target analysis over the entire genome.

Biased detection of off-target activities by CRISPR-Cas9

The earliest off-target detection method predicted potential
off-target sites based on the sequence of sgRNA. Many online tools,
such as the Feng Zhang lab's Target Finder (http://crispr.mit.edu/)
(Hsu et al., 2013a), the CasFinder (http://arep.med.harvard.edu/
CasFinder/) (Couvin et al., 2018), and Cas-OFFinder (http://www.
rgenome.net/cas-offinder/) (Doench et al., 2016), can be used for
prediction of off-target sites. Potential off-target sites predicted by
these online tools were amplified by polymerase chain reaction

(PCR) and then analyzed by a T7EI (T7 endonuclease I) assay,
Sanger sequencing, or high-throughput sequencing. These biased
detection methods are simple, rapid, and cost-effective for the
detection of off-target mutations, and thereby the most widely
used methods to detect mutations induced by CRISPR systems. The
T7EI assay recognizes and cleaves heteroduplexes at mismatches
DNA and was initially used to detect off-target activities. However,
this assay suffers poor sensitivity; it cannot detect off-target mu-
tations that occur at frequencies less than 1%, and it is not practical
cost-effective for high-throughput screening (Mashal et al., 1995).
Sanger sequencing is used to verify the deletions, insertions or
alterations of base pairs in potential off-target sites, but this
method is time consuming and inefficient, and because of the low-
sensitivity, it is unable to determine the extent of editing of the off-
target sites. Although the T7EI assay and Sanger sequencing detect
mutations, they cannot always reveal details of the mutation
structure. Another method is to use high-throughput sequencing
to detect the editing of potential off-target sites after PCR ampli-
fication. This method is more sensitive than Sanger sequencing
and could enable accurate and high-throughput measurement of
hundreds of off-target sites at once.

Unbiased detection of off-target cleavage

Unbiased off-target analyses can detect unwanted cleavages on
the whole-genome level; these methods are based on deep
sequencing and include whole genome sequencing (WGS), cross-
linking chromatin immunoprecipitation of endonuclease-mutant
Cas9 (ChIP-dCas9), breaks labeling, enrichments on streptavidin
and next-generation sequencing (BLESS), linear amplification-
mediated high-throughput genome-wide translocation
sequencing (LAM-HTGTS), genome-wide, unbiased identification of
DSBs enabled by sequencing (GUIDE-seq), digested genome
sequencing (Digenome-seq), circularization for in vitro reporting of
cleavage effects by sequencing (CIRCLE-seq), selective enrichment
and identification of tagged genomic DNA ends by sequencing
(SITE-seq), and discovery of in situ Cas off-targets and verification
by sequencing (DISCOVER-seq) (Fig. 1).

Whole genome sequencing (WGS)

Whole genome sequencing, the earliest unbiased way to detect
off-target mutations, is viable to detect not only small indels and
single nucleotide polymorphisms (SNPs) but also structural

of Genetics and Genomics, https://doi.org/10.1016/j.jgg.2019.11.002

Please cite this article as: Li, ] et al., Advances in detecting and reducing off-target effects generated by CRISPR-mediated genome editing, Journal



http://crispr.mit.edu/
http://arep.med.harvard.edu/CasFinder/
http://arep.med.harvard.edu/CasFinder/
http://www.rgenome.net/cas-offinder/
http://www.rgenome.net/cas-offinder/

J. Li et al. / Journal of Genetics and Genomics Xxx (XxXx) XXX
A B
dsDNA in DSB Biotinylated oligo
dCas9 cell genome [
SZRNA dsDNA in cell genome — — —
— —
_
‘ Shearing&ChIP
‘ Ligation&enrichment
I
ﬁ\\_ ' Streptavidin
o= [
.v Purification ‘
High-throughput sequencing High-throughput sequencing
D E
e dsODN ta .
\\—/ g Cai/EgRNA S C Genomic
DSB/ dsDNA in cell genome gé DNA
_ e
‘ dsODN tag integration U Digestion in vitro
Adaptor ligation
shearing ‘ Adaptor&Index ligation ‘ P D Bg
—— ——
— —— E— — B
I I I ——
_‘—ﬁ.
dsODN-sp emﬁc‘ Primer with adaptor&index ‘ .'
amplification & ngh -throughput sequencmg
High-throughput sequencing " Bioinformatics analysié
G H
J .
<4 G DSB
Casg_'/\ngNA éé D;:\?Aomlc \ dsDNA in cell genome
P~ I —
—— —

~

M Digestion in vitro

‘ Biotinylated adaptors
DSB ligation

— —
e —

‘ Enrichment

@ Streptavidin

High-throughput sequencing

MREI1 binding

$ Shearing&cnip

‘ Purification

High-throughput sequencing

C

dsDNA in
cell genome — — Prey DSB

\ Bait DSB

‘Translocation
—
—

DSB

Biotinylated primer «_

LAM-PCR&enrichment

Streptavidin @

«”

High-throughput sequencing

Genomic
DNA

38

Shearing ‘ Circularization

ng Digestion in vitro

ngNA

\

Cas9

‘Adaptor ligation

Uncleaved
Cleaved

High-throughput sequencing

I

Cas9/Base editors

+sgRNAH
LoxP LoxP e Cre

[CAG | sTOP J | Tdtomato .

Two-cell embryo

lj«

14.5days

‘ flow cytometry sorting

High-throughput sequencing

Fig. 1. Overview of unbiased off-target detection workflow. A: Cross-linking chromatin immunoprecipitation of endonuclease-mutant Cas9 (ChIP-dCas9). B: Breaks labeling, en-
richments on streptavidin and next-generation sequencing (BLESS). C: Linear amplification-mediated high-throughput genome-wide translocation sequencing (LAM-HTGTS). D

Genome-wide, unbiased identification of DSBs enabled by sequencing (GUIDE-seq). E: Digested genome sequencing (Digenome-seq). F: Circularization for in vitro reporting of
cleavage effects by sequencing (CIRCLE-seq). G: Selective enrichment and identification of tagged genomic DNA ends by sequencing (SITE-seq). H: Discovery of in situ Cas off-targets

and verification by sequencing (DISCOVER-seq). I: Genome-wide off-target analysis by two-cell embryo injection (GOTI).

variants such as inversions and rearrangements (Koo et al., 2015;
Schaefer et al., 2017; Wu et al., 2014a). The off-target mutations can
be detected by sequencing the whole genome before and after gene
editing and determined by simple analysis of new mutations
generated outside the on-target locus compared with the original
population. This method can be used to analyze a single clone,
genome edited animals, and several species of plants. However,
whole-genome sequencing lacks the sensitivity required to detect
off-target mutations in large populations and may miss many low-
frequency off-target sites.

Cross-linking chromatin immunoprecipitation of endonuclease-
mutant Cas9 (ChIP-dCas9)

Cross-linking chromatin immunoprecipitation (ChIP) is a stan-
dard method to localize nuclear proteins in the genome (Park,
2009). The combination of ChIP with next-generation sequencing
technology (NGS) (ChIP-seq) enables the detection of the protein-
DNA interactions at the genome level (Furey, 2012). The interac-
tion between the dCas9-sgRNA complex and DNA ensured stable
binding of the complex to the DNA locus without DSBs which en-
ables the application of ChIP-seq for off-target detection. ChIP-
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dCas9 provides a readout of Cas9 binding sites in the genome,
which include both on-target and off-target sites. Although ChIP-
seq provides important information on potential CRISPR/Cas9
system binding sites, it does not always correlate with true off-
target sites. Some groups observed little to none of cleavages in
off-target sites predicted by ChIP-seq (Cencic et al., 2014; Kuscu
et al, 2014; Wu et al.,, 2014b). The application of dCas9 rather
than wild-type Cas9 and the cross-linking that stabilized the weak
and transient interactions between dCas9-sgRNA complex and DNA
may alter specificity in off-target detection (Teytelman et al., 2013;
Wau et al., 2014a).

Breaks labeling, enrichments on streptavidin and next-generation
sequencing (BLESS)

BLESS is a genome-wide in vivo method for detecting
endonuclease-induced DSBs in fixed cells by direct in situ break
labeling using biotinylated oligonucleotides. The labeling DSBs are
then enriched and sequenced (Crosetto et al., 2013). The advantages
of BLESS are that it can detect DSBs instantaneously and do not rely
on endogenous cellular DNA damage repair machinery nor single-
stranded DNA. One obvious limitation of BLESS is that it can only
map unjoined ends present at a single moment, and it cannot
detect existing DSBs before the cells are permeabilized, which may
miss many off-target cleavage sites.

Linear amplification-mediated high-throughput genome-wide
translocation sequencing (LAM-HTGTS)

LAM-HTGTS is an unbiased method to identify the chromosomal
translocations caused by end joining between DSBs induced by
endonucleases in cultured mammalian cells (Hu et al., 2016).
HTGTS relies on fusion of “bait” DSBs and other DSBs (“prey” DSBs),
which may cause chromosomal translocations. Bait-prey junctions
are cloned from genomic DNA by LAM-PCR and ligated to bridge
adapters, followed by PCR amplification of the single-stranded DNA
junction library and subsequent NGS analysis. LAM-HTGTS can
detect chromosomal translocations induced by DSBs that tend to be
missed by other methods with high sensitivity, but the original
method cannot detect the small insertions, deletions, or SNPs. As
the rearrangement of chromosomes is relatively rare as a result of
DNA DSBs, this method may miss a large number of off-target sites
and may be better used when combined with other methods for
performing off-target identification.

Genome-wide, unbiased identification of DSBs enabled by
sequencing (GUIDE-seq)

GUIDE-seq is based on the incorporation of captured end-
protected double-stranded oligodeoxynucleotides (dsODN) into
the DSBs, after which the integrated dsODNs are amplified and
sequenced to detect off-target sites. GUIDE-seq is able to capture
off-target activities beyond bioinformatics predictions with indel
frequencies as low as 0.03% (Tsai et al., 2015). Similar to BLESS,
GUIDE-seq can only detect DSBs generated at special moments
which account for 30%—50% of total DSBs. In addition, GUIDE-seq
can detect nuclease-independent DNA breakpoint “hotspots.”
Thus, GUIDE-seq is used to study genome-wide DNA damages and
whole-genome on- and off-target effects of the endonucleases.

Digested genome sequencing (digenome-seq)

Digenome-seq is a method for detecting endonuclease off-target
activities in vitro. This method cleaves the genomic DNA in vitro
using high concentrations of Cas9-sgRNA ribonucleoprotein (RNP)
complexes which are combined by the endonuclease and the cor-
responding sgRNA; the resulting geomic fragments are sequenced
by NGS (Kim et al., 2015). Thus, Digenome-seq can detect off-target
sites with frequencies lower than 0.1% (Kim et al., 2015). The main

advantage of the Digenome-seq is that the genomic DNA is digested
in vitro with a high concentration of RNP, which can maximize the
cleavage and increase the probability of off-target detection. In
addition, this method does not rely on the intracellular environ-
ment; the operation is relatively simple and does not require PCR
amplification. However, the cell-free environment may be a
disadvantage of this method. The off-target found by the method
may be different from other in vivo methods, which may lead to the
occurrence of false positives (Fu et al., 2016).

Circularization for in vitro reporting of cleavage effects by
sequencing (CIRCLE-seq)

CIRCLE-seq is an unbiased and sensitive method to detect off-
target mutations induced by endonucleases on the genome-wide
level. Similar to Digenome-seq, this off-target detection strategy
was also performed in vitro (Tsai et al., 2017) and differs from
in vivo detecting methods that rely on efficient transfection or an
intracellular environment. CIRCLE-seq facilitates the in vitro
nuclease-mediated cleavage of genomic DNA with high enrich-
ment, enabling the detection of off-target mutations with low
frequency (Lazzarotto et al., 2018). In addition, this method can be
performed using widely accessible NGS technology without the
need of reference genomic sequences. Briefly, genomic DNA is
circularized and purified and then treated with Cas9-sgRNA RNP
complexes. The resulting DNA fragments are ligated to adapters for
NGS analysis. Results of off-target activities for the gRNA of the HBB
gene showed that CIRCLE-seq could find 26 of the 29 off-target sites
found by Digenome-seq, and also found 156 new sites, suggesting
the high sensitivity of the method. However, each CIRCLE-seq
sample needs a large amount of genomic DNA for circularization
(~25 pg), which may be a limiting factor, depending on the cell
source of genomic DNA.

Selective enrichment and identification of tagged genomic DNA ends
by sequencing (SITE-seq)

SITE-seq is also an unbiased biochemical method using Cas9-
sgRNA RNP complexes to detect off-target mutations within
genomic DNA in vitro (Cameron et al., 2017). The cleaved genomic
DNA is biochemically probed and enriched for NGS. Bioinformatics
is used to analyze the most likely off-target sites. SITE-seq showed a
higher sensitivity for off-target mutations when identified at lower
concentrations in cells. Like Digenome-seq and CIRCLE-seq, SITE-
seq is also an in vitro off-target detection method, independent of
the cell's internal environment. Compared with Digenome-seq,
SITE-seq requires the ligation of the cleaved DNA with bio-
tinylated adapters and two rounds of enzymatic fragmentation are
needed for fragment enrichment.

Discovery of in situ cas off-targets and verification by sequencing
(DISCOVER-seq)

DISCOVER-seq is a recently discovered unbiased off-target
detection method that is capable of in vivo detection. This strat-
egy relies on endogenous DNA repair mechanisms that recruit DNA
repair factor MRE11 to the sites of DSBs in the genome at the
appropriate time (Wienert et al., 2019). The ChIP-seq technique is
then used to analyze the MRE11 locations on the genome and
identify the off-target sites. This method showed high accuracy in
both the human K562 cell line and the mouse B16—F10 cell line, but
the sensitivity was slightly lower than that of GUIDE-seq.
Compared with GUIDE-seq, DISCOVER-seq avoids the cytotoxicity
caused by transfection of the tag dsODNSs, enabling sensitive
detection of off-target sites in human induced pluripotent stem
cells (hiPSCs) or other patient-derived cells.
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Development of the base editors

Point mutations are a causative factor in many genetic syn-
dromes, but traditional gene editing techniques can only correct
point mutations via HDR. Generally, HDR repair is inefficient and
usually introduces random insertions and deletions at the dsDNA
breakpoint. Base editors that combine cytosine or adenosine
deaminase with CRISPR systems have been developed recently to
induce targeted base alterations in the DNA and RNA of many
species (Table 2).

The first generation of base editors (BE1) combined cytosine
deaminase (APOBEC1) (Harris and Liddament, 2004; Yang et al.,
2017) and dCas9 (inactivated by mutations of D10A and H840A)
under the guidance of sgRNA to facilitate the direct conversion of a
base from C-G to T-A (Komor et al., 2016). BE1 was able to convert
cytidine to thymidine within the window of —16 to —12 bases from
the PAM of the sgRNA. The second-generation base editor (BE2)
system added a uracil-DNA glycosylase inhibitor (UGI) to the BE1
system, which enhanced the editing efficiency of C to T replacement
by three-fold, through inhibiting the base excision repair (BER)
mediated error-free repair (Komor et al., 2016). To further improve
the editing efficiency of BE2, Cas9n (D10A), which can nick the
target strand, was applied to replace dCas9 and was combined with
cytidine deaminase and a UGI, forming a third-generation base
editor (BE3) with a six-fold increase in efficiency over BE2 (Komor
et al,, 2016). Compared with BE2, BE3 introduced more indels
owing to the cleavage of the target strand (1.1% vs 0.1%). Notably, the
base editing efficiency of the BE3 system has been improved, and
BE3 has been broadly used for genome editing in bacteria, plants,
mammalian cells, mice, and human embryos. To better inhibit
endogenous base excision repair, Komor et al. fused another UGI
copy into BE3 to develop BE4, which showed higher editing effi-
ciency than BE3 (Komor et al., 2017).

Recently, Koblan et al. and Zafra et al. improved the expression
of BEs by optimizing base editor codons (BE4max) (Koblan et al.,
2018), and thereby improved the editing efficiency of basic

Table 2
Outline of structures, PAMs, and major purposes of improvement of base editors.

editing in mammalian cells (~1.7- to 9-fold). In addition, AncBE4-
max was developed using ancestral sequence reconstruction,
which showed higher editing efficiency than BE4max at various
sites (Zafra et al., 2018). DNA modifications, such as DNA methyl-
ation, greatly inhibit base editing efficiency. Wang et al. developed a
human hA3A-derived BE system (hA3A-BE3) which could induce
the highest editing efficiency in highly methylated regions to date
(Wang et al., 2018). In parallel, many groups replaced SpCas9 in BE3
with various engineered endonucleases that recognize different
PAM sequences, such as SaCas9, KKH SaCas9, VQR, EQR, VRER,
xCas9, and SpCas9-NG (Esvelt et al., 2011; Hu et al., 2018; Kim et al.,
2017; Nishimasu et al., 2018). These new BEs show different PAM
preferences that greatly broaden the targeting range of the BEs.
Moreover, to overcome the limitation of the CRISPR—Cas9 BEs for
its G/C-rich PAM sequence, Li et al. fused the rat APOBEC1 in a
noncatalytically active version of the Lachnospiraceae bacterial Cpf1
(Li et al., 2018). This editor (CRISPR-Cpf1-based BE) recognizes T-
rich PAM sequences and catalyzes C to T conversion in human cells
while inducing low levels of indels and off-target editing. Another
BE named enAsCas12a-HF1 optimized by Kleinstiver et al. improves
the efficiency of C to T conversion and reduces off-target effects
(Kleinstiver et al., 2019). Meanwhile, a series of BE3s with narrower
editing windows (YE1-BE3, YE2-BE3, EE-BE3, and YEE-BE3) were
developed by introducing different engineered APOBEC1s (Kim
et al., 2017). To improve the editing specificity, HF-BE3 was engi-
neered by introducing mutations into nCas9 to decrease its DNA
affinity (Rees et al., 2017). Recently, unexpected RNA off-target
events have driven the investigation of novel variants of BEs,
including BE3(APOBEC1%334), BE3(APOBEC1R33A34AY (Grunewald
et al, 2019), and BE3(APOBEC1WOOA+RI2EEy (7hoy et al, 2019),
which can effectively decrease or eliminate the unwanted RNA
editing activity. Zhou et al. also replaced APOBEC1 with human
APOBEC3A (hA3A), which reportedly possessed only DNA but no
RNA affinity (Wang et al,, 2018). In addition, the point mutation
R128A or Y130F was induced in h3A3 and consequently decreased
the RNA off-target events to baseline levels (Zhou et al., 2019).

CBE Structure ABE Structure PAM Major purpose of
improvements

BE3 rA1-SpCas9n-UGI ABE7.10 TadA-TadA*- SpCas9n NGG

BE4 rA1-SpCas9n-2XUGI NGG Increase efficiency

BE4max rAl-codon optimized SpCas9n-2XUGI ABEmax TadA-TadA*- codon NGG Increase efficiency
optimized SpCas9n

AncBE4max rAl-ancestral SpCas9n-2XUGI NGG Increase efficiency

hA3A-BE3 hA3A-SpCas9n-UGI NGG Increase efficiency

Sa-BE3 rA1-SaCas9n-UGI Sa-ABE TadA-TadA*- SaCas9n NNGRRT Reduce size

SaKKH-BE3 rA1-SaKKHCas9n-UGI SaKKH-ABE TadA-TadA*- SaKKHCas9n NNNRRT Reduce size and extend PAM

VQR-BE3 rA1-VQR SpCas9n-UGI VQR-ABE TadA-TadA*- VQRSpCas9n-UGI NGA Extend PAM

VRER-BE3 rA1-VRER SpCas9n-UGI VRER-ABE TadA-TadA*-VRERSpCas9n-UGI NGCG

XBE3 rA1-xSpCas9n-UGI XABE TadA-TadA*-xSpCas9n NG Extend PAM

SpCas9-NG-BE3 rA1-SpCas9n NG -UGI NG Extend PAM

dCpf1-BE rA1-dCpf1-UGI TTTV Extend PAM

AsCas12a-HF1 rAl-enAsCas12a variant -UGI TTTV Improve specificity

YE1-BE3 rA1W9OYRIZEE _yarjants-SpCas9n-UGI NGG Improve specificity

YE2-BE3 rA1WOOYRISZE _yariants-SpCas9n-UGI

EE-BE3 rA1R1Z6ERI32E _yariants-SpCas9n-UGI

YEE-BE3 rA1WOOYRIZGERIZE _yariants-SpCas9In-UGI

HF-BE3 rA1-SpCas9n HF-UGI NGG Improve specificity

BE3 (APOBEC1R*34) rA1 variants-SpCas9n-UGI ABEmaxAW  TadAF>9A or ES9QTadA*V1%W_codon  NGG Reduce RNA off-target

BE3 (APOBEC1R33A/K34A) optimized

BE3 (APOBEC]W90A/R126E)

hA3AR128A or Y130F _pp3 hA3A variants-SpCas9n-UGI ABE7.10F148A  SpCas9nTadA variant-TadA* NGG Reduce RNA off-target

varient-SpCas9n

CBEs and ABEs use similar improvement strategies and are listed in the same row. rA1, rat APOBEC1; hA3A, human APOBEC3A.

of Genetics and Genomics, https://doi.org/10.1016/].jgg.2019.11.002

Please cite this article as: Li, ] et al., Advances in detecting and reducing off-target effects generated by CRISPR-mediated genome editing, Journal




J. Li et al. / Journal of Genetics and Genomics xxXx (XXXx) XXX 7

In addition to the cytosine base editors (CBEs), the ABEs have
recently been discovered, which can induce AT to GC base con-
version. Liu's research team developed a series of ABEs based on
E. coli TadA (ecTadA) for converting AT to GC in gDNA (Gaudelli
et al., 2017). ABEs 7.1 to 7.10 were produced, and they signifi-
cantly improved editing efficiency. Several versions of ABEs have
been developed since the milestone report from Liu group
(Gaudelli et al., 2017). By replacing nCas9 with nxCas9 in ABE7.10,
XABE was created, which extends the targeting of ABEs to genomic
regions containing NG, GAA, or GAT PAM sequences. Other
Cas9 variants (e.g., SaCas9, KKH SaCas9, VQR, and VRER) with
altered PAM specificity were also used to develop new ABEs
that recognize the PAM sequences NGA, NNGRRT, NNNRRT,
NGA, and NGCG (Hu et al., 2018; Hua et al., 2018, Hua et al., 2019;
Yang et al., 2018). Similar to BE4max, a high efficiency version
called ABEmax was engineered to facilitate the editing process by
optimizing nuclear localization signal (NLS) and codon usage of
nCas9 (Koblan et al., 2018). ABEs can also lead to unwanted SNPs in
RNA transcripts induced by deaminase TadA. Thus, an improved
version called ABEmaxAW was developed to reduce RNA off-
target effects of ABEmax by introducing E59A or E59Q in TadA
and V106W in TadA* (Rees et al., 2019). However, this variant still
decreased the on-target efficiency of ABEmax, which reinforces
the idea that the mutation strategy needs to balance the conflict of
on-target efficiency and off-target activity. Recently, a new variant
ABE7.10 (TadAF148A TadA*F148A) was reported, which can decrease
SNV numbers in RNA to almost baseline levels and maintain
relatively high on-target efficiency (Zhou et al., 2019).

Off-target analysis of the base editors
High-throughput sequencing (HTS)

Similar to the application in CRISPR-Cas9 off-target detection,
WGS provides global observation of genome sequences, which can
cover SNPs induced by base editors. However, the limited sensi-
tivity is still a barrier for WGS in the application of low-frequency
mutation detection. Specifically, for base editors, the RNA binding
activity of deaminases leads to the concern about off-target events
at the RNA level (Conticello, 2008; Sowden et al., 1996). Recent
studies based on RNA-seq revealed that DNA base editors can
induced numerous RNA mutations (Grunewald et al., 2019; Rees et
al,, 2019). Interestingly, RNA off-target events were found to be
essentially random and sgRNA-independent, which can be ascribed
to the overexpression of deaminases (Zhou et al., 2019). RNA-seq
can be used to evaluate the unwanted RNA editing of new base
editors, especially when applying BEs to adeno-associated virus
systems for therapeutic purposes.

Genome-wide off-target analysis by two-cell embryo injection
(GOTI)

GOTI is a newly reported method used to detect genome wide
gene editing of off-target mutations (Zuo et al., 2019). Compared
with other off-target detection methods, GOTI can detect single-
nucleotide variants (SNVs) in vivo. This method can be applied to
evaluate the off-target mutations induced by CRISPR-Cas9, CBEs,
and ABEs. Intriguingly, Yang's group found that numerous de novo
SNVs were induced by BE3, which was not reported in previous
studies. Unlike BE3, ABE7.10 induced no increase in SNVs, probably
owing to the lack of DNA-binding ability of TadA. This result is
consistent with a similar study in rice—a species without the
interference of SNVs present in different individuals (Jin et al.,
2019).

Concluding remarks

Efficiency and specificity are two problems that cannot be
evaded with gene editing tools. The expectation of applying the
CRISPR system to cure diseases in humans raises a higher demand
for the safety of editing tools. Thus, precise detection of off-target
activities is an essential step in evaluating the practicability of a
new CRISPR system. Biased methods provide a convenient but low-
sensitivity way to detect off-target effects that rely on bioinfor-
matics algorithms, and unbiased methods detect off-target effects
via different editing-related events, such as DSBs, repair factor
recruitment, and SNPs. Considering different merits and limitations
of these strategies, two or more complementary strategies should
be applied simultaneously when performing off-target analysis.
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