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Off-target Effects in CRISPR/Cas9-mediated Genome
Engineering

Xiao-Hui Zhang'?, Louis Y Tee?, Xiao-Gang Wang*, Qun-Shan Huang' and Shi-Hua Yang'

CRISPR/Cas9 is a versatile genome-editing technology that is widely used for studying the functionality of genetic elements,
creating genetically modified organisms as well as preclinical research of genetic disorders. However, the high frequency of off-
target activity (>50%)—RGEN (RNA-guided endonuclease)-induced mutations at sites other than the intended on-target site—is
one major concern, especially for therapeutic and clinical applications. Here, we review the basic mechanisms underlying
off-target cutting in the CRISPR/Cas9 system, methods for detecting off-target mutations, and strategies for minimizing off-
target cleavage. The improvement off-target specificity in the CRISPR/Cas9 system will provide solid genotype-phenotype
correlations, and thus enable faithful interpretation of genome-editing data, which will certainly facilitate the basic and clinical

application of this technology.
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The CRISPR (clustered, regularly interspaced, short palin-
dromic repeats)/Cas9 system, which is found in diverse bac-
terial and archaeal species, has been used successfully to
edit eukaryotic genomes."? It now also holds great promise
in diverse fields such as animal disease modeling, material
science, genetically modified plant technology, biofuel tech-
nology, gene therapy, and drug development. In addition,
CRISPR/Cas9 technology has substantially accelerated the
understanding of functional organization of the genome at the
systems level and thus helps to establish solid causal links
between genetic variations and biological phenotypes.®®
However, off-target mutations observed at frequencies greater
than the intended mutation, which may cause genomic insta-
bility and disrupt the functionality of otherwise normal genes,
is still one major concern when applying CRISPR/Cas9 sys-
tem to biomedical and clinical application.”'2

Mechanism of Off-Target Effects In Crispr/Cas9 System

The CRISPR/Cas9 system functions as the RNA-based
adaptive immune system in bacteria and archaea.”® The
type Il CRISPR system, which includes CRISPR-asso-
ciated nuclease 9 (Cas9), is derived from Streptococcus
pyogenes. Native CRISPR system confers resistance to
viruses by incorporating short repeats of the viral DNA into
the bacterial genome. When a bacterial colony is infected
the second time, transcripts of these repeats direct a nucle-
ase to the complementary DNA from the invading virus and
thus destroy the viral DNA.™'5 To enable its gene-targeting
capacity in the eukaryotic cell, the CRISPR/Cas9 system

can be reconstituted in mammalian cells using the following
three minimal components: Cas9, a specificity-determining
CRISPR RNA (crRNA), and an auxiliary trans-activating RNA
(tracrBNA)."2® The crBRNA and tracrRNA duplexes can also
be fused to generate a chimeric single-guide RNA (sgRNA).
The first ~20 nucleotides of the sgRNA are complementary to
the target DNA sequence, followed by a sequence called the
protospacer adjacent motif (PAM), typically NGG.'¢-'

Although the targeting specificity of Cas9 is believed to be
tightly controlled by the 20-nt guide sequence of the sgRNA
and the presence of a PAM adjacent to the target sequence
in the genome, potential off-target cleavage activity could still
occur on DNA sequence with even three to five base pair
mismatches in the PAM-distal part of the sgRNA-guiding
sequence.?’-'° Moreover, previous studies have demon-
strated that different guide RNA structures can affect the
cleavage of on-target and off-target sites.® Crystal structure
studies and single-molecule DNA curtain experiments sug-
gest that while the PAM site is essential for the initiation of
Cas9 binding, the seed sequence corresponding to 3’ end
of the crRNA complementary recognition sequence, directly
adjacent to PAM, is also critical for subsequent Cas9 bind-
ing, R-loop formation, and activation of nuclease activities in
Cas9.1920

sgRNA

SgRNA comprises the seed sequence and nonseed
sequence (Figure 1). Several initial studies have shown that
the 10-12 base pairs adjacent to the PAM (3" end of the
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Figure 1 Base preferences for CRISPR/Cas9 system. Cas9
protein is shown in orange. PAM and seed sequences are shown in
red. Base preferences are shown in blue. Scissors indicate cleavage
sites. The single-letter DNA code is used (N=A, T, C, G; R=G or A).

guide RNA), called the “seed sequence”, determine Cas9
specificity and is generally more important than the rest of
the guide RNA sequences.?'® However, chromatin immu-
noprecipitation followed by sequencing (ChIP-seq) of DNA
bound to catalytically dead Cas9 (dCas9) in murine embry-
onic stem cells demonstrates that only one to five base pairs
of the immunoprecipitated DNA match to the guide region,
suggesting that the one to five base pairs of guide region
proximal to the PAM mark the true “seed region”.?' These
results were also confirmed by Yu Zhang and his colleagues
by ChlP-seq analysis of human genome after targeting with
CRISPR/Cas9?, and were consistent with the previous
observations that base-pairing adjacent to the PAM is criti-
cal for DNA targeting.”? Yet the ChlIP-seq assay for detect-
ing off target sites of dCas9 only capture the PAM-proximal
binding event but not cleavage event, leading to over-predic-
tion of off-target sites. Pelletier and his colleagues reported
that sequences distal to PAM, which possibly triggers a
conformational change of Cas9, engage CRISPR/Cas9
DNA target cleavage, and thus using sgRNAs that places
equal emphasis on seed sequence and PAM-distal target
sequences will lead to lower off-target editing compared to
ChIP-seq data only using seed regions.?* The results could
be considered to be a supplement to what Sharp and col-
leagues have reported in their genome-wide binding maps
of dCas9 study through ChIP-seq in mouse embryonic stem
cells, in which they have revealed well-defined seed region
for target binding and very abundant off-target binding sites,
however, majority of which do not undergo substantial cleav-
age by Cas9.'

The seed sequence influences the specificity of Cas9-
sgRNA binding through multiple potential mechanisms. The
sequence of the seed region determines the frequency of
a “seed + NGG” in the genome, and controls the effective
concentration of the Cas9-sgRNA complex (Cas9 bind-
ing or sgRNA abundance and specificity).2'?> Meanwhile,
U-rich seeds are likely to result in decreased sgRNA abun-
dance and increased specificity since multiple U’s in the
sequence can induce termination of sgRNA transcription.?'%
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In general, mismatches of the one to five base pairs at the
5” end of sgRNAs are better tolerated than those at the 3’
end. Single and double mismatches are tolerated to various
degrees depending on their position along the guide RNA-
DNA interface.'®'®2® |t has also been reported that sgRNAs
with exceptionally low or high GC content tends to be less
active.?*?® In a study of CRISPR/Cas9-mediated mutagen-
esis in Drosophila, Ren et al. observed positive correlation
between mutagenesis efficiency and GC content of the most
proximal region to the PAM sequence of the sgRNAs, based
on their evidence that sgRNAs with at least four GCs in the
sequence of the six base pairs that are most proximal to
the PAM sequence have a heritable mutation (that means
mutation generated by effective sgRNA of the CRISPR/Cas9
system from parents is able to pass on to the next genera-
tion) rate over 60%, suggesting that effective sgRNAs can
be selected according to the GC content of the sequence
proximal to PAM.?” When choosing an appropriate sgRNA
sequence, guanine is strongly preferred, and cytosine is
strongly unfavorable, as the first base of the seed sequence
immediately adjacent to the PAM. Conversely, there is a pref-
erence for cytosine, but not guanine, at position 5 that is fifth
base proximal to PAM. Adenine is favored in the middle of
the sgRNA, and cytosine is disfavored at position 18.212526.28
(Figure 1) These design principles are probably based upon
the theory that guanine-rich sequences can fold into stable
noncanonical structures called G-quadruplexes in vivo,
which contributes to sgRNA stability.2 However, this base
preference is largely depending on the target site in many
cases,'® and the tail sequence of tracrRNA is also very criti-
cal for Cas9 activity in vivo.?

Pam

The sequence of the PAM also influences the activity of
sgRNA (Figure 1). Initial results indicated that NGG (N is A,
T, C, or G) is the canonical sequence for the PAM. However,
recent studies have suggested that the type 1l CRISPR sys-
tem can also use NRG (Figure 1) (where R is G or A) as PAM
sequence, albeit with only one-fifth of the binding efficiency
compared to NGG. Several studies reported that the NRG
sequence is the predominant noncanonical PAM for CRISPR/
Cas9-mediated DNA cleavage at the human EMX locus.8
The binding frequency of each base in the PAM sequence is
different. The first nucleotide is the least conserved, with G in
nearly 50% of binding sites, while the second position with G
in >90% of the binding sites,?*° suggesting that NRG is not the
optimal PAM for the designing of CRISPR/Cas9 sequences.
Therefore, the exact effect of NRG PAM sequence on DNA
cleavage of Cas9 is largely unclear.®!

When sgRNAs corresponding to a target DNA site are
designed via common CRISPR/Cas9 design tools (Table 1),
every sgRNA has its own PAM, typically NGG. However, in
practice, alternatively NGG may be not exist corresponding
to the effective sgRNA if we want to achieve precise inser-
tion or precise point mutation in the genome, and thus NRG
(R=G or A) sequence can be considered as alternative, albeit
low cleavage efficiency.®" In the cases that both NGG and
NRG(R=G or A) are not able to provide optimized design of



sgRNAs, one may choose the other CRISPR/Cas9 system
(Cas9 orthologues, Streptococcus thermophilus Cas9 and
Staphylococcusaureus Cas9). When applying these Cas9
orthologues for gene editing, NGA, NAC (Figure 2) can be
considered without causing higher off-target effects as com-
pared to wild-type SpCas9.%?

Table 1 Common CRISPR/Cas9 design tools

Name Web Affiliation
CRISPR design  http://crispr.mit.edu/ Massachusetts Institute
of Technology

E-Crisp www.e-crisp.org/E-CRISP/ DKFZ German Cancer

designcrispr Research Center
CRISPR design  http://www.broadinstitute. The Broad Institute of
tool org/mpg/crispr_design/ Harvard and MIT
Cas-OFFinder http://www.rgenome.net Harvard Medical School
CROP-IT http://www.adlilab.org/ University of Virginia
CROP-IT/homepage.html
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Cas9 Protein and Other Factors

Direct delivery of purified Cas9 protein and sgRNA into cells
has been reported to result in reduced off-target effects com-
pared to the delivery of plasmid sequences encoding Cas9
and sgRNA, because Cas9-sgRNA ribonucleoprotein com-
plexes cleave chromosomal DNA almost immediately after
delivery and are degraded rapidly in cells.3334

Off-target effects might be cell-type-specific and highly
depending on the integrity of double-stranded breaks (DSBs)
repair pathways of particular cell type.?> For example, nucle-
ase off-target effects can occur in transformed human cell lines
with dysregulated DSBs repair pathways, while whole-genome
sequencing of healthy human pluripotent stem cell clones
with relatively intact DSBs repairing capability have revealed
very few off-target mutations attributable to the nucleases.®*%
Furthermore, it has been reported that methylation of DNA at
CpG sites may impede the binding efficiency of Cas9 in cells,
and small molecules that enhance CRISPR genome editing
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Figure 2 Methods for optimal CRISPR/Cas9 system for biomedical and clinical application. (a) Double nicking by RNA-Guided CRISPR
Cas9 for enhanced genome-editing specificity. Cas9 protein is shown in orange. Scissors indicate cleavage sites. (b) Fusion of catalytically
inactive Cas9 to Fok | nuclease. (c) Delivery of Cas9 protein. cPP, cell-penetrating peptide. The single-letter codes for amino acids are used.
C, cysteine; G, glycine; R, arginine; L, leucine. His, Histidine tag; HA, hemagglutinin tag; Mal, maleimide. (d) Alternative PAMs for CIRSPR/
Cas9 system. (e) SQRNA design—CRISPR/Cas9 design tools. (f) Method of off-target detection-Degenome-seq. IGV, Integrative Genomics

Viewer; WGS, whole-genome sequencing; WT, wild type.
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by promoting precise genome editing via homology-directed
repair (e.g., L755507, a 73-adrenergic receptor agonist, and
Brefeldin A, an inhibitor of intracellular protein transport from
the ER to the Golgi apparatus) or sequence-specific gene
knockout via nonhomologous end-joining (NHEJ) (e.g., azi-
dothymidineorTrifluridine) in pluripotent stem cells are being
studied.?"?23037 Moreover, toward the goal of achieving more
efficient genome editing with CRISPR/Cas9, more explorative
studies by employing epigenetic, DSBs repairing pathways
modulators, such as small molecules or RNAI strategies that
can further enhance or inhibit specific genome-editing path-
ways of Cas9 via homology-directed repair or NHEJ, need to
be more extensively examined.

In summary, the seed sequence and the PAM, which are
indispensable components of CRISPR/Cas9, need to be
carefully designed. Moreover, the application of purified Cas9
protein as well as modulatory small molecules of DSBs path-
ways, which influence both on-target efficiency and off-target
specificity, should be considered in individual application.

Methods of Off-Target Detection

Detecting off-target sites in a highly sensitive and compre-
hensive manner remains a key challenge in the field of gene
editing.® The T7 endonuclease | assay was initially used to
detect off-target mutations, but this assay suffers poor sen-
sitivity (it cannot detect off-target mutations that occur at fre-
quencies <1%), and it is neither practical nor cost-effective
for large-scale screening.®®4° Various advanced methods
for off-targeting detecting including deep sequencing (mea-
sure off-target mutations at frequencies ranging from 0.01
to 0.1%'), web-based prediction tools, and ChlP-seq have
been recently developed and widely adapted(Table 1).4-43
The Web-based algorithms have an innate limitation as the
tools assume that off-target sequences are closely related to
the on-target site, which may miss detrimental off-target sites
with less sequence similarity. ChlP-seq has also been used
to identify off-target binding sites for sgRNAs complexed with
catalytically inactive Cas9 (dCas9). Encouragingly, majority of
published works suggest that very few, if any, off-target cleav-
age sites were caused by active Cas9 nuclease.?!223041.42:44
Genome-wide, unbiased identification of DSBs enabled by
sequencing (GUIDE-seq) that has been reported recently,
based on global capturing of DSBs introduced by RNA-
guided endonucleases (RGEN), enables genome-wide pro-
filing of off-target cleavage by CRISPR-Cas nucleases.*
GUIDE-seq consists of a two-stage process. First, DSBs
induced by RGEN in the genomes of living human cells are
tagged by integration of a blunt, 34 bp double-stranded oligo-
deoxynucleotide at these breaks via an end-joining process
consistent with NHEJ. Second, dsODN integration sites in
genomic DNA are precisely mapped at the nucleotide level
using unbiased amplification and next-generation sequenc-
ing.* This method extends the detecting range of off-target
mutagenesis frequencies to as low as 0.12%, far beyond the
existing computational methods or ChlP-seq. Of note, some
sgRNAs may induce extremely low frequency of, or perhaps
no, undesired mutations (perhaps beyond the detecting limi-
tation of GUIDE-seq technology). Another newly developed,
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high-throughput, genome-wide, translocation sequencing
(HTGTS) method, which identifies translocations of yeast
I-Scelmeganuclease-generated “bait” DSBs at target sites,
introduced into the genome of mouse cells to other “prey”
cellular DSBs genome-wide. This HTGTS method not only
reveals 10-folds more off-target sites caused by certain previ-
ously characterized nucleases, but also provides nucleotide-
level resolution of junctions.*® This method further improves
the detection of off-target sites through the identification
of translocations between homologous chromosomes, an
undesired collateral effect that has not been detected previ-
ously. The strategies outlined here can be used as part of
a rigorous preclinical pathway for objectively assessing the
potential off-target effects of any RGEN proposed for thera-
peutic use, thereby substantially improving the prospects for
eventual translation of these reagents to the clinic.

Although in silico and in vitro methods are used to screen
for potential off-target sites, they cannot precisely predict
mutations that occur in vivo.”#191" Thus, efficient methods to
detect where the off-target mutations occur in vivo need to be
explored. Linear double-stranded integrase-defective lentivi-
ral vectors (IDLV) preferentially incorporate into DNA DSBs
by NHEJ, making it possible to tag nuclease-generated DSBs
in vivo and has been used routinely to detect the off-target
cleavage sites of zinc finger nucleases.*’*“® A modified IDLV
system was able to identify off-target cleavage sites with a
frequency as low as 1% when CRISPR/Cas9 and transcrip-
tion activator-like effector nucleases (TALEN) systems were
used to target the Wiskott-Aldrich Syndrome (WAS) and tyro-
sine aminotransferase (TAT) genes. Therefore, this method
can be an alternative tool to validate the target specificity of
CRISPR/Cas9 and other gene-editing technologies in pre-
clinical applications.*

Although various approaches have been shown to reveal
the frequency of off-target mutations by at least an order of
magnitude at several sites, it still remains unknown whether
these RGEN variants are free of off-target effects in the entire
genome. Recently, Digenome-seq, in vitro Cas9-digested
whole-genome sequencing, has emerged as a robust,
sensitive, unbiased, and cost-effective method for profiling
genome-wide off-target effects of programmable nucleases,
including Cas9, in human cells.*® Digenome-seq also con-
sists of a two-stage process. First, intact genomic DNA was
isolated from transfected cells without RGEN and transfected
cells with RGEN. Then DNA isolated from RGEN-transfected
was digested in vitro with RGEN or not and RGEN transfected
cells were digested in vitro with RGEN, both followed by
whole-genome sequencing. Second, these digests can pro-
duce many DNA fragments with identical 5" ends, which give
rise to sequence reads that are vertically aligned at cleavage
sites. In contrast, all other sequence reads would be aligned
in a staggered manner. After mapping sequence reads to the
reference genome, the authors used the Integrative Genom-
ics Viewer (IGV) to observe patterns of sequence alignments
at the on-target and the off-target sites.*® This method has
demonstrated that Cas9 off-target effects can be avoided
by replacing “promiscuous” sgRNA gX19 or GX19 sgRNAs
with ggX20 sgRNAs (“g” and “G” represent a mismatched
guanine and matched guanine, respectively), improving
target specificity for gene and cell therapy applications.®® In



addition, off-target effects of dCas9-Fokl, paired Cas9 nick-
ases, or other programmable nucleases could be monitored
carefully via Digenome-seq to avoid unwanted mutations. Of
course, the verification of animal experiments in vivo using
Digenome-seq need to be further studied. Although different
methods of off-target detection have their own characteristic
advantages (Table 2), Digenome-seq is currently considered
to be the gold standard for validating the specificity of next-
generation genome-editing tools.

Off-target assessment can be time consuming and expen-
sive, especially for simple in vitro projects. Yet some reports
in the literature suggest that the frequency of off-target muta-
tions is higher in in vitro cellular experiments compared to
in vivo animal experiments. When performing in vitro cellu-
lar experiments, one can choose one of the unbiased meth-
ods for off-target detection as listed in Table 2, depending
on the requirement of specific experiment, to reveal poten-
tial off-target sites, which may confound the interpretation of
experimental results. The fluorescence in situ hybridization
(FISH)-based methods for off-target identification, which is
fast but less precise, can be also used as an alternative.®
Interestingly, when it comes to animal experiments, for
many model species modified by CRIPSR/Cas9 includ-
ing mouse,2%% pig,* or monkey,%%¢ no off-target mutations,
and no detectable damage at known off-target sites®” have
been reported so far. There are a few possibilities that might
explain the no reported off-target cleavage in animals. Firstly,
it is possible to control the expression level of Cas9 protein by
injection of Cas9 mRNA or protein, which not only acts much
faster than plasmid transfection, but also degrades rapidly.
Secondly, researchers tend to keep the founder animals with
right on-target mutations, and do not maintain the animals
without on-target mutations, leading to off-target mutations
being diluted over generations in small animals, even though
the founder (FO) might harbor possible off-target muta-
tions.®8 In addition, the off-target sites may be in a noncoding
region,? so, the likelihood of generating an off-target pheno-
type is small. Thirdly, the methods and experiments employed
for detecting off-target cleavage in most of the published ani-
mal model studies were not performed in genome-wide, high
resolution, and unbiased way, which may mask some low
frequency off-target editing sites. Thus, much more compre-
hensive and stringent examination of off-target cleavage sites
at the animal level should be performed for future studies.

Table 2 Methods of off-target detection
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Strategies for Minimizing Off-Target Effects

Various strategies have been reported to reduce RGEN off-
target effects.® First, the sgRNA sequence can be altered.
Truncation of the 3" end of sgRNA (derived from tracrRNA
domain that interacts with Cas9), shortening the region
complementary to the target site at the 5" end of the sgRNA
by as many as 3 nt (tru-gRNA) or addition of two guanine
nucleotides to the 5" end of the sgRNA (just before the 20-nt
complementary region) improves target specificity, decreas-
ing undesired mutagenesis at some off-target sites by 5,000-
fold.>""%® Meanwhile, RGENs using these altered sgRNAs
also have decreased on-target activity. Efforts toward modi-
fications of sgRNA sequences to enhance the specificity
of sgRNAs without compromising on-target efficiency have
not provided consistent results.”® In addition, chromatin
accessibility has been reported to be one major determinant
of in vivo binding. As Zhang and Sharp reported recently,
there are hundreds of thousands of “seed+NGG” sites in the
genome, yet <1% are actually bound by dCas9, and most
of the matches are in promoters, enhancers and genes.?!
Therefore, when we design sgRNA, we should choose
sgRNAs in promoters, enhancers, and genes as far as possi-
ble to improve the target cleavage efficiency. However, those
sites cleaved by CRISPR/Cas9 system can be both on-target
and off-targets sites and we need to balance it according to
different experimental purposes.

Second, one potential strategy for minimizing off-target
effects is to control the concentration of the Cas9-sgRNA
complex by titrating the amount of Cas9 and sgRNA deliv-
ered. However, increasing specificity by reducing the amount
of transfected DNA also leads to a reduction in on-target
cleavage. Therefore, a balance between on-target cleavage
efficiency and off-target effects has to be considered. None-
theless, future optimization of both Cas9 and sgRNA design
may improve Cas9 specificity without sacrificing cleavage
efficiency.8-1030

Third, the wild-type Cas9 nuclease can be replaced with
D10 mutant nickase version of Cas9 and paired with two
sgRNAs that each cleaves only one strand. Paired nick-
ing strategy substantially reduces the off-target activity by
50-1,500-fold in cell lines and facilitates gene knockout
in mouse zygotes without sacrificing on-target cleavage
efficiency.®” This versatile strategy enables a wide variety

Method Advantage Disadvantage References
T7E1 assay Simple Poor sensitivity, not cost-effective 39,40
Deep sequencing Precise Biased, misses potential off-target sites elsewhere in the 2,11
genome
In silico prediction Predicts some off-target mutation sites Fails to predict bona-fide off-target sites 41,42
ChlP-seq Unbiased detection of Cas9 binding sites genome-wide  Most off-target DNA-binding sites recognized by dCas9 21,22,30,
are not cleaved at all by Cas9 in cells 42,43
GUIDE-seq Unbiased, sensitive (0.1%), qualitative translocations, False negatives present, limited by chromatin accessibility. 45
identifies breakpoint hotspots
HTGTS Identifies translocations False negatives present, limited by chromatin accessibility. 46
IDLV Programmable, sensitive (1%) Many bona-fide off-target sites cannot be captured 49
Digenome-seq Sensitive (0.1% or lower), unbiased and cost-effective Not widely used 50
FISH Quick Less precise 51

FISH, fluorescence in situ hybridization; IDLV, integrase-defective lentiviral vectors.
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of genome-editing applications that require high specificity.
Additionally, the repair of two nicks generated by double
nicking produces 5’ overhangs, leading to the formation of
indels much more frequently than 3’ overhang.'“¢ Comicro-
injection of mouse embryos with wild-type Cas9 and sgRNAs
induces on-target and off-target mutations that are trans-
missible to the offspring. Conversely, double nicking can be
used in vivo to efficiently mutate single or multiple genes
with minimal off-target mutations while preserving on-target
cleavage efficiency. There is also an established framework
for the optimal design of paired sgRNAs and computational
tools for predicting potential off-target sites for sgRNA pairs.*”
The optimal pair of Cas9 sites are in a tail-to-tail orientation,
separated by —~10bp to +30bp, with the sequence 5-CCN,
12GG-3". This method is applicable for editing the genome of
any model organism and minimizes confounding problems of
off-target mutations, thereby holds great application potential
in clinical gene therapy.

Fourth, to further improve DNA cleavage specificity,
fusions of catalytically inactive Cas9 with Fokl nuclease
domain (fCas9) have been generated, which edits target
DNA sites with >140-fold higher specificity than wild-type
Cas9 and at least fourfold than that of paired nickases at
loci with highly similar off-target sites.62¢2 This work provides
the foundation for the further characterization and improve-
ment of Cas9 specificity and cleavage activity in vitro and
in vivo. Recently, tru-RFN with 19bp half-site complemen-
tarity lengths that combines truncated guide RNAs with
dimerization-dependent RNA-guided Fokl-dCas9 nucleases
decreases off-target cleavage by 40% relative to standard
RFNs, providing a useful and further improved tool for high-
precision genome-editing applications in human cells.®* We
believe that the synergistic use of double nicking and fCas9
offers a promising route for mitigating the effects of off-tar-
get CRISPR/Cas9 activity, and may perhaps be a useful
approach for exploring therapeutic applications.” Recently, a
strategy that improves the efficiency of precise genome edit-
ing with CRISPR-Cas9 via inhibition of nonhomologous end
joining using the inhibitor Scr7 to target DNA ligase IV has
also been reported, providing another opportunity to improve
the target specificity.® Moreover, a simple and effective way
to codeliver chemically modified sgRNAs with Cas9 mRNA or
protein has been recently described.®® It is an efficient RNA-
or ribonucleoprotein-based delivery method for the CRISPR/
Cas9 system, with lower cytotoxicity in primary cells than
DNA plasmid-based systems, enabling the expansion and
widespread application of this technology.

Perspectives On Improved Crispr/Cas9 In
Gene-Editing Field

The growth of any new technology, including CRISPR/Cas9,
demands progressive enhancement. In 2 years, research in
CRISRP/Cas9 has made huge strides in the evolution of gene
editing. RGENSs are a promising new member in the growing
family of programmable nucleases, which include ZFNs and
TALENS, but have more severe off-target effects than other
nucleases due to their inherent structure and mechanism. 44
The optimization of various components of the CRISPR/
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Cas9 system enables us to reduce the off-target activity with-
out sacrificing on-target cleavage efficiency. In addition, strat-
egies for minimizing off-target mutations (Figure 2), such as
double nickases Cas9, delivery of purified Cas9 protein and
fusion of dCas9 to Fokl nuclease, illuminate the path for miti-
gating off-target effects, which may eventually lead to thera-
peutic applications. In addition, new methods for detecting
off-target mutations, in particular Digenome-seq, will enable
the detection of rare and detrimental off-target sites before
moving to gene or cell therapy.

Many new tools are available for researchers keen on
exploiting the CRISPR/Cas9 system for various applications.
An improved sgRNA screening library has been established
by Feng Zhang’s group for single- or paired-vector systems
to deliver Cas9 and sgRNA.®” Moreover, CRISRP/Cas9 can
also be modified to control gene transcription,®®-"2 and a novel
split-Cas9 architecture for inducible genome editing and tran-
scription modulation has also been reported.” Donald Zack’s
report of successfully modifying endogenous genes using
H1 promoter-expressed gRNAs, which can be used to target
both ANT19NGG and GN19NGG genomic sites, will increase
the coverage of potential target sites, in particular relevant
to human disease-specific loci.”* Recently, another research
team engineered smaller-sized Cas9 orthologues (Strep-
tococcus thermophilus Cas9 and Staphylococcus aureus
Cas9) with altered PAM specificities, which exhibits improved
specificity in human cells without sacrificing target recogni-
tion efficiency,® thereby getting rid of the PAM recognition
limitation. In view of numerous previous optimization and
perhaps lots of ongoing work, the SpCas9 platform will likely
revolutionize the gene-editing field. By combining all these
available new methods, hopefully we will be able to eventu-
ally manipulate and further correct many (if not all) disease-
related gene mutations in a cost-effectively, simple, reliable,
efficient, and precise way (Figure 2). Recently, CRISPR/Cpf1,
another new gene-editing tool in class 2 CRISPR-Cas sys-
tem that has the different properties from CRISPR/Cas9 was
reported, in which mature crRNAs that begins with 19 nt of
the direct repeat followed by 23-25 nt of the spacer sequence
(like sgRNA in CRISR/Cas9 system) and Cpf1 needed can
efficiently cleave target DNA proceeded by a short T-rich
PAM, in contrast to the G-rich PAM following the target DNA
for Cas9 systems, and a staggered DNA double-stranded
breaks with a 4 or 5-nt 5’overhang was generated by Cpf1
could provide an effective way to precisely introduce DNA into
the genome via non-homology-directed repair mechanisms.
So, it has the potential to substantially advance researchers
ability to manipulate eukaryotic genomes.” Furthermore,
other gene-modifying technologies based on DNA methyla-
tion,”® optogenetics,””’® or mutagens™=3' (base analog, base
modifier, or intercalating dye) may potentially enhance gene-
editing technology, providing they can be linked with sgRNA.
No doubt, new generation of gene-editing tools beyond the
already ZFNs, TALENs, CRISPR/Cas9, and CRISPR/Cpfi1,
may be on the way or await exploration in nature.
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