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Recently, a novel technique named the clustered regularly interspaced short
palindromic repeat (CRISPR)/CRISPR-associated protein (Cas)9 system
has been rapidly developed. This genome editing tool has improved our
ability tremendously with respect to exploring the pathogenesis of diseases
and correcting disease mutations, as well as phenotypes. With a short guide
RNA, Cas9 can be precisely directed to target sites, and functions as an
endonuclease to efficiently produce breaks in DNA double strands. Over
the past 30 years, CRISPR has evolved from the ‘curious sequences of
unknown biological function’ into a promising genome editing tool. As a
result of the incessant development in the CRISPR/Cas9 system, Cas9
co-expressed with custom guide RNAs has been successfully used in a vari-
ety of cells and organisms. This genome editing technology can also be
applied to synthetic biology, functional genomic screening, transcriptional
modulation and gene therapy. However, although CRISPR/Cas9 has a
broad range of action in science, there are several aspects that affect its
efficiency and specificity, including Cas9 activity, target site selection and
short guide RNA design, delivery methods, off-target effects and the inci-
dence of homology-directed repair. In the present review, we highlight the
factors that affect the utilization of CRISPR/Cas9, as well as possible
strategies for handling any problems. Addressing these issues will allow us
to take better advantage of this technique. In addition, we also review the
history and rapid development of the CRISPR/Cas system from the time
of its initial discovery in 2012.

Introduction

Subsequent to the discovery of the DNA double helix,
studies have focused on manipulating the genomes of
cells and organisms with the aim of exploring gene
function. However, several of the earliest gene modifi-
cation approaches, such as physical mutagenesis,
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chemical mutagenesis and transposon-mediated inser-
tional mutagenesis, were not sequence-specific. In the
1970s, the endogenous mechanisms of DNA double-
strand break repair was discovered [1]. Thus, methods
for generating precise breaks at specific DNA sites
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were introduced as a valuable strategy for targeted
genomic engineering.

One of the most significant breakthroughs was the
development of gene targeting based on homologous
recombination (HR) [2]. With HR-mediated targeting,
it is possible to precisely manipulate any gene and
establish knock-in and knockout animal models. How-
ever, despite such profound effects, the incidence of
desired recombination events by HR-mediated target-
ing is extremely low and represents a time-consuming
technology. To address this, a series of programmable
nucleases, such as zinc finger nucleases (ZFNs) and
transcription activator-like effector nucleases
(TALENS), have been developed in recent years for
efficient and precise gene editing [3,4]. Despite having
efficient gene editing properties, ZFNs and TALENs
failed to be widely adopted as a result of their low-
specificity and interference between contiguous
modules in larger arrays.

To overcome these challenges, a novel RNA-guided
endonuclease based genome editing technology named
the clustered regularly interspaced short palindromic
repeat (CRISPR)/CRISPR-associated protein (Cas)9
system has been developed. With a short guide RNA
(sgRNA), Cas9 can be guided to target sites precisely,
and functions as an endonuclease to produce DNA
double-strand breaks (DSBs) efficiently. We review the
fundamental structures and the rapid development of
the CRISPR-Cas9 system subsequent to it first being
reported in 2012. We also discuss factors affecting its
utilization, as well as possible strategies for handling
any problems.

History of CRISPR/Cas9

The story of CRISPR began in 1987. When Ishino
et al. [5] were studying the mechanism underlying the
isozyme conversion of alkaline phosphatase in
Escherichia coli, they discovered several ‘curious
sequences’ in the 3’-end flanking region of the iap gene
and described it as a set of 29 nucleotide repeats with
32 nucleotide spacing sequences. Over the next decade,
many other repeat elements were found in numerous
bacteria and archaea. According to Mojica et al. [6],
these short regularly spaced repeats were present in
more than 40% of bacteria and 90% of archaea.

In 2002, these short repeats were officially named
Clustered Regularly Interspaced Short Palindromic
Repeats, and the abbreviation CRISPR began to circu-
late widely [7]. In the next few years, a series of Cas
genes, situated next to the CRISPR locus, were identi-
fied in CRISPR-containing prokaryotes [8]. Although
several CRISPR loci have been discovered in numer-
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ous microbial species, their biological significance
remained a puzzle until 2005. At that time, three inde-
pendent research groups reported that CRISPR con-
tains spacers of extra chromosomal origin, including
spacers from phages and plasmids [6,9]. In 2007, after
further analysis and comparison, it was confirmed that
CRISPR systems were a kind of bacterial adaptive
immune defense mechanism that protected bacteria
against plasmids and phages [10].

Subsequently, with the discovery of the Cas gene, Cas
protein, protospacer adjacent motif (PAM), CRISPR
RNA  (crRNA) and trans-activating crRNA
(tracrRNA), many details regarding the CRISPR sys-
tems were quickly unveiled [9,11,12]. Although the
mechanisms behind CRISPR systems have not been
determined completely, their basic functions and pro-
cesses were becoming clear. In addition, the classifica-
tion of CRISPR systems was also clarified. Based on the
diverse homology of Cas proteins, CRISPR systems
were classified into three categories: type I, type II and
type II1. The type II system was found to need only one
Cas protein to recognize and cleave target sites, whereas
type I and type III CRISPR systems required a set of
Cas proteins [11,13,14]. The unique protein of the type
IT CRISPR system is Cas9, which was confirmed to be
an essential component of the CRISPR systems [13].

In view of the function and mechanism of type II
CRISPR systems, studies began to explore its applica-
tion in genome editing. A key insight came in 2012
with the observation that Cas9-crRNA complexes of
the Streptococcus thermophilus and Streptococcus pyo-
genes could function as RNA-guided endonucleases
in vitro, with RNA recognizing target sequences and
Cas9 protein cleaving DNA at specific sites [15]. These
findings, along with previous studies, led to the pro-
posal that the Cas9-crRNA complex could be a robust
genome editing tool for inducing specific double-strand
breaks. Subsequently, the CRISPR/Cas system has
come of age as a novel targeted genome engineering
technology and has been successfully used in numerous
species. Furthermore, the technique is constantly being
modified and optimized with the aim of achieveing dif-
ferent outcomes, and new studies are continually forth-
coming. During the past 30 years, CRISPR has
evolved from ‘curious sequences of unknown biologi-
cal function’ into a promising genome editing tool that
is employed globally.

Type Il CRISPR/Cas9 for genome
editing

The type II system genomic CRISPR locus includes
the tracrRNA gene, Cas gene and CRISPR
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Fig. 1. Biology of the type Il CRISPR/Cas
system. Using the Streptococcus pyogenes
type Il CRISPR/Cas system as an example,
the genomic CRISPR locus is transcribed
into tracrRNA, Cas9 and pre-crRNA. With

DSBs the cooperation of tracrRNA and RNase I,

pre-crRNA trims further, forming the
tracrRNA:crRNA duplex, which directs Cas9
to generate DSBs at target sites. Finally,
DSBs can be repaired through the NHEJ or

the HDR pathway.

repeat-spacer array, which are transcribed into
tractrRNA, Cas9 proteins and pre-crRNA, respectively
(Fig. 1). With the cooperation of tracrRNA and RNa-
selll, pre-crRNA can be cut into crRNAs that can
interact with tracrRNAs and subsequently lead Cas9
to recognize the specific DNA sites [16]. The Cas9:
RNA complex randomly searches DNA sequences and
rapidly dissociates from non-PAM sites. Only by bind-
ing to a PAM sequence, a short motif adjacent to the
target sequence (usually NGG motif for SpCas9,
sometimes NAG motif), does the Cas9:RNA complex
interrogate the flanking DNA sequences for gRNA
complementarity [17]. At the target sites that match
the tracrRNA:crRNA duplex and are flanked by
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PAMs, the HNH nuclease domain of Cas9 cleaves the
strand that binds to crRNA, and the RuvC-like
domain cuts the other DNA strand, forming DSBs at
the specific sites [12].

Once the site-specific DSBs are created, two
different repair mechanisms can be activated: the non-
homologous end joining (NHEJ) and the homology-
directed repair (HDR) mechanisms. When there are no
templates, NHEJ can connect the break sequences
directly and induce insertions or deletions (indels). If
indels cause a frame shift in the reading frame, this
can result in the creation of premature stop codons
[18]; if insertions or deletions comprise three bases (or
multiples of three bases) they may affect protein
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function [19]. In the presence of a donor template, the
HDR pathway is activated to induce specific inser-
tions, deletions or mutations [20].

As a result of its simplicity, the type II CRISPR/Cas
system has been developed as a robust programmable
tool, which is known as CRISPR/Cas9. After Jinek
et al. [15] first utilized CRISPR/Cas9 to induce specific
DSBs, Mali et al. [21] began to synthesize an artificial
Cas9 protein and cloned it into a mammalian expres-
sion system. In addition, they expressed a chimeric
sgRNA to replace the tracrRNA:crRNA duplex
(Fig. 2). Using a custom CRISPR system, desired
mutations can be introduced in several human cell
lines, with targeting rates ranging from 2% to 38%.
Meanwhile, Cong ef al. [22] designed two different
type II CRISPR/Cas systems and demonstrated that
Cas9 nucleases can induce precise cleavages at specific
sites under the guidance of short RNAs in human and
mouse cells.

With the gradual perfection of CRISPR/Cas9 sys-
tems, S. pyogenes Cas9 (SpCas9) co-expressed with
custom guide RNAs (sgRNAs or tracrRNA:crRNA
duplexes) have been successfully used in bacteria,
fungi, viruses, parasites, plants, animals and
human cell lines [18,23,24]. Targeting with multiple

Fig. 2. CRISPR/Cas9 for genome editing.
(A) With the guidance of sgRNA, the HNH
nuclease domain of Cas9 cleaves the
strand that binds to sgRNA and the RuvC-
like domain cuts another DNA strand,
forming DSBs at target sites. (B) Paired
Cas9 nickases (i.e. mutating either the
HNH or the RuvC-like domain in Cas9
generates a variant protein with single-
strand DNA cleavage capacity) and
sgRNAs are used to avoid off-target
effects. (C) Dimeric sgRNA-guided fCas9
(dCas9 fused to Fokl nuclease domains)
are used to improve the specificity of
genome editing.

sgRNA
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sgRNAs was also successfully applied to multiplex
genome engineering [25]. The ‘humanized” CRISPR/
Cas9 system has overturned previous methods of ani-
mal model generation, functional genomic screens,
transcriptional modulation, epigenetic control and live
imaging of the cellular genome. However, although
CRISPR/Cas9 has a broad range of action, several
aspects still require further investigation and there are
some points that remain worthy of attention.

Key factors affecting the CRISPR/Cas9
system

To date, the CRISPR/Cas9 system has already shown
itself to comprise a robust and flexible tool for genome
editing and gene regulation. With further research on
CRISPR, however, it became apparent that this tech-
nology was not as easy as once assumed. A large num-
ber of studies have investigated diverse factors
affecting the CRISPR/Cas9 system, such as Cas9
activity, target site selection and sgRNA design, deliv-
ery methods, off-target effects, and the incidence of
HDR (Fig. 3). By addressing these potential pitfalls,
we can take better advantage of this technique, as well
as improve its efficiency and specificity.

sgRNA

5
5 Target DNA

3
o Target DNA
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Fig. 3. Overview of experiments and potential pitfalls of the CRISPR/Cas9 system. Custom sgRNAs for each target are designed by hand or
using appropriate software. sgRNA can be cloned into the vector for co-expression with Cas9. Completed vectors and homologous
templates are then delivered into target cells. Finally, the target DNA can be cleaved specifically. During this entire process, diverse
potential pitfalls have been found, such as Cas9 activity, target site selection and sgRNA design, delivery methods, off target effects and
the incidence of HDR, which might affect the efficiency and specificity of the CRISPR/Cas9 system. Details of potential pitfalls and possible

strategies for addressing these factors are provided in the main text.

Cas9 activity

As a genome editing tool, the CRISPR/Cas9 system
cleaves specific nucleotides based on sequence comple-
mentarity with only two significant components: the
Cas9 protein and sgRNA. With the binding of sgRNA
and target DNA, the Cas9 protein undergoes a large-
scale conformational rearrangement. Accordingly, the
catalytic nuclease lobe of Cas9 rotates ~ 100°, generat-
ing nucleic acid-cleaving activity [26].

Generally, Cas9 can recognize genomic loci under
the guidance of sgRNAs that bind to 20 nucleotide
target sequences. However, Hsu et al. [27] found that
sgRNAs with +85 nucleotide tracrRNA tails increased
the activity of Cas9 and induced higher level of indels
in vivo. They also observed that both concatenated
and interspaced two base mismatches, which occurred
in the proximal region of PAM, greatly reduced Cas9
activity. This effect was further expanded to three con-
catenated mismatches [27], and three or more inter-
spaced and five concatenated mismatches were found
to abrogate Cas9 cleavage activity in most genes [27].
Additionally, the results of further investigations sug-
gested that excessively truncated guide RNA would

1222

also result in Cas9 losing cutting activity [28]. There-
fore, to provide higher Cas9 cutting efficiency, opti-
mization of the sgRNA design and cautious selection
of target sites are badly needed. In addition, increasing
exogenous sgRNA was also found to improve DNA
cleavage activity [29]. In theory, more sgRNA:Cas9
complexes can promote higher editing efficiency. How-
ever, excessive sgRNA:Cas9 complexes may give rise
to off-target effects as a result of the inevitable com-
plementarity of nonspecific sequences in the genome
[30]. An up to six-fold molar excess of sgRNA over
Cas9 protein has been shown to maximize the on-tar-
get mutation frequencies when the recombinant Cas9
protein was delivered into cultured human cells with
in vitro transcribed sgRNA [31]. Thus, to improve on-
target mutation rates, as well as the activity of Cas9,
the concentrations of sgRNA and Cas9 should be con-
sidered.

The activity of Cas9 protein can also be affected by
other elements to a greater exstent than by sgRNAs.
In eukaryotic gene editing, Cas9 is always connected
with the nuclear location signal (NLS) to translocate
into the nucleus. Shen er al. [32] demonstrated that

FEBS Journal 283 (2016) 1218-1231 © 2015 FEBS
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adding a linker containing 32 amino acids between
Cas9 and NLS could enhance its DNA cleavage activ-
ity. In addition, several evolutionarily divergent Cas9
proteins have been used for genome engineering, such
as Neisseria meningitidis Cas9 (NmCas9) [33], S. ther-
mophilus Cas9 (St1Cas9) [34] and Staphylococcus
aureus Cas9 (SaCas9) [35]. Compared to typical
SpCas9, most of these orthologous Cas proteins have
different PAM recognition sequences and variable
activity. In human cells transfected with plasmids,
St1Cas9 displayed high activity and SaCas9 showed
greater efficiency, as did SpCas9 [34]. In lentivirus-
mediated transduction, however, St1Cas9 displayed a
lower than average mutation rate compared to that
of SpCas9 [36], indicating that the selection of a
specific orthologonal Cas9 should be considered on a
case-by-case basis.

Target site selection and sgRNA
design

Among the potential pitfalls of CRISPR/Cas9 systems,
sgRNA design is a prime concern. Because CRISPR/
Cas9 systems are highly programmable, Cas9/sgRNA
complexes can be utilized for genome editing or cat-
alytically inactive Cas9 (dCas9)/sgRNA complexes can
be used for gene regulation. These applications require
the design of sgRNAs that are efficient and specific.
However, because this requires the consideration of
many criteria, rational sgRNA design remains a major
challenge.

Previously, it was assumed that Cas9/sgRNA com-
plexes could cleave double-strand DNA in the presence
of PAM and an adjacent complementary target
sequence. However, many experiments showed that
some sgRNAs were less efficient or even inactive [37—
40, 41]. For genome editing experiments, a pool of
sgRNAs first required to be screened for activity;
hence, design criteria to maximize sgRNA efficiency
are a valuable pursuit. With accumulating experimen-
tal data on the use of CRISPR/Cas9 systems for gen-
ome engineering, a range of sequence features in and
around the target sequences that predict sgRNA effi-
ciency have been identified.

For CRISPR/Cas9-mediated genome editing, the 5’
end of sgRNAs that append a G (guanine) (e.g.
GXI19NGQG) is strongly needed for expression from a
U6 promoter [37]. In addition, G is preferred in the
first or second position closest to PAM, which may
assist Cas9 loading [37], whereas C (cytosine) is
strongly unfavorable in the same positions. Third,
because multiple U (uracil) in sgRNA cause low
sgRNA expression, T (thymine) is undesirable at the
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four nucleotide positions adjacent to PAM [38]. A
(adenine) is preferred in the middle of sgRNA and G
is preferred in the PAM-distal region [37]. In all, G-
rich and A-depleted sgRNAs are more stable and
more efficient [39]. Moreover, novel features of the
SpCas9 PAM that reproducibly impact upon sgRNA
activity have been found. For example, there is a pref-
erence in the variable nucleotide of NGG, where C is
favored and T is disfavored [40]. An extended PAM
sequence of CGGH is optimal for the use of SpCas9
to generate DSBs in mammalian cells. Conversely,
TGGG shows the lowest activity [40]. Compared to
the sequence features in the CRISPR/Cas9-mediated
genome editing, the sequence preference for dCas9
fusion-mediated inhibition/activation (CRISPRi/a) is
substantially different. In CRISPRi/a experiments,
19 nucleotide sgRNAs have the highest efficiency, and
perform better than the truncated sgRNAs with
17-18 nucleotide spacers and the sgRNAs with
20 nucleotide spacers [38]. Additionally, purines are
preferred at most positions in sgRNAs [38]. By con-
trast to the ‘seed sequences’ that dominate sequence
preferences in the CRISPR/Cas9 system, most of the
nucleotides in the spacer region jointly contribute to
sgRNA efficiency in the CRISPR/dCas9 system [38].

With so many criteria proposed, a growing number
of computational tools now facilitate the design of
sgRNAs. Most of the current sgRNA design tools sup-
port either the SpCas9 system or multiple orthogonal
Cas9 systems from other bacterial species. sgRNA
design software that enables a comparison between
them is listed in Table 1.

Delivery methods

CRISPR/Cas9 technology is changing the field of gen-
ome engineering and is also expected to change the
treatment of genetic diseases. Achieving this goal
requires not only improvements in efficacy and speci-
ficity, but also the optimization of delivery methods.
The introduction of plasmids that simultaneously
encode sgRNA and Cas9 into target cells by electropo-
ration, nucleofection or lipofectamine represents a
common and rapid method that can be applied to a
wide variety of cell lines. The most commonly used
plasmids always express an optimized SpCas9 and chi-
meric gRNA. With the demand for large fragment
expression, multiple plasmids have been used to target
different sites [25]. However, all or part of the plas-
mids are often randomly integrated into the host gen-
ome [31]. Plasmid DNA can also be inserted into both
on-target and off-target sites, which can lead to diffi-
culties in detection. Furthermore, host immune
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responses that depend on the recognition of unmethy-
lated CpG dinucleotides in the bacterial DNA can be
induced by these inserted bacterial sequences and may
interrupt the process of genome editing [42]. In addi-
tion, these methods of transfection are inefficient in
primary cells and may lead to cytotoxicity. Once trans-
fected, plasmid DNA can also persist inside the cells
for several days, which may aggravate off-target effects
[43]. Therefore, other approaches, including the use of
recombinant proteins, in vitro transcribed mRNA and
viral vectors, are being investigated.

To circumvent these challenges in the use of plas-
mids, the recombinant Cas9 protein complex with
sgRNAs has been delivered into cultured human cells,
mice and zebrafish via electroporation or microinjec-
tion [31]. In addition, in vitro transcribed Cas9 mRNA
has been microinjected into zebrafish, mice, pigs and
monkeys to generate genetically modified animals.
However, these methods may be stressful to cells.
Alternative approaches including the chemical conju-
gation of Cas9 protein and sgRNAs, such as cell-pene-
trating peptide-conjugated recombinant Cas9 protein
[44], cationic lipid mediated delivery of Cas9 protein
[45] and delivery of self-assembled DNA nanoclew-
mediated Cas9/sgRNA complexes [46], were applicated
gradually. By contrast to Cas9 mRNA, which first
needs to be translated after transfection into cells,
Cas9 protein performs immediately upon transfection
[31]. In addition, because translation begins only at the
two-cell stage, injection of mRNA encoding cas9 into
single-cell embryos often results in chimerism [47].
Using Cas9 protein can circumvent this limitation.
Moreover, the detection of Cas9 protein is much easier
than the detection of Cas9 mRNA before transfection.
Although these methods of delivery can reduce off-
target effects relative to plasmid-mediated delivery, the
efficiency is still considered insufficient.

By contrast to microinjection, chemical transfection
and electroporation, gene transfer by viral vectors is
an active, receptor-dependent process that allows con-
trol over the amount of DNA transfected for greater
efficiency and less cytotoxicity. Moreover, viral vectors
can enter into large numbers of cell types efficiently,
both in vivo and in vitro. Therefore, viral vectors are
widely used to deliver CRISPR systems. To date, inte-
grase-defective lentiviral vectors (IDLVs) [48], adenovi-
ral vectors (AdVs) [49] and recombinant adeno-
associated viral vectors (rAAVs) [18] have been used
to transfer CRISPR systems into mammalian cells.
Given their large packaging capacity (~ 10 kb), IDLVs
comprise a useful tool for the delivery of CRISPR/
Cas9 systems. They have been used for the construc-
tion of large-scale sgRNA expressing arrays containing

1225


http://crispr-era.stanford.edu/InitAction.action
http://crispr-era.stanford.edu/InitAction.action
https://crispr.med.harvard.edu/sgRNAScorer
https://crispr.med.harvard.edu/sgRNAScorer
http://crisprscan.org

Potential pitfalls of the CRISPR/Cas9 system

a vast number of human and mouse genes [50], and
have facilitated the detection of off-target effects with
low frequency (1%) [48]. Although the transient
expression of IDLVs-delivered Cas9 has an advantage
in terms of safety in rapidly dividing cells, Cas9
expression may persist after IDLV delivery in quies-
cent and slowly dividing cells, leading to high off-
target effects. Similar to IDLVs, AdVs are also
commonly used viral vectors for the delivery of
CRISPR/Cas9 components. However, the difference
between these vectors is that the linear double-
stranded AdV DNA has a terminal protein at its 5
ends as a result of covalent binding [49]. This protein-
capped DNA structure reduces the possibility for
interactions between the exogenous DNA and off-
target sites, making chromosomal integration less
promiscuous and targeted insertion more precise [49].
Finally, because of their nonpathogenicity, low
immunogenicity, nonintegrating nature and wide range
of serotype specificity, rAAV vectors have also been
deployed to introduce CRISPR components into ani-
mals with the aim of investigating gene function and
establishing desired animal models [18]. Because rAAV
only leaves ~ 4.5 kb for packaging CRISPR/Cas9
components, using a single rAAV vector to deliver the
typical SpCas9 (~ 4.2 kb), chimeric sgRNA and con-
trol elements still represents a substantial challenge
[51]. Alternative approaches are the use of two sepa-
rate TAAV vectors, and the delivery of a rationally-
designed truncated SpCas9. However, both methods
have demonstrated reduced activity [35]. More
recently, a smaller Cas9 from S. aureus has been iden-
tified that resolves such problems. Ran et al. [35]
achieved > 40% gene modification efficiency of the
PCSK9 gene in murine liver by intravenous injection
of a rAAV vector that packaged SaCas9 and sgRNA
[35]. Nevertheless, rAAV-mediated delivery requires
further optimization before it can be used for thera-
peutic applications.

Off-target effects

Many studies have shown that the CRISPR/Cas9 sys-
tem is a simple but highly efficient approach for gen-
ome editing in a variety of cells and organisms, both
in vitro and in vivo. The Cas9 nuclease can be directed
via complementary base pairing between the first
20 nucleotides of sgRNA and target DNA sequences
that lie adjacent to PAM. With the cleavage of Cas9,
target sequences generate DSBs and introduce new
genetic materials. Nevertheless, a number of studies
have demonstrated that the CRISPR/Cas9 system can
induce a substantial amount of off-target mutagenesis
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[30,52]. These off-target effects might play a role in
recognizing and destroying hypervariable viral nucleic
acids or plasmid DNA, which is beneficial to bacteria
and archaea [53]. However, for biological studies and
genetic therapies, off-target phenomena generate unde-
sired mutations at random sites, thus impacting precise
gene modification.

Previous studies have shown that Cas9-mediated
cleavage can be inhibited by a single mismatch in the
complementary region of sgRNA and target sequences,
especially the PAM-proximal nucleotides [30]. On the
basis of whole-genome sequencing, several studies have
shown that mismatches at the 5'-terminal of the target
sites are generally better tolerated [22,54]. Moreover,
studies in human cells have shown that up to five mis-
matches will not prevent cutting of target sequences,
and that off-target sites can be mutagenized at fre-
quencies higher than the intended on-target sites [30].
Thus, for a better application of the CRISPR/Cas9
system, it is important to evaluate the potential hybrid
effects of high-frequency off-target mutations.

A series of experimental and computational methods
that predict off-target sites were discovered based on
modification of Cas9 in vivo [27,52]. Initially, efforts to
depict the specificity of Cas9 cleavage focused exclu-
sively on the SpCas9 nuclease. Off-target sites were
deduced from alignment algorithms using a ‘seed
sequence’ adjacent to the NGG PAM. When NAG
PAM sequences also recognized by SpCas9 were rec-
ognized, it was apparent that many off-target muta-
tions had not been identified. Subsequently, a number
of studies used sequence similarity-based off-target
searches or dCas9-mediated ChIP to detect potential
off-target sites for mutations [55]. However, such
approaches are biased and not comprehensive. With
the development of high-throughput sequencing, sev-
eral new approaches that can reveal genome-wide
off-target binding in an unbiased manner have been
developed; for example, IDLV capture [48]; genome-
wide unbiased identification of DSBs enabled by
sequencing (GUIDE-seq) [56]; Digenome-seq [57] and
direct in situ breaks labeling, enrichment of strepta-
vidin, and next-generation sequencing (BLESS) [35].
Each of these methods has both advantages and draw-
backs. IDLV capture uses viral genomes to tag the
DNA DSBs, although this method can only detect off-
target sites occurring at a frequency of > 1% [48].
Although GUIDE-seq and Digenome-seq can identify
off-target sites that are cleaved at frequencies of
< 0.1%, the former cannot work for DNA nicks and
the latter does not take into account cellular factors
that may affect off-target cleavages [56,57]. Unlike
GUIDE-seq and IDLV capture, there is no need to
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introduce exogenous bait for BLESS [35]. Moreover, it
can identify not only the off-target sites previously pre-
dicted by sequence similarity-based off-target searches
or ChIP, but also the off-target sites induced by inser-
tion or deletion mismatches in the gRNA:DNA
heteroduplex [35]. Although they are comprehensive
and unbiased, these methods still need to be refined
because the off-target effects identified in vitro might
be different from those in vivo.

We are now on the threshold of understanding the
specificity of CRISPR/Cas9 systems. Over the past
2 years, considerable efforts have been made to dimin-
ish off-target effects, and the specificity of CRISPR/
Cas9 has been enhanced using the strategies outlined
below.

(a) Selection of proper target sites and rational design
of highly active sgRNAs. It has been reported that
target site sequences with relatively low GC con-
tents (< 35%) are less likely to induce off-target
effects, whereas high GC-content makes RNA/
DNA hybrids more stable and increases the toler-
ance of mismatches [55]. Moreover, target
sequences and PAM sequences containing at least
three mismatches that form DNA bulges at the 5'-
terminal, 3’-terminal or 7-10 bp adjacent to PAM
should be avoided [55].

(b) Use paired Cas9 nickase and sgRNAs. Cas9
enzyme can be converted into Cas9 nickase, a vari-
ant protein with single-strand DNA cleavage
capacity, by mutating either the HNH or the
RuvC-like domain. With a pair of sgRNAs, Cas9
nickase can induce the generation of two closely
adjacent single-strand nicks, which will eventually
form DSBs [58] (Fig. 2).

(¢) Use truncated sgRNAs. Fu et al. [59] demonstrated
that using truncated sgRNAs with a length of 17—
18 nucleotides can decrease undesired off-target
effects by more than 5000-fold, as well as retain on-
target efficiency [59]. Furthermore, combining trun-
cated sgRNAs with paired Cas9 nickases can lead
to further reductions in off-target mutations [59].

(d) Use dimeric sgRNA-guided fCas9 (dCas9 fused to
FokI nuclease domains) (Fig. 2). Similar to paired
Cas9 nickase, dCas9-FokI dimers can edit endoge-
nous genes by constituting a functional FokI
endonuclease [60]. fCas9 has been shown to mod-
ify on-target DNA sites with a specificity that is
140-fold higher than for typical Cas9 in human
cells [61]. Moreover, fCas9 generally induces less
off-target effects than paired Cas9 nickase [62].

Although these strategies greatly improve the speci-
ficity of on-target cleavage, they also demonstrate
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many defects, such as larger protein sizes, the need for
multiple adjacent sgRNAs, incomplete avoidance of
off-target effects or a decrease in on-target efficiency.
Further improvements in the rational design of
sgRNAs, optimization of delivery methods or the
characterization of novel orthologous Cas proteins will
aid future developments.

Incidence of HDR

As noted previously, DSBs cut by Cas9 nuclease at
desired target sites can stimulate two distinct endoge-
nous DNA repair mechanisms, NHEJ and HDR, to
introduce loss of function mutations or precise modifi-
cations. NHEJ is initiated by the recruitment of Ku70/
80 heterodimer and DNA-dependent protein kinase
catalytic subunit (DNA-PKcs) [63]. This complex sta-
bilizes the two DNA ends and recruits a series of pro-
teins, including DNA ligase, to ligate the DNA breaks
[64]. In HDR, the DNA DSBs are resected to generate
3’-ssDNA overhangs that can recruit a set of repair
proteins and invade with a homologous donor tem-
plate [64]. In general, even in the presence of donor
templates, NHEJ is the more frequently repair path-
way when using CRISPR/Cas9 systems [65]. Because
NHE]J is error-prone but highly efficient, it is suitable
for generating indels. However, it cannot edit the gen-
ome precisely or in the same way as HDR. As a result
of the low incidence of HDR, improving the incidence
of precise insertional mutagenesis using CRISPR/Cas9
is a challenge.

Cell lines deficient in NHEJ components increase
levels of HDR. This suggests that these two repair
processes are intensely competitive. Hence, suppressing
key NHEJ molecules, such as KU70, KUS0 or DNA
ligase IV, by gene silencing [20], microinjection of
ssRNAs [66] or the use of small molecule inhibitors
[20,63,64,67-69] has been shown to increase the fre-
quency of repair by the Cas9-mediated HDR pathway.
One of the most prominent research achievements in
the field has been the use of the inhibitor Scr7, which
targets DNA ligase 1V, to increase the efficiency of
HDR-mediated genome editing up to 19-fold
[20,68,69]. Moreover, from a collection of ~ 4000 small
molecules of known biological activity, Yu et al. [67]
identified two small molecules, L755507 and Brefeldin
A, that can increase the HDR efficiency by two- to
three-fold. Robert et al. [64] also confirmed that two
small molecule inhibitors of DNA-PKcs (NU7441 and
KU-0060648) could reduce the incidence of NHEJ and
increase the frequency of HDR. In addition, short
hairpin RNA sequences to knockdown KU70/80 or
DNA ligase IV have also been used to promote the

1227



Potential pitfalls of the CRISPR/Cas9 system

efficiency of HDR in both human and mouse cells
[20].

Although the suppression of key NHEJ molecules,
KU70, KU8O or DNA ligase IV, can stimulate HDR,
which is followed by Cas9 cleavage, these inhibitors
may have toxic effects. Thus, a second strategy utiliz-
ing cell cycle synchronization techniques has been
developed. Generally, the efficiency of Cas9-mediated
gene editing in mice via NHEJ can reach 20-60%,
whereas the efficiency of HDR is only 0.5-20% [65].
Although cells have different abilities with respect to
repairing DSBs using either NHEJ or HDR, the phase
of the cell cycle also regulates repair pathway selection.
NHEJ always occurs during the entire cell cycle,
whereas HDR is restricted to the late S and G2 phases
[41]. Therefore, a new strategy has been developed that
combines well-established cell cycle synchronization
techniques with direct nucleofection of pre-assembled
Cas9 ribonucleoprotein complexes to achieve con-
trolled nuclease action at the optimal phase of the cell
cycle for HDR [41].

There has been some progress in improving the effi-
ciency of HDR, although very few studies are
currently being published in this area. Whether for
mass-producing animal models or for prospective gene
therapy, precise genome editing is critical. Therefore,
significant efforts should be made to enhance the inci-
dence of HDR.

Conclusions and prospects

Systematic analyses of gene function have been ham-
pered by the lack of suitable tools for precise and effi-
cient gene engineering. The CRISPR/Cas9 system,
which simply uses a guide RNA and Cas9 nuclease to
identify and cut target DNA sequences, comprises a
robust technology that has been used in diverse and
innovative applications in biology. It has incomparable
advantages over other gene editing tools. For example,
the CRISPR/Cas9 system has more target sites than
ZFNs and TALENSs, and Cas9 has many variants that
can be used in a variety of studies. Moreover, the sys-
tem is extremely easy to use and can be executed in
almost any laboratory. Cas9-based tools have greatly
enhanced our ability to perform systematic analyses of
gene function, as well as to reproduce tumor-asso-
ciated chromosomal translocations precisely. This tech-
nology has also paved the way for the dissection of
redundant gene functions, epigenetics and possible
gene therapy.

Following the first publication of CRISPR/Cas9,
countless studies have been conducted and many
breakthroughs have been achieved in this field [70-72].
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Despite the many advantages of this system, there are
some challenges to the current Cas9-based tools, such
as delivery methods, off-target effects and the balance
of HDR/NHEJ pathways. In addition, some of the
fundamental attributes of the system remain unclear,
including the catalytic mechanism of Cas9, the mecha-
nisms of underlying target sites identification and the
basis for PAM-dependence. An understanding of these
aspects will aid in efforts aiming to improve its cat-
alytic efficiency, expand our choices of target sites and
generate highly specific Cas9-mediated tools.

With the increasing application of CRISPR/Cas9,
this system has been applied to gene editing in human
tripronuclear zygotes [73], generating a tremendous
amount of controversy. Undoubtedly, the results of
such a study emphasize that the translation of
CRISPR technologies from basic research to clinical
practice is still a distant prospect. Further optimization
and improvement of Cas9-based tools for genome edit-
ing is needed to meet the requirements of gene therapy
application.
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