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Abstract—The discovery of CRISPR/Cas9 brought a hope for having an efficient, reliable, and readily avail-
able tool for genome editing. CRISPR/Cas9 is certainly easy to use, while its efficiency and reliability remain
the focus of studies. The review describes the general principles of the organization and function of Cas
nucleases and a number of important issues to be considered while planning genome editing experiments with
CRISPR/Cas9. The issues include evaluation of the efficiency and specificity for Cas9, sgRNA selection,
Cas9 variants designed artificially, and use of homologous recombination and nonhomologous end joining

in DNA editing.
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INTRODUCTION

Elements of the CRISPR/Cas system were first
described in 1987 [1]. The role that the new repetitive
sequences play in bacterial DNA remained unknown
for a long period of time. In 2007, nucleases of the Cas
family and CRISPR elements were shown to play a
role in antiviral immunity of bacteria [2]. A similar
system was found more recently in Archaea [3]. The
studies provided a basis for a large-scale bioinformat-
ics search for similar repeats in the genomes of various
species [4]. CRISPR/Cas proved to be relatively wide-
spread, being found in 48% of bacteria and 84% of
archaea.

Nucleases are a main tool in gene therapy. The idea
of gene therapy is simple. A double-strand break
(DSB) is introduced in a necessary genome site and is
then repaired via two main mechanisms, nonhomolo-
gous end joining (NHEJ) and homology-directed
repair (HDR). In NHEJ, DNA ends are ligated so that
a deletion or insertion of one or several nucleotides
may arise. In HDR, a template is used to copy the
DSB locus. The other, intact chromosome or exoge-
nous DNA, such as a plasmid or an oligonucleotide,
can serve as a template. Thus, it is possible to correct a
pathogenic mutation or to introduce a new sequence
in the genome by making a DSB in a certain site and

Abbreviations: NGS, next-generation sequencing; NHEJ, non-
homologous end joining; HDR, homology-directed repair;
DSB, double-strand break; CRISPR, clustered regularly-inter-
spaced short palindromic repeats; PAM, protospacer adjacent
motif; crRNA, CRISPR RNA; sgRNA, single guide RNA; tra-
crRNA. trans-activating crRNA; Cas, CRISPR-associated pro-
tein; spCas9, Streptococcus pyogenes Cas9.

repairing it with the use of exogenous DNA. This isthe
gist of gene therapy. Specific programmable nucleases
have long been employed in genome editing, but Cas9
is superior to all competitors in one important param-
eter, the cost. A reprogramming of previously known
nucleases requires a new amino acid sequence to be
designed, and the process is rather laborious and often
fails to meet with success. The potentials and advan-
tages of various nucleases have been discussed [5]. To
reprogram Cas9, it is only necessary to synthesize a
nucleotide sequence (DNA or RNA, depending on the
delivery method) of approximately 20 nt, which is pos-
sible to do fast, with a high accuracy, and at a low cost.

NATURAL CRISPR/Cas SYSTEMS

All CRISPR/Cas systems are classified into six
types, [I-VI. The two main components of a system are
an operon, which codes for a Cas protein(s), and clus-
tered regularly-interspaced short palindromic repeats
(CRISPR), which provide a template for synthesizing
CRISPR RNAs (crRNAs) to direct nuclease activity
[4]. One or several Cas proteins perform the following
main functions in various systems: the adaptor func-
tion to bind crRNA, the RNase function to ensure
crRNA maturation, and the nuclease function to
cleave the target DNA. All Cas proteins belong to ten
families, Cas1—10.

The CRISPR locus consists of palindromic repeats
and spacers. The spacers arise when the host genome
incorporates virus or plasmid genome fragments,
which are termed the protospacers until insertion. A
spacer-containing crRNA is synthesized from the

514



CRISPR/CASY, THE KING OF GENOME EDITING TOOLS

(a)

T T

515

I

RuvClI Rec RuvCIl HNH RuvCIII PI
1-62 56—718 718—765 810—872 925—1102  1099—1368
(b) .
Cleavage site
PAM
Noncomplementary
strand

T 5 T.A-G-A-C-G-G-T-A-T-G-C-T-A-C-C-G-T-T-A- -A-C-T{IE»G-C-T-T-A -GT-C-G-T-A-G—3'

T-A-G
3 —AT-C-T-G-C-C-A-T-A-C-G-A-T-G-G-C-A-A-T-C-T-G-A-C-C-G-A-A-T-C-A-G-C-A-T-C— 5
1A

Complementary 5

strand

spCas9 protein

RN 1Al
~A-C-G-G-U-A-U-G-C-U-A-C-C-G-U-U-A-G-A-C-G-U-U-U-U-A-G-A-G-C-U-A G
5 ] 5 3

20 LT A
UCG-G-A-A-U-A-A-A-A-U-U_  C-G-A-UA
GpA

GUC-C-G-U-U-A-U-C-A-A-C-U-UGA sgRNA
[l A
A-G-C-C-A-C-G-G-U-G-A-AA
Gl | |11
U-C-G-G-U-G-C-U-U-U-U-U 3'

Fig. 1. (a) Domain structure of spCas9 and (b) a scheme of spCas9 binding with target DNA.

locus. Then the crRNA binds directly to the Cas pro-
teins of type I and type III systems or through an
accessory tracrRNA to the Cas proteins of type 11 sys-
tems. The specificity of interactions between the Cas—
RNA complex and DNA is determined by hybridiza-
tion of the crRNA spacer with the complementary tar-
get DNA. The Cas nuclease is thereby directed to the
protospacer present in a virus genome. Depending on
the Cas type, a protospacer adjacent motif (PAM)
should flank the 5' or 3' end of the protospacer. The
PAM is absolutely essential for Cas binding to DNA
and usually consists of 3—5 bp. Streptococcus pyogenes
Cas9 (spCas9) recognizes NGG as a PAM, while
Staphylococcus aureus Cas9 (saCas9) recognizes
NNGRRT (Fig. 1) [6]. PAMs are not fully specific.
Forinstance, NAG is recognized as a PAM by spCas9,
although less efficiently than NGG. The PAM is pres-
ent in virus DNA, but is absent from the CRISPR
array, and the bacterial genome is thereby protected
from Cas-dependent cleavage. This mechanism is uti-
lized in the type I and type II systems. In the type I11
systems, spacer DNA is flanked by special repeats,
which prevent its cleavage.

Type I and type I1I systems are similar in mecha-
nism of action and composition. A complex of adaptor
proteins is assembled around the crRNA. In type III
systems, nuclease (Casl0) binds to the complex
immediately. In type I systems, nuclease (Cas3) binds
after DNA binding. The spatial structures of the
CRISPR/Cas complexes are also very similar between
type I and type III systems. The most remarkable fea-
ture of the structures is that the Cas7 adaptor protein
interacts with the spacer so that several Cas7 mole-
cules polymerize to produce a chain, which binds par-
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allel to the crRNA spacer. Because the crRNA is sub-
stantially bent in complex with Cas7, its hybridization
to DNA proceeds in a stepwise manner, by approxi-
mately 5 nt, as Cas7 loses its contact with the crRNA.
This mechanism is thought to be more precise (less
sensitive to individual mismatching nucleotides) than
simultaneous hybridization [6].

Type II CRISPR/Cas systems substantially differ
from type I and type III systems. A type II system
includes only one protein, Cas9, which interacts with
the crRNA and possesses two nuclease domains,
RuvC and HNH (Fig. 1). Two well-separated lobes
are distinguishable in the Cas9 structure. One harbors
all nuclease domains with the exception of a part of
HNH, and the other includes all binding domains.
The crRNA binds between the two lobes [7]. The
spacer interacts with the arginine-rich o helix that
connects the two Cas9 lobes. The interaction is espe-
cially strong at the start of the spacer. This circum-
stance possibly explains why the so-called seed
sequence, which includes 4 nt at the 3' end of the
spacer, is of special importance for recognizing the
DNA nucleotide sequence. A stronger interaction with
these nucleotides provides for their more exact posi-
tioning in contact with DNA. Hybridization starts
with these nucleotides and, probably, proceeds in a
stepwise manner, like in the type I and type III sys-
tems. A guide RNA (gRNA) of a type II system con-
sists of two separate RNA molecules, crRNA and tra-
crRNA, which do not bind to Cas9 until hybridizing to
each other.

Type IV, type V, and type VI CRISPR/Cas systems
were identified relatively recently and are less under-
stood. A type IV system lacks CRISPR and is directed
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by a DNA molecule [8]. A type V system utilizes RNA
of 41—42 nt to direct nuclease activity; the RNA cor-
responds to Cas9 crRNA [9]. A type VI system simi-
larly utilizes a short guide RNA, but cleaves RNA
rather than DNA [10].

The functional principles of CRISPR immunity
and the variants of systems found in various microor-
ganisms have been reviewed in detail [11].

Only Cas9 is now broadly employed in genome
editing. The other systems have not been studied as
comprehensively, but have certain features that may
allow them to equal Cas9 in the future.

MOLECULAR MECHANISMS
OF THE Cas9 FUNCTION

Construction of a single guide RNA (sgRNA) was
an important achievement in the field of genome edit-
ing [12]. The crRNA and tracrRNA components were
artificially combined in a single RNA, which was
termed the sgRNA and used to direct Cas9 without
impairing its activity. The sgRNA consists of approxi-
mately 80 nt, including a 20-nt spacer. Thus, a substi-
tution of only 20 nt makes it possible to target Cas9 to
a new DNA site.

Standard promoters are commonly used to express
Cas9 in eukaryotic cells: the cytomegalovirus (CMV)
promoter for the protein and the U6 (RNA poly-
merase 1II) promoter for the sgRNA. The genes are
transcribed in the nucleus, and the Cas9 mRNA is
exported into the cytosol and translated. The sgRNA
lacks export signals and consequently remains in the
nucleus. Cas9 has a nuclear localization signal (NLS) to
determine its transfer into the nucleus. It is known now
that the NLS is not essential for the nuclear import of
Cas9 [13, 14]. This circumstance is explained by a high
positive charge of the nuclease. However, a Cas9
designed to allow its allosteric regulation with 5-hydroxy-
tamoxifen was less active than the wild-type protein in
the absence of 5-hydroxytamoxiphen [14]. Lack of the
NLS further reduced the activity of allosterically regu-
lated Cas9. It seems that Cas9 nuclear transport
becomes limiting only when nuclease activity or con-
centration is low. Once in the nucleus, Cas9 binds with
sgRNA to produce a ribonucleoprotein complex,
which is capable of specifically cleaving DNA.

Cas9 finds its binding sites in DNA by colliding
with DNA during diffusion. A sliding along DNA has
not been observed for Cas9. This is not surprising
given that Cas9 highly specifically interacts with DNA
and primarily the PAM. However, Cas9 is capable of
DNA binding in the absence of a sgRNA, but the
binding is nonspecific. The dissociation constant is
approximately 25 nM in this case, while decreasing to
0.5 nM in the presence of a sgRNA [15].

In the case of specific interactions, Cas9 first rec-
ognizes the PAM. Then Cas9 binds to DNA, the inter-
action with the PAM stimulates helicase activity, and
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the DNA helix starts melting. The PAM is most likely
necessary for exertion or stimulation of Cas9 helicase
activity. There are data that the PAM is not essential
when the first two nucleotides of the protospacer
always occur in a melted state [15]. The seed sequence
plays an important role in this case by stabilizing the
interaction of Cas9 with melting DNA.

The efficiency of Cas9—DNA binding depends on
how accessible the target site is. The eukaryotic
genome varies in the extent of compaction, which
affects the accessibility of its sites. Cas9 is most likely
capable of initiating chromatin decondensation in vivo
[16]. In vitro experiments showed that even nucleo-
somes cause a six- to eightfold decrease in Cas9 activ-
ity [17]. Little is known on the Cas9 interaction with
chromatin, but it is safe to say that chromatin conden-
sation affects in fact the efficiency of genome editing.
The conclusion is supported by data from a library-
on-library approach, which is detailed below (see
Selection of the sgRNA).

Ample data indicate that Cas9 extremely tightly
binds to target DNA [18, 19]. The lifetime of the
Cas9—DNA complex is several hours, and Cas9 does
not dissociate from the complex even in the presence
of 0.5 M NaCl [15]. Cas9 is sometimes characterized
as a single-turnover enzyme. The assumption is sup-
ported by the following observation. It takes approxi-
mately 1 h fora mammalian cell to eliminate UV-induced
damage and approximately 15 h to repair Cas-induced
DSBs [20]. A possible explanation is that Cas9
remains associated with DNA for a long period of time
after cleavage and thus protects the DNA ends from
being recognized by the repair system.

Unfortunately, the specificity of Cas 9 binding to
DNA is not absolute. The nuclease can bind not only
to its target, but also to the off-target sites that only
slightly differ from the target and possess the PAM.
The probability for an off-target site to be cleaved
depends primarily on the number, nature, and posi-
tions of nucleotide substitutions. Statistical data have
been collected for the effect of these and other factors
on the specificity of DNA binding and cleavage by the
Cas9—sgRNA complex. The data are considered
below together with sgRNA design.

METHODS TO EVALUATE
THE CRISPR/Cas9 SPECIFICITY

As already mentioned, the specificity of
CRISPR/Cas9 is not absolute, which is unallowable
for certain important applications, such as gene ther-
apy. Hence, one of the primary tasks is to improve the
specificity of the system. The issue gave impetus to
developing techniques for DSB mapping at the whole-
genome scale. DSB mapping techniques are indis-
pensable for evaluating the specificity of a nuclease
because they provide an objective estimate for its off-
target activity. Several methods were developed for
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Fig. 2. Flow charts of GUIDE-seq and BLESS.

DSB mapping, each being employed in only few stud-
ies. Two methods, GUIDE-seq and BLESS, seem to
be the most promising.

Genome-wide Unbiased Identification of DSBs Enabled
by Sequencing (GUIDE-seq)

To perform GUIDE-seq (Fig. 2) [21], cells are grown
in the presence of phosphorothioate-protected short
double-stranded oligodeoxyribonucleotides (dSODNS),
which are incorporated in sites of Cas9-induced DSBs
during NHEJ repair. The label (dsODN) may harbor
a restriction site so that its incorporation is possible to
assay by a restriction fragment length polymorphism
analysis. The dsODNs are used for sequencing and
DSB mapping. To obtain a DNA library for next-gen-
eration sequencing (NGS), genomic DNA is isolated
and digested into fragments of 500 bp on average. An
adaptor is then ligated to the fragments at one end.
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Amplification is carried out with primers directed to
the adaptor and the label, and the resulting library
consequently includes only DSB-flanking regions.
The sequence prevalence in the library depends on the
label integration efficiency. An analysis of the
GUIDE-seq results [22] showed that the coefficient of
correlation between the number of reads and the effi-
ciency of label integration in all sites of five genes was
only 0.43. When sites of only one gene, FANCF, were
analyzed, the coefficient of correlation was far higher,
approximately 0.9. It seems that other factors act
together with the label integration efficiency to affect
the prevalence of a sequence in the library. PCR is one
of the most likely factors. The dependence of PCR
efficiency on the GC content has long been discussed
in the context of library preparation for NGS.

It is clear that GUIDE-seq is a sensitive method
because label can be integrated at any time while DSB
exists. However, the number of reads in GUIDE-seq
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results does not directly report how likely a DSB is to
arise in a given site. GUIDE-seq results obtained for
one site (with one sgRNA) can be used to quantita-
tively compare the activities of different nucleases, for
instance, different Cas9 mutants. However, a direct
quantitative comparison of two different sites is
impossible.

Direct In Situ Break Labeling, Enrichment
on Streptavidin, and Next-Generation
Sequencing (BLESS)

In BLESS (Fig. 2), DSBs are labeled after chroma-
tin extraction [23]. A biotinylated label makes it possible
to enrich the preparation in DSB-containing sequences.
Then DNA is digested, and the fragments are ligated
with a second label. Subsequent PCR is carried out
with primers directed to the two labels.

BLESS is far less sensitive than GUIDE-seq
because only the DSBs that exist at the time of DNA
isolation are possible to map. Rare DSBs will most
likely be repaired and will thereby escape detection in
the BLESS results. Currently, the sensitivities of the
two methods can be compared for two sgRNAs.
GUIDE-seq detects more off-target sites than BLESS
with either sgRNA: 8 vs. 4 with one and 32 vs. 10 with
the other [22, 24].

Other Methods

High-throughput genome-wide translocation
sequencing (HTGTS) [25] and its variant linear
amplification-mediated HTGTS (LAM-HTGTS) are
other high-throughput methods to evaluate DSBs.
First, the so-called constant restriction site, which is
always cleaved in vivo, is introduced in the cell
genome. There is a chance that DSB repair in any
genomic site ligates the DSB ends with the ends of the
constant DSB, resulting in a translocation. Given that
the sequence is known for the constant DSB locus,
any DSB arising in the genome can be mapped via
NGS. Because translocations are approximately 200—
1000 times less frequent than deletions and insertions
resulting from NHEJ, a large amount of DNA is nec-
essary for LAM-HTGTS. Moreover, HTGTS was ini-
tially designed to analyze the DSB formation in the
immunoglobulin genes with a constant DSB site
inserted in their vicinity, which is of importance
because intrachromosomal translocations are more
likely to arise than interchromosomal ones. Because of
their low sensitivity, translocation-based methods to
estimate nuclease activity are replaced by their com-
petitors, such as GUIDE-seq.

The T7 and Surveyor nuclease activity assays also
deserve attention [26]. The methods are based on
using the nucleases that cleave DNA in mismatch
sites. Cells transfected with a plasmid expressing Cas9
and a corresponding sgRINA are used to isolate DNA.
The editing region is amplified in conventional PCR.
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Some of the copies have mutations as a result of
NHEJ, while the others are wild type. When the PCR
product is rehybridized, hybridization of mutant strands
with wild-type strands is approximately as likely as with
their counterparts. The resulting duplexes contain mis-
matches in mutation sites and, therefore, are cleaved
upon digestion with the T7 or Surveyor nuclease. The
fragments are then examined. The maximum number
of cleaved duplexes has been obtained at a 50% effi-
ciency of editing. The T7 and Surveyor assays are rel-
atively inexpensive and have consequently found
broad application. Yet their potential is limited in that
only known sites can be tested for DSBs and that the
lower sensitivity threshold is several percent, thus
being inferior to NGS.

Cas9 ENGINEERING

The primary objective of Cas9 engineering is to
reduce off-target activity of Cas9. Gene-engineering
Cas9 variants are possible to classify into two groups.
One includes mutant proteins obtained by introducing
one or more amino acid substitutions. The other
includes split Cas9 proteins. That is, Cas9 is expressed
as two peptides, which are then joined to form one
nuclease.

Mutant Proteins

Several Cas9 mutants have been obtained and
characterized to date in order to reduce off-target
activity [22, 24].

Helicase activity of Cas9 has been modified for the
purpose [24]. When DNA is melted, both the sgRNA
and the helicase domain of Cas9 can stabilize the single-
stranded DNA state. A decrease in helicase activity
increases the relative contribution of the sgRNA to stabi-
lizing ssDNA, thus presumably reducing the Cas9 sensi-
tivity to incomplete complementarity between the
sgRINA and target DNA. A total of 32 amino acid resi-
dues were mutated in various combinations, and a higher
specificity was observed for two variants, K&810A/
K1003A/R1060A and K848A/K1003A/R1060A [24].
BLESS was used to estimate the Cas9 activity in the
study.

Elimination of nonspecific contacts should weaken
the interaction with off-target sites to a far greater
extent than with target sites. A study has been per-
formed to reduce the nonspecific electrostatic interac-
tions of Cas9 with DNA [22]. Four Cas9 variants were
constructed and examined: HF1 (N497A/R661A/
Q695A/Q926A), HF2 (D1135E/N497A/R661A/Q695A/
Q926A), HF3 (L169A/N497A/R661A/Q695A/Q926A),
and HF4 (Y450A/N497A/R661A/Q695A/Q926A) [22].
A crystal structure analysis of Cas9 made it possible to
choose the amino acid residues that were then
mutated to obtain HF1. Each of the other variants had
one additional mutation characterized earlier. D1135
most likely interacts with the PAM [27]; a decrease in
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affinity for the PAM reduces off-target activity and the
seed sequence comes to play a greater role in binding
to DNA. L169 is involved in Van der Waals interac-
tions with DNA [10] and presumably allows the
enzyme to distinguish DNA and RNA. Y450 is dis-
placed by 120° upon DNA binding [27] and is most
likely involved in hydrophobic interactions. Cas9
activity was assayed by GUIDE-seq.

The potential of Cas9 mutagenesis is certainly far
from being exhausted. A combined effect is necessary to
check for the mutations obtained in the above two stud-
ies. Second, specificity estimates obtained for a new
mutant nuclease depend on the methods employed,
which have not been firmly established as of yet. The
above studies provide an illustrative example, one
employing BLESS and the other, GUIDE-seq. Either
method clearly demonstrates that a mutant nuclease
works better than the wild-type enzyme, but GUIDE-
seq better reflects the absolute nuclease specificity
owing to its higher sensitivity. GUIDE-seq results are
more reliable to use when choosing the nuclease for
gene therapy, although certain problems are possible
in this case as well.

Cas9 is possible to convert to a nickase by inactivat-
ing one of its nuclease domains [28]. Only the use of
two nickases, one with inactivated HNH and the other
with inactivated RuvC, may produce a DSB. Off-tar-
get activity is lower with nickases because a simultane-
ous binding of two proteins is required for a DSB to
arise. However, the nickase system is more difficult to
design and is consequently of limited use.

Cas9 variants that utilize other PAMs may also be
useful, allowing more freedom in choosing the target
site. For instance, directed evolution was used to
obtain three Cas9 variants: D1135V/R1335Q/T1337R
for the NGAN PAM; DI1135E/R1335Q/T1337R for
the NGAG PAM; and DI1135V/G1218R/R1335E/
T1337R for the NGCG PAM [29]. Such enzymes may
provide the only solution when DSBs are necessary to
introduce in sites inaccessible to other Cas9 variants.

Split Cas9

Wright et al. [30] have split Cas9 into the nuclease
and binding lobes, which were expressed separately
and joined via noncovalent interactions. In vitro
experiments showed that split Cas9 was approximately
10 times slower than the wild-type enzyme, while its
maximum activity was much the same. In vivo, split
Cas9 had a far lower efficiency (0.6 and 2% vs. 22 and
34% in two experiments), which was explained by a
potential inequality in expression of the two lobes and
relatively high expression of the sgRNA, which might
titrate the lobes apart from each other when in an
excess. The hypothesis is supported by the fact that an
increase in sgRNA concentration decreased the Cas9
efficiency.
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Ligand-dependent dimerization was used to
improve the association of the two lobes of split Cas9.
For this purpose, one Cas9 lobe was fused with FKBP
(FK506 binding protein 12) and the other, with the
FKBP-binding domain [31]. Dimerization of the two
domains occurs in the presence of rapamycin. Thus,
an inducible split Cas9 enzyme was obtained. How-
ever, activity of the noninduced system was still high,
approximately one-third of induced activity. The C
lobe of Cas9 was then supplemented with two NLSs;
and the N lobe, with a nuclear export signal (NES).
The lobes are transferred into different cell compart-
ments after translation. When the Cas9 lobes dimerize
in the cytosol, the two NLSs ensure the enzyme trans-
fer into the nucleus in spite of the presence of the
NES. Noninduced activity was not observed for the
construct. Activity of dimerized Cas9 was approxi-
mately half that of the wild-type enzyme (95 and 43%
on the target site), and off-target activity was absent. It
is of interest that rapamycin-dependent activation was
stable; i.e., a single 2-h exposure had the same effect
as continuous activation.

The two Cas9 lobes were joined via inteins, which
are short amino acid sequences that possess autocata-
lytic peptidase activity [32]. An intein consists of two,
C- and N-terminal, parts, which may belong to one
(cis-inteins) or different (frans-inteins) protein chains.
Cis-inteins do not need any cofactor to excise them-
selves from their host proteins. The halves of a frans-
intein first covalently bind with each other and then
catalyze self-excision like cis-inteins.

The Cas9 enzyme assembled with the use of inteins
had the same efficiency as the wild-type enzyme [33].
The intein-containing Cas9 was delivered into the cell
with an adeno-associated virus (AAV). AAVs are cur-
rently considered to be the safest vectors, but their
packaging capacity is limited to approximately 4.7 kb.
The full-size spCas9 system is slightly greater than the
limit. This circumstance complicates its use and, in
particular, restricts the choice of regulatory sequences.
The intein-containing Cas9 solves the packaging
problem because two virus particles can be used to
deliver the system.

New Cas9 Enzymes

Delivery of Cas9 into the cell is an important prob-
lem. The Cas9 size is inconvenient for delivering Cas9
with an efficient and safe AAV, and shorter variants of
the enzyme are consequently sought. The most prom-
ising variant is S. aureus Cas9 (saCas9). The saCas9
cDNA is only 3252 bp, and saCas9 functions with a
higher precision than spCas9 according to the avail-
able data. Based on off-target activity evaluated by
BLESS, saCas9 is more precise than wild-type spCas9
[34] and less precise than highly specific mutant
spCas9(1.1) [24]. GUIDE-seq was used to evaluate
the specificity of editing at a target site in VEGFA for
wild-type spCas9, mutant spCas9, and saCas9 [22, 35].
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The results showed eight off-target sites for saCas9 and
more than 30 for spCas9; i.e., saCas9 has a higher
specificity.

Thus, saCas9 may have other advantages in addi-
tion to a shorter length. However, published data are
not ample enough to state this for certain.

CHOICE OF sgRNA

The sgRNA nucleotide sequence is known to affect
both the efficiency of target site cleavage and off-target
activity. Statistical data were collected to predict the
sgRNA efficiency from the nucleotide sequence and to
characterize the effects of the number, nature, and
positions of mismatches on the sgRNA efficiency,
thus predicting off-target activity.

In all studies, the sgRNA efficiency is inferred from
the efficiency of knocking out the sgRNA target gene.
A knockout arises when DSB is repaired via NHEJ,
which is often associated with a loss of several nucleo-
tides and far less frequently with an insertion. Frame
shifting by 1, 2, or 3 bp is equally possible; i.e., a
frameshift mutation leading to a gene knockout occurs
in approximately two-thirds of all cases [36]. In such
experiments, cells were treated with a DNA library
coding for several thousand or several tens of thou-
sands of sgRNAs, which are targeted to the genes
whose knockouts are easy to detect. The set may
include surface receptor genes, which are possible to
test for expression by flow cytometry, or vital genes,
whose knockout efficiency is directly proportional to
the cell viability. Cells are treated with a DNA library
so that only one sgRNA is expressed in a cell on aver-
age. For instance, to identify the genes involved in
mismatch repair (MMR), tests were performed with
73300 sgRNAs targeting 7330 genes, at 10 sgRNAs per
gene [37]. Cells transfected using the CRISPR/Cas9
system were cultured in the presence of 6-thioguanine,
which was used in a concentration that results in cell
death because repair proteins recognize 6-thioguanine
and arrest the cell cycle. The sgRNAs that target the
MMR genes distort the cell-cycle control, and cells con-
tinue proliferating in the presence of 6-thioguanine. A
NGS-based analysis of the surviving cells identified
the sgRNASs and, therefore, the genes whose knockout
turns off the MMR pathway. The efficiency was com-
pared for different sgRNAs targeting one gene, and
specific sgRNA motifs were thereby associated with
sgRNA efficiency. The data are used to study the
nucleotide sequence dependence of sgRNA efficiency.

The sgRNA efficiency always depends on several
factors, including the sgRNA stability within the cell,
affinity for Cas9, and nucleotide sequence. The roles
of these factors were analyzed in detail and separated
in several studies. In one of them, the Cas9 mRNA
and sgRNA were injected in zebrafish embryos [36].
Injections of sgRNA alone were used to estimate its
intracellular stability, and injections of both sgRNA
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and the Cas9 mRNA served to estimate sgRNA affin-
ity for the nuclease (with due regard to the stability). It
was observed that the higher the G content, the more
stable is the sgRNA. The dependence is explained by
the formation of quadruplex structures, which was
verified experimentally. In contrast, sgRNAs with
lower G contents were found to have higher affinity for
Cas9. In spite of this, the nucleotide composition of
efficient sgRNAs was similar to that of stable sgRNAs,
i.e., there is an antagonistic relationship between sta-
bility and affinity, a high and low G content, but sta-
bility is a more important factor. Similar results were
reported from other studies [38]. All active sgRNAs
had a GC content higher than 50%. It should be noted
that the method employed in delivering the
CRISPR/Cas9 components is likely to affect the
results. For instance, the sgRNA stability is far more
important when sgRNA is injected in the cell than in
the case of its continuous expression. This results in a
dominance of the corresponding characteristics of
efficient sgRNAs.

The accessibility of the target site, that is, the extent
of its DNA compaction, is another important factor.
The so-called library-on-library method was used to
eliminate the chromatin organization factor [39]. The
idea of the method is quite simple. Only sgRNA
library is used in a conventional screening, while target
sites are in the genome. The library-on-library
method additionally utilizes a library of target sites.
Cells are transfected not only with plasmids carrying
the components of the Cas9 system, but also with plas-
mids carrying target sites. The two libraries are deliv-
ered into cells with lentivirus vectors, which are inte-
grated in highly accessible chromatin regions. The
effect of epigenetic factors on sgRNA activity is
excluded by using an integrated target site to evaluate
the activity and is possible to estimate by comparing
the activities between the integrated and genomic sites.
The available data indicate that epigenetic factors
reduce Cas9 activity; the finding is supported by the
correlation between sgRNA activity and DNase I sen-
sitivity. However, an association between DNA chro-
matization and sgRINA activity was not uniformly
observed in all studies [38].

Another difficulty arises because 1-, 2-, and 3-bp
frame shifts are not always similarly likely [40]. A bias
towards one or another repair outcome was observed
depending on the DSB position in the genome [36,
41]. For instance, if a site is repaired to produce mostly
a 3-bp deletion, the gene knockout efficiency and,
therefore, the apparent sgRNA efficiency will be low.
It remains unknown how strongly this circumstance
affects sgRNA activity measurements.

The sgRNA Designer Program

Special programs were developed to select sgRNAs
with regard to various parameters that affect both tar-
get and off-target sgRNA activities. The programs
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available for designing sgRNA have been reviewed in
[42]. Asan example, we consider in detail the data collec-
tion for the sgRNA Designer program (Broad Institute,
United States; http://www.broadinstitute.org/rnai/pub-
lic/analysis-tools/sgrna-design), which is one of the
most common tools used for the purpose.

The first study to collect experimental data for
developing sgRNA Designer analyzed target activity as
dependent on the nucleotide sequence for 1841 sgRNAs
directed to surface receptor genes [43]. Target gene
expression was assayed by flow cytometry. The data
were used to create the so-called rule set no. 1 for
sgRNA design. The rules were updated to include
additional factors more recently [44]. A Gini index
was developed to indicate the importance of a particu-
lar factor for sgRINA activity: the nature of nucleotides
and dinucleotides depending on their positions (58 %),
the total number of nucleotides and dinucleotides
(16%), the sgRNA position in a protein-coding gene
(13%), and melting temperature (11%). To evaluate
off-target activity, the effect of mismatches on sgRNA
activity was studied and summarized in the cutting fre-
quency determination (CFD) index. Statistical data
for CFDs were collected using 65 sgRNA that targeted
CD33 with activities verified experimentally. A total of
9914 sgRNAs were obtained by introducing all possi-
ble modifications, including single nucleotide substi-
tutions, deletions, and insertions. The effect of a sub-
stitution in a given position was determined as an aver-
age decrease in activity across all sgRNAs carrying the
given substitution. For instance, to estimate the effect
of the G>T substitution in position 5, averaging was
performed across all sgRNAs with the substitution
regardless of all other substitutions, if any. To evaluate
the efficiency of CDF, cross-validation was performed
with 89 sgRNAs by calculating the coefficient of cor-
relation between the CDF of a particular sgRNA and
its activity measured experimentally. The coefficient
of correlation was 0.572 for sgRNAs with one substitu-
tion, 0.512 for sgRNAs with two substitutions, and
0.164 with three or more substitutions.

Other studies confirmed the results obtained with
sgRNA Designer. Three sgRNA sets were examined,
including 2073 sgRNAs against 58 human ribosomal
genes, 1667 sgRNAs against 163 human nonribosomal
genes, and 1443 sgRNAs against mouse nonribosomal
genes [45]. With all three sets, a good agreement was
obtained only for the seed sequence region, where G is
preferable to occur in positions 1 and 2, C is preferable
to occur in position 3, and T is undesirable in the four
first positions of the spacer.

The above three studies [43—45] provide the most
ample sets of statistical data on sgRNA activity. The
results are used in many online sgRNA design tools,
such as CHOPCHOP [46] and WU-Cerispr [47].

It is impossible to define stringent rules for sgRNA
design on the basis of the available data. The existing
programs are probably suitable for designing a large
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library, while choosing from a few sgRNAs is a more
common problem. Experimental testing is the best
solution in such cases.

NHEJ or HDR?

Two main mechanisms, NHEJ and HDR, are
known to repair Cas9-induced DSBs in the cell.
NHE]J is often accompanied by deletions and inser-
tions, which may cause a frameshift and, conse-
quently, a gene knockout when occurring in the cod-
ing region. Zhang and colleagues [48] developed pro-
tocols to construct modified cell lines by using
CRISPR/Cas. HDR utilizes a template, which is cop-
ied in the course of repair. Plasmid DNA with proper
homology regions (approximately 1000 bp at each
DSB flank) or a shorter ssSDNA of no more than 120 nt
is possible to use as a template in gene therapy. Thus,
HDR makes it possible to introduce an insert and to
modify the genome sequence. HDR is basically more
difficult to employ than NHEJ. HDR of DSBs is far
less likely in vivo. The problem of enhancing HDR is
still poorly understood, and the efficiency of genome
editing with HDR is usually estimated at few percent.

Various methods are used to examine NHEJ and
HDR in estimating the Cas9 efficiency. The most
common one is a fluorescence analysis with HDR
and/or NHEJ restoring the function of a fluorescent
protein, such as the traffic light reporter (TLR), which
includes two proteins, mCherry and GFP. The
mCherry gene carries a frameshift mutation and is
consequently reparable by NHEJ. Thus, the content
(%) of mCherry+ cells is approximately one-third of
all cells where NHEJ has been employed in repair. The
GFP gene carries a deletion and is therefore reparable
only by HDR.

A digital PCR-based method was proposed for
evaluating the NHEJ and HDR efficiencies [49]. Two
probes are used in the method. One serves to detect
NHE]J event; this probe carries fluorophore 1, covers
the DSB region, and is fully complementary to it. The
other probe serves to detect HDR events; the probe is
directed to the repair region, is complementary to the
repaired sequence, and carries fluorophore 2. A third
probe anneals outside of the editing region and is used
to score the sites, carrying fluorophore 1. The NHEJ
probe does not bind to sequences with deletions or
insertions; i.e., a decrease in fluorescence from fluoro-
phore 1 is a measure of NHEJ, and an increase in fluo-
rescence from fluorophore 2 is a measure of HDR.

Transfected cell selection also deserves attention.
Cells are usually transfected simultaneously with Cas9
and a selective marker (antibiotic resistance gene), and
only Cas9-expressing cells are used in further experi-
ments [50].

Because a low efficiency of HDR prevents con-
struction of stably transfected cell lines, NHEJ was
proposed for insertion of large genes [51]. A linearized
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plasmid with blunt ends serves as a donor in this case.
The plasmid is inserted into the DSB via NHEJ. The
efficiency of HDR-mediated GFP insertion ranged
from 1.5 to 6% in eight cell lines. NHEJ increased the
efficiency to 15—20%. The efficiency of inserting
larger fragments of 12 and 34 kb was 7.49 and 1.18%,
respectively.

Two approaches have been used to date to improve
the HDR efficiency. One is silencing the genes for
NHEJ proteins, and the other is synchronizing Cas9
expression with the cell cycle. The Ku70 protein is
thought to play a main role in initiating NHEJ by
binding to the DNA ends and preventing their binding
with factors necessary for HDR. The genes for Ku70
and DNA ligase IV (LIG4), which joins the ends in
NHEJ, were silenced using RNA interference, the
low-molecular-weight inhibitor SCR7 [50], and pro-
tein inhibitors. Simultaneous inhibition of Ku70 and
LIG4 caused a substantial, five- to sevenfold, increase
in HDR, from 5 to 25—36%. The SCR7 effect was not
confirmed [52]. However, SCR7 used together with
injection of Cas components into rat zygotes increased
the HDR efficiency approximately twice [53].

The other approach takes advantage of the fact that
the repair mode depends on the cell-cycle phase.
HDR occurs in S and G2, while NHEJ activity
remains the same throughout the cell cycle. If Cas9
expression is restricted to S and G2, HDR may have a
greater chance to occur as compared with NHEJ.
Many cell cycle-dependent proteins possess degrada-
tion (ubiquitination) signals, which determine their
hydrolysis once the cell enters a certain phase of the
cell cycle. Geminin is one of the best-studied proteins
of the set. The first 110 amino acid residues of geminin
contain a signal for ubiquitination in G1. Fusion of
Cas9 with the fragment should cause its degradation in
G1. In fact, the chimeric Cas9-Gemi protein with the
geminin fragment increased the HDR rate by a factor
of 1.28—1.72 depending on the transfected plasmid
amount. This is probably explained by the fact that
Cas9-Gemi is expressed to a lower level, and the
amount of the plasmid carrying its gene may therefore
act as a limiting factor [52].

The HDR efficiency is possibly to modulate by
changing the Cas9 level. Both target and off-target
activities of Cas9 were shown to linearly depend on the
amount of the plasmid transfected into the cell [54].
Thus, the specificity can be increased by decreasing
the total Cas9 level, at the sacrifice of target activity.

It is important to note, first, that the repair mech-
anism (NHER/HDR ratio and the lengths of dele-
tions and insertions) depends on the locus and cell
type. Target sites are possible to characterize with an
average length of deletions and insertions and an aver-
age HDR efficiency. The parameters differ even when
sites are only a few nucleotides apart. Second, the
Cas9 efficiency depends on the cell type; for instance,
the HDR efficiency is the lowest in pluripotent stem
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cells [55, 56]. Third, there is no correlation between
NHEJ and HDR [49, 51], and this circumstance
should be taken into account when estimating Cas9
activity.

SELECTION OF DONOR DNA

The HDR efficiency depends on the nature of
donor DNA, which may be a plasmid or an oligonu-
cleotide. Single-stranded oligodeoxyribonucleotides
(ssODNs) are known to be the most efficient. Studies
of the mechanism of action for spCas9 showed that
spCas9 dissociates symmetrically from the two DNA
strands, but that the nontarget strand (containing the
NGG) remains relatively motile and capable of
“breathing” while spCas9 is on DNA [19]. The find-
ing gave ground for assuming that ssODNs comple-
mentary to the nontarget strand may increase the
HDR efficiency. The assumption was confirmed
experimentally; i.e., proper ssODNs increased the
HDR rate by a factor of up to 2.6.

The ssODN length is another important parameter
and should not exceed 100—120 nt because longer
ssODNSs are cytotoxic [56]. The intracellular stability
of ssODN also plays a certain role. In some cases,
phosphorothioate-protected ssODNs (PS-ssODNs)
provide for a higher editing efficiency as compared with
nonprotected ones (PO-ssODNs) [57]. For instance, a
dramatic difference in efficiency was observed between
PS-ssODNs and PO-ssODNs (62 and 9.5%, respec-
tively) in editing of the mouse zygotic genome. Yet no
difference in efficiency was observed for the two
ssODN types when another gene was edited in the rat
zygote. The discrepancy was attributed to the insertion
length, which was 40 nt in the mouse genome and 1 nt
in the rat genome. An analysis of the ssODNs tested
makes it possible to conclude that a shortening of the
PAM-adjacent arm in a ssODN exerts a greater effect
on the ssODN efficiency and that the total ssODN
length is more important when the ssODN arms are
rather long (at least 20 nt). The conclusion is sup-
ported by the data that the highest efficiency is charac-
teristic of the ssODNs that have arms of 91 and 36 nt
(PAM-adjacent arm) as measured from the cleavage
site [19].

Use of dsODNSs only slightly reduces the repair
efficiency, but is accompanied by additional mutations
in the majority of cases [57].

EDITING OF NONCODING SEQUENCES

A special problem is to edit noncoding sequences,
which can be classified as transcribed (microRNAs
(miRNAs) and long noncoding RNAs (IncRNAs))
and nontranscribed (regulatory). It is of interest to
achieve a knockout of RNA genes in the former case
and parts of the regulatory sequences in the latter in
order to investigate their functional significance.
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A knockout in microRNA is difficult to obtain
because microRNAs are small in size and, consequently,
suitable sites are few. For instance, three sgRNAs were
targeted to RNA in order to achieve a miR-21 knock-
out, but miR-21 knockout cell lines were not obtained
without selection [58]. Another attempt to obtain a
knockout was performed with triploid cells and HDR,
and a cassette with the puromycin resistance and GFP
genes was inserted preliminarily in the gene of interest.
Selection yielded five clones of cells with a complete
miR-21 knockout. It was found that the cassette was
integrated in one chromosome and that the other two
miR-21 copies were inactivated by NHEJ.

A IncRNA knockout is difficult to obtain for oppo-
site reasons, because IncRNAs are often comparable
with proteins in molecular weight, but deletions or
insertions usually fail to activate their genes because
there is no reading frame. The problem of IncRNA
knockouts was solved by deleting a large gene fragment
with the use of two sgRNAs [58].

Simple Cas9-mediated editing allows a new level
for the functional analysis of regulatory noncoding
sequences. A main difficulty here is that the sequences
are very long. A functional screening for an intronic
enhancer was described for BCL 114 [59]. For this pur-
pose, 212, 174, and 147 sgRNAs were designed to tar-
get, respectively, three DNase-hypersensitive sites,
which were 1284, 1264, and 1370 bp in length and con-
tained a sufficient number of NGG sites. Only few
sgRNAs proved to appreciably affect the enhancer
activity. The accuracy and completeness of the analy-
sis are difficult to evaluate.

CONCLUSIONS

Two main areas of application are possible to iden-
tify for CRISPR/Cas9, basic research and medicine
(gene therapy). CRISPR/Cas9 has many research
applications, from gene knockouts to antibody engi-
neering and chromatin mapping. However, the great-
est hope is associated with using Cas9 as a reliable tool
for gene therapy. There are two obstacles to this appli-
cation, off-target activity and a low HDR efficiency.
Substantial achievements have been made to over-
come the former problem. New Cas9 mutants have far
lower off-target activities. The other problem is of a
basic nature and may take a long while to solve. The
question of whether Cas9 will provide the gold stan-
dard of gene therapy is still open.
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