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Abstract

The CRISPR-Cas revolution is taking place in virtually all fields of life sciences. Harnessing DNA
cleavage with the CRISPR-Cas9 system of Streptococcus pyogenes has proven to be
extraordinarily simple and efficient, relying only on the design of a synthetic single guide RNA
(sgRNA) and its co-expression with Cas9. Here, we review the progress in the design of sgRNA
from the original dual RNA guide for S. pyogenes and Staphylococcus aureus Cas9 (SpCas9 and
SaCas9). New assays for genome-wide identification of off-targets have provided important
insights into the issue of cleavage specificity /7 vivo. At the same time, the on-target activity of
thousands of guides has been determined. These data have led to numerous online tools that
facilitate the selection of guide RNAs in target sequences. It appears that for most basic research
applications, cleavage activity can be maximized and off-targets minimized by carefully choosing
guide RNAs based on computational predictions. Moreover, recent studies of Cas proteins have
further improved the flexibility and precision of the CRISPR-Cas toolkit for genome editing.
Inspired by the crystal structure of the complex of sgRNA-SpCas9 bound to target DNA, several
variants of SpCas9 have recently been engineered, either with novel protospacer adjacent motifs
(PAMs) or with drastically reduced off-targets. Novel Cas9 and Cas9-like proteins called Cpfl
have also been characterized from other bacteria and will benefit from the insights obtained from
SpCas9. Genome editing with CRISPR-Cas9 may also progress with better understanding and
control of cellular DNA repair pathways activated after Cas9-induced DNA cleavage.
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1. INTRODUCTION

The CRISPR (clustered regularly interspaced short palindromic repeats)-Cas (CRISPR-
associated proteins) revolution is on its way (Jinek et al., 2012; Barrangou, 2014). It is now
possible to perform genome editing in virtually any living organism accessible to
experimental manipulation. More than 40 species have been modified in proof-of-principle
experiments and many research papers have already been published that include evidence
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based on CRISPR-Cas-mediated genome editing. For example, in basic research, gene
knockout can be performed by genome editing to test the role of a given gene in a biological
process, which in most cases allows for definitive proof of a gene’s importance.
Applications ranging from DNA imaging to genome-wide screens and control of
transcription will also benefit from the CRISPR-Cas system and recent reviews have
discussed these as well as many other exciting developments that are underway (Hsu et al.,
2014; Mei et al., 2016).

The basic principles of genome editing were laid down more than 20 years ago when it was
demonstrated that gene targeting is stimulated by several orders of magnitude if a DNA
double strand break (DSB) is made at the target locus (Jasin, 1996). Zinc finger nucleases
(ZFNs) and transcription activator-like effector nucleases (TALENS) were the first
generations of programmable sequence-specific nucleases that paved the way of genome
editing with CRISPR-Cas9. Compared to previous types of sequence-specific nucleases, the
CRISPR-Cas9 system is relatively simple to use and very efficient. In this review, we will
discuss optimization of the two components, the guide RNA and the Cas9 protein.

The guide RNA directs DNA cleavage by Cas9 to the target sequence (Jinek et al., 2012) and
careful selection of the guide RNA is therefore the cornerstone of any experiment with the
CRISPR-Cas9 system. First, we review the different types of guide RNAs that have been
tested for Streptococcus pyogenes and Staphylococcus aureus Cas9 (SpCas9 and SaCas9)
leading to the novel, more efficient designs. When using SpCas9, a great number of potential
guide RNAs are usually available in the target sequence given the frequency of its
protospacer adjacent motif (PAM; NGG) (Hwang et al., 2013). We then discuss the main
criteria of guide RNA selection: the initial choice of target sequence, which depends on the
goal of the genome editing experiment, efficiency and specificity. Finally, we review many
different Cas9 proteins that are now available: SpCas9 variants that have been engineered to
have a different PAM or higher specificity as well as Cas9 and Cpfl (CRISPR from
Prevotellaand Francisella 1) proteins from different bacteria. Taken together, these recent
developments greatly improve the flexibility and precision of genome editing with CRISPR-
Cas systems.

2. Design of single guide RNAs

In their groundbreaking report of sequence-specific DNA cleavage by the crRNA (CRISPR
RNA):tracrRNA (trans-activating crRNA)-Cas9 complex, Jinek et al. (2012) showed that
changing the 20-nt target-specific sequence in the crRNA is sufficient to redirect DNA
cleavage to any DNA sequence of interest, provided the latter is immediately followed by a
PAM (NGG) for SpCas9. This paper triggered the CRISPR-Cas revolution of genome
editing. Several highly influential experiments were also reported. In particular, they showed
that the dual crRNA:tracrRNA could be replaced by a single “guide” RNA (sgRNA) where
the sequence portions of crRNA and tracrRNA that hybridize together (the repeat and
antirepeat sequences, respectively) are fused by a GAAA tetraloop (Fig. 1A and B).

The tracrRNA sequence used in the first generation of sgRNAs was truncated, lacking 3’
tail (Fig. 1B) (Jinek et al., 2012; Cong et al., 2013) (Cong et al., 2013), whereas the cleavage
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efficiency was found to be much higher in cultured cells when the full-length 3 tail of
tracrRNA was included (Hsu et al., 2013; Mali et al., 2013; Pattanayak et al., 2013).
Therefore, the standard SgRNA now used in experiments with Cas9 is a fusion of crRNA
and full-length 3’-tail containing tracrRNA (Fig. 1C). When CRISPR-Cas9 system was used
as a platform for dynamic imaging of repeated DNA sequences in living cells (Chen et al.,
2013), two small modifications were introduced into the standard sgRNA: 1) a TTTT stretch
was changed into TTTA to limit potential inhibition of sgRNA transcription from the U6
promoter, and 2) the sgRNA upper stem was extended to better mimic the portions of crRNA
and tracrRNA that anneal together (Fig. 1D), both of which enabled much easier detection of
telomeric DNA targeted by a GFP-tagged catalytically-inactive Cas9. More recently, similar
modifications were found to enhance the knockout efficiency of CRISPR-Cas9-mediated
genome editing (Dang et al., 2015). Although for most guides, the benefit was only modest,
efficiency of a minority of guides increased up to eight-fold. As a result, pairs of guide
RNAs used to induce genomic deletions were consistently 5- to 10-fold more efficient (Dang
et al., 2015). Interestingly, several designs have also been tested for sgRNA from S. aureus.
In this case, SgRNA with an upper stem extension that fully mimicks the repeat-antirepeat of
the crRNA-tracrRNA induced much lower cleavage activity compared to sgRNA without an
upper stem (Kleinstiver et al., 2015a) (Fig. 1E-H). More recently, modification of the TTTT
stretch and an upper stem extension identical to that in optimized S. pyogenes sgrRNAs (Fig.
11) were found to further increase S. aureus sgRNA activity, thus allowing to efficiently
restore dystrophin expression from the mutant Duchenne muscular dystrophy (DMD) gene
of maX mice (Tabebordbar et al., 2016). S. aureus sgRNA design was therefore critical to
achieve high efficiency.

The studies mentioned above underscore the importance of sgRNA design when engineering
novel CRISPR-Cas systems for genome editing. It is important to note that a powerful
alternative to sgRNA is now to use dual guide RNAs produced by chemical synthesis. The
full-length 3’-tail containing tracrRNA is constant and each target-specific crRNA is
custom-synthesized. Because of their great simplicity, synthetic guide RNAs are becoming
increasingly popular with researchers doing SgRNA/Cas9 injections in model organisms
(Kim et al., 2014; Aida et al., 2015; Bhattacharya et al., 2015; Kotani et al., 2015). When
used in co-transfection experiments with Cas9 mRNA or protein, synthetic dual guide RNAs
are more efficient if they carry chemical modification that protect them from degradation
(Rahdar et al., 2015). Compared to inexpensive plasmid-based solutions, the current costs of
synthetic guide RNAs and Cas9 mRNA or protein from commercial suppliers still
considerably limits their use in cell culture experiments. In the context of gene therapy,
however, delivery methods of CRISPR-Cas reagents that do not require exogenous DNA are
essential.

3. Selecting guide RNAs for knockout and knockin experiments

Many considerations may guide the choice of target DNA sequence and design of the
genome edit. We briefly discuss here how to select guide RNAs to optimize genome editing
efficiency in knockout and knockin experiments.
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3.1. Selecting guide RNAs for knockout experiments

When investigating gene function, generation of constitutive loss-of-function mutants is an
important step. For this purpose, guide target sequences are generally chosen in the 5 exons
of genes, because full-gene inactivation is expected from mutations that disrupt the reading
frame and lead to highly truncated protein, if any. Interestingly, when investigating the
inactivation of genes for chromatin-regulatory proteins, Shi et al. (2015) found that targeting
functional domains was more efficient than targeting 5” exons. Sequencing of the resulting
mutations revealed that in-frame mutations in functional domains had led to function
disruption. This type of guide RNA design, however, is only possible for proteins with well-
characterized functional domains.

For gene knockout with a sgRNA, the mutations introduced are expected to be small
insertions or deletions of random size that will therefore disrupt the open reading frame and
yield knockouts in two cases out of three. Extensive sequencing revealed that frequency of
out-of-frame mutations can in fact deviate significantly from the expected frequency (Bae et
al., 2014). Bae et al. (2014) noted that some predominant mutations explained this
unexpected finding. Importantly, predominant mutations occurred between short
homologous sequence stretches and were therefore related to repair of the DSB by micro-
homology-mediated end-joining (MMEJ). MMEJ involves annealing of short 2—8-nt
sequences present on both sides of the cleavage site, hence the name. The molecular
mechanisms involved are not fully understood, but both DNA ends are resected by
exonucleases and the complementary single stranded sequences anneal, resulting in the final
deletion. Based on the analysis of the sequences flanking the cleavage site, Bae et al. (2014)
therefore proposed an “out-of-frame” score to quantify the probability that a given guide
RNA will induce out-of-frame mutations. However, a recent analysis found no correlation
between gene knockout and out-of-frame score (Fusi et al., 2015). This apparent discrepancy
is most likely due to difference in cell types used, each having different levels of MMEJ
repair pathway activity. When developing genome editing in a moth species, Lepideptora
Littoralis, Koutroumpa et al. obtained an in-frame deletion that represented 60% of
mutations (unpublished data). This in-frame deletion is indeed present between two micro-
homology sequence stretches of 4 nt which are present on each side of the DSB and
retrospectively, by using the out-of-frame score the corresponding guide RNA could have
been avoided to obtain a higher rate of out-of-frame mutations!

To improve the yield of knockouts during genome editing, two interesting designs have been
proposed that use more than one guide. In order to improve the yield of knockouts in mouse,
Sunagawa et al. (2016) (Sunagawa et al., 2016) showed that instead of injecting a single
guide into oocytes at the maximum possible concentration, it was more efficient to coinject
three guides with each at 1/3 the maximum possible concentration. They tested three series
of guides and obtained more than 95% mice with biallelic knockout mutations in each case.
Such high efficiencies are very useful because they allow phenotypic analysis directly in FO
mice born from the injections. Reliable success with this promising method, however,
requires three very efficient guides, which may be facilitated by prediction scores, as
discussed below. A second interesting design is to use two guide RNASs to delete an entire
exon or the whole coding sequence (Chen et al., 2014; Gratz et al., 2014; Paix et al., 2015)
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(Paix et al., 2015). In order to delete a common 5’ exon, two guide RNAs can be designed
to target flanking intron sequences. Deletion of the target exon will generate mMRNAs with
fusion of flanking exons that should disrupt the reading frame in order to ensure loss-of-
function. Whole-gene deletion was demonstrated in the fly Drosophila melanogaster where
two guide RNAs were used to induce cleavage at positions flanking the target gene in order
to stimulate replacement by an expression cassette of a fluorescent protein marker which
facilitates the isolation of flies with the resulting null allele (Gratz et al., 2014). This
approach has also been successful in the nematode Caenorhabditis elegans (Paix et al.,
2015). The advantage of eliminating the whole coding sequence is that it creates a genuine
null allele of the gene of interest, without any possibility of alternative protein expression.
However, one limitation is that regulatory sequences of adjacent genes may be present in the
target locus, potentially making it more difficult to attribute the phenotype to the loss-of-
function of the target gene only.

3.2. Selecting guide RNAs for knockin experiments

Insertion of reporter sequences may be performed for many purposes, including easy tracing
of gene expression, protein tagging and selection of modified cells. In this type of
experiments, only guide RNAs within 20 bp from the knockin position can be used (Yang et
al., 2013; Findlay et al., 2014;) because more distant cleavage will not stimulate efficient
recombination with the donor plasmid during repair. In pioneer experiments with I-Scel
nuclease, it was shown that stimulation of gene targeting required cleavage to take place less
than 50 bp away from the point mutation (Elliott et al., 1998). In practice, with SpCas9,
several PAMs can usually be found next to the insertion position and the corresponding
guide RNAs can be tested. To drive cleavage closer to the knockin position, Cas9 proteins
from different bacteria or variants of SpCas9 with alternative PAMSs, which are listed in Fig.
2 and Table 2 and described further below, can also be considered. The preferred method for
knockin is through homology-directed repair (HDR) with donor DNA in which the insert is
flanked by sequences adjacent to the cleavage site. This allows for precise, predetermined
sequence modification.

In addition to guide RNA position and activity, many factors determine knockin efficiency
including length of homology arms and relative importance of DSB repair pathways. In gene
drive experiments in mosquito (Gantz et al., 2015), genome editing is driven by transgenic
expression of Cas9 in meiotic cells where homologous recombination (HR) prevails over
non-homologous end-joining (NHEJ). Consequently, only knockin events take place and
local mutations at the cleavage site due to NHEJ repair are hardly ever detected. In contrast,
in most common experimental settings, NHEJ repair prevails and knockin events are much
less frequent. Selection and/or screening strategies are therefore generally needed to identify
knockin cells. Increasing knockin efficiency may be achieved by pharmacological inhibition
of NHEJ or stimulation of HR to tip the balance between competing repair pathways in favor
of knockin events(Song et al., 2016) (Maruyama et al., 2015) ((Chu et al., 2015); Maruyama
et al., 2015; Song et al., 2016). Although no overt toxicity was observed during treatments,
non-specific mutations may be induced during NHEJ inhibition. It would thus be of great
interest to have better targeted methods, with NHEJ inhibition or other modulations of DNA
repair restricted to the DSB induced by Cas9.
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4. Lessons learned from genome editing in mouse embryonic stem (ES)

cells

Problems with gene targeting observed in mouse knockout and knockin experiments over the
last 30 years remain potential concerns when selecting guide RNAs and designing
experiments of genome editing with CRISPR-Cas9. For example, inserting a sequence of
1.7-2.5 kb into human cell division cycle 14A (hCDC14A) and cell division cycle 14B
(hCDC14B) genes resulted in unexpected exon skipping, making it impossible to exploit the
modified cells as originally planned (Uddin et al., 2015). The following pitfalls have all been
previously documented in the mouse (Miller, 1999): (i) As a result of small insertions or
deletions in 5" exons that disrupt the open reading frame, it is expected that protein
expression will be abolished. However, protein expression may persist due to initiation of
translation at alternative downstream ATG codons or simply due to the existence of
alternative first coding exons. (ii) The regulatory sequences in the selection cassette used to
identify the recombinant cells or organisms may perturb expression of the nearby genes and
lead to a confounding phenotype. (iii) Deletion of whole genes may remove important
regulatory sequences of distinct adjacent genes. (iv) Insertion of large artificial exons may
not necessarily inactivate gene function and protein expression must be carefully monitored.
(v) Careful genotyping is also important to rule out any complex rearrangements during
genome editing that may affect neighboring genes in addition to the targeted sequences.
Careful selection of guide RNAs and design of DNA sequence modification is therefore
important to preclude uncertainties in analysis of edited genomes. Another lesson from the
preCRISPR-age of gene targeting experiments in mouse ES cells is that the efficiency of
genome editing may vary dramatically among loci. For some genes, huge screening efforts
were required to find positive clones with the desired integration (Koller et al., 1991) and it
was recommended to change the design of the gene targeting construct (Skarnes et al.,
2011).

5. Selecting highly efficient guide RNAs

Guide RNA efficiency is crucial for genome editing and can vary considerably from one
sequence to another. For example, Liu et al. (2016) recently tested a series of 218 guides and
found that 89 were inactive as detected with the Surveyor assay. As detailed further below, it
remains difficult to reliably predict cleavage efficiency from the guide sequence and, in
practice, the best option is to test three guide RNAs and select the most efficient one (Ran et
al., 2013). This can be done by examining the rate of mutations induced by the guides with
the standard T7 assay (Larcher et al., 2014; Vouillot et al., 2015). Direct Sanger sequencing
of PCR products of the target sequence can also be performed (Brinkman et al., 2014),
which is not very sensitive but useful to detect the most efficient guide RNAs needed for
knockin experiments. Other procedures are possible but require specific electrophoresis
equipment or are more costly. For example, DNA capillary electrophoresis of PCR products
can detect mutations (Dahlem et al., 2012) and the sensitivity will be increased by
introducing a fluorescent primer and laser detection (Yang et al., 2015). Finally, fluorescent
reporters, where fluorescent protein expression depends on cleavage and intramolecular
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recombination, can also been used but additional cloning of the target sequence into the
reporter plasmid is required (Kim et al., 2011).

Many studies have identified sequence criteria or scores that correlate with guide efficiency.
These are useful to limit the number of guide RNAs to be tested for genome editing. For
instance, prediction scores are crucial in genome-wide screens that involve thousands of
guides and indeed, second generation guide RNA libraries taking into prediction scores are
proving much more efficient and reliable (Wang et al., 2015a; Doench et al., 2016). Table 1
provides a list of web resources for predicting SgRNA efficiency.

Prediction scores for guide activity appear to depend on the experimental system considered.
It was previously observed that a popular prediction score, based on data from guides tested
in cell culture (Doench et al., 2014), was not reliable in zebrafish injection experiments
(Varshney et al., 2015). Moreno-Mateos et al. (2015) collected the guide RNA activity of
more than a thousand guides injected into zebrafish embryos by high throughput sequencing
and devised a score that, in contrast, was shown to be very helpful in selecting guide
sequences for injections into zebrafish. These findings suggest that guide RNA efficiency is
strongly influenced by the experimental system. For example, Moreno-Mateos et al. (2015)
showed that in their setup, the most efficient guide RNAs proved to be those that were the
most stable after injections, including G-rich sequences known to form structures called G-
quadruplexes. Such guide RNA stability may not be necessary for high activity when the
guide is continuously expressed at high levels from a U6 promoter after lentiviral
transduction. In the specific case of G-rich guides, it was in fact recently shown that they are
generally inefficient in cultured mammalian cells (Malina et al., 2015). It therefore appears
that the Moreno-Mateos score is particularly useful in zebrafish experiments for selecting
guide RNAs produced by /n vitro transcription.

All other scores available are based on datasets where guide RNA is expressed from a U6
promoter. The first score was devised by Wang et al. (2014a) from data of genome-wide
guide RNA screens. The activity of guide RNAs targeting essential ribosomal genes was
inferred by measuring the decrease of the corresponding guide RNA sequences during
growth of the cells treated with the lentiviral guide RNA library. The second score was
devised from a dataset of guides targeting cell surface proteins (Doench et al., 2014). The
activity of 1841 guide RNAs was measured by quantifying the guide sequences in treated
cells after sorting for the corresponding cell surface marker by FACS (fluorescence-activated
cell sorting). These and other published datasets of guide RNA activity from the U6
promoter were analyzed with different machine learning algorithms to obtain novel scores
(Wong et al., 2015; Xu et al., 2015). Compared to other datasets, Chari et al. (2015)
measured guide activity on randomly integrated DNA sequences, thereby excluding
potential bias due to the local chromatin context of genomic targets in previous assays, and
proposed a score based on regression analysis of the data (Chari et al., 2015). Finally, Fusi et
al. (2015) and Doench et al. (2016) extensively compared algorithm performance, used raw
activity data rather than ranking, and devised a novel score.

Recent scores based on datasets with guide RNAs expressed from the U6 promoter were all
shown to be superior to the first Doench score (Chari et al., 2015; Fusi et al., 2015; Wong et
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al., 2015; Xu et al., 2015). Among these, the score by Fusi et al. (2015) and Doench et al.
(2016) appears to rely on the most exhaustive data analysis and is our current
recommendation for the design of guides expressed from the U6 promoter in mammalian
cells. However, it will be important to perform an independent cross-comparison of scores
and systematically examine how they perform on datasets available to validate this
recommendation. Currently, all the scores available have been established from datasets
using Cas9 expressed from plasmid DNA or synthetic RNA, produced by /in vitro
transcription. It will therefore be important to know how the scores perform when guide
RNAs are directly associated with recombinant Cas9 protein before injection or
electroporation into the target cells (Kim et al., 2014; Bhattacharya et al., 2015; Kotani et al.,
2015; Liang et al., 2015; Ménoret et al., 2015).

The molecular mechanisms underlying high guide RNA efficiency are not well understood.
As mentioned above, guide activity depends on the expression system and several criteria
associated with poor guide RNA activity are known. For instance, Wong et al. (2015)
showed that guide RNAs that contain UUU in the seed region are often inefficient when
expressed from the U6 promoter, possibly due to the inhibition of transcription by RNA
polymerase Ill. Independently of the guide RNA expression system, specific sequence
motifs that hinder the formation of the tracrRNA structure necessary for interaction with
Cas9 may inhibit guide activity. In line with this idea, Wang et al. (2014a) and Hart et al.
(2015) showed that guide RNAs that interact poorly with Cas9 exhibit lower activity and
presence of U in the 4 nucleotides proximal to the PAM is anti-correlated to guide activity.
Conversely, however, few guide sequence factors are known to correlate with higher guide
RNA activity. Higher stability of the duplex between guide RNA and target DNA was shown
to be favorable (Wong et al., 2015). Biophysical modeling and further insight into DNA
cleavage by the guideRNA-Cas9 complex will be necessary and could be translated into
better predictions of guide activity. For example, it has recently been reported that guide
sequences still direct Cas9 DNA binding when their length is reduced from 20 to 14 nt but
they no longer promote DNA cleavage (Dahlman et al., 2015). This unexpected finding, in
addition to providing an elegant means for orthogonal transactivation and DNA cleavage,
suggests a specific role for the 5” end of the guide in cleavage activity. Finally, in addition to
guide sequence, the target genomic environment could play an important role. So far, such a
high proportion of guides tested are active that tight chromatin regulation of Cas9 access to
its target sequences is unlikely. In genome-wide studies though, chromatin inaccessibility
was reported to decrease binding of Cas9 (Wu et al., 2014) and possibly, at the target DNA
sequence level, the presence of transcription factors, nucleosomes or specific epigenetic
modifications could influence binding and cleavage. Recent /n vitro studies indicated that
binding of Cas9 to nucleosomal DNA may in fact be conditioned by accessibility of the
PAM (Hinz et al., 2015).

To make it possible to easily compare activity scores of guide RNAs, we have recently
integrated them into a web tool called CRISPOR (Haeussler et al.; available at crispor.org).
In particular, it includes the Wang score that is only available otherwise in the form of
computer code from the author. The Wang score has been experimentally demonstrated to be
useful when designing a second generation library of human guides that proved to be much
more efficient, demonstrating the usefulness of the Wang score (Wang et al., 2015a).
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Crispor.org also includes the Chari score with a computer code optimization that makes it
much faster to run than the web site version made available by the authors (Chari et al.,
2015). As discussed above, the Moreno-Mateos score is currently recommended for
experiments in zebrafish using guide RNAs produced by /n vitro transcription while the Fusi
score is recommended in mammalian cells where the guide is expressed from the U6
promoter. Nevertheless, as a second option, guides that have high scores with other models
may be taken into consideration.

6. Selecting guide RNAs with the fewest potential off-target sites

In Jinek et al. (2012)’s highly influential report, it has been demonstrated that for DNA
cleavage /n vitro, annealing of the guide to target DNA could tolerate up to five mismatches.
Such a low specificity raised major concern for genome editing with CRISPR-Cas in living
cells. The issue still deserves full and thorough investigation when considering therapeutic
and agronomy applications. However, off-target cleavage events have now been extensively
examined and some simple rules have emerged to minimize off-target effects for basic
research.

Various methods have been used to examine off-targets. Potential off-targets sites were first
identified through bioinformatics analysis, by searching the genome for sequences with
mismatches to the target that were followed by a PAM motif (Hsu et al., 2013; Cho et al.,
2014;). Assays that differ in sensitivity, labor involved and cost have been used to study
induced mutations. The T7 assay is very easy and cheap to perform but only detects a
minimum rate of 2%-5% mutant sequences. Conversely, PCR amplicon sequencing offers
the highest sensitivity but is more expensive. Amongst several initial studies of CRISPR-
Cas9 off-targets, the report by the Joung and Sander labs was alarming to many investigators
(Fu et al., 2013). Of the six guide RNAs investigated, four had off-targets that were
extensively modified, in some instances at higher rates than the bona fide target sequence.
Next, the genome of edited cells was sequenced to search for potential mutations in an
unbiased way. No off-target mutations could be reliably detected for the guide RNAs tested
(Cho et al., 2014; Essletzbichler et al., 2014; lyer et al., 2015). The results were encouraging
but a firm conclusion cannot be drawn because the sensitivity from 20-25x genome
coverage is relatively low and only a few treated cells were analyzed.

Finally, more sensitive methods were reported for detecting off-target mutations in an
unbiased manner, that all involve high-throughput sequencing: GUIDE-seq (genome-wide,
unbiased identification of DSBs enabled by sequencing), BLESS (direct /n situ breaks
labelling, enrichment on streptavidin and next-generation sequencing), HTGTS (high-
throughput, genome-wide, translocation sequencing), IDLV (integrase-defective lentiviral
vector) and Digenome-seq (/n vitro Cas9-digested whole-genome sequencing). Of these
methods, GUIDE-seq seems to be the most straightforward and cost-effective. It relies on
capture of double-stranded oligonucleotides (dsODN) at DSBs (Tsai et al., 2015). When
cotransfected with the guide RNA and Cas9 expression plasmids, a dSODN was shown to be
captured at cleavage sites at a rate corresponding to one third of the targeted mutations.
Using a primer to the known oligonucleotide sequence, it is thus possible to PCR-amplify
and identify integration sites resulting from on- and off-target cleavage. The number of PCR
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sequence reads obtained is related to the cleavage rate by the guideRNA-Cas9 complex.
GUIDE-seq is highly efficient in U20S and HEK293 cells but may be difficult to carry out
in other cell lines. We believe that this could be due to a particularly high rate of dSODN
capture in U20S and HEK293 relative to other cell lines. HTGTS and IDLV are two
methods that also indirectly detect off-target cleavage sites, taking advantage of repair events
that will join a known sequence to the DSBs and facilitate their identification (Frock et al.,
2015; Wang et al., 2015b). HTGTS quantifies translocations between a known cleavage site
and the DSBs while IDLV relies on capture of an integration-defective lentiviral vector.
HTGTS and IDLV depend on much less frequent repair events than GUIDE-seq and are of
more limited sensitivity. In contrast to the latter methods, BLESS and Digenome-seq directly
detect DSBs, respectively in fixed cells or in the test tube (Kim et al., 2015; Ran et al.,
2015). Digenome-seq is performed on genomic DNA treated with nuclease /n vitro and
appears to be the most sensitive method. When compared to GUIDE-seq and HTGTS, it
detected more off-targets (especially off-targets with mutation rates below 0.1%). The initial
sequencing step in Digenome-seq, however, generates a lot of false positives and candidate
off-target sites need to be confirmed by next generation sequencing.

A fair comparison of unbiased methods for detecting off-targets requires using identical
DNA samples resulting from identical expression levels of guide RNA and Cas9, and it may
be difficult because sensitivity will be largely determined by the depth of high throughput
sequencing. Some off-targets were identified by one method only (Kim et al., 2016),
suggesting that exhaustive experimental identification of off-targets remains challenging.
These findings suggest that it will now be important, depending on the genome editing
context, to define thresholds on the nature and rate of off-targets that can be tolerated.

Taken together, a basic conclusion of studies that performed unbiased detection of off-targets
is that in every case the off-targets detected are homologous to the guide. GUIDE-seq
studies identified DSBs at unrelated sequences but these were also detected in control cells
and proved to be sites that are prone to break in normal physiological conditions.
Importantly, in most cases, only off-targets with up to three mismatches and a canonical
PAM motif have a significant modification frequency (Kim et al., 2016). In a very few cases
where a noncanonical PAM is found, usually NGA or NAG and the corresponding
modification frequency is very low (Tsai et al., 2015). Off-targets with up to six mismatches
or with gaps or bulges in the alignment are also possible but the modification frequencies are
always very low ((Lin et al., 2014); Tsai et al., 2015). As a result, guide RNAs that have off-
targets with less than three mismatches should generally be excluded. Importantly though,
the possibility of off-target cleavage at sites with two or three mismatches detected by Tsali
et al. (2015) could be reliably predicted using a novel off-target prediction method
developed by Doench et al. (2016). They systematically analyzed the effects of different
types of mismatches on DNA cleavage. In particular, all possible mismatches at each
position were tested and it was found that mismatch identity could have a strong impact. The
complete mutagenesis data was used to elaborate a novel score for predicting off-target
cleavage, which was called CFD for cutting frequency determination. CFD correlated better
with measured cleavage than previously available scores from Hsu and CCTop (CRISPR/
Cas9 Target online predictor) (Hsu et al., 2013; Stemmer et al., 2015). For off-targets
detected by Tsai et al. (2015) with more than three mismatches, no score is very reliable
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(Doench et al., 2016) and most likely, factors other than the off-target sequence itself, such
as the chromatin environment, play a pivotal role in determining the rare off-targets out of
the large number of related sequences with more than three mismatches. Finally, although
prediction of off-targets has been improved by the CFD, it is still unclear how to translate all
the predicted off-target scores into a reliable method that ranks guides according to their
specificity.

Numerous online tools are now available to minimize off-targets in selection of guide RNAs.
Some of the first tools developed were shown to be defective because they miss many off-
targets (Tsai et al., 2015; Doench et al., 2016), possibly due to the selection of parameters of
genome scanning algorithms that favor speed over precision. Unfortunately, this includes the
very commonly used MIT and e-CRISP websites (Hsu et al., 2013; Heigwer et al., 2014). In
contrast, many web tools are reliable, including the recent Cas-Off finder, sgRNAdesigner
(Doench et al., 2016) and our CRISPOR tool (Haeussler et al.; available at crispor.org). Cas-
Off finder is very fast and allows identifying off-targets with up to six mismatches (Bae et
al., 2014b). sgRNAdesigner takes into account the CFD score and automatically ranks
guides by predicted activity and specificity using arbitrarily defined criteria, making it the
best suited for the design of thousands of guide RNAs in genome-wide screens (Doench et
al., 2016). Crispor.org searches for off-targets for each guide and lists them with their off-
target score and genomic annotations (Haeussler et al.; available at crispor.org). It is
therefore possible to examine the results in detail and carefully exclude unwanted guides.
For example, in cell culture experiments, off-targets in protein-coding sequences should be
avoided. In model organisms, only potential off-targets residing on the chromosome of the
target need to be considered, as chromosomal segregation during transmission will remove
the others. This can drastically reduce the number of potential off-targets.

7. Novel Cas9 proteins and engineered SpCas9 provide additional genome
editing flexibility and improved specificity

The best known Cas9 protein to date is SpCas9. Cas9 proteins from other bacteria have also
been characterized (Table 2). In particular, several have been tested because they are smaller
than SpCas9 (in the range of 1000 amino acids compared to 1368 for SpCas9) which
facilitates packaging of the corresponding cDNAs into viral vectors for therapeutic
applications (Ran et al., 2015). Cas9 from other bacteria than S. pyogenes generally have
more complex PAMs, which provides them with higher specificity (Ran et al., 2015) but also
limits the range of potential target sequences. Streptococcus thermophilus CRISPR1 Cas9
(SthCas9-CRISPR1) is an extreme case which requires a NJAGAAW (W = A or T) PAM
(Muller et al., 2015). An interesting exception is that of Brevibacillus laterosporus Cas9
(BlatCas9) that has recently been shown to work in plants and only requires a simple
N4CND PAM (D = A, G or T) (Karvelis et al., 2015). This target sequence flexibility will
make BlatCas9 a very useful addition to the CRISPR-Cas toolkit.

Other types of RNA-guided endonucleases have also been recently discovered to be single
effectors in CRISPR-based bacterial defense. Cpfl is a protein family whose prototypical
member was characterized from £ novicida, named FnCpfl (Zetsche et al., 2015). FnCpfl
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has a TTN PAM but unfortunately in the tests performed so far, it is inefficient in
mammalian cells. In fact, of 16 Cpfl-family proteins from diverse bacteria tested, only two
Cpf1l proteins derived from Acidaminococcus sp. BV3L6 (AsCpfl) and Lachnospiraceae
bacterium ND2006 (LbCpfl) were active in mammalian cells, but they have a more
restricted TTTN PAM than that of FnCpfl. All were shown to be active /n vitroand the
reason for inefficient cleavage by most Cpfl-family proteins in mammalian cells is unclear.
Future engineering of FnCpfl may improve its activity. Features such as the ability to
interact with nucleosomal DNA, nuclear localization or optimal sgRNA design and
expression may be involved. Cpfl proteins have been suggested to facilitate HDR and
precise genome editing because they produce staggered DNA ends (Zetsche et al., 2015). We
note, however, that previous generations of programmable nucleases such as TALENS also
produce staggered DNA ends but are not known to favor HDR over NHEJ compared to
SpCaso.

Although the number of RNA-guided endonucleases is rapidly expanding, SpCas9 is likely
to remain the workhorse of genome editing in most standard applications. Many genomes
have already been successfully edited with it and the NGG PAM is sufficient for most
applications. In addition, elucidation of SpCas9 structure has provided opportunities to
rationally design variant SpCas9 with novel exciting features (Anders et al., 2014; Jinek et
al., 2014; Nishimasu et al., 2014). By modifying amino acids involved in contacting the
PAM sequence, it has been possible to engineer SpCas9 variants with novel PAM
specificities (Fig. 2). Previously, mutation of residues that directly interact with the major
groove of the PAM had not been sufficient to redirect PAM specificity (Anders et al., 2014),
and Kleinstiver et al. (2015b) therefore devised a powerful screening strategy to select Cas9
variants carrying additional random mutations in the PAM interacting domain for novel
PAM specificity. This allowed to isolate the variants VRQR-SpCas9, VRER-SpCas9 and
KKH-SaCas9, that bind to NGA, NGCG and N,NRRT PAMs, respectively (Table 2; Fig. 2).
VRQR-SpCas9 will be useful in many situations where precise targeting by SpCas9 is not
possible, in particular in A/T rich sequences such as in the Plasmodium falciparum genome.
KKH-SaCas9 significantly expands the range of sequences that can be targeted compared to
SaCas9 and will be useful for gene therapy applications.

Furthermore, by modifying residues involved in non-sequence-specific contacts with DNA,
it has also been possible to engineer variant SpCas9 proteins that drastically reduce off-
targets observed with some guides. These “high precision” variants will be very important
for therapeutic and agronomy applications (Kleinstiver et al., 2016; Slaymaker et al., 2016).
Kleinstiver et al. (2016) developed one variant named HF-SpCas9 by mutating residues that
contact the DNA strand annealing to guide RNA, while Slaymaker et al. (2016) developed
another, named eCas9, by changing residues that contact the free complementary single
strand DNA (Fig. 2).

Although mutations were designed to destabilize binding of SpCas9 to DNA, Kleinstiver et
al. (2016) also raised the alternative possibility that conformation changes necessary for
Cas9 activity could be inhibited. In particular, the Q926A mutation of HF-SpCas9 is located
next to a peptide linker involved in the RuvC domain relocation that precedes concerted
cleavage by the RuvC and HNH catalytic domains (Jiang et al., 2016). Interestingly,
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Slaymaker et al. (2016) screened mutations based on the hypothesis that progressive
unwinding of DNA and 3’ to 5" annealing of guide RNA is facilitated by non-specific
interactions of Cas9 with the non-targeted DNA strand that inhibit DNA duplex formation.
One major drawback of high precision variants is lower on-target activity. Although activity
of most guides tested did not seem to be affected, several exhibited much lower efficiency
with high precision variants of SpCas9 (Kleinstiver et al., 2016; Slaymaker et al., 2016).
Dose-response studies may help to more finely address whether guide activity is
compromised. Concerning the repertoire of target sequences, it was found that a G
nucleotide is required at position 1 of the guide RNA sequence for efficient guide activity in
cultured cells and this may be an additional limitation of high precision Cas9 variants
(Kleinstiver et al., 2016).

8. Perspectives

The basic features of genome editing with the CRISPR-Cas9 system are now well
established. Usually a guide RNA of suitable efficiency and specificity to drive efficient
genome editing with SpCas9 can be easily selected. If not, SpCas9 variants engineered to
work with different PAMSs or Cas9 from different bacteria are alternative solutions that
should allow targeting the sequence of interest. Further insights into the molecular steps of
DNA cleavage, from PAM binding and initial unwinding of target DNA to concerted DNA
cleavage by the two catalytic domains, may open up new opportunities of increasing the
activity of specific guide RNA and/or Cas9 proteins. We can also expect future progress in
our ability to control DNA sequence editing during repair of DSBs made by Cas9. Perhaps,
through further engineering of Cas9 and of the molecular pathways involved in homology-
directed repair, we can hope to obtain Cas9 variants that will perform programmed DNA
sequence editing with the cut-and-paste precision of the transposases from which Cas9
proteins originally evolved to become the guardians of bacterial genomes (Shmakov et al.,
2015).
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Figure 1.

Design of synthetic sgRNA for S. pyogenesand S. aureus Cas9

A: The natural S. pyogenes guide RNA composed of crRNA and tracrRNA. B-D: Original
design of Jinek et al. (2012) (B), standard, commonly used (C) and optimized (D) designs of
S. pyogenes sgRNA. E: The natural S. aureus guide RNA. F-I: Original (F-H) and
optimized (1) designs of S. aureus sgRNA. Red indicates the different sequences introduced
to connect crRNA and tracrRNA in synthetic S. pyogenesand S. Aureus sgRNA. Mutations
inthe TTTT stretch of crRNA and the corresponding AAAA stretch of tracrRNA, which
were made to improve sgRNA expressim from U6 promoter, are also indicated in red.
SgRNA design impacts cleavage efficiency as indicated.
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Residues interacting directly with target DNA strand via hydrogen bonds : A s , Q926
Residues forming positively charged groove that stabilizes interaction of Cas9 with non-target DNA
strand : R780, K810, K848, K855, H982, K1003, R1060

SpCas9 mutants with altered PAM :
- VRQR-Cas9 = Cas9 (D1135V/G1218R/R1335Q/T1337R) redirected to PAM NGA
- VRER-Cas9 = Cas9 (D1135V/G1218R/R1335E/T1337R) redirected to PAM NGCG
SpCas9 mutants with improved specificity :
- HF-Cas9 = Cas9 ( / / 1Q926A)
-eCas9 1.1 =Cas9 (K848A/K1003A/R1060A)

Figure 2.
SpCas9 variants with altered PAM or reduced off-target cleavage.

Several important SpCas9 variants have been engineered, either to modify the PAM or to
reduce off-target cleavage. Functional changes in SpCas9 were achieved by mutation of the
indicated key residues. VRQR-Cas9 specific to PAM NGA and VRER-Cas9 specific to
PAM NGCG were obtained by mutating R1335 that directly contacts the PAM and other
residues as indicated (Kleinstiver et al., 2015b). SpCas9 variants with reduced off-target
cleavage, HF-Cas9 (Kleinstiver et al., 2016) and eCas9 1.1 (Slaymaker et al., 2016), were
obtained by mutating residues that are involved in non-sequence-specific interaction with
target DNA. The schematic structure of the SpCas9 is adapted from (Jiang et al., 2016).
Structural domains of SpCas9 are delimited by the indicated amino acid positions. BH,
bridge helix; Lk-1 and Lk-I1, linker peptides involved in conformational changes that elicit
concerted DNA cleavage by RuvC and HNH nuclease domains.

J Genet Genomics. Author manuscript; available in PMC 2017 November 30.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Haeussler and Concordet

Table 1
Web resources for predicting sgRNA efficiency
Web resource Experimental system Reference
crispor.org U6 promoter/mammalian cultured cells  \Wang et al., 2014b

sgrna-design-v1

U6 promoter/mammalian cultured cells

Doench et al., 2014

cistrome.org/SSC

U6 promoter/mammalian cultured cells

Xuetal., 2015

sgRNAscorer

U6 promoter/mammalian cultured cells

Chari et al., 2015

crisprscan.org

Infected sgRNA/zebrafish embryos

Moreno-Mateos et al., 2015

Wu-CRISPR

U6 promoter/mammalian cultured cells

Wong et al., 2015

sgrna-design

U6 promoter/mammalian cultured cells

Fusi et al., 2015

crispor.org

U6 promoter/D. melanogaster

Renetal., 2014

crispor.org

U6 promoter/C. elegans

Farboud and Meyer, 2015

evaluateCRISPR

U6 promoter/fly cultured cells

Housden et al., 2015
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Table 2

Cas proteins and cognate PAMs available for genome editing in eukaryotic cells

Casprotein PAM Origin Reference

SpCas9 NGG S. pyogenes Jinek et al., 2012
VRQR-SpCas9 NGA Engineered from SpCas9  Kleinstiver et al., 2015b
VRER-SpCas9 NGCG Engineered from SpCas9  Kleinstiver et al., 2015b

SthCas9-CRISPR1

NLAGAAW (W = A or T)

S. thermophilus

Muller et al., 2015

SthCas9-CRISPR3

NGGNG

S. thermophilus

Glemzaite et al., 2015

NmCas9 N4sGMTT (M=Aor C) Neisseria meningitidis Hou et al., 2013

SaCas9 N,GRRT (R =Aor G) S. aureus Ran et al., 2015

KKH-SaCas9 NoNRRT (R =Aor G) Engineered from SaCas9  Kleinstiver et al., 2015a

BlatCas9 N4,CND (D=A,GorT) B. laterosporus Karvelis et al., 2015

AsCpfl TTTN A. sp. BV3L6 Zetsche et al., 2015

LbCpfl TTTN L. bacterium ND206 Zetsche et al., 2015
N=A T CorG.
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