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Creating and evaluating accurate CRISPRCas9 scalpels for genomic surgery
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The simplicity of site-specific genome targeting by type II clustered, regularly
interspaced, short palindromic repeat (CRISPR)-Cas9 nucleases, along with their
robust activity profile, has changed the landscape of genome editing. These favorable
properties have made the CRISPR-Cas9 system the technology of choice for sequencespecific modifications in vertebrate systems. For many applications, whether the
focus is on basic science investigations or therapeutic efficacy, activity and precision
are important considerations when one is choosing a nuclease platform, target site
and delivery method. Here we review recent methods for increasing the activity and
accuracy of Cas9 and assessing the extent of off-target cleavage events.
Type II CRISPR-Cas9 systems are found in only a
small fraction of bacterial species1,2. These adaptive
defense systems use a single, large multisubunit endonuclease (Cas9) and a pair of RNAs that as a complex
facilitate sequence-specific target cleavage of foreign
DNA3. In 2012, the critical components required to
program the Streptococcus pyogenes ribonucleoprotein complex to cleave a specific DNA sequence were
defined and streamlined by an engineered single guide
RNA (sgRNA) that could subsume all the RNA-based
structural and recognition functions4. On the basis of
findings from other artificial-nuclease platforms 5,6,
the insights provided by this in vitro study were rapidly
translated in early 2013 to systems for Cas9-sgRNA
expression and delivery that facilitated sequencespecific genome editing in mammalian cell lines7–10
and model organisms11,12. These and other investigations probed and improved aspects of nuclear
localization and sgRNA design and expression7,8,10,13,
and the research rapidly culminated in a reliable
S. pyogenes Cas9–based nuclease system that is
revolutionizing biological studies and holds promise
for therapeutic applications14–16.
The Cas9-sgRNA nuclease system (Fig. 1) is more
straightforward to program than prior artificial-nuclease
platforms because sequence-specific targeting resides
primarily in the associated sgRNA, which is simple

to recode. This attribute has permitted the proliferation of Cas9-based genome-editing applications
that harness the generation of a site-specific doublestrand break (DSB) for targeted gene inactivation or
modification. The ease of expressing many distinct
sgRNAs in a cell (sgRNA multiplexing) facilitates the
simultaneous targeting of multiple genes7,11,17–22 and
the creation of larger genomic alterations between
pairs of DSBs, such as segmental deletions 7,23,24,
inversions24,25 and translocations26–29. Cell lines or
organisms can be ‘preloaded’ with Cas9 (refs. 30–34)
such that editing requires only the delivery of the
desired sgRNAs. Lentiviral delivery of libraries of
sgRNAs into Cas9-expressing cells permits genomewide gene-inactivation screens that can identify participating genes in a cellular process of interest30–33.
Similarly, a Cre-dependent Cas9 knock-in mouse
model combined with virus-mediated sgRNA and
Cre delivery facilitates tissue- or cell type–specific
gene modification34, such as the analysis of regulatory
networks in primary immune cells35.
The Cas9-sgRNA system has proven to be similarly effective in promoting the targeted insertion
of a desired DNA sequence by means of homologydirected repair (HDR) using exogenously supplied
duplex DNA templates7,8,23,36, single-stranded oligonucleotides11,23,37–40 or viral encoded templates34,41,42.
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Figure 1 | Structural overview of SpCas9. (a) The domain organization
of SpCas9; domains that are formed from discontinuous sequence elements
are numbered and color-coded. (b) X-ray crystal structure of SpCas9
with sgRNA (blue, guide; red, constant sequence) and the target DNA
(black)70. In this structure, the sgRNA:DNA heteroduplex divides the
Cas9 protein into two lobes connected by a bridge helix (green):
the recognition lobe, consisting of the Rec1 (light gray) and Rec2
(dark gray) domains; and the nuclease lobe, with RuvC (cyan), HNH
(purple) and the PID (tan). Two arginines (R1333 and R1335; magenta) in
the PID make the primary contacts to the guanines in the PAM. (c) The
Cas9-sgRNA complex; upon R-loop formation, cleavage of the DNA occurs
3 bp from the edge of the PAM element.
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The efficiency of HDR events is cell-type dependent, and these
events typically occur at a lower frequency than insertions or deletions (indels) created via nonhomologous end joining (NHEJ)mediated imprecise repair of the Cas9-generated DSB43. However,
HDR rates can be increased in some cell types through cell cycle
synchronization40 or the use of small molecules or proteins that
interfere with alternate DNA-repair pathways44,45. In sum, Cas9based technological advances have dramatically simplified the
creation of modified vertebrate cell lines and animal models for
the investigation of gene function during development and disease
progression25,38,46–56. A similar revolution is being realized by the
use of nuclease-dead Cas9 (dCas9) to deliver effector domains to
perturb gene expression and chromatin-modification states57.
Therapeutic applications for CRISPR-Cas9 are also being
actively explored. Cas9-mediated ex vivo gene editing in primary
cells20,22,39 or induced pluripotent stem cells58,59 provides a potential pathway for the creation of autologous cell-based therapies.
In addition, a therapeutic level of Cas9-mediated in vivo gene
correction was recently demonstrated in a mouse model of
fumarylacetoacetate hydrolase (Fah) deficiency38. In parallel,
viral delivery systems, such as adeno-associated virus (AAV), for
the tissue-specific delivery of Cas9-sgRNA are being developed60.
The limited cargo capacity of AAV (~4.7 kb)61 creates challenges
with respect to packaging expression cassettes for S. pyogenes
Cas9 (SpCas9; ~4.2 kb) and its sgRNA in a single vector18. More
compact type II CRISPR-Cas9 systems have been developed62–64
to overcome this problem. One such system, Staphylococcus
aureus Cas9 (ref. 64), achieved efficient gene editing in mouse
liver when delivered via a single AAV construct. These proofof-principle experiments highlight the promise of type II Cas9
nucleases for therapeutic gene correction or gene replacement if
compatible delivery systems can be realized and collateral damage
to the genome can be minimized.
Licensing a DNA sequence for cleavage
Whether one is using programmable nucleases for editing cell
lines, model organisms or therapeutic applications, nuclease
precision is an important consideration. Pioneering gene therapy efforts using γ-retroviruses in hematopoietic stem cells were
stymied by the insertional mutagenesis inherent with these
gene-delivery vectors, which led to oncogenic transformation in
a subset of patients65,66. Likewise, the generation of DNA breaks
at unintended (off-target) sites by imprecise nucleases has the
potential to alter gene expression and function through direct
mutagenesis or the generation of genomic rearrangements.
Understanding the series of events associated with the ‘licensing’
of a DNA sequence for cleavage by the Cas9-sgRNA complex
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should permit the accurate prediction of potential cleavage sites
and the development of Cas9-sgRNA variants with improved precision. A molecular and mechanistic description of target-site
recognition and cleavage has been provided by biochemical4,67–69
and structural studies70–73, buttressed by nuclease-activity assays
in cell culture7,74–76 and data on the function of Cas9 in adaptive
bacterial immunity3. Although incomplete, mechanistic analyses
suggest that a DNA sequence is licensed for cleavage through two
stages of recognition: (1) Cas9 binding to a favorable protospaceradjacent motif (PAM) element, and (2) sgRNA-mediated interrogation of the neighboring DNA sequence through Watson-Crick
base pairing (Fig. 2a).
Single-molecule and bulk biochemical assays indicate that the
residence time of a Cas9-sgRNA complex on a DNA sequence
during target acquisition is dependent on the presence of a
compatible PAM element67. This PAM dependence provides
kinetic control over the sampling of target sequences by restricting
DNA-sgRNA heteroduplex (R-loop) formation68. This preference
has been observed in chromatin immunoprecipitation–sequencing
(ChIP-seq) experiments on dCas9, in which the vast majority
of occupied sequences contained an optimal PAM element69,77.
In the case of SpCas9, an NGG PAM element is strongly
preferred4, although NAG and NGA PAMs are inefficiently
recognized in some contexts74,78,79.
sgRNA interrogation of the DNA sequence initiates next to
the PAM element through Watson-Crick pairing in a 3′-to-5′
direction relative to the guide sequence (20 nucleotides (nt) for
SpCas9)67,68. Progressive R-loop formation is a passive process67,73
in which mismatches in the seed region are more likely to abrogate nuclease activity4,7,67,69,77,80. Data analysis from large-scale
screens using libraries of sgRNAs suggests that there is an optimal
level of heteroduplex stability for efficient target cleavage30,81,82
and that other sequence features in the guide30,76,81–84 and neighboring the canonical PAM element81,82,84 can influence nuclease
efficiency. Using these data, researchers have developed algorithms that predict Cas9-sgRNA activity as a function of these
parameters76,82–85. Chromatin architecture also influences the
binding of Cas9-sgRNA complexes at suboptimal (noncognate)
sequences in the genome69,77, but the extent to which it affects
nuclease activity remains uncertain76,86. As more aspects of the
mechanism of site licensing for cleavage by Cas9-sgRNA are
defined, they should facilitate the creation of advanced predictive
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Figure 2 | Stages of target-site recognition by
Cas9. (a) The SpCas9-sgRNA complex proceeds
through two stages of licensing before DNA
cleavage. In the first stage, target acquisition
proceeds through recognition of the neighboring
PAM sequence (NGG is preferred for SpCas9).
If the 3′ end of the programmed guide is
complementary to the DNA sequence neighboring
the PAM element, R-loop formation is initiated.
Guide complementarity throughout the DNA
sequence is assessed through extension of the
R-loop and, once confirmed, leads to allosteric
activation of the RuvC and HNH nuclease domains,
resulting in a DSB (blue triangles). (b) Only
a small fraction of guide sequences have no
near-cognate sequences in the genome (left).
Shown is a representative set of 124,793 guide
RNAs targeting human exon sequences binned
according to the off-target site with the fewest
mismatches to the guide sequence (assessed
by CRISPRseek96). A “perfect match” indicates
the presence of an off-target site perfectly
complementary to the guide sequence. Of these
guide sequences, 98.4% have at least one
off-target site with three or fewer mismatches to
the guide sequence. The remaining 1.6% would be
the best candidates for precise genome editing,
as they are less likely to have active off-target
sites. The bar on the right represents the guides
with more than three mismatches binned
according to the presence or absence of a bulged
off-target site88 with no other mismatches.
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models describing sequence-cleavage efficiency as a function
of the guide sequence. These algorithms should enable the identification of efficient nuclease target sequences that have few
compatible off-target sequences in the genome.
Cas9 promiscuity in cell lines, primary cells and model organisms
Precision is an enigma that has dogged the therapeutic application
of all artificial-nuclease platforms. There is abundant evidence
that SpCas9-based nucleases in transformed cell lines can tolerate
imperfections in the sgRNA-DNA heteroduplex4,7,29,74,75,79,87,88.
Analysis of the activity profiles of guides encoding one or more
mismatches to a target site has shown that the number, position
and type of base mismatches74,75,79 can affect the activity level
(for example, a G:U mismatch is better tolerated than a G:A
mismatch)74. Heteroduplex sequence composition also influences
tolerance to the number and position of substitutions between the
guide and the target sequence75,79. Reassuringly, deep sequencing
of potential off-target sites (defined via computational
prediction29,74,75, ChIP-seq of dCas9 bound regions 69,77 or
in vitro library analysis87) in populations of nuclease-treated cells
did not identify indels at the majority of sequences. The absence
of indels at most bound regions shown by ChIP-seq69,77 indicates
that nuclease activity is not merely a function of Cas9-sgRNA residence time. Notably, a subset of off-target sites display nuclease
activity29,69,74,75,77,87, with up to four or five mismatches between
the guide and the genomic sequence tolerated75,87. This degree
of potential promiscuity is a concern with respect to therapeutic
applications, as thousands of sequences with four or five mismatches to a 20-nt guide sequence can typically be found in the
human genome29,75. In some instances Cas9-sgRNA complexes
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can also tolerate a ‘bulge’ between the guide and a noncognate
sequence (a base flipped out of one component of the heteroduplex)88, which further complicates the genome-wide prediction
of nuclease activity as a function of guide sequence. These studies
provided impetus for efforts to engineer Cas9-sgRNA systems
with improved performance (described below).
Although studies of SpCas9-sgRNA–treated transformed cell
lines have provided evidence of modest nuclease promiscuity, a
more nuanced perception has emerged from studies of Cas9-based
editing in stem cells and model organisms. Sequence-capture
characterization of a population of nuclease-treated CD34+ cells
at 24–36 computationally predicted off-target sites detected significant indels at only a single off-target site for one of five active
guides20. Importantly, stem cells facilitate the expansion of single
nuclease–treated clones for direct comparison with the parental
line via whole-genome sequencing (WGS) in a nominally ‘normal’ cellular environment with regard to DNA repair. These comparative analyses revealed a large number of sequence alterations
between the parental and nuclease-derived clones, but none could
be ascribed to off-target cleavage by the nuclease59,89,90. Similar
results were observed for exome sequencing in a number of nuclease-treated clonal haploid cell lines91. These results, although
promising, must be interpreted cautiously, because WGS is most
likely to detect only those active off-target sites that are cleaved
with efficiency similar to that of the target site 91,92. Because
lesions at most off-target sites are low-frequency events, the likelihood of a single clone containing an off-target lesion at a specific
site is low. Similarly, analyses of Cas9-sgRNA–treated vertebrate
embryos have occasionally identified a small number of active offtarget events in the offspring of treated founder animals23,93–95.
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Table 1 | Computational programs for sgRNA off-target analysis
Algorithm
CRISPRseek96

Cas-OFFinder97
CRISPR Design Tool74
COSMID98
CropIT99

CasFinder100
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E-CRISP101

ChopChop85
ZiFiT12,102
CasOT103

Off-target search features
Allows discovery of noncognate sites with user-defined maximum number of mismatches; scoring based on number and position of
mismatches; available as a Bioconductor package; search and scoring parameters can be modified by the user, and the program can be
included in computational pipelines.
Allows discovery of noncognate sites with up to nine mismatches and up to two DNA and RNA bulges; does not score or rank
off-target sites; program is available for download.
Allows discovery of noncognate sites with up to four mismatches; scoring based on number and position of mismatches;
no user-defined features.
Allows discovery of noncognate sites with up to three mismatches and up to two DNA and RNA bulges; scoring based on number and
position of mismatches.
Allows discovery of noncognate sites with up to nine mismatches; scoring based on number and position of mismatches; incorporates
DNase-hypersensitivity profiles from the ENCODE data set for ranking of off-target sites in the human genome; limited user-defined
parameters.
Allows discovery of noncognate sites with a user-defined number of mismatches; scoring based on number and position of
mismatches; available as a Perl package; parameters can be modified by the user.
Allows discovery of noncognate sites with up to seven consecutive mismatches at the 5′ end and one mismatch in the remaining
13 positions or up to three mismatches total; scoring based on the number of mismatches and the genomic location and sequence
composition of the off-target site; limited user-defined parameters.
Allows discovery of noncognate sites with up to two mismatches; lists off-target sites by number of mismatches.
Allows discovery of noncognate sites with up to three mismatches, where the position and type of mismatch are indicated.
Allows discovery of noncognate sites with up to six mismatches; program is available for download.

These off-target sites typically have only one or two mismatches
to the guide sequence, implying that they might have activity
similar to that of the target site. The lower rate of Cas9-induced
off-target lesions in stem cells and model organisms relative to
that in transformed cell lines might be due in part to the higher
propensity for imprecise DNA repair in transformed lines.
In sum, these studies show that Cas9-edited stem cell lines or
model organisms can be obtained without unwanted nucleasebased genomic modification, but the propensity for Cas9 off-target
activity in transformed cell lines highlights the need for evaluation of nuclease precision in therapeutic applications.
Lessons from unbiased methods for assessing nuclease fidelity
Before the development of unbiased methods for the characterization of nuclease off-target activity, computational algorithms
based on guide-sequence similarity were the primary method for
identifying potential off-target sites. Whereas these algorithms
originally focused on binning off-target sites on the basis of
the number of mismatches in the target sequence, more recent
algorithms incorporate a scoring function whereby the position
and type of mismatch are used to further stratify the ranking
of these potential off-target sites12,74,85,86,96–103 (Table 1). This
information can be used to identify guide sequences with a low
probability of off-target activity. However, even simple filtering
based on excluding guides with near-cognate matches in the
genome leads to a sizable decrease in the density of available
target sequences (Fig. 2b), suggesting that alternative approaches
to improve nuclease precision will be important. Currently the
limited data on genome-wide Cas9-sgRNA off-target activity preclude the training of robust predictive models that can accurately
rank the relative cleavage rate of sites with multiple guide-target
mismatches104. Consequently, although existing computational
methods can identify active off-target sites for a guide sequence,
the specificity of the predictions is poor.
Improving future computational models will require ‘unbiased’
genome-wide assessments of nuclease activity for a panel of different sgRNAs. A new suite of off-target detection methods have
recently been described that can identify sites with low cleavage
44 | VOL.13 NO.1 | JANUARY 2016 | nature methods

activity64,91,104–106. These methods focus on one of two approaches
to identify the genomic positions of nuclease-induced DSBs: (1)
direct capture of DSBs or (2) the detection of surrogates associated
with DSB-repair activity. These methods have different strengths
and weaknesses and vary in their sensitivity, expense and ease of
implementation (Box 1 and Supplementary Discussion).
Digenome-seq 91 (in vitro Cas9-digested whole-genome
sequencing) and BLESS64,107 (direct in situ break labeling, enrichment on streptavidin and next-generation sequencing) identify
off-target sites through the detection of Cas9-induced DSBs in the
genome. BLESS directly labels unrepaired DSBs in fixed cells via
ligation of a biotin-labeled adaptor, which allows for the purification and sequencing of these genomic regions. Digenome-seq
uses in vitro Cas9-sgRNA digestion of purified genomic DNA
followed by WGS to identify the locations of DSBs as interruptions in mapped sequencing reads. Digenome-seq seems to be
more sensitive than BLESS, as the latter detects only off-target
sites with indel rates of ≥1%.
The second class of off-target identification methods (integrase-defective lentiviral vector (IDLV) capture106,108, HTGTS105
(high-throughput, genome-wide translocation sequencing) and
GUIDE-seq104 (genome-wide, unbiased identification of doublestrand breaks enabled by sequencing)) rely on erroneous NHEJmediated DNA repair (exogenous DNA capture or translocation) to
identify Cas9-induced breakpoints in the genome. IDLV capture106,108
tags nuclease-induced DSBs via the insertion of exogenously supplied IDLV DNA, whereas GUIDE-seq104 utilizes the insertion
of modified blunt-ended duplex oligonucleotides at DSBs. The
tagging of DSBs by oligonucleotides is more efficient than that
by IDLV, which enabled GUIDE-seq to identify off-target
sites that were undiscovered by IDLV capture with identical
sgRNAs. Finally, HTGTS105 captures off-target sites as genomicrearrangement events with a target locus. For a common sgRNA
(VEGFa site 1), HTGTS identified a repertoire of off-target
sites concordant with the GUIDE-seq method: all off-target sites
identified by GUIDE-seq (21 total) were identified by HTGTS
(38 total), and the ranked order of activity for the top 5 off-target
sites were identical.
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Box 1 Unbiased methods for detecting off-target sites
A.  Whole-genome sequencing (WGS). This is the most
exhaustive method of assessing changes to the genome.
It is feasible to analyze only a small number of nucleasetreated clones (or animals), which limits the ability to
extrapolate the resulting data to off-target lesion rates
in a population of nuclease-treated cells.
B. Direct DSB capture. This type of method directly identifies
DSBs generated by Cas9.
a. Digenome-seq91. This method allows the dose-dependent
in vitro assessment of Cas9-sgRNA activity, which
permits identification of weakly active off-target sites.
Genomic loci with mapped sequencing reads that
have aligned 5′ ends are characteristic of potential
off-targets. Digenome-seq cannot reveal the influence
of local chromatin structure or folding on Cas9 activity76,
as it is performed in vitro.
b. BLESS64,107. This method labels unrepaired DSBs in
fixed nuclei of treated cells via ligation of a biotinylated
adaptor. This tag allows solid support–based enrichment
of these loci for deep-sequencing analysis. Overall there
is good correlation between measured lesion rates and
the DSB score assigned on the basis of BLESS analysis.
The persistence of DSBs before repair, if short, may limit
the sensitivity of this approach.
C. Repair-based methods. These methods exploit erroneous
NHEJ-mediated repair to tag DSBs through either exogenous
DNA capture or genomic rearrangements.
a. IDLV capture106,108. This method uses NHEJ-mediated
integration of IDLV DNA to tag DSBs. IDLV integration
sites are detected by LAM-PCR138 followed by

Together the data from these studies demonstrate that different sgRNAs display variability in the number of active off-target
sites and the frequency of DSBs at those sites. Some sgRNAs led
to promiscuous activity at more than 100 off-target sequences,
whereas others were not associated with any detectable off-target
events104. In general there is an anticorrelation between a genomic
site’s number of mismatches to a guide sequence and the likelihood that the site will be cleaved by Cas9, which is consistent
with activity assays74,75. Nonetheless, the parameters that define
active noncognate sequences remain nebulous, as sites with up to
six mismatches91,104 or a single base bulge64,104 between the guide
and target sequence show activity. The availability of unbiased
techniques for whole-genome surveys of nuclease activity provides
an opportunity to construct more highly parameterized computational models of guide-target interactions to achieve accurate prediction of functional off-target sequences for any given sgRNA.
Methods to enhance Cas9-sgRNA precision
Because of the imperfect precision of the wild-type SpCas9 nuclease, a number of strategies have been developed to increase the
fidelity of sequence cleavage within the genome (Fig. 3 and Box 2).
These methods range from careful target-site selection and guide
design to variations in Cas9 function that restrict conditions for
DSB formation. These are discussed as independent approaches,
but in some cases they could potentially be combined.

deep sequencing. This method has been successfully
used for zinc-finger nucleases, TALENs and Cas9, but
because of its low sensitivity it cannot capture inefficient
off-target sites (<1% indel frequency).
b. GUIDE-seq104. This method uses NHEJ-mediated
integration of phosphorothioate-protected doublestranded oligonucleotides to tag genomic DSBs that
are then enriched by PCR and deep sequenced. The
modified oligonucleotides can achieve high insertion
frequencies in some cell lines (20–50% of total indel
frequency), which enhances its sensitivity relative to
that of IDLV capture. Off-target sites with indel rates
of >0.1% can be detected. There is a good correlation
between the indel rate and the GUIDE-seq oligonucleotideinsertion rate. Across analyzed sgRNA data sets,
the majority of off-target sites with two base mismatches
and a subset of three base mismatches were active.
This method works preferentially with blunt DSBs, so it is
less sensitive when used with Cas9 nickases or FokI-dCas9
fusions104,115.
c. HTGTS105. This method combines LAM-PCR and genomewide translocation sequencing139 to capture genomic
rearrangements caused by improper ligation of DSBs
between the nuclease target and a spatially proximal
off-target site. The target site is used as the ‘bait’ to
capture off-target ‘prey’ sites, although highly active
off-target sites can also be used as the bait, affording
a similar distribution of genomic DSBs. HTGTS is both
sensitive and applicable to other Cas9 variants that improve
precision (for example, Cas9 nickases and FokI-dCas9).

Perhaps the most straightforward approach is to use the growing
number of computational tools to predict which guide sequences
will have the fewest off-target sites12,74,85,86,96–103 (as described
above; Table 1). Careful choice of the guide can have a dramatic
impact on the number of active off-target sites64,91,104–106.
Modification of the guide sequence has also proven advantageous.
Truncation of the guide from 20 nt to 17 or 18 nt (tru-gRNA) preserves nearly full activity of the SpCas9–tru-gRNA nuclease at the
majority of target sites86,104,109 while decreasing activity at many
off-target sites104,109. Alternatively, appending two extra guanine
nucleotides on the 5′ end of the guide sequence has been shown
to improve nuclease precision29,91. In addition, delivering Cas9
and its sgRNA as a ribonucleoprotein complex limits its temporal
activity, thereby improving its precision39,40,110–113.
Modifications to the Cas9 nuclease have also proven effective
in improving precision. Inactivation of one of the two nuclease
domains in Cas9 generates a nickase (Cas9n) that cleaves only a
single strand of the target sequence4. By programming Cas9
nickases with two different sgRNAs targeting neighboring sites
on opposite DNA strands, one can generate a DSB29,79,94,114. The
combinatorial requirement of two active proximal nickases to generate a DSB decreases the likelihood of off-target DSBs29,79,105,114.
However, at some sites in transformed cell lines individual
nickases can yield high rates of single-base mutations (~10%),
although the precise mechanism is undefined21,115. A related
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Figure 3 | Schematic of SpCas9-sgRNA variants with improved precision.
(a) Truncated sgRNA where the guide is shortened to 17–18 nt in length
f Split Cas9
(blue arrowheads indicate strand cleavage). (b) Addition of two guanines
sgRNA
to the 5′ end of the guide. (c) Dual Cas9 nickases where one of the
catalytic domains has a loss-of-function mutation. When used in
NGG
SpCas9
pairs with the proper site orientation, the nickases generate a DSB.
PAM
(d) FokI-dCas9 fusions in which catalytically inactive SpCas9 acts
20-mer guide
as programmable DNA-binding unit. Two FokI-dCas9 complexes must
bind with the proper orientation and spacing to allow dimerization
of FokI and DSB formation. (e) Cas9MT-pDBD in which a pDBD is fused to a Cas9 that has attenuated DNA-binding affinity because of a PID mutation
(yellow star). Nuclease activity requires DNA recognition by the pDBD as well as a compatible PAM and sgRNA recognition sequence. (f) Split Cas9
in which the SpCas9 is divided into two catalytically inactive segments fused to a (inducible) dimerization domain. When dimerization occurs, the
components of SpCas9 are reunited, and nuclease activity is restored.

strategy mimicking zinc-finger nuclease and TALEN (transcription activator–like effector nuclease) platforms uses a catalytically
inactive Cas9 (dCas9) as a DNA-recognition platform for the sitespecific delivery of the FokI nuclease domain21,115,116. FokI-dCas9
offers improved precision relative to standard Cas9 because of the
requirement for FokI dimerization for the efficient generation of
a DSB. However, single FokI-dCas9 monomers can generate a low
level of mutagenic activity at some sequences21,115.
One can also modulate Cas9 activity by manipulating the
Cas9 PAM-interacting domain (PID; Fig. 1). Structural and
biochemical studies have identified the location of the PID and
demonstrated that PAM specificity can be switched via substitution with PIDs from orthologous Cas9 (refs. 70,72). Recently,
selection-based approaches were used to identify mutations
in the PID that generate SpCas9 variants with distinct PAM
preferences117. Not only do these SpCas9 variants expand the
targeting range of SpCas9, but some variants also show improved
precision on the basis of genome-wide activity analysis. In an
alternative approach, mutations in the PID that attenuate the
DNA-binding affinity of Cas9 can render its function dependent
on DNA recognition by an attached programmable DNA-binding
domain (pDBD). The resulting Cas9MT-pDBD system provides
improved precision by adding an additional specificity determinant
to target-site recognition118.
Exerting temporal control over nuclease activity is another
appealing method for improving precision. One can regulate
nuclease activity by breaking the Cas9 protein into two independent components (split-Cas9)119–122 or an interrupted sequence
(intein-Cas9)122,123 in which assembly or intein excision, respectively, can be exogenously regulated. The switch to an active state
can be driven through the delivery of a small molecule120,123 or
light of a suitable wavelength121.
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Finally, there are a multitude of type II CRISPR-Cas9
systems64,124, only a small number of which have been characterized in any detail62,64,125. In addition, type V CRISPR-Cas
systems2 that use Cpf1 instead of Cas9 as the nuclease effector
also show promise for editing eukaryotic genomes126. These
alternative systems may have more favorable characteristics for
the precise editing of vertebrate genomes owing to differences in
PAM stringencies and sgRNA mismatch sensitivities. Looking
forward, it seems likely that the preferred editing platform, in
particular for therapeutic applications, will be a more compact
nuclease (Cas9 or Cpf1 orthologue) with an improved targeting
range (for example, a simple PAM element) and greater sensitivity
to mismatches within its recognition site. This system likely does
not exist in a native form but will be improved through design
and selection approaches to achieve the desired goals of robust
activity and high precision.
Practical considerations for Cas9-based editing experiments
There are a multitude of factors (Cas9 platform, sgRNA target site,
etc.) to consider during the design phase of Cas9-based projects.
Below we suggest some strategies that may be useful in the design
of nuclease-based experiments.
Importantly, not all guide sequences can program Cas9 for
highly efficient genomic cleavage. The use of SpCas9 for genomewide gene-inactivation screens30–33,86 is producing a large amount
of activity data that can be used to train computational models to
predict the most favorable sequences for Cas9 cleavage76,82,84,86.
Algorithms that predict sgRNA activity (for example, sgRNA
Designer82, Sequence Scan for CRISPR 84, sgRNA Scorer76
and CRISPRscan86) can be used with their built-in off-target
assessments or in combination with algorithms that evaluate
additional aspects of off-target sites for promising guide sequences
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Box 2 Methods to enhance Cas9-sgRNA precision
These methods can be categorized into four primary strategies.
1. Computational selection of the best guides. Computational
tools can be used to choose guides that are predicted to
have high on-target and low off-target activity (Table 1).
This filtering inherently reduces the density of Cas9 targets
in the genome (Fig. 2b), which may prove problematic for
editing applications that have a limited sequence window.
2. Modification of the guide sequence.
   tru-gRNA104,109. Truncating guides from the 5′ end
(to 17 or 18 nt) improves precision by decreasing the
stability of the Cas9-sgRNA complex140, although the
exact mechanism remains unclear. GUIDE-seq analysis
indicates a dramatic reduction in off-target activity for
Cas9–tru-gRNAs relative to full-length Cas9-sgRNAs104.
Nonetheless, residual nuclease activity persists at a small
number of off-target sites.
   5′ guanine29,91. In addition to the standard 20-nt guide
for SpCas9, two guanine nucleotides are added to the 5′ end
of the guide sequence. This modification seems to function
in part through nuclease attenuation, which can affect
activity at both target and off-target sites86,91,95.
3. Delivery of the Cas9-sgRNA ribonucleoprotein complex.
The delivery of Cas9 nuclease and the sgRNA via plasmid
transfection or lentiviral transduction typically results in
expression of the Cas9-sgRNA complex beyond that needed
to achieve target-site DSB formation110, which increases
the potential for off-target activity. In contrast, delivery of
Cas9 and sgRNA as a ribonucleoprotein complex39,40,110–113
allows for easier control of the cellular concentration of
Cas9-sgRNA and restricts the time window of its activity.
4. Modification of the Cas9 nuclease.
   Dual Cas9 nickases (Cas9n)29,79,94,114. The strand that
is nicked is determined by the nuclease domain (RuvC or
HNH) that is inactivated4,72. When this technique is used
with a pair of guides to generate nicks on both strands that
leave 5′ overhangs, DSBs are generated that stimulate NHEJ
or HDR79,114. Although single nicks are much less
mutagenic than DSBs, they can lead to mutagenesis in the

(for example, heteroduplex bulge by COSMID98; Table 1) to identify targets that are highly active and have few potential off-target
sites. The activity of the chosen guides can then be verified in the
appropriate biological system127.
When targeting protein-coding genes to generate null alleles,
the most robust method for achieving a null is targeting an exon
containing a critical domain for protein function 128. Simply
targeting an early coding exon can prove ineffective, as alternative
transcriptional start sites or alternative splicing may allow the
generation of functional transcripts that bypass the Cas9-induced
lesions. For noncoding RNAs or regulatory elements, complete
excision of the genomic segment129–134 may provide the greatest
likelihood that a loss-of-function allele will be generated.
The targeted insertion of DNA via HDR-based approaches
also has important caveats. Optimal lengths of homology arms
for single-stranded oligonucleotides37,40 (ssODNs) and duplex
DNA donors36,43 have been defined in certain systems, but these

context of some sequences21,29,94,116. The requirement
for two neighboring Cas9 sites reduces the density of
sequences targetable by dual nickases in the genome.
   FokI-dCas9 (refs. 21,116). Both RuvC and HNH nuclease
domains of Cas9 are mutated, yielding a catalytically
inactive Cas9 (dCas9) to deliver the nuclease domain of
FokI to specific sites of the genome. FokI-dCas9 can be
used in combination with tru-gRNAs to increase nuclease
precision115. Like Cas9n, FokI-dCas9 has decreased
targeting density because a pair of neighboring compatible binding sites is required for DSB formation. However,
the relative spacing of FokI-dCas9 dimers is much more
restricted than that of nickases.
   SpCas9 PAM variants117. New PAM variants that target
NGA and NGCG were identified through mutagenesis and
selection. Notably, GUIDE-seq analysis shows that the
NGCG SpCas9 variant displays few off-target sites. In
addition, a D1135E mutant was identified that increases
the stringency of SpCas9 for the standard NGG PAM,
which improves its precision.
   SpCas9MT-pDBD118. In this system, Cys2-His2 zincfinger arrays or transcription activator–like effector
(TALE) domains are engineered to deliver the mutant
Cas9 to a desired target site in the genome. Target-site
recognition by the pDBD is necessary for nuclease
activity, which decreases the number of active
off-target sites.
   Split-Cas9 (refs. 119–122) and intein-Cas9
(refs. 122,123). Because Cas9 has a bilobed architecture,
it can be divided (or interrupted) into two inactive
segments; reassembly (or intein excision) restores
activity to the complex. The association of the two
domains of split-Cas9 can be regulated through the
introduction of drug-dependent120 or light-dependent121
dimerization domains. Likewise, intein excision can be
regulated through drug-dependent control123. Besides
temporal control, dividing SpCas9 into two fragments
allows it to be packaged in two separate AAV vectors122.

parameters may vary in different biological settings. Importantly,
these insertions do not always occur via precise HDR; depending on the type of donor, they can also occur through NHEJmediated pathways at one end (or both ends) of the donor
insertion site36,41,135–137. The ratio of NHEJ-generated indels to
HDR-mediated insertions at the target site in a population of treated
cells or embryos can be quantified directly via SMRT sequencing43 or Illumina sequencing when an ssODN is used as an HDR
donor. In addition, for large donor DNAs, Southern blotting or
linear amplification–mediated (LAM)-PCR138—whichever is more
appropriate for the biological system—should be standard practice
to verify the absence of random donor integration in the genome.
The tolerance for the level of nuclease promiscuity will obviously
depend on the application. Researchers using Cas9 nucleases for
the genomic alteration of model organisms or cell lines for basic
science investigations will be more comfortable with low-frequency
off-target events, in contrast to nucleases destined for therapeutic
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applications involving the modification of millions to billions of
stem or progenitor cells. In basic science investigations, concerns
about observed phenotypes resulting from collateral genomic
damage can be alleviated by the use of two or more independent cell lines or animal models, ideally generated using different
sgRNAs that target the same locus. When possible, genetic complementation can be used to validate the phenotype-genotype association. For therapeutic applications, in-depth unbiased off-target
analysis of nuclease activity should be carried out on the relevant
cell type(s). Once a baseline of nuclease precision is established,
off-target analysis can be used to optimize the nuclease dose and
the delivery method to identify the conditions that produce the
most favorable activity profiles with high precision.
The nuclease field is advancing at a breathtaking rate.
Translation of this newfound technical ability into the creation
of breakthrough therapeutics that profoundly alter disease outcomes for patients is no longer science fiction; in fact, it is likely
that this will be accomplished in the foreseeable future. Achieving
this goal will require continued improvements in nuclease precision, the ability to detect unintended insults to the genome, and
understanding of the complexities of DNA repair. The result of
these efforts, if advanced prudently, will enable the deployment
of exciting gene- and cell-based therapeutics that will radically
improve treatment options for a number of diseases.
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