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The rapid rise of CRISPR as a technology for genome engineering and
related research applications has created a need for algorithms and associ-
ated online tools that facilitate design of on-target and effective guide
RNAs (gRNAs). Here, we review the state of the art in CRISPR gRNA
design for research applications of the CRISPR-Cas9 system, including
knockout, activation, and inhibition. Notably, achieving good gRNA
design is not solely dependent on innovations in CRISPR technology.
Good design and design tools also rely on availability of high-quality gen-
ome sequence and gene annotations, as well as on availability of accumu-
lated data regarding off-targets and effectiveness metrics.

Introduction
The essentials of CRISPR gRNA design

With previous genome engineering applications, based
on zinc finger nucleases and TALENSs, a pair of pro-
teins conferred DNA sequence specificity [1,2]. With
the CRISPR-Cas9 system, however, targeting of the
nuclease to a particular locus relies on the guide RNA
(gRNA), as well as the presence at the target DNA
region of a protospacer adjacent motif (PAM)
sequence [3]. To design a gRNA, the following must
be defined: (a) the target region or gene; (b) the ver-
sion of Cas9 protein to be used, including what PAM
sequence(s) is recognized; (c) what promoter will be
used for in vitro or in vivo expression of the gRNA,
i.e. so that the terminator sequence for the promoter
can be excluded from the gRNA sequence; and (d) the
cloning strategy, which might put additional
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constraints on gRNA sequence and will impact the
design of the specific oligonucleotides to be synthesized
and either used as a template for RNA production or
cloned into an expression vector.

Importantly, design of gRNAs must also be coupled
with the intended application, e.g. knockout via non-
homologous end joining (NHEJ), knock-in, CRISPR
activation (CRISPRa), or CRISPR interference (CRIS-
PRi) [4,5]. For example, when generating a knockout
in a genetic system, the importance of limiting off-
targets on the same chromosome might outweigh the
importance of limiting off-targets on other chromo-
somes that can be ‘cleaned up’ in subsequent back-
crosses or outcrosses. Moreover, for applications such
as CRISPRa or CRISPRI, the appropriate position of
gRNA(s) relative to the transcription or translation

bp, base pairs; CRISPRa, CRISPR activation; CRISPR, clustered regularly interspaced short palindromic repeats; CRISPRi, CRISPR
interference; gRNA, guide RNA; NHEJ, non-homologous end joining; PAM, protospacer adjacent motif; TSS, transcription start site.
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start site of the target gene might be different than the
appropriate position of gRNA(s) intended to be used
in generation of a knockout or knock-in allele. In
addition, some approaches require the design of multi-
ple gRNAs for a single target, such as design of a pair
of gRNAs for use with a nickase version of the Cas9
protein; design of nearby or distal gRNAs for use with
a knock-in construct; or design of two or more
gRNAs upstream of the transcription start site for
CRISPRa. A summary of design considerations for
CRISPR  knockout, CRISPRa, and CRISPRi
approaches for Streptococcus pyogenes Cas9 [6] 1is
shown in Table 1. We note that guidelines and design
rules for gRNAs used with alternative Cas9 proteins
such as Staphylococcus aureus Cas9 or Cpfl [7,8]
might be different from those presented here.

Different systems, different rules?

Alongside rapid development of CRISPR-based
approaches, researchers have developed rules or algo-
rithms for predicting specific properties, such as mini-
mal off-targets or maximal effectiveness. Developers of
off-target rules were able to borrow from approaches
developed for limiting sequence-based off-targets of
RNAI reagents or ensuring primer specificity [9]. The
majority of off-target prediction algorithms for
CRISPR are based on defining genomic sequences sim-
ilar to the on-target sequence and then using a user-
defined cutoff for the number of mismatched bases
that are likely to prevent mutation. However, it is cur-
rently unclear how many mismatches are required to
ensure mutation of an off-target site is prevented and
this may vary depending on the system. In addition, it
is possible that even off-target sequences that are not

Table 1. Guidelines for low-throughput gRNA design.
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perfect matches, i.e. with a discontinuity in the
sequence match creating a gap or a bulge, may be
valid target sites [10] yet most current algorithms do
not assess these. Several unbiased approaches have
been developed to detect off-target cutting by CRISPR
[11-13], although it is generally not feasible to apply
these for each gRNA used. Nevertheless, the extent of
off targets, as well as the different relevance of off-
targets in approaches like CRISPRa and CRISPRi as
compared with generation of NHEJ-mediated knock-
outs, suggest that additional and approach-specific off
targets remain a concern; recent relevant reviews dis-
cussing off targets and their detection include Refs.
[14-17].

Certain rules for gRNA effectiveness do not appear
to always be generalizable for different Cas9 applica-
tions, or for the same application in different species.
Even groups working in the same species have identi-
fied different criteria associated with effectiveness, for
example, and reports of improvements relevant to one
species (e.g. 3’ GG as reported for Caenorhabditis
elegans [18]) await further validation in the same and
other systems. In the case of CRISPRa and CRISPR,
researchers are working to define design rules not only
relevant to the gRNA sequence but also regarding the
number and position of gRNAs relative to specific
annotated features of the target gene. For CRISPRa,
two studies have found that activation is maximized
when gRNAs fall within a window from — 400 to
— 50 bp upstream of the TSS [19,20]. In contrast,
CRISPRi knockdown is reportedly most effective
when gRNAs target from — 50 to + 300 bp from the
TSS [19], and when gRNAs do not target a portion of
DNA that is bound by nucleosomes [21]. For CRIS-
PRi, there appear to be different requirements in

Approach

Common considerations (special considerations or exceptions)

CRISPR knockout via NHEJ

Target a gene-specific region (nested genes can complicate)

Target a common exon (complex gene without a common exon or alternative translation start sites can

complicate)

Few or no off targets (for genetic systems, highest priority might be to avoid off targets

on same chromosome)

Consider frameshift likelihood [40]

Filter with a predicted efficiency score

CRISPRa

Target a region 500-50 bp upstream of the TSS (alternative TSSs within the gene can complicate)

Few or no off targets close to other genes (overlap with TSS-adjacent regions of another gene(s)

can complicate)
CRISPRi

Target a region nearby the TSS (alternative TSSs can complicate)

Few or no off targets close to TSS of other genes (overlap with TSS of another gene(s) can complicate)

All approaches

Avoid promoter terminator sequence

Avoid restriction sites used for cloning the gRNA or homology arms (e.g. in the case of Gibson assembly)
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prokaryotes and eukaryotes: although CRISPRi in
Escherichia coli requires that gRNAs target the non-
template strand (a.k.a. the sense strand) [22], subse-
quent reports in eukaryotic cells have demonstrated
that gRNAs binding to either strand can work
[4,23,24]. Researchers are currently testing in parallel
the impact of gRNA sequence, gRNA placement rela-
tive to transcription or translation start sites, and
alternative Cas9 or Cas9 fusion proteins, with the goal
of finding optimal parameters for on-target and robust
activation or inhibition. Off-target effects are likely
less of a concern than for CRISPR cutting approaches
due to the limited range of effective binding sites rela-
tive to the target promoter. That is, even if binding
occurs at off-target sites, it is unlikely to be within
effective range of a promoter sequence and will there-
fore have little effect on gene expression.

Interestingly, a recently published set of design rules
that greatly improve gRNA effectiveness for Cas9 cut-
ting activity and for CRISPRi was unable to predict
gRNA effectiveness for CRISPRa [25]. This suggests
that separate design principals may be necessary for
these two approaches. In addition, given that the effec-
tiveness of CRISPRa is inversely correlated with the
background expression level of a given gene (i.e.
CRISPRa is more effective for genes that are
expressed at low levels) [20,26], researchers should
keep in mind that even when using an otherwise effec-
tive gRNA to activate a gene of interest, a high basal
expression level will likely limit the impact CRISPRa
can have. Altogether, it remains to be seen to what
extent general rules will emerge for various CRISPR
approaches; to what extent optimal parameters will be
specific to a particular species, tissue, or cell type, in
which endogenous factors might be relevant to speci-
ficity and/or effectiveness; and to what extent optimal
parameters will be specific to a given delivery method
(transfection, transduction, etc.), e.g. as rate-limiting
steps might be different for different delivery methods.

Navigating the options

There are many tools available for gRNA design.
Recent reviews listing tools include [14,27]. To help
researchers identify relevant tools, lists of tools have
also been compiled on web pages, including at
AddGene (www.addgene.org), and a Google docs-
based ‘navigator’ has been developed to help users find
a match between their gRNA design needs and avail-
able software (http://tinyurl.com/matchcrispr). A sub-
set of gRNA design tools developed by academic labs
and supporting gRNA design for several species
include E-CRISP (http://www.e-crisp.org/E-CRISP/)

CRISPR guide RNA design for research applications

[28], CHOP-CHOP (https://chopchop.rc.fas.har-
vard.edu/) [29], CRISPR Direct (http://crispr.dbcls.jp/)
[30], and CRISPR-ERA (http://crispr-era.stanford.edu/
) [31]. Developers of one of these tools also recently
published a protocol for gRNA design and cloning
[32]. In addition to tools supporting design for multi-
ple species, several species-specific gRNA design tools
have been developed by various groups (e.g. for design
of gRNAs targeting mouse or human genes, http://
tinyurl.com/broadgRNA). Moreover, at least two com-
panies, Benchling and Desktop Genomics, provide
CRISPR gRNA design tools. Most tools filter out or
flag gRNAs with potential sequence-specific off-targets
and check for an appropriate PAM adjacent to the
gRNA. Some, but not all, tools also apply filters or
show ‘scores’ related to predicted effectiveness. In
practice, researchers can use multiple tools, perhaps
using one or more to build an initial list of gRNA
designs, then selecting those in common, or using one
tool for design and another to evaluate potential effec-
tiveness. In addition, when designing genome-scale
libraries, compromises are made in order to obtain
near-full coverage. A workflow for design of gRNAs
in batch mode (i.e. for several genes at a time) is
shown in Fig. 1.

Importance of good gene annotations

Several online tools make it possible to view gRNA
designs in the context of a genome browser, as in
many cases, choosing an appropriate gRNA design is
highly dependent upon the position of the gRNA rela-
tive to specific features of the gene, such as within
500-50 bp of the transcription start site (e.g. for
CRISPRa) [19], nearby the transcription start site (e.g.
for CRISPRIi), in a common coding exon (e.g. for
NHEJ-mediated knockout) [33,34], or within a specific
exon, intron, protein domain-encoding sequence, or
other (e.g. for knock-in). Moreover, for NHEJ-
mediated knockout alleles, targeting of protein
domains was recently shown to result in a higher pro-
portion of loss-of-function mutations, presumably due
to lower tolerance of amino acid deletions or substitu-
tions within protein domains [35].

Species such as Drosophila, C. elegans, zebrafish,
mouse, and rat have the support of model organism
databases (MODs) that include high-quality and regu-
larly updated gene annotations based on experimental
data. The human genome is also supported by high-
quality and regularly updated gene annotations, such
as those presented at NCBI, Ensembl, and UCSC
Genome Bioinformatics [36-38]. For any of these spe-
cies, those designing gRNAs should be aware that
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set of target genes for gRNA design

4

Set of possible gRNAs for these gene
regions (based on PAM)

v

Rank gRNA designs based on genome
and gene models, e.g. to avoid off
targets and target all isoforms

v

Filter gRNA designs based on
predicted efficiency and/or
frameshift score

v

Filter gRNA designs based on cloning
or delivery approach, e.g. to avoid
restriction sites or terminator

T

Genes not
covered All genes
re-enter with covered?

relaxed criteria

/

Set of gRNA designs with best possible design
and coverage (vs. current gene annotations)

Fig. 1. Workflow for batch-mode design of gRNAs for CRISPR
knockout. Starting with a set of all possible gRNA designs based
on an appropriate adjacent PAM sequence, gRNAs are first ranked
based on various criteria, then filtered to enrich for or avoid
specific features. When a gene is not covered with the most
stringent set of criteria, it re-enters the pipeline for design with
relaxed criteria applied. Notably, if gene annotations are updated
between the time of library design and experimental data analysis,
interpretation of off targets, isoform coverage, etc. should be
updated based on the current annotation in order to facilitate the
most up-to-date interpretation of data.

when gene annotations are updated, the interpretation
of positions of gene features such as the TSS or iso-
forms can change. Moreover, making updates of
gRNA design tool databases can be a challenge, and
users of a given gRNA design tool should be aware of
how recently a given tool was updated relative to
updates to MOD or human genome annotations. A
specific example of the potential impact of annotation
updates on gRNA design or interpretation of results is
the human gene FAMS83A. Information at NCBI Gene
for FAMSB3A as viewed in May 2016 includes

S. E. Mohr et al.

coordinates on a recent genome assembly (chr 8,
123,179,047-123,210,079) and a previous one (chr§,
124,194,752-124,222,318). At Ensembl, the annotated
starting position is different (Chr8: 123,178,960—
123,210,079 forward strand). Moreover, based on
NCBI genome browser, the isoform ‘FAMS83A isoform
a’ and ‘FAMBS3A isoform b’ have different TSSs than
‘FAMS3A isoform c,” such that a gRNA designed for
to target isoform a and b, e.g. for CRISPRa, would
not be predicted to efficiently activate isoform c. In
addition, the annotation of isoforms of FAMS83A as
presented at NCBI has changed over time, with differ-
ent annotations for ‘FAMS3A isoform a’ presented in
a March 29, 2016 release (http://www.ncbi.nlm.nih.-
gov/nuccore/NM_032899.6) as compared with a
release on November 20, 2015 (http://www.ncbi.nlm.
nih.gov/nuccore/NM_032899.5). Notably, the interpre-
tation of the transcription start site for these two
annotations of ‘FAMS3 isoform a’ are different.

Nevertheless, although gene models are far from
perfect even in the best-annotated species, for species
supported by MODs, as well as for the human gen-
ome, the pieces are in place to design gRNAs in an
informed manner relative to the positions of specific
gene features. By contrast, the lack of availability of
good gene annotations for non-model species will be a
roadblock to selecting ‘good’ gRNA designs. However,
one of the exciting things about CRISPR technology
is that it enables gene editing in additional species,
allowing for application of genetic approaches to new
systems and topics, perhaps opening the door to a sig-
nificant expansion in the number and variety of
‘model’ species in use in the near future. What might
be possible in emerging and new research species? For
approaches like CRISPRa and CRISPRI, transcript
data mapped to the genome would appear to be a
minimum requirement for design. For knockout
approaches, annotation of open reading frames
(ORFs) might suffice, such as for the design of gRNAs
appropriate for production of NHEJ-mediated mutant
alleles of the target gene. In either case, off targets will
be a concern, even when full-genome sequence is avail-
able, as the relationship between predicted off-targets
and gene features will not be clear.

Importance of experimental validation

Whether working in vivo or in cell culture, and regard-
less of the species, the application of CRISPR
approaches should be considered exploratory, requir-
ing additional follow-up to confirm initial results. Best
practices in a genetic system include comparing the
phenotypes of independent CRISPR-generated
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knockouts either independently or in combination to
confirm an association between a phenotype and geno-
type. For example, phenotypes associated with
homozygotes can be compared to the phenotypes of
hemizygotes or transheterozygotes (e.g. generated via
multiple independent gRNA designs). In addition, test-
ing for ‘rescue’ of phenotypes associated with a knock-
out with a wild-type transgene can be a valuable
approach to validation. Best practices in a cultured cell
line would include use of several unique designs per
gene in high-throughput studies (e.g. pooled screens)
and for low-throughput studies, production of multiple
unique mutant cell lines based on different gRNA
designs, and perhaps most critically, testing of
transgene rescue.

Better design tools depend on availability of
more data

Researchers undertaking gRNA design using an online
tool developed by others should be aware of what if
any rules for limiting off targets and maximizing effec-
tiveness are being applied by a given gRNA design
tool or algorithm, as well as in particular from what
study, species, application, delivery method, the rules
were derived. For example, for NHEJ-mediated
knockout pooled screens, a recent study searching to
map new essential genes used data from the first gen-
ome-scale CRISPR fitness screen in cell lines to
improve gRNA selection in their subsequent screen.
The authors showed that the new gRNA pool,
although similar in size to the original pool, was better
able to identify essential genes than the original [39].
This bootstrapping technique is likely to add greater
precision to gRNA selection for knockout screening.
Related to this, sharing of data regarding good designs
and, importantly, sharing of information regarding
poorly performing designs as well, again in association
with specific species, application, etc. will help the
community improve design criteria in the future. Given
enough data, and provided the data are associated in
particular with meta-data regarding species, approach,
and delivery system, bioinformatics experts and others
should be able to better understand what are the key
universal or system-specific factors relevant to gRNA
design.

Summary and conclusions

The CRISPR-Cas9 system offers exciting new opportu-
nities for research using established model systems and
cultured cells, as well as in non-model species. Design
constraints are different for different applications,
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including for true genetic approaches such as knockout
or knock-in, and perturbation approaches such as
CRISPRa or CRISPRi. Anyone designing gRNAs
using available online tools should be aware of the
underlying rules for off-targets and effectiveness applied
by the developers of those tools, and aware of updates
to gene annotations and their quality. In the future,
sharing additional data on successes and failures regard-
ing gRNA off targets and effectiveness should improve
our ability to define universal and species-specific rules
for effective CRISPR gRNA design.
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