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INTRODUCTION

The ability to engineer biological systems and organisms holds
enormous potential for applications across basic science, medi-
cine and biotechnology. Programmable sequence-specific endo-
nucleases that facilitate precise editing of endogenous genomic
loci are now enabling systematic interrogation of genetic ele-
ments and causal genetic variations!2 in a broad range of species,
including those that have not previously been genetically tracta-
ble3-6. A number of genome editing technologies have emerged
in recent years, including zinc-finger nucleases (ZFNs)7-10,
transcription activator—like effector nucleases (TALENs)10-17
and the RNA-guided CRISPR-Cas nuclease system!8-25. The
first two technologies use a strategy of tethering endonuclease
catalytic domains to modular DNA-binding proteins for
inducing targeted DNA double-stranded breaks (DSBs) at spe-
cific genomic loci. By contrast, Cas9 is a nuclease guided by
small RNAs through Watson-Crick base pairing with target
DNAZ26-28 (Fig. 1), representing a system that is markedly easier
to design, highly specific, efficient and well-suited for high-
throughput and multiplexed gene editing for a variety of cell types
and organisms.

Precise genome editing using engineered nucleases
Similarly to ZFNs and TALENs, Cas9 promotes genome editing by
stimulating a DSB at a target genomic locus230. Upon cleavage
by Cas9, the target locus typically undergoes one of two major
pathways for DNA damage repair (Fig. 2): the error-prone NHE]
or the high-fidelity HDR pathway, both of which can be used to
achieve a desired editing outcome. In the absence of a repair tem-
plate, DSBs are re-ligated through the NHE] process, which leaves
scars in the form of insertion/deletion (indel) mutations. NHE]
can be harnessed to mediate gene knockouts, as indels occurring
within a coding exon can lead to frameshift mutations and prema-
ture stop codons3!. Multiple DSBs can additionally be exploited
to mediate larger deletions in the genome?2,32,

HDR is an alternative major DNA repair pathway. Although
HDR typically occurs at lower and substantially more variable

PROTOCOL |

frequencies than NHE]J, it can be leveraged to generate precise,
defined modifications at a target locus in the presence of an exo-
genously introduced repair template. The repair template can
either be in the form of conventional double-stranded DNA
targeting constructs with homology arms flanking the insertion
sequence, or single-stranded DNA oligonucleotides (ssODNs).
The latter provides an effective and simple method for making
small edits in the genome, such as the introduction of single-
nucleotide mutations for probing causal genetic variations32.
Unlike NHE], HDR is generally active only in dividing cells, and
its efficiency can vary widely depending on the cell type and state,
as well as the genomic locus and repair template33.

Cas9: an RNA-guided nuclease for genome editing

CRISPR-Cas is a microbial adaptive immune system that uses
RNA-guided nucleases to cleave foreign genetic elements!8-21,26,
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Figure 1 | Schematic of the RNA-guided Cas9 nuclease. The Cas9 nuclease from
S. pyogenes (in yellow) is targeted to genomic DNA (shown for example is the
human EMX1 locus) by an sgRNA consisting of a 20-nt guide sequence (blue)
and a scaffold (red). The guide sequence pairs with the DNA target (blue bar
on top strand), directly upstream of a requisite 5’-NGG adjacent motif
(PAM; pink). Cas9 mediates a DSB ~3 bp upstream of the PAM (red triangle).

other Cas9 orthologs may have different PAM requirements,
such as those of S. thermophilus (5'-NNAGAA?22:26 for CRISPR1
and 5-NGGNG?2837 for CRISPR3) and Neisseria meningiditis
(5’-NNNNGATT)3.

The RNA-guided nuclease function of CRISPR-Cas is recon-
stituted in mammalian cells through the heterologous expres-
sion of human codon—optimized Cas9 and the requisite RNA
components22-25, Furthermore, the crRNA and tracrRNA can be
fused together to create a chimeric, single-guide RNA (sgRNA )27
(Fig.1). Cas9 can thus be re-directed toward almost any target of
interest in immediate vicinity of the PAM sequence by altering
the 20-nt guide sequence within the sgRNA.

Given its ease of implementation and multiplexing capacity,
Cas9 has been used to generate engineered eukaryotic cells car-
rying specific mutations via both NHEJ and HDR22-2540, Direct
injection of sgRNA and mRNA encoding Cas9 into embryos has
enabled the rapid generation of transgenic mice with multiple
modified alleles?142. These results hold enormous promise for
editing organisms that are otherwise genetically intractable.

Cas9 nucleases carry out strand-specific cleavage by using
the conserved HNH and RuvC nuclease domains, which
can be mutated and exploited for additional function3’.
An aspartate-to-alanine (D10A) mutation in the RuvC catalytic
domain?7:28 allows the Cas9 nickase mutant (Cas9n) to nick
rather than cleave DNA to yield single-stranded breaks, and
the subsequent preferential repair through HDR?2 can poten-
tially decrease the frequency of unwanted indel mutations from
off-target DSBs. Appropriately offset sgRNA pairs can guide
Cas9n to simultaneously nick both strands of the target locus
to mediate a DSB, thus effectively increasing the specificity of
target recognition3. In addition, a Cas9 mutant with both DNA-
cleaving catalytic residues mutated has been adapted to enable
transcriptional regulation in Escherichia coli*4, demonstrating
the potential of functionalizing Cas9 for diverse applications,
such as recruitment of fluorescent protein labels or chromatin-
modifying enzymes to specific genomic loci for reporting or
modulating gene function.
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Here we explain in detail how to use a human codon—
optimized, nuclear localization sequence-flanked wild-type
(WT) Cas9 nuclease or mutant Cas9 nickase to facilitate
eukaryotic gene editing. We describe considerations for design-
ing the 20-nt guide sequence, protocols for rapid construction
and functional validation of sgRNAs and finally the use of the
Cas9 nuclease to mediate both NHE]J- and HDR-based genome
modifications in human embryonic kidney (HEK 293FT) and
human stem cell (HUES9) lines (Fig. 3). The Cas9 system can
similarly be applied to other cell types and organisms, includ-
ing humans?2.23.25, mice2241:45, zebrafish*>, Drosophila*® and
Caenorhabditis elegans*7.

Comparison with other genome editing technologies

As with other designer nuclease technologies such as ZFNs and
TALENS, Cas9 can facilitate targeted DNA DSBs at specific loci of
interest in the mammalian genome and stimulate genome editing
via NHE] or HDR. Cas9 offers several potential advantages over
ZFNs and TALENS, including the ease of customization, higher
targeting efficiency and the ability to facilitate multiplex genome
editing. As custom ZFNs are often difficult to engineer, we will
primarily compare Cas9 with TALEN.

« Ease of customization. Cas9 can be easily retargeted to new DNA
sequences by simply purchasing a pair of oligos encoding the
20-nt guide sequence. In contrast, retargeting of TALEN for a
new DNA sequence requires the construction of two new TALEN
genes. Although a variety of protocols exist for TALEN con-
struction!17:4849 it takes substantially more hands-on time to
construct a new pair of TALENS.

* Cleavage pattern. WT S. pyogenes Cas9 (SpCas9) is known to
make a blunt cut between the 17th and 18th bases in the target
sequence (3 bp 5" of the PAM)?7. Mutating catalytic residues in
either the RuvC or the HNH nuclease domain of SpCas9 con-
verts the enzyme into a DNA nicking enzyme?227. In contrast,
TALENSs cleave nonspecifically in the 12—-24-bp linker between
the pair of TALEN monomer-binding sites>0.
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Figure 2 | DSB repair promotes gene editing. DSBs induced by Cas9 (yellow)
can be repaired in one of two ways. In the error-prone NHEJ pathway,

the ends of a DSB are processed by endogenous DNA repair machinery and
rejoined, which can result in random indel mutations at the site of junction.
Indel mutations occurring within the coding region of a gene can result in
frameshifts and the creation of a premature stop codon, resulting in gene
knockout. Alternatively, a repair template in the form of a plasmid or ssODN
can be supplied to leverage the HDR pathway, which allows high fidelity and
precise editing. Single-stranded nicks to the DNA can also induce HDR.
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« Editing efficiency. SpCas9 and TALENs have both been shown
to facilitate efficient genome editing in a variety of cell types
and organisms. However, owing to the ease of targeting, Cas9
can be used to target multiple genomic loci simultaneously, by
co-delivering a combination of sgRNAs to the cells of interest.

Limitations of the Cas9 system

Cas9 can be targeted to specific genomic loci via a 20-nt guide
sequence on the sgRNA. The only requirement for the selec-
tion of Cas9 target sites is the presence of a PAM sequence
directly 3’ of the 20-bp target sequence. Each Cas9 ortholog
has a unique PAM sequence; for example, SpCas9 requires a
5'-NGG PAM sequence. This PAM requirement does not
severely limit the targeting range of SpCas9—in the human
genome, such target sites can be found on average every 8—12 bp
(refs. 22,51). In addition to the targeting range, another possi-
ble limitation is the potential for off-target mutagenesis; please
see Boxes 1 and 2 for details and strategies on minimizing off-
target modifications.

Experimental design

Target selection for sgRNA. The specificity of the Cas9 nuclease
is determined by the 20-nt guide sequence within the sgRNA.
For the S. pyogenes system, the target sequence (e.g., 5-GTC
ACCTCCAATGACTAGGG-3") must immediately precede (i.e.,be 5
to) a 5'-NGG PAM, and the 20-nt guide sequence base pairs
with the opposite strand to mediate Cas9 cleavage at ~3 bp
upstream of the PAM (Figs. 1 and 4a top strand example). Note
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Figure 3 | Timeline and overview of experiments. Steps for reagent design,
construction, validation and cell line expansion are depicted. Custom
sgRNAs (light blue bars) for each target, as well as genotyping primers,
are designed in silico via the CRISPR Design Tool (http://tools.genome-
engineering.org). sgRNA guide sequences can be cloned into an expression
plasmid bearing both sgRNA scaffold backbone (BB) and Cas9, pSpCas9(BB).
The resulting plasmid is annotated as pSpCas9(sgRNA). Completed and
sequence-verified pSpCas9(sgRNA) plasmids and optional repair templates
for facilitating HDR are then transfected into cells and assayed for their
ability to mediate targeted cleavage. Finally, transfected cells can be
clonally expanded to derive isogenic cell lines with defined mutations.

that the PAM sequence is required to immediately follow the tar-
get DNA locus, but that it is not a part of the 20-nt guide sequence
within the sgRNA.

Thus, there are two main considerations in the selection of
the 20-nt guide sequence for gene targeting: (i) the 5-NGG
PAM for S. pyogenes Cas9 and (ii) the minimization of off-target
activity>1->2, We provide an online CRISPR Design Tool (http://
tools.genome-engineering.org) that takes a genomic sequence of
interest and identifies suitable target sites. To experimentally assess
off-target genomic modifications for each sgRNA, we also provide
computationally predicted off-target sites (for a detailed discus-
sion, see Box 1) for each intended target, ranked according to
our quantitative specificity analysis on the effects of base-pairing
mismatch identity, position and distribution. For increased
targeting specificity, an alternative strategy using the D10A nick-
ase mutant of Cas9 (Cas9n) along with a pair of sgRNAs may
be used. The design criteria for orientation and spacing of such
sgRNA pairs are described in Box 2.

The CRISPR Design Tool provides the sequences for all
oligos and primers necessary for (i) preparing the sgRNA
constructs, (ii) assaying target modification efficiency and
(iii) assessing cleavage at potential off-target sites. It is worth
noting that because the U6 RNA polymerase III promoter used
to express the sgRNA prefers a guanine (G) nucleotide as the first
base of its transcript®®, an extra G is appended at the 5" of the
sgRNA where the 20-nt guide sequence does not begin with G
(Fig. 4b,c). On rare occasions, certain sgRNAs may not work
for reasons yet unknown; therefore, we recommend designing
at least two sgRNAs for each locus and testing their efficiencies
in the intended cell type.

Approaches for sgRNA construction and delivery. Depending
on the desired application, sgRNAs can be delivered as either
PCR amplicons containing an expression cassette (Fig. 4b) or
sgRNA-expressing plasmids (Fig. 4c). PCR-based sgRNA deliv-
ery appends the custom sgRNA sequence onto the reverse PCR
primer used to amplify a U6 promoter template (Fig. 4b). The
resulting amplicon could be co-transfected with a Cas9 expres-
sion plasmid pSpCas9. This method is optimal for rapid screen-
ing of multiple candidate sgRNAs, as cell transfections for
functional testing can be performed shortly after obtaining the
sgRNA-encoding primers. Because this simple method obviates
the need for plasmid-based cloning and sequence verification,
it is well suited for testing or co-transfecting a large number of
sgRNAs for generating large knockout libraries or other scale-
sensitive applications. Note that the sgRNA-encoding primers are
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Box 1 | Considerations for off-target cleavage activities

Similarly to other nucleases, Cas9 can cleave off-target DNA targets in the genome at reduced frequencies51.52.61, The extent to

which a given guide sequence exhibits off-target activity depends on a combination of factors including enzyme concentration and the
abundance of similar sequences in the target genome. For routine application of Cas9, it is important to consider ways to minimize the
degree of off-target cleavage and also to be able to detect the presence of off-target cleavage>1.52.61,

Minimizing off-target activity. For application in cell lines, we recommend following two steps to reduce the degree of off-target
genome modification. First, by using our online CRISPR Design Tool, it is possible to computationally assess the likelihood of a given
guide sequence to have off-target sites. These analyses are performed through an exhaustive search in the genome for off-target
sequences that are similar to the guide sequence. Comprehensive experimental investigation of the effect of mismatching bases
between the sgRNA and its target DNA revealed that mismatch tolerance is (i) position dependent: the 8-14 bp on the 3" end of the
guide sequence is less tolerant of mismatches than the 5 bases; (ii) quantity dependent: in general, more than three mismatches are
not tolerated; (iii) guide sequence dependent: some guide sequences are less tolerant of mismatches than others; and (iv) concentra-
tion dependent: off-target cleavage is highly sensitive to the transfected amounts, as well as relative ratios of Cas9 and sgRNA5L.

As shown in the illustration (adapted with permission from ref. 51; error bars show s.e.m. (n = 3)), Cas9 can exhibit off-target cleavage in
the genome, which may be minimized by carefully titrating the amount of pSpCas9 DNA transfected. The CRISPR Design Tool integrates

these criteria to provide predictions for likely off-target sites in the target genome. We also recommend titrating the amount of Cas9

and sgRNA expression plasmid to minimize off-target activity.

Detection of off-target activities. We have found experimentally
that Cas9 can cleave at genomic off-target sites with either
5’-NGG or 5-NAG PAMs. By using our CRISPR-targeting web tool,
it is possible to generate a list of the most likely off-target
sites, as well as primers for performing SURVEYOR or sequencing
analysis of those sites. For isogenic clones generated using Cas9,
we strongly recommend sequencing candidate off-target sites to
check for any undesired mutations. It is worth noting that there
may be off-target modifications in sites that are not included in
the predicted candidate list, and full genome sequencing should
be performed to completely verify the absence of off-target sites.
Furthermore, in multiplex assays where several DSBs are induced
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within the same genome, there may be low rates of translocation events and they can be evaluated by using a variety of techniques

such as deep sequencing®2.

over 100 bp long, compared with the ~20-bp-long oligos required
for plasmid-based sgRNA delivery.

Construction of an expression plasmid for sgRNA is also
simple and rapid, involving a single cloning step with a pair
of partially complementary oligonucleotides. The oligo pairs
encoding the 20-nt guide sequences are annealed and ligated
into a plasmid (pSpCas9(BB), Fig. 4c) bearing both Cas9 and
the remainder of the sgRNA as an invariant scaffold immedi-
ately following the oligo cloning site. The transfection plas-
mids can also be modified to enable virus production for
in vivo delivery. For these approaches, the following plasmids
are used within this protocol: Cas9 alone (pSpCas9) or Cas9
with an invariant sgRNA scaffold and cloning sites for inserting
a guide sequence (pSpCas9(BB)). For the backbone cloning con-
struct, we have also fused 2A-GFP or 2A-Puro to Cas9 to allow
screening or selection of transfected cells (pSpCas9(BB)-2A-
GFP or pSpCas9(BB)-2A-Puro, respectively). Finally, we provide
pSpCas9n(BB), a D10A nickase mutant of Cas9 for HDR and
for double-nicking applications (Box 2), along with the 2A-
GFP and 2A-Puro fusion constructs (pSpCas9n(BB)-2A-GFP,
pSpCasn(BB)-2A-Puro).
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In addition to PCR and plasmid-based delivery methods, Cas9
and sgRNAs can be introduced into cells as mRNA and RNA,
respectively.

Design of repair template. Traditionally, targeted DNA
modifications have required the use of plasmid-based donor
repair templates that contain homology arms flanking the
site of alteration®»>> (Fig. 2). The homology arms on each
side can vary in length, but are typically longer than 500 bp
(refs. 55,56). This method can be used to generate large
modifications, including insertion of reporter genes such
as fluorescent proteins or antibiotic resistance markers.
The design and construction of targeting plasmids has been
described elsewhere>7.

More recently, ssODNs have been used in place of targeting
plasmids for short modifications within a defined locus with-
out cloning32. To achieve high HDR efficiencies, ssODNs con-
tain flanking sequences of at least 40 bp on each side that are
homologous to the target region, and they can be oriented in
either the sense or antisense direction relative to the target locus.
It is worth noting that targeting efficiencies can vary widely
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Box 2 | Double-nicking strategy for minimizing off-target mutagenesis

To minimize off-target activity, a double nicking strategy can be used to introduce DSBs at the target site43. Whereas the WT Cas9
nuclease is guided by an sgRNA to mediate a DSB at the target locus, the D10A mutant Cas9 nickase (Cas9n) can be specified by a pair
of appropriately spaced and oriented sgRNAs to simultaneously introduce single-stranded nicks on both strands of the target DNA.

The DSBs from double nicking are then repaired via NHEJ and result in indel formation with similar levels of efficiency to that of WT
Cas9. As single-stranded nicks are repaired without indel formation, DSBs would only occur if both sgRNAs are able to locate target
sequences within a defined space. Thus, this strategy effectively doubles the number of bases that need to be specifically

recognized at the target site and significantly increases the
specificity of genome editing.

To facilitate efficient double nicking, the pair of sgRNAs must
be designed such that 5" overhangs are generated upon nicking.
The target loci for the sgRNA pairs must also be offset with
an optimal gap of 0-20 bp (see illustration: target DNA loci,
blue N’s; PAM, pink; predicted cleavage sites on each strand,
red triangles)43. The expression constructs for sgRNA pairs can
be prepared by the PCR-based method as described for sgRNAs
(Step 5A). The sgRNAs can then be combined at 1:1 ratio and
introduced along with Cas9n by using identical procedures as
for WT Cas9 and sgRNAs (Step 9, 20 ng for each sgRNA). Editing
achieved by using this double-nicking strategy can be similarly
detected using SURVEYOR assay or DNA sequencing. In addition
to facilitating DSB- and NHEJ-mediated mutagenesis, double
nicking can also be used to promote HDR with comparable
efficiency as WT Cas9.

sgRNA pair design for double nicking
sgRNA offset (0 to 20 bp)
b= Top strand target PAM
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A web tool to help with the identification of suitable sgRNA pairs for double nicking can be accessed at http://tools.genome-

engineering.org.

depending on cell type, target locus, type of repair donor and
location of modification relative to the DSB site. As a rule of
thumb, single-base correction rates drop approximately fourfold
at 100 bp away from the DSB site, and beyond 200 bp away drug
selection markers may be required>s.

Clonal isolation of cell lines. Isolation of clonal cell lines with
specific modifications is often desired. This can be achieved
after transfection by isolating single cells through either FACS
(Steps 54—65) or serial dilutions (Steps 66-70), followed by an
expansion period to establish a new clonal cell line. It is worth
noting that cell types can vary substantially in their responses
to single-cell isolation, and literature specific to the cell type of
interest should be consulted.

Functional testing. SURVEYOR nuclease assay. In cells co-
transfected with a pair of sgRNAs to mediate a genomic
(micro)deletion or inversion, indel mutations can be detected
either by the SURVEYOR nuclease assay®® or by sequencing
(Fig.5a). Our online CRISPR Design Tool provides recommended
primers for both approaches. However, SURVEYOR or sequenc-
ing primers can also be designed manually to amplify the region of
interest from genomic DNA. Custom primers are chosen using the
National Center for Biotechnology Information (NCBI) Primer-
BLAST in order to avoid nonspecific amplification. SURVEYOR
primers should be designed to amplify 200-400 bp on either
side of the Cas9 target (for a total amplicon 400-800 bp long) to
allow clear visualization of cleavage bands by gel electrophoresis

(Fig. 5b). To prevent excessive primer dimer formation,
SURVEYOR primers should be designed to be typically 18 to
25 ntlong with melting temperatures of ~60 °C. For SURVEYOR
assay or sequencing analysis, we recommend testing that each
pair of candidate primers produces a single PCR product, as
well as testing for the absence of nonspecific cleavage during the
SURVEYOR nuclease digestion process (Fig. 5).

Plasmid- or ssODN-mediated HDR. HDR can be detected
via PCR amplification, followed by either sequencing of the
modified region or restriction-fragment length polymorphism
(RFLP) analysis. PCR primers for these purposes should anneal
outside the region spanned by the homology arms to avoid
false detection of residual repair template (primers HDR-Fwd
and HDR-Rev; Table 1 and Fig. 6a). For ssODN-mediated
HDR, SURVEYOR PCR primers may be used. Either the WT
Cas9 nuclease or mutant Cas9 nickase can be used to mediate
HDR, although the efficiency of the latter can vary widely by
cell type.

Detection of indels or HDR by sequencing. Targeted genome
modifications can also be detected by either Sanger or deep
sequencing. For the former, genomic DNA from the modified
region can be amplified with either SURVEYOR or HDR primers.
Amplicons should be subcloned into a plasmid such as pUC19 for
transformation, and individual colonies should be sequenced to
reveal the clonal genotype.

Alternatively, deep sequencing is suitable for sampling a large
number of samples or target sites. NGS primers are designed
for shorter amplicons, typically in the 100-200-bp size range.
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Figure 4 | Target selection and reagent preparation. (a) For S. pyogenes Cas9, 20-bp targets (highlighted in blue) must be followed at their 3’ends by 5’-NGG,
which can occur in either the top or the bottom strand of genomic DNA, as in the example from the human EMX1 gene. We recommend using the CRISPR
Design Tool (http://tools.genome-engineering.org) to facilitate target selection. (b) Schematic for co-transfection of the Cas9 expression plasmid (pSpCas9)
and a PCR-amplified U6-driven sgRNA expression cassette. By using a U6 promoter-containing PCR template and a fixed forward primer (U6-Fwd), sgRNA-
encoding DNA can be appended onto the U6 reverse primer (U6-Rev) and synthesized as an extended DNA oligo (Ultramer oligos from IDT). Note that the
guide sequence in the U6-Rev primer, designed against an example target from the top strand (blue), is the reverse complement of the 20-bp target sequence
preceding the 5’-NGG PAM. An additional cytosine (‘C’ in gray rectangle) is appended in the reverse primer directly 3" to the target sequence to allow guanine
as the first base of the U6 transcript. (c) Schematic for scarless cloning of the guide sequence oligos into a plasmid containing Cas9 and the sgRNA scaffold
(pSpCas9(BB)). The guide oligos for the top strand example (blue) contain overhangs for ligation into the pair of BbsI sites in pSpCas9(BB), with the top and
bottom strand orientations matching those of the genomic target (i.e., the top oligo is the 20-bp sequence preceding 5’-NGG in genomic DNA). Digestion of
pSpCas9(BB) with BbsI allows the replacement of the Type II restriction sites (blue outline) with direct insertion of annealed oligos. Likewise, a G-C base pair
(gray rectangle) is added at the 5” end of the guide sequence for U6 transcription, which does not adversely affect targeting efficiency. Alternate versions of

pSpCas9(BB) also contain markers such as GFP or a puromycin resistance gene to aid the selection of transfected cells.

For the detection of NHE] mutations, it is important to design
primers situated at least 50 bp from the Cas9 target site to allow
for the detection of longer indels. For larger deletions mediated
by multiple sgRNAs, priming sites should be designed outside the
deleted region. We provide guidelines for a two-step PCR fusion
method to attach bar-coded sequencing adaptors for multiplex
deep sequencing. We recommend the Illumina platform for its

generally low levels of false positive indel detection. By compari-
son, Ion Torrent is less suitable for indel analysis owing to high
sequencing error rate with homo-polymers®. Detailed descrip-
tions of NGS optimization and troubleshooting can be found in
the Illumina user manual. Off-target indel analysis (Box 1) can
then be performed through read-alignment programs such as
ClustalW, Geneious or simple custom sequence analysis scripts.

MATERIALS

REAGENTS

sgRNA preparation

+ Plasmids: pSpCas9 (Addgene plasmid ID: 48137), pSpCas9(BB) (formerly
pX330; Addgene plasmid ID: 42230), pSpCas9(BB)-2A-GFP (Addgene
plasmid ID: 48138), pSpCas9(BB)-2A-Puro (Addgene plasmid ID: 48139),
pSpCas9In(BB) (Addgene plasmid ID: 48873), pSpCas9n(BB)-2A-GFP
(Addgene plasmid ID: 48140), pSpCas9n(BB)-2A-Puro
(Addgene plasmid ID: 48141). Annotated GenBank files for the plasmids are
available through Addgene and http://www.genome-engineering.org/

+ pUC19 (Invitrogen, cat. no. 15364-011) or any preferred cloning plasmid
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+ PCR primers or oligos for sgRNA construction are listed in Table 1 and in
Supplementary Data 1. Primers longer than 60 bp can be ordered as
4-nmol ultramers (Integrated DNA Technologies)

+ UltraPure DNase/RNase-free distilled water (Life Technologies,
cat. no. 10977-023)

+ Herculase II fusion polymerase with 5x reaction buffer (Agilent Technolo-
gies, cat. no. 600679) A CRITICAL To minimize error in amplifying sgRNAs,
it is important to use a high-fidelity polymerase. Other high-fidelity
polymerases, such as PfuUltra (Agilent) or Kapa HiFi (Kapa Biosystems),
may be used as substitutes.


http://www.genome-engineering.org/
http://tools.genome-engineering.org
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Figure 5 | Anticipated results for multiplex-sgRNA-targeted NHEJ.

(a) Schematic of the SURVEYOR assay used to determine the indel
percentage. First, genomic DNA from the heterogeneous population of
Cas9-targeted cells is amplified by PCR. Amplicons are then reannealed
slowly to generate heteroduplexes. The reannealed heteroduplexes are
cleaved by SURVEYOR nuclease, whereas homoduplexes are left intact.
Cas9-mediated cleavage efficiency (percentage indel) is calculated on the
basis of the fraction of cleaved DNA, as determined by integrated intensity
of gel bands. (b) Two sgRNAs (orange and dark blue bars) are designed to
target the human GRIN2B and DYRK1A loci. SURVEYOR gel shows modification
at both loci in transfected cells. Colored arrowheads indicate expected
fragment sizes for each locus. (c) Paired sgRNAs (light blue and green

bars) are designed to excise an exon (dark blue) in the human EMX1 locus.
Target sequences and PAMs (pink) are shown in respective colors, and sites
of cleavage by Cas9 are indicated by red triangles. A predicted junction is
shown below. Individual clones isolated from cell populations transfected
with sgRNA 3, 4 or both are assayed by PCR (using the Out-Fwd and Out-Rev
primers), reflecting a deletion of ~270 bp long. Representative clones with
no modification (12/23), mono-allelic modification (10/23) and bi-allelic
(1/23) modification are shown. (d) Quantification of clonal lines with EMX1
exon deletions. Two pairs of sgRNAs (3.1 and 3.2, left-flanking sgRNAs;

4.1 and 4.2, right flanking sgRNAs) are used to mediate deletions of various
sizes around one EMX1 exon. Transfected cells are clonally isolated and
expanded for genotyping analysis of deletions and inversion events. Of the
105 clones screened, 51 (49%) and 12 (11%) are carrying heterozygous and
homozygous deletions, respectively. Only approximate deletion sizes are
given, as deletion junctions may be variable.

+ Tag DNA polymerase with standard Taq buffer (NEB, cat. no. M0273S)

+ dNTP solution mix, 25 mM each (Enzymatics, cat. no. N205L)

+ MgCl,, 25 mM (Thermo Scientific, cat. no. R0971)

* QIAquick gel extraction kit (Qiagen, cat. no. 28704)

* QIAprep spin miniprep kit (Qiagen, cat. no. 27106)

+ UltraPure TBE buffer, 10x (Life Technologies, cat. no. 15581-028)

+ SeaKem LE agarose (Lonza, cat. no. 50004)

+ SYBR Safe DNA stain, 10,000x (Life Technologies, cat. no. $33102)

+ 1-kb Plus DNA ladder (Life Technologies, cat. no. 10787-018)

« TrackIt CyanOrange loading buffer (Life Technologies,
cat. no. 10482-028)

« FastDigest Bbsl (Bpil) (Fermentas/Thermo Scientific, cat. no. FD1014)

+ Fermentas Tango buffer (Fermentas/Thermo Scientific, cat. no. BY5)

* DTT (Fermentas/Thermo Scientific, cat. no. R0862)

+ T7 DNA ligase with 2x rapid ligation buffer (Enzymatics, cat. no. L602L).
Alternative ligases, such as T4 DNA ligase, can also be used. If you are using
other ligases, substitute with the compatible buffer

+ T4 polynucleotide kinase (New England BioLabs, cat. no. M0201S)

+ T4 DNA ligase reaction buffer, 10x (New England BioLabs, cat. no. B0202S)

+ Adenosine 5'-triphosphate, 10 mM (New England BioLabs, cat. no. P0756S)

+ PlasmidSafe ATP-dependent DNase (Epicentre, cat. no. E3101K)

+ One Shot Stbl3 chemically competent E. coli (Life Technologies,
cat. no. C7373-03)

+ SOC medium (New England BioLabs, cat. no. B9020S)

+ LB medium (Sigma, cat. no. L3022)

+ LB agar medium (Sigma, cat. no. L2897)

+ Ampicillin, 100 mg ml~1, sterile filtered (Sigma, cat. no. A5354)

Mammalian cell culture

+ HEK 293FT cells (Life Technologies, cat. no. R700-07)

* HUES 9 cell line (Harvard Stem Cell Science)

* DMEM, high glucose (Life Technologies, cat. no. 10313-039)

+ DMEM, high glucose, no phenol red (Life Technologies, cat. no. 31053-028)

+ Dulbecco’s PBS (DPBS; Life Technologies, cat. no. 14190-250)

+ FBS, qualified and heat inactivated (Life Technologies, cat. no. 10438-034)

+ Opti-MEM I reduced-serum medium (Life Technologies,
cat. no. 11058-021)

+ Penicillin-streptomycin, 100x (Life Technologies, cat. no. 15140-163)

+ Puromycin dihydrochloride (Life Technologies, cat. no. A11138-03)

* TrypLE Express, no phenol red (Life Technologies, cat. no. 12604-013)
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sgRNA: - 3.1 41 3.1+441
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modified alleles:

Approx. deletion Number of clones
sgRNAs  size (bp) +/+ A+ AA inversion Total
3.1+441 282 12 10 1 0 23
3.2+41 237 20 16 2 0 38
3.1+42 425 4 14 5 0 23
32+42 259 6 11 4 0 21

+ Lipofectamine 2000 transfection reagent (Life Technologies,
cat. no. 11668027)

» Amaxa SF cell line 4D-Nucleofector X kit S, 32 RCT (Lonza,
cat. no. V4XC-2032)

+ Geltrex LDEV-free reduced growth factor basement membrane matrix
(Life Technologies, cat. no. A1413201)

+ mTeSR1 medium (Stemcell Technologies, cat. no. 05850)

* Normocin (InvivoGen, cat. no. ant-nr-1)

+ Accutase cell detachment solution (Stemcell Technologies, cat. no. 07920)

+ Rho-associated protein kinase (ROCK) inhibitor (Y-27632; Millipore,
cat. no. SCMO075)

+ Amaxa P3 primary cell 4D-Nucleofector X kit S, 32 RCT (Lonza,
cat. no. V4XP-3032)

Genotyping analysis

+ PCR primers for SURVEYOR, RFLP analysis or sequencing; see Table 1,
Supplementary Data 1 (alternatively, they can be custom made)

* QuickExtract DNA extraction solution (Epicentre, cat. no. QE09050)

+ SURVEYOR mutation detection kit for standard gel electrophoresis
(Transgenomic, cat. no. 706025)
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TABLE 1 | Primer sequences for sgRNA cloning and validation.

Step Primer Sequence (5’-3") Purpose
5A(iii)  U6-Fwd GAGGGCCTATTTCCCATGATTCC Amplify any U6-sgRNA
5A(iii)  U6-Rev AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGAT  Amplify specifically designed U6-sgRNA; N is
AACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAA  the reverse complement of target; appended
AACNNNNNNNNNNNNNNNNNNNCCGGTGTTTCGTCC  cytosine (complementary to appended
TTTCCACAAG guanine) in lowercase
5B(i) sgRNA-top CACCgNNNNNNNNNNNNNNNNNNN Clone sgRNA into pSpCas9(BB); appended
guanine in lowercase
5B(i) sgRNA-bottom AAACNNNNNNNNNNNNNNNNNNNc Clone sgRNA into pSpCas9(BB); appended
cytosine (complementary to appended
guanine) in lowercase
117 pUC-Fwd (M13 -20 primer) ~ GTAAAACGACGGCCAGT Sanger sequencing of modified genomic
regions cloned into pUC19
117 pUC-Rev (M13 -26 primer)  CAGGAAACAGCTGTAAC Sanger sequencing of modified genomic

regions cloned into pUC19

* Nextera XT index kit (Illumina, cat. no. FC-131-1001)
EQUIPMENT
+ Filtered sterile pipette tips (Corning)
« Standard microcentrifuge tubes, 1.5 ml (Eppendorf, cat. no. 0030 125.150)
+ Axygen PCR plates, 96 well (VWR, cat. no. PCR-96M2-HSC)
+ Axygen 8-Strip PCR tubes (Fischer Scientific, cat. no. 14-222-250)
« Falcon tubes, polypropylene, 15 ml (BD Falcon, cat. no. 352097)
« Falcon tubes, polypropylene, 50 ml (BD Falcon, cat. no. 352070)
* Round-bottom tube with cell strainer cap, 5 ml (BD Falcon, cat. no. 352235)
* Petri dishes, 60 mm x 15 mm (BD Biosciences, cat. no. 351007)

» Tissue culture plate, 24 wells (BD Falcon,

cat. no. 353047)
» Tissue culture plate, 96 wells flat bottom

+ TBE Gels, 4-20%, 1.0 mm, 15 well (Life Technologies, cat. no. C62255BOX)
+ Novex Hi-Density TBE sample buffer, 5x (Life Technologies,
cat. no. LC6678)
+ SYBR Gold nucleic acid gel stain, 