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Genome engineering in human pluripotent stem cells (hPSCs)
holds great promise for biomedical research and regenerative
medicine. Recently, an RNA-guided, DNA-cleaving interference
pathway from bacteria [the type Il clustered, regularly interspaced,
short palindromic repeats (CRISPR)-CRISPR-associated (Cas) path-
way] has been adapted for use in eukaryotic cells, greatly facilitating
genome editing. Only two CRISPR-Cas systems (from Streptococcus
pyogenes and Streptococcus thermophilus), each with their own
distinct targeting requirements and limitations, have been devel-
oped for genome editing thus far. Furthermore, limited informa-
tion exists about homology-directed repair (HDR)-mediated gene
targeting using long donor DNA templates in hPSCs with these
systems. Here, using a distinct CRISPR-Cas system from Neisseria
meningitidis, we demonstrate efficient targeting of an endoge-
nous gene in three hPSC lines using HDR. The Cas9 RNA-guided
endonuclease from N. meningitidis (NmCas9) recognizes a 5'-
NNNNGATT-3’ protospacer adjacent motif (PAM) different from
those recognized by Cas9 proteins from S. pyogenes and S. ther-
mophilus (SpCas9 and StCas9, respectively). Similar to SpCas9,
NmCas9 is able to use a single-guide RNA (sgRNA) to direct its
activity. Because of its distinct protospacer adjacent motif, the N.
meningitidis CRISPR-Cas machinery increases the sequence con-
texts amenable to RNA-directed genome editing.

crRNA | tracrRNA | embryonic stem cells | induced pluripotent stem cells

uman pluripotent stem cells (hPSCs) can proliferate in-
definitely while maintaining the potential to give rise to virtu-
ally all human cell types (1). These cells are therefore invaluable for
regenerative medicine, drug screening, and biomedical research.
However, to realize the full potential of hPSCs, it will be necessary to
manipulate their genomes in a precise, efficient manner. Histori-
cally, gene targeting in hPSCs has been extremely difficult (2). The
development of zinc-finger nucleases (ZFNs) and transcription
activator-like endonucleases (TALENs) (reviewed in refs. 3 and 4)
has facilitated gene targeting in hPSCs (5-7). Nonetheless, both
approaches require the design, expression, and validation of a new
pair of proteins for every targeted locus, rendering both of these
platforms time-consuming and labor-intensive (8-10).
Clustered, regularly interspaced, short palindromic repeat
(CRISPR) loci, along with CRISPR-associated (cas) genes, un-
derlie an adaptive immune system of bacteria and archaea that
defends against bacteriophages (11) and limits horizontal gene
transfer (12-14). “Protospacer” sequences from invading nucleic
acids are incorporated as “spacers” within CRISPRs, conferring
immunity and providing a genomic memory of past invasions.
CRISPR-Cas systems have been classified into three types (types I,
II, and IIT) and numerous subtypes (15). All of these types and
subtypes use short CRISPR RNAs (crRNAs) (16, 17) to specify
genetic interference via the destruction of invading nucleic acids
(18). The target nucleic acids are recognized by crRNA Watson—
Crick pairing. Importantly, most CRISPR-Cas subtypes target DNA
directly (13, 19, 20), suggesting the possibility of engineered, RNA-
directed gene-targeting/editing systems. The use of RNA guides for
gene targeting would confer many advantages over ZFNs and
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TALEN:S, especially by obviating the need for repeated protein de-
sign/optimization. Recently, this vision has become a reality (21-31).

Type II CRISPR-Cas systems are noteworthy in that the es-
sential targeting activities—crRNA binding, target DNA binding,
R-loop formation, and double-stranded DNA cleavage—are all
executed by a single polypeptide, Cas9 (32-35). In addition to
crRNA and Cas9, an additional RNA, transacting CRISPR RNA
(tractRNA), is essential for interference in bacteria (14, 32, 36)
and in vitro (34, 36). The tracrRNA is partially complementary to
pre-ctRNA repeats, leading to the formation of duplexes that are
cleaved by the host factor ribonuclease III (RNase III) (32). The
type II crRNA maturation pathway was originally characterized in
strains of Streptococcus pyogenes (32) and Streptococcus thermo-
philus (35, 36), and RNase I1I-catalyzed pre-crRNA processing is
essential for interference in both native systems. Recent studies of
a type II CRISPR-Cas locus from Neisseria meningitidis revealed
an intrinsically RNase III- and processing-independent system,
which nonetheless requires tracrRNA (14). Importantly, crRNA-
directed DNA cleavage was reconstituted in vitro with recombi-
nant S. pyogenes Cas9 (SpCas9) (34) or S. thermophilus Cas9
(StCas9) (33, 36). The SpCas9 in vitro system enabled the de-
velopment of fused crRNA-tracrRNA chimeras called single-
guide RNAs (sgRNAs) that bypass processing (34). Subsequent
development of eukaryotic genome editing applications
has focused on sgRNAs (21-30), although separately encoded
pre-ctrRNAs and tractrRNAs are also effective (21).

Target cleavage by many CRISPR-Cas systems, including those
from type II, require proximity to a 2- to 5-nt sequence called
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Fig. 1. Functional NmCas9 can be expressed in mammalian A
cells. (A) Western blot analysis demonstrates that FLAG-
tagged NmCas9 is expressed in 293FT cells. (Lane 1)
Untransfected 293FT cells. (Lane 2) 293FT cells transfected
with FLAG-tagged NmCas9 expressing plasmid. (Upper)
Anti-FLAG tag Western. (Lower) Anti-GAPDH Western as
loading control. (B) Design of the crRNA that targets the
tdTomato coding sequence. Blue: PAM sequence; orange:
crRNA spacer; green: crRNA repeat. (C) The plasmid con-
taining the tdTomato coding sequence (see B) was linear- B
ized with Ndel and mixed with different combinations of
tracrRNA, crRNA, and cell lysate prepared from NmCas9-
expressing 293FT cells. After incubation at 37 °C, DNA was
purified and analyzed by agarose gel electrophoresis. The
diagram on the right shows the expected cleavage products
and their predicted sizes. “N” indicates inclusion of a non-
specific crRNA that does not target tdTomato. (D) Cleavage
product (see C) was extracted from the gel and analyzed by
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a protospacer adjacent motif (PAM) (37-40). Genome-editing
applications reported thus far have focused almost exclusively
on SpCas9, which has a 5-NGG-3' PAM. StCas9 (from the
CRISPR1 locus of strain LMD-9) has also been used in eukaryotes
(21), and that system has a 5'-NNAGAAW-3' PAM (W =Aor T).
Eukaryotic editing capabilities will benefit from the increased
frequency of target sites stemming from the development of ad-
ditional Cas9s with distinct PAMs.

Targeting by sgRNAs usually relies on either of two approaches.
First, double-strand break (DSB) repair by nonhomologous end
joining (NHEJ) can be used to generate insertions or deletions
(indels) that induce frame-shifts. Second, the addition of a homol-
ogous repair template can allow Cas9-induced DSBs or nicks to be
repaired by homology-directed repair (HDR). The latter strategy is
useful for making precise changes such as repairing mutations or
inserting transgenes. Most studies thus far have relied on either
NHEJ, or on HDR using short DNA fragments or oligos (24-26, 29,
31). Currently there is very limited information available on gene
targeting using long DNA donor templates in hPSCs (23).

Here, we report the development of N. meningitidis Cas9 (NmCas9)
(14) as a genome-editing platform, and its application to high-
efficiency targeting of an endogenous gene in hPSCs. This system
uses a 24-nt proto-spacer for targeting and requires a PAM that is
different from those of SpCas9 or StCas9. We have achieved
~60% targeting efficiency with two human embryonic stem cell
(hESC) lines and one human induced pluripotent stem (iPS) cell
line. Our work demonstrates the feasibility of using the N. men-
ingitidis CRISPR-Cas system in genome editing in hPSCs using
long DNA donor templates. This work also provides an alternative
to the S. pyogenes and S. thermophilus CRISPR-Cas system and
expands the genomic contexts that are amenable to RNA-directed
genome editing in eukaryotes.

Results

Functional Expression of NmCas9 in Mammalian Cells. Our recent
work has shown that N. meningitidis strain 8013 has a functional
type II-C CRISPR-Cas system (14), and that Cas9 is the only Cas
protein required for interference activity. We set out to test
whether this system could be used for efficient gene targeting in
hPSCs. We cloned the ORF from the 3.25-kb cas9 gene, along
with a C-terminal FLAG tag, into a mammalian expression plas-
mid under the control of an elongation factor-1a (EF1la) promoter
(Fig. 14). This NmCas9-containing vector was transfected into
293FT cells and the expression of NmCas9 protein was analyzed
by anti-FLAG Western blot. As shown in Fig. 14, full-length
NmCas9 was efficiently expressed in 293FT cells. We then assayed
the nuclease activity of NmCas9 expressed in mammalian cells by
in vitro plasmid cleavage. Cell extract was prepared from 293FT
cells 2 d after transfection with the NmCas9-containing vector (the
same one as in Fig. 14). We assembled cleavage reactions using
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cell extract, various in vitro-synthesized small RNAs, and the
plasmid ptdTomato prelinearized by Ndel (Fig. 1B). tdTomato
is a fusion of two copies of the dTomato gene, each of which has
one consensus PAM sequence (5'-NNNNGATT-3’) (in blue in
Fig. 1B). As shown in Fig. 1C, we achieved efficient plasmid
cleavage only in the presence of both tracrRNA and a cognate
crRNA (Fig. 1C, lane 3). The pattern of the cleavage products was
consistent with two predicted cleavage sites in the PAM-proximal
regions (Fig. 1C, Right). Importantly, a noncognate crRNA (N),
which contains sequences from EGFP, did not direct NmCas9-
mediated cleavage (Fig. 1C, lane 4), indicating that the specificity
of the NmCas9 nuclease is indeed guided by the spacer-derived
sequence in crRNAs. Additionally, plasmid cleavage is deficient
when tracrRNA is absent, even in the presence of a cognate crRNA
(Fig. 1C, lane 5), suggesting that tracrRNA is necessary for NmCas9
function in vitro. This finding is consistent with the tracrRNA re-
quirement for NmCas9-mediated interference in bacterial cells (14).
Two Cas9 orthologs, SpCas9 and StCas9, were previously dem-
onstrated to induce blunt DSBs in their DNA targets, between the
third and fourth nucleotide counting from the PAM-proximal end
of protospacers (19, 33, 34). We hypothesized that NmCas9
cleaves the DNA target in a similar way, and we tested this by
mapping the NmCas9 cleavage site on ptdTomato by Sanger se-
quencing. Two cleavage products in Fig. 1C (the 1.5- and 2.5-kb
fragments) were gel-extracted and sequenced to identify the
NmCas9 cleavage sites on the sense strand and the antisense
strand, respectively. As expected, NmCas9 induced a blunt-end
DSB between the third and fourth nucleotides counting from the
PAM-proximal end of the proto-spacer (Fig. 1D).

NmCas9 Functions in RNA-Directed Gene Disruption in hPSCs. Knowing
that NmCas9, without any codon optimization, can be efficiently
expressed in mammalian cells and is functional in vitro, we next
tested its utility in genome editing in hPSCs. We first monitored its
localization. We transfected 293FT cells with several NmCas9
constructs with various nuclear localization signal (NLS) arrange-
ments, and analyzed NmCas9 protein localization by either GFP
fluorescence or anti-HA immunostaining. NmCas9 with NLSs on
both N and C termini localized efficiently to the nucleus (Fig. 2C),
but NmCas9 constructs with just one NLS did not (Fig. 24 and B).
In addition, the same NmCas9 construct with two NLSs also lo-
calized to the nucleus of hESCs (Fig. 2D). We noticed that in
hESCs, NmCas9, without any crRNA/tracrRNA, displayed a
punctate pattern similar to the organization of the nucleolus in
hESCs. It is not yet clear if this phenomenon is related to the
organization of the double NLS on the protein.

To test the genome-editing activity of NmCas9, we used an
hESC cell reporter line that has a single copy of the tdTomato
fluorescent protein gene knocked into the highly expressed
DNMT3b locus (H9 DNMT3b-tdTomato), leading to tdTomato
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fluorescence. If NmCas9 is able to introduce a DSB in the
tdTomato sequence in the genome, repair by NHEJ would likely
lead to indels that disrupt tdTomato expression. Accordingly, the
appearance of tdTomato-negative cells would be predicted to re-
flect genome-editing activity.

hESCs are known to have low transfection efficiencies. To
achieve maximum genome-editing efficiency in hPSCs, we assem-
bled expression cassettes of all of the necessary components
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sequenced clones containing that specific indel.

(NmCas9, tracrRNA, and crRNA) onto one single plasmid that
contains an OriP sequence (Fig. 2E). OriP was reported to
increase the transfection efficiency and plasmid stability in hPSCs
if cotransfected with an RNA expressing the EBNA protein (41).
The encoded tracrRNA and crRNA both corresponded to the ma-
ture, processed forms as they exist in N. meningitidis cells (14). The
resulting all-in-one plasmids were electroporated into H9 DNMT3b-
tdTomato cells, and tdTomato fluorescence was monitored by
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FACS 4-6 d after electroporation. As shown in Fig. 2F, a sub-
population (5.4%) of tdTomato-negative cells became detectable
only when a tdTomato-targeting crRNA was encoded on the plas-
mid. Importantly, for the control plasmid expressing nontargeting
crRNA, only background levels (~0.1%) of tdTomato-negative
cells appeared (Fig. 2F), likely because of the low level of spon-
taneous differentiation in the culture, leading to repression of the
DNMT3b promoter. The increased frequency of nonfluorescent
cells in the presence of the cognate crRNA suggests successful ge-
nome editing by NmCas9.

To confirm that NmCas9 introduced a DSB at the intended
genomic site, we FACS-sorted the tdTomato-negative population,
PCR-amplified the genomic region flanking the predicted cutting
site in the 5" copy of dTomato, cloned the resulting PCR fragments,
and sequenced 22 of the resulting plasmids (selected at random).
The sequencing results showed both insertions and deletions in the
tdTomato sequence (Fig. 2G; only unique indels are shown) in
95% of the sequenced clones. Most importantly, all of these indels
were centered around the NmCas9 cleavage site, indicating that the
DSB occurred at the intended position (Fig. 2G).

A Chimeric sgRNA Is Effective for Gene Editing in hPSCs. To simplify
the NmCas9 genome-editing system, we explored the possibility
of substituting both crRNA and tracrRNA with a chimeric
sgRNA. We fused the 5’ end of the 91-nt processed tracrRNA
sequence with the 3’ end of the 48-nt mature crRNA using a 6-nt
linker (Fig. S14). This sgRNA was cloned under the control of
the U6 promoter and electroporated into the H9 DNMT3b-
tdTomato reporter cell line together with a plasmid expressing
NmCas9. FACS analysis showed that this sgRNA indeed resulted in
tdTomato-negative cells (Fig. S1B) at a level comparable to that
achieved by the all-in-one plasmid expressing separate crRNA and
tracrRNA (Fig. 2E). These results indicated that an sgRNA could
substitute for separate crRNA and tracrRNA in directing NmCas9-
mediated gene editing in hESCs.

Specificity of NmCas9 in hPSCs. We next tested the specificity of
NmCas9 in mammalian cells by mutational analysis. We in-
troduced single-nucleotide mutations at every odd-numbered
position from the first to the 17th nucleotide in the PAM-prox-
imal end [spanning the cleavage site (Figs. 1D and 2G) and the
functionally critical “seed” sequence] of the spacer in the
tdTomato-targeting crRNA construct (Fig. 34, Upper). We then
measured the ability of those constructs to give rise to tdTomato-
negative cells in the H9 DNMT3b-tdTomato cell line. As shown
in Fig. 34, mutations at positions 1 through 9 led to background
levels of tdTomato-negative cells, indicating that mismatches at
these positions in the crRNA/target duplex are not tolerated by
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GATG GACT GCTT CATT CCAA GATT

SEM (B, Upper) The locations of different mutant PAMs
in the tdTomato sequence. Blue, wild-type PAM;
brown, mutant PAM; underlined, spacer sequence. For
the bottom-most protospacer, the opposite strand was
targeted, and the reverse complement sequence is
therefore shown. (Lower) The efficiency of targeting at
each site associated with the indicated PAM, as re-
vealed by the loss of tdTomato expression. All target-
ing experiments were performed as described in Fig. 2F.
The efficiency is defined as percent tdTomato-negative
cells (mutant PAM) divided by percent tdTomato-

(WT) negative cells (wild-type PAM). Error bars: SEM.

NmCas9. As for mutations at positions 11, 13, and 15, some
tdTomato-negative cells appeared, but with an efficiency of only
10-25% of that observed with wildtype crRNA (Fig. 34, Lower).
The mismatch at position 17 was ~40% as efficient as wild-type.
These results imply a crRNA/target specificity comparable to
that of the SpCas9 system in mammalian cells (21).

We also investigated PAM sequence requirements for NmCas9
in hESC. We designed five crRNAs that use different sequences
as the PAM in the tdTomato coding region (Fig. 3B) and then
tested their ability to disrupt tdTomato expression in H9 DNMT3b-
tdTomato cells. Four of the sites were associated with a PAM
that varied from the 5-NNNNGATT-3’ consensus by only a
single nucleotide. Only a GCTT variant site was efficiently tar-
geted, whereas the other four variants were severely deficient
(Fig. 3B, Lower). Our results indicate that an A-to-C mutation at
the second nucleotide of the PAM could be tolerated, whereas
a G-to-C mutation at the first position, T-to-C at the third, and
T-to-G at the fourth likely render the PAM variants non-
functional. Interestingly, C is the second most-frequent residue at
the second nucleotide of the PAM in candidate bacterial proto-
spacers (14), suggesting that GCTT might also be a natural PAM.

NmCas9 Increases Gene-Targeting Efficiency in hPSCs. We next ex-
plored whether NmCas9 can increase gene-targeting efficiency in
hPSCs compared with the traditional method in which no DSB
was intentionally introduced at the target site. We used a donor
DNA template previously used to target the endogenous POUSFI
(OCT4) gene (6) (Fig. 4A4), creating a fusion of OCT4 with
EGFP. We designed the crRNA using the consensus PAM se-
quence located ~84 bp downstream of the OCT4 stop codon
(Fig. 44). Two hESC lines, H1 and H9, and one human iPS cell
line, iPS005 (42), were used in the experiment. After puromycin
selection, we were able to obtain clones for all three cell lines
when plasmid expressing the OCT4-targeting crRNA was used.
Of these clones, ~60% were correctly targeted with single in-
sertion events (Table 1), comparable to the efficiency obtained
using TALENS in a previous report with the same donor DNA
(6). Fluorescent images of the targeted clones revealed the
expected nuclear localization of EGFP signal because of the
fusion with Oct4 protein (Fig. 4B). Southern blots using a probe
outside the targeting vector’s homology arm confirmed the cor-
rect integration of the donor sequence in the OCT4 locus (Fig.
4C). Most importantly, the EGFP signals respond to differenti-
ation cues as the endogenous Oct4 would (Fig. 4D). In a control
experiment with an all-in-one plasmid expressing a nontargeting
crRNA, no puromycin-resistant clones were obtained with the
H1 ESC line. Only one puromycin-resistant clone each was
obtained from H9 ESCs and iPS005 iPSCs, and neither clone was
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and iPS005 (lane 6) line. Genomic DNA was di-
gested with BamHI. The Southern probe is locat-
ed outside of donor DNA (see A). The wild-type
clone should give one band of 4.2 kb and targeted
heterozygous clone should give one additional
band of 5.6 kb. (D) Targeted clones (see B) were
treated with 10 uM SB431542 and 10 ng/mL BMP4
to initiate differentiation. The EGFP signal was
analyzed by FACS 3 d after differentiation. Gray,

correctly targeted (Table 1). All of the above results indicated
that the CRISPR-Cas system from N. meningitidis was able to
generate accurately targeted clones in hPSCs with much in-
creased efficiency compared with the traditional method.

Discussion

Genome Editing by N. meningitidis Cas9. In this report, we have
successfully used the type II-C CRISPR-Cas system from
N. meningitidis to achieve both NHEJ-mediated gene editing and
long DNA donor-directed gene targeting of an endogenous locus
in hPSCs. The targeting efficiency we obtain with NmCas9 is
comparable to that achieved with TALENS. Using the same donor
construct, we were able to get ~60% targeting efficiency in all three
different hPSC lines tested (Table 1), whereas the targeting effi-
ciency of a TALEN was 48% in the one hESC line tested (6). A
previous report using SpCas9 in human iPSCs achieved a targeting
efficiency of 43%, close to what we observed with NmCas9 (6).
However, that report only identified seven clones and did not
perform further analysis to confirm the correct integration of the
donor DNA sequence only at the intended site. Therefore, addi-
tional work will be needed to compare the efficiency of mammalian
gene targeting using these two CRISPR-Cas systems.

CrRNA/Target Mismatch Tolerance by NmCas9 in Mammalian Cells.
One potential advantage of NmCas9, relative to SpCas9, is that
it might offer better targeting specificity by virtue of its longer
crRNA spacer (24 vs. 20 nts) and its longer PAM (14). We chose
24 nt as the crRNA spacer length for NmCas9 because that is the
length of the crRNA spacer in N. meningitidis. CrRNA-target
mismatches distant from the PAM were tolerated to various extents
for both NmCas9 (Fig. 3B) and SpCas9 (21) in mammalian cells.
However, NmCas9 was more sensitive than SpCas9 to mismatches
at the 13th, 15th, and 17th nts (counting from the PAM-proximal
end of the proto-spacer). NmCas9 gene-editing efficiencies with
mismatches at those positions were no higher than 10-40% of
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undifferentiated parental cells before targeting; green, targeted cells before differentiation; blue, targeted cells after differentiation.

those observed with the perfectly matched crRNA (Fig. 3B),
whereas with SpCas9, mismatches at equivalent positions
retained 60-90% of the nonmismatched efficiency (21).

PAM Requirements in Mammalian Cells. One hallmark of type II
CRISPR-Cas systems is the requirement of a nearby PAM on the
target sequence. This sequence varies between different Cas9
orthologs. Among Cas9 proteins validated for mammalian ge-
nome editing, PAM functional requirements have been defined
for three: those from S. pyogenes SF370 (21-23, 32, 34),
S. thermophilus LMD-9 (the CRISPRI1 locus) (19, 21, 38), and
N. meningitidis 8013 (Fig. 3B) (14). On the one hand, the PAM
requirement adds a second layer of specificity for gene targeting,
beyond that afforded by spacer/protospacer complementarity.
For longer PAMs (such as the NmCas9 PAM, 5'-NNNNGATT-
3’) the frequency of off-target cutting events should potentially
drop significantly compared with SpCas9, which requires a 5'-
NGG-3' PAM. On the other hand, longer PAM requirements
also constrain the frequency of targetable sites. By developing
genome-editing systems using a range of Cas9 proteins with dis-
tinct PAM requirements, the genomic regions that can be targeted
by CRISPR-Cas editing would expand significantly.

The results in Fig. 3B show that NmCas9 does allow limited
deviation from the 5-NNNNGATT-3' PAM. Having a variable
PAM can potentially increase the flexibility during the design of
targeting construct. However, it also increases the potential of
off-target cleavage. Because of the limited options afforded by
the sequence of tdTomato, we only tested one nucleotide sub-
stitution in each position of the PAM. It is possible that addi-
tional nucleotide substitutions will also be tolerated. A detailed
mutational analysis will be needed to fully understand the PAM
requirements of NmCas9 in mammalian cells.

Editing the Genomes of hPSCs. Compared with two other widely
used systems for enhancing gene targeting efficiency (ZFNs and

Table 1. Summary of gene targeting efficiency using NmCas9 in hPSCs

Cell line crRNA Clone analyzed Nontargeted  Targeted with additional insertions  Targeted  Targeting efficiency (%)
H1 (ES) Nontargeting 0 0 0 0 0
Targeting 20 5 3 12 60
H9 (ES) Nontargeting 1 1 0 0 0
Targeting 39 9 7 23 59
iPS005 (iPS) Nontargeting 1 1 0 0 0
Targeting 10 1 3 6 60

The gene targeting efficiencies using the donor construct shown in Fig. 4A were calculated as the ratio between the number of correctly targeted clones
and the total number of analyzed clones. For H1 cells, no puromycin-resistant clones were obtained using nontargeting crRNA.
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TALENSs), the CRISPR-Cas system offers a much simpler and
more user-friendly design. For each different genomic locus to
be targeted, one only needs to design a small RNA by applying
simple Watson—Crick base-pairing rules. This system’s ease of
use will make gene targeting in hPSCs, once considered a diffi-
cult project, a routine laboratory technique. This simple and
high-efficiency gene-targeting system for hPSC will also have
a tremendous impact on personalized regenerative medicine.
One concern with using CRISPR-Cas in human genome editing
is off-target cleavage. Our work (Fig. 34) and that of others (21,
43) has shown that the CRISPR-Cas system can tolerate mis-
matches within the crRNA, especially in the PAM-distal region.
This finding raises concerns that other regions in the genome
might be cleaved unintentionally. Indeed, recent work has shown
various off-target cleavage rates in the human genome using
SpCas9 with different sgRNAs (43). To fully understand this
issue, whole-genome sequencing of cells targeted by different
Cas9 proteins with different crRNA/sgRNA constructs will be
needed. A potential way to get around this problem is to use a
nickase, a Cas9 variant in which one nuclease domain is inacti-
vated by a mutation (21, 34), so that off-target cleavage will have
a much lower chance of generating unwanted mutations in the
genome but HDR will still be stimulated.

Materials and Methods

Cell Culture. hESCs and iPS cells were cultured in E8 medium (42) on Matrigel-
coated tissue culture plates with daily media change at 37 °C with 5% (vol/vol)
CO.. Cells were split every 4-5 d with 0.5 mM EDTA in 1x PBS. 293FT cells were
cultured similarly in DMEM/F12 media supplemented with 10% (vol/vol) FBS.
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NmcCas9 DNA Transfection and in Vitro Plasmid Digestion. All transfections with
293FT cells were done using Fugene HD (Promega) following the manufacturer’s
instructions. Cell lysate was prepared 2 d after transfection. Plasmid digestion
using cell lysate was carried out at 37 °C for 1-4 h in digestion buffer (1x PBS
with 10 mM MgCly). See SI Materials and Methods for a detailed procedure. To
map the cleavage site of NmCas9, the digested plasmid DNA was excised
from the agarose gel and purified using Gel Extraction Kit (Qiagen). The
purified fragments were then sequenced to map the cleavage site.

Gene Editing in hPSCs. All plasmids used in this experiment were purified
using the MaxiPrep Kit from Qiagen. hPSCs were passaged 2 or 3 d before the
experiments. Immediately before the experiment, hPSCs were individualized
by Accutase treatment, washed once with E8 medium, and resuspended at
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selection was started 4 d after electroporation. Surviving colonies were
picked 4-6 d after selection and expanded in E8 medium.

For lists of plasmids, crRNA and tracrRNA sequences and primers used in
this study, see Tables S1-54. For the sequence of NmCas9, see Dataset S1. For
the comparison of NmCas9 with SpCas9 and StCas9, see Datasets S2 and S3.
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