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Targeted genome engineering has been instru-
mental for the study of biological processes,
and it holds great promise for the treatment of
disease. Historically, gene targeting by homol-
ogous recombination has been the preferred
method to modify specific genes in mouse
and human cells (Fig. 1). However, this ap-
proach is hampered by low efficiency, the re-
quirement for drug selection to detect targeted
cells, and the limited number of cell types and
organisms amenable to the method. To over-
come these limitations, technologies based on
sequence-specific zinc finger (ZF) and tran-
scription activator-like effector (TALE) pro-
teins have been developed. These proteins
can be engineered to theoretically recognize
any DNA sequence in the genome. When
fused to a nuclease domain and assembled in
pairs flanking a target site of interest, ZF and
TALE nucleases (ZFNs and TALENs) will in-
troduce double-strand breaks (DSBs) on DNA.
DSBs serve as substrates for nonhomologous
end joining (NHEJ) or homology-directed re-
pair (HDR), which in turn facilitate the engineer-
ing of targeted mutations, repair of endogenous
mutations, or introduction of transgenic DNA
elements. The clustered, regularly interspaced,
short palindromic repeat (CRISPR)-CRISPR-
associated (Cas) system represents the latest ad-
dition to this arsenal of tools for site-specific
genome engineering (see below). Although each
of these three gene modification approaches has
advantages and disadvantages (Fig. 1), the pace
and ease with which the CRISPR-Cas systems
have been adapted to modify genes in different
cell types and organisms suggests that itmay very
well become the new method of choice for ge-
nome engineering. In PNAS, Hou et al. intro-
duce a unique variant of the Cas9 enzyme (1),
which provides additional flexibility and speci-
ficity to the CRISPR system and to genome-
modifying tools in general.
CRISPR and Cas9 were initially identified as

components of the bacterial immune response
to bacteriophages (2). In this system, a short
CRISPR RNA component (crRNA) recognizes
a complementary stretch of nucleotides (the
protospacer) within foreign DNA, thus confer-

ring sequence specificity (Fig. 1). In addition, a
transactivating CRISPR RNA, dubbed tracrRNA,
is required to form ribonucleoprotein com-
plexes with the Cas9 nuclease, generating site-
specific DSBs (3). By combining these two RNA
components of CRISPR into a single chimeric
molecule termed “guide RNA” (gRNA) and
expressing it alongside Cas9 protein, several
groups have demonstrated the adaptability of
this system to modify endogenous loci in
eukaryotic cells. DSBs generated by CRISPR
are preferentially repaired by NHEJ, which is
an error-prone process and thus useful to in-
troduce insertions and deletions into mamma-
lian cells (4, 5). In addition, DSBs are resolved
at lower frequency by HDR and therefore can
be used to modify endogenous loci (e.g., re-
placement of point mutations, insertion of
knock-in alleles) (4, 5). Notably, this approach
requires much shorter homology arms com-
pared with traditional gene targeting systems.
Although ZFNs and TALENs enable similar
genome modifications, the CRISPR-Cas system
offers a few advantages. First and foremost, the
CRISPR-Cas system is based on simple gRNA/
DNA hybrids to confer sequence specificity,
which enables rapid design and delivery of
targeting constructs. In contrast, ZFNs and
TALENs require modular assembly of pairs of
proteins that recognize areas flanking a target
site, a process that is more tedious and time-
consuming. Another advantage of the CRISPR-
Cas system is its amenability to multiplexing,
allowing for the simultaneous generation of up
to five mutations from a single transfection
event (6). This ability is expected to facilitate
epistatic gene studies and should allow for dis-
section of phenotypes that are normally masked
by compensatory mechanisms. Furthermore,
multiplexing may enable the study of complex
genetic diseases in a Petri dish using human
embryonic stem cells (hESCs) or patient-derived
induced pluripotent stem cells (iPSCs), as has
recently been accomplished for monogenic dis-
eases with TALENs (7).
Although the CRISPR/Cas system undoubt-

edly holds great potential for genome editing,
there are a number of important limitations to

consider. Target site cleavage by the CRISPR-
Cas system requires a so-called protospacer
adjacent motif (PAM) immediately down-
stream of the protospacer element to which
the gRNA binds, restricting targeting range (Fig.
1). Interestingly, the PAM sequence varies in
size and nucleotide composition in different
bacterial strains from which Cas9 proteins have
been isolated. The two previously characterized
Cas9 proteins from Streptococcus pyogenes
(SpCas) and Streptococcus thermophiles (StCas)
require PAMs of 5′-NGG-3′ and 5′-NNA-
GAAW-3′, respectively (2). While these sites
are found quite frequently in the genome,
as often as every 8 bp (4), specific genomic
regions may be difficult to target with these
sequence constraints. Another major concern
of CRISPR-Cas technology is the potential for
off-target effects. This issue is particularly rele-
vant with respect to potential therapeutic appli-
cations of this technology. Two recent in-depth
studies report that up to five mismatches in the
protospacer and a 5′-NAG-3′ variation within
the PAM sequence are tolerated by S. pyogenes
CRISPR-Cas9 without impairing the ability to
cleave DNA (8, 9). This implies that dozens of
nontarget loci may be cut by CRISPR-Cas9 when
aiming to cleave individual genes in vivo. Indeed,
a recent report documented extensive cleavage
within the genome when examining a number
of predicted off-targets sites (8). Different ap-
proaches have been proposed to mitigate off-
target effects including titration of gRNA and
Cas9 levels, rational design of gRNAs based on
bioinformatic predictions (9), as well as the use
of pairs of modified Cas9 enzymes that intro-
duce single strand nicks, as opposed to DSBs, on
opposite strands of a target site (akin to ZNF
and TALEN design) (10). A final possibility to
increase specificity and decrease off-target cleav-
age is the isolation of alternative CRISPR-Cas
systems with more stringent interactions be-
tween gRNA, target sequence, and PAM from
other strains of archaea or bacteria (2).
In PNAS, Hou et al. present the identification

and analysis of a unique Cas9 nuclease isolated
from Neisseria meningitidis (NmCas9). Unlike
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the SpCas9 and StCas9 enzymes, NmCas9
binds a 24nt protospacer sequence on its tar-
get DNA, conferring additional specificity over
the previous 20nt protospacer (Fig. 1). More-
over, NmCas9 differs in its PAM, requiring a
5′-NNNNGATT-3′ or 5-NNNNGCTT-3′ se-
quence to achieve efficient target DNA cleavage.
This extended PAM sequence should enhance
specificity and will increase the number of loci
within the genome that are amenable to target-
ing by CRISPR-Cas. Critically, NmCas9, like
SpCas9, is capable of achieving efficient cleavage
of target DNA sequences both in vitro and in
vivo. To document the utility of this unique
system for generating mutations in hESCs, the
authors generated a puromycin-selectable epi-
somal vector containing crRNA, tracrRNA,
and Cas9 on a single construct. This modifica-
tion will afford increased efficacy over alterna-
tive genome editing systems that require two or
more plasmids. Indeed, the authors generated
an Oct4-GFP knock-in reporter in hESCs and
iPSCs at efficiencies of around 60%, which is
higher than comparable efforts using TALENs.
This report further demonstrates the feasibility
of inserting large genomic fragments into cells

by HDR using CRISPR-Cas technology, indicat-
ing that it should now be possible to generate
similar reporter alleles for other genes of inter-
est. Additional single gene and multigene re-
porter cell lines (derived through multiplex-
ing) will be invaluable tools for tracking cell fate
and isolating rare cell populations in different
biological contexts.
Of interest, CRISPR-Cas technology is not

limited to introducing mutations or reporters
into cells, but can, in principle, be used to repair
disease-associated mutations in patients. In
addition, recent reports showed that transcrip-

tional activators or repressors can be directed
to defined genomic elements to reactivate or
silence gene expression using CRISPR-Cas
technology (10, 11). Together, these examples
document the remarkable versatility and ame-
nability of the CRISPR-Cas system and its
potential to revolutionize the fields of reverse
genetics and epigenetics. The unique Cas9 pro-
tein, described by Hou et al., will certainly add
to this powerful set of tools and may in fact
solve some of the current limitations of CRISPR
technology in basic biology and cell therapy.
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Fig. 1. Different approaches to manipulate the mammalian genome. Shown are currently available methods to modify the genome in a site-specific manner with a list of key
features, advantages, and disadvantages of each approach. Illustration of homology-directed repair (HDR) to generate a knock-in allele. See text for details and abbreviations.
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