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Bacteria and archaea have evolved adaptive immune defenses termed clustered
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas)
systems that use short RNA to direct degradation of foreign nucleic acids. Here, we
engineer the type Il bacterial CRISPR system to function with custom guide RNA
(gRNA) in human cells. For the endogenous AAVSL1 locus, we obtained targeting
rates of 10 to 25% in 293T cells, 13 to 8% in K562 cells, and 2 to 4% in induced
pluripotent stem cells. We show this process relies on CRISPR components, is
sequence-specific, and upon simultaneous introduction of multiple gRNAs, can
effect multiplex editing of target loci. We also compute a genome-wide resource of
~190k unique gRNAs targeting ~40.5% of human exons. Our results establish an

fluorescent. Homologous recombina-
tion (HR) using an appropriate repair
donor can restore the normal GFP se-
quence, enabling us to quantify the
resulting GFP* cells by flow activated
cell sorting (FACS).

To test the efficiency of our system
at stimulating HR, we constructed two
gRNAs, T1 and T2, that target the
intervening AAVS1 fragment (Fig. 1B)
and compared their activity to that of a
previously described TAL effector
nuclease heterodimer (TALEN) target-
ing the same region (11). We observed
successful HR events using all three
targeting reagents, with gene correc-
tion rates using the T1 and T2 gRNAs
approaching 3% and 8% respectively
(Fig. 1C). This RNA-mediated editing
process was notably rapid, with the
first detectable GFP* cells appearing
~20 hours post transfection compared
to ~40 hours for the AAVS1 TALENS.
We observed HR only upon simultane-
ous introduction of the repair donor,
Cas9 protein, and gRNA, confirming

RNA-guided editing tool for facile, robust, and multiplexable human genome

engineering.

Bacterial and archaeal CRISPR systems rely on crRNAs in complex
with Cas proteins to direct degradation of complementary sequences
present within invading viral and plasmid DNA (1-3). A recent in vitro
reconstitution of the S. pyogenes type Il CRISPR system demonstrated
that crRNA fused to a normally trans-encoded tracrRNA is sufficient to
direct Cas9 protein to sequence-specifically cleave target DNA sequenc-
es matching the crRNA (4). The fully defined nature of this 2-
component system suggested that it might function in the cells of eukar-
yotic organisms such as yeast, plants, and even mammals. By cleaving
genomic sequences targeted by RNA sequences (4-6), such a system
could greatly enhance the ease of genome engineering.

Here we engineer the protein and RNA components of this bacterial
type 1l CRISPR system in human cells. We began by synthesizing a
human codon-optimized version of the Cas9 protein bearing a C termi-
nus SV40 nuclear localization signal and cloning it into a mammalian
expression system (Fig. 1A and fig. S1A). To direct Cas9 to cleave se-
quences of interest, we expressed crRNA-tracrRNA fusion transcripts,
hereafter referred to as guide RNAs (gRNAs), from the human U6 pol-
ymerase Il promoter. Importantly, directly transcribing gRNAs allowed
us to avoid reconstituting the RNA processing machinery employed by
bacterial CRISPR systems (Fig. 1A and fig. S1B) (4, 7-9). Constrained
only by U6 transcription initiating with G and the requirement for the
PAM (protospacer-adjacent motif) sequence -NGG following the 20 bp
crRNA target, our highly versatile approach can in principle target any
genomic site of the form GN,,GG (fig. S1C; see Sl for a detailed discus-
sion).

To test the functionality of our implementation for genome engineer-
ing, we developed a GFP reporter assay (Fig. 1B) in 293T cells similar
to one previously described (10). Specifically, we established a stable
cell line bearing a genomically integrated GFP coding sequence disrupt-
ed by the insertion of a stop codon and a 68bp genomic fragment from
the AAVS1 locus that renders the expressed protein fragment non-

that all components are required for
genome editing (fig. S2). While we
noted no apparent toxicity associated
with Cas9/crRNA expression, work
with ZFNs and TALENs has shown
that nicking only one strand further reduces toxicity. Accordingly, we
also tested a Cas9D10A mutant that known to function as a nickase in
vitro, which yielded similar HR but lower non-homologous end joining
(NHEJ) rates (fig. S3) (4, 5). Consistent with (4) where a related Cas9
protein is shown to cut both strands 6 bp upstream of the PAM, our
NHEJ data confirmed that most deletions or insertions occurred at the 3’
end of the target sequence (fig. S3B). We also confirmed that mutating
the target genomic site prevents the gRNA from effecting HR at that
locus, demonstrating that CRISPR-mediated genome editing is sequence
specific (fig. S4). Finally, we showed that two gRNAs targeting sites in
the GFP gene, and also three additional gRNAs targeting fragments from
homologous regions of the DNA methyl transferase 3a (DNMT3a) and
DNMT3b genes could sequence specifically induce significant HR in the
engineered reporter cell lines (figs. S5 and S6). Together these results
confirm that RNA-guided genome targeting in human cells is simple to
execute and induces robust HR across multiple target sites.

Having successfully targeted an integrated reporter, we next turned
to modifying a native locus. We used the gRNAs described above to
target the AAVSL1 locus located in the PPP1R12C gene on chromosome
19, which is ubiquitously expressed across most tissues (Fig. 2A) in
293Ts, K562s, and PGP1 human iPS cells (12) and analyzed the results
by next-generation sequencing of the targeted locus. Consistent with our
results for the GFP reporter assay, we observed high numbers of NHEJ
events at the endogenous locus for all three cell types. The two gRNAs
T1 and T2 achieved NHEJ rates of 10 and 25% in 293Ts, 13 and 38% in
K562s, and 2 and 4% in PGP1-iPS cells, respectively (Fig. 2B). We
observed no overt toxicity from the Cas9 and crRNA expression re-
quired to induce NHEJ in any of these cell types (fig. S7). As expected,
NHEJ-mediated deletions for T1 and T2 were centered around the target
site positions, further validating the sequence specificity of this targeting
process (figs. S7 to S9). Interestingly, simultaneous introduction of both
T1 and T2 gRNAs resulted in high efficiency deletion of the intervening
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19bp fragment (fig. S8), demonstrating that multiplexed editing of ge-
nomic loci is feasible using this approach.

Lastly, we attempted to use HR to integrate either a dsDNA donor
construct (13) or an oligo donor into the native AAVS1 locus (Fig. 2C
and fig. S10). We confirmed HR-mediated integration using both ap-
proaches by PCR (Fig. 2D and fig. S10) and Sanger sequencing (Fig.
2E). We also readily derived 293T or iPS clones from the pool of modi-
fied cells using puromycin selection over two weeks (Fig. 2F and fig.
S10). These results demonstrate that Cas9 is capable of efficiently inte-
grating foreign DNA at endogenous loci in human cells.

Our versatile RNA-guided genome editing system can be readily
adapted to modify other genomic sites by simply modifying the se-
quence of our gRNA expression vector to match a compatible sequence
in the locus of interest. To facilitate this process, we bioinformatically
generated ~190,000 specifically gRNA-targetable sequences targeting
~40.5% exons of genes in the human genome (refer to Methods and
table S1). We incorporated these target sequences into a 200bp format
compatible with multiplex synthesis on DNA arrays (14) (fig. S11 and
tables S2 and S3). This resource provides a ready genome-wide refer-
ence of potential target sites in the human genome and a methodology
for multiplex gRNA synthesis.

Our results demonstrate the promise of CRISPR-mediated gene tar-
geting for RNA guided, robust and multiplexable mammalian genome
engineering. The ease of retargeting our system to modify genomic se-
quences greatly exceeds that of comparable zinc finger nucleases (ZFNs)
and TALENSs while offering similar or greater efficiencies (4). Existing
studies of Type Il CRISPR specificity (4) suggest that target sites must
perfectly match the PAM sequence NGG and the 8-12 base “seed se-
quence” at the 3’ end of the gRNA. The importance of the remaining 8-
12 bases is less well understood and may depend on the binding strength
of the matching gRNAs or on the inherent tolerance of Cas9 itself. In-
deed, Cas9 will tolerate single mismatches at the 5’ end in bacteria and
in vitro, suggesting that the 5’ G is not required. Moreover, it is likely the
target locus’s underlying chromatin structure and epigenetic state will
also impact the efficiency of genome editing in eukaryotic cells (13),
although we suspect that Cas9’s helicase activity may render it more
robust to these factors: but this remains to be evaluated. Elucidating the
frequency and underlying causes of off-target nuclease activity (15, 16)
induced by CRISPR, ZFN (17, 18) and TALEN (19, 20) genome engi-
neering tools will be of utmost importance for safe genome modification
and perhaps gene therapy. Potential avenues for improving CRISPR
specificity include evaluating Cas9 homologs identified through bioin-
formatics and directed evolution of these nucleases toward higher speci-
ficity. Similarly, the range of CRISPR-targetable sequences could be
expanded through the use of homologs with different PAM requirements
(9), or directed evolution. Finally, inactivating one of the Cas9 nuclease
domains increases the ratio of HR to NHEJ and may reduce toxicity
(figs. S1A and fig. S3) (4, 5), while inactivating both domains may ena-
ble Cas9 to function as a retargetable DNA binding protein. As we ex-
plore these areas, we note that another parallel study (21) has
independently confirmed the high efficiency of CRISPR-mediated gene
targeting in mammalian cell lines. We expect RNA-guided genome tar-
geting to have broad implications for synthetic biology (22, 23), the
direct and multiplexed perturbation of gene networks (13, 24), and tar-
geted ex vivo (25-27) and in vivo gene therapy (28).
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Fig. 1. Genome editing in human cells using an engineered type Il CRISPR system. (A) RNA-guided gene targeting in human
cells involves co-expression of the Cas9 protein bearing a C terminus SV40 nuclear localization signal with one or more guide
RNAs (gRNAs) expressed from the human U6 polymerase lll promoter. Cas9 unwinds the DNA duplex and cleaves both
strands upon recognition of a target sequence by the gRNA, but only if the correct protospacer-adjacent motif (PAM) is
present at the 3' end. Any genomic sequence of the form GN2oGG can in principle be targeted. (B) A genomically integrated
GFP coding sequence is disrupted by the insertion of a stop codon and a 68bp genomic fragment from the AAVSL1 locus.
Restoration of the GFP sequence by homologous recombination (HR) with an appropriate donor sequence results in GFP"
cells that can be quantitated by FACS. T1 and T2 gRNAs target sequences within the AAVS1 fragment. Binding sites for the
two halves of the TAL effector nuclease heterodimer (TALEN) are underlined. (C) Bar graph depicting HR efficiencies induced
by T1, T2, and TALEN-mediated nuclease activity at the target locus, as measured by FACS. Representative FACS plots and
microscopy images of the targeted cells are depicted below (scale bar is 100 microns). Data are means +/- SEM (N=3).
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Fig. 2. RNA-guided genome editing of the native AAVS1 locus in multiple cell types. (A) T1 (red) and T2 (green) gRNAs
target sequences in an intron of the PPP1R12C gene within the chromosome 19 AAVS1 locus. (B) Total count and location of
deletions caused by NHEJ in 293Ts, K562s, and PGP1 iPS cells following expression of Cas9 and either T1 or T2 gRNAs as
quantified by next-generation sequencing. Red and green dash lines demarcate the boundaries of the T1 and T2 gRNA
targeting sites. NHEJ frequencies for T1 and T2 gRNAs were 10% and 25% in 293T, 13% and 38% in K562, and 2% and 4%
in PGPL1 iPS cells, respectively. (C) DNA donor architecture for HR at the AAVS1 locus, and the locations of sequencing
primers (arrows) for detecting successful targeted events, are depicted. (D) PCR assay three days post transfection
demonstrates that only cells expressing the donor, Cas9 and T2 gRNA exhibit successful HR events. (E) Successful HR was
confirmed by Sanger sequencing of the PCR amplicon showing that the expected DNA bases at both the genome-donor and
donor-insert boundaries are present. (F) Successfully targeted clones of 293T cells were selected with puromycin for 2 weeks.
Microscope images of two representative GFP+ clones is shown (scale bar is 100 microns).
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