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because the efficiency of transcription initiation
correlates with the binding affinity of T7 RNAp
(25). We therefore inserted DNA templates used
in vitro (fig. S15) into the chromosome of
Escherichia coli and measured the expression
level of lacZ using the Miller assay (Fig. 4A)
(26). Indeed, the gene expression level oscillates
as a function of L with a periodicity of ~10 bp
(Fig. 4B). Similar oscillations of T7 RNAp ac-
tivity were observed on plasmids in E. coli cells
by using a yellow fluorescent protein as a re-
porter (fig. S16). The oscillation of gene ex-
pression levels with a 10-bp periodicity was also
seen in a classic experiment on /ac operon with
a DNA loop formed by two operators (27). How-
ever, our T7 RNAp result illustrates that DNA
allostery results in such an oscillatory phenomenon
even without a DNA loop, which is consistent
with a recent study in which E. coli RNA poly-
merase was used (/0).

Pertinent to eukaryotic gene expression, DNA
allostery may affect the binding affinity of tran-
scription factors near nucleosomes that are closely
positioned (28, 29). We placed GRE downstream
of a nucleosome (Fig. 4C) and observed a sim-
ilar DNA allosteric effect in the k. of GRDBD
(Fig. 4D and fig. S17). To evaluate DNA allos-
tery in an internucleosomal space, we used two
nucleosomes to flank a GRE (Fig. 4C). At the
same separation L, GRDBD resides on GRE for
a relatively longer time with a single nucleosome
nearby than it does with a pair of nucleosomes
on both sides of GRE (Fig. 4D). Nonetheless, the
fold change between the maximal and minimal
kogr 18 larger for GRDBD with two nucleosomes

(approximately sevenfold). This indicates mod-
erately large cooperativity between the two
flanking nucleosomes in modifying the binding
affinity of GRDBD, which is in line with pre-
vious in vivo experiments (30, 31). The fact that
histones modify a neighboring transcription fac-
tor’s binding suggests that allostery through DNA
might be physiologically important in affecting
gene regulation.
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Multiplex Genome Engineering
Using CRISPR/Cas Systems

Le Cong,™** F. Ann Ran,™** David Cox, Shuailiang Lin,™* Robert Barretto,® Naomi Habib,*
Patrick D. Hsu,* Xuebing Wu,” Wenyan Jiang,® Luciano A. Marraffini,® Feng Zhangt

Functional elucidation of causal genetic variants and elements requires precise genome

editing technologies. The type Il prokaryotic CRISPR (clustered regularly interspaced short
palindromic repeats)/Cas adaptive immune system has been shown to facilitate RNA-guided
site-specific DNA cleavage. We engineered two different type 1l CRISPR/Cas systems and
demonstrate that Cas9 nucleases can be directed by short RNAs to induce precise cleavage at
endogenous genomic loci in human and mouse cells. Cas9 can also be converted into a nicking
enzyme to facilitate homology-directed repair with minimal mutagenic activity. Lastly, multiple
guide sequences can be encoded into a single CRISPR array to enable simultaneous editing of
several sites within the mammalian genome, demonstrating easy programmability and wide
applicability of the RNA-guided nuclease technology.

nologies are needed to enable systematic

reverse engineering of causal genetic varia-
tions by allowing selective perturbation of indi-
vidual genetic elements. Although genome-editing
technologies such as designer zinc fingers (ZFs)
(1—4), transcription activator—like effectors (TALEs)
(4-10), and homing meganucleases (//) have be-

Precise and efficient genome-targeting tech-
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gun to enable targeted genome modifications, there
remains a need for new technologies that are scal-
able, affordable, and easy to engineer. Here, we report
the development of a class of precision genome-
engineering tools based on the RNA-guided Cas9
nuclease (12—14) from the type I prokaryotic clus-
tered regularly interspaced short palindromic re-
peats (CRISPR) adaptive immune system (/5—18).

The Streptococcus pyogenes SF370 type 11
CRISPR locus consists of four genes, includ-
ing the Cas9 nuclease, as well as two noncoding
CRISPR RNAs (crRNAs): trans-activating ctRNA
(tracrRNA) and a precursor crRNA (pre-crRNA)
array containing nuclease guide sequences (spacers)
interspaced by identical direct repeats (DRs) (fig.
S1) (19). We sought to harness this prokaryotic
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RNA-programmable nuclease system to intro-
duce targeted double-stranded breaks (DSBs)
in mammalian chromosomes through heterolo-
gous expression of the key components. It has
been previously shown that expression of tractRNA,
pre-ctRNA, host factor ribonuclease (RNase) 111,
and Cas9 nuclease is necessary and sufficient
for cleavage of DNA in vitro (12, 13) and in pro-
karyotic cells (20, 21). We codon-optimized the
S. pyogenes Cas9 (SpCas9) and RNase Ill (SpRNase
11T genes and attached nuclear localization sig-
nals (NLSs) to ensure nuclear compartmental-
ization in mammalian cells. Expression of these
constructs in human 293FT cells revealed that
two NLSs are most efficient at targeting SpCas9
to the nucleus (Fig. 1A). To reconstitute the non-
coding RNA components of the S. pyogenes
type Il CRISPR/Cas system, we expressed an
89-nucleotide (nt) tracrRNA (fig. S2) under the
RNA polymerase III U6 promoter (Fig. 1B). Sim-
ilarly, we used the U6 promoter to drive the ex-
pression of a pre-ctrRNA array comprising a single
guide spacer flanked by DRs (Fig. 1B). We de-
signed our initial spacer to target a 30-base pair
(bp) site (protospacer) in the human EMXT locus
that precedes an NGG trinucleotide, the requisite
protospacer-adjacent motif (PAM) (Fig. 1C and
fig. S1) (22, 23).

To test whether heterologous expression of the
CRISPR system (SpCas9, SpRNase 111, tractRNA,

Fig. 1. The type Il CRISPR  p
locus from S. pyogenes
SF370 can be reconsti-
tuted in mammalian cells
to facilitate targeted DSBs
of DNA. (A) Engineering
of SpCas9 and SpRNase IlI
with NLSs enables import
into the mammalian nu-
cleus. GFP indicates green
fluorescent protein; scale
bars, 10 um. (B) Mamma-
lian expression of human
codon—optimized SpCas9
(hSpCas9) and SpRNase
Il (hSpRNase 111) genes
were driven by the elonga-
tion factor 1o, (EF10) pro-
moter, whereas tracrRNA

SpRNase Il mCherryNLS

and pre-crRNA array (DR- SpCas9
Spacer-DR) were driven by SpRNase Il
the U6 promoter. A pro- tracrRNA

tospacer (blue highlight)
from the human EMX1
locus with PAM was used

DR-EMX1(1)-DR

as template for the spacer 684bp >
in the pre-crRNA array. (C)
Schematic representation
of base pairing between 367bp B
target locus and EMXI- 317bp B
targeting crRNA. Red arrow
indicates putative cleavage indel (%)

site. (D) SURVEYOR assay

Tk Spcasg 5 .
i -.
b -..

NLS mCherry SpRNase IlI

and pre-crRNA) can achieve targeted cleavage of
mammalian chromosomes, we transfected 293FT
cells with different combinations of CRISPR/Cas
components. Because DSBs in mammalian DNA
are partially repaired by the indel-forming non-
homologous end joining (NHEJ) pathway, we
used the SURVEYOR assay (fig. S3) to detect en-
dogenous target cleavage (Fig. 1D and fig. S2B).
Cotransfection of all four required CRISPR com-
ponents resulted in efficient cleavage of the pro-
tospacer (Fig. 1D and fig. S2B), which was
subsequently verified by Sanger sequencing (Fig.
1E). SpRNase III was not necessary for cleavage
of the protospacer (Fig. 1D), and the 89-nt
tracrRNA is processed in its absence (fig. S2C).
Similarly, maturation of pre-crRNA does not re-
quire RNase III (Fig. 1D and fig. S4), suggesting
that there may be endogenous mammalian RNases
that assist in pre-ctRNA maturation (24-26). Re-
moving any of the remaining RNA or Cas9 com-
ponents abolished the genome cleavage activity
of the CRISPR/Cas system (Fig. 1D). These re-
sults define a minimal three-component system
for efficient RNA-guided genome modification
in mammalian cells.

Next, we explored the generalizability of
RNA-guided genome editing in eukaryotic cells
by targeting additional protospacers within the
EMX1 locus (Fig. 2A). To improve codelivery,
we designed an expression vector to drive both

3x

C
human EMX1
locus
crRNA
+ + + + +
- + + - + E
- + - + +
indel
+ e in EMX1

WT
D1
+1
D2
D3
D6

4.7 5.0 m1, D6

EF1o. FLAG NLS hSpCas9 NLS

U6 DR EMX1(1) DR Us

pre-crRNA and SpCas9 (fig. S5). In parallel, we
adapted a chimeric crRNA-tractRNA hybrid (Fig.
2B, top) design recently validated in vitro (/2),
where a mature crRNA is fused to a partial
tracrRNA via a synthetic stem loop to mimic the
natural crRNA:tractrRNA duplex (Fig. 2B, bot-
tom). We observed cleavage of all protospacer tar-
gets when SpCas9 is coexpressed with pre-crRNA
(DR-spacer-DR) and tracrRNA. However, not all
chimeric RNA designs could facilitate cleavage
of their genomic targets (Fig. 2C and table S1).
We then tested targeting of additional genomic
loci in both human and mouse cells by design-
ing pre-ctRNAs and chimeric RNAs targeting
the human PVALB and the mouse Th loci (fig.
S6). We achieved efficient modification at all three
mouse 7/ and one PVALB targets by using the
crRNA:tracrRNA duplex, thus demonstrating the
broad applicability of the CRISPR/Cas system
in modifying different loci across multiple orga-
nisms (table S1). For the same protospacer targets,
cleavage efficiencies of chimeric RNAs were either
lower than those of crRNA:tracrRNA duplexes
or undetectable. This may be due to differences in
the expression and stability of RNAs, degradation
by endogenous RNA interference machinery, or
secondary structures leading to inefficient Cas9
loading or target recognition.

Effective genome editing requires that nucle-
ases target specific genomic loci with both high

hSp-
EF1o. RNase lll mCherry NLS

tracrRNA

EMX1 (1) AR T,
- . . AAACGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGTTTTA. .-3"

protospacer (1) v PAM

’-. . AGGAGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGGGCTC. . -3

’-. . TCCTCCTTCCCGGACTCAGGCTCGTCTTCTTCTTCCCGAG. . -5

FELTELEEEEET e
5’ - GAGUCCGAGCAGAAGAAGAAGUUUUA. . -3’

bl

. .AGGAGGAAGGGCCTGAGTCCGAGCAGAAGA-GAAGGGCTC. .-3”

indels in human EMX1 locus
PAM

"~ . GGAGGAAGGGCCTGAGTCCGAGCAGAAG- AAGAAGGGCTC . . -3

GGAGGAAGGGCCTGAGTCCGAGCAGAAG--AGAAGGGCTC
GGAGGAAGGGCCTGAGTCCGAGCAGAAGAAAGAAGGGCTC
GGAGGAAGGGCCTGAGTCCGAGCAGAAG---GAAGGGCTC
GGAGGAAGGGCCTGAGTCCGAGCAGAAG----AAGGGCTC
GGAGGAAGGGCCTGAGTCCGAGCAGAAG-~--~--~-~ GGCTC
GGAGGAAGGGCCTGAGCCCGAGCAGAAG---~-~-~ GGCTC

for SpCas9-mediated indels. (E) An example chromatogram showing a microdeletion, as well as representative sequences of mutated alleles identified from 187
clonal amplicons. Red dashes, deleted bases; red bases, insertions or mutations.
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precision and efficiency. To investigate the spec-
ificity of RNA-guided genome modification,
we analyzed single-nucleotide mismatches be-
tween the spacer and its mammalian protospacer
target (Fig. 3A). We observed that single-base
mismatch up to 11 bp 5’ of the PAM completely
abolished genomic cleavage by SpCas9, whereas
spacers with mutations farther upstream retained
activity against the protospacer target (Fig. 3B).

This is consistent with previous bacterial and in
vitro studies of Cas9 specificity (/2, 20). Further-
more, SpCas9 is able to mediate genomic cleav-
age as efficiently as a pair of TALE nucleases
(TALENS) targeting the same EMX] protospacer
(Fig. 3, C and D).

Targeted modification of genomes ideally
avoids mutations arising from the error-prone
NHEJ mechanism. The wild-type SpCas9 is able

REPORTS

to mediate site-specific DSBs, which can be re-
paired through either NHEJ or homology-directed
repair (HDR). We engineered an aspartate-to-
alanine substitution (D10A) in the RuvC I do-
main of SpCas9 to convert the nuclease into a
DNA nickase (SpCas9n, Fig. 4A) (12, 13, 20),
because nicked genomic DNA is typically re-
paired either seamlessly or through high-fidelity
HDR. SURVEYOR (Fig. 4B) and sequencing of

A human b
EMX1 &’ B i —— 3
locus T T e e e e .

protospacer (1) PAM protospacer (3)
5’ -..GGAGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGGGCTCCCATCACATCAACCGGTGGCGCATTGCCACGAAGCAGGCCAATGGGGAGGACATCGATGTCACCTCCAATGACTAGGGTGGGC. . -3

FECEEETEEEE e e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
3’-..CCTCCTTCCCGGACTCAGGCTCGTCTTCTTCTTCCCGAGGGTAGTGTAGTTGGCCACCGCGTAACGGTGCTTCGTCCGGTTACCCCTCCTGTAGCTACAGTGGAGGTTACTGATCCCACCCG. . -5
protospacer (5)
protospacer (4)
protospacer (2)
B pre-crRNA + tracrRNA processing C EMX1 1 2 3 4 5
spacer (30 by protospacer N
‘ % ( p) . target ev .Q\év éy .Q\év éy .Q\év e} .Q\QV“ e} .Q\év ('\\@
pre-ctRNA 5'-. .ACNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGLlJlljtlJLlJ/?GAtlzﬁtlJllxllmlaTtlJA -3 c}Q\ A c}Q\ o c}Q\ A c}Q\ 5 C}Q I
GUUCAACUAUUGCCUGATCGGAAUAAAAUU CGAUACGA. .-5"
AL GAA . £
tracrRNA AAAGUGGCACCGA L - e - - -
LG §
37 -UUUCGUGGCU :
chimeric RNA e - B IS > > >
> - o > >
guide sequence (20 bp) >
5’ -NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUAG
STEEEE= 111 A
3’ -GCCUGAUCGGAAUAAAAUU CGAUA
GAA indel (%) 19 56 1.9 14 7.2 3.0 33

Fig. 2. SpCas9 can be reprogrammed to target multiple genomic loci in
mammalian cells. (A) Schematic of the human EMX1 locus showing the
location of five protospacers indicated by blue lines with corresponding
PAM in magenta. (B) Schematic of the pre-crRNA:tracrRNA complex (top)
showing hybridization between the direct repeat (gray) region of the pre-
crRNA and tracrRNA. Schematic of a chimeric RNA design (12) (bottom).

A

protospacer (1) y PAM

human EMx7 ° = - CTGGAGGAGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGGGCTCCCAT. . -37

locus

3’ -. .GACCTCCTCCTTCCCGGACTCAGGCTCGTCTTCTTCTTCCCGAGGGTA. . -5"

(RN RN A RN
wt crRNA 5'-
m1 GAGUCCGAGCAGAAGAAGAU
m2 GAGUCCGAGCAGAAGAAGUA
m3 GAGUCCGAGCAGAAGAACAA
m4 GAGUCCGAGCAGAAGAUGAA

?o'ig?r:f:g M5 GAGUCCGAGCAGAAGUAGAA
Juide M7 GAGUCCGAGCAGAUGAAGAA
sequonces M9 GAGUCCGAGCACAAGAAGAA
m11 GAGUCCGAGGAGAAGAAGAA

m13 GAGUCCGUGCAGAAGAAGAA

m15 GAGUCGGAGCAGAAGAAGAA

m17 GAGACCGAGCAGAAGAAGAA

C

left TALEN binding site protospacer (1) ¥ PAM
human 5’ -, CTGGAGGAGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGGGCTCCCAT. .-3”°

EMX1 FEEEEEEELEEEEE e e e e ey
locus 3’-..GACCTCCTCCTTCCCGGACTCAGGCTCGTCTTCTTCTTCCCGAGGGTA. . -5’

right TALEN binding site

Fig. 3. Evaluation of the SpCas9 specificity and comparison of efficiency
with TALENSs. (A) EMX1-targeting chimeric crRNAs with single point mutations
were generated to evaluate the effects of spacer-protospacer mismatches. (B)

www.sciencemag.org SCIENCE

GAGUCCGAGCAGAAGAAGAAGUUUUAGAGC. . -3"

tracrRNA sequence is shown in red and the 20-bp spacer sequence in
blue. (€) SURVEYOR assay comparing the efficacy of Cas9-mediated
cleavage at five protospacers in the human EMX1 locus. Each protospacer
was targeted by using either processed pre-crRNA:tracrRNA complex (crRNA)
or chimeric RNA (chiRNA). Arrowheads indicate cleavage products for
each protospacer target.

B chimeric RNA with mismatched guide sequence
QA \J > N

S & &S @& & &
o "Q"""“
367bp > -y o9 -
317bp »
indel (%) 56 7.5 88 9.7
D TALEN chimeric RNA crRNA control

6edbp - WD WS B D S BN BN S e G o

367bp » — . - s
317bp » - - - . ..
indel (%) 36 38 45 11 74 86 22 29 25

SURVEYOR assay comparing the cleavage efficiency of different mutant chi-
meric RNAs. (C) Schematic showing the design of TALENSs that target EMX1.
(D) SURVEYOR gel comparing the efficiency of TALEN and SpCas9 (W = 3).

VOL 339 15 FEBRUARY 2013 821

Downloaded from www.sciencemag.org on April 12, 2013


http://www.sciencemag.org/

REPORTS

822

B sSpcass + + + - - - - - 200bp
chimeric SpCas9n + - - - human EMX1 — v -
ué RNA EF1a NLS hSpCas9n NLS chimeric RNA + + + + locus _l\”« T
. x A
" n
d b HR Template l"—‘—ﬁ —
| |
I T 684bp b % ) k [ F =) - o = Hindlll, Nhel
proa(] ] [T e ] ) D Swcaso * -
/ / \ SpCas9n  ~ + -
RuvC | RuvC Il RuvC Il HR template  + + +
367bp p
317bp B> ]
2281bp »
indel (%) 53 46 35
ANA EMX1(1) PVALB(9) &
cr array
design [or IC L or |C L or | 1189bp p. ¢
___________________________________ 1092bp
5’ -..AAAACGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGTTT. . AAACAGGGGCCGAGATTGGGTGTTCAGGGCAGAGGTTTT. . -3
HR (%) 0.70 0.46
DR-EMX1(1)- DR- DR-
DR-PVALB(9)- EMX1(1)- PVALB(9)-
DR DR DR untransfected E
Surt\;e;éce); EMX1 PVALB EMX1 PVALB EMX1 PVALB EMX1 PVALB M @ q ] nm ﬁ (j

684bp p - - -
577bp B = [} == - =
381b
367bgt -— - -
317bp B> -
196bp B -_—
indel (%) 27 73 24 15

G EMX1(1) EMX1(8)

crRNA array

design [ or [C L or|C L bR |

5’ -. .AAAACGGAAGGGCCTGAGTCCGAGCAGAAGAAGAAGTT .

human EMX1 5"~
locus

PAM A protospacer (1)

deletion

.AGCCCTTCTTCTTCTGCTCGGACTCAGGCCCTTCCTCC.

FECEEEEEEEE et e er e ey
3’ -. . TCGGGAAGAAGAAGACGAGCCTGAGTCCGGGAAGGAGG .

. AACGGAGGGAGGGGCACAGATGAGAAACTCAGGGTTTTAG. .-3"

protospacer (8) v w
. CAGGGAGGGAGGGGCACAGATGAGAAACTCAGGAGGCCCC. . -5
FEEELEEET TRt e et e e
.GTCCCTCCCTCCCCGTGTCTACTCTTTGAGTCCTCCGGGG. . -3
118bp
deletion
junction

result 5’

327 amplicons did not detect any indels induced
by SpCas9n. However, nicked DNA can in rare
cases be processed via a DSB intermediate and
result in a NHEJ event (27). We then tested Cas9-
mediated HDR at the same EMX7 locus with a
homology repair template to introduce a pair of
restriction sites near the protospacer (Fig. 4C).
SpCas9 and SpCas9n catalyzed integration of the
repair template into £MXI locus at similar levels
(Fig. 4D), which we further verified via Sanger
sequencing (Fig. 4E). These results demonstrate
the utility of CRISPR for facilitating targeted ge-
nomic insertions. Given the 14-bp (12 bp from the
seed sequence and 2 bp from PAM) target spec-
ificity (Fig. 3B) of the wild-type SpCas9, the use
of a nickase may reduce off-target mutations.
Lastly, the natural architecture of CRISPR loci
with arrayed spacers (fig. S1) suggests the pos-
sibility of multiplexed genome engineering. By
using a single CRISPR array encoding a pair of
EMXI- and PVALB-targeting spacers, we de-

-.. .GGCAATGCGCCACCGGTTGATGTGATGGGAGCCCTTCTAGGAGGCCCCCAGAGCAGCCACTGGGGCCTCAACACTCAGGC. . -3

tected efficient cleavage at both loci (Fig. 4F).
We further tested targeted deletion of larger ge-
nomic regions through concurrent DSBs by using
spacers against two targets within EMX] spaced
by 119 bp and observed a 1.6% deletion efficacy
(3 out of 182 amplicons, Fig. 4G), thus demon-
strating the CRISPR/Cas system can mediate mul-
tiplexed editing within a single genome.

The ability to use RNA to program sequence-
specific DNA cleavage defines a new class of ge-
nome engineering tools. Here, we have shown that
the S. pyogenes CRISPR system can be heterol-
ogously reconstituted in mammalian cells to facil-
itate efficient genome editing; an accompanying
study has independently confirmed high-efficiency
RNA-guided genome targeting in several human
cell lines (28). However, several aspects of the
CRISPR/Cas system can be further improved to
increase its efficiency and versatility. The require-
ment for an NGG PAM restricts the target space
of SpCas9 to every 8 bp on average in the human

AATGACAAGCTTGCTAGCGGTGGG
Hindlll Nhel

Fig. 4. Applications of Cas9 for homologous recom-
bination and multiplex genome engineering. (A)
Mutation of the RuvC | domain converts Cas9 into a
nicking enzyme (SpCas9n). HNH, histidine-asparagine-
histidine endonuclease domain. (B) Coexpression of
EMX1-targeting chimeric RNA with SpCas9 leads to
indels, whereas SpCas9n does not (W = 3). (C) Sche-
matic representation of the recombination strategy.
A homology repair (HR) template is designed to insert
restriction sites into EMX1 locus. Primers used to am-
plify the modified region are shown as red arrows.
(D) Restriction fragment length polymorphism gel
analysis. Arrows indicate fragments generated by Hindlll
digestion. (E) Example chromatogram showing suc-
cessful recombination. (F) SpCas9 can facilitate multi-
plex genome modification by using a crRNA array that
contains two spacers targeting EMX1 and PVALB. Sche-
matic showing the design of the crRNA array (top).
Both spacers mediate efficient protospacer cleavage
(bottom). (G) SpCas9 can be used to achieve precise
genomic deletion. Two spacers targeting EAMX1 (top)
mediated a 118-bp genomic deletion (bottom).

genome (fig. S7), not accounting for potential
constraints posed by crRNA secondary structure
or genomic accessibility resulting from chroma-
tin and DNA methylation states. Some of these
restrictions may be overcome by exploiting the
family of Cas9 enzymes and its differing PAM
requirements (22, 23) across the microbial diver-
sity (17). Indeed, other CRISPR loci are likely
to be transplantable into mammalian cells; for
example, the Streptococcus thermophilus TMD-9
CRISPR1 system can also mediate mammalian
genome cleavage (fig. S8). Lastly, the ability to
carry out multiplex genome editing in mamma-
lian cells enables powerful applications across
basic science, biotechnology, and medicine (29).
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RNA-Guided Human Genome
Engineering via Cas9

Prashant Mali,** Luhan Yang,™3* Kevin M. Esvelt,? John Aach,* Marc Guell,* James E. DiCarlo,*

Julie E. Norville,* George M. Church™?t

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 AAVS1
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 that 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 ~190 K unique gRNAs
targeting ~40.5% of human exons. Our results establish an RNA-guided editing tool for facile,
robust, and multiplexable human genome engineering.

acterial and archaeal clustered regular-
B ly interspaced short palindromic repeats

(CRISPR) systems rely on CRISPR RNAs
(crRNAs) in complex with CRISPR-associated
(Cas) proteins to direct degradation of comple-
mentary sequences present within invading viral
and plasmid DNA (/-3). A recent in vitro re-
constitution of the Streptococcus pyogenes type
I CRISPR system demonstrated that crRNA fused
to anormally trans-encoded tracrRNA is sufficient
to direct Cas9 protein to sequence-specifically
cleave target DNA sequences matching the crRNA
(4). The fully defined nature of this two-component
system suggested that it might function in the
cells of eukaryotic organisms such as yeast, plants,
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and even mammals. By cleaving genomic se-
quences targeted by RNA sequences (4-6), such
a system could greatly enhance the ease of genome
engineering.

Here, we engineer the protein and RNA com-
ponents of this bacterial type II CRISPR system
in human cells. We began by synthesizing a hu-
man codon—optimized version of the Cas9 protein
bearing a C-terminal SV40 nuclear localization
signal and cloning it into a mammalian expres-
sion system (Fig. 1A and fig. S1A). To direct Cas9
to cleave sequences of interest, we expressed
crRNA-tracrRNA fusion transcripts, hereafter
referred to as guide RNAs (gRNAs), from the
human U6 polymerase III promoter. Directly
transcribing gRNAs allowed us to avoid recon-
stituting the RNA-processing machinery used 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 fol-
lowing the 20-base pair (bp) crRNA target, our
highly versatile approach can, in principle, tar-
get any genomic site of the form GN,(GG (fig.

S1C; see supplementary text S1 for a detailed
discussion).

To test the functionality of our implemen-
tation for genome engineering, we developed a
green fluorescent protein (GFP) reporter assay
(Fig. 1B) in human embryonic kidney HEK 293T
cells similar to one previously described (/0).
Specifically, we established a stable cell line bear-
ing a genomically integrated GFP coding sequence
disrupted by the insertion of a stop codon and a
68-bp genomic fragment from the AAVSI locus
that renders the expressed protein fragment non-
fluorescent. Homologous recombination (HR)
using an appropriate repair donor can restore the
normal GFP sequence, which enabled us to quan-
tify the resulting GFP" cells by flow-activated
cell sorting (FACS).

To test the efficiency of our system at stim-
ulating 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 het-
erodimer (TALEN) targeting the same region
(11). We observed successful HR events using all
three targeting reagents, with gene correction 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 with ~40 hours for the
AAVS1 TALENs. We observed HR only upon
simultaneous introduction of the repair donor,
Cas9 protein, and gRNA, which confirmed that
all components are required for genome editing
(fig. S2). Although we noted no apparent toxic-
ity associated with Cas9/gRNA expression, work
with zinc finger nucleases (ZFNs) and TALENs
has shown that nicking only one strand further
reduces toxicity. Accordingly, we also tested a
Cas9D10A mutant that is known to function as
a nickase in vitro, which yielded similar HR but
lower nonhomologous end joining (NHEJ) rates
(fig. S3) (4, 5). Consistent with (4), in which a
related Cas9 protein is shown to cut both strands
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