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(RCA), which is negatively regulated by protein
phosphatase 1 (PP1) (25). We postulate that RCA
entails the interaction of the H4 tail with neigh-
boring nucleosomes and that PP1 counteracts this
process by dephosphorylating H3 S10, a known
substrate of this enzyme (26). We therefore pro-
pose that, together with condensin, the signaling
cascade we identified is a conserved mechanism
for shaping mitotic chromosomes.

References and Notes

1. F. Mora-Bermudez, D. Gerlich, ]. Ellenberg, Nat. Cell Biol. 9,
822-831 (2007).

2. P. Vagnarelli et al., Dev. Cell 21, 328-342 (2011).

3. M. ]. Hendzel et al., Chromosoma 106, 348-360
(1997).

4. G. Neurohr et al., Science 332, 465-468 (2011).

5. P. ]J. Robinson et al., J. Mol. Biol. 381, 816—825
(2008).

6. M. Shogren-Knaak et al., Science 311, 844-847
(2006).

7. C. ). Fry, M. A. Shogren-Knaak, C. L. Peterson,
Cold Spring Harb. Symp. Quant. Biol. 69, 219-226
(2004).

8. F. Gordon, K. Luger, ]. C. Hansen, J. Biol. Chem. 280,
33701-33706 (2005).

9. B. Dorigo et al., Science 306, 1571-1573
(2004).

10. D. Sinha, M. A. Shogren-Knaak, J. Biol. Chem. 285,
16572-16581 (2010).

11. L. M. Johnson, P. S. Kayne, E. S. Kahn, M. Grunstein,
Proc. Natl. Acad. Sci. U.S.A. 87, 6286—6290
(1990).

12. E. C. Park, J. W. Szostak, Mol. Cell. Biol. 10, 4932-4934
(1990).

13. L. Davis, ]. W. Chin, Nat. Rev. Mol. Cell Biol. 13, 168-182
(2012).

14. H. Neumann, FEBS Lett. 586, 2057-2064 (2012).

15. ]. W. Chin et al., Science 301, 964-967 (2003).

16. K. Luger, A. W. Mdder, R. K. Richmond, D. F. Sargent,
T. ). Richmond, Nature 389, 251-260 (1997).

17. A. E. Kelly et al., Science 330, 235-239 (2010).

18. F. Wang et al., Science 330, 231-235 (2010).

19. Y. Yamagishi, T. Honda, Y. Tanno, Y. Watanabe, Science
330, 239-243 (2010).

20. C. S. Campbell, A. Desai, Nature 497, 118-121
(2013).

21. K. K. Adhvaryu, E. Berge, H. Tamaru, M. Freitag,

E. U. Selker, PLOS Genet. 7, 1002423 (2011).

22. B. G. Mellone et al., Curr. Biol. 13, 1748-1757

(2003).

23. Y. Wei, L. Yu, ]. Bowen, M. A. Gorovsky, C. D. Allis,
Cell 97, 99-109 (1999).

24. . Dai et al., Cell 134, 1066-1078 (2008).

25. P. Vagnarelli et al., Nat. Cell Biol. 8, 1133-1142
(2006).

26. ]. Y. Hsu et al., Cell 102, 279-291 (2000).

Acknowledgments: We thank ]. W. Chin for materials.
B.J.W. is supported by a postdoctoral fellowship of the
Alexander von Humboldt Foundation. Research in the
laboratory of H.N. is funded by the German Research
Foundation (Emmy-Noether Programme) and the Freefloater
Programme of the University of Géttingen. Work in the
laboratory of W.F. is supported by the Max Planck Society.
K.H.-H. is supported by a Marie Curie Intra-European
Fellowship for Career Development (IEF, FP7). T.K. and
Y.B. are supported by a grant from the European Research
Council to Y.B.

Supplementary Materials
www.sciencemag.org/content/343/6166/77/suppl/DC1
Materials and Methods

Figs. S1 to S17

Tables S1 to S3

References (27-34)

9 August 2013; accepted 21 November 2013
10.1126/science.1244508

Genetic Screens in Human Cells Using
the CRISPR-Cas9 System

Tim Wang,"?3* Jenny J. Wei,>? David M. Sabatini,>*3*°*t Eric S. Lander™>-**{

The bacterial clustered regularly interspaced short palindromic repeats (CRISPR)—Cas9 system

for genome editing has greatly expanded the toolbox for mammalian genetics, enabling the rapid
generation of isogenic cell lines and mice with modified alleles. Here, we describe a pooled,
loss-of-function genetic screening approach suitable for both positive and negative selection that
uses a genome-scale lentiviral single-guide RNA (sgRNA) library. sgRNA expression cassettes were
stably integrated into the genome, which enabled a complex mutant pool to be tracked by
massively parallel sequencing. We used a library containing 73,000 sgRNAs to generate knockout
collections and performed screens in two human cell lines. A screen for resistance to the nucleotide
analog 6-thioguanine identified all expected members of the DNA mismatch repair pathway,
whereas another for the DNA topoisomerase Il (TOP2A) poison etoposide identified TOP2A, as
expected, and also cyclin-dependent kinase 6, CDK6. A negative selection screen for essential
genes identified numerous gene sets corresponding to fundamental processes. Last, we show that
sgRNA efficiency is associated with specific sequence motifs, enabling the prediction of more
effective sgRNAs. Collectively, these results establish Cas9/sgRNA screens as a powerful tool for

systematic genetic analysis in mammalian cells.

critical need in biology is the ability to
Aeﬁciently identify the set of genes under-
lying a cellular process. In microorganisms,
powerful methods allow systematic loss-of-function

genetic screening (/, 2). In mammalian cells,
however, current screening methods fall short—
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primarily because of the difficulty of inactivat-
ing both copies of a gene in a diploid mamma-
lian cell. Insertional mutagenesis screens in cell
lines that are near-haploid or carry B/m muta-
tions, which cause frequent somatic crossing-
over, have proven powerful but are not applicable
to most cell lines and suffer from integration
biases of the insertion vectors (3, 4). The primary
solution has been to target mRNAs with RNA
interference (RNAi1) (5—9). However, this ap-
proach is also imperfect because it only partially
suppresses target gene levels and can have off-
target effects on other mRNAs, resulting in false
negative and false positive results (/0—12). Thus,
there remains an unmet need for an efficient,
large-scale, loss-of-function screening method in
mammalian cells.

Recently, the clustered regularly interspaced
short palindromic repeats (CRISPR) pathway,
which functions as an adaptive immune system in
bacteria (/3), has been co-opted to engineer mam-
malian genomes in an efficient manner (/4-16).
In this two-component system, a single-guide
RNA (sgRNA) directs the Cas9 nuclease to cause
double-stranded cleavage of matching target DNA
sequences (/7). In contrast to previous genome-
editing techniques, such as zinc-finger nucleases
and transcription activator-like effector nucleases
(TALENS), the target specificity of CRISPR-Cas9
is dictated by a 20-base pair (bp) sequence at the
5" end of the sgRNA, allowing for much greater
ease of construction of knockout reagents. Mutant
cells lines and mice bearing multiple modified al-
leles can be generated with this technology (18, 19).

We set out to explore the feasibility of using
the CRISPR-Cas9 system to perform large-scale,
loss-of-function screens in mammalian cells. The
idea was to use a pool of sgRNA-expressing len-
tivirus to generate a library of knockout cells that
could be screened under both positive and negative
selection. Each sgRNA would serve as a distinct
DNA barcode that can be used to count the num-
ber of cells carrying it by using high-throughput
sequencing (Fig. 1A). Pooled screening requires
that single-copy sgRNA integrants are sufficient
to induce efficient cleavage of both copies of a
targeted locus. This contrasts with the high ex-
pression of sgRNAs achieved through transfection
that is typically used to engineer a specific genomic
change by using the CRISPR-Cas9 system.

We first tested the concept in the near-haploid,
human KBM7 CML cell line by creating a clonal
derivative expressing the Cas9 nuclease (with a
FLAG-tag at its N terminus) under a doxycycline-
inducible promoter (Fig. 1B). Transduction of
these cells at low multiplicity of infection (MOI)
with a lentivirus expressing a sgRNA targeting
the endogenous AAVSI locus revealed substan-
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tial cleavage at the AAVSI locus 48 hours after
infection (Fig. 1C). Moreover, because the sgRNA
was stably expressed, genomic cleavage continued
to increase over the course of the experiment. Deep
sequencing of the locus revealed that repair of
Cas9-induced double-strand breaks resulted in
small deletions (<20 bp) in the target sequence,
with tiny insertions or substitutions (<3 bp) occur-
ring at a lower fiequency (Fig. 1D). The vast majority
of the lesions, occurring in a protein-coding region,
would be predicted to give rise to a nonfunctional
protein product, indicating that CRISPR-Cas9 is
an efficient means of generating loss-of-function
alleles.

We also analyzed off-target activity of CRISPR-
Cas9. Although the specificity of CRISPR-Cas9
has been extensively characterized in transfection-
based settings (20-22), we wanted to examine its
off-target behavior in our system, in which Cas9
and a sgRNA targeting AAVS1 (sgAAVS1) were
stably expressed for 2 weeks. We compared the
level of cleavage observed at the target locus
(97%) with levels at 13 potential off-target cleav-
age sites in the genome (defined as sites differing
by up to 3 bp from sgAAVS1) (fig. SIA). Mini-
mal cleavage (<2.5%) was observed at all sites,

Fig. 1. A pooled approach
for genetic screening in mam-
malian cells by using a lenti-
viral CRISPR-Cas9 system. (A)
Outline of sgRNA library con-
struction and genetic screening
strategy. (B) Immunoblot anal-
ysis of WT KBM7 cells and KBM7
cells transduced with a doxycycline-
inducible FLAG-Cas9 construct
upon doxycycline induction. S6K1
was used as a loading control. (C)
Sufficiency of single-copy sgRNAs
to induce genomic cleavage. Cas9-
expressing KBM7 cells were trans-
duced with AAVSI-targeting sgRNA
lentivirus at low MOI. The SURVEYOR
mutation detection assay was per-
formed on cells at the indicated
days post-infection (dpi). Briefly,
mutations resulting from cleavage
of the AAVS1 locus were detected
through polymerase chain reaction
(PCR) amplification of a 500-bp
amplicon flanking the target se-
quence, re-annealing of the PCR
product, and selective digestion
of mismatched heteroduplex frag-
ments. (D) Characterization of mu-
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with one exception, which was the only site that
had perfect complementarity in the “seed” region
(terminal 8 bp) (fig. SIB). On average, sgRNAs
have ~2.2 such sites in the genome, almost always
(as in this case) occurring in noncoding DNA and
thus less likely to affect gene function (supple-
mentary text S1).

To test the ability to simultaneously screen tens
of thousands of sgRNAs, we designed a sgRNA
library with 73,151 members, consisting of multiple
sgRNAs targeting 7114 genes and 100 nontargeting
controls (Fig. 1E, table S1, and supplementary
materials, materials and methods). sgRNAs were
designed against constitutive coding exons near
the beginning of each gene and filtered for po-
tential off-target effects based on sequence sim-
ilarity to the rest of the human genome (Fig. 1, F
and G). The library included 10 sgRNAs for each
of 7031 genes and all possible sgRNAs for each
of the 83 genes encoding ribosomal proteins
(Fig. 1H). To assess the effective representation of
our microarray synthesized library, we sequenced
sgRNA barcodes from KBM?7 cells 24 hours af-
ter infection with the entire lentiviral pool and were
able to detect the overwhelming majority (>99%)
of our sgRNAs, with high uniformity across con-
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structs (only a sixfold increase in abundance be-
tween the 10th and 90th percentiles) (fig. S2A).

As an initial test of our approach, we screened
the library for genes that function in DNA mis-
match repair (MMR). In the presence of the
nucleotide analog 6-thioguianine (6-TG), MMR-
proficient cells are unable to repair 6-TG—induced
lesions and arrest at the G2-M cell-cycle checkpoint,
whereas MMR-defective cells do not recognize
the lesions and continue to divide (23). We in-
fected Cas9-KBM7 cells with the entire sgRNA
library, cultured the cells in a concentration of
6-TG that is lethal to wild-type (WT) KBM7 cells,
and sequenced the sgRNA barcodes in the final
population. sgRNAs targeting the genes encoding
the four components of the MMR pathway (MSH2,
MSH6, MLHI, and PMS?2) (24) were dramatically
enriched in the 6-TG—treated cells. At least four
independent sgRNAs for each gene showed very
strong enrichment, and barcodes corresponding
to these genes made up >30% of all barcodes
(Fig. 2, A and B). Each of the 20 most abundant
sgRNAs targeted one of these four genes. The
fact that few of the other 73,000 sgRNAs scored
highly in this assay suggests a low frequency of
off-target effects.
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We next addressed the challenge of loss-of-
function screening in diploid cells, which require
biallelic inactivation of a target gene. We there-
fore generated an inducible Cas9 derivative of the
HL60 pseudo-diploid human leukemic cell line.
In both HL60 and KBM7 cells, we screened for
genes whose loss conferred resistance to etoposide,
a chemotherapeutic agent that poisons DNA
topoisomerase [IA (TOP2A). To identify hit genes,
we calculated the difference in abundance be-
tween the treated and untreated populations for
each sgRNA, calculated a score for each gene
using a Kolmogorov-Smirnov test to compare
the sgRNAs targeting the gene against the non-
targeting control sgRNAs, and corrected for mul-
tiple hypothesis testing (Fig. 2, C to E, and table
S2). Identical genes were detected in both screens,
with significance levels exceeding all other genes
by more than 100-fold. As expected, loss of TOP2A4
itself conferred strong protection to etoposide
(25). The screen also revealed a role for CDK6, a G,
cyclin-dependent kinase, in mediating etoposide-
induced cytotoxicity. Every one of the 20 sgRNAs
in the library targeting TOP2A4 or CDK6 was strong-
ly enriched (>90th percentile) in both screens,
indicating that the effective coverage of our li-
braries is very high. We generated isogenic HL60
cell lines with individual sgRNAs against 7OP24
and CDKG6 and, consistent with the screen results,
these lines were much more resistant to etoposide

>

Abundance (%), 6TG-treated

than parental or sgAAVS1-modified HL60 cells
(Fig. 2, F and G). Thus, our Cas9/sgRNA system
enables large-scale positive selection loss-of-
function screens.

To identify genes required for cellular prolif-
eration, we screened for genes whose loss con-
ferred a selective disadvantage on cells. Such a
screen requires accurate identification of sgRNAs
that are depleted from the final cell population. A
sgRNA will show depletion only if cleavage of
the target gene occurs in the majority of cells
carrying the construct.

As an initial test, we screened KBM7 cells
with a small library containing sgRNAs targeting
the BCR and ABLI genes (table S3). The survival
of KBM7 cells depends on the fusion protein
produced by the BCR-ABL translocation (26). As
expected, depletion was seen only for sgRNAs
targeting the exons of BCR and ABL1 that encode
the fusion protein, but not for those targeting the
other exons of BCR and ABLI (Fig. 3A).

We then infected Cas9-HL60, Cas9-KBM?7,
and WT KBM?7 cells with the entire 73,000-member
sgRNA library and used deep sequencing of the
sgRNA barcodes to monitor the change in abun-
dance of each sgRNA between the initial seed-
ing and a final population obtained after 12 cell
doublings (fig. S2, A and B).

We began by analyzing ribosomal protein
genes, for which the library contained all possible

Mismatch
Repair

IiMSZ @ @5,

Homologous

Single-Stranded
Break Repair

Non-Homologous

sgRNAs. We observed strong Cas9-dependent
depletion of sgRNAs targeting genes encoding
ribosomal proteins, with good concordance be-
tween the sets of ribosomal protein genes essen-
tial for cell proliferation in the HL60 and KBM7
screens (the median sgRNA fold-change in abun-
dance was used as a measure of gene essentiality)
(Fig. 3, B and C). A few ribosomal protein genes
were not found to be essential. These were two
genes encoded on chromosome Y [RPS4Y2, which
is testes-specific (27), and RPS4Y1, which is ex-
pressed at low levels as compared with its homolog
RPS4X on chromosome X (28)] and “ribosome-
like” proteins, which may be required only in select
tissues (27) and generally are lowly expressed in
KBM?7 cells (fig. S3A).

We then turned our attention to other genes
within our data set, for which 10 sgRNAs were
designed. As for the ribosomal genes, the essen-
tiality scores of these genes were also strongly
correlated between the two cells lines (fig. S3B
and table S4). For the 20 highest scoring genes,
we found independent evidence for essentiality,
based primarily on data from large-scale func-
tional studies in model organisms (table S5).

To evaluate the results at a global level, we
tested 4722 gene sets to see whether they showed
strong signatures of essentiality by using gene
set enrichment analysis (29). Gene sets related to
fundamental biological processes—including
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A ° rectly bound to Cas9 in a highly parallel manner
SgRNA depletion © P (supplemenm materials, materials and methods).
u ° By comparing the abundance of sgRNAs bound
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to Cas9 relative to the abundance of their corre-

Fig. 3. Negative selection screens using CRISPR-Cas9 reveal rules governing sgRNA efficacy.  sponding genomic integrants, we found that the
(A) Selective depletion of sgRNAs targeting exons of BCR and ABLI present in the fusion protein. Individual  nucleotide composition near the 3’ end of the
sgRNAs are plotted according to their target sequence position along each gene, and the height of each bar  spacer sequence was the most important determi-
indicates the level of depletion observed. Boxes indicate individual exons. (B) Cas9-dependent depletion of sgRNAS  nan of Cas9 loading (Fig. 3F). Specifically, Cas9
targeting ribosomal proteins. Cumulative distribution function plots of log, fold changes in sgRNA abundance
before and after 12 cell doublings in Cas9-KBM7, Cas9-HL60, and WT-KBM7 cells. (C) Requirement of similar sets
of ribosomal protein genes for proliferation in the HL60 and KBM7 cells. Gene scores are defined as the median
log, fold change of all sgRNAs targeting a gene. (D) Depleted sgRNAs target genes involved in fundamental
biological processes. Gene set enrichment analysis was performed on genes ranked by their combined depletion
scores from screens in HL60 and KBM?7 cells. Vertical lines underneath the x axis denote members of the gene set
analyzed. (E) Features influencing sgRNA efficacy. Depletion (log; fold change) of sgRNAs targeting ribosomal -
protein genes was used as an indicator of sgRNA efficacy. Correlation between log; fold changes and spacer %GC icant pa.m, the cl.eavage ,efﬁmency of a sgRNA was
content (left), exon position targeted (middle), and strand targeted (right) are depicted (*P < 0.05). (F) sgRNA  determined by its affinity for Cas9 (table S7).

target sequence preferences for Cas9 loading and cleavage efficiency. Position-specific nucleotide preferences for ~ We then sought to build an algorithm to
Cas9 loading are determined by counting sgRNAs bound to Cas9 normalized to the number of corresponding dl?C“mmate betv\{een strong and weak ngNAs
genomic integrations. Heatmaps depict sequence-dependent variation in Cas9 loading (top) and ribosomal protein ~ (Fig. 3G). We trained a support-vector-machine
gene-targeting sgRNA depletion (bottom). The color scale represents the median value (of Cas9 affinity or log, ~ Classifier based on the target sequences and de-
fold-change) for all sgRNAs with the spedified nucleotide at the specified position. (G) sgRNA efficacy prediction. ~ pletion scores of ribosomal protein-targeting
Ribosomal protein gene-targeting sgRNAs were designated as “weak” or “strong” on the basis of their log, fold ~ sgRNAs. As an independent test, we used the
change and used to train a support-vector-machine (SVM) classifier. As an independent test, the SUM was used to  classifier to predict the efficacy of sgRNAs target-
predict the efficacy of sgRNAs targeting 400 essential nonribosomal genes (*P < 0.05). ing the 400 top scoring (essential) nonribosomal

preferentially bound sgRNAs containing purines
in the last four nucleotides of the spacer sequence,
whereas pyrimidines were disfavored. A similar
pattern emerged when we examined depletion of
ribosomal protein-targeting sgRNAs [correlation
coefficient (r) = 0.81], suggesting that, in signif-
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genes. The top two thirds of our predictions ex-
hibited threefold higher efficacy than that of the
remaining fraction, confirming the accuracy of
the algorithm.

Using this algorithm, we designed a whole-
genome sgRNA library consisting of sequences
predicted to have higher efficacy (table S8). As
with the sgRNA pool used in our screens, this
new collection was also filtered for potential off-
target matches. This reference set of sgRNAs may
be useful both for targeting single genes as well
as large-scale sgRNA screening.

Taken together, these results demonstrate the
utility of CRISPR-Cas9 for conducting large-scale
genetic screens in mammalian cells. On the basis
of our initial experiments, this system appears to
offer several powerful features that together pro-
vide substantial advantages over current func-
tional screening methods.

First, CRISPR-Cas9 inactivates genes at the
DNA level, making it possible to study pheno-
types that require a complete loss of gene func-
tion to be elicited. In addition, the system should
also enable functional interrogation of nontran-
scribed elements, which are inaccessible by means
of RNAI.

Second, a large proportion of sgRNAs suc-
cessfully generate mutations at their target sites.
Although this parameter is difficult to directly
assess in pooled screens, we can obtain an esti-
mate by examining the “hit rate” at known genes.
Applying a z score analysis of our positive se-
lection screens, we found that over 75% (46 of
60) of sgRNAs score at a significance threshold
that perfectly separates true and false positives on
a gene level (fig. S5, A to D). Together, these
results show that the effective coverage of our
library is very high and that the rate of false neg-
atives should be low, even in a large-scale screen.

Third, off-target effects do not appear to se-
riously hamper our screens, according to several
lines of evidence. Direct sequencing of potential
off-target loci detected minimal cleavage at sec-
ondary sites, which typically reside in noncoding
regions and do not affect gene function. More-
over, in the 6-TG screens the 20 most abundant
sgRNAs all targeted one of the four members of
the MMR pathway. In total, they represented over
30% of the final pool, which is a fraction greater
the next 400 sgRNAs combined. In the etoposide
screen, the two top genes scored far above back-
ground levels (P values 100-fold smaller than that
of the next best gene), enabling clear discrimina-
tion between true and false-positive hits. Last, new
versions of the CRISPR-Cas9 system have re-
cently been developed that substantially decrease
off-target activity (30, 31).

Although we limited our investigation to
proliferation-based phenotypes, our approach can
be applied to a much wider range of biological
phenomena. With appropriate sgRNA libraries, the
method should enable genetic analyses of mamma-
lian cells to be conducted with a degree of rigor and
completeness currently possible only in the study of
microorganisms.
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Genome-Scale CRISPR-Cas9 Knockout
Screening in Human Cells

Ophir Shalem,>?* Neville E. Sanjana,>?* Ella Hartenian,* Xi Shi,"?
David A. Scott,™? Tarjei S. Mikkelsen, Dirk Heckl,* Benjamin L. Ebert,* David E. Root,*

John G. Doench,® Feng Zhang™?t

The simplicity of programming the CRISPR (clustered regularly interspaced short palindromic
repeats)—associated nuclease Cas9 to modify specific genomic loci suggests a new way to interrogate
gene function on a genome-wide scale. We show that lentiviral delivery of a genome-scale CRISPR-Cas9
knockout (GeCKO) library targeting 18,080 genes with 64,751 unique guide sequences enables both
negative and positive selection screening in human cells. First, we used the GeCKO library to identify
genes essential for cell viability in cancer and pluripotent stem cells. Next, in a melanoma model,

we screened for genes whose loss is involved in resistance to vemurafenib, a therapeutic RAF inhibitor.
Our highest-ranking candidates include previously validated genes NF1 and MED12, as well as novel hits
NF2, CUL3, TADA2B, and TADA1. We observe a high level of consistency between independent guide
RNAs targeting the same gene and a high rate of hit confirmation, demonstrating the promise of

genome-scale screening with Cas9.
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ease (/). Genome-scale loss-of-function screens
have provided a wealth of information in diverse
model systems (2—5). In mammalian cells, RNA
interference (RNAI) is the predominant method
for genome-wide loss-of-function screening (2, 3),
but its utility is limited by the inherent incom-
pleteness of protein depletion by RNAi and con-
founding off-target effects (6, 7).

The RNA-guided CRISPR (clustered regularly
interspaced short palindrome repeats)—associated
nuclease Cas9 provides an effective means of in-
troducing targeted loss-of-function mutations at
specific sites in the genome (8, 9). Cas9 can be pro-
grammed to induce DNA double-strand breaks
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