
Chapter 10

Genome-Wide CRISPR/Cas9 Screening for Identification
of Cancer Genes in Cell Lines

Charles H. Adelmann, Tim Wang, David M. Sabatini, and Eric S. Lander

Abstract

In this protocol, pooled sgRNA libraries targeting thousands of genes are computationally designed,
generated using microarray-based synthesis techniques, and packaged into lentiviral particles. Target cells
of interest are transduced with the lentiviral sgRNA pools to generate a collection of knockout mutants—via
Cas9-mediated genomic cleavage—and screened for a phenotype of interest. The relative abundance of
each mutant in the population can be monitored over time through high-throughput sequencing of the
integrated sgRNA expression cassettes. Using this technique, we outline strategies for the identification of
cancer driver genes and genes mediating drug response.
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1 Introduction

Recently, the clustered regularly interspaced palindromic repeat
(CRISPR)/Cas9 system, a prokaryotic adaptive immune system,
has been co-opted to engineer mammalian genomes in an efficient
manner. In this two-component system, a single-guide RNA
(sgRNA) directs the Cas9 nuclease to cleave matching target
DNA sequences. The resulting DNA double-stranded breaks can
be repaired by either the error-prone nonhomologous end-joining
pathway or, in the presence of a donor template, the homology-
directed repair pathway, generating “knockout” and “knock-in”
alleles. In addition to modifying DNA sequences, the CRISPR
system can also be used to modulate gene expression. Fusions of
the nuclease-dead variant of Cas9 with transcriptional repressors
and activators can mediate highly specific gene knockdown (termed
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CRISPR inhibition or CRISPRi) and overexpression (termed
CRISPR activation or CRISPRa), respectively [1] (Fig. 1).

Targeting reagents for the CRISPR/Cas9 system can be rapidly
generated as target specificity is dictated by a short 20 bp sequence
at the 50-end of the sgRNA. As a result of the ease of construction,
CRISPR (as well as CRISPRi/a) has been adapted for genome-
wide screening in cultured mammalian cells [2]. This screening
methodology can be broadly applied to uncover genes involved in
diverse biological processes. Here, we outline strategies for the
identification of cancer driver genes and genes mediating drug
response. Additional considerations relating to the validation of
candidate hits will not be discussed in this chapter and we refer
the reader to Moffat and Sabatini [3], Boutros and Ahringer [4],
and Kaelin [5].

1.1 CRISPR/Cas9

Screens for Identifying

Cancer-Specific

Essential Genes

Genes necessary for cellular proliferation and survival can be iden-
tified using CRISPR-based screens (Fig. 2a). These genes can be
broadly categorized into four (partially overlapping) groups:
(1) genes involved in housekeeping processes that are essential in
all cells (e.g., transcription, DNA replication); (2) lineage factors
that specify a particular cell state; (3) activating “driver” genes, or
oncogenes; and (4) synthetic lethal genes that are essential only in a
presence of a second, interacting genetic alteration. Classifying
genes into these categories can be facilitated by referencing large-
scale screening datasets generated from diverse panels of cancer cell
lines. Notably, tumor-suppressor genes (i.e., negative regulators of
cell survival) can also be identified as loss of these genes may
increase the rate of proliferation.
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Fig. 1 Genetic screens in somatic cells using CRISPR/Cas9. To generate a pooled mutant collection, target
cells are transduced with a lentiviral sgRNA library (1). Mutant cells are then passaged in the absence or
presence of a drug for approximately 14 population doublings (2a and 2b). To determine the relative fitness of
each mutant, the fractional abundance of each sgRNA is measured by amplifying and sequencing the
genomically integrated sgRNA cassettes in the initial and final cell populations (3). For each gene, a CRISPR
score (CS)—defined as the average log2 fold change in abundance of all target sgRNAs—is calculated
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1.2 CRISPR/Cas9

Screens for Identifying

Genes Involved in Drug

Response

Genes that modulate drug sensitivity can also be uncovered. By
treating mutant cells at doses that significantly impair survival and
proliferation, genes involved in drug resistance can be uncovered
(Fig. 2b). Conversely, treatment doses that only modestly affect
wild-type cell proliferation can be applied to pinpoint drug-
sensitized mutants (Fig. 2c). Genes identified through these two
complementary approaches may serve as biomarkers for pretreat-
ment sensitivity or synergistic drug targets, respectively. Drug
screens can also elucidate the mechanism of action or molecular
target of a compound.

Drug sensitivity

Drug resistanceProliferation and Survivala b

c

Fig. 2 Screening approaches for identifying cancer genes. (a) Genome-wide proliferation-based screen in
KBM7 cells. Mutants bearing sgRNA-targeting genes required for optimal proliferation are depleted in the final
cell population. Such genes have negative CS (red) whereas the loss of a small set of genes, such as tumor-
suppressor genes, increases cell proliferation and will have positive CS (green). Adapted from [9]. (b)
Etoposide resistance screen in HL60 and KBM7 cells. A screen for resistance to the DNA topoisomerase II
(TOP2A) poison, etoposide, identified TOP2A, as expected, and also cyclin-dependent kinase 6, CDK6.
p-Values are calculated from a one-sided Kolmogorov-Smirnov test of control versus treated sgRNA abun-
dance. Adapted from [2]. (c) Phenformin sensitizer screen in Jurkat cells. Loss of the aspartate aminotrans-
ferase, GOT1, confers sensitivity to the biguanide phenformin. Notably, the proliferation rate of untreated cells
is unaffected by GOT1 loss. Adapted from [10]
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2 Materials

Please consult the material safety data sheets and your institution’s
environmental health and safety office for proper handling of
equipment and lentiviruses used in this protocol.

2.1 Library

Transformation

1. Endura electrocompetent cells (Lucigen).

2. Endura recovery media (Lucigen).

3. LB-ampicillin agar plates.

4. 0.1 cm width for MicroPulser cuvettes.

5. pCMV-dR8.2 packaging plasmid (Addgene 8455).

6. pCMV-VSV-G pantropic viral envelope plasmid (Addgene
8454).

7. Lentiviral sgRNA library (self-made or Addgene).

8. LB (Luria-Bertani) liquid medium.

9. Plasmid plus maxi kit (Qiagen).

2.2 Viral Packaging

and Titering

1. Viral production media (VPM): 400 mL DMEM (high glu-
cose, GlutaMAX), 100 mL inactivated fetal serum, 5 mL
pen-strep (10,000 U/mL penicillin þ10 mg/mL
streptomycin).

2. 0.22 μm 150 mL bottle-top filter.

3. Human embryonic kidney (HEK) 293T cells (ATCC
CRL-3216).

4. 6-Well tissue culture-treated plates.

5. 10 cm tissue culture-treated plates.

6. 15 cm Tissue culture-treated plates.

7. Opti-MEM I reduced-serum medium (Thermo Fisher).

8. X-tremeGENE 9 DNA transfection reagent (Roche).

9. 0.45 μm Acrodisc syringe filter.

10. 10 mg/ml Polybrene.

11. DMEM, high glucose, GlutaMAX supplement.

12. Penicillin-streptomycin solution: 10,000 U/mL penicillin +
10 mg/mL streptomycin.

13. Puromycin or other selection antibiotic (sgRNA library specific).

2.3 DNA Extraction

and sgRNA

Quantification

1. QIAamp DNA blood maxi kit (Qiagen).

2. 1 and 2% agarose gel.
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3. Ethidium bromide.

4. ExTaq (TaKaRa) DNA polymerase kit.

5. QIAquick PCR purification kit (Qiagen).

2.4 Primers Primers for amplifying and sequencing sgRNA cassettes are library
specific. The primer sequences provided here are suitable for the
following libraries:

https://www.addgene.org/pooled-library/sabatini-crispr-human-
high-activity-3-sublibraries/

https://www.addgene.org/pooled-library/sabatini-crispr-human-
high-activity-two-plasmid-system/

https://www.addgene.org/pooled-library/sabatini-crispr-mouse-
high-activity-two-plasmid-system/

1. Primer Sequences for sgRNA Quantification

Forward:
AATGATACGGCGACCACCGAGATCTACACGAATACTGCCATTTGTC

TCAAGATCTA

Reverse:
CAAGCAGAAGACGGCATACGAGATCnnnnnnTTTCTTGGGTAGTTT

GCAGTTTT
(nnnnnn denotes the sample barcode)

2. Illumina Sequencing Primer
CGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTT

GCTATTTCTAGCTCTAAAAC.

3. Illumina Indexing Primer

TTTCAAGTTACGGTAAGCATATGATAGTCCATTTTAAAACATAATT
TTAAAACTGCAAACTACCCAAGAAA.

3 Methods

The following protocol assumes that the user has generated or
obtained a suitable sgRNA library and begins at the library propa-
gation step. Many genome-wide libraries are available from
Addgene (https://www.addgene.org/crispr/libraries/). If an
sgRNA-only vector is chosen, cells stably expressing the appropri-
ate Cas9 variant should be used for screening. It is important to
verify that Cas9 is expressed in the vast majority of cells in the
population. For drug treatment screens, drug dosing experiments
should be performed prior to the start of the screen and at cell
concentrations similar to the screen conditions.

3.1 Library

Transformation

Day 1

1. Warm Endura recovery medium to 37 �C in a water bath for
30 min.
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2. Warm LB-ampicillin agar plates to 37 �C in an incubator for
30 min.

3. For each library subpool (see Note 1) and the negative control
(NC), chill a MicroPulser cuvette and a 1.5 mL Eppendorf
tube on ice.

4. Thaw one vial of Endura electrocompetent cells per two trans-
formation reactions on ice.

5. Pipetting gently, aliquot 25 μL Endura cells into chilled Eppen-
dorf tubes.

6. For each library subpool and the NC:

(a) Add 1 μL of the library plasmid (or 1 μL of water for the
NC) and flick tube to mix.

(b) Gently pipette the bacteria/library mixture into a chilled
MicroPulser cuvette.

(c) Electroporate sample at 1.8 kV.

(d) Immediately add 975 μL pre-warmed recovery medium
and pipette up and down to resuspend cells.

(e) Transfer the bacteria to a new 1.5 mL Eppendorf tube and
recover in a shaking incubator at 37 �C for 1 h.

(f) Aliquot 90 μL fresh recovery media into four 1.5 mL
Eppendorf tubes.

(g) Serially dilute 10 μL recovered transformation from step
e across the four 1.5 mL Eppendorf tube series.

(h) Spot 10 μL of each dilution onto an LB-ampicillin plate.

(i) Transfer remaining liquid from each transformation stock
(990 μL) into 500 mL Erlenmeyer flasks with 100 mL LB
liquid media supplemented with 100 μg/ml ampicillin.

7. Incubate plates and liquid cultures at 30 �C.

Day 2

8. Assess transformation efficiency on LB-ampicillin plates. One
colony on each successive dilution corresponds to 103, 104,
105, and 106 total transformants. For each transformation
reaction for which the total number of transformants is at
least 20-fold above the library subpool size, prepare DNA
extraction from the liquid culture using plasmid plus maxi kit
per the manufacturer’s instructions.

9. To assess library quality, run out each plasmid on a 1% agarose
gel with ethidium bromide (see Note 2).

3.2 Viral Packaging

andTitering (SeeNote3)

Day 1

1. Filter freshly made VPM through 0.22 μm bottle-cap filter in a
tissue culture hood.
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2. Seed 750,000 HEK 293T cells into a well of a 6-well plate in
2 mL of VPM.

Day 2

3. Assemble the following transfection mixture, making sure to
add the XtremeGene 9 last:

(a) 50 μL Opti-MEM

(b) 1 μg sgRNA library

(c) 900 ng pCMV-dR8.2

(d) 100 ng pCMV-VSV-G

(e) 5 μL XtremeGene 9

4. Incubate the transfection mixture for 15 min at room temper-
ature and add dropwise to HEK 293T cells.

Day 3

5. Change media with 2 mL of VPM.

Day 4

6. Harvest viral supernatant and filter through a 0.45 μmAcrodisc
syringe filter.

7. For each well of a 6-well tissue culture-treated plate add:

(a) 5,000,000 target cells (see Note 4)

(b) 2 μL Polybrene (10 mg/mL)

(c) 125, 250, 500, and 1000 μL filtered virus in four wells
and no virus in the remaining two wells

(d) Up to 2 mL cell culture media (see Note 5)

8. Spin plate at 1200 x g for 45 min in a pre-warmed centrifuge.
After spinning, incubate cells at 37 �C overnight in a tissue
culture incubator.

Day 5

9. Remove virus-containing media from each well. Rinse with
PBS and transfer cells into a 15 cm tissue culture-treated
plate. Incubate cells at 37 �C overnight in a tissue culture
incubator. For suspension lines, pellet cells and aspirate to
remove virus-containing media.

Day 6

10. Add an appropriate dose of the selection antibiotic to five of the
six plates. Do not treat one of the two uninfected plates.

Day 9

11. Observe plates. Identify viral dose required for approximately
40% cell survival (multiplicity of infection � 0.5) as compared
to untreated, uninfected cells and discard all plates (seeNote 6).
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3.3 Screen Viral

Packaging and

Infection

Day 1

1. Based on the viral titer test, calculate the volume of virus
required to represent the entire library in the target cell line
at 1000-fold coverage (e.g., for a 40,000 sgRNA
library ¼ 40,000,000 infected cells ¼ 100,000,000 total
cells ¼ 20X test infection volume for 5,000,000 cells).

2. Scale up virus production in 10 cm plates by seeding 5,000,000
HEK 293T cells in 10 mL VPM per plate. Incubate cells at
37 �C overnight in a tissue culture incubator.

Day 2

3. Assemble the following transfection mixture, making sure to
add the XtremeGene 9 last:

(a) 250 μL Opti-MEM

(b) 5 μg sgRNA library

(c) 4.5 μg pCMV-dR8.2

(d) 500 ng pCMV-VSV-G

(e) 25 μL XtremeGene 9

4. Incubate the transfection mixture for 15 min at room temper-
ature and add dropwise to 293 T cells.

Day 3

5. Change media with 10 mL of VPM.

Day 4

6. Harvest viral supernatant from cells and filter through 0.45 μm
Acrodisc Syringe Filter.

Viral supernatants can be stored at �80 �C for long-term
storage (see Note 7).

7. Assemble a large-scale infection mixture. In each well, add:

(a) Up to 5,000,000 target cells

(b) 2 μL Polybrene (10 mg/mL)

(c) Viral dose required for approximately 40% cell survival

(d) Up to 2 mL cell culture media (see Note 8)

8. Dispense 2 mL aliquots of the mixture into 6-well plates.

9. Spin plates at 1200 x g for 45 min in a pre-warmed centrifuge.
After spinning, incubate cells at 37 �C overnight in a tissue
culture incubator.

Day 5

10. Remove virus-containing media from each well. Rinse with
PBS and transfer cells into several 15 cm tissue culture-treated
plates. Incubate cells at 37�C overnight in a tissue culture
incubator. For suspension lines, pellet cells and aspirate to
remove virus-containing media.
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Day 6

11. Add an appropriate dose of the selection antibiotic to all plates.

Day 9

12. Observe plates. If cell survival is�40% (multiplicity of infection
� 0.5), passage the infected cells into fresh media. Be sure to
maintain at least 1000-fold coverage of the library throughout
the screen. With the remaining cells, freeze 1–2 pellets for
DNA extraction (see Note 9). Each pellet should contain at
least 300-fold coverage of the library. These cells will serve as
the initial reference population. All subsequent tissue culture
work can be performed in a BL2 environment.

3.4 Screen Cell

Culture

1. Continue passaging cells at 1000-fold coverage of the library.
After the initial selection, cells should continue to be cultured
in the presence of the selection antibiotic but maintained at a
lower dose to increase the rate of cell proliferation.

For drug treatment screens, apply the drug approximately
1 week after the initial library infection to allow sufficient time
for Cas9-mediated genome editing and depletion of the tar-
geted gene product to occur.

2. After ~14 population doublings, collect final cell pellets. Each
pellet should contain at least 300-fold coverage of the library.

3.5 DNA Extraction

and sgRNA

Quantification

1. Extract genomic DNA from initial and final cell pellets using
the QIAamp DNA blood maxi kit according to the manufac-
turer’s instructions.

2. Calculate the total number of PCRs required assuming a maxi-
mum input of 3 μg of genomic DNA per reaction. At least
250-fold coverage of the library should be used as input DNA
for sgRNA amplification. A diploid human genome weighs
approximately 6.6 pg.

3. Assemble the following PCR mixture on ice and dispense into
individual tubes. For each tube:

(a) Up to 3 μg genomic DNA

(b) 2 μL of 10 μM forward PCR primer

(c) 2 μL of 10 μM sample-specific barcoded reverse PCR
primer

(d) 5 μL 10X ExTaq buffer

(e) 4 μL dNTP

(f) 0.25 μL ExTaq enzyme

(g) Up to 50 μL H2O

4. Amplify reactions in a thermocycler using the following
program:
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1 cycle 95 �C 5 min

28 cycles 95 �C 10 s
60 �C 15 s
72 �C 30 s

1 cycle 72 �C 5 min

1 cycle 4 �C HOLD

5. Pool reactions and run 5 μL out on a 1% agarose gel stained
with ethidium bromide (see Note 10).

6. Purify up to 500 μL of the pooled PCR product using QIAgen
PCR purification kit according to the manufacturer’s instruc-
tions. Elute in 50 μL.

7. Submit cleaned PCR products for high-throughput sequenc-
ing on an Illumina HiSeq. Using the suggested primers and
libraries, custom sequencing and indexing primer list in the
Materials section should be used to perform a single-end
sequencing run with a 6-base pair indexing read (seeNote 11).

3.6 Data Analysis

(See Note 12)

1. For each sample:

(a) Count the number of reads mapping to each sgRNA
barcode.

(b) Add 1 as a pseudocount to each sgRNA count.

(c) Calculate the log2 fractional abundance of each sgRNA.

2. For each sgRNA, subtract the fractional abundance in the
initial sample from the fractional abundance in the final sample
to determine the log2 fold change in abundance.

3. For each gene, calculate a score by finding the average log2 fold
change of all target sgRNAs.

4. To compare between samples, compute the difference in gene
scores to identify the differentially scoring genes.

4 Notes

1. Many libraries are provided as subpools. Each subpool should
be transformed separately and combined in stoichiometric
quantities during the transfection for viral production.

2. Cas9-containing lentiviral sgRNA libraries may be unstable and
difficult to propagate. This problem can be readily identified by
running the plasmids on an agarose gel. To minimize the
generation of recombinant plasmid species, consider trans-
forming the library using additional bacterial strains or for a
shorter duration. Always transform and propagate the library
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using early library stocks and generate lentivirus using propa-
gated plasmids.

3. A general overview of viral packaging can be found here:
https://www.addgene.org/lentiviral/packaging/

4. A kill curve should be performed for each target cell line before
beginning titering experiments. Select the lowest dose of anti-
biotic that kills all wild-type cells after 3 days for subsequent
experiments. For adherent lines, treat cells by detaching and
reseeding in the presence of the selection antibiotic.

5. As some cell lines may not tolerate spin infection and overnight
incubation at such a high cell density, adjust cell numbers as
needed. Some cell lines do not survive well after spin infection.
Do not spin infect these lines, perform the spins for a shorter
duration, or spin fewer cells per well.

6. Low viral titers are typically the result of unhealthy HEK 293T
packaging cells. Be sure to check the health of the HEK 293T
cells before and after transfection. Ethanol precipitation of the
packaging and library vectors will eliminate bacterial endo-
toxin, which strongly inhibits viral production.

7. Freezing/thawing will cause a reduction in viral titers (typically
~30–50% reduction). When freezing aliquots of virus for
screens, also store small (<2 mL) aliquots of the viral prep for
titering target cells before performing large-scale spin
infections.

8. It may be helpful to prepare an additional well of uninfected
cells to serve as a positive control for antibiotic selection.

9. It is advisable to freeze multiple pellets at each cell passage in
case of a DNA extraction failure or a bottleneck during later
passages. If there are not enough cells to save an initial pellet,
the initial plasmid DNA may also be used as a reference for
comparison.

10. Using the suggested primers and libraries, a single band at
~300 bp should be observed.

11. For positive selection screens, the complexity of the final cell
population is greatly reduced. Thus, sufficient sequencing
depth may be achieved using an Illumina MiSeq.

12. The data analysis described in this protocol uses a simple
method for calculating gene scores. A suite of more sophisti-
cated analysis techniques can also be applied [6–8].
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