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High-throughput screening of a CRISPR/Cas9
library for functional genomics in human cells

Yuexin Zhou'*, Shiyou Zhu'*, Changzu Cai'*, Pengfei Yuan', Chunmei Li?, Yanyi Huang® & Wensheng Wei'

Targeted genome editing technologies are powerful tools for study-
ing biology and disease, and have a broad range of research applications'”.
In contrast to the rapid development of toolkits to manipulate indi-
vidual genes, large-scale screening methods based on the complete
loss of gene expression are only now beginning to be developed®’.
Here we report the development of a focused CRISPR/Cas-based
(clustered regularly interspaced short palindromic repeats/CRISPR-
associated) lentiviral library in human cells and a method of gene
identification based on functional screening and high-throughput
sequencing analysis. Using knockout library screens, we successfully
identified the host genes essential for the intoxication of cells by
anthrax and diphtheria toxins, which were confirmed by functional
validation. The broad application of this powerful genetic screen-
ing strategy will not only facilitate the rapid identification of genes
important for bacterial toxicity but will also enable the discovery of
genes that participate in other biological processes.

Recent progress in genomic editing, such as ZFN (zinc finger nuclease)' >,
TALENSs (transcription activator-like effector nucleases)®” and the
CRISPR/Cas system®’, has markedly changed the way that researchers
study genes and their functions in mammalian systems. The CRISPR/
Cas system was originally found to provide bacteria and archaea with
adaptive immunity against viruses and plasmids'. By means of the
type II CRISPR system, the Cas9 nuclease can be directed by a chimae-
ric single guide RNA (sgRNA) via Watson-Crick base pairing'' to the
desired genomic loci followed by an NGG protospacer-adjacent motif
(PAM) to create double-stranded DNA breaks (DSBs)®”. Taking advan-
tage of this effective gene-editing technology with easy programmabi-
lity, we developed a focused sgRINA library that enables gene identification
from function-based genetic screening.

The CRISPR/Cas system requires both the gene-specific sgRNA and
an identical nuclease Cas9 to achieve DSBs at the targeted locus®”.
We developed cell lines with a constant expression of Cas9 with OCT1
(Fig. 1a and Supplementary Fig. 1), as it has been reported that over-
expression of OCT1 would further boost the sgRNA expression through
enhanced U6 promoter activity'>. We used the Golden Gate cloning
method" to construct the sgRNA on the lentiviral backbone (Fig. 1b
and Supplementary Fig. 1). To verify whether the expression of sgRNA
through lentiviral delivery is sufficient to guide Cas9 to the targeted loci
to generate DSBs, we arbitrarily selected the CSPG4 gene for targeting
and conducted the T7E1 digestion assay as previously described'. CSPG4-
specific sgRNA was found to induce insertions and deletions (indels)
through viral infection in all three lines constantly expressing Cas9 and
OCT1 (that is, HEK293T o, HT10800c and HeLagc, where OC indi-
cates OCT1 and Cas9). However, the pooled HeLagc cells showed
lower efficiency in creating indels than the pooled HEK293T ¢ and
HT10800c cells at day 5 after infection, whereas one isolated single
clone of HeLap, designated as HeLapc-SC, showed the highest level
of efficiency (Fig. 1c). This difference in indel efficiency is unlikely to
be due to the variable levels of Cas9 expression (Extended Data Fig. 1),
and prolonged culturing enabled HeLagc at day 8 to reach similar

cleavage efficiency as HEK293T o and HT10800c at day 5 (Fig. 1¢),
although still significantly lower than HeLaoc-SC. It is therefore crit-
ical to isolate a single clone with high DSB mis-rejoining activity, at
least for certain cell types. The beneficial role of exogenous expression
of OCT1 requires further investigation.

We next examined the off-target activity of virally delivered sgRNA
in HeLapc-SC. Three representative sgRNAs targeting three genes
(ANTXRI1, HBEGF and CSPG4) were chosen for this analysis. The
top five off-target sites were selected for each sgRNA, and the T7E1
assays indicated that there were no off-target cleavages except for one
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Figure 1 | Lentiviral-delivered sgRNA creates indels with high efficiency in
human cells stably expressing Cas9 and OCT]1. a, Structure of the lentiviral
plasmid expressing 2A-linked OCT1 and Cas9. An IRES-linked blasticidin-
resistant gene was fused with the cas9 gene to facilitate the selection of cell
clones with high-level expression of Cas9 and OCT1. The pLenti-CMV-BSD
vector was used for plasmid construction. nt, nucleotides; LTR, long terminal
repeat. b, Schematic diagram of the sgRNA expression construct in a lentiviral
backbone. U6 promoter-driven ccdB and sgRNA scaffold were cloned into the
LL3.7 lentiviral vector. Annealed oligonucleotide pairs encoding customized
sgRNA were ligated into the lentiviral backbone using the Golden Gate method.
¢, Indels induced by lentivirus-delivered sgRNA (5'-TTGGCCAGACTTG
CATCCG-3') targeting the CSPG4 gene (CSPG4-specific sgRNA3) in the
indicated cells were assayed by T7E1 digestion. All cells were incubated for 5 or
8 days after infection before assay as indicated. Primers used for the PCR
reactions are listed in Supplementary Table 5, and the percentage of cleaved
band was measured using the ImageJ program (http://rsbweb.nih.gov/ij/) for
this and other figures.
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case, in which the off-target site of sgRNA targeting HBEGF has exactly
the same sequence for the last 15 base pairs immediately upstream of
PAM (Supplementary Table 1). All of the off-target sites tested were
located in the non-coding regions, and therefore unlikely to alter gene
function.

To establish our methodology, we created a library targeting 291
human genes that fit our specific research interests. Assisted by a rule’-
based algorithm, we designed three kinds of sgRNAs targeting each
gene for a majority of the 291 genes (Supplementary Table 2). The
single clone HeLapc-SC was chosen to produce the library because this
particular line generated the highest level of indels (Fig. 1c). The lib-
rary, designated as HeLa/sgRNA"™™, was created in such a way that
the coverage of sgRNAs is approximately 1,000-fold with a virus MOI
(multiplicity of infection) of 0.05. We then applied this library to a
functional screening process using two bacterial toxins: diphtheria and
chimaeric anthrax (PA/LFnDTA, protective antigen (PA)/N-terminal
domain of lethal factor (LF) fused to the catalytic subunit of diphtheria
toxin) toxins. Figure 2 displays a schematic of the library construction
and functional screening. After three rounds of toxin treatment, the
surviving cells were collected, most of which exhibited green fluores-
cence (Extended Data Fig. 2), indicating the active presence of sgRNA-
containing cartridges that carry CMV promoter-driven EGFP (Fig. 1b).
The genomic DNA of the pooled surviving cells from the library, as
well as the original library of cells before the toxin treatment, was
extracted and used for PCR amplification of the sgRNA-coding regions,
before being subjected to deep-sequencing analysis (Fig. 2). These
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Figure 2 | Schematic of sgRNA library construction and functional
screening. sgRNAs were delivered into HeLagc-SC cells by lentiviral infection
with a MOI of 0.05. Library cells stably expressing sgRNAs were obtained by
FACS for green fluorescence 2 days after infection. Library screening was
conducted by three rounds of toxin treatment, followed by PCR amplification
of the sgRNA-coding sequence integrated into the chromosomes. Primers used
for the PCR reaction are listed in Supplementary Table 5. Purified PCR product
was subjected to high-throughput sequencing analysis with Illumina

HiSeq 2500.
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sgRNA-coding regions can be amplified rather specifically without
interference from the host chromosomal DNA (Extended Data Fig. 3).

High-throughput sequencing analysis revealed a total 0of 863 (99.3%)
sgRNA sequences from the control library that was designed to contain
869 kinds of sgRNA targeting a total of 291 genes (Supplementary
Table 2). The read counts for most of the sgRNA coding sequences were
consistent among three repeats (Supplementary Table 3 and Extended
Data Fig. 4a) and after prolonged culturing (Extended Data Fig. 4b).
After three rounds of toxin treatment, however, the composition and
the read count of the sgRNAs showed distinct differences between the
two different screens. We organized all the log,-fold changes of the
normalized counts into two heat maps, ranked according to their
enrichment level from either PA/LFnDTA or diphtheria toxin selec-
tion. Samples of the top hits in each screening were also shown with
their gene names and sgRNA numbers. Most of the sgRNAs were
depleted in both cases, as expected (Fig. 3a). Using the analytical tool
DESeq2 (ref. 15), we selected 21 sgRNAs targeting 19 genes from PA/
LFnDTA screening and 15 sgRNAs targeting 15 genes from diphtheria
toxin screening as potential candidates for future studies (Figs 3b, ¢
and Supplementary Table 4). Notably, all three sgRNAs targeting the
same known anthrax toxin receptor gene ANTXRI (also called TEMS)
(ref. 16) were enriched and ranked at the top from the screening of PA/
LFnDTA (Fig. 3b), and one of the two sgRNAs targeting the diphtheria
toxin receptor gene HBEGF (ref. 17) ranked at the top from the screen-
ing of the diphtheria toxin (Fig. 3c).

Notably, the three ANTXRI-targeting sgRNAs varied in their effi-
cacy of inducing gene interruption, as shown by the rates of indels
determined by a T7E1 digestion assay. The two most strongly enriched
sgRNAs (sgRNA1 and sgRNA3) showed a much higher efficiency in
causing indels at the targeted locus of the ANTXR1 gene (Fig. 3d). Con-
sistently, the two sgRNAs targeting HBEGF also had a distinct effi-
ciency in inducing indels (Fig. 3e), with HBEGF sgRNA3, with a much
higher level of efficiency, being enriched and ranked at the top of the
diphtheria toxin screening results (Fig. 3a), whereas the other sgRNA
targeting HBEGF ranked at number 35 (Supplementary Table 4).

To validate the functions of candidate genes identified from the
library screening, we generated individual gene knockouts in HeLa
cells for ANTXRI and HBEGF. The ANTXRI knockout in HeLa cells
was created by either the TALEN technique'® or CRISPR/Cas9 system
(Extended Data Fig. 5a,b). We tested all three mutant clones (one created
by TALENs and the other two created by CRISPR/Cas9) for their
susceptibility to the two toxins using both XTT (2,3-bis-(2-methoxy-
4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) cell V1ab111ty
and LDH (lactate dehydrogenase) cell death assays. The HeLa ANTXRI ™~/
became totally resistant to PA-mediated toxicity, while remaining sus-
ceptible to the d1phther1a toxin (Fig. 4a and Extended Data Fig. 5¢, d).
Similarly, HeLa HBEGF '~ was completely resistant to diphtheria toxin,
but not to PA/LFnDTA for two independent clones created through
the CRISPR/Cas9 system (Fig. 4b and Extended Data Fig. 6). The iden-
tification and confirmation of these two known toxin receptors demon-
strates the high level of efficiency and reliability of the CRISPR/Cas9
library in functional screening.

To determine whether our screening revealed novel genes involved
in the two toxins’ intoxication mechanisms, we picked candidate genes
from the top of sgRNA enrichment lists (Fig. 3b, c) for further valid-
ation. Because only one sgRNA was positively selected for most of the
candidates, we designed additional sgRNAs (Supplementary Table 6)
and examined their capacity to produce a toxin-resistance phenotype.
Four genes (PLXNA1I, FZD10, PECR and CD81) were confirmed to be
potential functional candidates specifically involved in PA-mediated
anthrax toxicity because at least two different sgRNAs for each can-
didate produced a toxin-resistance phenotype (Fig. 4c and Extended
Data Fig. 7). As there was only one CFTR-targeting sgRNA conferring
resistance, further analysis was required to rule out the possibility that
this is not due to an off-target effect. Similarly, the involvement of
RAB2A in diphtheria toxin toxicity was supported by the effect of
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multiple RAB2A-targeting sgRNAs in HeLaoc-SC cells (Extended
Data Fig. 8).

To assess further the candidate genes isolated from our library
screening and the above validation procedure, we chose the PECR gene
for further extensive study. PECR gene knockouts were isolated through
the CRISPR/Cas9 system using two different sgRNAs, and the complete
disruption of PECR was confirmed by Sanger sequencing (Extended
Data Fig. 9a, b). The complete loss of PECR in both independently
acquired clones conferred on HeLa cells increased levels of resistance
to PA/LFnDTA, but not to diphtheria toxin (Fig. 4d and Extended Data
Fig. 9¢c). PECR-specific short hairpin RNAs (shRNAs) also generated a
resistant phenotype in HeLa cells to PA-mediated killing (Extended
Data Fig. 9d), further demonstrating the positive role of PECR in
anthrax toxicity.

In addition to ANTXRI, we also designed three sgRNAs targeting
the other anthrax toxin receptor gene, ANTXR2 (ref. 19). Only two
sgRNAs (sgRNA2 and sgRNA3) were retained in the library. Although
sgRNA2NT¥R2 induced indels at an efficiency of 21.3% by T7E1 assay,
neither sgRNA generated knockout cells that survived the PA/LFnDTA
toxin treatment (Supplementary Tables 3 and 4). Using two pairs of
ANTXRI- and ANTXR2-targeting TALENS construct'®, we introduced
each pair of plasmids into HeLa and HEK293T cells. From randomly
picked clones harbouring either of the two pairs of TALENSs constructs,
toxin-resistant clones were identified only from the HeLa TALENs*N"*R!
(19 0of 50) and the HEK293T TALENs*N"*R2 (5 5£32), but not from the
HeLa TALENs*N®2 (0 of 50) or the HEK293T TALENs*N™XR! (0 of
32) cells (Extended Data Fig. 10a), suggesting that these two receptors

sgRNAs and targeted genes

Indels (%) 3.2 19.5

have different roles in these two cell types. Reverse transcription PCR
analysis revealed that the basal expression of ANTXR2 transcripts
was barely detectable in HeLa cells (Extended Data Fig. 10b). This
explained why ANTXRI, but not ANTXR2, has such a dominant role
in HeLa cells. As a more potent receptor®’, ANTXR2 instead of ANTXR1
has a more significant role when the expression of both genes was com-
parable in HEK293T cells (Extended Data Fig. 10).

Although arrayed and pooled screens using RNA interference
(RNAI) libraries have already been developed and are widely used for
systematic genetic studies in mammalian cells, they do have certain
limitations—in particular, the RNAi-based downregulation of a par-
ticular gene is not always sufficient to cause the phenotypic change of
interest®'. Therefore, methods based on gene knockout screening are
highly desirable. Here, we established an effective method for the con-
struction of a pooled gene-knockout library and demonstrated that this
CRISPR-based strategy can be seamlessly implemented in functional
genomics when combined with deep-sequencing analysis. The broad
application of this scalable genetic tool may further augment the power
of the CRISPR/Cas system in studying gene functions in a high-
throughput fashion.

While our manuscript was under revision, two parallel studies®’
reported a similar lentiviral-based pooled screening using the CRISPR/
Cas9 system, both of which developed large libraries covering over
18,000 (ref. 9) and 7,000 (ref. 8) genes. The genome-scale screening
of the CRISPR/Cas9 library is valuable; however, it might be technically
challenging to manage the library. Our approach presents an alterna-
tive way—that is, via a focused library—to conduct functional genomics,
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Figure 4 | Genetic validation of candidate genes. a, b, d, Effects of ANTXRI
(a), HBEGF (b) and PECR (d) deficiency on PA/LFnDTA- and diphtheria-
toxin-triggered cytotoxicity in HeLa cells. The cells were treated with different
doses of toxins, and the XTT cell viability assay and LDH lethality assay were
performed 48 h after toxin treatment. Data are presented as the mean * s.d.
(n = 3). ¢, Relative cell viability for HeLapc-SC cells transfected with indicated
sgRNA constructs. Four days after transfection, cells were incubated with

and is particularly advantageous for knowledge-based screening. The
other difference is that ref. 9 chose to combine Cas9 and sgRNA expres-
sion into a single vector, as it is time-consuming to generate the cell
lines that express Cas9. However, we found that individual clones
harbouring Cas9 varied in their efficiency to generate sgRNA-mediated
indels. It is therefore important to select the best single clone for library
construction for certain cell types. In addition, the universal background
of Cas9 derived from a single clone is beneficial for the accurate assess-
ment of sgRNA contribution manifested by the final counts from the
deep-sequencing analysis.

METHODS SUMMARY

The lentiviral plasmid expressing OCT1 and Cas9 was constructed using Gibson’s
method”* in pLenti-CMV-BSD, and the lentiviral backbone used for the sgRNA
library cloning was constructed in the pLL3.7 vector (Addgene, Inc.). The oligo-
nucleotides used for the sgRNA library construction were individually designed
(Supplementary Table 2) and synthesized (Ruibiotech, Inc.). HeLagc-SC cells
infected by the library viruses were sorted by FACS (MOFLO, Cytomation) based
on the presence of EGFP. The library cells were screened by three rounds of
toxin treatment: PA (70 ngml ™) plus LEnDTA (50 ng ml ™~ '); and diphtheria toxin
(7.5ngml ™). Three replicates were arranged for each toxin screening. The geno-
mic DNA of each replicate as well as the original library was isolated using the
DNeasy Blood and Tissue kit (Qiagen). sgRNA-coding regions integrated into the
chromosomes were PCR-amplified (TransTaq DNA Polymerase High Fidelity,
TransGen) through 26 cycles of reaction with primers annealed to the flanking
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PA (70ngml™ D) plus LFnDTA (50 ng ml ') for 48 h. Images of toxin-treated
and untreated cells were taken (Extended Data Fig. 7) for cell number survey by
Image] program. The cell viability was calculated as the percentage of surviving
cells after toxin treatment. The data are the mean * s.d. (n = 6); **P < 0.01;
**%¥P < 0.001; NS, not significant; Dunnett’s multiple comparison test,
one-way ANOVA.

sequences of the sgRNAs (Supplementary Table 5) before being subjected to high-
throughput sequencing analysis (Illumina HiSeq 2500).

PA and LFnDTA, a surrogate of LF consisting of the amino-terminal domain of
LF fused to the catalytic subunit of diphtheria toxin, were produced by using plasmid
pET-22b-PA and pET-15b-LFnDTA (Addgene plasmid 11079 and 11075), respect-
ively. The diphtheria toxin was purchased from List Biological Laboratories, Inc.
Cytotoxicity assays were performed as described* with XTT (Roche) according to
the product manual. LDH staining and detection were performed as described in
the product instruction (CytTox96, Promega).

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS
Cells and reagents. HT1080, HeLa and HEK293T cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) supplemented with
10% fetal bovine serum (FBS, Invitrogen) with 5% CO, in 37 °C.
Plasmid construction. The lentiviral sgRNA vector (pLenti-sgRNA-Lib) was
constructed by substituting its original U6 promoter in pLL3.7 (Addgene, Inc.)
for the human U6 promoter, ccdB cassette and sgRNA scaffold. The gene OCT1
was PCR-amplified from a human cDNA library (Abclonal, Inc.) and fused with a
2A-linked” humanized Cas9 gene®, followed by an IRES (pIRES, Invitrogen)-
linked blasticidin-resistance gene. The construction of this plasmid (pLenti-
OC-IRES-BSD) was accomplished using Gibson’s method™>, and was verified by
sequencing analysis. Details regarding these two constructs are given in Supplemen-
tary Fig. 1.
Construction of the CRISPR/Cas9 sgRNA library. We created a library target-
ing 291 human genes based on our previous shRNAmir library screening results
(our own unpublished data). We have subjectively added additional genes based
on previous knowledge and our research interests. We preferentially selected genes
encoding cell surface proteins, and those important for endocytosis, trafficking and
cell death. The oligonucleotides for each sgRNA-coding sequence for the library
were individually designed (Supplementary Table 2) and synthesized (Ruibiotech,
Inc.). Paired oligonucleotides were mixed in 96-well plates to the final concentra-
tion of 9 pM in 50 pl of TransTaq HiFi Buffer II (1X) for annealing. These annealed
oligonucleotide pairs were then mixed, phosphorylated and ligated into the lenti-
viral sgRNA vector using the Golden Gate method. The ligation mixture was trans-
formed into Trans1-T1 competent cells (Transgen) to obtain the library plasmids.
Lentiviruses of the sgRNA library were obtained by co-transfection of library
plasmids with two viral packaging plasmids psPAX2 and pMD2.G (from Didier
Trono of EPFL) into HEK293T using the polyethylenimine (PEI) method. HeLa
(OCT1-Cas9) cells were infected by the library viruses, followed by FACS (MOFLO,
Cytomation) for EGFP-positive cells, 48 h after infection. The viral titre used was
0.05, and the total cell number for viral infection was 4 X 10
CRISPR/Cas9 sgRNA library screening. A total of 3 X 10” sgRNA library cells
were plated onto 100-mm Petri dishes at 1 X 10° cells per plate. After 24 h, the cells
were treated by toxins at an appropriate concentration: PA (70ngml™") plus
LFnDTA (50ng ml™ ; and diphtheria toxin (7.5 ng ml ™). For each toxin screen-
ing, five plates of cells were grouped together as one replicate, and three replicates
were arranged for each toxin screen. For each round of screening, the library cells
were incubated with the appropriate toxins for 2 days before being changed to
fresh DMEM. The surviving cells were re-seeded for growth and subjected to another
round of toxin screening. After three rounds of toxin treatment, the resistant clones
and the original untreated library cells were collected separately for genomic DNA
extraction, followed by PCR amplification of the sgRNA-coding region and deep-
sequencing analysis.

Identification of candidate sgRNA sequences. The genomic DNA of six repli-
cates was isolated from 5 X 10° cells using the DNeasy Blood and Tissue kit (Qiagen).
sgRNA-coding regions integrated into the chromosomes were PCR-amplified
(TransTaq DNA Polymerase High Fidelity, TransGen) with 26 cycles of reaction
using primers annealed to the flanking sequences of the sgRNAs (Supplementary
Table 4). In this work, 0.5 pg genomic DNA was used in each 50-pl PCR reaction,
16 PCR reactions were performed for each replicate, and different replicates were
indexed with different barcodes. The PCR products (16 tubes) of each replicate
were pooled and purified with DNA Clean & Concentrator-5 (Zymo Research
Corporation), followed by high-throughput sequencing analysis (Illumina HiSeq
2500).

Statistical analysis. The R software package from Bioconductor, DESeq2, was
used to perform a statistical analysis of the sequencing data. The enrichment of sgRNA
was ranked by the average fold change of normalized counts: reads™®/reads“".
The adjusted P value was calculated to evaluate the data quality. The criterion for
the selection of candidate sgRNAs and their targeted genes is an adjusted P < 0.05
for which the fold changes are greater than that of the negative control plus its
standard deviation (mean + s.d.). sgRNAs targeting ANTXRI and HBEGF were
chosen to serve as negative controls for the diphtheria toxin and PA/LFnDTA screen-
ing, respectively.

Cytotoxicity assay. PA and LFnDTA, a surrogate of LF consisting of the N-
terminal domain of LF fused to the catalytic subunit of diphtheria toxin, were
produced using plasmid pET-22b-PA and pET-15b-LFnDTA (Addgene plasmid
11079 and 11075), respectively. Diphtheria toxin was purchased from List Bio-
logical Laboratories, Inc. Cytotoxicity assays were performed as described** with
XTT (Roche) according to the product manual. LDH staining and detection were
performed as described in the product instruction (CytTox96, Promega). The
death signal represented by the amount of LDH release was normalized to the
wells based on the maximum LDH activity of the total lysed cells. Each data point
and related error bar shown in the figures for the XTT or LDH assays represent the
average results from three replicates.

Real-time PCR. RNA of cultured cells was extracted using EasyPure RNA kit
(Transgen, ER101-01), and the cDNAs were synthesized using PrimeScript 1st
Strand cDNA Synthesis kit (TAKARA, 6110A). Real-time PCR was performed
with Platinum SYBR green qPCR SuperMix-UDG (Life Technologies, C11733-
038) on Stratagene Mx3005P qPCR system. Two pairs of primers were designed to
examine the expression level of each gene. B-actin and GAPDH transcript levels
were measured as internal controls.

25.  Kim, J. H. et al. High cleavage efficiency of a 2A peptide derived from porcine
teschovirus-1 in human cell lines, zebrafish and mice. PLoS ONE 6, 18556
(2011).

26. Chang, N.etal. Genome editing with RNA-guided Cas9 nuclease in Zebrafish
embryos. Cell Res. 23, 465-472 (2013).
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