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High-throughput genetic screens interfering with gene expression are invalu-
able tools to identify gene function and phenotype-to-genotype interactions.
Implementing such screens in the laboratory is challenging, and the choice
between currently available technologies based on RNAi and CRISPR/Cas9
(CRISPR-associated protein 9) is not trivial. Identifying reliable candidate hits
requires a streamlined experimental setup adjusted to the specific biological
question. Here, we provide a critical assessment of the various RNAiI/CRISPR
approaches to pooled screens and discuss their advantages and pitfalls. We
specify a set of best practices for key parameters enabling a reproducible
screen and provide a detailed overview of analysis methods and repositories
for identifying the best candidate gene hits.

Principle of High-Throughput Genetic Screening

Gene perturbation technologies such as RNAi and CRISPR/Cas9 (CRISPR-associated
protein 9; see Glossary) have evolved as powerful tools to interrogate gene functions. The
optimization of such technologies paved the way for large-scale screens, addressing
functional phenotypes in a high-throughput setting. Direct gene knockout [CRISPR knock-
out (CRISPRko)] or knockdown [RNAI, CRISPR interference (CRISPRI)] elucidates gene
function based on interference with gene expression (Box 1). Essential genes are defined by
the loss of fitness to produce a phenotype of interest or overall viability, which can be
addressed by loss-of-function screens [1]. Although, by definition, true essentiality
requires total gene inactivation, a gene knockdown or heterozygous knockout can also
reveal important functions, including when the null phenotype is lethal. Gain-of-function
screens, although primarily performed by exogenous gene overexpression [open reading
frame (ORF) screens], nowadays rely mostly on the more recent CRISPR activation
(CRISPRa) technology. RNAIi technology is mediated by siRNAs, frequently produced
from small hairpin RNA (shRNA) precursors, whereas CRISPR technologies rely on single
guide RNAs (sgRNAs) (Box 1).

Genetic pooled screens are based on the simultaneous targeting of a large number of
genes or regulatory elements in a pooled, single batch manner, under conditions of one
gene perturbation per cell. The entire cellular population is then subjected to selective
pressure, the nature of which is dictated by the underlying biological question, leading to
the enrichment or depletion of cells in response to the applied environment. High-through-
put genetic screens allow the unbiased dissection of direct phenotype-to-genotype rela-
tionships in a systematic manner and the identification of key dependencies of a cell or
organism. Genetic screens not only complement studies of rare gene variants in the human
and gene knockout studies in mice [1], but also allow the discovery of novel druggable
targets.
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Highlights

Pooled genetic screens based on
RNAi and CRISPR technologies are a
powerful approach for high-through-
put interrogation of loss- or gain-of-
function and phenotype-to-genotype
correlations.

Several CRISPR technologies are
applicable for pooled screens, allowing
for a wide range of genetic perturba-
tions and mutagenesis beyond classi-
cal RNAi-based gene knockdown.

Stringent experimental design, appro-
priate controls and careful library
selection are essential to identify valid
hits. Appropriate library representation
throughout the screening procedure is
key to avoid false positives/negatives.

Different bioinformatics pipelines can
be applied to data analysis, and their
combination may lead to increased
specificity of selected hits.
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Designing and performing a genetic screen requires detailed knowledge in molecular
biology, sequencing technology as well as biostatistics and high-throughput data analysis,
which can be challenging for non-experts. Here, we provide a comprehensive review for
pooled screens, focusing on the advantages and pitfalls of available technologies, and
highlighting crucial aspects of study design, protocol steps, and analysis. Considering
specific biological applications, we conclude with the perspectives and challenges of this
fast-developing field.

Types of Screens

Genetic screens are designed in two ways: (i) ‘plate’ (‘arrayed’; ‘single well’) format where
siRNAs, shRNAs or sgRNAs are separately introduced to cells; that is, in distinct culture wells;
or (i) ‘pooled’ or ‘barcode’ format, where a mixture of sh/sgRNAs is applied simultaneously,
resulting in the specific barcoding of individual cells. Pooled screens are generally advanta-
geous over the plate format based on lower costs, and they are less labor intensive with no
requirement for high-throughput robotics. Although initially low throughput, the plate format
(not reviewed here) can now also be applied to high-throughput imaging [2] to screen for
complex phenotypes such as cellular shape or subcellular localization. These screens may be
key to identification of genes involved in cell-cell communication and paracrine signaling, which
may not be detected in pooled formats where perturbed cells may still receive missing
molecules from surrounding unperturbed cells.

Contrary to the plate format, pooled screens require the use of a library of shRNA or sgRNA
molecules targeting multiple genes. Designing such a library and fine tuning the parameters
ensuring one genetic perturbation per cell are critical to the success of a pooled screen.
Although most screens aim at one perturbation per cell, combinatorial screens are possible
[3-8], where the functional relationship between two genes is examined; for example, in the
synthetic lethality context. Although commonly carried out in vitro, screens can also be
performed ex vivo and in vivo. Ex vivo screens are performed on primary cells or organoids
isolated from an organism [9], whereas in vivo screens involve either injection of viral particles
into animals [10,11] or transduction of cells in vitro/ex vivo before implantation [12,13].

Pooled screens rely on the physical separation of cells into subpopulations either enriched or
depleted for the phenotype of interest (Figure 1). Such a separation is based on a relevant
biological property, for example: protein expression identified by flow cytometry [14]; selection
based on gene reporter activity [15]; or physical separation based on cell activity (e.g., migration
[16]). In the case of viability screens, which aim to reveal genes involved in cell survival and
proliferation, the impact of the selective pressure is monitored over time. If required by the
experimental setup, for instance when screening for genes sensitizing cells to cytotoxic
molecules, the cells are divided into control (vehicle-treated cells) and experimental (treated
with cytotoxin) arms before applying the selective pressure.

The genes driving the phenotype of interest are identified by comparing the relative abundance
of corresponding sh/sgRNAs in both fractions. Negative and positive selection can be consid-
ered, for instance, through loss of fitness (e.g., viability or drug sensitivity, inability to invade) or
gain of fitness (e.g., drug resistance, tumorigenic potential), respectively. Generally, screen
readout is based on identification of sh/sgRNA barcodes in a pooled cell fraction. The
identification of screen hits is determined statistically by assessing the relative depletion
(‘dropout’) or enrichment of sh/sgRNAs. Alternative CRISPR-based approaches allow for
detection of hits in single cells, where the readout is based on single cell RNA-seq [17-20]
or cell-specific unique molecular identifiers (UMIs) [21].
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Glossary

Base editor: an enzyme with base-
specific deaminase activity that is
used in genome-editing systems as
fusions to CRISPR/dCas9, to induce
specific base pair substitutions (e.g.,
transitions and conversions) at a
target site to which they are recruited.
CRISPR-associated protein 9
(Cas9): an RNA-guided DNA
endonuclease that cleaves DNA to
generate DSBs in a targeted manner,
applied in combination with sgRNA
for genome editing.
CRISPR-associated protein 13
(Cas13): RNA-guided ribonuclease
that cleaves single-stranded RNA in
a targeted manner.

Functional titer: number of
infectious viral particles in a
preparation, expressed as infectious
units per ml (IFU/ml) or transducing
units per ml (TU/ml). The functional
titer (TU) is determined based on the
following formulas: (a) TU/ml for
colony formation assay = Number of
colonies/Virus volume in ml; (b) TU/ml
for flow cytometric assessment =
(Number of cells transduced x %
fluorescent cells)/Virus volume in ml.
Gain-of-function screen: type of a
functional screen involving or
resulting from the activation of gene/
noncoding element expression
intended to rescue genetic defects or
perturb cell homeostasis.

Hit: gene that is identified by the top
differentially represented sh/sgRNAs.
Indel (Insertion/deletion): short
insertion or deletion of nucleotides
introduced during the processing of
CRISPR/Cas9-induced DSBs by the
NHEJ machinery, leading to amino acid
insertions or deletions, or frameshifts
and the possible introduction of a
premature stop codon within the ORF.
Library: collection of sequences
designed to target a defined number
of genes, present in form of
oligonucleotides, plasmids, viral
particles or transduced cells. Its size
is defined as the number of sh/
sgRNAs targeting the genes/
sequences represented in the library.
Loss-of-function screen: type of
functional screen involving or resulting
from the inactivation or downregulation
of gene/noncoding element expression.
Multiplicity of infection (MOI):
ratio between the number of
functional viral particles and the
number of host cells in an infection.
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Gene Modulation and Editing Technologies for Pooled Screens

While genetic screens were originally based on RNAI technology, further developments of
CRISPR/Cas9 systems have broadened the range of applications. Although the choice of
screening technology is dictated by the underlying biological question, several technologies are
often equally applicable, making it difficult to choose (Table 1). Here, we summarize the current
technologies available for pooled screening, while highlighting their possible applications,
advantages, and pitfalls.

RNAI

RNAIi has been widely used to perform pooled screens and many results are centrally available
through data resources such as Project Achilles [22] and GenomeRNAI [23]. RNAi technology is
based on degradation of target protein-coding transcripts due to base-paring between RNA
and siRNA (Box 1). As pooled screening requires barcoding and tracking genetic perturbations,
only virus-based shRNA technologies are applied (Box 2). Although somewhat outdated, RNAI
has numerous advantages for specific applications ([24], Table 1). Since the RNAi machinery is
mostly cytoplasmic and acts on RNA, gene knockdowns are not biased by cell ploidy,
chromatin conformation, and locus accessibility. In addition, RNAi does not require co-delivery
of exogenous proteins and annotated transcriptional start sites (TSSs), in contrast to
CRISPR-based technologies. Also, shRNA screens are based on the endogenous RNAI
pathway, eliminating the need of introducing foreign sequences encoding large proteins (e.
g., endonucleases, transcriptional repressors and activators, and base editors) and clonal
selection before infection with the shRNA library. This simplifies gene engineering, which may
be particularly advantageous for difficult cellular models.

Unfortunately, RNAIi screens suffer from limited validation or overlap across studies, which have
been mainly attributed to off-target effects and differences in knockdown efficiencies. In
addition, they show limitations when the aim is to detect essential genes expressed at
moderate or low levels [25]. Furthermore, siBRNA binding can be nonspecific, leading to
repression of several transcripts, where phenotypes derived from off-target effects might
be dominant over the intended target [26]. Although efforts were made to optimize existing
libraries such as minimizing sequence-specific off-targets by a well-balanced GC content and a
low match with endogenous miRNAs and low internal complementarity, robust screens still
require a significant number of shRNAs per gene, and shRNAs harboring common miRNA seed
sequences need to be analyzed postscreen [24,27,28]. Importantly, shRNAs are produced in
lower concentrations than exogenously applied siRNAs, which limits the concentration-depen-
dent saturation of the endogenous miRNA pathway observed with synthetic siRNAs.

CRISPRko

Despite its relatively recent development, many CRISPRko-based pooled screens are
described in the literature and are accessible via the GenomeCRISPR database [29] and
project Achilles [22], for example. Pooled screens using CRISPRko take advantage of DNA
cleavage mechanisms mediated by sgRNA-guided Cas9 that are subsequently repaired by
nonhomologous end joining (NHEJ). Introduced indels can lead to a coding frameshift or
introduction of a premature stop codon (reviewed in [30], Box 1). The ease of sgRNA design
and production has led to the fast and cost-effective development of screening libraries (Box 2).
CRISPRko also circumvents inherent problems of RNAI, as the knockout efficiency is based on
a one-time editing event (Table 1). CRISPR screens are more sensitive and specific in detecting
essential genes, particularly those with moderate expression levels [25]. By directly modulating
DNA, indels can be introduced in all noncoding DNA sequences, including promoters,
enhancers [31,32], and miRNA sequences [33].
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Nickase Cas9 (nCas9): mutated
Cas9 whose cleavage activity is
restricted to one DNA strand only;
for example, Cas9 D10A mutant only
cleaves the DNA strand
complementary to sgRNA.
Nuclease-deficient Cas9 (dCas9):
Cas9 enzyme with point mutations in
the nuclease domains, leading to a
dead Cas9 that lacks DNA cleavage
activity but retains the ability to bind
target DNA based on the sgRNA
target sequence.

Protospacer adjacent motif
(PAM): 2-6 nucleotidic DNA
sequence recognized and bound by
a Cas enzyme. The target DNA of
sgRNAs should be in close proximity
to PAM to enable on-target nuclease
activity. Each Cas enzyme
recognizes a specific PAM sequence.
Regulatory element: regions of
noncoding DNA that regulate the
transcription of associated genes.
These include promoters, enhancers,
and silencers.

Single guide RNA (sgRNA): short
chimeric RNA molecule composed of
a variable portion called crRNA that
defines the target DNA and a
constant portion called
transactivating crBNA (tracrBNA) that
serves as a scaffold for the
recruitment of Cas9.

siRNA: small duplex RNA molecule
that directs gene silencing. siRNAs are
naturally generated through DICER-
mediated cleavage of longer duplex
RNA precursors. When used as a tool,
they are produced by chemical
synthesis for delivery into cells.

Small hairpin RNA (shRNA):
vector-based effector of RNAI, where
the duplex RNA molecule is linked via
a hairpin loop. shRNAs are generated
through processing of pre-shRNA
transcripts originating from an
expression vector introduced into
cells, before being associated with the
RISC complex to direct gene silencing.
RNA polymerase (RNA-Pol):
ribonucleic acid polymerase involved
in RNA transcription. RNA-Pol Il
synthesizes precursors of mRNA,
most small nuclear ribonucleic acid
RNAs, and miRNAs. RNA-Pol il
synthesizes tRNAs, rRNA 5S, and
other small RNAs.

Transcriptional start site (TSS):
nucleotide corresponding to the start
of transcription at the 5’-end of a
gene sequence.
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Box 1. Pooled Screens — Biological Principles and Technical Aspects

RNAI is a crucial cellular process that mediates the post-transcriptional silencing of target genes (Figure IA). Integration into genome and exogenous expression of
shRNAs is possible via viral particles carrying shRNA-encoding vectors (Figure |1A). shRNA sequences are transcribed and processed to siRNAs by the ribonuclease
DICER, subsequently entering the RNA-induced silencing complex (RISC) silencing machinery. RISCs expose one strand that directs formation of a specific sSIRNA/
target RNA complex and RISC-mediated cleavage of the target mRNA. CRISPR/Cas9 technology is based on exogenous expression of CRISPR components in the
eukaryotic cells. CRISPR/Cas9 involves the cooperation between a gene-specific sgRNA targeting Cas9 to the target DNA. Upon binding to the adjacent
protospacer adjacent motif (PAM), Cas9 generates DNA DSBs that trigger either error-prone DNA repair by NHEJ or error-free repair by HDR, allowing irreversible
knockout-inducing indels (CRISPRko, Figure IB) or more controlled editing at the targeted site. Newer variations of CRISPR technologies such as CRISPRI (Figure IC)
and CRISPRa (Figure ID) allow further reduction or increase of endogenous gene expression respectively without genome editing. Both are based on sgRNA-guided
localization of dCAS9 to endogenous gene promoters. dCAS9 binding to the TSS is sufficient to regulate gene expression of the downstream genes in a reversible
manner and can be combined with transcriptional repressors (e.g., KRAB) or activators (e.g., VP64), respectively. dCas9 can also be linked to epigenetic modifiers (e.
g., pP300 or DNMT3A [93]), leading to the modulation of gene expression via specific epigenetic marks. CRISPRi-mediated repression can be reversed if an inducible
dCas9 s utilized [44]. CRISPR base editing technology (Figure IE) can be applied to create point mutations or stop codons, as an alternative to CRISPRko [58]. The
technology is based on dCas9 or nCas9 fused with a base-specific deaminase (APOBEC1 cytidine deaminase [57] or the B cell-specific AID [59,60]) that inserts point
mutations. The conversion of cytidine to uridine results in U-G mismatches that can lead to nucleotide conversion following DNA replication or error-prone DNA
repair. Precise nucleotide conversions are possible (C-T, G-A) in the presence of a uracyl glycosylase inhibitor.

(A) shrnA (B) crisPRko (C) criseri (D) crispra (E) cRisPR base editing
ShRNA sgRNA + Cas9 ng,NA, + dCas9 SER_NA_* dCasS_ + sgRNA + d/nCas9 + base editor
w + transcriptional repressor transcriptional activator \
00000000000C SRNA + Cas9 .
géa Base editor
Transcription Repressor Activator SgRNA +
of ShRNA v bo ¢ Cas9 mediated SERNA + SERNA + d/nCas9
DNA cleavage dCas9 dCas9
siRNA YJ0( DICER 000
+ A d/nCas9 mediated
“ ¢ . dCas9 mediated dCas9 mediated base exchange
RISC mm DSB repair promoter inhibition promoter activation mmxxx
+ mechanisms
Indel: « Base mutation
\M\ Target mRNA « Frame shift  Stop codon
degradation St d
tatrh g « Stop codon
=» Knockdown “» Knockout =» Transcriptional repression <» Transcriptional activation =¥ Mutagenesis

Trends in Biotechnology

Figure |. Gene-Silencing Mechanisms. (A) Expression of virally-encoded shRNA leads RISC-mediated degradation of target RNA. (B) CRISPRko involves gene
editing at the DNA level, leading to small insertions/deletions (indels) causing gene knockout. Alternative outcomes (not shown) are mutation correction (when donor
DNA sequences are provided that serve as templates for DSB repair) or large deletions (using paired sgRNAs). (C) CRISPRI represses gene expression via gene
promoter blockage. This is achieved by dCas9 binding to the promoter of interest and can be further amplified by fusion of dCas9 with a transcriptional repressor. (D)
Activation of gene expression by CRISPRa is achieved via dCas9 associated with a transcriptional activator bound to the promoter sequence of interest. (E) CRISPR
base editing is possible via directing dCas9 or nCas9 together with a base editor (deaminase enzyme) to perform nucleotide conversion to a target site. Abbreviations:
Cas9, CRISPR-associated protein 9; CRISPRa, CRISPR activation; CRISPRI, CRISPR interference; CRISPRko, CRISPR knockout; dCas9, nuclease-deficient Cas9;
DSB, double-strand break; sgRNA, single guide RNA.

Although highly specific, CRISPRko suffers from a low cutting efficiency and off-target effects.
The target sequences are classically designed in the N-terminal coding exons, although
targeting functional protein domains may be preferred to ensure gene inactivation [34]. The
obtained genotypes include true knockouts with heterogeneous indels, heterozygote knock-
outs, or wild-type cells; and not all mutations introduce a frameshift or a premature termination
codon. The biallelic functional gene mutations depend on sgRNA potency [35] and are
estimated to be 30-70% [14], which leads to heterogeneity of clones with the same sgRNA
and limits the achievable depletion screen readout. This bias can be partially resolved in pooled
screens with readouts based on UMlIs, where perturbed cells receiving a unigue sgRNA
molecule can be traced with the sequence-specific barcode [21]. Although more tedious,
sequencing-based readouts can be adapted to directly detect the generated indels, rather than
sgRNA sequences [10]. The ploidy and DNA repair status of the target cells influence the
efficiency of CRISPRko, and the chromatin structure can affect the interaction of Cas9 with its
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Trends in Biotechnology

Figure 1. An Overview of a Pooled Genetic Screening Protocol. (A) Study design involves the choice of an appropriate library, controls, number of replicates and
library representation. (B) Optimization includes the determination of viral titer and cell transduction parameters. (C) Steps of a pooled screen: (1) Generation of
knockdown/knockouts by cell transduction and selection. A baseline controlis collected in the absence of any experimental selective pressure. (2) Screening process.
The transduced cell population is physically separated based on the phenotype of interest. Viability screens involve selection over time and, if needed, contain an
additional control arm without selection pressure. (3) DNA is isolated from controls, selected populations and baseline samples. (4) sh/sgRNA sequences, barcodes or
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DNA target [36]. Off-target activity remains a challenge that can only be partially controlled
[37-39]. Moreover, the induction of double-strand breaks (DSBs) induces a phenotypic
response to DNA damage stress, resulting in impaired fitness and increased toxicity. This is
particularly perceptible in amplified genomic regions, where false-positive results can occur due
to the generation of multiple DSBs [34,40]. The unspecific toxicity of CRISPRko and hetero-
geneous indels may also hamper combinatorial screens with more than one target per cell. In
these specific cases, gene knockdown strategies, such as RNAi and CRISPRi, may be more
advantageous to reduce false positive hits.

CRISPRI

Inhibition of gene transcription can be achieved by the CRISPR system with nuclease-
deficient Cas9 (dCas9) targeted to the gene promoter or other regulatory elements near
the TSS. The inhibition can be further improved by fusing dCas9 to various repressor domains
(reviewed in [30], Box 1), an approach that is commonly applied in pooled screens.

Although the rules for designing sgRNAs remain similar to CRISPRko, CRISPRI requires target
sequences close to the TSS (—50 to +300, Table 1), with sgRNAs designed based on TSSs
annotated in the FANTOM database appearing the most active [41]. CRISPRi overcomes
several drawbacks of RNAi and CRISPRko technologies. By regulating endogenous transcrip-
tion, CRISPRI (and also CRISPRa) allows the functional assessment of regulatory elements
[15,42] and nuclear-retained noncoding RNAs [43]. The latter cannot be easily targeted by
RNAI and are not always correctly perturbed by CRISPRko-introduced indels, which usually
require large indels to perturb their functions. As CRISPRi does not produce indels, the
associated off-target effects, such as indel heterogeneity or unspecific toxicity is minimized.
CRISPRI activity is highly sensitive to base pair mismatches, leading to decreased off-target
effects [44], but making it vulnerable to DNA polymorphism, for example, in regulatory regions.
CRISPRI knockdown efficiencies are better than with RNAI, although clonal variations and
variability across different sgRNAs targeting the same gene are still observed [44].

Still, CRISPRI carries several limitations. As observed for Cas9, the structure and dynamics of
chromatin can affect dCas9 binding [36], which may alter its ability to affect gene expression.
The outcome of CRISPRI may vary for genes surrounded by different cell type-specific
epigenetic modifications and/or genes differentially regulated across cell cycle phases. Thus,
cell-type specific libraries may be more precise in this case [43]. Since CRISPRI involves the
targeting of dCas9 to TSSs, CRISPRI is suboptimal for genes regulated by more than one TSS
and RNAI remains the standard for analyzing the function of gene splice variants; except if
variants are regulated by different TSSs. CRISPRI can also lead to undesired effects when the
target TSS regulates more than one transcript or in the case of bidirectional promoters, as
single sgRNA may repress more than one gene [45]. Although not common, this can be revised
during data analysis by assessing the genomic location of candidate genes.

CRISPRa

Although gain-of-function screens involving the ectopic expression of cloned ORFs have been
carried out [46], these had numerous drawbacks including library design, representation, and
cost. CRISPRa activates gene expression via dCas9 fused with transcriptional activators

target sites are amplified by PCR. (5) PCR-amplified sequences are detected by targeted sequencing. (D) Data analysis of a genetic screen: (1) selected conditions are
compared to the relevant controls. Negative selection screens identify sh/sgRNAs depleted in the population of interest, whereas positive selection screens uncover sh/
sgRNAs enriched in the phenotype of interest. (2) In the analysis pipeline, normalized counts can either be processed to score sh/sgRNAs based on individual sh/sgRNA
representation or analyzed at the integrated gene level by scoring each targeted gene. Abbreviations: FACS, fluorescence activated cell sorting; MOI, multiplicity of
infection; sgRNA, single guide RNA; shRNA, small hairpin RNA.
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Table 1. Summary of Technologies Available for Pooled Screening

Technology Principle
RNAI Genome
manipulation:
loss-of-function
CRISPRko Genome
modulation:
loss-of-function
CRISPRI Genome
manipulation:
loss-of-function
CRISPRa Genome
manipulation:
gain-of-function
CRISPR/base  Genome
editors modulation: loss/

gain-of-function

Mechanism of
action

Knockdown:
transcript
degradation or
inhibition of
translation

Knockout:
frameshift or
stop codon
(indel) in DNA
sequence

Knockdown:
inhibition of
transcriptional
initiation

Overexpression:

activation of
transcriptional
initiation

Mutagenesis:
nucleotide
change in DNA
sequence

Reversibility of
perturbation

Reversible

Irreversible

Reversible

Reversible

Irreversible

Targeting
possibilities

Protein-coding
sequences,
miRNAs,
cytoplasmic long
noncoding RNAs

Protein-coding
sequences,
noncoding
regions

Protein-coding
sequences,
noncoding
regions, long
noncoding RNAs

Protein-coding
sequences,
noncoding
regions, long
noncoding RNAs

Protein-coding
sequences,
noncoding
regions

Targeting splice

variants

Yes

Only if specific
sequence
targeted

Only if TSS
different

Only if TSS
different

Only if specific
sequence
targeted

Engineering
required

shRNA

sgRNA, Cas9

sgRNA, dCas9
+ transcriptional
repressor(s)

sgRNA, dCas9
+ transcriptional
activator(s)

sgRNA, d/
nCas9 + base
editor

On-target
efficacy

Depends on the
target sequence
and basal gene
expression level

Depends on the
sgRNA potency,
chromatin
structure, cell
ploidy and indel
specificity

Depends on the
sgRNA potency,
TSS annotation,
chromatin
structure and
basal gene
expression level

Depends on the
sgRNA potency,
TSS annotation,
chromatin
structure and
basal gene
expression level

Depends on the
sgRNA design,
enzyme
specificity,
chromatin
structure

Off-target effects

High: partial
mismatch and
repression of
additional
mRNAs,
saturation of
RNAi machinery
with high siRNA
levels

Low: additional
indels in the
genome,
increased
toxicity while
targeting multiple
sites
simultaneously

Very low:
repression of
additional genes
from a common
TSS, repression
via unspecific
dCas9 binding

Very low:
expression of
additional genes
from a common
TSS

Unprecise base
exchange on
target gene(s),
mutagenesis of
unspecific sites

Refs

[13,16,
22-24,26,69]

[22,25,29,
31-34,36,
40,68]

[15,42-45]

[15,44,47,
48,51,53,56]

[57-61]
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(reviewed in [30], Box 1). Gene transcription is induced at the endogenous locus and can
recreate splicing isoform diversity. CRISPRa can interrogate the function of protein-coding
genes, noncoding RNA genes [47,48] and gene regulatory elements [15] (Table 1). The targeted
sequences promoting efficient CRISPRa are located in the proximity of TSSs, but distinct from
those required for CRISPRi (—300 to 0).

Although initial CRISPRa systems resulted only in moderate gene activation and were not
applicable for genome-wide screening, improvements have been achieved by applying scaf-
folds of antibody epitopes recruiting VP64 copies (SunTag arrays) [44,49] or by tethering
multiple activators to dCas9 (VPR system) [50]. Settings leading to synergistic activation
[Synergistic Activation Mediator (SAM) system] through the recruitment of multiple activators
by modified sgRNAs have also been efficient in genome-wide screens [48,51]. Modified
scaffolds containing different RNA-binding motifs also allow for simultaneous CRISPRI and
CRISPRa [7]. These systems achieve robust increases in gene expression, although variability
between sgRNAs is observed [52,53]. Alternatively, genes may be activated by modifying the
epigenetic status of the DNA sequences [15,54].

The pitfalls of CRISPRa are similar to those of CRISPRi due to its dependency on TSS
annotation and DNA structure. Multiple transcripts expressed from the same TSS cannot
be controlled, and ORFs are still advantageous for interrogating specific splice variants or
mutated proteins [55]. CRISPRa may also activate intronic noncoding RNAs as an off-target
effect. Finally, efficient activation strategies require the use of separate cloning vectors in
addition to dCAs9 [56], complicating the screening protocol.

Box 2. Library Set-up

Pooled screens require libraries made of vectors that integrate into the genome and can be detected by barcoded
sequences. Duplex DNA oligonucleotides encoding each sh/sgRNA of the library are cloned into viral vectors to
generate a pooled plasmid DNA library, which is then converted into a virus library that can be used for the screen
(Figure I). Transduced cells should contain all sh/sgRNAs in the desired representation; that is, absolute number of cells
per each sh/sgRNA molecule. Libraries are typically based on lentiviral vectors applicable to dividing and nondividing
cells. Adenoviruses are particularly efficient in vivo, but they do not integrate into the genome and require detection via
sequencing of targeted sites [10,11].

RNAi and CRISPR libraries are constantly optimized to enhance sh/sgRNA efficacy and appropriate coverage, as well
as with novel plasmid packaging options and transduction methods. RNAI libraries are available as plasmids or as
ready-to-use viral particles. Plasmid-based libraries allow higher production of viral particles in house, but quality of
homemade libraries should be verified before use. Distinct vectors are available that use different types of RNA
polymerase (RNA-Pol) to drive shRNA expression. RNA-Pol lll-based vectors are typically used, though RNA-Pol II-
based vectors allow simultaneous expression of the selection cassette and the shRNA [94]. CRISPR library components
are supplied in various formats, including DNA oligonucleotides, plasmids, and viral particles. The CRISPR/Cas9 vector
in the one-plasmid system contains both the Cas9 and the sgRNA sequences. The two-plasmid system uses one
plasmid to generate Cas9-expressing cells and a second one to produce the sgRNA; both containing a selection
marker. The two-plasmid system results generally in higher sgRNA titers and allows for selection of a control Cas9-
expressing clone. dCas9 fused with repressors or activators is generally introduced as a separate plasmid. Certain
technologies, such as the CRISPRa SAM system, require additional plasmids for delivering multiple CRISPR compo-
nents. sgRNAs transcription is classically driven by RNA-Pol lll, although RNA-Pol Il versions are also available. CRISPR
screening in single cells requires combined expression of functional sgRNAs via RNA-Pol lIl and sgRNA sequence-
containing artificial MRNAs, detectable by RNA-seq, via RNA-Pol Il [17-20]. UMI-based screens imply the use of
sgRNAs combined with unique barcode sequences identifying each sgRNA molecule, which allow the discrimination of
clones arising from unique sgRNA-barcode pairs representing UMIs [21]. For multiplex screens sh/sgRNAs can be
transcribed from separate promoters or as a single transcript further cleaved for independent activities [6,8]. Inducible
and cell type-specific vectors are particularly advantageous for in vivo screens, where temporal and spatial control of sh/
sgRNA expression is required [31]. The use of Cre-dependent Cas9 transgenic mice [95] enables faster in vivo/ex vivo
screens on difficult primary cells, tissues and whole organism.
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Figure |. Library Representation in the Pooled Screen. (A) In silico designed sh/sgRNA oligonucleotides are first
synthesized and cloned in the plasmid of choice constituting the so-called plasmid library. The library should contain
sufficient and equal amounts of each sh/sgRNA sequence represented in plasmid constructs. (B) After amplification in
bacteria, plasmids are further incorporated into lentiviral particles with similar representation of sh/sgRNA sequences.
(C) Alentivirus library is applied to the cells at the onset of a screen, ensuring best conditions for creating a cell liorary with
one viral particle per cell. The desired representation needs to be maintained over the entire course of the screen,
including cell-passaging steps. Abbreviations: sgRNA, single guide RNA; shRNA, small hairpin RNA.

Second-Generation CRISPR Base Editing Systems

Systems that combine dCas9 or nickase Cas9 (nCas9) with base editors such as apolipo-
protein B mMRNA editing enzyme catalytic polypeptide 1 (APOBEC1) cytidine deaminase [57] or
B cell-specific activation-induced adenosine deaminase (AID) (reviewed in [30], Box 1), allow
the conversion of single bases at the target sites without causing DSBs, thus offering a novel
approach for interrogating the role of specific point mutations. So far, base editing appears
more efficient than homology-directed recombination (HDR)-based CRISPRko, so it should be
particularly valuable for recapitulating/identifying functional variants and oncogenic mutations
associated with drug resistance (Table 1).
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Two approaches are applied for pooled screening: (i) targeting multiple loci by saturating
mutagenesis triggered by sequence-specific sgRNAs; and (i) designing multiple sgRNAs tiled
across the same target region [57-60]. So far, dCAS9-AID fusion has been reported to
generate more diverse point mutations than dCAS9-APOBEC1, whereas nCAS9-AID appears
more suitable for generating precise single-nucleotide conversions than the panels of variations
required for screening [61]. Importantly, deaminase and sgRNA-specific off-target effects are
reported to be rare. However, these base-editing technologies are currently halted by the
limited number of options available for generating point mutations. Mutations are not intro-
duced precisely but rather within a window of several base pairs and do not occur at equal
frequencies. Also, the base editors are even bigger than Cas9, limiting the delivery options. The
use of mutant cytidine deaminase with a narrower editing window [62] or tRNA adenosine
deaminase for A to G conversion [63] may enable more precise and diverse mutation options.

Key Parameters of Experimental Design and Protocol

The choice of screen technology and the protocol details are based on not only the biological
question but also numerous technical aspects such as the properties of the cellular model, the
available technical know-how, equipment, and the time frame of the experiment. Each screen
requires a dedicated experimental design and appropriate control conditions. Detailed pro-
tocols describing RNAI [64,65] and CRISPR [56,66] screens are available elsewhere. Here, we
present a summary of the key parameters essential for a robust and reproducible experimental
set up (Figure 1), intended to serve as guide in designing a screen.

Library Design

A great variety of genome-wide and targeted libraries are available from academic centers; for
example, via Addgene repository, and from commercial providers (Box 2 and Figure 1A).
Typically, pooled libraries contain several sh/sgRNAs targeting the same gene or noncoding
regions, that is, library coverage or redundancy. The size of the library is defined by the number
of different sh/sgRNAs targeting a set number of genes/regions. Computational tools help to
design sh/sgRNAs with high on-target specificity, efficiency, and low off-target effects
(reviewed in [38,67]). To counteract the biases introduced by differences in target RNA
depletion efficiency and off-target effects, the library should include at least four independent
sh/sgRNAs per gene. Adding additional sgRNAs to the screen identified <5% more hits per
sgRNA added [68], whereas a high number of shRNAs per gene was particularly beneficial to
eliminate off-target effects [69]. Screens assessing noncoding regions target promoter func-
tional elements (e.g., transcription factor binding sites), or putative regulatory sequences of
genes of interest. For the latter, multiple sgRNAs are tiled across the corresponding genomic
sequence [70]. In some instances, the library size will be dictated by the experimental setup; for
example, low cell number of primary cultures and organoids. In vivo experiments are limited by
the amount and accessibility of endogenous cells, by the number of cells that can be implanted,
and the engraftment efficiency. In these cases, CRISPR-based technologies may be more
advantageous over RNAI, as they allow lower library coverage, thus lower starting cell number,
whilst achieving similar specificity.

Library Representation

The library representation indicates the absolute number of molecules of each sh/sgRNA
carried across all steps of the screen (Box 2). High library representation has a greater impact
on robustness of the screen than the number of biological replicates [71]. When too low,
representations introduce a high background noise, resulting in false positives due to random
variations of sh/sgRNAs present in low numbers at the onset of the screen. A high represen-
tation is key for a negative selection to avoid depletion by random chance. If small changes are
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anticipated, a 500-1000-fold representation is indispensable [56,71]. Certain screening con-
ditions, for example, tumor engraftment or differentiation protocols in organoids or primary
cells, can create a natural bottleneck leading to unspecific loss of the library representation. The
bottleneck may be desired in positive selection screens to identify the strongest phenotypes or
in UMI-based screens to select the clones identified by unique sgRNA molecules [21]. For in
vivo screens, which show higher background, a smaller pool size with higher representation
can improve the signal-to-noise ratio. Also, multiple animals can be grouped as single biological
replicates to provide a robust representation in vivo [13].

Screen Optimization

Important cell type-specific parameters need to be addressed at the onset of the screen
(Figure 1B), including the transduction efficiency (assessed by functional titer), the applicable
load of viral particles, and available methods for the removal of uninfected cells [i.e., antibiotic
resistance or fluorescence activated cell sorting (FACS)]. Optimization with nontargeting sh/
sgRNAs is recommended before embarking on the final experiment to identify variations intro-
duced by the selection procedure to be considered for the final screen. For CRISPR-based
screens, (d)Cas9 and other CRISPR components can be delivered beforehand or simultaneously
with the sgRNA library. If the cellular model enables clonal expansion of single cells, the experi-
ments may involve selection of the best (d)Cas9-expressing cell clones before introduction of the
sgRNA library, increasing viral titer and reducing the risk of high variability in (d)Cas9 expression
level and drift in (d)Cas9 expression over time. This is recommended, for example, for successful
knockouts via less potent sgRNAs [35]. (d)Cas9 expression should be monitored regularly both in
polyclonal and monoclonal populations. The polyclonal (d)Cas9-expressing population orasingle
plasmid system with simultaneous Cas9 and sgRNA expression may be more adapted for difficult
cellular systems; for example, for primary cells, where genetic or phenotypic heterogeneity cannot
be recreated from a single clone. One-plasmid systems or inducible Cas9 expression may be
advantageous for cells not tolerating long-term, constitutive Cas9 expression.

Starting Cell Number and Controls

The starting cell number depends on the library size, representation, and viral multiplicity of
infection (MOQI) (Figure 1C). The applied MOI should be low (0.1-0.3) to increase the chance of
delivering one sh/sgRNA molecule per cell. Although not possible in the classical screen
readout, cells receiving more than one sgRNA molecule can be identified in UMI-based screens
with single cell lineage tracing [21] or single cell RNA-Seq readout [17-20]. When the available
cell number is restricted, limiting the library size is recommended rather than compromising the
representation. Cells are ready for screening directly after appropriate selection. Although the
CRISPRko timeline may depend on sgRNA potency [35], a time lapse of 7 days after sgRNA
transduction was reported to give most efficient knockouts; whereas 4 days were best for
CRISPRa SAM overexpression [56]. A baseline must be collected from sh/sgRNA-positive cells
before the onset of selection (Figure 1C), which will serve as a threshold for each sh/sgRNA
representation in the initial pool during analysis. Viability screens under a particular selective
pressure should include an additional control to exclude genes essential for baseline cell
survival and growth. Likewise, naive cells (not edited by CRISPR) are needed as a control
to evaluate mutagenesis/indel events at the targeted loci. At least two or three independent
biological replicates are required for statistical power [68]. This is especially important when the
selection could lead to a genetic or phenotypic drift; for example, with genotoxic drugs.

Screening Timeline

Screen endpoints are based on the selection strategy. The separation may be performed within
hours or days; for example, when screening for biomarker-positive cells via reporter-based
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assays or flow cytometry. The population doubling time dictates the duration of the viability
screens, where a certain number of population doublings is indispensable for the required
phenotype to be observable. Thus, the timeline should allow sufficient time for selection to
occur, while minimizing random noise and drift. In most cases, 5-16 population doublings are
adequate [22,72]. If the optimal duration of the screen is difficult to predict, cells can be
collected at different times to determine the best time point experimentally, based on the signal-
to-noise ratio.

DNA Amplification

Detection of sh/sgRNA sequences or barcodes integrated into the genome relies on PCR-
based amplification of genomic DNA isolated from pooled barcoded cells. Generally, PCR
amplification is performed directly on genomic DNA, although enriching for DNA sequences
containing sh/sgRNA sequences can be envisaged by introducing specific enzymatic digestion
of DNA flanking the introduced sequence [21]. To avoid self-annealing of shRNAs, leading to
unequal recovery via PCR, shRNAs are typically detected by amplification of half of their
sequence or association with barcodes [65]. Optionally, a mutation in the shRNA loop [69] or
addition of a DNA relaxing agent prevents secondary structures [73]. The PCR format must
reflect the predetermined library representation and depends on cell ploidy and number of
collected cells [71].

DNA Detection

PCR-amplified sh/sgRNA sequences and/or barcodes are identified via targeted DNA
sequencing. Next-generation sequencing (NGS) outperforms microarrays, providing higher
flexibility, scalability, and dynamic range. Sequencing sg/shRNAs with additional barcodes
allows for a more precise detection and quantification of introduced perturbations. Classical
barcodes can be associated with sh/sgRNA sequences [4,65]; alternatively, variable barcodes
can be introduced with each sgRNA molecule to create unique UMlIs for each cell [21]. Because
NGS counts are used as a proxy for cell clone abundance, the sequencing depth must reflect
the library size and representation. Classical detection techniques are performed on bulk
populations and do not allow further molecular readouts. In contrast, the development of
artificially transcribed sgRNA-based barcodes enables detection of the introduced sgRNA in
each individual cell, with a readout based on relative abundance of sgRNA-transcribing cells,
rather than sgRNA sequencing reads [17-20]. These techniques allow simultaneous single-cell
transcriptome readouts, revealing the direct impact of each perturbation on gene expression.
Importantly, however, a robust analysis requires 50-200 single cells per sgRNA, limiting the
screening to smaller libraries. CRISPRko screens may involve sequencing of targeted regions,
enabling direct quantification of gene perturbations. Sequencing of indels can be a readout if
nonintegrating vectors are applied or in in vivo screens where no baseline control is available
[10]. Targeted sequencing represents a major readout for saturating mutagenesis screens due
to variability of resulting mutations [59,61].

Data Analysis

Data analysis aims to translate sequencing reads to the relative abundance of the correspond-
ing sh/sgRNAs to identify the most prominent hits (Box 3 and Figure 1D). The high-throughput
nature of screens introduces significant technical noise, where data analysis suffers from the
pitfalls of the underlying technique. Gene ranking based on results from all sh/sgRNA molecules
per gene/regulatory element is key to visualizing the effect of induced perturbations in the pool
context. Currently, no standard analysis pipeline exists and several bioinformatics tools are
usually applied simultaneously (Box 3). Considering the intersection of hits given by individual
tools can help to reduce false-positive hits and to narrow down the gene list for further
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Box 3. Main Analytical Tools Available for Hit Selection

The main tools available for pooled screen analysis, including the input data and prerequisite computational knowledge are summarized in Table |. Data analysis is
based on the comparison of sh/sgRNA representation between phenotype-positive and negative cells. In viability screens these represent the control and selective
arms. Data analysis requires uploading of the sh/sgRNA read counts with corresponding IDs and target gene annotation. The sh/sgRNA representation should be
curated using the baseline and sh/sgRNAs with initial low representation should be removed. The analysis steps involve quality control, read alignment and
normalization, statistical analysis of differential sh/sgRNA representation (i.e., sh/sgRNA scoring), and integration of multiple sh/sgRNAs targeting each gene (i.e.,
gene ranking). This enables target ranking and filtering to reveal the most prominent hits that qualify for further experimental validation.

The analysis of screens with single cell RNA-seq readout addresses the relative abundance of single cells per each perturbation, rather than the relative abundance of
sgRNA sequences measured by bulk sequencing [17-20]. Single cell RNA-seq further provides the transcriptomic profile in surviving cells, including a direct
validation of the target gene expression level. The analysis of pooled screens based on single cell RNA-seq [17-20] or UMI-based quantification of unique sgRNA
clones [21] allows the identification of cells with more than one perturbation introduced. Cell barcoding further helps to distinguish false-positive and negative hits by
identifying the outliers as displaying strong selection from the remaining clones undergoing mild selection.

In the case of CRISPRko, the analysis can also be based on the relative abundance of indels present at the target sites, reflecting the actual sgRNA efficiency and indel
heterogeneity. Saturating mutagenesis screens require custom scripts to identify the frequencies of mutagenesis in the targeted sequences [59,61]. For tiling
screens, sgRNAs are assigned to neighboring sequences, to identify the ‘window’ with the highest score indicative of a functional sequence [42,70]. CRISPRko
screening performed in aneuploid cells requires verification of genome locus of the hits, as multiple DSBs in amplified regions lead to unspecific toxicity [34,40].
Similarly, the genome locus identification can reveal multiple genes targeted by a single gRNA via CRISPRi/a [45].

Classical nontargeting controls and controls that target known nonessential genes or loci can be considered [96]. The latter reflect nonspecific perturbations linked to
DNA cleavage and DNA damage in CRISPRKo screens, whereas nontargeting controls give indications about the background perturbations induced by activation of
the CRISPR or RNAi machineries. Positive controls are experiment specific and can include essential genes (e.g., housekeeping genes) when screening for coding
genes or exonic sequences in the case of noncoding sequences [31].

Each tool applies different algorithms for score calculation and hit ranking. To reduce false positives and generate a stringent hit list, several analysis tools can be
combined. Novel interfaces such as CRISPRAnalyzeR [97] caRpools [98], or PInAPL-Py [99] help to perform several analyses in one workflow in a user-friendly mode.
Some packages perform downstream functional and network analyses or specific algorithms for, for example, incorporation of gene copy alterations (CERES, [100]),
single cell transcriptome readout (MIMOSCA [17]), UMI identification (CRISPR_UMI [21]), or target sequence/indel mutation verification (CRISPResso, [101]).

Table I. Summary of data analysis methods

Algorithm Complete name Internal gold Computational Input content Normalization License and Refs
standard genes  knowledge of sh/sgRNA restriction to use
required (implementation, counts
programming performed by
language) the tool

JACKS Joint Analysis of No Yes (Python/R) sh/sgRNAID, gene  Yes Massachusetts [102]
CRISPR/Cas9 ID, and their Institute of
Knock-out Screens respective raw Technology (MIT)

counts License

PBNPA Permutation Based No Yes (R) sh/sgRNAID, gene  Yes GNU General Public [103]
Non-Parametric ID, and the counts License version 3.0.

Analysis of CRISPR for 2 single-

Screen Data replicate samples
(control read
counts and
treatment read
counts)

ENCoRE Easy NGS-to-Gene No No (stand-alone  fastq files Yes GNU General Public [104]
CRISPR REsults Java program) License version 3.0.

CasTLE Cas9 high- Yes Yes (Python) sh/sgRNA ID and  Yes Redistribution and use  [75]
Throughput the counts for each in source and binary
maximum Likelihood sample, forms, with or without
Estimator non-targeting sh/ modification, are

sgRNAs list permitted provided

that some conditions
are met (https://
bitbucket.org/
dmorgens/castle)
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Table I. (continued)

Algorithm

BAGEL

ScreenBEAM

MAGeCK

HiTSelect

sgRSEA

CERES

RIGER

RSA

DESeq2/EdgeR

Complete name

Bayesian Analysis of
Gene EssentiaL ity

Screening Bayesian
Evaluation and
Analysis Method

Model-based
Analysis of Genome-
wide CRISPR/Cas9
Knockout

High Throughput
Screen
Deconvolution

single-guide RNA
Set Enrichment
Analysis

Computational
correction of copy-
number effect in
CRISPR-Cas9
essentiality screens

RNAI gene
enrichment ranking

Redundant siRNA
activity

Internal gold
standard genes
required

Yes

No

No

No

No

No

No

No

No

Computational
knowledge
(implementation,
programming
language)

Yes (Python)

Yes (R)

Yes (Python)

Not necessarily
(friendly interface
available)

Yes (R)

Yes (R)

no (GENE-E
software
module)

Not necessarily
(friendly interface
available.
Updated version
in Python, Perl or
R)

Yes (R)

Input content

gene ID, sh/sgRNA
ID, and their
respective raw
counts or log2 FC,
sh/sgRNAs
targeting essential
and non-essential
gene list (“gold
standard”)

gene ID, sh/sgRNA
ID and their
respective counts

gene ID, sh/sgRNA
ID and their
respective counts,
or fastq files

gene ID, sh/sgRNA
ID and their
respective counts

sh/sgRNAs ID,
gene ID, and raw
sgRNA read
counts under
treatment and
control condition

gene ID,
preprocessed
logFC for sgRNA,
copy number data

gene ID, sh/sgRNA
ID and their
respective
normalized counts

gene ID, sh/sgRNA
ID and their
respective
activities (FC)

gene ID, sh/sgRNA
ID, and their
respective raw
counts

Normalization
of sh/sgRNA
counts
performed by
the tool

Yes

Yes

Yes

Yes

No

No

No

No

Yes

Cell

License and
restriction to use

Creative Commons
Attribution 4.0
International Public
License

Massachusetts
Institute of
Technology (MIT)
License

Berkeley Software
Distribution (BSD)
License

GNU General Public
License

GNU General Public
License version 2.0

Berkeley Software
Distribution (BSD)
License (BSD 3-
Clause)

Free of charge by
academic and other
non-profit
researchers.
Commercial users
have to contact the
Broad Institute for
licensing terms.

The Apache License,

version 2.0

DESeq2 & EdgeR:

GNU Lesser General
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Refs

[105]

[106]

[107]

[108]

(https://

rdrr.io/

cran/
SgRSEA/)

[100]

[109]

[110]

[111,112]

Public License (LGPL)
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validation. The continuous evolution of screen technologies will require novel analysis tools,
considering complex kinetics or additional readouts.

Screen Validation

Lead candidates identified in genetic screens require experimental validation to exclude false
positives and off-target effects. This generally includes verifying several sh/sgRNAs targeting
the hit gene and validating the phenotype in multiple cellular models. Nevertheless, results may
be cell type specific and certain phenotype-to-genotype associations may not be confirmed in
another model; for example, tumor cells with different genetic backgrounds [74]. Rescreening
with a different library type can be applied, where the intersection between RNAI, CRISPRko
and/or CRISPRI screens can be considered [75]. If the initial screen is genome-wide, the
validation screen can target restricted genes with increased sh/sgRNA coverage to enhance
specificity and eliminate false positives. In such settings, novel cellular models may be useful; for
example, primary cells or in vivo conditions. Screen reversal (e.g., the validation of loss-of-
function using gain-of-function screens) may reveal opposite or complementary phenotypes
[44,46]. Finally, rescue experiments remain the gold standard to demonstrate the specificity of
sh/sgRNAs; for example, via a silencing-resistant version of the gene of interest.

Concluding Remarks and Future Perspectives

Pooled screens are labor intensive, yet, when properly designed and stringently analyzed, they
represent a powerful tool for the identification of gene function. With a certain level of specificity
inherent to each technology, RNAI, CRISPRI, and CRISPRko approaches are often comple-
mentary [75,76], although for some biological applications one approach may be preferable
over another. For example, CRISPR-based screens are considered more specific to identify
gene essentiality [34,77,78], while gene knockdown technologies, such as CRISPRi and RNA|,
may be better suited to perform synthetic lethality and epistasis experiments. It remains to be
seen to what extent the different outcomes of gene knockdown versus knockout screens relate
to technical artefacts or true biological effects [25] (see Outstanding Questions). Indeed, the full
inhibition of many molecular pathways by simultaneous indels is likely to be lethal. Knockdown
technologies can also be better adapted to genes that do not tolerate a complete knockout and
genes showing varying phenotypes at different expression levels. Combining data curation and
comprehensive meta-analysis of screens based on different technologies will strengthen the
reliability of the data and further our understanding of genes essential in multiple biological
processes [22,23,29,79-81]. Also, the comparison of pooled screens with human population
analysis based on gene variants and mouse knockout studies will be crucial to reveal gene
essentiality under a panel of key in vivo conditions. So far, the essential genes identified in
population studies correlate to the most severe in vitro phenotypes uncovered by CRISPRko
screens [1].

The continuous refinement of technologies will certainly bring novel, more-efficient, and specific
screening strategies. Investigating efficacy and off-target effects of individual sh/sgRNAs wiill
also improve libraries and analysis pipelines [24,82,83]. Although a challenge in the genome-
wide context, adapting the readout to the mutagenesis status induced by CRISPRko and base
editing may further increase screen specificity and open the technology to more efficient
nonviral delivery systems. Single cell barcode-based approaches help to decrease the noise
arising from variable indels introduced by the same sgRNAs [21], yet, so far, they cannot directly
assess the indel sequences. Although CRISPRko screens mainly rely on NHEJ-based muta-
tions, novel HDR-based approaches open new possibilities for precise pooled screening
[84,85]. Nevertheless, the low efficacy of HDR remains an important challenge. The
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Outstanding Questions

Are the differences in outcome of
knockout versus knockdown screens
related to technical limitations or based
on biological effects of differential gene
expression level?

Can more precise editing mechanisms
and enhanced readouts of the editing
outcomes increase the specificity of
pooled screen analysis?

How can pooled screens further evolve
towards multiplexing for improved
functional molecular and cellular read-
outs, while retaining a practical library
size and regular experimental flow?



development of more accurate Cas9 and related editing tools will extend the screening
applications [57,86]. In particular, screens based on CRISPR-associated protein 13
(Cas13) could allow direct targeting and editing of cytoplasmic and nuclear RNAs [87,88],
which may have higher specificity and less off-target effects than RNAI.

Where individual gene perturbations may not reveal complex phenotypes, multiplexing tech-
nologies should facilitate the interrogation of the functional relationships between genes; for
example, in synthetic lethality interactions and drug-target combinations. Although pairwise
combinations have been reported [3-8], they require elaborate preparation of large paired
libraries and increase the risk of toxicity and indel heterogeneity. Because Cpf1 (Cas12a)
supports multiplex gene regulation [89], it could potentially be applied in a screen context
following CRISPR RNA (crRNA) sequence optimization and development of new specific
libraries. Alternatively, dual Cas9 systems allow multiplex editing not only for screening syn-
thetic lethality interactions, but also for simultaneous repression and activation of different
genes [90-92]. These could in principle be combined with any other CRISPR-based technol-
ogy. Another promising development may arise from multiplexing pooled screens with various
molecular readouts, such as transcriptome responses [17-20], opening exciting opportunities
for the functional evaluation of perturbed cells.
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