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Abstract

RNA-guided CRISPR (clustered regularly interspaced short palindromic repeat)-associated Cas proteins
have recently emerged as versatile tools to investigate and engineer the genome. The programmability of
CRISPR–Cas has proven especially useful for probing genomic function in high-throughput. Facile single-guide
RNA library synthesis allows CRISPR–Cas screening to rapidly investigate the functional consequences of
genomic, transcriptomic, and epigenomic perturbations. Furthermore, by combining CRISPR–Cas perturbations
with downstream single-cell analyses (flow cytometry, expression profiling, etc.), forward screens can generate
robust data sets linking genotypes to complex cellular phenotypes. In the following review, we highlight recent
advances in CRISPR–Cas genomic screening while outlining protocols and pitfalls associated with screen
implementation. Finally, we describe current challenges limiting the utility of CRISPR–Cas screening as well as
future research needed to resolve these impediments. As CRISPR–Cas technologies develop, so too will their
clinical applications. Looking ahead, patient centric functional screening in primary cells will likely play a greater
role in disease management and therapeutic development.

© 2018 Elsevier Ltd. All rights reserved.
Introduction

Anongoing challenge in biology is comprehensively
mapping genotype–phenotype relationships.With this
objective in mind, functional genomics makes use of
data fromall levels of biology (genome, transcriptome,
epigenome, proteome, metabolome, etc.) to better
define genetic and protein functions and interactions.
In this way, researching functional genomics is
essential for better understanding the human genome
and its intricate interactions in healthy, as well as
pathophysiologic states. Characterizing the functional
consequences of genomic variation is crucial formany
aspects of biomedical research including cancer
screening methodologies, drug–drug interactions,
drug sensitivity and resistance, gene therapy, regen-
erative medicine applications, infectious disease, and
general understanding of human physiology. (See
Fig. 1.)
It has become increasingly clear that the volume

and complexity of genomic information necessitates
r Ltd. All rights reserved.
rapid screening methodologies. Utilizing large-scale
and high-throughput assays, researchers can more
quicklymap the function of amultitude of genes and/or
proteins in parallel. To this end, clustered regularly
interspaced short palindromic repeats (CRISPR) and
CRISPR-associated (Cas) proteins have been utilized
to help interrogate and realize functional outputs
based on targeted editing strategies. CRISPR–Cas
systems are powerful tools for targeted genome
editing that have dramatically impacted genomic
research and screens since their first mammalian
applications in 2013 [1, 2]. This technology has
revolutionized the field with its ease, speed, and
targeting versatility, allowing for facile genetic pertur-
bations and resulting functional output analysis in a
multiplexed fashion. It has allowed for a large number
of high-throughput functional genomic screens to be
performed which have, in turn, identified key genes
involved in a broad range of human health and
disease including cancers, infections, immune regu-
lators and responses, and metabolic diseases [3].
J Mol Biol (2019) 431, 48–65



Fig. 1. Functional Genomics and CRISPR–Cas. (a) The goal of functional genomics is to better understand how the
genome informs diverse biological phenotypes. To this end, functional genomics makes use of mass data sets spanning
the genome, the transcriptome, and the proteome. The declining cost of massively parallel sequencing platforms has
made genome-wide functional screens broadly achievable and economically viable for academic labs of all sizes. (b)
CRISPR–Cas9 has made multiplexed functional screening with single-cell resolution more robust than ever before. The
ease of sgRNA design has led to accelerated functional mapping of the genome with extensive consequences for
medicine and biotechnology. Because sgRNA targeting almost any region of the genome can be designed in silico,
CRISPR–Cas screens can be rapidly designed and executed. Functional screens using Cas9 have been used for a wide
variety of applications, such as identifying novel cancer therapeutics and vulnerabilities, quantifying genetic interactions,
and exploring the function of the non-coding genome.
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CRISPR–Cas Toolsets

CRISPR–Cas systems are divided into different
classes, types, and subtypes. Class 1 utilizes multi-
protein effector complexes, and class 2 utilizes
single-protein effectors. Class 1 includes types I, III,
and IV. Class 2 includes types II, V, and VI. There
are a further 19 subtypes and this will likely continue
to expand as new CRISPR–Cas systems are
identified [4, 5].
The most common Cas protein used in functional

screening is a type II single-protein effector derived
fromStreptococcus pyogenes (SpCas9). The SpCas9
uses a guide RNA to assist in effectively cleaving the
target gene. Once Cas9 successfully finds a target
sequence with proper pairing of the complement
guide RNA and an appropriate protospacer adjacent
motif (PAM), the endonuclease will cleave the
phosphodiester bonds upstream of the PAM forming
a double-strand break [6]. When the double-strand
break occurs, non-homologous end joining (NHEJ) or
homology-directed repair (HDR) will attempt to repair
the damage. NHEJ often results in a small insertion–
deletionmutation (indel). If targeted to a gene, thismay
result in a knockout due to generation of a frameshift
resulting in a premature stop codon and nonsense-
mediated decay of the transcript. NHEJ is often the
repair process of choice for mutagenesis. HDR,
however, is a templated repair process most com-
monly recognized for its natural use in the body during
gamete formation allowing for genetic recombination.
Its use in the cell is restricted to theSandG2phase [7].
Due to its high fidelity, HDR can be utilized to insert a
new custom region into the genome creating knock-ins
or specific gene mutations (or corrections) if desired
[8]. Increasing the efficiency and utility of HDR is
still necessary to fully apply its uses for CRISPR–Cas
systems.
Over the last several years, the versatility of

CRISPR–Cas systems has increased dramatically.
There currently exist Cas9 effector fusions with the
ability to modify specific histones, edit particular
DNA base pairs, activate or inhibit the transcription
of certain genes (CRISPRa/CRISPRi), or effect
DNA methylation/demethylation at user determined
loci [9]. This wide array of effector functions enables a
variety of genomic elements to be probed systemat-
ically in a high-throughput fashion.
The dominant method of generating Cas9 variants

with novel functions consists of fusing a catalytically
inactive Cas9 (dCas9) protein to an effector moiety
[10]. In this way, the dCas9 serves only as a DNA
targeting platform, which guides the effector moiety
to the location of interest in the human genome. The
benefit of this design strategy is that it enables rapid
development of new dCas9 functionalities due to its



Table 1. Cas9 perturbation options for functional screens

Perturbation choice Effect on the genome Mechanism References

wtCas9 Loss of function and deletions Double-stranded DNA cleavage at the
target locus

[11, 12]

CRISPRa Transcriptional activation Fusion of dCas9 to various activating
domains (e.g., VP64 or the p65 subunit
of nuclear factor kappa B (NF-κB))

[10, 13–15]

CRISPRi Transcriptional repression Fusion of dCas9 to domains which inhibit
transcription [e.g., Krüppel-associated
box (KRAB)]

[10, 14, 16]

Base editors Catalyze a nucleotide base pair
substitution without DNA cleavage

Fusion of dCas9 to enzymes which
catalyze nucleobase conversion
(e.g., activation-induced cytidine
deaminase (AID) for C→T edits)

[17–22]

DNA methylation
and demethylation

Cas9-guided DNA methylation and
demethylation modifies chromosome
structure and subsequent
gene transcription

Fusion of dCas9 to DNA
(cytosine-5)-methyltransferase 3A (DNMT3A)
and ten-eleven translocation (TET) proteins,
respectively

[23, 24]

Histone modification Cas9-guided control of histone
acetylation and methylation

Fusion of dCas9 to histone modifying
enzymes (e.g., Histone deacetylase
3 (HDAC3), p300 acetyltransferase,
or lysine-specific histone demethylase
1A (KDM1A/LSD1)

[25–28]
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modularity. However, optimizing the efficacy and
off-target effects of novel Cas9 fusions is a laborious
undertaking which increases rapidly as the protein
engineering search space is expanded. Furthermore,
because the effector moiety is fused permanently to
dCas9, orthogonal parallel perturbations require the
co-delivery of multiple fusion constructs to the cells of
interest. This, coupled with the large size of dCas9
fusions, imposes significant delivery challenges
limiting their use in functional screens. Nevertheless,
dCas9 fusions represent a robust set of tools with
which to probe genome function.
The choice of appropriate Cas9 variant will

depend heavily on what functionality is being inves-
tigated. The broad array of available Cas9-based
perturbation systems is summarized in Table 1. While
Table 1 includes the most common Cas9-based
perturbation choices, it is far from exhaustive.
The wild type Cas9 protein functions as a targeted

endonuclease, catalyzing DNA double-stranded
breaks [6]. These double-stranded breaks often
lead to indels via the error prone NHEJ. Frameshifts
resulting from these mutations can knockout the
function of protein coding genes, making wtCas9
ideal for loss of function studies [11, 12]. Knockout
studies are often used to determine the essentiality
of genes in high throughput, and simplifies down-
stream validation and data analysis due to the binary
nature of the perturbation. However, this simplifica-
tion in some ways limits the translational relevance
of knockout screening. Although knockouts can
inform our understanding of what genes are essen-
tial for specific biological processes in vitro, there
is no guarantee that small-molecule or protein-
mediated inhibition in vivo will have the same effect.
Furthermore, knockout studies fail to recapitulate
gain-of-function mutations and transcriptional dys-
regulation which play a key role in many pathologies
[29–31]. In this way, Cas9 knockout experiments
should not be considered a surrogate for drug
studies, but rather a parallel set of tools with which
interrogate the user's model. For these reasons,
knockout screening requires extensive downstream
target validation before any significant conclusions
can be drawn.
As an alternative to knockout experiments, CRIS-

PRa/i systems use enhancer/repressor proteins fused
to dCas9 as a way of modulating gene transcription at
particular loci [10, 13, 32]. Because CRISPRa/i
functions at the transcriptional level, it enables inves-
tigation of genome function without permanently
modifying genomic structure. Unlike wtCas9, activation
of target genes by CRISPRa can facilitate complex
gain-of-function screening from endogenous genomic
loci. In addition, CRISPRi can perform loss of function
screening without the confounding effects of off target
nuclease activity [32]. For even more robust genetic
studies, the combination of CRISPR effector functions
can generate complementary data sets with which
researchers can generate conclusions with greater
confidence [14]. As a recent example, by co-delivering
both CRISPRa and wtCas9, researchers were able to
interrogate the directionality of genetic interactions in
high-throughput [33]. However, CRISPRa/i experi-
ments suffer from their own set of limitations. First
and foremost is the limited correlation between mRNA
levels and protein expression [34]. While CRISPRa/i
can reduce or increase the levels of a particular
mRNA transcript, protein expression is subject to
post-transcriptional regulation which has the potential
to obfuscate the perturbations' actual effect [34]. In
addition, the CRISPRa/i systems require sgRNAs
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targeting the promoter region or transcriptional start
site of the gene of interest [15, 16]. Promoter regions
and transcriptional start sites can be rendered
inaccessible to sgRNA due to chromatin structure or
may not have an appropriate PAM sequence nearby,
limiting the pool of genes for which CRISPRa/i is
effective. In addition, some genes are controlled by
multiple functional promoters, further confounding
screens using CRISPRa/i. Ideally, these limitations
ought to inform the experimental design of CRISPRa/i
genomic screens to ensure output data are reproduc-
ible and conclusions justifiable.
Functional studies using DNA and Histone-modify-

ing Cas9 fusion constructs operate in a similar fashion
to CRISPRa/i [25]. By modifying the structure of
DNA/Histones (via acetylation or methylation), these
Cas9 fusions vary gene accessibility to transcriptional
machinery and consequently gene expression
[23, 24, 26]. A key difference is the mechanism
underlying these structural perturbations. Whereas
CRISPRa/i can modulate gene expression without
leaving a scar on the target site, DNA/Histone
modifications affect gene expression via lasting
structural changes. The choice of perturbation is
largely dependent on the nature of the biological
question being asked. For probing the function of
protein coding genes, CRISPRa/i and CRISPR
knockout are well-validated systems with a spectrum
of reagents available commercially, enabling a pow-
erful toolset for genome-wide screening. However, if
the goal of the experiment is mapping chromosomal
structure–function relationships, the DNA/Histone
epigenetic modifiers may be a more fitting choice.
Several groups have used these DNA/Histone-
modifying Cas9 variants to probe how chromosomal
chemical structure and 3D architecture controls gene
regulation through diverse mechanisms of action
[27, 28]. Nevertheless, DNA/Histone-modifying Cas9
variants are not the only way to perturb chromosomal
structure. Deletions and chromosomal rearrange-
ments induced by wtCas9 have also been used to
explore how structural variation in the human genome
impacts nearby gene function [35].
In contrast with wtCas9, CRISPRa/i, and Cas9-

based structural modifiers, CRISPR base editing
constructs have recently been developed as novel
tools for functional genomic screens. CRISPR base
editors work by modifying individual nucleic acid base
pairs within the target genes in a precise, or pseudo-
randommanner [17]. These systems function by fusing
a cytidine deaminase or an adenosine deaminase to
dCas9 to effect C→T mutations or A→G mutations,
respectively [18, 19]. These novel systems represent a
versatile avenue with which to model gain or loss-of-
function mutations in an endogenous context [20–22].
Engineered sgRNAs have also been explored as

an alternative way to impart novel function to the
Cas9 system [36]. By incorporating protein binding
RNA aptamers (PP7, MS2, etc.) into the sgRNA
structure, Cas9 can recruit orthogonal proteins with a
variety of functionalities. Because the perturbation
choice is encoded in the sgRNA itself, multiple
perturbation types can be explored in the same
pooled screen using unmodified dCas9. This system
has been used to effect multiplexed gene activation
and interference in parallel (via sgRNA modified to
recruit vp64 and KRAB, respectively) as well as
perform multiplexed fluorescent labeling of specific
genomic loci [37, 38].
Genomics Screens

The use of the CRISPR–Cas systems has many
implications for functional genomics and has been
the topic of much excitement. Functional screens, in
turn, are typically performed in an arrayed or pooled
format, and rely equally on three integral ingredients:
a perturbation, a model, and an assay. In an arrayed
screen, the reagents are added into a multi-well plate
so that one reagent or a small pool is added to each
well allowing for a single perturbation per well.
Because each well will contain a population of cells
with identical genomic perturbations, a wider array of
phenotypic data can be assayed simultaneously
(proteomics data, functional assays, tissue-level
phenotypes, etc.) without limitation to growth phe-
notypes. Furthermore, arrayed screening precludes
any paracrine-mediated cell–cell interactions which
may obscure the effects of individual perturbations.
Unfortunately, this arrayed format is significantly
more expensive to perform and lower throughput
[11]. Arrayed library screening often requires spe-
cialized automation for cell culture due to the need to
culture large quantities of cells in isolation from one
another [39]. These challenges have typically
limited the widespread adoption of high-throughput
arrayed screening to the biopharmaceutical industry.
Because of this, pooled screening has rapidly
become a key method of probing genome elements
using Cas9. Pooled screens involve testing thou-
sands of genetic perturbations in a single assay and
have become increasingly popular over the past
decade. Pooled screens allow for massive libraries
of gene targets to be investigated in a single-cell
culture dish, accelerating the process of functional
screening. However, pooled screens are somewhat
limited in the output data they can reliably produce.
Because each cell in the dish will have a unique
sgRNAdelivered to it, onlymeasurementswith single-
cell resolution [next-generation sequencing (NGS),
fluorescence-activated cell sorting (FACS), etc.] can
be used to quantitate the effect of the perturbations.
Harnessing CRISPR–Cas systems effectively allows
for a library of perturbations (sgRNA targeting a
particular locus) to be performed in a cell population
either in the arrayed or pooled format via typically
lentiviral transduction. Cells successfully transduced
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with the perturbationmust then be selected for by some
means (e.g., drug resistance, FACS). Follow-up
assays are then performed to help delineate which
perturbations caused which functional phenotypic
changes. This can be done through multiple means
either by high-content imaging (HCI) or through NGS
[40–43]. HCI is beneficial for arrayed screens, allowing
for quantification of spatially or temporally resolved
images. This allows for a large output of phenotypic
measurements while visualizing the biology. NGS is
the high-throughput sequencing of DNA and RNA that
performsquicker andcheaper thanSanger sequencing
with the ability to quantitate reads. Massively parallel
sequencing has helped revolutionize the study of
functional genomics and molecular biology. In earlier
years, identifying the causal mutations that led to
functional changes would have been costly and labor
intensive. With the advent of NGS platforms, mapping
such mutations can be achieved quickly and with less
costly streamlined protocols. Because of this, NGS has
helped fuel pooled screens at a rapid pace. NGS
enables single-molecule DNA quantitation and readout
of library population dynamics. Thus, a quantification
can be made on the proportion of uniquely integrated
library constructs in the population of cells while
assessing cell viability to determine which genes after
being perturbed are enriched and/or depleted. To
ensure the screen results are reproducible, it is critical
to validate the top hits identified from the pooled screen
usinganarrayedscreen, preferably selectingadditional
sgRNAs targeting similar genes. Further biological
assays should also be performed to confirm top
candidates [44, 45]
Although there are many diverse CRISPR tools,

their use in genome-scale functional screening is
relatively conserved. Rather than isolating a trait
and investigating what in the genome causes that
phenotype, Cas9 screens function by perturbing the
genome and measuring the subsequent change in
a phenotype of interest. A common example of
the former would be The Cancer Genome Atlas
(https://cancergenome.nih.gov/). This massive re-
search effort attempts to determine the genomic
etiology of cancer throughmass sequencing of patient
cancer samples (phenotype→genotype). Cas9
genetic screening inverts this protocol. By purpose-
fully introducing a genomic perturbation with Cas9,
the resulting trait can be recorded and genotype–
phenotype relationships mapped.
The primary benefit of screening with Cas9 (or

other CRISPR–Cas effectors) is the throughput.
Rapid screening with Cas9 is made possible by the
ability to perturb multiple parallel targets in the
genome via a library of sgRNA. The declining cost of
DNA synthesis (b1 cent/nucleotide) has enabled
academic labs to construct these genome scale
sgRNA libraries at low costs and with relatively low
error rates, spurring Cas9's widespread adoption
[46–48].
Cas9 genetic screening has most frequently been
applied to screening various cancer cell lines
(https://portals.broadinstitute.org/achilles) [12, 49].
Cancer cell lines have several features which make
them ideal for Cas9 screening. Unlike many primary
cells, cancer cell lines grow well in vitro and can be
expanded to large numbers. This is necessary to
effectively screen large genome scale libraries with
proper coverage [9]. Furthermore, immortalized
cancer cell lines can be genetically modified to
constitutively express Cas9 from a stable location in
their genome, obviating the challenge of delivering
the Cas9 protein in the screen. Because Cas9 is
expressed in every cell being screened, only themuch
smaller sgRNA constructs need to be delivered.
Consequently, constitutive Cas9 expression enables
simplified delivery of the sgRNA library resulting in
typically higher perturbation efficiencies (albeit with
greater off-target rates) [50]. However, this work-
around is not feasible when studying primary cells,
which require the co-delivery of Cas9 and sgRNA.
In addition to providing many procedural benefits,
screening in cancer cell lines is often performed to
identify cancer specific genetic vulnerabilities. Map-
ping how genomic perturbations affect cell fitness can
be used to circumvent drug resistances, as well as
understand underlying genetic polymorphisms driving
cancer growth [12, 49, 51].
However, CRISPR–Cas screening is not limited to

just cancer research. The diversity of Cas9-based
tools and the ease of sgRNA cloning has enabled
the interrogation of genomic function across many
disparate areas of biology. In principle, the genetic
basis of any biological phenotype can be investi-
gated using CRISPR–Cas perturbation screening,
provided the phenotype of interest can quantitated.
For instance, screening with Cas9 has shown great
utility in the study of infectious diseases [52, 53]. By
perturbing the target cells with libraries of sgRNA
before infection with the pathogen of interest,
researchers can identify genes regulating suscep-
tibility and resistance to an infectious disease.
Alternatively, the genome of the pathogen itself
can be the target of CRISPR–Cas perturbations to
identify essential genes controlling pathogenesis.
In this way, functional screening with CRISPR–Cas
can provide key information on the critical role host
and pathogen genetics play in disease progression.
These data can then be used to help determine new
molecular targets for drug development and better
understand the genetic basis of divergent re-
sponses to existing therapeutics [52]. For example,
several groups have recently applied Cas9 functional
screening to the study of HIV, malaria, and tubercu-
losis, identifying critical genetic host factors as well
as essential genes regulating infection within the
genomes of pathogenic viruses and bacteria [54–56].
These are only a small set of potential screening
applications, and future work will assuredly involve
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expanding the use of CRISPR–Cas to a greater
number of novel biological problems.

Library Design and Synthesis

The first step in developing a genomic screen using
Cas9 is identifying what genomic loci to perturb.
Genome-wide Cas9 screens are increasingly popular
due to their relatively unbiased interrogation of
genome function. That being said, the choice of
which genomic targets to perturb is primarily deter-
mined by the researcher's own personal interest.
Regardless of what genes are perturbed, there are
several key library design considerations that are
universally relevant. (See Fig. 2.)
Nearly every gene (and non-coding region) can be

considered a potential target, although the endonu-
clease activity of Cas9 is limited to sequences with
an adjacent PAMmotif (NGG for SpCas9). However,
recent efforts to engineer Cas9 variants which
tolerate expanded PAM sequences indicate that
this barrier will not be a long-term impediment [57].
Many in silico tools are available to facilitate rapid
guide RNA design, enabling large libraries of guide
RNA to be designed efficiently [58].
Targeting a large library of sequences enables

higher-throughput interrogation of genomic elements,
while a small library of genomic perturbations will lend
results greater accuracy due to better library coverage
[9]. The theoretical max library size is limited by
several factors. DNA synthesis is an inherently
error prone process itself, increasing the likelihood
of inaccurate synthesis at high library size [46].
Furthermore, researchers are limited by the amount
of DNA they can effectively introduce to both bacterial
and mammalian cells. While libraries of greater
than 107 sgRNAs can be easily transformed and
maintained in bacteria for DNA production, the
sheer number of mammalian of cells required to
screen such a large library serves as a practical limit
to the library search space [9, 59]. Because of this,
libraries greater than ~100,000 sgRNAs often
require cells to be grown in large-scale cell culture
setups or bio-reactors.
After choosing what genomic elements to study

and how to perturb them, the library of sgRNA needs
to be synthesized. There currently are a wide variety
of premade sgRNA libraries available for purchase,
ranging from genome-wide libraries with ~105

sgRNAs, to more targeted libraries focused on
single pathways on gene families [12, 49, 60]. This
is often the simplest option for many labs, but limits
researchers to preselected gene targets whichmay be
irrelevant to their study. Alternatively, custom sgRNA
libraries can also be generated via commercial chip
based DNA synthesis [48]. This allows researchers to
preselect a curated library of genomic elements for
perturbation, facilitating the development of more
precise experiments.
Delivery Systems

Choice of delivery of the CRISPR–Cas reagents is
key for high editing efficiencies, proper cell uptake,
reduced off-target effects, and large cargo capacities.
The advantages and challenges of these different
methods are outlined in Table 2.
The choice of delivery method is important and

should be catered to the unique needs of the
experimental screen being run dependent on if it is an
arrayed or pooled screen, cells being used, and cargo
size. Standard delivery for most screening applications
is viral, specifically lentivirus [61–64]. There are many
advantages to utilizing lentivirus. It is a retrovirus with
the ability to integrate into dividing and non-dividing
cells thus, creating stable transductions that can later
be read via NGS. This ability also makes lentiviral
transduction ideal for delivery to primary cells that are
notorious for beingdifficult to transfect. Lentivirus is also
beneficial for large gene or multiple gene cassette
deliveries with its large cargo capacity [65]. One study
utilized a lentiviral vector library in human cells to
identify the key genes that contribute to the intoxication
of cells by anthrax and diphtheria toxins [64]. The
benefits of being able to stably transduce a variety
of cell types easily and quickly have ensured the
continued use of lentivirus in screens.
A few studies have more recently looked at utilizing

viruses for screens that do not integrate into the host
genome such as the adeno-associated virus (AAV).
The idea to use AAVs for functional screens is novel
and somewhat limited, but could allow for functional
screening of tissue-level phenotypes in vivo. This is of
great value because much of the data sets obtained
from in vitro screens need to be taken with some
amount of skepticism. There is not true physiologic
representation in a dish, meaning that the results of
in vitro screens require rigorous validation. In vivo
screening could help circumvent some of these
issues, obtaining phenotypic outputs from a screen
that was performed in live animals. One such study
utilized the AAV to develop a unique in vivo CRISPR
screen in conditional-Cas9 mice [66]. This study
screened 49 genes known to be tumor suppressing
with 5 sgRNAs for each gene. These guides were
engineered into AAVs to allow for direct in vivo
delivery into the lateral ventricle of immunocompetent
living mice. Mice grew glioblastomas over time and
whole brains were then homogenized to perform
downstream analyses at the DNA, RNA, and protein
level. The largest obstacle to overcomewith this study
was sequencing which tumors received which gene
knockouts as the AAVs do not integrate into the host
genome. This study designed probes to target-
capture the predicted sequences of interest where
expected gene knockouts would occur. This complex
capture sequencing technique successfully could
determine which tumors received which gene knock-
outs and follow up with multiple phenotypic metrics.



Fig. 2. Mechanics of CRISPR–Cas screens. Panels a and b show the key steps in performing a CRISPR screen in
mammalian cells. Initially, the sgRNA library is ordered as a pooled tube of DNA oligonucleotides, typically synthesized
commercially via chip-based DNA synthesis. The library is then amplified via PCR and cloned into an appropriate lentiviral
vector, ensuring library coverage is maintained throughout. If the library is obtained in plasmid form (e.g., pooled sgRNA
libraries available from Addgene), the library simply needs to be transformed into bacteria, expanded, and sequenced to
confirm sgRNA representation. Once the library is in a suitable lentiviral vector, the next step is packaging the DNA into
lentivirus. Standard lentiviral packaging protocols will suffice, so long as coverage is maintained throughout the packaging.
After packaging the lentivirus, a test transduction should be performed to quantify the functional titer (i.e., the actual
number of cells transduced per lentiviral particle delivered). This can then be used to determine the amount of lentivirus
needed to achieve an MOI of 20%–60%. The transduced cells are then passaged with at least 500- to 1000-fold coverage
of the library at each step to ensure accurate sgRNA quantitation. As the cells are passaged, it also is beneficial to store
freeze and store aliquots of the library for subsequent massively parallel sequencing. At the end of the functional assay, the
library is sequenced a final time to determine the relative enrichment and depletion of specific sgRNA, corresponding to
target gene fitness. (c and d) Maintaining library coverage throughout the protocol is essential for insuring statistical
confidence and preventing arbitrary library skewing. However, maintaining high coverage of the library imposes significant
practical challenges for researchers attempting to implement a CRISPR–Cas screen. The figures above highlight the
technical challenges of large library screening and can serve as a reference for future screen design (bar plots calculated
assuming 500 fold coverage of the library). As the number of sgRNA in the library increases, the scale of the experiment
may outpace available resources and become untenable. Correspondingly, when planning a CRISPR–Cas genetic
screen, it is important to determine if the screen is executable in terms of lab equipment, reagents, and manpower. Once
the screen has been started, the same mindfulness needs to be directed at ensuring there are no library bottlenecking
points which could artificially influence the results of the assay.
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Table 2. Advantages and disadvantages of different CRISPR–Cas delivery systems

Delivery method Advantages Disadvantages References

Lentivirus - Stable gene expression
- High transduction efficiency
- Good for difficult-to-transfect cells (primary cells)
- Large cargo capacity

- Not ideal for in vivo delivery [61–65]

AAV - High transduction efficiency
- Low cytotoxicity
- Relevant for in vivo screens

- Limited cargo capacity (4.7 kb)
- Expensive

[66, 67]

Electroporation - High transfection efficiency
- Good for difficult-to-transfect cells (primary cells)
- Beneficial for RNP delivery

- High cytotoxicity
- Limited to arrayed screens

[65, 68–70]

Lipid nanoparticles - Low cost
- Easy handling
- Beneficial for RNP delivery

- Low transfection efficiency
- Highly dependent on cell type
- Limited to arrayed screens

[65, 68]

piggyBac transposon - Stable gene expression - Potential for off-target effects
- Limited scalability in pooled formats

[71, 72]

Gold nanoparticles - High transfection efficiency
- Large cargo capacity
- Less off-target effects
- Beneficial for RNP delivery

- Limited to arrayed screens [68, 73, 74]
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More studies like this need to be emphasized in future
research to truly recapitulate physiologic conditions
during a screen. AAVs, however, cannot be utilized
in in vitro screens because as cells divide the AAVwill
be diluted out and NGS studies that rely on genome
integration could not be performed. Using clever
tactics like targeted-capture sequencing as men-
tioned prior or reading the viral episome are possible
strategies to help circumvent some of these issues for
in vivo screening methodologies specifically. Another
barrier with AAV usage is their limited cargo capacity.
The cargo must be less than 4.7 kb and SpCas9
alone is encoded by a 4.2-kb sequence [67]. Utilizing
conditional-Cas9 animals would be key for in vivo
screening applications with AAVs. Other studies have
performed in vivo screens utilizing lentiviral transduc-
tion of cancer cells in vitro, followed by transplantation
into a mouse [75]. This simplifies downstream NGS
analysis due to the integrated guides in the genomes
of cell transplants.
There are also many non-viral delivery methods

in place that are not frequently used, but could be
useful for arrayed screens performed in multi-well
plates. For non-viral delivery, because the sgRNA is
not stably integrated into the target cells, an arrayed
format is necessary to track which cells receivedwhich
sgRNA. These methods often deliver the reagents
either as mRNA or as ribonucleoprotein (RNP)
complexes via electroporation or lipid nanoparticles
[65, 68]. RNPs specifically have become a powerful
perturbation modality and an important tool for arrayed
screening especially in primary cells. One group
engineered CD4(+) T cells via electroporation using
Cas9 RNPs [69]. Forty percent of their cells were
successfully engineered to lack the high-expressing
cell surface receptor CXCR4 which is a known co-
receptor involved inHIVentry intoCD4(+) T cells. They
further combined this technology with HDR to perform
successful knock-ins at an efficiency of 20%. This
group also more recently used Cas9 RNPs to disrupt
the programmed cell death protein 1 (PD-1) in chimeric
antigen receptor (CAR) T cells enhancing anti-tumor
efficacy [70]. Another effective way to introduce
Cas9 and/or sgRNA into cells, and of particular
benefit to functional pooled screens, is utilizing a
piggyBac transposon system [71]. The piggyBac
transposon system is a “cut and paste”mechanism,
and during transposition, the PB transposase will
recognize inverted terminal repeat sequences flank-
ing the end of a transposon vector and then move
those contents and integrate them into TTAA sites
on the host's DNA. This allows for creating stable
cell lines. One study effectively used the piggyBac
system to perform an in vivo CRISPR library screen
utilizing PB sgRNAs in mice looking at tumorigen-
esis [72]. Creating an inducible Cas9 cell line with
this systemwould be beneficial for screens and then
subsequently add the pooled sgRNA library of
choice. Cas9 can then be selectively turned on via
doxycycline to limit off-target effects. There have
also been further developments in novel ways to
introduce CRISPR–Cas reagents into cell types to
improve efficiency, reduce off-target effects, and
increase cargo capacities such as the use of gold
nanoparticles [68, 73, 74]. However, additional
benchmarking of these non-viral delivery methods
is needed to determine what screening application
they are most suited for.

Library Transduction and Maintenance

Due to the size of the Cas9 protein as well as the
need to co-deliver sgRNAs, a large amount of payload
must be delivered to cells to effectively perturb them.
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In response to these delivery challenges, lentiviral
gene delivery has emerged as the primary method
for delivering the sgRNA library to cells, facilitated
by the virus's high genetic capacity and broad tropism
[9, 11, 76].
After identifying target genes and synthesizing the

library of sgRNAs, the next step is ligating them into
an appropriate lentiviral vector.
This ligation is the first of many potential bottlenecks

where it is important tomaintain coverageof the library
(typically 500–1000× or more) [9]. To effectively
screen a large library of gene targets with confidence,
adequate representation of the library elements is key.
After packaging the library of sgRNAs into lentivirus,
the target cells are then transducedat a lowmultiplicity
of infection (MOI), typically 20%–60% [9, 11]. The
transduction is carried out at a low MOI to ensure
each cell in the screen receives a single sgRNA. The
cells are then routinely passaged, ensuring at least
500–1000× library representation each passage. This
high coverage is used to limit false positives and
negatives due to erroneous library skewing [9]. As
they grow, the cells are then assayed to physically
isolate cells displaying the phenotype of interest.

Data Outputs

The simplest form of output data obtainable from a
CRISPR screen comes from cell growth and viability
assays. Because the sgRNA is genetically encoded
into the cell via lentiviral transduction, NGS enables
analysis of the library population dynamics. In this
way, the sgRNA a cell receives both causes the
genetic perturbation and functions as a unique
barcode to determine through sequencing how the
population is evolving in response to the screen
conditions. This method of determining perturbation
effects vis-à-vis sgRNA abundance is especially
suited for investigating cancer cell fitness and gene
essentiality. For example, in a CRISPR knockout
fitness, screen-enriched sgRNAs indicate that their
target genes are nonessential or antithetical to
growth. In the same way, sgRNAs that are depleted
at the end of the screen indicate that their target
genes are essential for cell growth under the assay
conditions. Using this protocol, groups have mapped
novel synthetically lethal genetic interactions, inves-
tigated how particular genes affect cancer cell drug
resistance, and explored how key genes impact the
efficacy of immune checkpoint blockers [15, 75, 77].
While fitness-based screening assays (to probe

drug resistance or otherwise) are the simplest Cas9
screens to perform, there exist creative workarounds
to probe diverse cell phenotypes independent of
growth rate in a pooled format. Using an engineered
fluorescent reporter system, one group utilized
CRISPR screening to investigate the unfolded protein
response. This pooled screen used an mCherry
transcriptional reporter of IRE1α activation to facilitate
cytometric isolation of cells with an activated unfolded
protein response, thus enabling the enrichment of a
unique phenotype separate from growth rate [78].
Utilizing similar methods, researchers have been able
to quantitate how genomic perturbations affect di-
verse cellular processes such as protein stability
and the innate immune response [79, 80]. However,
FACS analysis is limited to predetermined targets that
have fluorescently labeled antibodies commercially
available, or to genetically encoded fluorescent
reporter systems.
After isolating cells with the phenotype of interest in a

pooled screen, the data output from CRISPR screens
is not limited to simply measuring sgRNA abundance.
Advancements in single-cell RNA sequencing have
made it possible to analyze the transcriptome of
thousands of single cells utilizing a unique barcoding
strategy [81]. By associating a unique barcode with
each cell's transcriptome, CRISPR perturbations can
be tracked and associated with transcriptomic signa-
tures [82–84]. This enables researchers to identify
(on a cell-by-cell basis) the effect of unique perturba-
tions on the gene expression profile of a cell, and
determine clusters of perturbations that may function
through similar mechanisms. Unfortunately, the
throughput of single-cell RNA sequencing is currently
not amenable for large genome-scale libraries. As the
cost per cell of single-cell RNA sequencing decreases,
this method will likely become more ubiquitous.
In contrast, when performing an arrayed screen, the

user is not limited to data outputs with single-cell
resolution. Since each unique sgRNA is physically
separated from the onset of the screen, traditional
RNA sequencing (using cDNA isolated from many
cells) canbe performed to analyze the effect of a given
perturbation on gene expression. Furthermore, in an
arrayed format, HCI can be used to examine the
impact of a perturbation on cell morphology, cellular
processes, and tissue-level phenotypes [40]. This
gives arrayed screening a much wider set of
phenotypes which can be examined, albeit at much
lower throughputs.

Bioinformatic Analysis of Screening Results

At the conclusion of a standard pooled CRISPR
screen, the user will have a set of sequencing data
representing sgRNA abundances. These raw se-
quencing data correspond to which genetic perturba-
tions are enriched or depleted for the phenotype of
interest. Fortunately, there are many well-validated
bioinformatics tools with which to analyze this
sequencing data and generate relevant conclusions.
Before getting involved in design packages and
computational pipelines, it is wise to perform some
manual examination to identify possible outliers or
mislabeled samples. This vital information could be
lost if a cut-and-paste data dump into a statistical tool
is performed too quickly. In addition, the user should
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manually average the effect of multiple sgRNAs
targeting one gene to compile a preliminary list of
top hits. If multiple sgRNAs targeting the same gene
rank highly, that gene can be listed as a hit.
After these initial steps have been taken, the user

can perform a more complete in-depth analysis using
a wide array of design packages. Picking the proper
statistical package for the user's needs is key. Many
factors must be accounted for in addition to identifying
sgRNAs that are significant. Most screens typically
have little to no replicates which can be a potential
setback when trying to estimate the variance of reads
in addition to statistical significance between treat-
ments and controls. In addition, researchers must
utilize a computational tool that takes sgRNA variabil-
ity into account in terms of specificities and efficien-
cies. Finally, knockout screens often result in only a
few sgRNAs that tend to dominate the reads in
positive selection. A successful algorithm will require
robust read normalization. Some older algorithms
such as baySeq, DESeq, edgeR, and NBPSeq have
been used with some success [85–88]. They are
commonly used algorithms for RNA-seq analysis,
but limited to the sgRNA level in terms of statistical
significance of hits.
Some of themore common tools for pooled screens

that show robust results are MAGeCK, caRpools, and
CRISPRcloud [89–91]. In brief, MAGeCK robustly
identifies positively and negatively selected sgRNAs
and genes simultaneously in genome-scale
CRISPR–Cas9 knockout screens. Its four steps
include read count normalization, mean-variance
modeling, sgRNA ranking, and finally gene ranking.
Interestingly,MAGeCKcan assess relevant biological
pathways by reporting positively and negatively
selected pathways based on gene rankings in the
pathway. This algorithm has been shown to outper-
form existing methods with its high sensitivity and low
false discovery rate [89]. In addition, there is now
MAGeCK-VISPR, which was developed for quality
control and visualization of CRISPR screens [92].
CaRpools is a user-friendly R package that does
not require prior programming knowledge. CaRpools
provides the user with biological information for every
hit with external links to databases. This package
incorporates screening documentation into the anal-
ysis process to generate a comprehensive report.
CRISPRcloud uniquely allows the user to deposit
sequencing files confidentially and analyze them in a
cloud-based online system.
Arrayed screens analyze more advanced pheno-

types than simply growth and thus often utilize HCI.
The vendors for many of these HCI platforms provide
their own statistical packages for analysis. The largest
challenge with these packages is they require exten-
sive user interaction and can often lack statistical
power as the data return from HCI is rich. Many
packages are available and have been reviewed [93].
A few common open-source ones are CellProfiler and
EBImage [94, 95]. Commercial software is available
as well such as Columbus or MetaXpress. After
features have been measured and collected with
imaging software, these data must be analyzed for
statistical significance. Statistical packages for R are
commonly used such as cytominer (https://github.
com/CellProfiler/cytominer/) to assess morphological
cell features.
When looking at combinatorial screens, the user

must assess the phenotypic effect when a combi-
nation of sgRNAs targets the same cell. The initial
combinatorial studies were performed in yeast in
mass arrays known as synthetic genetic arrays
where a gene deletion could be crossed systemat-
ically with a deletion mutant array that contains all
possible knockout ORFs in the genome [96]. More
recently groups have scaled up this technology
utilizing CRISPR–Cas for de novo mapping of
genetic interactions in mammalian cells [77, 97].
This requires additional statistical packages such as
the dual CRISPR software pipeline constructed from
Python, R, and Jupyter Notebooks (http://ideker.
ucsd.edu/papers/rsasik2017/) [98]. Other tools are
also available such as TOPS, which is another open-
source package to analyze and visualize data from
functional genomic gene–gene and gene–drug
interaction screens [99].
Single-cell screens have benefited greatly from the

Seurat pipeline (http://satijalab.org/seurat/) [100].
Seurat is an R package designed to analyze
single-cell RNA-seq data. This package uses ca-
nonical correlation analysis to determine shared
correlation structures across data sets. After align-
ment, cells are transposed on a 2D plot (i.e., t-SNE)
into clusters with shared transcriptomic reads.
Clustering can identify cell types across conditions
looking at shifts and cell-specific transcriptomic
responses. Seurat allows users to identify and
interpret sources of heterogeneity at the single-cell
transcriptomic level.

Validating Results

CRISPR–Cas genome-wide screening is valuable
because it provides anunbiasedway to probegenome
function, but the screen is only the first step in
identifying functional genomic elements. After identi-
fying potential genes of interest via a perturbation
screen and subsequent bioinformatics analysis, sig-
nificant workmust be done to validate these targets. In
this way, CRISPR–Cas genome-wide screening can
be thought of as hypothesis generating experiments,
which guide future genomic characterization efforts.
Initial validation is focused on ensuring the effects

of the perturbations are consistent and reproducible.
To this end, CRISPR screens often utilize multiple
sgRNAs targeting each genomic element [60, 101].
Ideally, one would expect all sgRNAs targeting the
same gene to have similar phenotypic effects. This
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redundancy provides researchers with a way to
ensure that the hits identified from the screen are
due to the intended sgRNA mediated genetic pertur-
bation, rather than off-target effects or random noise.
Beyond that, potential hits can be sub-screened in a
smaller more focused library [51]. This step provides
researchers with greater confidence in their results,
and helps narrow down target genes for further
biological analysis. New sgRNAs targeting potential
genes of interest can also be designed and used
to verify reproducibility [102]. Furthermore, it can be
informative to analyze data sets with different pertur-
bational technologies (CRISPR, CRISPRi, RNAi) to
ensure the data are reproducible across multiple
systems [102]. However, each of these perturbations
will have their ownuniquebiases and limitationswhich
may affect the reproducibility of data across different
systems [9].
After several top hits have been established, a key

validation step is checking the effects of the sgRNA of
interest individually, outside of the context of the
pooled screen, to remove any confounding paracrine
effects. At the same time, if the gene of interest is
protein coding, a Western blot can be used to ensure
the gene is completely knocked out by its cognate
sgRNA [102]. To generate further confidence in top
hits, Cas9 can also be used to generate a clonal
population of cells with identical genetic perturbations.
Genotyping of this clonal population should then be
performed to ensure the gene of interest is effectively
knocked out via frame shifts or the introduction of stop
codons. After establishing the clonal cell line, robust
phenotypic data can be collected to fully interrogate
the functional role of the gene of interest. The ultimate
step in verifying the effect a gene has on cell
phenotype is to restore gene function in the knockout
cell line via delivery of cDNA encoding the gene of
interest [103]. If the gene of interest is truly the cause
of the phenotypic change, cDNA delivery should
restore the wild type phenotype to the knockout cell
line. If necessary, researchers can also begin testing
the perturbation in multiple cell types. While geno-
type–phenotype relationships may not be consistent
across multiple cell types, this step can provide a way
to better understand the biology underlying the
phenotypic effect of the genetic perturbation [9].
As well, small molecules or monoclonal antibodies
targeting the gene(s) of interest can serve to verify the
biological mechanism underlying the effect of the
perturbation.
Challenges and Limitations

Although Cas9-based genetic screening is a rapidly
maturing technology, there are still many technical
challenges that have yet to be resolved. One large
obstacle when it comes to performing pooled library
screens in a dish are the potential effects of paracrine
signaling. In a pooled format, it is difficult to assess
and eliminate cross-talk between neighboring cells in
a dish that may all have unique genomic knockouts.
Because of this, the importance of certain genes can
be easily missed if the gene function can be rescued
by nearby cells. For example, if a growth factor is
knocked out in a specific cell, its neighbor may
continue to release the growth factor, preventing a
true knockout phenotype from appearing. In this way,
a pooled genome-wide screen may still not identify all
genes that are vital for a given phenotype.
Another issue with pooled approaches is the limit to

phenotypic outputs that can be read. The researcher is
typically restricted to measuring cell proliferation or
survival. In addition, there can be efforts to look at
phenotypes that FACS can select and sort through
such as fluorescence or cell surface markers. More
complex phenotypes will be difficult to measure in a
pooled screen with reliability. In the future, cheaper
robotics that can perform arrayed screens with unique
perturbations in each well of multi-well plates will likely
allow for more complex tissue-level phenotypes to
be assayed. In addition, this sort of high-throughput
arrayed screening would remove many of the para-
crine effects that may confound results as mentioned
previously. If a gene that is being studied is known to
be essential for cell viability, it cannot be studied in a
complete CRISPR knockout screen when assessing
for additional phenotypes. Performing a knockdown
study utilizing dCas9 would be more appropriate.
In addition, genes that retain their function at low
expression levels may easily bemissed in knockdown
studies and be better performed with a complete
knockout screen.
Other issuesmay arisewith false positives and false

negatives. In particular, although uncommon, an in-
frame repair could occur during a standard positive
selection knockout screen resulting in a gain-of-
functionmutation [104, 105]. This issue is rare enough
to not cause vast concern, but something to still be
mindful of. More commonly false positives can occur
with genes that have a high copy number such as
oncogenes. When performing a standard Cas9
knockout screen, these genes will consistently be
cleaved leading to multiple double-strand breaks and
eventually too many will cause cells to apoptose thus,
mistakenly assuming that gene was essential for cell
fitness. A gene that may not truly have much of an
effect on fitness can falsely appear to if the target site
is in one of these amplified regions with a high gene
copynumber thus, inducingmanymore double-strand
breaks by Cas9 than is typical [106–108]. This can be
problematic when performing cancer screens. Many
groups have looked at this in detail looking at several
cancer cell lines, genes, and sgRNAs for analysis of
this amplification effect [106–108]. Aneuploid cell lines
produced false positives that mapped to amplified
regions of the genome. CRISPR-mediated lethality of
cells was independent of transcriptional halting, thus
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showing this is due to double-strand breaks and not
gene knockout. Previous studies have shown similar
discoveries such as targeting the oncogenic BCR-
ABL gene fusion that is present in high copy number
in K562 cells and notorious for making up the
Philadelphia chromosome in chronic myelogenous
leukemia. Cas9 targeting resulted in decreased cell
viability independent of the target genes function
themselves [109]. Ways to prevent these false
positives would be to use CRISPRi which do not cut
the genome and only offer transcriptional repression.
However, even with CRISPRi, other errors can occur
especially when dealing with bidirectional promoters
causing silencing of multiple genes instead of just the
gene of interest. Attempts can be made to remove
sgRNAs with massive off-target effects or exclude
them from analysis [110]. Utilizing an inducible Cas9
can also be an effective solution to select specifically
when to turn on Cas9 with the use of doxycycline.
False negatives come with their own share of

complications. If an sgRNA has relatively low activity,
it can inadvertently be read as a negative result in
a screen. Machine learning approaches can help
circumvent some of these issues to design and include
only sgRNAswith high activity which has been actively
utilized by groups [60, 111, 112]. However, in silico
sgRNA design has its own share of challenges. When
utilizing available online tools, the researcher needs to
be aware of the underlying rules to limit off-target
effects and increase effectiveness applied by the
tool developers. There are also constant updates to
gene annotations that need to be ensured for their
accuracy and quality. In addition to using computa-
tional tools to predict guide efficacy, efforts can also be
made to modify the sgRNA scaffold itself to improve
activity [113].
One of the large concerns with the use of CRISPR–

Cas systems for screens is the possibility of off-target
effects. Because sgRNA libraries can contain more
than 105 different guides, comprehensive individual
sgRNA validation and testing is not possible. Multiple
studies have shown that Cas9 can tolerate some
mismatches between the sgRNAand target sequence
allowing for targeting of the wrong gene [1, 114–116].
The farther these mismatches are from the PAM
sequence, the more likely these mismatches will be
tolerated [117]. It has also been shown that small
insertions and deletions are somewhat tolerated
as well leading to bulging of the sgRNA or target
sequence [116]. Predictive scores have been devel-
oped to help the researcher in picking appropriate
sgRNAs [118]. Additional Cas9 options are the
high-fidelity Cas9 (SpCas9-HF1) or the enhanced
specificity Cas9 (eSpCas9) [119, 120]. Many benefits
have been shown by delivering Cas9 as a protein
instead of a gene in a plasmid as the protein will act
immediately and then be quickly degraded which
eliminates the constant peaks in expression from a
promoter [121]. One strategy to ensure a positive is
true and not from an off-target effect is through
validation and ensuring that other reagents targeting
that same gene have that same phenotype. However,
when performing large pooled screens, there will be
multiple sgRNAs targeting the same gene or noncod-
ing region. Effects of a single sgRNA will be less
problematic when multiple sgRNAs are targeting that
region allowing for some consistency and realization
of an off-target effect.
Another challenge is working with PAM sequence

restrictions.SpCas9has aPAMsequence that ismore
abundant in exons and thus coding regions of the
genome which tend to be more GC rich. Other
nucleases such as Cpf1 have a PAM sequence that
is more abundant in introns which are more AT rich
[122]. This is an important factor to keep in mind when
selecting a nuclease for screening applications.
Performing noncoding functional screens utilizing
CRISPR–Cas systems to tile sgRNAs may benefit
more fromanuclease suchasCpf1 thanSpCas9.One
group effectively engineered SpCas9 to recognize
different PAM sequences [57]. This can increase
specificity and reduce off-target effects while selecting
a PAM that is appropriate and unique for the
researcher's screening needs.
One often untapped tool for CRISPR–Cas screening

is harnessing HDR to insert exogenous genes of
interest into the host genome.WithHDR's relatively low
efficiency compared to NHEJ, it has proven to be
difficult to benefit from this technology and perform
large knock-in screens at endogenous loci. Knock-in
screens can provide valuable information when asses-
sing the roles of knocked-in promoters or repressors on
gene function or knocking in mutated genes to mimic
disease states. As well, knock-in screens using HDR
would preclude the possibility of random lentiviral
integration causing confounding effects on cell pheno-
type. Because of this, more research should be done
on pushing the cell to favor HDR over NHEJ. One such
study used blocking mutations to increase HDR
efficiency [123]. They introduced silent mutations in
either the PAMor sgRNA target sequence of the donor
strand. These mutations prevented Cas9 from re-
cutting the target sequence once the desired donor
was introduced. Greatest efficiency of this is
achieved when the mutation is closest to the cut site.
This distance can also be optimized to focus on
either a homozygous edit or heterozygous edit in the
cell depending on the researcher's specific needs
(homozygous edits are more likely when the mutation
is closest to the cut site and heterozygous edits
are more likely when further). Utilizing this blocking
method, another study successfully performed a large
screen utilizing HDR and saturation mutagenesis to
determine function of regulatory elements [124]. They
utilized a library of all possible 6-bp combinations to
insert into exon 18 of the breast cancer susceptibility
gene BRCA1 to measure transcript abundance.
They had a similar approach for the lariat debranching
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enzyme gene DBR1 to measure the relative effects
on growth and function. Interestingly, HDR could also
be harnessed to create a knock-in pooled library of
sgRNAs in place of typical lentiviral delivery creating
cells with stably integrated guides [125]. This could
circumvent issueswith off-target effects from lentivirus
and avoid gene shuffling. Highlighting the potential of
HDR-based screening approaches, one group re-
cently performed a large-scale multiplexed HDR
CRISPR screen in yeast, utilizing a fusion protein to
enhanceHDRefficiency [126]. They increased editing
efficiency more than 5-fold with use of the fork
head protein homolog 1 transcription factor (Fkh1p)
fused with the DNA binding protein LexA creating a
LexA–Fkh1p fusion protein. This fusion protein
recruits donor DNA to the double-strand break site.
Utilizing HDR, they incorporated unique barcodes into
cells. In addition, they performed saturation editing
of a gene encoding for the phospholipid transfer
protein SEC14. They incorporated all possible amino
acid combinations to identify amino acids critical for
chemical inhibition of lipid signaling. Ideally, combining
multiple strategies will improve HDR at the greatest
efficiency when performing knock-in functional
screens. In addition, a researcher could use base-
editing techniques to perform a targeted knock-in
screen instead of HDR. CRISPR base-editing
techniques can modify individual nucleic acid base
pairs within the target genes. This is especially
beneficial to edit single-nucleotide polymorphisms.
Groups have used this technique to identify novel
mutations in drug resistance [20, 21]. Overall,
screening from endogenous loci using HDR or
base editors, although limited to unique screening
needs, has significant unexplored potential for
investigating genomic function.
Another challenge lies in the large reliability

researchers place on cell lines to perform many of
these pooled functional screens. Many of these cell
lines may not adequately model human disease and
functional genomics. In addition, unless kept at a low
passage number, cells can begin to change over time
with varying mutations, epigenetic changes, and
chromosomal changes. Ideally primary cells, human
tissues, or in vivo screens should be the gold standard.
Validating findings in multiple model systems with
different techniques is critical. However, with this is
the caveat that obtaining different results in different
cell lines is permissible if it further explains a critical
phenotype unique to the biology of these different
systems. In addition, plating cells with the correct
growth medium and environmental parameters can be
a challenge or whether they even properly plate in 2D.
Studies have shown that many human cell types
change their physiology in 2D or cannot be cultured at
all. For instance, pancreatic cells are notorious for
being difficult to culture in 2D and have lasted atmost a
mere week before huge losses in cell viability [127].
More efforts need to be placed in 3D culture systems
and biomimetic environments to ideally model true
physiology.
Future Directions

As technical challenges limiting Cas9-based geno-
mic screens are resolved, their ability to inform our
understanding of disease progression and treatment
will rapidly evolve. By utilizing the expanding toolbox of
genetic perturbations and better integratingmultiomics
data for downstream validation, screens will be able
to identify functional elements in the genome more
rapidly and accurately. At the same time, expanding
screens to patient-derived cell types (iPSCs, tumor
biopsies, etc.) will better model human pathologies
while providing a potential way to identify patient
specific disease vulnerabilities.
Because the majority of human diseases are

polygenic (rather than mendelian), there is a clear
need for screens which investigate multigene interac-
tions [128, 129]. Toward this end, investigators have
recently developed dual knockout Cas9 vectors which
deliver two unique sgRNA to identify synthetically
lethal genetic interactions in cancer cell lines [77, 130].
In parallel, other researchers have developed alter-
native dual knockout systems, using a combination of
orthogonal Cas9 variants from different bacteria.
By utilizing both SpCas9 and SaCas9 (each with
their own cognate sgRNAs), they effectively reduce
interference between delivered sgRNAs in a dual
knockout screen [131]. Moving forward, characteriz-
ing a greater number of gene combinations will
generate an improved understanding of the genetic
basis of non-mendelian diseases. In addition, expand-
ing combination gene perturbations beyond knock-
outs will provide scientists with a better understanding
of directional genetic interactions. In order to charac-
terize these directional interactions, researchers have
recently implemented a dual knockout and activation
screen in cancer cells to better understand therapeu-
tically relevant genetic interactions networks [33].
Looking forward, integrating multiple different
perturbation types in combination has the potential
to generate unique datasets with which to probe
genomic interactions. For example, integrating induc-
ible Cas9/sgRNA constructs with pooled screening
could elucidate temporal dependencies underlying
dynamic genetic interactions [132].
Beyond probing exon function, there is an increas-

ing understanding that the noncoding region of the
human genome plays a significant role in disease
progression across a wide variety of pathologies
[133]. In order to better understand this relationship,
there have recently been several parallel efforts to
map the function of the noncoding portion of the
genome using Cas9 [8]. While wtCas9 is ideal for
inducing frameshift mutations in the coding regions of
exons, probing the noncoding portion of the genome is
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more challenging because insertions and deletions
are less likely to impact structure and function. To
overcome this challenge, CRISPR pooled screening
of noncoding loci has primarily focused on using
multiple tiled sgRNA to create indels across entire
noncoding regulatory sections of the genome to
determine functional hotspots. These strategies
have identified critical components of endogenous
enhancers, as well as novel regulatory elements in
unannotated regions of the genome [134–136].
Combining this approach with novel downstream
single-cell assays (single-cell RNA seq, etc.)
should further aid in rapidly characterizing the
structure–function relationship of the noncoding
genome. Furthermore, screens utilizing the full
CRISPRperturbation tool boxwill provide researchers
with even more novel data sets with which to assay
the noncoding genome.
While Cas9 genetic screening has enabled system-

atic characterization of a broad range of cancer cell
lines (via the Broad Institute's Project Achilles among
other work), screening primary cells is still in its
infancy. Although there is a wealth of information to be
gained from screening cancer cell lines, as discussed
above, they are not ideal models for healthy cells or
diseases other than cancer. Screening in primary cells
would better model the in vivo genetic and epigenetic
profile of the cells of interest, while simultaneously
allowing for patient-specific screening strategies to be
developed. Because primary cells can be obtained
from individuals (or mice) afflicted with nearly any
disease, a broader range of disease-specific screen-
ing strategies can be developed. In addition, screen-
ing in primary cells would allow scientists to unravel
the genomic mechanisms underlying the function of
various healthy cell types. Primary cell screening has
so far been limited to immune cell types which grow
sufficiently in vitro. As a proof of principal, two groups
have recently described a protocol for lentiviral
knockout CRISPR screens in mouse primary immune
cells, identifying key regulators of the innate immune
response and plasma cell differentiation [79, 137].
To push this technology forward, the editing efficiency
of Cas9 in primary cells needs to be further optimized
to allow for large library screening inmany primary cell
types. In parallel, improving in vitro primary cell culture
techniques will drastically improve the ease of primary
cell screening protocols. Looking ahead, transitioning
this technology toward screening iPSCs could
provide a novel method to understand biological
development and patient-specific pathological
phenotypes. Although iPSC CRISPR screens are
still in their infancy, one group recently published
a method using Cas9-mediated homologous recom-
bination to fluorescently tag endogenous proteins in
developing iPSCs [138]. This method would allow
researchers to track the temporal expression and
localization of diverse cellular proteins over the course
of iPSC differentiation.
As an alternative way to more accurately model cell
phenotypes, several groups have independently de-
veloped in vivo CRISPR screening protocols. In vivo
CRISPR screening typically involves delivering a
libraryof sgRNAs to a tumor cell lineex vivo, implanting
the cells into a mouse model, and then tracking which
sgRNAs are enriched or depleted as the tumor grows.
This method has been used to effectively identify
genetic vulnerabilities to immune checkpoint blockers,
as well as track genetic drivers of metastasis [75, 139].
These in vivo screening methods represent a more
robust contextual model with which to analyze cell
function, and warrant additional investigation. Other
efforts to screen cells in a context that better matches
their native environment have utilized 3D culture
systems and organoid models. While 3D and organoid
models necessitate arrayed screening due to their
multicellular architecture, the ability to investigate
tissue-level phenotypes has immense implications for
functional screens. In 2015, one study described a
small-scale CRISPR knockout screen in an organoid
model, investigating genetic elements controlling the
differentiation of unpolarized basal progenitors into
airwayepithelium [140]. Although screens involving 3D
culture models will certainly be restricted to small
libraries of perturbations, their ability to dissect tissue-
level phenotypes guarantees their utility to the
biomedical community.
As CRISPR screens become more commonplace, it

is necessary to stress the importance of using diverse
output data to validate results. While sgRNA abun-
dance provides valuable information on which genes
are essential for a cellular phenotype, it provides little to
no mechanistic data with which to understand gene
function. To better understand the biology underlying
CRISPR screen results, future research needs to
be done on how to best integrate multiomics data
with pooled CRISPR screens. Utilizing advances in
proteomic and metabolomic measurements has great
potential to complement next-generation DNA and
RNA sequencing technologies already common place
in CRISPR screens. As mass spectrometry pushes
closer toward single-cell resolutions, these data will
only becomemore robust, opening up new avenues for
understanding the results of pooled screens [141, 142].
AlthoughCRISPR knockout screening via theNHEJ

repair pathway has seen widespread adoption, knock-
in screening via the HDR templated repair mechanism
hasbeen lessutilizeddue to its relatively lowefficiency.
Manyparallel efforts arecurrently underway to improve
the efficacy of HDRmediated gene editing, paving the
way for library scale knock-in screening [126, 143,
144]. Knock-in screening using HDR to scarlessly
insert a mutagenized DNA sequence at its endoge-
nous locus has many unexplored applications. In the
future, researchers could use HDR to perform site-
directedmutagenesis of complexmammalian proteins
in their endogenous loci, enabling the engineering of
post-translationallymodifiedproteinswhichmaynot be
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amenable to production in yeast or bacteria. This same
method could also be used to engineer mammalian
cell lines with novel metabolic pathways for use in
biopharmaceutical production.
The past half-decade has seen rapid development

of novel CRISPR–Cas based tools with which to
investigate genomic function. At the same time, de
novo DNA synthesis and in silico sgRNA design
tools have quickly become mature technologies,
resolving many of the technical challenges prevent-
ing the widespread adoption of CRISPR–Cas
genetic screens. Consequently, CRISPR–Cas ge-
netic screening has transitioned from exciting new
academic research, to a ubiquitous technology with
few barriers to use. Looking forward, it now seems
plausible that the many functional screens ongoing
in immortalized cancer cell lines will lead to a
complete mapping of cancer specific gene function
and genetic interactions. While this research has
great potential to inform our understanding of cancer
etiology and drug candidate efficacy, the immense
genetic variation in patient cancer samples limits the
translational relevance of cell line-based genetic
screening. In addition, conclusions drawn from
screens performed in cancer cell lines may have
limited relevance to other disease phenotypes. This
genetic variation between patients and cancer cell
lines necessitates the development of patient-
specific CRISPR–Cas screening protocols. Building
off existing cancer mapping initiatives, CRISPR–Cas
functional screening efforts in patient-derived cells
should one day help oncologists predict treatment
efficacy and inform drug choice. In parallel, future
screens in patient derived iPSCs will allow re-
searchers to expand the range of disease pheno-
types CRISPR–Cas functional screening can
investigate. In this way, CRISPR–Cas screening
can contribute to a growing body of research
underlying precision medicine and personalized
therapeutics.
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