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The clustered regularly interspaced short palindromic repeats (CRISPR)-Cas nuclease system is a powerful
tool for genome editing, and its simple programmability has enabled high-throughput genetic and epigenetic
studies. These high-throughput approaches offer investigators a toolkit for functional interrogation of not
only protein-coding genes but also noncoding DNA. Historically, noncoding DNA has lacked the detailed
characterization that has been applied to protein-coding genes in large part because there has not been a
robust set of methodologies for perturbing these regions. Although the majority of high-throughput CRISPR
screens have focused on the coding genome to date, an increasing number of CRISPR screens targeting
noncoding genomic regions continue to emerge. Here, we review high-throughput CRISPR-based ap-
proaches to uncover and understand functional elements within the noncoding genome and discuss prac-

tical aspects of noncoding library design and screen analysis.

Recent advances in genome engineering tools have enabled tar-
geted interrogation of regions of the human genome that do not
code for proteins. These noncoding regions make up nearly 99%
of the genome, yet there is little consensus regarding how many
of these regions are truly functional (Figure 1A) (Ohno, 1972).
Large-scale biochemical studies of noncoding regions, such as
the Encyclopedia of DNA Elements (ENCODE) project and Road-
map Epigenomics, suggest that the majority of noncoding DNA
is functional (Figure 1B) (Dunham et al., 2012; Roadmap Epige-
nomics Consortium et al., 2015). Others have examined regions
under selective pressure to estimate that ~8% of the genome is
functional, while mutational load analysis has suggested that a
maximum of 25% of the genome harbors functional regions
(Graur, 2017; Rands et al., 2014).

Genome-wide association studies (GWAS) have underscored
the importance of noncoding DNA, because >90% of disease-
and trait-associated variants are found outside the coding
genome (Figure 1C) (Maurano et al., 2012). Identification of clus-
ters of enhancer elements (“super-enhancers”) as important
regulators of cell identity and disease has further highlighted
the significance of regulatory DNA (Whyte et al., 2013). Given
the paucity of methods to effectively interrogate the noncoding
genome in the past, the path from disease and trait association
to the underlying biology has historically been challenging
(Edwards et al., 2013).

Despite the importance of noncoding DNA as highlighted by
GWAS and enhancer biology, the study of noncoding regions
has lagged behind the coding genome. In coding regions,
RNA- and protein-level readouts can assess the efficacy of
sequence alteration or other experimental interventions. For
noncoding regions, no single direct readout exists. However,

44 Molecular Cell 68, October 5, 2017 © 2017 Elsevier Inc.

the advent of genome editing technologies in conjunction with
other high-throughput methods such as RNA sequencing
(RNA-seq) has provided investigators with new tools for studying
the noncoding genome, including promoters, enhancers, in-
trons, microRNAs, long noncoding RNAs (IncRNAs), insulators/
repressors, and intergenic regions.

Notably, clustered regularly interspaced short palindromic re-
peats (CRISPR) genome editing technology offers many strate-
gies for functional interrogation of noncoding DNA. A major
advantage of CRISPR-based systems over previous genome
editing technologies such as zinc-finger nucleases (ZFNs) and
transcription activator-like effector nucleases (TALENS) is their
ability to perform high-throughput forward genetic screens
rapidly (Shalem et al., 2014; Wang et al., 2014). In a pooled ge-
netic screen, a single investigator can rapidly test hundreds of
thousands of genetic hypotheses—a task that would be much
more challenging to perform in an arrayed format where each
construct is in a separate well. Over the past few years,
CRISPR-enabled forward genetic screens have identified key
genes involved in diverse aspects of human health, such as can-
cer, infectious disease, anemias, immune responses to infection,
and inborn errors of metabolism (Sanjana, 2017).

Here, we focus on recent advances in high-throughput
CRISPR-based approaches to uncover function within noncod-
ing regions. We first review available CRISPR systems and
various effector fusions for transcriptional modulation. We then
discuss key aspects of using these tools for forward genetic
screens, including basics of library design and workflow. We
also present recent applications of pooled CRISPR screens in
noncoding regions, including specific considerations for data
analysis and interpretation.
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Figure 1. Function in the Noncoding Genome
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(A) Distribution of coding and noncoding sequences in the human genome. Noncoding sequences represent the vast majority of the human genome (Dunham

et al,, 2012).

(B) Estimated biochemically functional portion of the human genome according to ENCODE project mapping (Dunham et al., 2012). This estimate is derived from
different biochemical signatures: transcribed regions (protein-coding and noncoding such as enhancer RNAs), regions bound by proteins (e.g., transcription
factors), histone modifications associated with function (e.g., histone 3 lysine 27 acetylation, H3K27Ac), DNA methylated regions (methylation of cytosine at CpG
dinucleotides), three-dimensional chromosome architecture (gene-distal regions that physically interact and regulate gene expression), and DNase | hyper-

sensitivity sites (regions of open chromatin).

(C) Distribution of GWAS SNPs in the human genome. Most disease-associated SNPs are present in noncoding sequences (Maurano et al., 2012).

CRISPR-Cas Systems for Functional Genomics
CRISPR-Cas systems have been identified as components of
the prokaryotic adaptive immune system, and a key hallmark
of CRISPR systems is their RNA-guided cleavage of foreign nu-
cleic acids (Barrangou et al., 2007). Specifically, RNA guidance
of Cas proteins is used for site-specific cleavage of DNA or
RNA. CRISPR-Cas systems are categorized into two classes,
which are distinguished by their requirement for multi-protein
effector complexes (class 1) or single protein effectors (class
2). Further classification divides each class into types: class 1 in-
cludes types |, lll, and IV and class 2 includes types Il, V, and VI.
Notably, there are 19 further classifications into subtypes (e.g.,
type V-A) (Barrangou and Gersbach, 2017; Koonin et al., 2017).
It is likely that classifications of CRISPR-Cas systems will
continue to evolve as novel CRISPR-Cas systems are identified.

The diverse CRISPR-Cas systems have a number of features
in common, such as the use of short DNA sequences known
as “spacers” to direct the targeting of Cas proteins. In addition,
there is a requirement for a conserved sequence to aid targeting
known as the protospacer adjacent motif (PAM) for DNA-tar-
geted Cas proteins or the protospacer flanking sequence (PFS)
for RNA-targeted Cas proteins. Extensive characterization of
CRISPR-Cas systems has culminated in its repurposing as a
facile platform for eukaryotic genome editing (Cong et al,
2013; Mali et al., 2013a), which has spurred a revolution in
biology and medicine (Barrangou and Doudna, 2016).

Class 2 CRISPR-Cas systems have been widely established
for eukaryotic genome editing. The initial descriptions utilized
the type Il effector Cas9 derived from Streptococcus pyogenes

(SpCas9) (Cong et al., 2013; Mali et al., 2013a). The type Il
Cas9 requires a CRISPR RNA (crRNA) to be transcribed from
the repetitive CRISPR array that contains spacers. The crRNA
requires further processing by a trans-activating RNA (tracrRNA)
before site-specific, blunt-end DNA cleavage can occur up-
stream of its PAM sequence (NGG) by Cas9’s HNH and RuvC
catalytic domains. For simplicity, the crRNA and tracrRNA
were synthetically fused to create a chimeric single guide RNA
(sgRNA) (Cong et al., 2013; Jinek et al.,, 2012; Mali et al.,
2013a). With Cas9, the first 20 nucleotides in the sgRNA guide
the enzyme to a specific target (which must be adjacent to the
PAM sequence) and direct the enzyme to cleave DNA at this
location.

Another recently described nuclease validated for genome ed-
iting is the Type V-A effector Cas12a (Cpf1) (Zetsche et al., 2015).
One distinguishing feature of Cas12a is that it does not require a
tracrRNA, unlike type Il and V-B systems (Zetsche et al., 2015).
Notably, Cas12a allows multiplex targeting by excising multiple
crBNAs from a single RNA transcript (Zetsche et al., 2017).
Two additional distinguishing features are its cleavage down-
stream of its TTTV PAM sequence and its creation of 4- to
5-bp 5’ overhangs as opposed to blunt-end cleavage by SpCas9
(Zetsche et al., 2015). The C2c1 nuclease is a type V-B effector,
which implies that it requires a tracrRNA in addition to a crRNA. It
also cleaves downstream of its TTN PAM sequence and gener-
ates 7-bp 5 overhangs. Interestingly, unlike Cas9 and Cas12a,
it does not contain a PAM-interacting domain (Liu et al., 2017a).

Another source of novel nucleases are orthologs of known
nucleases from other prokaryotic species. For example, Cas9
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orthologs from a variety of different species have been utilized
for eukaryotic genome editing. These Cas9 orthologs have
diverse PAM sequences: S. pyogenes (PAM: NGG), S. aureus
(PAM: NNGRRT), S. thermophilus ST1 (PAM: NNAGAA),
S. thermophilus A (PAM: NGGNG), N. meningitides (PAM:
NNNNGATT), C. jejuni (PAM: NNNNRYAC), B. laterosporus
(PAM: NNNNCNDD) (Karvelis et al., 2017). Another strategy to
expand the CRISPR toolkit has been the use of directed evolu-
tion and/or structural information-guided mutagenesis to alter
PAM specificity. For example, SpCas9 has been altered through
three amino acid changes to the SpCas9-VQR variant with NGA
PAM specificity, while four amino acid changes to SpCas9 re-
sulted in the SpCas9-VRER variant with NGCG PAM specificity
(Kleinstiver et al., 2015a). Similarly, three amino acid substitu-
tions in the PAM-interacting domain of S. aureus (SaCas9)
altered its PAM specificity from NNGRRT to NNNRRT (SaCas9
KKH-variant) (Kleinstiver et al., 2015b). Beyond altered PAM
Cas9 nucleases, Cas12a has recently been engineered with
different PAMs: TYCV with two and TATV with three amino
acid substitutions, respectively (Gao et al.,, 2017). PAM se-
quences have also been identified for two recently discovered
class 2 nucleases, CasX (PAM: TTCN) and CasY (PAM: TA) (Bur-
stein et al., 2017). Although most studies have focused on class 2
effectors, recent work on type I-E CRISPR-Cas (Cascade) and
Cas3 nuclease revealed a PAM specificity of NNNAAG (Xiao
et al., 2017). Lastly, recent reports have described CRISPR-
Cas systems with RNA-guided RNase activity. These include
the type VI effectors Cas13a (C2c2) (Abudayyeh et al., 2016;
East-Seletsky et al., 2016) and Cas13b (C2c6) (Smargon et al.,
2017). RNA-targeted Cas proteins are beyond the scope of this
review but hold tremendous promise for targeted manipulation
of the transcriptome.

Applications of CRISPR-Cas Technology
In the few years since the initial description of CRISPR technol-
ogy for eukaryotic genome editing, applications for programma-
ble nucleases have expanded rapidly. This includes methods for
knockout, knockin, interference, activation, base editing, and
epigenome editing (Figure 2) (Barrangou and Doudna, 2016).
These applications fall into two categories: those that alter the
targeted DNA sequence, and those that do not alter the targeted
DNA sequence. In general, use of nucleases with intact catalytic
activity will result in a double-strand break (DSB) (Figure 2A). The
DSB is primarily repaired by either non-homologous end joining
(NHEJ) repair or homology-directed repair (HDR). NHEJ is
the repair process of choice for mutagenesis of a genomic
region or gene knockout because NHEJ typically results in a
small (1-10 bp) insertion-deletion mutation (indel) (Cong et al.,
2013; Mali et al., 2013a). HDR is a templated repair process
that can be harnessed to insert a custom sequence into the
genome by using an exogenous repair template. HDR efficiency
in mammalian cells lags behind NHEJ efficiency; however, a
greater understanding of the pathways involved in stimulating
HDR and its regulation by the cell cycle holds promise for
improvement.

Base editing approaches represent an alternative to a reliance
on HDR to edit genomic sequences without creating a DSB.
Base editing can be performed by the fusion of a cytidine deam-
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inase enzyme, such as rat-derived APOBEC1, to catalytically
inactive Cas9 (dCas9) (Komor et al., 2016) (Figure 2B). Other cyti-
dine deaminase enzymes, such as activation-induced cytidine
deaminase (AID), have also been used (termed “CRISPR-X")
(Hess et al., 2016; Nishida et al., 2016). These fusions allow for
modification of C—T or G— A in the absence of a DSB, with mu-
tation predominantly occurring in a 3- to 5-bp window, which
was recently narrowed to 1 to 2 bp for enhanced targeting spec-
ificity (Kim et al., 2017c). The mutation profile was recently shown
to be expandable by using an AID-P182X (AIDx) mutant, which
can convert C and G to the other three nucleotides at appre-
ciable frequencies (Ma et al., 2016). Base editing methods
have been shown to be enhanced by using a Cas9 nickase as
well as a DNA glycosylase inhibitor protein (e.g., UGI), which
has allowed for editing rates of 15%-75% (Komor et al., 2016;
Nishida et al., 2016). Genome-wide specificity of base editing
approaches continues to be evaluated and improved (Kim
et al., 2017a).

CRISPR interference (CRISPRI) is a method used for the repres-
sion of transcription akin to RNA inference (RNAI) (Figure 2C).
CRISPRI blocks transcription itself instead of degrading the tran-
script through RNAIi. CRISPRi utilizes a catalytically inactive
nuclease, such as dCas9. Targeting of a catalytically inactive
nuclease results in transcriptional repression by steric hindrance
as well as interfering with the binding of transcription factors
and/or RNA polymerase binding and processivity (Qi et al.,
2013). In mammalian systems, dCas9 itself is not sufficient for
repression, and effective repression has required a fusion of
dCas9 with the Krippel-associated box (KRAB) effector domain
(Gilbert et al., 2013). KRAB repression is mediated by spreading
of repressive histone modifications such as H3K9me3. Beyond
KRAB, several other epigenome-modifying repressor fusions
with CRISPR proteins have been utilized, including Lys-specific
histone demethylase 1 (LSD1) (Kearns et al., 2015), histone de-
acetylase (HDAC) (Kwon et al., 2017), DNA methyltransferases
DNMT3A and MQ1 (Lei et al., 2017; Liu et al., 2016; Vojta et al.,
2016), and other repressive domains previously used with
ZFNs/TALENs (Konermann et al., 2013; Thakore et al., 2016).
To date, no systematic comparison of different CRISPRI systems
has been performed in mammalian systems.

For gene activation, catalytically inactive nucleases can be
fused to effector domains for transcriptional activation (termed
CRISPRa) (Cong et al., 2013; Maeder et al., 2013; Mali et al.,
2013b) (Figure 2D). Initial CRISPRa studies involved the fusion of
single activation effectors, such as VP64 (Mali et al., 2013b) or
VP160 (Cheng etal., 2013), but activation did not work for all genes
and often required targeting several regions of the promoter simul-
taneously. Subsequent studies demonstrated the use of multiple
activation effectors together, such as MS2-p65-HSF1 with
dCas9-VP64 (“SAM”) (Konermann et al., 2015) and dCas9-
VP64-p65-Rta (“VPR”) (Chavez et al., 2015), and peptide arrays
(“SunTag”) (Tanenbaum et al., 2014). A recent comparison of
these methodologies demonstrated that SAM, VPR, and SunTag
were superior to VP64 alone; however, the study was unable to
reliably differentiate between the efficiency of the three ap-
proaches (Chavez et al., 2016). In addition to fusion of activation
domains, studies have adopted further modifications such as
the addition of MS2 bacteriophage coat protein-binding aptamers
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Figure 2. Different Pooled CRISPR Screening Modalities

(A) CRISPR nucleases such as Cas9 can be used to disrupt coding and noncoding regions by making use of NHEJ to introduce insertion or deletions (indels) in the
sequence of interest (CRISPRn) (Cong et al., 2013; Mali et al., 2013a).

(B) Catalytically inactive Cas9 (dCas9) can be fused to cytidine deaminase (e.g., rat APOBEC1) to introduce single-nucleotide C-to-T transitions in the target
sequence (Komor et al., 2016).

(C) dCas9 can be applied to achieve transcriptional repression (CRISPRi). dCas9 can physically repress transcription through steric hindrance (Gilbert et al., 2013;
Qi et al., 2013) or, alternatively, can be fused to repressor domains, e.g., the Krippel-associated box (KRAB) domain (Gilbert et al., 2013).

(D) dCas9 can be used to activate transcription through different strategies (CRISPRa). Examples are dCas9 fused to the Herpex simplex virus protein 64 (VP64)
transcriptional activator alone (Mali et al., 2013b) or combined with other activators, e.g., p65 and Epstein-Barr virus R transactivator (Rsa) (Chavez et al., 2015),
modified gRNA-MS2 that recruits MCP fused to additional activators such as p65, and heat shock factor 1 (HSF1) (Konermann et al., 2015).

(E-G) The CRISPR system can also be used to introduce epigenetic modifications.

(E) dCas9 fused to p300 (Hilton et al., 2015; Klann et al., 2017) or histone deacetylase 3 (HDAC3) (Kwon et al., 2017) can perform targeted acetylation or de-
acetylation to activate or inhibit transcription, respectively. Purple circles indicate the acetyl group.

(F) dCas9 fused to DNA methylases (e.g., DNMT3A) (Lei et al., 2017; Liu et al., 2016; Vojta et al., 2016) or demethylases (TET1) (Liu et al., 2016) introduces or
removes methyl groups at CpG dinucleotides (silencing of gene expression), respectively. Orange hexagons in (F) and (G) indicate methyl groups.

(G) dCas9 fused to lysine-specific histone demethylase 1 (LSD1) (Kearns et al., 2015) catalyzes the demethylation of histone 3 lysine 4 and 9 (H3K4 and H3K9),
resulting in transcriptional repression.

to guide RNA (gRNA) sequences aimed to enhance recruitment of
activation domains. These MS2 aptamers have been added to the
3’ end, tetraloop, and stem loop 2 (Konermann et al., 2015; Mali
et al., 2013b). Epigenome editing approaches can also be used
for targeted transcriptional activation, such as dCas9 fusion to a
DNA demethylase (e.g., TET1) or to a histone acetyltransferase
(e.g., p300) (Hilton et al., 2015; Klann et al., 2017; Liu et al,
2016). Conversely, transcriptional repression can be mediated

by dCas9 fusion to either a DNA methyltransferase (e.g., DNMT3A,
MQ1) or a histone demethylase (e.g., LSD1) (Figures 2E-2G)
(Kearns et al., 2015; Lei et al., 2017; Liu et al.,, 2016; Vojta
etal.,, 2016).

Pooled Screening Strategies

Given the growing CRISPR toolbox, a variety of high-throughput
pooled screening options have become available for
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nuclease-driven mutagenesis, CRISPRIi, CRISPRa, epigenome
modification, and base editing (Figure 2). Pooled screens typi-
cally combine these genetic manipulations with positive, nega-
tive, or marker/reporter gene selection. Common examples of
selection include fluorescence-activated cell sorting (FACS),
drug or toxin sensitivity/resistance, and cell survival and prolifer-
ation. After selection, pooled screens are analyzed by counting
gRNAs to calculate the enrichment or dropout (“depletion”) be-
tween conditions (e.g., drug treatment versus vehicle, early time
point versus later time point, reporter gene positive versus re-
porter gene negative). The goal is to identify which gRNAs are
enriched (or depleted) in the comparison.

In addition to traditional selection paradigms, single-cell RNA-
seq has recently been developed for pooled CRISPR screen
readout as an alternative strategy (“Perturb-seq”), allowing cap-
ture of multi-dimension transcriptional phenotypes to correlate
with the genetic manipulation (Adamson et al., 2016; Dixit et al.,
2016; Jaitin et al., 2016). These studies will likely pave the way
for pairing of pooled screening with a variety of other single-cell
techniques, such as single-cell Hi-C (Ramani et al.,, 2017),
whole-genome sequencing (Vitak et al., 2017), DNA methylation
(Guo et al., 2013; Smallwood et al., 2014), ChIP-seq (Rotem
et al.,, 2015), proteomics (Stoeckius et al., 2017), or Assay for
Transposable and Accessible Chromatin (ATAC) sequencing
(Buenrostro et al., 2015; Cusanovich et al., 2015). Combinations
of these readouts are also possible: one recent study reported
simultaneous single-cell measurement of chromatin accessibility,
DNA methylation, and nucleosome phasing (Pott, 2017).

Pooled knockin screens using HDR are technically feasible but
have not been widely adopted. This is likely due to low observed
rates of HDR as compared to NHEJ mutagenesis (Cong et al.,
2013; Mali et al., 2013a). One example study performed a pooled
HDR screen to knock in all possible variants into a 6-bp region of
exon 18 of the BRCAT gene (Findlay et al., 2014). Another study
exploited HDR in a pooled format for knockin of library gRNAs as
an alternative to standard viral delivery (Rajagopal et al., 2016).
As HDR rates continue to improve through further understanding
of factors affecting HDR, pooled knockin screens may be more
fully realized.

For loss-of-function screens, both CRISPR mutagenesis
and CRISPRi approaches have been used. One study
directly compared a CRISPR knockout/mutagenesis screening
approach to a CRISPRI screen targeting essential genes and
cancer-associated genes (Rosenbluh et al., 2017). This resulted
in CRISPR knockout identifying 98% of essential genes as
compared to 92% for CRISPRI. The authors further noted that
using CRISPR mutagenesis typically resulted in “stronger” phe-
notypes and a greater proportion of effective gRNAs as
compared to using CRISPRI; however, they also noted that
both techniques suffer from risks of false positives and negatives
(Rosenbluh et al., 2017). For CRISPR mutagenesis, false posi-
tives can result from amplified genomic regions, where multiple
DSBs induce apoptosis (Aguirre et al., 2016; Munoz et al.,
2016), and false negatives can result from exon skipping (Mou
et al., 2017). Given that the majority of mutagenesis screens
have been performed in cancer cell lines, it is important to
keep this consideration in mind when targeting amplified regions
such as those near oncogenes. In contrast, false positives can
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result from bidirectional promoters, and false negatives can
result from gene expression driven by multiple promoters for
CRISPRI (Rosenbluh et al., 2017).

Pooled screens have also enabled high-throughput genetic
studies in vivo, which can include viral infection of CRISPR re-
agents ex vivo with subsequent transplantation (Chen et al.,
2015; Manguso et al., 2017) or direct delivery of CRISPR re-
agents in vivo (Chow et al., 2017). Delivery of both the gRNA
and nuclease in a single vector is preferable for in vivo applica-
tions to achieve higher transduction rates as opposed to a split
vector system (i.e., separate vector for nuclease and gRNA)
requiring co-transduction (Ran et al., 2015; Xue et al., 2014).
Others have avoided this technical issue by using constitutive
or inducible Cas9-expressing mouse models, which only require
gRNA delivery (Platt et al., 2014; Wang et al., 2017). The use of a
Cas9-expressing mouse can facilitate pooled in vivo screening
due to the higher titer of vectors containing only gRNAs in
contrast to vectors with both the gRNA and nuclease (Sanjana
et al., 2014; Wang et al., 2017).

Library Design

Library design requires identification of loci for targeting, choice
of CRISPR nuclease or effector fusion, and appropriate positive
and negative controls. Logically, the type of nuclease or effector
also influences the library design strategy. For example, CRISPR
knockout screens typically target gene exons, whereas tran-
scriptional modulation screens using CRISPRa or CRISPRI usu-
ally target gene promoters. Also, regardless of the effector
domain, targeting requirements for noncoding regions can be
different from those for coding regions.

Previous work to knock out protein-coding genes has focused
on targeting exons that are constitutively expressed, avoiding the
last exon to prevent escape from nonsense-mediated transcript
decay, and targeting protein functional domains. The increased
knockout with functional domain targeting is likely due to the
fact the even in-frame indel mutations are deleterious in functional
domains (Shi et al., 2015). Saturating mutagenesis screens over
protein-coding genes have also elucidated several base prefer-
ences for the Cas9 nuclease to enable the design of gRNAs with
higher on-target cleavage activity (Doench et al., 2014, 2016).
Software tools are available that integrate several of these criteria
for the design of custom CRISPR libraries (Meier et al., 2017).

Notably, CRISPRi and CRISPRa pooled screens have specific
requirements for targeting near the transcription start site (TSS).
A screen was performed tiling gRNAs within a 10-kb window
around 49 genes (n = 54,810 gRNAs) to identify the optimal tar-
geting region for effective CRISPRI. CRISPRi-mediated repres-
sion peaked in close proximity to the TSS, with the strongest
effect between —50 and +300 bp of the TSS (Gilbert et al.,
2014). CRISPRa also relies on targeting in close proximity to
the TSS, with the SAM activation system being most effective
between —200 and 0 bp from the TSS (Konermann et al.,
2015). Since many genes have alternative 5’ splice isoforms,
TSS determination can also be a challenge: for CRISPRI repres-
sion, the FANTOM/CAGE promoter atlas has been shown to pro-
vide reliable TSS annotations (Radzisheuskaya et al., 2016).
When targeting IncRNAs, mutagenesis within the IncRNA body
may not result in functional ablation. To determine an optimal
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Figure 3. PAM Distribution across the Human Genome

(A) Schematic of the distribution of GC-rich and AT-rich protospacer-adjacent motifs (PAMs) in a single gene. Distribution of target sites/PAMs is computed as the
inverse of the median distance between PAMs for SpCas9 (NGG) and LbCpf1 (TTTN). The PAM distribution of a particular nuclease is an important parameter to

consider when targeting specific noncoding elements.

(B) Median distance (in bp) between PAMs of SpCas9 (NGG) and LbCpf1 ( N). Although SpCas9 and LbCpf1 PAMs display an even distribution across the
human genome, the SpCas9 PAM is more frequent in GC-rich regions such as promoters, whereas the LbCpf1 PAM (TTTN) is more represented in AT-rich regions

such as introns (Canver et al., 2017a).

CRISPRI strategy for IncRNA repression, one study tiled gRNAs
across the gene body of the INcRNA PVT1 (17,469 gRNAs); it
found that targeting within 1 kb of the most upstream TSS of
the IncRNA was effective, whereas targeting exons and introns
was ineffective (Liu et al., 2017b).

Other considerations for library design for nucleases and
effector fusions include utilization of engineered PAM domains
for higher tiling density and variant-aware design for outbred or-
ganisms (e.g., human) where differences from the reference
genome may be substantial (Canver et al., 2017a). Different re-
gions of the genome can have substantial differences in base
composition. For example, the T-rich PAM of Cpf1 is more abun-
dant in introns, whereas the G-rich PAM of SpCas9 is more
abundant in exons (Figure 3). Evaluation of the median distance
between adjacent genomic cleavages can be used to evaluate
degree of saturation of PAMs within a given genomic region

(Figure 3B). Once a nuclease is chosen, it is important to ensure
that gRNA target sequences are designed using the optimal
length for that nuclease. For example, 20 bp is typically used
for SpCas9 (Hsu et al., 2013), 22 bp for CjCas9 (Kim et al,,
2017b), and 21-23 bp for SaCas9 (Ran et al., 2015).

Negative and positive controls should also be included in the
design of the screen. Negative controls are essential for library
design to evaluate experimental noise and the effects of the de-
livery of CRISPR reagents. Published libraries have often
included non-targeting controls as 1%-5% of the total number
of gRNAs in the library (Sanjana et al., 2014), but recent studies
have suggested that gRNAs targeting non-essential genes can
also serve this purpose (Hart et al., 2017). Alternative negative
controls include targeting safe-harbor genomic regions (e.g.,
AAVST) (Rosenbluh et al., 2017; Wang et al., 2014) as well as tar-
geting GFP or luciferase in GFP- and luciferase-negative cells,
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respectively. Positive controls are also essential to ensure valid-
ity of screen data. Similar to negative controls, positive controls
can be included at the library design stage or separately synthe-
sized and spiked into relevant libraries. However, unlike negative
controls, positive controls are rarely generalizable and are typi-
cally experiment-specific. For gene-targeted screens, positive
controls should target genes previously known to be associated
with a given phenotype. Targeting the coding sequence of the
gene of interest can serve as a positive control in noncoding
screens (Canver et al., 2015, 2017a; Sanjana et al., 2016). Alter-
natively, targeting GFP can serve as a positive control in pooled
screen experiments using a GFP reporter-based readout (Diao
et al., 2017; Rajagopal et al., 2016), and targeting universally
essential genes, such as ribosomal genes, can serve as a posi-
tive control for dropout screens (Shalem et al., 2014; Wang
et al., 2014).

Pooled CRISPR Screen Workflow

Most pooled CRISPR screens follow a similar workflow (Figure 4):
(1) design and synthesis of the gRNA library, (2) viral transduction
into target cells, (3) selection of a phenotype relevant to the dis-
ease or biological process to interrogate, (4) readout by next-gen-
eration sequencing of the gRNAs after selection, and (5) enrich-
ment or depletion analysis of gRNAs. Although not part of the
pooled screen itself, it is vital to validate top candidates identified
in the pooled screen using a separate arrayed screen (preferably
using gRNAs targeting similar genes and/or elements that were
not in the pooled library) and other orthogonal and complemen-
tary biological assays. Several detailed step-by-step protocols
for pooled CRISPR screens have been published recently (Canver
et al., 2017b; Joung et al., 2017a; Wang et al., 2016).

For library design, the first choice is whether to use an exist-
ing gRNA library or a custom-designed library. For protein-
coding genes, libraries designed for nuclease, CRISPRI, or
CRISPRa screens are available from multiple labs through
Addgene. Libraries targeting noncoding regions or particular
genes are usually designed using custom software to pull
out genomic regions of interest and identify gRNAs within
those regions. Once the in silico design is complete, gRNAs
are synthesized as DNA oligonucleotides for pooled cloning.
Studies to date have most commonly cloned gRNA libraries
into viral vectors such as lentiviral or AAV vectors (Shalem
et al., 2014; Wang et al., 2017, 2014). A number of strategies
have been described for cloning pooled CRISPR libraries such
as Gibson assembly, which uses PCR amplification to make
double-stranded DNA with 20- to 30-bp overhangs from syn-
thesized single-stranded oligonucleotides (Shalem et al.,
2014; Wang et al., 2014). For deletion screens with SpCas9
and multiple gRNAs, each gRNA is under the control of a
different promoter (U6 and H1 promoters or human U6 and
murine U6) and thus requires multiple pooled cloning steps.
It is essential to sequence the plasmid pool to ensure suc-
cessful cloning of the library regardless of the chosen cloning
method prior to screen experiments.

To construct the plasmid pool, amplified library gRNAs are
typically cloned into viral vectors for precise control over the
multiplicity of infection, which prevents cells from receiving mul-
tiple gRNA constructs. Initial CRISPR screens delivered both
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nuclease and gRNA in the same vector, which often results in
low viral titer given the large size of most CRISPR enzymes (San-
jana et al., 2014). As an alternative, cells with stable nuclease
expression need only delivery of a gRNA in the viral vector.
Although a heterogeneous population of nuclease-expressing
cells can be used, it is preferable to select a stable clone based
on nuclease expression (by western blot, gqRT-PCR, or marker
gene expression) (Chen et al., 2015). This approach of using cells
with stable nuclease expression may not be possible in certain
cases, such as experiments using primary cells with limited cul-
ture duration. After viral transduction, cells are selected via drug
or other markers to keep only those cells that received a gRNA.
Generally, cells are cultured for 1-2 weeks before beginning
phenotype-based selection so that there is sufficient time for
gene editing and downstream changes in transcript and protein
levels.

To readout the screen, the representation of the library after
phenotypic selection is compared with the representation at an
early time point. Libraries are prepared for deep sequencing by
PCR from genomic DNA using primers specific to the genomi-
cally integrated CRISPR construct or using locus-specific
primers for non-integrating library delivery methods, such as
AAV (Chow et al., 2017; Wang et al., 2017). Sequencing reads
are aligned to the original gRNA library, resulting in read counts
for each gRNA in the library before and after phenotypic selec-
tion. Typical data analysis examines the consistency among
different gRNAs targeting the same gene or noncoding element
(see Analysis of Pooled CRISPR Screens below). Before discus-
sing analysis techniques, we will review noncoding screens tar-
geting regions such as super-enhancers, enhancers, DNase-hy-
persensitive sites (DHSs), binding motifs, and noncoding RNAs.

Pooled CRISPR Screens

Protein-Coding Genes

Although gene-targeted pooled screens are not the focus of
this review and have been reviewed elsewhere (Shalem et al.,
2015), many of the concepts that have been applied to gene-tar-
geted pooled screens are applicable to noncoding screens. The
majority of pooled CRISPR screens have used the Cas9
nuclease for gene knockout and have been performed at
genome-wide scale (Koike-Yusa et al., 2014; Shalem et al,,
2014, 2015; Wang et al., 2014). Other gene-targeting strategies
have included paired gRNAs to target two genes in a single
cell (Han et al., 2017; Shen et al., 2017; Wong et al., 2016), muta-
genesis to identify gain-of-function mutations resulting from in-
frame NHEJ repair (Donovan et al., 2017), base editing to
introduce stop codons to knock out genes (Kuscu et al., 2017),
protein domain targeting (Shi et al., 2015), and in vivo screening
for phenotypic selection not possible to perform in vitro (Chen
et al.,, 2015; Xu et al., 2017). In addition to mutagenesis with
Cas9 nuclease, genome-wide screens have also been per-
formed with CRISPRa/i systems for gene activation/repression
(Gilbert et al., 2014; Konermann et al., 2015).

Saturating Mutagenesis to Identify Noncoding
Functional Elements

Several noncoding CRISPR screens have utilized saturating
mutagenesis in putative enhancer regions (identified by bio-
chemical marks like DHS and H3K27Ac) or in larger regions
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Figure 4. Pooled CRISPR Screen Workflow and Phenotypic Selection

In pooled CRISPR screens, gRNAs are synthesized, cloned, and constructed as a pool. Typically, viral transduction is performed at a low multiplicity of infection
so that each cell receives one viral particle. Viral integration into the genome enables amplification of the gRNA cassette through PCR and readout through next-
generation sequencing. During readout, the abundance of the different gRNA cassettes is quantified and a differential analysis of gRNA abundance between
samples is performed. For example, gRNAs targeting coding or noncoding regulatory regions of genes that are essential for cell survival will drop out in a pooled
screen (Shalem et al., 2014; Wang et al., 2014). In screens targeting noncoding regions that regulate transcription of the gene of interest, gRNAs that

(legend continued on next page)
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adjacent to phenotypically relevant genes to pinpoint enhancers.
Nuclease-driven saturating mutagenesis attempts to saturate a
region with indel mutations to identify functional noncoding
sequence. The key principle is that indels at the site of the func-
tional noncoding element will abrogate gene regulatory function.
Noncoding screens have used a variety of different strategies to
design gRNA libraries for targeting enhancer regions.

An early study targeted an ~10-kb enhancer of BCL11A, a re-
gion implicated by GWAS to modulate fetal hemoglobin levels
and thus therapeutically significant for diseases such as sickle-
cell anemia and B-thalassemia (Canver et al., 2015). Noncoding
gRNA libraries tiled the human enhancer and its mouse
homolog with ~500 gRNAs each to identify which regions within
the ~10 kb enhancer were responsible for modulating BCL11A
and fetal hemoglobin. For each library (human and mouse), pos-
itive controls targeting BCL11A exons and negative controls that
do not target in the respective genomes were included. The de-
gree of saturation was evaluated by determining the distance be-
tween adjacent genomic sequences. For example, the median
spacing was 4 bp for both the mouse and human libraries. After
genome modification, cells were selected via FACS-based se-
lection for fetal hemoglobin expression. A peak of enriched
gRNAs led to the identification of a narrow region that includes
a GATA1 binding site as essential for BCL11A expression.

A different approach involves targeting regions near a gene of
interest, including introns, untranslated regions, promoters, and
intergenic sequences. This targeting strategy can be performed
with or without guidance from GWAS or previous enhancer map-
ping. To detect gene regulatory elements in the vicinity of a gene,
a recent study tiled gRNAs across ~100-kb regions both up-
stream and downstream of coding exons around three genes
involved in kinase inhibitor resistance in melanoma (Sanjana
et al.,, 2016). In total, nearly a megabase of the noncoding
genome was targeted. This study identified a predominance of
enriched gRNAs upstream of gene bodies as opposed to down-
stream, and more enriched gRNAs near genes that harbor
greater numbers of expression quantitative trait loci (eQTLs). En-
riched gRNAs were also found to colocalize with open chromatin
as assessed by ATAC-seq and DHS analyses and, through chro-
mosome conformation capture (3C), were more likely to target
regions that are in close proximity to the gene promoter. Perhaps
most intriguingly, this work identified several functional elements
that exist outside of traditional biochemical hallmarks of regula-
tory function, suggesting that noncoding screens can identify
functional elements that may not be found through other assays.
Interestingly, enriched gRNAs were located in close proximity to
regions conserved in primates (but not those conserved in verte-
brates or mammals), a finding similar to the BCL11A study re-
sults wherein functionally similar mouse and human enhancers
were found in distinct genomic locations (Canver et al., 2015).
Taken together, these saturating mutagenesis experiments are
consistent with enhancers rapidly evolving in a species- and/or
lineage-specific manner (Villar et al., 2015).
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A similar approach is to screen for regulatory elements within a
single topologically associated domain (TAD). Genes and en-
hancers within a single TAD are typically isolated from those in
neighboring TADs. To identify regulatory elements within an
~1-Mb TAD, one study first selected 174 regions in a TAD sur-
rounding POU5F1 (OCT4), a key pluripotency factor in stem
cell self-renewal (Diao et al., 2016). These regions were selected
based upon features that suggest gene regulatory function, such
as enhancer-related chromatin marks, CTCF binding, and/or
DHS. A saturating mutagenesis library with ~2,000 gRNAs with
a mean of 11 gRNAs per element was used to find regulators
of POU5F1 expression. The screen was performed in POUF51-
GFP stem cells so that GFP-negative cells could be sorted by
FACS to identify altered POU5F1 regulation. A recent extension
of this work used pairs of gRNAs to cover ~2 Mb of sequence at
the POU5F1 locus, with 2-kb deletions achieving 20 x coverage/
overlap of each base (Diao et al., 2017). A similar tiling deletion
screen approach was used to tile ~4,000 overlapping 1- to
2-kb deletions across 206 kb at the HPRT1 locus and found a
striking lack of distal regulatory elements capable of modulating
HPRT1 expression (Gasperini et al., 2017).

FACS-based approaches can be extended to virtually any ex-
pressed gene. For example, tiling gRNAs across regulatory ele-
ments (~40 kb of sequence) has been reported using GFP
knockins at multiple genes (Rajagopal et al., 2016). Another
recent FACS-based study examined murine enhancer elements
near programmed cell death 1 (PD-1, Pcdh1), a key regulator of
T cells and a cancer immunotherapy target, by interrogating nine
distinct enhancer regions (Sen et al., 2016). This library included
1,754 enhancer-targeting gRNAs, 117 gRNAs targeting the PD-1
exonic sequence as positive controls, and 200 non-targeting
gRNAs as negative controls. Using this approach, the authors
identified an enhancer involved in T cell exhaustion and specific
transcription factor binding sites responsible for the changes in
T cell activity.

To increase the resolution of saturating mutagenesis, it is
possible to screen the same region with multiple nucleases
with different targeting capabilities (Canver et al., 2017a). For
example, to identify regulatory elements for the MYB gene
capable of modulating fetal hemoglobin, recent work combined
SpCas9 (PAM: NGG) and the engineered PAM variant SpCas9-
VQR (PAM: NGA). The combination library (with NGG and NGA
PAMSs) achieved a high level of saturation (3 bp median spacing
between gRNAs), resulting in an ~2 x increase in resolution from
a single nuclease alone over the same region. The libraries were
also designed using haplotype-derived variants instead of
relying solely on the human reference genome, which was shown
to reduce false negatives in silico due to mismatches between
the gRNA and target sequence.

Noncoding Screens with CRISPR Effectors

Fusions of catalytically inactive CRISPR enzymes with other
effector domains, such as those employed in CRISPRa and
CRISPRI screens, have been effective at identifying regulatory

alter transcription factor binding motifs (or adjacent to transcription factor binding motifs) will display altered abundance when sorting for gene expression
(Canver et al., 2015). By contrast, gRNAs that confer resistance to drugs or an aggressive in vivo metastatic phenotype will be more abundant (Sanjana et al.,
2016; Chen et al., 2015; Shalem et al., 2014; Wang et al., 2014). Pooled screens have also been paired with single-cell RNA-seq to dissect genetic networks

(Adamson et al., 2016; Dixit et al., 2016; Jaitin et al., 2016).
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regions. Using the dCas9-KRAB CRISPRi system, one study
examined the regulatory architecture of regions around the
MYC and GATAT1 genes, which are involved in cell proliferation,
in a leukemia cell line. Decreased expression of these genes re-
sults in slower growth, which reduces the representation of the
corresponding gRNAs over the growth period of the screen (14
population doublings). Using a pooled library of 98,000 gRNAs
tiled across ~1.3 Mbp of sequence, this study found that a com-
bination of chromosome conformation and enhancer marks like
H3K27Ac can predict which regions harbor functional elements
(Fulcoetal., 2016). Itis likely that dCas9 fused to other repressive
domains like LSD1 (Kearns et al., 2015), HDAC (Kwon et al.,
2017), MQ1 (Lei et al., 2017), or DNMT3A (Liu et al., 2016; Vojta
et al.,, 2016) would also be successful in a similar pooled
screening format. Another CRISPRi-based study coupled a non-
coding screen to a single-cell RNA-seq readout to interrogate
super-enhancers (Xie et al., 2017). The screen utilized dCas9-
KRAB-expressing cells and a pooled, barcoded gRNA library
targeting DHS regions within super-enhancers. In conjunction
with gRNA identification, the transcriptome of each single cell
was also acquired via the Drop-seq method (Macosko et al.,
2015). Guide RNAs sparsely targeted 71 enhancers contained
within 15 super-enhancers located in 7 distinct TADs. Interest-
ingly, whereas most pooled screens are performed at low viral
multiplicity to ensure single integrants per cell, this screen was
performed at high viral multiplicity (an average of 3.2 gRNAs
per cell), which is feasible given that the readout is not pooled
(i.e., cells are barcoded individually). Transcriptomes of 12,444
single cells were obtained, which was estimated to be equivalent
to 40,041 single-cell transcriptomes due to multiple gRNA
integrants per cell. This analysis allowed for identification of
functional enhancers and their effect on the transcriptome as
well as identification of target genes. With multiple gRNAs deliv-
ered to each cell, this approach was also able to assess the
effects of combinatorial targeting of several DHSs within a single
super-enhancer.

Fewer studies have utilized CRISPRa in noncoding regions;
this may be due to greater potential for false-positive results
from inactive or poised enhancer elements. Using a dCas9-
VP64 CRISPRa system, a recent study identified autoimmune-
related enhancers of CD69 and IL2RA by tiling ~100-kb regions
around each gene (Simeonov et al., 2017). Another study utilized
both CRISPRi and CRISPRa strategies over the same region
(Klann et al., 2017). First, a library of 12,189 gRNAs was synthe-
sized to target 433 DHSs in a 4-Mbp region flanking HER2 and
some non-hypersensitive sequences within the locus as a nega-
tive control. A screen was performed in the presence of dCas9-
KRAB in A431 cells and used FACS to sort cells based on HER2
expression levels; potential regulatory elements were identified
based on gRNA enrichment in cells with low HER2 expression.
The same library and experimental design were then used in
the presence of a dCas9 fusion with p300 in HEK293T cells.
This novel CRISPRa approach takes advantage of p300, a his-
tone acetyltransferase responsible for deposition of acetylation
of histone H3 on lysine 27, a key biochemical modification found
at active promoters and enhancers (Creyghton et al., 2010). The
activation screen largely led to the identification of the same reg-
ulatory elements, with some differences between the sequences

identified by the loss-of-function and gain-of-function tech-
niques. The observed discrepancies were attributed to cell-
type-specific enhancer activity, difficulties detecting active
enhancers using activation approaches, and difficulties detect-
ing inactive enhancers with repression approaches.

Lastly, targeted DNA methylation or enforced chromatin loop-
ing can be applied to enhancer/DHS evaluation. It has been
shown that the fusion protein dCas9-DNMT3A can be used to
catalyze DNA methylation of CpG island motifs in the targeted re-
gion to create stable, heritable silencing (Liu et al., 2016). This
strategy is likely to be successful in a high-throughput pooled
screening format. In addition, different dCas9 orthologs fused
to inducible dimerzation components from the plant phytohor-
mone S-(+)-abscisic acid (ABA) can be used to manipulate chro-
matin looping between different chromosomal regions, such as
enhancers and promoters (Morgan et al., 2017).

Noncoding RNA Screens

IncRNAs, which are noncoding RNAs greater than 200 bp in
length, have diverse functions in gene regulation and signaling,
and as decoys and scaffolds for other RNAs (Wang and Chang,
2011). They are abundant in the human genome: GENCODE v26
has annotated 15,787 IncRNA genes and 27,720 IncRNA tran-
scripts (Harrow et al., 2012). IncRNAs have been difficult to
manipulate until recently. Recent work used the CRISPRa
approach to target ~1 kb upstream of the first exon of 243
IncRNAs to identify IncRNAs regulators of AKT (Koirala et al.,
2017). In another study, 671 human IncRNAs were targeted
with 12,472 gRNA pairs for pooled deletion screening, which ul-
timately implicated 51 IncRNAs as playing a role in cancer cell
growth (Zhu et al., 2016). CRISPRI has also been used to study
IncRNAs. A 170,262 gRNA library was synthesized to target
the TSS of 16,401 IncRNAs to identify hits playing a role in cell
growth (Liu et al., 2017b). With CRISPRa, a 95,958 gRNA library
was synthesized to target the TSS of 10,504 IncRNAs to identify
key IncRNAs whose expression conferred resistance to a cancer
therapy, including one IncRNA shown to regulate four nearby
genes (Joung et al., 2017b). Similar to IncRNAs, pooled screens
have been performed to interrogate microRNAs (Chen et al.,
2015; Sanjana et al., 2014; Wallace et al., 2016). CRISPR-
Cas9-mediated deletions have been shown to be an effective
strategy to target individual microRNAs (Ho et al., 2015); there-
fore, it is conceivable that high-throughput pooled deletion
screens may be an effective screening strategy for microRNAs
as well. Alternatively, screens for noncoding RNAs could be
performed using type VI effectors in a high-throughput format
(Abudayyeh et al., 2016; East-Seletsky et al., 2016; Smargon
etal., 2017).

Transcription Factor Binding Site and Motif Targeted
Screens

Transcription factor binding sites and motifs are key mediators of
gene regulatory function, and many diseases, including cancer,
can result from mutations in these regions (Cuykendall et al.,
2017). Instead of targeting all binding sites around a specific
gene of interest, it is possible to target binding sites genome-
wide for a specific transcription factor. For example, one study
interrogated p53-bound enhancer regions by targeting 685
genomic regions derived from overlapping ChlIP-seq data-
sets, p53 consensus binding motifs, and enhancer annotations
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Figure 5. Consistent Enrichment/Depletion in Pooled CRISPR Screens
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The analysis of pooled CRISPR screens is based on the abundance of gRNAs from next-generation sequencing of the genomically integrated gRNA cassette
across samples. Enrichment and/or depletion scores are calculated by comparing the abundance after phenotypic selection with an earlier, pre-selection time
point. Red arrows: gRNAs displaying enrichment across samples in the screen; blue arrows: gRNAs not showing changes in abundance across samples.

(A) In pooled screens targeting coding genes, the enrichment/dropout of multiple gRNAs targeting the same gene (consistent effects) enables identification of
potential candidate genes. Genes where gRNAs are not consistently enriched/depleted are not chosen for further validation and analysis.

(B) In noncoding screens, candidate functional sequences are identified by enrichment or dropout of distinct gRNAs that target within a defined window.

(Korkmaz et al., 2016). A 1,116-gRNA tiling library was synthe-
sized to evaluate the identified regions. A similar experiment
was also performed for the transcription factor ERa by overlap-
ping ChIP-seq datasets and ERa consensus binding motifs. In
this case, enhancer RNA expression analyses by GRO-seq were
utilized to find active enhancers. This analysis identified 73 candi-
date regions that were then interrogated using a 97-gRNA library.
Both of these screens successfully identified functional enhancer
sequences bound by the respective transcription factors.

CTCF is an insulator protein that has been shown to be impor-
tant for genome organization, such as TAD formation. Disruption
of CTCF binding sites can act as an oncogenic driver via enhancer
hijacking and activation of neighboring oncogenes (Hnisz et al.,
2016). Several tools exist for CTCF manipulation, such as
nucleases for mutagenesis, sterically hindering CTCF binding
(CRISPRI), methylation of CpG dinucleotides (dCas9-DNMT3A,
dCas9-MQ1), and base editing approaches such as cytosine
deaminase effectors (Hess et al., 2016; Lei et al., 2017; Liu
et al.,, 2016; Ma et al., 2016). Combining these tools with a
genome-wide CTCF library would allow rapid interrogation of
the CTCF sites and TADs that are most relevant for particular dis-
eases and phenotypes. Finally, it may be possible to perform a
screen for DNA-binding partners for a given binding motif by using
the new dCas9-APEX effector that biotinylates proteins near the
gRNA target site (Myers et al., 2017). Similarly, a biotinylated
dCas9 paired with pull-down for proteomics, 3C-seq, and RNA-
seq can be used to characterize locus-specific chromatin-regu-
lating protein complexes and long-range DNA interactions at spe-
cific motifs or enhancer elements (Liu et al., 2017¢).

Analysis of Pooled CRISPR Screens

The initial step in the analysis of pooled CRISPR screens is con-
verting sequencing data to enrichment and/or dropout (“deple-
tion”) scores for all gRNAs in the library. Typically, these scores
are compared between pre- and post-selection samples (e.g.,
before and after drug selection to find gRNAs involved in drug
resistance and/or sensitivity). Although most pooled CRISPR
screens have compared gRNA representation between two
samples, it is also possible to have a multi-dimensional pheno-
typic readout, such as FACS-based sorting of multiple popula-
tions to determine relevant effect size or single-cell full transcrip-
tome readout (Adamson et al., 2016; Datlinger et al., 2017; Dixit
et al., 2016; Jaitin et al., 2016; Xie et al., 2017). Many different
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tools have been developed for analysis of gene-targeted screens
and offer such features as automated determination of posi-
tively/negatively selected genes, pathway analysis, quality con-
trol analysis, and data visualization (Jeong et al., 2017; Li et al.,
2014, 2015; List et al., 2016; Winter et al., 2016).

For screens targeting protein-coding genes, the key task is to
identify how many gRNAs that target the same gene are en-
riched/depleted and to identify those with consistent enrich-
ment/depletion (Figure 5A). For example, genes with multiple
distinct enriched/depleted gRNAs are ranked more highly than
genes with only one enriched/depleted gRNA.

One outstanding question for the analysis of noncoding
screens is how to accurately and reliably identify functionally
relevant regions. Intuitively, the presence of colocalizing gRNAs
that either enrich or drop out in a noncoding screen is suggestive
of functional sequence (Figure 5B). One approach is to use a
sliding window to identify regions with multiple enriched gRNAs
(Diao et al., 2017; Fulco et al., 2016; Sanjana et al., 2016). This is
similar to the consistent enrichment principle in screens target-
ing protein-coding genes, except that defining an appropriate
window size introduces an additional free parameter. Other ap-
proaches to identify functional regions have included a hidden
Markov model (HMM) (Canver et al., 2015, 2017a). Analytic
methods for noncoding mutagenesis screens are still in their in-
fancy, and there are abundant opportunities to develop more
advanced methods.

After identification of screen hits, it is essential to validate the
results of the screen. Validation of a gene-targeted screen typi-
cally employs independent gRNAs targeting the gene(s) of inter-
est that are not found in the pooled library. For screens targeting
noncoding regions (e.g., saturating mutagenesis), it can be chal-
lenging to find independent gRNAs if all nearby gRNAs were
already included in the library or if there are not a sufficient num-
ber of targetable sites. In these cases, CRISPR nucleases with
different PAM sequences can be utilized—either orthologs
from other microbial species, or the same nuclease engineered
to recognize an alternative PAM (Canver et al., 2017a). If there
are many hits, or if validation in an array format is not feasible
(e.g., within vivo systems), it can be useful to construct a focused
subpool library, with deep coverage of selected genes or regions
from the initial pooled screen (Chen et al., 2015). The subpool li-
brary can be used to gain confidence in specific hits before pro-
ceeding to other validation assays.
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Pitfalls of Pooled CRISPR Screening

On-target activity and off-target cleavage concerns are not
unique to pooled screening experiments but rather represent
concerns for all genome editing experiments. Many different pre-
dictive scores for on- and off-target activity have been devel-
oped to aid in gRNA choice to address these concerns (Tycko
et al., 2016). In general, false negatives can occur in pooled
screens when using gRNAs with low activity. To combat this
problem, machine learning approaches have been applied to
saturating mutagenesis screens in coding regions to identify
gRNA characteristics that correlate with high activity (Doench
etal., 2014, 2016). Similar approaches have also been deployed
to derive design parameters for CRISPRi (Smith et al., 2016). In
addition to utilizing scores effective at predicting on-target activ-
ity (Doench et al., 2014, 2016), other work has highlighted the
importance of targeting nucleosome-free regions (Horlbeck
et al., 2016) and methods for creating accessible chromatin to
enhance on-target activity (Chen et al., 2017a). Others have
found that nucleosome positioning has little or no effect in
boosting activity (Chen et al.,, 2017c). Also, modifying the
gRNA scaffold can improve nuclease-target binding and reduce
the number of gRNAs required per target (Cross et al., 2016; Qi
et al., 2013).

CRISPR targeting of genes or regions present at high copy
number can result in apoptosis from excessive DSB induction
and thus lead to false positives in dropout screens (Aguirre
etal., 2016; Munoz et al., 2016). This can be especially problem-
atic in the context of cancer, since many oncogenes (and non-
coding regions near oncogenes) may be present at high copy
number in cell lines or tumor samples (Santarius et al., 2010).
These issues can be circumvented by either removing gRNAs
with significant off-target potential at the library design stage
or excluding them from the analysis after readout (Meyers
etal., 2017).

Efforts to minimize false negatives and false positives are
essential to ensure reproducibility. It can be challenging to directly
assess reproducibility of high-throughput screens due to limited
overlap of study questions and unique experimental conditions
and designs. However, a number of gene-targeted studies have
sought to identify essential genes in different cell types. These
screens have, in general, identified similar sets of genes, although
they also have found a smaller number of genes unique to a partic-
ular study and different relative essentiality ranks among genes
identified in multiple studies (Hart et al., 2017; Rauscher et al.,
2017a). It remains unclear whether these discrepancies are due
to cell-type-specific effects, experimental artifacts, or differences
in computational analysis of screen data. Notably, one group
identified two enhancer elements using a saturating mutagenesis
approach, which they re-identified using a tiling deletion-based
approach (Diao et al., 2016, 2017). In addition, top hits from satu-
rating mutagenesis of the BCL11A enhancer were re-validated in
a subsequent saturating mutagenesis screen of the region
(Canver et al., 2015, 2017a). Saturating mutagenesis using two
Cas9 orthologs (SpCas9 and SpCas9-VQR) was performed sepa-
rately on the same genomic locus. These experiments resulted in
comparable functional maps, which offered internal reproduc-
ibility using independent CRISPR systems (Canver et al.,
2017a). Finally, technical aspects of screen design can also factor

into reproducibility. Independent screen replicates using the
same library and cell line are usually highly reproducible, with a
notable exception being CRISPR screens using homologous
recombination instead of lentivirus for library delivery (Rajagopal
et al.,, 2016). Taken together, initial studies have suggested a
high degree of reproducibility of pooled CRISPR screens, but sys-
tematic investigation of this issue is still needed.

Consideration of off-target activity is also important in large-
scale screens: given that libraries are composed of many
gRNAs, it is necessary to have some assurances that targeting
is specific to the intended region of the genome. One advantage
of pooled screens is that the downstream analysis includes
some measure of consistency between multiple gRNAs targeting
the same gene or noncoding region (Figures 5A and 5B). Thus,
the off-target effects of a single gRNA are less problematic in
the context of screens than in, for example, therapeutic develop-
ment. Early work noted that mismatches in certain positions are
less likely to induce off-target activity (Hsu et al., 2013), and more
recent work has used large-scale screen datasets to develop
rules to predict off-target activity such as the cutting-frequency
determination (CFD) score (Doench et al., 2016). Another
approach to reducing off-target activity is to use nucleases
engineered with reduced off-target potential such as HypaCas9,
SpCas9-HF1, and eSpCas9 (Chen et al., 2017b; Kleinstiver et al.,
2016; Slaymaker et al., 2016). A final consideration concerns the
use of non-targeting gRNAs as negative controls. It has been
suggested that gRNAs that target nonessential genes are a su-
perior negative control for pooled screens because they better
account for Cas9 toxicity and DSB induction (Hart et al., 2017;
Morgens et al., 2017).

Conclusions

Pooled CRISPR screens are a powerful tool to perform high-
throughput genetic and epigenetic studies. Forward genetic
screens using genome engineering enable investigators to estab-
lish causal links between noncoding regions and disease-relevant
phenotypes. Given that tools to establish direct links between
noncoding sequences in their native context and function
have not been available until recently, there is a growing interest
in developing and applying high-throughput CRISPR-based
screens for these purposes. A growing database of CRISPR
screens highlights the importance of this data and offers a rich
resource for researchers (Rauscher et al., 2017b). We expect
that pooled screens in noncoding regions will evolve rapidly as
CRISPR technology continues to improve. It is possible that in
the not-too-distant future, extensive mapping of noncoding func-
tion catalyzed by these tools will provide a clear picture of how
much of the human genome is truly functional.
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