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A major challenge in genomics is to
identify functional elements in the
noncoding genome. Recently,
pooled clustered regularly inter-
spersed palindromic repeat
(CRISPR) mutagenesis screens of
noncoding regions have emerged
as a novel method for finding ele-
ments that impact gene expression
and phenotype/disease-relevant
biological processes. Here we
review and compare different
approaches for high-throughput
dissection of nhoncoding elements.

Which Sequences in the Genome
Impact Human Biology?

Less than 2% of the ~3 billion DNA base
pairs in the human genome encode pro-
teins, whereas most of the human genome
comprises noncoding regions. The func-
tion of noncoding regions is less well
understood than the coding genome
and, for many noncoding regions, there
is vigorous debate about whether they
have any function at all [1-3]. Nonetheless,
sequence conservation estimates have
found that ~10% of the genome is under
selection, supporting a functional role for
some noncoding sequences [4]. Identifying
functional elements in the vast noncoding
space and understanding their roles in dif-
ferent biological process is one of the major
current challenges in genomics.

Inroads into this challenge have been
made over the past two decades through
the characterization of biochemical hall-
marks that correlate with putative noncod-
ing functional elements, such as chromatin
accessibility, chromatin  conformation,

transcription factor binding prediction, epi-
genetic modifications, and conservation.
Recent consortium efforts like the Encyclo-
pedia of DNA Elements (ENCODE) and the
Roadmap Epigenomics Project have pro-
duced vast quantities of genome-scale
data that are widely used to predict regu-
latory function [1,5]. Diverse types of gene
regulatory elements such as promoters,
enhancers, and functional noncoding
RNAs hint at the presence of a complex
noncoding landscape but presently these
features provide only hypotheses about
function, not proof of a role in biological
processes [6]. Large-scale assays for non-
coding function, such as massively parallel
reporter assays (MPRAS), place small, syn-
thesized 100-200-bp putative functional
elements before a minimal promoter and
quantify mMRNA expression [7]. MPRAs
have recently been employed to quantify
and compare thousands of expression-
modulating variants [8,9] but have several
limitations. Since the assay uses episomal
reporters, analyzed variants lack native
chromatin context and other surrounding
genome features. Also, due to the mRNA
readout, it is not feasible to detect variants
that work via post-transcriptional or feed-
back mechanisms.

A more direct approach for identifying
functional elements is to modify or muta-
genize an element in its native context and
see whether changes in gene expression
or cellular function follow (Figure 1A). Until
recently, genome editing has been chal-
lenging in human cells. Over the past few
years, RNA-guided nucleases derived
from CRISPR microbial immune systems
(e.g., Cas9 from Streptococcus pyogenes)
have enabled high-throughput genome
modification in cells and tissues from
diverse organisms [10]. CRISPR systems
are targeted to different genomic sequen-
ces by a short single guide RNA (sgRNA),
enabling rapid synthesis of large libraries
of CRISPR reagents using array oligonuc-
lectide synthesizers similar to those used
for genotyping arrays. For protein-coding
genes, loss-of-function and gain-of-
function screens using genome-scale
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CRISPR libraries with thousands of
sgRNAs have identified genes involved in
diverse cellular phenotypes, including cell
survival, drug/toxin resistance, immune
signaling, and cancer metastasis [11,12].

Recently, genome engineering techni-
ques have been applied to the noncoding
genome. Targeted mutations in noncod-
ing regions can result in disruption of
functional elements such as promoter
or enhancer sites (Figure 1B). Many of
these regions are inaccessible to manip-
ulation by other pooled screening techni-
ques like RNAi. However, there are
challenges even when working at the
DNA level. For example, in coding regions
any frameshift mutation can result in loss
of function but disruption of smaller non-
coding elements might require mutagen-
esis at a precise location (e.g., a 5-10-bp
transcription factor-binding site).

Although there are differences in library
design and phenotypic selection between
different CRISPR screens, all employ
libraries of sgRNAs to identify functional
elements  within  noncoding  regions
(Figure 2). Here we review and compare
several recent noncoding CRISPR
screens and examine how genome engi-
neering can further our understanding of
the noncoding genome.

Targeted Screens Guided by
Disease Genetics

Genome-wide genetic association studies
(GWASS) have revealed thousands of var-
iants that correlate with human disease
and the vast majority lie in noncoding
regions, implying that regulatory variation
is an important component of inherited
disease risk. However, finding the exact
causal variant among other variants can
be challenging due to linkage. An early
example of a noncoding screen identifying
a causal variant is in hemoglobin regula-
tion. An intronic variant in the gene
BCL11A was identified by a GWAS as
an ameliorating factor in B-thalassemia
and sickle-cell anemia [13]. These disor-
ders are commonly due to defects in the
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Figure 1. Targeted Clustered Regularly Interspersed Palindromic Repeat (CRISPR) Mutagenesis Disrupts Noncoding Functional Elements via
Insertion-Deletion (Indel) Mutations. (A) Mutagenesis of a transcription factor (TF)-binding site that lies distal to a promoter of a gene. After targeted mutagenesis at
the distal site, the TF no longer recognizes the sequence and no longer binds, resulting in altered gene expression and cellular phenotype. (B) Mutagenesis of a canonical
TF motif (in this example, for YY1) with a single guide RNA (sgRNA). The sequenced alleles from the resulting polygenic population reflect the diversity in nonhomologous
end-joining double-strand break repair outcomes after Cas9 nuclease activity. None of the post-genome modification alleles matches the maximum-likelihood YY1-

binding motif. (B) adapted from [18].

adult form of hemoglobin and it has been
shown that loss of BCL771A results in
derepression of fetal hemoglobin (which
substitutes for the adult form). However,
within this large intron of BCL711A, the
precise location of the functional element
that modulates BLC71A expression was
unknown.

Mutagenesis of all Cas9-targetable sites
in three erythroid-specific enhancer
regions (identified previously by a bio-
chemical hallmark of noncoding function

Gene locus |‘_- I—I—Ih
S . ..-..... . lI I I. I ... . [

Cross-species
conservation

Molecular
hallmarks

Disease

SNPs o 00

Noncoding I
sgRNA \ I []
libraries
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intron was performed using a pooled
CRISPR library to find the causal variant
responsible for controling BCL711A
expression [14]. A total of 702 sgRNAs
were screened in HUDEP-2 cells, which
usually express only low levels of fetal
hemoglobin. After genome modification,
cells were labeled with an antibody to fetal
hemoglobin and sorted using fluores-
cence-assisted cell sorting to enrich for
cells with a high level of fetal hemoglobin.
The top-scoring sgRNAs mapped to a

GATAT-binding site; GATA1, a master
regulator of erythropoiesis, acts as an
enhancer of BCL11A in c¢is. Thus, muta-
tions (or natural variants) at this site
reduce BCL11A expression.

Since complete loss of BCL171A is lethal, it
is a challenging drug target for treating
hemoglobinopathies. However, given that
the intronic, GATA1-binding enhancer
identified in the screen acts in a cell
type-specific manner, there is great
potential for therapeutic genome editing
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Figure 2. Noncoding Clustered Regularly Interspersed Palindromic Repeat (CRISPR) Libraries Can Be Designed with Single Guide RNAs (sgRNAS)
that Target Known Genome Features or for Saturation Mutagenesis. In a noncoding region, different genomic features associated with the region (top) and four
different noncoding CRISPR libraries (bottom) are depicted. Blue sgRNAs target sites of high cross-species conservation. Orange sgRNAs target sites with a specific
molecular hallmark (e.g., transcription factor-binding sites, histone modifications). Purple sgRNAs target known human SNPs with disease or phenotype associations.
Green sgRNAs target as many genomic locations as possible in an unbiased fashion over the noncoding region.
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at this noncoding locus to modulate
BCL11A in erythroid cells alone.

Targeted Screens Guided by
Biochemical Hallmarks

Another approach for selecting putative
functional elements is to use genomic cat-
alogs of biochemical hallmarks, such as
ENCODE consortium data. By targeting
hallmarks such as transcription factor
binding sites or peaks of post-translational
histone modifications, it is possible to
nominate putative functional elements.
Using this strategy, two CRISPR libraries
were designed based on prior ChIP-seq
datasets of p53 and estrogen receptor
alpha (ER«) — transcription factors com-
monly mutated in cancers — and these
libraries were used to identify binding sites
required for continued cancer proliferation
(Figure 1B) [15].

By targeting ~700 p53-binding sites
using 1116 sgRNAs in an inducible
mutant-RAS model of oncogene-induced
senescence, they identified key sites
required for p53-based senescence after
mutant RAS induction. Two sites near
CDKN1A, a well-known mediator of
p53-induced cell cycle arrest, were
enriched in the initial screen (enrichment
for continued proliferation and escape
from senescence after CRISPR mutagen-
esis at these sites) and further validated
using cell cycle assays and a second,
higher-resolution CRISPR screen over a
smaller region. The authors also per-
formed a proliferation screen in ER-
dependent breast cancer cell lines using
a small library of 97 sgRNAs targeting
ER-binding sites. Since cell growth
depends on ER« binding, disruption of
critical binding sites prevents further pro-
liferation. For this screen, the ERx sites
targeted by depleted sgRNAs were
scored as pro-growth elements. Previous
chromatin-interaction analysis by paired-
end tag (ChlA-PET) showed that one ERx
enhancer identified from the screen phys-
ically interacts with the G1 cell cycle gene
CCND1, which is commonly overex-
pressed in breast cancer.

Although the authors focused on the role
of two specific types of transcription factor
binding site in cancer evolution, this
approach can be used for any biochemical
hallmark genome wide. For example,
genome-wide CRISPR libraries targeting
miRNAs have been used to uncover
miRNAs that drive cancer metastasis
in vivo [16]. In this manner, noncoding
elements that exert phenotypic effects
through multiple genes (e.g., all gene tar-
gets of a miRNA) can also be investigated
in a high-throughput fashion.

Screens for Control of Gene
Expression

A major role of noncoding genome ele-
ments is the control of gene expression,
which can itself be used as a selectable
phenotype for pooled screens. To perform
a noncoding screen for gene expression,
GFP knock-in mouse embryonic stem cell
lines were generated for four different
genes: Nanog, Rpp25, Tdgf1, and Zfp42
[17]. For each reporter line, the authors
delivered sgRNAs targeting regulatory
regions near each gene using a homolo-
gous recombination-based approach.
They identified several cis-regulatory ele-
ments that changed GFP expression when
mutated but that do not coincide with the
typical predictive biochemical features of
enhancer elements such as H3K4me1 and
H3K27ac. By sequencing mutations after
genome modification at these locations,
they mapped the key sequence features
of the novel regulatory elements. An attrac-
tive feature of this screening paradigm is
that it can be expanded to any expressed
gene for which an appropriate fluorescent
reporter line is available.

Unbiased Screens for Functional
Elements that Impact Disease
Ideally, functional screens should interro-
gate large genomic intervals in an unbi-
ased fashion while taking advantage of
disease-relevant phenotypes for selective
enrichment of relevant sgRNAs from the
pool. A recent study looked for functional
elements in regions surrounding genes
that mediate resistance to the BRAF
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inhibitor vemurafenib in a BRAF-mutant
melanoma cellline [18]. These genes were
identified in a previous genome-wide
(coding) CRISPR screen using the same
drug-resistance phenotype. For the non-
coding screens, ~18 000 sgRNAs were
targeted densely across 200-300 kb of
sequence flanking each of the genes. In
these libraries, the average distance
between neighboring sgRNA target sites
was ~15 bp, which was about the same
length as the average indel mutation,
enabling high-density coverage of the
noncoding regions.

After vemurafenib selection, enriched tar-
get sites overlap with melanoma-specific
open chromatin regions (from DNase |
HS-seq and ATAC-seq profiles) and with
regions of evolutionary conservation.
Chromatin conformation capture (3C)
analysis indicated that noncoding
regions that tend to physically interact
with the gene promoter via chromatin
loops show strong enrichment for func-
tional regulatory elements. For many of
the enriched regions, mutations at these
sites cause a significant decrease in gen-
eral biochemical hallmarks of regulatory
activity, such as H3K27ac for distal
enhancers and H3K4me3 for promoter-
proximal regions. At specific sgRNA tar-
get sites where bioinformatically identi-
fied binding motifs exist, several
transcriptional factors previously impli-
cated in melanoma, such as JUN,
FOS, YY1, ZNF263, and CTCF, had
decreased binding after CRISPR muta-
genesis (Figure 1B).

This study demonstrates the effective-
ness of pairing a genome-wide screen
over coding regions with subsequent
high-resolution, unbiased noncoding
screens around genes of interest identi-
fied in the coding screen. Mutagenesis of
several of the regulatory elements from
the noncoding screen results in a pheno-
typicimpact of similar magnitude to that of
coding mutations, emphasizing the
importance of noncoding variants to dis-
ease biology.
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Prospects of Noncoding
Functional Screens

Rapid advances and innovative applica-
tions of high-throughput mutagenesis
screens have opened new avenues for both
hypothesis-driven and unbiased interro-
gation of noncoding sequences. Presently,
noncoding screens have been confined to
mutagenesis over regions of 10 kb to 1 Mb.
Scaling up to screen over larger genomic
intervals (or even entire genomes) wil
require new tools for creating large dele-
tions or programmed rearrangements (e.g.,
targetable recombinases or transposases).
Continued advances in genome engineer-
ing tool development and high-throughput
phenotypic screens have great potential for
exploring the basic functional architecture
of the noncoding genome.
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