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ABSTRACT: Enhancers control the spatiotemporal expression of genes and are essential for encoding diﬀerentiation and
development. Since their discovery more than three decades
ago, researchers have largely studied enhancers removed from
their genomic context. The recent adaptation of CRISPR/
Cas9 to genome editing in higher organisms now allows
researchers to perturb and test these elements in their genomic
context, through both mutation and epigenetic modulation. In
this Perspective, we discuss recent advances in scanning
noncoding regions of the genome for enhancer activity using
CRISPR-based tools.

A

enhancer logic,12,13 identifying functional bases and motifs
within enhancers,14,15 testing the eﬀects of variants on enhancer
function,16−18 genome annotation,11,19 and validating biochemically predicted enhancer elements.20,21 While MPRAs
directly measure enhancer function and are scalable, they
traditionally test short DNA fragments on a plasmid with a
minimal promoter, therefore missing the extended sequence
context, including its chromatin landscape and any pairing of
the candidate enhancer with its endogenous promoter across a
long distance. We and colleagues recently described a strategy
(“lentiMPRA”) wherein libraries are integrated randomly to the
genome,21 addressing some but not all of the limitations of
MPRAs.
Rather than testing candidate enhancer elements for their
positive activity when removed from context, a complementary
approach is to perturb these same sequences in their
endogenous genomic locations. Until recently, these types of
experiments in the laboratory have been limited by the diﬃculty
of engineering targeted perturbations. In 2013, two groups
adapted the bacterial CRISPR/Cas9 innate immune system to
selectively create targeted double-stranded breaks in mammalian genomes.22,23 Due to the ease of cloning the guide
sequences, which target the CRISPR complex to speciﬁc
positions in the genome, Shalem et al. applied CRISPR as a
genome-wide screen for essential genes in 2014.24 This
perspective will focus on a new wave of literature implementing
the CRISPR/Cas9 system to perturb and screen thousands to
millions of genomic bases for enhancer function in their
endogenous sequence contexts.

lthough all cells of a multicellular organism share the same
genes, the relative timing and levels of expression of these
genes somehow specify myriad cell types. The spatiotemporal
control of gene expression is inﬂuenced by distal DNA
sequences known as enhancers. Enhancers were ﬁrst deﬁned
in 1981 as short sequences of DNA that are able to increase the
expression of a gene independent of their relative position or
orientation to the transcriptional start site.1,2 Recently, several
groups have shown that disease-associated variants disproportionately reside in candidate enhancer elements.3−5
Despite intensive eﬀorts, identifying and validating enhancers, as well as predicting the eﬀects of sequence variants
within them, remain as fundamental challenges for the ﬁeld.
Traditionally, candidate enhancer elements have been characterized by testing their ability to activate expression of a
reporter gene (e.g., luciferase or β-galactosidase) in an episomal
construct.6 Although this type of assay has been considered a
gold standard for enhancer function, a major criticism is that it
tests sequences outside of their native context.
In recent years, two high-throughput approaches have
emerged to identify or validate enhancers. The ﬁrst approach
is to survey genomes for biochemical marks that are associated
with enhancer activity (e.g., as done by the ENCODE
Consortium on many cell lines). These marks include EP300
ChIP-seq, H3K27ac ChIP-seq, H3K4me1 ChIP-seq, DNase I
hypersensitivity (DHS), and others.7 While scalable, these
assays are fundamentally descriptive and do not measure
enhancer activity. The second approach, massively parallel
reporter assays (MPRAs), builds on the in vitro luciferase assay.
However, instead of measuring reporter-gene activity of a single
target, MPRAs rely on sequencing-based quantiﬁcation of
thousands of RNA barcodes in parallel, each associated with a
diﬀerent candidate enhancer.8−10 MPRAs, and a recent
derivative, STARR-seq,11 have been used for saturation
mutagenesis of known promoters and enhancers,8−10 dissecting
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Figure 1. CRISPR-based functional screening for enhancer elements. (a) Designed gRNAs targeting potential enhancer regions are synthesized on a
microarray and cloned into viral constructs, which are used to construct lentivirus libraries. Cells are infected with the lentiviral library at a low MOI
to confer stable expression of a single construct per cell. (b) Sequence disruption: Putative enhancer regions are either targeted by an individual or
paired gRNA construct. Individual gRNAs induce double stranded breaks, which can be repaired by nonhomologous end joining (NHEJ) resulting
in short insertions and deletions. Paired gRNAs can result in a drop-out of the intervening sequence, resulting in targeted, large deletions. (c)
Epigenetic perturbation: Inactive CRISPR-Cas9 (dCas9) can be fused with eﬀectors for epigenetic modiﬁcation. LSD1 and KRAB have been used to
repress transcription while VP64 and p300 have been used to activate transcription. Eﬀectors directly or indirectly act on histones by introducing
histone marks, such as H3K4/H3K9 methylation or H3K27 acetylation. (d) Eﬀects of enhancer perturbation have been measured in at least three
ways: Flow sorting based on expression of ﬂuorescently tagged endogenous genes, cellular proliferation advantage/disadvantage controlled by genes
of interest, and single cell RNA-seq. Sci-RNA-seq ﬁgure adapted from ref 57 with permission from AAAS. Functional enhancers are detected by the
identiﬁcation of the enrichment/depletion of gRNAs or by gene expression changes.

■

TILING DELETION SCANNING
The relatively short guide sequences used to target Cas9 to its
desired target sites facilitates large scale knockout screens.
Unlike previous genome engineering techniques such as zinc
ﬁngers and TALENs, which are laborious to synthesize, tens of
thousands of guide RNA (gRNA) sequences can be synthesized
in parallel by array-based oligonucleotide synthesis. These
gRNAs are then cloned into a library of lentiviral vectors, which
each deliver one gRNA into Cas9-expressing cells (Figure
1a).24 Each cell receives its own speciﬁc gRNA and resulting
programmed mutation; when a functional selection is applied
on the diverse pool of cells, the relative abundance of each
gRNA, before and after selection, can be readily quantiﬁed by
sequencing (Figure 1d).

In 2015, Canver et al. tiled individual gRNAs across a
noncoding region to look for cis-regulatory elements.25 A single
Cas9 cleavage followed by nonhomologous end joining
(NHEJ) results in a spectrum of insertions and deletions
(indels) at the target site. These individual gRNA tiling
experiments assume that short indels, when occurring at a
critical location, will disrupt enhancer function (Figure 1b).
Canver et al. tiled 3 DHS sites within a previously described
BCL11A composite enhancer, totaling 3917 nucleotides, with
1130 gRNAs. Since reduction of BCL11A results in an increase
in HbF, the group sorted cells on the HbF level and examined
the prevalence of each gRNA in high versus low HbF
populations. The vast majority of gRNAs showed neither
enrichment nor depletion, but the approach revealed discrete
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direct sequencing of selected edits is important for reducing
false positives in CRISPR-based screens of noncoding
sequence.

genomic loci within DHSs that carry clusters of enriched
gRNAs in the HbF high population, indicating that when
disrupted, these loci reduce BCL11A enhancer activity.
Shortly after, several similar screens were published, utilizing
up to 18 000 gRNAs to examine 715 kb of genomic
sequence.26−29 A nuance of each study is how it enriches for
gRNAs impacting enhancer function (Figure 1d). Canver et al.
sorted cells based on HbF expression and studied an enhancer,
that when diminished, increased HbF. Korkmaz et al. focused
on identifying enhancers regulated by p53 and ERα and
selected based on oncogene-induced senescence and ERα
expression.29 Sanjana et al. focused on identifying enhancers
surrounding NF1, NF2, and CUL3 and selected based on
Vemurafenib resistance.28 All of these assays are limited to only
screen for enhancers aﬀecting a particular gene or pathway.
Rajagopal et al. and Diao et al. developed more generalizable
strategies by creating ﬂuorescently tagged reporter cell lines and
screening for enhancers that modulate expression of the
reporter.26,27,30
However, there are several limitations of screening for
functional enhancers with short indels created by individual
gRNAs. First, the small 1−20 bp deletions introduced through
NHEJ31,32 may be insuﬃcient to disrupt enhancer function.
Both comparisons of enhancer conservation between species33
and reporter assays with synthetic sequences13 have supported
a “billboard” model, where at least for some enhancers, a
collection of transcription factor binding sites can drive activity
in diﬀerent orders or orientations.34 As such, small deletions
may be insuﬃcient to knock down function of some bona ﬁde
enhancers. Second, some critical sites may simply not be
targeted, as current gRNA design is constrained by the location
of PAM sites and other considerations. Finally, because the
screens are noisy, these studies aggregate counts from multiple
gRNA targets within a sliding window, reducing resolution and
power.
Whereas introducing an individual gRNA can create short
indels through NHEJ, two groups demonstrated in 2013 that
introducing two gRNAs in close proximity can result in a dropout of the intervening sequence (Figure 1b).22,35 By pairing two
gRNAs on the same lentiviral vector, libraries of gRNA pairs
can create large deletions of programmed size.36,37 Zhu et al.
relied on this for a screen in 2016 that used paired gRNAs to
program deletions of 700 human long noncoding RNAs,
identifying 51 which can regulate human cancer cell growth.38
In 2017, Diao et al. applied this type of screen to search for
enhancers around the Oct4 locus,39 while we and colleagues
applied it to scan the HPRT1 locus.40
In 2017, Diao et al. tested a library of paired gRNAs on the
GFP-tagged Oct4 cell line published in 2016.39 The study tiled
2 Mb of genomic DNA in human embryonic stem cells with
kilobase-sized deletions and identiﬁed 45 cis-regulatory
elements. Gasperini et al. scanned a 206 kb region around
HPRT1 with kilobase-sized deletions and selected for loss of
HPRT function with 6-thioguanine.40 The HPRT screen
deviated from the previous designs in two potentially important
ways. First, by utilizing overlapping deletions, the screen
disrupted each base a median of 27 times, providing additional
strength and conﬁdence in calls. Second, in addition to
sequencing the gRNAs themselves, Gasperini et al. used longread sequencing to directly sequence editing events as part of
postscreen validation. The study found that HPRT1 was largely
robust to noncoding deletions, concluding that the proximal
regulatory sequence was suﬃcient for HPRT1 expression and

■

TILING EPIGENETIC MODIFICATION SCANNING
A highly related approach to deletion scanning is to instead use
CRISPR to modify the epigenetic landscape around candidate
enhancer sequences. Since Cas9 can be targeted to almost any
region of the genome, Qi et al. developed a catalytically inactive
version of Cas9 (dCas9), which can function as an RNA-guided
DNA recognition platform.41 Several groups have since fused
dCas9 to repressor and activator domains to modulate
expression of target genes (Figure 1c). Here, we only focus
on the eﬀectors that have been used to target enhancers,
including two repressors (KRAB, LSD1) and two activators
(VP64 and p300).
The Krüppel-associated box (KRAB) domain is the most
commonly used repressor for dCas9 experiments. KRAB
recruits cofactors that repress transcription through histone
methylation and deacetylation.42−46 Gilbert et al. targeted
dCas9-KRAB fusions to promoters in order to repress gene
expression.47 Since then, several groups have targeted dCas9KRAB to putative enhancers in order to validate regulatory
function in the genome. These studies used dCas9-KRAB to
target previously described enhancers of Nanog,48 Oct4,48,49
Tbx3,49 and hemoglobin subunit genes.42 Kearns et al.
compared the roles of KRAB and lysine-speciﬁc histone
demethylase 1 (LSD1) when fused to Neisseria meningitides
dCas9 to target regulatory sequences.49 LSD1 is a chromatin
regulator that has been proposed to silence enhancers during
embryonic stem cell diﬀerentiation by demethylating histone
H3 on lysine 4 or lysine 9.50 While dCas9-KRAB repressed
expression when targeted to promoters, proximal enhancers,
and distal enhancers, dCas9-LSD1 only repressed gene
expression when targeted to distal enhancers. Ultimately,
utilizing both of these orthogonal proteins and more may
add additional sensitivity and speciﬁcity to future screens.
While the previous papers targeted known enhancers, Fulco
et al. used dCas9-KRAB to scan 1.29 Mb of genomic sequence
with 98 000 gRNAs around GATA1 and MYC in K562
erythroleukemia cells.51 Since GATA1 and MYC aﬀect
proliferation of these cells, gRNAs that disrupt enhancer
function would be depleted after cell proliferation. Through this
screen, they identiﬁed two and seven distal regulatory elements
for GATA1 and MYC, respectively. Similar to many of the
deletion scans, however, this functional assay is limited to
identifying regulators of genes important in proliferation and
therefore not generalizable to all loci.
In an attempt to create a more generalizable assay, Klann et
al. labeled their genes of interest with an mCherry-tagged
reporter, similar to Rajagopal et al. and Diao et al.’s use of GFPtagging in individual gRNA scanning. While a ﬂuorescent tag
allows selection on a gene without a known selectable function,
it is not scalable for annotating several genes, as a new cell line
has to be created for each gene of interest in each cell line of
interest. For example, to study all genes in ﬁve cell lines, one
would need over 100 000 genetically engineered cell lines.
Xie et al. attempted to create a more scalable, generalizable
assay by utilizing single cell RNA-sequencing to phenotype
enhancer perturbations. Mosaic single-cell analysis by indexed
CRISPR sequencing (MOSAIC-seq) uses single cell RNAsequencing as a global measurement of diﬀerential gene
expression.52 The group designed 241 gRNAs targeting
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Table 1
individual guide deletion scanning

paired guide deletion scanning

epigenetic modiﬁcation scanning

mechanism of action

• Cas9 cleavage followed by NHEJ-mediated
insertions and deletions
• short ∼1−20 bp insertions/deletions

• Cas9 cleavage followed by NHEJ-mediated drop out
of intervening sequence
• large deletions of programmed size (kilobase-sized)

potential sources
of false positives

• rare deletions may unexpectedly extend into
nearby coding sequence, promoter, or UTR

• rare, unprogrammed deletions may unexpectedly
extend into nearby coding sequence, promoter, or
UTR

• repression: histone methylation and deacetylation (KRAB) or histone demethylation (LSD1)
• activation: introducing scaﬀold for preinitiation
complex (VP64) or direct acetylation (P300)
• synthetic eﬀector could unexpectedly spread to
nearby enhancer or in 3D space to promoter42,55

• deletions may introduce novel TF binding
sites
• small deletions may not disrupt robust
enhancers

• lower editing rate compared to individual guide
screens

• redundancy/compensation by nearby, unperturbed enhancer

• redundancy/compensation by nearby, unperturbed enhancer
25−29

• redundancy/compensation by nearby, unperturbed
enhancer
38−40

• eﬀectors may not be able to disrupt activity of
certain enhancers
30, 42, 48, 49, 51−54

potential sources
of false negatives

references

expressed, which in turn is needed to understand how cells
diﬀerentiate, how species evolve, and how noncoding variants
contribute to phenotype and disease. While biochemical
annotations and MPRAs have allowed researchers to begin
answering these questions, they have done so in a context farremoved from the native genome. Finally, with the advent of
CRISPR screens, we can begin to overcome this limitation.
Even so, we are not quite ready to apply these screens to
entire genomes or to multiple cell types, which each provide a
unique trans environment for enhancers to act. First, we need a
better understanding of the relative sensitivities and speciﬁcities
of the diﬀerent CRISPR-based screens. We highlight some
potential limitations of each assay in Table 1. However, for a
true comparison, we need studies that screen the same locus or
loci with multiple assays. Although it will be a valuable data set
for this nascent ﬁeld moving forward, such a systematic
comparison has yet to be conducted or published. Moreover, in
order to reach these goals, noncoding CRISPR screens must
become more generalizable, higher throughput, and less
expensive. The GFP and mCherry-tagging screens described
above could in theory be applied to every gene but would
require the generation of thousands of diﬀerent engineered cell
lines followed by thousands of independent experiments.
Coupling CRISPR-based perturbations to single-cell RNA
sequencing, as performed in MOSAIC-seq, provides a widely
applicable assay but has its own limitations. Due to the
relatively low depth of current single cell RNA sequencing
protocols, assaying genes that are not highly expressed would
require deep sequencing of many cells. Methods such as Dropseq and single cell combinatorial indexing RNA-seq (sci-RNAseq) are making single cell RNA readouts more scalable.56,57 As
these techniques reduce cost and increase scalability, methods
like MOSAIC-seq will become more feasible to perform
genome-wide or on multiple cell types.
We emphasize that CRISPR screens (which try to knock out
or modulate native sequences, in context) and MPRAs (which
test large numbers of sequences for positive activity,
independent of context) are complementary rather than
competing. While CRISPR-based screens have the advantage
of detecting enhancers in their endogenous locations, they lack
the resolution needed to routinely screen large numbers of
sequences or sequence variants for their isolated/independent
eﬀects on expression. CRISPR screens do not remove
sequences being tested from their broader genomic context,
which is either a disadvantage or an advantage, depending on
the question that one is asking. There are likely currently

dCas9-KRAB to 71 constituent enhancers from 15 superenhancerslarge regions composed of multiple predicted
enhancers. Surprisingly, only one to two enhancers within
each superenhancer signiﬁcantly reduced target gene expression. The enhancers that decreased target gene expression were
signiﬁcantly enriched for RNA polymerase II and p300 binding
and only showed moderate enrichment for enhancer-associated
histone modiﬁcations, H3K4me1 and H3K27ac. While
MOSAIC-seq is much more generic than other assays, the
detection limit and cost of single-cell sequencing may reduce its
utility in practice to genes that are highly expressed.
Activators have also been fused to dCas9 in order to increase
target gene expression. Similar to KRAB, dCas9-VP64 was ﬁrst
used to target promoter regions. Both Gao et al. and Hilton et
al. targeted distal enhancers with dCas9-VP64 and showed
moderate gene activation.48,53 Simeonov et al. recently screened
for novel enhancers of CD69 and IL2RA using dCas9-VP64.
The group tiled 135kb around CD69 with over 10 000 gRNAs
and 178kb around IL2RA with over 20 000 gRNAs and
identiﬁed several dCas9-VP64-responsive elements.54 Hilton et
al. also fused p300, the catalytic core of human acetyltransferase, to dCas9 (dCas9-p300Core) to target enhancers.53 dCas9p300Core signiﬁcantly enhanced target gene expression,
potentially by means of acetylation on histone H3 on lysine
27 (H3K27ac). dCas9-p300Core was highly speciﬁc and able to
induce robust activation with only one guide RNA, making it a
candidate tool for genome-wide screening. Recently, Klann et
al. developed CRISPR-Cas9-based epigenomic regulatory
element screening (CERES), which combines dCas9-p300Core
and dCas9-KRAB to obtain both gain and loss of function
information by targeting the same regions with a repressor and
an activator.30 They targeted a 4-Mb region including 433
DHSs surrounding HER2 with a library of 12 189 gRNAs and
measured HER2 expression using immunoﬂuorescence staining. Loss and gain of function assays were performed in two
diﬀerent cell linesA431 epidermoid carcinoma cells with
moderate HER2 expression and HEK293T cells with low HER2
expression, respectively. With the same gRNA library, results
from A431 and HEK293T cells were highly correlated with
mirrored eﬀects, same trend but opposite direction, providing
additional conﬁdence, which is critical for regions with small
eﬀects on transcription.

■

FUTURE DIRECTIONS
Functional characterization of enhancer elements is imperative
for advancing our understanding of how and when genes are
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underexplored opportunities to synergize MPRAs and CRISPRbased screens, e.g., to quantify the eﬀects of variants within
CRISPR-veriﬁed enhancers, or to understand the extent to
which enhancer eﬀects are dependent or independent of the
broader sequence context. As such, MPRA methods remain
indispensable for testing synthetic sequences and sequence
variants, which either do not occur in the genome or would be
diﬃcult to introduce in high-throughput by genome engineering. For example, MPRA-based methods have been, and will
continue to be, critical in studying enhancer logic through
saturation mutagenesis8−10 and motif shuﬄing.13 While not
testing sequences in their endogenous location, our recently
published lentiMPRA nonetheless tests them in chromatinized
contexts and correlates with biochemical predictions better
than traditional plasmid-based MPRAs. The further development and application of MPRAs as well as CRISPR-based
screens will be necessary for our continued progress toward
understanding enhancer logic and function.
The scalability of CRISPR has opened the door for novel
screens and assays to dissect the noncoding genome. Together
with MPRAs, we predict that CRISPR screens will play a critical
role in elucidating how and when genes are expressed, which
remains one of the most important and diﬃcult questions in
genomics. In the near term, these assays will improve our ability
to annotate the genome for regulatory elements, a critical
challenge in the wake of ENCODE as we are currently awash in
unveriﬁed noncoding regulatory elements based on biochemical
marks. The validation of these annotations (or their failure to
validate), ideally through some combination of CRISPR and
MPRA-based assays, is a critical next step for the ﬁeld of
regulatory genomics. Of note, CRISPR based screens in cell
lines, although “in context” in terms of genomic sequence,
remain “out of context” in terms of endogenous development.
In vivo studiesalso enabled by CRISPR but still lowthroughputwill remain a critical tool as well.

■

■

CRISPR: Clustered Regulatory Interspaced Short Palindromic Repeats (CRISPR) is a bacterial defense system that
recognizes and destroys foreign DNA. CRISPR has recently
been modiﬁed for genome engineering in mammalian cells.
Epigenetics: Usually biochemical modiﬁcations to DNA or
relevant proteins that cause heritable changes in gene
function without changing the nucleotide sequence. In the
context of this review, we are mainly focusing on activating
and repressing histone modiﬁcations.
Massively Parallel Reporter Assay: A plasmid-based assay
to measure the regulatory eﬀects on gene expression of
thousands of independent sequences at the same time
Guide RNA: An RNA sequence that contains a scaﬀold for
Cas-binding and a spacer sequence that targets DNA. In the
context of this review, guide RNAs target Cas9 to speciﬁc
genomic sites.
Episomal: DNA that replicates independently of chromosomal DNA. While traditional MPRAs are episomal assays,
CRISPR-based screens identify enhancer elements directly in
their endogenous genomic loci.
Nonhomologous end joining: A repair mechanism for
double stranded breaks, which directly ligates broken DNA
without a template. In the context of this review, the ﬁeld
relies on imperfect NHEJ to create insertions and deletions
while repairing double-stranded breaks induced by Cas9.
ChIP-seq: Chromatin immunoprecipitation followed by
sequencing of cross-linked DNA is used to identify
protein−DNA interactions. In the context of this review,
ChIP-seq has been used to identify regions of DNA bound
by proteins and modiﬁed-histones associated with enhancer
activity, such as P300, H3K27ac, and H3K4me1.
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