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SUMMARY

RNA molecules perform diverse functions in mammalian cells, including transferring genetic
information fromDNA to protein and playing diverse regulatory roles through interactions with
other cellular components. Here, we discuss how clustered regularly interspaced short palin-
dromic repeat (CRISPR)-based technologies for directed perturbations of DNA and RNA are
revealing new insights into RNA regulation. First, we review the fundamentals of CRISPR–Cas
enzymes and functional genomics tools that leverage these systems. Second, we explore how
these new perturbation technologies are transforming the study of regulation of and by RNA,
focusing on the functions of DNA regulatory elements and long noncoding RNAs (lncRNAs).
Third, we highlight an emerging class of RNA-targeting CRISPR–Cas enzymes that have the
potential to catalyze studies of RNA biology by providing tools to directly perturb or measure
RNA modifications and functions. Together, these tools enable systematic studies of RNA
function and regulation in mammalian cells.
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1 INTRODUCTION

The transfer of genetic information from DNA to protein
by RNA molecules is controlled by a number of regula-
tory processes (Fig. 1A). These include DNA sequence
elements and DNA-binding proteins that control RNA
production; RNA sequence elements and RNA-binding
proteins that control RNA processing, degradation, locali-
zation, and translation; and small and long noncoding
RNAs (lncRNAs) that guide and integrate the functions of
protein effectors.

In the past decade,manyadvances in our understanding
of RNA biology were facilitated by genome-scale observa-
tional studies, including the application of sequencing-

based technologies to map the locations of RNA transcrip-
tion, modifications, and RNA-binding proteins (Li et al.
2016; Hentze et al. 2018). The pace at which these obser-
vations were made far outstripped the pace at which they
could be functionally characterized because there were no
comparably powerful technologies for RNA perturbation.
As a result, the precise functions and mechanisms of most
of these observed sequences, interactions, and modifica-
tions remain unknown.

The recent development ofDNAandRNAperturbation
tools based on clustered regularly interspaced short palin-
dromic repeat (CRISPR)-associated (Cas) enzymes has
opened new opportunities for efficiently manipulating spe-
cific molecular features to test their functions (Fig. 1B)

Transcription

Translation

Observe

RNA processing
RNA modification
RNA–protein interaction
RNA localization
Noncoding RNAs

DNA

RNA

Edit sequence

Perturb
Recruit DNA

regulatory proteins

Degrade RNA
Edit sequence

Cell circuits

DNA

RNA

Protein

?

?

A
T

A

+

Recruit RNA
regulatory proteins

A B

C

Figure 1. Systematic perturbations to understand RNA regulation. (A) The transfer of genetic information fromDNA
to RNA to protein is controlled by many molecular processes that regulate RNA. New sequencing technologies
have allowed us to map some of these processes at genome-wide scale, but functional characterization has lagged.
(B) Clustered regularly interspaced short palindromic repeat (CRISPR) perturbations at the level of DNAorRNAwill
help to test the functions of RNA regulatory mechanisms. (C) Combining technologies for observation and pertur-
bation will allow us to build models of cell circuits and understand how different components (DNA and RNA
regulatory elements, DNA- and RNA-binding proteins, and posttranscriptional modifications) are integrated to
control cellular functions.
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(Doudna and Charpentier 2014; Hsu et al. 2014). Just as the
recombinant DNA revolution in the 1970s unleashed a
wave of new biotechnologies and insights into disease biol-
ogy by giving us the ability to clone and manipulate human
genes in plasmids, CRISPR-based tools have ushered in a
new era of studies to understand human genes and gene
regulation via editing of DNA and RNA directly in mam-
malian cells. Here, we explore how this emerging suite of
CRISPR tools will enable us to dissect the regulation of and
by RNA and determine how these regulatory circuits influ-
ence cellular functions (Fig. 1C).

2 A CRISPR–Cas PLATFORM FOR GENOME
EDITING AND FUNCTIONAL GENOMICS

Components from CRISPR–Cas systems can be engineered
and optimized to enable programmable targeting of specific
DNA or RNA sequences. Typically, a Cas protein effector
(e.g., Cas9, Cas12a, or Cas13) is combined with a custom-
ized guide RNA to establish a ribonucleoprotein complex
capable of targeting DNA or RNA in a cell type of interest
(Gasiunas et al. 2012; Jinek et al. 2012; Cong et al. 2013;Mali
et al. 2013b; Zetsche et al. 2015; Abudayyeh et al. 2016;
Smargon et al. 2017). In contrast to earlier DNA-editing
enzymes (Kim and Kim 2014)—such as meganucleases,
zinc finger nucleases, and transcription activator–like effec-
tor nucleases—CRISPR–Cas systems are targeted by Wat-
son–Crick base-pairing between the guide RNA and target
DNA or RNA, allowing rapid and flexible reprogramming
by adjusting the sequence of the guide RNA. By modifying
the Cas protein or RNA guide, the system can be used to
recruit other molecules to act on the target sequence in
different ways. In combination with appropriate cellular
or molecular assays, this flexibility enables systematic for-
ward and reverse genetic studies in mammalian cells.

In this section, we review key aspects of CRISPR biology
and ongoing technology development to expand this plat-
form, including (1) exploring the natural diversity of
CRISPR systems to identify a flexible suite of targeting en-
zymes, (2) using CRISPR–Cas proteins to edit DNA se-
quence in precise ways or perturb specific regulatory
processes, and (3) combining these tools with pooled assays
to connect genetic perturbations with specific cellular or
molecular phenotypes.

2.1 Properties of CRISPR–Cas Systems

CRISPR andCRISPR-associated (CRISPR–Cas) proteins in
bacteria and archaea constitute adaptive immune systems
that capture fragments of genetic material from invading
phages or mobile genetic elements and use these fragments
to generate CRISPRRNAs (crRNAs) that guide the cleavage

of matching viral sequences in future infections (Marraffini
2015). CRISPR–Cas systems display diverse sequence char-
acteristics and architectural organization, providing a range
of features that have utility in genome-editing applications
(Fig. 2A). Here, we highlight the properties of a few of the
most studied systems (Fig. 2B).

2.1.1 Cas9

Themost characterized single-protein Cas effector (Class 2)
is Cas9. Cas9 is a dual-guide RNA-dependent endonuclease
that contains two nuclease domains, RuvC and HNH, that
coordinate to cleave both strands of a double-stranded
DNA (dsDNA) target complementary to the crRNA spacer
sequence (Doudna and Charpentier 2014; Hsu et al. 2014).
Cas9 can be engineered to facilitate genome editing in eu-
karyotic cells (Cong et al. 2013;Mali et al. 2013b). The dual-
guide RNAs, crRNA and its trans-activating crRNA
(tracrRNA) (Deltcheva et al. 2011), can be covalently linked
to form a single-guide RNA (sgRNA) to simplify the RNA
components (Jinek et al. 2012). Targeting is dependent on a
protospacer adjacent motif (PAM) sequence (e.g., Cas9
from Streptococcus pyogenes requires a 5′-NGG-3′ PAM at
the 3′ end of the target sequence), restricting editing to
genomic sites that contain the appropriate PAM sequence.

2.1.2 Cas12

CRISPR–Cas12a systems (originally called Cpf1) also target
DNA using a single-protein endonuclease and can be en-
gineered to facilitate genome editing in eukaryotic cells
(Zetsche et al. 2015). Cas12a cleaves dsDNA using two
domains, the RuvC and nuclease domains, although the
RuvC domain only contains the catalytic residues necessary
to cleave both strands and generate a dsDNAbreak (Zetsche
et al. 2015; Yamano et al. 2016; Swarts et al. 2017). In
contrast to Cas9, Cas12a does not require a tracrRNA (Zet-
sche et al. 2015) and possesses its own RNase domain ca-
pable of cleaving a pre-crRNA array into individual mature
crRNAs for convenient delivery of multiple guide RNAs
(Fonfara et al. 2016; Zetsche et al. 2017). Cas12a-mediated
dsDNA cleavage results in 5′ staggered ends (Zetsche et al.
2015), and the PAM sequence and location differ from
those used by Cas9, with most Cas12a orthologs requiring
a 5′-TTTV-3′ PAM at the 5′ end of the target site and
cleaving distal to the PAM (Zetsche et al. 2015).

2.1.3 Cas13

The recent discovery of single-effector CRISPR systems that
target RNA (Shmakov et al. 2015, 2017) has further ex-
panded our conception of the diversity of these bacterial
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Figure 2. Structure and function of CRISPR systems. (A) Depiction of the three steps of CRISPR immunity (adap-
tation, expression, and interference) by DNA-targeting (e.g., Cas9-containing type II) and RNA-targeting (e.g.,
Cas13-containing type VI) systems. Cas9 interference is mediated by RNA-guided cleavage of double-stranded
DNA (dsDNA) targets. Cas13 interference results in two modes of activation in which RNA-guided targeting of
single-stranded RNAs (ssRNAs) results in targeted cleavage of the transcripts as well as collateral cleavage of non-
complementaryRNAs that are in proximity to the activatedCas13 complex. The collateral cleavageofCas13 systems is
thought to be part of a programmed cell death pathway to further augment immunity against pathogen infection. (B)
CRISPR systems can be divided into two classes: Class 1 systems consist ofmultiprotein interference complexes (types
I, III, and IV systems), whereas Class 2 systems contain a single-protein interference effector (types II, V, and VI
systems). (C) Genetic loci for four Class 2 CRISPR systems (left), including sequences coding for effector proteins
annotated with key protein domains, accessory Cas proteins involved in adaptation colored in beige, trans-activating
CRISPR RNAs (tracrRNAs) (if required), and CRISPR array. The protein complexes (right) show the nucleic acid
target (dsDNA or ssRNA), locations of the protospacer adjacent motif (PAM) sequence and cleavage sites, and
approximate structure of the guide RNA.
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enzymes. Members of the Cas13 family contain two do-
mains with homology to higher eukaryotes and prokaryotes
nucleotide-binding (HEPN) RNase domains (Ananthara-
man et al. 2013). Cas13a, like DNA-targeting CRISPR
systems, is guided to targetRNAsequencesbyacomplemen-
tary crRNA, and hybridization between the target RNA and
its complementary crRNA leads to cleavage of the target
RNA at multiple sites within single-stranded regions (Abu-
dayyeh et al. 2016). Continued protein discovery has since
uncovered many Cas13 subfamilies (Cas13a, Cas13b,
Cas13c, andCas13d) (Shmakovet al. 2015,2017;Abudayyeh
et al. 2016; East-Seletsky et al. 2016, 2017; Smargon et al.
2017; Konermann et al. 2018; Yan et al. 2018). In bacteria,
both Cas13a and Cas13b have a sequence constraint known
as the protospacer flanking site (PFS) (Abudayyeh et al.
2016; Smargon et al. 2017). In bacteria, Cas13a from Lepto-
trichia shahii has a 3′H (not G) requirement (Abudayyeh
et al. 2016); inmammalian cells it appears that the PFS does
not affect targeting (Abudayyeh et al. 2017; Cox et al. 2017).
An additional unique feature of these enzymes observed in
vitro is that, upon target RNA binding, the activated Cas13
complex is capable of cleaving both the targeted transcript
and other nearby noncomplementary RNAs via a “colla-
teral” activity (Abudayyeh et al. 2016), which has been
harnessed for nucleic acid detection applications (East-Se-
letsky et al. 2016, 2017; Gootenberg et al. 2017, 2018).

These examples illustrate the value of continued explora-
tion of the diversity of CRISPR systems for the development
of molecular tools. Many CRISPR systems remain unex-
plored and may harbor novel combinations of sequence
flexibility, endonuclease capabilities, or other unexpected
functions to facilitate genome-engineering applications.

2.2 CRISPR-Mediated Recruitment of Proteins
and RNAs to Specific Genomic Sites

CRISPR–Cas tools have transformed studies of molecular
biology and genetics by enabling direct, easily reprogram-
mable genome editing in mammalian cells via endogenous
repair of targeted double strand breaks (Doudna and Char-
pentier 2014; Hsu et al. 2014; Komor et al. 2017). Edits can
include creation of small indels (using one guide RNA),
precise gene editing (with one guide RNA and a repair
template), or larger deletions (using two guide RNAs)
(Fig. 3A). Beyond cleaving genomic sequences, CRISPR
effectors can be used to direct protein or RNA cargo to
specific locations in the genome. In such applications, func-
tional proteins or RNAs are adjoined either to catalytically
dead Cas9 (dCas9) (Gilbert et al. 2013; Mali et al. 2013a;
Qi et al. 2013), in which the active sites of the nuclease
domains have been mutated, or to the guide RNA via a
number of different recruitment strategies (Fig. 3B). Emerg-

ing tools in this category include a variety of base editors,
which precisely convert one nucleotide to another, and
“epigenome editors,” which recruit one or more proteins
to alter gene regulatory processes.

2.2.1 Base Editing to Modify Specific Nucleotides

CRISPR-mediated base editing is performed by fusing cer-
tain enzymes—such as APOBEC, AID, or ADAT engi-
neered to target DNA—to a Cas9 protein in which one or
both catalytic domains have been genetically inactivated
(Fig. 3A) (Komor et al. 2016; Nishida et al. 2016; Gaudelli
et al. 2017). These fusions currently enable specific and
programmable conversions of C:G to T:A base pairs or
vice versa, enabling relatively efficient modification of just
over half of all known pathogenic single-nucleotide variants
annotated in ClinVar (Gaudelli et al. 2017), although the
requirement for a PAM sequence nearby reduces this num-
ber. An advantage of these approaches is that they can edit
DNA without introducing double-stranded DNA breaks,
thereby avoiding certain error-prone repair mechanisms.
For example, the APOBEC C-to-T base editor first enzy-
matically converts a target cytosine to uracil, and then cre-
ates a single-strand DNA break to engage the mismatch
repair (MMR) machinery to repair the opposing guanine
to adenine (Komor et al. 2016).

2.2.2 CRISPR Interference (CRISPRi) for Gene
Repression

By itself, dCas9 delivery to gene promoters can physically
blockRNApolymerase or transcription factors fromaccess-
ing DNA, leading to modest (20%–40%) repression of en-
dogenous gene expression (Gilbert et al. 2013). Repressive
activity can be dramatically improved by fusing dCas9 to
repressive chromatin regulators (Gilbert et al. 2013). For
example, fusion to the KRAB domain leads to deposition
of repressive histone modifications (including H3K9me3)
and loss of activating modifications (including H3K27ac)
at gene promoters, leading to 50%–90% repression of gene
expression when delivered in a critical window 0–200 bp
downstream froma transcription start site (Fig. 3C) (Gilbert
et al. 2013,2014).Other repressivedomains—includingSID,
LSD1, and DNMT3A proteins or protein domains (Koner-
mannetal. 2013;Kearnsetal. 2015;Bintuetal. 2016;Liuetal.
2016; Vojta et al. 2016)—have been explored and may have
different kinetic properties for fine-tuning gene silencing.

2.2.3 CRISPR Activation (CRISPRa)

CRISPR–Cas9 tools for activation use Cas9 to recruit mul-
tiple transcriptional activators to achieve robust induction
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of gene expression at promoters (Bikard et al. 2013; Cheng
et al. 2013; Farzadfard et al. 2013; Gilbert et al. 2013, 2014;
Maeder et al. 2013; Mali et al. 2013a; Perez-Pinera et al.
2013; Chavez et al. 2015; Konermann et al. 2015). Koner-
mann and colleagues developed an approach called “syner-
gistic activation mediator” (SAM), in which MS2 stem
loops are fused to modified Cas9 guide RNAs to recruit
multiple activating proteins to the same site (Fig. 3D) (Ko-
nermann et al. 2015). Recruiting multiple activating pro-
teins (VP64, HSF1, and p65) led to synergistic effects on
gene expression compared with recruiting each protein in-
dividually (Konermann et al. 2015). In an alternative
approach (“SunTag”), Tanenbaum and colleagues fused
dCas9 to a repetitive GCN4 peptide-domain scaffold that
is recognized by a GCN4-targeting nanobody fused to
VP64, enabling simultaneous recruitment of up to 10 copies
of VP64 (Tanenbaum et al. 2014). Each of these approaches
appears to vary in efficiency across different genes in a way
that is not yet entirely predictable, and the precise location
of targeting (ideally, 50–400 bp upstream of the transcrip-
tion start site) has an important effect on the efficiency of
activation (Gilbert et al. 2014; Konermann et al. 2015).

Building on these basic systems for CRISPR–Cas9 re-
cruitment, new tools have now been developed to manipu-
late the localization of lncRNA molecules (CRISP-Disp)
(Shechner et al. 2015), modify chromosome conformation
(by linking multiple Cas9 molecules to dimerization do-
mains) (Morgan et al. 2017), and visualize specific DNA
loci in living cells (via Cas9 fusions to green fluorescent
protein [GFP]) (Chen et al. 2013; Ma et al. 2016; Gu et al.
2018; Maass et al. 2018). Simultaneous activation and inhi-
bition can be achieved at different targets in the same cell by,
for example, using guide RNAs containing different RNA
aptamers to recruit different protein effectors (Zalatan et al.
2015) or using variable guide spacer lengths to either enable
or suppress catalytic Cas9 activity at different targets (Fig.
3E) (Dahlman et al. 2015; Kiani et al. 2015). Although the
repertoire of CRISPR perturbations is expanding, much

work remains to understand the specific regulatory process-
es perturbed by each approach and to determine how these
tools operate in different genomic contexts.

2.3 CRISPR-Based Forward Genetics with Pooled
Cellular Assays

Paired with various CRISPReffectors, pooled cellular assays
are a key part of the CRISPR functional genomics toolkit,
enabling experiments that assay the effects of up to millions
of perturbations simultaneously. Although pooled experi-
ments were previously applied in combination with RNA
interference (RNAi) (Brummelkamp et al. 2006; Ngo et al.
2006; Iorns et al. 2007), the diversity and flexibility of
CRISPR systems have led to a new period of rapid innova-
tion in the development of pooled assays for forward genet-
ics (Shalem et al. 2014; Wang et al. 2014). In such assays,
libraries of CRISPR sgRNAs are typically delivered by viral
transduction such that individual cells in a population re-
ceive only one sgRNA (Fig. 4A). Sorting, selecting, or phe-
notyping single cells then allows associating specific
genotypes (specified by a sgRNA perturbation) with phe-
notypes at high throughput (Fig. 4B) (Joung et al. 2017b).

2.3.1 Cell Sorting and Guide Counting

Simple pooled assays involve selecting cells based on a single
phenotype and counting the distribution of sgRNAs before
and after the selection process using high-throughput DNA
sequencing. For example, cell proliferation can serve as a
selection parameter to identify genes that are essential for
cell growth in culture, in vivo, in the presence of drugs, or in
response to a viral infection (Shalem et al. 2014; Wang et al.
2014), and can be combined with genome-wide gene
knockout or activation screens in both positive and negative
selection screens (Doench et al. 2014; Gilbert et al. 2014;
Koike-Yusa et al. 2014; Zhou et al. 2014; Wang et al. 2015).
Cells can also be selected based on fluorescent sorting read-

Figure 3. (Continued) Catalytically inactive or nicking mutants of Cas9 can be used to recruit nucleoside deaminases
or other base-editing enzymes for precise, single-nucleotide edits. As an example, this figure shows a C:G to T:A
editor comprised of Cas9 nickase fused to cytidine deaminase. (B) Cas proteins can recruit other domains or effector
proteins throughmultiple designs, including direct fusion to the Cas protein, indirect recruitment via a scaffolding or
conditional dimerization domain fused to the Cas protein, and/or recruitment using a guide RNA modified with a
sequence motif recognized by an exogenous RNA-binding protein. (C) In CRISPR interference (CRISPRi), recruit-
ment of repressive chromatin regulators, such as Krüppel-associated box (KRAB), result in assembly of repressive
complexes and silencing of active regulatory elements including promoters and enhancers. (D) In CRISPR activation
(CRISPRa), recruitment of activating chromatin regulators to promoters or other cis-acting elements can promote
gene expression. Recruitment of multiple different transactivators, such as combinations of VP64, p65, and HSF1,
can lead to increased gene expression. (E) These tools can be multiplexed for simultaneous and differential pertur-
bation of genes. Activation and inhibition can be targeted to different genes by guide RNAs containing orthogonal
RNA binding domains and associated regulatory proteins, or Cas9 cleavage activity can be tuned on a per-guide basis
by adjusting the length of the spacer on the guide RNA.
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outs or other properties, enabling forward genetic screens
that examine the expression, localization or stability of spe-
cific genes (Canver et al. 2015; Parnas et al. 2015; Fulco et al.
2016; Sanjana et al. 2016;Wu et al. 2016; Stewart et al. 2017;
Doench 2018).

2.3.2 High-Content Phenotyping

Recent approaches leverage new single-cell technologies to
simultaneously associate CRISPR sgRNAs with multiple
phenotypes. In Perturb-seq, single-cell RNA sequencing
is used to assay the transcriptional state of the cell as well
as determine which sgRNA is expressed in that cell, allow-
ing studies to perturb multiple genes and characterize their
effects on cells in an unbiased way that does not require
designing specific assays to read out specific phenotypes
(Adamson et al. 2016; Dixit et al. 2016; Jaitin et al. 2016;
Datlinger et al. 2017). Similar approachesmay be developed
to combine CRISPR screens with other high-content read-
outs such as cellular morphology profiling (Caicedo et al.
2016) or single-cell measurements of protein abundance
(Peterson et al. 2017; Stoeckius et al. 2017).

The development of appropriate pooled assays can
therefore leverage the power of CRISPR-based forward ge-
netics to systematically connect genes, noncoding elements,
and RNAs with specific phenotypes.

Together, these technologies—including targetable
CRISPR systems, methods to modify DNA sequence or
localize regulatory proteins, and pooled screening assays
for forward genetics—form a flexible platform for pertur-
bation-based studies in mammalian cells. In the next sec-
tion, we explore how these approaches can be applied to
systematically explore regulation of and by RNA.

3 DISSECTING GENOME AND RNA REGULATION
WITH CRISPR–Cas TOOLS

To illustrate how CRISPR-based approaches can illuminate
mechanisms of gene regulation, we examine recent studies
of the functions of two classes of regulatory elements in
mammalian genomes: (1) noncoding DNA regulatory
elements and (2) lncRNAs. These examples show how sys-
tematic CRISPR perturbations can establish causal relation-
ships between regulatory elements and effects on gene
expression and identify the molecular features that specify
their context-specific functions in different cell types and at
different genomic loci.

3.1 Functions of DNA Elements and Proteins
That Regulate Transcription

Mammalian genomes are estimated to encode millions of
distal noncoding DNA elements that quantitatively control

the expression of specific genes in specific cell types (Road-
map Epigenomics Consortium 2015). Major consortia
efforts have generated genome-wide maps of histone mod-
ifications, transcription factor binding, and DNA accessi-
bility to identify and annotate noncoding elements that
appear to have the characteristics of enhancers, promoters,
and topological boundary elements (Fig. 5A) (ENCODE
Project Consortium 2012; Roadmap Epigenomics Consor-
tium 2015). However, the ability of these annotations to
predict the functional role of any given element in regulat-
ing gene expression is unclear. For many years, perturba-
tional studies of these elements were limited to knockouts of
individual regulatory elements, providing only a glimpse of
the complex networks responsible for regulating gene ex-
pression in different cell types. The programmable nature
of CRISPR tools has opened new avenues to study DNA
regulatory elements in an unbiased manner, including
methods to perturb three facets of these elements: DNA
sequence, recruitment of DNA-binding proteins, and 3D
contacts with target genes.

CRISPR-based technologies are now enabling forward
genetics screening approaches to define which noncoding
sequences in the genome functionally regulate gene expres-
sion (Fig. 5A). An important technical consideration is that
noncoding elements appear to consist of short functional
sequences, such as transcription factor binding sites, inter-
spersed with nonfunctional ones (Bulger and Groudine
2011; Spitz and Furlong 2012), making them relatively ro-
bust to indels in some locations. As such, two categories of
recent approaches explore the effect of perturbations at two
levels of resolution: sequence motifs (1–10 bp) and full reg-
ulatory elements (100–1000 bp).

In the first category (1–10 bp resolution), researchers
have designed pooled experiments in which each cell in the
pool expresses catalytically active Cas9 as well as an sgRNA,
withdifferent sgRNAs in thepopulation tilingdenselyacross
noncoding regions around a gene of interest. Cas9 cuts at the
target sequences, typically resulting in short deletions or
insertions (indels). When coupled to phenotypic assays for
the expression of that gene (for example, fusing the gene to
GFP and sorting cells based on fluorescence), these experi-
ments can identify short sequences (1–10 bp) important for
transcriptional control. In one of the first such studies,
Canver and colleagues designed 1338 sgRNAs tiled across
a 12-kb enhancer known to regulate BCL11A and identified
multiplesgRNAsthatdisruptedconserved transcriptionfac-
tormotifs inoneof theseelements (Canveretal. 2015).These
approaches havenowbeen scaledup to include thousandsof
sgRNAs in a single experiment (Diao et al. 2016; Korkmaz
et al. 2016; Rajagopal et al. 2016; Sanjana et al. 2016).

In the second category (100–1000 bp resolution), larger-
scale perturbations can be achieved by (1) using epigenome
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editors such as KRAB-dCas9, which has been shown to
silence regulatory elements within a range of ∼100 bp (Gil-
bert et al. 2014; Thakore et al. 2015; Fulco et al. 2016; Klann
et al. 2017; Simeonov et al. 2017) or (2) engineering larger
deletions by codelivering two sgRNAs per cell (Zhu et al.
2016; Diao et al. 2017; Gasperini et al. 2017). For example,
Fulco and colleagues recently usedCRISPRi (KRAB-dCas9)
to tile 98,000 sgRNAs across 1.2 Mb and identified nine and
two elements that quantitatively tuned MYC and GATA1
expression, respectively (Fulco et al. 2016). Diao and col-
leagues used paired sgRNAs to tile∼2-kb deletions across a
2-Mb region and reported 45 distal elements that regulate
POU5F1 expression in human embryonic stem cells (Diao
et al. 2017). Preliminary comparisons of these studies sug-
gest that KRAB-dCas9 and 2-sgRNA deletions enable ro-
bust detection of cis-regulatory elements at a resolution of
100–1000 bp, whereas single-sgRNA deletion approaches
enable finer resolution studies of regulatory sequences but
are less robust in theory because of the small number of

sgRNAs (often zero or one) interrogating each functional
motif (Sanjana et al. 2016; Canver et al. 2017). Further work
remains to understand the precise mechanisms of each per-
turbation method and to determine whether the screening
approaches are adequately powered to detect repressive or
activating elements with small effect sizes.

Technical considerations notwithstanding, CRISPR til-
ing studies are beginning to provide a sufficient number of
noncoding perturbations to explore which elements act as
enhancers, defined here as activating noncoding elements
located >1 kb from any promoter region. (Notably, CRISPR
tiling studies have also identified important roles for pro-
moters inregulatingothernearbygenes, seeSec.2.2.)Mostof
the activating elements identified in CRISPR-based screens,
with a few exceptions, are marked by a chromatin signature
previously thought to identify functional enhancers, includ-
ingDNase accessibility and acetylation at histone 3 lysine 27
(H3K27ac) (Fulco et al. 2016; Rajagopal et al. 2016; Sanjana
et al. 2016; Diao et al. 2017). However, only a small propor-
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Figure 5. CRISPR tools to study transcriptional regulation by noncoding DNA elements. (A) High-throughput
CRISPR screens of noncoding regulatory elements enable testing the functions of various categories of regulatory
elements. In such screens, a CRISPR perturbation method (including deletions caused by one or two single-guide
RNAs [sgRNAs], CRISPRi, or CRISPRa) are combined with forward genetic screening approaches to enable high-
throughput screens targeting hundreds of thousands of sequences in parallel. Different categories of elements are
marked by different chromatin features: CTCF sites aremarked by chromatin accessibility (asmeasured inATAC-seq
[gray peaks] or DNase-seq experiments) and CTCF binding. Gene promoters and enhancers are marked by chro-
matin accessibility and H3K27ac occupancy (orange peaks). (B) Recruitment strategies can be used to study the
functions of chromatin regulatory proteins that read or write chromatin modifications. For example, studies of a
protein domain of the transcriptional activator p300 (an acetyltransferase that also interacts with many other
regulatory proteins) have shown that its catalytic activity is required for gene activation at several loci. (C) CRISPR
can be used to engineer 3D chromatin contacts, for example, by fusing dimerization domains to dead SpCas9 and
SaCas9 and recruiting each to nearby sites. (D) dCas9 can be used for programmable and multiplexed imaging of
DNA loci in living cells (e.g., by using multiple sgRNAs to target dCas9 and many copies of GFP to a DNA locus).
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tion of the DNase accessible elements detectably affect gene
expression, suggesting that accessibility alone is not suffi-
cient to identify a functional enhancer. Interestingly, the
elements that do affect gene expression tend tohave stronger
quantitative accessibility and H3K27ac signals (Fulco et al.
2016), suggesting that the quantitative signals in these assays
may be predictive of functional enhancers. Analysis of
CRISPR tiling screens has also shown that enhancer ele-
ments frequently contact their target genes in 3D, as mea-
sured by chromosome conformation capture (Fulco et al.
2016; Sanjana et al. 2016), consistent with a model in which
enhancers must physically contact promoters to activate
transcription (Bulger andGroudine 2011; Spitz andFurlong
2012). Interestingly, in one study, a simple model incorpo-
rating ameasure of enhancer activity (estimated fromquan-
titative accessibility and H3K27ac signals) and a measure of
contact frequency (estimated fromHi-C)was able to reason-
ably predict the quantitative effects of 93 noncoding ele-
ments on the expression of one gene (MYC) (Fulco et al.
2016).A later study integrated thesemeasures in acombined
H3K27ac ChIP-seq andHi-C assay (HiChIP) and validated
that this measurement accurately predicted the functions of
several enhancers (Mumbach et al. 2017). Although further
work will be required to test these conclusions across many
genes, CRISPR perturbation-based studies have begun to
reveal the regulatory architecture of enhancer-gene net-
works and determine howmeasurements of chromatin state
and contact frequency predict the functional effects of non-
coding elements on gene expression.

Additional CRISPR tools provide new ways to indepen-
dently manipulate and test how chromatin state and 3D
chromosome contacts influence enhancer function. For ex-
ample, enhancer activity is thought to be determined by
specific sequence motifs that recruit transcription factors
and co-activators, including histone-modifying enzymes.
Cas enzymes can be fused to these chromatin regulatory
proteins to directly test how they affect gene expression in
different genomic contexts (Fig. 5B). For example, Hilton
and colleagues fused the catalytic domain of the acetyltrans-
ferase p300 to dCas9 and, by comparing the wild-type p300
domain to a mutated domain, showed that the acetyltrans-
ferase activity of p300 is required for gene activation at
several loci (Hilton et al. 2015). In contrast, CRISPR-medi-
ated recruitment of catalytically dead EZH2 (the enzymatic
component of polycomb repressive complex 2) to the pro-
moter of an active genewas unable to deposit H3K27me3 (a
histone modification associated with gene silencing) but
nonetheless was able to efficiently repress gene expression
(O’Geen et al. 2017), indicating that dCas9-EZH2 fusions
can modulate gene repression independent of the enzymat-
ic activity of EZH2 and that H3K27me3 is not required for
silencing at this locus. These CRISPR-based studies, by re-

cruiting chromatin regulators to specific sites in the ge-
nome, circumvent the limitations of using knockdown or
overexpression approaches to study the functions of chro-
matin regulators, which can lead to difficulties in separating
direct and indirect effects on gene expression. Further stud-
ies, such as recruitment of individual or combinations of
protein effectors at many locations in the genome, will be
required to determine which complexes enable enhancers
to activate gene transcription and how genomic context
influences these regulatory functions.

CRISPR recruitment strategies can also be adapted to
modulate and study 3D contact frequency between distal
regulatory elements and gene promoters. The genomic de-
terminants of contact frequency are thought to include
properties of the chromatin fiber, loop-extrusion complex-
es, and protein–protein interactions (e.g., between distal
CTCF-bound sites or interacting factors bound to enhanc-
ers and promoters [Dekker andMirny 2016]). Recent stud-
ies have developed methods to directly manipulate these
contacts (Fig. 5C), for example by using orthogonal Cas9
and Cas12 systems, each fused to a heterologous dimeriza-
tion domain, to bring together two target DNA sequences
(Morgan et al. 2017). In several examples, studies using
CRISPR or other tools to tether two DNA sequences have
shown that increasing the contact frequency between an
enhancer and a target promoter leads to an increase in
gene expression (Deng et al. 2012; Bartman et al. 2016;
Morgan et al. 2017). Multiple CRISPR-based studies of
individual CTCF sites have revealed that these sites do in-
deed control 3D contacts and gene expression, perhaps by
tuning the contacts between genes and their enhancers (de
Wit et al. 2015; Guo et al. 2015; Sanborn et al. 2015; Flava-
han et al. 2016; Hnisz et al. 2016). Recent studies using
CRISPR-GFP recruitment methods to image the locations
and movement of DNA loci in living cells (Fig. 5D) have
also provided new insights into mechanisms that control
3D chromatin contacts (Gu et al. 2018; Maass et al. 2018).
Imaging of enhancers and promoters in the same 3D do-
main showed that enhancer activation correlates with an
increased rate of chromatin diffusion in the same 3D do-
main in a transcription-dependent fashion, likely affecting
the rate of enhancer–promoter contact formation (Gu et al.
2018). Imaging loci on different chromosomes revealed that
gene loci on different chromosomes can stably associate and
have stereotyped positions in the nucleus, perhaps influenc-
ing their regulation or function (Maass et al. 2018).

Together, the ability to target and manipulate specific
DNA loci at scale is unlocking new insights into the func-
tions of DNA regulatory elements, including how histone
modifications, chromatin regulatory proteins, and 3D chro-
mosome conformation influence gene expression. Because
these properties of enhancers can vary dramatically across
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cell types, further exploration will be required to learn
how these rules change in different cellular contexts. These
studies to modify different aspects of transcriptional regu-
lation also provide an important guide for understanding
posttranscriptional regulation: similar CRISPR-based ap-
proaches using RNA-targeting tools could soon be applied
to study the functions of RNA regulatory elements and the
proteins, sequence and structural motifs, and RNA modi-
fication sites that mediate their functions.

3.2 Functions of Long Noncoding RNAs
and Their Transcription

Long noncoding RNAs (lncRNAs) are a heterogeneous
class of molecules, operationally defined as polyadenylated
RNAs of >200 nt that do not encode peptides. Before the
genomic era, biochemical and genetic studies identified a
handful of lncRNAs with important molecular functions,
includingXist, which orchestrates X-chromosome inactiva-
tion by spreading across the X chromosome in cis and
recruiting multiple repressive chromatin regulatory com-
plexes to silence gene transcription (Plath et al. 2002).
RNA sequencing studies found that nearly the whole ge-
nome is transcribed to some extent in one cell type or an-
other, and that these noncoding transcripts included
thousands of polyadenylated and spliced lncRNAs (Kapra-
nov et al. 2007; Djebali et al. 2012; ENCODE Project Con-
sortium2012). Although there are some notable exceptions,
such as Xist, the function (if any) of most lncRNAs has
remained elusive. CRISPR-based tools have now begun to
address two key questions: Which genomic loci encoding
lncRNAs have functional roles in the cell, and how do these
noncoding loci accomplish these functions?

New tools for direct perturbation of lncRNA expression
and sequence have provided an opportunity to systemati-
cally search for functional lncRNA loci via forward genetic
screens. Like noncoding DNA elements, perturbations to
lncRNAs involve different technical considerations than
protein-coding genes. The relationship between RNA se-
quence and function is poorly understood, but is apparently
flexible and can consist of functional sequences (such as
sites that RNA-binding proteins recognize) interspersed
with nonfunctional ones (Zappulla and Cech 2004; Gutt-
man andRinn 2012; Rinn andChang 2012). High-through-
put screening approaches to disrupt lncRNA functionmust
either perturb broad regions of genomic sequence, for
example to remove the promoter or some critical RNA do-
mainof a lncRNA, ordensely tile smallermutations through
each element to identify and perturb critical sequences.

Using these approaches, several groups have recently
performed forward genetic screens by activating or inhibit-
ing lncRNA promoters and assessing the effects on cellular

functions (Zhu et al. 2016; Joung et al. 2017a; Liu et al.
2017). Liu and colleagues performed loss-of-function
screens using CRISPRi (KRAB-dCas9) to target 16,401
lncRNA promoters and characterized their effects on cellu-
lar proliferation across nine cell lines (Liu et al. 2017). They
found 499 lociwhere inhibition of the lncRNApromoter led
to a significant effect on cellular proliferation in at least one
cell line, 89% of which showed cell line–specific effects.
Joung and colleagues designed gain-of-function screens us-
ing CRISPRa (SAM) to target 10,504 lncRNA promoters
and identified 11 noncoding loci whose activation led to
resistance to the melanoma drug vemurafinib (Joung et al.
2017a). Most of these effects appeared to be due to activa-
tion of nearby genes in cis. From these and other studies
(Guttman et al. 2011; Rinn and Chang 2012; Luo et al.
2016), it is becoming clear that many noncoding genomic
loci that produce lncRNAs play important roles in control-
ling gene expression and cellular functions, and that these
roles are typically specific to certain cell types or contexts.

Importantly, however, perturbations to “lncRNA pro-
moters” do not themselves establish that the “lncRNA tran-
scripts” are functional. Rather, promoter perturbations
might identify loci that affect a phenotype through a variety
of mechanisms related to the lncRNA locus (Fig. 6), which
can be broadly categorized as (1) nonlocal functions of
a lncRNA, in which the RNA transcript acts at locations
in the cell other than the genomic locus of the lncRNA;
(2) local, sequence-specific functions of a lncRNA transcript
to regulate the expression of nearby gene(s) on the same
chromosome (in cis); (3) local functions to regulate nearby
gene(s) via mechanisms of lncRNA transcription or splicing
that do not require any specific sequences in the lncRNA
transcript itself; and (4) local functions to regulate nearby
gene(s) via the lncRNA promoter acting as an enhancer.

Althoughmany lncRNAs have been hypothesized to act
via the first two (RNA-mediated) mechanisms, CRISPR-
based studies have surprisingly revealed that the third and
fourth categories of functions—that is, effects on gene
expression that are not mediated by the RNA transcript
itself—occur in many loci that produce lncRNAs as well
as in many loci that encode mRNAs. In a recent study,
Engreitz and colleagues knocked out the promoters of 12
uncharacterized lncRNAs and sixmRNAs and found, using
allele-specific RNA sequencing, that promoter deletion led
to an effect on the expression of a neighboring gene at five of
these 12 lncRNA loci and four of the six mRNA loci (En-
greitz et al. 2016). To distinguish between possible cis-reg-
ulatory mechanisms (Fig. 6), Engreitz and colleagues first
inserted polyadenylation signals a few hundred bp down-
stream of the transcription start site, thereby leaving the
DNA sequence of the promoter intact but eliminating
downstream transcription and the mature lncRNA tran-
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script (Fig. 6). In five out of six cases, polyadenylation in-
sertion near the promoter did not affect the expression of a
gene neighbor, indicating that the regulatory effect was
likely caused by the lncRNA promoter acting as an enhanc-
er. For one lncRNA locus called Blustr (bivalent locus is up-
regulated by the splicing and transcription of an RNA),
insertion of polyadenylation sites did in fact reduce the
expression of a neighboring gene (Sfmbt2), indicating that
transcription of Blustr was required for Sfmbt2 activation.
However, deleting individual exons or introns of the Blustr
transcript with CRISPR–Cas9 did not affect Sfmbt2 activa-
tion, suggesting that there were no specific sequences in the
spliced lncRNA transcript that were individually necessary.
Indeed, for none of the six loci studied did the RNA tran-
scripts themselves appear to contribute to cis regulation of
gene expression in a sequence-dependent fashion. Instead,
activation depended on the lncRNA promoter acting as an
enhancer or on the act of lncRNA transcription.

Together with an increasing number of other examples
using similar genetic approaches—including Airn (Latos
et al. 2012), Hand2 (Anderson et al. 2016), and others
(Shearwin et al. 2005; Yin et al. 2015; Paralkar et al. 2016;
Joung et al. 2017a)—these systematic CRISPR-based dissec-
tions of lncRNA loci point to a pervasive role for promoters
and the process of transcription in affecting gene expression
in a surrounding region, re-orienting how we can view the
vast number of noncoding transcripts produced by mam-
malian genomes. Indeed, the cell-type specificity seen in
lncRNA promoter perturbation screens may result at least
in part from the cell type–specific functions of these pro-
moters acting as enhancers for neighboring genes. A prin-
ciple emerging from these studies is that gene loci—
including those encoding lncRNAs and mRNAs—can
have multiple independent functions, including one or
more of these local effects on nearby genes as well as
trans-acting functions of the RNA transcripts (Fig. 6).

Given these observations, an important future direction
for studies of the noncoding genome will be to expand the
CRISPR forward genetics toolkit to perturb specific catego-
ries of regulatory mechanisms. For example, functional
RNAs might be directly identified and distinguished from
promoter-mediated mechanisms via knockdown with
RNA-targeting CRISPR effectors, or by tailored screens to
alter RNA sequence, RNAmodifications, RNA localization,
or RNA-binding proteins. trans-acting lncRNAs may be
directly identified via lncRNA overexpression (via expres-
sion at an ectopic locus) in forward genetic screens, or first
via CRISPRa/i screens followed by overexpression of specif-
ic candidates. cis-acting lncRNAsmay be directly identified
(and distinguished from sequence-independent functions
of transcription) via CRISPR-mediated recruitment of
RNAs to specific genomic sites and dense saturation muta-

genesis of lncRNA sequences in situ. Technological advanc-
es in CRISPR systems, including RNA-targeting CRISPR
systems (see next section), promise to enable such precise
studies to dissect the functions of lncRNAs and noncoding
transcription in mammalian genomes.

4 EMERGING CRISPR TOOLS TO DIRECTLY
MANIPULATE RNA

The recent introduction of RNA-targeting CRISPR tools
have opened a new realm of potential applications for
studying RNA regulation via direct modulation or modifi-
cation of RNA. In particular, Cas13 systems enable a new
toolbox of easy-to-use technologies for perturbing RNA
function, overcoming limitations of previous methods
such as exogenous tagging of RNA with MS2 loops (Park
et al. 2010) or engineering of Pumilio RNA-binding pro-
teins (Abil and Zhao 2015). In this section, we discuss
CRISPR-based RNA-targeting technologies and how they
can be applied for studying RNA biology.

4.1 Methods to Target CRISPR–Cas Proteins
to Specific RNA Sequences

Several CRISPR-based approaches have been developed to
enable RNA-targeted degradation or programmable pro-
tein recruitment.

Cas9: Although Cas9 is typically regarded as a DNA-tar-
geting enzyme, certain natural Cas9 variants or engi-
neered modifications have been shown to have the
potential to also interact with and cleave RNA. Initial
in vitro characterization of the Cas9 from Streptococcus
pyogenes (SpCas9) showed the possibility of RNA as a
binding substrate (Gasiunas et al. 2012), and later meth-
ods refined the activity in vitro via codelivery of PAM
duplex-forming small oligos, termed PAMmers (O’Con-
nell et al. 2014). This engineered adaptation of SpCas9 for
RNA binding was shown to function in vivo for RNA
imaging or cleavage of repeat-containing RNA (Nelles
et al. 2016; Batra et al. 2017). Certain Cas9 orthologs
also possess endogenous RNase activity and can cleave
RNAwithout a PAMmer in Escherichia coli (Strutt et al.
2018) or in vitro (Rousseau et al. 2018). RNA targeting
with Cas9 in mammalian cells appears to require the
introduction of the exogenous synthetic modified oligo
(PAMmer) (Nelles et al. 2016), rendering Cas9 challeng-
ing to use for pooled screening approaches that require
genetically encodable constructs.

Cas13: The single-effector RNA-targeting CRISPR system
Type VI and the associated endoribonuclease Cas13
(Shmakov et al. 2015; Abudayyeh et al. 2016; Smargon
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et al. 2017) have provided an improved tool for RNA
knockdown and RNA-targeted protein recruitment
(Abudayyeh et al. 2017; Cox et al. 2017). The Cas13
family has diverse features, including different crRNA
structures and different levels of activity (Shmakov
et al. 2015, 2017; Abudayyeh et al. 2016; East-Seletsky
et al. 2016; Smargon et al. 2017; Konermann et al.

2018; Yan et al. 2018). Cas13a, the first characterized
member, has been shown to cleave RNA and reduce
gene expression in bacterial, plant, and mammalian cells
(Fig. 7A) (Abudayyeh et al. 2016, 2017). Catalytically
dead Cas13—generated by mutating the endonuclease
domains—provides a flexible platform for recruitment
of proteins to target RNAs inmammalian cells, including
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for imaging of RNA through fusion to GFP (Fig. 7B)
(Abudayyeh et al. 2017), RNA editing through fusion
to ADAR2 (Fig. 7C) (Cox et al. 2017), and alteration of
isoforms by blocking splice sites (Konermann et al.
2018).

4.2 Opportunities for Systematic Studies
of RNA Biology

These new RNA-targeted tools open new opportunities to
study many aspects of RNA biology. Here, we highlight key
studies that have developed proof-of-concept tools using
Cas13.

4.2.1 RNA Knockdown

In light of the challenges in distinguishing the effects of
DNA- and RNA-mediatedmechanisms (see Sec. 2.2), tech-
nologies for RNA knockdown with CRISPR enzymes have
the potential to enable more specific studies of RNA-medi-
ated functions because they avoid manipulating DNA se-
quence. To this end, we recently showed that the Cas13
platform can knock down RNAs with efficiency similar to
RNA interference (Fig. 7A) (Abudayyeh et al. 2017; Cox
et al. 2017). At the same time, Cas13 knockdown of a re-
porter transcript (luciferase) hadminimal effects on the rest
of the transcriptome, whereas RNAi knockdown of the
same transcript led to significant effects on ∼900 other
genes (Abudayyeh et al. 2017; Cox et al. 2017; Konermann
et al. 2018). Thus, RNA knockdown screens with Cas13
have the potential to reduce the off-target effects that have
confounded RNAi screens, and, in contrast to approaches
that rely on endogenous RNAi proteins, the Cas13 enzymes
can be further optimized and engineered for additional
functionality or specificity. For example, adding a nuclear
localization tag to Cas13a led to successful knockdown of
nuclear-localized lncRNAs, while RNAi was ineffective
(Abudayyeh et al. 2017). We also found that a second
Cas13 enzyme, Cas13b from Prevotella sp. P5-125, was far
more effective at RNA knockdown (>90% for each site tar-
geted) than our original studies using LwaCas13a (Cox et al.
2017). Further optimizations of the system—including
adapting other Cas13 proteins and guide RNAs for viral
delivery, learning design rules for efficient guides, and ex-
ploring or optimizing Cas13 proteins for high stability and
specificity—should soon enable RNA-targeted forward ge-
netic screens to directly study RNA function.

4.2.2 Posttranscriptional RNA Modifications

Posttranscriptional modifications of RNA nucleotides—in-
cluding N6-methyladenosine (m6A), pseudouridine, and

inosine—appear to be a critical layer of posttranscriptional
regulation (Schwartz 2016; Helm and Motorin 2017; Hsu
et al. 2017; Lewis et al. 2017). RNA mapping technologies
have revealed that these modifications can affect tens of
thousands of sites in both coding and noncoding RNAs
(Li et al. 2016; Schwartz 2016; Helm and Motorin 2017;
Hsu et al. 2017; Lewis et al. 2017), but the functions of
most of these modifications are poorly understood. We de-
veloped a Cas13 approach to perform adenine-to-inosine
(A-to-I) editing, a natural modification that alters the se-
quence of RNA. In this approach, named RNA editing for
programmable A to I replacement (REPAIR), we fused cat-
alytically dead Cas13 to the ADAR2 enzyme to enable tar-
getable A-to-I editing activity (Fig. 7C) (Cox et al. 2017). By
extending the guide RNA and including a cytidine mis-
match in the guide across from the targeted adenosine, a
more optimal double-strandedRNA substratewith a bubble
was created, maximizing ADAR2 enzymatic activity. This
approach achieved up to 90%A-to-I editing of targeted sites
on reporter transcripts and up to 40% on endogenous tran-
scripts. Off-target editing observed with the initial system
(>18,000 edited off-target sites) was reduced through a ra-
tionalmutagenesis strategy, which produced amore specific
version of Cas13 that retained on-target editing activity but
reduced off-target activity (20 edited off-target sites) (Cox
et al. 2017). Because of the high specificity, high efficiency,
lack of sequence restriction, and precise modification site,
REPAIR provides a useful tool for studying the effects of
sequence variants and inosine modifications, and for devel-
oping therapeutics. Similar approaches with alternative
RNA editing or modification enzymes, such as RNAmeth-
yltransferases, cytidine deaminases, and pseudouridine
synthases, may enable precise introduction of RNA modi-
fications and subsequent studies to connect these modifica-
tions with their cellular and molecular functions (Fig. 7D).

4.2.3 RNA Splicing, Localization, and More

RNA-targeted CRISPR tools are still in their infancy, and—
just as an explosion of dCas9 fusion tools have begun to
reveal biological insights into transcriptional regulation—
dCas13 fusions will likely have a major impact in illuminat-
ing posttranscriptional regulation. Indeed, studies using
previous RNA-targeting technologies have highlighted ad-
ditional possibilities for manipulating RNA regulation with
new CRISPR tools. For example, fusion of PUF proteins to
the arginine- and serine-rich domain of SRSF1 or the gly-
cine-rich domain of HNRNPA1 enabled the creation of
programmable activators and repressors of splicing, respec-
tively (Cheong and Hall 2006). RNA recruitment systems
usingMS2 andPP7 (orother systems that involve tagging an
endogenous RNAwith the recognition sequence for an ex-
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ogenous RNA-binding protein) have been used to test the
sufficiency of specific RNA–protein interactions for RNA
function (Chen and Varani 2013; Bos et al. 2016) and to
track transcripts via fluorescence (Park et al. 2010). Early
studies have shown the potential for Cas13 tools to modu-
late the expression of specific RNA isoforms by binding and
blocking splice sites (Fig. 7D) (Konermann et al. 2018). The
ability to combine each of these tools with transcriptome-
wide screening will enable systematic perturbation studies
of many aspects of RNA biology, including translation,
splicing, RNA localization, and posttranscriptional modifi-
cations (Fig. 7D).

5 CONCLUDING REMARKS

CRISPR systems have remarkable diversity and flexibility,
providing many opportunities for creative innovation to
expand the CRISPR toolkit. Further exploration of natural
CRISPR systems, as well as other natural enzymes and sys-
tems with novel functionalities, will help to uncover new
tools for manipulating RNA and DNA. Directed evolution
and rational engineering of CRISPR enzymes will expand
their generalizability and increase specificity. Functionaliz-
ing CRISPR proteins with additional DNA- or RNA-mod-
ifying proteins will enable precisely perturbing a diverse
array of regulatory processes in human cells.

Building on recent studies of DNA regulatory elements
and lncRNAs, application of CRISPR tools has the potential
to reveal new principles of molecular biology. In the past
decade, many advances in our understanding of RNA biol-
ogy were facilitated by genome-scale “observational” stud-
ies, including the application of new sequencing-based
technologies to map the locations of RNA transcription,
modifications, and RNA-binding proteins. In the next dec-
ade, we anticipate that an equally transformative contribu-
tion will come from genome-scale “perturbation” studies,
including systematic interrogation of each of these layers of
RNA regulation. These studies will establish general prin-
ciples for regulatory molecules as well as illuminate how
specific genomic or molecular contexts modify their func-
tions. Integrating combinatorial perturbations and multi-
plexed molecular measurements will reveal molecular
circuits that control cellular behavior. In tandem with the
development of appropriate phenotypic assays and delivery
methods, CRISPR systems will connect these circuits with
cellular phenotypes relevant to human diseases.

CRISPR studies of RNA regulation will not only reveal
the functions of key molecular processes but also will help
us to directly manipulate them in humans. Preclinical de-
velopment for CRISPR-based therapeutics is already un-
derway, including approaches for genome editing ex vivo
(where editing is performed outside the body and edited

cells are transplanted into the patient) and in vivo (where
CRISPR tools are delivered to edit cells directly in the tissue
of interest). Many challenges remain, including optimizing
the efficiency and specificity of CRISPR editing, developing
new methods for efficient and precise delivery to target
tissues and cell types, and minimizing unintended conse-
quences of these manipulations on immune responses or
target cell functions. Nonetheless, overcoming these chal-
lenges promises to enable aflexible class of therapeutics that
leverage a programmable suite of CRISPR tools to manip-
ulate DNA or RNA.

Although therapeutic development efforts have largely
focused on modification of protein-coding genes, ap-
proaches for targeting DNA and RNA regulatory mecha-
nisms may prove advantageous for certain indications. For
example, therapeutic targeting of DNA enhancers, which
can have cell type–specific activities, may enable more pre-
cise modulation of gene function in cell types relevant to
disease (Canver et al. 2015). RNA-targeted therapeutic ap-
proaches may enable specific regulation of entities that are
difficult to manipulate at the level of DNA, such as degra-
dation of toxic repeat expansion RNAs (Batra et al. 2017) or
selective activation of specific RNA isoforms (Palacino et al.
2015; Konermann et al. 2018).

Althoughmuch work remains to characterize and apply
CRISPR tools, such studies may ultimately yield new in-
sights into the regulatory machinery of the cell and new
strategies for treating human disease.
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