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ACCEPTED MANUSCRIPT
Abstract
Genome editing has enabled broad advances and novel approaches in studies of gene function
and structure; now, emerging methods aim to precisely engineer post-transcriptional processes.
Developing precise, efficient molecular tools to alter the transcriptome holds great promise for
biotechnology and synthetic biology applications. Different approaches have been employed for
targeted degradation of RNA species in eukaryotes, but they lack programmability and

T

versatility, thereby limiting their utility for diverse applications. The CRISPR/Cas9 system has

IP

been harnessed for genome editing in many eukaryotic species and, using a catalytically inactive

CR

Cas9 variant, the CRISPR/dCas9 system has been repurposed for transcriptional regulation.
Recent studies have used other CRISPR/Cas systems for targeted RNA degradation and RNA-

US

based manipulations. For example, Cas13a, a Type VI-A endonuclease, has been identified as an
RNA-guided RNA ribonuclease and used for manipulation of RNA. Here, we discuss different

AN

modalities for targeted RNA interference with an emphasis on the potential applications of
CRISPR/Cas systems as programmable transcriptional regulators for broad uses, including

M

functional biology, biotechnology, and synthetic biology applications.

ED
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1. Introduction:
Transcription and translation are coupled and occur at the cytoplasm in prokaryotes, but in
eukaryotic cells, these two processes occur in separate cellular compartments. This enables
eukaryotes to regulate gene expression at multiple stages, starting at the level of DNA
transcription in the nucleus and continuing to extensive post-transcriptional processing of pre-

T

and mature mRNAs, which occurs in the nucleus and the cytoplasm (Orphanides and Reinberg,

IP

2002). The regulation of gene expression is critical for many essential cellular processes, ranging

CR

from genome replication and repair, to cell division, developmental processes, cell fate decisions,
and cell death. The ability to manipulate gene expression in a specific and precise manner has

US

important implications for many areas of therapeutics and research.

AN

Significant progress has been made in developing genome-engineering technologies that can
efficiently produce DNA modifications that were previously believed to be beyond the reach of
technology. However, precise manipulation of transcription and post-transcriptional processes

M

has remained challenging. To manipulate transcription, research efforts have focused on

ED

developing synthetic transcription factors that can be engineered to precisely alter the level of
specific transcripts. Naturally existing transcription factors typically consist of DNA-binding

PT

domains and transcriptional activation or repression domains that can turn the expression of
target genes on or off, respectively. DNA binding domains of diverse natural transcriptional

CE

repressors, such as the TetR family, the Lac operator repressor, and LexA proteins, have been
used to regulate eukaryotic genes (Brent and Ptashne, 1985; Cronin et al., 2001; Gossen and

AC

Bujard, 1992). However, an alternative and elegant strategy has emerged that relies on
engineering DNA binding domains to bind to any user-defined DNA sequence. Two classes of
proteins have been shown to be amenable for engineering customizable DNA-binding proteins:
zinc finger arrays (ZFs) and transcription activator-like effectors (TALEs) (Boch et al., 2009;
Bogdanove and Voytas, 2011; Kim and Kim, 2014; Klug, 2010; Moscou and Bogdanove, 2009;
Wolfe et al., 2000). Conceptually, engineering a transcription factor to bind to a specific DNA
sequence was the key to developing synthetic and programmable transcriptional regulators.
Fusions of transcriptional regulatory domains (e.g. transcriptional activators or repressors) to the
DNA-binding domains of ZFs and TALEs made it feasible to generate synthetic programmable
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transcriptional regulators for targeted gene regulation (Beerli and Barbas, 2002; Beerli et al.,
1998; Li et al., 2012; Maeder et al., 2013b; Perez-Pinera et al., 2013b; Zhang et al., 2011).
However, as ZFs and TALEs recognize specific DNA sequences through protein–DNA
interactions, each new target requires arduous protein design and construction, which has proven
to be challenging and resource intensive (Hsu et al., 2014). The requirement for protein
engineering for every single gene target and the inability to simultaneously target multiple genes

IP

T

have been major limitations in the usefulness and application of ZFs and TALEs.

CR

In prokaryotes, clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPRassociated (Cas) systems serve as adaptive molecular immunity mechanisms to fend off invading

US

nucleic acids, including phages and conjugative plasmids (Garneau et al., 2010; Sorek et al.,
2013). Practical interest in CRISPR/Cas systems arose from their ability to exploit RNA:DNA

AN

base pair complementarity between the guide RNA (gRNA) and the target sequence for target
recognition and binding, together with the built-in nuclease activity of Cas nucleases that
mediate sequence specific target cleavage, thus offering a readily programmable genome editing

M

tool. The simplicity and effectiveness of the two-component Cas9 and single-guide RNA

ED

(sgRNA) system led to it becoming the most powerful genome engineering tool yet developed,

PT

offering great promise for functional biology, biotechnology, and genomic medicine.
DNA editing leads to permanent modifications within the genome; therefore, controlling gene

CE

expression at the transcriptional and post-transcriptional level represents an attractive and
potentially safer alternative, especially for clinical and therapeutic applications. Inactivating

AC

mutations in the RuvC and HNH domains of Cas9 generate a nuclease-deficient Cas9 (dCas9)
(Fig. 1A), that is unable to cleave target DNA but retains its ability to bind DNA in a sequencespecific manner (Jinek et al., 2012). Unlike ZFs and TALE-based transcriptional regulators,
fusing dCas9 to effector domains such as transcriptional activators (CRISPRa) or repressors
(CRISPRi) has enabled the repurposing of the system for scalable and robust transcriptome
manipulation (Dominguez et al., 2016).
Given that RNA is involved in nearly all cellular processes, in vivo manipulation of endogenous
RNAs would allow for a broader understanding of cellular functions and applications in
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biotechnology, synthetic biology, and therapeutic research. Indeed, insights into the significance
of RNA in gene regulation and sequence-specific gene silencing has led to the emergence of
innovative approaches based on RNAs as therapeutic agents and targets (Burnett and Rossi,
2012; Dorsett and Tuschl, 2004; Kole et al., 2012; Lewin and Hauswirth, 2001; Rupaimoole and
Slack, 2017; Zhou and Rossi, 2017). These approaches have shown promise in treating human
diseases including genetic disorders, viral infections, and various cancers (Burnett and Rossi,

T

2012; Esteller, 2011; Kim and Rossi, 2007). For many years, different antisense-based

IP

technologies have been developed and used for the targeted inhibition of gene expression at the

CR

post-transcriptional level. Since the development of the original antisense oligonucleotide
technology in 1978 (Zamecnik and Stephenson, 1978), various antisense technology derivatives

US

such as ribozymes, DNAzymes, and co-suppression or RNA interference (RNAi) have been
developed (Scherer and Rossi, 2003), with RNAi being the current gold standard for gene

AN

silencing (Bertrand et al., 2002). RNAi has been a key approach to elucidating gene function in
vitro and in vivo across eukaryotic species (Agrawal et al., 2003; Elbashir et al., 2001). However,
such techniques lack reproducibility and specificity, thereby limiting their utility (Jackson et al.,

ED

M

2006; Sigoillot et al., 2012).

Technologies for targeting specific transcripts for post-transcriptional manipulation, such as

PT

engineered RNA binding proteins, have also been difficult to design and utilize in a
programmable and scalable manner. The potential of CRISPR/Cas systems for genome and
beyond

DNA targeting.

Recent studies have

CE

transcriptome manipulation has expanded

repurposed the DNA targeting CRISPR/SpCas9 for RNA targeting (RCas9) (O'Connell et al.,

AC

2014). In addition, other CRISPR/Cas9 orthologs, such as the Francisella novicida Cas9
(FnCas9), can target RNA in a sequence-specific manner and have been used to target RNA in
mammalian cells (Price et al., 2015). More recently, investigation of the CRISPR world has
revealed an entirely new class of Cas proteins, Cas13 systems, which have RNase but not DNase
domains, and which can be harnessed for robust RNA detection and degradation. Additionally,
the RNA-targeting CRISPR/Cas13 can be used as a catalytically dead Cas13 (dCas13) variant,
which can be coupled to various effector domains, enabling myriad post-transcriptional
manipulations of RNA substrates in living cells (Abudayyeh et al., 2016). As CRISPR/Cas
systems have revolutionized the field of DNA targeting and editing, harnessing CRISPR/Cas
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systems for transcriptional and post-transcriptional regulation will open many new avenues for
potential applications in functional biology, biotechnology, medicine, and synthetic biology,
promising to advance both basic and translational research.
In this review, we describe advances in the most widely adopted genome engineering tools,
particularly those based on CRISPR/Cas systems, for regulating gene expression at the

T

transcriptional and post-transcriptional levels. We highlight approaches for targeting and

IP

regulating endogenous RNA substrates, and discuss recent promising developments of RNA-

CR

targeted CRISPR/Cas systems, which have expanded the possibilities of RNA targeting and
manipulation. We also present potential future applications of RNA-targeting CRISPR for

US

functional biology, biotechnology, and synthetic biology for a new era of functional genomics
and RNA manipulation, as well as the limitations of these technologies and areas for future

AN

advances.

PT

2.1. CRISPR/Cas systems:

ED

M

2. Transcriptional regulation at the DNA level:

The continuous arms race between bacteria and their viral parasites led to the evolution of

CE

natural defense mechanisms whose discovery has revolutionized molecular biology. Among
these mechanisms are the clustered regularly interspaced short palindromic repeats (CRISPR)/

AC

CRISPR-associated (Cas) genes that are used by most Archaea and many bacteria as adaptive
immune systems to protect against invading phages and conjugative plasmids (Barrangou et al.,
2007; Barrangou and Marraffini, 2014; Wiedenheft et al., 2012). The CRISPR/Cas adaptive
immunity mechanism involves three main phases. The first phase is the acquisition of the
molecular record, or memory, from the invading plasmid or virus. The sequences of these
molecular records are first inserted into the CRISPR array (acquisition phase). The second phase
is the transcription of the CRISPR array and maturation of the guide RNA molecules
(transcription and maturation phase). In the final phase, the mature crRNAs guide an
endonuclease or ribonuclease to bind the complementary sequence in the target nucleic acids,
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and subsequently cleave or degrade the DNA or RNA, respectively (interference phase)
(Makarova et al., 2011; van der Oost et al., 2014). Although the establishment of adaptive
immunity among CRISPR/Cas systems follows these distinct steps, there is extensive variability
in the nature of crRNA maturation and effector molecules (Barrangou, 2015). To date, all of the
known CRISPR/Cas systems are classified into two main classes that are further subdivided into
different types and subtypes based on the organization of their loci and signature proteins

T

(Makarova et al., 2015; Shmakov et al., 2015). Class I CRISPR/Cas systems (encompassing type

IP

I, III, and IV) are the most abundant CRISPR/Cas systems found in bacteria and Archaea, and

CR

employ multi-subunit effector complexes (Makarova et al., 2015). Class II CRISPR/Cas systems
(including type II, V, and VI) are less common and found mostly in bacteria, although they were

US

recently found in Archaea (Burstein et al., 2017). These systems use a single, RNA-guided,
multi-domain Cas protein to recognize and cleave target sequences. Due to the simplicity of

AN

reprogramming them to target any user-defined sequence, Class II CRISPR systems have
attracted enormous interest as genome editing tools (Jinek et al., 2012; Shmakov et al., 2017).

ED

M

2.2. CRISPR/Cas9:

Key research efforts on the type II CRISPR/Cas9 components of Streptococcus pyogenes and
thermophilus

and

their

underlying

molecular

mechanisms

established

PT

Streptococcus

CRISPR/Cas9 as a powerful genome engineering platform (Cong et al., 2013; Jinek et al., 2012).

CE

Cas9 is an endonuclease that is guided by two small RNA molecules, CRISPR RNA (crRNA)
and the trans-activating crRNA (tracrRNA), to generate a double-stranded break at a specific site

AC

in the target DNA. Cas9 has two nuclease domains, HNH and RuvC, which it uses to cleave and
degrade invading genetic elements. Cas9 can be reprogrammed to target and cleave any DNA
sequence of interest through the simple engineering of the 20-nucleotide targeting sequence that
guides Cas9 via Watson-Crick base pairing to the targeted locus of interest, which must be
immediately followed by a 5-NGG-3 protospacer-adjacent motif (PAM) that is essential for
SpCas9 activity. Fusion of the crRNA to the tracrRNA led to the generation of a single,
functional guide RNA (sgRNA) harboring the 20-nucleotide targeting sequence (spacer) at the 5
end (Hsu et al., 2014; Wright et al., 2016). The engineering of the sgRNA significantly
simplified the system to a minimal set of two components; the Cas9 protein and the sgRNA,
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creating a very simple, efficient genome engineering tool (Fig. 1 B, C). Notably, because the
targeting specificity of this system depends on RNA:DNA base pairing complementarity
between the engineered sgRNA and the target DNA, the ease of engineering the sgRNA
overcame the inherent difficulty of protein engineering required for ZFs and TALENs (Eid and
Mahfouz, 2016; Mahfouz et al., 2014). For this reason, development of the CRISPR/Cas9 system
dramatically simplified, and thereby revolutionized, the field of genome engineering across

T

prokaryotic and eukaryotic species. Subsequently, the CRISPR/Cas9 system has been adopted as

IP

a superior tool to efficiently edit the genomes of mammals (including humans), fungi, and plants,

CR

for a variety of applications.

US

2.3. CRISPR/dCas9:

for

further

genome

AN

Because of the unique features of the CRISPR/Cas system, it was possible to harness the system
engineering purposes beyond

targeted

genome editing.

Introducing

catalytically inactivating mutations into the two nuclease domains of the Cas9 endonuclease,

M

RuvC and HNH, resulted in the generation of a catalytically inactive variant of Cas9 (dCas9) that

ED

lacks DNA cleavage activity but retains the ability to specifically bind to target DNA sequences
complementary to the sgRNA (Fig. 1A) (Jinek et al., 2012). The CRISPR/dCas9 system has been

PT

used to create highly efficient, programmable, genome-wide scale transcriptional regulators
(Gilbert et al., 2014; Gilbert et al., 2013; Konermann et al., 2015). For example, in its simplest

CE

form, dCas9 can be targeted to bind to specific regions of gene promoters for use as a synthetic
transcriptional repressor, referred to as CRISPR interference (CRISPRi). Consequently, binding

AC

of dCas9 would interfere with transcription factor or RNA polymerase binding, thus hindering
transcriptional initiation and/or elongation and leading to the repression of gene expression (Qi et
al., 2013). Furthermore, the DNA-specific binding ability of dCas9 enables the recruitment of
various transcriptional regulators (when tethered to dCas9) to user-defined genomic loci for
precise regulation of gene expression. Transcriptional repressors, such as Kruppel-associated box
(KRAB) and Max-interacting protein 1 (Mxi1), have been fused to dCas9 for transcriptional
repression in mammalian cells and yeast, respectively (Gilbert et al., 2013; Lawhorn et al.,
2014). Additionally, transcriptional activation of endogenous or reporter genes has been
achieved by fusing activation domains, such as the transcriptional activator VP64 or the

ACCEPTED MANUSCRIPT
activation domain (AD) of p65, to dCas9 (Maeder et al., 2013a; Perez-Pinera et al., 2013a). We
have recently employed the CRISPR/dCas9 system for targeted gene repression and activation in
plant cells (Piatek et al., 2015). Specifically, we fused the SRDX repression domain to dCas9 to
generate a reprogrammable synthetic repressor; we also fused the EDLL domain and the TAL
activation domain (TAD) to dCas9 to generate synthetic transcriptional activators. In contrast to
ZF- and TALE-based transcriptional regulators, the simplicity and effectiveness of this platform

T

has enabled the multiplexed targeting of multiple transcriptional regulators to either the same

IP

gene, for improved regulatory activity due to the synergistic effect of multiple regulators

CR

(Maeder et al., 2013a; Perez-Pinera et al., 2013a), or to different genes, for the simultaneous
regulation of entire gene networks (Zalatan et al., 2015). Importantly, such multiplexed

US

recruitment of different transcriptional regulators will facilitate sophisticated transcriptional
reprogramming by simultaneously activating and repressing different sets of genes in the same

AN

cell, thus enabling a broad set of applications for customized modulation of transcription

M

(Puchta, 2016).

ED

3. Post-transcriptional regulation at the RNA level, targeting the RNA message:

PT

The aforementioned technologies represent robust methods for regulating gene expression at the
level of DNA transcription. DNA-based transcriptional regulation must overcome several

CE

hurdles to achieve the desired outcome. For example, the compact structure of eukaryotic
genomes and the presence of DNA-bound proteins may inhibit dCas9 binding to the targeted

AC

gene. Furthermore, since alternative splicing is crucial for the diversity of the eukaryotic
transcriptome and proteome, repressing gene expression at the DNA level leads to the
elimination of all possible splicing isoforms, thus hampering efforts to probe the functions of
certain splice variants and causing unpredicted phenotypic consequences. Given the widespread
functions of RNA in different cellular processes, it is increasingly important to manipulate
endogenous RNAs in a specific and precise manner. Effective technologies for targeting and
controlling the activity of cellular transcripts at the post-transcriptional level are presently
lacking. However, emerging CRISPR/Cas-based platforms and technologies hold enormous
potential to transform the field of RNA biology.

ACCEPTED MANUSCRIPT

3.1. RNA interference:
More than two decades ago, the natural phenomenon of RNA silencing was discovered.
Originally, a surprising gene-silencing phenomenon, termed co-suppression, was observed in
plants. The introduction of transgenic copies of the Chalcone Synthase (CHS) gene in petunia

T

flowers led to silencing of both the transgene and the endogenous gene (Napoli et al., 1990; van

IP

der Krol et al., 1990). Later, a similar phenomenon, “quelling,” was reported in Neurospora

CR

crassa (Romano and Macino, 1992) and subsequently in many other organisms (Gaudet et al.,
1996; Pal-Bhadra et al., 1997; Ruiz et al., 1998). In 1998, RNA interference (RNAi) was first

US

revealed in nematodes as a biological response to double-stranded RNA (dsRNA), which leads to
sequence-specific gene silencing (Fire et al., 1998). Working with Caenorhabditis elegans, Fire

AN

and Mello demonstrated that dsRNAs mediate robust and specific silencing of homologous
genes, as opposed to previously used sense or antisense ssRNAs (Fire et al., 1998). RNAi is an
innate mechanism that protects against endogenous and exogenous parasitic genetic elements

M

and regulates the expression of endogenous genes (Hannon, 2002). The silencing relies on small

ED

RNAs to guide cellular machinery to homologous sequences for degradation. These small
interfering RNAs (siRNAs) originate from long precursor dsRNAs that can be derived from

PT

endogenously encoded sequences (e.g.: microRNAs), or from exogenous sources such as viruses
or experimentally introduced nucleic acids (Agrawal et al., 2003; Hannon, 2002; Pumplin and

CE

Voinnet, 2013; Voinnet, 2005). In the cytoplasm, dsRNAs associate with the RNA-induced
silencing complex (RISC) where the two strands are separated and one strand directs the

AC

complex to homologous regions in target messenger RNAs, leading to the degradation or
inhibition of mRNA translation and specific gene silencing (Fig. 2) (Meister and Tuschl, 2004).
The discovery of RNAi opened up a new frontier in RNA regulation and has been exploited as
an invaluable technology for gene silencing in various fields and applications (Agrawal et al.,
2003; Dorsett and Tuschl, 2004). The substantial advantage of RNAi technology lies in its
specificity, which is due to Watson-Crick base pairing interactions between the experimentally
introduced dsRNA and the target RNA. This specificity can be controlled and reprogrammed,
making the technology both simple to use and effective against an almost unlimited choice of
targets. Although RNAi has long been used as a powerful tool for specific gene silencing,
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concerns about its stability, efficiency, specificity, and reproducibility have limited its use in
many biological systems and downstream applications (Deng et al., 2014; Jackson et al., 2003).
Moreover, the RNAi machinery must be conserved in the biological system of interest.
The development of synthetic programmable RNA targeting modules with a high degree of
modularity, binding affinity, and specificity, as well as straightforward and predictable targeting

T

will potentially facilitate many new applications in fields such as synthetic biology and genomic

IP

medicine, from endogenous RNA detection and trafficking, to manipulation and analysis. The

CR

significant potential of such synthetic programmable RNA targeting regulators has recently

AN

3.2. Sequence-specific RNA-binding proteins:

US

attracted much interest in developing customizable RNA-targeting modules.

In cells, RNAs are usually associated with diverse, yet specific, RNA-binding proteins (RBPs),

M

forming ribonucleoproteins. These proteins are important for various RNA processes within

ED

cells, such as pre-mRNA processing, RNA stability, biogenesis, transport, function, cellular
localization, and catalytic activities (Glisovic et al., 2008). RBPs bind RNA with different

PT

affinities and specificities by RNA-binding domains (RBDs), including K homology domains
(KH), RNA recognition motif domains (RRM), pentatricopeptide repeats (PPR), cold shock

CE

domains (CSDs), zinc-finger domains (ZnF), and Pumilio/FBF repeats (PUF) (Auweter et al.,
2006). Elucidation of the mechanisms that dictate the binding specificity of RBPs to their RNA

AC

substrates has prompted research efforts towards the development of programmable RNA
regulators for sequence-specific RNA manipulation. These efforts have been based on
engineering the specificity of the RNA-binding domains to generate modular RBPs with
customized sequence specificity (Chen and Varani, 2013). PUF proteins, for instance, have been
successfully engineered for the targeted manipulation of a variety of transcripts (Cheong and
Hall, 2006; Wang et al., 2002). PUF proteins contain sequence-specific RNA-binding domains
that each recognize a single nucleotide. Therefore, by combining multiple domains, PUF proteins
can be designed to recognize any user-defined RNA target sequence with high affinity and
specificity (Cheong and Hall, 2006; Filipovska et al., 2011; Wang et al., 2002). Furthermore,
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ongoing research efforts aimed

at elucidating the mechanisms governing RNA binding

specificity of other RNA-binding domains, such as the PPR, RRM, and KH domains, suggest a
potential use for these RNA-binding domains as programmable RNA-binding proteins (Chen and
Varani, 2013; Coquille et al., 2014; Wei and Wang, 2015).
Similar to the utilization of ZFs and TALEs as programmable DNA-binding scaffolds,

T

engineered RNA binding domains can be harnessed as programmable RNA-binding scaffolds to

IP

recruit effector domains for the targeted manipulation of endogenous RNAs. Designer RBPs,

CR

such as PUF proteins, have been fused to various effector domains generating chimeric artificial
RBPs with a broad range of activities, including modulation of alternative splicing (Dong et al.,
(Choudhury et al., 2012),

targeted

translational

regulation (Cooke et al., 2011), and RNA

AN

imaging (Tilsner et al., 2009).

US

2011; Wang et al., 2009), site-specific RNA cleavage (site-specific RNA endonucleases)

Although the development of designer RBPs has provided new insight into functional RNA

M

biology for the manipulation and study of RNA, a few complications have constrained and

ED

limited the utility of these RBPs. RNA-binding domains commonly recognize only short
sequences, enabling them to target a wide spectrum of endogenous RNA targets and limiting

PT

their specificity (Maris et al., 2005). This limits the ability of RNA-binding domains to target
unique RNAs within the transcriptome. For example, PUF proteins can only recognize eight

CE

adjacent bases, which leads them to recognize a wide range of transcripts (Galgano et al., 2008;
Morris et al., 2008). Nevertheless, the specificity of RBDs has been increased by tethering

AC

multiple domains with various structural arrangements together, generating proteins with high
RNA binding affinity and specificity (Filipovska et al., 2011; Lunde et al., 2007). Because the
specificity of the RBDs is based on protein–RNA interactions, analogous to the interaction of
ZFs and TALEs with DNA, it is both challenging and laborious to engineer RBDs that bind to
specific, user-defined RNA sequences. Therefore, it remains difficult to design and synthesize
large protein libraries with varying sequence specificities for new targets. Additionally, the
challenges associated with assembling modular RNA-binding proteins prohibits their use in the
multiplex targeting of multiple RNA targets for large-scale screens and gene and/or protein
network interrogation. Thus, there is still an enormous need for the development of synthetic
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RNA regulators that are easy to program and versatile enough for both single and multiplexed
targeting of RNAs.
3.3. CRISPR/Cas-based RNA targeting:
Due to the ability of CRISPR/Cas systems to rely on Watson-Crick base pairing for target

T

recognition, they have overcome the significant drawbacks of purely protein-based genome

IP

editing tools, democratizing the field of genome engineering (Hsu et al., 2014). Similarly,
need

to

redesign

and

CR

programmable RNA targeting proteins based on nucleic acid complementarity can abolish the
synthesize libraries of RNA-binding proteins.

Thus,

harnessing

US

CRISPR/Cas systems to target RNA in a sequence-specific manner will enable the regulation of

AN

specific genes and precise transcriptome engineering.
3.3.1. Type III CRISPR/Cas systems:

M

While most of the currently known CRISPR/Cas systems target DNA, the Class I type III

ED

CRISPR/Cas systems, which can be further subdivided into subtype III-A and subtype III-B
systems, can target invading RNAs in addition to DNA (Hale et al., 2012; Jiang et al., 2016;

PT

Samai et al., 2015; Staals et al., 2013; Staals et al., 2014; Tamulaitis et al., 2014). Detailed
reconstitution and characterization of the effector complexes of the type III CRISPR/Cas systems

CE

from Pyrococcus furiosus and Thermus thermophilus have been shown in vitro (Hale et al.,
2009; Sinkunas et al., 2013). However, unlike Class II CRISPR/Cas systems that rely on a single

AC

multi-domain effector protein to mediate the interference, type III CRISPR/Cas systems rely on
complexes of multiple Cas proteins (Hale et al., 2009; Makarova et al., 2015). These
multicomponent complexes would be cumbersome to reconstitute in vivo and harness as
synthetic programmable RNA targeting platforms.
3.3.2. The RCas9 system:
Although Cas9 from Streptococcus pyogenes (SpCas9) has been widely utilized to enable
genome editing by recognizing and targeting dsDNA, the ease with which it can be
reprogrammed and its robust catalytic activity have encouraged researchers to repurpose it for
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RNA targeting and manipulation. In 2014, work by O’Connell et al. demonstrated that SpCas9
can bind and cleave ssRNA in vitro (O'Connell et al., 2014). An essential requirement for
SpCas9 recognition and cleavage activity is the presence of the 5-NGG-3 PAM juxtaposed with
the DNA target sequence on the non-target strand (Jinek et al., 2012; Mojica et al., 2009;
Sternberg et al., 2014). When the PAM sequence was exogenously provided in specially
designed ssDNA oligonucleotides (named PAMmers) complementary to the sequence adjacent

T

to the target sequence in the ssRNA target, SpCas9 in association with its cognate targeting

IP

crRNA was successfully reprogrammed to bind and cleave specific target RNAs with high

CR

affinity and specificity (O'Connell et al., 2014). Intriguingly, the system exclusively targeted
RNA, avoiding the corresponding DNA in vitro (Fig. 1D). The importance of the

US

deoxyribonucleotide-based PAM was confirmed by the ability of SpCas9 to cleave an RNA–
DNA hybrid but not dsRNA. In addition, this work also described the utilization of this so-called

AN

RNA targeting Cas9 (RCas9) as a specific programmable RNA binding platform. By using the
nuclease-inactive RCas9 system, dCas9:gRNA with a PAMmer, researchers were able to isolate

M

and pull down endogenous, untagged Glyceraldehyde-3-phosphate dehydrogenase mRNA from
HeLa cell lysate (O'Connell et al., 2014). Interestingly, in a recent study, Nelles et al.

ED

demonstrated the activity of the RCas9 system in vivo by successfully applying the system to
image and track the trafficking of specific endogenous mRNAs in living cells using a chimeric

PT

dCas9-GFP fusion (Nelles et al., 2016).

CE

These studies shed light on the unexpected, yet exciting ability of SpCas9 to target RNA in
addition to DNA, illustrating the promise of harnessing CRISPR/Cas systems as synthetic

AC

programmable RNA targeting modules. Nevertheless, a few concerns could impede the
utilization of the RCas9 system for RNA biology-related applications in living organisms. The
activity of the RCas9 system relies on three components (SpCas9, gRNA, and PAMmer);
efficient delivery and complex formation of these components could prove problematic.
Furthermore, chemical modifications are needed to stabilize the PAMmers and prevent their
degradation by RNase H in living cells (Nelles et al., 2016; O'Connell et al., 2014). Therefore,
such specially designed oligonucleotides could be costly and difficult to deliver into target cells
for large-scale manipulation. Moreover, the ability of RCas9 to target and cleave RNA would
make it feasible to target this activity to the nucleus of living eukaryotic cells by taking
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advantage of U3 or U6 promoter-transcribed sgRNAs. However, while the in vivo study
described the activity of only the nuclease-deficient Cas9 for RNA binding purposes (Nelles et
al., 2016), and RCas9 seems not to cleave DNA in vitro (O'Connell et al., 2014), the native DNA
cleavage activity of NLS-tagged, nuclease-active SpCas9 could lead to off-target effects,
potentially resulting in deleterious mutations.

T

3.3.3. FnCas9:

IP

FnCas9, an orthologue of SpCas9, is a type II CRISPR-associated protein effector encoded by

CR

the bacterial pathogen Francisella novicida (Hirano et al., 2016). Similar to other Cas9
orthologues, such as SpCas9 (Jinek et al., 2012) and the Cas9 of Staphylococcus aureus

US

(SaCas9) (Ran et al., 2015), FnCas9 in association with a crRNA:tracrRNA or a synthetic gRNA
has been shown to mediate DNA cleavage by recognizing a 5-NGG-3 PAM immediately
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downstream of the target sequence, and was successfully harnessed for genome engineering in
mouse zygotes, but not in human cells (Hirano et al., 2016). Interestingly, Sampson et al.

M

reported an innate RNA-targeting activity of FnCas9 in bacteria (Sampson et al., 2013). To
evade the bacterial lipoprotein (BLP)-triggered-host immune response and invade eukaryotic

ED

host cells, F. novicida is able to employ the CRISPR/Cas9 system to target and degrade its own
BLP mRNA, leading to suppression of BLP expression and promoting virulence (Jones et al.,

PT

2012; Sampson et al., 2014). Besides the crRNA and tracrRNA, the F. novicida CRISPR/Cas9
system also contains a small RNA termed small CRISPR/Cas associated RNA (scaRNA), which

CE

can base pair with the tracrRNA to form a heteroduplex RNA. In contrast to the
crRNA:tracrRNA-dependent DNA cleavage by FnCas9, the scaRNA:tracrRNA duplex promotes

AC

RNA targeting when associated with FnCas9 (Sampson et al., 2013). This novel activity of
FnCas9 led to it being used to target viral RNA in eukaryotic cells. As a proof of principle, Price
and colleagues used FnCas9 to target the positive-sense single-stranded RNA genome of the
hepatitis C virus (HCV) in human hepatocellular carcinoma cells (Price et al., 2015). By
engineering the tracrRNA and scaRNA to generate a single RNA-targeting guide RNA (rgRNA),
a FnCas9:rgRNA complex targeted to either the highly conserved 5 or 3 untranslated regions of
the HCV genome resulted in an ~60% reduction in viral protein production. The RNA-targeting
activity of FnCas9:rgRNA was PAM independent, in contrast to the PAM dependent RNA
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targeting by the RCas9 system (Price et al., 2015). These studies highlight the potential of the
FnCas9 CRISPR system to efficiently and specifically target RNA in vivo.
However, the mechanism by which FnCas9 targets and cleaves RNAs remains largely unknown
(Hirano et al., 2016; Sampson et al., 2013). For instance, although wild-type FnCas9 was used
for viral RNA targeting, the inhibition of HCV was presumably caused by the binding of FnCas9

T

to the viral RNA genome and blocking viral translation and replication machineries, rather than

IP

degradation of the HCV genome, as endonuclease-inactive FnCas9 produced a similar inhibitory

CR

effect (Price et al., 2015). Thus, further investigations are needed to elucidate the FnCas9 RNAtargeting activity. Moreover, like the RCas9 system, the ability of FnCas9 to target and cleave

US

endogenous genomic DNA will restrict its utility for the manipulation of RNA in nuclei.

AN

3.3.4. CRISPR/Cas13 systems:

The great potential offered by the efficiency and simplicity of the CRISPR/Cas system as a
genome engineering tool has inspired researchers to improve the existing CRISPR/Cas tools, and

M

to develop new methodologies that enable them to delve deeper into the microbial world and find

ED

other undiscovered CRISPR/Cas variants that can be harnessed and added to the genomeengineering toolbox (Burstein et al., 2017; Makarova et al., 2015; Shmakov et al., 2015). In a

PT

search for previously unexplored Class II CRISPR/Cas systems using microbial genome data
mining, along with computational and bioinformatic prediction approaches, Shmakov et al.
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discovered novel Class II CRISPR systems, including C2c1, C2c2, and C2c3 (Shmakov et al.,
2015). C2c1 and C2c3 contain RuvC-like endonucleases similar to Cpf1, and were therefore
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classified as Class II type V CRISPR/Cas systems (Shmakov et al., 2015), (now V-B Cas12b and
V-C Cas12c, respectively) (Shmakov et al., 2017). By contrast, the Class II candidate 2 (C2c2)
exhibited unique features not present in any known CRISPR protein, leading to it being
classified as a new Class II subtype, Class II type VI (Shmakov et al., 2015) (now VI-A
Cas13a)(Shmakov et al., 2017).
3.3.4.1. Cas13a
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Analysis of the Cas13a protein sequence revealed the presence of two Higher Eukaryotes and
Prokaryotes Nucleotide-binding Domains (HEPN), which are exclusively associated with RNase
activity (Anantharaman et al., 2013). These distinct characteristics of Cas13a raised the enticing
possibility that Cas13a might work as a single effector RNA-guided RNA-targeting protein.
A pioneering study characterizing the functionality of Cas13a showed that the single effector
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Cas13a protein is, indeed, a programmable RNA-guided ssRNA ribonuclease (Abudayyeh et al.,
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2016). In this study, the RNA targeting and interference activity of Leptotrichia shahii Cas13a
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(LshCas13a) was first explored by performing a bacteriophage interference screen, which
demonstrated the ability of the Cas13a protein and phage-genome specific 28-nt spacer

US

sequences to defend E. coli against infection by the ssRNA phage MS2. Besides identifying the
sequences of the gRNAs that interfered with the ssRNA phage genome most efficiently, the
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phage interference screen results hinted at the presence of an H (non-G) protospacer flanking site
(PFS) immediately following the targeted protospacers (Fig. 3C) (Abudayyeh et al., 2016). The
non-G PFS has turned out to be crucial for maintaining the interaction between the Cas13a

M

protein and its cognate crRNA (Liu et al., 2017b). Further characterization of the RNA cleavage

ED

activity of Cas13a using purified Cas13a protein for in vitro cleavage assays showed that Cas13a
is specific for ssRNA targets. Moreover, Cas13a tends to preferentially cleave uracil residues at

PT

multiple sites in exposed regions of the secondary structure formed by the ssRNA. Additionally,
mutating the putative histidine and arginine catalytic residues within the two HEPN domains

CE

abolished the cleavage activity of the protein, indicating that the HEPN domains are responsible
for the RNA cleavage activity and resulting in the generation of a catalytically inactive version
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of the Cas13a enzyme (dCas13a) (Fig. 3A). However, like dCas9, dCas13a retains its ability to
specifically bind to the target RNA, resulting in an RNA-guided RNA-binding protein. Cas13a
can tolerate single- but not double-base mismatches in the middle of the spacer-protospacer base
pairing, pointing to the presence of a seed sequence. Importantly, experiments that successfully
knocked down the expression of the RFP protein demonstrated the ability of this system to be
reprogrammed to target specific, non-phage RNAs in vivo (Abudayyeh et al., 2016). The
fundamental findings of this study have raised the possibility that Cas13a is the long-awaited
programmable, RNA-guided ssRNA targeting CRISPR system.
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A subsequent study investigating the biochemical features of LshCas13a and other Cas13a
homologs, such as LbuCas13a (from Leptotrichia buccalis) and LseCas13a (from Listeria
seeligri), has revealed another enzymatic activity, adding to the novelty of Cas13a (East-Seletsky
et al., 2016). This study found that Cas13a possesses a ribonuclease activity that is responsible
for the processing of precursor crRNA (pre-crRNA) to generate its cognate mature crRNA,
demonstrating that Cas13a is a dual ribonuclease (Fig. 4) (East-Seletsky et al., 2016). The crystal
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structural of LshCas13a revealed that the two RNase activities, the pre-crRNA processing and
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crRNA-guided RNA cleavage activity, are executed by two distinct and physically separated

CR

catalytic sites. A group of positively charged residues located in the N-terminal helical-1 domain
within the REC lobe are responsible for the pre-crRNA biogenesis activity. By contrast, the

US

RNA-guided target RNA cleavage takes place in a catalytic site formed between the two
conserved HEPN domains (Liu et al., 2017b). A recent study by East-Seletsky et al. (East-
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Seletsky et al., 2017) found that the pre-crRNA processing activity is highly conserved among
diverse type VI-A CRISPR/Cas13a family proteins. However, it appears that while the precrRNA processing activity of Cas13a improves ssRNA targeting, it is not essential (East-
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Seletsky et al., 2017). In addition, functional and biochemical characterization of various Cas13a

ED

proteins has shown that Cas13a proteins can be classified into two functional subfamilies that
can recognize distinct crRNAs, resulting in differing substrate preferences. These findings

CE

Seletsky et al., 2017).

PT

expand the potential utility of Cas13a proteins for a wide range of RNA manipulations (East-

Intriguingly, upon activation of the Cas13a enzyme by binding to a crRNA-complementary

AC

ssRNA target, non-specific trans-ssRNA cleavage was observed; the collateral degradation of
other ssRNAs (Abudayyeh et al., 2016; East-Seletsky et al., 2016). Analysis of the crystal
structure of LbuCas13a revealed that binding of the target RNA to the Cas13–crRNA complex,
and formation of the crRNA–target RNA duplex, induces a significant conformational change in
the Cas13a protein, leading to the activation of the HEPN catalytic site (Liu et al., 2017a). The
induced conformational change results in the formation of a guide–target RNA duplex binding
channel with the Cas13a protein. The resulting binding channel is located far from the HEPN
catalytic site, suggesting that short target RNAs cannot be cleaved by the HEPN catalytic site in
cis. Importantly, the structural analysis also showed that the HEPN catalytic site of the activated
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Cas13 protein is exposed to the surface, making it available to RNAs in solution, and thus
explaining the non-specific cleavage of collateral RNAs in trans observed upon target RNA
binding (Liu et al., 2017a). This phenomenon suggests a natural mechanism to sense invasive
viral RNAs and induce programmed cell death (PCD) or dormancy of the host cell, thus
preventing the spread of the viral infection (Fig. 4). The East-Seletsky et al. study (East-Seletsky
et al., 2017) demonstrated that the collateral cleavage activity of Cas13a could be used to sense

T

and detect the presence of specific transcripts. Building on this idea, a study by Gootenberg and
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colleagues exploited the promiscuous RNAse activity of Cas13a upon target recognition to

CR

develop a diagnostic tool for the in vitro detection of DNA and RNA with a single-base
mismatch specificity and attomolar sensitivity, demonstrating a wide range of potential utility in

US

diagnostic and basic research applications (Fig. 5H) (Gootenberg et al., 2017).
This series of studies illuminating the functional mechanisms of different Cas13a orthologues in
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prokaryotes has been recently followed by the first experimental evidence demonstrating the
amenability of CRISPR/Cas13a to adaptation for RNA targeting in eukaryotic cells (Abudayyeh
et al., 2017). By assessing 15 different Cas13a proteins, Abudayyeh and colleagues identified

M

LwaCas13a from Leptotrichia wadei as having the greatest interference activity and specificity

ED

relative to other Cas13a orthologues, including the previously characterized LshCas13a.
Heterologous expression of LwaCas13a and the mature crRNA produced a robust knockdown of

PT

either reporter or endogenous transcripts in mammalian and plant cells. Cas13a exhibited a
comparable interference activity to that produced by RNAi, but with greater specificity and

CE

dramatically reduced off-target effects. The study also tested the ability of LwaCas13a to process
pre-crRNAs to generate multiple functional crRNAs that would allow multiplexed targeting.
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Upon delivery of a CRISPR array consisting of five different guide RNAs that targeted five
different endogenous genes, the authors observed levels of knockdown for each gene comparable
to those produced using single guide RNAs, indicating that Cas13b can process pre-crRNA for
generation of functional crRNAs and multiplexed targeting in mammalian cells (Abudayyeh et
al., 2017).
3.3.4.2. Cas13b
Another recently discovered and characterized RNA-targeting CRISPR/Cas system is Cas13b, a
member of the Class II subtype VI-B CRISPR/Cas systems (Smargon et al., 2017). Although the
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Cas13b effector protein was found to have a novel protein sequence that differs significantly
from Cas13a, the sequence showed two predicted HEPN domains, suggesting that the protein
targets and cleaves RNA, similar to subtype VI-A (Cas13a). Functional characterization of
Cas13b by Smargon et al. revealed a sequence-specific single-stranded RNA targeting of Cas13b
in vitro and in vivo. The RNA targeting of Cas13b is similar to the activity of Cas13a in many
ways, including the ability to target and cleave ssRNA but not dsRNA, to process its own pre-
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crRNA to generate mature crRNAs, and to cause non-specific collateral RNA damage of non-
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target RNAs upon activation by binding to target RNA. In addition, a nuclease-deficient variant
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of Cas13b, dCas13b, can bind specifically to a target sequence. However, unlike Cas13a, the
RNA targeting of Cas13b requires a double-sided PFS on both ends of the protospacer target
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sequence, which differ in their nucleotide sequence from the PFS of Cas13a, thus expanding the
sequence targeting constraints of these RNA-targeted CRISPR/Cas systems. Another interesting
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finding was the ability of Cas13b to interact with two small and novel proteins, Csx27 and
Csx28, where in vivo investigation of these small proteins showed that Csx27 represses the RNA

M

targeting and cleavage of Cas13b and Csx28 enhances it (Smargon et al., 2017).
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Notably, a very recent study reported that Cas13b ribonucleases can specifically knock down
endogenous transcripts in mammalian cells (Cox et al., 2017). Although the previous study

PT

identified LwaCas13a as the most effective Cas13a orthologue for targeted knockdown of
transcripts in mammalian cells (Abudayyeh et al., 2017), Cox et al. sought to identify a more

CE

robust and specific Cas13 ribonuclease for mammalian cell applications (Cox et al., 2017).
Therefore, they evaluated the RNA interference activity of a subset of Cas13 enzymes, including

AC

21 orthologs of Cas13a, 15 of Cas13b, and 7 of Cas13c, and found that PspCas13b (from
Prevotella sp. P5-125) was the most efficient Cas13 orthologue. Apart from the demonstrated
RNA editing ability of the dCas13b-ADAR fusions (which we discuss under the potential
applications of Cas13 systems), PspCas13b exhibited a robust and increased level of specificity
and knockdown activity compared to the previously characterized LwaCas13a (Cox et al., 2017).
The ability of Cas13b to exhibit specific and robust targeting of RNA substrates represents a
useful addition to the RNA-targeted CRISPR/Cas suite, and indicates that additional potential

ACCEPTED MANUSCRIPT
RNA-targeting CRISPR/Cas systems await, to be found and harnessed for targeted RNA
manipulation and interference.
4. Advantages and potential applications of Cas13 systems for post-transcriptional
regulation:

T

Collectively, the findings of these studies suggest that Cas13 is a flexible, RNA-guided, RNA

IP

targeting CRISPR systems that hold great potential for precise, robust, and scalable RNA-guided

CR

transcriptional regulation applications. The significance of modulating transcriptional regulation
led to the emergence of various approaches for transcriptional and post-transcriptional regulation

US

(Brophy and Voigt, 2014; Mohr et al., 2014). However, the development of Cas13 as the first
RNA-specific CRISPR technology might provide the long-sought tool for versatile and efficient
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RNA targeting that will open a new realm in the field of post-transcriptional regulation and offer
new strategies for diverse RNA manipulations.
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The CRISPR/Cas13 systems demonstrate many unprecedented advantages that render the

ED

systems superior to other previously developed RNA-targeting strategies. They consist of only
two components, the Cas13 protein and the crRNA that guides Cas13 to its target RNA sequence

PT

(Abudayyeh et al., 2016), facilitating its delivery and assembly in most organisms (Fig. 3B). The
targeting specificity of the system relies on the spacer sequence in the guide crRNA, thereby

CE

offering the versatility and scalability of RNAi technology alongside with the modularity of the
RNA-binding proteins. In addition, the capability of Cas13 to process its own crRNA from
cytoplasmic

AC

precursor crRNA transcripts could be utilized to facilitate its employment for important
RNA manipulations,

such as mRNA imaging, localization, and translational

regulation. For example, the utilization of polymerase II promoters for guide RNA expression
will allow the transport of pre-crRNA with the desired targeting spacers into the cytoplasm
where they can be processed by Cas13 to generate mature crRNAs, sidestepping the limitations
of using the small nuclear RNA (snoRNA) promoters, such as U6 or U3, for applications in the
nucleus. Additionally, the fact that Cas13 can process its own crRNA will facilitate the design
and expression of multiple gRNAs for targeting and modulating multiple transcripts (Abudayyeh
et al., 2017; East-Seletsky et al., 2016) (Table1).
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An obvious application of Cas13 is to use its innate endoribonuclease activity to knock down
gene expression by cleaving specific transcripts (Abudayyeh et al., 2017) (Fig. 5A). Unlike
RNAi, Cas13 gene knockdown is independent of the host’s RNAi machinery, enabling precise
gene knockdown in organisms or cellular compartments where RNAi machinery is not present.
The simple engineering of the guide (crRNA) RNA will also allow the generation of large gRNA
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libraries to downregulate expression of multiple genes simultaneously, facilitating large-scale

IP

screens and the interrogation of gene networks. Additionally, Cas13 will be valuable for

CR

targeting and degrading specific splicing isoforms, leading to isoform-specific gene silencing.
Previous studies have developed restriction enzyme-like site-specific RNA endonucleases by

US

combining RNA cleavage domains with site specific RNA binding domains in attempts to
generate ribonucleases to specifically silence endogenous genes (Choudhury et al., 2012). Such
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artificial ribonucleases have proven to be efficient in silencing specific pathogenic mRNAs in
human cells (Zhang et al., 2014). The simplicity and single-base mismatch specificity of Cas13
(Gootenberg et al., 2017) can now allow for the precise targeting of certain aberrant or

M

pathogenic mRNAs and specific splicing isoforms in plants and animals without affecting the

ED

wild-type transcripts. Nevertheless, the usefulness of Cas13 would be severely limited if
collateral RNA cleavage is also elicited in eukaryotic cells. Surprisingly, a recent study

PT

(Abudayyeh et al., 2017) did not find evidence of Cas13a-induced collateral activity, finding that
the growth of mammalian cells expressing active LwaCas13a was unaffected, and thus

CE

suggesting that the promiscuous activity of Cas13a might be absent or negligible in eukaryotic
cells. The structural studies of Cas13 may provide insight into engineering better versions of

AC

Cas13 that have more specificity and lack promiscuous cleavage activity. In addition, ongoing
research may lead to the identification of different Cas13 variants with controlled and robust
catalytic activity, as other Cas13 homologs, such as LwaCas13a and PspCas13b, were shown to
have greater RNase activity than LshCas13a (Abudayyeh et al., 2017; Cox et al., 2017;
Gootenberg et al., 2017).
Beyond the RNA cleavage activity of this system, the catalytically inactive Cas13 (dCas13)
represents an attractive programmable, sequence-specific RNA binding platform that can be
tethered to various functional effectors for a wide range of important molecular manipulations.
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Intracellular RNA visualization and tracking in living cells can provide valuable information on
the dynamics of endogenous RNAs. Several RNA-imaging approaches have been developed
based on the fusion of florescent proteins to sequence specific RNA binding domains, such as the
MS2 coat protein (MCP) approach (Bertrand et al., 1998), Pumilio homology domains (PUMHD) (Ozawa et al., 2007; Yamada et al., 2011), and recently, the RCas9 system (Nelles et al.,
2016). However, fusion of dCas13 to a fluorescent protein will generate a platform that is highly
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versatile and easier to program for visualizing the localization and trafficking of specific RNAs

IP

in living cells (Fig. 5B). In fact, the recent study of Abudayyeh et al. harnessed the

CR

programmable binding ability of dCas13 to engineer a visualization platform capable of tracking
the translocation of endogenous transcripts from the nucleus to the cytoplasm, thus providing an

US

efficient programmable platform for live transcript imaging and tracking in mammalian cells
(Abudayyeh et al., 2017). Another aspect of post-transcriptional RNA modulation and spatial
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control of gene expression is RNA localization, which is involved in various important
developmental and cellular physiological processes (Martin and Ephrussi, 2009; St Johnston,
2005). By tethering a trafficking agent to dCas13, CRISPR/dCas13 can be engineered to

M

transport targeted RNAs to a desired cellular location. Another way of controlling gene

ED

expression at the post-transcriptional level is through the regulation of RNA translation and
stability. Translational activators, such as GLD2 and eIF4E, and repressors, such as CAF1, have

PT

previously been combined with designer RNA binding proteins, PUF proteins for instance, to
specifically recognize and regulate the translation of targeted RNAs (Cao et al., 2014; Cooke et

CE

al., 2011; Quenault et al., 2011). Therefore, dCas13 could be combined with translational
regulators to boost or repress gene expression without affecting the abundance of the endogenous
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transcript (Fig. 5C). Another elegant potential application of the CRISPR/dCas13 system would
be to identify RNA binding proteins by targeting and pulling down their RNA substrates, RNA
immunoprecipitation sequencing (RIP-seq), using tagged-dCas13 (Fig. 5D). Such studies would
aid in defining and understanding the function of many RNA regulators.
The composition of endogenous RNAs can also be edited at the pre-mRNA level. For example,
alternative splicing of precursor mRNAs is one of the critical steps in post-translational gene
regulation in eukaryotic cells, and RNA mis-splicing can lead to severe consequences in humans
and plants (Scotti and Swanson, 2016; Syed et al., 2012). Thus, the ability to precisely
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manipulate alternative splicing of pre-mRNAs would be valuable for many therapeutic and
biotechnological applications. Targeting splicing factors to certain sequences in the pre-mRNA
has been demonstrated to alter the splicing pattern of specific mRNAs. For example, splicing
activators, such as Arginine/Serine (RS)-rich domains, or suppressors, such as the Glycine (Gly)rich domain of hnRNP, have been fused to designer RNA proteins like PUF and MS2 for
targeted splicing alteration (Graveley and Maniatis, 1998; Wang et al., 2009). The ease of
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reprogramming Cas13 along with the ability to perform multiplex targeting will facilitate guiding

IP

different splicing factors fused to dCas13 to exonic or intronic sequences of interest in different

CR

pre-mRNAs simultaneously, reversing the splicing defect associated with pre-mRNA missplicing (Fig. 5E). In addition, similar to the newly-developed CRISPR/Cas9-based base editors

US

comprising dCas9 or Cas9 nickase fused to cytidine deaminase for targeted single nucleotide
change in the DNA (Kim, K. et al., 2017; Kim, Y.B. et al., 2017; Komor et al., 2016; Nishida et
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al., 2016; Shimatani et al., 2017; Zong et al., 2017), targeted RNA editing such as adenosine-toinosine (A-to-I) and cytosine-to-uracil (C-to-U) modification of mature mRNAs could be
achievable by engineering dCas13-adenosine deaminase or dCas13-cytidine deaminase fusions

M

guided by crRNAs to the ssRNA targets, leading to targeted mutagenesis at the RNA level
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without permanent modification of the genome (Fig. 5F) (Montiel-Gonzalez et al., 2013). This
was recently accomplished by fusing the catalytic deamination domain of the adenosine

PT

deaminase acting on RNA (ADARDD) protein to catalytically inactive PspCas13b to generate an
dCas13b-ADARDD fusion capable of programmable RNA targeting and editing (Cox et al.,
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2017). The newly engineered system, named REPAIR (RNA Editing for Programmable A to I
Replacement), produced precise and efficient A to I edits on endogenous transcripts as well as
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pathogenic mutations, demonstrating the promise of programmable RNA editing as a new
therapeutic platform. The successful engineering of the REPAIR system represents an insightful
example of the tremendously exciting future of developing versatile Cas13-based RNA
manipulation technologies. With the ability of dCas13 to specifically bind to any sequence of
interest and by fusing the appropriate functional domains to dCas13, diverse tools capable of
sequence-specific RNA manipulation can be developed to modulate RNA function at multiple
steps of the RNA life cycle. This will enable a broad range of potential applications in basic
research, biotechnology, and therapeutics.
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4.1. RNA virus interference:
The impressive success of Cas9 in targeting DNA for genome engineering in eukaryotic cells has
inspired researchers to exploit this technology as a programmable antiviral defense strategy to
confer resistance to many eukaryotic viruses, including human viruses (Price et al., 2016). In
plants, CRISPR/Cas9 has proven to efficiently confer viral resistance to host plants (Zaidi et al.,
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2016). We and others have shown that transforming Nicotiana benthamiana plants with
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CRISPR/Cas9 resulted in strong interference of various DNA geminiviruses, including Tomato

CR

yellow leaf curl virus (TYLCV), Beet curly top virus (BCTV), Merremia mosaic virus (MeMV),
Bean yellow dwarf virus (BeYDV), and Beet severe curly top virus (BSCTV), demonstrating the
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enormous potential of CRISPR/Cas9 as a promising strategy against plant geminiviruses (Ali et
al., 2015; Ali et al., 2016; Baltes, 2015; Ji et al., 2015). Nevertheless, the fact that many severe
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human viruses and the majority of plant viruses have RNA genomes constrains the utility of
CRISPR/Cas9-mediated inhibition of RNA viruses. The significance of engineering resistance
against eukaryotic RNA viruses has led to several attempts to develop efficient means of

M

targeting them. As outlined above, FnCas9 was used to target the single-stranded RNA genome
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of hepatitis C virus (HCV) in eukaryotic cells (Price et al., 2015). In plants, instead of directly
targeting viral nucleic acids, CRISPR/Cas9 was harnessed to generate resistance to plant RNA

PT

viruses via disrupting host genes critical for the viral life cycle, such as the eukaryotic translation

CE

initiation factors 4E (eIF4E) and eIF(iso)4E (Chandrasekaran et al., 2016; Pyott et al., 2016).
The remarkable efficiency and simplicity of the CRISPR/Cas13 system to confer immunity

AC

against RNA viruses in bacteria (Abudayyeh et al., 2016) may constitute the next generation of
RNA antiviral strategies in eukaryotic systems. Combining transient or stable expression of
Cas13 along with rational design of crRNAs targeting conserved regions in viral RNA genomes
could lead to immunity against eukaryotic RNA viruses. Additionally, the CRISPR/Cas13
system can also be used to confer resistance to DNA viruses that have an RNA stage in their life
cycle (Fig. 6). Similar to the natural function of CRISPR/Cas13, it is possible that multiplexing
crRNAs in transgenic plants or animals could enable resistance to multiple pathogenic viruses
simultaneously.
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4.2. Induction of programmed cell death in response to specific transcripts:
The promiscuous RNase activity of Cas13, if portable to eukaryotic cells, could be exploited and
harnessed for important in vivo applications. In cancer therapy, the ‘Holy Grail’ is to reduce the
cytotoxicity of anticancer drugs by selectively targeting and killing tumor cells without affecting
normal ones. Many cancers can be characterized by the expression of unique, aberrant

T

biomarkers that distinguish them from healthy tissues. Accordingly, several cancer therapeutic
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strategies that selectively target these biomarkers have been designed. For instance, prodrugs

CR

(inert derivatives of pharmacologically active agents that undergo transformation in vivo to
release the active drug (Rautio et al., 2008)) such as targeted protein toxins have been developed

US

to target cancer specific biomarkers and kill cells by inducing cell death (Bachran et al., 2014;
Boland et al., 2014). By targeting Cas13 to unique and aberrant transcripts expressed in tumor

AN

cells, one can envision that the collateral cleavage activity of Cas13 could lead to the induction
of programmed cell death, resulting in the selective killing of only the cancerous cells (Fig. 5G).

M

Another conceivable application of the promiscuous RNase activity of Cas13 is to mediate virus

ED

interference in plants. The primary response of resistance gene-mediated resistance to viral
infection includes PCD of the cells at the initial site of infection (localized necrotic lesion

PT

phenotype), known as the hypersensitive response, which confines the infection to limited
lesions and prevents the spread into adjacent non-infected cells (Martin et al., 2003; Soosaar et

CE

al., 2005). By stably expressing Cas13 with multiple crRNAs targeting different viral genomes,
Cas13 can be used to sense diverse plant RNA viruses. Consequently, once Cas13 recognizes the
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cognate virus target, its promiscuous activity could lead to localized cell death, leading to a
similar localized necrotic phenotype at the infected region.
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Figure Legends:
Figure 1: CRISPR/SpCas9 and RCas9 systems
A: Schematic representation of the domain structure and organization of the SpCas9
protein. The two nuclease domains HNH and RuvC-like domains are shown with the positions
of the domain mutations for generation of dead Cas9 (dCas9), D10A, Asp10 →Ala10 ; H840A;
His840 →Ala840.

T

B: Expression of Cas9 and its cognate gRNA. Engineering an expression system for eukaryotic

IP

expression of a species-specific codon-optimized Cas9 protein and its guide RNA. Expression of

CR

Cas9 protein is driven by a constitutive promoter and fused to nuclear localization signals (NLS)
that enable its import into the nucleus. Whereas the guide RNA is engineered to include the 20-nt

US

complementary region (spacer) for specific DNA binding (yellow) and the gRNA hairpin or
scaffold (blue) and is driven by a Pol III promoter such as U3 or U6 promoters.

AN

C: CRISPR/Cas9 effector on the target DNA. Cas9 endonuclease forms the effector complex
with the gRNA, which then screens DNA for sequence complementarity to the 20 nt spacer

M

sequence in the gRNA. Cas9 binding and activity require the presence of a protospacer adjacent
motif (PAM) of 5’-NGG-3’, which N can be any nucleotide, downstream of the target sequence

ED

on the DNA. Upon recognition and binding of Cas9 to the target DNA sequence, Cas9 unwinds
the target DNA duplex and cleaves the target sequence 3 nt upstream of the PAM.

PT

D: RNA-targeting Cas9 (RCas9) system as a divergent of CRISPR/Cas9. CRISPR/Cas9 can
be repurposed to recognize and target single stranded RNA (ssRNA) while avoiding the

CE

recognition of genomic DNA region complementary to the spacer sequence of the gRNA. The
strategy of targeting RNA with Cas9 relies on the dependency of Cas9 on PAM sequence for

AC

target binding. When Cas9-gRNA complex is programmed to target a specific ssRNA sequence
complementary to the gRNA spacer sequence, and by providing a mismatched PAM in a
separate antisense DNA oligonucleotide (PAMmer) that can hybridize to the target RNA and
positions the PAM adjacent to the target sequence, Cas9 is able to recognize and cleave target
RNAs, while avoiding PAM-lacking genomic DNA sequences complementary to the gRNA.
Figure 2: The mechanism of RNA interference
The mechanism of RNA interference and strategies for generating siRNAs. The RNA silencing
mechanism relies on small interfering RNAs (siRNAs) to guide cellular machinery to

ACCEPTED MANUSCRIPT
homologous sequences, leading to their degradation and silencing. siRNAs originate from long
dsRNA precursors that can be derived from endogenous or exogenous sources. Endogenous
micro-RNAs (miRNAs) are initially transcribed as primary miRNAs (not shown) that are
processed in the nucleus into pre-miRNAs, and subsequently exported to the cytoplasm, where
they are processed by the Dicer enzyme (yellow) into 21–23 nt double-stranded siRNAs.
Alternatively, siRNAs can be supplied exogenously as short (~21-mer) dsRNAs or long dsRNAs

T

via experimental manipulation or viral RNA. Similar to the pre-miRNAs, long dsRNAs are

IP

processed in the cytoplasm by Dicer, generating siRNAs. siRNAs are incorporated into the

CR

multicomponent RNA-induced silencing complex (RISC) (blue), where the siRNA duplex is
unwound and the guide (anti-sense) RNA strand assembles into the RISC complex. The guide

US

siRNA directs RISC to bind to and degrade complementary mRNA targets through the activity

AN

of Argonaute 2 (AGO2) proteins (pink), leading to specific silencing of the target gene.
Figure 3: CRISPR/Cas13a System:

A: Schematic representation of the domain structure and organization of the LshCas13a

M

protein. The two HEPN nuclease domains are shown with the positions of the domain mutations

ED

for generation of dead Cas13a (dCas13a) indicated with the red stars. In addition, the position of
the catalytic site for pre-crRNA processing is highlighted with the blue star.

PT

B: Expression of Cas13a and its cognate gRNA. Engineering an expression system for in
eukaryotic expression of a species-specific codon optimized Cas13a protein and its guide RNA.

CE

Expression of Cas13a protein is driven by a constitutive promoter and can be either fused to
nuclear localization signals (NLS) that enable its import into the nucleus for in nucleus activity,

AC

or without NLS to be utilized for in cytoplasm activity. Whereas the guide RNA is engineered to
comprise (in case of LshCas13a homologue) 28 nt complementary region (spacer) for specific
RNA binding (brown) and the gRNA hairpin or scaffold (blue) and is driven by a Pol III
promoter such as U3 or U6 promoters to be used for in the nucleus. However, in case
CRISPR/Cas13a is intended to be used in the cytoplasm, a Pol II promoter can be used to drive
the expression of the pre-crRNA transcript for subsequent processing in the cytoplasm by
Cas13a to generate mature crRNAs.
C: CRISPR/Cas13a effector on the target RNA. Cas13a ribonuclease forms the effector
complex with the gRNA, which then seeks for RNA sequence complementarity to the 28 nt
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spacer sequence in the gRNA. Cas13a activity requires the presence of a protospacer flanking
site (PFS) of H, which H can be any nucleotide except G, downstream of the target sequence on
the RNA. Upon recognition and binding of Cas13a to the target RNA sequence, Cas13a cleaves
the target RNA non-specifically, leading to target RNA degradation.
Figure 4: Natural activity of the CRISPR/Cas13a system
CRISPR/Cas13a

system evolved

to

provide

adaptive immunity in bacteria and

T

The

IP

Archaea against invading RNA elements, such as RNA viruses, by mediating the detection of

CR

invading RNAs and their subsequent degradation. The mechanism of interference involves three
main stages: 1) In the adaptation or spacer acquisition phase, protospacers are acquired from the

US

genome of the invading viruses and integrated as new spacers into the CRISPR array by an
unknown mechanism. 2) In the expression and maturation stage, the CRISPR array is transcribed

AN

into precursor CRISPR RNA transcripts (pre-crRNA) composed of spacers interspersed with
repeats. The pre-crRNA transcripts are processed to generate mature cr-RNAs. Unlike
CRISPR/Cas9 and other systems that require accessory factors for processing the pre-crRNA,

M

Cas13a can process its own pre-crRNA transcripts, generating mature crRNAs which contain a

ED

transcribed spacer and part of the repeat sequence that associates with Cas13a to form an inactive
Cas13a-crRNA complex. 3) In the interference stage, the mature crRNAs guide the Cas13a

PT

ribonuclease to bind the complementary sequence of the target RNA. Binding of Cas13a to the
target sequence leads to the activation of its innate, non-specific RNase activity, resulting in

CE

promiscuous cleavage of the target and non-target RNAs in the cell. This promiscuous cleavage
of host endogenous RNAs may suggests a natural mechanism to sense invasive viral RNAs, and
infection.

AC

induce programmed cell death (PCD) or host cell dormancy, preventing the spread of the viral

Figure 5: Potential Applications of CRISPR/Cas13a system.
The ability of CRISPR/Cas13a to recognize untagged, endogenous RNA substrates through
simple RNA:RNA base pairing complementarity represents a major advance in the field of RNA
targeting and manipulation. In eukaryotes, RNAs undergo various processing steps, including
alternative splicing in the nucleus, nuclear export, base or backbone modification, and
translation. The simplicity and multiplexed targeting afforded by CRISPR/Cas13a could support
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the development of programmable tools for RNA recognition, facilitating targeted manipulation
of these processes in living cells with broad applications in basic and applied biology,
biotechnology, and genomic medicine.
A: Targeted RNA cleavage and gene knockdown. Harnessing the innate ribonuclease activity
of Cas13a with its high level of specificity and affinity to RNAs may allow more efficient gene
knockdown and enable knockdown in compartments or organisms in which RNAi-mediated

T

gene silencing is not possible.

IP

B: Imaging and tracking specific endogenous transcripts. dCas13a tethered to a fluorescent

CR

protein such as GFP could allow for the imaging of unlabeled RNAs, facilitating the tracking and
localization of endogenous transcripts inside cells.

US

C: Enhancing RNA stabilization and gene expression. dCas13a fused to an RNA stabilizing
factor could prevent degradation of target RNAs. In addition, tethering an initiation factor such

AN

as GLD2 or eIF4E to dCas13a can be used to drive translation of specific endogenous mRNAs,
resulting in the enhancement of gene expression of target genes without affecting the abundance
of endogenous transcripts.

M

D: Specific isolation and identification of RNA and its associated RNA binding proteins

ED

(RBPs). dCas13a fused to beads could allow for the specific isolation of endogenous transcripts
or RNA–protein complexes for analysis, including RNA sequencing, identification of RNA-

PT

binding proteins, and the identification of protein–protein interactions between RNA-binding
proteins.

CE

E: Manipulation of alternative splicing of specific pre-mRNA. Pre-mRNA splicing could be
altered by fusing dCas13 to a splicing factor. dDas13a can be programmed to recruit the splicing

AC

factor to a specific splicing regulatory signal, promoting the desired alternative splicing outcome.
F: RNA base editing. Fusing an RNA editing enzyme, such as RNA deaminase, to dCas13a
could enable site-specific A-to-I or C-to-U editing of RNA. The ability of such RNA base editors
to modify the composition of endogenous transcripts, particularly coding mRNAs, could be used
to correct harmful mutations without affecting the genomic DNA sequence.
G: Induction of programmed cell death (PCD). The collateral cleavage activity of Cas13a
upon binding to target RNA could be harnessed to induce PCD in response to a specific
transcript. For example, when Cas13a is targeted to a unique or aberrant transcript expressed
only in tumor cells, the collateral cleavage activity of Cas13a activated due to binding to the
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target transcript will result in the collateral cleavage of endogenous transcripts, leading to the
induction of PCD and selective killing of cancerous cells.
H: CRISPR/Cas13-based diagnostic platform. The high specificity and target RNA bindingbased collateral cleavage activity of Cas13 can be harnessed to detect the presence of specific
nucleic acids in a pool of non-target transcripts. By using reporter RNAs that release a
fluorescent signal upon cleavage, the binding of active Cas13 to the target RNA will activate the

T

collateral cleavage activity of Cas13, thereby cleaving the reporter RNAs and releasing of the

IP

signal, indicating the presence of the target RNA. Such a highly sensitive detection tool would

CR

have widespread use in diagnostics and research.

US

Figure 6: CRISPR/Cas13a-mediated RNA and DNA virus interference.
CRISPR/Cas13a could be utilized to confer RNA as well as DNA virus resistance in eukaryotic

AN

cells. By engineering host genome to express CRISPR/Cas13a machinery components (Cas13a
and gRNA), NLS-Cas13a–gRNA complex can be reprogrammed to target and interfere with
viral RNAs either transcribed inside the nucleus from DNA or reverse transcribed RNA viruses,

M

or imported directly into the nucleus such as in Orthomyxovirus. In addition, since most RNA

ED

viruses replicate in the cytoplasm with no DNA intermediate, the ability of CRISPR/Cas13a to
process pre-crRNA to generate mature crRNAs facilitates its applicability for targeting RNA

PT

viral genomes in the cytoplasm, offering the potential to be developed to provide specific and

AC

CE

efficacious acquired resistance against a wide spectrum of pathogenic viruses.
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