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The Streptococcus pyogenes CRISPR-Cas system has

gained widespread application as a genome editing and

gene regulation tool as simultaneous cellular delivery of the

Cas9proteinandguideRNAsenables recognitionofspecific

DNA sequences. The recent discovery that Cas9 can also

bind and cleave RNA in an RNA-programmable manner

indicates the potential utility of this system as a universal

nucleic acid-recognition technology. RNA-targeted Cas9

(RCas9) could allow identification and manipulation of RNA

substrates in live cells, empowering the study of cellular

gene expression, and could ultimately spawn patient- and

disease-specific diagnostic and therapeutic tools. Here we

describe the development of RCas9 and compare it to

previous methods for RNA targeting, including engineered

RNA-binding proteins and other types of CRISPR-Cas

systems. We discuss potential uses ranging from live

imaging of transcriptional dynamics to patient-specific

therapies and applications in synthetic biology.
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Introduction

The human genome project was completed more than a
decade ago and sets the foundation for understanding the
genetic basis of cell behavior in health and disease. Since
then, efforts have shifted towards understanding the
importance of functional genetic elements and how they
affect gene expression [1]. Since all cells of an individual
contain largely the same DNA, the functional distinctions
between cell types (a cardiomyocyte and a neuron, for
instance) are closely linked to the portions of the genome that
are transcriptionally active. As a result, measurement of
transcribed RNA within individual cells reveals cellular
identity and distinguishes healthy and disease states. For
example, expression levels of a focused panel of RNA
transcripts identified disease-associated aberrations in neuro-
nal development inmodels of autism spectrum disorder [2]. As
another example, the expression of certain small non-coding
RNAs known as microRNAs (miRs) is increasingly recognized
as a characteristic signature of oncogenic transformation.
Tumor microRNA signatures can serve as biomarkers inform-
ing the type ofmalignancy and associated clinical outcomes [3,
4]. These studies and others make clear that tracking
informative RNAs in vivo will be key to disease modeling,
diagnostics and potentially therapeutics.

Due to the obvious impact of expressing specific RNAs on
cell state and behavior, unraveling the mechanisms that affect
the processing of these RNA has become very important.
Following transcription, protein-encoding RNAs undergo a
series of maturation steps that include alternative splicing,
nuclear export, and subcellular targeting, turnover, and
spatiotemporally restricted translation. These steps are
mediated by RNA-binding proteins (RBPs) and dysfunction
of these factors and their RNA targets causes disease in
humans [5]. Altered subcellular distribution of RBPs caused by
gain-of-function expanded RNA elements is also becoming a
common theme in human disease. For example, expansion of
an intronic hexanucleotide repeat within the C9ORF72 gene
was recently recognized as the most frequently mutated
genetic locus among two common neurodegenerative dis-
orders, frontotemporal lobar degeneration and amyotrophic
lateral sclerosis [6, 7]. In vivo approaches to targeting the
processing of endogenous RNA would open up basic
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biological understanding of development and disease as well
as new avenues for therapies.

A recent publication has raised awareness of the potential
of RNA-guided RNA recognition [8]. Here, we focus on the
potential of repurposing Cas9, the effector nuclease of the
Streptcococcus pyogenes CRISPR-Cas system that has been
used to recognize DNA in mammalian cells, as an RNA-
programmed RNA recognition technology.

Current RNA recognition modalities and their
limitations

The development of designer RNA recognition factors will
support a variety of advances in biology and medicine. Aside
from targeted modulation of RNA processing and abundance,
a designer RBP could generate completely novel activities in
response to RNA recognition, such as generating a signal for
noninvasive detection of cell state, promoting association of
signaling proteins and their substrates only in particular cell
types, or even ablating cells that display particular expression
profiles. This broad potential has motivated the development
of designer RNA recognition factors to varying degrees of
success.

An ideal RNA recognition system would be capable of
strong and specific binding to endogenous RNAs and display
sufficient modularity for simple and predictable targeting.
Inroads towards programmable RNA recognition have
emerged based upon engineered natural nucleic acid binding
proteins that are powerful for some applications but suffer
from limited programmability, recognize too short a recog-
nition sequence to be specific, and/or require large libraries of
protein repeat sequences to target all possible RNA sequences.
In contrast to direct recognition of nucleic acids by proteins,
CRISPR-Cas (clustered regularly-interspaced short palin-
dromic repeats) systems form bacterial adaptive immune
systems and recognize invading nucleic acids with RNA-
guided proteins.

An obvious strategy is the alteration or concatenation of
natural RNA-binding protein domains. The identification of
canonical RNA recognition protein domains such as KH and
RRM led to attempts at identifying and modulating their
natural RNA targets [9–11]. These domains bind RNA in groups
of 4–5 contiguous nucleotides. As a result, libraries of more
than 1,000 protein domains are required to recognize all 5-
base RNA sequences. In contrast, PUF proteins contain repeat
domains that recognize a single RNA nucleotide each so only
four repeats are in principle required to recognize all possible
RNA sequences. The crystal structures of natural PUF proteins
were first described in 2001 [12] and revealed recognition of
specific RNA bases that is largely determined by the amino
acid side chains rather than the backbone. Since their
initial discovery, the RNA specificity of PUF proteins has
been decoded [13] and PUFs have been designed against a
variety of RNA targets [14]. Furthermore, PUFs have been
successfully fused to nucleolytic domains to target and
destroy disease-associated RNA [15]. However, PUF proteins
can only recognize eight contiguous bases and local
secondary structures can have a strong influence on RNA
affinity, thus limiting their utility [15].

Cas9 for RNA-guided nucleic acid recognition

While PUF, KH, and RRM proteins rely upon protein-RNA
interactions to recognize RNA, nucleic acid base-pairing
represents a simpler means of RNA recognition. The CRISPR-
Cas bacterial immune system utilizes RNA-mediated base-
pairing to recognize DNA, and has been successfully
repurposed to target DNA in mammalian cells [16–19]. In
bacteria and archaea, CRISPR-Cas forms the functional core of
adaptive immune systems that are typically composed of a
nuclease associated with a pair of RNAs called the trans-
activating CRISPR RNA (tracrRNA) and CRIPSR RNA (crRNA).
The tracrRNA and crRNA guide the CRISPR nuclease to
invading plasmid or bacteriophage DNA by base-pairing for
cleavage by the nuclease (Fig. 1A). Recently, a Type II CRISPR-
Cas system from S. pyogenes was repurposed to target
mammalian DNA by creation of an artificial combination of
the tracrRNA and crRNA called the single guide RNA
(sgRNA) [16, 17]. By allowing facile DNA targeting via the
sgRNA sequence, RNA-programmed Cas9 is rapidly proving to
be a popular means of genome editing and transcription
modulation. The recent application of Cas9 to RNA targeting
may support a similar shift in programmable RNA recognition
based on RNA programming over engineered binding
proteins.

RNA-targeted Cas9 (RCas9) is the subject of recent work
from the Doudna lab that demonstrates strong and specific
binding and subsequent cleavage of ssRNA by Cas9 in vitro [8].
In Figure 1, we compare this new approach to RNA recognition
by Cas9 to DNA recognition. DNA targeting by Cas9 requires
two features: an NGG sequence (where N¼ any nucleotide)
referred to as the protospacer adjacent motif (PAM) and a
sgRNA carrying an antisense sequence adjacent to the PAM
(Fig. 1A). These two features are also required for RNA
targeting by Cas9, although the PAM motif is provided by a
hybridized antisense oligonucleotide (the PAMmer), which
sits adjacent to the sgRNA antisense sequence after hybrid-
ization to the target RNA (Fig. 1B).

O’Connell and Oakes et al. [8] also demonstrated that a 50

extension of the PAMmer beyond the PAM motif is required to
generate specific RNA recognition programmed by the sgRNA.
Shorter PAMmers lacking this extension promote Cas9:sgRNA
binding that is independent of sgRNA sequence, but the
sequence specificity of sgRNA-programmed RNA recognition
is reconstituted by an extension of the PAMmer. This effect
may be due to the energetic cost of Cas9-mediated unwinding
of the PAMmer-RNA target duplex which is recovered only
when the sgRNA hybridizes its target. Since the sgRNA is
encodable and small (�100 bases), there is potential to
generate large libraries of sgRNAs to target particular gene
networks or screen the transcriptome. In contrast, the size of
engineered RNA recognition proteins does not easily support
large-scale screens. Although the cost associated with
producing and distributing large libraries of modified
oligonucleotide PAMmers will be an obstacle to work at this
scale, future developments may allow the use of minimally
modified oligonucleotides and leverage low-cost, high-
throughput oligonucleotide synthesis technologies.

The aforementioned study was conducted exclusively in
vitro and the strength and specificity of RNA-targeting Cas9
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(RCas9) inside living cells or organisms is not yet known.
Analogous to recent measurement of CRISPR-Cas off-target
activities on genomic DNA [18, 19], extensive validation of the
RCas9 binding specificity will be required in order to evaluate
its potential as a intracellular, RNA-programmable RNA-
binding protein. Along with its well-known ability to target
DNA, the comprehensive ability of the S. pyogenes CRISPR-Cas
system to target nucleic acids is now being established. Box 1
highlights major challenges that must be overcome for RCas9
to be applicable in vivo.

Modulating post-transcriptional gene expression

A natural application of RCas9 utilizes the inherent endonu-
cleolytic activity of Cas9 to attenuate gene expression via
cleavage of particular transcripts (Fig. 2A). While RNA
interference (RNAi) supports effective RNA recognition and
cleavage, RCas9-based gene knockdown could be particularly

Box 1

In vivo applications of RCas9

An evaluation of the potential of RCas9 for RNA targeting in
living organisms naturally begins by examining reported in
vivo applications of Cas9 for genome editing. Delivery of
Cas9 and the cognate sgRNA have been achieved by
various means, including the use of viruses that encode
Cas9 and the sgRNA [51, 52], transgenic animals that allow
drug-inducible expression of Cas9 [53], and delivery of
Cas9 protein and sgRNA via anionic fusion proteins and
cationic lipids [54]. Modulation of RNA splicing by RCas9
via targeting of a splicing factor fused to Cas9 to a pre-
mRNA of interest, for instance, could be conducted in the
central nervous system with an appropriately serotyped
adenovirus. Splicing modulation in other tissues could be
achieved with drug-inducible and tissue-specific expres-
sion of Cas9 and its sgRNA. But in all cases, an efficient
means to deliver the RCas9 PAMmer to the appropriate
tissues must be identified. By limiting the expression or
delivery of either Cas9 or the sgRNA to the tissue of
interest and conducting systemic administration of the
PAMmer, it may be possible to achieve tissue-specific

RCas9 activity. Highly-stable modified oligonucleotides
such as 20-O-(2-methoxyethyl)-RNA have supported
effective delivery and targeting of antisense RNAs in
vivo [55–57] and may prove useful in the RCas9 system as
well. Thus, while these and similar approaches have been
used to deliver one or two components of the RCas9
system in vivo, it remains to be seen which combination
allows effective reconstitution of all three components.
Further modifications in the PAMmer will be required to
prevent destruction of the target RNAdue to recognition by
RNAse H, the cellular enzyme that degrades RNA in RNA-
DNA hybrids. Careful adjustment of the PAMmer length
and modifications will be important to maintain targeting
specificity while avoiding recruitment of the RNAi machi-
nery. Although RCas9 does not appear to cleave DNA in
vitro, it remains to be seen if inadvertent DNA targeting
may occur in vivo. Ultimately, the success of RCas9
in vivo will ultimately rely on its specificity and whether
RCas9 destabilizes the target RNA or interferes with its
translation.

Figure 1. S. pyogenes Cas9 and sgRNA complexes bound to DNA
or RNA. A: The Cas9:sgRNA complex requires a DNA NGG motif
referred to as the protospacer adjacent motif (PAM). In the case of
DNA binding, the PAM is supplied by the DNA target itself. The
mechanism of DNA targeting by Cas9 is described extensively
elsewhere. B: RNA-targeted Cas9 (RCas9) relies upon a short
oligonucleotide called the PAMmer to supply the PAM motif. By
utilizing a mismatched PAMmer, specificity of RCas9 for RNA while
avoiding the encoding DNA is achieved. The PAMmer also carries a
50 overhang which is required to maintain target specificity conferred
by the sgRNA. As a result, it is hypothesized that the 50 end of the
PAMmer is at least partially dehybridized from the target RNA as
Cas9-mediated unwinding of the PAMmer:target RNA duplex may
confer an energetic cost that is recovered when the sgRNA hybrid-
izes the target RNA.
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useful in compartments or organelles where the RNAi
machinery is not present or active. Further, the high affinity
of RCas9 for RNA and dual recognition by both the sgRNA and
PAMmer may allow more specific RNA depletion than
siRNAs or antisense oligonucleotides. Table 1 compares this
and other applications of RCas9 to current methods and

Table 2 compares RCas9 for RNA knockdown to RNAi in
greater detail.

Effective ways to enhance rather than decrease gene
expression have been elusive. By fusing Cas9 to a protein
factor that stabilizes mature messenger RNAs, it may be
possible to enhance protein production from particular
transcripts (Fig. 2B). Another permutation of the CRISPR-
Cas system called CRISPR interference (CRISPRi) relies upon
transcription modulators fused to a nuclease-null Cas9
(dCas9) [20, 21] that can enhance or repress gene expression
by binding to particular genomic loci. While capable of
strongly influencing gene expression, this approach does not
allow isolation of the effects of RNA and protein gene
products. By fusing Cas9 to translation enhancing factors,
RCas9 may allow enhancement of protein expression of
specific genes without altering RNA abundance in order to
measure the specific importance of the protein gene product.

Another means by which cells control gene product
activity is through the localization of RNA. In neurons, cell
somata can be separated from synapses by centimeters or
more, which presents a challenge to accumulating synaptic
proteins at sufficient concentrations. After export from the
nucleus, mRNAs involved in synaptic structure and activity
such as postsynaptic density protein 95 (PSD-95) [22] are

Figure 2. Summary of potential RCas9 application areas. A–D:
describe means by which RNA fate can be manipulated by the
RCas9 system. A: With a nuclease-active version of Cas9, siRNA-
intractable RNA targets could be cleaved. B: Conversely, gene
expression could be amplified by tethering factors that prevent
degradation of target RNAs. C: By fusing Cas9 to a trafficking agent,
RNAs could be forced to different sites of action in the cell for local
translation or other activities. D: The processing of pre-mRNAs
could be modulated by fusing Cas9 with a splicing factor to force
differential exon choice. E: Along with altering RNA fate, RCas9
could be used to track RNA abundance in time with split
luminescent or fluorescent proteins whose complementation is
guided by binding of adjacent Cas9 proteins on RNA. F: Split
fluorescent proteins could also be used to reveal rare cells by their
RNA content for isolation by FACS and subsequent study. G: Finally,
split toxic proteins or proteins that transform prodrugs to their active
form could also be complemented in an RNA-dependent manner via
fusion to Cas9.
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Table 1. Summary of RCas9 potential applications

Application State of the art Limitations
RCas9-based
approach Main area of innovation

Targeted RNA
knockdown
(Fig. 1A)

siRNA, antisense
oligonucleotides.

Efficiency limited by
access to RNA silencing
machinery and

dependence on RNA
structure.

Natural nucleolytic
activity of Cas9.

Strong binding of Cas9
to target RNA may allow
better knockdown

efficiency; may allow
knockdown in

compartments lacking
RNAi machinery.

RNA stabilization

(Fig. 1B)

Coding region of GOI

placed within stabilizing
UTR contexts.

Requires targeted

genetic manipulation or
exogenous expression

of GOI.

dCas9 fused to RNA

stabilizing factor.

Potential first means to

stabilize any unlabeled
RNA.

RNA localization
alteration (Fig. 1C)

Cis-acting sequence
tags incorporated into

transcript; these recruit
tagged exogenous or

endogenous localization
factors.

Requires targeted
genetic manipulation or

exogenous expression
of GOI.

dCas9 fused to RNA
trafficking protein.

The high affinity of
RCas9 for RNA could

enable control of
endogenous RNA

localization.

RNA splicing

alteration (Fig. 1D)

PUF proteins fused to

splicing factors or
splicing factor access
blocked with antisense

oligonucleotides.

PUFs limited to 8 base

recognition sequences,
oligonucleotides limited
to splicing factor loss-of-

function.

dCas9 fused to splicing

factor targeted adjacent
to or inside exons.

Potentially more specific

alteration of splicing
allowing either gain- or
loss-of-function.

Imaging of RNA

localization (Fig. 1E)

MS2 or Spinach labeling

of RNA in conjunction
with MS2-GFP protein or
Spinach fluorophore.

Requires modification of

target RNA.

dCas9 fused to

fluorescent protein or
split fluorescent protein.

May be effective means

of revealing localization
of any unlabeled RNA.

Time-resolved RNA
measurements

(Fig. 1E)

Incorporation of
fluorescent or

luminescent reporter at
genomic locus near GOI.

Requires genetic
modification.

dCas9 fused to split
fluorescent or

luminescent protein.

May be first means for
time-resolved gene

expression
measurement without
genetic modification.

Isolation of rare cells
based on gene

expression (Fig. 1F)

Identification of surface
markers and antibodies

for FACS.

Requires known surface
marker for cell type of

interest.

dCas9 fused to split
fluorescent protein.

There are currently no
high-sensitivity means to

measure RNA content in
live cells.

Death induction

based in response to
gene expression
(Fig. 1G)

Incorporation of toxic

protein at genomic locus
near GOI.

Requires genetic

modification, limited
therapeutic potential.

dCas9 fused to split

toxic protein.

Potentially first means to

programmably target
RNA profiles for death
induction.

Substrate shuttling Fusion of enzymes or
incorporation of protein/

protein interaction
partners to create
enzyme concatamers.

Results in constitutive
substrate shuttling.

dCas9 fused to
members of synthetic

pathway targeting
adjacent sites on an
RNA.

First means to control
substrate shuttling

based upon RNA
abundance.

Table 2. Comparison of RNAi and RCas9 for gene knockdown

RNAi RCas9

Specificity Specificity determined by at most �21 RNA
nucleotides.

Target recognized by both 20 nucleotides within the
sgRNA and the 20þ nucleotide PAMmer.

Components Engages endogenous RNA-induced

silencing complex (RISC); requires delivery of
siRNA only.

Requires delivery of Cas9 protein, sgRNA, and

PAMmer oligonucleotide.

Localization RISC mainly cytoplasmic; targeting nuclear
RNAs difficult.

RCas9 potentially active in both nucleus and
cytoplasm.

Influence of RNA structure Efficiency dependent on RNA accessibility

and structure.

Cas9’s helicase activity may allow recognition of

structured RNA sequences.
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transported through dendrites, where they are translated near
their site of action (Fig. 2C). By fusing Cas9 to a transport
factor, the RCas9 system could be used to force transport to a
chosen region of the cell such as pre- or postsynaptic
terminals. In the case of regeneration of neuronal processes
after injury, there is some evidence that localization of RNAs
that encode cytoskeletal components are critical to regrowth
of axons [23, 23]. The ability to manipulate RNA localization in
this context could be an important part of a regenerative
therapy.

RCas9 could also be used to alter the composition of RNAs.
Pre-mRNA splicing is a vital step in mRNA biogenesis and
tethering of splicing factors to the pre-mRNA has been shown
to alter the inclusion or exclusion of sequences [25]. For
instance, the splicing factor RBFOX2 has been shown to
influence inclusion of exons depending on whether it binds
up- or downstream of alternative exons [26–28]. By carefully
choosing splicing factors and fusing them to Cas9, it may be
possible to create designer splicing factors whose influence on
splice site choice can be determined by RCas9 sequence
binding. For instance, spinal muscular atrophy is caused by
deletion of the gene SMN1 resulting in neuron death, but there
is evidence that forced alteration of SMN2 splicing in SMN1-
deficient cells can produce a SMN2 isoform that reconstitutes
the activity of SMN1 [29]. This type of targeted splicing
alteration could be used to reverse a variety of diseases caused
by aberrant splicing [30].

These are just a few examples of RCas9’s potential to
modulate cellular RNA composition and cell behavior. As
universal nucleic acid-recognitions proteins, Cas proteins
could also allow targeting of particular RNAs to genomic loci.
For instance, long non-coding RNAs (lncRNAs) can recognize
particular genomic loci and guide associated chromatin-
modifying factors to dramatic effect on genomic organiza-
tion [31]. Considering this emerging principle, RCas9 fused to
another Cas protein that utilizes an orthogonal sgRNA could
be used to alter genome organization in a similar manner. By
bringing targeted RNA in close proximity to a genomic locus of
choice, this DNA- and RNA-binding Cas fusion could support
studies of the function of lncRNAs in any genomic context.
The use of multiple Cas proteins with orthogonal sgRNAs
could also allow simultaneous and distinct alteration of
multiple RNAs for instance by utilizing both nuclease-null and
active Cas proteins. However, it is currently unclear whether
other Cas proteins are capable of RNA recognition, so it
remains to be seen if RCas9 can target multiple RNAs
simultaneously [32].

Imaging applications

Several RNA recognition tools developed recently have
enabled imaging of specific RNA species in live cells but
suffer from several shortcomings (see [33] for an excellent
review). In a manner analogous to visualizing proteins
through fusion with fluorescent proteins, a set of RNA-based
systems that rely on sequence tags incorporated in the RNA of
interest can allow RNA visualization. These tags are
specifically recognized by a protein moiety that binds strongly
and specifically to the RNA tag. One popular approach utilizes

bacteriophage MS2 coat protein (MCP) fused to a fluorescent
protein [34] recognizing a short RNA structural motif (a so-
called “hairpin”). The low signal-to-noise ratio due to
background fluorescence from unbound probe can be
improved by incorporating long arrays of tandemly repeated
recognition elements, an approach that has allowed effective
imaging of highly abundant RNAs in live cells [35], but there is
concern that such large tags can significantly perturb
typical RNA behavior. An alternative approach is the
incorporation of artificial RNA sequence tags that are bound
by an exogenous small molecule fluorophore [36, 37]. By
immobilizing the fluorophore in this aptamer tag, fluores-
cence signal can be generated by increasing quantum yield,
separating a fluorophore-quencher pair, or by FRET [36–39]. A
third approach to suppress background fluorescence is the
expression of two polypeptides that reconstitute a functional
fluorescent protein when recruited to an RNA target by taking
advantage of natural or artificial RNA-binding domains [40].
While all three methods have been tremendously useful and
are widely used to study dynamics of RNA transport and
localization, they require a tagged version of the RNA of
interest introduced either through genetic modification of the
endogenous locus or by forced expression of an exogenous
tagged version of the RNA. To illustrate, cells derived from a
knock-in mouse harboring 24 MS2 hairpins in the 30-
untranslated region (UTR) of the beta-actin gene allowed
the real time visualization of transcription from the modified
allele, including the observation of transcriptional bursting
upon serum stimulation [41]. However, the MCP–GFP fusion
proteins need to be delivered to cells exogenously and this
system is limited to only highly expressed RNAs. Furthermore,
incomplete occupation of the MS2 hairpins reduces local
signal and generates significant background noise due to
unbound probe [42]. Another technology, molecular beacons,
allows imaging of unmodified transcripts but suffer from high
noise and cumbersome delivery [43]. RCas9 may circumvent
these issues by allowing direct recognition of untagged RNAs
with high specificity and low noise.

We imagine RCas9 applications that allow visualization of
the abundance and/or localization of one or more endogenous
RNAs simultaneously. By fusing nuclease-null Cas9 to a
fluorescent protein, it could be possible to visualize the
localization of particular RNAs or RNA splice variants.
Alternatively, a pair of Cas9 proteins could be fused to halves
of split fluorescent protein such as Venus [44] and targeted to
adjacent sites on an RNA (Fig. 2E). This might allow visual-
ization of RNA localization with lower background than an
intact fluorescent proteinormeasurement of theRNAcontentof
individual cells. This split-protein approach could also be used
to target adjacent exons in a differentially spliced transcript,
allowing identification and isolation of individual cells that
expressparticularRNAsplice isoforms. The identificationofCas
proteins with orthogonal sgRNAs could allow targeting of
multiple transcripts for localization or abundance measure-
ments simultaneously,allowingmultiplexed, live-cellmeasure-
ment of RNA dynamics of individual cells.

The applications of endogenous RNA localization and
abundance measurements in live cells are numerous. For
example, characterization of somatic stem cells remains
difficult because few surface markers exist for cell
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sorting-based identification and purification of these rare
cells. Gene expression profiling remains the most effective
way to identify rare cell types and RCas9 could enable this
type of nondestructive measurement so that rare cells can be
preserved, expanded, and studied in isolation.

RNA localization is important in cellular response to
injury, stress, and some behaviors that promote cell polarity
such as extension of neuronal processes. Stress granules are a
type of RNA and protein cluster that sequester mRNA and
protein and typically form in response to oxidative stress,
heat, viral infection, or hypoxia [45]. Aberrant formation of
RNA granules is implicated in many diseases, but the RNA
components of these structures are only beginning to be
described. We expect that a means to image endogenous RNA
trafficking to stress granules would support investigation of
stress granule roles in health and disease. In order to
understand the importance of RNA granules in disease, RCas9
could allow time-resolvedmeasurements of granule formation
in response to stress, disease, or in drug screens where RNA
localization may play a role in disease progression or
regeneration of damaged tissues.

Synthetic biology applications

Synthetic biology is centered around the development of
biological systems that have industrial, clinical, or other
technological utility. Like all engineering-oriented disciplines,
the development of modularized systems is a major focus so
that flexible platforms can be tuned for diverse applications.
The highly modular and programmable nature of the RCas9
system marks its potential as a platform technology in
synthetic biology. For instance, it may be possible to fuse split
enzymes to Cas9 proteins whose activity is reconstituted upon
binding to a target RNA such as complementation of split
death-inducing proteins after detection of a cancer-linked
RNA (Fig. 2G). Further, it may be possible to re-engineer
pathways involving successive protein/protein interactions by
using RNA to scaffold interactions among Cas9 fusion
proteins. A scaffold protein that binds kinases and their
substrates has been shown to strongly influence the output of
a signaling pathway [46], and RCas9 could allow scaffolding
of protein-protein interactions to control signaling in a gene
expression-dependent manner. Another group used tethering
of enzymes involved in the production of the drug precursor
mevalonate, thereby increasing production of this small
molecule [47]. In principle, strong co-binding of Cas9 fusion
proteins on a target RNA could lend a new level of control over
successive protein interactions or shuttling of metabolites.

Conclusions, general concerns, and
alternative approaches

Progress in RNA targeting methods from their beginnings,
when RBP domains were adapted to serve as sequence
specificity determinants, to RCas9, with its target recognition
by simple nucleic acid hybridization, is poised to closely
parallel the development of DNA targeting technology. Here,
zinc finger and TAL effector nucleases have recently given way

to DNA recognition by the Cas9-bound sgRNA. While for DNA
targeting applications, Cas9 and its sgRNA are sufficiently
stable and nontoxic in mammalian cells, it remains to be seen
whether all three components of the RCas9 system (Cas9,
sgRNA, and PAMmer) can be delivered efficiently and, if so,
successfully cooperate to bind target RNA. Alternative
approaches to RNA-programmed RNA recognition are on
the horizon. Type III-B CRISPR-Cas systems are known to
target and cleave RNA as part of their normal activities in
bacterial immunity. The effector complexes of these CRISPR
systems from Thermus thermophilus [48] and Pyrococcus
furiosus [49] have been characterized in detail and their
nucleolytic activities reconstituted in vitro. While the natural
ability of these complexes to recognize RNA is appealing, each
complex is composed of 1–4 copies of six different proteins,
which could pose challenges for its reconstitution in vivo.
Cas9 from Francisella novicida targets a particular endoge-
nous RNA in this organism in a RNA-guidedmanner, although
the flexibility of this system to target chosen RNAs remains
unclear [50].

The ability of RCas9 to recognize untagged, endogenous
RNA via simple base-pairing represents a major advance in
RNA targeting and is particularly critical in diagnostic or
therapeutic applications. If the system can be delivered
efficiently to cells, cooperate to recognize RNA, and avoid
unwanted destabilization or alteration of target RNA while
also avoiding targeting of genomic DNA and off-target
transcripts, one can imagine many new applications of RCas9
in basic and applied biology and in medicine.
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