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SUMMARY

RNA-programmed genome editing using CRISPR/
Cas9 from Streptococcus pyogenes has enabled
rapid and accessible alteration of specific genomic
loci in many organisms. A flexible means to target
RNA would allow alteration and imaging of endo-
genous RNA transcripts analogous to CRISPR/
Cas-based genomic tools, but most RNA target-
ing methods rely on incorporation of exogenous
tags. Here, we demonstrate that nuclease-inactive
S. pyogenes CRISPR/Cas9 can bind RNA in a
nucleic-acid-programmed manner and allow endog-
enous RNA tracking in living cells. We show that
nuclear-localized RNA-targeting Cas9 (RCas9) is
exported to the cytoplasm only in the presence of
sgRNAs targeting mRNA and observe accumulation
of ACTB,CCNA2, and TFRCmRNAs in RNA granules
that correlate with fluorescence in situ hybridization.
We also demonstrate time-resolved measurements
of ACTB mRNA trafficking to stress granules. Our
results establish RCas9 as a means to track RNA
in living cells in a programmable manner without
genetically encoded tags.

INTRODUCTION

Clustered regularly-interspaced short palindromic repeats

(CRISPRs) form the basis of adaptive immune systems in bac-

teria and archaea by encoding CRISPR RNAs that guide

CRISPR-associated (Cas) nucleases to invading geneticmaterial

(Wiedenheft et al., 2012). Cas9 from the type II CRISPR system of

S. pyogenes has been repurposed for genome engineering in eu-

karyotic organisms (Hwang et al., 2013; Li et al., 2013a; Mali

et al., 2013; Nakayama et al., 2013; Sander and Joung, 2014;

Yang et al., 2014) and is rapidly proving to be an efficient means

of DNA targeting for other applications such as gene expression
modulation (Qi et al., 2013) and imaging (Chen et al., 2013). Cas9

and its associated single-guide RNA (sgRNA) require two critical

features to target DNA: a short DNA sequence of the form

50-NGG-30 (where ‘‘N’’ = any nucleotide) known as the proto-

spacer adjacent motif (PAM) and an adjacent sequence on the

opposite DNA strand that is antisense to the sgRNA. By support-

ing DNA recognition with specificity determined entirely by a

short spacer sequence within the sgRNA, CRISPR/Cas9

provides uniquely flexible and accessible manipulation of the

genome. Manipulating cellular RNA content, in contrast, remains

problematic. Whereas there exist robust means of attenuating

gene expression via RNAi and antisense oligonucleotides, other

critical aspects of post-transcriptional gene expression regu-

lation such as subcellular trafficking, alternative splicing or

polyadenylation, and spatiotemporally restricted translation are

difficult to measure in living cells and are largely intractable.

Analogous to the assembly of zinc finger nucleases (Urnov

et al., 2010) and transcription activator-like effector nucleases

(TALEN) to recognize specific DNA sequences, efforts to recog-

nize specific RNA sequences have focused on engineered

RNA-binding domains. Pumilio and FBF homology (PUF) pro-

teins carry well-defined modules capable of recognizing a single

base each and have supported successful targeting of a handful

of transcripts for imaging and other manipulations (Filipovska

et al., 2011; Ozawa et al., 2007; Wang et al., 2009). PUF proteins

can be fused to arbitrary effector domains to alter or tag target

RNAs, but PUFs must be redesigned and validated for each

RNA target and can only recognize eight contiguous bases,

which does not allow unique discrimination in the transcriptome.

Molecular beacons are self-quenched synthetic oligonucleo-

tides that fluoresce upon binding to target RNAs and allow

RNA detection without construction of a target-specific protein

(Sokol et al., 1998). But molecular beacons must be microin-

jected to avoid the generation of excessive background signal

associated with endosome-trapped probes and are limited to

imaging applications. An alternative approach to recognition of

RNA substrates is to introduce RNA aptamers into target

RNAs, enabling specific and strong association of cognate ap-

tamer-binding proteins such as the MS2 coat protein (Fouts
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et al., 1997). This approach has enabled tracking of RNA locali-

zation in living cells over time with high sensitivity (Bertrand

et al., 1998) but relies upon laborious genetic manipulation of

the target RNA and is not suitable for recognition of arbitrary

RNA sequences. Furthermore, insertion of exogenous aptamer

sequence has the potential to interfere with endogenous RNA

functions. Analogous to CRISPR/Cas9-based recognition of

DNA, programmable RNA recognition based on nucleic acid

specificity alone without the need for genetic manipulation or

libraries of RNA-binding proteins would greatly expand re-

searchers’ ability to modify the mammalian transcriptome and

enable transcriptome engineering.

Although the CRISPR/Cas9 system has evolved to recognize

double-stranded DNA, recent in vitro work has demonstrated

that programmable targeting of RNAs with Cas9 is possible by

providing the PAM as part of an oligonucleotide (PAMmer) that

hybridizes to the target RNA (O’Connell et al., 2014). By taking

advantage of the Cas9 target search mechanism that relies on

PAM sequences (Sternberg et al., 2014), a mismatched PAM

sequence in the PAMmer/RNA hybrid allows exclusive targeting

of RNA and not the encodingDNA. The high affinity and specificity

ofRNA recognitionbyCas9 incell-freeextracts and the successof

genome targeting with Cas9 indicate the potential of CRISPR/

Cas9 to support programmable RNA targeting in living cells.

To assess the potential of Cas9 as a programmable RNA-bind-

ing protein in live cells, we used a modified sgRNA scaffold with

improved expression and Cas9 association (Chen et al., 2013)

with a stabilized PAMmer oligonucleotide that does not form a

substrate for RNase H. We measured the degree of nuclear

export of a nuclear localization signal-tagged nuclease-deficient

Cas9-GFP fusion and demonstrate that the sgRNA alone is suf-

ficient to promote nuclear export of Cas9 without influencing the

abundance of the targetedmRNA or encoded protein. In order to

evaluate whether RNA-targeting Cas9 (RCas9) signal patterns

correspond with an established untagged RNA-labeling method,

we compared distributions of RCas9 and fluorescence in situ

hybridization (FISH) targeting ACTB mRNA. We observed high

correlation among FISH and RCas9 signal that was dependent

on the presence of a PAMmer, indicating the importance of

the PAM for efficient RNA targeting. RNA trafficking and sub-

cellular localization are critical to gene expression regulation

and reaction to stimuli such as cellular stress. To address

whether RCas9 allows tracking of RNA to oxidative stress-

induced RNA/protein accumulations called stress granules, we

measured ACTB, TFRC, and CCNA2 mRNA association with

stress granules in cells subjected to sodium arsenite. Finally,

we demonstrated the ability of RCas9 to track trafficking of

ACTB mRNA to stress granules over time in living cells. This

work establishes the ability of RCas9 to bind RNA in live cells

and sets the foundation for manipulation of the transcriptome

in addition to the genome by CRISPR/Cas9.

RESULTS

RNA-Targeting Cas9Export fromNucleus in Presence of
sgRNA Targeting GAPDH mRNA
We initially assessed the ability of RCas9 to recognize specific

mRNA substrates in human cells by evaluating the degree of
2 Cell 165, 1–9, April 7, 2016 ª2016 Elsevier Inc.
nuclear export of a nuclear-localized RCas9 system. Specif-

ically, we tested whether mCherry-tagged Cas9 containing a

nuclear localization signal (NLS) can be co-exported from the

nucleus with an mRNA in the presence of a cognate sgRNA

and PAMmer designed to recognize that mRNA (Figure 1A).

Nuclease null Cas9 (dCas9) was fused to two SV40 NLS se-

quences at the C terminuswith the coding sequence formCherry

and cloned into a mammalian expression vector (dCas9-2xNLS-

mCherry, abbreviated as dCas9-mCherry). In a separate expres-

sion vector, a modified sgRNA scaffold with an extended

stem-loop structure that improves association with Cas9 and

mutations that eliminate a partial transcription termination

sequence (Chen et al., 2013) was driven by the U6 small nuclear

RNA (snRNA) polymerase III promoter. The PAMmer was syn-

thesized as a mixed DNA and 20-O-methyl (20OMe) RNA oligo-

nucleotide using standard phosphoramidite chemistry and

purified using high-performance liquid chromatography (HPLC)

(see Tables S1 and S2 for target mRNA, sgRNA, and PAMmer

sequences). As a proof of concept, we designed a sgRNA-

PAMmer pair to target the 30 UTR of GAPDH mRNA (Figure 1B).

As a negative control, we designed a sgRNA-PAMmer pair tar-

geting a sequence in the l bacteriophage that is absent in human

cells (‘‘N/A’’ sgRNA and PAMmer and ‘‘l2’’ sgRNA and PAMmer

sequences in Tables S1 and S2). We observed that transiently

transfected dCas9-mCherry co-transfected with the negative

control sgRNA and PAMmer is almost exclusively nuclear with

only 12% of cells containing greater mCherry signal in the cyto-

plasm compared to the nucleus (Figures 1B and 1C). When the

negative control PAMmer was replaced with the GAPDH-target-

ing PAMmer, the results were identical. Importantly, upon co-

transfection of GAPDH-targeting sgRNA plasmid, we observed

that 84% of cells had greater mCherry signal in the cytoplasm.

Interestingly, even with a non-targeting PAMmer, 79% of cells

had predominantly cytoplasmic mCherry signal, suggesting

that the sgRNA is the primary determinant of RNA substrate

recognition. Indeed, the sgRNA targeting GAPDH resulted in a

significant increase in the fraction of cells with cytoplasmic

mCherry signal compared to a non-targeting sgRNA (Figure 1C).

Overall, these results are consistent with previous in vitro

RNA pull-down experiments showing that RNA binding by

Cas9:sgRNA is independent of but strengthened by the PAMmer

(O’Connell et al., 2014). Thus, we demonstrate that RCas9 RNA

recognition is programmable with a sgRNA and a PAMmer de-

signed to target a specific, abundant mRNA in live cells.

Recognition of an mRNA with RNA-Targeting Cas9 Does
Not Alter RNA Abundance or Amount of Translated
Protein
To further characterize the interaction between RCas9 and a

target mRNA, we directed RCas9 to the 30 UTR of Renilla lucif-

erase carrying a commonly used RNA tag for RNA tracking

from the MS2 bacteriophage (Fouts et al., 1997) and a sequence

targeted by a previously validated sgRNA:PAMmer pair (‘‘l2’’;

see Table S2; O’Connell et al., 2014; Figure 1D). RNA immuno-

precipitation with an antibody recognizing EGFP revealed a

4-fold greater association of luciferase mRNA to dCas9-EGFP

in the presence of a cognate sgRNA and PAMmer compared

to non-targeting sgRNA (sense to the l2 RNA sequence) with a
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Figure 1. Targeting mRNA in Living Cells with RCas9

(A) Components required for RNA-targeting Cas9 (RCas9) recognition of mRNA include a nuclear localization signal-tagged nuclease-inactive Cas9 fused to a

fluorescent protein such as GFP, amodified sgRNAwith expression driven by the U6 polymerase III promoter, and a PAMmer composed of DNA and 20-O-methyl

RNA bases with a phosphodiester backbone. The sgRNA andPAMmer are antisense to adjacent regions of the target mRNAwhose encoding DNA does not carry

a PAM sequence. After formation of the RCas9/mRNA complex in the nucleus, the complex is exported to the cytoplasm.

(B) RCas9 nuclear co-export with GAPDHmRNA. The RCas9 system was delivered to U2OS cells with a sgRNA and PAMmer targeting the 30 UTR of GAPDH or

sgRNA andPAMmer targeting a sequence from l bacteriophage that should not be present in human cells (‘‘N/A’’). Cellular nuclei are outlinedwith a dashedwhite

line. Scale bars represent 5 microns.

(C) Fraction of cells with cytoplasmic RCas9 signal. Mean values ± SD (n = 50).

(D) A plasmid carrying the Renilla luciferase open reading frame with a b-globin 30 UTR containing a target site for RCas9 and MS2 aptamer. A PEST protein

degradation signal was appended to luciferase to reveal any translational effects of RCas9 binding to the mRNA.

(E) RNA immunoprecipitation of EGFP after transient transfection of the RCas9 system in HEK293T cells targeting the luciferase mRNA compared to non-

targeting sgRNA and PAMmer or EGFP alone. Mean values ± SD (n = 3).

(F and G) Renilla luciferase mRNA (F) and protein (G) abundances were compared among the targeting and non-targeting conditions. Mean values ± SD (n = 4).

p values are calculated by Student’s t test, and one, two, and three asterisks represent p values less than 0.05, 0.01, and 0.001, respectively. See also Figure S1.
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scrambled PAMmer or to EGFP protein alone (Figure 1E). We

next measured the effect of RCas9 targeting on luciferase

mRNA abundance by qRT-PCR. We observed no significant dif-

ference in the abundance of MS2-tagged luciferase mRNA in the

presence of the targeting or non-targeting RCas9 system or

EGFP alone. In contrast, co-expression of EGFP fused to the

MS2 coat protein (MCP) recognizing theMS2 aptamer had a sig-

nificant stabilizing effect (Figure 1F). We also considered poten-

tial effects of RCas9 targeting on translation of luciferase (Fig-

ure 1G) and observed that the presence of the targeting

sgRNA and PAMmer caused no significant changes in protein

levels compared to non-targeting RCas9. To confirm that the

RCas9/sgRNA/PAMmer complex does not perturb its endoge-

nous RNA substrates, we evaluated the influence of RCas9 tar-

geting on ACTB andGAPDHmRNAs. We transiently transfected

the RCas9 system and isolated transfected cells using fluores-
cence-activated cell sorting (FACS) gated on cells positive for

both Cas9 and sgRNA transfection. We observed no significant

differences in GAPDH and ACTB mRNA or protein levels as

measured by western blot and qRT-PCR among samples with

RCas9-targeting ACTBmRNA,GAPDHmRNA, cells transfected

with GFP instead of dCas9-GFP, and RCas9-targeting sequence

from l bacteriophage (Figure S1; Tables S1 and S2). Our results

demonstrate that RCas9 recognition of RNA with a sgRNA and

PAMmer does not perturb RNA and encoded protein levels.

Correlation of RNA-Targeting Cas9 Signal Distributions
with an Established Untagged RNA Localization
Measurement
To assess whether RCas9 signal distributions correlate with an

orthogonal method to measure RNA localization, we targeted

the 30 UTRofACTB (‘‘+’’ sgRNAand ‘‘+’’ PAMmer) andcompared
Cell 165, 1–9, April 7, 2016 ª2016 Elsevier Inc. 3
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Figure 2. ACTB mRNA Localization with RCas9 Compared to FISH

(A) The RCas9 system was delivered to U2OS cells, and the cells were subjected to FISH for ACTB mRNA. RCas9 with sgRNA- and PAMmer-targeting ACTB

mRNA was compared to non-targeting sgRNA and PAMmer antisense to a sequence from l bacteriophage (‘‘–’’ sgRNA and ‘‘–’’ PAMmer). White dotted lines

delineate the cellular boundaries, and black dotted lines delineate cellular nuclei. Scale bars represent 5 microns. Insets (on right) are delineated by white boxes.

(B) Pixel-by-pixel analysis of RCas9 and FISH colocalization using the Manders’ overlap coefficient is summarized with a cumulative distribution of the percent of

cytoplasmic area with overlapping signal in 60–80 cells in each condition. The presence of the PAMmer produces a significantly greater colocalization among

RCas9 and FISH in the presence of the sgRNA-targeting ACTB mRNA (p = 0.035; two-tailed Mann-Whitney U test).

See also Figure S2.
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dCas9-GFP signal to RNA FISH for ACTBmRNA (Figure 2A) and

non-targeting sgRNA and PAMmer (‘‘–’’ sgRNA and ‘‘–’’ PAMmer

with sequences corresponding to l bacteriophage). By

comparing the Manders’ overlap coefficients that describe

pixel-by-pixel overlap among FISH and RCas9 (Manders et al.,

1992; Figures 2B and S2), we determined that the sgRNA pri-

marily accounts for colocalization among FISH and RCas9 with

maximal overlap in the presence of both sgRNA- and PAMmer-

targetingACTBmRNA. A non-targeting PAMmer results in signif-

icantly less overlap (Figure 2B; p = 0.035; Mann-Whitney U test)

and produces a diffuse pattern of RCas9 signal in the cytoplasm

that contrasts with the highly localized pattern revealed by FISH
4 Cell 165, 1–9, April 7, 2016 ª2016 Elsevier Inc.
(Figure 2A). This result is consistent with weaker binding of

RCas9 with a non-targeting PAMmer observed in cell-free sys-

tems (O’Connell et al., 2014). A non-targeting sgRNA results in

largely nuclear retention of RCas9 signal with low correlation be-

tween cytoplasmic RCas9 signal and FISH (Figures 2A and 2B).

We conclude that the localization patterns of single EGFP-fused

RCas9 in live cells correlates surprisingly well with localization

obtained by FISH using tens of probes per mRNA in fixed cells.

Tracking RNA Trafficking to Stress Granules over Time
Many polyadenylated RNAs including ACTB mRNA are known

to localize to stress granules (Unsworth et al., 2010) during
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oxidative stress. We simultaneously tracked ACTB mRNA using

RCas9 and RFP fused to the Ras GTPase-activating protein-

binding protein 1 (G3BP1) protein, a well-described marker for

stress granules (Tourrière et al., 2003). Application of sodium

arsenite to induce cellular stress results in an accumulation of

mRNAs, including ACTB mRNA, into G3BP1-positive granules.

We observed accumulation of RCas9 signal to G3BP1-positive

foci in the presence of the RCas9 system targeting ACTB

mRNA. To verify that this accretion of RCas9 signal required spe-

cific RNA recognition, we utilized three different sgRNAs and

PAMmers targeting sequences from l bacteriophage (NTC1–3;

Figures 3A and 3B). Indeed, in these negative controls, increased

signal in G3BP1-positive foci was not observed. We also evalu-

ated the ability of RCas9 to track less-abundant transcripts

CCNA2 and TFRC mRNA to stress granules. Notably, we

observed statistically significantly higher fractions of stress gran-

ules that accumulate RCas9 signal (39% and 23%, respectively)

compared to non-targeting controls (Figures 3A and 3C). Next,

we tracked RCas9 signal in stressed, live cells over time

(Figure 3B). We observed accumulation of RCas9 signal in

G3BP1-positive foci in a manner dependent on the presence

of sgRNA- and PAMmer-targeting ACTB mRNA. We also

observed that the rate and degree of RCas9 signal accumulation

in stress granules is dependent on dosage of the stressor sodium

arsenite (Figure 3D). These results indicate the potential of

RCas9 as a means to generate time-resolved RNA localization

measurements.

DISCUSSION

Effective RNA recognition by Cas9 in living cells while avoiding

perturbation of the target transcript relies on careful design of

the PAMmer and delivery of Cas9 and its cognate guide RNA

to the appropriate cellular compartments. Binding of Cas9 to nu-

cleic acids requires two critical features: a PAM DNA sequence

and an adjacent spacer sequence antisense to the Cas9-associ-

ated sgRNA. By separating the PAM and sgRNA target among

two molecules (the PAMmer oligonucleotide and the target

mRNA) that only associate in the presence of a target mRNA,

RCas9 allows recognition of RNA while avoiding the encoding

DNA. To avoid unwanted degradation of the target RNA, the

PAMmer is composed of a mixed 20OMe RNA and DNA that

does not form a substrate for RNase H. Further, the sgRNA

features a modified scaffold that removes partial transcription

termination sequences and a modified structure that promotes

association with Cas9 (Chen et al., 2013). Other CRISPR/Cas

systems have demonstrated RNA binding in bacteria (Hale

et al., 2009; Sampson et al., 2013) or eukaryotes (Price et al.,

2015), although these systems cannot discriminate RNA from

DNA targets, feature RNA-targeting rules that remain unclear,

or rely on large protein complexes that may be difficult to recon-

stitute in mammalian cells.

In this work, we demonstrate RCas9-based recognition of

GAPDH,ACTB,CCNA2, and TFRCmRNAs in live cells. Because

the U6-driven sgRNA is largely restricted to the nucleus, the

NLS-tagged dCas9 allows association with its sgRNA and

subsequent interaction with the target mRNA before nuclear

co-export with the target mRNA. As an initial experiment, we
evaluated the potential of RNA recognition with Cas9 by tar-

geting GAPDH mRNA and evaluating degree of nuclear export

of dCas9-mCherry (Figure 1B). Robust cytoplasmic localization

of dCas9-mCherry in the presence of a sgRNA-targetingGAPDH

mRNA compared to nuclear retention in the presence of a

non-targeting sgRNA indicated that Cas9 association with the

mRNA was sufficiently stable to support co-export from the

nucleus.

RCas9 as an RNA-imaging reagent requires that RNA recogni-

tion by RCas9 does not interfere with normal RNA metabolism.

Here, we show that RCas9 binding within the 30 UTR of Renilla

luciferase does not affect its mRNA abundance and translation

(Figures 1F and 1G). The utility of RCas9 for imaging and other

applications hinges on the recognition of endogenous tran-

scripts, so we evaluated the influence of RCas9 targeting on

GAPDH and ACTB mRNAs and observed no significant differ-

ences among the mRNA and protein abundances by western

blot analysis and qRT-PCR (Figure S1). These results indicate

that RCas9 targeting these 30 UTRs does not perturb the levels

of mRNA or encoded protein.

We also evaluated the ability of RCas9 to reveal RNA localiza-

tion by comparing RCas9 signal patterns to FISH. We utilized a

FISH probe set composed of tens of singly labeled probes tar-

geting ACTB mRNA and compared FISH signal distributions to

a single dCas9-GFP/sgRNA/PAMmer that recognizes the

ACTBmRNA. Our findings indicate that the sgRNA primarily de-

termines the degree of overlap among the FISH and RCas9 sig-

nals whereas the PAMmer plays a significant but secondary role.

Importantly, in contrast to other untagged RNA localization

determination methods such as FISH and molecular beacons,

RCas9 is compatible with tracking untagged RNA localization

in living cells and can be delivered rapidly to cells using estab-

lished transfection methods. We also note that the distribution

of ACTBmRNA was visualized using a single EGFP tag per tran-

script, and higher-sensitivity RNA tracking or single endogenous

RNA molecule visualization may be possible in the future with

RCas9 targeting multiple sites in a transcript or with a multiply

tagged dCas9 protein.

Stress granules are translationally silent mRNA and protein

accumulations that form in response to cellular stress and are

increasingly thought to be involved with neurodegeneration (Li

et al., 2013b). There are limited means that can track the move-

mentof endogenousRNAto thesestructures in livecells (Bertrand

et al., 1998). In addition to ACTB mRNA, we demonstrate that

RCas9 is capable of measuring association of CCNA2 and

TFRC mRNA trafficking to stress granules (Figure 3A). Upon

stress induction with sodium arsenite, we observed that 50%,

39%, and 23% of stress granules featured overlapping RCas9

foci when targeting ACTB, TFRC, and CCNA2 mRNAs, respec-

tively (Figure 3C). This result correlates with the expression levels

of these transcripts (Figure S3) asACTB is expressed about 8 and

11 times more highly than CCNA2 and TFRC, respectively. We

also observed that RCas9 is capable of tracking RNA localization

over time as ACTB mRNA is trafficked to stress granules over a

period of 30 min (Figure 3B). We noted a dependence of RCas9

signal accumulation in stress granules on stressor concentration

(Figure 3D). This approach for live-cell RNA tracking stands in

contrast tomolecular beacons and aptamer-basedRNA-tracking
Cell 165, 1–9, April 7, 2016 ª2016 Elsevier Inc. 5
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Figure 3. Tracking of mRNA Trafficking to Stress Granules with RCas9

(A) The RCas9 system targeting ACTB, TFRC, or CCNA2 mRNAs or one of three non-targeting controls (NTCs) was delivered to HEK293T cells expressing

G3BP1, a protein known to be trafficked to stress granules, fused to RFP. Cells were treated with sodium arsenite; fixed; subjected to FISH for ACTB, TFRC, or

CCNA2 mRNA; and imaged.

(B) RNA trafficking to stress granules was imaged in real time using cells harboring RCas9-targeting ACTB mRNA. At time zero, cells were imaged and sodium

arsenite applied. Sixty minutes later, cells were imaged again, and a comparison of RCas9 and G3BP1-positive stress granules revealed close correlation of foci

only in the presence of sgRNA- and PAMmer-targeting ACTB mRNA.

(C) The fraction of stress granules with RCas9 foci when targeting three mRNAs (ACTB, TFRC, and CCNA2) compared to three non-targeting controls. Error

bars ± SD calculated from 50 cells from each of three biological replicates. p values among the RCas9 system targeting ACTB, TFRC, and CCNA2 mRNA

are <0.001 when compared to each of the NTC conditions. p values were calculated with Student’s t test.

(D) In a similar experiment, RCas9-targeting ACTB mRNA signal accumulation in stress granules was tracked over time. Eight to eleven stress granules were

tracked in each condition with time points every 8 min for 32 min.

Scale bars represent 5 microns. See also Figure S3.
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methods, which suffer from delivery issues and/or require alter-

ation of the target RNA sequence via incorporation of RNA tags.

Future applications of RCas9 could allow the measurement

or alteration of RNA splicing via recruitment of split fluores-
6 Cell 165, 1–9, April 7, 2016 ª2016 Elsevier Inc.
cent proteins or splicing factors adjacent to alternatively

spliced exons. Further, the nucleic-acid-programmable nature

of RCas9 lends itself to multiplexed targeting (Cong et al.,

2013) and the use of Cas9 proteins that bind orthogonal sgRNAs
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(Esvelt et al., 2013) could support distinct activities on multiple

target RNAs simultaneously. It is possible that the simple RNA

targeting afforded by RCas9 could support the development of

sensors that recognize specific healthy or disease-related gene

expression patterns and reprogram cell behavior via alteration

of gene expression or concatenation of enzymes on a target

RNA (Delebecque et al., 2011; Sachdeva et al., 2014). Efforts

toward Cas9 delivery in vivo are underway (Dow et al., 2015;

Swiech et al., 2015; Zuris et al., 2015), and these efforts com-

bined with existing oligonucleotide chemistries (Bennett and

Swayze, 2010) could support in vivo delivery of the RCas9 sys-

tem for targetedmodulation of many features of RNA processing

in living organisms.

RNA is subject to processing steps that include alternative

splicing, nuclear export, subcellular transport, and base or

backbone modifications that work in concert to regulate gene

expression. The development of a programmable means of

RNA recognition in order to measure and manipulate these

processes has been sought after in biotechnology for decades.

This work is, to our knowledge, the first demonstration of

nucleic-acid-programmed RNA recognition in living cells with

CRISPR/Cas9. By relying upon a sgRNA and PAMmer to deter-

mine target specificity, RCas9 supports versatile and unambig-

uous RNA recognition analogous to DNA recognition afforded

by CRISPR/Cas9. The diverse applications supported by

DNA-targeted CRISPR/Cas9 range from directed cleavage,

imaging, transcription modulation, and targeted methylation,

indicating the utility of both the native nucleolytic activity of

Cas9 as well as the range of activities supported by Cas9-fused

effectors. In addition to providing a flexible means to track this

RNA in live cells, future developments of RCas9 could include

effectors that modulate a variety of RNA-processing steps

with applications in synthetic biology and disease modeling

or treatment.
EXPERIMENTAL PROCEDURES

Plasmid Construction, PAMmer Synthesis, and Target Site Choice

The dCas9-2xNLS sequence was amplified from pHR-SFFV-dCas9-BFP-

KRAB (a gift from Stanley Qi and Jonathan Weissman; Addgene plasmid no.

46911), tagged with two SV40 NLSs on the C terminus, and fused to EGFP

or mCherry in pCDNA 3.1 (Life Technologies) using Gibson assembly. To

construct the sgRNA scaffold construct, the human U6 polymerase III pro-

moter with the modified sgRNA scaffold (Chen et al., 2013) was purchased

as a gBlock from IDT with two BbsI restriction sites at the 50 end of the sgRNA

scaffold (see sequence in Table S2) and cloned into the multiple cloning site of

pBlueScript II SK (+) (Agilent) using Gibson assembly. Phosphorylated oligonu-

cleotides encoding the sgRNA sequences (with overhangs 50CACC on the

RNA antisense strand and 50AAAC on the sense strand) were ligated into

BbsI-digested sgRNA scaffold construct to produce sgRNAs targeting the 30

UTR of GAPDH, ACTB, and Renilla luciferase mRNAs (see Tables S1 and

S2). The luciferase-PEST construct for pull-down and abundance experiments

was modified from plasmid pRLuc (gift from Jens Lykke-Andersen, UCSD).

pCMV-Renilla luciferase is a version of the same construct lacking MS2 and

RCas9 target sites.

RCas9 target sites were chosen with a combination of the IDT antisense

oligonucleotide design tool and the microarray probe design tools Picky

(Chou et al., 2004) andOligoWiz (Wernersson andNielsen, 2005). We designed

PAMmers against high-confidence sites with eight bases on the 50 end beyond

the PAM sequence. PAMmers were composed of mixed 20OMe RNA and DNA

bases and purified by HPLC (Integrated DNA Technologies).
Cell Lines

U2OS and HEK293T cells were grown in DMEM supplemented with 10% fetal

bovine serum, Glutamax, penicillin/streptomycin, and non-essential amino

acids (Life Technologies). Cells were passaged every 3 or 4 days with TrypLE

EXPRESS (Life Technologies) using standard methods and maintained in a

humidified incubator at 37�C with 5% CO2.

GAPDH and ACTB mRNA Targeting with RCas9

U2OS cells cultured as described above were passaged at �80% confluency.

Glass-bottom96-well plates or chamber slideswere coatedwith 20mg/ml fibro-

nectin inPBS for 2hr at 37�Cand then thefibronectin solutionwasaspiratedand

20,000 cells were plated in eachwell. Sixteen hours later, cells were transfected

with the sgRNA and dCas9-2xNLS-EGFP plasmids using Lipofectamine 3000

(Life Technologies) according to themanufacturer’s instructions. pCMV-Renilla

luciferasewasco-transfected in theseexperimentsso that total transfectedpro-

tein load was the similar among various dosages of sgRNA and dCas9. The

mass ratio of sgRNA and dCas9-EGFP plasmids was 5:1 in experiments

described in this work where the amount of dCas9-EGFP was fixed at 10% of

total transfected material. Immediately after plasmid transfection, PAMmers

were transfected using Lipofectamine RNAiMax (Life Technologies) according

to manufacturer’s instructions. Twenty-four hours after transfection, cells

werewashedwithPBS and fixedwith 3.7%paraformaldehyde in PBS, permea-

bilized with 70% ethanol at 4�C for 1 hr, and mounted using Prolong Gold

AntifademountingmediumwithDAPI (Life Technologies). Confocalmicroscopy

was conducted using a Zeiss LSM 810 confocal microscope.

Nuclear export of RCas9 in the presence of sgRNA and PAMmer targeting

the 30 UTR of GAPDH mRNA was analyzed by measuring the average signal

in the nuclei and cytoplasm of individual cells. Cells with average cytoplasmic

signal greater than the average nuclear signal were considered positive and

counted toward the fraction of cells with cytoplasmic RCas9 signal.

RNA Immunoprecipitation

HEK293T cells cultured as described above were passaged at 80% conflu-

ency, and 600,000 cells were seeded in eachwell of 6-well tissue culture plates

coated with poly-L-lysine. Sixteen hours later, cells were co-transfected with

the RCas9 system as described above or plasmids encoding MS2-EGFP or

EGFP alongwith a plasmid encoding themodelRenilla luciferasemRNA driven

by a cytomegalovirus (CMV) promoter (Figure 1D). Twenty-four hours later, the

growth media was aspirated and the cells were washed with PBS. 1% parafor-

maldehyde in PBS was applied to the cells, incubated for 10 min at room tem-

perature, and then the solution was aspirated and the cells washed twice with

cold PBS. Next, the cells were scraped from the wells in cold PBS and the cell

suspension was centrifuged at 800 3 g for 4 min to pellet the cells. The cells

were washed once more and then resuspended in radioimmunoprecipitation

assay (RIPA) buffer with protease inhibitors (Roche) and sonicated for 5 min

in a Bioruptor sonicator (50% duty cycle; 1 min period). Insoluble material

was pelleted after a high-speed centrifugation, and the supernatant was

applied to protein G DynaBeads (Life Technologies) coated with mouse anti-

GFP antibody (Roche). After overnight incubation at 4�C, the bead supernatant

was retained and beads washed three times with RIPA buffer containing

0.02% Tween-20 and once with DNase buffer (350 mM Tris-HCl [pH 6.5];

50 mM MgCl2; 5 mM DTT). The beads were resuspended in DNase buffer

and TURBO DNase (Life Technologies) was added to 0.08 units/ml. The

beads were incubated at 37�C for 30 min, and then proteinase K (NEB) was

added to 0.1 U/ml and incubated with shaking at 37�C for 30 min. Next, urea

was added to 2.5 M and the beads were incubated with shaking at 37�C for

30 min. The bead supernatant was collected and subjected to two sequential

phenol:chloroform:isoamyl alcohol (25:24:1) extractions followed by three

chloroform extractions. The RNA was precipitated and reverse transcribed

using SuperScript III (Life Technologies) using random hexamer primers, and

relative abundance of Renilla luciferase RNA on the beads was compared to

the supernatant using RT-PCR (see Table S3 for primer sequences).

Measurements of Influence of RCas9 on RNA Stability and

Translation

HEK293T cells were cultured as described above, passaged and plated in

96- or 12-well tissue culture plates, and co-transfected 24 hr later with the
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RCas9 system as described above and the Renilla luciferase construct car-

rying MS2 and RCas9 binding sites in the 30 UTR. In the protein abundance

measurements, a small amount of CMV-driven firefly luciferase vector (5%

of total transfected plasmid) was co-transfected as a transfection control.

For RNA stability measurements, RNA was isolated 24 hr after transfection,

DNase treated, and reverse transcribed with Superscript III (Life Technologies)

using dT(20) primers according themanufacturer’s instructions. The amount of

Renilla luciferase cDNA relative to GAPDH was then measured using RT-PCR

(see Table S3 for primer sequences). For the translation studies, Renilla and

firefly luciferase protein were measured with the Dual Luciferase Kit (Promega)

according to the manufacturer’s instructions.

For measuring the influence of RCas9 onGAPDH and ACTBmRNA and pro-

tein abundance, the RCas9 system targeting the 30 UTR of each transcript,

GFP alone, or RCas9 with the l2-targeting sgRNA and PAMmer was trans-

fected. Modified sgRNA vectors carrying pGK-driven blue fluorescent protein

(BFP) were used in this experiment, and transfected cells were isolated using

FACS gated on cells positive for GFP and BFP expression. Transfected cells

were lysed and subjected to western blotting and RT-PCR for ACTB, GAPDH,

and TUBA1A transcripts.

FISH

Stellaris FISH Probes recognizing human ACTB, CCNA2, and TFRC mRNAs

and labeled with Quasar 670 (VSMF-2003-5; Biosearch Technologies) were

hybridized to cells 24 hr after transfection with the RCas9 system. Hybridiza-

tion was conducted according to the manufacturer’s instructions. Confocal

microscopy was conducted using an Olympus FV1000 confocal microscope

or Zeiss LSM 810 confocal microscope.

Overlap Analysis for FISH and RCas9

Colocalization analysis among FISH and RCas9-targeting ACTB mRNA was

conducted using the Coloc 2 plugin from the image analysis software FIJI

(Schindelin et al., 2012). The cytoplasm of individual cells with similar

dCas9-EGFP transfection levels was selected, and the Coloc 2 analysis was

conducted using default parameters. The Manders’ overlap coefficient

describing degree of overlap of the FISH signal with RCas9 for more than 60

cells in each condition was compiled, and p values were calculated with the

two-tailed Mann-Whitney U test.

Tracking ACTB mRNA Trafficking to Stress Granules

A HEK293T cell line was genetically modified with a fusion of RFP to the C ter-

minus of Ras G3BP1 using CRISPR/Cas9. Briefly, a donor plasmid was

constructed consisting of the RFP ORF, a puromycin selection cassette, and

flanking 1.5-kb homology arms directed at the G3BP1 locus. An sgRNA

sequence targeting the C terminus of G3BP1 was cloned into pSpCas9(BB)-

2A-GFP (pX458) (gift from Feng Zhang; Addgene plasmid no. 48138) and

co-transfected with the donor plasmid using Fugene HD (Roche) following

the manufacturer’s instructions. Forty-eight hours after transfection, cells

were selected with 1 mg/ml puromycin in growth medium for 14 days and

RFP-positive clones were selected and screened by PCR.

A clone with at least one modified allele was plated on glass chamber slides

coated with fibronectin and transfected with the RCas9 system targeting the 30

UTR of ACTB, CCNA2, or TFRC mRNA or one of three non-targeting sgRNA

and PAMmer combinations (l2–l4) as described above (see Table S2 for

sgRNA and PAMmer sequences). Twenty-four hours after transfection, cells

were subjected to 200 mM sodium arsenite for 30 min, fixed, and subjected

to FISH and imaged with a Zeiss LSM 810 confocal microscope. In a sepa-

rate experiment, cells were stressed with varying concentrations of sodium

arsenite and imaged with a Zeiss LSM 810 confocal microscope with a stage

incubator over 32 min. Cells were maintained at 37�C in a humidified atmo-

sphere and 5% CO2 and imaged every 8 min.

Analysis of ACTB mRNA Trafficking to Stress Granules

Stress granules with average RCas9 signal at least 2-fold greater than sur-

rounding cytoplasm were determined to be positive for RCas9. The average

RCas9 signal in stress granules was calculated using the ‘‘measure’’ function

in Fiji and compared to the average cytoplasmic RCas9 signal in the sur-

rounding cytoplasm. RCas9-positive foci were visualized by dividing the value
8 Cell 165, 1–9, April 7, 2016 ª2016 Elsevier Inc.
of each pixel by the average cytoplasmic signal, which reduced cytoplasmic

signal to a value of ‘‘1’’ and RCas9-positive foci to a value of ‘‘2’’ or more.

Next, a Gaussian blur was applied to improve foci definition. These images

are reported in Figure 3A. The accumulation of RCas9 signal over time in stress

granules was calculated by recording average signal intensity in the RCas9

channel in areas with overlapping G3BP1-RFP foci at each time point. Average

signal intensity in the RCas9 channel surrounding G3BP1-RFP foci was re-

corded as background and subtracted from the previous value to produce

the background-adjusted RCas9 signal in stress granules.
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