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Summary:

The central dogma teaches us that DNA makes RNA which in turn makes proteins, the main
building blocks of the cell. But this over simplified linear transmission of information overlooks
the vast majority of the genome produces RNASs that don’t encode proteins and the myriad ways
that RNA regulates cellular functions. Historically, one of the challenges in illuminating RNA
biology has been the lack of tools for visualizing RNA in live cells. But clever approaches for
exploiting RNA binding proteins, in vitro RNA evolution, and chemical biology have resulted in
significant advances in RNA visualization tools in recent years. This review provides an overview
of current tools for tagging RNA with fluorescent probes and tracking their dynamics, localization
in function in live mammalian cells.
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eTOC blurb

This review article summarizes the current tools that have been developed to light up RNA in live
mammalian cells. Such tools permit researchers to dissect the localization, biochemical processing
and dynamics of RNA in real time.

ILLUMINATING RNA BIOLOGY

The explosion of genomics has revealed the majority of the human genome is transcribed
into RNA, but only a small fraction is translated into protein (Djebali et al., 2012), leading to
intense efforts to elucidate the diverse ways non-coding RNAs influence cellular function
(Cech and Steitz, 2014). Both mRNAs and ncRNAs associate with other RNAs (Guil and
Esteller, 2015) and assemble into macromolecular complexes and granules containing both
RNA and proteins (Matera and Wang, 2014; Protter and Parker, 2016; Shay and Wright,
2019), all of which can profoundly influence cellular functions. There is growing
appreciation that RNA undergoes complex and dynamic biochemical manipulations, as
illustrated by the process of MRNA processing, transport, translation, and degradation
(Bertrand et al., 1998; Darzacq et al., 2007; Tutucci et al., 2018a), and transport of mRNAs
to sites of activity in neurons (Buxbaum et al., 2014; Ryder and Lerit, 2018). But the full
landscape of how RNA localization and dynamics impact function, particularly for ncRNAs,
is largely undefined. Here, we review tools that have been developed to tag and track RNA
in living cells, with an emphasis on tools that have been applied to mammalian cells. These
tools largely fall into two categories: those that rely on a protein to bind an RNA element
and those that utilize small molecule probes to bind an RNA element. The RNA element can
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either be genetically engineered into an RNA of interest or can be an endogenous RNA.
Given the diversity of tools and approaches, Figure 1 provides a roadmap of the tools
covered in this review. Finally, we also cover a number of applications that illustrate the
power and promise of such tools to illuminate different aspects of RNA biology. The
majority of these applications focus on mRNA, perhaps because biochemical, cell biology
and sequencing efforts have advanced our knowledge about mRNA processes such that
sophisticated single mMRNA tracking studies provide meaningful information. There are
fewer examples of tagging and tracking ncRNA, perhaps because of the diversity of classes,
sizes, and structures of ncRNAs and concerns about perturbing ncRNA function when
introducing a tag. We suspect that deeper understanding of ncRNA biology is needed as a
foundation to design impactful live RNA tracking assays. We highlight several emerging
examples of such ncRNA live imaging studies, and provide an outlook of future directions in
this field.

PROTEIN-BASED RECOGNITION OF RNA

MS2

One approach for detection of RNA is to leverage natural protein-RNA interactions, where
an RNA binding protein is used to target an RNA of interest (Figure 2). The RNA binding
protein is fused to a fluorescent component, which historically has been a fluorescent protein
(FP). FPs can be readily exchanged by cloning, providing flexibility in fluorescence
properties, including color, photostability, and brightness (Cranfill et al., 2016). More
recently FPs have been replaced by Halo or SNAP-tags which can specifically couple to
small organic dyes.

The MS2 system was pioneered by the Singer Lab in the 1990s and remains the most widely
used RNA-imaging system today. It was developed from MS2 bacteriophage coat protein
dimers that bind sites in the RNA genome (Peabody, 1993). MS2 coat proteins (MCPs) are
129-amino acid proteins that form homodimers (Golmohammadi et al., 1993). MS2 binding
sites are 21-nt RNA stem loops (abbreviated MS2) with a conserved loop region and bulge
(Johansson et al., 1997; Peabody, 1993; Valegard et al., 1997). The coat protein dimers bind
the stem loops specifically and tightly (Kp=1 nM (Carey et al., 1983)). Typically, a series of
MS2s is appended to the target RNA to serve as the recognition element and each MCP is
fused to an FP for visualization (Bertrand et al., 1998). Since its creation, the MS2 system
has been iteratively improved and remains the gold standard for live-cell RNA imaging.

Originally six MS2s were appended to the 3’UTR of the target RNA ASHZ and MCP was
fused to GFP. This allowed researchers to monitor ASHZ mRNA localization in budding
yeast reproduction (Bertrand et al., 1998). Subsequently, twenty-four copies of MS2 were
appended to a reporter RNA and a nuclear localization signal was fused to the FP, producing
sufficient signal-to-noise for single-molecule imaging. Comparison of the fluorescence
intensity of single-molecule puncta with purified GFP was used to estimate that
approximately thirty-three fluorescent components were bound to an array of twenty-four
stem loops (Fusco et al., 2003). Fluorescence fluctuation spectroscopy revealed that
occupancy strongly depends on fluorescent component concentration, saturating at half

Cell Chem Biol. Author manuscript; available in PMC 2021 August 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Braselmann et al.

PP7

AN

Page 4

occupancy. Creation of tandem MCPs eliminated the dependence on concentration but
decreased occupancy to thirteen fluorescent components per twenty-four stem loops (Wu et
al., 2012). Stable integration by retroviral transduction caused recombination and deletion of
MS2 stem loops which lead to significant detection issues. Because recombination relies on
sequence homology, divergence of the stem loop sequences significantly increased detection
consistency (Wu et al., 2015). Substitution of HaloTag for GFP significantly increased
brightness and photostability, allowing researchers to monitor translation dynamics in
neurons (Wu et al., 2016). While northern blotting and fluorescence /n situ hybridization
(FISH) demonstrated that stem loop arrays were stabilized in budding yeast (Garcia and
Parker, 2016; Heinrich et al., 2017; Tutucci et al., 2018b), this degradation issue doesn’t
occur in mammalian cells. MS2-tagged beta-actin, with or without co-expression of MCP,
does not produce stabilized decay intermediates or affect RNA lifetime in primary culture of
mouse cells (Kim et al., 2019; Park et al., 2014). This holds true in many tissues (Kim et al.,
2019; Lionnet et al., 2011), enabling researchers to monitor single-molecule beta-actin
mRNA dynamics in primary mouse culture fibroblasts and hippocampal neurons (Park et al.,
2014).

Analogous to MS2, the PP7 system was developed from PP7 bacteriophage coat protein
dimers that bind sites in the RNA genome (Olsthoorn et al., 1995). The PP7 coat protein
(PCP) is 127-amino acids and forms homodimers (Olsthoorn et al., 1995; Tars et al., 2000).
PP7 binding sites are 25-nt RNA stem loops (abbreviated PP7) with a conserved loop region
and bulge (Lim and Peabody, 2002). Coat protein dimers bind PP7 specifically with a Kp of
1 nM. Despite their similarities, MS2 and PP7 are orthogonal; coat protein dimers are able to
discriminate in favor of their own RNA stem loop by one-thousand-fold (Lim et al., 2001)
and form binding clefts that are at right angles to each other (Chao et al., 2008). PP7 was
first used in live mammalian cells to track transcription dynamics (Larson et al., 2011). Later
PP7 was implemented alongside MS2 to decrease background in a split-GFP system (Wu et
al., 2014) and to image multiple regions of a target RNA in splicing (Coulon et al., 2014).

Fluorescence fluctuation spectroscopy again revealed that occupancy of coat proteins on
stem loop arrays depends on the fluorescent component concentration, saturating at full
occupancy. Tandem coat proteins eliminated the concentration dependence but decreased
occupancy to twenty-four fluorescent components per twenty-four stem loops (Wu et al.,
2012). By FISH, PP7 shows less perturbation of RNA decay than the original MS2 in
budding yeast (Heinrich et al., 2017). FISH, quantitative PCR (qPCR), and western blotting
showed that PP7 stem loops do not perturb transcription, translation, or decay in mouse
primary culture, and this system enabled detection of the short-lived and tightly controlled
mMRNA Arc (Das et al., 2018).

The AN imaging system was developed from A bacteriophage N protein which binds the
boxB RNA sequence (Chattopadhyay et al., 1995). To image RNA, the N protein was
truncated to its minimal binding motif, the first 22 amino acids denoted Apn22. An22 binds
one-to-one with the 15-nt boxB RNA stem loop with a Kp of 22 nM (Austin et al., 2002). To
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attain sufficient signal, a target RNA was appended with four boxB stem loops and four
tandem A.n2o Were fused to three EGFPs with one nuclear localization signal. Although
there was high background, fluorescence recovery after photobleaching (FRAP) enabled
researchers to monitor target RNA localization (Daigle and Ellenberg, 2007). The AN
imaging system is orthogonal to MS2, allowing researchers to monitor the transport of
multiple target RNAs to the bud tip during budding yeast reproduction (Lange et al., 2008)
and to observe dynamics of single-molecule splicing of beta-globin (Martin et al., 2013). To
our knowledge the occupancy of An22-boxB has not been reported and the system has not
been rigorously tested for perturbation of RNA function.

The recent Pepper imaging system ((Wu et al., 2019), not to be confused with the dye-
binding Peppers described below) was developed from an interaction between the HIV-1 Tat
peptide and the trans-activation response element (TAR) (Dingwall et al., 1989). To address
the high background fluorescence that many genetically encoded imaging systems face, the
17-amino acid Tat peptide was combined with a short degron to form a 19-amino acid tDeg
peptide. When fused to an FP, this tDeg peptide causes degradation of the FP in the absence
of the TAR RNA. Upon binding the TAR RNA, the degradation sequence of tDeg is
obscured and the fusion protein is not degraded. The TAR RNA variant that caused the
highest fluorescence increase was termed “Pepper”. Pepper is a 28-nt stem loop that binds
one-to-one with tDeg. Fusing ten (F30-2xPepper) cassettes to a target RNA and fusing tDeg
to four mNeonGreen proteins produced sufficient signal-to-noise for single-molecule live-
cell imaging. This enabled researchers to monitor recruitment of beta-actin mRNA to stress
granules upon treatment with sodium arsenite. Pepper does not perturb target RNA decay or
translation efficiency, but does decrease transcription of target RNA. This decreased
transcription is comparable to that seen with MS2. Occupancy of the fluorescent component
on an array of (F30-2xPepper) cassettes has yet to be measured. The precise binding affinity
of the fluorescent component for the cassette is also unknown but is likely close to the low
nM Kp of a nearly identical TAR variant for the Tat peptide (Smith et al., 1998).

The PUM-HD imaging system was developed from the human PUMILIOL1 protein. The
Pumilio homology domain (PUM-HD) binds PUM-HD response elements in RNA (Wang et
al., 2001). The PUM-HD contains eight elements each of which binds a specific nucleotide
in an 8-nt sequence of RNA,; however, nucleotide-contact residues in PUM-HD elements can
be engineered to bind any 8-nt RNA sequence (Cheong and Tanaka Hall, 2006). In tandem
with another PUM-HD that binds an 8-nt RNA sequence downstream, this imaging system
could distinguish between 418 transcripts. To combat background fluorescence, each
engineered PUM-HD is fused to one half of split-GFP or split-Venus, only producing
fluorescence when both PUM-HDs have bound the target RNA. Because PUM-HD can be
engineered to recognize any RNA sequence, this system can detect endogenous RNA. The
association of the reconstituted fluorescent protein persists for a long time, so care should be
taken to use this system for long-lived RNAs or paired with FRAP, as suggested by the
developers (Ozawa et al., 2007). The same system was later used to monitor beta-actin
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mMRNA localization in mammalian cells for short periods of time (Yamada et al., 2011,
Yoshimura et al., 2012).

The dCas13 system was developed from CRISPR-Cas13 in which the gRNA of Cas13 binds
a target RNA by hybridization and the target RNA is cleaved by Cas13 (Abudayyeh et al.,
2016). In the imaging system, a variety of catalytically dead Cas13 (dCas13) proteins fused
to EGFP were screened with a gRNA for recruitment to a known target RNA location to
identify the dCas13-EGFP with the best recruitment and signal-to-background ratio. Similar
to PUM-HD, this system enables detection of endogenous untagged RNAs. In addition to
general gRNA design guidelines, the developers recommend using sequences that have been
validated to work for RNA knockdown. Eight tandem gRNAs for eight tandem dCas13-
EGFP fusion proteins is sufficient for single-molecule live-cell imaging. Additionally,
dCas13 proteins from two different species can be used orthogonally to monitor two target
RNAs or two regions of the same target RNA. By gPCR, the dCas13 imaging system does
not decrease transcription of the target RNA unlike MS2 but other perturbations like
translational efficiency have not been tested yet (Yang et al., 2019). dCas13 has also been
coupled with fluorescently labeled gRNA and electroporated into mammalian cells to
monitor transcriptional bursting. This study coupled dCas13 with dCas9 to co-observe the
DNA locus and the nascent RNA (Wang et al., 2019).

SMALL MOLECULE-BASED RECOGNITION OF RNA

New small molecule fluorophores have led to significant advances in cellular imaging in the
last few years in the same way that fluorescent proteins did in the late 90s. New dye
scaffolds (Lavis and Raines, 2014; Lukinavicius et al., 2013) and new synthetic routes to
traditional scaffolds (Grimm et al., 2017, 2015) have enabled creative functionalization of
dyes, leading to bright, photostable and fluorogenic dyes. While these dyes are readily used
with Halo- and SNAP-tags, they have not yet been incorporated into small molecule probes
for RNA.

Small molecule-based RNA probes fall into three categories: (1) those that leverage custom-
synthesized small molecules that directly bind RNA aptamers and exhibit fluorescence turn-
on, (2) aptamers that bind fluorophore-quencher complexes and exhibit turn-on through
separation of the quencher from the fluorophore upon binding, and (3) synthetic, nuclease
resistant molecular beacon RNAs that hybridize with endogenous RNA of interest.

Designed Fluorophore-Aptamer Pairs

The first custom dye-binding aptamer to see wide recognition (Spinach) was developed by
Jaffrey and colleagues using a fluorophore that mimicked the structure of green fluorescent
protein (GFP) (Paige et al., 2011). The approach exploits the fact that the GFP chromophore
is nonfluorescent outside of the protein, but becomes fluorescent upon binding due to
rigidification (Figure 3A). Initial aptamers, isolated via 10 rounds of SELEX leading to
“Spinach”, exhibited 2,000-fold signal induction. Later, screens that incorporated a
fluorescence assay (via bacterial cell sorting) further improved the absolute brightness of the

Cell Chem Biol. Author manuscript; available in PMC 2021 August 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Braselmann et al.

Page 7

probe, producing a new aptamer, Broccoli (Filonov et al., 2014). A combination of SELEX
and fluorescence selection is now standard for the evolution of dye-binding aptamers. More
recently, a derivative of the original DFHBI dye, referred to as Bl due to a benzimidazole
substituent, showed increased photostability and imparted improved thermal stability when
bound to Broccoli (Figure 3B, (Li et al., 2020)).

Another iteration of the Jaffrey dye-binding vegetables is Corn, which binds DFHO (Song et
al., 2017). With the goal of red-shifted emission, the new small molecule draws inspiration
from the chromophore of DsRed (Gross et al., 2000). A new aptamer was selected with
improved thermal stability relative to Spinach and Broccoli (Filonov et al., 2014; Paige et
al., 2011). The improved photostability of Corn enabled imaging of transcription of each
promoter subclass by Pol I11.

Other groups have built on this concept of fluorophore rigidification by developing their own
small molecule with accompanying aptamers (Figure 3B). Unrau and colleagues took
advantage of thiazole orange (TO1) that was known to bind double-stranded nucleic acids
(Autour et al., 2018; Dolgosheina et al., 2014). The aptamers developed for these
fluorophores (termed Mangoes) were tighter binders (Kp=0.7 nM) and more red-shifted than
Spinach. Mango’s improvement over Spinach is due to its increased thermal stability upon
binding the TO1-B substrate (Jeng et al., 2016). Recent research from Unrau and colleagues
has shown that arrays of Mango Il aptamers can be used to image mMRNA granules in live
mammalian cells, and single IncRNAs in fixed cells (Cawte et al., 2020). These aptamers
outperformed MS2 in signal-to-noise.

One potential limitation of the Broccoli, Spinach, Corn, and Mango is the presence of G-
quadruplexes in the aptamer structure. This structure has been found to be crucial for
fluorophore rigidification in the aptamer. However, it is increasingly recognized that such
secondary structures are actively degraded in mammalian cells (Guo and Bartel, 2016).

The newest family of dye binding aptamers, Peppers, takes a step toward resolving the main
issues that plague Spinach/Broccoli/Corn and Mangoes. The Pepper aptamer binds a series
of custom small molecules with a stilbene core. Developed by Yang and colleagues (Chen et
al., 2019), the structure of the fluorogenic molecular probe was also inspired by GFP. The
small molecules were dubbed “HBC” as an abbreviation for the IUPAC name. With the goal
of solving outstanding issues of aptamer degradation and fluorophore brightness, authors
selected a new aptamer (Kp=3.5 nM) that does not contain a G-quadruplex. Through minor
modifications to the HBC structure, seven different probes were developed with excitation
maxima ranging from 485 to 620 nm. The most well vetted small molecules were HBC
(Pepper530) and the red-shifted HBC620 (Pepper620). When compared to other
fluorophore-aptamer pairs, Pepper530 demonstrated 9 and 11-fold higher signal than
Broccoli and Corn in mammalian cells. mRNA tandem-labeled with 4xPepper and 4xMS2
revealed that Pepper530 outperforms MCP-mCherry, and Pepper620 outperforms MCP-GFP
in signal-to-noise. It was also shown that Peppers could be used to image a wide range of
different classes of bulk RNAs.
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A new class of designed fluorophore-aptamer pairs is emerging that takes cues from recent
advances in the field of fluorescent dyes (Lukinavicius et al., 2013; Zheng et al., 2019).
Instead of exploiting rotational anisotropy to promote turn-on, lactonization (and ring
opening) of xanthene-based probes can control fluorescence. Jdschke and colleagues
demonstrated that an aptamer can be selected to promote delactonization (and thus
fluorophore turn-on) (Wirth et al., 2019). While this technology has yet to be demonstrated
in live mammalian cells, it has the potential to overcome limitations (photostability and
brightness) of the other designer fluorophore-aptamer pairs.

Leveraging Modern Fluorophores for RNA Imaging

An alternative approach to imaging RNA with small-molecule fluorophores uses
conventional fluorophores to increase the brightness and photostability of the tool. To
achieve fluorescence turn-on, these methods quench the fluorescence of the unbound probes
through pendant quenching moieties (Figure 4). An advantage of such techniques is the
flexibility to incorporate widely-used fluorophores. These molecules benefit from years of
vetting in cellular experiments, are well understood by the field, and are compatible with
commonly used laser lines and emission filters.

Initial reports of RNA aptamers selected to bind small molecule fluorophores came as early
as 1998 when Szostak developed an aptamer to bind sulforhodamine B (SRB-2, Kp=300
nM) (Holeman et al., 1998). Remarkably, SRB-2 is being incorporated into a few of the
newest RNA probes due to its robust binding without a G-quadruplex. Jaschke and
colleagues adapted this fluorophore-aptamer pair by engineering a mechanism of
fluorophore turn-on (Sunbul and Jaschke, 2013). To ensure that the fluorophore was dark in
solution, they appended dinitroaniline (DN), a commonly used quenching motif. In the
presence of SRB-2, fluorescence increased 100-fold in vitro (Kp=1.3 mM). This probe was
estimated to be three-times brighter than Spinach, though cellular imaging was limited to
bacteria. Since their initial report, Jaschke and colleagues have further improved the
fluorophore-quencher probe by swapping in tetramethyl rhodamine (TMR), which increased
binding affinity (Kp=35 nM) (Sunbul and Jaschke, 2018). With TMR-DN, they were able to
image 5S ribosomal RNA (the most abundant cellular RNA) in mammalian cells. They have
also recently reported (via preprint) an optimized SRB-2 aptamer termed RhoBAST, with
fast dye association and dissociation Kinetics that further improved performance and enabled
single molecule localization microscopy (Sunbul et al., 2020).

Another tool that incorporates sulphorhodamine B and the SRB-2 aptamer exploited self-
quenching that arises from the interaction of two identical fluorophores (Bouhedda et al.,
2020). Developed by Ryckelynck and colleagues, Gemini-561 consists of two
sulphorhodamine B moieties linked by lysine. Through a combination of SELEX and
fluorogenicity selection in microfluidics, the authors identified a dimer of SRB-2 that bound
Gemini-561 with a Kp of 73 nM and an in vitro fluorescence turn-on of 13-fold. They
termed this aptamer o-Coral. This probe-aptamer pair was effective in imaging mRNA, as
well as 5S ribosomal RNA, with only a single copy of the tag, though single molecule
detection in cells was not reported. In comparison to Broccoli, Corn, and Mango,
Gemini-561 was brighter and more photostable.
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An alternative approach for probes that incorporate a pendant quencher is to utilize the
quencher as the binding motif. Uesugi and colleagues chose Black Hole Quencher (BHQ1)
to quench Cy3 in their fluorophore-quencher pair (Murata et al., 2011; Sato et al., 2015).
They developed an aptamer that binds BHQ1 to preclude contact quenching with Cy3.
Interestingly, this probe operates in frans, by hybridizing with endogenous target RNAs of
interest in live cells. Using their probe, the authors labelled mRNA granules in live cells.
They also developed an aptamer for dinitrobenzene and used it in tandem with their BHQ1
probe to label two mRNAs simultaneously (Yatsuzuka et al., 2018). Unfortunately, this
system has not been compared with others in the field, so it is difficult to judge its
performance.

With localization and turn-on handled by the quencher, the researcher is free to use the
fluorophore that best fits their application. We recently reported a multicolor system
(Riboglow) that utilized vitamin B12 (cobalamin, Cbl) as the quenching and localization
motif (Braselmann et al., 2018). It was previously reported that Cbl can quench various
fluorophores (Lee and Grissom, 2009). We recognized that cobalamin-binding riboswitches
are prevalent in nature, and hypothesized that we could use a natural aptamer as our probe
binder. Naturally evolved aptamers should have increased biostability due to fast and robust
folding. Covalent conjugation of Cbl (Chrominski and Gryko, 2013) to a variety of
fluorophores resulted in quenching across the visible spectrum, which was relieved upon
binding RNA. Our best probe (Chl-5xPEG-Atto590) bound to its RNA tag with a Kp of 34
nM and exhibited a fluorescence induction of 5-fold. A second probe, Cbl-Cy5, also
performed well in live-cell assays. Our tool outperformed MS2 and Broccoli in a head-to-
head comparison for detection of RNA stress granules in cells. We were also able to observe
the non-coding snRNA U1 localized to U-bodies with a single copy of the Riboglow tag — a
task not possible with MS2 because of its large size (relative to ShRNA). Preliminary data
also show that Riboglow is compatible with detection of single RNA transcripts
(Braselmann et al., 2019).

Hybridization-based probes to detect endogenous RNA

Molecular beacons are oligonucleotide-based probes with a stem loop where the sequence in
the loop is designed to hybridize with endogenous RNA of interest, and the termini are
modified with a fluorophore and a quencher (Ma et al., 2017). These probes are dark in the
unbound state because the quencher is held in proximity to the fluorophore, but the beacon
unzips and fluorescence turn-on occurs upon hybridization with the target RNA. The first
molecular beacon was developed by Tyagi and Kramer in 1995 utilizing an EDANS
fluorophore quenched by DABCYL (Tyagi and Kramer, 1996). The technology was adapted
for use in live cells in 2003 by creating nuclease resistant beacons and Tyagi and colleagues
were able to track mMRNA in Drosophila oocytes (Bratu et al., 2003). Recent work has shown
that such probes can also be used to track single RNAs in live neurons (Turner-Bridger et al.,
2018). The authors targeted two different beacons to two unique sites on B-actin mRNA and
tracked the distribution of transcripts in axons.
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APPLICATION OF TOOLS FOR DETECTION AND TRACKING OF RNA IN
LIVE CELLS

Development and improvement of RNA imaging tools requires researchers to assess
feasibility of detecting diverse RNA species in live cells using robust metrics for validation.
While biophysical features such as brightness, quantum yield, and fluorescence turn-on are
straightforward to measure in vitro, it is critical to quantify RNA detection efficacy in live
cells as well. Metrics may include signal-to-noise ratio of RNA versus cellular background,
sensitivity and efficacy of detecting single RNA molecules, and systematic assessment of
optics and microscopy modes. Quantitative comparison with existing platforms or a previous
generation of the system of interest can be especially valuable to evaluate a new tagging
platform. Several recently developed RNA imaging platforms include such an assessment
(Braselmann et al., 2018; Chen et al., 2019). Imaging in live cells will likely reveal that
different tools possess different strengths, but no one tool is likely to emerge as a “silver
bullet”. Rather, encompassing the breadth of questions in RNA biology will require a
toolbox filled with diverse tools, each with unique strengths.

Below we highlight several applications of tagging and tracking RNAs in live cells. MRNAs
tagged with the MS2 platform are the most widely studied RNA species (Buxbaum et al.,
2014; Tutucci et al., 2018a), perhaps because a critical depth of knowledge about mMRNA
function and dynamics is available to ensure that tagging does not alter function. While an
overview of the life cycle of mRNA biology (reviewed recently (Tutucci et al., 2018a)) is
outside the scope of this review, several recently developed multiplexed assays that probe
aspects of mMRNA biology are discussed.

Visualizing mRNAs in diverse live cell systems has revealed that the subcellular localization
of mRNAs is nonuniform, tightly regulated, and dynamic. A classic example of nonuniform
localization of different types of mRNA was characterized for embryo development in
Drosophila oocytes (Figure 5A, (Abbaszadeh and Gavis, 2016)), where mRNA dynamics
were found to be linked to proper development (Weil et al., 2006; Zimyanin et al., 2008).
More broadly, localization of mMRNAs was found to be regulated by elements within the
RNA sequence, leading to asymmetric mMRNA distribution in space and time for localized
protein translation (Eliscovich et al., 2013). For example, B-actin mRNA is recruited to focal
adhesions at the leading edge of fibroblast cells (Figure 5B (Katz et al., 2012)). Localized
protein translation is also critical in neurobiology (Holt et al., 2019). Visualization of
mRNAs within live dendrites reveals directed movement (Figure 5C (Dynes and Steward,
2008)) and glutamate triggers mMRNA recruitment for local protein translation in dendritic
spines (Yoon et al., 2016). Finally, a recent study demonstrated that mRNAs can be
transferred between cells through nanotubes (Figure 5D (Haimovich et al., 2017)).

Because the MS2 platform was continuously improved to label mRNAs, robust detection
and tracking of single mRNA species is now routinely available, yielding sophisticated
assays that cover the entire life cycle of the mRNA. Processes such as transcription bursting
and transcription activity during the cell cycle have been quantified (Yunger et al., 2010), as
well as pre-mRNA splicing, which is intimately linked to transcription (Coulon et al., 2014;
Martin et al., 2013). To image splicing, two orthogonal mMRNA tags were used to label an
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intron and the 3’ untranslated region (UTR) of the same mMRNA, yielding two-color spots for
the transcript prior to splicing, and loss of the labeled intron upon co-transcriptional splicing
(Figure 6A,(Coulon et al., 2014)). A later step in the mRNA life cycle, protein translation,
was also achieved on the single mRNA level (Morisaki et al., 2016; Pichon et al., 2016;
Wang et al., 2016; Wu et al., 2016; Yan et al., 2016). The mRNA was labeled with MS2, and
the protein emerging from the ribosome was labeled with a fluorescent affinity probe that
binds an epitope in the nascent chain, yielding dual-colored translation spots (Figure 6B,(\Wu
et al., 2016)). Together, robust fluorescent labeling and tracking of single mRNAs and
multiplexing with additional markers yields a toolkit for insights in mMRNA biology and
further refinement and expansion of these tools (Boersma et al., 2019; Zhao et al., 2019)
promise sophisticated insights into diverse biological questions.

The establishment of single mMRNA detection and tracking assays has revealed insights into
underlying RNA biology (Chen et al., 2020; Lyon et al., 2019). Localization of mRNA
encoding cytosolic versus secretory proteins to the endoplasmic reticulum (ER) revealed that
a small fraction of cytosolic proteins localized to the ER and was translated (Figure 6C,
(Voigt et al., 2017)). Results were validated by the single mRNA translation assay mentioned
above (Tanenbaum et al., 2014). The fate of MRNAs once they exit translation and interact
with RNA-protein (RNP) granules (stress granules and P-bodies) was investigated on the
single mRNA level (Moon et al., 2019). Multiplexing live cell fluorescence assays to
simultaneously detect the mRNA and two different RNPs made it possible to visualize
recruitment of MRNA to stress granules and P-bodies (Figure 6D, (Moon et al., 2019)) and
revealed rapid and bidirectional movement of mMRNA between the two granules. Finally, an
assay to quantify mRNA degradation was developed (Figure 6E, (Horvathova et al., 2017)).
Single MRNA assays to visualize aspects of the mRNA life cycle provide unprecedented
opportunities for future directions, such as expanding to other cell types like neurons,
exploring diverse mRNA species, and comparing healthy and disease states.

Much less is known about the biology of ncRNAs and there are only a few examples of
visualization of ncRNAs with fluorescent tags. We highlight several exciting studies to
inspire further development of creative assays for insights in ncRNA biology. The Xist
ncRNA is involved in inactivation of one X-chromosome in development and spreads over
the chromosome (Borsani et al., 1991; Brown et al., 1991). Visualization of MS2-tagged
Xistin embryonic stem cells revealed dynamics of X7st spreading on the chromosome
during cell cycle. (Figure 7A, (Ng et al., 2011)). More recently, the Bgl stem-loop system
was successfully used to visualize live Xist dynamics (Dossin et al., 2020). microRNAs
(miRNA) are a class of ncRNAs that regulate gene expression (O’Brien et al., 2018).
Approaches to visualize miRNA dynamics live include microinjecting fluorescent versions
of the miRNA of interest for live tracking on the single RNA level (Pitchiaya et al., 2017,
2012). miRNA dynamics were also visualized using genetically encoded fluorescent sensors
where the Spinach system was engineered as a turn-on platform that quantifies the presence
of miRNA (Figure 7B, (Huang et al., 2017)). We have recently used the Riboglow platform
to label and track the non-coding U1 snRNA and visualized recruitment to U-bodies live
(Figure 7C, (Braselmann et al., 2018)). While assays to label and track ncRNAs are much
less widespread than their mRNA counterparts, much insight into RNA biology can be
gained by exploring live tracking systems for these different RNA species. As diverse
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platforms to visualize RNAs with orthogonal strengths become available, we anticipate that
a robust suite of tools for imaging ncRNAs will be established.

OUTLOOK

Looking forward, there are exciting opportunities to expand the breadth of RNA
visualization of living systems. The MS2 and PP7 systems have been used to monitor
transcription and chromosome-chromosome dynamics in live Drosophila embryos (Garcia et
al., 2013; Lim et al., 2018), demonstrating that imaging tools can be used in tissues and
organisms. The Schuman lab recently showed that processing of a fluorescent miRNA can
report on spatially restricted miRNA maturation in live neurons (Sambandan et al., 2017),
indicating that processing of the miRNA itself may be exploited to develop sensors of this
important class of ncRNAs. Visualizing RNA dynamics in live mammalian cells provides
critical insight into the biology of RNA and relies on the availability of robust and versatile
tools to label and track RNA species. The development of diverse tools with complementary
strengths is key. Benchmarking these systems to define features including cellular contrast,
applicability of single RNA detection, and the potential for perturbing RNA biology will be
a critical component of making these new tools broadly accessible within the community.
Defining an RNA imaging toolbox rather than searching for a “silver bullet’ reflects the true
diversity in RNA species and their complex cellular dynamics.
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Significance:

While RNA has long been known for its role as an intermediary between DNA and
proteins (MRNA), a structural component of ribosomes (rRNA) and a workhorse for
protein synthesis (tRNA), it is now emerging as one of the central regulators of cellular
processes. This is due in part to the discovery of myriad diverse kinds of non-coding
RNAs, as well as increased recognition of the ways in which biochemical processing of
mRNA fundamentally regulates gene expression. This rich and evolving landscaping of
RNA regulation of cell function has led to intense interest in developing approaches for
visualizing RNA in live cells to illuminate RNA biology. Historically, the field has
suffered from a lack of tools capable of detecting RNA with the appropriate specificity
and sensitivity. But clever approaches for exploiting RNA binding proteins, in vitro RNA
evolution, and chemical biology have resulted in significant advances in RNA
visualization tools in recent years. Here, we review tools that have been developed to tag
and track RNA in living cells, with an emphasis on tools that have been applied to
mammalian cells.
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Highlights
. Overview of current tools for tagging and tracking RNA in live mammalian
cells.
. RNA imaging toolkit involves protein-based and small-molecule tools.
. Application of tools and development of assays to illuminate RNA biology.

. Examples are provided for both mRNA and ncRNA.

Cell Chem Biol. Author manuscript; available in PMC 2021 August 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Braselmann et al.

Tagging

method

Probe
introduction

RNA
[ET 1)

Page 21

Single
molecule

MS2
'g PP7
»
_g AN
IE
@ Pepper
o
o PUM-HD
dCas13
e Spinach,
g 8 Broccoli
- Corn
fo R )
O E Mango
03
s :
S &  Pepper
SRB-2

hybridi-
zation

2 Based on results in preprint (Braselmann et al., 2019).

Figure 1:

Riboglow

Molecular
beacon

genetically
modified

genetically
modified

genetically
“modified

genetically
modified

endogenous

endogenous

genetically
modified

genetically
modified

genetically
modified

genetically
modified

genetically
modified

endogenous

Overview of tools covered in this review

genetically
encoded FP

genetically
encoded FP

genetically
encoded FP

genetically
encoded FP

geneticall
encoded FP

genetically
encoded FP

membrane-

permeable dye

membrane-

permeable dye

membrane-

permeable dye

membrane-

permeable probe

bead-loaded
probe

microinjection or
electroporation

Cell Chem Biol. Author manuscript; available in PMC 2021 August 20.

mRNA
ncRNA
mRNA
ncRNA

mRNA

mRNA
mRNA
ncRNA

mRNA
ncRNA

mRNA
ncRNA

mRNA
ncRNA

mRNA
ncRNA

mRNA
ncRNA

ncRNA

mRNA
ncRNA




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Braselmann et al.

tagged RNA of interest

Cc

recognition component
(fluorescent component)

MS2 binding site, MS2
(MS2 coat protein, MCP)

PP7 binding site, PP7
(PP7 coat protein, PCP)

boxB
(AN protein, Anz2)

Pepper
(tDeg)

untagged RNA
(PUM-HD)

untagged RNA
(dCas13 + gRNA)

Figure 2:

stoichiometry

1 MS2: 2 MCP

1PP7:2PCP

1 boxB: 1 Aygy

1 Pepper: 1 tDeg

1 untagged RNA:
1 PUM-HD

1 untagged RNA:
1dCas13 + 1 gRNA

K,

(nM)

22

low

untagged RNA of interest

single-molecule

array size references

Bertrand et al., 1998
Fusco et al., 2003
Wu et al., 2012
Park et al., 2014
Wu et al., 2015
Wu et al., 2016
Tutucci et al,, 2018
Kim et al., 2019

24x MS2

Larson et al., 2011
Wu et al., 2012
Coulon et al., 2014
Wu et al., 2015
Das et al.,, 2018

24x PP7

Daigle et al., 2007
Lange et al., 2008
Martin et al., 2013

25x boxB

10x (F30-2xPepper)  Wu et al., 2019

Ozawa et al., 2007
‘Yamada et al., 2011
Yoshimura et al., 2012

2x PUM-HD

Yang et al., 2019

8xdCas13 Wang et al., 2019

Page 22

A&B) Genetically encoded tools can visualize tagged or untagged RNAs. C) With FPs,

these systems use proteins to image RNA.
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A) Designed fluorophore-aptamer pairs leverage rigidification upon aptamer binding to
product fluorescence turn-on. B) Fluorophores in these structures have a bond capable of

cis-trans isomerization, where conformational flexibility renders the molecule

nonfluorescent in bulk solution.
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Figure 4:

A) Tethered fluorophore-quencher complexes utilize fluorophore-quencher pairs that

primarily undergo contact quenching. This enables an aptamer binding event to reduce
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quenching and turn on fluorescence. B) Fluorophore-quencher pairs are constructed with

modern fluorophores linked (usually via PEG) to a quenching moiety.
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A subcellular mRNA localization for oocyte development
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B mRNA at cell leading C directional movement of
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Figure 5: Tracking mRNAs in live cells reveals nonuniform distributions in diverse cell types
with implications for function.

(A) Two mRNAs were visualized in a live Drosophila oocyte with MS2/MCP and PP7/PCP.
bed mRNA (MS2/MCP-GFP, green) localizes to the anterior of the oocyte, whereas osk
mRNA (PCP/PP7-mCherry, red) localizes to the posterior (arrow: autofluorescent yolk
granules). Scale bar = 15 um. Reprinted from (Abbaszadeh and Gavis, 2016) with
permission from Elsevier. (B) Endogenous p-actin mRNA (24xMS2, MCP-TagRFPt, red)
localizes to the leading edge in mouse embryonic fibroblasts. Free GFP (green) served as a
cytoplasmic marker. Scale bar = 10 um. Reprinted from (Katz et al., 2012), copyright Cold
Spring Harbor Laboratory Press. (C) Movement of mRNA particles in dendrites of rat
neurons is dynamic and indicative of targeted, bidirectional transport. The reporter 6xMS2-
DsRed-3’UTR of Arc mRNA was cotransfected with MCP-GFP into rat cortical neurons to
label mRNA (grey scale, upper panel). Intensely fluorescent spots correspond to gold beads
used for biolistic transfection. Bottom panels: Kymographs of regions indicated by square
and rectangular boxes on the top panel. Blue arrow heads: Moving mRNA particles (5 s
intervals). Scale bar = 20 pm (top panel), 2 um (inserts). Reprinted from (Dynes and
Steward, 2008) with permission from Wiley. (D) Endogenous B-actin mRNA (24xMS2/
tdMCP-GFP, arrow) is transferred between two mouse embryonic fibroblast cells via
passage through nanotubes (right panel = zoom in of yellow box in the left panel). tdMCP-
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GFP was produced in the donor cell (bottom right), but not the acceptor cell (top left). Both
cells are labeled with membrane targeted TagRFP-T (magenta). Scale bar = 5 um. Reprinted
from (Haimovich et al., 2017).
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Figure 6: Single mRNA tracking enables insights into mRNA life cycle processes.
(A) B-globin mRNA (24xPP7 in the intron, 24xMS2 in the 3’UTR) shows diffraction limited

spots that are both green and red in the nucleus (left panel, arrow, scale bar = 4 um).
Fluorescence signal at the transcription site was recorded over time; fluctuations indicate
stochastic transcription events. Reprinted from (Coulon et al., 2014). (B) Epithelial cells
stably express the FLAG-SINAPS reporter to monitor protein translation at the single
MRNA level. mRNA is labelled with 24xMS2 (red puncta). The encoded protein includes
24xSunTag at the N-terminus which binds scFV-GFP (green puncta represent single
translation sites). Scale bar = 5 um. From (Wu et al., 2016), reprinted with permission from
AAAS. (C) NLS-MCP-Halo was produced to label mRNAs and ER-Turg2 is a marker for
the ER. Gaussia mRNA (a protein trafficked through the secretory pathway) localizes to the
ER, but only a small fraction of Renilla mMRNA (a cytosolic protein) localizes to the ER.
Scale bars = 5 pm. Reprinted from (Voigt et al., 2017) with permission from Elsevier. (D)
Characterization of mMRNA interaction dynamics with stress granules (SG) and P-bodies
(PB). KDM5B-24xMS2 mRNA was labeled with NLS-MCP-Halo-JF646 (red). SGs and
PBs were marked by fluorescent marker proteins (GFP-G3BP1, blue, and mRFP-DCP1a,
green, respectively). Shown is a mMRNA trajectory between two SGs and a PB over time
(bottom panel). Three selected time points are indicated and cropped images are shown (top
panel). Scale bar = 1 ym. Reprinted by permission from Springer Nature Customer Service
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Centre GmbH: (Moon et al., 2019). (E) The ‘TREAT siRNA reporter’ includes the Renilla
coding sequence, 24xPP7 in the 3’UTR, followed by a siRNA site, and 24xMS2. Cells
expressing the reporter also produce PCP-GFP (green) and MCP-Halo (magenta). Intact
mRNA is dual colored (white) and was observed for several frames. Slicing of the RNA at
the siRNA sites spatially separates PP7 and MS2 tags. Scale bar = 1 um. Reprinted from
(Horvathova et al., 2017) with permission from Elsevier.
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Aimaging Xist RNA with MS2

DNA/
MCP-GFP/DNA phase-contrast

3
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Figure 7: Live cell tracking of non-coding RNAs.
(A) The 3’end of Xistwas tagged with 24xMS2 stem and stably integrated in mouse

embryonic stem cells under control of a Doxycyclin-inducible promoter. Clusters of Xist
RNA labeled with MCP-GFP 12 hours after induction are indicated by arrows (left panel).
DNA is stained with Hoechst (red). Scale bar = 10 um. Reproduced from (Ng et al., 2011).
(B) The FASTmiR122 sensor consists of a modified Spinach RNA sequence that binds
miR122, resulting in turn-on green fluorescence from the Spinach sensor in Huh7 cells
(right panel). Reproduced from (Huang et al., 2017) by permission of Oxford University
Press / RNA Society. (C) U1 snRNA was tagged at the 5’end with one copy of a minimal
Riboglow RNA tag in HelLa cells and Cbl-5xPEG-ATTO 590 was added to live cells.
Cytosolic U-bodies were induced by treatment with Thapsigargin. Scale bar = 5 um.
Reproduced from (Braselmann et al., 2018).
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