RNA BIOLOGY
2019, VOL. 16, NO. 9, 1108-1118
https://doi.org/10.1080/15476286.2018.1536592

Taylor & Francis
Taylor &Francis Group

REVIEW

W) Check for updates

Recent progress in single-molecule studies of mRNA localization in vivo

Songhee H. Kim®*, Melissa Vieira, Jae Youn Shim?, Hongyoung Choi? and Hye Yoon Park

a,b,c,d

2Department of Physics and Astronomy, Seoul National University, Seoul, Korea; PInstitute of Molecular Biology and Genetics, Seoul National
University, Seoul, Korea; Interdisciplinary Program in Neuroscience, Seoul National University, Seoul, Korea; “Institute of Applied Physics, Seoul

National University, Seoul, Korea

ABSTRACT

From biogenesis to degradation, mRNA goes through diverse types of regulation and interaction with
other biomolecules. Uneven distribution of mRNA transcripts and the diverse isoforms and modifications
of mMRNA make us wonder how cells manage the complexity and keep the functional integrity for the
normal development of cells and organisms. Single-molecule microscopy tools have expanded the
scope of RNA research with unprecedented spatiotemporal resolution. In this review, we highlight the
recent progress in the methods for labeling mRNA targets and analyzing the quantitative information
from fluorescence images of single mRNA molecules. In particular, the MS2 system and its various
applications are the main focus of this article. We also review how recent studies have addressed
biological questions related to the significance of mRNA localization in vivo. Efforts to visualize the
dynamics of single mRNA molecules in live cells will push forward our knowledge on the nature of
heterogeneity in RNA sequence, structure, and distribution as well as their molecular function and
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coordinated interaction with RNA binding proteins.

Introduction

Single-molecule fluorescence microscopy has provided quan-
titative insights into fundamental biological questions by
breaking the barriers of in vivo complexity and crowdedness.
Traditional methods of biochemical and genetic approaches
have provided ensemble average data of many mRNA mole-
cules without considering the heterogeneity in the population.
The information in an mRNA transcript has been regarded as
rather stably conserved along the path from synthesis to
degradation. This deterministic view is now challenged by
recent data obtained with new single-cell single-molecule
technologies revealing the unexpected extent of diversity in
RNA species in their sequence and behavior [1]. Among
them, fluorescence microscopy tools and analysis techniques
have played a major role in understanding the complexity of
RNA regulation since fluorescence in situ hybridization
(FISH) was first introduced more than 30 years ago [2].

Direct visualization of mRNA by in situ hybridization led
to the discovery of actin mRNA localization in Ascidian eggs
and embryos [3] and chicken embryonic fibroblasts (CEFs)
[4]. RNA localization is currently accepted as a prevalent
phenomenon broadly found in the transcriptome of many
cell types and organisms [5]. The post-transcriptional trans-
port and localization of mRNA provide an important
mechanism to target proteins to specific subcellular compart-
ments of their function. Localized mRNAs may be translated
repeatedly to produce many copies of the protein in response
to local stimuli, which provides an effective means to regulate
gene expression with high spatial and temporal control.

In this review, we discuss the recent progress in fluores-
cence techniques used for single RNA studies and highlight
some of the new findings in biological processes related to
mRNA localization. Technical developments in (1) fluorescent
labeling of RNA, (2) imaging and spectroscopy, and (3) data
analysis tools are reviewed, focusing on the applications in
mammalian cells in vivo using the MS2 system. Finally, we
present an overview of how cutting-edge single-molecule
technologies have been adopted to follow the journey of
mRNA with multiple steps of regulations and interactions
with proteins and other RNA species.

Labeling methods for single mRNA imaging in vivo
Molecular beacons

Among a variety of oligonucleotide-based fluorescent probes,
the molecular beacon (MB) technique uses a single-stranded
stem-loop forming oligonucleotide that bears a fluorophore
and a quencher at the two termini. An MB has a relatively
high signal-to-noise ratio (SNR) due to the significant
quenching of the fluorophore in the absence of the target
RNA. Only when the MB hybridizes to the target RNA tran-
script, the stem-loop configuration is disrupted to restore the
fluorescence (Figure 1(A)). The benefits of the MB approach
include small probe size, rapid response, and versatility in
fluorophore/quencher pairs. Since it was first conceptualized
by Tyagi and Kramer in 1996 [6], MBs have been a useful tool
to study various RNA molecules including mRNA, viral RNA,
and noncoding RNA in living cells [7,8].
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Figure 1. Labeling methods for mRNA imaging in vivo. (A) Molecular beacon is a single-stranded probe with hairpin-loop conformation containing a quencher and a
fluorophore at 3" and 5° ends, respectively. Hybridization of the loop sequence to its complementary RNA sequence leads to emission of fluorescence. (B) In RNA
stem-loop based labeling systems, multiple repeats of a stem-loop sequence are added to the gene of interest. Following transcription, coat proteins fused with a
fluorescent protein bind to the stem-loops in the target RNA. (C) RNA aptamer probes are typically inserted into the 3'UTR of the target RNA. Binding of fluorogen
(DFHBI) to the RNA aptamer triggers fluorescence emission. (D) RNA-targeting Cas9 (RCas9) system includes sgRNA and PAMmer that are both complementary to the
target RNA. Nuclease-inactive Cas9 fused to a fluorescence protein enables tracking of endogenous RNA. RCas9/target RNA complex is formed in the nucleus and

then exported to the cytoplasm.

Conventional MBs are usually synthesized with unmodified
DNA or 2'-O-methyl (2Me) RNA backbones, but they tend to
generate false-positive signals in the nucleus because of nuclease-
mediated degradation and/or nonspecific binding to cellular
components. Nonetheless, single-molecule sensitivity by an
MB was first demonstrated by using a target RNA engineered
to have 96 tandem repeats each of which binds a 2Me MB probe
[9]. Ratiometric bimolecular beacons (RBMBs), which contain
an 18-base pair double-stranded domain with a 3'-UU overhang
and an unquenched reference dye, were also used to image
individual reporter mRNAs having as few as four repeats in
the hybridization site [10]. The reference dye was used to nor-
malize the fluorescence signal stemming from cell-to-cell varia-
tions in the RBMB delivery. And the unique structure of RBMB
facilitated nuclear export, which significantly reduced false-posi-
tive signals in the nucleus.

Another strategy to reduce the level of false-positive signals
is to modify the oligonucleotide backbone of MBs for
enhanced biostability. Zhao et al.optimized the backbone by
substituting some of the phosphate groups of the 2Me MB
with phosphorothioate (PS) linkage. They found that MBs
that possess a fully PS-modified loop domain (PS;oop) and
a phosphodiester stem (2Me/PS; oop) were best fitted for live-
cell imaging of single mRNA transcripts. Single mRNA tran-
scripts harboring 32 repeated hybridization sites for a 2Me/
PSioop MB were detected with > 88% accuracy without

affecting cell viability, gene expression, and function [11].
To minimize the target engineering necessary for MB-based
single mRNA imaging, Chen et al. demonstrated that an RNA
with 8 target repeats could be also detected by using a 2Me/
PSioop MB [12]. Although MB-based single-RNA detection
has been limited to reporter RNA constructs to date, it is a
promising technique further to be developed for live-cell,
single-molecule imaging of endogenous RNA molecules in
the future.

RNA stem-loop systems

RNA stem-loop based labeling systems are widely used geneti-
cally-encoded tools for high-resolution imaging of single
mRNAs in cells, tissues, and animals. The pioneering techni-
que of the MS2 system takes advantage of the MS2 bacter-
iophage RNA stem-loop and its cognate coat protein binding
[13,14]. Multiple repeats of the RNA stem-loop sequence are
inserted into the untranslated region of the target mRNA and
the coat protein fused to a fluorescent protein (CP-FP) is co-
expressed in the same cell. This approach amplifies the fluor-
escence signal to localize single mRNA molecules (Figure 1
(B)). Similarly, the PP7 bacteriophage system and the A-phage
N system have also been adopted for RNA labeling and
detection [15-17]. These RNA stem-loop labeling systems
have been used to detect single mRNAs in diverse model
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organisms including yeasts, fruit flies, zebrafish, mice, and
human cell lines revealing the dynamics of mRNA and non-
coding RNAs. The development of genetically-encoded tag-
ging systems has been extended to study whole transgenic
animals thereby providing insight into the physiological
dynamics and function of endogenous mRNA expression
within tissue context [18-20].

However, the RNA stem-loop systems introduce constant
background fluorescence from free CP-FPs. To reduce the cyto-
plasmic background, a nuclear localization sequence (NLS) has
been added to the MS2 coat protein (MCP) sequestering the
unbound MCP-FPs in the nucleus [21]. Although this method
enables single RNA tracking in the cytoplasm, it is not proper for
imaging RNA within the nucleus. To overcome these limitations,
bimolecular fluorescence complementation (BiFC) systems have
been adopted to reduce the background noise as split fluorescent
protein fragments are combined and become fluorescent only
when bound to the target mRNA [22-27]. A pioneering work by
Ozawa et al. used two RNA-binding domains of PUMILIO1
connected to N- and C-terminal fragments of enhanced green
fluorescent protein (EGFP) [23]. Two different Pumilio homol-
ogy domains (PUM-HDs) were engineered to recognize two
specific sequences in a target mRNA. Upon interacting with
the target mRNA, the PUM-HDs bring the split EGFP fragments
in close proximity and restore the fluorescence. Using this
approach, the authors successfully visualized the dynamics of
mitochondrial RNA in single living mammalian cells.

Other concerns arise from the high affinity of the MS2
binding site (MBS)-MCP complex that can potentially impede
the degradation of short-lived mRNAs and lead to the accu-
mulation of MBS-MCP fragments in P-bodies or stress gran-
ules in Saccharomyces cerevisiae [28-31]. Because these
problems can confound the sensitivity and accuracy of single
RNA imaging, an updated version called MBSV6 was engi-
neered so as to contain an increased linker length, a reduced
number of stem-loops, and a reduced affinity for MCP bind-
ing. When applied to Saccharomyces cerevisiae, the MBSV6
cassette preserved the endogenous degradation pattern of the
target mRNA and did not show either MCP aggregates or
mRNA accumulation to the P-bodies during stress [31]. It is
also important to note that the accumulation of MBS-MCP
fragments has been observed only in yeasts. The MS2 stem-
loop containing reporters in mammalian systems have not
been shown to be impeded in their degradation. The contin-
uous improvements in RNA stem-loop labeling systems will
bring about higher sensitivity and accuracy for direct observa-
tion and quantification of mRNA in real time. Diverse appli-
cations of the MS2 and PP7 stem-loop systems are further
described in the following sections of this review.

Aptamer-fluorogen systems

The concept of an aptamer-fluorogen system was first intro-
duced in 2003, in which binding of 38-54 nucleotide (nt)
RNA aptamers was shown to enhance the fluorescence of
specific triphenylmethane dyes up to 2300-fold [32]. Later in
2011, Paige et al. demonstrated that an RNA aptamer called
Spinach selectively recognizes an EGFP-like fluorophore, 3,5-
difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) and

activates its fluorescence in live cells (Figure 1(C)) [33].
Since then, RNA aptamer-fluorogen systems have drawn sig-
nificant interest as a powerful tool for visualizing RNA mole-
cules within a live cell.

Studies on three-dimensional structures and biochemical
characterization of Spinach have guided the development of
new aptamers with improved properties. Spinach2, a super-
folding variant of Spinach, was developed by systematic muta-
genesis; it showed twice better folding efficiency in vitro than
Spinach with increased brightness at 37°C [34]. Another var-
iant called Broccoli was selected by using fluorescence-acti-
vated cell sorting (FACS) and showed even higher
fluorescence than Spinach2 [35]. The crystal structures of
Spinach [36,37] were used to generate Baby Spinach, which
is a truncated 51-nt aptamer with fluorescence comparable to
that of Spinach [37]. These RNA aptamers are typically fused
to the 3’ end of the target RNA, which requires either trans-
fection of an exogenous reporter or insertion of the aptamer
sequence in the genome.

To detect endogenous RNA, two types of aptamer systems
have been developed. A fluorescence ‘turn-on’ RNA probe
was designed to contain an unstable form of Spinach fused
with target-complementary sequences. The structure of
Spinach is stabilized when the probe binds to the target
RNA, eliciting fluorescence from DFHBI only in the presence
of the target [38]. The other type uses split forms of RNA
aptamers; two fragments of Split-Broccoli were fused with
complementary sequences to recognize the target RNA.
When both fragments of Split-Broccoli are bound to the target
RNA, they form a fluorophore-binding site and turn on the
fluorescence [39].

To further increase the brightness, tandem Spinach array
(8-64 aptamer repeats) was generated, showing ~17-fold
enhanced fluorescence [40]. However, the average folding
efficiency of each aptamer decreased with the increase of the
repeat number in the tandem Spinach array. Single RNA
imaging in vitro was demonstrated by using the RNA
Mango aptamer, which binds thiazole orange (TO) fluoro-
phores and increases the fluorescence up to 1,1000-fold [41].
Autour et al. used microfluidics-based selection to develop
brighter RNA Mango aptamers and demonstrated live-cell
imaging of small non-coding RNAs by transfecting in vitro-
transcribed RNAs after pre-incubating it with TO dye [42].
Further optimization of the tandem arrays and the develop-
ment of new aptamer-fluorogen pairs may enable aptamer-
based single RNA imaging in live cells in the future.

RNA-targeting CRISPR approaches

CRISPR/Cas systems have revolutionized the field of genome
engineering over the last few years. Cas9 from the type II
CRISPR system of Streptococcus pyogenes is proven as a ver-
satile tool for DNA targeting and editing, and its potential is
further extended towards RNA targeting [43] and imaging in
live cells [44]. The RNA-targeting Cas9 (RCas9) system con-
sists of three components, catalytically inactivate variant of
Cas9 (dCas9), a protospacer adjacent motif (PAM)-presenting
oligonucleotide (PAMmer), and a single-guide RNA (sgRNA)
(Figure 1(D)). For programmable RNA detection, dCas9 was



fused to a fluorescent protein (FP) with a nuclear localization
sequence and the PAMmer was synthesized as a mixed form
of DNA and 2Me RNA oligonucleotide to prevent RNase-H-
mediated degradation. And a modified sgRNA scaffold was
used to improve its expression and association with dCas9
[45]. These features with a mismatched PAM sequence in the
PAMmer/RNA hybrid enabled the specific recognition of the
target RNA while minimizing the binding to the encoding
DNA. The RCas9 system enabled the imaging of B-actin
mRNA localization and trafficking to stress granules in live
cells [44].

More recently, CRISPR/Casl3 systems have emerged as a
platform for RNA targeting [46]. Four Casl3 proteins (Casl3a,
Casl3b, Casl3c, and Casl3d) are found in class 2 type VI
CRISPR/Cas systems [47-50]. For instance, Casl3a from
Leptotrichia wadei (LwaCasl13a) was used to target and knock-
down endogenous transcripts with a comparable level by RNA
interference but with better specificity [51]. Furthermore, a
catalytically inactive variant of the LwaCasl3a (dLwaCasl3a)
was fused with a monomeric superfolder GFP (msfGFP) for
RNA imaging. To reduce the background signal from unbound
dLwaCas13a proteins, Abudayyeh et al.incorporated a negative
feedback (NF) system based on zinc finger self-targeting and
KRAB domain repression. The dLwaCas13a-NF system enabled
the detection of B-actin mRNA accumulation in stress granules
over time in live cells [51].

Although Cas13b and Casl13d have not been used for RNA
imaging yet, they also have great potential for programmable
RNA imaging in vivo. The Casl13b ortholog from Prevotella sp.
P5-125 (PspCasl3b) exhibits a higher efficiency in RNA knock-
down activity compared with that of LwaCas13a [52]. Cox et al.
also demonstrated RNA editing by using the catalytically inac-
tive dPspCas13b fused to adenosine deaminase acting on RNA
type 2 (ADAR2). Casl3d proteins are 190-300 amino acid (aa)
smaller than Casl3a, b, and c¢ orthologs [49,50]. Therefore,
Casl3d can be packaged into adeno-associated virus [49].

CRISPR/Cas systems are advantageous for endogenous
mRNA imaging because they do not require affinity tag fusion
to the target RNA. Especially, Casl3 systems consist of only
two components, the Casl3 protein and CRISPR RNA
(crRNA) and do not require a specific sequence element like
PAM in the target site. Therefore, Cas13 can be programmed
to target any RNA by changing the crRNA spacer sequence.
Although single RNA imaging using CRISPR/Cas system has
not been demonstrated yet, one can imagine a multitude of
applications for direct transcript detection, analysis and
manipulation [46,53].

Fluorescence imaging and spectroscopy for single
RNA studies

Single-molecule localization microscopy (SMLM)

SMLM techniques have been adopted to localize single RNA
molecules with high spatial resolution and to understand their
interactions with various RNA binding proteins (RBPs). For
instance, a super registration method was developed to quan-
tify RNA-protein interactions with sub-diffraction resolution.
Eliscovich et al. used fluorescent beads to calibrate the
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chromatic aberration across the entire image field for a
dual-color localization precision of 10 nm. Applying a thresh-
old of 200 nm, a real physical interaction or simple proximity
by random chance was distinguished considering the local
molecular density within the cells. Using this method, the
authors found that many known RBPs from pulldown assays
did not bind the mRNA in situ, and suggested that imaging
methods are essential to complement traditional biochemical
studies [54]. Similarly, the stress granule transcriptome was
identified through RNA-sequencing analysis of purified stress
granule cores and validated by single-molecule fluorescence in
situ hybridization (smFISH) [55].

Since movement of RNA granules is also important for the
spatiotemporal regulation of gene expression, tagged RNAs
are tracked, and their movements are further reconstructed in
a 3-dimensional (3D) space. For example, single-point edge-
excitation sub-diffraction (SPEED) microscopy was applied to
follow messenger ribonucleoprotein (mRNP) movement
through the nuclear pore complex (NPC) of eukaryotic cells.
The kinetics and the 3D transport paths of a single mRNP
through the NPCs were measured in live human cells with a
spatiotemporal resolution of 8 nm and 2 ms [56]. The detec-
tion time resolution was 10 times improved compared to that
of the previous measurements [57-59], which facilitated ana-
lyzes of the highly transient interactions.

Multifocus microscopy (MFM) was also applied to capture
3D trajectories of single RNA molecules in real time. Using
MEM, a 3D volume can be simultaneously imaged by project-
ing multiple focal planes on a single image plane. Then the
recorded images are transformed to well-aligned z-stacks. The
authors also developed a transformation model to correct
sample-induced aberrations and chromatic differences for
global registration of images with a half-pixel precision.
Using this technique, P-actin mRNA diffusion in the entire
volume of the nucleus was measured with an 80 nm precision.
The authors found that P-actin mRNAs freely access the
entire nuclear space but show uneven distributions. A major
portion of P-actin mRNAs (~60%) were observed within
0.5 pum of the nuclear pores [60].

The aforementioned techniques are just a few examples of
numerous microscopy approaches used for single RNA ima-
ging [1,61]. Continuous advances in optics, detectors, and
data analysis are expected to provide longer acquisition
times with higher spatiotemporal resolution for single RNA
imaging.

Fluorescence fluctuation spectroscopy (FFS)

Within a cell, mRNA transcripts actively move and interact
with RBPs leading to fluctuations of fluorescence signals.
Observing and analyzing this fluctuation signal can provide
dynamic information on the mRNAs. Fluorescence correla-
tion spectroscopy (FCS) [62] measures the diffusion coeffi-
cient and local concentration of molecules by using
autocorrelation of the fluorescent particles moving into and
out of a small observation volume (~1 um?). For FCS, photons
emitted from fluorophores are commonly detected by an
avalanche photodiode (APD) with a short dead time and
high quantum efficiency. The signal from the APD is
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processed by a hardware or software correlator to generate an
autocorrelation curve [63]. The autocorrelation function of
simple diffusion model is as follows:

G(7) :WWZI(1+T)I(1+T)% 1)

<F(t)*> N D S?1p

where F(t) is the fluorescence intensity at time t; <F(t)> is
the time average of F(t); 7 is the correlation time or lag time;
OF(t) is the fluorescence intensity fluctuation; N is the average
number of molecules in the focal volume; 7p is a characteristic
diffusion time, and S is the ratio of the axial to radial dimen-
sions of the mean square excitation intensity of the focal
volume [64]. When FCS is performed in live cells, background
from free fluorophores, intracellular autofluorescence, photo-
damage, etc. can produce artifacts in the analysis [65].
Therefore, experiments should be conducted with the appro-
priate intensity of laser power so that the cells are not photo-
damaged and the fluorophores do not get photobleached. The
brightness of the autofluorescence should be measured at
different wavelengths and considered in the analysis.

To study the interactions of two different particles, fluor-
escence cross-correlation spectroscopy (FCCS) is used to
quantify the degree of binding, for example, between
mRNAs and proteins. The interacting molecules are tagged
with spectrally distinguishable fluorophores, and their fluor-
escence signals of different colors are detected by two APDs.
The cross-correlation function is calculated as follows:

< OF(t)0F;(t+ 1)>
<F()><K(1)>

G(7) = (2)

where F;(t) and F,(t) are fluorescence signals from two
different particles. If the two particles are binding to each
other, both signals will come out at the same time and the
correlation amplitude G(0) will increase. The degree of bind-
ing or colocalization between the two fluorescent particles can
be measured using the cross-correlation amplitude [66].

Ohrt et al. applied FCS and FCCS to understand the
mechanism by which the RNA-induced silencing complex
(RISC) is formed in live cells. The authors transfected mam-
malian cells with Argonaute 2 (Ago2) protein fused with
EGFP and microinjected siRNAs tagged with Cy5 dye.
Using FCS on EGFP-Ago2, they found that the diffusion
coefficient of cytoplasmic RISC (cRISC) was smaller
(54 £ 0.2 pmz/s) than that of nuclear RISC (nRISC)
(13.7 + 0.5 um?/s). These diffusion coefficients correspond
to a molecular weight of 3.0 + 0.6 MDa for cRISC and
158 + 26 kDa for nRISC, indicating that two distinct popula-
tions of RISC exist in vivo. By using FCCS, the authors further
showed that most of the loaded nRISC were transported from
the cytoplasm [67].

If two molecular species have similar molecular weights, it
is difficult to distinguish them by FCS [68]. Also, FCS and
FCCS analyses are highly dependent on the model used for
curve fitting and thus have to be interpreted carefully.
Fluorescence cumulant analysis (FCA) provides information
on the molecular brightness and diffusion coefficient when
heterogeneous particles coexist [69]. However, FCA is limited
to data sampling times of only a few microseconds. Therefore,

time integrated fluorescence cumulant analysis (TIFCA) was
developed for arbitrary sampling times [70]. TIFCA was used
to measure the copy number of CP-FPs binding on a single
mRNA tagged with the MS2 or PP7 system ([71]. This
approach was further applied to quantify the association
between MS2-tagged B-actin mRNA and the zipcode binding
protein 1 (ZBP1) in live primary mouse embryonic fibroblasts
(MEFs) and hippocampal neurons. The authors found that
ZBP1 inhibits translation by preventing ribosomes to bind -
actin mRNA in the perinuclear region [72].

Fluorescence recovery after photobleaching (FRAP)

FRAP is another technique that enables the measurement of
molecular diffusion in living cells. A focused laser beam is
used to instantly bleach fluorophores and the recovery of
fluorescence by the influx of unbleached fluorophores from
the outside of the bleached region is monitored over time. The
fluorescence recovery curve reflects the overall mobility of the
molecules [73].

FRAP analysis has been used to quantify mRNA synthesis
in vivo by photobleaching the transcription site of MS2-
labeled mRNA and observing the fluorescence recovery
[74,75]. The recovery kinetics of fluorescent MCP binding to
the MBS in the nascent mRNA correlates with the transcrip-
tion rate of the mRNA. The FRAP curves were fit with a two-
exponential function; the fast component was modeled as the
RNA polymerase II (RNA Pol II) elongation rate and the slow
component was interpreted as polymerase pausing during
elongation. The authors found that the measured elongation
rate was much faster than the previously reported values [74].

While FRAP experiments are relatively simple, caution is
required for quantitative analysis of the data. When the diffu-
sive motion of mRNP is studied by FRAP, diffusion of free
fluorophores that are not bound to the mRNP can also con-
tribute to the fluorescence recovery. To avoid an overestima-
tion of the mRNP diffusion rate, Braga et al. developed a
reaction-diffusion model for FRAP which takes account of
the binding reaction between mRNA and a fluorescently
labeled RBP. The authors applied this analysis method to
the interaction between Poly(A)-RNA and Polyadenylate-
binding nuclear protein 1(PABPNI1) and obtained a result
consistent with those measured by single particle tracking
experiments [76].

Analysis methods for mRNA localization in vivo
Quantitative analysis of RNA localization

Since the localization of actin mRNA was first observed [3,4],
numerous studies have shown that heterogeneous RNA loca-
lization is prevalent in many different cell types and organ-
isms [5]. Once the intracellular distribution of RNA is imaged,
it is important to analyze the collected data in an accurate and
efficient manner. There have been a few analysis methods to
categorize the localization patterns of RNA. First, the localiza-
tion patterns of 1644 mRNAs in Drosophila embryos were
qualitatively classified into 35 categories [77]. The subcellular
localization patterns of 61 human long non-coding RNAs



(IncRNAs) were divided into five different types [78]. For a
more objective classification, hierarchical clustering algo-
rithms have been used to group mRNA distribution patterns
in neurons [79] and HeLa cells [80].

Another approach to analyze RNA localization is to define
an index that represents the strength of the localization.
Lawrence and Singer defined a localization index (LI), which
is the ratio between the highest and the lowest density of RNA
particles in a cell. The closer the value of LI is to one, the
more uniformly mRNA is distributed in the cell [4]. Another
example is the use of a localization coefficient, which is the
ratio of the mRNA concentration at the leading edge to that in
the perinuclear region. If the localization coefficient is over 1,
mRNAs are localized in the leading edge of the cell [81].
Three-dimensional distance measurement between an
mRNA and a specific cellular component could be also con-
sidered in determining mRNA localization [82]. Voigt et al.
defined a cumulative endoplasmic reticulum (ER) localiza-
tion index that allows quantification of mRNA association
with ER structures [83].

For an objective quantification of intracellular localization,
Park et al. used the concepts of the polarization and disper-
sion of RNA distributions. Polarization index (PI) was defined
by the size of the polarization vector, connecting the centroid
of the cell and that of mRNA particles. Dispersion index (DI)
was determined by the sum of the distance from every single
mRNA to their centroid. This tool was applied to three
different cell types: budding yeast, CEF, and MEF cells to
confirm the correlation of the two indexes showing the phy-
sical characteristics of the mRNA distribution [84].

Modeling the dynamic behavior of mRNA trafficking

After mRNAs are transcribed, they are exported from the
nucleus to the cytoplasm and then transported to their final
destination. To understand the mechanism of mRNA locali-
zation, single particle tracking (SPT) has been widely used to
follow the movement of mRNA [85]. The MS2 labeling sys-
tem is one feasible approach to track single mRNA molecules
inside a living cell and is the main focus of this section.

There are a variety of tracking software implementing
manual tracking such as the Image]/Fiji plugin MTrack] [86]
and TrackMate [87] or automatic programs such as u-Track
[88] and TrackNTrace [89]. Recently, a hybrid tracking pro-
gram that combines both manual and automatic particle
detection was also developed [90]. Once the mRNA trajec-
tories are obtained from the SPT software, they are typically
processed to calculate the mean squared displacement (MSD).
The MSD is a parameter that measures the deviation of the
position of a particle from a reference point over time. The
shape of the MSD curve represents the dynamics of the
particle movement, which is affected by various environmen-
tal factors inside a cell. If the MSD is a linear function of time,
it means that the particle exhibits normal diffusion. If the
exponent of the MSD curve is less than 1 and greater than
zero, it indicates sub-diffusive motion. If the exponent is
greater than 1, the particle exhibits super-diffusion.
Anomalous diffusion is a generic term for sub- and super-
diffusion [91].
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The sub-diffusive motion of mRNA was first investigated
in bacteria to understand the physical nature of bacterial
cytoplasm [92]. Super-diffusive transport of mRNA has been
mostly observed in neurons and explained by a few mathe-
matical models. For instance, Bressloff and Newby suggested a
stochastic model of directed intermittent search for a hidden
target to describe the motor-driven mRNA transport to
synaptic targets along a dendrite. Using the model, they cal-
culated the mean first passage time for finding a single target,
which could be potentially used to estimate the timescale of
mRNA localization in neurons [93]. Another mathematical
model for neuronal mRNA transport was recently proposed
by using a generalized form of Lévy walk. In this model,
mRNA trajectories were divided into two dynamic phases of
ballistic run and long extended rest. The time distribution of
both phases showed a heavy-tailed probability distribution,
which is a signature feature of Lévy walk. The run phase
was shown to be microtubule-dependent, and the rest phase
was interpreted as localization of mRNA at synaptic sites. The
authors validated the model by reproducing the several key
dynamic characteristics of their experimental data [94].

Single particle trajectories are also analyzed by calculating
the instantaneous diffusion coefficients [83] or by using the
jump distance histogram [95,96]. When there are heteroge-
neous populations of particles, the jump distance histogram
analysis is particularly useful to detect subpopulations with
different diffusion coefficients. By fitting the experimental
jump distance histogram with multiple components, Kues et
al. showed that there are at least three subpopulations of Ul
small nuclear ribonucleoprotein (snRNP) with low, medium,
and high mobility inside the nucleus [95].

Imaging biological processes related to mRNA
localization

Visualization of local translation

With the emerging technology of next-generation sequen-
cing (NGS) and mass-spectrometry, global profiles of mRNA
transcripts and the associated proteome have been identified
[97-99]. However, there is much to be investigated regarding
the extent of diversity and heterogeneity in time and space.
The single-molecule fluorescence imaging approach can
complement cellular and biochemical methods to monitor
the highly regulated and complex translation process and to
get quantitative measurement of the dynamics in real-time
[100]. Given that RNA localization and translation are clo-
sely linked to cellular function, many studies have attempted
to visualize mRNAs being actively translated [101]. While
ribosome tagging to probe polysome association has been
used as a direct approach [102], visualization of translated
nascent polypeptides along with the mRNA template is a
recently adopted approach. Ribosome tagging can enrich
actively translated mRNA transcripts; translation ribosome
affinity purification (TRAP) [103] and Ribotag [104] can
provide a list of transcripts and identify the interactions at
a sub-codon resolution. Functionally diverse and distinct
proteins can be profiled together depending on the subcel-
lular localization of the ribosomes, which implicates the
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biological significance of RNA localization [105]. For ima-
ging nascent polypeptides, epitope tagging is amenable to
different fluorescent labeling associated with diverse antibo-
dies and their variants. Currently available and validated
peptide epitopes include hemagglutinin (HA), myelocytoma-
tosis viral oncogene (Myc), simian virus 5-derived epitope
(V5), the synthetic peptide Flag, the synthetic streptavidin-
binding Strep-tag, and OLLAS (Escherichia coli OmpF linker
and mouse Langerin fusion sequence) [106]. Out of the
epitope toolkits, a combination of multi-epitope tagging
can be developed to amplify the fluorescent signals. The
most well-known are SunTag [107] and spaghetti monster
(smTag) [108]. Types of epitopes and the copy number of
repeats are chosen by considering physiological impacts of
the modified transcript. smTag is made of 8~9 amino acids
(aa) while SunTag is made of 22 aa. Because of the small size,
smTag could be better than SunTag with higher spatiotem-
poral resolution [109].

Using different combinatorial pairings of MS2/PP7 based
RNA tagging and epitope tagging, translation dynamics have
been measured [109-113]. With 24x SunTag (576 aa) and the
MS2 system, Wu et al. demonstrated single-molecule imaging
of nascent peptides (SINAPS). Using lentiviral transfection, a
blue fluorescent protein (oxBFP) based reporter was stably
expressed in U20S cells and primary hippocampal neurons.
With FRAP, translation elongation speed was measured to be
about five amino acids per second [110].

Another combination of tandem epitope tagging and an
RNA labeling system was termed multivalent fluorescence
amplification of the nascent polypeptide signal. SunTag pep-
tide arrays and PP7 hairpins were fluorescently lableled with
GFP-scFV and tdTomato-tdPCP, respectively. Translational
response to environmental stress, such as translation inhibi-
tors, unfolded protein stress (DTT-induced), and oxidative
stress (NaAsO,-induced), were examined in this study [111].

Yan et al. also used SunTag and the PP7 system with the
prenylation sequence of CAAX to target the reporter mRNA to
the plasma membrane for long-term microscopy observation.
Because freely diffusing polypeptides in the cytosol can be
excluded, only newly translated polypeptides were monitored
in this study. The authors highlighted heterogeneity in transla-
tion efficiency among the mRNA molecules within the same cell
and pointed out the importance of the 5'UTR in controlling
translation initiation and elongation. They estimated the ribo-
some translocation rate to be 3-5 codons per second [112].

Morisaki et al. used dual labeling with the MS2 system and
smTag, which was named as nascent-chain tracking (NCT).
They examined three different types of reporter constructs in
U20S human cells and reported the ribosome elongation rate
to be ~10 amino acids per second. They also suggested that
new translation initiation occurs stochastically every 30 sec on
average. FRAP and FCS were used to measure the polysome
mobility and size [109].

Translating RNA imaging by coat protein knock-off
(TRICK) is another technique for visualization of translation.
This technique was designed to monitor only the first-round
translation. Translated and untranslated mRNA transcripts
can be distinguished because the designed mRNA transcript
has PP7 and MS2 stem-loops in the coding sequence (CDS)

and 3'UTR, respectively. Untranslated mRNA transcripts are
labeled with both PP7 coat protein (PCP) and MCP. However,
translated transcripts lose PCP after the ‘pioneer’ round of
translation as the ribosomes displace the PCPs off from the
CDS during translation [114].

Visualization of RNA splicing and degradation

Splicing is a key process that expands and enriches the coding
capacity of the genome. In addition, it was reported that
splicing is mechanically coupled to the downstream mRNA
localization [115]. A technical breakthrough for real-time
visualization revealed that splicing occurs much faster than
previously proposed [116]. The MS2 and A-phage N systems
were used to investigate the kinetics of splicing by tagging B-
globin introns [117]. Schmidt et al. used 4x MS2 reporter
system and monitored the process of co-transcriptional spli-
cing within live cells in real-time. The residency time of the
intron with the nascent mRNA was compared in different
contexts of the constructs and FRAP based kinetic model
was presented [118].

Of note, 3-RNA end accumulation during turnover
(TREAT) showed a versatile use of the MS2 and PP7 systems
to monitor mRNA degradation. The key to this design is a
viral RNA pseudo-knot that is resistant to Xrnl, the most
common RNase in mammalian cells working as a 5 to 3'
exonuclease. Two pseudo-knots were added between the MS2
and PP7 stem-loop regions to distinguish intact transcripts
from stabilized degradation intermediates. This method was
applied in fixed and live cells to measure the half-life of
reporter transcripts to observe Ago2-mediated slicing in
real-time and to investigate P-bodies as the site of mRNA
degradation [119].

Evaluating RNA-protein interactions

The importance of RNA binding proteins (RBPs) has been
recognized from the pathological consequence when the pro-
teins are dysregulated. Neurodevelopmental disorders such as
fragile X syndrome (FXS) and autism spectrum disorders
(ASD) and neurodegenerative diseases such as spinal muscu-
lar atrophy (SMA) and amyotrophic lateral sclerosis (ALS) are
often associated with problems in RBPs and formation of
ribonucleoprotein particles (RNPs). Moreover, the number
of neuromuscular disorders with perturbed RNA localization
is increasing [120]. For the well-known RBPs such as Staufen,
FMRP, PUMILIO, SMN1, and Huntingtin, their association
with RNA granules is implicated in neurogenesis and brain
development.

Single-molecule techniques have been used to measure the
speed and run length of such proteins bound to mRNA.
Staufen is the first example of mammalian RBP that was
GFP-tagged to monitor its bidirectional movement. In den-
drites, the movement of Staufen occurred at 0.1-0.4 pm/s
[121]. FMRP-bound RNA granules were monitored with an
MS2 reporter construct (Ccnd2-3'UTR tagged with MBS).
Pilaz et al. electroporated EGFP-fused FMRP (EFGP-FMRP)
constructs into radial glial cells (RGCs) and showed that the
RNA granules moved at 1.3 pm/s on average. This study



demonstrated that using live organotypic brain slices with
high-speed imaging can accelerate our understanding of
brain developmental processes [122].

Survival motor neuron (SMN) is one of the best known
master regulators for RNP assembly in neurons orchestrating
the splicing cascades [123]. Homozygous loss of the SMN1
gene can cause neurodegenerative SMA, resulting in voluntary
muscle weakness. SMA is one of the leading genetic cause of
infant death, affecting one in 10,000 newborns [124]. Using
tri-molecular fluorescence complementation, Dolin-Asp et al.
showed that SMN promotes the assembly of ZBP1 protein
with p-actin mRNA and facilitates their trafficking [125].

Huntingtin (Htt) protein associates with brain-derived
neurotrophic factor (BDNF) mRNA at specific locations. Ma
et al. used the MS2 system to monitor the dendritic transport
of BDNF 3'UTR reporter mRNAs and observed the co-traf-
ticking of BDNF mRNA with Htt in live neurons. The authors
also observed the colocalization of BDNF mRNA with Htt,
Ago2, cytoplasmic polyadenylation element binding protein
(CPEB), and dynein in thick vibratome sections of the rat
cortex [126]. Htt mRNA itself can also associate with Ago2 at
cytoplasmic P-bodies in non-neuronal cells, indicating a close
association with small RNA-mediated gene silencing [127].
Htt interacts and colocalizes with other partner proteins
such as Htt associated protein (HAP1) and microtubule
motors such kinesin and dynein [128].

Perspective and conclusion

With the advent of deep sequencing and digital counting of
single mRNA transcripts, mRNA localization is more com-
monly found in many cell types and in different biological
contexts. As quantitative analysis tools are applied to clarify
the dynamic interaction of mRNA with RBPs, cytoskeletons,
and organelles, a better understanding is attained on how
cellular systems manage complexity in the combinatorial
assembly of ribonucleoprotein complexes and their transport
to the localization site. Over the years, many cis-elements and
trans-factors for mRNA localization have been identified
[129,130]. Multi-color imaging of the RNA elements and the
newly identified RBPs will validate their spatiotemporal inter-
actions in vivo, providing a clue to the mechanism of RNA
localization. Technical developments in a multiplex format in
imaging and analysis are needed to examine the importance of
the specific RNA elements and the diverse assortment of
RBPs. With improved microscopic techniques, the develop-
ment of optimized fluorophores is needed in parallel to
broaden the multiplexing capability. Implementation of finely
tunable and precise stimulation protocols would be additional
assets to be combined with the single-molecule techniques for
the investigation of the dynamic cellular and molecular
responses in living systems. We look forward to further devel-
opment in fluorescence imaging and labeling techniques for
single-molecule analysis of heterogeneous RNA population,
which will enable us to address many fundamental biological
questions related to RNA localization.
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