Chapter 6 ®)
Optical Monitoring of Single Molecule oo
Dynamics of RNA in Living Cells

Hideaki Yoshimura and Takeaki Ozawa

Abstract Live-cell optical imaging is a powerful approach to monitor the intracel-
lular localization and dynamics of the molecules of interest for elucidating the mech-
anism of physiological function. Single-molecule imaging is a unique technique that
provides information on the dynamics and association/dissociation of each molecule
inside living cells. Despite having monitored a variety of biomolecules in living cells,
live-cell imaging of RNA, which is an important component of living systems, has not
been performed intensively. This can be attributed to the lack of techniques available
for the optical labeling of RNA inside living cells. This review introduces labeling
methods and microscopic techniques for monitoring RNA in living cells, focuses on
an example of single-molecule imaging of a long non-coding RNA TERRA (telom-
eric repeat-containing RNA) using mPUM-technology, an RNA labeling method,
along with the investigation of a single-molecule RNA imaging system in living
cells.

Abbreviations

EGFP Enhanced green fluorescent protein

FRET Forster resonance energy transfer

PAMmer PAM-presenting DNA oligonucleotide (PUM: protospacer adjacent
motif)

PUM-HD Pumilio homology domain. TERRA: telomeric repeat-containing RNA

TIRF Total internal reflection fluorescence
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6.1 Introduction

Living cells consist of a myriad of biomolecule such as proteins, nucleic acids, lipids,
and sugars. As a simple mixture of all the molecules involved in the living cells
would not reconstitute such a cell, appropriate assembly, localization, and dynamics
of these molecules are required for the generation and maintenance of the cellular
lives. To understand the mechanism of living cells with respect to molecules, optical
imaging is the most direct approach for observation such molecules in living cells.
Optical microscopy, especially fluorescence microscopy, has been frequently used
to visualize molecules in living samples owing to its non-invasiveness. Another
advantage of fluorescence microscopy, apart from non-invasiveness, is selectivity
to monitor fluorescence-tagged target molecules. A variety of fluorescent probes
have been developed in recent decades for labeling and monitoring target molecules
in living cells [1, 2]. Certain dyes that emit fluorescence upon binding to double-
stranded nucleic acids are used to visualize DNA in living cells. Ions such as Ca>* are
visualized by probes obtained via organic synthesis that generate fluorescence during
chelation of target ions [3] and protein-based probes that result in conformational
change upon binding to Ca®* and release FRET (Forster resonance energy transfer)
signal [4]. Proteins in living cells can be conjugated with fluorescent proteins using
genetic engineering techniques.

RNA is also an important element in living cells along with DNA, ions, and
proteins. As described by the biological central dogma, RNA that functions as
messenger RNA (mRNA) is produced via the transcription of genes in chromo-
somal DNA and transports genetic information for protein production. Previously
mRNA was characterized only as a messenger of the genetic information, and atten-
tion was not paid to the intracellular localization and dynamics of mRNA. However,
certain examples have been reported, in which the intracellular localization of mRNA
plays important roles in physiological events [5, 6]. For instance, p-actin mRNA
concentrates in leading edges involving lamellipodia, and filopodia of cells that are
expanding and migrating upon stimulation with external growth and/or chemotactic
signals [7-9]. This localization of B-actin mRNA supports rapid pseudopodia forma-
tion and cell expansion for quick response to external signals. Apart from mRNA,
non-coding RNAs have also been implicated in various physiological processes.
Among various species of non-coding RNAs, long non-coding RNAs (IncRNAs)
exhibit crucial roles in cellular functions, such as gene regulation and genome stability
[10].

Despite the importance of intracellular RNA localization and dynamics, tech-
niques for visualizing RNAs in living cells are still developing, and hence the inves-
tigation of RNA based on its intracellular dynamics has been delayed. Under such
circumstances, certain technologies have been developed recently for labeling and
monitoring the RNA of interest. In this chapter, optical techniques that contribute to
the visualization of RNA dynamics in living cells, such as microscopic methods and
optical probe technologies, are introduced. Examples of single-molecule imaging of
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RNA in living cells based on one of the technologies, named mPUM technology, are
explained.

6.2 RNA Labeling Methods for Live-Cell Optical Imaging

Several techniques for RNA labeling in living cells have been developed to monitor
RNA localization, dynamics, and functions (Fig. 6.1) [11, 12]. The most popular
method for RNA visualization in cell samples under an optical microscope is the
fluorescence in situ hybridization method, in which the target RNA is hybridized
with a fluorescence-labeled oligonucleotide probe. However, this method requires
washing of excess probes and is limited for use in chemically fixed and permeabi-
lized cell samples. To overcome these limitations, a technique was developed using
an oligonucleotide-based tool known as molecular beacon [13—15]. The molecular
beacon has a stem-loop hairpin structure and its 5" and 3’ ends are conjugated with a
fluorescent dye and a quencher, respectively. The fluorescent dye is located close to
the quencher. Hence, the fluorescence is quenched in the absence of target RNA. In
the presence of the target RNA, the stem-loop hairpin region dissociates and attaches
to the target RNA sequence, leading to the separation of the fluorescence dye from
the quencher and subsequent recovery of its fluorescence. Fluorogenic RNA aptamer
is another nucleotide-based RNA probe that has recently been developed as a tool
for RNA detection in living cells. The aptamer is an RNA molecule that specifically
captures a nonfluorescent dye and converts it into the fluorescent form. As a typical
example, an RNA aptamer “Spinach” captures an enhanced green fluorescent protein
(EGFP) fluorophore-resembling dye 24-2-DFHBI and emits fluorescence [16—18].
In addition to oligonucleotide-based RNA probes, certain protein-based RNA
probes have also been developed [19, 20]. The MS2 system is the most widely used
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Fig. 6.1 Schematics of a molecular beacon and b MS2 system
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method for labeling the RNA of interest using a protein-based probe. In the MS2
system, a repeat of a bacteriophage-derived RNA tag called MS2 is fused to the 3’
terminus of the target RNA. The MS2 region is specifically recognized and captured
by MS2-binding proteins (MBP). In the MS2 system employed for monitoring the
target RNA, MBP is fused to a fluorescent protein (FP) and introduced into the
sample cells. In addition, the target RNA fused with an MS2 repeat sequence is
expressed in the cells. The MBP-FP accumulates in the MS2 repeat region, and can be
visualized as a bright fluorescent spot under a fluorescence microscope. This system
originally existed only in bacteriophages. Hence, it has been used to label the RNA of
interest in mammalian cells without off-target interactions with other RNAs. Another
potential candidate for providing a platform for protein-based RNA probes is the Cas
protein. Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas
systems have been typically used to target double-stranded DNA; however, several
modifications have been obtained to alter the systems for targeting RNAs. Nelles
et al. developed a fusion protein with GFP and dCas9 that incorporated a single
guide RNA and PAMmer (PAM-presenting DNA oligonucleotide) that hybridizes to
a target RNA [21]. The localization of f-actin mRNA in fixed cells was visualized
using this method.

6.3 Design of the PUM-HD-Based RNA Probes

PUM-HD is an RNA-binding protein domain derived from human PUMILIO]1 that
binds to an 8-base RNA sequence of 5'-UGUAU(orC)AUA-3’ (Fig. 6.2) [22, 23].
Examinations performed with crystallography demonstrated that PUM-HD has eight
repeated motifs, each capturing an RNA base via the interactions of hydrogen bonds
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Fig. 6.2 RNA recognition by PUM-HD [27]. a The structure of a PUM-HD and a recognized
8-base RNA. b RNA recognition by three amino acids in a repeat motif of PUM-HD. ¢ The three
amino acid combination in each repeat motif of wild type PUM-HD and the recognized RNA base.
d Relationship between recognized RNA bases and the combination of three amino acids in the
repeat motif
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and van der Waals forces [24, 25]. Based on crystallographic studies, three amino
acids at the third, fourth, and seventh positions in one helix of the motif were identified
to be involved in these interactions with the RNA base, and hence in determining
the specificity of the RNA base. Therefore, site-directed mutageneses of these three
amino acids, especially on the third and seventh positions, alters the RNA base for
recognition by the motif, and custom-designed PUM-HD mutants that recognize a
specific 8-base RNA sequence can be prepared [24, 26-28]. Although no motifs
recognize a cytosine base in the wild-type PUM-HD, several investigations with
random mutations on the three amino acids have discovered a motif that recognizes
a cytosine base [29]. The dissociation constant between a PUM-HD mutant (mPUM)
and the eight-base sequence RNA identified is typically in the order of nM when the
RNA initiates 5'-UGU-3’ at the 5’ terminus, and ~ 100 nM when the 5’ terminus is
not 5'-UGU-3' [24].

As a single mPUM can be considered to recognize an 8-base RNA sequence,
the specificity of the target RNA sequence is 4%, which might not fulfill required
specificity for labeling to a target RNA in mammalian cells by using only a single
mPUM species. One of the approaches employed in solving the potential off-target
problem of mPUM is the use of a fluorescent protein reconstitution method [8, 9,
30]. In this method, the two split fragments of a fluorescent protein are fused to a pair
of proteins of interest. When the pair of proteins approach each other, the fluorescent
protein-fragments are brought into proximity, leading to the reconstitution of the
full-length fluorescent protein and restoration of its fluorescence. Using this method,
mPUM-based probes can be designed to recognize target RNA specifically. Two
mPUM molecules that recognize different but adjacent regions in a target RNA are
prepared and subsequently conjugated with N- and C-terminal fluorescent protein
fragments. After both mPUMs bind to the target regions in the RNA of interest,
the fragments of fluorescent protein come in proximity and reconstitute to form
the fluorescent protein. In this design, the probe does not emit fluorescence without
binding to the target RNA. Moreover, a 16-base sequence in the target RNA is required
to be recognized by the probe system for emitting fluorescence signals, leading to
sufficient selectivity for observing a specific RNA molecule in mammalian cells.

6.4 Microscope Setup for Single-Molecule Imaging of RNA
in Living Cells

Fluorescent probes based on the reconstitution of split fluorescent protein are applied
not only for conventional and confocal fluorescence microscope imaging but also
for single-molecule fluorescence imaging to monitor the dynamics of the target
molecules in real-time. The PUM-HD-based RNA probe also has the potential to
label the RNA of interest for monitoring its single-molecule dynamics [8, 9, 31].
However, the RNA is typically localize in the cytosol and/or the nucleus, whereas the
targets for single-molecule imaging comprise primarily the membrane molecules as
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the total internal reflection illumination typically used for single-molecule imaging
can irradiate the regions located in the vicinity of the plasma membrane. Hence,
special techniques are required for the illumination of cells with a low background
fluorescence signal in single RNA molecule imaging. Our microscopy setup for
single-molecule imaging inside a cell sample is explained below.

Microscope systems for single-molecule RNA detection inside a cell are typi-
cally designed based on the total internal reflection fluorescence (TIRF) microscope
(Fig. 6.3). We constructed a home-build TIRF microscope system that employs exci-
tation laser optics to illuminate the sample, and detection optics for the separation
of emitted fluorescence light based on the wavelength followed by detection with
respective SCMOS cameras. Using this system, simultaneous dual- and triple-color
fluorescence imaging of the RNA of interest and an associated protein labeled with
another fluorescent dye can be conducted [27, 31].

Excitation optics is the most important aspect of the microscopic system for
single-molecule RNA imaging as the incidence angle of the excitation laser light on
the sample is required to be modulated. The samples were illuminated by evanescent
light that reaches the sample with a depth of approximately 150 nm from the coverslip
in the TIRF microscopic visualizations. Under such excitation conditions, most of
the intracellular molecules, including RNAs are not illuminated. Hence, they are
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Fig. 6.3 Microscope setup for single molecule RNA observation [27]. a Overall picture of the
microscope system used in RNA single molecule imaging. b Light path adjustment for TIRF and
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invisible with the excitation during complete TIRF illumination. Highly inclined
illumination or oblique illumination, in which the laser beam demonstrates a large
incidence angle but smaller than the total internal reflection, deepen the illumination
area and enables the monitoring of intracellular molecules with low background
fluorescence [32].

The optical apparatus for excitation in the TIRF microscope system developed by
us was composed of diode lasers, mechanical shutters, beam expanders consisting
of a pair of convex lenses, neutral density (ND) filters, laser combiners, full mirrors,
and a collector lens [27]. These components were placed on a vibration removal
table along with a microscope and a detection system. The mechanical shutters were
placed in front of the lasers. The two convex lenses in a beam expander exhibited a
focus distance of 10 mm and 200 mm, respectively, which increases the diameter of
the laser beam increased 20 times. The intensity of the laser lights was modulated
via ND filters and combined using a dichroic mirror that act as a laser combiner.
The laser light was introduced to the collector lens that focuses the laser light on
the back focal plane of the objective lens. Subsequently, the laser beam is emitted
from the objective lens as parallel light. The full mirror was placed 250 mm away
from the collector lens with focus distance of 250 nm. This means that the mirror
and collector lens are situated in a conjugate position. Alteration of the mirror angle
slides the laser beam position after passing through the collector lens despite being
kept parallel to the optical axis, making the incident angle of the laser beam on the
sample to be oblique illumination that penetrates into the sample cell.

6.5 Application of PUM-HD for Monitoring RNA in Living
Cells

The mPUM-based probe has been recently used for monitoring telomeric repeat-
containing RNA (TERRA), which is a non-coding RNA, to investigate its mecha-
nism [31]. TERRA is the transcription product obtained from the terminal region of
the chromosomal DNA called telomeres [33-36]. TERRA consists of a subtelom-
eric region along with the telomeric-repeat region, and is implicated in telomere
maintenance. Two different models have been proposed for explaining the mecha-
nism of TERRA in the maintenance and regulation of telomeres: a scaffold model,
which proposes that TERRA included in the ribonucleoprotein (RNP) complexes
on a telomere aiding in their stabilization [37]; and a decoy model, which suggests
that the protein components in the RNP complexes are transported or removed by
TERRA [38]. Single-molecule monitoring of TERRA dynamics around a telomere
in living cells would provide critical information for evaluating the true mechanistic
model of the TERRA function.

TERRA has a unique repetitive region with multiple 5'-UUAGGG-3’ sequences
derived from a telomere [33]. Our TERRA probe was designed to address this region
[31]. The TERRA probe consists of three domains: an EGFP N-terminal, an mPUM
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designed to capture a 5-UUAGGGUU-3’ sequence (mPUMt), and an EGFP C-
terminal fragment. Three repeats of a nuclear localization signal sequence are fused
to the N-terminus of the probe owing to the nuclear localization of TERRA. In the
presence of TERRA, multiple probe molecules accumulate on the unique repetitive
region. The EGFP N-terminal fragment in the probe and the C-terminal fragment
of the next probe come in close proximity, leading to the reconstitution of EGFP
and emission of fluorescence. Although many reconstituted fluorescent proteins are
expected to be generated on a TERRA molecule because of the large number of
telomeric repeats in TERRA, most of the observed fluorescent spots included a
single fluorescent molecule, confirmed by single-step photobleaching and analysis
of the distribution of fluorescence intensity of the spots. This suggested that mPUMt
did not penetrate and attach to a G-quartet structure, which is formed by the telomeric
repeats, but only captured the flexible terminal region of TERRA.

Using the developed mPUMt-based probe, endogenous TERRA was monitored
with an oblique illumination microscope in the living U20S cells. The U20S cells
express the mPUMt-based TERRA probe as well as a SNAP-fused telomere marker
protein TRF1 that enables the simultaneous monitoring of TERRA and telomeres.
Many TERRA was visualized in a diffuse motion in the nucleus, whereas telomeres
were almost static in the resulting movie. We observed two modes of the TERRA
motion, namely diffusive and stationary upon detailed analysis of the movie. In
addition, TERRA demonstrated localization of a substantial part to a region about
1 pm apart from a telomere. However, the remaining portion was colocalized with
a telomere. This suggested the presence of a scaffold for capturing TERRA in this
region.

To investigate the function of the TERRA in the region around a telomere,
triple-color single-molecule imaging of TERRA, telomere, and telomere-associated
proteins was conducted with an oblique illumination microscope equipped with a
triple-color fluorescence separating detection system. The telomere-related protein,
HP1, which is included in the scaffold model, and hnRNPA1, which is a potential
target in the decoy model, were observed. In addition, H2A that reportedly does
not interact with TERRA, was adopted as a negative control. In this observation,
TERRA and telomere-related proteins were observed in a diffusive motion, whereas
the telomeres were almost static, in accordance with the results obtained with dual-
color imaging. Colocalization with TERRA was detected in all three telomere-related
proteins. Consequently, the colocalization duration time was analyzed. For H2A with
which interaction with TERRA has not been reported, the colocalization with TERRA
can be considered as an accidental overlapping, and the colocalization duration was
less than 0.2 s. The colocalization duration for HP1 and TERRA was comparable to
that of H2A and TERRA, whereas the duration of hnRNPA1-TERRA colocalization
was significantly longer than that of H2A-TERRA. Thus, hnRNPA1 was identified
as an interacting partner of TERRA. A radial distribution analysis demonstrated that
the interaction between hnRNPA 1 and TERRA was concentrated in the area approxi-
mately 1-1.5 pm apart from a telomere. On initiation of this colocalization, diffusive
hnRNPAT molecules arrived and interacted with a static TERRA in the area. Based
on the results from single-molecule imaging, a potential model for the function of
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Fig. 6.4 Single molecule observation of TERRA [31]. a A schematic of mPUM-based TERRA
probe. b Principle to detect TERRA by the mPUM-based probe. ¢ Obtained single molecule
fluorescence images of TERRA, telomere, and hnRNPA 1

TERRA was proposed. The nRNPA1 was originally located in an RNP complex on a
telomere. When TERRAs appear around the telomere and form a scaffold, hnRNPA 1
is captured with the TERRA scaffold upon release from telomeres. Subsequently,
the component of the RNP is altered leading to a change in state of the telomere
and the on/off regulation of the function of telomere maintenance. While further
analyses of the dynamics and biochemical properties of TERRA and the associated
molecules are required to obtain proof of this hypothesis, these results are achieved
by development of the TERRA probe based on mPUM and split EGFP reconstitution
techniques and unique of a single-molecule imaging approach (Fig. 6.4).

6.6 Perspective

The single-molecule RNA imaging study using a probe based on mPUM and split
fluorescent protein techniques was used to obtain unique information different from
previous biochemical experiments. Single-molecule imaging provides information
that other methods cannot discern. However, certain limitations can be attributed on
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the single-molecule RNA imaging using the probe introduced here. The observation
time is limited to just a few second owing to photobleaching and the lack of quantita-
tivity due to the irreversibility of fluorescent protein reconstitution. In order to apply
the mPUM technology to different situation of RNA imaging analysis from short-
term single-molecule imaging, some technical variations are expected. An approach
for introducing such modifications is to swap the split fluorescent protein portion
with other protein tools. For instance, quantitative RNA probes could be designed
using a split luciferase reconstitution technique [30] or a fluorescent protein FAST
[39], whose reconstitution reactions are reversible. When higher specificity of the
target RNA is required, a modified mPUM consisting of 14 or 16 repeated motifs
can be applied to the design of mPUM-based RNA probes [29]. Thus, the mPUM-
based probe has a potential to modify the design to fit with the requirements of the
investigations.

The evolution of microscopic methods will improve RNA imaging in living
cells. The study introduced above used an oblique illumination technique. Hence,
the resulting data are two-dimensional (2D) images, whereas RNA demonstrates
three-dimensional (3D) diffusion in the cells. Recently, several techniques have been
developed to obtain 3D fluorescence images in living cells. One such method for
developing 3D images is based on the use of 2D diffraction grating to separate fluo-
rescence light to multiple beams and to induce different areas on an image sensor
[40]. The respective area has an image of the sample at obtained different depths.
By the combination of such images, a 3D image is constructed. Another method to
create a 3D image is based on the use of a light sheet as the excitation source. The
use of lattice light sheet is a technique for obtaining high-resolution 3D images [41,
42]. Such techniques involving modified detection and excitation optical systems
will support the 3D observation of the motility of target molecules in living cells.

In conclusion, the properties of mPUM, such as design flexibility and specificity
for the target RNA sequence have been used for protein-based tools for live-cell
optical imaging of RNAs. Even the single-molecule dynamics of an RNA of interest
can be visualized in living cells combining the mPUM technology and optical micro-
scope techniques. With further development of these technologies in the near future,
the molecular mechanisms of RNA function in living cells can be elucidated.

Acknowledgements This work was supported by the Japan Society for the Promotion of Science
(JSPS) KAKENHI (Grants-in-Aid for Scientific Research (B) 16H04162 and 19H02745 to H.Y.,
and Grants-in-Aid for Scientific Research (A) 19H00900 to T.0.) and CREST (JPMJCR1752 to
T.O.) from Japan Science and Technology (JST).

References

1. T. Ozawa, H. Yoshimura, S.B. Kim, Advances in fluorescence and bioluminescence imaging.
Anal. Chem. 85(2), 590-609 (2013)

2. E.A. Specht, E. Braselmann, A.E. Palmer, A critical and comparative review of fluorescent
tools for live-cell imaging. Annu. Rev. Physiol. 79, 93—-117 (2017)



6 Optical Monitoring of Single Molecule ... 105

3.

4.

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

N.K. Roopa, M. Kumar, V. Bhalla, Design and applications of small molecular probes for
calcium detection. Chem. Asian J. 14(24), 44934505 (2019)

T. Rose, P.M. Goltstein, R. Portugues, O. Griesbeck, Putting a finishing touch on GECIs. Front.
Mol. Neurosci. 7, 88 (2014)

A.R. Buxbaum, G. Haimovich, R.H. Singer, In the right place at the right time: visualizing and
understanding mRNA localization. Nat. Rev. Mol. Cell Biol. 16(2), 95-109 (2015)

. K.C. Martin, A. Ephrussi, mRNA localization: gene expression in the spatial dimension. Cell

136(4), 719-730 (2009)

. C. Eliscovich, S.M. Shenoy, R.H. Singer, Imaging mRNA and protein interactions within

neurons. Proc. Natl. Acad. Sci. 114(10), E1875-E1884 (2017)

. T. Yamada, H. Yoshimura, A. Inaguma, T. Ozawa, Visualization of nonengineered single

mRNAs in living cells using genetically encoded fluorescent probes. Anal. Chem. 83(14),
5708-5714 (2011)

. H. Yoshimura, A. Inaguma, T. Yamada, T. Ozawa, Fluorescent probes for imaging endogenous

beta-actin mRNA in living cells using fluorescent protein-tagged pumilio. ACS Chem. Biol.
7(6), 999-1005 (2012)

L.L. Chen, Linking long noncoding RNA localization and function. Trends Biochem. Sci.
41(9), 761-772 (2016)

F. Tomoike, H. Abe, RNA imaging by chemical probes. Adv. Drug Deliv. Rev. 147, 44-58
(2019)

M.O. Urbanek, P. Galka-Marciniak, M. Olejniczak, W.J. Krzyzosiak, RNA imaging in living
cells—methods and applications. RNA Biol. 11(8), 1083-1095 (2014)

D.Y. Vargas, K. Shah, M. Batish, M. Levandoski, S. Sinha, S. Marras, A.E. Salvatore, P. Schedl,
S. Tyagi, Single-molecule imaging of transcriptionally coupled and uncoupled splicing. Cell
147(5), 1054-1065 (2011)

D.P. Bratu, B.J. Cha, M.M. Mhlanga, F.R. Kramer, S. Tyagi, Visualizing the distribution and
transport of mRNAs in living cells. Proc. Natl. Acad. Sci. USA 100(23), 13308-13313 (2003)
B. Turner-Bridger, M. Jakobs, L. Muresan, H.H.-W. Wong, K. Franze, W.A. Harris, C.E. Holt,
Single-molecule analysis of endogenous B-actin mRNA trafficking reveals a mechanism for
compartmentalized mRNA localization in axons. Proc. Natl. Acad. Sci. 115(41), E9697-E9706
(2018)

W.Q. Ong, Y.R. Citron, S. Sekine, B. Huang, Live cell imaging of endogenous mRNA using
RNA-based fluorescence “turn-on” probe. ACS Chem. Biol. 12(1), 200-205 (2017)

J.S. Paige, K.Y. Wu, S.R. Jaffrey, RNA mimics of green fluorescent protein. Science 333(6042),
642-646 (2011)

D. Guet, L.T. Burns, S. Maji, J. Boulanger, P. Hersen, S.R. Wente, J. Salamero, C. Dargemont,
Combining spinach-tagged RNA and gene localization to image gene expression in live yeast.
Nat. Commun. 6, 8882 (2015)

J. Dictenberg, Genetic encoding of fluorescent RNA ensures a bright future for visualizing
nucleic acid dynamics. Trends Biotechnol. (2012)

E. Tutucci, M. Vera, J. Biswas, J. Garcia, R. Parker, R.H. Singer, An improved MS2 system
for accurate reporting of the mRNA life cycle. Nat. Methods 15, 81 (2017)

D.A. Nelles, M.Y. Fang, M.R. O’Connell, J.L. Xu, S.J. Markmiller, J.A. Doudna, G.W. Yeo,
Programmable RNA tracking in live cells with CRISPR/Cas9. Cell 165(2), 488-496 (2016)
G. Lu, S.J. Dolgner, T.M. Hall, Understanding and engineering RNA sequence specificity of
PUF proteins. Curr. Opin. Struct. Biol. 19(1), 110-115 (2009)

T.M. Hall, De-coding and re-coding RNA recognition by PUF and PPR repeat proteins. Curr.
Opin. Struct. Biol. 36, 116-121 (2016)

C.G. Cheong, T.M.T. Hall, Engineering RNA sequence specificity of Pumilio repeats. Proc.
Natl. Acad. Sci. 103(37), 13635-13639 (2006)

X. Wang, J. McLachlan, P.D. Zamore, T.M.T. Hall, Modular recognition of RNA by a human
Pumilio-homology domain. Cell 110(4), 501-512 (2002)

H. Yoshimura, T. Ozawa, Chapter three—monitoring of rna dynamics in living cells using
PUM-HD and fluorescent protein reconstitution technique, in Methods in Enzymology, vol.
572, eds. by G.S. Filonov, S.R. Jaffrey (Academic Press, 2016), pp. 65-85



106 H. Yoshimura and T. Ozawa

27. H. Yoshimura, T. Ozawa, Real-time fluorescence imaging of single-molecule endogenous
noncoding RNA in living cells. Methods Mol. Biol. 1649, 337-347 (2018)

28. H. Yoshimura, Live cell imaging of endogenous RNAs using Pumilio homology domain
mutants: principles and applications. Biochemistry 5§7(2), 200-208 (2018)

29. A. Filipovska, M.F. Razif, K.K. Nygard, O. Rackham, A universal code for RNA recognition
by PUF proteins. Nat. Chem. Biol. 7(7), 425-427 (2011)

30. H. Yoshimura, T. Ozawa, Methods of split reporter reconstitution for the analysis of
biomolecules. Chem. Rec. 14(3), 492-501 (2014)

31. T. Yamada, H. Yoshimura, R. Shimada, M. Hattori, M. Eguchi, T.K. Fujiwara, A. Kusumi,
T. Ozawa, Spatiotemporal analysis with a genetically encoded fluorescent RNA probe reveals
TERRA function around telomeres. Sci. Rep. 6, 38910 (2016)

32. M. Tokunaga, N. Imamoto, K. Sakata-Sogawa, Highly inclined thin illumination enables clear
single-molecule imaging in cells. Nat. Methods 5(2), 159-161 (2008)

33. C.M. Azzalin, P. Reichenbach, L. Khoriauli, E. Giulotto, J. Lingner, Telomeric repeat containing
RNA and RNA surveillance factors at mammalian chromosome ends. Science 318(5851),
798-801 (2007)

34. C.M. Roake, S.E. Artandi, Approaching TERRA firma: genomic functions of telomeric
noncoding RNA. Cell 170(1), 8-9 (2017)

35. M. Graf, D. Bonetti, A. Lockhart, K. Serhal, V. Kellner, A. Maicher, P. Jolivet, M.T. Teixeira,
B. Luke, Telomere length determines TERRA and R-Loop regulation through the cell cycle.
Cell 170(1), 72-85.e14 (2017)

36. H.P. Chu, C. Cifuentes-Rojas, B. Kesner, E. Aeby, H.G. Lee, C. Wei, H.J. Oh, M. Boukhali,
W. Haas, J.T. Lee, TERRA RNA Antagonizes ATRX and protects telomeres. Cell 170(1),
86-101.e16 (2017)

37. Z. Deng, J. Norseen, A. Wiedmer, H. Riethman, P.M. Lieberman, TERRA RNA binding to
TRF2 facilitates heterochromatin formation and ORC recruitment at telomeres. Mol. Cell 35(4),
403-413 (2009)

38. R.L. Flynn, R.C. Centore, R.J. O’Sullivan, R. Rai, A. Tse, Z. Songyang, S. Chang, J.
Karlseder, L. Zou, TERRA and hnRNPA1 orchestrate an RPA-to-POT1 switch on telomeric
single-stranded DNA. Nature 471(7339), 532-536 (2011)

39. A.G. Tebo, A. Gautier, A split fluorescent reporter with rapid and reversible complementation.
Nat. Commun. 10(1), 2822 (2019)

40. S. Abrahamsson, J. Chen, B. Hajj, S. Stallinga, A.Y. Katsov, J. Wisniewski, G. Mizuguchi, P.
Soule, F. Mueller, C. Dugast Darzacq, X. Darzacq, C. Wu, C.I. Bargmann, D.A. Agard, M.
Dahan, M.G. Gustafsson, Fast multicolor 3D imaging using aberration-corrected multifocus
microscopy. Nat. Methods 10(1), 60-63 (2013)

41. B.-C. Chen, W.R. Legant, K. Wang, L. Shao, D.E. Milkie, M.W. Davidson, C. Janetopoulos,
X.S. Wu, J.A. Hammer, Z. Liu, B.P. English, Y. Mimori-Kiyosue, D.P. Romero, A.T. Ritter,
J. Lippincott-Schwartz, L. Fritz-Laylin, R.D. Mullins, D.M. Mitchell, J.N. Bembenek, A.-
C. Reymann, R. Bohme, S.W. Grill, J.T. Wang, G. Seydoux, U.S. Tulu, D.P. Kiehart, E.
Betzig, Lattice light-sheet microscopy: imaging molecules to embryos at high spatiotemporal
resolution. Science 346(6208), 1257998 (2014)

42. L. Balagopalan, J. Yi, T. Nguyen, K.M. Mclntire, A.S. Harned, K. Narayan, L.E. Samelson,
Plasma membrane LAT activation precedes vesicular recruitment defining two phases of early
T-cell activation. Nat. Commun. 9(1), 2013 (2018)



	6 Optical Monitoring of Single Molecule Dynamics of RNA in Living Cells
	6.1 Introduction
	6.2 RNA Labeling Methods for Live-Cell Optical Imaging
	6.3 Design of the PUM-HD-Based RNA Probes
	6.4 Microscope Setup for Single-Molecule Imaging of RNA in Living Cells
	6.5 Application of PUM-HD for Monitoring RNA in Living Cells
	6.6 Perspective
	References




