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The transient nature of RNA has rendered it one of the more difficult biological targets for imaging. This difficulty
stems both from the physical properties of RNA as well as the temporal constraints associated therewith. These
concerns are further complicated by the difficulty in imaging endogenous RNA within a cell that has been

transfected with a target sequence. These concerns, combined with traditional concerns associated with super-

resolution light microscopy has made the imaging of this critical target difficult.
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| 1. Introduction
1.1. Image RNA

The flow of genetic information is a multi-stage process centered around RNA metabolism. Since Francis Crick
proposed the central dogma of molecular biology 2, RNA has been a central focus in the field of molecular and
cellular biology. RNA is a multi-functional macromolecule that plays an essential role in gene expression and
regulation. In gene expression, messenger RNA (MRNA) acts as templates that carry the genetic information from
the DNA blueprint to ribosomes. Transfer RNA (tRNA) acts as an amino acid transporter that helps decode an
MRNA sequence into a protein. Ribosomal RNA (rRNA), one of the main components of the ribosome, has shown
deep involvement in ribosomal subunit association, tRNA binding, and translocation during translation &1, In gene
regulation, an overwhelming amount of evidence has demonstrated that small regulatory RNA is associated with

cellular regulation via various mechanisms.

1.2. RNA Localization and Imaging: Seeing Is Believing

Controlling the localization of RNA is a widespread, evolutionarily conserved, and efficient way to target gene
products to a specific region of a cell or embryo &, Using mRNA as an example, after the initial transcription,
MRNA proceeds through post-transcriptional modification such as alternative splice, nucleocytoplasmic

transportation across the nuclear pore complex, localization to the ribosome, translation, and finally degradation.
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These steps are highly coordinated and tightly regulated both spatially and temporally. Unsurprisingly, the
subcellular localization of RNA has been determined to be one of the fundamental mechanisms of cell polarization.
One good example is B-actin mMRNA expression in moving fibroblast cells, where mRNAs for B-actin are

concentrated at the moving edge.

In order to obtain a complete spatial-temporal profile of RNA throughout its entire lifespan, from transcription to
degradation, methods to visualize RNA within cells are required. Such methods are critically important to enhance
the understanding of RNA and thus offer unparalleled opportunities for advancement in cellular and molecular

biology, therapeutic discovery, and medical diagnostic.

1.3. Difficulties Associated with Imaging mRNA

Generally speaking, the size of mRNA is far smaller than the resolution limit of conventional light microscopy. Thus,
only two approaches are feasible regarding mRNA imaging: electron microscopy (EM) and fluorescent light
microscopy. Among various EM techniques, two techniques have been used in mRNA imaging: first, an EM-level
adaptation of in situ hybridization (ISH) technigue that combines antisense probes and gold-coupled antibodies for
detection BI8: and second, Cryo-EM, a mainstream technology in structural biology for architectural study 8. The
EM approach for mRNA imaging provides excellent spatial resolution, structural, and ultrastructural information.
However, it has limitations, including the lack of temporal resolution due to the use of fixed samples, overly
complicated sample preparation, artifact susceptibility [2!, and low labeling efficiency 29, EM-ISH is still a commonly
used technique for obtaining images with a high spatial resolution that reveal the cellular distribution of mMRNA in
fixed tissue, whereas Cryo-EM is the predominant method for mRNA structure. Observation of mMRNA in live tissue

is required to explore mRNA transport dynamics, maintenance and regulatory mechanisms, and localization.

An appropriate fluorophore used to label RNA needs to have three outstanding characteristics: quantum yield,
extinction coefficient L1, and photostability. The relative brightness of a fluorophore is dependent upon the
guantum yield and extinction coefficient of the fluorophore, causing some fluorophores to emit more light than
others under the same excitation power. Thus, it can provide better spatial and temporal resolution without risking
cell viability in live cell imaging. At the same time, fluorophore stability is associated with its resistance to
photobleaching. Photobleaching is a dynamic process in which a fluorophore exposed to excitation light undergoes
photoinduced chemical destruction, thus losing its ability to fluoresce 12, A fluorophore with higher stability will stay

unphotobleached for an extended time, allowing for more prolonged imaging.

In the past two decades, a series of revolutionary techniques termed super-resolution microscopy (SRM) has been
developed that bypass the diffraction limit. The diffraction limit is a barrier in optical microscopy caused by the
physical property of light, restricting the optical resolution to roughly 250 nm [28l. There are generally two subgroups
of SRM [l the first being SRM by single-molecule-localization-based imaging such as stochastic optical
reconstruction microscopy (STORM) 22 and photoactivated localization microscopy (PALM) (28] and the second
being SRM by spatially patterned excitation such as stimulated emission depletion (STED) microscopy X4 and

structured illumination microscopy (SIM) 28, STED and SIM achieve super-resolution using patterned illumination
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to differentially modulate the fluorescence emission of molecules within the diffraction-limited volume 2. Thus,
those techniques have been well used with fixed samples labeled with ISH and immunofluorescence to obtain sub-
diffraction images 292122 On the other hand, SRM by single-molecule-localization-based imaging, enables the
determination of the localization of a single fluorophore. Currently, research involving trajectory and single molecule

tracking of mRNA is primarily performed using single-molecule localization microscopy (SMLM) techniques in live
samples [23124](23],

1.4. Single-Molecule Super-Resolution Imaging

SMLM methods typically utilize conventional wide-field excitation and achieve super-resolution by fitting and
localizing individual molecules, which are subsequently utilized to form a complete image in a pointillistic fashion
(23], Since the inception of these techniques, they have become broadly adopted in life science research because
of their superior spatial resolution, which in most cases can achieve 20 nm lateral and 50 nm axial resolution or
better (13, SMLM is fundamentally based on the fact that the spatial coordinates of single fluorescent molecules
can be determined with high precision from an isolated point spread function (PSF). The single PSF can be
approximated with a Gaussian intensity distribution, allowing the exact center of the corresponding single emitter to
be determined, even if it sits between two pixels of the imaging system [28]. In order to avoid overlapping between
PSFs, fluorescent emissions of distinct molecules have to be separate. There are other ways to ensure a temporal
separation between PSFs; the most commonly used approach exploits photoswitchable or photoactivation probes.
Supposing the majority of fluorophores in a sample are converted to a dark state, and only a tiny subset of the
population switches back on, the probability of two emitters residing near each other will be minimal. Under these
conditions, one can calculate and record the location of each emitter in this subset. After bleaching or switching off
the current emissive fluorophores, a new subset can be activated. This process can be repeated multiple times.
When a sufficient number of location data are accumulated, the structure associated with the fluorophores can be

reconstructed from hundreds of subsets of emitter distribution.

1.5. Utilizing Single-Molecule Super-Resolution Imaging for mRNA

Before diving into various SMLM techniques used to image mRNA, the advantages and disadvantages of live cell
imaging and fixed samples must first be addressed. Fluorescence microscopy of living or fixed cells is entirely
dependent upon suitable labeling and detection strategies. In fixed cells, because all cellular activities and
movements have been terminated during fixation, this imaging strategy allows repeat capture to maximize
localization precisions, which contributes to the spatial resolution advantages of STORM and PALM. However, cell

fixation also has significant limitations.

Live cell imaging is a closer representation to the natural state of the cell. Whereas fixed cells are best described
as in situ, live cells remain the best method of obtaining data regarding the behavior of cells in their native
environments. For example, live cell imaging enables researchers to obtain real-time measurements at the

temporal frequency necessary to sample the dynamics of most biological processes adequately 27,
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Another consideration when comparing the two primary super-resolution approaches is the size of the dataset
required to generate super-resolution localizations. Depending on the samples and applications involved, SMLM
methodologies often require thousands of frames to reconstruct a high-quality image from an individual localization
event, sometimes requiring minutes or hours to capture. As a result, many SMLM techniques are often performed
on chemically fixed cells to prevent cell movement and facilitate the localization of single molecules. Despite this
consideration, SMLM techniques have enabled significant progress in the arena of imaging mRNA dynamics and

mMRNA-protein interactions.

RNA has also been studied utilizing the single-particle tracking capacity of SMLM methodologies. The principles of
SMLM can be expanded to track single-particles within live cells where a labeled single RNA macromolecule is
localized with nanometer precision and observed over a period of time. Such fine-detailed and dynamic
information, when paired with structural information of the cell, provides invaluable information pertaining to the
dynamics and transport behaviors of RNA. A distinct advantage of tracking single particles is the ability to derive 3D
information regarding the dynamic behaviors of RNA. One way in which this has been utilized is through the use of
single-particle localization in two-dimensions to derive virtual three-dimensional (3D) information using a
computational algorithm via single-point edge-excitation sub-diffraction (SPEED) microscopy. SPEED microscopy
has been used to track messenger ribonucleoprotein (MRNP) movement through the nuclear pore complex (NPC)
of eukaryotic cells (23281291 Thjs technique is specifically designed to track and record 2D spatial locations of fast-
moving fluorophores within a rotationally symmetric biological structure with a spatiotemporal resolution of
approximately 10 nm and 0.4 ms, respectively [23128]29] After image acquisition, post-localization 2D-to-3D
transformation is applied to obtain 3D super-resolution structural and dynamic information. Besides the
computational 2D-to-3D algorithm specially designed for rotational symmetric biological channels in the nuclear
pore, another SMLM approach combined with multifocus microscopy (MFM) was also developed within the past
few years. The MFM method produces focal stacks of high-resolution 2D images simultaneously displayed on a

single camera (29,

| 2. RNA Imaging Methods
2.1. FISH

Fluorescence in situ hybridization (FISH) is a valuable method for imaging nucleic acids. First developed by
Bauman and colleagues in 1980 B4, this method was originally intended to be a way to replace and improve on old
methods of in situ hybridization (ISH) that utilized 3H- or 125I-labeled radioactive hybridization probes. By combining
the hybridization approach in the previous autoradiography methods with observations made by Rudkin & Stollar
(32 wherein it was demonstrated that RNA:DNA hybrids could be targeted via a fluorescently labeled antibody,
Bauman and colleagues devised a mechanism to specifically target a nucleic acid by introducing a complimentary
RNA sequence covalently bound to a fluorescent probe that would then hybridize with the desired sequence 31
(Figure 1A).

https://encyclopedia.pub/entry/28273 4/22



Technologies Enabling Single-Molecule SuperResolution Imaging of mRNA | Encyclopedia.pub

The early incarnation of FISH was shown to facilitate imaging of mitochondrial DNA, viral DNA within human tissue
culture cells, and 5S rRNA Bl Whereas this technique demonstrated the theoretical possibility of FISH to image
hybridized RNA, the first true mRNA FISH was performed by Singer & Ward in 1982 to visualize actin mRNA in
chicken skeletal muscle culture B2l This visualization was accomplished using a DNA probe labeled with biotin.
After the hybridization of DNA to RNA, a goat anti-biotin primary antibody followed by a rabbit derived anti-goat
secondary antibody conjugated to rhodamine was added 33 (Figure 1B). This complex showed higher
fluorescence than the direct comparison approach originally devised by Bauman and colleagues 4l: however, the

size of the complex made it unwieldy.

In response to these difficulties, ISH methodology has been improved over the intervening years, primarily focusing
on two areas: the development of new and novel fluorophores and the addition of multiple fluorophores to a single
probe. The original incarnation of FISH used a single fluorophore, TRITC (tetra-methyl rhodamine isothiocyanate),
to label RNA B, Likewise, Singer and Ward utilized a single Rhodamine conjugated to an antibody in the first
iteration of RNA FISH B3l Later studies employed multiple probes with differing fluorophores to interrogate the
relationships and localizations of multiple target DNA sequences simultaneously. This approach resulted in the
development of multiplex-FISH (M-FISH), a technique in which multiple targets are simultaneously tagged with up
to 24 different fluorophores, enabling clinicians to screen karyotypes for deleterious genetic mutations 226l This

system was eventually adapted to RNA with the development of sequential-FISH (seqFISH).

One of the significant problems with mRNA FISH remains the photostability of the fluorophores used, particularly
when attempting super-resolution, as the photon flux required in super-resolution environments results in the rapid
deterioration of fluorophores during excitation 728l One response to this problem has been to move away from
organic fluorophores. An intriguing recent advance in this arena has been the development of quantum dots, which

exhibit brightness equal to organic dyes with significantly improved photostability.

The second approach to improving upon ISH methodology, the addition of multiple fluorophores to a single probe,
was first utilized in RNA FISH by attaching multiple CY3 fluorophores to a DNA probe. This approach resulted in
significantly higher fluorescence and enabled researchers to identify discrete sequences of mRNA enabling the
guantification of mRNA for the first time via mRNA FISH. Although this advance is often considered the first
incarnation of single-molecule FISH (smFISH) B9 this approach faced significant technical challenges, as the
close proximity of the CY3 fluorophores resulted in self-quenching B449 This resulted in differential fluorescence
intensity of individual probes, making quantification via this methodology unreliable. Although this particular
iteration was unable to resolve single particles, the idea of multiple fluorophores generating an additive fluorescent
intensity was a good one and eventually resulted in the development of smFISH in 2008 [28],
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Figure 1. A simplified diagram depicting fluorescent in situ hybridization (FISH). (A) The first FISH
experiment in DNA performed by Bauman and colleagues 21, in which a target DNA sequence (Blue) forms and
RNA:DNA heterodimer with an RNA (Green) probe conjugated with Rhodamine (Red). (B) The first mRNA FISH
experiment performed by Singer & Ward B3l in which a target mRNA sequence (Green) formed a DNA:RNA
heterodimer with a complimentary DNA sequence (Blue) conjugated to biotin (purple). A primary anti-Biotin Goat
derived primary antibody (Dark Blue) associates with the biotin tag. A secondary anti-Goat rabbit derived antibody
(Light Red) conjugated to a Rhodamine (Dark Red) then associates with the primary antibody forming a complete
fluorescent label. (C) The core principle of single-molecule FISH (smFISH), in which a target mRNA (Green) is
targeted with short sequential antisense oligonucleotides (Blue), each 15-20 nucleotides long, that are each

conjugated to a fluorescent dye (Dark Green).

2.2. smFISH

Single-molecule FISH (smFISH) was developed by Raj and colleagues in 2008 to address limitations in FISH
concerning low intensity of signal 8. The scholars tackled this problem by producing a series of 15 to 20
nucleotide long antisense oligonucleotide (ASO) probes, each conjugated to a fluorescent dye (Figure 1C and
Figure 2A), along the length of the coding DNA sequence (CDS) and 3' untranslated region (UTR) regions of
intended mRNA transcript. The additive intensity of these multiple probes enabled easier detection of the
transcripts such that they could be imaged, localized, and counted (Figure 2A) 28, Using different combinations of

spectrally distinct probes, multiple mMRNAs can be imaged simultaneously; however, because of potential spectral
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overlap, the number of possible combinations is small (See Figure 2A). (The scholars demonstrate three distinct
MRNAS).

While smFISH has many technical strengths and has been invaluable in answering many questions regarding
MRNA behavior within the cell, it suffers from many significant shortcomings. This technique is viable only in fixed
cells. This presents four significant problems to imaging mRNA. First, static information derived from a fixed cells
only provides researchers with a snapshot of their behavior. Second, the fixation of a cell often alters membrane
structures, potentially leading investigators to draw potentially erroneous conclusions regarding interactions
between mRNA and the nuclear envelope 1. Third, the assay is technically challenging to perform and requires
assay optimization for each target. This is due to the presence of too many ASOs producing untenable background
noise. Alternatively, if too few ASOs are present, the data cannot be trusted as the full transcript is unlikely to be
labeled. Finally, smFISH relies upon gRT-PCR for relative quantification. This further complicates this already

technically demanding method with the addition of another technically demanding technique.

2.3. seqFISH

Using techniques such as smFISH to resolve and identify mRNAs is limited by their proximity, which is frequently
below the optical diffraction limit. This potentially causes spectral overlap and the loss of discrete signal. Whereas
temporal separation of detection is a key feature of other single-molecule approaches such as SPEED microscopy
(29][42][43][44][45] 't requires a low concentration of tagged molecules in the field of detection. For techniques such as
SPEED, which is particularly suited to the dynamic environments of live cells, the need to keep the concentration of
detected molecules low presents a limitation. In techniques that are more suitable for static environments, such as
STORM 221481 and STED 47, the need for low concentration of probes can be overcome to some degree with the

use of multiple colors of fluorophores 8! f fixed cells are used.

Lubeck and Cai in 2012 and Shah and colleagues in 2016 described sequential FISH (segFISH) as a way to
overcome these limitations to result in a technique that resolved transcripts from 32 stress-responsive genes in
single S. cerevisiae cells by combining spatial and spectral coding using (spatial) order of probes (along a
transcript) and combinations of colors 4259 Their first approach was combinatorial labeling, in which activator-
emitter probes were spaced along the mRNA far enough apart (about 100 nucleotides) to be resolved at the
resolution capable with STORM. (The localization resolution of STORM is approximately 20 nm [131.) The scholars
hybridized probes of varying spectral patterns in particular order to different mMRNAs to differentiate them, terming

this technique spatial barcoding 42 (see Figure 2B).
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Figure 2. smFISH and segFISH. (A) smFISH: Top, multiple probes of the same color designed to hybridize along
the length of both the CDS and 3'UTR of the intended transcript; bottom, mRNAs imaged after hybridization, with
yellow spots showing transcripts containing both the CDS and 3'UTR [after (Raj, 2008)]. (B) segFISH Spatial
barcoding, in which probes are designed to hybridize ~100 nt apart to facilitate resolution of unique combinations
(after 42, (C) Spectral barcoding, in which a color code of probes hybridizes repeatedly along the length of a
transcript in order to increase its detectability and identifiability. (D) Repeated cycles of hybridization, imaging, and
removal of probes results in a temporal barcode that increases the number of unique barcodes possible and aids

resolution via the temporal dimension (Panels C,D after @]). © segFISH in vitro: An oligo(dT) surface is created
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and mRNAs hybridize to it via their poly-A tail, spreading out to a resolvable distance. (F) Probes are hybridized to

the adhered transcripts.
2.4. MERFISH

It is currently desirable to obtain information regarding the transcriptome localization during various cellular states.
To this end, multiplexed error-robust FISH (MERFISH) was developed by Chen and colleagues in 2015 52,
MERFISH relies upon similar methodologies as seqFISH and smFISH, where multiple antisense oligomers are
utilized similar to smFISH. The difference between smFISH and MERFISH becomes apparent as this technique
adds each fluorescently tagged antisense oligormer in a sequential manner, thereby uniquely labeling RNA in a
manner similar to seqFISH. Where seqFISH creates a color barcode, MERFISH relies upon a 16-bit coding

approach.

This technique provides researchers with a robust, error-resistant methodology for quantifying and localizing
specific RNA of interest within the cell. Similar to smFISH, this method can only be utilized in fixed cells as the
immobility of the RNA is critical to the success of this method. This makes this an ideal technique for capturing
whole transcriptome information at key points in the cell life cycle, but not well-suited for capturing details regarding
RNA dynamics. Further, producing so many smFISH probes is costly and untenable; to address this, the scholars
have adapted an existing Oligopaint approach B3I34l. This approach also requires a degree of coding competence
to be able to both generate the ‘codebook’ of target RNA sequences and automate the localization and association
of the individual sequences with their designated code word. Lastly, this approach may be hampered by possible
photodamage. Theoretically, this technique can be expanded to cover the entirety of the transcriptome; however,
the photobleaching required between each hybridization could potentially damage the target cell after multiple

sequential rounds of hybridization and imaging.

2.5. Single-Molecule Localization Microscopy (SMLM)

SMLM is a broad discipline that covers a wide array of methods and techniques that have variously been utilized to
image RNA. All of these techniques fundamentally rely upon the principles of spatial localization, meaning that
sufficient temporal or physical space is required between individual fluorophores to permit the mathematical fitting
of the point-spread function (PSF) without overlapping, thereby determining the 2D localization as well as the
localization precision 22129551 The separation of individual PSFs can be accomplished utilizing specialized

fluorophores such as photoswitching or photoactivated fluorophores for STORM and PALM, respectively.

| 3. RNA Labeling Strategies
3.1. MCP-MS2 Loop System

The MCP-MS2 loop system is the current gold standard for labeling mMRNA in living cells and has been utilized for
numerous studies in a variety of model systems over the past few decades [2328]56I[571[58][59][60[611[62](63]  Thjg

technique is derived from the virus Emesvirus zinderi also known as Bacteriophage MS2 (MS2), a virus that stands

https://encyclopedia.pub/entry/28273 9/22



Technologies Enabling Single-Molecule SuperResolution Imaging of mRNA | Encyclopedia.pub

out for being the first genome ever fully sequenced 8463l MS2 is a single positive-strand genomic RNA virus that
infects Gram-negative bacteria with a retractile pilus and contains a genome of ~4 kb that encodes for four
proteins: the maturation protein, the coat protein, the replicase, and the lysis protein B8I671 Following entry via
pilus, the virion goes through uncoating, exposing its genome. The MS2 genome is then cleaved, translated, and
replicated. Much of the MS2 genome produces stem-loop structures following transcription that prevent translation.
During assembly, the coat MS2 coat protein (MCP) recognizes these stem-loop RNA structures, binds to them, and

facilitates encapsidation [68],

This observed process has provided researchers with a method to label RNA in living organisms. As stem-loop
structures do not exist in mammalian cells, MCP does not interact with macromolecules endogenous to
mammalian cells. This affords researchers the ability to develop a bipartite labeling methodology, where two
plasmids would be introduced to a cell of interest. First, a plasmid containing a mammalian promoter, the sequence
encoding for the RNA of interest, and the MS2 loop sequences in the 3' UTR. Second, a plasmid containing a
mammalian promoter, nuclear localization signals (NLS), and the sequence for MCP conjugated with a fluorophore
on the 3' end (Figure 3A). When both plasmids are present and transcribed/translated, an RNA sequence
containing MS2 loops at the 3' end is present, as well as a nuclear-localized MCP-fluorophore. The target
sequence and the MCP-Fluorophore then bind with high affinity, creating an MCP-MS2 array that can be localized
using light microscopy (Figure 3B). It is important to note that the addition of the NLS to the MCP-Fluorophore
enables researchers to ensure that both plasmids are present in the cell, as cells in which fluorescence is only
present within the nucleus were lacking the target RNA sequence. This is due to the fact that MCP-Fluorophore
binding to mRNA will be exported to the cytoplasm, thereby causing fluorescence, however dim, to be present in

the cytoplasm as well as the nucleus (Figure 3C,D).
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Figure 3. The MCP-MS2 loop system. (A) A depiction of the gene cassettes present in the two plasmids, the
chimeric target sequence and the MCP-fluorophore, utilized in this system. (B) A simplified diagram of the
association between the chimeric target sequence and the MCP-Fluorophore post transcription/translation. (C) A
depiction of the fluorescent pattern observed in cells that have only the MCP-Fluorophore plasmid. (D) A depiction
of the fluorescent pattern observed in cells that contain both the MCP-Fluorophore and Chimeric Target Sequence

plasmids.

In summation, the MCP-MS loop system provides several distinct advantages detailed here, most notably being
the ease of use in live cells. However, there are also many distinct disadvantages to this system. Chief among the
disadvantages is the high background noise present in the system, as unbound MCP-fluorophore conjugates
aggregate in the nucleus. Next, the MS2 loop, as it is not present in mammalian cells, confounds cellular
machinery. Chimeric mRNA transcripts are untranslatable, and the tight bonding between the MCP-MS2 loop
impairs accessibility of mMRNA decay enzymes to the MS2 array, leading to slow degradation in S. cerevisiae 6270
(7472l This deficiency presents significant difficulty for researchers interrogating the full life cycle and intracellular
localization of mMRNA. The issue has been addressed by developing new versions of the MS2 loop system,

specifically by adjusting the linker space between the individual stem-loops. This adjustment is hypothesized to
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create more space to allow endogenous proteins to interact with the chimeric sequence, thereby reducing or

potentially ameliorating this impairment [Z31l74],

3.2. Antibody Labeling

Several steps within the life cycle of an mMRNA molecule may inhibit or prematurely end its progression to the
ribosome. One of these inhibitory instances, occurring during transcription, is the formation of an RNA:DNA hybrid,
R-Loop, from single-stranded RNA hybridization with the complementary DNA sequence. Numerous factors may
cause RNA:DNA hybrid formation, relaxed upstream supercoiling, defective proteins related to stalled transcription
and RNA:DNA hybrid resolution, G-rich mRNA regions, and non-template DNA strand nicks and secondary

structures 2],

3.3. Multiply-Labeled Tetravalent RNA Imaging Probes (MTRIPS)

Imaging endogenous mRNA is preferred as it provides a more accurate picture of biological processes unaffected
by plasmid overexpression or other experimental artifacts arising from transfection. Further, endogenous mRNA
also avoids restriction to cell types that can be efficiently transfected. Studying mRNA expression in live cells can

provide dynamic information about how mRNA expression changes in response to varying conditions or over time.

Santangelo and colleagues developed multiply labeled tetravalent RNA imaging probes (MTRIPs), a method of
labeling native mRNA transcripts with multiple fluorophores 8. Synthetic oligos (2' O-methyl RNA-DNA chimera
nucleic acid ligands) were labeled with multiple fluorophores, bound to streptavidin, and delivered into the live cell
via reversible permeabilization with streptolysin O. After entry into the cytosol, multiple ligands bind to target mMRNA
transcripts (see Figure 4). Unbound probes and mRNAs bound to few probes can be eliminated by measuring
differential intensity; points of light showing the intensity level expected for one probe are disregarded; mRNAs
bound to multiple probes show a higher signal-to-noise ratio. The scholars leveraged the technique they developed
to image RNA at the single-molecule level, showing colocalization of RNA with RNA-binding proteins in live human
epithelial cancer cells and primary chicken fibroblasts (8. Later innovation resulted in the development of proximity

ligation assays utilizing MTRIPS X4, thereby providing more versatility to this labeling strategy.
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Figure 4. Simplified schematic of MTRIPs. (A) Fluorophores are bound to synthetic oligomers (ligands). (B)
Tagged ligands are introduced into the live cell via temporary permeabilization. (C) Ligands bind to target mRNA

(not o scale); multiply bound mRNAs are distinguished from unbound probes by intensity. After [Z6],

3.4. CRISPR-Based Labeling Strategies

Using endogenous tagging of mRNA such as the previously mentioned MS2 loop systems would be further
improved by the ability to shorten the endogenous tag insertion steps and flexibility in insertion sites. Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR) is a hot topic field in genomic manipulation, first
discovered in 1987 8 and pushed into development as a tool for genetic modifications concurrently by
Charpentier /2 and Zhang [89. Using a sequence-specific targeting Single guide RNA (sgRNA), it can precisely
target excision sites to insert exogenous tags into th’ 3' UTR of mRNA sequences B2 Many online tools have
been developed to help find appropriate sgRNAs and protospacer sequences to target virtually any gene: “Zhang

Lab.” Available online: http://crispr.mit.edu (accessed on 8 August 2022), “Benchling.” Available online:

http://benchling.com (accessed on 8 August 2022). These tools are most effectively used in conjunction with

Zhang'’s protocol for assembling gRNA plasmids (3],

3.5. RNA Molecular Beacons
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An RNA targeted molecular beacon functions along a similar premise as all ISH methodologies but is especially
similar to smFISH. Specifically, a short, 15- to 20-nt, fluorescently tagged DNA oligo binds to a complimentary
transcript of interest within the cell, thereby enabling researchers to visualize and localize that transcript. The
primary difference is that this technology attempts to resolve the background noise problem inherent to so many of
the mRNA labeling techniques discussed in this manuscript. Researchers have accomplished this by adding a
fluorophore to one end of the sequence and a quencher to the other [B4! (Figure 5A). A quencher is a compound
that, when sulfficiently close to a fluorophore, will absorb the energy released by the fluorophore and dissipate it as
heat [B4l83] The quencher is utilized to great effect by designing the beacon as a stem-loop, flanking the 15- to 20-
nt antisense target sequence. When the beacon is not bound to its target, the beacon forms a hairpin, bringing the
fluorophore and quencher into close proximity (Figure 5A), thereby generating a probe that will only fluoresce
when it is bound to the target (Figure 5B) B8],

B

15-20 nt
antisense target
sequence

Fluorophore Quencher

15-20 nt antisense
target sequence

Complementary

Sequence
—— ¢ Target mRNA

Quenched Fluorophore

Quencher

Figure 5. Simplified diagram of RNA molecular beacons. (A) A 15- to 20-nucleotide target sequence flanked by
palindromic repeats causes the probe to form a stem-loop, bringing the quencher (Grey) and a fluorophore into
close proximity causing the fluorophore to quench (Dark Grey). (B) When in close proximity to the target transcript,
the target sequence will hybridize with the target mRNA, causing the stem-loop to open, moving the quencher and

fluorophore away from one another, thereby facilitating fluorescence.

3.6. RNA Aptamer

An aptamer is a single-stranded length of DNA or RNA that forms a secondary structure that selectively binds to a
specific target B4, As there are no known fluorescent RNAs, this is an attractive feature for imaging RNA.
Conditional fluorophore aptamers, also known as fluorescent turn-on aptamers, have been developed to enable the
imaging of RNA. These aptamers form a specific secondary structure which will then selectively bind to a specific
dye that exhibits minimal fluorescence until it binds with its cognate aptamer. This is made possible as a result of

the following three principles, twisted intramolecular charge transfer, excited state proton transfer, and unquenching
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of fluorophore-quencher conjugates 8. Each of these results in a physical change to the dye enabling it to emit

fluorescence upon excitation when associated with the aptamer.

This system has been utilized in a variety of studies to evaluate the localization and behavior of telomerase-

associated RNA in both mammalian cells and Saccharomyces cerevisiae BIRABLRZ: gpecifically, TLC1 28], the

RNA scaffold for the telomerase holoenzyme, and telomeric repeat-containing RNA (TERRA), a DNA:RNA

heteroduplex that actively participates in the telomere maintenance and chromosome end protection 24, Providing

valuable information regarding the localization and dynamics of these RNAs within both dividing and senescent

cells.
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