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Preface

In the last couple of years, research based on high-throughput assays revealed that the RNA
world is much more complex than initially anticipated entangling virtually all areas of cell
and developmental biology. Semiautomated visual screens demonstrated that large fraction
of the transcriptome is distributed nonuniformly within the cell, suggesting the presence of
underlying active localization mechanisms. On the other hand, the nonbiased capture of
RNA interactome showed that 8-10% of the total proteome could directly bind (m)RNA,
including hundreds of novel RNA binding proteins, such as enzymes of fundamental
biosynthesis pathways, components of the cytoskeleton, the endocytosis, and secretory
pathways. Some of these novel RNA-binding proteins harbor low-complexity domains,
making them capable of spontancously self-assembling into higher-order structures both
in vitro and in vivo, dynamically forming RNA-containing membraneless organelles, such as
Cajal bodies, nuclear speckles, and paraspeckles, RNA and stress granules, nuage or germ
granules. In specimen previously considered homogeneous including tumorous malforma-
tions, quantitative RNA imaging and correlative high-content imaging coupled with single
cell transcriptome analysis demonstrated a high degree of heterogeneity which directly
impacts prognosis and possible therapy. As revealed by in vivo functional assays of single-
molecule sensitivity, this heterogeneity is mainly due to the stochastic nature of the under-
lying biological processes, such as transcription and translation.

The advances in RNA biology render advanced RNA detection and visualization tools
invaluable to cell and developmental biologists as well as to medical researchers and
practicing clinicians. Although the amount of technology development in the last couple
of years renders it impossible to cover every possible aspects of RNA detection, this volume
aims to introduce the various concepts and the methods of detecting RNA in biological
material in a variety of model systems. The detailed protocols and the tips and tricks of the
presented assays will allow the optimization and the adaptation of these methods to address
different biological questions of RNA, and hopefully, this volume of the MiMB series
becomes a useful everyday companion of every novel or experienced scientists of the
expanding RNA world.

Heidelberg, Germany Imve Gaspar
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Chapter 1

The Secret Life of RNA: Lessons from Emerging
Methodologies

Caroline Medioni and Florence Besse

Abstract

The last past decade has witnessed a revolution in our appreciation of transcriptome complexity and
regulation. This remarkable expansion in our knowledge largely originates from the advent of high-
throughput methodologies, and the consecutive discovery that up to 90% of eukaryotic genomes are
transcribed, thus generating an unanticipated large range of noncoding RNAs (Hangauer et al.,
15(4):112, 2014). Besides leading to the identification of new noncoding RNA species, transcriptome-
wide studies have uncovered novel layers of posttranscriptional regulatory mechanisms controlling RNA
processing, maturation or translation, and each contributing to the precise and dynamic regulation of gene
expression. Remarkably, the development of systems-level studies has been accompanied by tremendous
progress in the visualization of individual RNA molecules in single cells, such that it is now possible to
image RNA species with a single-molecule resolution from birth to translation or decay. Monitoring
quantitatively, with unprecedented spatiotemporal resolution, the fate of individual molecules has been
key to understanding the molecular mechanisms underlying the different steps of RNA regulation. This has
also revealed biologically relevant, intracellular and intercellular heterogeneities in RNA distribution or
regulation. More recently, the convergence of imaging and high-throughput technologies has led to the
emergence of spatially resolved transcriptomic techniques that provide a means to perform large-scale
analyses while preserving spatial information. By generating transcriptome-wide data on single-cell RNA
content, or even subcellular RNA distribution, these methodologies are opening avenues to a wide range of
network-level studies at the cell and organ-level, and promise to strongly improve disease diagnostic and
treatment.

In this introductory chapter, we highlight how recently developed technologies aiming at detecting and
visualizing RNA molecules have contributed to the emergence of entirely new research fields, and to
dramatic progress in our understanding of gene expression regulation.

Key words RNA detection, Transcriptomics, RNA structure, RNA localization, In vivo RNA imag-
ing, Transcription, Translation, Ribonucleoprotein complexes, Interactome

1 Uncovering RNA Regulation via Large Scale Approaches

The advent of deep RNA sequencing (RNA-seq) technologies and
their applications to various transcriptomes has revealed the unex-
pected complexity of eukaryotic RNA repertoires, composed of a
plethora of noncoding species and a large number of alternative

Imre Gaspar (ed.), RNA Detection: Methods and Protocols, Methods in Molecular Biology,
vol. 1649, DOI 10.1007/978-1-4939-7213-5_1, © Springer Science+Business Media LLC 2018
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2 Caroline Medioni and Florence Besse

1.1 Multilevel
Regulation of RNA
Processing Revealed
by Transcriptomic
Methods

transcripts [1]. Recently, implementations of deep sequencing
techniques adapted to comprehensive analysis of 3’ ends, specific
RNA modifications or detection of translation events, have greatly
enhanced our ability to interrogate gene regulation at the posttran-
scriptional level, leading to the discovery of new tunable regulatory
layers. Furthermore, emerging technologies providing an up-to-
the-single-cell spatial resolution have paved the way for spatially
resolved transcriptomics, a new field that integrates both RNA
profiling of defined cell types and retrieval of positional informa-
tion. These approaches have a broad spectrum of applications in the
study of regulatory networks underlying developmental processes
or disease progression [2].

Posttranscriptional processing of RNAs is a several-step process that
does not end with splicing of intronic regions. 3’ end sequencing,
indeed, has revealed that alternative cleavage and polyadenylation
of RNAs (APA) is pervasive in all eukaryotes examined so far, and
that up to 70% of human genes use APA to generate transcripts that
differ in the length of their 3’ UTRs [3, 4]. While the biological
functions of APA remain to be demonstrated at a global scale,
transcriptomic analyses have shown that this process is tightly regu-
lated in response to differentiation programs as well as external
signals [4]. For example, a widespread shift toward usage of proxi-
mal poly(A) sites has been associated with increased cell prolifera-
tion [3, 5]. Furthermore, although promoter-distal poly(A)
isoforms tend to be enriched in neuronal tissues [6], changes in
proximal /distal 3'UTR ratios are observed for specific groups of
genes in response to neuronal activity [7]. Development of novel
techniques tailored to transcriptome-wide detection of nucleoside
modifications has also revealed the prevalence and the diversity of
RNA posttranscriptional modifications, giving birth to the expand-
ing field of epitranscriptomics [ 8, 9]. Interestingly, large-scale map-
pings of modifications such as A-to-I editing, nucleoside
methylation (m°®A, m°C, m'A) or pseudo-uridinylation (¥) have
shown that modifications are enriched at specific transcript loca-
tions, suggesting mark-specific functions. m®A, for example, pref-
erentially decorates the stop codon vicinity and large internal exons,
while m*A clusters around the AUG start codon and is associated
with enhanced translation [10, 11]. Further highlighting potential
regulatory functions of posttranscriptional RNA modifications,
RNA marks are dynamically regulated in response to differentiation
programs or environmental stimuli, and conserved across evolution
[8, 9]. Although the impact of RNA modifications on dynamic
regulation of gene expression still remains largely unclear, large-
scale analyses are now paving the way to a better understanding of
the role of the epitranscriptome.



1.2 Not Just
Sequence:
Transcriptome-Wide
Capture of High-Order
Structures

1.3 Large-Scale
Spatiotemporal
Mapping of
Translation Profiles

The Secret Life of RNA 3

mRNAs or noncoding RNAs (ncRNAs) are not linear single-
stranded molecules, but rather adopt 3D structures that are essen-
tial for their processing and function, yet not trivial to capture. To
get a global idea about the RNA structurome landscape, Chang and
coworkers implemented a method that identifies flexible single-
stranded bases in RNAs for all four nucleotides, in living cells.
Profiling mRNA structure in mouse embryonic stem cells, they
found that m®A methylation induces characteristic RNA structures
that may be relevant for the control of gene expression [12]. More
recently, Rouskin and coworkers developed a mutational profiling
approach that, instead of generating population-average structures,
provides multiple structural features at a single-molecule resolution
[13]. This enables detailed studies of structural heterogeneity, in
particular isoform-specific RNA structures, in cellular environ-
ments. As an alternative approach, three groups introduced cross-
linking-based high-throughput strategies that capture RNA-RNA
duplexes in cells, and identify the corresponding sequence pairs
[14-16]. With these methods, both intramolecular and intermo-
lecular base-pairing interactions can be mapped, giving insights
into internal RNA structural conformations and higher-order
structures respectively. Strikingly, the first applications of these
methods have revealed intermolecular interactions involving all
major classes of RNA, such as ncRNA-ncRNA interactions,
ncRNA-mRNA interactions as well as mRNA-mRNA interactions.
Furthermore, they have highlighted the preponderance of long-
range, often conserved and dynamic internal interactions within
and between 5 and 3'UTRs and coding sequences [15]. Such
interactions might be particularly relevant, as efficiently translated
mRNAs tend to exhibit long-range end-to-end interactions, which
supports the previously proposed circularization model for ribo-
some recycling and efficient mRNA translation [14]. In contrast,
poorly translated mRNAs tend to contain clusters of short-range
interactions near the beginning of the transcript, consistent with
translation inhibition by structured elements in 5" UTRs [14]. By
providing a global view on how transcript structural organization
can impact gene regulation, these methods have opened the door
for functional studies of the conformational changes occurring in
response to various conditions.

As revealed by the limited correlation between mRNA and protein
levels [17], translational control is an essential and regulated step in
determining levels of protein expression. With the development of
ribosomal profiling methods, in which deep sequencing is used to
comprehensively map and quantify ribosome footprints, it has
become possible to get instantaneous and sensitive detection of
translation events [18]. Notably, ribosome profiling not only
enables dynamic transcriptome-wide measurements of translational
rates under various conditions, but also provides detailed
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1.4 Toward Spatially
Resolved
Transcriptomics

information about the identity of translation products [19]. This
has led to the discovery of a large number of unanticipated foot-
prints that fall outside canonical coding regions, and correspond to
translated short ORFs (sORFs) found in previously annotated
noncoding RNAs, regulatory ORFs (such as uORFs) that contrib-
ute to translational regulation of downstream ORFs, or alternative
start or stop sites generating extended protein isoforms [19-21].
Interestingly, recent implementations of the ribosome profiling
approach now allow monitoring translational events localized to
specific subcellular compartments or specific cell types. In
proximity-specific ribosome profiling, for example, purification of
ribosomal subunits that are biotinylated locally by the restricted
activity of the BirA biotin ligase is performed prior to ribosome
profiling. Using this technique, Weissman and coworkers were able
to monitor translation at two distinct entry points to the ER and at
the mitochondrial membrane, thus providing detailed insights into
cotranslational translocation of proteins into these organelles [22,
23]. In translating ribosome affinity capture (TRAP), purification
of a tagged ribosomal subunit expressed cell-type specifically is
coupled to RNA-seq to profile the entire translated mRNA com-
plement of defined cell populations. This method has enabled
precise and dynamic profiling of specific neuronal cell types in
mammalian brains, providing insights into the molecular changes
underlying both neuronal cell differentiation programs and differ-
ential responses to specific drugs [24, 25]. Together, the versatility
of developed translation profiling strategies makes it now possible
to explore with unprecedented spatiotemporal resolution changes
in both conventional and unconventional translational events.

Until recently, most of our knowledge about transcriptome-wide
regulations was derived from bulk assays applied to entire cell
populations or tissues. Ensemble averaging methodologies, how-
ever, prevent the analysis of intracellular dynamics and mask bio-
logically meaningful cellular heterogeneities. Recent single-cell
RNA-seq technologies developed to overcome these limits now
allow profiling of single-cell transcriptional landscapes [26].
Although limited in sensitivity, these fourth generation sequencing
techniques can quantify intrapopulation heterogeneity and enable
studies of cell states at very high resolution. Single-cell RNA-seq,
for example, has been successfully used to deconvolve heteroge-
neous cell populations, and identify novel and /or rare cell types in
complex tissues such as intestine, spleen, or brain [26-31]. It is also
commonly used to study cell state transitions and to map cell
trajectories over the course of dynamic processes such as differenti-
ation or response to external stimulation. Detailed analyses of cell
trajectories have led to the discovery of previously masked interme-
diate differentiation states, as well as key signaling pathways and
regulators triggering switches in cellular state or fate [26, 32-34].
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A major caveat of most single-cell isolation procedures, however, is
that information about cell original spatial environment is lost
during cell isolation. Thus, computational methods have recently
been developed to infer the initial 3D position of isolated cells from
their transcriptomic profiles using reference gene expression maps
obtained by in situ hybridizations [35, 36]. Alternatively,
approaches in which RNA is captured from tissue sections have
been developed [37, 38]. In the zebrafish embryo, for example,
sequencing of serial consecutive sections along different axes was
used in combination with image reconstruction to generate 3D
gene expression atlases at different developmental stages [38]. In
mouse brains, the so-called spatial transcriptomics method has been
used to visualize RNA distribution. In this method, histological
sections are deposited on arrays that capture and label RNAs
according to their position [39]. Together, single-cell and spatially
resolved transcriptomic approaches now allow detailed and dynam-
ics studies of gene regulatory networks. By enabling precise moni-
toring of disease progression and by revealing heterogeneities in
tumor samples, they also have a profound impact on disease prog-
nosis and definition of optimal therapeutic strategies [39—41].

2 Single-Molecule Approaches for Quantitative and Subcellular Analyses of RNAs

2.1 Detecting Single
RNA Molecules

2.1.1  From Conventional
FISH to smFISH Methods

Single-molecule approaches have recently emerged as a powerful
means to resolve individual RNA molecules within individual cells,
and thus to overcome the limits of large-scale averaging analyses.
Single-molecule FISH (smFISH) methods, in particular, now
enable absolute quantification of transcript copy number as well
as subcellular visualization of single RNA molecules in cultured
cells or tissues. Strikingly, the high resolution and fidelity of these
approaches have revealed the prevalence of subcellular RNA locali-
zation, and led to the discovery of a previously masked, but biolog-
ically relevant, cell-to-cell variability in gene expression.

Conventional FISH methods, in which long antisense probes
recruit enzymes that catalyze fluorogenic reactions, have been
used in a wide range of cell types and organisms to qualitatively
assess RNA distribution and abundance. These methods, while very
sensitive, generate a strong experimental variability that prevents
signal calibration and quantification. Over the last past 10 years,
different approaches have been developed to detect single RNA
molecules with photonic microscopy systems [42, 43]. These
approaches have aimed on one hand at enhancing individual signal
brightness and on the other hand at improving signal-to-noise
ratio.

The first group of methodologies, pioneered by the Singer
group [44] and further implemented by the Tyagi and Van
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2.1.2  Quantifying
Transcript Copy Numbers

Oudenaarden groups [45], is based on the hybridization along the
target RNA of multiple short oligonucleotide probes, each labeled
with one or several fluorophores. The collective fluorescence arising
from the binding of such arrayed probes generates a strong and
localized signal detectable as a single diffraction-limited spot.
Importantly, automatic detection and quantification of individual
fluorescent spots obtained with these smFISH techniques gener-
ated numbers of molecules similar to those obtained by RT-QPCR
[45]. The second group of methods uses signal amplification as a
means to overcome the limited sensitivity of probes with direct
fluorescence encountered in particular when working with RNA
of small size. In hybridization chain reaction (HCR)-based meth-
ods, for example, target-specific probes trigger the self-assembly of
metastable fluorescent RNA hairpins into large amplification poly-
mers, resulting in a 200-fold increase in signal brightness [46, 47].
In branched DNA (bDNA) FISH, target specific probes create a
landing platform for amplifier DNA molecules that in turn capture
multiple labeled probes, resulting in enhanced brightness and sig-
nal-to-noise ratio [48]. Consistent with the robustness of this
method, a very good correlation was obtained at the transcrip-
tome-wide level between mean bDNA spot count per cell and
transcript abundance measured with RNA-seq [49].

Thus, single-molecule approaches are providing tools for quan-
titative and spatially resolved analyses, opening the doors to
detailed mechanistic studies of RNA regulatory processes in a cel-
lular context.

Because they provide unique means to accurately count copy num-
bers in individual cells, smFISH methods have been used to derive
absolute measure of mRNA synthesis, nuclear export or decay. In
mammalian cells and Drosophila embryos, for example, precise
count of reporter or endogenous transcripts revealed both large
cell-to-cell variations in transcript numbers, and poor correlations
between nascent transcription and cellular transcript levels, reveal-
ing that transcription occurs in burst [50, 51]. In yeast, smFISH-
based analyses showed that the stability switch observed for two
mRNAs exhibiting mitosis-dependent decay depends on promoter
activity rather than cis-regulatory sequences [52].

Quantification of absolute copy numbers has also provided
opportunities to implement mathematical models for complex
gene expression programs, and in particular to understand the
establishment and interpretation of morphogen gradients. In Dro-
sophila embryo, for example, Bicoid morphogen gradient could be
accurately modeled by incorporating smFISH quantitative data
about the distribution of individual #icosd mRNA molecules [53].
In C. elegans vulva induction model, measurements of EGEF-
induced gene expression at single-mRNA resolution, combined
with mathematical modeling, revealed that downstream gene
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2.1.4 Toward Systems
Level Analyses
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expression is not controlled exclusively by the external gradient, but
also by dynamic changes in the sensitivity of induced cells [54].

Being able to spatially resolve individual RNA molecules made it
possible to precisely dissect the molecular processes underlying
various aspects of RNA regulation. By positioning probe sets
along the f-actin transcription unit, for example, Singer and cow-
orkers were able to estimate transcription initiation and termination
rates in response to serum activation [44]. To study the coupling
between transcription and splicing, Tyagi and coworkers made use
of two sets of probes targeting respectively an intronic sequence
and the 3'UTR of a reporter mRNA. They showed that RNA
binding splicing regulators can induce posttranscriptional splicing
of specific introns [55]. Spatially detecting single molecules of
different RNA species also provides a unique means to compare
regulatory properties and establish correlation that would be
masked by bulk assays. Indeed, quantification of nascent transcripts
produced by loci located in different chromosomal contexts
revealed the existence of chromosome-specific transcriptional
regulations [56]. Furthermore, comparison of the transcriptional
frequency of individual alleles within the same nucleus showed
that the bursts in transcription observed for independent alleles
do not correlate in default state [57, 58], but get coordinated in
response to signaling pathways [57]. Finally, the development of
methods via which transcripts with single nucleotide changes
can be discriminated has provided a means to detect somatic muta-
tions in patient samples, and thus to improve molecular disease
diagnostics [59, 60]. Padlock probe-based methods, which rely
on target-dependent circularization and amplification of probes
[59, 61], have for example been used to detect point mutations in
a frequently activated oncogene, and to study intratumor hetero-
geneity [62].

Combining single-molecule labeling with super-resolution
imaging techniques is now the ongoing challenge, and promises
to provide insights into the precise molecular and cellular interac-
tions of RNA molecules with their environment [63].

High throughput has classically been a limitation of image-based
methodologies. However, recent progress in automatic image cap-
ture and processing, as well as combinatorial labeling of RNA
molecules, has provided means to work at the transcriptomic scale
in individual cells. By analyzing both the copy number and the
subcellular distribution of about a thousand mRNAs in indepen-
dent cultured HelLa cells, for example, Pelkmans and coworkers
were able to cluster transcripts into functionally related groups
using extracted features [49]. Strikingly, such clustering analyses
revealed that spatial patterns of individual mRNAs were more
powerful at identifying functionally relevant signatures than were
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2.2 Revealing Cell-
to-Gell Heterogeneity
in RNA Content

mean spot counts. In their study, however, different mRNAs were
imaged in different cells, preventing an analysis of covariations in
gene expression levels. To overcome this limit, multiplexing FISH
techniques enabling the simultaneous detection of hundreds to
thousands of transcripts have recently been developed [64-66].
These methods have led to the discovery of gene clusters with
substantially correlated expression patterns, as well as to functional
predictions for unannotated genes belonging to these clusters.
Ultimately, the objective of spatially resolved transcriptomic meth-
ods is to obtain exact cartographies of the entire transcriptomes of
individual cells. As a first step toward this goal, in situ sequencing
methods have been implemented over the last past 5 years [2, 67,
68]. In the FISSEQ next-generation fluorescent in situ RNA
sequencing approach, for example, 3D in situ RNA-seq libraries
cross-linked to the cellular protein matrix are created and
sequenced using SOLiD partition sequencing [68]. Notably, such
approaches not only provide quantitative and spatial information
about RNA abundance and localization, but can also be used to
monitor the behavior of alternatively spliced variants [68], or to
visualize intratumoral heterogeneity in patient samples [62, 69].
Application of multiplexing and in situ sequencing methods to
complex tissues and organisms is now the next step [46, 47, 66,
68, 70, 71], and should provide information on network-level
regulatory processes at play during cell differentiation and disease
progression [41].

By enabling highly accurate measurements of individual RNA
copy numbers, smFISH methods have revealed a previously under-
estimated cell-to-cell variability, with differences in transcript levels
reaching up to 50% between genetically identical cells [51, 72-74].
While cell-to-cell variability may be a strategy used by unicellular
organisms to improve the chances that a clonal population adapts to
variable conditions, it seems not optimal for carrying out the pre-
cise programs underlying the early development or the complex
tissue homeostasis characteristic of multicellular organisms [74].
Thus, this observation raises questions about how organisms cope
with such a variability, but also about the origin of the observed
fluctuations. Gene expression variability has been proposed to arise
from both intrinsic sources (such as the inherent randomness of
biochemical reactions) and extrinsic sources (such as variations in
cell fitness or local environment). To determine whether cell-to-cell
variability is stochastic, or rather determined by contextual para-
meters that may influence mRNA homeostasis, Pelkmans and cow-
orkers compiled for millions of isolated mammalian cells both
transcript count and a multivariate set of 183 features that quantify
cellular phenotypic state as well as population context [72]. Strik-
ingly, they uncovered that relating contextual features to regulatory
state predicts the vast majority of the measurable variance, and thus
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that heterogeneities in cell morphometry or microenvironment are
the dominant source of cell-to-cell variability in this system.

How is such a predictability compatible with the transcriptional
noise observed in a wide range of organisms, and caused by sto-
chastic bursts of transcription followed by periods of promoter
quiescence [51, 56-58, 73, 75, 76]? Increasing evidence suggests
that buffering mechanisms exist to reduce noise [74]. Nuclear
retention of mRNAs, for example, has been shown to efficiently
dampen fluctuations in transcriptional activity [72, 77], indicating
that cellular compartmentalization provides a global means to con-
fine transcriptional noise to the nucleus, without affecting steady-
state levels. As proposed in the context of homeostatic liver tissue
[73] or developing organisms [58], spatiotemporal averaging can
also overcome molecular noise and reconcile highly pulsatile tran-
scription with precise cytoplasmic accumulation. Indeed, after aver-
aging over active loci and over long timescale (such as few hours of
development) the contribution of intrinsic noise strongly decreases,
and gene expression regulation becomes limited by extrinsic fac-
tors. In this context, constructing gene regulatory networks that
minimize such an extrinsic variability is key, and appears to be a
strategy adopted by both unicellular [78] and multicellular organ-
isms [58].

High-content, microscopy-based, smFISH experiments performed
in cultured mammalian cells have provided transcriptome-level
spatial information about the subcellular distribution of transcripts
[49, 64]. These studies revealed that transcripts exhibit striking
localization patterns, ranging from perinuclear or peripheral accu-
mulations to more polarized accumulations. Complementary FISH
analyses performed in differentiated cells, at the tissue-level, have
further shown that virtually all the transcripts examined exhibited
subcellular localization in some cell type, at some stage of Drosoph-
ila development [79-81]. Indeed, 661 of the 726 expressed tran-
scripts (91%) analyzed in third instar larval tissues were localized in
at least one cell type, the most common localization pattern being
clustering within cytoplasmic foci [81]. Interestingly, subcellular
RNA localization appears to be the norm rather than the exception
for both coding and noncoding RNAs, as the vast majority of
analyzed long ncRNAs were subcellularly localized during embryo-
genesis. Furthermore, comparison of subcellular localization across
entire developmental programs, or between cell types, revealed that
the capacity of RNAs to localize appears to depend both on devel-
opmental stage and cell type [79, 81]. By comparing the gene
architecture of transcripts exhibiting subcellular localization versus
homogenous distribution in the Drosophila ovary, Jambor and cow-
orkers additionally found that subcellularly localized RNAs derive
from genes with statistically longer and conserved noncoding
regions, consistent with the importance of cis-regulatory sequences
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in controlling RNA fate [79]. The discovery of the prevalence of
RNA localization raises the question of'its global functional impor-
tance. While various examples have shown that the targeting of
mRNAs to specific subcellular destinations provides a reservoir for
local translation and onsite accumulation of the corresponding
proteins [82, 83], more recent work combining global transcrip-
tomics and proteomics analyses in invasive cells has revealed little
correlation between the relative accumulation of mRNAs and pro-
teins in cell protrusions [84]. This may reflect the need for transla-
tional activation of localized mRNAs in response to external signals,
as shown extensively in neuronal cells. Alternatively, these results
raise the intriguing possibility that mRNA targeting, by keeping
transcripts away from their site of translation in the cell body, may
also be used as a means to globally suppress translation. A system-
atic assessment of the accumulation pattern and the expression
levels of proteins produced from localized mRNAs under various
conditions should help getting a more comprehensive view on this
regulatory process.

3 Live Imaging Approaches for Dynamic Analyses of RNAs

3.1 RNA Detection
in Living Samples

3.1.1 Detecting
Endogenous RNAs with
Live FISH Methods

Having access to the temporal dimension is essential to precisely
study posttranscriptional regulatory mechanisms. Besides classical
injection of exogenous fluorescently labeled RNAs, many meth-
odologies have been recently developed to visualize RNA dynamics
in living cells or organisms, ranging from hybridization with fluoro-
genic probes to RNA tagging systems [42, 43]. These tools, when
combined with the latest microscopy systems, allow live imaging of
single molecules and precise dissection of all RNA regulatory steps,
from transcription to translation. By providing unprecedented spa-
tiotemporal resolution, they are also particularly useful to unravel
the in vivo mechanisms involved in subcellular RNA targeting.

Live FISH methods, in which injected or transfected labeled anti-
sense probes hybridize to target RNAs, have been implemented to
monitor endogenous RNAs in real-time, reaching a close to single-
molecule resolution. As working on living samples is incompatible
with hybridization under denaturing conditions, or with washes
removing unbound probes, several strategies have been developed
to increase probe brightness and reduce background signals. Signal
amplification is a first strategy adopted to produce the bright and
photostable fluorescence required for live imaging. HCR-mediated
signal amplification, for instance, was used to image low abundance
RNAs such as miRNAs in living mammalian cells [85]. Alterna-
tively, multiply labeled tetravalent MTRIP probes were developed,
and used in particular to quantify viral RNA production and char-
acterize individual viral particles in real-time [86, 87]. Designing
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probes that only fluoresce upon association with target RNAs is
another strategy adopted to minimize background signals due to
unbound probes. Molecular Beacons, for example, consist in oli-
gonucleotides flanked by both a fluorophore and a quencher; they
are designed such that fluorescence is quenched in the unbound
state and unquenched upon binding to target RNA [88]. Latest
generation beacons, optimized to overcome the instability and
nuclear retention problems associated with the original molecules,
have been successfully used in living cells. In primary cortical neu-
rons, they enabled the dynamic study of axonal mRNA transport,
and of the role of the RNA binding Protein TDP43 in this process
[89, 90]. Two alternative methods, both using DNA intercalating
dyes of the thiazole orange family to produce probes whose fluo-
rescence dramatically increase upon binding, have been developed
to study the spatiotemporal dynamics of RNAs in living cells or
tissues. DNA FIT probes were used to track oskar mRNA molecules
transported to the posterior pole of living Drosophila oocyte [91,
92], while ECHO-Fish probes were successfully used to dynami-
cally monitor single RNA intranuclear foci in vertebrate cells [93].

In aptamer-based tagging approaches, RNA motifs that bind cog-
nate molecules with high affinity are used to tag RNAs of interest.
Spinach aptamers, for example, bind to and activate the fluores-
cence of DFHBI, a membrane permeable fluorogen compound
analogous to GFP [94]. With the optimization of Spinach into
brighter and more stable variants, and the further development of
novel light-up aptamers such as RNA Mango, it is now possible to
follow the dynamics of abundant RNAs in living organisms ranging
from bacteria or yeast to human cells [95-100]. In a second group
of approaches, RNAs of interest are tagged with stem-loop struc-
tures selectively recognized by coexpressed fluorescently tagged
phage coat proteins. First developed by Singer and coworkers to
study the transport of AssI mRNA in living yeast [101], the MS2
stem loops/MCP-GFP binary system has since then been exten-
sively applied to various cell types and whole organisms such as
Drosophila, Xenopus, zebrafish, and mouse [102-105]. Interest-
ingly, orthogonal phage coat protein—RNA tethering systems such
as PCP/PP7 [106] or AN/BoxB [107] have been implemented,
enabling both difterential intramolecular labeling and simultaneous
imaging of several RNA species. Of note, however, adding relatively
long RNA tags may affect the regulation of RNAs under analysis.
Furthermore, most of the studies performed to date rely on
reporter RNAs expressed from engineered constructs. A notable
exception has been provided by the Singer group, which generated
a transgenic mice expressing MS2-tagged f-actin mRNA from the
endogenous locus to dynamically analyze f-actin subcellular locali-
zation [105]. With the development of CRISPR techniques,
endogenous tagging of RNAs should become standard in the
forthcoming years.
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3.1.3 Engineering
Fluorescent Proteins for
Recognition of Endogenous
RNAs

3.2 Kinetic
Dissection of RNA
Regulatory Processes:
From Transcription to
Translation

To overcome the limits of monitoring genetically modified RNAs,
fluorescent RNA binding proteins (RBPs) designed to detect
endogenous RNAs have been generated. For example, fusion pro-
teins between a fluorescent molecule and two Pum-HD RNA-
binding domains engineered to each recognize specific eight base
sequences present in target RNAs were designed to reveal mRNA
dynamics within living mammalian cells [ 108, 109]. Another inter-
esting approach is the RNA targeting cas9 (Rcas9) method that has
recently emerged as a new method for tracking endogenous RNAs
within living cells [110]. Here, the PAM sequence is provided by a
separate oligonucleotide (PAMmer) that hybridizes on the target
RNA, generating a landing platform for fluorescent nuclease-
inactive Cas9 proteins. Remarkably, RCas9 enabled the tracking
of f-actin mRNA trafficking to stress granules in living human
cells without altering RNA or encoded protein levels [110]. Efforts
to implement this method in vivo, in whole organisms, are
underway.

The concomitant improvement of RNA tagging methods and
imaging system sensitivity has led to a considerable increase in
signal-to-noise ratio which, when combined with optimized
single-particle tracking algorithms and mathematical modeling,
enables the kinetic dissection of single RNA regulatory steps.

By tagging reporter transcripts with PP7 at the 5" or 3’ ends,
Singer and coworkers were for example able to differentially analyze
transcription initiation, elongation and termination steps [106].
This revealed that gene firing rate is directly determined by the
search times of rate-limiting trans-activating factors. Dynamic
monitoring of transcription has also been performed in the context
of entire Drosophila embryos [111, 112], revealing that the Bicoid
transcription factor is not required for transcription initiation, but
rather for persistence of transcriptional activity [112]. Interestingly,
combining orthogonal tagging with dual color imaging allowed to
simultaneously follow the transcription of independent RNAs, such
as sense and antisense transcripts produced from the same locus
[113] or allelic copies of the same gene [76], but also to perform
dual labeling of a given transcript and follow its maturation. By
differentially tagging intronic and exonic sequences of the same
reporter pre-mRNA using PP7 (or AN) and MS2 stem loops,
different groups were able to measure splicing kinetics of f-globin
reporter genes. Carmo-Fonseca and coworkers, for example,
demonstrated that splicing rate depends on splice site strength,
but also on intron length, such that it is limited by the rate of
transcription by RNA pol II [114]. Furthermore, Larson and cow-
orkers showed that f-lobin terminal intron splicing occurs stochas-
tically before and after transcript release, thus indicating there is no
checkpoint controlling the sequence of events [115].



3.3 Unraveling
Spatiotemporal
Control of RNA
Localization and
Translation

3.3.1 Transporting RNAs
to Specific Destinations
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Dual color imaging has also been key in dynamically studying
nucleocytoplasmic export, a poorly studied yet active and selective
step of RNA trafficking. By coimaging with high spatiotemporal
resolution nuclear pore components and reporter mRNAs, the
Singer and Shav-Tal groups were able to resolve individual transient
steps of the nuclear export process. They show that the rate-
limiting step for mRNA export is in fact not the transition through
the nuclear pore itself, but rather access to nuclear pores, a process
relying on nucleoplasmic diffusion [116, 117].

Until recently, live imaging of translation was prevented by the
limited signal produced by single nascent proteins, and the back-
ground produced by already translated polypeptides. These limits
have recently been overcome by the development of novel single-
molecule imaging approaches, in which the 3'UTR of reporter
mRNAs is tagged with PP7 or MS2 stem loops, and the 5" ends
of their ORFs with arrays of short peptide epitopes (SunTag or
Flag/HA epitopes) recognized with high affinity by genetically-
encoded fluorescent antibodies [ 118—121]. With these approaches,
single translated mRNAs are visualized as bright colabeled punctae,
and can be imaged over hours, providing precise measurements of
the rates of translation initiation and translocation, or ribosome
numbers [120, 121]. Interestingly, the Singer and Tanenbaum
groups were able to show using the SunTag approach that transla-
tion, like transcription, occurs in burst, with “on” behaviors inter-
posed by long periods of no translation [119, 120].

While asymmetric localization of endogenous transcripts had been
observed since the early 80s [83], first line of evidence for cytoplas-
mic mRNA transport came from pioneer experiments, where exog-
enous fluorescently tagged RNAs were injected in Drosophiin
embryos and Xenopus oocytes [122, 123]. As revealed by live
imaging of injected RNAs, and subsequently of in vivo-produced
MS2-tagged transcripts, mRNAs undergo complex motions that
are characterized either by directed motion or by passive diffusion
[82, 83]. Diffusion of localizing mRNAs has been observed in
primary fibroblasts, where the accumulation of endogenous MS2-
P-actin mRNA at the leading edge appears to be mediated mainly
by diffusion and trapping [124]. Directed transport of mRNAs
relies on different mechanisms: it is mostly characterized by fast
biased bidirectional motion along cytoskeletal elements, and
directly implies molecular motors such as kinesins, dyneins, and
myosins. Strikingly, live imaging analyses have shown that large net
mRNA displacement at the population level does not necessarily
involve strong biases at the single-molecule level. Indeed, tracking
of individual MS2-tagged oskar mRNAs in Drosophila oocytes
revealed a relatively small excess of kinesin-dependent mRNA
movements toward the posterior pole [125].
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3.3.2 \Visualizing
Translation in Space
and Time

A complex regulation of molecular motors has been described
in different studies [ 104, 125-128], and is responsible for directed
targeting of mRNAs to their precise final destination. By following
in vivo the transport of MS2-tagged Vgl RNAs localizing to the
vegetal pole of Xenopus oocytes, Mowry and coworkers observed
distinct transport kinetics and directionality in different regions of
the oocyte. While dynein is responsible for the unidirectional RNA
transport characteristics of the upper vegetal cytoplasm, kinesin-1 is
required for the bidirectional transport observed in the lower veg-
etal cytoplasm [104]. A tight temporal coordination in motor
activities is also very important for the coupling between transport
and anchoring at destination. As revealed by quantitative imaging
in Drosophila oocytes, for example, a strong interplay between
kinesin and dynein, and between the actin and microtubule cytos-
keletons, is required for posterior accumulation of mRNA-
containing germ granules [128].

How are these molecular motors recruited to actively trans-
ported mRNAs? As shown by Bullock and coworkers, RNA binding
proteins (RBPs) associating with localizing elements play a key role
in this process. Indeed, a specific structure found in mRNAs loca-
lizing apically in Drosophila embryos was shown to trigger RBP-
mediated recruitment of dynein and directed transport [126].
Interestingly, the recruitment of molecular motors by RBPs can
be induced by external stimuli. Following MS2-tagged camKlIlo
mRNA in cultured neurons, Bassell and coworkers were able to
show an increase in kinesin-dependent dendritic targeting of
camIKIlo RNA and its associated RBP FMRP upon mGluR activa-
tion, and a concomitant increase in the association between FMRP
and Kif5 Kinesin [127].

Until recently, detection of proteins synthesized locally, in specific
subcellular compartment was challenging. With the advent of novel
tagging strategies, it is now possible to map mRNA translation with
a high spatiotemporal resolution in living cells or organisms. In the
TRICK method, for example, PP7 and MS2 tags recognized by
distinct fluorescent peptides are inserted respectively in the coding
region and 3'UTR of reporter RNAs, such that dually labeled
RNAs lose their PCP signal upon ribosomal elongation [129].
By enabling the discrimination of translated from untranslated
mRNAs, and the monitoring of the first round of translation, the
TRICK method has been particularly useful in proving that oskar
mRNA is not translated until it reaches the posterior pole of Dro-
sophila oocyte. The use of the alternative SunTag approach to image
translation of single mRNA molecules revealed for the first time
cell-compartment specific heterogeneities of translation [ 118]. Live
imaging of local translation in dendrites of primary hippocampal
neurons, for example, provided evidence for a variability in mRNA
translation rates, with translation rate higher in proximal than in the
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distal region of dendrites [ 118, 130]. Interestingly, and opposite to
the previous assumption that mRNAs are transported in a silent
translational state, those studies also demonstrated that active
transport of mRNAs can occur after mRNAs have already initiated
translation.

Together, RNA tagging has provided new insights into the
kinetics and mechanisms of sequential RNA regulatory steps in
living cells or organisms. Although most of the studies performed
so far have used exogenously introduced reporter RNAs, imple-
mentation of the CRISPR /Cas9 strategy now enables to efficiently
tag endogenous RNAs and work in a more physiological context. A
current challenge is now to develop multicolor imaging and multi-
plexing methods to simultaneously image various RNAs, in the
context of tissues or organisms.

4 Characterization of Ribonucleoprotein Complexes

4.1 Identifying the
Gomposition of RNP
Complexes

4.1.1 Identifying RNAs
Bound to RBPs

Regulation of RNA production, maturation, transport, and expres-
sion involves the recruitment of RNA binding proteins (RBPs), and
the formation of ribonucleoprotein (RNP) complexes of defined
composition and structure [131]. Thus, uncovering the full land-
scape of RNA-protein interactions is of capital importance to
understand RNA regulatory processes. Complementary protein-
centric and RNA-centric methods have been developed to purify
RNP complexes and identify their RNA and protein content [132].
These approaches have provided unprecedented insight into the
molecular bases of RNA-protein interactions, but have also
revealed the importance of RBP-ncRNA interactions, as well as
the extent and complexity of the mRNA interactome. In vivo,
RNAs and proteins are frequently packaged into dynamic high-
order assemblies that contain multiple RNA and protein molecules.
Recent studies exploring the physical and molecular bases of these
assemblies have revealed that they exhibit characteristics of liquid
droplets [133].

Protein-centric methods largely rely on immunoprecipitation of
RBPs followed by large scale sequencing to identify their associated
RNAs. While native populations of coprecipitated RNAs are iden-
tified with RIP-seq, RNA fragments cross-linked to the RBP of
interest are sequenced and analyzed in CLIP methods, thereby
providing precise information on the binding sites of RBPs to
target RNAs [134-137]. Notably, recent implementation has
been made to isolate the intramolecular and intermolecular RNA
duplexes bound by given RBPs, which revealed in the case of the
Staufen protein the high prevalence of long-range intramolecular
RNA duplexes in the 3'UTRs of target RNAs [138]. Although RIP
and CLIP approaches have provided invaluable information about
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4.1.2  Identifying RBPs
Bound to RNAs

4.1.3 An Increasing
Interactome

posttranscriptional regulatory networks, these methods require a
large quantity of material and are not well-adapted to map RNA-
protein interactions in vivo, in specific cell types. To circumvent
these issues, complementary approaches have been recently devel-
oped in which fusions between a given RBP and the catalytic
domain of an RNA modifying enzyme are expressed in specific
tissues. Transcriptomes are then sequenced to identify the transcripts
specifically modified (and therefore bound) by the chimeric proteins.
In the TRIBE method, for example, the catalytic domain of the
RNA-editing enzyme ADAR was fused to three RBPs (HRP48,
FRM1, and NonA), allowing for the identification of RNA targets
from a subset of 150 fly neurons [139]. In the RNA tagging method,
the C. elegans poly(U) polymerase PUP-2 was used to covalently
mark the RNA targets of the yeast Puf3 protein [140].

RNA-centric approaches are based on affinity capture of selected
RNAs and subsequent identification of associated molecules [132],
and have been particularly helpful to uncover the regulatory part-
ners of noncoding RNAs. In in vitro approaches, synthetic RNA
baits tagged with aptamers are used to capture proteins from cellu-
lar extracts. S1m aptamers, for example, were combined with AU
rich elements (ARE) to identify ARE-binding proteins and poten-
tial regulators of mRNA degradation [141]. In in vivo approaches,
native RNA-protein complexes assembled in cellular contexts are
purified. This can be achieved by expression of aptamer-tagged
RNA variants in cells or tissues followed by RNA-based affinity
chromatography, as first optimized in bacteria for the purification
of complexes containing MS2-tagged small regulatory RNAs
[142]. Alternatively, RNP complexes can be purified by stringent
purification methods, in which biotinylated antisense probes are
used to capture endogenous RNAs. Coupled to mass spectrometry,
such purifications were for example used to identify proteins inter-
acting with the long noncoding RNA Xisz, providing new insight
on the role of this RNA in chromatin-dependent gene silencing
[143-145].

As described, most methods implemented to characterize RNA-
protein interactions provide information about the interactome of
one RNA (or one RBP) at a time. In order to have a more compre-
hensive view of posttranscriptional gene regulatory networks, two
groups have developed RNA interactome capture methods to sys-
tematically identify the proteome bound to poly(A) transcripts, and
to globally map the sites of protein—RNA interactions [ 146-148].
Strikingly, mRNA interactome studies uncovered hundreds of pro-
teins that were previously unknown to bind RNA and did not
contain recognizable RNA interaction domains. Cross-linked
RNA binders belong to a broad spectrum of protein families includ-
ing kinases, metabolic enzymes, or isomerases implicated in
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spliceosome and ribonucleoprotein dynamics, raising the intriguing
possibility that RNAs might control many cellular processes by
directly tuning protein activity. Furthermore, mapping studies
have shown on one hand the widespread binding of proteins to
3'UTR regions, and on the other hand, the prevalence of RNA
binding to intrinsically disordered regions [148]. Initially devel-
oped in cultured cells, oligo(dT)-based capture of RNA interac-
tomes has been implemented in living organisms such as yeasts, flies
or plants [149-152]. Ephrussi and coworkers, in particular, com-
pared the repertoire of RBPs bound to poly(A) RNAs prepared
from early and late embryos, thus revealing that the RNA inter-
actome exhibits an important plasticity during development [151].

In cells, various RNP assemblies control RNA biogenesis, trans-
port, or expression, and are visualized as particles or granules found
in both nuclear and cytoplasmic compartments [131, 153]. As
illustrated in neuronal cells, where endogenous RNP granules char-
acterized by specific markers were purified using multistep bio-
chemical purification, granules are heterogeneous in term of RNA
and protein contents [154]. To date, the precise stoichiometry of
RNA granules is still unclear, but smFISH methods have revealed
that the number of RNA molecules contained in individual RNPs is
not uniform, and appears to vary in function of both granule-type
and cellular context [155-160]. In the Drosophila germ line, for
example, nanosis transported as single copies to the posterior pole
of the oocyte, while oskar mRNA assembles into multiple copies
prior to transport [158]. Furthermore, nanos granules are remo-
deled when reaching the posterior pole, such that nanos mRNA
molecules assemble into homotypic clusters that recruit the RNA
binding protein Vasa, generating germ cell granules [158, 159]. In
mammals, quantitative analysis of the distribution of endogenous
MS2-f-actin mRNA revealed that single copies of f-actin mRNA
were present in RNP granules at the leading edge of primary
fibroblasts [124], whereas about 25% of RNDPs contained more
than one f-actin mRNA molecule in primary cultures of neurons
[157]. Interestingly, this number decreases with distance from the
soma, and is modulated by neuronal activity. Furthermore, neuro-
nal stimulation was shown to trigger a transient increase in mRNA
granule accessibility, likely reflecting complex disassembly and
engagement in local translation [157].

Dynamic remodeling and turnover of RNA granules is not
restricted to germ cells or neurons, but is observed in various cell
types in response to developmental signals or environmental stres-
ses, raising the question of how these large complexes are dynami-
cally assembled and regulated. As revealed by recent work, RNA
granules may form through phase separation, generating reversible
assemblies with semiliquid behavior [133, 161, 162]. RBPs,
including translational repressors and RNA helicases, play a critical
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role in this process by promoting the establishment of multivalent
interactions. Highlighting the need for dynamic interactions within
RNP assemblies, mutations in the disordered regions of various
RBPs have been shown to alter phase separation by generating
toxic, aggregation-prone proteins inducing the abnormal compac-
tion of RNPs into pathological inclusions [133, 163].

Remarkably, RNA granules not only set the basis for efficient
and flexible compartmentalization of the cell cytoplasm, but are
themselves organized into subdomains that result from the differ-
ential clustering of RNAs and proteins [159, 164-167]. In Dro-
sophila oocyte, for example, in situ hybridization combined with
electron microscopy revealed that gurkem and bicoid mRNAs
occupy distinct positions within P bodies: while gurken mRNA
was found enriched at the periphery, &icoid mRNA was found in
the central domain [165]. Interestingly, such a differential distribu-
tion reflects mRNA translational state, as gurken mRNA associates
with its translational activator Orb at the edge of P bodies, where it
is translated. Furthermore, centrally localized and repressed &icoid
mRNA is released from P-bodies upon egg activation to become
actively translated.

Together, our understanding of the molecular bases of RNA-
protein recognition and assembly into RNP complexes has dramat-
ically improved over the last past years. Efforts have however to be
done to study RNA—protein interactions with a high spatiotempo-
ral resolution, in living cells or organisms [168]. As a first step
toward this goal, Singer and coworkers have combined endogenous
single RNA and protein detection with two-photon fluorescence
fluctuation analysis to directly measure the association of the trans-
lational repressor ZBP1 with f-actin mRNA in living fibroblasts.
This revealed a stronger association between ZBP1 and f-actin
mRNA at the nuclear periphery than at the leading edge, consistent
with the localized translation of f-actin at the front of migrating
cells [130].

5 Perspectives

With the advent of transcriptomic methods and the concomitant
implementation of functional single-molecule imaging, our view
on the “central dogma of molecular biology” has changed dramat-
ically. Although it is now clear that RNA regulation is much more
complex that initially anticipated, and that RNA has a large range of
functions, methodological challenges are still ahead to continue
improving spatiotemporal detection of RNA molecules. Optimiza-
tion of spatially resolved fourth-generation sequencing technolo-
gies, for example, is needed to improve sensitivity and data
interpretation [169]. Furthermore, improvements have to be
made to visualize RNA molecules and regulatory partners in their
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3D environment with high sensitivity and temporal resolution. In
this respect, recently developed super-resolution microscopy tech-
niques reaching unprecedented resolution hold great promises, as
they enable highly accurate codetection of transcripts and asso-
ciated molecules or cellular structures [170, 171]. A major future
challenge will be to bridge the gap between visualization and
functional study of RNAs in living samples. Latest developments
in genome engineering techniques [172], together with the imple-
mentation of tools to remotely control RNA activity [ 173 ], make it
now possible to manipulate RNAs. Applying such methods at the
systems-level should help comprehensively explore RNA functions,
and in particular elucidate the role of newly discovered noncoding
species or the impact of RNA binding to protein activity. Impor-
tantly, this will also provide an integrative view on posttranscrip-
tional strategies that have been adopted along evolution.
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Chapter 2

Quantification of 2'-0-Me Residues in RNA Using
Next-Generation Sequencing (lllumina RiboMethSeq
Protocol)

Lilia Ayadi, Yuri Motorin, and Virginie Marchand

Abstract

RNA 2’-O-methylation is one of the ubiquitous nucleotide modifications found in many RNA types from
bacteria, archaea, and eukarya. We and others have recently published accurate and sensitive detection of
these modifications on native RNA at a single base resolution by high-throughput sequencing technologies.
Relative quantification of these modifications is still under progress and would probably reduce the number
of false positives due to 3D RNA structure. Therefore, here, we describe a reliable and optimized protocol
for quantification of 2'-O-Methylations based on alkaline fragmentation of RNA coupled to a commonly
used ligation approach followed by Illumina sequencing. For this purpose, we describe how to prepare
in vitro transcribed yeast 18S and 25S rRNA used as a reference for unmodified rRNAs and to compare
them to purified 18S and 258 rRNA from yeast total RNA preparation. These reconstructed rRNA mixes
were combined at different ratios and processed for RiboMethseq protocol.

This technique will be applicable for routine parallel treatment of biological and clinical samples to
decipher the functions of 2’- O-methylations in normal and pathologic processes or during development.

Key words 2'-O-methylation, High-throughput sequencing, RNA modification, Ribose methyla-
tion, Alkaline fragmentation

1 Introduction

Modulation of RNA properties by posttranscriptional mechanisms
of RNA modification is a newly discovered layer for regulation of
gene expression. At the level of epitranscriptome, these dynamic
and regulated RNA modification events contribute to RNA-RNA
and RNA-protein interactions, modulate alternative splicing,
mRNA translation, RNA transport and localization [1, 2]. The
current major challenge in the field is a careful mapping of different
RNA modifications in coding and noncoding RNAs, as well as
precise quantification of the modification rate for every given site.
Taking into account that at least thousands of RNA modified
nucleotides expected to be present in higher eukaryotic

Imre Gaspar (ed.), RNA Detection: Methods and Protocols, Methods in Molecular Biology,
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transcriptome, this task is unimaginable without appropriate
high-throughput analysis techniques. Next-generation sequencing
approaches invented for mapping of certain RNA modifications
generally provide extremely valuable information on the location
of RNA modification sites, but these methods are rarely able to give
an estimation of the modification rate. This applies to popular
antibody-based enrichment protocols, developed for m®A and
m'A [3, 4], and also to variants of CMCT-based PsecudoU-Seq
[5-7]. Only bisulfite conversion/nonconversion of m°C residues
can deliver some quantitative information [8, 9], as well as
both recently reported variants of RiboMethSeq developed for
2’-O-methylation analysis [10, 11].

Standard RiboMethSeq protocol relies on the protection of the
3’-adjacent phosphodiester bond in RNA from alkaline hydrolysis,
when the ribose moiety is methylated at the 2’-OH position. All
other phosphodiester bonds remain sensitive to alkaline cleavage,
creating a more or less regular cleavage profile. When a given
phosphodiester bond remains protected, this is an indication for
the presence of 2’-O-methylation. In principle, such protection
from cleavage can be used as a quantitative measure of methylation
rate at a given nucleotide, assuming zero protection for unmodified
nucleotide and complete protection for its modified counterpart.
Evaluation of the modification rate can be done using calculated
ScoreC (MethScore) which takes into account the variability in
coverage for neighboring nucleotides and the protection at a
given position [10, 11].

In this work we describe the method of 2'- O-Me quantification
in RNA, demonstrating a linear dependence between the propor-
tion of unmodified yeast rRNA in the mixture and the calculated
values of MethScore. Individual quantification of methylated sites
was performed using calibration mixtures composed of purified
modified rRNA fractions and corresponding unmodified synthetic
rRNA transcripts. MethScore values demonstrate linear depen-
dence from the level of modification, providing a way for precise
quantification.

2 Materials

2.1 Yeast rDNA PCR
Amplification

Prepare all solutions using RNase-free water. Wear gloves to pre-
vent degradation of RNA samples by RNases.

1. Specific forward and reverse primers (10 pM) for yeast 18S and
258 rDNA amplification.

Two pairs of DNA oligonucleotides are used to amplify yeast
full-length 18S (1800 pb) and 25S (3396 pb) rDNA frag-
ments, respectively. Forward primers are designed with an
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upstream T7 RNA polymerase promoter (underlined in the
sequence) to perform T7 transcription.

18S forward primer:
5'-TAATACGACTCACTATAGGTATCTGGTTGATCCTG-
CCAGTAG-3'.

18S reverse primer: 5-TAATGATCCTTCCGCAGGTTC-3'.
258 forward primer:
5'-TAATACGACTCACTATAGGGTTTGACCTCAAATCA-
GGTAGG-3'.

258 reverse primer: 5'-ACAAATCAGACAACAAAGGC-3’
25 ng/pL plasmid DNA template pHW18 (see Note 1).

2.5 U/pL Pfu DNA polymerase.

10x Pfu DNA polymerase buffer.

dNTP mix: 1.25 mM each.

RNase-free water.

Individual RNase-free 0.2 mL PCR tubes.

PCR thermal cycler (e.g., Agilent SureCycler 8000).
RNAse-free 1.5 mL microcentrifuge tubes.

. Phenol—chloroform mix (1:1, v/v).

. 3 M Na-Acetate (NaOAc) in water, pH 5.2.
. 96% ethanol.

. 75% ethanol.

. Tabletop centrifuge.

5% Transcription buffer: 400 mM HEPES-KOH, pH 7.5,
120 mM MgCl,, 10 mM spermidine, 200 mM DTT.

40 U/uL RiboLock RNase Inhibitor.

rNTP mix: 12.5 mM each.

400 nM 18S and 450 nM 258 PCR templates.
20 U/pL T7 RNA polymerase.

RNAse-free 1.5 mL microcentrifuge tubes.

37 °C incubator.

1 U/pL RQ1 RNase-free DNase.

RNase-free water.
Phenol—chloroform mix (1:1, v/v).
Chloroform.

5 M ammonium acetate (NH4OAc).
10 mg/mL glycogen coprecipitant.
Refrigerated tabletop centrifuge.
96% ethanol.
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2.3 VYeast Total RNA
Extraction

2.4 Purification of
18S and 25S rRNA
from Yeast Total RNA

1
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. 80% ethanol.
. Mini Quick Spin RNA column (e.g., Roche).
10.

UV spectrophotometer (e.g., NanoDrop 2000c¢).

. Yeast cell culture (5 mL of yeast culture grown to an ODggg

of 5-9).

. AE buffer: 50 mM NaOAc in water, pH 5.2, 10 mM EDTA.
. 10 w/v % SDS.

. RNase-free water.

. 1.5 mL RNase-free microcentrifuge tubes.

. Acid phenol, pH 4.5.

. Phenol—chloroform-isoamyl alcohol mix (25:24:1, v/v).
. Chloroform.

. 3 M NaOAc in water, pH 5.2.

. 96% ethanol.

. 80% ethanol.

. Dry ice.

. Refrigerated tabletop centrifuge.

. Water bath or heating block, set to 65 °C.

. Low Melting agarose (e.g., Lonza Nu Sieve® GTG® Agarose).
. 10x TBE butffer: 108 g Tris, 55 g boric acid, 9.3 g EDTA,

pH 8, H,O gsp 1 L.

. RNase-free water.

4. 1x TBE buffer: 100 mL of 10x TBE and 900 mL of RNase-

O 0 N O\ wut

11.

12.
13.
14.
15.

free water.

. Microwave oven.

. Agarose gel electrophoresis chamber.

. Electrophoresis power supply.

. 3 pg/pL yeast total RNA preparation.

. 1.5 mL RNase-free microcentrifuge tubes.
10.

6x DNA loading dye: 1.9 mM xylene cyanol, 1.5 mM bromo-
phenol blue, and 25% glycerol.

SYBR® Gold Nucleic Acid Gel Stain 10,000x concentrate in
DMSO (Invitrogen).

UV 365 nm transilluminator.

Scalpel or razor blade.

Heat block preheated at 65 °C.

Ultrapure phenol buffered with Tris-HCI pH 8.0.
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Chloroform.

3 M NaOAc in water, pH 5.2.
96% ethanol.

80% ethanol.

Refrigerated tabletop centrifuge.

. 18S and 258 in vitro transcripts.

. 18S and 258 purified RNAs.

. 3 pg/pL yeast total RNA preparation.

. 1.5 mLL RNase-free microcentrifuge tubes.

. RNase-free water.

. Agilent 2100 Bioanalyzer.

. Agilent RNA 6000 Pico kit (50-5000 pg/pL).
. Chip priming station (Agilent).

. Sodium bicarbonate buffer: 100 mM NaHCO; pH 9.2.
. RNase-free water.

. Individual RNase-free 0.2 mL PCR tubes.

. PCR Thermal cycler (e.g., Agilent SureCycler 8000).

. RNase-free 1.5 mL microcentrifuge tubes.

. Refrigerate tabletop centrifuge.

. 96% ethanol.

. 80% ethanol.

. 15 mg/mL GlycoBlue coprecipitant (e.g., Ambion).

. 3 M NaOAc in water, pH 5.2.

. Dewar containing liquid nitrogen.

. Agilent 2100 Bioanalyzer (Agilent Technologies).
. Agilent RNA 6000 Pico kit (quantitative range 50-5000 pg/pL).
. Chip priming station (Agilent Technologies).

RNase-free 1.5 mL microcentrifuge tubes.

RNase-free water.

. 5 U/pL Antarctic Phosphatase.

. Antarctic Phosphatase Bufter 10x.

. 10 U/uL T4 PNK.

. T4 PNK Bufter 10x.

. 10 mM ATPD.

. 40 U/puL RiboLock RNase Inhibitor.
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2.8 RNA Purification

2.9 Library
Preparation Using
NEBNext® Multiplex
Small RNA Library
Prep Set for lllumina®

2.10 Library
Purification Using
GeneJET PCR
Purification Kit

2.11 Library
Quantification and
Quality Assessment

2.11.1 Library
Quantification

. 0.2 mL RNase-free PCR tubes, strips of 8.
. Flat PCR Caps, strips of 8.
. PCR thermal cycler.

. RNeasy MinElute Cleanup kit (Qiagen).

2. 96% ethanol.

i~
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. 80% ethanol.

. NEBNext® Multiplex Small RNA Library Prep Set for

Illumina® (set 1 or 2, New England Biolabs) (sec Note 2).

. 0.2 mL PCR tubes, strips of 8.
. Flat PCR Caps, strips of 8.
. PCR thermal cycler.

. GeneJET® PCR Purification kit or equivalent.
. RNase-free 1.5 mL microcentrifuge tubes.

. Tabletop centrifuge.

. 1.5 mL DNA low-binding tubes.

. Fluorometer able to quantify DNA library with high sensitivity

(e.g., Qubit® 2.0 fluorometer).

. Qubit® dsDNA HS Assay kit (0.2-100 ng).
. Thin-walled polypropylene tubes of 500 pL. compatible with

the fluorometer (e.g., Qubit® Assay Tube or Axygen® PCR-
05-C tubes).

2.11.2  Library Quality 1. Agilent 2100 Bioanalyzer (Agilent Technologies).
Assessment 2. Agilent HS DNA kit (quantitative range 5-500 pg/pL).
3. Chip priming station (Agilent Technologies).
4. RNase-free 1.5 mL microcentrifuge tubes.
2.12 Library 1. An Illumina sequencer (starting from MiSeq to different HiSeq
Sequencing models).
2. Any appropriate sequencing kit for a single read length of
35-50 nt.
3 Methods
3.1 Yeast rDNA PCR 1. Mix in a PCR tube 1 pL of pHWI18 template, 0.5 pL of each

Amplification

corresponding forward and reverse primers, 5 pLL Pfu DNA
polymerase buffer, 8 pL. ANTP mix, and 1 pL Pfu DNA poly-
merase in a total volume of 50 pL.
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. Perform PCR on a thermal cycler using the following program

parameters: 95 °C for 5 min; 25 cycles [denaturation 95 °C for
30 s, hybridization 55 °C for 30 s, elongation 72 °C for 4 min
(18S) or 7 min (25S8)]; 72 °C for 7 min. Cool down to 20 °C.

. Optional: check PCR amplification using agarose gel (see

Note 3).

. Transfer your PCR reaction in a 1.5 mL RNase-free microcen-

trifuge tube.

. Adjust the volume of the reaction to 200 pL with RNase-free

water. Add 200 pL of phenol—chloroform mix and proceed to
extraction. After cent