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Abstract

Mass spectrometry-based proteomics is a versatile tool, offering a global and unbiased
approach to analyse proteins and their interacting partners. Within the realm of molecular
biology, RNA-protein interactions stand as fundamental and intricate components that oversee
vital processes in the cell. These interactions, often mediated by specific RNA-binding proteins
(RBPs), orchestrate a wide array of cellular functions. From the regulation of gene expression to
the maintenance of genomic stability, the post-transcriptional processing of RNA molecules, and
even the spatial organisation of the cell nucleus, RNA-protein interactions play a central role in
shaping the intricate web of cellular activities. In this thesis, the interaction between RNA and
proteins is investigated using state-of-the-art MS.

Article I delved into the characterization of Telomeric repeat-containing RNA (TERRA)
molecules in M. musculus, examining their genomic origins and comparing their interactomes to
their H. sapiens counterparts. RNA-FISH analysis revealed disparities in behaviour, with M.
musculus TERRA foci primarily located outside of telomeres, in contrast to H. sapiens TERRA
foci, which recurrently resided at telomeres. As a result, a distinct genomic origin for M.
musculus TERRA molecules outside telomeres was hypothesised. Through a comprehensive
genomic analysis, four major chromosomal regions, including known Telo 18q, PAR-Xqg/Yq, and
ChrX Tsix locus regions, and a novel Chr2 region, were identified as potential sources of
TERRA molecules. Conservation of TERRA-associated functions was evaluated with an affinity
purification-mass spectrometry (AP-MS) approach. A comparison of the enriched proteins with
publicly available H. sapiens TERRA-interacting protein datasets revealed that, despite having a
distinct genomic origin, functions are conserved between M. musculus and H. sapiens.

Article I centred on the functional assignment of RBPs in S. cerevisiae. An AP-MS
screen was designed to elucidate the interaction partners of 40 selected RBPs, which were
chosen based on their involvement in various stages of mMRNA processing. Functional analysis
of the collected data highlighted the overrepresentation of canonical RNA-binding domains
(RBDs) and RNA binding-related GO molecular function terms among the RBPs' interaction
partners. KEGG pathway analysis demonstrated the enrichment of RNA pathways, consistent
with the RBP selection criteria, as well as involvement in metabolic and synthesis pathways.
Finally, network-based function assignment of RBPs was facilitated by concurrent binding

patterns within the network.



Zusammenfassung

Auf Massenspektirometrie Proteomik ist ein vielseitiges Werkzeug, das einen globalen und
unvoreingenommenen Ansatz zur Analyse von Proteinen und deren Interaktionspartnern bietet.
Im Bereich der Molekularbiologie stellen RNA-Protein-Interaktionen grundlegende und
komplexe Komponenten dar, die fir wichtige Prozesse in der Zelle notwendig sind. Diese
Interaktionen, die oft von spezifischen RNA-bindenden Proteinen (RBPs) vermittelt werden,
orchestrieren eine Vielzahl zelluldrer Funktionen. Von der Regulation der Genexpression Uber
die Aufrechterhaltung der genomischen Stabilitdt, die post-transkriptionelle Verarbeitung von
RNA-Molekilen  bis  hin  zur raumlichen Organisation des Zellkerns spielen
RNA-Protein-Interaktionen eine zentrale Rolle bei der Gestaltung des komplexen Geflechts
zellularer Aktivitaten. In dieser Dissertation wird die Interaktion zwischen RNA und Proteinen
mithilfe modernster Massenspektrometrie untersucht.

Artikel I befasste sich mit der Charakterisierung von Telomeric Repeat-Containing RNA
(TERRA)-Molekilen in M. musculus, untersuchte ihre genomischen Urspriinge und verglich ihre
Interaktome mit ihren H. sapiens-Gegenstlicken. Die RNA-FISH-Analyse zeigte Unterschiede im
Verhalten auf, wobei sich die TERRA-Foki von M. musculus hauptsachlich aul3erhalb der
Telomere befanden, im Gegensatz zu den TERRA-Foki von H. sapiens, die wiederholt an den
Telomeren zu finden waren. Basierend darauf wurde eine unterschiedliche genomische
Herkunft der TERRA-Molekile von M. musculus aulerhalb der Telomere vermutet. Durch eine
umfassende genomische Analyse wurden vier Hauptchromosomenregionen, darunter bekannte
Telo 18q, PAR-Xq/Yq und ChrX Tsix-Locus-Regionen sowie eine neue Chr2-Region, identifiziert,
die als potenzielle Quellen fur TERRA-Molekile in Frage kommen.Die Konservierung der mit
TERRA assoziierten Funktionen wurde mithilfe eines Affinitatsreinigung-Massenspektrometrie
(AP-MS)-Ansatzes bewertet. Ein Vergleich der angereicherten Proteine mit o6ffentlich
zuganglichen Datensatzen von H. sapiens TERRA-interagierenden Proteinen zeigte, dass trotz
einer unterschiedlichen genomischen Herkunft die Funktionen zwischen M. musculus und H.
sapiens erhalten bleiben.

Artikel 1l handelt von der funktionalen Zuordnung von RBPs in S. cerevisiae. Es wurde
ein AP-MS-Screen entwickelt, um die Interaktionspartner von 40 ausgewahlten RBPs zu
ermitteln, die aufgrund ihrer Beteiligung an verschiedenen Phasen der mRNA-Prozessierung
ausgewahlt wurden. Die funktionale Analyse der gesammelten Daten ergab eine
Uberreprasentation von kanonischen RNA-bindenden Doméanen (RBDs) und von GO-Begriffen

zu molekularen Funktionen flir RNA-Bindungen unter den Interaktionspartnern der RBPs. Die



KEGG-Weg -Analyse zeigte, entsprechend dem Selektionskriterium fur RBPs, eine
Anreicherung von RNA-Wegen , sowie deren Beteiligung an Stoffwechsel- und Synthesewegen.
AbschlieRend wurde die netzwerkbasierte funktionale Zuordnung von RBPs durch gleichzeitige

Bindungsmuster im Netzwerk ermoglicht .
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1. Introduction

Proteins are one of the most important functional effectors of the cell. They constitute about
50% of a cell's dry mass and can reach total concentrations of 2—4 million proteins per cubic
micrometre (Milo, 2013). For instance, a Schizosaccharomyces pombe cell contains around 60
million protein molecules, with their expression levels ranging from a few to a million copies per
gene (Marguerat et al.,, 2012). Collectively, these proteins constitute the proteome, which,
essentially, drives and regulates all biological processes. Across the tree of life, proteomes vary
in size, with model organisms such as Saccharomyces cerevisiae, Danio rerio, and Homo
sapiens having approximately 5,000, 9,000, and 12,000 protein-coding genes, respectively
(Muller et al., 2020).

The proteome is a dynamic entity that adjusts in response to both internal and external
perturbations, reflecting the functional state of a biological system, whether it is a cell, tissue, or
organism (Aebersold & Mann, 2016). Furthermore, the abundance of proteins can be just as
important as their absence or presence when comparing different biological states within the
same model organism (de Godoy et al., 2008; Lundberg et al., 2010). Therefore, accurately
identifying and quantifying proteomes and their dynamics is crucial for understanding the

functional state of a biological system across a wide range of fields.

1.1 Mass spectrometry-based proteomics

Mass spectrometry (MS) is an analytical technique used to detect the presence and abundance
of analytes based on fundamental properties of molecules, such as mass and net charge. In
MS-based proteomics, proteins are first extracted from a sample, separated, and then ionised
into gas-phase ions. These ions are subsequently introduced into a mass spectrometer, where
they are separated according to their mass-to-charge ratio (m/z) and detected for their
abundance. The resulting mass spectrum provides information on the mass and relative
abundance of the protein ions in the sample. Compared to classical biochemical methodologies,
MS allows for large-scale systematic protein measurement in an unbiased fashion (Aebersold &
Mann, 2003).

To identify the proteins in the sample, the mass spectra are compared to a database of
known protein sequences. This is accomplished using software programs that match the

experimental mass spectra to theoretical mass spectra generated from protein sequence
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databases (Steen & Mann, 2004). Advances in MS proteomics databases have been fueled by
the rise of next-generation sequencing (NGS) and the expansion of available genome data sets;
genomic and transcriptomic information is used to generate and expand the protein sequence
databases, maximising protein identifications (Ceron-Noriega et al., 2023; Nesvizhskii, 2014).
MS-based proteomics can also be used for protein quantification. This is achieved by
measuring the abundance of the identified peptides and inferring the abundance of the
corresponding proteins. Typically, this is done by comparing the abundance of peptides between

two or more samples, or by using labelling techniques (Steen & Mann, 2004).

1.1.1 Top-down proteomics

In top-down proteomics, intact proteins, without prior digestion into smaller peptides, are ionised
and then transferred into the mass spectrometer. Subsequently, they are fragmented and
analysed to obtain information about their primary structure, post-translational modifications,
and other properties. Top-down proteomics offers unique advantages over the more commonly
used bottom-up proteomics approach. By interrogating intact proteins, in principle, a complete
sequence coverage is achieved. This enables the ability to identify and quantify protein isoforms
and modifications that may be missed by bottom-up approaches (Tran et al., 2011). However, it
has major limitations; intact, large proteins are not efficiently dissociated, which generally
restricts this approach to smaller proteins (<10 kDa) (Shaw et al., 2013). Moreover, top-down
proteomics remains a challenging technique, both experimentally and computationally, due to
the difficulty of analysing full proteins instead of peptides, limiting the proteome coverage in this
manner (Aebersold & Mann, 2016).

1.1.2 Bottom-up proteomics

In bottom-up proteomics, peptides generated by enzymatic digestion of proteins are ionised and
then transferred into the mass spectrometer, where a first mass spectrum is recorded. The ions
are then fragmented, and a second spectrum is recorded. These spectra are later used to
identify and quantify specific peptides (Figure 1). This setup is called tandem MS or MS/MS
(MS?), and its main advantage is its high sensitivity and throughput. It enables the detection and
identification of low-abundance proteins and peptides in complex mixtures for multiple samples.
There are two main approaches in bottom-up proteomics: shotgun proteomics, aimed at

achieving an unbiased and complete proteome coverage, either with a data dependent
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acquisition (DDA) or a data independent acquisition (DIA) strategy, and targeted proteomics,
aimed to monitor a subset of known peptides of interest (Aebersold & Mann, 2016).

In DDA shotgun proteomics, a popular configuration for the mass spectrometer is a
quadrupole-orbitrap analyser. This kind of instrument alternates between acquiring mass
spectra at the MS' level (precursor ion scan) and at the MS? level (product ion scan). This way,
MS" spectra are first recorded for all ionised peptides co-eluting at a specific time point in the
gradient. Then, top N cycles (N indicating the number of MS? spectra that follow an MS'
spectrum) follow to acquire the mass spectra at the MS? level for the fragmented ions
(Aebersold & Mann, 2016). On the other hand, in DIA-based proteomics, entire ranges of
precursor ions are fragmented simultaneously. This results in a multiplexed MS? spectrum
whose complexity is usually disentangled by targeted signal extraction (based on previously
acquired single-peptide fragmentation spectra library). With this approach, the entire range of
possible precursor-ion masses is analysed (Aebersold & Mann, 2016; Chapman et al., 2014).

In targeted proteomics, the mass spectrometer configuration usually consists of a triple
quadrupole analyser. The proteins of interest are predetermined, as are their subset of peptides,
which instruct the MS measurement. The first quadrupole is set to acquire spectra within the
expected precursor ion m/z range, the second quadrupole serves as a collision chamber to
generate fragmented ions, and the third quadrupole is set to the m/z ratio of a particularly
abundant fragment ion specific to the targeted peptide. The process can be multiplexed to
several fragments per peptide with a technique called multiple reaction monitoring (MRM)
(Aebersold & Mann, 2016).

Although each experimental setup requires specific fine-tuning, there are some general
steps and guidelines applicable to most proteomic sample preparation experiments. These are

discussed in the following section, with a particular focus on bottom-up proteomics.

Sample ,J_PEp“de Spray
preparation/ Protein -\ Peptide Sample needle Mass Mass spectrum Data
() © fractionation digestion ’:'/-\ separatioMionization & spectrometry % analysis
) © e 4 — e — S —_—
© © . sps-PacE e Trypsin ¢ HPLC e Electrospray ~ 'Peptide ® Quadrupole A o PeptideSearch
Cell culture e Lys-C ionization ions * Time of flight -
* Asp-N * MALDI * Quadrupole ion traps
* Glu-C

Figure 1. Bottom-up proteomics experimental setup. Proteins are extracted from a biological source and digested
into peptides. The peptide mixture is separated by hydrophobicity with an HPLC system. Eluted peptides are ionised
and can be analysed with various mass spectrometers, which generate a mass spectrum displaying the m/z ratio
(x-axis) and intensity (y-axis) per ion. Finally, the generated mass spectra are searched against protein databases to
enable peptide sequence identification and quantification. HPLC, high-performance liquid chromatography. Modified
from (Steen & Mann, 2004).
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1.2 Sample processing

1.2.1 Sample fractionation and protein purification

The proteome is initially extracted from its biological source, such as a cell culture, relying on its
physicochemical characteristics. The extraction process begins with a homogenisation step,
which includes various methods such as mechanical, ultrasonic, pressure, freeze-thaw and
osmotic/detergent lysis techniques. As a consequence of the homogenisation procedure, the
sample's physical properties change, while its chemical properties remain unchanged. With the
disruption of cell walls and membranes, proteins are isolated but are generally found in their
native state: insoluble and associated with other proteins or membranes. Therefore, protein
aggregation must be disrupted to solubilize the proteins. To achieve this, buffers containing
detergents, typically within a concentration range of 1%-4%, are used to prevent hydrophobic
interactions (Ahmed, 2009; Mostovenko et al., 2013).

In addition to detergents, the buffer may include various reagents, either individually or in
combination, to aid in solubilization and protein denaturation. These reagents include: (1)
chaotropes, which disrupt hydrogen bonds and hydrophilic interactions; (2) reducing reagents,
which break disulfide bonds between cysteines, promoting protein unfolding; and (3) protease
inhibitors, which protect the samples from proteolysis. Finally, a last step involves removing
contaminants and purifying the proteins, often achieved through the SDS-PAGE methodology
(Ahmed, 2009; Mostovenko et al., 2013).

1.2.2 Protein digestion

In bottom-up proteomics, proteins need to be digested into peptides prior to measurement and
quantification (Figure 2). When coupled with protein fractionation and purification using in-gel
digestion, the resulting SDS-PAGE is chopped into pieces, and the digestion is performed
within the gel. Otherwise, it is performed in-solution. Regardless of the strategy, proteins’
disulfide bonds are disrupted with reducing reagents such as dithiothreitol (DTT). Then, the
newly created sulfhydryl group (SH) is protected from further oxidation by using alkylating
reagents such as 2-iodoacetamide (IAA) or chloroacetamide. At this point, proteins are digested
with site-specific proteases, enzymes that catalyse proteolysis, breaking down the proteins into

smaller polypeptides at specific amino acid residues (Shevchenko et al., 2006).
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Sequence specific proteases are widely used because their digestion product is a less
complex mixture. This helps with peptide identification later on, as the peptide signal is not
divided into overlapping species (Steen & Mann, 2004). Trypsin, for instance, is a widely used
protease that cleaves proteins on the carboxy-terminal side of arginine and lysine residues,
unless followed by a proline residue. Not only is it sequence specific, but it is also a very active
and stable enzyme, maximising its efficiency, hence its popularity. Additionally, peptides
digested with trypsin end up with a positive charge at the peptide C-terminus, which is
advantageous for MS analysis (Olsen et al, 2004). Another popular enzyme is the
endoproteinase Lys-C; it is also sequence-specific, cleaving proteins on the C-terminal side of
lysine residues. There are also less commonly used proteases, such as Asp-N and Glu-C,
which, despite being sequence-specific, are less active and thus less efficient. These are
sometimes used in combination with a more active protease, like trypsin or Lys-C (Steen &
Mann, 2004).

Denaturation Reduction  Alkylation Digestion
—>

ha
Trypsin
—>

Lys-C *

7N

Figure 2. Protein digestion process. Proteins are extracted from a biological sample and denatured with detergents

or chaotropic reagents. Disulfide bonds are then reduced with DTT and alkylated with IAA. Finally, proteins are
digested with sequence specific proteases, such as Trypsin and Lys-C to obtain different peptide mixtures. DTT,

dithiothreitol; IAA, 2-iodoacetamide; R, arginine; K, lysine.

1.2.3 Peptide separation

The peptide mixture resulting from the digestion step is not introduced into the mass
spectrometer all at once. Instead, peptides are separated by high performance liquid
chromatography (HPLC). Chromatography-based separation relies on the affinity of an analyte,
in this case, peptides, to the stationary phase. In bottom up-proteomics, a reversed-phase is
usually used as the stationary phase. Its surface is coated with long hydrophobic alkyl chains

(C18 material) that better retain hydrophobic compounds than hydrophilic ones. Prior to
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separation, the peptides are desalted with stop-and-go-extraction tips (StageTips) using C18
material as the solid phase. Under acidic conditions, positively charged peptides exhibit a high
affinity to the C18 material and are thus retained while being washed, until salts are removed
(Rappsilber et al., 2007). Then, peptides are eluted using an organic solvent such as acetonitrile
(ACN) and loaded into the HPLC column at very high pressures (up to 1,200 bar).

Once in the column, peptides are separated based on their hydrophobicity. A gradient
with increasing ACN concentration is set up, causing more hydrophilic peptides to elute first,
and more hydrophobic peptides to elute last. Peptides are eluted in as small a volume as
possible as the MS signal intensity is proportional to the analyte concentration. This can be
achieved by making the chromatographic column with a small inner diameter, usually between
50 and 150 uym (Steen & Mann, 2004). Additional factors determining the HPLC resolving power
are the column length, which ranges from 10 to 60 cm, and gradient length, which ranges from a
few minutes to a few hours. Longer columns and gradients result in increased peptide
identifications (Hsieh et al., 2013; Jorgenson, 2010; Kécher et al., 2011).

1.2.4 Peptide ionisation

Separated peptides, with a high hydrophobicity and a mass in the range of a few kDa, need to
be transferred into the gas phase before entering the mass spectrometer. Soft ionisation
techniques allow for the gentle ionisation of analytes, in this case, peptides, without causing
significant fragmentation of the molecules. Additionally, they are highly sensitive and versatile;
they work well with low-abundance molecules, and they are compatible with different solvents
and MS detectors. Thus, soft ionisation techniques, such as matrix-assisted laser
desorption/ionisation (MALDI) and electrospray ionisation (ESI), are typically selected for

peptide ionisation in the context of MS (Steen & Mann, 2004).

1.2.4.1 MALDI

In a MALDI setup (Figure 3a), the previously separated peptides are mixed with an excess of
ultraviolet-absorbing matrix. Its main component is typically a low-molecular-weight aromatic
acid, such as the gentisic acid or the sinapinic acid. A solution containing the selected
compound and an organic solvent, such as ACN, is mixed with the sample’s peptides and
placed on a metal plate. There, the solvents evaporate, leaving behind a crystalized matrix

containing the embedded peptides (Karas & Kriiger, 2003).
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At this point, the matrix is irradiated with a focused laser beam; the aromatic acid in the
matrix absorbs the laser’s energy, thus triggering the ablation and desorption of the matrix. The
appropriate laser wavelength is connected to the acid’'s absorption range. Additionally, the
process is favoured by the aromatic acid’s low molecular weight. The non-volatile peptides,
embedded in the matrix, transition into a gas-phase as the excess of aromatic acid sublimates.
Finally, a plume of ions and molecules is generated; within this plume, peptides undergo
protonation, a process favoured by the proton-donating nature of the aromatic acid compound.
This completes the ionisation process, and the ionised peptides are then accelerated by electric
potentials into the mass spectrometer (Karas & Kriger, 2003; Karas & Hillenkamp, 1988; Steen
& Mann, 2004).
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Figure 3. Soft ionisation techniques. MALDI (a) and ESI (b) are two highly sensitive and versatile peptide
ionisation techniques often coupled to mass spectrometry setups. Both allow the gentle ionisation of peptides without
causing significant fragmentation of the molecules. MALDI, Matrix-assisted laser desorption/ionisation; ESI,

electrospray ionisation. From (Steen & Mann, 2004).
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1.2.4.2 ESI

In an ESI setup (Figure 3b), the eluted peptides from an HPLC column are subjected to a high
electric potential (e.g., 2.4 kV). Using a spray needle, the flow rates are reduced to the nanoliter
range (e.g., 200 nL/min), which, under the electric potential, generates charged droplets. These
droplets consist of both the solvent (a solution containing an organic solvent, such as ACN) and
the analyte (the separated peptides). These highly charged droplets carry a positive charge,
resulting from an excess of protons introduced during the peptide digestion step when cleaving
after lysines and arginines (Steen & Mann, 2004).

As the solvent is exposed, it starts evaporating, decreasing the droplet size and
increasing its charge density. Finally, peptide desolvation is achieved either by their desorption
from the droplet surface due to high electrical fields, or by the repetitive fission of droplets,
which eventually results in droplets containing, on average, one peptide ion (Steen & Mann,
2004). The development of the ESI technique earned John B. Fenn a shared Nobel prize for
chemistry in 2002 (Fenn et al., 1989).

1.2.5 lon mobility spectrometry

lon mobility spectrometry (IMS) techniques are based on how ions move in gases in response
to exposure to an electric field. Smaller ions, which are more mobile, travel faster in specific
electric fields than larger ions, which are less mobile. Thus, IMS relies on either space or time,
depending on the set-up, to separate ions based on these mobility differences.

In MS context, IMS adds another layer of peptide separation, this time at ion level. It
provides additional analytical power as it enables multidimensional characterisation of detected
analytes. Thus, peptides that simultaneously elute from an HPLC column, can be separated at

ion level. In this way, IMS enables the separation of isoforms (Dodds & Baker, 2019).

1.2.5.1 TIMS

In trapped ion mobility spectrometry (TIMS), ions are held stationary, hence “trapped”, against
an opposing electric field (Figure 4a). After entering an entrance funnel, which controls ion
deflection and focusing, ion motion is directed toward the mass spectrometer by gas flow.
Before reaching the exit funnel, the TIMS tunnel accumulates, traps, and elutes ions in
response to the interplay between the parallel gas flow and the opposing electric field. Thus, the
electric field strength is decreased to eject ions at specific mobilities, achieving ion separation in
this manner (Dodds & Baker, 2019; Michelmann et al., 2015).
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1.2.5.2 FAIMS

In field asymmetric waveform ion mobility spectrometry (FAIMS), a periodic, asymmetric
waveform is applied to separate ions (Figure 4b). lons, carried by a flowing gas, pass through
two parallel plates to which particular voltages can be applied. Typically, while the ground plate
is held at ground potential, an electric field of oscillating strength is generated, alternating
between high and low voltage, on the upper plate. The waveform created on the upper plate
modifies the ion trajectory as ions flow between the plates. Additionally, a compensation voltage
(CV) is applied. The CV is adjusted to a particular polarity and magnitude that matches a certain
range of ions. lons matching the CV continue to travel between the two plates, exiting the
FAIMS device and entering the mass spectrometer. In contrast, ions that do not match the CV
collide with either plate and are removed. Thus, FAIMS devices are operated with different CV
scans; ions responding to changes in their mobility, triggered by the predetermined CV, are
transmitted into the mass spectrometer achieving ion separation (Dodds & Baker, 2019;
Kolakowski & Mester, 2007).
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Figure 4. lon mobility spectrometry techniques. (a) TIMS device diagram, showing the entrance, TIMS and exit
funnels. lons are trapped and accumulated when opposing electric field (E) to the ion’s flow (v,). Variation on the
electric field results in the ion’s elution. (b) FAIMS device diagram, showing the parallel plates and the voltage
asymmetric wave applied to the upper one. The ion’s path is dependent on CV. TIMS, trapped ion mobility
spectrometry; FAIMS, field asymmetric waveform ion mobility spectrometry; CV, compensation voltage. (a) adapted
from (Michelmann et al., 2015) and (b) adapted from (Kolakowski & Mester, 2007)
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1.3 Mass spectrometer

There are three main components of a mass spectrometer: (i) the ion source, (ii) th mass
analyzer, and (iii) the detector. Mass spectrometers can only analyse gaseous ions. The first
component, the ion source, ionises the analytes and transfers them into the mass spectrometer.
As discussed previously, MALDI and ESI are two widely used MS ionisation techniques.

The second component, the mass analyser, separates ions based on their movement,
which ultimately relies on their m/z ratio. Mass analysers can be grouped into two categories:
beam type, such as the quadrupole and the time-of-flight (TOF), and trap type, like the orbitrap.
In bottom-up proteomics, tandem MS, where two mass analysers are coupled, is frequently
used (Figure 5). Typically, it involves a quadrupole, combined with either a TOF or an orbitrap
mass analyser. In tandem MS, two mass spectra are generated: the first one, called MS' or
precursor ion spectrum, corresponds to the parental peptide ions. These ions then enter a
collision cell where they are fragmented. The resulting fragmented ions enter the mass analyser,
where the MS? or product ion spectrum is generated. Finally, a detector specific to each mass
analyser records the ion signals used for peptide identification and quantification (de Hoffmann,
1996).

In addition to the three main components, MS setups also include a combination of
peptide and ion separators. These are coupled to the setup before the mass analyser
component; peptide separation devices, such as HPLC, are coupled before the ion source,
while ion separation devices are coupled after the ionisation process and before entering the
mass analyser (Sinha & Mann, 2020).

MS data quality is tightly related to the selected mass analyser, as it determines (i) mass
accuracy and resolution, (ii) dynamic range, and (iii) scan speed. (i) Mass accuracy is defined
as the difference between measured and theoretical mass, determining in high resolution
instruments the mass error in part per million (ppm). Mass resolution describes the capacity of a
mass analyser to discriminate between two ions with similar m/z values. Mass resolution also
affects whether the mass accuracy is high or low; typically, high-resolution mass analysers
achieve a sub-ppm mass accuracy (Makarov & Denisov, 2009; Olsen et al., 2005). (ii) The
dynamic range measures the capability of the mass analyser to detect low-abundance ions in
the presence of higher abundant ions. Detection not only relies on the detection principle but
also on the complexity of the peptide mixture; peptide abundance can vary by several folds
depending on the biological source. (iii) Finally, the scan speed parameter, measured in Hz,

reflects the number of MS/MS spectra measured in one second (Scigelova & Makarov, 2009).
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Figure 5. Tandem mass spectrometry. In bottom-up proteomics, digested peptides are identified and quantified
using mass spectrometry. After peptide ionisation, ions enter a first mass filter (usually a quadrupole) where they are
separated by m/z. Then, the precursor ion spectra, also known as MS', are recorded prior to ion fragmentation in a
collision cell. Finally, fragmented ions are separated and measured in a mass analyser, such as a TOF or an orbitrap,

and the product ion spectra, also known as MS?, are recorded R, arginine; K, lysine.

1.3.1 Quadrupole - Time of flight

In a quadrupole-time of flight (QTOF) MS setup (Figure 6a), the first component, the
quadrupole, functions as a mass filter. It consists of four cylindrical rods accurately arranged in a
parallel radial array, acting as electrodes. lon separation based on m/z ratio is achieved by
applying a combined constant (dc) and variable (ac) electric potential. The dc for each pair of
rods is tuned to produce a phase offset; they have equal magnitude but opposite signs. In a
typical proteomics measurement, the ion beam, carrying a positive charge, is focused and
accelerated towards the quadrupole exit by the positively charged rods. Conversely, the
negatively charged rods attract and defocus the beam. Additionally, when the ac variable
waveform is applied, the ion beam also undergoes focus/defocus cycles based on the
waveform’s sign and frequency (Miller & Denton, 1986).

At high frequencies, heavier ions tend to ignore the ac effect. Consequently, they
maintain a steady path towards the quadrupole exit because they are primarily influenced by the
average quadrupole potential. In contrast, lighter ions are more sensitive to the ac effect, which
may lead to their collision with the rods. Therefore, ions with m/z values below a critical
threshold are defocused from the beam and filtered out. This configuration allows the
quadrupole to selectively isolate ions within a specific m/z range. The signal from these ions is
recorded in the MS' spectrum and they are transferred to the collision cell (Miller & Denton,
1986).
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Typically, in QTOF setups, the collision cell consists of a second quadrupole where ions
undergo collision-induced dissociation (CID). Selected ions are accelerated by applying an
electric potential, leading to collisions with neutral molecules (such as helium, nitrogen or
argon). These collisions result in ion fragmentation. The smaller ion fragments are then also
analysed with the mass analyser (Sinha & Mann, 2020).

TOF mass analysers determine the time ions take to travel a known distance. To achieve
this, ions are accelerated upwards into a flight tube. The velocity they attain depends on their
m/z ratio; heavier ions at the same charge will reach lower velocities. However, ions enter the
flight tube with different initial accelerations, causing variations in their velocities, even at the
same m/z ratio. The reflectron, located at the upper end of the flight tube, helps reduce this
variation. It does so by reversing the direction of ion flight. lons with higher velocities take a
longer path to reverse compared to ions at lower velocities. Consequently, ions with the same
m/z ratio require the same amount of time to reach the microchannel plate (MCP) detector,
positioned at the lower end of the flying tube. When they reach the MCP, each individual
fragmented ion ejects electrons. These electrons are amplified and recorded to generate the MS
spectra (Boesl, 2017; Mamyrin, 2001).
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Figure 6. Mass spectrometry setup overview. Proteins are extracted from a biological sample and digested into
peptides. These are later separated by hydrophobicity with an HPLC system and ionised by ESI. At this point the ions
are further separated and analysed with (a) a TIMS-QTOF mass spectrometer or with (b) a

FAIMS-Quadrupole-Orbitrap mass spectrometer. Adapted from (Sinha & Mann, 2020).
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1.3.2 Quadrupole - Orbitrap

In a quadrupole-Orbitrap MS setup (Figure 6b), the quadrupole operates based on the same
principles as in the QTOF setup. Therefore, its electric potential configuration determines the
m/z ratios at which ions are selected. It is typically set to a broad range (300 - 1650) to record
spectra for as many parent ions as possible. The selected ions are then subjected to
fragmentation through a CID process known as higher-energy C-trap dissociation (HCD). After
the quadrupole mass filtering, the ions are temporarily stored into a C-trap and directed into a
collision cell. There, high voltages induce collisions with a neutral gas, resulting in ion
fragmentation (Olsen et al., 2007). The smaller ion fragments are subsequently sent back to the
C-trap before their analysis with the Orbitrap mass analyser.

Orbitrap mass analysers separate fragmented ions based on their oscillation frequencies
along a central metal spindle electrode. The central metal spindle electrode is surrounded by
two outer electrodes. An electric field is generated by applying voltage between the outer and
central electrodes. Fragmented ions are tangentially injected into the Orbitrap, where, under the
influence of the electric field, they follow a nearly circular spiral path around the central spindle.
This motion creates oscillation frequencies that are dependent on the m/z ratio of each
fragmented ion. These oscillation frequencies are captured by an image current detector. The
image current, recorded in the time domain, is later transformed into the frequency domain
using a Fourier transformation, which in turn generates the MS spectra (Makarov, 2000;
Makarov et al., 2006; Zubarev & Makarov, 2013).

1.4 Data acquisition strategies

MS setups are operated with several data acquisition strategies. In bottom-up proteomics, two
widely applied strategies are data dependent acquisition (DDA) and data independent
acquisition (DIA) (Figure 7). At any given chromatographic retention time, hundreds of peptide
ions enter the mass spectrometer, and they are all measured and recorded in the MS' spectra.
Then, a selection of ions is fragmented and recorded in the MS? spectra. DDA and DIA

strategies differ in how the fragmented ions are selected (Sinha & Mann, 2020).
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Figure 7. Data acquisition strategies. (a) With the DDA strategy, a singular ion peak is selected from the many
available at MS' at a particular retention time. This peptide ion is fragmented to obtain the MS? spectra. (b) With the
DIA strategy, a range of ion peaks at a particular retention time is chosen. All peptide ions included in the range are

fragmented to obtain the MS? spectra. Adapted from (Sinha & Mann, 2020).

Within the DDA strategy (Figure 7a), the user pre-defines a set of rules, including ion’s
m/z ratio, charge, and intensity, among others. Singular ion peaks are selected according to
these rules for fragmentation and MS? spectra measurement. The user also defines the number
of selection cycles per MS' spectra. It is common to describe DDA acquisition strategies as
TopN methods, where N indicates the number of selected peaks, and, consequently, measured
MS? spectra. The selection is, this way, partially stochastic because there are more peptide
peaks than measurement time. This results in generating missing values for peptides in the
sample. However, the advantages of the DDA strategy overcome its limitations. These
advantages include ease of setup, data analysis, sample multiplexing and a coverage depth
reaching 10,000s of peptides per sample (Aebersold & Mann, 2016; Sinha & Mann, 2020).

Within the DIA strategy (Figure 7b), the parameters configuration focuses on the m/z
ratio window selection for the MS? spectra. Instead of selecting particular m/z ratios, a range is
chosen. Thus, multiple peptide ions are simultaneously measured at the MS? level. This
generates inherently complex spectra containing superimposed fragmentation patterns.
Deconvolution of the MS? spectra usually relies on a comparison with previously acquired
peptide libraries. This makes the DIA strategy computationally complex, requiring larger
computational resources than the DDA strategy. Nevertheless, by covering the full MS' m/z ratio
range, the DIA strategy generates a robust, unbiased proteome measurement without missing
peptide values that also reach 10,000s of peptides per sample (Chapman et al., 2014; Ludwig et
al., 2018).
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1.5 Mass spectrometry spectra

Tandem-MS results in two kinds of mass spectra: MS', or precursor ion spectra, and MS?, or
product ion spectra. They are both a representation of intensity over m/z ratio (Figure 8). MS'
covers all peptide ions eluted at a particular time in the HPLC gradient (Figure 8a). In DDA
shotgun proteomics, a popular strategy is to select the top-N most abundant peptide peaks for
fragmentation; these are determined based on their abundance in the MS' spectra. Thus, the
peaks observed in the MS? spectra are a product of the peptide ion fragmentation of top-N MS'
peaks; for each selected peak, an MS? spectra is generated (Figure 8b). When a peptide ion is
under the forces generated at the collision cell, it can be fragmented at multiple sites of the
amino acid backbone; this generates a different collection of peptide ions that differ, at least, by
one amino acid. These are captured at the MS? spectra, which shows the mass differences
between the peptide ions in the collection revealing the precursor peptide ion sequence (Steen
& Mann, 2004).
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Figure 8. Tandem-MS spectra. MS spectra are a representation of intensity over m/z ratio being (a) the MS' spectra,
with all peptide ions at a particular HPLC gradient elution time, and (b) the MS? spectra and its associated peptide
sequence, resulting from the fragmentation of a selected MS' peak (dashed box in a). m/z ratio values are shown at

the top of different peptide ion peaks. Adapted from (Steen & Mann, 2004).

A peptide that is fragmented into ions is designated following the
Roepstorff-Fohimann-Biemann nomenclature (Biemann, 1992; Roepstorff & Fohlman, 1984).
According to this nomenclature, fragmented peptide ions are labelled consecutively along the
peptide backbone. When the charge is retained at the amino-terminal fragment, they are
designated as a,, b, or c,, with m representing the total number of amino acid side chains

(Residue, R). The specific designation depends on whether the cleavage occurs at the

15


https://www.zotero.org/google-docs/?5hmIgq
https://www.zotero.org/google-docs/?5hmIgq
https://www.zotero.org/google-docs/?MKNCBt
https://www.zotero.org/google-docs/?pUxeab

a-carbon-carboxyl group bond of the m residue (R,,), the amide bond, or the a-carbon-amino
group bond of the m+1 residue (R.1), respectively. Similarly, when the charge is retained at the
carboxyl-terminal fragment, ions are labelled z,,,, Yy.m Or X.m, With n representing the total
number of R groups and m indicating the number of R groups that the corresponding c,,, b, or
a, ion would contain. The specific designation depends on the cleavage site and corresponds to
their c,,, b, and a,, counterparts, respectively (Figure 9a) (Steen & Mann, 2004).

In MS setups, peptide ion fragmentation is usually induced with an HCD process in the
collision cell. Under these conditions, the fragmentation process has been modelled, and it
primarily occurs at the lowest energy bond: the amide bond (Olsen et al., 2007; Zhang, 2004).
Thus, in shotgun proteomics, where doubly charged tryptic peptides are commonly found, MS?

spectra are dominated by singly charged y,, and b, ions (Figure 9b).
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Figure 9. Roepstorff-Fohlmann-Biemann fragmented peptide ion nomenclature. (a) Fragmented peptide ions
are labelled, consecutively, along the peptide backbone. The label is designed by determining at which bond the
fragment cleaves and whether the charge is retained at the amino or carboxyl terminal group. (b) The amide bond
has the lower energy, so b,, and y,, ions dominate CID shotgun proteomics MS? spectra. Adapted from (Steen &
Mann, 2004).

1.6 Data analysis

Proteomics data analysis covers several aspects: from the association of the measured peptide
ions’ MS spectra with protein sequences and their quantification, including exploratory analyses
and quality control of the data, to statistically determining differences in protein abundance

between samples. The following section will cover the basics steps in proteomics data analysis.
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1.6.1 Peptide identification

MS peptide spectra need to be identified and associated with their corresponding proteins. In
principle, one can approach a de novo sequencing strategy where the amino acid sequence is
determined by considering the mass difference between neighbouring peaks in a collection of
fragmented peptide ions (Figure 8b). The success of this approach heavily relies on the quality
of the data, which is tightly related with the MS instrument in terms of mass accuracy and
resolution, as well as the complexity of the sample (Steen & Mann, 2004).

A far more applicable approach for peptide identification is to use a database-matching
strategy. To do so, search engines are configured to uniquely match MS spectra-detected
peptides to known peptide sequences. The success in this strategy relies on the fact that an
organism’s protein set is defined by its genome sequence. Hence, the combination of amino
acid sequences one can find in a given proteome is known and finite. Thus, for a given
organism, its proteome amino acid sequences can be stored in a database. These sequences
are then in silico digested at a selected protease cleavage site and fragmented to generate
theoretical spectra to match them to the observed spectra. Thus, while an MS? spectra might
not contain the whole information to determine a peptide’s full amino acid sequence, it might
contain enough data to match with a high statistical significance to a unique peptide sequence
derived from the in silico digestion (Allet et al., 2004; Taylor & Johnson, 1997).

A popular peptide identification search engine is the Andromeda search engine as
implemented in the MaxQuant software (Cox et al., 2011; Cox & Mann, 2008). The MaxQuant
search engine relies on the match between observed and expected spectrum. For each match,
the Andromeda algorithm calculates a probability score of peptide-spectrum matches (PSMs).
Then, rather than deciding individually whether a PSM is correct or incorrect, Andromeda
follows a target-decoy database implementation. Within this strategy, a composite database is
created, including both a target protein sequence database and a decoy database. The target
protein sequence database is selected according to the analysed protein mixture, while the
decoy database contains the reversed sequences in the target database. The reversed
sequences are obtained after in silico digestion and maintain the last amino acid unreversed so
the protease cleavage point is maintained. The target-decoy strategy allows the evaluation of
false positives (FP) rates through large PSM populations using an FP rate across the entire set.
Ultimately, this strategy provides statistical evidence on the quality of each PSM and limits the
overall number of incorrect identifications (Elias & Gygi, 2007). Another feature included in the
Andromeda search engine is a second peptide search for each MS? spectrum, which enables

the identification of co-fragmentation signals in the same MS? spectrum resulting from additional
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co-eluting precursor ions (Cox et al.,, 2011). Besides MaxQuant and the Andromeda search
engine, other popular search engines, such as Mascot (Perkins et al., 1999) and MSFragger
(Kong et al., 2017) search engines are available. Mascot operates with a similar strategy and
performance than Andromeda. On the other hand, MSFragger relies on a fragment-ion indexing
strategy, which results in faster protein identifications and an overall shorter computational time
when compared to most search engines, especially when configured for detecting protein

modification profiles (Kong et al., 2017).

1.6.2 Quantification strategies

There are several approaches to obtaining quantitative proteomics data using MS techniques.
They all rely on comparing peptide signals from the MS spectra under different conditions to
determine protein abundance or estimate it. Like any other type of quantitative data, protein
abundance can be obtained as an absolute measurement (the amount of protein in a particular
sample) or as a relative measurement (the amount of protein in relation to another

measurement of the same protein in a different sample) (Ong & Mann, 2005).

1.6.2.1 Label-based quantification strategies

Label-based quantification is closely related to the use of stable isotopes with a low percentage
of natural abundance, such as hydrogen (?H), carbon ("*C) or nitrogen ("°N). These isotopes are
introduced into a protein mixture, resulting in a mass shift that can be detected with MS.
Comparing samples with and without isotope labelling allows protein quantification. This is
nowadays usually accomplished by comparing the area under the curve from the extracted ion
current (XIC), in a process known as XIC-based quantification. MS spectra, before undergoing
Fourier transformation, are expressed as peptide signal intensity over HPLC gradient elution
time. Under the same experimental conditions, the area under the curve in such plots for a
particular peptide is proportionally related to its abundance. In label-based quantification
strategies, the XIC of labelled and unlabelled peptides share the exact same experimental
conditions; they are detected on a single MS chromatogram. This leads to accurate protein
abundance ratio determination. Thus, XIC is the standard quantification method for label-based
techniques (Ong & Mann, 2005). These techniques are then broadly classified as chemical or
metabolic labelling, depending on how the stable isotopes are introduced on the protein mixture
(Figure 10) (Bantscheff et al., 2007).
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Figure 10. MS quantification strategies. The most common quantification strategies are schematically represented.

Blue and yellow boxes each represent an experimental condition, while dashed boxes indicate sources of
experimental variation. The later the samples are combined, indicated with an horizontal line, the greater is the

experimental variation enabling for greater quantification errors. From (Bantscheff et al., 2007).

Chemical labelling can be applied either at protein or at peptide level, depending on
each particular technique; this leaves room for variability and potentially lower robustness,
especially if the label incorporation is not homogeneous throughout the samples. Nevertheless,
there are several popular chemical labelling methodologies that result in fast and inexpensive
workflows (Bantscheff et al., 2007). Chemical labelling relies on the modification of either
reactive sites on amino acids side chains or protein terminal groups, if not both. For instance,
within the dimethyl labelling technique, primary amines in peptide sequences (N-terminal group
and lysine €-amino group) are converted to dimethylamines through reductive amination. The
reaction is triggered by formaldehyde (in the presence of NaBH;CN) and it introduces a +28 Da
mass shift. Additionally, isotope-labelled formaldehyde, either with ?H or with ?H and 3C, is also
used to introduce a +32 Da or +36 Da mass shift, respectively. In both cases, the reaction is
triggered in the presence of deuterated NaBH;CN (Boersema et al., 2009; Hsu et al., 2003).
These modifications are later detected through XIC-based quantification, leading to accurate
protein ratio determination. Another popular chemical labelling strategy relies on incorporating
isobaric tags to amino acid reactive groups; these isobaric tags have identical masses despite
having a different distribution of heavy isotopes in their structure. At MS' level, isobaric labelled
peptides have identical mass, but at MS? level, upon fragmentation, distinct reporter ion masses

are detected. Tandem mass tag (TMT) (Li et al., 2020; Thompson et al., 2003) and isobaric tag
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for relative and absolute quantification (iTRAQ) (Ross et al., 2004) are two techniques relying on
isobaric tags. The main advantages of isobaric tag labelling are its high multiplexing and its
ease of application to any sample type.

Alternatively, stable isotope labelling can be approached in a metabolic way. In this case,
the heavy isotopes are directly incorporated into the newly synthesised proteins by an
organism's metabolic pathways, resulting in a defined mass shift. A main advantage of
metabolic labelling is its robustness; since samples from both experimental conditions are
combined right after protein purification, any variation on the workflow will affect all peptides and
conditions equally (Ong & Mann, 2006). One of the most widely used metabolic labelling
implementations is the technique known as stable isotope labelling by amino acids in cell culture
(SILAC). During a SILAC workflow, cells are either grown with a regular medium or with a
medium containing an isotopically labelled (with *C and/or "®*N) analogue of lysine and arginine.
When digested with trypsin, all peptides from cell extracts grown with the labelled medium will
contain at least one labelled amino acid. This creates a mass shift between labelled and
unlabelled peptides which is detected at MS' level. Thus, relative quantification is reached by
comparing the signal intensities of isotope clusters of labelled/unlabelled peptide pairs with
intensity-based quantification (Ong et al., 2002).

Finally, stable isotopes are also used by directly spiking in labelled standard peptides
(Figure 10). This enables, for example, an alternative method of quantification called absolute
quantification (AQUA). By spiking in selected chemically synthesised labelled peptides during
the protein digestion, at a known concentration, one can determine the absolute amount of a
specific protein in a sample. This quantification method is popular among targeted proteomics
approaches (Gerber et al., 2003; Kirkpatrick et al., 2005).

1.6.2.2 Label-free quantification strategies

Label-free quantification (LFQ) encompasses a range of techniques that share the common
feature of not relying on heavy isotopes. LFQ techniques are widely used in shotgun
proteomics, and among their main advantages are their straightforward workflows,
cost-effectiveness, and independence from the number of samples (Al Shweiki et al., 2017;
Bantscheff et al., 2007).

Among the most basic forms of LFQ, we find the protein abundance index (PAI) and its
exponentially modified (emPAl) version. PAI relies on peptide counting and is calculated by
dividing the measured peptide count associated with a protein by the theoretical number of

peptides obtained after digesting the protein (Ishihama et al., 2005; Shinoda et al., 2010).
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XIC-based quantification can also be used for LFQ. As long as a peptide is measured, one can
compare two different chromatograms to extract relative quantification ratios. To obtain accurate
results using an LFQ XIC-based approach, one should carefully monitor the sample processing,
as this technique is prone to quantification errors due to experimental variations in the workflow
(Ong & Mann, 2005). Another LFQ technique, used to estimate absolute protein abundances, is
intensity-based absolute quantification (iBAQ). During iBAQ, all peptide intensities matching a
protein are summed and then divided by the number of theoretical peptides, resulting in an
approximation of protein abundance (Schwanhausser et al., 2011).

A more sophisticated LFQ algorithm is MaxLFQ, implemented in the MaxQuant software.
MaxLFQ includes some features that enhance its quantification accuracy: (i) MaxLFQ allows for
the transfer of peptide identification between different MS samples with its “match between runs”
option. A peptide might be detected at MS" level but not selected for fragmentation, thereby
missing its MS? spectrum. If the same peptide is detected at MS" level in a different sample from
the same experimental set, activating the “match between runs” option will result in the peptide
being identified in both samples. (ii) MaxLFQ controls for experimental variability between
samples by normalising peptide intensities and calculating associated protein intensities using
multiple pairwise peptide ratios. (iii) MaxLFQ can handle missing peptide intensity values due to
the dynamic range of protein abundances or technical limitations. It employs a probabilistic
framework to impute missing values based on neighbouring peptides, enabling robust
quantification even in complex datasets. (iv) MaxLFQ also accounts for low-abundance proteins
by incorporating intensity information from all identified peptides, including those with low
signal-to-noise ratios. This enhances the sensitivity of protein detection. As a result, MaxLFQ
generates an LFQ intensity estimate for each identified protein in a sample (Cox et al., 2014;
Cox & Mann, 2008).

1.6.3 Missing value imputation

In DDA proteomics, missing values in the data are highly frequent, especially when using LFQ.
Missing values are broadly classified into two categories. On one hand, there are missing
completely at random (MCAR) and missing at random (MAR) values. These account for
peptides that were not measured due to technical reasons, such as miss-cleaved peptides,
unsuccessfully ionised peptides, and other biochemical, analytical and computational issues.
MCAR and MAR values should evenly affect the entire data set (Karpievitch et al., 2012; Lazar
et al., 2016).
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On the other hand, there are missing not at random (MNAR) values. These account for
peptides that were not measured either due to biological reasons (e.g., protein expression
suppression in one of the measured conditions) or due to low peptide abundance, which is too
close to the mass spectrometer’s limit of detection. MNAR values have a targeted effect, with
low-abundance peptides having a higher rate of MNAR values (Lazar et al., 2016).

Data with missing values hinders downstream analyses, such as the statistical
assessment of protein abundance differences. Hence, several imputation methodologies have
been proposed to fill in missing values. For instance, the probabilistic minimum imputation
(MinProb) method replaces the missing values with random draws of a Gaussian distribution
centred on the lowest value detected in the data set (Chich et al., 2007). The MinProb approach
focuses on left-censored data, which in a proteomics data set corresponds to the region where
low-abundance peptides fall. Thus, it deals effectively with MNAR values and has gained
widespread usage in the proteomics community. Nevertheless, MinProb is just one among
several imputation methods; one should consider which kind of missing values are more

abundant in the data set before selecting an imputation methodology (Lazar et al., 2016).

1.6.4 Exploratory data analysis

Exploratory data analysis encompasses a number of statistical techniques aimed at describing
and summarising the characteristics of a data set. Their applications are universal and, as
result, are regularly used in proteomics data analysis workflows. The main goals of exploratory
analysis are to assess data quality and help formulate hypotheses to be statistically tested
(Tukey, 1977).

A standard proteomic data set can be described as a matrix where rows are quantified
proteins, and columns are different MS-measured samples. Each cell in the matrix contains the
protein abundance value, which is dependent on the quantification technique. One of the
characteristics one can explore from such a matrix is how similar (or dissimilar) its columns (MS
samples) are. Sample similarity serves as a quality control measurement. In experimental set
ups where multiple replicas of the same condition were measured, a high degree of sample
similarity among replicas generally indicates experimental workflow reproducibility. Conversely,
dissimilarities between samples from different conditions might help formulate hypotheses that
could explain such differences.

One of the most common ways to measure the similarity between samples is to calculate
their Euclidean distance. This distance is calculated by subtracting, for each protein, the

abundance between two samples; then, each difference result is squared. Finally, squared
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differences are summed and square-rooted, removing any negative value. The Euclidean
distance provides a straightforward and easy to interpret measurement of sample similarity.
Smaller distances indicate higher similarity, while larger distances indicate greater dissimilarity.
Another popular measurement on sample similarity is the Pearson’s correlation coefficient. It is
calculated from the covariance between two variables divided by the product of their standard
deviations. In proteomics, the two variables are represented by protein abundances for each
pair of samples. Pearson’s correlation coefficients range from -1 to 1. The closer a coefficient
gets to 0, the less correlated two samples are and, therefore, the more dissimilar they are. A
score of 1 indicates a perfect linear correlation and similarity (e.g., when comparing a sample to
itself), while a score closer to -1 indicates a negative correlation between samples.

Euclidean distance and Pearson’s correlation coefficient are often combined with sample
unsupervised hierarchical clustering, another exploratory data analysis technique. In the
agglomerative hierarchical clustering approach, each sample starts as an individual cluster, and
then, through iterative merging, the most similar clusters are combined until a single cluster
encompassing all samples is obtained. As the merging process continues, a dendrogram is
constructed—a tree-like diagram that illustrates the hierarchical relationships between clusters.
The height of the branches in the dendrogram represents the dissimilarity between clusters or
samples. Hierarchical clustering dendrograms and sample similarity measurements, such as
Euclidean distance and Pearson’s correlation coefficient, are often combined into heat maps,
which offer an intuitive data representation, enhancing its interpretability. In addition to
hierarchical clustering, other unsupervised clustering methods applied to proteomics data sets
include k-means clustering and the self-organising map (SOM) machine learning algorithm.

Another popular exploratory data analysis strategy involves data dimensionality
reduction. The main goal of such strategies is to reduce the number of variables in a dataset
while preserving the maximum amount of information, enhancing data interpretability, and
revealing underlying patterns and sources of data variation, providing insights into the structure
and relationship between MS samples. Principal component analysis (PCA) is a widely used
technique for feature dimensionality reduction. In a proteomics data set, each measured sample
represents a dimension, with abundance values for each protein and sample. Principal
components describe the variation within these dimensions, resulting in one principal
component per sample. PCA assigns a value to each protein describing its influence on the
principal component. When considering a singular dimension, protein abundance is usually
expressed as a uniform distribution ranging from lower to higher values. Its principal component

would describe the variation within this distribution, and proteins at the distribution edges would
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have higher influence values, with opposing signs. The product between all protein abundances
and their associated influence is calculated, and then, a principal component score is obtained
as the sum of these products. In multi-dimensional scenarios, each dimension yields a principal
component and its corresponding score. For instance, a MS experiment with four samples
would result in four principal components and 12 scores (one per principal component and
sample). PCA scores are used to assess sample similarity, as they reflect variance in protein
abundance. Samples with similar abundance profiles exhibit similar PCA scores. Additionally,
each principal component has an associated eigenvalue representing the amount of variation it
explains, expressed in percentile. Principal components are ordered by their percentile; the first
component captures the most variation in the data, the second component the second most
variation in the data, and so on. In high-dimensional data sets, only a subset of principal
components, selected based on the explained variance percentile, are considered. The selected
subset of principal components is often represented as scatter plots in pairs. This allows PCA
to identify key sources of variation in proteomics data, revealing hidden data structures,

influential proteins, and abundance patterns associated with specific experimental conditions.

1.6.5 Statistical difference assessment

Statistical difference assessment encompasses a number of techniques focused on hypothesis
testing. Their goal is to determine if there is a significant difference between the means of two
independent groups. Therefore, for a proteomics data set, the null hypothesis is that there are
no significant differences between the mean protein abundance of the two groups, while the
alternative hypothesis suggests that there is a significant difference. Thus, in an experimental
setup where at least three replicas were measured for each condition, the mean protein
abundance between conditions can be tested.

The Welch’s t-test is a popular approach to assess such hypotheses. It is an alternative
to the traditional Student's t-test, used when the assumptions of equal variances and/or sample
sizes are violated. One main reason behind Welch’s test popularity is its higher versatility
compared to the classic Student's t-test. Thus, Welch’s t-test, designed for unequal populations,
exhibits robust performance even when applied to populations with equal variances. On the
other hand, the classic Student’s t-test performance suffers when the assumption of equal
variance in the population is violated. Nevertheless, Welch's t-test is still restrictive in its
assumption of normal sample distribution and observation independence.

Among the test results, a p-value is obtained. This helps either accept or reject the null

hypothesis which, in proteomics, claims an equal protein abundance means between two
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experimental conditions. A p-value offers a straightforward interpretation: the null hypothesis is
rejected when a p-value is lower than a selected threshold value. Common threshold values for
statistical significance are 0.05 and 0.01. Thus, the abundance means of a tested protein for two
conditions, whose p-value is below the selected threshold, are considered to be statistically
different.

Another popular approach is the analysis of variance (ANOVA), which is used to
compare the means of more than two groups and allows for assessing protein abundance
differences between more than two conditions. Similarly to the classic Student’s t-test, ANOVA
assumes independence of observations, normal distribution, and homoscedastic variance.
ANOVA relies on partitioning the total variation in the data into two components. This way, it
differentiates between variation between groups and variation within groups. These two sources
of variation are compared to determine whether the observed differences are significant or not.

Statistical difference assessment allows to identify statistically different protein
abundance patterns between tested conditions. This information can provide insights into the
biological processes and pathways that are affected by the experimental conditions. However, it
is important to consider the assumptions and limitations of the chosen statistical test and

interpret the results in conjunction with other relevant biological information.

1.6.6 Functional analysis

Functional analysis of proteomics data involves examining the biological functions and
pathways associated with statistically different proteins to gain insights into the underlying
biological mechanisms and interpret the results in a biological context. Functional analysis helps
understand the functional implications of changes in protein abundance profiles and identify key
biological processes affected by experimental conditions.

Proteins are annotated using databases containing biologically relevant information.
These databases encompass information such as structural protein domains or complete
biochemical pathways. Protein families (Pfam) (Mistry et al., 2021), gene ontology (GO) (The
Gene Ontology Consortium et al., 2021) or the Kyoto encyclopaedia of genes and genomes
(KEGG) (Kanehisa & Goto, 1999) databases are some examples of popular resources for
protein annotation. After protein annotation, an enrichment analysis is performed, usually with a
Fisher's exact test, to determine whether specific annotations are significantly overrepresented
among the differentially abundant proteins. This analysis helps assess whether there is an
enrichment of proteins with specific domains, functions, or pathway involvement compared to

what would be expected by chance.
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1.7 Applications to study RNA-protein interactions

MS-based proteomics techniques have a broad range of applications in molecular biology. For
instance, they are used to study proteomes under specific conditions, enabling a global analysis
of protein composition for a given sample. Consequently, protein expression dynamics are
revealed when comparing multiple samples under different conditions. Examples include protein
dynamics across an organism’s developmental stages, protein abundance comparisons
between treated and untreated samples, or proteome changes upon gene knockout or
overexpression (Aebersold & Mann, 2016; de Godoy et al., 2008). Despite its versatility, the
study of protein expression dynamics does not excel at revealing RNA-protein interactions. As
part of the interactomics field, the study of RNA-protein interactions aims to understand
interaction networks and their functional implications, providing a holistic view of biological
systems. To achieve this, it relies on mapping and analysing interactions between biomolecules,
gaining insights into the underlying mechanisms of cellular processes. Therefore, a better-suited
approach to investigate RNA-protein interactions is using specific baits for affinity purification
(AP) to capture the aforementioned interaction partners (Bludau & Aebersold, 2020).

AP-MS techniques rely on immobilising a bait of interest on a matrix or a bead to capture
its interacting proteins, found in the sample’s lysate (Dunham et al., 2012). One approach is to
use nucleic acids as baits. For instance, the RNA interactome capture (RIC) technique
combines ultraviolet (UV) protein cross-linking to RNA with oligo(dT) capture to identify RBPs.
After polyadenylated messenger RNAs (mRNA) bind to the oligo(dT) beads, mRNAs are
digested, and UV-crosslinked RBPs are identified and quantified with MS (Baltz et al., 2012;
Castello et al., 2012, 2013). Although this technique cannot identify proteins that interact with
premature, unspliced, and non-polyadenylated RNA, it is a widespread technique to identify
RBPs and has been used in several organisms, such as S. cerevisiae (Beckmann et al., 2015;
Matia-Gonzalez et al., 2015; Mitchell et al., 2013), C. elegans (Matia-Gonzalez et al., 2015) or
H. sapiens (Beckmann et al., 2015). RNA oligos are also used in a targeted way to identify
interacting proteins. Specific RNA sequences are used as bait for RBPs, which are later
identified and quantified with MS. To do so, results are compared to those obtained from a
scrambled control sequence. By doing so, background proteins binding to either the control or
the specific sequence are identified and differentiated from sequence-specific interactions,
which are found to be enriched (Butter et al., 2009; Scheibe et al., 2012). Moreover, RNA
structural motifs are also used, in a similar fashion as RNA sequences, to identify structure

specific interactions by MS (Casas-Vila et al., 2020).
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Another popular AP-MS approach is to immobilise protein baits with the use of
antibodies (Immunoprecipitation-MS, IP-MS), either against the protein itself or a tag fused into
it, in order to identify their interacting prey (Smits & Vermeulen, 2016). Unspecific binders are
removed via bead washing, and the remaining bound proteins are identified and quantified with
MS. Specific bait interactors are then determined by comparing quantified proteins captured by
the bait of interest to quantified proteins captured in a control condition. Thus, while the
abundances of background proteins are roughly equal in both situations, the abundances of
bait-specific interactors are found to be significantly different from the control (Keilhauer et al.,
2015; Vermeulen et al., 2008).

These myriad of techniques are applied to a wide range of RNA types, broadly classified
into non-coding and coding RNA. On one hand, non-coding RNA refers to a vast and diverse
group of RNA molecules that do not code for proteins. Non-coding RNA molecules can be
classified into several categories based on their size and function. For instance, transfer RNA
(tRNA) and ribosomal RNA (rRNA) are involved in protein synthesis; tRNA molecules facilitate
the translation of mRNA into proteins by carrying specific amino acids to the ribosomes, while
rRNA is a crucial component of ribosomes, ensuring their structural integrity. Other examples of
non-coding RNAs include small nuclear RNA (snRNA), microRNAs (miRNA), and long
non-coding RNA (IncRNA) molecules. Their functions are diverse; snRNAs are involved in the
splicing of pre-mRNA, while miRNA are regulators of gene expression. Finally, IncRNAs
participate in a wide range of cellular processes, including chromatin remodelling, transcriptional
regulation among others. On the other hand, coding RNAs provide the template for protein
synthesis, enabling the expression of genetic information. In this category we find mRNA
molecules. Throughout their life cycle, mMRNA molecules interact with several RBPs which
determine their cellular fate.

The articles presented in this thesis showcase two applied cases of using MS for
investigating RNA-protein interactions. Article I exemplifies how SILAC-based MS proteomics
is used to delve into the molecular function of non-coding RNAs. In particular, it focuses on the
identifying interaction partners of the IncRNA TERRA. On the other hand, Article T exemplifies
how IP-MS-based interactomics is used to investigate RNA-related molecular cell processes
from a systems perspective. This way, the mRNA molecule's life cycle and the role RBPs play in

it is investigated.
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1.7.1 Telomeric repeat-containing RNA origin and interacting partners

TERRA are IncRNA molecules produced from the transcription of telomeric repeats. TERRA
transcripts were first detected in T. brucei (Rudenko & Van Der Ploeg, 1989). Since then, they
have been detected in several organisms, including H. sapiens (Azzalin et al., 2007; Schoeftner
& Blasco, 2008) and M. musculus (Schoeftner & Blasco, 2008). Thanks to their ability to form
RNA:DNA hybrids and interact with several protein partners, TERRA molecules serve a wide
range of functionalities. These include heterochromatin regulation, telomeric loop formation and
telomerase recruitment (Cusanelli & Chartrand, 2015).

In addition to their transcription from telomeres, M. musculus TERRA transcripts’
genomic origin has also been traced to intrachromosomal repeats. For instance, M. musculus
TERRA molecules exhibit different colocalization patterns than H.sapiens TERRA when
investigated with RNA fluorescence in situ hybridisation (FISH). While TERRA RNA-FISH
patterns for H. sapiens are detected at telomeres, in M. musculus, colocalization patterns are
mostly found at pseudoautosomal region (PAR), the subtelomeric q end of X/Y chromosomes
and, to a much lesser extend at telomeres. Therefore, in M. musculus, a distinction exists
between TERRA (originating at telomeres) and PAR-TERRA (originating at Xq/Yq subtelomeric
regions) molecules (Azzalin et al., 2007; Chu, Froberg, et al., 2017; De Silanes et al., 2014).
These differences between H. sapiens and M. musculus TERRA in terms of genomic origin
suggest variations in TERRA localization and function between these species. Hence, further

studies on its genomic origin and conserved interaction partners are desirable.

1.7.2 RNA binding protein network-based function assignment

A primary focus when studying RNA-protein interactions is on RBPs. Their binding to mRNAs
forms transient ribonucleoprotein (RNP) complexes that determine the downstream effects of
the bound mRNAs (Dreyfuss et al., 2002). These downstream effects resonate throughout the
entire MRNA life cycle, from its initial processing (Neve et al., 2017; Ramanathan et al., 2016;
Wilkinson et al.,, 2020) and export from the nucleus (Tutucci & Stutz, 2011) to its final
degradation in the cytoplasm (Hasan et al., 2014). RNP complexes play a crucial role in
regulating mRNA cellular fate within a large interconnected network (Licatalosi & Darnell, 2010).
This versatility is facilitated by interactions with unique combinations of RBPs, which can
function either as core or regulatory factors (Rissland, 2017). Thus, the combination of RBPs

bound to an mRNA determines its cellular fate.
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Several large-scale methodologies have been implemented to discover RBPs, resulting
in a large increase in the number of proteins being described as RBPs (Hentze et al., 2018).
However, to gain a better understanding of their roles in the mRNA life cycle, the expansion of
the RBP catalogue must be accompanied by a functional characterization (Kilchert et al., 2020).
RBP protein-protein interaction (PPI) partners are obtained with AP-MS techniques, and the
interconnectedness of RBP binding to specific subsets of RNAs is used to infer functionality
(Hogan et al., 2008). Additionally, to specifically reveal RNA-dependent interactions (RDI),
immunoprecipitation beads are treated with RNAse A. This treatment results in the loss of all
prey that interacts with an RBP bait RNA due to RNA digestion. Consequently, when comparing
treated and untreated samples, RDIs are found to be significantly enriched. PPIs and RDls,
along with concurrent interactions with other RBPs, are then used to suggest the involvement of
the RBP bait in functional pathways (Klass et al., 2013). With sufficient data, function-based
networks of PPIs and RDIs can be created to identify functional associations for previously

uncharacterized RBPs.
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2. Aims of the thesis

| explored two fields involving RNA-protein interactions using MS-based quantitative proteomics:
M. musculus and H. sapiens TERRA-associated proteins and S. cerevisiae network-based
function assignment of RBPs.

Telomeres are nucleoprotein structures that protect the ends of eukaryotic
chromosomes. They contain active transcription sites that produce the IncRNA TERRA
molecules. Additionally, TERRA molecules are also transcribed from intrachromosomal
telomeric repeats. TERRA molecules interact with RBP, and together, they determine TERRA
functionality. The aim of this project was to further interrogate the genomic origins of TERRA
species in M. musculus and to investigate their interacting partners. To achieve this, among
other techniques, an MS-based quantitative proteomics approach was used. A SILAC TERRA
interactome screen was performed to assess the conservation between M. musculus and H.
sapiens TERRA interacting partners.

The number of proteins identified as RBPs has largely increased over the last decade.
However, this increase in the number of novel RBPs has not been accompanied by functional
characterization. RBPs play critical roles throughout the mRNA life cycle, including its initial
processing and export from the nucleus, as well as its transport, localization, translation, and
degradation in the cytoplasm. The goal of this project was to identify functional associations for
previously uncharacterized RBPs and integrate them into an interaction network. To accomplish
this, an interactome immunoprecipitation screen was conducted in S. cerevisiae to identify PPIs
and RDIs of 40 RBPs involved in different RNA pathways. Novel functional associations were

described by identifying concurrently binding RBPs in function-based networks.
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3. Articles

3.1. PAR-TERRA is the main contributor to telomeric
repeat-containing RNA transcripts in normal and cancer mouse
cells

3.1.1 Summary

This project focused on TERRA molecules in M. musculus: it explored their genomic origins and
compared their interactomes to the H. sapiens counterpart.

Differences in behaviour between M. musculus and H. sapiens TERRA molecules were
determined with RNA-FISH. While only a few small M. musculus TERRA foci are found at
telomeres, H. sapiens TERRA foci are recurrently found at telomeres. Additionally,
TERRA-FISH intensity in M. musculus does not correlate with telomere length, while in H.
sapiens, the intensity does correlate. Hence, for M. musculus TERRA molecules, a different
genomic origin outside telomeres was hypothesised. To find putative regions that might
transcribe to TERRA molecules, the M. musculus genome was scanned for the presence of
intrachromosomal telomeric TTAGGG repeats. Then, high-coverage RNA-Seq data was
overlapped with such regions to map where TERRA reads are located. This resulted in four
major chromosomal regions: known Telo 18q, PAR-Xq/Yq and ChrX Tsix locus regions, and a
novel Chr2 region. Further analyses with reverse-transcription real-time PCR (RT-qPCR)
revealed the PAR region as the major source of TERRA molecules.

Conservation of TERRA-associated functions was evaluated with a SILAC-based AP-MS
approach. Here, a biotinylated oligonucleotide with a TERRA sequence was used as bait to
identify M. musculus TERRA-interacting proteins. To determine the enriched TERRA-interacting
proteins, identified and quantified proteins were compared to those obtained using a scrambled
control sequence. Functional analysis of the enriched proteins revealed an involvement of
TERRA-interacting proteins in RNA metabolism, DNA replication, mitosis and chromatin
organisation. Further analysis involved a comparison with publicly available H. sapiens
TERRA-interacting protein data sets, which revealed that despite having a distinct genomic
origin, functions are conserved between M. musculus and H. sapiens.

In summary, this project explored the distinct origin of non-coding RNA on the example
of M. musculus TERRA molecules and highlighted the function-conservation between H.

sapiens and M. musculus TERRA-interacting proteins.
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3.1.2 Zusammenfassung

In diesem Projekt wurden TERRA-Molekile in M. musculus Zellen untersucht, dabei wurden
ihre genomischen Urspringe erforscht und ihr Interaktom mit den entsprechenden H. sapiens
TERRA-Molekulen verglichen.

Mithilfe von RNA-FISH wurde ein unterschiedliches Verhalten der TERRA-Molekdile von
M. musculus und H. sapiens festgestellt. Wahrend nur wenige kleine TERRA-Anreicherungen
in M. musculus an den Telomeren gefunden wurden, reichterte sich TERRA bei H. sapiens
besonders an den Telomeren an. Darlber hinaus hangt die Intensitat von TERRA-FISH in M.
musculus nicht mit der Telomerlange zusammen, wahrend sie bei H. sapiens miteinander
korrelieren. Daher wurde in M. musculus eine andere genomische Herkunft als die Telomere fiir
die TERRA-Molekiile vermutet. Um potenzielle Regionen zu finden, die zu TERRA-Molekiilen
transkribiert werden konnten, wurde das M. musculus Genom auf das Vorkommen
intrachromosomaler TTAGGG  Wiederholungen untersucht.  AnschlieBend  wurden
hochaufldsende RNA-Seqg-Daten mit diesen Regionen Uberlappt, um die TERRA Sequenzen zu
lokalisieren. Daraus resultiertenvier chromosomale Regionen: die bekannten Telo 18q,
PAR-Xq/Yg und ChrX-Tsix-Lokusregionen sowie eine neue Chr2-Region. Weitere quantitative
Analysen mit reverser Transkriptions-Echtzeit-PCR (RT-qPCR) zeigten, dass die PAR-Region
Hauptquelle fir TERRA-Molekiile in der Maus ist.

Die Konservierung von TERRA-assoziierten Funktionen wurde mit einem
SILAC-basierten AP-MS-Ansatz evaluiert. Dazu wurde ein biotinyliertes Oligonukleotid mit einer
TERRA Sequenz als Kdder verwendet, um interagierende Proteine mit M. musculus TERRA- zu
identifizieren. Um die angereicherten TERRA-interagierenden Proteine zu bestimmen, wurden
identifizierte und quantifizierte Proteine mit denen verglichen, die bei der Verwendung einer
Kontrollsequenz erhalten wurden. Die funktionelle Analyse der angereicherten Proteine zeigte
eine Beteiligung von TERRA-interagierenden Proteinen am RNA-Stoffwechsel, der
DNA-Replikation, der Mitose und der Chromatinorganisation. Weiterhin wurden die Daten mit
offentlich verfigbaren Datensatzen von H. sapiens TERRA-interagierenden Proteinen
verglichen. Damit wurde gezeigt, dass trotz einer unterschiedlichen genomischen Herkunft die
Funktionen von M. musculus und H. sapiens konserviert sind.

Zusammenfassend untersuchte dieses Projekt den unterschiedlichen Ursprung
nichtkodierender RNA am Beispiel der TERRA-Molekile in M. musculus und verdeutlichte die

funktionale Konservierung von H. sapiens und M. musculus TERRA-interagierenden Proteinen.
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3.1.3 Statement of contribution

This is a collaboration project where we conducted quantitative proteomics experiments. Marion
Scheibe did all the proteomics data collection, including the RNA pull-downs and mass
spectrometry sample processing, while | performed all the proteomics data analysis. This
included the MS raw-data processing, the identification of enriched proteins, and the functional
analysis. | also assembled and finalised the quantitative proteomics figure for the manuscript.
Together with Marion Scheibe and Falk Butter, | also contributed to writing the quantitative

proteomics section of the manuscript.
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PAR-TERRA is the main contributor to telomeric
repeat-containing RNA transcripts in normal
and cancer mouse cells
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ABSTRACT

Telomeric repeat-containing RNA (TERRA) molecules play important roles at telomeres, from heterochromatin regulation
to telomerase activity control. In human cells, TERRA is transcribed from subtelomeric promoters located on most chro-
mosome ends and associates with telomeres. The origin of mouse TERRA molecules is, however, unclear, as transcription
from the pseudoautosomal PAR locus was recently suggested to account for the vast majority of TERRA in embryonic
stem cells (ESC). Here, we confirm the production of TERRA from both the chromosome 18q telomere and the PAR
locus in mouse embryonic fibroblasts, ESC, and various mouse cancer and immortalized cell lines, and we identify two
novel sources of TERRA on mouse chromosome 2 and X. Using various approaches, we show that PAR-TERRA molecules
account for the majority of TERRA transcripts, displaying an increase of two to four orders of magnitude compared to
the telomeric 18q transcript. Finally, we present a SILAC-based pull-down screen revealing a large overlap between
TERRA-interacting proteins in human and mouse cells, including PRC2 complex subunits, chromatin remodeling factors,
DNA replication proteins, Aurora kinases, shelterin complex subunits, Bloom helicase, Coilin, and paraspeckle
proteins. Hence, despite originating from distinct genomic regions, mouse and human TERRA are likely to play similar
functions in cells.

Keywords: telomeric RNA; PAR; TERRA interactome; telomere

INTRODUCTION and to be detectable with (CCCTAA), probes in RNA fluo-
rescence in situ hybridization (FISH). From the beginning,
however, it emerged that mouse and human TERRA mole-
cules may present some differences as their respective
FISH patterns were quite distinct. In human interphase
cells, TERRA-FISH signals were clearly detected at telo-
meres (Azzalin et al. 2007), while, in mouse cells, main
TERRA-FISH signals appeared as only one or two large
foci colocalizing with the g end of X/Y chromosomes
(Schoeftner and Blasco 2008; Schoeftner et al. 2009;
Zhang et al. 2009). On rare occasions (2-3 foci per nucle-
us), much smaller TERRA foci were also found to colocalize
with mouse telomeres (Lépez de Silanes et al. 2014).

While telomeres have long been recognized as hetero-
chromatic structures, they are active transcription sites.
The first report of the existence of a transcriptional activity
at telomeres dates back to 1989 with work from Rudenko
and van der Ploeg (1989) in Trypanosoma brucei. A few
years later, transcription was also observed at telomeres
of bird lampbrush chromosomes (Solovei et al. 1994).
The first evidences of telomeric transcription in human
and mouse cells were provided nearly 15 yr later (Azzalin
et al. 2007; Schoeftner and Blasco 2008). Telomeric
Repeat-containing RNA (TERRA) molecules were found
to be transcribed from the C-rich telomeric DNA strand
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PAR-TERRA as main contributor to mouse TERRA

In line with human TERRA detection at telomeres by
RNA-FISH, many studies clearly demonstrated that human
chromosome ends are transcribed from subtelomeric pro-
moters that are located directly upstream of telomeric re-
peats (Nergadze et al. 2009; Deng et al. 2012; Porro et al.
2014a; Diman et al. 2016; Feretzaki and Lingner 2017,
Koskas et al. 2017; Sagie et al. 2017; Feretzaki et al.
2019). A possible explanation to account for the distinct
TERRA-FISH patterns between human and mouse cells
was recently provided by RNA-seq experiments after
TERRA capture from mouse ESC (Chu et al. 2017a). That
study revealed the existence of a novel TERRA species,
dubbed PAR-TERRA, originating from the pseudoautoso-
mal locus of Xg/Yq subtelomeric regions, and accounting
for more than 99% of all TERRA transcripts in mouse ESC.
A few reads emanating from a small subset of telomeres
were also identified in that study and included the previ-
ously reported Telo 18q TERRA (Lépez de Silanes et al.
2014). The transcript emanating from Telo 18qwas, howev-
er, about 4000-fold less abundant than PAR-TERRA in ESC
(Chu et al. 2017a). Using the CHIRT

technique, which combines ChIRP A

ing a previously published SILAC-based pull-down ap-
proach (Scheibe et al. 2013). Cross-comparison of our
results with an in vivo proteomic screen for TERRA-interact-
ing proteins (Chu et al. 2017b) revealed that, despite dis-
tinct genomic origins and distinct nucleotide sequences,
human and mouse TERRA are likely to interact with similar
cellular proteins.

RESULTS

TERRA-FISH foci colocalize with telomeres
and their intensity is proportional to telomere length
in human cells

In human primary and cancer cells, most TERRA-FISH foci
colocalize with the telomeres of interphase nuclei (Fig. 1A;
Azzalin et al. 2007; Armoult et al 2012; Diman et al. 2016).
Consistent with previous northern blot experiments show-
ing that the length of human TERRA molecules is propor-
tional to telomere length (Yehezkel et al. 2008; Amoult
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observations in ESC, PAR-TERRA mol-
ecules account for the vast majority of
TERRA transcripts in all mouse cell
types. We also identified a new
TERRA species transcribed from chro-
mosome 2. However, both this newly
identified Chr 2 TERRA and the Telo
18q TERRA appear to minimally con-
tribute to the total cellular pool of
(UUAGGG), repeats. To further probe
the conservation of mouse and hu-
man TERRA, we performed a TERRA
interactome screen in mouse cells us-

FIGURE 1. TERRA-FISH signals correlate with telomere length but not with UUAGGG content
in human cells. (A) Immunofluorescence against TRF2 (red) combined with RNA-FISH to detect
TERRA with a (CCCTAA); LNA green probe in HT1080-ST human cell line. DNA is stained with
DAPI (blue). Scale bar, 5 pm. (B) Comparison between TERRA-FISH (left) and telomeric FISH
(right) in HCA2 (telomere length: 11.1 kb) and LB37 (telomere length: 3.8 kb) human cells using
the (CCCTAA); LNA green probe and the same exposure time. Experimental conditions are
indicated below. Scale bar, 5 pm. (C) Correlation between total nuclear TERRA-FISH intensity
(expressed as % of intensity in HFF2 cells) and total Telo-FISH intensity (expressed as % of in-
tensity in HCA2 cells). At least 50 nuclei were quantified for TERRA-FISH or Telo-FISH in each
cellline. Cell line names are indicated. R =0.943; Ptwo-tailed = 0.016. (D) Correlation between
TERRA-FISH intensity (expressed as % of intensity in HFF2 cells) and telomere length (kb) eval-
uated by TRF (Tilman et al. 2009; Arnoult et al. 2012). R=0.882; P two-tailed = 0.048. (E) RNA
slot-blots in LB37 and HCA2 human cells. Total RNA (2 or 4 ug) isolated from LB37 or HCA2
cells was hybridized with either the (CCCTAA), probe or a probe against human ACTB.
(F) Quantification from B and E. Data are normalized to HCA2. Mean +S.D.
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et al. 2012; Van Beneden et al. 2013), we confirmed, by
TERRA-FISH, that fluorescence signal intensity mirrors
telomeric DNA FISH intensity and, therefore, telomere
length (Fig. 1B-D). The intensity of TERRA-FISH foci, how-
ever, does not reflect the total levels of UUAGGG repeats
in human cells, as shown by slot-blot hybridization of total
RNA isolated from HCA2 normal fibroblasts and LB37 lung
cancer cells which, because of subtelomeric promoter
hypomethylation (Nergadze et al. 2009; Diman et al.
2016; Sagie et al. 2017, Feretzaki et al. 2019; Le Berre
et al. 2019), strongly up-regulate telomeric transcription
(Fig. 1E,F). Taken together, these observations suggest
that a substantial fraction of the human TERRA pool es-
capes detection by RNA-FISH and that the telomere-
bound molecules may likely be the only ones that are de-
tected by RNA-FISH. The reasons for this are still unclear
but may derive from the preextraction step of RNA-FISH
protocol, which would wash out soluble TERRA and leave
chromatin-bound TERRA as the only detectable species. It
is also possible that soluble TERRA is not efficiently recog-
nized by the RNA-FISH probe because it is folded into
tight secondary structures such as G-quadruplexes (G4),
or heavily bound to RNA-binding proteins.

In mouse cells, most TERRA-FISH signals do not
colocalize with telomeres and their intensity does
not correlate with telomere length

We next applied RNA-FISH to mouse cell lines with various
telomere lengths in order to test whether signal intensity
may similarly be proportional to telomere length. To do
this, we first evaluated telomere length by TRF in the follow-
ing cell lines: 3T3 (spontaneously immortalized MEF), L929
(spontaneously immortalized adult and adipose tissue-de-
rived fibroblasts), RAW264.7 (Abelson murine leukemia vi-
rus transformed macrophages), J774A.1 (reticulum cell
sarcoma), M1 (myeloblast cell line), and Neuro-2a (neuro-
blastoma) (Fig. 2A). We selected four mouse cell lines
with either short (J774A.1, 4.5 kb), average (M1, 5.8 kb)
or long (L929, 9.5 kb and Neuro-2a, 19.9 kb) telomeres
for TERRA-FISH experiments and performed RNase A
treatments as controls (Fig. 2B). Our data showed that the
total TERRA-FISH signal intensity does not correlate with
telomere length in mouse cells (P=0.53) (Fig. 2C). As re-
ported earlier, the RNA-FISH profiles are also very different
from the ones obtained in human cells, with the presence of
2-3 prominent TERRA foci per nucleus (Fig. 2B,D). When
TERRA-FISH signals were intense, like in J774A.1 and
Neuro-2a cell lines, additional, but much smaller foci
were detected using the same exposure conditions (Fig.
2B). To further investigate the colocalization of TERRA
foci with mouse telomeres, we combined RNA-FISH with
immunofluorescence against the shelterin protein Terf1
in the Neuro-2a cell line. In sharp contrast with the consis-
tent colocalization of TERRA-FISH signals with the other
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shelterin protein TRF2 in human cells (Fig. 1A), and in
line with previous reports (Lopez de Silanes et al. 2014;
Chu et al. 2017b), only 2-4 small TERRA-FISH foci over-
lapped with Terfl in mouse interphase nuclei (Fig. 2D).
Conversely, in the same Neuro-2a cell line, Terf1 signals
were colocalizing with telomeres in control DNA-FISH ex-
periments using the same probe (Fig. 2E). The lack of cor-
relation between telomeric DNA and TERRA-FISH signal
intensity, together with the low frequency of colocalization
events between TERRA and telomeres, suggest that telo-
mere transcription may not be the main source of TERRA
in mouse cells.

Similarly to human cells, however, we found that
UUAGGG levels, normalized to ACTB mRNA (Fig. 2F),
do not correlate with TTAGGG levels in mouse cells (Fig.
2G; Supplemental Fig. S1A,B, P=0.28). This could be ex-
plained either by a nontelomeric origin of mouse TERRA
or, like in human cells, by a distinct transcriptional activity
at telomeres of various mouse cell lines.

Altogether, our experiments suggest very distinct regu-
lations of TERRA in human and mouse cells (Fig. 2H), rein-
forcing the idea that the origin and molecular features of
TERRA molecules may be very distinct in these two
species.

TERRA molecules are produced from various mouse
genomic loci

Based on the above-described findings, we hypothesized
that (WUAGGG),-containing sequences may result from
the transcription of intrachromosomal TTAGGG-rich se-
quences. To identify these putative loci, we first scanned
successive 2 kb-long regions of the mouse genome for
the presence of at least 30 telomeric repeats—not neces-
sarily consecutive—including either pure (TTAGGQG) or
degenerate (TAAGGG, TGAGGG, TTGGGG, GTAGGG,
or TCAGGG) motifs (Fig. 3A). The arbitrary cut-off of 30
telomeric repeats was based on our preliminary analysis
of the mouse genome, which suggested that the criteria
was stringent enough to detect telomeric repeat-enriched
regions above the background. A total of 105 intrachromo-
somal loci containing >30 telomeric motifs were identi-
fied. In a second step, six RNA-seq data sets with high
sequencing coverage (>140 million paired reads) from
ES, forebrain, frontal lobe, B-cell lymphoma, MEF, and
MEL leukemia cells were selected for alignment with the
identified intrachromosomal telomeric repeat-containing
genomic loci. Using the same RNA-seq data sets, and
whenever subtelomeric sequences were available, telo-
meric transcripts were also searched for by screening for
subtelomeric reads directly adjacent to telomeres. As pre-
viously reported (Lopez de Silanes et al. 2014), we detect-
ed few reads from the 18q subtelomere (Fig. 3B,C). A very
limited number of reads appeared to similarly emanate
from the 10q subtelomere, but not from any other
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B). R=-0.37; P two-tailed = 0.28. (H) Summary of the differences between human and mouse TERRA.
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FIGURE 3. In silico search for candidate mouse genomic loci producing UUAGGG-containing RNAs. (A) Workflow for the identification of mouse
candidate genomic loci for TERRA production. (B) Graphical representation of mouse chromosomes and putative loci for TERRA production in
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Displayed coverages are normalized (each value was multiplied by 1 x 10® and divided by the total number of reads) and correspond to reads
unambiguously mapped and resulting from transcription in sense orientation exclusively. (D) Quantification of reads aligned to the regions shown
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chromosome ends with available sequence. Analysis of
reads produced from the 105 identified telomeric repeat-
containing intrachromosomal loci revealed the possible
contribution of two loci to the production of (WUAGGG),-
containing RNAs in all cell/tissue types: one on Chr 2
(3’'UTR of Polr3k gene) and one on Chr X/Y (PAR locus-
Erdr1 gene) (Fig. 3B,C; Supplemental Fig. S2). The Tsix lo-
cus on Chr X was identified as an additional intrachromoso-
mal source of (WUAGGG),-containing transcripts in mouse
ES cells exclusively (Fig. 3B,C; Supplemental Fig. S2) and is
known to be exclusively transcribed from the future active X
chromosome in female cells. Although not detected in ES
cells, a fourth intrachromosomal locus on Chr 8 may (Fig.
3B, red dotted line) also contribute to TERRA production
in some cells, including brain cells. This region of Chr 8
was however not considered as a strong contributor to
overall TERRA production in mouse tissues as the total
number of TTAGGG repeats was only 31 and the expres-
sion of the host gene, Inpp4b, is restricted to some tissue
types only (not shown). The other candidate loci showed
no or extremely low count number and were not selected
as good candidates for contributing to TERRA production.

The pseudoautosomal PAR locus was recently identified
as the main source of TERRA in mouse ES cells and,
through CHIRT analysis, PAR-TERRA was found to bind in
trans to various genomic loci (Chu et al. 2017a). Careful
analysis of the CHIRT data revealed that, while most
PAR-TERRA and TERRA peaks indeed overlap in the
mouse genome, PAR-TERRA is not detected at Polr3k
3'UTR locus, where TERRA peaks are readily detected
(Chu et al. 2017a), suggesting that a TERRA molecule, un-
related to PAR-TERRA, is produced from and binds to this
locus. Together with our analysis, this shows that Chr 2
TERRA is a newly identified source of mouse TERRA.

To compare the relative expression levels of the four ma-
jor TERRA transcripts (Telo 18q, Chr 2, PAR, and Tsix) in the
selected RNA-seq data sets, we quantified the reads ema-
nating from small unique regions located upstream of the
(TTAGGG), repeats (Fig. 3C, light blue boxes). Strand spec-
ificity was taken into account to exclusively quantify the
reads corresponding to (UUAGGG),-containing tran-
scripts. The analysis revealed that PAR-TERRA was the
most abundant species in ESC, MEF, B-cell lymphoma
and MEL leukemia cell line, while similar levels of Chr 2
TERRA and PAR-TERRA were measured in brain tissues
(Fig. 3D). Importantly, Telo 18q TERRA was barely detect-
able in all samples, suggesting that the contribution of this
locus to mouse TERRA is extremely low (Fig. 3D).

Candidate mouse TERRA molecules contain
UUAGGG repeats

To validate the production of (WUAGGG),-containing se-
quences from the four genomic candidate loci, we de-
signed primers located upstream of the TTAGGG
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repeats of each locus. For Telo 18q, primers are located
within the possible 3'UTR of LOC108168395 downstream
from Tmx3 gene, within the last 20 kb before 18q telo-
meric repeats (Fig. 4A). For Chr 2, primers are in the
3'UTR region of the Polr3k gene. Primers for PAR and
Tsix loci are located within introns (Fig. 4A). Primer efficien-
cy was tested (Supplemental Fig. S3) and two distinct re-
verse transcriptions (RT) were performed: one with
random hexamers and one with (CCCTAA)s primers (Telo
primers). If the candidate transcript contains long stretches
of UUAGGG repeats, we expect a strong enrichment of the
corresponding cDNA when RT is performed with Telo
primers. If, on the other hand, the transcript contains fewer
and/or interspaced UUAGGG repeats, the enrichment
should be weaker. Finally, if the transcript is completely
devoid of UUAGGG repeats, we expect the efficiency of
the RT with Telo primers to be strongly reduced and the
corresponding cDNA to be virtually absent.

Total RNA was isolated from J774A.1 and ES cells.
Consistent with the respective abundance of consecutive
TTAGGG repeats at the tested loci (Supplemental Fig.
S2), we observed either a strong (Telo 18q, Chr 2) or a
moderate (PAR, Tsix) enrichment of cDNA species when
Telo primers were used for the RT instead of random prim-
ers (Fig. 4B). Importantly, the levels of Sod1, used as neg-
ative control for (WUAGGG),-containing mRNA, were at
background levels when Telo primers were used for RT
(Fig. 4B). Altogether, these data confirm the presence of
UUAGGG repeats in Telo 18g, Chr 2, PAR, and Tsix
TERRA species.

PAR-TERRA is the main source of UUAGGG-rich
RNA molecules in ESC, MEF, and immortalized
mouse cell lines

As the candidate TERRA loci likely produce RNA mole-
cules with distinct UUAGGG repeat contents, we next
sought to determine which of those TERRA loci is the
main contributor to the pool of UUAGGG repeats in mouse
cells. To do this, we performed RT-gPCR analyses on ran-
dom primer-synthesized cDNA in MEF, ES cells and in the
sixmouse cell lines, and compared these measurements to
UUAGGG levels measured by slot-blots. Our RT-gPCR
analyses confirmed that PAR-TERRA levels are much high-
er than the other tested transcripts in all cell lines (Fig. 5A).
The strong correlation (R=0.967, P=0.0001) that we ob-
tained between PAR-TERRA levels and total UUAGGG lev-
els, measured by slot-blot, further confirmed that PAR-
TERRA is the main source of UUAGGG repeats in mouse
cells (Fig. 5B,C). Conversely, the levels of either Telo 18q
(R=-0.49, P=0.223) or Chr 2 (R=-0.25, P=0.554) did
not correlate with total UUAGGG levels (Fig. 5C).

Ashort stretch of TTAGGG repeats located between the
LOC108168395 locus and the 18q telomere (Supplemen-
tal Fig. S4A) was previously proposed as a possible source
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for TERRA (Lépez de Silanes et al. 2014). However, our data
failed to reveal any correlation between this subtelomeric
18q transcript and the relative UUAGGG levelsin the tested
cell lines (Supplemental Fig. S4B).

Telomere deprotection through Terf2 depletion
does not up-regulate telomere transcription

Previous work in human cells revealed that TERRA tran-
scription is up-regulated from TRF2-depleted telomeres
(Caslini et al. 2009; Porro et al. 2014a,b). To test the hy-
pothesis that telomere deprotection may be similarly asso-
ciated with enhanced transcription of mouse telomeres,
we extracted RNA from SV40-immortalized MEF condi-
tionally knocked-out for Terf2 (Fig. 6A). We also designed
new pairs of primers for 5g and 11q chromosome ends lo-
cated at 15 bp and 10 bp from the telomeric tract, respec-
tively (Fig. 6B). Primers specifically amplified genomic
DNA from J774A.1 cells (Fig. 6B; Supplemental Fig. S3);
however, no amplification product was obtained with
J774A.1 cDNA as template (Fig. 6B). Similarly, no product
was obtained for 5q or 11q after 40 cycles of PCR on cDNA
from Terf2 F/+ or tamoxifen-treated Terf2 F/F MEF, al-
though Telo primers were used for the RT (Fig. 6C). In ad-
dition, 18q TERRA levels were not up-regulated upon
Terf2 depletion (Fig. 6C), suggesting, once again, a very
distinct regulation of telomere transcription in human
and mouse cells.

Comparison of human and mouse TERRA
interactomes

Despite the distinct chromosomal origin of mouse and hu-
man TERRA molecules, important cellular functions, in-
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cluding heterochromatin regulation (Bettin et al. 2019),
appear to be exerted by TERRA in the two organisms. To
better evaluate the extent of conservation of TERRA-asso-
ciated functions in mouse and human, we performed a
SILAC-based in vitro purification with a (WWAGGG)g bioti-
nylated TERRA-like oligonucleotide as a bait to identify
mouse TERRA-interacting proteins (Scheibe et al. 2013).
Even though PAR-TERRA appears to be the most abun-
dant TERRA species in mouse cells, and does not consist
of long uninterrupted (WUAGGG),, sequences, we believe
that the use of a (WUAGGG)g biotinylated probe is appro-
priate, as a number of PAR-TERRA/protein interactions
likely involve UUAGGG repeats (Chu et al. 2017b).

We incubated mouse R1/E ES cell extracts with a
(UUAGGGQG)g biotinylated TERRA probe or with a biotiny-
lated (GUGUGA)g probe as a control for specificity. A total
of 307 candidate proteins were identified that showed at
least a fourfold enrichment over the control probe
(Supplemental Fig. S5A,B) and the number increased to
581 with a threshold of twofold (Supplemental Table S1).
To help identify functional classes of mouse TERRA-inter-
acting proteins, we compared our data set of 307 proteins
with the one previously obtained through iDRIP (identifica-
tion of Direct RNA interacting Proteins) in mouse ESC (134
proteins) (Chu et al. 2017b). Thirty candidates were com-
mon to both data sets (yellow rectangles in Fig. 7A) and ad-
ditional 98 proteins, from either screen (candidates from
the SILAC screen are shown in bold), belonged to similar
protein families, leading to a total of 128 “common” can-
didate proteins (Fig. 7A). A STRING analysis was per-
formed on the 128 proteins and revealed possible roles
for mouse TERRA in chromatin remodeling, RNA metabo-
lism, DNA replication, ribosome biogenesis, or mitosis,
with an enrichment in proteins related to centromeres,
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chromatid cohesion, mitotic spindle or cytokinesis (Fig.
7A). Consistent with the previously reported interaction
between mouse or human TERRA and the PRC2 complex
(Bettin et al. 2019), our pull-down approach recovered
the mouse Eed, Suz12, Jarid2 and Mtf2 subunits, with
Mtf2 being shared with the iDRiP screen (Fig. 7A). The
Terf1 subunit of the shelterin complex was also recovered
in both screens. Similarly, we confirmed the interaction of
TERRA with many mouse proteins involved in RNA metab-
olism, including proteins from the hnRNP (heterogeneous
nuclear ribonucleoprotein) family, as initially demonstrat-
ed by Lopez de Silanes et al. (2010). Other interacting pro-
teins included Orc1, Orc2 and Blm—uwith roles in DNA
replication and DNA damage repair—the Cajal body pro-
tein Coilin and a series of proteins with various functions in
mitosis, like Aurora kinases b and ¢, the inner centromere
protein Incenp, Sgol2, involved in sister chromatid cohe-
sion regulation, Tpx2, with a key role in spindle assembly
during mitosis and Mkié7, that associates with mitotic
chromosomes (Fig. 7A). As the in vivo iDRiP screen mostly
monitored the interactions between PAR-TERRA and
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mouse ES cell proteins, the consistency that we observed
with the SILAC pull-down screen agrees with interactions
happening through the UUAGGG repeats. To further vali-
date our SILAC pull-down, we performed RNA immuno-
precipitation (RIP) experiments using extracts from
immortalized MEF and antibodies against two identified
candidates, Suz12 and BIm. Because TERRA interacts
with human TRF2 both in vitro and in cells (Deng et al.
2009; Lee et al. 2018), we also performed RIP using anti-
Terf2 antibodies even though the protein was not recov-
ered in our SILAC-pull down experiments. In line with pre-
vious RIP experiments in mouse iPS cells (Marién et al.
2019), PAR-TERRA coimmunoprecipitated with the anti-
Suz12 antibody (Fig. 7B). Further validating our pull-
downs, PAR-TERRA was also recovered using antibodies
against BIm (Fig. 7B). Finally, PAR-TERRA was also detect-
ed in fractions isolated using the anti-Terf2 antibodies. In
all pull-downs, Telo 18 RNA was barely detectable (Fig.
7C). Together, these results confirm the validity of our
method and clearly establish that PAR-TERRA and human
TERRA bind to similar sets of proteins. The differences in
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the amounts of PAR-TERRA measured in the three differ-
ent RIP do not necessarily reflect the strength of PAR-
TERRA interaction with Suz12, Blm, and Terf2 due to differ-
ent IP efficiencies. The fact that Terf2 was not detected in
the SILAC screen might indicate that PAR-TERRA/Terf2 in-
teractions are transient or not strong enough to be detect-
ed without cross-linking.

We next searched for common TERRA-interacting pro-
teins in human and mouse cells by comparing our two
SILAC-based pull-down screens, using a threshold of great-
er than or equal to twofold enrichment for both screens
(Supplemental Tables S1, S2). Our analyses revealed that
188 out of the 454 (41%) human TERRA-interacting protein
candidates are also present in the mouse SILAC screen
while 188 out of the 581 mouse candidates (32%) are de-
tected in the human screen (Fig. 8A; Supplemental Fig.
S6A,B). The common interacting proteins are involved in
RNA metabolism, DNA replication, mitosis (Aurora kinases
a/b/c, Mecmb, Rfc3/4,.), or chromatin organization (includ-
ing PRC2 complex) (Fig. 8B) and also include components
of the CDC5L complex, the Cajal bodies or the paraspeckle
subnuclear bodies.

Based on the large overlap of interacting proteins and
associated pathways, it is conceivable that many TERRA-
associated functions are shared between human and
mouse cells.

DISCUSSION

From the first reports of TERRA in human and mouse cells,
differences between the two species rapidly emerged as
very distinct TERRA-FISH patterns were observed. While
human TERRA was clearly detected at telomeres, colocal-
ization of TERRA with mouse telomeres was rarely ob-
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served by RNA-FISH in interphase cells (Lépez de Silanes
et al. 2014). More recently, CHIRT experiments revealed
that a TERRA-like transcript, produced from the pseudoau-
tosomal PAR locus of mouse ES cells, was able to bind, in
trans, to most mouse telomeres (Chu et al. 2017a). Here,
we confirmed the distinct origin of TERRA in human and
mouse cells. Using the same probes and tools, and togeth-
er with our previous studies (Azzalin et al. 2007; Arnoult
et al. 2012; Van Beneden et al. 2013), we showed that
TERRA results from the transcription of telomeresin human
cells, while the vast majority of the UUAGGG repeats
comes from the PAR locus in all the mouse cell lines that
we tested. PAR-TERRA corresponds to an intronic region
of the Erdr1 gene on the X/Y chromosome, and thus rein-
forces the idea that spliced introns can be precursors of
noncoding RNAs, including microRNAs or long noncoding
RNAs (Hesselberth 2013). Our RNA-FISH experiments us-
ing a telomeric probe in mouse cells revealed a good cor-
relation between TERRA-FISH intensity and the level of
PAR-TERRA molecules measured by RT-gqPCR. This con-
trasts with human cells in which TERRA-FISH intensity
does not correlate with the total TERRA levels as FISH sig-
nals are only visible at telomeres. We propose that telo-
mere-bound human TERRA molecules can be detected
by RNA-FISH while the other TERRA molecules escape
detection, possibly because of G4 structures forming
along the long (UUAGGQG), tracts as previously shown
(Biffi et al. 2012; Hirashima and Seimiya 2015) or because
human TERRA, when not bound to telomeres, is lost dur-
ing the preextraction step of the RNA-FISH protocol.
PAR-TERRA, on the other hand, in light of its very distinct
nucleotide sequence with interspaced telomeric repeats
(Supplemental Fig. S2), may not fold into G4 structures
and/or may interact more strongly with chromatin. In this
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respect, CHIRT experiments in mouse ES cells clearly re-
vealed the presence of PAR-TERRA binding sites through-
out the genome and at the PAR locus (Chu et al. 2017a,b).

The in silico search for intrachromosomal mouse candi-
date TERRA loci unveiled a new locus on chromosome 2,
likely located within the 3’'UTR region of the Polr3k gene.
Long noncoding RNA functions have previously been pro-
posed for 3'UTR regions of genes, whether as whole mol-
ecules or as cleaved fragments (Mayr 2017). Based on our
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analyses of RNA-seq data sets, this Chr 2 locus appears to
contribute significantly to the pool of TERRA in some
mouse tissues, including the forebrain and the frontal
lobe. Interestingly, a careful analysis of the CHIRT data
from Chu et al. (2017a) revealed the presence of a
TERRA peak, but not a PAR-TERRA peak, at the Polr3k lo-
cus, that likely corresponds to the binding of Chr 2 TERRA
molecules. This, in turn, suggests that Chr 2 TERRA binds
to the locus where it is produced. Future work is needed
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associated with the mouse 188 common interacting proteins were tested for overrepresentation (with Fisher's exact test) against GO terms asso-
ciated to all detected proteins in the mouse data set. Nodes represent GO categories and edges show overlapping gene sets. Color scale shows
the significance (BH adjusted P-values) of the overrepresentation, and node sizes are proportional to the number of genes per GO category.

to address the possible functions of Chr 2 TERRA in mouse.
We also identified an additional intrachromosomal source
of (WWAGGGQG),-containing transcripts emanating from the
Tsix locus—located within the X-inactivation center (Xic)
—in mouse ES cells exclusively. Interactions between the
Xic and the PAR loci were previously shown to be required
for the initiation of X-chromosome inactivation in ES cells
(Chuetal. 2017a). Interestingly, the reported CHIRT exper-
iments suggested that the Tsix locus was bound not only
by PAR-TERRA, but also by (WUAGGG),-containing tran-
scripts not related to PAR-TERRA (Chu et al. 2017a). We
therefore anticipate that, in ES cells, the (WUAGGG),-con-
taining transcripts emanating from the Tsix locus may inter-
act with PAR-TERRA to promote Xic:PAR pairing and
X-chromosome inactivation.
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The reason why mouse telomeres are mostly silent and
Terf2 depletion is unable to de-repress telomere transcrip-
tion is not clear. This may be related to the heterochromatic
nature of mouse telomeres and subtelomeres that, unlike
human telomeres, display high enrichment of H3K9me3
and H4K20me3 marks, together with abundant binding
of Heterochromatin protein 1 (Blasco 2007; Rosenfeld
etal. 2009). Alternatively, the lack of telomeric transcription
may result from the absence, in the mouse genome, of ded-
icated subtelomeric promoters like in human cells. In line
with this, production of the Telo 18q TERRA appears to re-
sultfromthe transcription of an upstream gene that initiates
about 22 kb upstream of the first 18q telomeric repeats,
and not from a subtelomeric promoter directly driving the
transcription of telomeric repeats.
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Despite their distinct genomic origins, increasing evi-
dence suggests that TERRA molecules may play similar
roles in human and mouse cells (Bettin et al. 2019). This
sketches a fascinating picture where (WUAGGG),-contain-
ing RNAs produced from different genomic loci may exert
similar functions through their binding in trans to various
genomic loci, including telomeres. Our comparative study
of TERRA-interacting proteins, identified through SILAC-
based pull-down screens in both species, reinforced
the idea of common functions shared by human and
mouse TERRA. Among the common interacting proteins,
we found subunits of the PRC2 complex, Aurora kinases,
proteins involved in DNA replication and repair, rRNA me-
tabolism, pre-mRNA processing and Pol Il-dependent
transcription. Interestingly, interactions between Aurora ki-
nase B (AURKB) and centromeric RNAs in mouse ES cells
were previously reported to be involved in the recruitment
of telomerase to chromosome ends in S phase (Mallm and
Rippe 2015). AURKB was proposed to bind to centromeric
RNAs before interacting with the telomerase complex to
enhance its activity. It is therefore tempting to speculate
that TERRA may similarly be implicated, through its inter-
action with AURKB, into the activation and/or recruitment
of telomerase to telomeres, in line with previous observa-
tions in yeast (Cusanelli et al. 2013; Moravec et al. 2016). A
more recent study reported on the localization of AurkB at
mouse ESC telomeres where the kinase modulates Terf1
affinity for telomeres and participates in telomeric integrity
(Chan et al. 2017). The interaction between AURKB and
TERRA may participate in overall telomere protection
through the modulation of shelterin affinity for telomeres.
Common pulled-down proteins also included components
of the paraspeckle subnuclear bodies and the Dazap1
RNA-binding protein. Interaction between TERRA and
the human NONO paraspeckle component was recently
confirmed and shown to suppress RNA:DNA hybrid-in-
duced telomere instability; the same study confirmed the
interaction between TERRA and the DAZAP1 RNA-binding
protein (Petti et al. 2019). HNRNP proteins and the BLM
helicase, previously identified as human TERRA interactors
(Deng et al. 2009; Flynn et al. 2011; Petti et al. 2019), were
also recovered in the screens and we validated the interac-
tion between PAR-TERRA and mouse Blm by RIP.
Interestingly, two classes of proteins appeared to be differ-
entially recovered in the screens. The first one comprises
centromeric proteins that were abundantly recovered in
the mouse pull-down screen, suggesting a function for
mouse TERRA in centromere assembly/stability. The sec-
ond group includes proteins from the exosome complex
(EXOSC) that were enriched in the human pull-down
screen, but not in the mouse screen, suggesting possible
distinct degradation machineries in human and mouse.

As we found a good overlap between our pull-down
screen using mouse cell extracts and the in vivo iDRiP
screen in ES cells (Chu et al. 2017b), in which PAR-
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TERRA was likely the most abundant TERRA species au-
thors were looking at, these results support the idea that,
whether they originate from the transcription of telomeres
or the PAR locus, these UUAGGG-rich noncoding RNA
molecules interact with the same protein sets and are likely
to serve similar functionsin the cell. Atrx, previously report-
ed to interact with mouse TERRA (Chu et al. 2017b) was,
however, not recovered in our pull-down screens using
the (WUAGGG)g probe. This may be related to the observa-
tion that, although a 83-nt in vitro synthesized TERRA RNA
probe was efficiently shifted by Atrx in electrophoretic mo-
bility shift assays, a 30-nt TERRA was shifted to a much less-
er degree (Chu et al. 2017b). This suggests that the
oligonucleotide used in our studies might not be long
enough to allow for efficient interaction with Atrx. Our bio-
tinylated (WUAGGQG)g probe similarly failed to pull-down
other mouse iDRiP candidates, including Rtel1, Rpa1/2,
Ctc1, Stn1, or Pml (Chu et al. 2017b), with important func-
tions in telomere biology. This may be explained either by
the size of the probe, as explained above, or by the need
for a chromatin context that is not recapitulated in the in vi-
tro pull-down assay. Alternatively, interactions may involve
non-(UUAGGG), sequences.

Although the good overlap with the in vivo iDRIP screen
in mouse ES cells indicates that our pull-down screen effi-
ciently recovered TERRA-interacting proteins, future ex-
periments will be required to properly address TERRA
functions in human and mouse cells using tools to specifi-
cally deplete TERRA or PAR-TERRA transcripts.

MATERIALS AND METHODS

Cell culture

The following mouse cell lines were used in this study: 3T3
spontaneously immortalized embryonic fibroblasts (ATCC), L929
spontaneously immortalized adult and adipose tissue-derived fi-
broblasts (ECACC), M1 myeloblast cell line (ECACC), RAW264.7
Abelson murine leukemia virus transformed macrophages
(ATCC), Neuro-2a neuroblastoma cell line (ATCC) and J774A1
reticulum cell sarcoma cell line (monocytes/macrophages)
(ATCC) and were kindly provided by Thomas Michiels (de Duve
Institute). Mouse embryonic fibroblasts (MEF) were prepared
from CD1 mice using standard protocols and were kindly provid-
ed by Frédéric Lemaigre (de Duve Institute). ES cells were kindly
provided by Olivier De Backer (Université de Namur). The human
cells used in this study were previously described: HCA2 (Arnoult
et al. 2010) and HFF2 (Mattiussi et al. 2012) human foreskin fibro-
blasts, Hela cervix cancer cell line (ATCC), LB37 non-small cell
lung cancer cell line (Tilman et al. 2009) and SW39 SV40T-immor-
talized fetal lung fibroblasts (Tilman et al. 2009, kindly provided
by W. Wright, UT Southwestern Medical Center). Cells were cul-
tured in EMEM (L929, Neuro-2a, SW39, HFF2, HCA2, LB37),
DMEM (3T3, J774A.1, RAW264.7, MEF, Hela), or RPMI (M1).
All media were from Gibco and enriched with 1x Penicillin-
Streptomycin (Gibco) and 10% FBS (Gibco). Cells were grown at
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37°Cunder 5% CO,. CreERT2 Terf2 F/+ and Terf2 F/F SV40T-im-
mortalized MEF were a kind gift from Eros Lazzerini Denchi (The
Scripps Research Institute) and were previously described
(Okamoto et al. 2013). For RNA-IP experiments, we used 2575i
immortalized mTert +/+ MEF, kindly provided by Lea
Harrington (Institute for Research in Immunology and Cancer,
Université de Montréal). Cells were cultured in high glucose
DMEM, GlutaMAX (Gibco) supplemented with 10% tetracy-
cline-free fetal bovine serum (Pan BioTech) and 100 U/mL penicil-
lin-streptomycin (Gibco). For Terf2 knockout, cells were treated
with 0.6 uM 4-hydroxytamoxifen (OHT, Sigma-Aldrich) and col-
lected 48 or 72 h after treatment. Terf2 deletion was confirmed
by western blotting using a rabbit monoclonal anti-Terf2 (Novus
Biologicals, NB110-57130, 1:2000 dilution) and a mouse mono-
clonal anti-beta Actin (Abcam, ab8224, 1:5000 dilution) to control
for loading. Secondary antibodies were HRP-conjugated goat
anti-mouse and goat anti-rabbit IgGs (Bethyl Laboratories, A90-
116P and A120-101P, 1:2000 dilution). Signal detection was per-
formed using the ECL detection reagents (GE Healthcare) and a
FluorChem HD2 imaging apparatus (Alpha Innotech).

RNA extraction and RT-gPCR

Total RNAwas extracted from mouse cell lines using TriPure (Sigma-
Aldrich) as previously described (Arnoult et al. 2012). For CreERT2
Terf2 F/+ and Terf2 F/F SV40T-immortalized MEF, total RNA was
extracted using the NucleoSpin RNA kit (Macherey-Nagel) by fol-
lowing the manufacturers’ instructions. RNA concentrations were
determined by Nanodrop. cDNA synthesis, and qPCR were per-
formed as described previously (Arnoult et al. 2012) using
Superscript [l (Thermo Fisher Scientific), KAPA SYBR FAST
(Sigma-Aldrich) and primers described in Supplemental Table S3.
For cDNA synthesis using (CCCTAA)s Telo primers, the
mGAPDH-RT primer was added at the same concentration of 1 pM.

Genomic DNA extraction

Genomic DNA was extracted from cell lines by overnight diges-
tion at 45°C with 100 pg/mL proteinase K and 50 pM CaCl; in
600 pL Lysis buffer (10 mM Tris-HCI, 10 mM EDTA, 5% SDS, pH
8.0, Sigma-Aldrich) followed by DNA purification with phenol-
chloroform-isoamyl alcohol (25:24:1, Sigma-Aldrich) and ethanol
precipitation in 0.3 M sodium acetate, pH 5.2 (Sigma-Aldrich).

TRF

After digestion of 5-10 pg of genomic DNA with Hinfl and Rsal
(Sigma-Aldrich), Telomere Restriction Fragment (TRF) analysis
was performed by Southern blotting using a radioactive
(CCCTAA), probe 5 end-labeled with [y-32P] ATP and polynucle-
otide kinase as described previously (Viceconte et al. 2017).
Telomere length was then evaluated with the publicly available
Telotool software (Gohring et al. 2014).

RNA/DNA slot-blots

Slot-blots were performed as described previously (Arnoult et al.
2012) using the radioactive (CCCTAA), probe and the indicated
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amounts of RNA/DNA. To normalize TERRA measurements, a ra-
dioactive probe against mouse B-actin transcript was prepared as
follows. A 0.8 kb fragment of mouse ACTB coding sequence was
amplified from MEF cDNA using 5-ATATCGCTGCGCTGGTC
GTC and 5-ATGCCACAGGATTCCATACC primers. The probe
was obtained by incubation for 1 h at 37°C of 100 ng of boiled
PCR product with 40 uCi [0->P] dCTP (PerkinElmer), 1.5 mM
dATP, dGTP and dTTP (Thermo Fisher Scientific), 5 uM random
hexamers (Thermo Fisher Scientific), and 5 U of large Klenow frag-
ment (NEB). After purification of the probe with Microspin G-25
columns (GE Healthcare), hybridization was performed in
UltraHyb solution (Thermo Fisher Scientific) and membranes
were washed first in 2x SSC/0.1% SDS and then in 0.2x SSC/
0.1% SDS. Signals were quantified using a Phosphorimager
Typhoon Trio (GE Healthcare). In some experiments, TERRA
slot-bot membranes were stripped by incubation for 30 min in
0.1% SDS before hybridization with the B-actin probe.

TERRA-FISH, Telo-FISH, and immunofluorescence

TERRA-FISH was performed as described previously (Arnoult
et al. 2012) using the C-rich (FAM)CCCTAaCcCTaaCcCTAA
CCCTaaCCCTaaCCCTaaCCCTaA(FAM) probe where small let-
ters indicate LNA-modified bases (Exiqon). For control RNase
treatments, cells were permeabilized in buffer lacking
Ribonucleoside Vanadyl Complex (RVC) followed by fixation and
incubation for 1 h at 37°C with 1 mg/ml RNase A (Sigma-Aldrich)
in PBS. When combined with immunofluorescence (IF) against ei-
ther Terf1 (mouse cells) or TRF2 (human cells), TERRA FISH was per-
formed first, and, after removal of the probe, IF was performed as
previously described (Arnoult et al. 2012) using the following anti-
bodies: Terf1 (1:3000, #1448/1449, laboratory of Titia de Lange)
and TRF2 (1:500, IMGENEX). To visualize telomeres by Telo-
FISH, in combination with IF against Terf1, we followed the proto-
col described in Diman et al (2016). TERRA- and Telo-FISH images
were captured with a confocal microscope (Cell Observer Spinning
Disc, Zeiss) equipped with 100x objective and AxioVision software.
TERRA and telomeric foci were quantified using the ImageJ soft-
ware (National Institutes of Health). After maximum intensity pro-
jection of the Z-stacks, each focus was measured using local
maxima determination with a noise tolerance of 10. Total intensity
of TERRA or telomeric foci was calculated as the sum of all foci for
each nucleus. At least 25 nuclei from at least seven differentimages
were quantified for each condition after background removal.

Bioinformatic analysis of publicly available RNA-seq
experiments

A Perl script was written to scan successive 2 kb-long sequences
from the mouse genome (GRCm38) to identify regions containing
at least 30 telomeric repeats including either pure (TTAGGQG) or
degenerate (TAAGGG, TGAGGG, TTGGGG, GTAGGG, or
TCAGGQG) repeats. Publicly available mouse RNA-seq experi-
ments obtained from NCBI's Sequence Read Archive (SRA)
were downloaded. ESC, forebrain, frontal lobe, B-cell lymphoma
cells, MEF and MEL leukemia cell line data sets correspond, re-
spectively, to accessions SRR530639-SRR530640, SRR3192667—
SRR3192668, SRR567478-SRR567479, SRR3192560-SRR3192
561, SRR5870458-SRR5870452, and SRR5048192-SRR50481
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93. These are all strand-specific RNA-seq data sets with a high se-
quencing coverage (>140 million paired reads). Fastq files were
all processed using the same pipeline. Read quality control was
performed using FastQC v0.11.8 (Andrews 2010) and low-quality
sequences were removed using Trimmomatic v0.38 (Bolger et al.
2014). Filtered reads were aligned on GRCm38 mouse genome
using HISAT2 v2-2.1.0 (Kim et al. 2015). Gene expression levels
were evaluated using featureCounts v2.0.0 (Liao et al. 2014)
and Mus_musculus.GRCm38.94.gtf. Regions corresponding to
Chr2, PAR, Telo 18q, and Tsix PCR products were artificially intro-
duced in the gtf file as fictive genes to allow their quantification.
Strand specificity was taken into account and only unambiguously
mapped reads were considered for quantification. Bam files were
further converted to tdf files using igvtools v2.3.98 (Robinson
et al. 2011) before viewing alignment data in the IGV browser.

SILAC labeling and nuclear extract preparation

Mouse R1/E embryonic stem cells (ATCC) were SILAC-labeled in
DMEM (-Arg, -Lys) medium containing 42 mg/L "*C}°N, L-argi-
nine (Euriso-Top) and 73 mg/L 3CIN, L-lysine (Euriso-Top) or
the corresponding concentration of unlabeled amino acids
(Sigma-Aldrich). Medium was supplemented with 10% dialyzed
fetal bovine serum (PAA), 1x nonessential amino acids (Gibco),
50 pM 2-mercaptoethanol (Gibco), 3 uM CT-99021 (Biomol), 1
pM PD-0325901 (Biomol), 1 mM sodium pyruvate, 100 U/mL
LIF (Millipore), 100 U/mL penicillin and 100 pg/mL streptomycin
(Gibco). Nuclear extracts were prepared essentially as previously
described (Scheibe et al. 2013) and were shock frozen in liquid ni-
trogen and stored at —80°C until use.

RNA pull-downs, mass spectrometry, and data
analysis

RNA pull-downs with SILAC nuclear extracts were performed as
previously described (Scheibe et al. 2013). Pull-downs were sep-
arated on a 4%—-12% NOVEX gradient SDS gel (Life Technologies)
for 50 min at 180 V in 1x MOPS buffer (Life Technologies) and
processed into peptides as previously described (Scheibe et al.
2013). For mass spectrometry analyses, peptides were separated
on a 20 cm self-packed column with 75-pm diameter filled with
ReproSil-Pur 120 Cig-aq (Dr. Maisch GmbH) mounted to an
EASY HPLC 1000 (Thermo Fisher) and sprayed online into an Q
Exactive Plus mass spectrometer (Thermo Fisher). We used a
120-min gradient from 2% to 60% acetonitrile in formic acid at
a flow of 225 nL/min. The mass spectrometer was operated with
a top 10 MS/MS data-dependent acquisition scheme per MS
full scan. Mass spectrometry raw data were searched using the
Andromeda search engine (Cox et al. 2011) integrated into
MaxQuant suite 1.5.2.8 (Cox and Mann 2008) using the
ENSEMBL Mus_musculus.GRCm38 protein database (57,751 en-
tries). The human data (Scheibe et al. 2013) was reanalyzed with
MaxQuant suite 1.5.2.8 using the ENSEMBL Human GRCh38 pro-
tein database (102,915 entries). In both analyses, carbamidome-
thylation at cysteine was set as fixed modification while
methionine oxidation and protein N-acetylation were considered
as variable modifications. Match between run options was activat-
ed. Prior to bioinformatic analyses, reverse hits, proteins only
identified by site, protein groups based on 1 unique peptide
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and known contaminants were removed. Further filtering and
graphical representation was done in an R framework incorporat-
ing the ggplot2 package (Wickham 2016; R Core Team 2017). To
determine murine/human orthologs, we queried the Compara
database provided within ENSEMBL (Zerbino et al. 2018) using
the biomart software package (Durinck et al. 2005, 2009).
Further, we queried the gene ontology (GO) database
(Ashburner et al. 2000; The Gene Ontology Consortium 2017)
for functional analysis. We tested our enriched proteins against
all detected proteins using overrepresentation tests (FDR < 0.05)
as implemented in the clusterProfiler package (Yu et al. 2012).
Finally, functional associations among enriched proteins were
highlighted using STRING (version 10.5) (Szklarczyk et al. 2017).

RNA immunoprecipitation (RIP)

Approximately 107 2575i MEF were cross-linked with 1% formalde-
hyde (Sigma-Aldrich) for 15 min at RT, before quenching with 125
mM glycine for 5 min at RT. After two washed with ice-cold PBS,
cells were scraped from dishes and centrifuged at 1000g for 5
min at RT. Pellets were resuspended in 2 mL PBS, 2 mL Nuclear iso-
lation buffer (40 mM Tris-HCI, pH 7.5, 20 mM MgCl,, 4% Triton X-
100, 1.28 M sucrose) and 6 mL water before incubation on ice for
20 min with frequent mixing. After centrifugation at 2500g for 15
min at 4°C, pellets were resuspended in 1 mL of RIP buffer (150
mM KCl, 25 mM Tris-HCI, pH 7.5, 5 mM EDTA, 0.5% Nonidet-
P40, 1 mM DTT, 100 U/mL RNase Out [Thermo Fisher Scientific]
and EDTA-free Protease Inhibitor Cocktail [Sigma-Aldrich]).
Nuclear extracts were sonicated twice using a Bioruptor apparatus
(Diagenode) before centrifugation at maximum speed for 10 min at
4°C. Sonicated extracts were precleared by incubation with
Dynabeads Protein A (Thermo Fisher Scientific), preblocked with
BSA and E. coli tRNA, on a rotating wheel for 1 h at 4°C.
Precleared lysates were then diluted in RIP buffer to a final concen-
tration of 1 mg/mL and 1 mL was used for each IP with 2 pg of the
respective antibodies (rabbit anti-Blm [Bethyl Laboratories A300-
110A), rabbit anti-Suz12 [Abcam ab12073] and rabbit anti-Terf2
[Novus Biologicals NB110-57130]). After 3 h incubation at 4°C on
a rotating wheel, preblocked Dynabeads Protein A was added to
the samples for an overnight incubation at 4°C. Beads were washed
three times with RIP buffer and once with high salt RIP buffer (300
mM KCl) before elution with 25 mM Tris-HCI, pH 7.5, 5 mM
EDTA, 0.5% SDS with 0.1 pg Proteinase K for 45 min at 45°C, and
then overnight at 65°C to revert cross-link. Eluted RNA was purified
using Nucleospin RNA kit (Macherey-Nagel) and cDNAwas synthe-
sized using Superscript IV (Thermo Fisher Scientific) and 10 uM Telo
primers as described above.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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Figure S1. A. Evaluation of total TTAGGG content in mouse cell lines using slot-blot.
Genomic DNA (gDNA) was isolated from the indicated cell lines and 1, 0.5 or 0.25 ug were
blotted and hybridized with a radioactive (CCCTAA), probe. B. Total TTAGGG content
(normalized to Neuro-2a cells) was plotted against telomere length evaluated by TRF (see

Figure 2A).
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Telo 18q
agcgaaggttttgtagaactcattctttcaccagcagtctttcaaggttttttcagecttttaattctttaattggtagagagattgaacctga
tcaagactcctaaatggtattatgagtgtgctccttactgecttgttcactgtggectgettagectgetttettatagcacaaggtettatat
ccacagtggtctgggccttcccatatcaatgactgatgaagaaaatgtcttaaaggcttgectataacccaatcttacagaacatttttaattg
tggttctctecctctgagatgactccagtttgggtcaaattgacgtaaaattagacagaacataaatgttaactaaaaaaagaatttctgaaaaa
taaactgatagtgaaaatctgatttcttaacttccaatcttaagtatcaaattattcatttctaattca_ggaag
tctttcaagaagggatttataatgttttttagtactagtactttagtgttaggcagagccacataaaattaatctttttgagatttaaatgcaa
cttaaaatgtataatgtatggttcatcctattaccaaagtacaggtgacatggtgtacattgaacagttattgtacacaaggctctctgtaaaa
ctaaag| agacagaatcaggtatgaggagttcatggtgacaagctgcttgggtctcctgtttgagagttgaactg
cttcctcactgatccacagtacagaggtgaggccagtgtcagtctgtececcttectttggectgecacagattttaatattaaacacatataaaat
acattcaacatgaatggcttaaacataccaattaaaagatagcgcgtattcaactaattaaaaaagcaataataaactttgtactgtctacaag
aatatttatggtgcataccttaaccagtagtattctgaagtcactatacatgttggaacaagtagaactcagaagaaaaaaaaattatgaagaa
tgatactgctaaggaggaaaaggctaattactaagaatatatagcagtccaaaaagtatatgtatgaagtgtgagagtttctaaggaggttagg
gttagggtcaaggtcagggttagggttgttagggttagggacagggtcagggtcagggtcggggtcggggtcgggtecggggttggggteggggt
caggggtcaagggtcaggggtcaagggtcaagggtcaagggtcagggtcagggtaagggtcagggtcaggggttagggtcagggtcagggtcaa
gggttagggtcaagggtcaggggttagggtcaggggttagggtcaagggttagggtcaagggttagggttagggtcagggtcagggtcagggte
agggtcagggtcagggtcaagggttagggttagggttagggttagggttagggttagggttagggttagggttagggttagggttagggttagg
gttagggttagggttagggttagggttagggttagggttagggttagggttagggttagggttagggttagggttagggttagggttagggtta
gggttagggttagggttagggttagggttagggttagggttagggttaggg..-telomere

Chr 2

Tatagacttacagctgggaaaagttaaactcaaaggtcatgtgttaaaacttattattggactagagagatggctcagtggtataagagcactg
gctgctcttctagagttagggttagttcagttcacagcageccacacaattgctcacaaccatctgtaatgggatccgatgecctettectggtgt
gtctgaagacagcaa aattaatcttttaaaaaattattagtgcatataagtgtggtagtgggtagtgatgagta
catgtcacgacac aactttgtggagttggttatctgcatttectttttgtgggttctgggtatcaaacaggtttg
cgataccgagccttttacccacatatttcatcttcccaaccctaccctgagttecttttectatecttaagggttaaaattaagggttagggttag
agttaggggggttagggagttagggttggggttagggttttagggtttagggttaggggggttagggttcgggtttaaagttagggttttaggg
ttgggggtagggtaagcgttagggttgttagggtttagggctagggctatgggttagggttaaggggtaagggttaggttagggtttagggtta
gggctaggggttagggtttgaggttagggggttagggtagggctagggggttagggttagggttgttagggtttggggttagggggttagggtt
aggttttgggttagggttaggggtttggggctagggggttagggtttgaggttagggattagggttaggggattagggtagggctagggggtta
gggtttgaggttaggggataaggtagggctagggggttagggttaaggttgttagtgttagggttgttagggtttggggctagggggttagggt
tgggggattagggttagggtgttagggtgtttttagggtgttagggtattgttagggggctaggaggttagggttaaggttaatagttgggtta
attattagggttgttagggttagggttgagtttgctgttatggtttagggttgggggtttagtgttagggttagagagaagaaatgaaagcaaa
aaagatggtgtgaatttgagtaagtaggaggagtttgggggaaagggaggaatgagaatgagataaatatagtattcacatataaaattctcaa
aacaatttaataaaa

PAR-TERRA

tcacttatatatactatcatatcatctgcaaaaagtgatattttgacttcctcttttccaatttgtatcceccttgatctecttttgttgtggaa
ttgctctggctaatacttcaagtactatgttgaagaggtagggagagagtgggcageccgtgtctecgtececctgattttagtgggattgettecag
cttctctccatttactectgatgectggectactggtttgectgtagattgettttatcatgtttaggtgtgggecttgaattecctgatectttccaaa
actcgtgcaggtttaacttaggaatcagggaatctgtgcaggtttaaattagaacccgtgaaactegtggagatagaacgtcactgtgaaattt
gagattttttttcgaagatttggcatattttctttcttttctgattacttttcagatttaattttttggaggttaaacgattatttatctgect
gtttctttetttttggatttttatttttagtttecttttcaggtttttaagagaaagggtttectectaagectecgetectgtagagecaggectggectg
ggactcagagatccacctggctctgtctectggagggtaggtagggattagaggecctggtggetttgggacagacttggtttectctcagecacca
cgcccgggtttttaccagggaacttgtaggtttaaatcagcaccttggaaactcgtgcaggtttaaattaggatgcaggggaatttttgtgaaa
ttctttettgaattttttgaaaggaaacatctttgaattgatttectgttttgtgtectgggecttcacactgagagggttgectctggtgetgcecace
atttaaatgaggcgctcaggtaactcacagagactttaaccaggacccagggaactcgcacagatttgcataatgaggcacacagagatgcaaa
ttcacataaacattaaaatgcgacgctcacatttgcacactgaggcactcagatgctctggcgccacccagtggeccccaggacgtcagtgcaac
cttgcgattgtttattgttgttgtttattgttgttggttttattcaagacgaggtatttttecttttctctaattaccttcacttctaattatet
ttacttcacagagagacagacagagagacagtctgagagagagacagagatagagagacagagacatagacacagacagacacagagttagaga
cagacagatacagagtcagacagacacagacagacagacagagttagagacagacagagacagagagacagagtcagagagacagagagacagt
ccgagagagagacagagacagagagacagacagacagatagacagggagtcagacagacagacacagagagacagagttagagacagagacaga
gagacagacaaagggacagcgagacagacagagagacagacatagggacagagagagagagacagagacagagagacagtccgagagagagaca
gagatagagagacagagatagagagacagagatagagagacagagacagagagacaaacagacagagcgacagggagaaagacatagacagaca
gagagacagagagtcagacagacagacacagaccgacagagttagagacagacagatacagagagtcagacagacaggcacatacagacagagt
tagagacagacagagacagagagacagggagaaagacatagacagagagagacagagagtcagacagacacagagagacagagatagagagaca
gggaaaaagacatagacagacagagagtcagacagacagacacagacagacagagttagagacagacagatacagacagagacagagagacaga
caaagggacagcgagacagacagacagagacagagagacagacagagagtcagacagacagagttagagacagagagacagacagagagagata
gagagacagacagatagagagacagaaatggagacagagtcagagagacaaagggacagggagacagacagagctagagagacagagatacaga
gacagagagacacagacacagacagcgagacagatagagagacagatagagagacggaaacggagacagacagagacagagtcagagagacaga
gacagagacagaaagacaaagggacagcgaaacagagacagacagacagagagacggaaacggagacagacagagacagagtcagagagacaga
gacagaaagacaaagggacagcgagacagagacagacagacagagacagagagacagacaaagggacagcgagacagagacagacagacaggga
gagacagagacagagggacagacaaagagacagagggacagacagtctgagagagacagagagtcagaaggacagatagcgagacagagacaga
cagagtcagagatacagacagagagacagagtcagagagtgagacagacagagagacagacaaacaaagacagagaaacagagagacagagaca
aacagagacagacagagagacagaaactgagagtgaaagagacagacagagagacagtgacagagagacagacagacagggagacagattcaga
cagacagacatacagatatagagagatagagagacagagacagagataaagagacagacatacaaacagggagacagagacaaacagagagaca
ggcagacagggagacagagacaaacagagacagacagacagacagacagggacagagaaagaaagacagagagacaaacagtcagagagagaga
g fECEGEcaGageeEgagagE 22 gagagacagacagagaga BHgaEEEEGGOEaGGgERag gt tgggt tatggttagggttaggt taggg
ttatggttaggttagggttaggttagggttaggttagggttaggggggtggttaggttagggttaggggggttaggttagggttaggggggtta
ggttagggttagggttaggggggttaggttagggttaggggggttaggttagggttagggttagggttaggggggttaggttagggttaggggg

gttaggttagggttaggagggttagggttatggttagggttagattagggttaggggggttagggttagggttagatagggttagggttagggt
tatgcgagacagagagatacagagatggagggacagagaaa

Tsix

ggccttgggcagtgtgtgggttgctatagacaccttgtttggagectaagcatgcaattgttgectcagtctcaggeccagetectgagtectgecatta
gctgctcctecttgcagaagaaacttctetggeca ttgatttgttcttgagatagagttttccagggtagecct
ggctggctcactatatagtatagcccaggctggtctcaa) ctctgcttgccaagtgctgggattaaaagcacgtce

cctctctgectggectcgacttattttttgacatggggactcactgectggtgteccececctectectatagectcaaaatggectgagcaagagtceca
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ggtaacttgcttctctgeccattcctgaageccectgtgtteccatccggaacctgcataaaccaggtgaggggtgtgecttgtagtcacagcactgag
gtcaaggcagaagtgtcagaaattcaaggtcatcctatctacaaagagaatttgagaccagcctgggctacaagaccctgtctcaaaacgtaca
aacaagcaaacaaacaaaaaacaaattcaggagctggagagacggctcagtagttaagagcactgactgtacttctaaaggtcctgagttcaat
tcccagcaaccacatggtggcttacaaccgtctgtaatgggatctggtgeccctettetggtatatctgaagacagcaacagtgtactaatataa
ataaaataaataaacctttaaaaaaacaaaaaacaaattcaggggctccagaagagtagcaaatgttcttggtaaccactgagccatctttcca
gctctcctgtecttetttetttecttecttectttetttttettectectetececctectectecteteccecteececctectececectececececctect
cctcctecctecctecctettettettectetetetectetectetectetetetetectetectetectetectectetttetttetttttttttttgagaca
gagtctcatgacattgcccaggatagacccaattcttcatcttecttgectctaaatctecccaagtgeccgeggttacaggececcttgecteccaacac
cagctggttcctaggttctagatagctattccaagtaggtagatgcgagggatatccaattatagtttgecttcatttcecctagtgggaatagag
aataaggccttgtttatttacttacttttaaaggctctcatgtagcccagecccageccttgaattectgatccatggtccaccaccteccaggettg
caatgcctactggcttttttcagacctgtagtecttttgttgttecggtgtgtatgtatgtatttatttagtgcattggtgttttgecctgaatgta
agtctgtatgagggtgtcagataccctggaactggacttacagacagttgtgagctgccatgtgggtgectgggaattgaaccacaaccacggtce
cggtccggaagagcagccagcattcttaaccaatgagccatttctccagececctttgtttgtttgttttttagggaccagtaaattaattttaa
acctagaaagccctcceccttgtctacagaattcttttagttattectttctattggaactgagecttagggtgagtgecttggttagggtagtgettg
gttagggtgagtgtttggttagagtgagtgcttggttagggtgcatgcttggttagggtgagtgcttggttagggtagtgcttggttagggtga
gtgtttggttagagtgagtgcttggttagggtgcatgcttggttagggtgagtgcttggttagggtgcatgecttggttagggtgagtgettggt
tagggtgcatgcttagttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgecttggttagggtgagtgecttggttagggtgag
tgcttggttagggtgagtgcttggttacagtgtgtgecttggttagggtgagtgcttggttagggtgcatgecttggttagggtgagtgettggtt
agggtgcatgcttggttagggtgagtgcttggttagggtgcatgcttggttagggtgagtgecttggttagggtgagtgtttggttagggtgagt
gcttggttagggtgtatgcttggttagggtgagtgcttgattagggtgagtgctgggttagggtgagtgectcggttagggtgagtgctecggtta
gggtgtgtgctcggttagggtgagtgcttggttagggtgagtgecttggttagggtgagtacttggttagggtgagtacttggttagggtgageg
cttggttagggtgtgtgcttggttagggtgagtgcttggttagggtgagtgecttggttagggtgagtgcttggttagggtgagtgecttggttag
ggtgagtgcttggttacagtgtgtgcttggttagggtgagtgcttggttagggtgcatgecttggttagggtgagtgecttggttagggtgecgtge
ttggttagggtgagtgcttggttagggtgcatgcttggttagggtgagttcttggttagggtgagtgecttggttagggtgtgtgecttggttagg
gtgagtgcttggttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgecttggttagggtgagtgcttggttagggtgagtget
tggttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgecttggttagggtgagtgecttggttaggg
tgagtgcttggttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgecttggttagggtgagtgecttggttagggtgagtgett
ggttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgecttggttagggtgagtgcttggttagggtgagtgcttggttagggt
gagtgcttggttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgecttggttagggtgagtgcttggttagggtgagtgettg
gttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgecttggttagggtgagtgecttggttagggtg
agtgcttggttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgecttggttagggtgagtgecttggttagggtgagtgettgg
ttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgecttggttagggtga
gtgcttggttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgcttggttagggtgagtgecttggttagggtgcatgettggt
tagggtgagtgcttggttagggtgagtgcttgggtttccagcagtatgccagagacttccaagccageccaggactgcaatgtgagaccctgact
caaaaatgaaagaaaaacaaaagcaaaaacaattgtctctgtgtgtgcttagtttaatcttatccactccaccttctcteccctgataggagaca
aattttggttcgagtaaagcacagaggaactaattaacctgagattacttgcag

Figure S2. Nucleotide sequences of mouse TERRA genomic loci. The TTAGGG-rich sequences
are highlighted in yellow and pure TTAGGG motifs are in bold. Primers used for gqRT-PCR of Telo18q,
Chr 2 and Tsix in Fig. 4 and Fig. 5 are shown in purple and correspond to the loci analyzed in Fig. 3C-
D. PAR-TERRA primers used in Fig. 4 and Fig. 7B-C are shown in purple (PAR-F2/PAR-R2) and those
used in Fig. 5 — and corresponding to the locus analyzed in Fig. 3C-D — are shown in green (PAR-
F/PAR-R).
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Figure S3. Validation of qPCR reactions for
TERRA and subtelomeric mouse loci. For PAR,
Chr 2, Telo 18q and Tsix loci, gPCR efficiency was
evaluated on serial dilutions of cDNA prepared
from J774A.1 cells. Validation of gPCR conditions
for Telo 59 and Telo 11q loci was performed on
gDNA (50, 25 and 12.5 ng) isolated from the same
cell line. Telo 18q was included as control. Critical

threshold (Ct) values are given.
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Figure S4. Internal telomeric repeats at 18q subtelomere do not contribute to the bulk
of UUAGGG repeats in mouse cells. A. Overview of 18q chromosome end. Red boxes
indicate TTAGGG-rich loci. Position of PCR products is indicated by light blue boxes. B.
Expression of 18q subtelomere was evaluated by qRT-PCR, normalized to GAPDH and to
J774A.1 cells and plotted against the relative UUAGGG content of cells lines, measured by
slot-blot and normalized to ACTB and to J774A.1 cells.
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Figure S5. TERRA-enriched proteins in
the mouse dataset. A. List of the 307
candidate proteins showing at least 4-fold
enrichment. B. GO terms associated with
the 307 proteins were tested for over-
representation (with Fisher's exact test)
against GO terms associated with all
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Figure S6. Common TERRA interacting proteins in human and mouse datasets. A. List of
the 188 common candidate proteins in the SILAC pull-down screens (at least 2-fold enrichment).

B. STRING analysis of the common interacting proteins.
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3.2 RNA-dependent interactome allows network-based

assignment of RNA-binding protein function

3.2.1 Summary

This project focused on function assignment of RBPs in S. cerevisiae. An AP-MS screen was
designed to identify and quantify the interaction partners of 40 selected RBPs. These selections
were based on their involvement in RNA pathways, in a way that several stages of an mRNA’s
life cycle would be covered. Hence, we selected RBPs involved in mRNA pre-processing, such
as splicing, export from the nucleus, transport, localization and degradation. The selected RBPs
were immunoprecipitated, and their PPl and RDI partners were quantified. Then, we proceeded
with functional data analysis.

Protein domain enrichment revealed an overrepresentation of canonical RNA binding
domains (RBDs) among the RDI group of several RBPs. Similarly, an overrepresentation of
RNA binding-related GO molecular function terms was found within the RDI group for multiple
RBPs. On the other hand, canonical RBDs and RNA binding-related terms were less
predominant among the PPI group. Finally, a KEGG functional analysis was performed. It
revealed an overrepresentation of RNA pathways in both the RDI and PPI groups, which, in
most cases, overlapped with the RBP selection criteria. Additionally, we also identified
involvement of such interactors in metabolic and synthesis pathways. Further functional
implications for a subset of non-essential RBPs, extracted from the 40 immunoprecipitated
RBPs, were explored with a knockout (KO) proteome screen.

The collected data were combined with manually curated S. cerevisiae protein complex
annotations to create function-based networks. Sub-networks for splicing, export, ribosome,
synthesis, metabolism, and degradation functionalites were created. Network-based
assignment of RBP function was suggested based on the observed concurrent RBP binding
patterns. RNA splicing was used as an exemplary process and thus further developed,
revealing novel RBP associations with spliceosome protein complexes.

Overall, we provided an extensive RBP interactome network, systematically identifying
RDIs and PPIs. Concurrent binding patterns within the network allowed us to suggest functional
associations for the selected RBPs and their interaction partners. The resource is collected
within the RBP interactome network explorer (RINE), which is available through an online

interactive platform at https://www.butterlab.org/RINE.
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3.2.2 Zusammenfassung

Dieses Projekt untersuchte die Funktionszuordnung von RBPs in S. cerevisiae. Ein AP-MS
Ansatz wurde durchgefihrt,um Interaktionspartner von 40 ausgewahlten RBPs zu identifizieren
und zu quantifizieren. Diese wurden aufgrund ihrer Beteiligung an RNA Prozessierungsschritten
ausgewahlt, um verschiedene Stadien des mRNA-Lebenszyklus abzudecken. Somit wurden
RBPs ausgewahlt, die an der mRNA-Vorprozessierung beteiligt sind, einschliefdlich dem
Spleilen, Export aus dem Zellkern, Transport, Lokalisierung und Abbau. Die ausgewahlten
RBPs wurden immunprazipitiert um ihre PPI- und RDI-Interaktionspartner zu quantifizieren .
AnschlieRend fihrten wir eine funktionale Datenanalyse durch.

Die Anreicherung von Proteindoménen zeigte eine Uberreprasentation kanonischer
RNA-Bindungsdomanen (RBDs) innerhalb der RDI-Gruppe mehrerer RBPs. Ebenso wurde eine
Uberreprasentation von GO-Begriffen zu molekularen Funktionen im Zusammenhang mit
RNA-Bindungenin der RDI-Gruppe fir mehrere RBPs festgestellt. Demgegeniber waren
kanonische RBDs und mit RNA-Bindung zusammenhangende Begriffe in der RBPs PPI-Gruppe
weniger vorherrschend. SchlieRlich wurde eine funktionale Analyse nach KEGG durchgeflhrt.
Dabei wurde eine Uberreprasentation von RNA-Wegen in der RDI- und der PPI-Gruppe
festgestellt, die in den meisten Fallen mit den Auswahlkriterien fur RBPs Ubereinstimmte.
Darlber hinaus haben wir auch eine Beteiligung solcher Interaktionspartner an Stoffwechsel-
und Synthesewegen identifiziert. Weitere funktionale Auswirkungen fur eine Untergruppe der
nicht-essentiellen RBPs, die aus den 40 immunprazipitierten RBPs extrahiert wurden, wurden
mit einem Knockout (KO)-Proteom-Screen untersucht.

Die gesammelten Daten wurden mit manuell kuratierten S. cerevisiae
Protein-Komplex-Annotationen kombiniert, um funktionsbasierte Netzwerke zu erstellen. So
wurden Teilnetzwerke fur die Funktionalititen Spleillen, Export, Ribosom, Synthese,
Stoffwechsel und Abbau erstellt. Aufgrund der Feststellung Ubereinstimmender
RBP-Bindungsmuster wurde die netzwerkbasierte Zuordnung der RBP-Funktion vorgeschlagen.
Das RNA-Splicing wurde als exemplarischer Prozess verwendet und weiterentwickelt, wodurch
neuartige RBP-Assoziationen mit Spliceosom-Protein-Komplexen aufgedeckt wurden.

Insgesamt haben wir ein umfassendes RBP-Interaktom-Netzwerk bereitgestellt, das
systematisch RDIs und PPIs identifiziert. Die gleichzeitigen Bindungsmuster innerhalb des
Netzwerks ermdglichen die Vermutung funktionaler Verbindungen fir die ausgewahlten RBPs
und deren Interaktionspartnern. Die Ressource ist im RBP-Interaktom-Netzwerk-Explorer
(RINE) erfasst, der Uber eine Online-Interaktionsplattform unter https://www.butterlab.org/RINE

zuganglich ist.
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ABSTRACT GRAPHICAL ABSTRACT
RNA-binding proteins (RBPs) form highly diverse

yO
and dynamic ribonucleoprotein complexes, whose )
functions determine the molecular fate of the G’
bound RNA. In the model organism Sacchromyces | J |
cerevisiae, the number of proteins identified as
RBPs has greatly increased over the last decade.

However, the cellular function of most of these
novel RBPs remains largely unexplored. We used

RNase (+) RNase (-)
mass spectrometry-based quantitative proteomics to Pathway & complex networks

systematically identify protein—protein interactions
(PPIs) and RNA-dependent interactions (RDIs) to cre-
ate a novel dataset for 40 RBPs that are associ-
ated with the mRNA life cycle. Domain, functional
and pathway enrichment analyses revealed an over-
representation of RNA functionalities among the en-

riched interactors. Using our extensive PPl and RDI
networks, we revealed putative new members of

RNA-associated pathways, and highlighted potential

new roles for several RBPs. Our RBP interactome RINE
resource is available through an online interactive -
platform as a community tool to guide further in- I

Online interactive platform

depth functional studies and RBP network analysis

https: .butterlab.org/RINE).
(https://www.butterlab.org/ ) INTRODUCTION

Throughout their life cycle, mRNAs are bound by different
RNA-binding proteins (RBPs) forming transient ribonucle-
oprotein (RNP) complexes. RNP complexes are critical to
determine the downstream effects of the bound mRNAs (1).
These downstream effects involve the initial mRNA pro-
cessing, export from the nucleus, transport and localization
within the cytoplasm and ultimate translation and degrada-
tion of the mRNA. mRNA processing mechanisms, includ-
ing the initial steps of capping, splicing and polyadenyla-
tion, typically require RBP-mediated modifications of the
mRNA. These modifications are later recognized by ad-
ditional RBPs that trigger further coupled processes (2—
4). Then, transmembrane RBPs play a critical role in
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facilitating the passage of mRNA from the nucleus into
the cytoplasm (5,6). Once the mRNA has reached the cyto-
plasm, RNP complexes are again assembled in a sequential
and contemporaneous manner to regulate mRNA cellular
fate, such as localization, translation or degradation within
a large interconnected network (7).

This web of connections is facilitated by interactions with
a unique combination of RBPs, as either core or regulatory
factors. Core factors are the central players in RNA pro-
cesses and can be found to interact with a plethora of RNA
species. For example, Pabl is a critical core factor playing
a central role in several steps of mRNA processing and
metabolism (8,9). Regulatory factors, on the other hand,
are more specific; they include, among others, the post-
translational regulators interacting with specific sequences
or structures of untranslated regions in mRNA (10). There
is an interplay between core and regulatory factors, and
the recruitment of the latter may result in the assembly of
complexes that dictate exchange amid the core factors (11).
Thus, the RBP combination of an mRNA determines its
cellular fate.

Several large-scale approaches have been applied to dis-
cover RBPs in Saccharomyces cerevisiae. Previously, RBPs
were identified by using protein arrays in which the capabil-
ity of each arrayed protein to capture fluorescently labelled
RNAs was measured (12,13). Additionally, mass spectrom-
etry (MS) proteomics techniques were developed, including
oligo(dT) capture (12) and in vivo RNA interactome cap-
ture (RIC), either with conventional cross-linking (14,15)
or with photoactivatable ribonucleoside-enhanced cross-
linking (16). Furthermore, MS-based techniques have been
applied to identify RBPs by validation of a short RNA rem-
nant fragment after cross-linking (17). Over the last decade,
these studies have been consolidated into a census of 1273
proteins annotated as RBPs in S. cerevisiae (18). Within this
census, there are a large number of proteins lacking canon-
ical RNA-binding domains (RBDs), such as the eukaryotic
RNA-recognition motif (RRM) or the heterogencous nu-
clear RNP K homology (KH) domain. Of the seven stud-
ies included in the S. cerevisiae RBP census, the two largest
contributors only reported 7% and 34% of proteins con-
taining classical RBDs (15,16).

Among these proteins without canonical RBDs are a
high number of metabolic enzymes. In recent years, there
have been an increasing number of studies on the presence
and evolutionary conservation of metabolic proteins having
a secondary role as RBPs (19,20). In S. cerevisiae, 10% of
the RBPs in the census are classified as metabolic enzymes
(18). For instance, glyceraldehyde-3-phosphate dehydroge-
nase (21) and cytosolic aconitase (22,23) are well character-
ized to function as RBPs. This recurrent evidence showing
metabolic enzymes acting as RBPs suggests an extensive en-
zyme activity regulation network acting through RNAs.

To better understand these RBPs, we need to accompany
the RBP catalogue expansion with functional characteriza-
tion of these proteins (24). Thus, it becomes paramount to
correctly identify functional roles for the plethora of RBPs.
One strategy used previously is to connect RBPs with a
specific RNA sequence or structure to facilitate functional
studies (25-27). Another strategy is to use the interconnec-
tion of RBPs binding to specific subsets of RNAs to dis-
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entangle functionality (28). To implement this experimen-
tally, RBPs can be immunoprecipitated in the presence or
absence of RNA to describe concurrent interactions with
other RBPs. This can be used to suggest the involvement
of the bait RBP in functional pathways (29). Indeed, RNA-
dependent protein interactors are more likely to be RBPs
themselves, which has been used to predict RBPs from
protein—protein interaction (PPI) networks (30). We rea-
soned that with sufficient data, this strategy can be extended
to identify functional associations for previously unchar-
acterized RBPs. Thus, we immunoprecipitated 40 S. cere-
visiae RBPs involved in different RNA pathways and iden-
tified their concurrent RNA-dependent and -independent
interactors by quantitative proteomics. We further quanti-
fied proteome-wide protein expression level changes upon
knockout of 13 of these RBPs. Integration of these data with
pathway and protein complex annotations revealed new as-
sociations and functions of selected RBPs within core RNA
maturation and regulation pathways, such as splicing.

MATERIALS AND METHODS
Yeast culture and lysis

Saccharomyces cerevisiae tandem affinity purification
(TAP)-tagged strains (31) or knockout (KO) strains (32)
(Horizon discovery) were grown for 2 days at 30°C on YPD
agar plates. The resulting isolated colonies were inoculated
on 15 ml of YPD medium and grown at 30°C and 180 rpm
until saturation. Saturated cultures were spiked into 500 ml
(RBP interactome screen) or 100 ml (KO screen) of YPD
and grown (30°C and 180 rpm) until exponential growth
(ODggp between 0.8 and 1.0 absorbance units), when cells
were harvested at 3000 g for 5 min. Pelleted cells were
suspended in 200 pl of Buffer 1 [SO mM Tris pH 7.5,
150 mM NacCl, 5 mM MgCl, and freshly added 1 pg/ml
pepstatin and leupeptin, 1 mM phenylmethylsulphonyl
fluoride (PMSF) and 0.5 mM dithiothreitol (DTT)] and
transferred to a 2 ml screw lid tube containing 0.5 mm
diameter zirconia/silica beads (Roth). Cells were lysed on
a FasPrep-24 (MP Biomedicals) with two 30 s cycles at 6.5
m/s, allowing the samples to cool on ice in between. Cell
lysates were topped up with 800 wl of Buffer 2 (Buffer 1 +
0.2% IGEPAL), vortexed and transferred into a new tube,
leaving the beads behind. Cell lysates were centrifuged
at 15 g twice for 5 min at 4°C, and the supernatant was
transferred into a clean tube after each cycle. Finally, the
protein concentration was measured with a Bradford assay
(Protein Assay Dye Reagent, Bio-Rad).

Immunoprecipitation

Protein G magnetic Dynabeads (30 mg/ml, Invitrogen)
were separated with a magnetic rack and washed twice with
1 ml of Buffer 2 (see “Yeast culture and lysis’). Beads [20
wl/immunoprecipitation (IP)] were coupled with 1 wg/IP
anti-TAP antibody (0.5 mg/ml, GenScript Biotech) in 500
.l of Buffer 2 for 30 min on a rotating wheel at room tem-
perature. Then, the beads were washed twice with 200 .l of
Buffer 2 and suspended in 100 w1 of Buffer 2. For each im-
munoprecipitation, 12 mg of protein lysate was combined
with the 100 pl of suspended beads and incubated for 3 h
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on a rotating wheel at 4°C. Then, the beads were washed
with 1 ml of Buffer 2 and split into two groups. One group
was washed three times with 200 pl of Buffer 3 (Buffer 2
+ 10% glycerol) containing 50 pg/IP RNase A from bovine
pancreas (Sigma-Aldrich); the other was washed three times
with 200 wl of Buffer 3 containing 0.5 wl/ml Ribolock
RNase inhibitor (40 U/ul, Fisher Scientific). Finally, the
beads were spun down and eluted with 30 pl of lithium do-
decylsulphate (LDS) + 10 mM DTT.

MS sample preparation

Both RBP interactome screen immunoprecipitation elution
products and KO screen protein lysates (100 g in 30 .l
LDS + 10 mM DTT) were heated for 10 min at 70°C. Pro-
teins were then each separated on either a 4-12% (RBP
interactome screen) or a 10% (KO screen) NOVEX gra-
dient SDS gel (Thermo Scientific) for 8 min at 180 V in
I1x MES buffer (Thermo Scientific). Proteins were fixed
and stained with a Coomassie solution [0.25% Coomassie
Blue G-250 (Biozym), 10% acetic acid, 43% ethanol]. The
gel lane was cut into slices, minced and destained with a
50% ethanol/50 mM ammonium bicarbonate pH 8.0 solu-
tion. Proteins were reduced in 10 mM DTT for 1 h at 56°C
and then alkylated with 50 mM iodoacetamide for 45 min
at room temperature, in the dark. Proteins were digested
with LysC (Wako Chemicals) overnight at 37°C. Peptides
were extracted from the gel twice using a mixture of ace-
tonitrile (30%) and 50 mM ammonium bicarbonate pH 8.0
solution, and three times with pure acetonitrile, which was
subsequently evaporated in a concentrator (Eppendorf) and
loaded on activated C18 material (Empore) StageTips as
previously described (33).

MS data acquisition and analysis

Peptides were separated on a 25 cm self-packed col-
umn (New Objective) with a 75 wm inner diameter filled
with ReproSil-Pur 120 C18-AQ (Dr. Maisch GmbH)
with reverse-phase chromatography. The EASY-nLC 1000
(Thermo Fisher) was mounted on a Q-Exactive plus mass
spectrometer (Thermo Fisher) and peptides were eluted
from the column in an optimized 90 min (RBP interactome
screen) or 4 h (KO screen) gradient from 2% to 40% MS-
grade acetonitrile/0.1% formic acid solution at a flow rate
of 200 nl/min. The mass spectrometer was used in data-
dependent acquisition mode with one MS full scan and up
to 10 MS/MS scans using HCD fragmentation. Raw MS
data were searched using the Andromeda search engine (34)
integrated into MaxQuant software suite 1.6.5.0 (35) using
the S288C_Genome_Release_64-2-1_orf_trans_all.fasta pro-
tein sequences from the Saccharomyces Genome Database
(SGD) (36). For the analysis, carbamidomethylation at cys-
teine was set as a fixed modification and methionine oxida-
tion and protein N-acetylation were variable modifications.
The match between runs option was activated.

Knockout library validation

For 18 of our 40 investigated RBPs, deletion strains are
available in the S. cerevisiae KO collection (32). For the 18

available strains, we were able to validate the respective RBP
knockout on the proteome level for 10 strains, visible as a
strong down-regulation due to imputation of missing LFQ
(label-free quantitation) values. In four cases, knockout val-
idation was not possible because the target RBP was not
detected in the wild type (WT). For the cdc2-A strain, Cdc2
expression levels in the KO strain were equal to those in the
WT strain. We thus decided to check all strains by colony
polymerase chain reaction (PCR) targeting the respective
open reading frame (ORF) and the presence of an incorpo-
rated kanamycin resistance marker, which should be present
in all KO clones.

KO and WT strains were streaked on YPD agar plates
and grown for 3 days at 30°C. A single colony was re-
suspended in 10 wl of fresh 0.02 N NaOH, and incu-
bated in PCR tubes at 99°C for 10 min. The supernatant
was transferred to a fresh tube, and chilled on ice for 10
min. To amplify the samples, OneTaq (NEB, M0480S) was
used according to the manufacturer’s instructions, contain-
ing 2 wl of yeast lysis supernatant in a 25 pl reaction.
Horizon discovery “YKO Primers from SGDP’ were used.
A_confirmation_primer and B_confirmation_primer were
used to detect the WT allele, and A_confirmation_primer
and kanB were used to detect the KO allele. The annealing
temperature was set at 50°C and used with a 90 s elonga-
tion cycle. Samples were separated on a 1% agarose gel and
imaged with Gel Doc™ XR+ (Bio-Rad) with a 1 s exposure.

This validated 13 KO strains—the 10 previously validated
with proteome evidence and another three previously not
detected by MS. The two strains without validation (cdc2-
A and msll-A) were excluded from further downstream
analysis.

Bioinformatics analysis

For protein quantification, contaminants, reverse database
hits, protein groups only identified by site and protein
groups with <2 peptides (at least one of them classified as
unique) were removed by filtering from the MaxQuant pro-
teinGroups.txt file. Missing values were imputed by shifting
a beta distribution, obtained from the LFQ intensity values,
to the limit of quantitation. Further analysis and graphi-
cal representation were performed on an R framework (37)
incorporating ggplot2 (38), for visualization, among other
packages. For the RBP interactome screen, the protein en-
richment threshold was set to a P-value <0.05 (Welch ¢-
test) and fold change >2, ¢ = 0.05. Enriched proteins were
overlapped with all interactors with physical evidence re-
ported at The Biological General Repository for Interaction
Datasets (BioGRID) (39) and with proteins in the RBP cen-
sus (18). For the KO screen, the protein enrichment thresh-
old was set to a P-value <0.05 (Welch #-test) and to abs(fold
change) >2, ¢ = 0.05.

For the protein signature enrichment analysis, domains
were queried with InterProScan version 5.50-84.0 (40), and
hits in the Pfam (41) and SUPERFAMILY (42) databases
were selected for downstream analysis. Signatures for a par-
ticular group of enriched proteins were tested for over-
representation (P-value <0.01; Fisher’s exact test) against
all signatures found in the background (defined as all
quantified proteins in the comparison, enriched or not).
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Signatures found to be over-represented in at least two bait
RBPs were selected for graphical representation.

For the molecular function enrichment analysis, terms
were queried in the Gene Ontology (GO) database (43)
with the ClusterProfiler R package (44). Terms for a
particular group of enriched proteins were tested for
over-representation {adjusted P-value [false discovery rate
(FDR)] <0.05; Fisher’s exact test} against all terms found
in the background (defined as all quantified proteins in
the comparison, enriched or not). The top five most found
terms per group, which were over-represented in at least two
bait RBPs, were selected for graphical representation.

For the pathway enrichment analysis, terms were queried
in the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(45) and Reactome (46) databases with the ClusterProfiler R
package (44). Terms for a particular group of enriched pro-
teins were tested for over-representation [adjusted P-value
(FDR) <0.05; Fisher’s exact test] against all terms found in
the background, defined as all other quantified proteins in
the comparison.

For the protein complex analysis, enriched proteins were
overlapped with the manually curated heteromeric protein
complexes included in the CYC2008 data (47). A ratio for
each complex was calculated by dividing the number of pro-
teins overlapping with a particular complex by the total
number of proteins in that complex. For the RBP inter-
actome screen data, protein complexes with a ratio >0.5
were selected for graphical representation. Meanwhile, for
the KO screen data, the threshold was set at a ratio >0.5.

Finally, protein networks were generated with in-house
scripts based on an R framework incorporating igraph (48),
with the Fruchterman—Reingold force-directed layout algo-
rithm implementation, among other packages. All networks
were drawn with the spoke model. For the PPT and RNA-
dependent interaction (RDI) global networks, bait RBPs
with an associated KEGG term and their prey were selected
as nodes. For the functional subnetworks, bait RBPs and
their prey were included as nodes when associated with a
particular functionality via KEGG analysis, even when as-
sociated with multiple terms. Preys were then coloured in
grey tones when reported to BioGRID (to any of its inter-
acting baits) and blue tones when not, and with darker tones
when reported at the RBP census and lighter tones when
not. For the complex subnetworks, bait RBPs and their prey
were selected as nodes when interacting or being part of a
particular complex. The network explorer interactive plat-
form was developed with the Shiny R package (49).

RESULTS AND DISCUSSION

Quantitative interactomics screen identifies protein—protein
and RINA-dependent interactions

We selected RBPs from pathways that span the RNA life
cycle, including less characterized RBPs from recent RIC
studies (14-16). These RBPs are involved in seven major
RNA-associated processes: (i) capping; (ii) splicing; (iii)
cleavage; (iv) polyadenylation; (v) nuclear export; (vi) trans-
port and localization; and (vii) degradation (Figure 1A). To
select the individual RBPs for the interactome screen, we
queried the RBP census (18) for proteins annotated with
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these roles in the KEGG and Reactome databases (Supple-
mentary Figure S1). Notably, we included 40 RBPs covering
various stages of the mRNA life cycle either with special-
ized roles in particular pathways or with broader functional
descriptions (highlighted with an asterisk in Figure 1A). Of
these 40 RBPs, two (Spt5 and Stol) are involved in capping,
14 in splicing, three (Cftl, Mpel and Rnal4) in cleavage,
Pabl in polyadenylation and Puf3 in transport/localization.
Furthermore, two RBPs (Ndcl and Mex1) were selected
for nuclear export and 17 RBPs are associated with RNA
degradation.

We performed a quantitative label-free proteomics
screen with the 40 chosen TAP-tagged RBPs (31) us-
ing two different conditions and a WT (Figure 1B),
which allowed us to differentiate between protein—protein
associations/interactions (PPIs) and RNA-dependent
associations/interactions (RDIs). To identify the PPIs, we
compared immunoprecipitated tagged RBP against WT
lysate, both treated with RNase A to digest the RNA,
similar to previous large-scale yeast PPI screens (50,51). We
also included a second condition where we immunoprecipi-
tated the tagged RBP, but omitted the RNase A treatment,
which reveals the RDIs that are only observable in the
presence of RNA. Each condition comprised multiple
replicate IP experiments that were prepared in parallel and
measured on the mass spectrometer as a set applying LFQ.

This study design allowed for quality control benchmark-
ing within each IP set using the bait RBP and RNase A
treatment. In the case of RBP-IP compared with the WT
lysate, the tagged RBP was expected to be enriched (P-value
<0.05 and fold change >2, ¢ = 0.05) (Figure 2A). Indeed,
38 of 40 bait RBPs showed strong enrichment, between 3.3-
and 14.1-fold (Supplementary Figure S2). The remaining
two tagged RBPs, Ndcl and Spt5, also showed enrichment
of 2.4- and 2.1-fold, respectively, despite slightly less statis-
tical significance of P-value = 0.07 and P-value = 0.10. Ad-
ditionally, when comparing the RBP IPs with and without
RNase treatment, the tagged RBP is expected to be equally
abundant (Figure 2B). Again, this was the case for almost
all experiments (39 of 40), with only Sub2 showing a slight
offset (Supplementary Figure S3). Similarly, we clearly see
that RNase A is found in the non-enriched background
cloud of proteins, when comparing the RBP IPs with RNase
treatment [IP RNase (+) versus WT]. Meanwhile, we ob-
served the RNase A enriched, with a negative fold change,
when comparing the non-treated with the treated RBP IPs
[IP RNase (-) versus IP RNase (+)] (Figure 2A, B; Supple-
mentary Figures S2 and S3).

We obtained valuable information for the PPIs (Fig-
ure 2C; Supplementary Table S1) and RDIs (Figure 2D;
Supplementary Table S2) for the 40 chosen RBPs. For the
PPI group, the number of enriched proteins ranged from 4
(Dbp2) to 112 (Mpel) (Figure 2C), while for the RDI group,
the number of enriched proteins ranged from 5 (Upf3)
to 143 (Nam7) (Figure 2D). We then used BioGRID, a
database of established protein interactions, to check how
many of the identified interactions had been previously re-
ported with physical experimental evidence (light grey, left
side, Figure 2C and D). The ratio of reported interactions
was dependent on the bait RBP, ranging from 0 (for Dbp2,
among others) to 80% (for Dhh1) for PPIs and from 0 (for
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Figure 1. RBPinteractome screen. (A) The 40 selected bait RBPs are listed with a schematic drawing of their RNA biological processes. Proteins highlighted
with an asterisk are associated with multiple processes. (B) Schematic representation of the experimental design to screen for protein—protein interactors

and RNA-dependent ineractors in parallel.

Dbp2, among others) to 82% (for Dhhl) for RDIs. As ex-
pected, the percentage of previously identified interactions
in the BioGRID database was overall higher for PPIs than
for RDIs. For 11 RBPs, our PPIs included at least half of the
previously described interactions, while for our RDIs, this
was the case for only two bait RBPs (Supplementary Fig-
ure S4A, B). Additionally, for 26 of our investigated RBPs,
BioGRID classifies more than half of the reported interac-
tions as ‘Affinity Capture-MS’, confirming the experimen-
tal results of our approach (Supplementary Figure S4C).
Irrespective of PPIs or RDIs, we found high overlap with

RBPs included in the published RBP census (18) (black,
right side, Figure 2C, D). However, the fraction of RBP-
annotated proteins was higher within RDIs compared with
PPIs. While the RDI partners of 34 bait RBPs consisted of
>70% of RBPs, only 14 bait RBPs showed this high fraction
for their PPI partners (Supplementary Figure S4D). Finally,
when we checked the overlap of the interactors among the
PPI and RDI groups of each bait RBP, we observed that 0
(for Dbp1, among others) to only 22% (for Sto1) are identi-
cal (dark grey, Figure 2E), clearly showing that they are two
specific subsets of interactors.
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Overall, our label-free quantitative RBP interactome
screen resulted in two distinct groups of enriched interac-
tors among the PPI and RDI datasets. In the case of RDIs,
the majority of protein interactors were included in the
RBP census, outlining that our approach is able to uncover
hitherto unknown RDIs among a large set of RBPs. With
this, we provide complementary information to the previ-
ous large-scale screens in yeast that were designed to only
report RNA-independent PPIs.

RNA-related functionalities are over-represented among en-
riched interactors

We wanted to investigate whether RNA functionalities were
over-represented and shared among our enriched inter-
actors, from the structural protein domain to the func-
tional pathway level. Thus, we queried for protein signa-
tures among the enriched interactors with InterProScan.
For this analysis, we noted that the descriptors ‘RNA recog-
nition motif domain’ and ‘RNA-binding’ (Figure 3A) were
significantly over-represented (P-value <0.01) among mul-
tiple bait RBPs for both PPIs and RDIs in the struc-
tural domain databases Pfam and SUPERFAMILY. Within
the PPIs, there were three baits with enrichment of these
terms (green, Figure 3A; Supplementary Table S3). We
then applied the same protein signature analysis for the
enriched RDIs. RNA binding-related domains were most
prevalent among the over-represented protein domains (or-
ange, Figure 3A; Supplementary Table S4). For instance,
‘RRM’ (Pfam) and ‘RNA-binding domain’ (SUPERFAM-
ILY) were over-represented among the interactors of 17 and
18 of our 40 bait RBPs, respectively. Overall, this shows a
general trend of the RDIs having a larger amount of canon-
ical RBDs.

Further interrogation of the enriched PPI set using GO
revealed an over-representation [adjusted (FDR) P-value
<0.05] of molecular function GO terms such as ‘nucleic
acid binding’ among the interactors of nine bait RBPs and
‘RNA-binding’ among the interactors of six bait RBPs
(Figure 3B; Supplementary Table S5). Over-represented
RNA-related GO molecular function terms were also iden-
tified for the enriched RDI set and were more predominant
than in the PPI set (Figure 3B; Supplementary Table S6). In
particular, the term ‘mRNA binding’ was over-represented
among the enriched RDIs for 26 of our 40 bait RBPs. De-
spite the domain and GO molecular function analysis re-
vealing an enrichment for RNA binding functionalities, es-
pecially for RDI partners, the number of canonical RBDs
among the bait RBPs’ interactors is low (Supplementary
Tables S3 and S4) albeit still significant for the RRM do-
main (Figure 3A; Supplementary Figure S5). This high-
lights that among our enriched interactors, RBPs lacking
canonical RBDs might be abundant and thus may have less
studied functions in the context of RNA biology.

To investigate shared functionalities among our inter-
actors, we queried the KEGG for over-represented path-
ways among interactors in the PPI and RDI datasets [ad-
justed (FDR) P-value <0.05; Supplementary Tables S7 and
S8, respectively]. As expected, for both PPIs and RDIs,
we obtained over-represented KEGG terms associated with
known bait RBP functionality in several cases (Figure 3C).

In particular, within the 14 selected splicing-associated
RBPs, the KEGG term ‘spliccosome’ was over-represented
among PPIs of the bait RBPs Snpl, Ist3 and Hsh49, as well
as for the RDISs of the bait RBP Msll. For Cbc2 and Lsm?2,
the ‘spliceosome’ term was over-represented for both PPIs
and RDIs. The degradation-associated RBPs Rrp40, Dhhl,
Dis3, Sup35 and Hbsl had RNA degradation-associated
KEGG terms over-represented among their PPIs, while
Sgnl and Tif4631 showed this among their RDIs. We also
enriched interactors related to ‘ribosome’ and ‘ribosome
biogenesis in eukaryotes’ in four RDI (Cbc2, Mtr4, Mud2
and Tif4631) and two PPI (Gbp2 and Hsh49) datasets. Ad-
ditionally, while not among our selection criteria for the
bait RBPs, we observed a strong over-representation of
metabolic and synthesis pathways among the interactors
for 7 and 13 baits of the PPI and RDI groups, respectively.
There were 525 metabolism-related proteins within the com-
bined PPI and RDI datasets, which included 70 of the 154
metabolic RBPs described in the RBP census. Previously,
metabolic proteins have been characterized to have unusual
RNA binding function, which coincides with the lack of en-
richment of canonical RBDs across all RBPs (18). Through
our unbiased, global analysis, our dataset adds more evi-
dence to the growing field of metabolic enzymes with RBP
functionalities (18,20).

Overall, despite a high number of interactors without
canonical RBDs, we confirm that interactors of both PPI
and RDI groups are involved in RNA biology through as-
sociation with structural domains, molecular functions and
biological pathways. This is in agreement with the SONAR
dataset, where they already used this observation on a
smaller set of baits for the prediction of hitherto unknown
RBPs (30).

RBP knockouts reveal possible processes regulated by these
RBPs

RBPs that interact with a certain set of mRNAs have some-
times been associated with the post-transcriptional regula-
tion of genes belonging to a specific biological process or
protein complex (10,52). To further investigate the down-
stream biological processes that are likely to be regulated by
the action of our bait RBPs, we aimed to identify proteins
that are differentially expressed at the protein level upon
knockout of our selected RBPs. For 18 of our 40 investi-
gated RBPs, deletion strains were available in the S. cere-
visiae KO collection (32). Of the 22 unavailable KO strains,
21 correspond to essential genes and one is not included in
the library. Further experimental validation of the 18 avail-
able strains resulted in the confirmation of RBP knockout in
10 strains at the proteomic level, and an additional 3 strains
at the genomic level (Supplementary Figures S6 and S7A, B;
see also the Materials and Methods). Thus, 13 RBP strains
were utilized for further experimental investigations; these
included five RBPs involved in mRNA nuclear processing,
one in RNA transport and localization, and seven in degra-
dation (Supplementary Figure S1A).

We measured the proteomes of WT and individual KO
clones by MS and performed label-free quantification with
multiple replicates (Figure 4A). Per knockout, we quantified
between 2854 and 3184 proteins (Supplementary Table S9),
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Figure 3. Computational analysis links the enriched interactors with RNA-related functionalities. (A) Bar plot of PPI (green) and RDI (orange) protein
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associated with the interactors.

approximately two-thirds of the expressed yeast proteome
(53). To determine significant protein expression changes,
we compared the WT with the KOs, setting a threshold
at P-value <0.05 and abs(fold change) >2, ¢ = 0.05 (Fig-
ure 4B). For the 13 RBP KOs, significant protein expression
changes ranged from 7 to 230 proteins, representing on av-
erage a higher number of differentially expressed proteins
than observed for a genome-wide KO screen performed in
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Schizosaccharomyces pombe (54) and being on a par with
expression changes observed for their S. pombe homologues
(Figure 4C; Supplementary Figures S6 and S8; Supplemen-
tary Table S10). This shows that the knockout of the se-
lected RBPs led on average to more profound expression
changes than knockout of other genes. As expected, we ob-
served that differentially expressed proteins overlapped lit-
tle with prey identified in the PPI and RDI datasets of each
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Nodes are RBP KOs (purple) and protein complexes (blue gradient). Edges are

respective bait RBP; ranging from 0 (for ghp2-A, among
others) to 4.4% (for stol-A) (Figure 4C). This supports our
initial hypothesis that the differentially expressed proteins in
the KO strains point to downstream processes regulated by
the RBPs and are thus different from the RBP-associated
proteins. However, differential expression of some pro-
teins can also be the result of functional compensation
mechanisms.

highlighted for up-regulated (red) or down-regulated (blue) proteins.

To further characterize the biological pathways that are
affected and likely to be regulated by the knocked out
RBPs, we tested for KEGG pathway enrichment among
the up- and down-regulated proteins separately in each
strain (Figure 4D; Supplementary Tables S11 and S12).
Only three pathways related to RNA were over-represented
in three KO strains, ‘aminoacyl-tRNA biosynthesis’,
‘mRNA surveillance pathway’ and ‘ribosome’ (Figure 4D).
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Interestingly, amino acid and nucleic acid synthesis path-
ways as well as various metabolic pathways were enriched
among proteins that were down-regulated in KOs of RBPs
related to splicing (ist3-A and ghp2-A) and to degrada-
tion (sgnl-A, mip6-A, ski2-A, dhhl-A, upf3-A and hbsl-A).
However, these do not overlap with the over-represented
metabolic KEGG pathways from the RBP interactome
screen.
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To further interrogate cellular processes that are likely
to be regulated by the selected RBPs, we identified known
yeast protein complexes for which at least half of all
subunits were either up- or down-regulated in the indi-
vidual KO strains (Figure 4E). We primarily obtained
dimeric complexes (27 of 31) across the 13 selected RBPs.
These complexes covered a wide range of functionali-
ties. Some were expected, such as the down-regulation of
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the PAN complex that is directly related to the knock-
out of one of its subunits, Pan3. Others echoed with the
over-represented KEGG pathways. For instance, we ob-
tained several metabolism-related complexes that were up-
regulated in dhhl-A. Similarly, mip6-A and gbp2-A, both
having KEGG metabolic pathways down-regulated, had a
subunit of the Pmt3p/PmtSp complex down-regulated. Ad-

ditionally, we obtained further insights into RBPs when ex-
amining the up- and down-regulated complex members. In
dhhl-A we found a down-regulation of mismatch repair
proteins. This is in line with the involvement of Dhhl in
DNA repair (55). Dhhl has also been shown to be crit-
ical to G1/S phase cell cycle progression, and its dele-
tion causes ionizing radiation sensitivity (56). There are
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emerging studies that have linked RBPs with DNA repair
processes (57,58). Taken together, this KO dataset could
lead to the further association of RBPs with metabolism
and DNA repair.

These results collectively point to interesting hypotheses
for possible downstream processes regulated by the selected
RBPs and can guide future experimental investigations.

Network analysis identifies putative new members of RNA
pathways

To connect information from the individual experiments
and visualize shared interactors among the RBPs, we built
an extensive interaction network for the PPI (Figure 5A;
Supplementary Table S13) and RDI (Figure 5B; Supple-
mentary Table S14) datasets. Within each network, the
bait RBPs and their interactors were included when en-
riched for a KEGG term (Figure 3C). These KEGG terms
were grouped as degradation, export, metabolism, ribo-
some, splicing, synthesis or multiple. Each of these indi-
vidual categories was used to create specific subnetworks.
To gain further insights into which complexes are captured
within our subnetworks, we annotated our proteins with
the manually curated heteromeric protein complexes in-
cluded in the CYC2008 dataset (47). We calculated for each
complex a coverage ratio by dividing the number of sub-
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units included in the network by the total number of com-
plex members, and those with a ratio >0.5 were included
in the downstream analysis. Within all splicing, export, ri-
bosome, synthesis, metabolism and degradation subcom-
plexes, 56 unique complexes were identified. These com-
bined networks as well as individual subnetworks are avail-
able online for each enriched biological process within the
RBP interactome network explorer (RINE) at https://www.
butterlab.org/RINE.

We wanted to check the presence of expected and unex-
pected complexes as well as cross-talk between these com-
plexes in an exemplary RNA process. Thus, we further ex-
amined the PPI and RDI subnetworks of the baits en-
riched for splicing-related KEGG terms, which have been
widely studied in S. cerevisiae (59). Within the interac-
tions, there were seven baits included in the PPI subnetwork
(Ist3, Lsm2, Cbc2, Dhhl, Snpl, Stol and Hsh49) (Fig-
ure 6A; Supplementary Table S15), and there were four bait
RBPs included in the RDI subnetwork (Ist3, Cbc2, Msll
and Lsm?2) (Figure 6B; Supplementary Table S16). We had
15 and 20 previously unreported interactions in the PPIs
and RDIs, respectively, when compared with BioGRID and
RBP census data (Figure 6A, B). Among these PPIs, there
were three uncharacterized interactors, namely YHR214C-
B and YMR315W with bait RBP Hsh49, and YPL225W
with bait RBP Lsm2. We additionally integrated both the
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PPI and RDI interactomes into one combined subnetwork
(Figure 6C; Supplementary Table S17).

Using the protein complexes from the CYC2008 dataset,
we established complexes present at a ratio >0.5 within
the combined RDI and PPI subnetwork (Figure 6D; Sup-
plementary Table S18). There were 19 complexes within
the PPIs and RDIs with over-represented splicing-related
KEGG pathways that surpassed this threshold. These com-
plexes contained the anticipated spliceosome components
as well as other complexes that are involved in the mRNA
life cycle. The complexes that were not spliceosome compo-
nents function in capping, degradation, nuclear export and
translation (Figure 6D). For example, the transcription ex-
port (TREX) complex, which contains the THO complex,
were both found among the interactors. These complexes
are critical for the nuclear export of mRNA (60). There were
six baits with interactors that are components of the TREX
complex (Figure 6E). Of these, Msll, Snpl and Hsh49 are
considered splicing-associated proteins, while Dhh1 is con-
sidered to be degradation associated. This shows the inter-
connectedness of mRNA splicing, export and degradation.
An unexpected complex was the RENT complex, which is
responsible for rDNA silencing in S. cerevisiae. The bait
RBPs Ist3 and Msll, which are both splicing proteins, had
members of the RENT complex among their PPI interac-
tors. This association had not been previously reported.

While there were complexes with a wide range of func-
tionalities in the splicing subnetwork, most identified sub-
units were part of the spliceosome (Figure 6E). We built a
network for each annotated spliccosome complex shared by
more than one bait (Figure 7; Supplementary Table S19).
Within these baits, 16 of the 21 members of the commit-
ment complex (or E complex), were detected (61). The three
baits with the largest number of E complex subunits were
Snpl, Stol and Cbc2. Snpl is a portion of Ul small nuclear
RNP (snRNP), and Stol and Cbc2 are capping proteins,
and are all part of the S. cerevisiae commitment complex
(59,62). This demonstrates that our approach is able to iden-
tify known complexes. The U2-associated complex SF3a/b
had a high average coverage ratio across many baits (ratio =
0.67 and 0.83, respectively). However, the other U2 snRNP-
associated complex, called RES, was exclusively found in
the interactome of its complex member and bait RBP, Ist3.

The U4/U6 x U5 tri-snRNP complex (ratio = 0.82) joins
splicing complex A (including the U1 and U2 snRNP com-
plex) to form the preB splicing complex. However, despite
the thorough U6 coverage (ratio = 1.0), its complex mem-
bers were found only with Lsm2 and Dhhl. Lsm?2 is a well
known complex member of U6 snRNP, whereas Dhh1 has
not been characterized in detail as a U6 snRNP-associated
protein. Dhh1 facilitates decapping and inhibits transla-
tion (63,64). Nevertheless, there has been a yeast two-hybrid
study confirming the Lsm2 and Dhh1 interaction (65), and
there have been studies associating Lsm4 and Dhhl with
P-granules, which in turn are associated with inhibition of
translation (66,67). We noticed that Dhh1 association was
limited to snRNPs that join the spliceosome later during the
splicing process.

Another unexpected interaction occurred between the
RES complex subunit Ist3 and the U5 snRNP complex.
The RES complex is critical for the successful formation

of the pre-spliceosome complex via its interaction with U2
snRNP (3). Within the diverse roles of the RES complex,
no association with the U5 complex apart from Prp8 was
described (63,64). However, within our network analysis we
found several PPIs between Ist3 and the U5 snRNP com-
plex members Prp8, Brr2 and Snull4. These data suggest
that there might be more U5 members serving as a bridge
to the RES complex.

In summary, we found complexes that were critical to
the overall mRNA life cycle, with particular enrichment of
complexes needed for the assembly and catalytic activity of
the spliceosome with putative new roles for RBPs based on
concurrent binding patterns.

CONCLUSIONS

Here, we provide an extensive S. cerevisiae RBP interac-
tome network to systematically map both PPIs and RDIs.
The approach to study RDIs at a larger scale gives the
unique opportunity to group RBPs by concurrent bind-
ing patterns and thus provides suggestions for functions
for the RBPs themselves as well as for their interaction
partners. An additional integration of the RINE resource
with next-generation sequencing data containing informa-
tion about the RNAs bound to RBPs would provide fur-
ther insights into the functionalities of both the RBPs and
their associated RNAs. By providing interactive and vi-
sual access to the data of this study, the RINE resource
(https://www.butterlab.org/RINE) can serve as a starting
point for further data analysis and exploration of individual
candidates.

DATA AVAILABILITY

The R scripts required for the data statistical analysis and
its visualization are available at Zenodo (https://doi.org/10.
5281/zenodo.7753608). The MS proteomics data have been
deposited to the ProteomeXchange Consortium via the
PRIDE (68) partner repository with the dataset identifiers
PXDO035979 (RBP interactome screen) and PXD035971
(KO screen). The protein interactions from this publi-
cation have been submitted to the IMEx (http:/www.
imexconsortium.org) consortium through IntAct (69) and
assigned the identifier IM-29638.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

Assistance by the Proteomics Core Facility and the Media
lab at IMB, and critical reading of the manuscript by Julian
Konig is gratefully acknowledged.

FUNDING

The work was supported by the Deutsche Forschungs-
gemeinschaft [BU 2996/7-1 (SPP1935: ‘Deciphering
the mRNP code: RNA-bound Determinants of Post-
Transcriptional Gene Regulation’) and project number

73


https://www.butterlab.org/RINE
https://doi.org/10.5281/zenodo.7753608
http://www.imexconsortium.org
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad245#supplementary-data

439669440 (TRR319 RMaP TP C03) to EB. and LU
2568/1-1 to K.L.]. Funding for open access charge: DFG
439669440 [TRR319 RMaP].

Conflict of interest statement. None declared.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

Dreyfuss,G., Kim,V.N. and Kataoka,N. (2002)
Messenger-RNA-binding proteins and the messages they carry. Nat.
Rev. Mol. Cell Biol., 3, 195-205.

. Ramanathan,A., Robb,G.B. and Chan,S.-H. (2016) mRNA capping:

biological functions and applications. Nucleic Acids Res., 44,
7511-7526.

. Wilkinson,M.E., Charenton,C. and Nagai,K. (2020) RNA splicing by

the spliceosome. Annu. Rev. Biochem., 89, 359-388.

. Neve,J., Patel,R., Wang,Z., Louey,A. and Furger,A.M. (2017)

Cleavage and polyadenylation: ending the message expands gene
regulation. RNA Biol., 14, 865-890.

. Tutucci,E. and Stutz,F. (2011) Keeping mRNPs in check during

assembly and nuclear export. Nat. Rev. Mol. Cell Biol., 12, 377-384.

. Xie,Y. and Ren,Y. (2019) Mechanisms of nuclear mRNA export: a

structural perspective. Traffic, 20, 829-840.

. Licatalosi,D.D. and Darnell,R.B. (2010) RNA processing and its

regulation: global insights into biological networks. Nat. Rev. Genet.,
11, 75-87.

. Mangus,D.A., Evans,M.C. and Jacobson,A. (2003) Poly(A)-binding

proteins: multifunctional scaffolds for the post-transcriptional
control of gene expression. Genome Biol., 4, 223.

. Kithn,U. and Wahle,E. (2004) Structure and function of poly(A)

binding proteins. Biochim. Biophys. Acta, 1678, 67-84.

Glisovic,T., Bachorik,J.L., Yong,J. and Dreyfuss,G. (2008)
RNA-binding proteins and post-transcriptional gene regulation.
FEBS Lett., 582, 1977-1986.

Rissland,O.S. (2017) The organization and regulation of
mRNA-—protein complexes. Wiley Interdiscip. Rev. RNA, 8, e1369.
Tsvetanova,N.G., Klass,D.M., Salzman,J. and Brown,P.O. (2010)
Proteome-wide search reveals unexpected RNA-binding proteins in
Saccharomyces cerevisiae. PLoS One, 5, ¢12671.

Scherrer,T., Mittal,N., Janga,S.C. and Gerber,A.P. (2010) A screen
for RNA-binding proteins in yeast indicates dual functions for many
enzymes. PLoS One, 5, e15499.

Mitchell,S.F., Jain,S., She,M. and Parker,R. (2013) Global analysis of
yeast mRNPs. Nat. Struct. Mol. Biol., 20, 127-133.
Matia-Gonzalez,A.M., Laing,E.E. and Gerber,A.P. (2015)
Conserved mRNA-binding proteomes in eukaryotic organisms. Nat.
Struct. Mol. Biol., 22, 1027-1033.

Beckmann,B.M., Horos,R., Fischer,B., Castello,A., Eichelbaum,K.,
Alleaume,A.-M., Schwarzl, T., Curk,T., Foehr,S., Huber,W. et al.
(2015) The RNA-binding proteomes from yeast to man harbour
conserved enigmRBPs. Nat. Commun., 6, 10127.

Kramer,K., Sachsenberg, T., Beckmann,B.M., Qamar,S., Boon,K.-L.,
Hentze,M.W., Kohlbacher,O. and Urlaub,H. (2014)
Photo-cross-linking and high-resolution mass spectrometry for
assignment of RNA-binding sites in RNA-binding proteins. Nat.
Methods, 11, 1064-1070.

Hentze,M.W., Castello,A., Schwarzl, T. and Preiss, T. (2018) A brave
new world of RNA-binding proteins. Nat. Rev. Mol. Cell Biol., 19,
327-341.

Hentze,M.W. and Preiss, T. (2010) The REM phase of gene
regulation. Trend. Biochem. Sci., 35, 423-426.

Curtis,N.J. and Jeffery,C.J. (2021) The expanding world of metabolic
enzymes moonlighting as RNA binding proteins. Biochem. Soc.
Trans., 49, 1099-1108.

Singh,R. and Green,M.R. (1993) Sequence-specific binding of
transfer RNA by glyceraldehyde-3-phosphate dehydrogenase.
Science, 259, 365-368.

Hentze, M.W. and Argos,P. (1991) Homology between IRE-BP, a
regulatory RNA-binding protein, aconitase, and isopropylmalate
isomerase. Nucleic Acids Res., 19, 1739-1740.

Rouault,T.A., Stout,C., Kaptain,S., Harford,J.B. and Klausner,R.D.
(1991) Structural relationship between an iron-regulated
RNA-binding protein (IRE-BP) and aconitase: functional
implications. Cell, 64, 881-883.

74

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Nucleic Acids Research, 2023, Vol. 51, No. 10 5175

Kilchert,C., StraBer,K., Kunetsky,V. and Ankd,M.-L. (2020) From
parts lists to functional significance—R NA-protein interactions in
gene regulation. Wiley Interdiscip. Rev. RNA, 11, e1582.

Butter,F., Scheibe,M., Mo6rl,M. and Mann,M. (2009) Unbiased
RNA-protein interaction screen by quantitative proteomics. Proc.
Natl Acad. Sci. USA, 106, 10626-10631.

Scheibe,M., Butter,F., Hafner,M., Tuschl,T. and Mann,M. (2012)
Quantitative mass spectrometry and PAR-CLIP to identify
RNA-protein interactions. Nucleic Acids Res., 40, 9897-9902.
Casas-Vila,N., Sayols,S., Pérez-Martinez,L., Scheibe,M. and
Butter,F. (2020) The RNA fold interactome of evolutionary
conserved RNA structures in S. cerevisiae. Nat. Commun., 11, 2789.
Hogan,D.J., Riordan,D.P., Gerber,A.P., Herschlag,D. and
Brown,P.O. (2008) Diverse RNA-binding proteins interact with
functionally related sets of RNAs, suggesting an extensive regulatory
system. PLoS Biol., 6, €255.

Klass,D.M., Scheibe,M., Butter,F., Hogan,G.J., Mann,M. and
Brown,P.O. (2013) Quantitative proteomic analysis reveals concurrent
RNA-protein interactions and identifies new RNA-binding proteins
in Saccharomycescerevisiae. Genome Res., 23, 1028-1038.
Brannan,K.W., Jin,W., Huelga,S.C., Banks,C.A., Gilmore,J M.,
Florens,L., Washburn,M.P., Van Nostrand,E.L., Pratt,G.A.,
Schwinn,M.K. et al. (2016) SONAR discovers RNA-binding proteins
from analysis of large-scale protein—protein interactomes. Mol. Cell,
64, 282-293.

Ghaemmaghami,S., Huh,W.-K., Bower,K., Howson,R.W., Belle,A.,
Dephoure,N., O’Shea,E.K. and Weissman,J.S. (2003) Global analysis
of protein expression in yeast. Nature, 425, 737-741.

Winzeler,E.A., Shoemaker,D.D., Astromoff,A., Liang,H.,
Anderson,K., Andre,B., Bangham,R., Benito,R., Boeke,J.D.,
Bussey,H. ez al. (1999) Functional characterization of the S. cerevisiae
genome by gene deletion and parallel analysis. Science, 285, 901-906.
Rappsilber,J., Mann,M. and Ishihama,Y. (2007) Protocol for
micro-purification, enrichment, pre-fractionation and storage of
peptides for proteomics using stagetips. Nat. Protoc., 2, 1896-1906.
Cox,J., Neuhauser,N., Michalski,A., Scheltema,R.A., Olsen,J.V. and
Mann,M. (2011) Andromeda: a peptide search engine integrated into
the MaxQuant environment. J. Proteome Res., 10, 1794-1805.

Cox,J. and Mann,M. (2008) MaxQuant enables high peptide
identification rates, individualized p.p.b.-range mass accuracies and
proteome-wide protein quantification. Nat. Biotechnol., 26,
1367-1372.

Cherry,JM., Hong,E.L., Amundsen,C., Balakrishnan,R., Binkley,G.,
Chan,E.T., Christie,K.R., Costanzo,M.C., Dwight,S.S., Engel,S.R.
et al. (2012) Saccharomyces genome database: the genomics resource
of budding yeast. Nucleic Acids Res., 40, D700-D705.

R Core Team (2021) In: R: A Language and Environment for
Statistical Computing. R Foundation for Statistical Computing.
Vienna, Austria.

Wickham,H. (2016) In: Ggplot2—Elegant Graphics for Data Analysis.
Springer International Publishing, Cham.

Oughtred,R., Rust,J., Chang,C., Breitkreutz,B.-J., Stark,C.,
Willems,A., Boucher,L., Leung,G., Kolas,N., Zhang,F. et al. (2021)
The BioGRID Database: a comprehensive biomedical resource of
curated protein, genetic, and chemical interactions. Prot. Sci., 30,
187-200.

Blum,M., Chang,H.-Y., Chuguransky,S., Grego,T., Kandasaamy,S.,
Mitchell,A., Nuka,G., Paysan-Lafosse,T., Qureshi,M., Raj,S. et al.
(2021) The InterPro protein families and domains database: 20 years
on. Nucleic Acids Res., 49, D344-D354.

Mistry,J., Chuguransky,S., Williams,L., Qureshi,M., Salazar,G.A.,
Sonnhammer,E.L.L., Tosatto,S.C.E., Paladin,L., Raj,S.,
Richardson,L.J. et al. (2021) Pfam: the protein families database in
2021. Nucleic Acids Res., 49, D412-D419.

Wilson,D., Pethica,R., Zhou,Y., Talbot,C., Vogel,C., Madera,M.,
Chothia,C. and Gough.J. (2009) SUPERFAMILY—sophisticated
comparative genomics, data mining, visualization and phylogeny.
Nucleic Acids Res., 37, D380-D386.

The Gene Ontology Consortium. (2021) The Gene Ontology
resource: enriching a GOld mine. Nucleic Acids Res., 49, D325-D334.
Wu,T., Hu.E., Xu,S., Chen,M., Guo,P.,, Dai,Z., Feng,T., Zhou,L.,
Tang,W., Zhan,L. et al. (2021) clusterProfiler 4.0: a universal
enrichment tool for interpreting omics data. Innovation, 2, 100141.
Kanehisa,M. (2019) Toward understanding the origin and evolution
of cellular organisms. Prot. Sci., 28, 1947-1951.



5176 Nucleic Acids Research, 2023, Vol. 51, No. 10

46.

47.

48

49.

50.

51

52.

53.

54.

55.

56.

57.

Jassal,B., Matthews,L., Viteri,G., Gong,C., Lorente,P., Fabregat,A.,
Sidiropoulos,K., Cook,J., Gillespie,M., Haw,R. et al. (2020) The
reactome pathway knowledgebase. Nucleic Acids Res., 48,
D498-D503.

Pu,S., Wong,J., Turner,B., Cho,E. and Wodak,S.J. (2009) Up-to-date
catalogues of yeast protein complexes. Nucleic Acids Res., 37,
825-831.

. Csardi,G. and Nepusz,T. (2006) The igraph software package for
complex network research. InterJournal, Complex Systems, 1695, 1-9.

Chang,W., Cheng,J., Allaire,J., Sievert,C., Schloerke,B., Xie,Y.,
Allen,J., McPherson,J., Dipert,A. and Borges,B. (2023) shiny: Web
Application Framework for R. R package version 1.7.4.9002,
https://shiny.rstudio.com/.

Ho.,Y., Gruhler,A., Heilbut,A., Bader,G.D., Moore,L., Adams,S.-L.,
Millar,A., Taylor,P., Bennett,K., Boutilier,K. ez al. (2002) Systematic
identification of protein complexes in Saccharomyces cerevisiae by
mass spectrometry. Nature, 415, 4.

Krogan,N.J., Cagney,G., Yu,H., Zhong,G., Guo,X., Ignatchenko,A.,
Li,J, Pu,S., Datta,N., Tikuisis,A.P. et al. (2006) Global landscape of
protein complexes in the yeast Saccharomyces cerevisiae. Nature, 440,
637-643.

Corley,M., Burns,M.C. and Yeo,G.W. (2020) How RNA-binding
proteins interact with RNA: molecules and mechanisms. Mol. Cell,
78, 9-29.

de Godoy,L.M.F,, Olsen,J.V., Cox,J., Nielsen,M.L., Hubner,N.C.,
Frohlich,F., Walther, T.C. and Mann,M. (2008) Comprehensive
mass-spectrometry-based proteome quantification of haploid versus
diploid yeast. Nature, 455, 1251-1254.

Oztﬁrk,MA, Freiwald,A., Cartano,J., Schmitt,R., Dejung,M.,
Luck,K., Al-Sady,B., Braun,S., Levin,M. and Butter,F. (2022)
Proteome effects of genome-wide single gene perturbations. Nat.
Commun., 13, 6153.

Bergkessel,M. and Reese,J.C. (2004) An essential role for the
Saccharomyces cerevisiae DEAD-Box Helicase DHH1 in G1/S
DNA-damage checkpoint recovery. Genetics, 167, 21-33.
Westmoreland,T., Olson,J., Saito,W., Huper,G., Marks,J. and
Bennett,C. (2003) Dhh1 regulates the G1/S-checkpoint following
DNA damage or BRCA1 expression in yeastl. J. Surg Res., 113,
62-73.

Dutertre,M., Lambert,S., Carreira,A., Amor-Guéret, M. and
Vagner,S. (2014) DNA damage: RNA-binding proteins protect from
near and far. Trend. Biochem. Sci., 39, 141-149.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

75

Klaric,J.A., Wiist,S. and Panier,S. (2021) New faces of old friends:
emerging new roles of RNA-binding proteins in the DNA
double-strand break response. Front. Mol. Biosci., 8, 668821.
Plaschka,C., Newman,A.J. and Nagai,K. (2019) Structural basis of
nuclear pre-mRNA splicing: lessons from yeast. Cold Spring Harb.
Perspect. Biol., 11, a032391.

Katahira,J. (2012) mRNA export and the TREX complex. Biochim.
Biophys. Acta, 1819, 507-513.

Larson,J.D. and Hoskins,A.A. (2017) Dynamics and consequences of
spliceosome E complex formation. eLife, 6, €27592.
Gonatopoulos-Pournatzis,T. and Cowling,V.H. (2014) Cap-binding
complex (CBC). Biochem. J., 457, 231-242.

Sweet, T., Kovalak,C. and Coller,J. (2012) The DEAD-box protein
dhhl promotes decapping by slowing ribosome movement. PLoS
Biol., 10, ¢1001342.

Coller,J.M., Tucker,M., Sheth,U., Valencia-Sanchez,M.A. and
Parker,R. (2001) The DEAD box helicase, Dhhlp, functions in
mRNA decapping and interacts with both the decapping and
deadenylase complexes. RNA, 7, 1717-1727.

Uetz,P., Giot,L., Cagney,G., Mansfield, T.A., Judson,R.S.,
Knight,J.R., Lockshon,D., Narayan,V., Srinivasan,M., Pochart,P.

et al. (2000) A comprehensive analysis of protein—protein interactions
in Saccharomyces cerevisiae. Nature, 403, 623-627.

Cary,G.A., Vinh,D. B.N., May,P., Kuestner,R. and Dudley,A.M.
(2015) Proteomic analysis of Dhh1 complexes reveals a role for Hsp40
chaperone Ydjl in yeast P-body assembly. G3
Genes|Genomes|Genetics, 5, 2497-2511.

Rao,B.S. and Parker,R. (2017) Numerous interactions act
redundantly to assemble a tunable size of P bodies in Saccharomyces
cerevisiae. Proc. Natl Acad. Sci. USA, 114, E9569-E9578.
Perez-Riverol,Y., Bai,J., Ban dla,C., Garcia-Seisdedos,D.,
Hewapathirana,S., Kamatchinathan,S., Kundu,D.J., Prakash,A.,
Frericks-Zipper,A., Eisenacher,M. et al. (2022) The PRIDE database
resources in 2022: a hub for mass spectrometry-based proteomics
evidences. Nucleic Acids Res., 50, D543-D552.

Orchard,S., Ammari,M., Aranda,B., Breuza,L., Briganti,L.,
Broackes-Carter,F., Campbell,N.H., Chavali,G., Chen,C.,
del-Toro,N. et al. (2014) The MIntAct Project—IntAct as a common
curation platform for 11 molecular interaction databases. Nucleic
Acids Res., 42, D358-D363.


https://shiny.rstudio.com/

(B)

IP screen candidates

Function
Capping
Cleavage
Export
Degradation
Splicing

Set

Transport

KO screen candidates

0 10 20 30 40
Proteins

(€)

Polyadenylation

Database

R-HSA-72203
. KEGG-sce03040
R-SCE-927802
KEGG-sce03018
KEGG-sce03015
R-SCE-72086

Function

Cleavage

splicing

5 10 15
Proteins

Suppl. Figure 1. Candidate selection for RBP interactome screen. (A) Comparison of RBP census with TAP-tagged and KO libraries. Each
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Suppl. Figure 2. PPI volcano plots. Each plot visualises quantified proteins per bait-TAP IP, digested
with RNase A, compared to WT without tagged bait determined by quantitative proteomics (n=4, for
RNMNA14 n =3). Enrichment threshold (dotted line) set to p-value < 0.05 (Welch t-test) and fold change
> 2, ¢ = 0.05. Each dot represents a protein with enriched interactors (black), tagged bait-RBP
(enriched in red, otherwise orange) and RNase A (orange) highlighted.
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Suppl. Figure 3. RDI volcano plots. Each plot visualises quantified proteins per bait-TAP IP, without
RNase A, to bait-TAP IP treated with RNase A determined by quantitative proteomics (n= 4, for
RNMNA14 n =3). Enrichment threshold (dotted line) set to p-value < 0.05 (Welch t-test) and fold change
> 2, ¢ = 0.05. Each dot represents a protein with enriched interactors (black), tagged bait-RBP
(enriched in red, otherwise orange) and RNase A (orange) highlighted.
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Suppl. Figure 4. BioGRID and RBP census analysis. (A and B) Barplot indicating the percentage of enriched interactors identified as PPI (A)
and RDI (B). (C) Ratio of interactors with ‘affinity capture-MS’ as reported experimental evidence in BIOGRID. (D) Cleveland dot-plot of

enriched interactors identified as PPI (green) and RDI (orange) included in the RBP census.
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0.05. Each dot represents a protein with

enriched interactors (black) and marks knocked out RBP (down-regulated red,

otherwise orange).

81



(A)

| Included atKOscr%nUS)l

T
= =
L [ Ms: validated (10) | [ PCR: validated (13)
n ]
[MS: unknown (4)]
L]
= |
[ Not included at KO screen (25)| [ MS: not validated (1) ] | PCR: not validated (2) |
Essential gene (21)] | Not included at KO library (22) |
o) (B (A Wi ) (Tl Wi [chez Al Wi [l Wi (b2l W ] [sior [ Wi ] [sorf Al Wi I[mobAl Wr ] (bp)
3000— v ¥ {4—6000
. - - ¥ —3000
== - = -
T = -4 -
%: - - -- - - - - ~ - - - 4—3!%0
- - - —250
[panzal[ WT_|[sti2-A][ WT_|[dhht-A][ WT | [nmd2-Al[ WT | [wpB-a [ WT | [hbst-A][ WT |
(bp) (bp)
3000— g B—m
1 I — —
i - - - -
500— a - - . e - —-—— . _L&QP
250— - “ —250

Suppl. Figure 7. KO strain selection and PCR validation. (A) Sankey diagram depicting selection of the included KO strains. (B) Agarose gel

of PCR validation for KO and WT strains. First lane detected the wild-type allele, second lane the deletion allele.

82



Data set || S. cerevisiae RBPKO || S. pombe genome-wide KO S. pombe RBP KO homolog

0.03

0.02

KO strains

0.01

0.00

0 50 100 150 200 250 300 350 400 450 500 550 600
Altered proteins

Suppl. Figure 8. Altered protein distribution in S. cerevisiae and S. pombe. Density plot visualising the number of altered proteins upon KO

for the S. cerevisiae RBP KO screen (blue), the S. pombe genome-wide KO library (green) and the S. pombe RBP KO screen homologues

(grey).

83



4. Conclusions and future perspectives

4.1 Telomeric repeat-containing RNA origin and interacting

partners

Differences in the behaviour of TERRA molecules in H. sapiens and M. musculus were initially
observed at co-localization level. While TERRA-FISH patterns were prominently detected at
telomeres in H. sapiens, such co-localization patterns with telomeres were rarely observed in M.
musculus (De Silanes et al., 2014). Article I delved further into the investigation of TERRA
molecules’ genesis and confirmed a distinct genomic origin for M. musculus compared to H.
sapiens (Viceconte et al., 2021).

The transcription origin of TERRA molecules was investigated using a FISH approach.
We demonstrated that while TERRA-FISH intensity levels and telomere length were correlated
in H. sapiens, no such correlation existed in M. musculus. The results in H. sapiens were
consistent with previous northern blot experiments (Arnoult et al., 2012; Van Beneden et al.,
2013; Yehezkel et al., 2008) and indicates a telomeric TERRA origin. Conversely, the lack of
correlation between intensity levels and telomere length in M. musculus suggested an additional
genomic origin apart from telomeres. In this context, a previous CHIRT experiment had revealed
that the pseudoautosomal PAR locus of M. musculus embryonic stem cells (ESC) produced a
TERRA-like transcript capable of binding, in trans, to most telomeres (Chu, Froberg, et al.,
2017).

Additionally, we observed that overall TERRA transcript levels did not correlate with
telomere length in either H. sapiens or M. musculus. We suggest that in H. sapiens, only
telomere-bound TERRA molecules are detected with RNA-FISH, while other TERRA molecules
remain undetected, explaining the lack of correlation between telomere length and overall
TERRA transcript levels. This might be happening due to technical reasons, such as the
pre-extraction step of the RNA-FISH protocol, which could wash away unbound RNAs, or the
presence of G4 secondary structures forming along the TERRA (UUAGGG), repeats (Biffi et al.,
2012; Hirashima & Seimiya, 2015) hindering their recognition by the FISH probes. Meanwhile, in
M. musculus, we demonstrated that the vast majority of UAAGGG repeats originated from the

PAR locus, explaining the lack of correlation between overall TERRA transcript levels and

84


https://www.zotero.org/google-docs/?sFbt6c
https://www.zotero.org/google-docs/?hlNlpT
https://www.zotero.org/google-docs/?dPZT2N
https://www.zotero.org/google-docs/?dPZT2N
https://www.zotero.org/google-docs/?2fgeux
https://www.zotero.org/google-docs/?2fgeux
https://www.zotero.org/google-docs/?IYmkhJ
https://www.zotero.org/google-docs/?IYmkhJ

telomere length. Altogether, the RNA-FISH experiments pointed to distinct origins for TERRA
molecules in H. sapiens and M. musculus.

We further investigated the genomic origins of TERRA with a series of in silico
experiments. Hence, we searched for TERRA loci along the genome using publicly available
RNA-Seq datasets. We obtained reads mapping to the already-known Telo 18q and PAR locus
locations. The latter is located in an intronic region of the Erdr1 gene on the X/Y chromosome,
reinforcing the idea that spliced introns could be non-coding RNA precursors (Hesselberth,
2013). We also unveiled a novel TERRA locus on chromosome 2, likely located within the
3'UTR region of the Polr3k gene. Interestingly, 3’'UTR regions have been proposed as IncRNAs
templates, either as a whole or as cleaved fragments (Mayr, 2017). This locus contributes
significantly to the overall pool of TERRA molecules in some M. musculus brain tissues,
including the forebrain and the frontal lobe. A deeper analysis of the CHIRT data (Chu, Froberg,
et al.,, 2017) also reveals a TERRA-binding peak at the Pol3k locus. This peak likely
corresponds to Chr 2 TERRA molecules, suggesting that they bind where they are produced.
Finally, we revealed one last intrachromosomal source of (UUAGGG),-containing transcripts
produced at the Tsix locus, which is located within the X-inactivation centre (Xic). This was
found exclusively in M. musculus ESC. It has been shown that, in ESC, an interaction between
the PAR and Xic locus initiates the inactivation of chromosome X (Chu, Froberg, et al., 2017).
Within the same investigation, CHIRT data suggested that the Tsix locus was bound not only by
PAR-TERRA, but also by other (UUAGGG),-containing transcripts (Chu, Froberg, et al., 2017).
We thus suggest that, in M. musculus ESC, the TERRA-like (UUAGGG),-containing transcripts
produced at the Tsix locus may interact with PAR-TERRA and promote Xic::PAR pairing, which,
in turn, promotes the inactivation of the X chromosome.

Despite their distinct genomic origins, TERRA molecules seem to play similar roles in H.
sapiens and M. musculus (Bettin et al., 2019). This means that TERRA-like RNAs, transcribed
from different loci, bind to various genomic loci, including telomeres, to exert similar
functionalities. We hypothesised this might be possible because they share a pool of common
interactors. Thus, we designed a comparative MS-SILAC pull-down screen to identify
TERRA-interacting proteins in H. sapiens and M. musculus.

Overall, TERRA interactors found in both species included proteins involved in DNA
replication and repair, pre-mRNA processing, rRNA metabolism and Pol Il-dependent
transcription. These included subunits of the PRC2 complex, HNRNP proteins and the BLM
helicase. We also found several Aurora kinases, including the Aurora kinase B (Aurkb).

Interestingly, in S phase M. musculus ESC, Aurkb has been reported to recruit telomerase to
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chromosome ends through its interaction with centromeric RNAs (Mallm & Rippe, 2015). Thus,
Aurkb's proposed role is to enhance the telomerase complex activity through its interaction with
centromeric RNAs. Interestingly, a similar function has been observed in S. cerevisiae and S.
pombe, where Aurkb interacts with TERRA to activate telomerase (Cusanelli et al., 2013;
Moravec et al., 2016). Additionally, Aurkb has been reported to localise at M. musculus ESC
telomeres. There, it modulates Terf1’s affinity for telomeres, which, in turn, plays a role in
telomere integrity (Chan et al., 2017). We thus suggest that, in M. musculus, the TERRA-Aurkb
interaction might also be implicated in telomere protection by modulating shelterin proteins’
affinity for telomeres. Another group of proteins found among the TERRA interactors of both H.
sapiens and M. musculus screens includes components of the paraspeckle subnuclear bodies
and the Dazap1 RBP. In H. sapiens, the interaction between TERRA and the NONO
paraspeckle component has been reported, and it has been shown to suppress RNA:DNA
hybrid-induced telomere instability. Within the same study, the interaction between TERRA and
DAZAP1 was reported (Petti et al., 2019).

There are two groups of proteins that are unique to each screen. On one hand, several
centromeric proteins were found to be interacting with TERRA in M. musculus, which suggests a
role for TERRA in centromere assembly or stability. On the other hand, several proteins from the
exosome complex were pulled-down in the H. sapiens screen, but not in M. musculus. This
might be linked to distinct degradation machineries between species.

We also investigated differences between TERRA and PAR-TERRA interactors in M.
musculus. To do so, the results from the M. musculus TERRA pull-down screen were
overlapped with those obtained with an in vivo iDRIP (Minajigi et al., 2015) screen in ESC,
where PAR-TERRA was likely the most abundant TERRA species (Chu, Cifuentes-Rojas, et al.,
2017). The Atrx protein is missing in the TERRA pull-down screen, with respect to the iDRiP
screen. This might be related to the length of the TERRA pull-down probe. It has been shown
that, while an 83-nt long in vitro synthesised TERRA-RNA probe was efficiently shifted by Atrx in
an electrophoretic mobility shift assay, a shorter, 30-nt long probe was less efficiently shifted
(Chu, Cifuentes-Rojas, et al., 2017). Hence, the (UUAGGG); TERRA-pull-down screen probe
might not be long enough to allow an efficient interaction with Atrx. Oher missing iDRiP-screen
proteins with important roles in telomere biology, such as Rtek1, Rpa1/2, Ctc1, Stn1, or Pml
(Chu, Cifuentes-Rojas, et al., 2017), might also be missing because of the probe length.
Another plausible explanation would be that an in vitro assay such as SILAC pull-down fails to
recapitulate the chromatic context. Despite these missing proteins, there is a good overlap

between both screens. This might indicate that, whether they originate from the transcription of
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telomeres or the intrachromosomal PAR locus, the UUAGGG-rich noncoding RNA molecules
interact with the same proteins and are thus likely to exert similar functions.

The investigation presented in Article I (Viceconte et al.,, 2021) reflects how
MS-techniques are currently used for investigating interactions between proteins and
non-coding RNA species. In this case, a SILAC label-based MS screen was designed to pull
down TERRA interactors. This enabled first insights into TERRA and PAR-TERRA
functionalities. Still, future experiments will be necessary to properly address their
functionalities, both in H. sapiens and M. musculus. These might include further MS techniques,
such as the assessment of proteome changes after depletion of TERRA and/or PAR-TERRA

transcripts.

4.2 RNA binding protein network-based function assignment

Over the last decade, the number of proteins identified as RBPs has greatly increased, and
there are currently over 1.000 proteins for the model organisms H. sapiens, M. musculus, and S.
cerevisiae (Hentze et al., 2018). Despite this rapid growth, the cellular function for most of these
novel RBPs is still to be investigated. Article I focused on providing a framework for novel RBP
function assignment, relying on MS-based interactomics (Fradera-Sola et al., 2023).

We present a novel data set for 40 S. cerevisiae RBPs, which includes less
characterised proteins from recent RIC studies (Beckmann et al., 2015; Matia-Gonzalez et al.,
2015; Mitchell et al., 2013) and that spans over an mRNA life’s cycle, from its nuclear
processing to its cytoplasmic degradation. The dataset was generated using the RBPs as IP
bait and with a label-free MS quantitative interacome screen, as previously shown (Klass et al.,
2013). It resulted in two distinct groups of enriched interactors: (i) the PPI group, obtained from
RNAse-treated IPs, and (ii) the RDI group, obtained from untreated IPs. Within the RDI group,
the majority of interactors were included in the RBP census (Hentze et al., 2018), and the
proportion of RBPs was higher than in the PPI group. Thus, our approach can unravel hitherto
unknown RDIs among a large set of RBPs.

Next, we focused on RNA functionalities and investigated whether they were
overrepresented among the enriched interactors from the PPl and RDI groups. We queried
them for functional annotations in several databases, from the structural protein domain level,
using Pfam and SUPERFAMILY, to the molecular function and pathway level using GO and
KEGG, respectively.
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At the domain level, we observed a general trend of the RDI group having a larger
amount of canonical RBDs, which aligns with the higher proportion of proteins identified as
RBPs in the RDI group. Hence, the higher number of RBDs found in the RDI group might be
linked to known RBPS. Interestingly, at the molecular funcion level, both the PPl and RDI group
showed an enrichment for terms related to nucleic acid binding, particularly RNA and mRNA
binding. Still, the number of baits with overrepresented RNA-related molecular functionalities is
higher for the RDI group than for the PPI group. Despite the domain and GO molecular function
revealing an enrichment for RNA functionalities, especially for the RDI group, the overall
number of canonical RBDs is low. This indicates that RBPs lacking canonical RBDs might be
abundant among our enriched interactors and may have less-studied functions in the context of
RNA biology.

At the pathway level, we obtained, as expected, several over-represented KEGG terms
associated with known bait RBP functionality for both the PPl and RDI groups. Additionally,
even though it was not among the selection criteria for bait RBPs, we found a strong
overrepresentation of metabolic and synthesis pathways. Metabolic proteins have been
proposed to function as RNA binders without canonical RBDs (Hentze et al., 2018), which
coincides with the observed lack of RBD enrichment across all bait RBPs. Hence, our dataset
provides more evidence for the growing field of metabolic enzymes moonlighting as RBPs
(Curtis & Jeffery, 2021; Hentze & Preiss, 2010).

Overall, the RNA-centric functional analysis of the RDI and PPI groups indicates that,
despite a high number of interactors without canonical RBDs, the obtained interactors are
involved in RNA biology through their association with structural domains, molecular functions,
and pathway annotations. Hence, we suggest that functionalities for RBPs lacking annotations
could be inferred through their interaction with well-characterised RBPs. A similar concept has
been used for predicting hitherto unknown RBPs, as shown for a smaller set of baits in the
SONAR dataset (Brannan et al., 2016).

RBPs have been shown to post-transcriptionally regulate genes via their interaction with
the transcripts of the regulated genes (Corley et al., 2020; Glisovic et al., 2008). Hence, we
wanted to investigate which downstream biological processes are likely to be regulated by the
RBP baits screened in our IP-screen. To do so, we aimed to identify differentially expressed
proteins upon RBP bait KO using a quantitative label-free MS screen. This KO screen was
conducted on a subset of RBPs, composed mainly of non-essential bait RBPs included in the
interactome screen. We quantified approximately two-thirds of the expressed S. cerevisiae

proteome per KO strain (de Godoy et al., 2008) and obtained, on average, a higher number of
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differentially expressed proteins than those observed in a genome-wide KO screen performed
on S. pombe (Oztirk et al., 2022). This indicates that, on average, the RBP-KO led to more
profound expression changes. The limited overlap of these differentially expressed proteins with
the PPl and RDI sets of each respective bait RBP supports the idea that these RBPs regulate
downstream processes.

The KO screen functional analysis mostly revealed amino acid and nucleic acid
synthesis, as well as several metabolic pathways that were overrepresented. These pathways
did not overlap with the overrepresented pathways found in the RBP interactome screen. This
lack of overlap aligns with the previously observed limited overlap between the interactome and
KO screens, further indicating the regulation of downstream processes. Additionally, we
annotated the differentially expressed proteins with the manually curated protein complexes
included in the CYC2008 dataset (Pu et al., 2009). We primarily obtained dimeric complexes
covering a wide range of functionalities, some of which mirrored the overrepresented KEGG
pathways. For example, we found several metabolism-related complexes up-regulated in
dhh1-A. Similarly, mip6-A and gbp2-A had a subunit of the Pmt3p/Pmt5p metabolic complex
downregulated. We also identified deregulated complexes not captured within the KEGG
analysis. Among the down-regulated proteins in ddh1-A, there are proteins involved in mismatch
repair, aligning with emerging studies linking RBPs with DNA repair processes (Dutertre et al.,
2014; Klaric et al., 2021). Furthermore, Dhh1 has been reported to be involved in DNA repair
(Bergkessel & Reese, 2004) and to play a critical role in the G,/S phase cell cycle; its deletion
leads to sensitivity to ionising radiation (Westmoreland et al., 2003). Collectively, the KO screen
results suggest possible downstream processes regulated by the selected RPBs and could lead
to further investigations of RBPs’ roles in DNA repair and metabolism. The differentially
expressed proteins from the KO screen could guide future experimental investigations to
unravel the roles of RBPs in these pathways.

To provide novel functional annotations for the investigated RBPs, we used the PPl and
RDI groups from the interactome screen to build an extensive interaction network. In each
network, we included only bait RBPs with overrepresented KEGG pathways. This allowed us to
visualise broader functionalities and to create specific function-based subnetworks. These
subnetworks were further annotated with the protein complexes included in the CYC2008
dataset. Together, the function-based subnetworks and the complex annotation provide a
unique framework for examining cross-talk between complex members and inferring novel
RBPs’ functionalities. This concept is demonstrated in Article II for splicing, an exemplary RNA

process widely studied in S. cerevisiae (Plaschka et al., 2019). Within the PPl and RDI
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subnetworks, we found 19 complexes with more than half of their members in the networks,
including the spliceosome components. Other complexes involved in the mRNA life cycle, such
as capping, nuclear export, or degradation, were also found. For example, members of the
transcription export complex (TREX) and the THO complex, critical for the nuclear export of
mRNA (Katahira, 2012), were found to interact with six bait RPBs.

As anticipated, most of the identified complexes were subunits of the spliceosome and
previously reported interactions. For instance, 16 of the 21 members of the commitment
complex (or E complex) (Larson & Hoskins, 2017) were found within the PPI and RDI networks,
primarily in the interactions of the Sto1, Cbc2 and Snp1 bait RBPs. Sto1 and Cbc2 are capping
proteins, while Snp1 is a component of the U1 small nuclear RNP (snRNP), all of which are part
of the S. cerevisiae commitment complex (Gonatopoulos-Pournatzis & Cowling, 2014; Plaschka
et al., 2019). Another known spliceosome-associated complex with a high coverage across
many bait RBPs is the SF3a/b complex, which interacts with the U2 subunit. However, RES, the
other complex known to interact with the U2 snRNP, was exclusively found in the interactome of
its complex member and bait RBP, Ist3. Overall, this demonstrates that within the
RNA-dependent RBP interactome framework, we can isolate specific functionalities and identify
their associated known complexes.

In addition to identifying known interactions and complexes, we were also able to
unravel potential new functionalities for the selected bait RBPs. For example, complex members
of the U6 snRP, part of the larger U4/U6 x U5 tri-snRNP complex, were found to be interacting
with Lsm2 and Dhh1. While Lsm2 is a well-known complex member of the U6 snRNP, Dhh1 has
not been extensively characterised as part of the complex. Dhh1 has been shown to facilitate
decapping and inhibit translation (Sweet et al., 2012; Coller et al., 2001). It has also been shown
to interact with Lsm2 in a yeast two-hybrid study (Uetz et al., 2000) and, together with Lsm4,
has been associated with P-granules, which are, in turn, associated with the inhibition of
translation (Cary et al., 2015; Rao & Parker, 2017). Thus, we noticed that Dhh1 interactions are
limited to snRNPs that join the spliceosome complex in the later stages of splicing.

Still within the spliceosome, we found an unexpected interaction between the RES
complex subunit Ist3 and the U5 snRNP. The RES complex is known to interact with the U2
snRNP and plays a critical role in the formation of the pre-spliceosome (Wilkinson et al., 2020).
Among the diverse roles of the RES complex, no association with U5 snRNP, apart from Prp8,
has been described (Galej et al., 2013; Schneider et al., 2015). However, we identified PPIs

between Ist3 and the U5 snRNP complex members Prp8, Brr2, and Snu114 within our network
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analysis. Thus, the data suggests that there might be more interactions serving as a bridge
between the U5 snRNP and the RES complex than previously thought.

In summary, within the RBP network analysis, we identified known complexes critical to
the overall mRNA life cycle. This knowledge, combined with the identification of concurrent
binding patterns, allows us to suggest putative new roles for the studied RBPs. This is shown for
splicing with several novel interactions between RBPs and the spliceosome complexes.

The investigation presented in Article @I (Fradera-Sola et al., 2023) provides an
extensive S. cerevisiae RNA-dependent RBP interactome network. Within this network, RBPs
are categorised based on their concurrent binding patterns and functionalities. This framework
offers a unique avenue for proposing new functionalities not only for the RBPs themselves but
also for their interacting partners. The data is available at the RBP interactive network explorer

(RINE) at https://www.butterlab.org/RINE/. By granting visual and interactive access to this data,

we aim for the RINE resource to serve as an initial stepping stone for further data analysis and

comprehensive characterization of individual candidates.

4.3 MS-based proteomics to study RNA-protein interactions

This thesis has delved into the study of RNA-protein interactions using MS-based proteomics
and interactomics techniques. Thus, we have gained profound insights into the intricate
interplay between RNA molecules and proteins. MS-based proteomics and interactomics have
proven to be invaluable tools in deciphering the complexity of RNA-protein interactions. These
methods allow us to identify and characterise a plethora of RBPs, revealing their
context-specific roles in various cellular compartments and conditions. Our research, presented
in Article I (Viceconte et al., 2021) and Article I (Fradera-Sola et al., 2023), has highlighted
the critical roles that non-coding and coding RNA species, respectively, play in cellular
processes through their interaction with proteins.

To obtain a more comprehensive understanding of RBP function, integrating MS-based
proteomics with other omics technologies, such as NGS-based transcriptomics and
epigenomics, is essential. This multi-omics approach will enable researchers to analyse
RNA-protein interactions in the context of gene expression and chromatin modifications,
providing a more holistic view of post-transcriptional regulation.

Other avenues worth exploring in the field also include spatial proteomics and
single-molecule resolution techniques. With spatial proteomics, one can gain insights into the

subcellular localization of RBPs and their interacting RNA partners, offering a unique opportunity
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to unravel the spatial dynamics of RNA-protein interactions. With single-cell proteomics, one can
gain insights into the heterogeneity of interactions and unravel transient binding events.
Single-cell techniques can provide unprecedented insights into the kinetics and stoichiometry of
RNA-protein interactions, offering a deeper understanding of their functional significance.

In  summary, the exploration of RNA-protein interactions through mass
spectrometry-based proteomics and interactomics has provided a deeper understanding of the
studied cellular processes. As technology continues to advance, embracing single-molecule,
spatial, and multi-omics approaches will undoubtedly unravel novel layers of complexity in

RNA-protein networks.
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