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II. Summary

The intracellular environment is populated by hundreds of protein complexes, which are responsible
for carrying out all cellular processes. Functionality of protein complexes is achieved through the tight,
yet dynamic, regulation of each step of protein complex biogenesis, from production of stoichiometric
amounts of subunits to the degradation of faulty assembly intermediates and unassembled subunits
through the activity of protein quality control pathways.

In this thesis, we focused on the intron-binding complex, a known building block in spliceosome
biogenesis. Besides its described role in splicing, the intron-binding complex is poorly characterized and
the mechanisms behind its biogenesis and regulation are currently unknown. We observed that protein
levels of intron-binding complex subunits display co-expression patterns, and that loss of one subunit
is sufficient to trigger the collateral loss of the others. Using a combination of proteomic approaches,
we investigated the protein quality control mechanisms responsible for the targeted degradation of
unassembled intron-binding complex subunits, and identified E3 ubiquitin ligases UBR5 and TRIP12 as
potential regulators.

In addition to regulating splicing as part of the intron-binding complex (IBC), individual intron-binding
complex subunits are involved in a variety of biological processes. Informed by the knowledge that the
levels of the subunits are interconnected as the result of the quality control mechanisms targeting the
intron-binding complex, we set out to compare the cellular responses to the loss of three intron-binding
complex subunits. By investigating similarities in the global proteomic alterations upon depletion of
each subunit, we were able to define a core cellular response to the loss of the intron-binding complex.
Features of this core response are irreparable DNA damage, p53 activation and cell cycle arrest. By
complementing these phenotypes with specific signatures in our proteomic datasets, we concluded that
loss of the intron-binding complex leads to cellular senescence.

To gain insight into the senescence phenotype, we looked into the mechanisms responsible for the
observed genomic instability. Investigation of the interplay between double-strand break formation and
nascent transcription revealed that loss of intron-binding complex subunit AQR causes transcription-
associated genomic instability. In addition, general loss of intron-binding complex subunits causes
increased levels of three-stranded nucleic acid structures known as R-loops: as formation of R-loops
is a direct function of transcription, and their accumulation is a known source of genomic instability,
we propose that R-loop-dependent DNA damage is another feature of the response to intron-binding
complex loss.

Ultimately, this work underlies the importance of taking into account aspects of protein complex
regulation when interpreting phenotypes arising from the loss of individual subunits.






III. Zusammenfassung

Die intrazellulire Umgebung wird von Hunderten von Proteinkomplexen bevoélkert, die fiir die
Durchfiihrung jeglicher zelluliren Prozesse verantwortlich sind. Um die korrekte Funktionalitat
eines Komplexes zu gewahrleisten, bedarf es einer strikten aber dynamischen Regulation der
Proteinkomplexbiogenese. Diese Regulation umfasst unter anderem die Produktion stochiometrischer
Mengen von Untereinheiten und die Beseitigung fehlerhafter Zwischenprodukte oder tiberschiissiger
Untereinheiten durch Protein-Qualitdtskontrollmechanismen. In dieser Arbeit konzentrierten wir
uns auf den intron-binding complex (IBC), einen bekannten Baustein der Spleifdosomen-Biogenese.
Abgesehen von seiner beschriebenen Rolle beim Spleifien ist der intron-binding complex nur
unzureichend charakterisiert und die Mechanismen hinter seiner Biogenese und Regulierung sind
derzeit unbekannt. Wir konnten beobachten, dass die Proteinkonzentrationen der Untereinheiten
des intron-binding complex Koexpressionsmuster aufweisen und dass der Verlust einer Untereinheit
ausreicht, um den kollateralen Verlust der anderen auszulosen. Mit einer Kombination aus
proteomischen Ansatzen untersuchten wir die Mechanismen der Protein-Qualitatskontrolle, die fiir den
gezielten Abbau iiberschiissiger Untereinheiten des intron-binding complex verantwortlich sind und
identifizierten die E3-Ubiquitin-Ligasen UBR5 und TRIP12 als potenzielle Regulatoren.

Die einzelnen Untereinheiten des intron-binding complex haben auch abseits des Spleifdens
wichtige Funktionen fiir eine Vielzahl biologischer Prozesse. Ausgehend von dem Wissen, dass
Qualitatskontrollmechanismen stochiometrische Verhéltnisse der Untereinheiten gewdahrleisten, haben
wir uns vorgenommen, die zellularen Reaktionen auf den Verlust drei verschiedener IBC-Untereinheiten
zu vergleichen. Durch die Untersuchung der proteomischen Veranderungen nach Verlust der einzelnen
Untereinheiten, waren wir in der Lage, eine allgemeine zelluldre Reaktion auf den Verlust des intron-
binding complex zu definieren. Die zentralen Merkmale dieser Reaktion sind irreparable DNA-Schaden,
p53-Aktivierung und Zellzyklus-Arrest. Indem wir diese Phanotypen mit spezifischen Signaturen aus
unseren proteomischen Datensatzen erginzten, kamen wir zu dem Schluss, dass der Verlust des intron-
binding complex zu zelluldrer Seneszenz fiihrt.

Um einen Einblick in den Seneszenz-Phanotyp zu erhalten, untersuchten wir die Mechanismen, die fiir
die beobachtete genomische Instabilitdt verantwortlich sind. Die Untersuchung des Zusammenhangs
zwischen der Bildung von Doppelstrangbriichen und aktiver Transkription ergab, dass der Verlust der
IBC-Untereinheit AQR eine mit der Transkription verbundene genomische Instabilitdt verursacht. Des
Weiteren konnten wir auf Verlust von allen drei untersuchten IBC-Untereinheiten hin eine Anhdufung
von dreistrangigen Nukleinsdurestrukturen, sogenannten R-loops, beobachten. Da die Bildung von
R-Loops eine direkte Funktion der Transkription ist und ihre Akkumulation eine bekannte Quelle
genomischer Instabilitit darstellt, nehmen wir an, dass die beobachtete genomische Instabilitat auf
durch R-loops verursachte Doppelstrangbriiche zurtickzufiihren ist.

Letztlich unterstreicht diese Arbeit, wie wichtig es ist, bei der Interpretation von Phanotypen, die sich

aus dem Verlust einzelner Untereinheiten ergeben, dessen Funktion und Regulierung als Teil eines
Komplexes zu berticksichtigen.
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Introduction

1. Introduction

1.1 Regulation of protein complexes

The majority of proteins in the cell carry out their function as part of multiprotein complexes. In its
easiest iteration, a protein complex can be homomeric, or formed by multiple copies of the same subunit.
Around 45% of eukaryotic proteins can form homomeric complexes, indicating a strong propensity
for proteins to self-assemble [1]. On the other hand, stable protein-protein interactions between
polypeptide chains of different origin occurs in heteromeric complexes. The number of known existing
protein complexes has steadily increased throughout the years, thanks both to intensive experimental
efforts and to the systematization of prior and novel knowledge in open-access databases, such as
CORUM 3.0, BioPlex, and the human reference interactome, HuRI [2], [3], [4], [5], [6], [7]- The general
consensus from these studies is that, in eukaryotes, most protein complexes tend to be heteromeric.

The existence of heteromeric complexes poses some organizational challenges to the cell. For a complex
to be functional, it requires timely assembly (and, later, disassembly). The identity and proportion of
every subunit has to be controlled, in order to achieve correct stoichiometry. In addition, unassembled
subunits need to be rapidly removed, to avoid deleterious consequences deriving from wrong
interactions, misfolding or stoichiometric imbalances.

1.1.1 Assembly - a multi-step strategy to protein complex building

If single subunits of a protein complex had to find and interact with each other in the crowded
intracellular environment, the chances of a protein complex to assemble in a biologically relevant
timeframe would be extremely low. Indeed, numerous studies have shown that the assembly of both
homomeric and heteromeric complexes occurs in an ordered and often evolutionary conserved
fashion, which leads to the formation of different, energetically favorable assembly intermediates [1],
[8], [9], [10]. The same logic applies to the disassembly of protein complexes. Multistep assembly was
described for complexes ranging from homomers to large molecular machines, such as the spliceosome,
the nuclear pore complex, and the 26S proteasome [11], [12], [13], [14]. Overall, the presence of parallel
assembly pathways allows for efficient formation of multisubunit complexes.

The path to complex assembly begins at the ribosome, where nascent polypeptides are synthetized.
Stability of the nascent polypeptide chain is dependent on the acquisition of a three-dimensional native
conformation, which typically reduces the propensity of the protein to misfold or aggregate. Studies
dating as far back as the 1960s have described protein folding as a co-translational process, which,
depending on the physico-chemical properties of the amino acids forming the polypeptide chain,
can start already in the ribosome tunnel [15], [16], [17]. Co-translational folding can be facilitated by
ribosome-associated chaperone systems, such as the nascent polypeptide-associated complex (NAC),
the ribosome-associated complex (RAC), prefoldin (PFD) and the TCP1 ring complex (TRiC) [18], [19],
[20]. The concerted action of different families of chaperones prevents the formation of non-specific
interactions during translation and maturation.

As mentioned before, assembly of multisubunit complexes requires a high level of coordination. To

13



Introduction

an extent, this is achieved through the coupling of assembly and translation, in a process known as
co-translational assembly [21], [22], [23]. In co-translational assembly, interactions between subunits
of a protein complex can occur between nascent polypeptide chains emerging from the same mRNA
(in-cis) or from different mRNAs (in-trans) (Figure 1A) [24]. In-cis co-translational assembly is typical
of homomeric complexes, such as transcription factors working as homodimers [25]: one example
is tumor suppressor p53, which first dimerizes co-translationally and subsequently assembles post-
translationally in a homotetramer [26]. Heteromeric complexes can instead rely on in-trans co-
translational assembly; in this case, the most common scenario involves a fully translated subunit
interacting with the nascent polypeptide of a different subunit. Recent studies revealed an even more
complex picture: for example, it was shown that multiple mature subunits are able to engage with the
same emerging polypeptide at the same time [27]. Physical proximity of newly translated and nascent
subunits from the same complex can be facilitated by compartmentalization of their respective mRNAs
prior to translation, observed for example in the case mRNAs encoding for glycolytic enzymes, subunits
of ion channels or proteasomal subunits [28], [29], [30]. In addition, other features of the encoding
mRNA, such as length, codon usage and secondary structure, generally affects translation and, as a
result, the rate of co-translational assembly of protein complexes [21]. Overall, in-trans mechanisms
were shown to regulate the assembly of a number of multiprotein complexes, ranging from nuclear
transcription complexes TFIID, SAGA and TREX-2, to the nuclear pore [31], [32], [33], [34], [35]-

A B
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d) Protein A o Pn;ei" B [Co-translational assembly)

ORI [\
O Sl
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Figure 1. Modes and benefits of co-translational assembly

A) Representation of in-cis and in-trans mechanisms of co-translational assembly. In-cis assembly involves homomers,
whilst in-trans assembly can occur between homomers or heteromers (adapted from Natan et al., 2017). B) Schematic
of benefits of co-translational assembly (adapted from Khan & Fox, 2023).

The advantages of co-translational assembly are manifold (Figure 1B). First, engaging a nascent
polypeptide in interactions with the correct binding partner reduces the likelihood of non-specific
interactions, thus increasing the probability of producing a functional complex. Interestingly, N-terminal
interfaces of protein complex subunits show a significant tendency to be larger than C-terminal interfaces
and often harbor protein-protein interaction domains, which could favor the immediate binding of
the nascent protein to the mature subunit [32], [36]. In addition to avoiding unwanted interactions,
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immediate assembly can stabilize nascent proteins; in this scenario, the mature subunit would play a
chaperon-like role, thus protecting nascent chains from premature misfolding and aggregation [32],
[33], [37]. From the structural point of view, the unfolded state of a nascent polypeptide (or partially
folded, if we consider the possibility of co-translational folding) can promote interactions between
surfaces that would become sterically inaccessible upon folding, as seen in the case of ezrin and ezrin
binding protein 50 (EBP50) [38].

As previously mentioned, complex assembly usually occurs through the formation of intermediate sub-
complexes. In line with this, co-translational mechanisms can contribute to this multi-step process by
coordinating the formation of such sub-complexes, which later interact post-translationally to form the
mature complex. Among post-translational mechanisms of protein complex assembly, it is important to
mention the role of chaperones. In addition to promoting folding, chaperones can protect subunits from
degradation, often binding client proteins until the interaction is displaced by the correct interacting
subunit. Chaperone-associated assembly is particularly important for bigger assemblies, such as the
proteasome [39]. Therefore, the combination of co-translational and post-translational interactions
orchestrates the assembly step, allowing the production of functional protein complexes.

1.1.2 Stoichiometry - regulating the levels of protein complex components
Assembly and function of heteromeric complexes relies on the presence of correct amounts of the
individual monomers, which ideally are proportional to their stoichiometric coefficients. In bacteria,
subunits of the same complex are often encoded by genes in the same operon, allowing for coordinated
expression [40]. As operons are absent in eukaryotes, stoichiometric abundance of protein complex
subunits is achieved through regulatory mechanisms acting at the level of gene expression, mRNA
stability, protein synthesis and protein degradation (Figure 2A).

The general consensus is that, for subunits of protein complexes, co-expression is mainly achieved
through regulation of post-transcriptional steps, rather than transcription itself. However, it is worth
mentioning that genes encoding for subunits of stable protein complexes are found closer to each
other on the genome than expected by chance, which could be an indication of transcriptional co-
regulation [41]. After transcription, determinants of mRNA stability and localization could play a
role in coordinating final expression levels. For example, the 5’ end of mRNAs encoding for ribosomal
proteins contain terminal oligo-pyrimidine tracts (5'TOP), which allow their translation to be repressed
and de-repressed in concert [42]. Importantly, regulation at the mRNA level is tightly connected with
regulation of the following step of translation.

Systematic studies employing ribosome profiling to investigate rates of protein synthesis in bacteria
and yeast revealed that the synthesis of most protein complex subunits is proportional to their
stoichiometry [43], [44]. Similar observations have been made in mammalian cells for complexes such
as the ribosome and the proteasome [45], [46]. Importantly, it is likely that proportional synthesis
applies mainly to obligate subunits, which are only stable when part of a complex. On the other hand,
accessory and transiently associating subunits, or proteins with moonlighting functions that can
be found in multiple complexes, are not necessarily expected to be stoichiometrically abundant. The
limiting factor in the rate of protein synthesis is mRNA abundance, which is in turn affected by gene
copy-number. However, high mRNA abundance does not always equate to an increase in translation or
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Figure 2. Regulation of protein complex assembly

Schematics displaying the multi-level organization behind the production of functional protein complexes. A) Coherent
expression of subunits of the same complex is achieved through the regulation of transcription, translation and protein
maturation. B) If this system in disrupted, for example by gene amplification events that cause overproduction of
mRNA encoding for one subunit, different buffering mechanisms can intervene: post-transcriptional buffering inhibits
the translation step, through increased mRNA decay or reduced elongation rate. On the other hand, post-translational
buffering affects the stability of the maturing proteins, which are targeted to degradation as a result of reduced co- or
post-translational assembly.

to elevated protein levels. For most genes, protein levels only modestly correlate with mRNA levels, and
this is all the more evident in the case of protein complex subunits [47].

The maintenance of coherent protein expression levels between subunits of the same complex is
observed even in extreme scenarios, such as the gain or loss of chromosomes in aneuploid cells: this
highlights that a fraction of the proteome is very robust against dramatic alterations in gene dosage and
mRNA abundance [44], [48], [49], [50], [51], [52], [53], [54], [55]. Such robustness is achieved through
post-transcriptional and post-translational buffering mechanisms (Figure 2B). Post-transcriptional
buffering acts at the level of translation. Interestingly, these mechanisms were found to act by
modulating elongation rates, rather than constituting a negative feedback loop on translation initiation
[44]. Codon usage, tRNA abundance and RNA modifications are some of the factors involved in this
regulation [56][57]. Considering that protein complexes can assemble co-translationally, it is safe to
speculate that post-transcriptional buffering could affect the levels of a subunit by interfering with its
integration in a complex.

Despite some known examples of post-transcriptional buffering, evidence suggests that the bulk of the
buffering occurs post-translationally through protein degradation pathways [57], [58]. For the majority
of proteins, degradation at the steady-state is an exponential decay process [59]. However, it was
observed that a fraction of newly synthetized proteins undergoes rapid degradation by the proteasome
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immediately after synthesis [60]. Indeed, studies have shown that the degradation rate for a subset of
proteins follows a non-exponential kinetic: in this case, proteins are either immediately degraded after
synthesis, or are stabilized (and are later exponentially degraded) [61]. Non-exponentially degraded
(NED) proteins included components of heteromeric protein complexes such as the proteasome or the
ribosome; additionally, many NED proteins, such as ribosomal proteins, were found to be produced in
super-stoichiometric quantities. This is in line with previous reports, and again substantiates the notion
that complex formation stabilizes its subunits [62]. The mechanism by which a protein complex is stable,
while its unassembled subunits are destabilized, is also known as cooperative stability. Regulation by
cooperative stability has some clear benefits, such as allowing for the maintenance of high complex/
monomer ratio, which is advantageous in the context of complex stoichiometry regulation [63]. Notably,
the success of such a regulatory strategy relies on the existence of mechanisms that can sense and
timely remove unassembled subunits and misassembled complexes.

1.1.3 “Orphan” subunits - removal of unassembled subunits by the ubiquitin-
proteasome system

As previously mentioned, selective removal of unassembled subunits, also known as “orphan” subunits,
is a key aspect of protein complex regulation. The bulk of this removal is carried out by the ubiquitin-
proteasome system (UPS). Substrate degradation by the UPS is mediated by the concerted action of
different enzymes, which attach and remove ubiquitin molecules from target proteins (Figure 3A). In the
first step of this cascade, ubiquitin is activated through hydrolysis of adenosine triphosphate (ATP) by
an E1 ubiquitin-activating enzyme; this is followed by the covalent attachment of the activated ubiquitin
monomer to a catalytically active cysteine residue of an E2 ubiquitin conjugating enzyme. In the last step,
the ubiquitin-bound E2 enzyme interacts with an E3 ubiquitin ligase, and ubiquitin is transferred to the
acceptor lysine residue of a substrate protein with formation of an iso-peptide bond between its carboxyl

A
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Figure 3. The ubiquitin cascade

A) Schematic representation of the ubiquitin cascade. Ubiquitin is first activated by a ubiquitin-activating enzyme (E1)
through ATP hydrolysis, then covalently conjugated onto ubiquitin-conjugating enzyme (E2), and lastly attached to the
substrate with the help of an E3 ligase. The removal of ubiquitin is mediated through deubiquitination enzymes (DUBs;
not shown). B) Schematic representation of different ubiquitin modifications. Substrates can be modified with a single
ubiquitin molecule on one or more acceptor sites, referred to as monoubiquitylation or multi-monoubiquitylation.
Alternatively, ubiquitin monomers can be joined to each other to form different types of chains. In homotypic chains
the same acceptor site of ubiquitin is used throughout the chain (e.g., K48-linked chains). Heterotypic chains contain
multiple types of linkages (in yellow and orange) and are classified as either mixed or branched. In mixed chains, each
ubiquitin monomer is modified once; on the other hand, branched chains contain at least one ubiquitin monomer (in
red) linked to multiple ubiquitin molecules (adapted from French et al., 2021)

terminus and the epsilon-amino group (e-NH2) of lysine or, in case of linear ubiquitylation, a peptide
bond with the C-terminal methionine [64]. E3 ubiquitin ligases can be divided into three families, the
RING (really interesting new gene) ligases, the HECT (homologous to the E6AP carboxyl terminus) and
the RBR (RING-between-RING) ligases [65].

Depending on the type of E3 ubiquitin ligase involved, ubiquitin is first transferred to the E3 enzyme
and then to the substrate; this is the case for HECT and the RBR ligases. As ubiquitin monomers can
themselves be modified with ubiquitin, this allows the formation of polyubiquitin chains (Figure 3B) [66].
More specifically, ubiquitin contains seven lysine residues that can accept other ubiquitin molecules: K6,
K11, K27, K29, K33, K48 and K63. The trimming of ubiquitin chains is mediated by deubiquitinating
enzymes, or DUBs; this action modulates the stability of the substrate, as well as replenishing the
pool of free ubiquitin molecules. The most extensively studied function of ubiquitin chains is to target
substrates to degradation by the 26S proteasome; however, not all ubiquitin chains act as signals for
proteolysis. A key factor in determining the fate of the substrate is linkage, that is which lysine residue on
the ubiquitin monomer accepts the new ubiquitin molecule [67]. Ubiquitin chains can consist of one or
multiple linkage types (homotypic and heterotypic chains); in addition, depending on whether ubiquitin
is modified on one or multiple lysine residues, a chain can be mixed or branched. Usually, roughly half
of the ubiquitin chains in unchallenged cells contain K48 linkages, alone or in combination with other
and less abundant linkages [68]. K48-linked ubiquitin chains, as well as K11/K48, K29/K48 and K48/
K63 heterotypic branched chains, are responsible for targeting substrates for degradation [68], [69],
[70], [71]. The human genome encodes for more than 600 E3 ubiquitin ligases [72]; for many of these
enzymes, substrate specificity can be determined by the presence of stretches of aminoacids in the
sequence of the target protein, which therefore act as degradation signals. These sequences, known as
degrons, are typically found at the N-terminus or C-terminus of a protein: for this reasons, proteolytic
pathways involving the recognition of degron sequences are known as N-degron and C-degron pathways
[73]. In a broader interpretation, any sequence motif that can destabilize a protein could be considered a
degron, independently of its localization.

The process that takes care of degrading unassembled subunits is termed orphan quality control.
Depending on the protein in question, degradation can occur through different mechanisms [74], [75],
[76]. For some proteins, misfolding is the driving cause of degradation. As the interaction with partner
subunits is often required for proper folding, absence of this interaction can lead to aberrant conformation
and exposure of hydrophobic portions of the polypeptidic chain, which act as degradation signals
[77]. A similar strategy is observed in the case of mislocalized proteins: for example, the hydrophobic
transmembrane domains of membrane proteins are recognized in the cytosol by a surveillance complex
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containing, among other proteins, chaperone BAG6, and targeted to degradation [78], [79]. These
similarities reflect a more general overlap between quality control pathways for misfolded orphan
proteins and mislocalized proteins.

Notably, failure in targeting a protein to the correct cellular compartment can be a source of orphan
subunits in itself. Newly synthetized ribosomal subunits, for example, are trafficked from the cytosol to
the nucleolus, where ribosomes assemble. As the binding to ribosomal RNA is a main stabilizing factor,
the subunits that do not reach the nucleolus are extremely unstable, and rapidly degraded by E3 ubiquitin
ligase Tom1/HUWE1 and/or E2/E3 ubiquitin ligase UBE20 [62], [80], [81], [82]. Interestingly, it was
found that HUWE1 binds orphan ribosomal subunits at sites that would normally mediate interaction
with ribosomal RNA: this provides a mechanism through which the E3 ubiquitin ligase would target for
degradation only unassembled subunits, while sparing the ones that are part of the ribosome.

Fully folded, unassembled subunits can be destabilized and targeted to degradation through the
exposure of degron signals that would otherwise be buried inside the complex (Figure 4A and B). A
good example is the removal of N-terminally acetylated orphan subunits. Around 80% of eukaryotic
proteins have their N-terminus co-translationally modified with an acetyl group [83], [84]; among other
functions, N-terminal acetylation constitutes a degradation signal, which is recognized by a branch of
the N-degron pathway known as the Ac/N-degron pathway [85]. As interactions in a protein complex
often form between the acetylated N-termini of its subunits, the assembly itself leads to shielding the
degron sequences, thus protecting the subunits from degradation [86]. However, this is not the case for
unassembled subunits, which are therefore rapidly degraded. As a result, this type of regulation allows
monitoring of the assembly state of a complex, as well as maintaining its stoichiometry.

In summary, the production and maintenance of a functional protein complex is a challenging task,
requiring the concerted action of regulatory mechanisms and protein quality control pathways. The
importance of this multi-level organization becomes all the more clear when some of these mechanisms go
awry. Reduced translation fidelity and a decline in proteostasis are typically observed in aged organisms,
leading to pervasive protein aggregation and often profound proteomic alterations [87], [88], [89], [90].
As aresult, the homeostasis of protein complexes is also altered: this can cause changes in the composition
and overall abundance of specific complexes, such as the proteasome or the nuclear pore complex. as well
as the unchallenged production of superstoichiometric quantities of subunits [87], [91], [92], [93]. The
general inability of the system to cope with overabundance and misfolding of subunits can in turn fuel
the formation of toxic protein aggregates, which is a feature of numerous neurodegenerative and age-
associated diseases [88], [94]. Regulation (and misregulation) of protein complexes homeostasis also has
important implications in the context of cancer. Ryan and colleagues showed that numerous subunits of
protein complexes are hemizygously deleted in breast cancer [95]; interestingly, proteins belonging to
the same complexes as the mutated subunits also displayed reduced levels, although not accompanied
by alterations in copy-number or mRNA level. This collateral loss phenomenon is the consequence of the
activity of post-transcriptional or post-translational buffering mechanisms, which respond to the absence
of one subunit by bringing down the overall levels of the complex. Overall, these findings underlie the
importance of taking into account the behavior of protein complexes when interpreting phenotypes
arising from the loss of individual subunits, in both physiological and pathological contexts.
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Figure 4. Elimination of unassembled protein complex subunits

Schematics showing the fate of assembled versus unassembled subunits of protein complexes. A) Stoichiometrically
produced subunits engage in a complex by co-translational assembly or chaperone-assisted assembly, and are stabilized
as a result. B) Excess subunits can undergo misfolding or expose degron sequences: in both cases, E3 ubiquitin ligases
polyubiquitinate the unassembled subunits and target them to proteasomal degradation.

1.2 The intron-binding complex (IBC)

The intron-binding complex, IBC (for simplicity, this acronym will be used throughout this thesis),
is a protein complex with a theoretical mass of 384 kDa composed by one single copy of each of five
subunits: AQR (Aquarius, also known as intron-binding spliceosomal factor 160), XAB2 (XPA binding
protein 2, also known as hSyf1), ISY1 (Isyl splicing factor homolog, or hlsy1), PPIE (Peptidylprolyl
isomerase E, also known as CypE or Cyp33) and ZNF830 (Zinc finger protein 830, also known as
CCDC16). The complex was characterized in 2015, first by co-fractionation experiments of proteins
co-immunoprecipitating with endogenous AQR, and secondly by purification of the full complex [96].
However, the idea of a stable interactions being established between these proteins predates this study.
Studies had already proven the existence of a multimeric complex, named XAB2 complex, involving
the five subunits and the protein PRP19, a spliceosome-associated protein [97]. PRP19 itself and its
associated complex, the PRP19-associated complex in humans or NineTeen Complex (NTC) in yeast,
have been thoroughly investigated in relation to their fundamental role in spliceosome activation [98],
[99]. IBC subunits Syfl and Isy1l have been described as subunits of S. cerevisiae NTC complex [100],
[101]; in addition, all IBC subunits associate with the human PRP19 complex, with the exception of
ZNF830. The formal characterization of the IBC in 2015 came with important findings that shed light
on the nature of the complex. A key finding is that AQR is efficiently integrated in the spliceosome only
as part of the IBC: this suggests that the IBC formation is an event preceding the integration of the
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single subunits in the spliceosome, making it a pre-formed spliceosomal building block. The molecular
mechanisms behind IBC formation and the following integration in the pre-catalytic B spliceosome
(B2 are currently not known. Once delivered to the spliceosome, AQR plays a fundamental role in the
remodeling events necessary to the catalytic activation of the spliceosome (or Bact to B* transition).
Notably, integration in the spliceosome of an IBC carrying an ATPase-dead AQR mutant (K829A) caused
stalling of spliceosomes after BACt formation; on the other hand, integration of an helicase-dead AQR
mutant (Y1196A) did not cause a similar phenotype, suggesting that only the ATPase activity is required
for the catalytic activation (although it could be necessary in other steps of the splicing cycle) [96],
[102]. Taken together, these results highlight a crucial role for AQR in splicing in metazoans, and more
broadly for correct IBC assembly and timely integration in the spliceosome.

1.2.1 Aquarius intron-binding spliceosomal factor (AQR)

AQR (also known as intron-binding protein 160, IBP160) is a 160 kDa protein, the largest of the IBC
subunits. [t is conserved from yeast to human, with the exception of S. cerevisiae where no homolog was
found. The crystal structure of AQR was resolved in 2015 and provided great insight into the protein’s
domain architecture and associated functions (Figure 5) [96]. The C-terminus of the protein harbours
two RecA-like domains, named RecA1 and RecA2, responsible for the helicase activity of AQR; based on
sequence motifs in these domains, AQR was classified as a member of the SF1 superfamily, and more
specifically of the Upfl-like family [103]. This sets AQR apart from all other spliceosomal helicases,
which all belong to the SF2 family. In vitro assays showed that these domains confer 3'-to-5" RNA-
unwinding activity, which is dependent on ATP hydrolysis. The “SF1 core” extends outside the RecA-
like domains to include more structural components, the “stalk” and a 3-barrel domain, which mediate
interactions with IBC subunits. The N-terminal part of the protein is occupied by a domain which is
found uniquely in AQR among all helicases, the ARM domain (aminoacids 1-416). The key feature of
this domain is a structural motif called Armadillo (ARM) repeat; these are highly conserved sequences
of 50 aminoacids, phylogenetically related to HEAT repeats and known to mediate protein-protein
interactions [104]. The prototype ARM repeat protein is the Armadillo protein of D. melanogaster, and
its human homolog 3-catenin. ARM repeats are usually present in multiple tandem copies: from the
structural point of view, this allows neighboring ARM repeats, each one consisting of three a-helices,
to organize into a single domain, which adopts a superhelical or solenoid-like conformation [105]. AQR
contains only five ARM repeats, plus additional a-helices which cannot be formally classified as repeats.

B-barrel Pointer

ARM Rec:lAA RecA2

AQR

1 416 1001 1140 1475 1485

Figure 5. Schematic representation of human AQR

Schematics displaying AQR domain organization (N-terminus to C-terminus). Numbers indicate amino acid positions.
The B-barrel domain extends from aminoacid 493 to 661, the stalk encompasses aminoacids 416-492 and 660-710, the
thumb domain extends from aminoacid 681 to 804, the pointer domain extends from aminoacid 881 to 1034 (adapted
from De et al., 2015).
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This domain mediates interactions both within AQR and with other binding partners, including IBC
subunit ISY1 and spliceosomal core protein SF3B1.

Interestingly, studies showed that AQR binds to introns -33 to —40 nucleotides upstream of the intron
branch site and in a sequence-independent manner [106]. The determinants targeting AQR to this
position are not known, but it is likely that ARM domain-mediated interactions play a role. Finally,
as previously mentioned, lack of the ARM domain completely inhibits IBC formation in vitro, further
strengthening AQR role as a scaffolding protein.

The involvement of AQR in mRNA processing is not limited to splicing. Reports showed that AQR acts
as a bridge between the spliceosome and the exon-junction complex (E]JC), a multiprotein complex
controlling the fate of spliced mRNAs through its regulation of mRNA export and localization, nonsense-
mediated mRNA decay (NMD) and translation [107], [108]. Strikingly, AQR loss in HeLa cells was
sufficient to impair EJC assembly on ligated exons, causing a downstream NMD arrest [109]. On a similar
note, loss of AQR or of EJC factors were both sufficient to cause the leakage of unspliced transcripts from
nucleus to cytoplasm in C. elegans, suggesting AQR is part of a surveillance mechanism orchestrating
the export of properly spliced RNAs [110]. In addition to this global role as an E]JC-associated factor,
AQR is required for the maturation and assembly of specific type of small nucleolar ribonucleoproteins
(snoRNP), namely box C/D snoRNPs [106]. As in the case of all RNPs, snoRNPs consist of an RNA
component, a small nucleolar RNA (snoRNA), and associated proteins; as snoRNA genes for the most
part lack independent promoters (at least in mammalian cells), they are encoded within the introns of
host genes and are with them co-transcribed [111], [112]. AQR was found to assist with the folding of
box C/D snoRNAs, an event required for the association with core snoRNP proteins. Once in complex
with their protein partners, snoRNAs guide post-trascriptional modifications of precursor rRNAs, such
as 2'-0-methylation in the case of boxC/D snoRNPs, which ultimately affect ribosome biogenesis and
translation [113], [114]. Interestingly, a recent study nominated AQR as a factor involved in the synthesis
of the 40s ribosomal subunit, suggesting a role in the early steps of ribosome biogenesis [115].

Last but not least, in recent years AQR emerged as a potential player in the regulation of R-loops, three-
stranded nucleic acid structures that form co-transcriptionally [116], [117] . AQR depletion was seen
to cause a spontaneous genomic instability in mammalian cells which could be partially rescued by
overexpression of ribonuclease H1 (RNaseH1), a nuclease able to cleave the RNA:DNA moiety of
R-loops [118]. This first observation was followed by the finding that AQR depletion leads to increased
R-loop levels, which are cleared by factors of the transcription-coupled nucleotide excision repair
(TC-NER) pathway causing R-loop-dependent genomic instability [119]. A second study observed
a similar phenotype and speculated a role for AQR in mediating homology recombination at R-loop-
dependent double-strand breaks (DSBs), albeit not deciphering the molecular mechanisms behind
these observations [120]. AQR was also found to be proximal to R-loops in R-loop-proximal proteome
previously published by our lab [121], again strengthening its implication in the homeostasis of these
structures. This said, the answer to how AQR regulates R-loop levels remains elusive. The most obvious
way AQR could oppose R-loops accumulation is through its helicasic activity. In vitro assays showed
that AQR is indeed able to unwind double-stranded RNA [96], but nor its binding or unwinding activity
towards RNA:DNA hybrids or R-loop substrates has been tested. Notably, members of the same SF1
helicase family UPF1 and Senataxin (SETX) can unwind R-loops and RNA-DNA hybrids with a 5’ to
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3" polarity [122], [123], [124]. It is therefore reasonable to speculate that AQR could have a similar
activity. However, it is equally possible that AQR impact on R-loop levels is not dependent on its
ability to unwind the structures directly, but is rather the consequence of the misregulation of the
pathways AQR is involved in. Indeed, AQR was the RNA binding protein (RBP) whose depletion
caused the highest number of alternative splicing events (13,000 identified events) among 356
human RBPs analyzed in a recent study by Van Nostrand and colleagues [125], which might cause
substantial alterations in transcription and R-loop formation.

1.2.2 XPA binding protein 2 (XAB2)
XAB2 is a nuclear protein of roughly 100 kDa conserved between higher and lower eukaryotes. The
structure of XAB2 encompasses 14 HAT repeats (Half A TPR, or tetratricopeptide), degenerate repeats

of 34 aminoacids known to mediate protein-protein interactions and often found in scaffolding proteins
(Figure 6) [126], [127].

As hinted by its name, human XAB2 was initially characterized as an interactor of XPA, a factor central
to both transcription-coupled and global genome nucleotide excision repair (TC-NER and GG-NER
respectively). Interaction with TCR-specific factors CSA and CSB and with RNA polymerase II further
implicated XAB2 in TC-NER, although later reports showed that these interactions are most likely
transient and context-specific, and that a stable complex between these proteins is not formed [97],
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Figure 6. Schematic representation of human XAB2

Schematics displaying XAB2 domain organization (N-terminus to C-terminus). Numbers indicate amino acid positions.
HAT repeats are localized as follows: HAT 1 aa 15-47, HAT 2 aa 48-80, HAT 3 aa 90-122, HAT 4 aa 124-158, HAT 5 aa
160-192, HAT 6 aa 198-230, HAT 7 aa 235-268, HAT 8 aa 270-305, HAT 9 aa 369-407, HAT 10 aa 498-530, HAT 11 aa
532-566, HAT 12 aa 571-605, HAT 13 aa 643-677, HAT 14 aa 679-713.

[128]. XAB2 involvement in DNA repair pathways extends to the homologous recombination (HR)
pathway, where XAB2 regulates the end resection step [129], [130]. XAB2 homologs in yeast, respectively
Cwf3 and Syfl in S. pombe and S. cerevisiae, are both spliceosome-associated protein and subunits of the
NineTeen Complex [131], [132]. Human XAB2, however, was linked to pre-mRNA splicing only later,
when studies showed the existence of a XAB2 complex involving PRP19, AQR, and other subunits of
what later will be called intron-binding complex [133]. Additionally, proteomic characterization of
purified human spliceosomes at different stages of the splicing cycle revealed XAB2 is present in the
B [134], Bact [135], [136], [137], C [138] and C* complex [139]. As most splicing-associated proteins,
XAB2 can regulate transcription; most notably, XAB2 loss was found to alter splicing of POLR2A pre-
mRNA, leading to loss of the protein, global decrease in transcription and senescence in HeLa cells
[140]. Last but not least, XAB2 recently emerged as factor favoring R-loop processing, in virtue of its
ability to interact with TC-NER factors XPG and XPF and recruit them to RNA:DNA hybrids [141].
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1.2.3 ISY1 splicing factor homolog (ISY1)

ISY1 is a small nuclear protein homolog of the non-essential Isylp protein in yeast. With a molecular
weight of 33kDa, it harbors no notable feature or annotated domain (Figure 8A). In S. cerevisiae, Isy1p
was first identified as a component of the NineTeen Complex and studied for its role in controlling
splicing fidelity [142], [143]. In more recent years, additional splicing-unrelated functions for ISY1
have emerged. ISY1 was found to assist CPSF3 (Cleavage and polyadenylation specificity factor subunit
3) in the maturation of a novel miRNA biogenesis intermediate named progenitor miRNA (pro-
miRNA) in ESCs [144]. By mediating this post-transcriptional regulatory step for miRNA expression
and the downstream changes in gene expression, ISY1 can program ESCs to a specific state of poised
pluripotency, which is required for ESC transition from naive to primed state [145]. These findings
suggest an important role for ISY1 in cell differentiation, warranting further investigation.

A third role for ISY1 emerged in the field of DNA repair, as a regulator of the base excision repair pathway
(BER). Here ISY1 was found to form a complex with the DNA-(apurinic or apyrimidinic site) endonuclease
APEX1, promoting the binding to and 5’-3’ endonucleolytic cleavage of abasic DNA lesions by APEX1,
and therefore protecting cells from oxidative stress [146]. These observations open up opportunities to
study the role of ISY1 in fields ranging from tumor biology, where high expression of APEX1 is a hallmark
of neoplasia, to aging, which usually comes with a decrease in APEX1 tissue levels [147], [148].

1.2.4 Peptidylprolyl isomerase E (PPIE)

PPIE is a nuclear protein belonging to the family of cyclophilins, a group of ubiquitous proteins highly
conserved throughout evolution and equipped with peptidyl-prolyl cis-trans isomerase (PPlase) activity.
Briefly, peptidyl-prolyl isomerization is the process by which the cis peptide bond that can naturally
occur between a proline residue and the preceding aminoacid (peptidyl-prolyl bonds) isomerizes in
the lower energy trans state. Most peptide bonds exist in the trans state, which is the favored state for
de novo folding and refolding of proteins; however, the spontaneous isomerization of peptidyl-prolyl
bonds is a slow process, which can prove to be rate-limiting for protein folding [149]. By catalyzing
proline isomerization, proteins with PPlase activity can therefore facilitate this process in vivo (Figure
7A) [149], [150], [151]. The structure of PPIE comprises a C-terminal Cyp domain, responsible for
the PPlase activity, and an N-terminal RNA recognition motif (RRM) domain that mediates binding
to AU-rich mRNAs (Figure 7B) [152], [153]. Interestingly, recent studies have demonstrated that the
binding interface with RNA extends outside the RRM domain and into the Cyp domain, thus causing
RNA binding to regulate the isomerase activity of the protein, as well as the interaction with other
proteins [154]. Most studies on PPIE revolve around its physical interaction with the mixed lineage
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Figure 7. Schematic representation of human PPIE

A) Peptidyl-prolyl cis-trans isomerization reaction catalyzed by PPIE (adapted from RHEA:16237). B) Schematics
displaying PPIE domain organization (N-terminus to C-terminus). Numbers indicate amino acid positions.
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leukemia protein 1 (MLL1, also known as KMT2A), a histone methyltransferase and transcriptional
regulator that is actively repressed by PPIE binding and isomerase activity, and whose misregulation
drives leukemogenesis [155]. Despite the important efforts in dissecting the molecular details of PPIE-
mediated MLL1 regulation, other possible roles for PPIE, for example in splicing and mRNA processing,
remain understudied.

1.2.5 Zinc finger protein 830 (ZNF830)

ZNF830, also known as CCDC16 or OMCG1, is a nuclear 42 kDa protein harboring an N-terminal C2H2-
type zinc finger domain and a structural coiled-coil domain at its C-terminus (Figure 8B). This protein
is conserved from H. sapiens to D. melanogaster, but it has no known homolog in yeast, and was mostly
characterized in mouse models, where it was shown to be essential for embryonic development [156].
In recent years, putative roles for ZNF830 have been suggested in several biological processes, ranging
from cell cycle regulation as a mitosis regulator to maintenance of genomic stability as homology
recombination-associated factor [157], [158], [159]. Similarly to other IBC subunits, ZNF830 was
identified as a subunit of the human spliceosome; however, the mechanisms by which it participates in
pre-mRNA splicing are currently unknown.
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Figure 8. Schematic representation of human ISY1 and ZNF830

Schematics displaying ISY1 (A) and ZNF830 (B) domain organization (N-terminus to C-terminus). Numbers indicate
amino acid positions.

1.3 Aim of this study

The intron-binding complex, IBC, is a pentameric complex and a building block in spliceosome biogenesis.
As with any other protein complex, the assembly and function of the IBC requires the production of
stoichiometric amounts of its subunits, as well as the rapid clearance of unassembled components. To
this day, the quality control mechanisms responsible for this regulation are unknown. In this thesis,
we set out to investigate how the IBC is regulated, both at the steady state and upon challenging the
integrity of the complex by removing one of its subunits. By applying different mass spectrometry-based
proteomics approaches, we plan to identify and characterize potential players in the quality control
pathways for the IBC, with particular emphasis on the role of the ubiquitin-proteasome system.

In addition, we will look downstream the formation of the IBC and investigate how cells react to the
loss of the complex. By using a combination of “omics” approaches, we will outline similarities and
differences in the phenotypes arising from the depletion of three IBC subunits. This will allow us to
define and functionally characterize the key features of the cellular response to the loss of the IBC.
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2. Results

2.1 Regulation of the intron-binding complex

To gain insight into IBC regulation, we investigated whether IBC subunits are the target of post-
translational mechanisms responsible for maintaining coherent levels of all components through
elimination of excess subunits. We then used quantitative proteomics to unveil the interactome and
proximal proteome of IBC subunit AQR and discover potential regulators of the complex. This allowed us
to nominate E3 ubiquitin ligases UBR5 and TRIP12 as potential regulators of the stability of IBC subunits.

2.1.1 Steady-state levels of IBC subunits follow co-expression patterns

The IBC is a pentameric protein complex and a putative spliceosome building block [96], [102]. IBC
formation is thought to occur before the integration in the spliceosome; in this scenario, it is likely that
the IBC is the target of dedicated quality control mechanisms, regulating its assembly and ensuring
its functionality before its association with the spliceosome. Such mechanisms would also ensure the
production of stoichiometric amounts of IBC subunits, as well the rapid removal of excess subunits.

To gain insight into how the intron complex is regulated, we fxirst investigated whether steady-state
protein levels of IBC subunits display co-expression patterns, which is commonly observed between
subunits of the same complex [95]. To this aim, we looked at the steady-state levels of IBC subunits
across human cancer cell lines in the Cancer Cell Line Encyclopedia (CCLE). The unperturbed proteome
of 375 cancer cell lines in the CCLE was profiled by Nusinow and colleagues [160]. From this dataset,
we first extracted protein levels of AQR, XAB2, ISY1, PPIE and ZNF830 and tested for data normality and
homoscedasticity. The levels of all subunits across all cancer cell lines were normally distributed, with
the exception of PPIE (Shapiro-Wilk test, p-value = 0.05), and no significant difference was observed
between the mean expression of the five subunits (Kruskal-Wallis test) (Figure 9A). Visually, expression
levels of ISY1, PPIE and ZNF830 appeared to have a larger spread than the ones of AQR and XAB2;
indeed, testing the different populations for equality of variances with Fligner-Killeen’s test confirmed
that expression levels of ISY1, PPIE and ZNF830 showed a higher variability. On the other hand, AQR
and XAB2 expression levels had a more similar distribution, which could indicate a closer relationship
or a similar regulation (Figure 9A). We went on to look more closely at the relationship between the
single subunits. Pairwise Pearson correlation coefficients (PCC) calculated for every possible pair of
IBC subunits across the whole dataset of 375 cancer cell lines revealed some clear trends (Figure 9B):
the highest positive correlation was observed between subunits AQR and XAB2 (r = 0.94), followed by
protein pairs ISY1-ZNF830 (r = 0.783), ISY1-PPIE (r = 0.702) and PPIE-ZNF830 (r = 0.697). On the other
hand, we observed little to no correlation between the remaining protein pairs (AQR/XAB2-1SY1/PPIE/
ZNF830). To check how the correlation between IBC subunits levels differed in a cancer cell line-specific
way, we grouped the 375 cancer cell lines according to their lineage. To ensure PCC computation, only
lineages with at least 3 cell lines were considered for this analysis. As expected the above-mentioned
protein pairs (AQR-XAB2, ISY1-PPIE, ISY1-ZNF830 and PPIE-ZNF830) maintained their high positive
correlation throughout all the 18 examined lineages (Figure 9C). Consistent with this observation,
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Figure 9. Steady-state protein levels of IBC subunits follow co-expression patterns

A) Violin plot of distribution of IBC subunits protein levels across cell lines in CCLE. Asterisks show the statistical
significance of the Fligner-Killeen’s test for equal variances (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). B) Heatmap
of pairwise Pearson correlation coefficients calculated for protein levels of each pair of IBC subunits across all cell lines
in CCLE. C and D) Cell lines in CCLE were grouped by lineage and pairwise Pearson correlation coefficients for protein
or RNA levels of each pair of IBC subunits were calculated and visualized in a heatmap. Hierarchical clustering using
Ward’s method and Euclidean distance was performed on both columns and rows.

hierarchical clustering showed that these protein pairs cluster together and away from the remaining
pairs. For the remaining protein pairs the PCC varied in a lineage-dependent way, most likely reflecting
differences in the biology of the individual cancer lineages.

To assess if this correlation was present also at the mRNA level, we extracted publicly available mRNA
expression levels of the five proteins from the same set of cell lines and, using the approach described
above, computed the pairwise PCC between each possible pair of subunits [161]. Unlike what we
observed at the protein level, the correlation coefficients for mRNA were variable across all lineages and
subunits pairs, not mirroring what we observed at the protein level (Figure 9D). This is in line with the
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general observation that levels of protein complex subunits cannot be predicted from mRNA expression
or gene copy-number, as the final abundance of each component is mostly determined through co-
and post-translational mechanisms [47], [95]. Taken together, this data shows that IBC subunits show
specific co-expression patterns suggesting the existence of two subgroups of subunits, one including
AQR and XAB2, and a second one composed of ISY1, PPIE and ZNF830. These two subgroups could
reflect different steps of complex biogenesis, and be target of separate quality control mechanisms.

2.1.2 Collateral loss of IBC subunits is observed upon IBC subunit depletion

Studies have shown that the loss of a subunit of a protein complex can trigger a reduction in the levels
of other members of the same complex [95], [162]. Considering the high correlation observed between
levels of IBC subunits, we went on to check if this collateral loss mechanism affects IBC subunits. We used
a siRNA-mediated approach to deplete three IBC subunits AQR, XAB2 and ISY in the osteosarcoma cell
line U20S and monitored protein levels after 48h (Figure 104, upper left). Two single siRNA sequences
for each target protein were tested and showed similar effects in terms of depletion of their respective
target; all the experiments shown here were carried out with one siRNA sequence (siAQR#1, siXAB2#2
and silSY1#4) unless stated otherwise. In addition to the depletion of each target protein, western blot
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Figure 10. Collateral loss of IBC subunits is observed upon IBC subunit depletion

A) Western blot analysis of IBC subunits levels in AQR, XAB2 or ISY1-depleted U20S, HCT116, RPE-1 and HEK293T cells.
Levels were monitored after 48h of knock-down. B) Quantification of AQR, XAB2 or ISY1 levels upon depletion of IBC
subunits in U20S, HCT116, RPE-1 and HEK293T cell lines (n=3 or 4). Protein levels were normalized on endogenous
[-Actin levels and represented as log2 fold-change over siCTRL. Bar plots show mean and SD. Statistical significance was
calculated with one-way ANOVA with Tukey’s post hoc test for multiple comparisons (*P<0.05, **P<0.01, ***P<0.001,
*#**P<0.0001). C) Western blot analysis of PRP19 levels in AQR, XAB2 or ISY1-depleted RPE-1 and HEK293T.

analysis showed that each knock-down caused a significant reduction in protein levels of the other IBC
subunits (Figure 104, upper left). We checked if this phenotype was conserved across different cell
lines by depleting AQR, XAB2 or ISY1 in another cancer cell line, HCT116, and in two non-transformed
cell lines, RPE-1 and HEK293T (Figure 10A). We observed similar effects across all tested cell lines,
with some variability. Specifically, we observed XAB2 levels to be more resistant to the fluctuations
in levels of the other subunits. Conversely, AQR levels were more sensitive to the knock-down of other
subunits across all tested cells lines (Figure 10B). In the spliceosome, IBC subunits establish dynamic
interactions with a large number of proteins, including the E3 ubiquitin ligase PRP19 and subunits of the
homonymous PRP19 complex. Interestingly, we found that PRP19 levels were not affected by any of the
knock-downs (Figure 10 C), suggesting that the collateral loss is restricted to IBC subunits.

2.1.3 The collateral loss of IBC subunits is resistant to inhibition of protein
degradation pathways

Quality control of protein complexes heavily relies on post-translational regulation to remove
unassembled subunits or faulty assembly intermediates. In general, post-translational regulation of
protein levels involves the activation of the two main protein degradation pathways, the ubiquitin-
proteasome system (UPS) and autophagy. To assess the role of these pathways in regulating the stability
of IBC subunits, we monitored protein levels in CTRL and AQR-depleted U20S cells upon inhibition
of the proteasome or of autophagy by western blot analysis (Figure 11A and B). Inhibition of the
chymotrypsin-like activity of the 26S proteasome by treatment with MG132 in a time-course from Oh to
6h caused the expected accumulation of ubiquitinated proteins, as seen by blotting for total ubiquitin
[163]. Furthermore, we observed increased level of transcription factor c-MYC, which is tightly regulated
by the ubiquitin-proteasome system and was used as positive control [164]. To inhibit autophagy, cells
were treated with Bafilomycin A1l (BafA) for 4h. This chemical targets the vacuolar-type H+ -ATPase
(V-ATPase) and inhibits the acidification of lysosomes, which is needed for activation of degradative
enzymes such as cathepsins [165]. Additionally, BafA hinders the maturation of autophagosomes to
autolysosomes [166]. To assess the efficacy of BafA treatment we monitored the levels of the lipidated
form of MAP1LC3 (also known as LC3B-II), whose accumulation is marker for autophagy inhibition
[167], [168], [169]. As expected, we observed a significant BafA-induced increase in LC3B-II levels,
consistent with reduced turnover of the protein. As an additional control, we probed for the autophagy
receptor SQSTM1 (also known as p62), whose levels are expected to increase as a result of inhibition of
the autophagic flux [170]. In our case, the increase of p62 levels was mild and not statistically significant
in both control cells and AQR-depleted cells. Interestingly, levels of p62 were significantly reduced in
absence of AQR. Overall, we concluded that the both treatments worked in the expected way.

Consistent with our previous results, siRNA-mediated depletion of AQR caused the collateral loss of
XAB2 and ISY1. We observed a similar trend for the levels of another subunit, PPIE, but changes were
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Figure 11. Collateral loss of IBC subunits is resistant to inhibition of protein degradation pathway

A) Western blot analysis of levels of indicated proteins in CTRL or AQR-depleted U20S cells. Cells were treated with
10uM MG132 or 200nM Bafilomycin A for the indicated time-points. Levels were monitored after 48h of knock-down.
Arrow indicates the correct band for MAP1LC3B. B) Quantification of levels of indicated proteins in CTRL or AQR-
depleted U20S cells (n=3). Protein levels were normalized on endogenous (3-Actin levels and represented as fold-change
over siCTRL. Bar plots show mean and SD. Statistical significance was calculated with one-way ANOVA with Tukey’s
post hoc test for multiple comparisons (¥*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). C) Western blot analysis of
levels of indicated proteins in U20S cells treated with 100pg/mL CHX or 10uM MG132 for the indicated time-points.
D) Quantification of levels of indicated proteins normalized on endogenous B-Actin levels and represented as fold-
change over the Oh time-point. Statistical significance was calculated with one-way ANOVA with Tukey’s post hoc test
for multiple comparisons (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). Error bars represent the standard deviation.
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not statistically significant. When comparing treated and untreated cells, we observed that the levels
of IBC subunits in CTRL KD cells were not affected by MG132 or BafA treatment (Figure 114, lanes
1-5). Surprisingly, neither proteasome nor autophagy inhibition could rescue the levels of IBC subunits
(Figure 11A, lanes 6-10). We observed a similar outcome upon proteasomal inhibition with the drug
Bortezomib, as well as upon depletion of a different IBC subunit (Appendix, Figure 30A and B). Lastly, a
side-by-side comparison of our lysis protocol with high salt RIPA buffer with a denaturing lysis protocol
using 8M urea gave comparable results, indicating that IBC subunits are not present in the insoluble
fraction (Appendix, Figure 30C). The inability of our treatments to influence steady-state levels or
rescue the collateral loss phenotype could have both biological and technical reasons.

For example, it is possible that IBC subunits are long-lived proteins, and therefore the length of the
MG132 and BafA treatments was too short to observe visible changes in their steady-state levels. To test
this hypothesis, we assessed the stability of IBC subunits by inhibiting the elongation step of translation
in a cyclohexamide (CHX) chase assay (Figure 11C and D) [171]. Wild-type U20S cells were treated
with CHX at time-points from Oh to 8h, and levels of IBC subunits were monitored by western blot.
Interestingly, levels of AQR, XAB2, ISY1 and PPIE remained mostly stable throughout the length of
the time-course. Conversely, levels of a protein with short half-life such as c-MYC dropped drastically
after 2h inhibition of protein synthesis. In line with previous observations, co-treatment with MG132
rescued c-MYC levels but did not affect the ones of IBC subunits. A study by McShane and colleagues
investigating the kinetics of protein degradation categorized AQR, XAB2 and PPIE as exponentially
degraded proteins, with their abundance slowly decreasing over the course of an 8h pulse-chase
experiment [61]. Given the similarity of our results, we concluded that IBC subunits are stable proteins
that undergo exponential degradation. As mentioned before, this could partially explain the unchanged
protein levels upon inhibition of protein degradation pathways. However, at the moment we cannot
explain the inability in rescuing the collateral loss of IBC subunits.

To sum up, we have shown that IBC dynamics display features consistent with the regulation of a
multiprotein complex, such as co-expression patterns and collateral loss phenotype. Some outstanding
questions remain, for example which post-translational mechanisms are responsible for these
phenomena. Additional work and different strategies are needed to answer these questions: for
example, identifying the interactors of the IBC could give us a clue as to how the complex is regulated.

2.2 Proteomic strategies for the identification of intron-binding
complex regulators

2.2.1 Generation of a system for combined interactomics and proximity
proteomics of endogenous AQR

In order to gain further insight into the mechanisms behind IBC dynamics, we focused on the

identification of potential regulators of the complex by mapping the AQR interactome and proximal

proteome in a combined approach. For this we employed a genetically modified cell line,

previously generated in our lab using a tailored CRISPR/Cas9-based knock-in workflow to C-

terminally tag the endogenous AQR locus in U20S cells with an APEX2-3xFLAG cassette. The 3xFLAG
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peptide was used to probe the direct interactors of AQR by affinity purification and MS (AP-MS); on
the other hand, the engineered ascorbate peroxidase APEX2 allowed for identification of AQR proximal
proteins in vivo by proximity-dependent biotinylation coupled with mass spectrometry (PDB-MS)
(Figure 12). C-terminal tagging was favored over N-terminal based on the previously described role
of the N-terminal ARM domain in mediating protein-protein interactions [96], as well as on the lower
amount of post-translational modifications annotated at the C-terminus (as seen in PhosphoSite Plus
[172]). After transfection with the Cas9-RNP complex and antibiotic selection, single cell clones were
screened based on FLAG expression, biotinylation activity of APEX2 and subcellular localization by
high-content microscopy.
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Figure 12. Workflow of generation of the AQR-APEX2-3xFLAG cell line and applications in proteomics
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2.2.2 Endogenous proximal proteome identifies known and novel potential
interactors of AQR
To identify the AQR proximal proteome, we first treated AQR-APEX2-3xFLAG cells with biotin-phenol
and induced biotinylation by treating with H202 for 2 minutes. Western blot analysis confirmed
efficient biotinylation, which was specifically induced by the H202 pulse with minor background
in untreated cells (Figure 13A). Due to the covalent bond between biotin and acceptor proteins, the
protocol allows for harsh lysis conditions to extract nuclear and chromatin-bound proteins. Biotinylated
proteins were enriched via streptavidin pulldown and analyzed by liquid chromatography (LC)-tandem
mass spectrometry (MS/MS). Stable isotope labelling with amino acids in cell culture (SILAC) was
used to differentiate between proteins that were specifically biotinylated upon H202 treatment from
endogenously biotinylated proteins (Figure 13B). We performed the experiment in three replicates
which showed good reproducibility (r > 0.85 across all replicates), and quantified 2502, 2550 and
2380 proteins respectively (Figures 13C and D). After applying cut-offs for statistical significance
(fold-change = 3; FDR < 0.01; proteins quantified in at least n=2 replicates) we obtained a total of 921
proteins enriched in AQR proximity with high confidence (760 proteins were quantified across all
three replicates). As AQR is a component of the spliceosome, we reasoned that other spliceosome-
associated proteins should be preferentially enriched in AQR proximity. Accordingly, we found a four-
fold enrichment of spliceosomal proteins compared to all other non-spliceosomal proteins in our
dataset (Figure 13E). A recent study defined the existence and composition of the BAQR complex, a
transitional state of the spliceosome occurring during the step of catalytic activation [102]. Accordingly,
we could identify 17 out of the 20 subunits listed as key components of the BAQR complex in our
dataset, including all the IBC subunits with the exception of ZNF830, which was not measured in
this experiment (Figure 13F). Functional enrichment analysis showed that AQR-proximal proteins
are primarily nuclear and chromatin-bound proteins, often belonging to protein complexes involved
in co-transcriptional processes and chromatin remodeling (Figure 13G). In addition to the expected
transcription and splicing-related GO terms, we found an enrichment of proteins associated to the GO
term -“Ubiquitin-like protein transferase activity”. In our dataset, we identified 37 proteins associated
to this term, encompassing one E2 conjugating enzyme, 25 E3 ubiquitin ligases, 5 E3 SUMO ligases, and
the NEDD8-activating enzyme E1 catalytic subunit UBA3. Further evaluation of our dataset revealed
additional members of the ubiquitin system as potential AQR-proximal proteins. Among these, we
identified 8 deubiquitinating enzymes and the E1 ubiquitin activating enzyme UBA1 and UBA6 (Figure
14A). Overall, this approached allowed the identification of potential novel AQR interactors, some of
which might play a role in IBC regulation.

Figure 13. Endogenous proximal proteome identifies known and novel potential interactors of AQR

A) Western blot analysis of H202-induced biotinylation in the AQR-APEX2-3XFLAG cell line. Cells were treated with biotin-
phenol for 2h and with H202 for 2 minutes. Biotinylated proteins were detected with Streptavidin-HRP. B) Workflow of
the SILAC-based endogenous proximal proteome of AQR. C) Pearson correlation coefficients across three replicates of
the AQR proximal proteome. D) Quantified proteins in three replicates of the AQR proximal proteome. E) Density plot of
fold-change distribution of all proteins quantified in the AQR proximal proteome or of spliceosome-associated proteins
only. Dashed lines indicate the median of the distributions. F) Volcano plot of the AQR proximal proteome. Dashed lines
indicate cut-offs for statistical significance (fold-change = 3; FDR < 0.01). G) Functional enrichment analysis performed
with ClusterProfiler showing the enriched GO terms (FDR < 0.05) for AQR-proximal proteins.
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Figure 14. Ubiquitin-proteasome system-associated hits in AQR endogenous proximal proteome

A) Bar plots showing the mean and SD of log2 (non-MQ normalized) SILAC ratios for H202-treated versus untreated cells
for different groups of enzymes associated to the ubiquitin-proteasome system. All proteins pass an FDR cutoff of 0.01.

2.2.3 E3 ubiquitin ligases are direct interactors of AQR

As previously described, the AQR-APEX2-3xFLAG cell line allowed us not only to enrich for proteins
proximal to AQR, but also to probe for AQR direct interactors. To this aim, we performed a FLAG pull-
down and quantified co-immunoprecipitating proteins by LC-MS/MS. SILAC was employed to obtain
quantitative information on enriched proteins (Figure 15A). We performed two separate experiments
with four replicates each, including two SILAC label switches to account for label-specific effects. After
application of quality filters, we quantified more than 1500 proteins across all replicates (Figure 15B).
As expected, IBC subunits consistently co- immunoprecipitated with AQR (Figure 15C). After applying
cut-offs (fold-change = 1.5; p-value < 0.05; proteins quantified in at least n=4 replicates) we obtained a
total of 128 AQR interactors (Figure 15D). To investigate the biological processes associated with our
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Figure 15. AQR-3xFLAG AP-MS successfully enriches endogenous AQR interactors

A) Workflow of the SILAC-based AQR-3xFLAG AP-MS. B) Quantified proteins in two experiments (four replicates each
experiment) of the AQR-3xFLAG AP-MS. C) Scatterplot of two replicates of the AQR-3xFLAG AP-MS. Axis show the log2
fold-change of SILAC ratios (AQR-3xFLAG cells over parental WT cells). Dashed lines indicate fold-change cut-offs (fold-
change 21.5). D) STRING analysis and Cytoscape visualization of significant hits in the AQR-3xFLAG AP-MS (fold-change
> 1.5; p-value < 0.05). E) Functional enrichment analysis performed with ClusterProfiler showing the enriched GO terms
(FDR =< 0.05) for AQR-3xFLAG interactors.
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hits, we performed functional enrichment analysis for the 128 significantly enriched proteins against all
the proteins quantified in our dataset. As expected, GO term analysis showed enrichment for splicing-
associated terms such as “ U2-type catalytic step 2 spliceosome” and “Prp19 complex”, matching the
array of spliceosomal proteins with which AQR is known to interact with (Figure 15E). In line with
the proximal proteome, we found enrichment of chromatin remodeling complexes in our dataset:
specifically, we identified 5 members of the SWI/SNF complex, namely SMARCA2, SMARCA4, ARID2,
PBRM1 and SMARCC2. To identify potential upstream regulators of the complex stability, we inspected
our dataset for proteins known to function in the ubiquitin-proteasome system. Interestingly, E3 ligases
TRIP12 and UBR4, and the E3 SUMO-protein ligase RANBP2 passed the significance cut-offs for high-
confidence AQR interactors. Together with our previous results, this could hint at a role for these
proteins in regulating the stability of IBC subunits.

2.2.4 Integration of AQR interactome and proximal proteome nominates
potential IBC regulators

The overlap of our interactome and proximal proteome datasets showed that 45% of interactors were
also identified in the AQR proximal proteome (Figure 16A). To evaluate the similarity of the biological
processes in which AQR interactors and proximal proteins might be involved in, we compared the results
of the functional enrichment analysis of both datasets. Of note, functional enrichment analysis of the
AQR proximal proteome yielded a significantly higher number of enriched terms than the interactome
dataset. This can be explained by the fact that the number of quantified proteins in the AQR proximal
proteome is 7.2 times higher than the number of bona fide AQR interactors. We found enrichment of
27 and 391 GO terms across all ontologies for AQR AP-MS and PDB-MS datasets respectively. Similarly,
AQR interactors and proximal proteins associated to 5 and 22 KEGG pathways respectively. Despite
the difference in the total number of GO terms, the shared terms between the two dataset indicated a
similar signature: in addition to the expected splicing-associated terms, such as “U2-type spliceosomal
complex” and “Prp19 complex”, we found an enrichment of proteins belonging to “nucleolus” and
“SWI/SNF complex”. In line with this, the top three enriched KEGG pathways of AQR interactome,
“Spliceosome”, “ATP-dependent chromatin remodeling” and “Ribosome biogenesis in eukaryotes”, were
shared with the AQR proximal proteome (Figure 16B). In agreement with the functional enrichment
analysis, the overlap between the two datasets encompassed IBC subunits XAB2, ISY1 and PPIE, as
well as components of the Bact and BAQR complex, SF3B3, CWC22, BCAS2, SRRM2, CDC40 and CRNKL1
(Figure 16C). Consistent with the potential role of AQR as a factor involved in the early steps of ribosomal
biogenesis, a number of shared interactors mapped to the “nucleolus” ontology [115]. Lastly, subunits
of the SWI/SNF complex SMARCA2, SMARCA4, SMARCC2 and PBRM1 appeared in both datasets. When
looking at potential regulators of AQR stability, we found that the E3 ubiquitin ligase TRIP12 and the
E3 SUMO-protein ligase RANBP2 were present in both datasets. Previous studies have shown a role
for TRIP12 in targeting for degradation unbound subunits of protein complexes: examples include
BAF complex subunit BAF57, neddylation E1 enzyme subunit APP-BP1, and transcription factor ARF
when not in complex with nucleophosmin and TRADD [173], [174], [175], [176], [177]. This knowledge
prompted us to look into TRIP12 as a possible candidate for IBC regulation.
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Figure 16. Integration of AQR interactome and proximal proteome nominates potential IBC regulators

A) Venn Diagram showing the overlap between significant hits in the AQR PDB-MS (fold-change = 3; FDR < 0.01) and
the AQR-3xFLAG AP-MS.(fold-change = 1.5; p-value < 0.05) datasets. B) Heatmap of enriched KEGG pathways (FDR <
0.05) from functional enrichment analysis of the AQR proximal proteome or the AQR interactome with Clusterprofiler.
C) STRING analysis and Cytoscape visualization of the overlap between the AQR proximal proteome and the AQR

interactome.

39



Results

2.2.5 TRIP12 interacts with IBC subunits

To investigate the possible role of TRIP12 in regulating the stability of IBC subunits, we first set out to
confirm the interaction between AQR and TRIP12. To this aim, we immunoprecipitated endogenous
TRIP12 in U20S cells and identified co-immunoprecipitated proteins by SDS-PAGE and western
blot analysis (IP-WB). To achieve a more efficient extraction of chromatin-bound proteins, the NaCl
concentration in the lysis buffer was increased up to 450mM, and then brought back down to the
original 150mM for the immunoprecipitation and washes steps. The IP-WB approach confirmed the
interaction between endogenous TRIP12 and the IBC subunits AQR and XAB2; on the other hand, we
did not detect co-immunoprecipitation of ISY1 and PPIE with TRIP12 (Figure 17A). We independently
confirmed the interaction between TRIP12 and XAB2 by performing an endogenous XAB2 IP-WB in
U20S cells (Figure 17B). Taken together, these results indicate that TRIP12 might play a role in IBC
regulation by acting directly on either AQR, XAB2, or both.
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Figure 17. TRIP12 interacts with IBC subunits
A) IP-Western blot of endogenous TRIP12. B) IP-Western blot of endogenous XAB2.

In some instances, TRIP12 requires the cooperation with other E3 ubiquitin ligases to efficiently target
substrates to degradation. For example, TRIP12 homolog in S. cerevisiae, Ufd4, interacts and cooperates
with the RING-type Ubrl E3 ubiquitin ligase in the degradation of Arg/N-end rule substrates [85]. In
humans, four E3 ubiquitin ligases, also known as UBR box-containing E3 ligases, participate in the N-end
rule pathway, namely UBR1, UBR2, UBR4 and UBR5 [178]. Of these proteins, UBR5 and UBR2 appeared
enriched in proximity of AQR; additionally, UBR4 was significantly enriched in the AQR interactome
and was identified in the AQR proximal proteome, showing a strong trend toward enrichment albeit
not meeting our criteria for statistical significance. Notably, functional interaction between TRIP12 and
UBRS5 has been previously observed, for example in the context of the regulation of RNF168 levels at
double-strand breaks [179]. Taken together, these findings prompted us to test whether TRIP12 and
UBR box-containing E3 ligases cooperate in controlling the levels and stability of IBC subunits.
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2.2.6 UBRS5 knock-out opposes loss of IBC subunits

To assess the role of UBR box-containing E3 ligases in regulating levels of IBC subunits, we decided to
first focus on UBR5, and took advantage of an RPE-1 UBR5 knock-out cell line previously
generated in our lab. Thorough characterization of two independent clones from this cell line at the
genomic, transcriptomic and proteomic levels was carried out previously and will not be
presented here (unpublished data). Consistent with our previous results, siRNA-mediated
depletion of AQR in parental wild-type RPE-1 cells led to loss of XAB2 and ISY1 (Figure 18A, lane
3). Strikingly, levels of XAB2 and ISY1 remained unaffected by AQR depletion in two independent
UBRS5 knock-out clones, suggesting that absence of UBR5 abolishes the collateral loss of IBC subunits
(Figure 18A, lane 5). We repeated the same experiment upon depletion of either XAB2 or ISY1
(Figure 18B and C): interestingly, we observed different outcomes according to the subunit we
monitored. We found that absence of UBR5 opposed the loss of AQR in both XAB2 and ISY1-depleted
cells. However, this did not apply to XAB2 or ISY1, which underwent a reduction in protein levels
similar to the one observed in wild-type cells (Figure 18B, central and lower panels, right). In other
words, absence of UBR5 was not always sufficient to block the collateral loss of IBC subunits. This
suggests a subunit-dependent regulation, in which UBRS is possibly only one of multiple players.

Considering the potential interplay between UBR5 and TRIP12, we monitored the effect of TRIP12
depletion on the levels of IBC subunits in wild type RPE-1 or UBR5 knock-out RPE-1 cells. Depletion
of TRIP12 in wild-type cells led to a mild increase in the levels of AQR and XAB2 (Figure 184, B and C,
lane 2); on the other hand, we did not observe any additive effect when depleting TRIP12 in UBR5 KO
cells (lane 7). In general, TRIP12 depletion did not rescue the levels of IBC subunits as efficiently as
the knock-out of UBR5; this could be explained by insufficient depletion of TRIP12, up-regulation of
different isoforms, or a less crucial role of TRIP12 in targeting the subunits to degradation. In line with
these results, a preliminary experiment aimed at studying the proteome-wide changes in ubiquitination
caused by 48h siRNA-mediated depletion of TRIP12 did not reveal any significantly changing
ubiquitination site on IBC subunits (data not shown). TRIP12 in known to modify substrates with K29-
linked ubiquitin chains, and to participate in the formation of K29/K48-linked branched ubiquitin
chains [180], [181]. Strikingly, we found that depletion of TRIP12 caused a statistically significant,
proteome-wide decrease of K29-linked ubiquitylation, suggesting that loss of TRIP12 has the potential
of causing a global change in the architecture of ubiquitin chains (Figure 18E). Notably, K29-linked
ubiquitin chains often do not constitute a strong enough signal to induce substrate degradation, and
it is therefore possible that blocking formation of these linkages by TRIP12 depletion would not lead
to the substantial stabilization of its substrates. However, in this case TRIP12 could either boost the
degradation signal laid by UBRS5, or provide UBR5 with a pre-formed ubiquitin chain for addition of
K48-linked monomers. Finally, we observed a clear reduction in the levels of UBR5 upon AQR and XAB2
knock-down, as well as mild increase of UBR5 levels in response to TRIP12 depletion (Figure 18D).
Levels of TRIP12 also seemed reduced upon knock-down of IBC subunits, although the appearance of
multiple bands complicates the interpretation of our western blot results. To our knowledge, UBR5 and
TRIP12 have not been shown to regulate each other’s levels, thus warranting further investigation.

Overall, we obtained very promising results implicating UBR5 and TRIP12 in IBC regulation. Based
on interaction data, we propose that these two E3 ligases specifically target a subset of subunits to
degradation, namely AQR and XAB2; this leaves room for investigating the mechanisms responsible for
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Figure 18. UBR5 knock-out opposes the loss of IBC subunits

A, B and C) Western blot analysis of IBC subunits levels in upon single or co-depletion of AQR and TRIP12 (A), XAB2
and TRIP12 (B), or ISY1 and TRIP12 (C) in WT and UBR5 KO RPE-1 cells. Quantification of AQR, XAB2 and ISY1
levels from the respective Western blot experiments (n=3) is shown on the right. Protein levels were normalized on
endogenous (-Actin levels and represented as log2 fold-change over siCTRL. Statistical significance was calculated
with unpaired t-test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). Bar plots show mean and SD. D) Quantification of
UBRS5 levels from the respective Western blot experiments (n=3) is shown on the right. Protein levels were normalized
on endogenous B-Actin levels and represented as log2 fold-change over siCTRL. Statistical significance was calculated
with unpaired t-test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). Bar plots show mean and SD. E) Quantification of
ubiquitin linkage-specific peptides upon 48h depletion of TRIP12 in U20S cells. The bar plot shows the mean and SD of
log2 SILAC ratios of ubiquitin linkage-specific peptides from three replicates.
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regulating levels of the remaining subunits. We are currently working on characterizing the E3 ligase-
substrate relationship involving UBR5/TRIP12 and AQR/XAB2. An outstanding question is which type
ubiquitin of chains are built on these substrates: we plan to address this by using a combination of
biochemical assays to gain insight into the linkage and topology of the chains. Ultimately, we hope
that characterizing these mechanisms will lead to a broader understanding of the importance of IBC
regulation in physiological and pathological contexts.

2.3 Cellular responses to the loss of intron-binding complex subunits

In addition to ensuring faithful splicing, a variety of cellular functions has been reported for different
IBC subunits, ranging from roles in DNA repair pathways, miRNA biogenesis and R-loop regulation.
However, studies that characterized IBC-depleted cells did not acknowledge that these proteins are
functionally related as components of the same protein complex, and that their levels are interconnected
as a result of IBC-related quality control mechanisms. In this Results section, we try to provide a more
comprehensive picture of the cellular response to the loss of IBC subunits. First, we describe the global
alterations at the proteome level caused by the depletion of AQR, XAB2 and ISY1, and integrate this
data with transcriptomics data of AQR-depleted cells. We then focus on characterizing some of the
phenotypes that emerged from this analysis: more specifically, we show that loss of IBC subunits causes
irreparable DNA damage and p53 activation, which leads to cell cycle arrest and senescence. In addition,
we describe the potential involvement of IBC subunits in ribosome biogenesis and stress. Lastly, we
touch upon the role of IBC subunits in R-loop regulation.

2.3.1 Proteomic characterization of IBC subunits-depleted cells

To characterize the effects of IBC subunits loss on cellular processes, we employed label-free
quantification (LFQ) mass spectrometry to study proteome alterations in response to 48h depletion
of AQR, XAB2 or ISY1 in U20S cells (Figure 19A). We performed the experiment in four replicates
for each condition, and a Pearson correlation coefficient > 0.95 across all replicates indicated good
reproducibility. Additionally, uniform manifold approximation (UMAP) clustering analysis showed that
replicates for each condition clustered together and separately from other conditions (Figure 19B).
After application of quality filters, 6395 proteins were quantified across all conditions. All proteins not
quantified in at least three out of four replicates in at least one condition were filtered out. Missing
values were imputed from a Gaussian distribution using standard settings on the Perseus software.
The final dataset consisting of 4535 proteins was used in subsequent analyses. Statistically significant
differences in protein abundance between conditions were determined using ANOVA test with Dunnet’s
multiple comparison test; an overview of the numbers of up- and down-regulated proteins in different
conditions is provided in Figure 19C.

As a starting point, we assessed whether the three knock-downs elicited a similar response at the
proteomic level. Overlap between significantly changing proteins upon each knock-down (fold-change
21.5 or < -1.25; FDR < 0.05) revealed a subset of 101 up- and 121 down-regulated proteins shared
between all knock-downs conditions (Figure 19D). Functional enrichment analysis revealed that shared
down-regulated proteins were associated with three main biological processes: translation, ribosome
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biogenesis and cell cycle regulation (Figure 19E). On the other hand, the GO term “negative regulation
of extrinsic apoptotic signaling pathway” was the only enriched term for shared up-regulated proteins
(Figure 19F). Genes mapped to this GO term included known markers of cellular senescence, such as
inhibitor of plasminogen activator SERPINE1 and anti-apoptotic factor PEA15 [182], [183], [184]. From
these results, we can conclude that the proteomic landscapes of AQR-, XAB2- or ISY1-depleted cells
share common features, which could hint at the existence of a core response to the loss of the subunits.

To complement this global picture, we looked for subunit-specific signatures and performed a
functional enrichment analysis on proteins significantly changing in each knock-down condition
(Figure 20A and B). This analysis revealed distinct responses to each knock-down, which were
especially visible when looking at up-regulated proteins. XAB2 depletion, for example, lead to the
highest enrichment of nuclear and chromatin-related terms for up-regulated hits across the three

A

siCTRL siAQR

—

siXAB2 silSY1
—

RIPA buffer lysis with 1M NaCl
|
Sonication
|
Benzonase treatment

In-gel digestion and LC-MS

Upregulated proteins
AQR KD 2 KD

e

ISY1 KD

Downregulated proteins
AQR KD XAB2 KD

2

ISY1 KD

B C
- siAQR siXAB2 silSY1
Condition vs SiCTRL vs siCTRL vs siCTRL
Conditon FDR £0.05 1019 1182 1275
< L) CTRLKD Up-regulated
- 1] AQrKD (FDR < 0.05; FC 2 1.25) 382 443 464
1 - I Down-regulated
=) XAB2 KD (FDR £ 0.05; FC < -1.25) 483 565 642
. : “\ ISY1 KD
«~ N . Lo
c
3 o | o All proteins with FDR < 0.05
2 o
g N AQRKD XAB2 KD
a s ® .
~1
e ENA
-2 1 0 1 2
Dimension 1
ISY1 KD
F
Shared up-regulated proteins
. Shared down-regulated proteins
GO-BP: negative regulation of extrinsic Negative regulation of extrinsic
apoptotic signaling pathway 1 apoptotic signaling pathway
GO-CC: ribosomal subunit - _
GO-MF: structural constituent | _
of ribosome % 5
GO-BP: chromosome segregation _ PEA15 14 8
ITPRIP =
GO-BP: regulation of cytokinesis _ HMOX1 | | 2 %
1 1
GO-CC: midbody | _ PRDX2 e 3
. ITGAV -]
GO-MF: rRNA binding | _ § > % 06 a
GO-BP: positive regulation P =< 04 =
of cytokinesis ] - D
GO-BP: regulation of mitotic =x P
nuclear division 7 - ooo
GO-BP: spindle elongation | -
GO-BP: positive regulation of mitotic
sister chromatid separation -
0 10 30

Count

Figure 19. Proteomic characterization of IBC subunits-depleted cells

A) Workflow of label-free mass spectrometry whole-proteome analysis of AQR, XAB2- or ISY1-depleted U20S cells. B)
UMAP clustering analysis for four biological replicates. C) Table showing the number of significantly changing proteins in
each condition after application of different quality filters. D) Venn diagram showing a core set of up- and down-regulated
genes across all knock-down conditions (fold-change = 1.25 or < -1.25; FDR < 0.05). E) Functional enrichment analysis
performed with ClusterProfiler showing the enriched GO terms (FDR < 0.05) for the common set of up- and down-
regulated proteins across the three knock-downs. F) Heatmap of up-regulated proteins (FDR < 0.05) shared across three
knock-downs. Hierarchical clustering showing Euclidean distance was performed on both columns and rows.
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knock-downs (e.g. GO terms “negative regulation of DNA-templated transcription” and “transcription
regulator complex”). On the other hand, a higher percentage of the GO terms for up-regulated proteins
in AQR and ISY-depleted cells associated to cytoplasmic or organellar processes (e.g. GO terms
“extracellular matrix”, “secretory granule” and “regulation of protein processing”) (Figure 20A). In
some cases, this signature was consistent with previously reported roles for IBC subunits. For example,
depletion of ISY1 caused the up-regulation of numerous proteins involved in the response to oxidative
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Figure 20. GO term analysis of differentially regulated proteins in IBC subunits-depleted cells

A and B) Functional enrichment analysis performed with ClusterProfiler showing the enriched GO terms (FDR < 0.05)
for up- and down-regulated proteins from full proteome analysis of AQR-, XAB2- and ISY1-depleted U20S cells.
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stress, mapping to GO terms such as “cellular detoxification” and “oxidoreductase activity”. Studies have
shown that ISY1 stimulates the activity of base excision repair factor APEX1, thus preventing oxidative
DNA damage [146]; we could therefore speculate that the enhanced susceptibility to oxidative stress
of ISY1-depleted cells leads to up-regulation of antioxidant signaling cascades [185]. Analysis of up-
regulated proteins also showed that AQR and ISY1 loss had the strongest effect on metabolic pathways.
Closer examination of our datasets revealed that AQR-depleted cells up-regulated 7 out of the 10
enzymes involved in glycolysis, as well as the enzymes catalyzing the first steps of the citric acid cycle;
overall, this leaves room to explore the interplay between AQR and metabolic pathways. GO terms
enriched for down-regulated proteins showed a higher degree of homogeneity across the three knock-
down conditions, with most terms again associating to cell cycle processes and ribosome biogenesis
(Figure 20B).

To sum up, we observed extensive proteome remodeling upon depletion of single IBC subunits. Some
cellular processes appeared consistently altered across the three knock-down conditions, indicating a
similar response: loss of proteins involved in cell cycle and ribosome biogenesis was the key feature
of this response. Additionally, up-regulation of some senescence markers was observed in all three
conditions. Importantly, this global response was accompanied by subunit-specific signatures in the up-
regulated proteins, which in some cases recapitulated known functions of the subunits.

2.3.2 Integration of proteome and transcriptome of AQR-depleted cells

To gain a broader view on the processes affected by the loss of IBC subunits, we collected samples
for transcriptome analysis of 48h after AQR depletion in U20S cells. We performed the experiment
in five replicates, which clustered together and separately from control replicates. After filtering, we
quantified 19,590 transcripts. AQR KD transcriptome and proteome data showed a good overlap, with
96% of the identified proteins represented at the transcript level (Figure 21A). Differential expression
analysis revealed expression changes for 8561 genes (FDR < 0.01), almost equally distributed between
up-regulated (4457 genes) and down-regulated (4104 genes) (Figure 21B). When introducing a cutoff
of a minimal fold-change of 1.5 or -1.5, only 835 up-regulated genes passed the cutoff, against 1532
down-regulated genes (Figure 21C). Functional enrichment analysis performed on all differentially
expressed genes (FDR < 0.01) revealed strong down-regulation of cell cycle-associated processes (GO
terms “nuclear division”, “chromosome segregation” and “DNA replication”); on the other hand, up-
regulated transcripts mapped to GO terms related to autophagy, ribosome biogenesis and signaling
pathways, such as p53 signaling (Figure 21D).

Taking into account previous studies showing AQR’s role in ensuring splicing fidelity [96], [102],
we looked whether that splicing alterations could partially explain the changes in gene and protein
expression of AQR-depleted cells. Alternative splicing analysis revealed 380 significantly changing AS
events in AQR-depleted cells. This number was significantly lower than what was reported in a previous
study looking at AS events in HepG2 and K562 cell lines treated with a shRNA against AQR [125].
Detection of AS events from RNA-seq data can be quite challenging, due to presence of confounding
variables of biological (e.g. gene expression levels) and technical origin (e.g. read length). In our case
the use of short reads most likely increased the difficulty of detecting novel AS events, as short reads
rarely span across one or more splice junctions. It is therefore possible that we are underestimating the
effects of AQR loss on AS events. When looking at the significant AS events we detected, we found that
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Figure 21. Integration of proteome and transcriptome of AQR-depleted cells

A) Venn diagram showing overlap between AQR KD full proteome (FDR < 0.05) and mRNA-seq (FDR < 0.01). B) MA plot
depicting expression fold change on log2 scale vs. mean expression level of all annotated genes in AQR KD vs. CTRL KD cells
measured by mRNA-seq. Genes with minimum fold change (FC) > 1 and adjusted-value (Benjamini-Hochberg, FDR) < 0.01
are highlighted. C) Table showing the number of significantly up- and down-regulated genes in AQR KD cells after application
of different quality filters. D) Functional enrichment analysis performed with ClusterProfiler showing the enriched GO
terms (FDR < 0.05) for the common set of up- (left panel) and down-regulated (right panel) genes in AQR KD mRNA-seq.
E) Distribution of the proportion of alternative splicing events in CTRL KD and AQR KD cells. AS events types are color-
coded as indicated in the legend. F) Scatterplot of the 2D annotation enrichment of AQR KD proteome and transcriptome.
Proteome and transcriptome scores are represented on the x and y axis respectively. Selected GO-BP terms are visualized.
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AQR knock-down cells exhibited a higher proportion of alternative 3’ splice sites (A3SS), alternative 5’
splice sites (A5SS) and mutually exclusive exons (MXE) compared to control cells; on the other hand,
the frequency of exon skipping (SE) and intron retention (RI) events was reduced in AQR-depleted cells
(Figure 21E). Overall, 289 genes were affected by AS events: of these, 75% harbored a single AS event.
The remaining 25% accumulated multiple events, with the most affected gene being ITGB1BP1 with 13
detected AS events. Further analysis of this dataset is needed to understand the significance of these AS
events, and how they relate to the phenotypes we observe upon loss of AQR.

Having performed the quantitative profiling of the transcriptome and proteome of AQR-depleted cells,
we went on to investigate the extent to which these two datasets correlated with each other. To achieve
this, we employed a 2D annotation enrichment strategy, which allows us to identify classes of gene
products showing concordant or discordant behavior between two chosen datasets [186]. In our case,
we first used the results of our functional enrichment analysis to annotate genes/proteins to a subset
of GO terms; we then used the annotated datasets to determine which GO terms showed a significantly
deviating protein/mRNA level distribution (in other words, are processes up-regulated at the protein
level also up-regulated at the mRNA level?). Finally, each GO term was assigned a transcriptome
score and a protein score, which quantifiy its tendency to be up- or down-regulated in either dataset.
Visualization of the scores for each GO term in a scatterplot revealed different correlation trends
(Figure 21F): GO term “mitotic cell division” appeared in the lower left quadrant, indicating that the
process is down-regulated both at the transcript and protein level. GO terms “carbohydrate metabolic
process” and “cell adhesion” appeared in the upper right quadrant, showing mild up-regulation at the
protein level with little to no effect at the mRNA level. The highest discrepancy between mRNA and
protein levels was observed for GO terms “translation” and “ribosome biogenesis”, which localized
to the upper left quadrant. For these terms, down-regulation at the protein level was matched with
either no effect or mild up-regulation at the mRNA level. Overall, this approach allowed us to obtain
a clear view on the processes altered by AQR loss. As previously mentioned, down-regulation of cell
cycle-associated proteins is a feature of the core proteomic response to the loss of IBC subunits: here
we show that this response starts at the level of transcription. Conversely, the loss of ribosomal and
translation factors, another feature of the core response, is only visible at the protein level: this anti-
correlating behavior between mRNA and protein suggests that the involvement of post-transcriptional
regulatory mechanisms, and could reflect underlying defects in ribosome biogenesis. In the future,
inclusion of a higher number of GO terms will allow us to gain a more comprehensive view on the
correlation between transcriptome and proteome of AQR-depleted cells.

2.3.3 Nascent RNA sequencing sheds light on AQR-depleted cells transcriptional
dynamics

mRNA sequencing of AQR-depleted cells revealed changes in the final mRNA abundance of 8561 genes,

suggesting a general effect of AQR loss on transcription. However, steady-state level of any RNA in the

cell is always the result of a balancing act between synthesis and degradation. We observed that loss

of AQR caused a reduction in 5-Ethynyl-uridine (EU) incorporation in nascent RNA, which could be

indicative of an overall decrease in RNA synthesis (Figure 22A).

To better understand the dynamic transcriptional response to AQR loss, we looked at the effect on
nascent transcription specifically. To this aim, we performed TTchem-seq (Transient Transcriptome
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Figure 22. Nascent RNA sequencing sheds light on AQR-depleted cells transcriptional dynamics

A) Quantification of immunofluorescence analysis of 5-EU incorporation after 48h AQR knockdown in U20S cells.
Centerline shows the median and dotted lines the 25th-75th percentile. Statistical significance was calculated with
unpaired t-test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). B) Venn diagram showing overlap between AQR KD
TTchem-seq and mRNA-seq (FDR < 0.01). C) Table showing the number of significantly up- and down-regulated nascent
transcripts in AQR KD cells after application of different quality filters. D) Venn diagram showing overlap between
differentially expressed genes from AQR KD TTchem-seq and mRNA-seq experiments (FDR < 0.01; FC > 1 or < -1). Only
genes quantified and tested for significance in both experiments were considered.

sequencing) in unchallenged or AQR-depleted U20S cells [187], [188]. Here, cells are metabolically
labeled with the nucleoside 4-thiouridine (4-SU), which is incorporated into nascent RNAs by active
polymerases. Comparison with unlabeled or total mRNA allows the identification of newly transcribed
RNAs and quantification of changes in RNA synthesis. Heat shock treatment, which is known to up-
regulate the transcription of specific target genes while transcriptionally repressing the majority of
active genes, was used as positive control [189]. We performed the experiment in three replicates,
which clustered together and separately from control replicates. After filtering, we quantified 20,782
nascent transcripts. AQR KD TTchem-seq and mRNA-seq datasets showed a good overlap, with 80%
nascent transcripts represented in the transcriptome data (Figure 22B). Differential expression analysis
revealed statistically significant expression changes for 5918 genes in AQR KD cells (FDR < 0.01), with
3255 and 2663 transcripts respectively up- and down-regulated (Figure 22C). When introducing
a cutoff of a minimal fold-change of 1.5 or -1.5, only 817 up-regulated genes passed the cutoff,
against 1408 down-regulated genes. Functional enrichment analysis performed on all differentially
expressed genes (FDR < 0.01) revealed a picture similar to the one given by our mRNA-seq dataset,
characterized by the up-regulation of processes involved in protein trafficking and cell adhesion, and
of stress response pathways such as the MAPK and JNK cascades and p53 signaling (Appendix, Figure
31A). The similarity was more striking when considering down-regulated nascent transcripts, which
mostly belonged to processes related to cell cycle regulation and DNA repair (Appendix, Figure 31B).
As expected based on the similarity in their functional enrichment analysis, the overlap between
differentially expressed genes in the mRNA-seq and TTchem-seq datasets was reasonably high: 1586
up- and 1033 down-regulated genes were shared between the two datasets (FDR < 0.01), representing
roughly half and third of all differentially regulated transcripts in the TTchem-seq and mRNA-seq
datasets, respectively (Figure 22D). Most of the remaining transcripts underwent significant changes
in only one dataset; in addition, for a smaller subset of transcripts we observed completely opposite
trends between the experiments (genes up-regulated in mRNA-seq while down-regulated in TTchem-
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seq, and vice versa). At the moment, we are still in the preliminary stage of analyzing the TTchem-seq
dataset and integrating it with other omics datasets. In the future, more in-depth analysis will allow us
to better understand how the loss of AQR affects both transcription and total mRNA abundance, and
ultimately to gain further insight into the cellular response to the loss of IBC subunits.

In conclusion, the integration of our proteomics and transcriptomics datasets revealed that the loss of
IBC subunits affect a variety of biological processes, which could lead to distinct cellular phenotypes. In
the next sections we further characterize some of these phenotypes and try to draw a comprehensive
picture of the cellular response to IBC subunits loss.

2.3.4 Loss of IBC subunits alters cell cycle progression

Loss of proteins associated to cell cycle regulation was among the most consistent signatures in the
functional enrichment analysis of proteomes and transcriptomes of IBC-depleted cells. To confirm
this phenotype, we monitored cell cycle progression in unsynchronized U20S cells upon depletion
of AQR, XAB2 or ISY1 for up to 72h with an immunofluorescence-based approach using the Opera
Phenix High Content Screening System. DNA content was estimated by staining nuclei with Hoechst
33342. Additionally, in order to estimate the percentage of actively cycling cells, as well as facilitate the
discrimination between different cell cycle phases, cells were labeled with 5-Ethynyl-2'-deoxyuridine
(EdU), an analogue of thymidine that is incorporated in the DNA during replication and can later be
visualized with click chemistry. Information obtained from Hoechst and EdU stainings was combined
using the PhenoLOGIC supervised machine learning module of the Harmony software to generate
a cell cycle classifier, allowing cell cycle phase determination for each cell. With this approach we
observed that the knock-down of IBC subunits led to a gradual decrease of the percentage of cells in
S phase across the 72 hours time-course (Figure 23A). This appeared more prominent in XAB2 and
ISY1 knock-downs, with a higher percentage of cells accumulating in G2 compared to AQR knock-down;
concomitantly, XAB2 and ISY1 depletion appeared to cause overall higher lethality, resulting in higher
cell loss across the time-course. When looking at the percentage of EdU-positive cells, only 18% of AQR-
depleted cells showed EdU staining after 72h of depletion compared to the 66% of control cells (Figure
23B). From these results, we concluded that the loss of IBC subunits causes cell cycle arrest through yet
unknown mechanisms.

Considering the strong cell cycle arrest, we decided to check whether the levels of IBC subunits are
affected by cell cycle phase. Madhessian and colleagues compiled a comprehensive list of cell cycle-
dependent transcripts and proteins using a combination of single-cell transcriptomic and imaging of
U20S cells [190]: notably, IBC subunits were not present in this list. To corroborate these findings,
we monitored levels of AQR, XAB2, ISY1 and PPIE across different cell cycle phases using the above-
described cell cycle profiling approach. Aurora kinase A (AURKA), a protein whose levels are known
to peak in the G2 and M phases of the cell cycle, was used as positive control [191]. As expected, we
observed that only cells with a G2 DNA content were positive for Aurora kinase A. On the contrary,
staining for IBC subunits appeared homogenous throughout the cell cycle, confirming that their protein
levels are not cell cycle-regulated (Figure 23C).
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Figure 23. Loss of IBC subunits alters cell cycle progression

A) Immunofluorescence-based cell cycle profiling of U20S cells upon AQR, XAB2 or ISY1 depletion for 24h, 48h and 72h
(n=3). Numbers below bar plots indicate the number of cells profiled in each condition. B) Percentage of EdU-positive
U20S cells upon AQR, XAB2 or ISY1 depletion for 24h, 48h and 72h (n=3). Cutoff for positive cells was calculated on the
90th percentile of the intensities distribution for the siCTRL 24h condition. C) Scatterplots showing single-cell levels for
a protein of interest (y axis) against Hoechst or EAU levels (x axis). Representative staining images acquired with Opera
Phenix HighContent Screening System (PerkinElmer) are shown on the right.
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2.3.5 Loss of IBC subunits causes p53 activation and senescence

Cell cycle arrest can occur in response to a variety of molecular stimuli and environmental insults.
Prolonged cell cycle arrest can evolve into quiescence or senescence, respectively reversible and
irreversible states, which are accompanied by the expression of specific markers. The strong effect on
cell cycle progression observed upon loss of IBC subunits prompted us to characterize this phenotype
further. Using an immunofluorescence-based approach, we found that depletion of IBC subunits
from 24h up to 72h lead to increasingly higher levels of p21 (also known as CDKN1A), a well-studied
mediator of growth inhibition and senescence marker, with the strongest effect observed upon loss of
AQR (Figure 24A and C). Tumor suppressor p53 (also known as TP53) is the most described upstream
regulator of p21; indeed, immunofluorescence analysis revealed that after 72h of depletion cells
displayed higher levels of phosphorylated p53 at serine 15, a crucial phosphorylation event mediated
by the DNA damage protein kinases ATM and ATR, as well as of AMPK kinase in response to metabolic
stress [192], [193] (Figure 24B and D). Monitoring DNA damage markers upon depletion of IBC
subunits by immunofluorescence revealed a significant increase in levels of phosphorylated histone
H2AX at serine 139 (also known as YH2AX), a marker for double-strand breaks, as well as repair factor
53BP1 after 72h depletion of AQR, XAB2 and ISY1 (Figure 24B, C, E and F). Our results echo previous
studies implicating IBC subunits in the maintenance of genome stability [119], [120], [129], [130],
[146].

Transcription of the p21-coding locus CDKN1A can occur independently of p53 activation [194]. To
control for this, we depleted AQR for 48h in wild-type, p53-/- or p21-/- HCT116 cells and monitored
p21 activation. Consistent with our previous results, AQR depletion in wild-type HCT116 lead to a
strong increase in p21 levels, as well as increased levels yH2AX; however, the effect on p21 was almost
completely abrogated in p53 knock-out HCT116 cells, suggesting that p21 activation in the context
of AQR depletion is mostly p53-dependent (Figure 24G). Further strengthening these results, genes
associated to the GO term “regulation of signal transduction by p53 class mediator” also resulted up-
regulated in the transcriptome analysis of AQR-depleted cells (Figure 21D).

In summary, we have seen that loss of IBC subunits causes persistent genomic instability, leading to
p53-mediated response and downstream activation of p21, resulting in cell cycle arrest. Interestingly,
chronic DNA damage, activation of the p53-p21 axis and cell cycle arrest are considered hallmarks of

Figure 24. Loss of IBC subunits causes DNA damage-dependent p53 activation and senescence

A) Percentage of p21-positive U20S cells upon AQR, XAB2 or ISY1 depletion for 24h, 48h and 72h. Cutoff for positive
cells was calculated on the 90th percentile of the intensities distribution for the siCTRL 24h condition. Numbers below
bar plots indicate the number of cells profiled in each condition. B and C) Representative immunofluorescence images
of U20S cells upon 72h depletion of the indicated proteins. Cells were fixed and stained with the indicated primary
antibodies, followed by incubation with secondary antibodies Alexa Fluor 488 or 568. Nuclei were stained with Hoechst
33342. Images were acquired with Opera Phenix High Content Screening System (PerkinElmer). Scale bar is 20pm. D)
Quantification of immunofluorescence analysis of phopsho-p53(Ser15) foci after 72h knock-down with the indicated
siRNAs in U20S cells (n=3). Cells with >= 4 foci were considered positive. Cutoff for positive cells was calculated on the
90th percentile of the spots number distribution for the siCTRL 24h condition. Statistical significance was calculated
with Fisher’s exact test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). E and F) Quantification of immunofluorescence
analysis of phospho-H2AX (S139) and 53BP1 after 72h knock-down with the indicated siRNAs in U20S cells (n=3).
Centerline of box plots represents the median, whiskers indicate the 10th-90th percentile and box limits the 25th-75th
percentile. Dots represent outliers. Plus symbol indicates the mean. Statistical significance was calculated with one-way
ANOVA with Tukey’s post hoc test for multiple comparisons (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). G) Western
blot analysis of p21 activation in WT HCT116, p53-/- HCT116 and p21-/- HCT116 upon 48h AQR depletion.
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senescent cells [195]. Evaluation of our proteomics datasets revealed that IBC subunits-depleted cells
displayed additional features of cellular senescence. For example, we observed that the up-regulation
of anti-apoptotic proteins is a component of the core response to the loss of IBC subunits (Figure
19F); this could result in a general resistance to apoptosis, another hallmark of senescent cells [196].
Additionally, we observed that IBC subunits-depleted cells up-regulate various metabolic pathways,
which is consistent with the metabolic alteration observed in senescent cells. Taken together, our
results indicate that loss on IBC subunits is sufficient to induce senescence in U20S cells.

2.3.6 Loss of IBC subunits affects factors involved in ribosome biogenesis

Another feature of the core response to the loss of IBC subunits was the reduction in the levels of
ribosomal proteins and translation factors. As opposed to what observed for cell cycle proteins, for
which the down-regulation is part of a transcriptional response, the loss of ribosomal subunits and
ribosome biogenesis factors was only seen at the protein level, which could reflect defects in the
synthesis and assembly of ribosome components (Figure 25A). These results echo a recent study
linking both AQR and XAB2 to the synthesis of the 40s ribosomal subunit, suggesting a role in the early
steps of ribosome biogenesis [115].

Taking this into account, we asked whether the depletion of these subunits affects global protein
synthesis. For this, we monitored translation efficiency by puromycin labeling of nascent proteins in
AQR-depleted U20S cells over the course of 72 hours (Figure 25C, left panel). Translation inhibition by
cyclohexamide (CHX) treatment was used as a positive control. AQR depletion resulted in a reduction
of puromycin-labeled proteins, which was most evident after 72h depletion (Figure 25D). Interestingly,
AQR depletion did not cause an increase in phosphorylation of the a subunit of the translation
initiation factor elF2a at serine 51 (p-elF2a (S51)), a key event in the cellular stress response usually
leading to shutdown of translation initiation (Figure 25C, right panel) [197]. Considering that AQR is
a spliceosome-associated protein, we checked if the observed effect on translation could be the resut
of a more general stress caused by faulty splicing. Both 48h depletion of the SF3B complex subunit
SF3B4 and splicing inhibition by Pladienolide B treatment resulted in a reduction in protein synthesis.
Interestingly, and in contrast with AQR depletion, splicing inhibition caused increased levels of p-elF2a
(S51), indicating that the observed translation attenuation could be coordinated by different and
stressor-dependent upstream signaling cascades.

Importantly, ribosome biogenesis and p53 regulation are tightly linked processes. Depletion of
ribosomal proteins and ribosome biogenesis factors is known to cause p53 induction and cell cycle
arrest through the activation of the Impaired Ribosome Biogenesis Checkpoint (IRBC). This mechanism
is mediated by the 5S RNP, an assembly intermediate of the large ribosomal subunit composed of 5S
rRNA and ribosomal proteins RPL11 and RPL5, which sequesters the E3 ubiquitin ligase MDM2 leading
to p53 stabilization [198], [199], [200], [201]. Surprisingly, RPL11 was the most down-regulated
protein across all the ribosomal subunits found in our AQR KD proteome, which would speak against
the activation of the IRBC (Figure 25A). However, as ribosomal stress can lead to p53 activation
through IRBC-independent mechanisms, we cannot exclude that something similar occurs in AQR-
depleted cells. Shifting our perspective, p53 activation itself could be the root cause of ribosomal stress
[202]; for example, it was shown that DNA damage inhibits the trafficking of ribosomal proteins to the
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Figure 25. Loss of AQR affects factors involved in ribosomal biogenesis

A) Heatmap showing levels of transcripts and proteins involved in ribosomal biogenesis (from term G0:0042254
“ribosome biogenesis) from transcriptome and full proteome analysis of AQR-depleted cells. Color bar indicates the
log2 fold-change of AQR KD over control condition. Asterisk indicates FDR =< 0.05. Hierarchical clustering showing
Euclidean distance was performed on both columns and rows. B) Western blot analysis of puromycin-labeled nascent
proteins upon AQR depletion (24h, 48h, 72h), SF3B4 depletion (48h), and treatment with 100pug/mL CHX (3h) or
1uM Padienolide B (3h). Phosphorylation of elF2a was monitored. C) Quantification of puromycin intensity from
the respective Western blot experiments (n=2). Puromycin signal was normalized on endogenous (-Actin levels and
represented as fold-change over control condition. Statistical significance was calculated with one-way ANOVA with
Tukey’s post hoc test for multiple comparisons (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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nucleolus in a p53-dependent way, which could lead to the degradation of unassembled subunits [203].
Overall, understanding the interplay between ribosome biogenesis and p53 activation in IBC-depleted
cells requires additional work, and provides an exciting opportunity for future research.

2.3.7 Loss of IBC subunits causes irreparable genomic instability

As previously shown, depletion of IBC subunits caused increased genomic instability. To gain further
insight in this phenotype, we went on to map double-strand breaks (from now on referred to as DSBs)
in unchallenged or AQR-depleted U20S cells using sBLISS (in-suspension Break Labeling In Situ and
Sequencing) [204]. This method allows the profiling of recurrent DSBs at nucleotide resolution and
genome-wide, thus providing insight into the DSB landscape.

The experiment was performed in three technical replicates; the DIVA (DSB Inducible via AsiSI) cell
line, in which AsiSI-mediated DSBs at known genomic locations can be induced by 4-hydroxytamoxifen
(4-OHT), was used as a positive control [205]. We identified 10,370 and 7,238 DSBs hotspots in AQR
knock-down and CTRL knock-down, respectively: of these, 629 hotspots were identified in both
conditions (Figure 26A). We detected a similar amount of DSB gains and losses (6631 and 6478
respectively; log2 FC>1 or < -1) in AQR-depleted cells (Figure 26B). Around 50% of the identified
hotspots mapped to promoter regions (Figure 26C, D and E), in line with previous studies [121], [206].
Notably, loss of AQR did not lead to any change in hotspot distribution across different genomic regions
(Figure 26E). sBLISS signal mainly accumulated around the transcription start site (TSS), which is
expected as transcription itself sensitizes genomic DNA to different sources of DNA damage (Figure
26C) [207]. In line with this, we found that the propensity of a gene to accumulate DSBs correlated
well with its expression level, obtained from our AQR KD mRNA-seq analysis: expressed genes from our
mRNA-seq dataset generally accumulated more DSBs than non-expressed genes and, similarly, highly
expressed genes accumulated more DSBs than lowly expressed genes (Figure 26C and F). Notably, 486
non-expressed genes (defined as the genes whose expression is lower than the mean expression level
across the whole dataset) still accumulated DSBs in an AQR-dependent manner. This could suggest that
gene expression is not the only determinant of genome instability in AQR-depleted cells (Figure 26F).

To gain further insight into the relationship between transcription and DNA damage in AQR-depleted
cells, we analyzed the overlap between differentially expressed genes from our TTchem-seq dataset
and genes displaying increased DSB formation in AQR-depleted cells. We found that the majority of
AQR-dependent DSBs occurred in genes whose levels where unaffected by AQR loss (Figure 27A).

Figure 26. Loss of AQR causes irreparable genomic instability

A) Venn diagram showing the overlap of blacklist-filtered peaks based on merged replicates mapped by sBLISS in AQR
and CTRL knockdown U20S cells. B) MA plot depicting log2 average normalized counts against the log2 fold-change for
the peaks detected in AQR and CTRL knockdown cells measured by sBLISS. Fold change (FC) > 2 was taken to determine
genomic regions with DSB gains and DSB loss. C) Heatmaps showing the distribution of the median sBLISS signal of all
expressed genes after 48 h AQR or CTRL knock-down in U20S cells. sBLISS signal was sorted based on average gene
expression level obtained from AQR KD mRNA-seq dataset from high to low. The region -2kb/+ 2kb around the TSS is
displayed. Metagene profiles are shown above the associated heatmaps. D) Representative snapshot of a genomic region
showing DNA fragility profiled by sBLISS in CTRL and AQR knockdown U20S cells. E) Distribution of DNA fragility
hotspots mapped by sBLISS in CTRL and AQR knockdown U20S cells across genomic features. Features are color-
coded as indicated in the legend. F) Bar plot displaying the overlap between hotspot-containing genes in CTRL and AQR
knockdown U20S identified by sBLISS, and expressed genes in U20S cells identified by mRNA-seq. Not expressed genes
were defined as the genes whose expression is lower than the mean expression level across the whole dataset.

56



Results

c SiAQR siCTRL

25
20
B 15

Shared DNA fragility hotspots o 70
' 60
6609 ; s, 50
& i 40
- siCTRL p
SiAQR .
30
-, Gain (log,(FC) >1): 6631
Loss (log,(FC) <-1): 6478
25 50 75 10.0 125 20
log, (average normalised count)

10

0

TSS TSS

chr1:40,322,920-40,775,819
452kb region

log,(fold-change siAQR/siCTRL)
Expressed genes

——  >—bHiHH H+= #HH-— +H ~ mHHA——H——a——si b
Genes XR_001738017.1 SMAP2 ZFPB9B  ZFP69 EXO5 ZNF684 RIMS3 NFYC-AS1 NFYC NFYC
[0-2.56]
siAQR | T W PP
[0-2.56]

SiCTRL M&MMMWMMMM@AM

1527
1500 -
DNA fragility hotspots distribution Feature
Promoter (<=1kb) . 1st Intron ”
@ 1000-
Z B Promoter (1-2kb) Other Intron g
51 [S)
% Promoter (2-3kb) . Downstream (<=300) 5 1
| B Distal Intergenic 3
€
o 3'UTR 2
g 1 . 1st Exon 500- 486
2]
Other Exon i
v v v v v 217
0 25 50 75 100
Percentage (%) 60
0- |

Group

[l Expressed; hotspots in AQR KD

. Expressed; hotspots in AQR KD and CTRL KD

I Expressed; hotspots in CTRL KD

I Not Expressed; hotspots in AQR KD

. Not Expressed; hotspots in AQR KD and CTRL KD
Not Expressed; hotspots in CTRL KD

57



Results

A

4000

3000

2000

Number of genes

1000

0

sBLISS: hotspots in AQR KD
sBLISS: hotspots in CTRL KD
-seq: up-regulated in AQR KD

TT,.-S€q: down-regulated in AQR KD

4037
[92]
1%}
|
o
3
1946 g
1766 1750 i
£
[
944 862 c
488
379
.. Em=
[}
° 7 @
[ ] : o
° 2
L[]
g
H
s

Intra-Golgi and retrograde Golgi-to-ER traffic
L]

®
Fcgamma receptor (FCGR) dependent phagocytosis

()
Intra-Golgi traffic

Signaling by PDGFR in disease
o

Number of genes

Adjusted p-value
0.04
0.03
0.02
0.01

EPH-Ephrin signaling
[

Syndecan interactions
°

Death Receptor Signalling
®

@
Signaling by NTRK2 (TRKB)

RHOA GTPase cycle

@ Signaling by Receptor Tyrosine Kinases

RHQO_GTPase cycle . - "
Nephrin family interactions
e

@CDC42 GTPase cycle

®
RHOV GTPase cycle
o
RAC1 GTPase cycle
Cell-Cell communication
@
®
RHOU GTPase cycle

. G
siCTRL

0.20
©
c
S
[}
B o015
i
o
[}
c
o
o
5]
=
0.10
0.05

Group

up-regulated
expressed, not diff. reg.
down-regulated

not expressed

%

~2kb o
TSS -
2kb

Position in bp

58

Median sBLISS signal

chr15:39,573,100-39,607,852

34kb region
Genes
HiHH— J
FSIP1
0-153)
siAQR
0153
siCTRL
[0-5.95]
SIAQR 4%
[0-5.95]

SICTRL 4....“-.““_—

chr4:74,443,136-74,457,005

13kb region
Genes “-— 5 m
AREG
[0-1.79)
SIAQR _-._u_ﬂ_“__;._._‘g_‘;_;.._h.
CEE]
siCTRL
[0-0.35)
siAQR — N .
[0-0.35]
SICTRL *_MM“L__
E

Activation of ATR in response to replication stress
°

0
Activation of the pre-replicative complex

Number of genes

010
012
014 [ ®
8 lg G1/S Transition Mitotic G1 phase and G1/S transition
Adjusted p-value
0.03
0.02
0.01
siAQR siCTRL
T | | Group
| | | | — up-regulated
| | | | — expressed; not diff. reg.
| | | — down-regulated
| | | - not expressed
0.20— ! ! !
| | |
| | |
| | |
| | | |
| | |
| | |
0.15— I I I
I I I
I I I
I I I
| | | |
| | | |
| | | |
0.10— | | | |
| | | |
| | |
| | |
[ | [
005+
el Eepye} Eel¥e] Eee} el
Position in bp



Results

Figure 27. AQR-dependent transcriptional changes drive genomic instability

A) Upset plot displaying the intersections between hotspot-containing genes in CTRL and AQR knockdown U20S
identified by sBLISS, and differentially expressed nascent transcripts in AQR-depleted U20S cells measured by TTchem-
seq. B and C) Representative snapshots of genomic regions highlighting the presence of DSBs in up-regulated (B) or
down-regulated (C) nascent transcripts in AQR-depleted cells. D and E) Reactome pathway analysis of genes showing
increased DNA fragility in AQR KD cells and that appear up (D) or down-regulated (E) in AQR KD TTchem-seq. F and G)
Metagene profiles of sBLISS signal after 48 h AQR or CTRL knock-down in U20S cells. The region ranging from -2kb/+2kb
around the transcription start site (TSS) (F), or ranging from -2kb before the TSS to +2kb after the transcription end site
(TES) (G), is shown. Genes are grouped according to their transcriptional status obtained from AQR KD TTchem-seq: up-
regulated in AQR KD (pink), down-regulated in AQR KD (green), expressed but not differentially regulated in AQR KD
(orange), not expressed (violet). The profiles display the mean of signal within a window (100bp) and the median for
the genes in each group.

Additionally, 862 up-regulated and 488 down-regulated genes accumulated DSBs in an AQR-dependent
manner (Figure 274, B and C). Functional enrichment analysis revealed that the set of 862 up-regulated
genes mainly associated to signal transduction pathways typically up-regulated in senescent cells,
such as signaling by Rho GTPases, Receptor Tyrosine Kinases and the MAPK pathway (Figure 27D)
[208], [209]. As the increased sensitivity of highly transcribed genes to DNA damage is a hallmark of
transcription-associated genomic instability, we can conclude that these genes accumulate DSBs as the
result of AQR-dependent transcription-associated genomic instability [207], [210]. Down-regulated
genes bearing AQR-dependent DSBs associated with cell cycle regulation and response to replication
stress (Figure 27E).

The reason why down-regulated genes still accumulate DSBs upon AQR loss is more elusive, as we
would intuitively expect less transcribed genes to be less prone to DNA damage. One hypothesis could
be that, despite the down-regulation observed upon loss of AQR, these genes retain a high enough
basal expression to drive genomic instability. On this note, metagene profiles of sBLISS signal for up-
regulated and down-regulated genes revealed a very similar picture in terms of the regions affected by
DSBs formation: in both cases, most of the signal localized around the transcription start site (TSS), and
decreased along the gene body until the transcription end site (TES) (Figure 27F and G).

To sum up, we could show that loss of AQR leads to persistent genomic instability. In some cases, this
is due to AQR-dependent transcription-associated genomic instability. However, is likely that other
factors contribute to the genomic instability phenotype, which seems too widespread to be depending
only on transcriptional changes.

2.3.8 IBC subunits contribute to R-loops homeostasis

Previous studies have linked AQR and XAB2 to the processing and resolution of R-loops, co-
transcriptionally-formed structures composed of an RNA:DNA hybrid and displaced single strand of DNA
[116], [117]; specifically, loss of AQR and XAB2 was shown to cause the accumulation of these structures,
resulting in R-loop-dependent genomic instability [119], [141]. To the present day, the molecular
mechanisms behind the role of IBC subunits in R-loop regulation are unknown. It is also unclear to what
extent these proteins carry out their function as R-loop regulators alone or as part of a complex.

To shed light on the contribution of different IBC subunits to R-loop homeostasis, we depleted
AQR, XAB2 or ISY1 for 24h, 48h or 72h in U20S cells and monitored R-loop levels using an
immunofluorescence-based approach. Known R-loop regulators DDX41, SETX and RNaseH2A were
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Figure 28. IBC subunits contribute to R-loops homeostasis

A) Schematic representation of the hybrid-binding domain of RNaseH1 (HBD) coupled to Alexa Fluor 647 dye. B)
Representative immunofluorescence images of U20S cells upon 72h depletion of the indicated proteins stained with the
HBD-Alexa647 probe. Nuclei were stained with Hoechst 33342. Images were acquired with Opera Phenix High Content
Screening System (PerkinElmer). Scale bar is 20pm. C) Quantification of HBD-Alexa647 signal after 24h, 48h or 72h
knock-down with the indicated siRNAs in U20S cells. Centerline of box plots represents the median, whiskers indicate
the 10th-90th percentile and box limits the 25th-75th percentile. Dots represent outliers. Plus symbol indicates the
mean. Statistical significance was calculated with one-way ANOVA with Tukey’s post hoc test for multiple comparisons
(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).

included as positive controls [121], [124], [211], [212], [213]. To visualize and quantify R-loops, we
employed an RNaseH1-based approach relying on the intrinsic ability of the hybrid-binding domain
of RNaseH1 to bind to RNA:DNA hybrids. Briefly, the HBD domain of the nuclear isoform of RNaseH1
(RNaseH1 M27; aa 27-76) was purified and N-terminally coupled to an Alexa Fluor 647 dye, allowing
for use in direct immunofluorescence applications (Figure 28A). The development of this tool by the
Beli lab, in collaboration with IMB'’s Protein Production Core Facility, has been a multi-year effort, and
this project is currently led by Christian Blum. The details of the development, testing and optimization
of this tool are beyond the scope of this thesis and will not be discussed. After inter-plate normalization,
we observed a trend of consistent increase in RNA:DNA hybrids levels upon prolonged depletion of
IBC subunits (Figure 28B). Interestingly, AQR depletion had the weakest effect among the three IBC
subunits included in this analysis, while the effect of XAB2 and ISY1 loss was comparable to RNaseH2A
depletion at the 72h time-point (Figure 28C).
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At this point, we envision two possible scenarios: as AQR is the only IBC subunit that, in virtue of its
helicase activity, could have the ability to unwind R-loops, it is possible that the regulation of R-loop
levels by the IBC is mediated by AQR as an R-loop resolving enzyme. In this case, the increase in
R-loop levels observed in IBC-depleted cells could be the consequence of inefficient removal of these
structures. Alternatively, the IBC could regulate R-loop levels indirectly, by modulating transcription or
splicing; alterations in any of these processes could lead to increased R-loop levels. Importantly, R-loop
accumulation is a known source of genomic instability: this leaves us with the intriguing prospect that
these structures could contribute to the genomic instability phenotype observed in AQR-depleted cells.
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3. Discussion

In this thesis, we sought to gain novel insight into the biology of the poorly characterized intron-binding
complex (IBC). To this aim, two questions were addressed: on one hand, we investigated the upstream
molecular mechanisms regulating the stability of intron-binding complex subunits. Secondly, we looked
downstream of the complex formation and studied how cells respond to the chronic absence of IBC
subunits.

3.1 Regulation of the stability of intron-binding complex subunits

3.1.1 Expression and stability of IBC subunits

In recent years, increasing evidence has highlighted how the total abundance of protein complex
subunits in the cell is regulated at the post-transcriptional and post-translational levels, rather than
through modulation of gene expression [49], [50], [52], [214]. As a result, proteins belonging to the
same complex often have similar expression patterns, which can differ from the ones expected based on
mRNA expression or gene copy-number [95]. We decided to test if this held true for the IBC by studying
the co-expression patterns of its subunits in cancer cells, drawing on the published datasets from the
Cancer Cell Line Encyclopedia (CCLE) as a source for protein and mRNA levels [160], [161]. Calculation
and visualization of pairwise Pearson correlation coefficients for each possible pair of subunits revealed
that specific subunits correlated very positively with each other across all the cancer lineages examined
in the CCLE, while for other pairs the correlation varied greatly from positive to negative values. This
pattern was not visible at the mRNA level; additionally, protein levels of the five subunits showed no
correlation with the respective gene copy-number (DepMap, data not shown), which could have been a
contributing factor in light of the deep genomic rearrangements often occurring in cancer cells. Based
on the differences in correlation of protein levels, the five IBC subunits clustered into two subgroups:
AQR and XAB2 belonged to one subgroup as they consistently correlated well with each other, as did
ISY1, PPIE and ZNF830 in the second subgroup. The assembly of many heteromeric protein complexes
was shown to occur in an ordered fashion and through multiple parallel pathways; as a result, this can
lead to the formation of temporary sub-complexes [1], [215]. Considering that very little is known
about the IBC assembly dynamics in vivo, it is intriguing to speculate that these subgroups of subunits
could represent biologically distinct sub-complexes, which would then assemble in the final IBC in a
stepwise manner. We can hypothesize that these sub-complexes are the target of different quality
control mechanisms. Interestingly, we observed that one of the putative regulators of IBC stability
emerging from this study, the E3 ubiquitin ligase TRIP12, physically interacted with AQR and XAB2 but
not with the other members of the complex, which could support the hypothesis of different regulatory
mechanisms targeting specific subunits.

Co-expression patterns are not exclusively observed at the steady-state. Reduction of the levels of a
subunit of a protein complex, for example as a result of hemizygous deletion of its encoding gene,
can lead to the widespread loss of the other subunits of the same complex, in a phenomenon known
as collateral loss [95], [216]. We found that the single depletion of the subunit AQR indeed caused
collateral loss of subunits XAB2 and ISY1. A previous study has observed a similar effect caused by
depletion of XAB2 [133]; however, no hypothesis was formulated to explain this phenomenon. We found
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that this observation held true independently of which subunit we depleted and across different cell
lines, both tumorous and non-transformed, thereby pointing to a conserved regulatory mechanism. We
found that the decrease in XAB2 and ISY1 levels in AQR-depleted cells was not matched by a decrease
at the transcript level, suggesting the existence of regulatory mechanisms acting post-translationally
(data not shown). Until now, the IBC has mostly been studied in relation to its role as a component
of the spliceosome [102]. Recent studies nominated this complex as a pre-spliceosome building block,
which assembles before its integration in the spliceosome [96]. Interestingly, loss of IBC subunits did
not affect protein levels of spliceosomal factors with which the complex physically interacts, such as the
E3 ubiquitin ligase PRP19. We therefore speculated that the observed loss of IBC subunits is the result
of quality control mechanisms acting on the complex before it becomes a part of the spliceosome.

The post-translational control of protein complexes requires the involvement of protein degradation
pathways. Considering the compensatory loss of IBC subunits observed when actively depleting AQR,
XAB2 or ISY1, we hypothesized that the inhibition of proteasomal degradation or autophagy would
be sufficient to reverse this phenotype. Surprisingly, we found that this was not the case. None of the
conditions we tested (different inhibitors, different treatment lengths, different IBC subunits knock-
downs) appeared to significantly affect the levels of IBC subunits in AQR-depleted cell or in control cells.
The fact that the subunits steady-state levels seemed, for the most part, not responsive to inhibition
of degradation pathways, prompted us to look into their degradation kinetic in unchallenged cells.
Inhibition of protein synthesis for up to 8h caused only a slight decrease in the levels of IBC subunits,
suggesting these are stable proteins with a slow turnover. We found these results to be in agreement with
a 2016 study which, by performing pulse-chase experiments on a proteome-wide scale, highlighted the
existence of exponential (ED) and non-exponential (NED) degradation kinetics [61]. Here AQR, XAB2
and PPIE were categorized as exponentially degraded proteins and their abundance was quantified
to slowly decrease over the course of an 8h pulse-chase experiment, thus mirroring quite closely our
results. Taking into account the slow turnover of these proteins, we cannot exclude that extending the
length of the proteasome or autophagy inhibitor treatment would yield a more significant increase
of their levels in unchallenged cells. However, the reason why the inhibition of protein degradation
pathways is not sufficient to rescue the compensatory loss of IBC subunits in AQR-depleted cells is still
unclear. Plausibly, this is due to a mixture of biological and technical reasons. In this sense, one of the
main drawbacks of our approach is the use of a siRNA-mediated knock-down strategy. This has a couple
of consequences: first, it complicates the overall picture, introducing new biological variables derived
from the cellular response to the prolonged loss of the subunits. Second, by forcing us to work on a
longer time frame, it prevents us from catching events that would occur quickly after we destabilized
the system. In other words, it is possible that after 48h depletion the system has already adapted to
match the availability of the less abundant subunit (as we are not working with a knock-out system,
we always have residual levels of the subunit targeted by siRNA-mediated depletion), thus returning to
homeostasis. We saw that the levels of IBC subunits in unchallenged cells were mostly unaffected by the
inhibition of protein degradation pathways: if homeostasis has been restored after 48h of depletion, we
could expect to observe such a refractory behavior also in this situation.

Taking this into account, this study would benefit from using complementary strategies to study IBC
dynamics. One straightforward way to address the time frame issue would be to switch to an acute
depletion strategy. Degron systems or dTAG systems have been successfully employed to study the
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cellular response to acute depletion of BAF complex subunits or nucleoporins [217], [218], [219], [220];
in our case, this would enable us to monitor IBC subunits levels from the moment the degradation of one
subunit is induced. From the practical point of view, it is important to keep in mind that the very nature
of these systems would restrict, to an extent, the type of scientific questions we can ask: for example,
experiments involving the use of proteasomal inhibitors would not be possible. Another way we could
tackle this problem is by directly interfering with specific steps in the complex assembly. IBC formation
in vitro is dependent on the presence of AQR, and more specifically of its structural N-terminal domain
[96]. The inducible overexpression of an N-terminally deleted dominant negative AQR variant in cells
could disrupt complex formation, and therefore serve as an additional tool to study IBC dynamics.

The above-mentioned strategies will prove helpful in better understanding the role of protein
degradation pathways in IBC homeostasis. In addition to this, we decided to tackle this scientific
question from a different perspective by investigating proteins that could be involved in regulating the
levels of IBC subunits.

3.1.2 The global interaction network of AQR

With the goal of identifying potential IBC regulators, we employed mass spectrometry-based approaches
to define the interactome and the proximal proteome of the IBC subunit AQR. The two proteomic
strategies we used complement each other: affinity purification mass spectrometry (AP-MS) allows
the study of stable protein-protein interactions (PPIs), while proximity-dependent biotinylation mass
spectrometry (PDB-MS) catches transient PPIs in vivo [221], [222]. Importantly, the labeling radius of
the enzymes catalyzing the biotinylation reaction, in our case the ascorbate peroxidase APEX2 (labeling
radius of ~ 20 nm), results in the enrichment of all proteins in close proximity to the bait, without the
need for a physical interaction [223], [224]. Workflows combining AP-MS and PDB-MS usually involve
the use of overexpression systems [225], [226]. In our case, to avoid potentially altering the homeostasis
of the IBC by overexpressing one of its subunits, we favored working with the endogenous levels of our
bait: for this, we used a CRISPR-based knock-in strategy to tag the endogenous AQR locus with an AQR-
APEX2-3xFLAG cassette in U20S cells.

By performing AP-MS and PDB-MS from the same cell line, we successfully outlined the global
interaction network of AQR. In line with its function in the spliceosome, we identified 100 and 14 known
splicing factors in the AQR proximal proteome and interactome respectively. These factors included IBC
subunits XAB2, ISY1 and PPIE, confirming that the presence of the APEX2-3xFLAG tag does not impair
the formation of the complex. Additionally, we confirmed that depletion of AQR in the AQR-APEX2-
3xFLAG cell line caused the same collateral loss of XAB2 and ISY1 observed in wild-type U20S cells
(data not shown). We found the majority of AQR-proximal proteins to be involved in mRNA processing,
transcription and chromatin organization, thus giving a comprehensive picture of the transcriptional
process (Figure 5G and 8B). Interestingly, ATPase core subunits of the SWI/SNF complex SMARCAZ2
and SMARCA4, as well as subunits ARID2, PBRM1 and SMARCC2, showed up as AQR interactors in our
AP-MS dataset. A number of studies demonstrated that SMARCA2 and SMARCA4 can influence splicing
outcome through the interaction with the splicing machinery and factors involved in other steps of RNA
processing [227], [228], [229], [230], [231]. To our knowledge, this study is the first one reporting the
interaction of the SWI/SNF complex with AQR, and potentially with the IBC.
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Another biological process we found enriched across both datasets was rRNA processing and, more
generally, ribosome biogenesis. This was particularly evident in the AQR AP-MS dataset, where ~20%
of the identified hits associated to the GO term “ribosome biogenesis”. This finding is in line with the
previously described role of AQR as a regulator of the maturation and assembly of box C/D snoRNPs,
small nucleolar ribonucleoproteins that mediate post-transcriptional modifications of precursor rRNAs
[111], [232]. Indeed, we found AQR to physically interact with NOP56, one of the four core box C/D
snoRNP proteins, as well as with DKC1, a pseudouridine synthase and core subunit of H/ACA snoRNPs
(Figure 7D). Importantly, other IBC subunits have not been described to play a role in this pathway;
we could therefore speculate that a subset of AQR interactors might not be shared with the IBC, but is
rather the reflection of functions specific to AQR.

3.1.3 Looking for IBC regulators

Among the pathways that stood out from the functional enrichment analysis of the AQR proximal
proteome were “ubiquitin-like protein transferase activity” and “ubiquitin mediated proteolysis”. Given
our goal of understanding the mechanisms regulating IBC stability, we decided to follow up more closely
on this set of proteins. Our AQR PDB-MS dataset revealed 32 proteins involved in ubiquitin signaling
enriched in AQR proximity, comprising of two E1 enzymes (UBA1 and UBA6), one E2 enzyme (UBE2R2),
21 E3 enzymes, and 8 deubiquitinating enzymes. 14 subunits of E3 ubiquitin ligase complexes were also
identified: these included members of the cell cycle-regulating anaphase-promoting complex (APC) and
Skp1-Cullin-F-box protein complex (SCF), and subunits of the DDB1-CUL4-X-box (DCX), C-terminal to
LisH complex (CLTH), and of the COP signalosome (CSN). In addition to members  of the ubiquitin
system, enzymes involved in signaling cascades of ubiquitin-like molecules, such as SUMO and NEDDS,
were present in proximity of AQR. Last but not least, the ubiquitin-binding ATPase VCP/p97 and the
substrate-shuttling factor RAD23B, which select and deliver ubiquitylated substrates to the proteasome,
were also identified. Recent studies have shown that VCP and RAD23B, together with ubiquitin ligase
UBE3A, are necessary for the formation of nucleoplasmic proteasome condensates upon hyperosmotic
stress and nutrient starvation, in which the degradation of orphan ribosomal proteins takes place
[233], [234]. As we identify these three proteins in proximity of AQR, it is tempting to hypothesize
that unassembled IBC subunits could also be targeted by a similar mechanism in specific stress
conditions. In addition to UBE3A, HECT-type E3 ubiquitin ligases UBR5 and TRIP12 also showed up as
AQR proximal proteins. Interestingly, both proteins have been shown to play a role in the regulation of
protein complexes: UBR5 exerts orphan quality control on unpaired subunits of multiple transcription
factors, while TRIP12 is involved in the regulation of the SWI/SNF complex stoichiometry [173], [235].
Interestingly, UBR5 was reported to interact in embryonic stem cells with H/ACA snoRNPs box proteins
such as DKC1 and NOP10, which we also encountered in the AQR AP-MS [236]: this places UBR5 in
the functional and physical vicinity of AQR. The known roles of TRIP12 and UBRS5 in the regulation of
protein complex homeostasis prompted us to further investigate their association with AQR and the IBC.
TRIP12 showed up as an interactor of AQR in our AP-MS dataset; immunoprecipitation of endogenous
TRIP12 complemented this data, confirming the binary interaction between AQR and TRIP12. Among
other IBC subunits, only XAB2 co-immunoprecipitated with TRIP12 in addition to AQR: we therefore
hypothesized that TRIP12 is involved in regulating the stability of a potential sub-complex formed by
AQR and XAB2. TRIP12 and UBRS5 are known to work together, for example in the context of double-
strand break repair, where they control the cellular pool of RNF168 thereby regulating the spread of
ubiquitylation on chromatin [179]. In addition, TRIP12 homolog in S.cerevisiae, Ufd4, was shown to
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cooperate with the RING-type Ubr1 E3 ubiquitin ligase in the degradation of Arg/N-degron substrates
[85]. As UBRS5 is one of the E3 ubiquitin ligase mediating the Arg/N-degron pathway in humans, this
raises the possibility that IBC subunits could be targeted to degradation by such a mechanism [178].

We reasoned that, if UBR5 plays a role in regulating the stability of the IBC, loss of UBR5 might rescue
the collateral loss effect caused by depletion of one of the subunits. We tested this by depleting AQR,
XAB2 or ISY1 in a RPE-1 UBR5 KO cell line. We found that UBR5 knock-out affected different subunits to
a different extent, and these effects were also dependent on which subunits we depleted. In particular,
three observations stood out: 1) UBR5 knock-out always opposes loss of AQR levels independently of
which subunit is depleted, 2) UBR5 knock-out rescues the collateral loss of XAB2 and ISY1 caused by
AQR depletion, and 3) UBR5 knock-out is not sufficient to rescue the reduction in levels of ISY1 and
XAB2 observed XAB2- and ISY-depleted cells, respectively. Bringing TRIP12 into the picture adds
another layer of complexity. The effects of TRIP12 depletion in wild-type cells were not as strong
and reproducible as the ones caused by absence of UBR5: however, TRIP12-depleted cells in general
showed higher levels of AQR and XAB2, while ISY1 levels were not affected. TRIP12 depletion in UBR5
KO cells had no additive effect, which could indicate that UBR5 has a more prominent role in regulating
the levels of IBC subunits. However, we noticed that TRIP12 depletion led to an increase in UBR5 levels,
which could hint towards a cross-regulation between the two E3 ubiquitin ligases.

Overall, this data substantiates a role for UBR5 and TRIP12 in regulating the protein levels of a subset
of IBC subunits. However, how and when UBR5 and TRIP12 targets XAB2 and other IBC subunits for
degradation is still unclear.

3.1.4 The role of TRIP12 and UBRS5 in the regulation of IBC subunits

In E3 ligase-substrate relationships, absence of the E3 ligase can result in reduced ubiquitination and
subsequent stabilization of the substrate. Indeed, mapping changes in ubiquitination proteome-wide
by ubiquitin remnant profiling revealed that specific lysine residues on XAB2 are less ubiquitylated in
UBRS5 knock-out cells, thus making XAB2 a potential substrate of UBR5 (data not shown, experiment
performed by Ekaterina Isaakova). However, which type of ubiquitin chains are built on XAB2 and
other subunits remains an open question. In fact, while ubiquitin remnant profiling is an extremely
powerful technique for identifying novel substrates of E3 ubiquitin ligases, it does not allow us to obtain
information on the nature of ubiquitin chains, which ultimately dictates the fate of the substrate. E3
ubiquitin ligases show specificity in the type of ubiquitin chains they can build on substrates. UBRS5, for
example, is able to synthesize homotypic K48-linked chains, and heterotypic K11/K48-linked or K48/
K63-linked branched chains, all of which mark substrates for proteasomal degradation [237], [238],
[239], [240]. TRIP12 on the other hand mediates the formation of homotypic K29-linked chains and
heterotypic K29/K48-linked branched ubiquitin chains [180], [241], [242]. Strikingly, results from our
ubiquitin remnant profiling analysis of TRIP12-depleted cells showed a global decrease in K29-linked
ubiquitylation, which could have profound effects on the architecture of ubiquitin chains and influence
the fate of the substrates. We found that depletion of TRIP12 led to a mild increase in AQR and XAB2
levels, which could indicate that these proteins are less targeted to degradation. A recent study by Yu
and colleagues showed that a synthetic antigen-binding fragment specific for K29-linked ubiquitin
efficiently enriched AQR and XAB2 from protein lysates, suggesting that these proteins are indeed
modified with K29-linked ubiquitin chains in cells [243]. Therefore, from our current knowledge we
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can speculate that UBR5 and TRIP12 cooperate in building K29/K48-linked branched ubiquitin chains
on AQR and XAB2, thus targeting them for degradation. Importantly, recent studies showed that UBR5
works as a chain-elongating E3 ligase, meaning that it is able to modify pre-ubiquitylated substrates
[239], [240]. In this scenario, TRIP12 and UBRS5 could act in sequence (Figure 29). In the first step,
IBC subunits would be modified by TRIP12 with K29-linked ubiquitin chains: this first modification
could already work as a weak degradation signal. Branching of these chains with K48 linkages by UBR5
would potentiate this signal and target the substrates to the proteasome for degradation. Notably, a
similar mechanism was observed in the yeast UFD pathway: in this case, K29-linked chains built by
Ufd4 (the yeast homolog of TRIP12) are preferentially recognized and branched with K48 linkages by
E4 ubiquitin elongation enzyme Ufd2 [181]. Different scenarios are of course possible: for example,
TRIP12 and UBRS5 could be joined in this ubiquitination cascade by a third enzyme, which could prime
the substrates for ubiquitin chain formation.

Determining when, in the sequence of events from subunit synthesis to complex assembly, these
ubiquitination events take place will be important for understanding how the IBC is regulated. UBR5
is a known player in the orphan quality control pathway, and was found to target for degradation free
subunits exposing degron signals that would normally be buried inside the assembled complex [235].
Therefore, it is possible that unassembled IBC subunits are degraded through a similar mechanism. In
line with this, it would be interesting to investigate whether IBC subunits are substrates of the Arg/N-
degron pathway, in which UBRS5 plays a role. In addition, it is possible that these proteins are degraded
during translation itself; in this process, known as co-translational degradation, nascent polypeptides
can be targeted for degradation before their synthesis is completed [244], [245], [246], [247]. To our
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Figure 29. Possible model of IBC subunits degradation by TRIP12 and UBR5

Unassembled AQR or XAB2 subunits are first modified by TRIP12 with K29-linked ubiquitin chains (upper part); UBR5
initiates the branching of the pre-existent chains adding K48-linked ubiquitin monomers, thus targeting the substrates
to degradation. Alternatively, substrates are first modified by a third unidentified E3 ubiquitin ligase (lower part); this
first modification acts as a seed for UBR5, which builds K848-linke chains. TRIP12 cooperates by adding K29-linked
ubiquitin monomers. The resulting K29/K48-linked branched ubiquitin chain targets substrates for degradation.
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knowledge, the ubiquitylome of nascent polypeptides has been profiled by two separate studies in yeast
and human cells, neither of which identified IBC subunits [248], [249]. Nevertheless, we cannot exclude
that at least a fraction of these proteins is degraded before reaching its fully folded conformation in
a condition when IBC formation is impaired. Lastly, it is also possible that unassembled IBC subunits
misfold and form protein aggregates; however, using a denaturing lysis buffer to recover insoluble
proteins did not improve the recovery of XAB2 levels in AQR-depleted cells, indicating that aggregation
is potentially a less likely fate for unassembled IBC subunits.

In summary, we have outlined different ways through which free IBC subunits could be removed from
the cell. Our data strongly suggest a role for UBR5 and TRIP12 in regulating the levels of IBC subunits
AQR and XAB2: this supports the hypothesis that these two proteins form a sub-complex before joining
the other three subunits in the fully assembled IBC. Additional work will allow us to gain further insight
into how and when UBR5 and TRIP12 targets IBC subunits and other IBC subunits for degradation.
Additionally, the mechanisms responsible for regulating levels of the remaining subunits remain
completely unexplored. Ultimately, we hope that characterizing these mechanisms will lead to a broader
understanding of the importance of IBC regulation in physiological and pathological contexts.

3.2 Cellular responses to the loss of intron-binding complex subunits
IBC subunits have been associated with various biological processes in cells, ranging from splicing,
to maintenance of genomic stability, to miRNA biogenesis and cell differentiation [128], [130], [145].
Some of these functions are carried out through interactions with different binding partners: for
example, ISY1 interacts with base excision repair factor APEX1 [146], and XAB2 was first characterized
as binder of transcription-coupled and global genome nucleotide excision repair pathway (TC- and GG-
NER) factor XPA [128]. How and in response to which stimuli IBC subunits navigate between different
interaction partners is unknown. In the previous section we have touched upon different aspects of the
regulation of the IBC, such as co-expression and collateral loss. So far, studies on IBC members have
focused on single subunits, without taking into account the interconnection between levels of different
complex members; however, a phenomenon like the compensatory loss of subunits could have wide
repercussions on cellular processes. Here, we want to acknowledge that the picture is more complex,
and that multiple factors need to be taken into account when studying the role of IBC subunits in
biological processes.

3.2.1 “Omics” approaches to characterize the response to loss of IBC subunits

To disentangle the cellular response to the loss of IBC subunits, we used proteomics and transcriptomics
to gain a broad perspective on which biological processes are affected by loss of specific members of the
complex.

For the proteomic profiling of IBC-depleted cells, we chose to compare the effects of the 48h depletion
of three subunits, AQR, XAB2 and ISY1 (the same subunits and conditions we used in the first part of
this study). Currently, we can complement the this data with transcriptomic data of 48h AQR-depleted
cells; in the future, generation of mRNA-seq datasets for XAB2- and ISY1-depleted cells will allow to
paint a comprehensive picture of the different cellular processes affected by the loss of IBC subunits.
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The datasets at hand allowed us to draw some interesting conclusions. We observed that loss of AQR,
XABZ2 and ISY1 affected the proteome to a similar extent, influencing the levels of roughly a fourth of all
the quantified proteins; here, ISY1 caused the most widespread effect, affecting levels of 1275 proteins.

Overlap of knock-down-specific changes identified a set of 2240 proteins responsive to the depletion
of at least one IBC subunit; of these, 302 proteins were shared across the three conditions, suggesting
the existence of a core response to the loss of IBC subunits. This core response was accompanied by IBC
subunit-specific signatures, which were visible in our functional enrichment analysis. We first focused
our attention on the core response; here, key features were the loss of cell cycle-associated proteins
and the up-regulation of proteins involved in anti-apoptotic pathways, among which were known
senescence markers. Integration of proteomic and transcriptomic data for AQR-depleted cells revealed
that this response begins at the level of transcription, indicating the activation of specific transcriptional
programs. On the other hand, reduction in the levels of ribosome biogenesis factors, another feature of
the core response, was observed only at the proteome level: this suggests that the stability of these
proteins in response to loss of AQR (and others IBC subunits) is regulated through post-transcriptional
mechanisms.

The presence of this conserved response upon depletion of AQR, XAB2 and ISY1 prompted us to
investigate if the changes at the proteome levels were mirrored in cellular phenotypes.

3.2.2 DNA damage, p53 activation and cell cycle arrest: the core response to the
loss of IBC subunits

Our proteomic profiling analysis revealed the down-regulation of many cell cycle regulators. These
were, for the most part, mitotic factors such as mitotic kinase Aurora kinase B (AURKB), components of
the chromosomal passenger complex INCENP and Borealin (CDCA8), as well as a number of kinesin-like
proteins required for mitotic spindle formation and cytokinesis (KIF18B, KIF20A, KIF23). The reduction
in protein levels extended to factors regulating G1/S phase transition, such as cyclin-dependent kinase
CDK®6, and to replication-associated proteins, such as subunits of the GINS and MCM complex and
DNA topoisomerase binding protein TOPBP1. Monitoring cell cycle progression revealed that these
proteomic alterations were accompanied by a strong phenotype: prolonged depletion of IBC subunits
led to a gradual reduction of actively cycling cells, as seen by a stark reduction in the percentage of
EdU-incorporating cells, with concurrent accumulation in G1/G0 and G2. In addition to the reduction in
proliferation, we could observe high toxicity and cell loss, particularly for XAB2 and ISY1-depleted cells.

Cell cycle regulation is orchestrated by changes in the activity, chromatin association and overall
abundance of many proteins. Regulation of abundance of cell cycle factors is a multilayered process: post-
translationally, the E3 ubiquitin ligases complexes anaphase-promoting complex (APC/C) and Skp1-Cul1-
F-box (SCF) target a plethora of cell cycle proteins for degradation, allowing progression through cell
cycle phases and regulation of cell cycle checkpoints [250]. In addition, specific transcriptional programs
coordinate the levels of most proteins necessary for cell cycle progression: this regulatory network
includes different families of transcription factors, such as the E2F/RB family and the DREAM complex
[251]. Importantly, absence of mitogenic factors or presence of stress conditions leads to the down-
regulation of cell cycle gene expression, thus halting proliferation. Stress signals typically converge on the
activation of the p53-p21 pathway, which through multiple mechanisms coordinates the transcriptional
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repression response [252], [253]. This mechanism was perfectly represented in our transcriptomics data
of AQR-depleted cells, which showed both activation of the p53-p21 pathway and down-regulation of cell
cycle-related genes. Consistent with this data, prolonged depletion of IBC subunits caused the gradual
increase of p21 expression, which was strictly dependent on the presence of p53.

An extensive crosstalk exists between cell cycle regulation, p53-dependent pathways and DNA damage
repair (DDR) signaling. Activation of DDR upstream kinases ATM-CHK2 and ATR-CHK1 in response
to different types of genotoxic stressors induces the phosphorylation and stabilization of p53, as well
as modulating cell cycle checkpoints [254], [255], [256], [257]. In line with previous reports, our data
showed that loss of IBC subunits caused genomic instability, as seen by the spontaneous increase in
levels of double-strand breaks (DSBs) marker yH2AX and of DSB repair pathway regulator 53BP1.

Overall, our results show that the prolonged loss of IBC subunits causes spontaneous DNA damage and
activates the p53-p21 axis, eliciting a transcriptional response that ultimately results in cell cycle arrest.
Importantly, this seems to be a core response induced by the loss of all three IBC subunits.

3.2.3 Senescence is the ultimate consequence of the of loss of IBC subunits
Activation of the p53-p21 signaling pathway is typically observed in senescent cells. Senescence is
multifaceted phenomenon with profound implications in physiological and pathological contexts.
Senescent phenotypes are very heterogeneous, and they usually reflect differences in cell type and
upstream stress stimulus: for example, pathways activated in by oncogene-induced stress differ from
the ones activated in response to overproduction of reactive oxygen species, but both stimuli result
in a senescent phenotype. Despite this variability, some hallmarks of cellular senescence have been
defined throughout the years [195]: these include chronic DNA damage, irreversible cell cycle arrest,
resistance to apoptosis, rewiring of metabolic pathways, activation of the unfolded protein response,
a specific secretory phenotype, and recognizable morphological alterations. Interestingly, we found
that cells depleted of IBC subunits display most of these hallmarks. As highlighted in the previous
section, genome instability and cell cycle arrest are key features of the cellular response to the loss of
IBC subunits. Additionally, our proteomic analysis revealed that the up-regulation of a subset of anti-
apoptotic proteins is part of the core proteomic response to the loss of the subunits.

As mentioned before, senescent cells usually undergo metabolic rewiring, which includes the alteration
of several pathways involved in glucose and lipid metabolism [258], [259]. In line with studies showing
increased glycolysis rate in senescent cells, our proteomic analysis revealed that loss of IBC subunits
leads to the up-regulation of pathways involved in carbon metabolism, such as glycolysis and the
pentose phosphate pathway. Interestingly, this effect is seen strongest in AQR- and ISY1-depleted cells,
suggesting underlying differences between the responses to the loss of specific subunits.

An additional hallmark of senescent cells is the ability of releasing cytokines, chemokines, growth factors
and proteases in the extracellular milieu. This mixture of proteins is collectively known as senescent-
associated secretory phenotype (SASP) and it mediates paracrine signaling, favoring the onset of
senescence in nearby cells [260]. Despite SASP composition being heterogeneous and dependent on
the stimulus that triggered senescence, proteomic studies have highlighted subsets of proteins that
are shared across secretomes of different senescence conditions [184], [261], [262]. We were able to

71



Discussion

identify several of these components amongst proteins up-regulated upon loss of IBC subunits, such
as subunits of type VI collagen (COL6A1 and COL6A2), danger associated molecular pattern molecules
(HMGB1) and members of the Serpin superfamily (SERPINE1) (data not shown). This suggests that,
upon loss of IBC subunits, cells are able to engage in SASP production, which would in turn facilitate the
spreading of senescence to neighboring cells.

Lastly, senescent cells typically experience defects in ribosome biogenesis and global reduction of
protein synthesis [263]. We saw that the loss of IBC subunits led to the strong down-regulation of
numerous ribosomal subunits and ribosome biogenesis factors, and that prolonged depletion of AQR
caused a reduction in protein synthesis. Additionally, our transcriptomic data revealed the up-regulation
of genes involved in MAPK kinase signaling pathways, which play a key role in coordinating the cellular
response to a variety of stressors, including ribotoxic stress [264]. Taken together, these results suggest
that ribosomal stress is another feature of IBC-depleted cells. Interestingly, ribosomal stress can both
be cause and consequence of p53 activation, raising the question of which phenotype comes first when
IBC subunits are lost. Considering the role of AQR in the biogenesis of snoRNPs, which regulate the
maturation of rRN4, it is tempting to speculate that the defects in ribosome biogenesis come first, and
are the source of p53 activation and senescence. In the future, additional work will hopefully allow us to
find the answer to this chicken-and-egg question.

In conclusion, we could show that the acquisition of a multifaceted senescent phenotype is the
ultimate consequence of the loss of IBC subunits. Given the complexity of this phenotype, we set out to
better characterize some of its features. As DNA damage is one the driving factors of senescence, this
prompted us to investigate which could be the underlying causes of the chronic genomic instability
phenotype observed upon loss of IBC subunits. For simplicity, we decided to focus our efforts on the
characterization of one subunit, AQR.

3.2.4 Interplay of transcription and DNA damage in AQR-depleted cells

As mentioned in the previous section, chronic DNA damage is one of the main features of senescent cells.
Which mechanisms drive the genomic instability phenotype observed upon loss of IBC subunits remains
an open question. Considering the involvement of the IBC in splicing and transcription-associated
processes, we could speculate that genomic instability results, to an extent, from misregulation of
these processes. We started tackling these questions by exploring the interplay between AQR-driven
transcriptional changes and genomic instability, and looked at the genome-wide effects of AQR loss on
nascent transcription and DSBs formation.

Mapping the sites of recurrent DSB formation genome-wide with sBLISS revealed that AQR depletion
caused alterations in the DSB landscape of U20S cells. In line with the observed genomic instability
phenotype, loss of AQR increased the number of persistent DSBs; notably, AQR-induced DSBs only
minorly overlapped with endogenous DSBs (identified in the control condition). One explanation for
this observation could be that the high induction of DSBs in AQR-depleted cells leads to detecting fewer
spontaneous endogenous breaks, which would instead be more easily detected in the control condition.
Nevertheless, the distribution of DSBs across different genomic features was identical in AQR-depleted
and control cells, indicating that the overall fragility of different genomic regions (e.g. promoter regions)
is unchanged between the two conditions.
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Endogenous DSBs are typically enriched around the transcription start site (TSS) of transcribed protein-
coding genes [204], [206], [265], [266], [267], [268]. The relationship between transcription rate and
increased propensity to accumulate mutations and recombination events has been subject of studies
since the early ‘90s [207], [269], [270], [271]. This phenomenon, known as transcription-associated
genomic instability, follows the principle by which elevated transcription rate increases the sensitivity
of genomic DNA to different sources of DNA damage, resulting in the formation of DSBs [210]. Nowadays
the picture appears to be more complex, with recent studies showing that other factors, such as the
release of RNA polymerase Il pausing, are also contributing to the formation of endogenous DSBs [272].
The correlation between transcriptional status and DNA fragility was visible in our datasets: expressed
genes from our mRNA-seq dataset generally accumulated more DSBs than non-expressed genes and,
similarly, highly expressed genes accumulating more DSBs than lowly expressed genes.

Up-regulation of specific transcriptional programs can be accompanied by an increase in the occurrence
of endogenous DSBs; this was seen, for example, in the context of neuronal differentiation, where highly
expressed genes involved in neural cell fate determination were prone to spontaneous DNA damage
[268]. We therefore investigated if AQR-dependent transcriptional changes, obtained from our transient
transcriptome dataset, correlated with increased DNA fragility. This overlap allowed us to define three
groups of AQR-dependent DSBs. Group 1 included DSBs occurring at genes that were transcriptionally
up-regulated in AQR-depleted cells. DSBs in Group 2 occurred at genes that did not respond to AQR loss:
the vast majority of DSBs belonged to this group. Lastly, Group 3 included DSBs that accumulated at
genes whose transcription is repressed by AQR depletion.

The presence of these three groups gives us some insight into how the loss of AQR could affect genomic
stability. For Group 1 DSBs, a mechanistic explanation is quite straightforward. As these DSBs are
found at genes that are more transcribed in response to AQR depletion, they could be the direct result
of transcription-associated genomic instability. Importantly, we found that not all up-regulated genes
accumulated AQR-dependent DSBs, indicating that transcription-associated genomic instability is
likely not a general feature of the transcriptional response to AQR depletion. These DSBs are especially
affecting genes involved in signaling pathways usually up-regulated in senescent cells, such as the MAPK
pathway or TGF-f signaling pathway [208], [273].

As mentioned before, Group 2 includes AQR-dependent DSBs occurring at genes for which we detect no
change in transcription rate. Here we see the apparent uncoupling of AQR-dependent effects on genome
stability and transcription: AQR loss simply increases DSBs formation at these genes, without affecting
their transcriptional status. The mechanism behind AQR-induced genomic instability at these genes is,
as a result, more difficult to pinpoint. In the future, checking the extent of the correlation between DNA
fragility with expression level and with factors influencing RNA Polymerase II pausing, such as gene
length and bidirectional transcription, will allow us to gain more insight on the origin of these DSBs.

As it is somewhat counterintuitive that less transcribed genes would accumulate more DNA damage,
Group 3 DSBs are more difficult to explain. Here we envision two possible explanations: on one hand,
it is possible that genes, despite being down-regulated, retain a level of expression high enough to drive
genomic instability. Alternatively, it is possible that the persistence of these DSBs is not an indication of
higher incidence, but rather of less efficient repair. Active genes are known to be repaired faster than
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inactive genes through transcription-coupled double-strand break repair (TC-DSBR) [274], [275], [276].
In this context, transcriptional repression caused by AQR depletion could reduce DNA repair efficiency
of spontaneous DSBs, which would therefore be more persistent.

Finally, we want to acknowledge that, despite its complexity, the picture we have so far presented is still
a simplified one, and many additional factors could be contributing to DSBs formation. Some factors
could still be linked to transcriptional processes, such as the formation of unscheduled R-loops; however,
DSBs might arise for reasons completely independent from transcription, such as other endogenous
DNA damage sources.

3.2.5 The IBC in R-loop regulation

In recent years, R-loops have emerged as major players in transcription-associated DNA damage [277].
The relationship between R-loops and transcription is multifaceted. First of all, transcription provides
the perfect conditions for R-loop formation: the negative supercoiling of the DNA stretch behind the
elongating RNA polymerase favors the re-invasion and annealing of the nascent transcript to the
complementary DNA strand, leading to the formation of an RNA:DNA hybrid and displacing the single
strand of DNA. As a result, transcription rate typically correlates well with R-loop levels [278]. R-loops
presence itself affects transcription; in recent years, many studies shed light on various mechanisms
through which R-loops can regulate gene expression, for example by modulating chromatin accessibility
or promoting transcription termination [116]. Timely removal of R-loops is critical, and accumulation
of these structures contributes to genomic instability. The displaced single strand of DNA is particularly
vulnerable to DNA damage, giving rise to single-strand breaks (SSBs) which can be later processed into
DSBs [119], [279], [280], [281]. Furthermore, R-loop accumulation can contribute to transcription-
replication conflicts, leading to collapse of the replication fork and generation of DSBs [282]. Despite the
causal relationship between high R-loop levels and genomic instability being very well established, it is
worth pointing out that both R-loops and RNA:DNA hybrids can also contribute to the maintenance of
genome stability [283]. For example, different studies showed that the transient formation of RNA:DNA
hybrids at subsets of DSBs facilitates DNA repair [284], [285], [286]. All in all, the interplay between
transcription, R-loops and DNA repair requires the dynamic regulation of all processes involved.

Proteins acting in transcription and pre-mRNA processing are great candidates for roles as R-loop
regulators. Mutations in general splicing factors were shown to cause an increase in R-loops formation
and genome instability in myelodysplastic syndromes and chronic lymphocytic leukemia [287], [288],
[289], [290]. Additionally, the displacement of the whole spliceosome from chromatin in response
transcription-blocking DNA lesions could also provide an opportunity for the formation of unscheduled
R-loops [291]. In the case of the IBC, subunits AQR and XAB2 have been previously implicated in R-loop
regulation [119], [141]. R-loops were shown to accumulate upon depletion of either protein, resulting in
R-loop-dependent genomic instability; additionally, XAB2 was found to interact with nucleotide excision
repair (NER) factors XPF and XPG and mediate their localization at RNA:DNA hybrids, thus regulating
R-loop processing. Despite these reports, our current understanding of why R-loops accumulate in
absence of IBC subunits is limited.

Our data showed that loss of AQR, XAB2 and ISY1 leads to the progressive increase in R-loops levels. It
is possible that each one of these proteins causes R-loop accumulation through separate mechanisms;
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the helicase activity of AQR, for example, makes it an attractive candidate as an R-loop resolving
factor. In the future, purification of wild-type AQR will allow to test its ability to unwind R-loops in
vitro. Alternatively, R-loop accumulation upon depletion of single subunits could reflect, at least to an
extent, a general response to reduced levels of the whole IBC. In other words, R-loop formation could be
another aspect of the core response to the loss of IBC subunits. In the future, mapping R-loops genome-
wide upon loss of different complex members could give us valuable insight into where this structure
form, and how the loss of each subunits shapes the R-loop landscape.

As the IBC is part of the spliceosome, R-loop accumulation could be the result of faulty splicing
mechanisms, which could in turn affect transcription. In this sense, understanding where R-loops form
in AQR-depleted cells, and how they could affect genomic instability, will provide a new perspective on
the relationship between nascent transcription and AQR-dependent DSB formation. By looking at this
global picture, we hope to unravel the complex crosstalk between transcription and genome instability,
and understand the role of the IBC plays in it.

3.3 Concluding remarks

In this thesis, | have presented two stories sharing the same protagonist, the intron-binding complex.
This work is a good example of how a serendipitous observation can lead to new ideas and projects; in
this case, the collateral loss of IBC subunits is the finding we were not looking for, that spurred a lot of
the research presented here. Without prior knowledge, the interpretation of experimental data, and
particularly of “unexpected” data that is not directly linked to the primary research hypothesis, is very
challenging. Similarly, analyzing specific phenotypes without acknowledging the bigger picture can
lead to an only partial understanding of the underlying biology. In the case of the IBC, previous studies
have investigated how cells react to the loss of individual subunits; however, we can expect that the
biology and regulation of the IBC play a role in such cellular response. If the levels of IBC subunits are
interconnected, and the absence of one subunit is matched by a reduction in the levels of the others, this
will have an impact on downstream phenotypes. Of course, acknowledging this regulation increases the
complexity of the research question, and requires taking into account many new biological variables.
With this thesis I have tried, to the best of my abilities, to bridge the gap between IBC regulation and
its involvement in cellular processes. In the process, this research uncovered novel quality control
mechanisms for the IBC and highlighted new functions for its subunits. Most of the work presented
here is part of projects that are still ongoing, and there are many exciting future directions and open
questions. One of the goals for future research will be to explore the relevance of these mechanisms in
physiological and pathological contexts, such as aging and cancer.
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4. Materials and Methods

Material and Methods

4.1 List of all consumables, software and machines

Table 1: Buffers/Solutions/Consumables

Cell culture

Composition / vendor

4-thiouridine (4SU)

5-Ethynyl-2-deoxyuridine (EdU)

5-Ethynyl uridine (EU)

Bafilomycin A (BafA)

Biotin-phenol

Bortezomib

Cyclohexamide (CHX)

Dialyzed FBS (10,000 molecular weight cut-off)
Dimethyl sulfoxide (DMSO)

D-MEM for SILAC without lysine and arginine
Dulbecco’s Modified Eagle Medium (D-MEM)
Dulbecco’s Phosphate-Buffered Saline (D-PBS)
Fetal bovine serum (FBS)

Human bone osteosarcoma epithelial cells (U20S)
Human colorectal carcinoma epithelial cells (HCT116)

Human embryonic kidney cells (HEK293T)

Human hTERT-immortalized retinal pigment epithelial
cells (RPE-1)

Hydrogen Peroxide

L-arginine (Arg0)

L-lysine (Lys0)

L-arginine-U-13C6 99% (Arg6)
L-lysine-4,4,5,5,-D4 96-98% (Lys4)
L-arginine-U-13C6-15N4 99% (Arg10)
L-lysine-U-13C6-15N2 99% (Lys8)
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Jena Bioscience
Jena Bioscience
Jena Bioscience
Sigma Aldrich
Iris Biochem
Selleckchem
Merck

Thermo Fisher Scientific
Sigma Aldrich
Sigma Aldrich
Gibco

Gibco

Gibco

ATCC

ATCC

ATCC

ATCC

Sigma Aldrich

Cambridge Isotope Laboratories
Cambridge Isotope Laboratories
Cambridge Isotope Laboratories
Cambridge Isotope Laboratories
Cambridge Isotope Laboratories

Cambridge Isotope Laboratories
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Cell culture

Composition / vendor

L-glutamine

MG132
Penicillin/Streptomycin
Pladienolide B (PladB)

Puromycin

Quenching solution

Roswell Park Memorial Institute 1640 Medium (RPMI)

Trypsin-EDTA (0.05% )

Transfection
Lipofectamine RNAIMAX
Opti-MEM with GlutaMAX

Gibco

Sigma Aldrich

Gibco

Santa Cruz Biotechnologies

InvivoGen

1 mM Sodium azide, 10mM Sodium
ascorbate and 5mM Trolox in D-PBS

Gibco
Gibco

Composition / vendor
Life Technologies

Gibco

Cell lysis

Composition / vendor

Complete protease inhibitor cocktail tablets

Modified RIPA buffer

No-salt modified RIPA buffer

N-ethylmaleimide (NEM)

NuPAGE LDS Sample Buffer (4x) (LDS SB)
Phosphatase inhibitors:

1 mM sodium orthovanadate

5 mM B-glycerophosphate

5 mM sodium fluoride

QuickStart Bradford 1x Dye Protein Reagent

RIPA buffer

Sm Nuclease

Roche Diagnostics

50 mM Tris-HCl pH 7.5, 150 mM Nac(l, 1
mM EDTA, 1% NP-40, 0.1% Sodium-de-
oxycholate

50 mM Tris-HCl pH 7.5, 1 mM EDTA, 1%
NP-40, 0.1% Sodium-deoxycholate

Sigma Aldrich

Thermo Fisher Scientific

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich

BioRad

50 mM Tris-HCI, pH 7.4, 1% Triton
X-100, 0.5% Sodium Deoxycholate, 0.1%
SDS, 150mM Nacl

IMB PPCF

Pull-downs

Composition / vendor

ANTI-FLAG M2 Affinity Gel
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Pull-downs

Composition / vendor

Dynabeads Protein G beads
Neutravidin beads

Urea

Thermo Fisher Scientific
Thermo Fisher Scientific

Sigma

SDS-PAGE and Western blotting

Composition / vendor

0.45 pm nitrocellulose

Blocking buffer

Bovine serum albumin (BSA)
Dithiothreitol (DTT)

NuPAG MOPS SDS Running Buffer (20X)
NuPAGE Bis-Tris gels 4-12%

PBS-T

Ponceau S

Ponceau S solution

SuperSignal West Pico Chemiluminescent Substrate

Transfer buffer

Sigma Aldrich

109% skimmed milk solution in PBS-T or
5% BSA in PBS-T or
3% BSA in PBS-T

Sigma Aldrich

Sigma Aldrich

Thermo Fisher Scientific

Thermo Fisher Scientific

1x PBS, 0.1% Tween-20

Sigma Aldrich

0.1% (w/v) Ponceau S, 5% acetic acid

Thermo Fisher Scientific

25 mM Tris, 192 mM Glycine, 20% (v/v)
ethanol, pH 8.3

Microscopy and flow cytometry

Composition / vendor

4% paraformaldehyde (PFA) in PBS
Alexa Fluor 647 azide

Copper (II) sulfate pentahydrate in PBS
Blocking buffer

Hoechst 33342

Permeabilization buffer

Sodium L-ascorbate

Affymetrix

Thermo Fisher Scientific
Sigma Aldrich

5% BSA in PBS-T
Thermo Fisher Scientific
0.3% Triton X-100 in PBS
Sigma Aldrich

Mass spectrometry

Composition / vendor

In-gel digestion
Buffer B
Chloroacetamide (CAA)
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Mass spectrometry

Composition / vendor

Colloidal Blue Staining Kit
Destaining solution
Digestion buffer

Peptide extraction buffer

Sequencing grade Trypsin (0.5 pg/ul in 50 mM acetic acid)

In-solution digestion
Denaturation buffer

SepPAK C18 cartridges

Stage tipping

Buffer A

Buffer B

C18 elution buffer

C18 Empore 47 mm extraction disks

Micro-SCX fractionation

SCX elution buffers

SCX Empore Cation 47 mm extraction disks

SCX wash buffer

Life Technologies

50% Ethanol, 50 mM ABC buffer pH 8.0
25 mM ABC buffer pH 8.0

30% ACN, 3% TFA

Serva

6 M urea, 2 M thiourea in 10 mM HE-
PES-NaOH pH 8.0

Waters

0.1% formic acid

80% ACN, 0.1% formic acid
50% ACN, 0.1% formic acid
CDS Analytical

40 mM acetic acid, 40 mM boric acid,
40 mM phosphoric acid. (Adjust pH to
the indicated pH values with sodium
hydroxide. Add 40% ACN before use)

CDS Analytical
40% ACN, 0.1% TFA

DiGly remnant enrichment

Composition / vendor

DiGly immunoaffinity purification buffer (IAP, 10x)

DiGly wash buffer 1
PTMScan Ubiquitin Remnant Motif beads

500 mM MOPS pH 7.2, 100 mM Na3PO04,
500 mM NacCl

1x IAP buffer, 150 mM NacCl, 0.5% NP-40

Cell signaling

mRNA sequencing

Composition / vendor

DNase

RNeasy Plus Mini Kit

RNase-free water

RNAaseZAP

TruSeq Stranded mRNA LT Sample Prep Kit
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TTchem-seq Composition / vendor

KAPA RNA HyperPrep kit Roche

UMACS™ Streptavidin Kit Miltenyi Biotec
MTSEA-Biotin-XX Biotium

RNA clean-up beads Beckman Coulter

TRIzol Invitrogen

sBLISS Composition / vendor
Klenow fragment New England Bioloabs
NEBNext dA-tailing New England Bioloabs
CUTSmart buffer New England Bioloabs

Table 2: List of primary antibodies used in this study.
Unless otherwise stated, indicated dilutions refer to western blotting.

Antibody Product number Manufacturer Dilution Origin
53BP1 MAB3802 Millipore 1:400 (IF) mouse
ACTB A2228 Sigma-Aldrich 1:5000 mouse
AURKA 14475 Cell Signaling 1:500 (IF)  rabbit
c-Myc ab32072 Abcam 1:1000 rabbit
DDX41 15076 Cell Signaling 1:1000 rabbit
FLAG M2 F1804 Sigma-Aldrich 1:1000 mouse
GFP sc-9996 Santa Cruz Biotechnology 1:500 mouse
YH2AX (S139) 05-636 Millipore 1:1000 mouse
1:500 (IF)

HCNP (XAB2) sc-271037 Santa Cruz Biotechnology 1:500 mouse
1:200 (IF)

[BP160 (AQR) A302-547A Bethyl Laboratories 1:1000 rabbit
1:250 (IF)

ISY1 HPA016995 Sigma (Atlas Antibodies) 1:1000 (IF) rabbit
MAP1LC3B NB100-2220 Novus Biologicals 1:500 rabbit
p21 Wafl/Cipl 2947 Cell Signaling 1:1000 rabbit
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Antibody Product number Manufacturer Dilution Origin
p-elF2a (S51) 3398 Cell Signaling 1:1000 rabbit
p-p53 (S15) 284 Cell Signaling 1:1000 rabbit
PPIE sc-100700 Santa Cruz Biotechnology 1:500 (IF) mouse
PRP19 sc-514338 Santa Cruz Biotechnology 1:500 mouse
Puromycin MABE343 Sigma Aldrich 1:1000 mouse
RNaseH2A ab92876 Abcam 1:1000 mouse
SETX A301-104A-T Bethyl Laboratories 1:1000 rabbit
SF3B4 ab183483 Abcam 1:1000 mouse
SQSTM1/p62 88588 Cell Signaling 1:1000 mouse
TRIP12 A301-814A Bethyl Laboratories 1:1000 rabbit
Ubiquitin sc-8017 Santa Cruz Biotechnology 1:1000 mouse
UBR5 65344 Cell Signalling 1:1000 rabbit
Table 3: List of secondary antibodies used in this study.
Indicated dilutions refer to western blotting, unless otherwise stated.
Antibody Product number Manufacturer Dilution Origin
?lg’;‘a Fluor 488, £11001,A411004  Life Technologies 1:1000 (IF) mouse
?162‘3 Fluor488, 11108 411011  Life Technologies 1:1000 (IF) rabbit
Secondary anti-
bodies coupled Jackson ImmunoResearch 1:5000 mouse
to horseradish Laboratories rabbit
peroxidase
Streptavidin-HRP 21130 Thermo Scientific 1:5000

Table 4: List of siRNAs used in this study.

siRNAs Sequence 5’-3’

AQR CUGAAUAUGGCGGUGUAGU-TT
CTRL UGGUUUACAUGUUGUGUGA-TT
CTRL pool D-001820-10 - Horizon Discovery
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siRNAs Sequence 5’-3’

DDX41 pool L-010394-00-0005 - Horizon Discovery
ISY1 GAGCCGAGUUAGUGGAAAA-TT
RNaseH2A GGGCGGGUCAAAUACAACCUGAACU-TT
SETX CCAUCUAACUCUGUACAACUUGCUU-TT
SF3B4 TGCCTTCAAGAAGGACTCCAA-TT

TRIP2 s17810 - ThermoFisher

XAB2 ACGCAGCACUCUCGAAUUU-TT

Table Table 5. List of software used in this study.

Software

Adobe Illustrator CC2021

Bioconductor (version 3.14)
Blc2fastq (version 1.19)
BWA (version 0.7.17-r1188)

Cytoscape (version 3.8.2)

DESeq2 (version 1.34)
featureCounts (version 2.0.0)

GraphPad Prism (version 7.04)

Table 6: Machines.

Harmony High-Content Imaging and Analysis
Software (PerkinElmer) (version 4.4)

Integrated Genome Browser (version 2.12.3)
MaxQuant (version 1.5.2.8 or 2.3.0.1)

Perseus (version 1.6.15.0)

R studio ("Cherry Blossom" Release (3c53477a,
2023-03-09) / R (version 4.2.3)

rMATS (version 4.1.2)
STAR (version 2.7.10)

Thermo Xcalibur (Thermo Fisher Scientific)

Machines Vendor
3311 Forma Steri-Cult CO2Incubator Eppendorf
Bioruptor NGS Diagenode
ChemiDoc imaging system BioRad

Easy-LC-1000
Easy-LC-1200
NanoDrop 2000
NextSeq550

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

[Nlumina
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Machines Vendor

NuPage Novex Gel System ThermoFisher Scientific
Opera Phenix High Content Screening System PerkinElmer

Orbitrap Exploris 480 masss pectrometer ThermoFisher Scientific
Q Exactive Plus ThermoFisher Scientific
Qubit 2.0 Fluorometer Life Technologies
Sonifier 450 Branson

Thermoshaker Eppendorf

Vacufuge Plus Eppendorf

Xcell 11 Blot-Modul ThermoFisher Scientific

4.2 Cell culture

4.2.1 Cell cultivation and passaging

Human osteosarcoma cells (U20S), human colorectal carcinoma cells (HCT116), hTERT-immortalized
retinal pigment epithelial cells (RPE-1) and human embryonic kidney 293 cells (HEK293T) cells
were obtained from the ATCC and cultured in DMEM supplemented with 10% fetal bovine serum,
L-glutamine, penicillin and streptomycin. p53-/-, p21-/- and isogenic wild-type HCT-116 cells were a gift
from Holger Bastians (University Medical Center Gottingen) , and were cultured in RPMI supplemented
with 10% fetal bovine serum, L-glutamine, penicillin and streptomycin. Cells were routinely tested
for mycoplasma infection using a PCR-based method. For SILAC labeling, cells were cultured in media
containing either L-arginine and L-lysine, (13C6), L-arginine and (2H4)L-lysine, or (13C6,15N4)
L-arginine and (13C6,15N2)L-lysine (Cambridge Isotope Laboratories) as described previously [292].
All cells were cultured at 37°C in a humidified incubator containing 5% CO2.

4.2.2 siRNA transfection and treatments

Cells were transfected with siRNAs using Lipofectamine RNAIMAX (Life Technologies) according to
the manufacturer’s instructions. For proteasomal inhibition, cells were treated with either 10uM
MG-132 or 500nM Bortezomib for indicated the indicated time-points. To inhibit autophagy, cells
were treated with 200nM Bafilomycin A1 for 4 hours. To inhibit translation, cells were treated with
100pg/mL cyclohexamide for the indicated time-points. For splicing inhibition, cells were treated with
1uM Pladienolide B for 3 hours. For labeling of nascent proteins, cells were incubated with 10 pg/ml
puromycin at 37°C for 10 minutes.
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4.3 Cell-based methods

4.3.1 Generation of whole cell lysates

Whole cell lysates where obtained by lysing cells in RIPA buffer supplemented with inhibitors
(complete protease inhibitor cocktail, 1 mM sodium orthovanadate, 5 mM (-glycerophosphate, 5 mM
sodium fluoride, 10 mM N-ethylmaleimide). Alternatively, a denaturing lysis was performed using 6M
Urea/2M Thiourea supplemented with 0.1% SDS. Lysates were supplemented with Sm Nuclease (IMB
core facility) to a 1:500 dilution, 2mM MgCl2 and NaCl up to 1M. To release proteins from chromatin,
lysates were sonicated with Bioruptor from Diagenode (30s ON/30s OFF, 10 cycles, intensity high).
Lysates were clarified by centrifugation 16 000 x g for 15 min at 4 degrees and protein concentration
was measured using QuickStart Bradford Protein assay (BioRad), followed by addition of NuPAGE LDS
Sample Buffer (Life Technologies) supplemented with 1 mM DTT and boiling.

4.3.2 SDS-PAGE and Western Blotting

Proteins were resolved on 4%-12% gradient SDS-PAGE gels (NuPAGE Bis-Tris Precast Gels, Life
Technologies) and transferred onto nitrocellulose membranes. Membranes were blocked using either
5% (w/v) skim milk, 5% (w/v) skim milk supplemented with 5% FBS, or 5% (w/v) BSA solutions in
PBS supplemented with 0.1% Tween-20 (PBS-T). For proximity-dependent biotinylation experiments
membranes were blocked with 3% (w/v) BSA solutions in PBST-T. For a complete list of antibodies,
see Table 1. Secondary antibodies coupled to horseradish peroxidase (Jackson ImmunoResearch
Laboratories) were used for immunodetection. For detection of biotinylated proteins in proximity-
dependent biotinylation experiments, membranes were incubated with Streptavidin-HRP avoiding
light exposure, followed by washes with three washes with H20, PBS and PBS-T each. Detection was
performed with the SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific).

4.3.3 Cell lysis for diGly-remnant enrichment experiments

Cells were washed twice with ice-cold PBS and lysed by scraping on ice with 1mL modified RIPA (50
mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% sodium deoxycholate) supplemented with
inhibitors (complete protease inhibitor cocktail, 1 mM sodium orthovanadate, 5 mM (-glycerophosphate,
5 mM sodium fluoride, and 10 mM N-ethylmaleimide). Lysates were supplemented with 1/10 volume
of 5M NaCl and sonicated using a Branson Sonifier sonicator (3x30s, output = 1, on ice). Lysates were
clarified by centrifugation 16 000 x g for 15 min at 4 degrees and protein concentration was estimated
with QuickStart Bradford Protein assay (BioRad). SILAC-labeled extracts were then combined in a 1:1
ratio.

4.3.4 Proximity-dependent biotinylation for mass spectrometry (PDB-MS)

For the endogenous AQR proximal proteome, light and heavy-labeled SILAC U20S cells were incubated
with 10mM biotin-phenol in DMEM for 2h and subsequently treated with 1mM H202 for 2 minutes
at room temperature. Cells were rapidly washed three times with quenching solution (10mM sodium
azide, 10mM sodium ascorbate, 5mM Trolox in PBS) to stop the labeling reaction, followed by three
washes with ice-cold PBS. Cells were scraped in ice-cold PBS supplemented with inhibitors (complete
protease inhibitor cocktail, 1 mM sodium orthovanadate, 5 mM f-glycerophosphate, 5 mM sodium
fluoride, and 10 mM N-ethylmaleimide) and lysed in RIPA buffer supplemented with inhibitors. NaCl
concentration in RIPA buffer was brought up to 1M. To release proteins from chromatin, lysates were
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sonicated and treated with Sm nuclease and 2mM MgCl2 for 20 minutes on rotating wheel at 4 degrees.
Lysates were clarified by centrifugation 16 000 x g for 15 min at 4 degrees and diluted 1:4 with no-
salt modified RIPA buffer supplemented with iinhibitors to bring down NaCl concentration to 200mM.
After estimation of protein concentration QuickStart Bradford Protein assay (BioRad), equal amounts
of SILAC-labeled extracts were combined (9 milligrams of lysate/SILAC condition were used) and
incubated with pre-equilibrated NeutrAvidin agarose beads for 2h on rotating wheel at 4 °C. After the
pulldown, beads were washed once with modified RIPA and three times with 2 M Urea. Bound proteins
were eluted in NuPAGE LDS Sample Buffer supplemented with 1 mM DTT and 10mM biotin and boiled
at 95 °C for 15 min.

4.3.5 Affinity purification for mass spectrometry (AP-MS)

For affinity purification of endogenous proteins, cells were lysed in modified RIPA buffer supplemented
with inhibitors. NaCl concentration in RIPA buffer was brought up to 1M during lysis. Cells were lysed
for 30 minutes on rotating wheel at 4 degrees. Lysates were clarified by centrifugation 16 000 x g for
15 min at 4 °C and diluted 1:3 with no-salt modified RIPA buffer to bring down NaCl concentration to
150mM. For pull-down of untagged endogenous baits, Dynabeads Protein G beads were washed with
cold mRIPA buffer and incubated with the suggested amount of primary antibody (typically 2pg for each
pull-down) or equal amounts of IgG for 1h on rotating wheel at 4 °C. For pull-down of endogenous FLAG-
tagged AQR, anti-FLAG M2 affinity gel A2220 beads was washed with cold mRIPA. After estimation of
protein concentration QuickStart Bradford Protein assay (BioRad), lysates (typically around 2.5 mg)
were loaded on the beads and incubated for 2h on rotating wheel at 4 degrees. After the pulldown,
beads were washed three times with modified RIPA; different SILAC conditions were combined on the
last wash. Proteins were eluted in 2X NuPAGE LDS Sample Buffer supplemented with 1 mM DTT and
boiled at 70°C for 15 min.

4.3.6 Immunofluorescence and high-throughput confocal microscopy

For high-throughput microscopy experiments, 10,000 or 20,000 cells were seeded into 96-well cell
carrier plates depending on the experimental setup. For metabolic labeling of RNA, cells were incubated
with 5-Ethynyluridine (5-EU) diluted at a final concentration of 10 pM in growth medium for 2h at
37°C prior to fixation. For immunofluorescence-based cell cycle profiling, cells were incubated with
5-Ethynyl-2-deoxyuridine (EdU) diluted at a final concentration of 10 pM in growth medium for 1
hour at 37°C prior to fixation. On the day of harvest, cells were washed twice with PBS and fixed with
4% PFA solution for 20 min at RT. After PFA removal, cells were washed 3 times with PBS containing
0.1% Tween-20 (PBS-T) and nuclei were permeabilized by incubation with a solution of 0.3% Triton
X-100 in PBS for 10 minutes at RT. Cells were subsequently washed twice with PBS-T and incubated
in blocking buffer (5% BSA in PBS-T) for 1 hour at RT. Primary antibodies were diluted according to
the manufacturer’s instructions in blocking buffer and added to the cells overnight at 4 °C. Cells were
washed 3 times with PBS-T and then incubated with a solution of the secondary antibody (1:1000 in
blocking buffer) for 1h at RT avoiding light exposure. After three washes with PBS-T, nuclei were stained
with a solution of Hoechst 33342 (Sigma-Aldrich) in PBS (final concentration 2 pg/pl) for 20 minutes at
RT avoiding light exposure. Cells were washed two more times with PBS-T, once with PBS and stored in
PBS at 4°C until the measurement. Images were acquired on the Opera Phenix High Content Screening
System using a 40X water objective lens. Per well about 30 fields with 5-10 z-planes separated by 0.5
pum were obtained. Image analysis was performed in the Harmony High-Content Imaging and Analysis
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Software. Cell cycle profiling analysis was performed using the PhenoLOGIC supervised machine
learning module of the Harmony software. Significance values were calculated in GraphPad Prism (one-
way ANOVA followed by Dunnett’s test). When needed, interplate normalization was performed as
described in [293]: each cell was standardized by subtracting the median of control cells and dividing
by the MAD (median absolute deviation) of controls per plate.

4.4 Mass spectrometry-based proteomics

4.4.1 In-gel digestion

Samples were alkylated with 5.5 mM chloroacetamide (CAA) for 30 minutes in the dark before being
loaded onto 4-12% gradient SDS-PAGE gels. Proteins were stained with the Life Technologies Colloidal
Blue Staining Kit. For subsequent processing, each lane was divided into in 2-3 pieces or 5-6 pieces
depending on the application. Each piece was then divided into 1 mm squares and incubated 4x
with destaining buffer for 20 minutes. Gel pieces were dehydrated twice with 1 mL 100% EtOH for
10 minutes. Protein digestion was started by adding 50 uL of trypsin solution (125 ng/ pL trypsin in
digestion buffer) to the pieces followed by incubation for 10~30 minutes at 500 rpm. The pieces were
then covered with digestion buffer and incubated at 37 °C overnight. Digestion was stopped by adding
50 uL peptide extraction buffer. The supernatant was transferred to a new tube after 20 minutes of
incubation at 500 rpm. Peptide extraction was then achieved in a volume large enough (~100 pL) to
cover the gel pieces by sequential incubation with extraction buffer, in-gel buffer B, and acetonitrile
(ACN). Supernatants from the same gel piece were combined, vacuum concnetrated at 45 °C to a volume
of 100 |, and subjected to desalting with StageTip purification (see 4.5.6).

4.4.2 In-solution digestion

For ubiquitin remnant profiling, SILAC-labeled extracts were combined in a 1:1 ratio and precipitated in
a fourfold excess of ice-cold acetone overnight at -20 °C. After centrifugation at 1000 x g for 5 minutes,
pellets were re-solubilized in 6 M urea/2 M thiourea buffered in 10 mM HEPES (pH 8.0). Cysteine
residues were reduced with 1 mM DTT for 45 minutes and subsequently alkylated with 5.5 mM CAA
for 30 minutes in the dark. Samples were diluted 1:4 with H20 prior to digestion with sequencing-
grade modified trypsin (Serva) in a 1:150 ratio overnight at RT in dark. Digestion was terminated
by acidification with 0.5% trifluoroacetic acid (0.5% TFA) for 30 minutes at 4 °C. Precipitates were
removed by centrifugation at 4000 x g for 10 minutes. Supernatants were purified and concentrated
using reverse-phase Sep-Pak C18 cartridges (Waters). Cartridges were prepared by washing three times
with 0.1% TFA and once with 100% ACN. After loading with peptide mixture, columns were washed
three times with H20, dried, and either stored at 4 °C or eluted immediately.

4.4.3 DiGly-remnant enrichment

Peptides were eluted from reverse-phase Sep-Pak C18 cartridges in 2 ml of 50% aqueous ACN and
peptide concentration was measured with NanoDrop. 100 pg of peptides were put aside for full proteome
analysis; the rest was vacuum concentrated until reaching 25% of the initial volume and combined with
100 pl of immunoprecipitation buffer. Precipitates were removed by centrifugation for 10 minutes
at 16.000 x g. PTMScan Ubiquitin Remnant Motif beads were equilibrated by washing three times in
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immunoprecipitation buffer. Peptide mixtures were loaded on diGly beads and incubated overnight at
4 °C with rotation. Beads were washed twice with diGly wash buffer 1, twice with immunoprecipitation
buffer, and twice with H20. Peptides were eluted by incubating three times with 100 ul 0.15% TFA at
1000 rpm for 5 minutes, and further processed by micro-SCX.

4.4.4 Micro-tip based strong cation exchange chromatography (Micro-SCX)

To build micro-SCX tips, six disks from 47 mm cation exchange extraction disks were cut with a 17-gauge
Hamilton syringe and placed into a 200 pL pipette tip [294]. Micro-SCX tips were equilibrated with
50 pl of methanol, SCX elution buffer pH 4 (diGLY-remnant enrichment) or pH 3 (full proteome), SCX
elution buffer pH 11, and 100 pl of SCX wash buffer by centrifugation at 500 x g. Acidified samples (pH
< 2) were loaded on micro-SCX tips by centrifugation at 500 x g and fractionated by eluting with 100 pl
of SCX elution buffers at 500 x g from lowest to highest pH. ACN was removed by vacuum centrifugation
for 20 minutes at 45 °C and eluates were subsequently desalted by C18 StageTipping.

pH of SCX-buffers:
Full proteome: 3.0 /3.6 /39 /4.25/48/55/7.0/11.0
DiGly-remnant peptides: 4.0 /5.0 /6.0 /7.0 /8.5 /11.0

4.4.5 Desalting and concentration of peptides

Peptide purification was carried out with self-made stop-and-go extraction tips (StageTips) [294]. To
build StageTips, two disks from 47 mm C18 extraction disks were cut with a 17-gauge Hamilton syringe
and placed into a 200 pL pipette tip. StageTips were equilibrated with 25 pl of methanol, 25 pl of stage
tip buffer B and 2 x 25 pl of stage tip buffer A by centrifugation at 500 x g. Acidified samples (pH < 2)
were loaded on StageTips by centrifugation at 500 x g. StageTips were washed with 50 pl of stage tip
buffer A and stored at RT. Peptides were eluted from StageTips with 50 pl elution buffer into 96-well
sample plates by centrifugation at 500 x g. Samples were vacuum concentrated until reaching a volume
of 4 pl and combined with 2 pul of 0.1% FA. For full proteome, samples were vacuum concentrated until
reaching a volume of 7 pl and combined with 7 ul of 0.1% FA.

4.4.6 MS analysis

Peptides were analyzed on a quadrupole Orbitrap mass spectrometer (Q Exactive Plus or Exploris
480, Thermo Scientific) equipped with a UHPLC system (EASY-nLC 1000 or EASY-nLC 1200, Thermo
Scientific) as described [295], [296], [297]. Peptide samples were loaded onto C18 reversed-phase
columns and eluted with a linear 8 to 40% acetonitrile (ACN) gradient containing 0.1% formic acid.
The mass spectrometer was operated in data-dependent mode, automatically switching between MS
and MS2 acquisition. Survey full scan MS spectra (m/z 300-1,700) were acquired in the Orbitrap mass
analyzer. The 10 or 15 most intense ions were sequentially isolated and fragmented by higher energy C-
trap dissociation (HCD) [298]. An ion selection threshold of 5,000 was used. Peptides with unassigned
charge states, as well as with charge states < +2, were excluded from fragmentation. Fragment spectra
were acquired in the Orbitrap mass analyzer.
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4.4.7 MS peptide quantification

Raw data files were analyzed using MaxQuant software (development version 1.5.2.8 or 2.3.0.1)
[299]. Parent ion and MS2 spectra were searched against a database containing 98,566 or 96,788
human protein sequences obtained from the UniProtKB (April 2018 or February 2020 release) using
Andromeda search engine [300]. Spectra were searched with a mass tolerance of 6 ppm in MS mode,
20 ppm in HCD MS2 mode, strict trypsin specificity and allowing up to two miscleavages. Cysteine
carbamidomethylation was set as a fixed modification, while cysteine modification with NEM, protein
N-terminal acetylation and methionine oxidation were set as variable modifications. For diGLY-remnant
profiling GlyGly modification of lysine was set as a variable modification The dataset was filtered based
on posterior error probability (PEP) to arrive at a FDR < 1% estimated using a target-decoy approach
[301]. For SILAC-based quantification, the match between runs and re-quantify features were switched
on. LFQ quantification was performed in the MaxQuant software using at least two LFQ ratio counts; the
fast LFQ and the match between run options were switched on.

4.4.8 Data processing and visualization

Processed data from MaxQuant was analyzed in RStudio (R version 4.2.3) or Perseus (version
1.6.15.0) [302], [303]. Proteins or peptides flagged as “reverse”, “only identified by site” or “potential
contaminant” were excluded from downstream analysis. Only proteins identified by no less than two
peptides and at least one unique peptide were used in downstream analysis. Only GlyGly peptides with
a localization probablility > 0.9 were considered for analysis. For the AQR-proximal proteome non-
normalized ratios were used. For label-free data, missing values were imputed using random values
from a Gaussian distribution using the default parameters in Perseus. P-values were calculated using
the LIMMA package [304] or with a standard two-sided t-test. Benjamini-Hochberg correction was
used for FDR calculation. Unsupervised hierarchical clustering and heatmaps were created with the
pheatmap package. UMAP clustering was performed with the umap package [305]. GO term analysis,
KEGG pathaways analysis and Reactome pathways analysis were performed with the ClusterProfiler
package [306]. Protein interaction networks were analyzed with the STRING database and visualized
on Cytoscape (version 3.8.2) [307], [308]. 2D annotation enrichment was performed on Perseus [186].
Protein expression data (CCLE project [160]) and mRNA expression data (CCLE project [161]) for IBC
subunits were downloaded from the DepMap portal. Pairwise Pearson correlation coefficients (PCCs)
were calculated for expression values for different pairs of genes across the CCLE cell line panel. Only
lineages comprising at least 3 cell lines were used for PCC computation.

4.5 Genomics methods

4.5.1 mRNA-sequencing

RNA was extracted using the RNeasy Plus Mini Kit (Qiagen). In brief, cells were lysed and genomic
DNA was depleted. Samples were treated with DNase to remove residual DNA. After purification using
spin columns, RNA was eluted in RNase-free water and stored at -80 °C until library preparation. NGS
library prep was performed with Illumina’s TruSeq stranded mRNA LT Sample Prep Kit following
TruSeq Stranded mRNA Reference Guide (Oct.2017) (Document # 1000000040498v00). Libraries were
prepared with a starting amount of 1000 ng and amplified in 10 PCR cycles. Libraries were profiled in
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a High Sensitivity DNA on a 2100 Bioanalyzer (Agilent Technologies) and quantified using the Qubit
dsDNA HS Assay Kit, in a Qubit 2.0 Fluorometer (Life Technologies). Samples were pooled in equimolar
ratio and sequenced on a NextSeq 500 Highoutput FC, SR for 1 x 84 cycles plus 7 cycles for the index
read.

4.5.2 Nascent RNA quantification by TTChem-sequencing

TTchem-seq was used for nascent RNA analysis in U20S cells as described elsewhere (Gregersen et al.,
2020). Heat-shock treatment (42°C for 30’) was used as a positive control. Briefly, cells were pulsed
with 1mM of 4-thiouridine (4sU, Jena Bioscience N-1090-100) for 30 minutes before being lysed
with TRIzol (Invitrogen 15596026) directly on the plate to quench 4sU incorporation. Total RNA was
extracted following manufacturer’s instructions. The total RNA was chemically fragmented with 166mM
of NaOH for 20 minutes on ice. The reaction was quenched by adding 400mM of Tris pH 6.8 followed by
2 consecutive clean-up reactions on Micro Bio-Spin P-30 columns (Bio-Rad 7326250). The thiol groups
in the labeled RNA were biotinylated with MTSEA Biotincapcap; 2-((6-((6-((biotinoyl)amino)hexanoyl)
amino)hexanoyl)amino)ethylmethanethiosulfonate (MTSEA-Biotin-XX, Biotium 90066) before RNA
precipitation using phenol/chloroform/isoamyl alcohol (25:24:1 (vol/vol/vol)). Biotin-streptavidin
pull-down of labeled RNA was performed with the pMACS™ Streptavidin Kit (Miltenyi Biotec 130-074-
101) and the 4sU-labeled RNA was purified using 2x volumes of RNA Clean-up beads (Beckman Coulter
A63987). Finally, 66ng of 4sU-labeled RNA was used for stranded RNA library preparation using the
KAPA RNA HyperPrep kit (Roche KK8540) following the manufacturer’s instructions. Libraries were
sequenced in a NextSeq550 illumina sequencer in 1x75bp mode.

4.5.3 Data analysis for mRNA-sequencing and TTChem-sequencing

The libraries for both the mRNA sequencing and the TTSeq data were sequenced on an [llumina NextSeq
500 instrument. The mRNA with a read length of 84 bp and TTSeq libraries were sequenced with a
read length of 75 bp in paired end mode. Demultiplexed was carried out using bcl2fastq v1.19. The
samples were mapped against hg38 (Gencode primary release (v26) [309] using STAR (v2.7.10) [310].
To improve splice site detection the mapping second pass mapping was performed using the detected
splice junctions in the first pass as an additional input for STAR. Reads per gene were quantified using
featureCounts (v. 2.0.0) [311]. For the mRNA analysis exons were used as a reference to quantify
the amount of reads per gene. In the TTSeq analysis the gene as a whole was used as a reference for
quantification. The differential expression analysis was performed using Bioconductor (v3.14) [312] /
DESeq2 (v1.34) [313]. Genes were deemed sign. diff. regulated with an FDR below 1%. In the mRNA-Seq
splicing event analysis was conducted using rMATS (v4.1.2) [314]. Splicing events with an FDR smaller
then 10% were considered significant.

4.5.4 BLISS and data analysis

sBLISS in U20S cells was performed as previously described48,49 with the following modifications:
after blunting of DNA DSB ends in fixed nuclei, samples were 3’ adenylated using Klenow Fragment
(3'-->5" exo-) (NEB M0212) at a final amount of 60U per reaction in 1x NEBNext® dA-Tailing Reaction
Buffer (NEB B6059). The A-tailing reaction was incubated at 37°C for 1h in a thermo-shaker at
300 rpm. Fixed nuclei were then washed 2x with CST buffer (CutSmart buffer B7204 supplemented
with 0.1% Triton) in order to washout the Klenow enzyme. DNA DSB-end labeling was performed as
described48 with the following modification: sBLISS linkers containing one thymine overhang at the
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3" end of the reverse oligo were used. Downstream sample processing steps were carried out with
150 ng of DNA template input from each sample for in vitro transcription reaction. Sequenced sBLISS
libraries were processed as previously described [204]. The process is implemented in the NGSpipe2go
sBLISS and BreakTag pipeline (https://gitlab.rlp.net/imbforge /NGSpipe2go/- /tree/master/pipelines/
breaktag). The pipeline first scans reads to keep those containing the expected 8 nucleotide-long
UMI followed by the 8 nucleotide-long sample barcode in the 5’ end. Valid reads were aligned to the
human reference genome version hg38 downloaded from UCSC with timestamp 2014-01-15 21:14,
using the mem command in BWA (version 0.7.17-r1188) [315] with a seed length of 19 and default
scoring/penalty values for mismatches, gaps, and read clipping. Uniquely mapping reads which
mapped with a minimum quality score Q=60 were retained. A final deduplication step was performed
in which spatial consecutive reads mapping within a window of 30 nt and their UMIs differing by up
to two mismatches were considered close PCR duplicates, and only one read was kept. The resulting
reads were aggregated per position and reported as double-stranded breaks in a BED file. For further
processing the hotspots, called on merged replicates per group, were filtered using blacklisted regions
based on published Encode data provided by the Boyle lab on github (https://github.com/ Boyle-Lab/
Blacklist/blob/61a04d2c5e49341d76735d485c61f0d1177d08a8/lists/hg38-blacklist.v2.bed.gz)
[316]. The scatterplot was generated using the union of blacklist-filtered 1 hotspots for both conditions.
Additionally, the Venn diagram contrasting the called hotspots is based on hotspots called on merged
replicates as well.
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5. List of abbreviations

Table 7: Abbreviations and respective full forms

List of abbreviations

Abbreviation Full form

4-OHT 4-hydroxytamoxifen

5'TOP 5’ terminal oligo-pyrimidine

53BP1 TP53-binding protein 1

A3SS Alternative 3’ splice site

AS5SS Alternative 5’ splice site

aa Aminoacid

ACN Acentonitrile

ACTB Actin beta

AMPK 5’-AMP-activated protein kinase

AP Affinity purification

APC Anaphase promoting complex

APEX1 DNA-(apurinic or apyrimidinic site) endonuclease
APEX2 L-ascorbate peroxidase 2

AQR Aquarius intron-binding spliceosomal factor
ARID2 AT-rich interaction domain 2

ARM Armadillo

AS Alternative splicing

ATM Ataxia telangiectasia mutated

ATP Adenosine triphosphate

ATPase ATP hydrolase

ATR Ataxia telangiectasia and Rad3 related
AURKA Aurora kinase A

AURKB Aurora kinase B

BafA Bafilomycin Al

BAG6 BAG family molecular chaperone regulator 6
BCAS2 Breast carcinoma-amplified sequence 2

BER Base excision repair

BP Biological process

CAA Chloroacetamide
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Abbreviation Full form

Cas9 CRISPR associated protein 9

cc Cellular compartment

CCLE Cancer cell line encyclopedia

CDCAS8 Cell division cycle associated 8

CDC40 Cell division cycle 40

CDK6 Cyclin-dependent kinase 6

CDKN1A Cyclin dependent kinase inhibitor 1A

CHK1 Checkpoint kinase 1

CHK?2 Checkpoint kinase 2

CHX Cyclohexamide

CLTH C-terminal to LisH complex

COL6A1 Collagen type VI alpha 1 chain

COL6A2 Collagen type VI alpha 2 chain

CPSF3 Cleavage and polyadenylation specificity factor subunit 3
CRISPR Clustered regularly interspaced short palindromic repeats
CRNKL1 Crooked neck pre-mRNA splicing factor 1

CSA Cockayne syndrome protein A

CSB Cockayne syndrome protein B

CSN COP signalosome

CTRL Control

Ccwcecz22 CWC22 Spliceosome Associated Protein Homolog
Cwf3 Pre-mRNA-splicing factor cwf3

DCX DDB1-CUL4-X-box complex

DDX41 Probable ATP-dependent RNA helicase DDX41
DDR DNA damage response

Degron Degradation signal

DiGly Lys-e-Gly-Gly

DIvA DSB Inducible via AsiSI

DKC1 Dyskerin pseudouridine synthase 1

DNA Deoxyribonucleic acid

DREAM CD;rnrlgll‘(i;ation partner, RB-like, E2F and multi-vulval class B
DSB Double-strand break

DTT Dithiothreitol

E1l Ubiquitin-activating enzyme
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Abbreviation Full form

E2F E2 transcription factor

E2 Ubiquitin-conjugating enzyme

E3 Ubiquitin-ligating enzyme

EBP50 Ezrin-binding protein 50

ED Exponentially degraded

EdU 5-Ethynyl-2-deoxyuridine

elF2a Eukaryotic translation initiation factor 2 subunit alpha
EJC Exon junction complex

ESC Embryonic stem cell

EU 5-Ethynyl uridine

FA Formic acid

FC Fold change

FDR False discovery rate

GINS Go-ichi-ni-san complex

GO Gene ontology

GG-NER Global genome NER

GTP Guanosine triphosphate

GTPase GTP hydrolysis

H2AX H2A.X variant histone

HAT Half a TPR repeat

HBD Hybrind binding domain

HCD higher energy C-trap dissociation

HCT116 Human colorectal carcinoma epithelial cells
HEAT Huntington, Elongation Factor 3, PR65/A, TOR
HECT Homologous to the E6AP carboxyl terminus
HEK293T Human embryonic kidney cells

HMGB1 High mobility group box 1

HR Homologous recombination

HUWE1 HECT, UBA and WWE domain-containing protein 1
IBC Intron-binding complex

INCENP Inner centromere protein

[P Immunoprecipitation

IRBC Impaired ribosome biogenesis checkpoint
ISY1 ISY1 splicing factor homolog
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Abbreviation Full form

ITGB1BP1 Integrin subunit beta 1 binding protein 1

LC-MS/MS ?;i}cltfgfs:?rl; liquid chromatography and tandem mass

LFQ Label-free quantification

KD Knock-down

KDa 1,000 Dalton

KEGG Kyoto Encyclopedia of Genes and Genomes

KO Knock-out

KIF18B Kinesin family member 18B

KIF20A Kinesin family member 20A

KIF23 Kinesin family member 23

KMT2A Histone-lysine N-methyltransferase 2A

m/z Mass to charge

MAP1LC3 Microtubule-associated proteins 1A/1B light chain 3

MAPK Mitogen-activated protein kinase

MCM Minichromosome maintenance protein complex

MDM?2 E3 ubiquitin-protein ligase Mdm?2

MF Molecular function

Micro-SCX Micro-tip based strong cation exchange chromatography

MLL1 Mixed lineage leukemia protein 1

miRNA Micro-RNA

mRNA Messenger RNA

MS Mass spectrometry

MS/MS Tandem MS

MXE Mutually exclusive exons

MYC Myc proto-oncogene protein

NAC Nascent polypeptide-associated complex

NED Non-exponentially degraded

NEDDS Neural precursor cell expressed, developmentally down-regu-
lated 8

NER Nucleotide excision repair

NMD Nonsense-mediated decay

NOP10 Nucleolar protein 10

NOP56 Nucleolar protein 56

nt Nucleotide
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Abbreviation Full form

NTC NineTeen complex

PEA15 Proliferation And Apoptosis Adaptor Protein 15
PBRM1 Polybromo 1

PCC Pearson correlation coefficient

PDB Proximity-dependent biotinylation

PEP Posterior error probability

PFA Paraformaldehyde

PFD Prefoldin

Plad B Pladienolide B

PPI Protein-protein interaction

PPIE Peptidylprolyl isomerase E

PPlase Peptidyl-prolyl cis-trans isomerase
pro-miRNA Progenitor miRNA

PRP19 Pre-mRNA processing factor 19

RAC Ribosome-associated complex

RAD23B UV excision repair protein RAD23 homolog B
RANBP2 RAN inbding protein 2

RB Retinoblastoma protein

RBP RNA binding protein

RBR RING-between-RING

RI Intron retention

RING Really interesting new gene

RIPA Radioimmunoprecipitation assay buffer
RNA Ribonucleic acid

rRNA Ribosomal RNA

RNaseH1 Ribonuclease H1

RNaseH2A Ribonuclease H2A

RNF168 Ring Finger Protein 168

RNP Ribonucleoprotein

RPE-1 Human hTERT-immortalized retinal pigment epithelial cells
RPL5 Ribosomal protein L5

RPL11 Ribosomal protein L11

RRM RNA recognition motif

SAGA Spt-Ada-Gcen5 acetyltransferase

97

List of abbreviations



List of abbreviations

Abbreviation Full form

SASP Senescent-associated secretory phenotype

sBLISS In-suspension Break Labeling In Situ and Sequencing

SCF Skp1-Cullin-F-box protein complex

SE Skipped exon

SERPINE1 Serine (or cysteine) proteinase inhibitor, clade E (nexin, pla-
sminogen activator inhibitor type 1), member 1

SETX Senataxin

SF1 Superfamily 1

SF2 Superfamily 2

SF3B1 Splicing factor 3B subunit 1

SF3B3 Splicing factor 3B subunit 3

SF3B4 Splicing factor 3B subunit 4

SILAC Stable isotope labeling with amino acids in cell culture

siRNA Short interfering RNA

SN et s s st dpendent et

SN et s s st dpendent et

SMARCC2 SWI/SNF related, matrix associated, actin dependent regulator
of chromatin, subfamily C Member 2

snoRNA Small nucleolar RNA

snoRNP Small nucleolar ribonucleoprotein

SQSTM1 Sequestosome-1

SRRM2 Serine/Arginine repetitive matrix 2

SSB Single-strand break

SUMO Small ubiquitin-related modifier

SWI/SNF SWItch/Sucrose Non-Fermentable

Syfl Pre-mRNA-splicing factor SYF1

TC-DSBR Transcription-coupled double-strand break repair

TC-NER Transcription-coupled NER

TES Transcription end site

TFA Trifluoroacetic acid

TFIID Transcription factor II D

TGF-B Transforming growth factor beta

Tom1 Target of Myb protein 1

TOPBP1 Topoisomerase 2 binding protein 1
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Abbreviation Full form

TP53 Tumor protein p53

TPR Tetratricopeptide repeat

TRiC T-complex protein ring complex

TRIP12 Thyroid hormone receptor interacting protein 12
tRNA Transfer RNA

TREX-2 Three prime repair exonuclease 2

TSS Transcription start site

TTchem-seq Transient transcriptome sequencing

U20S Human bone osteosarcoma epithelial cells

Ub Ubiquitin

UBA1 Ubiquitin-activating enzyme E1 1

UBA6 Ubiquitin-like modifier-activating enzyme 6

UBE20 Ubiquitin conjugating enzyme E2 O

UBEZR2 Ubiquitin conjugating enzyme E2 R2

UBE3A HECT-type ubiquitin transferase E3A

UBR1 Ubiquitin protein ligase E3 component N-recognin 1
UBR2 Ubiquitin protein ligase E3 component N-recognin 2
UBR4 Ubiquitin protein ligase E3 component N-recognin 4
UBR5 Ubiquitin protein ligase E3 component N-recognin 5
UFD Ub fusion degradation

Ufd2 Ubiquitin fusion degradation protein 2

Ufd4 Ubiquitin fusion degradation protein 4

UMAP Uniform manifold approximation

UPF1 UPF1 RNA helicase and ATPase

UPS Ubiquitin-proteasome system

USP28 Ubiquitin carboxyl-terminal hydrolase 28

VCP Valosin-containing protein

XAB2 XPA binding protein 2

XPA Xeroderma pigmentosum group A-complementing protein
XPF Xeroderma pigmentosum, complementation group F
XPG Xeroderma pigmentosum, complementation group G
ZNF830 Zinc finger protein 830
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Figure 30. Additional attempts to rescue the collateral loss phenotype upon IBC subunits depletion

A) Western blot analysis of levels of indicated proteins in CTRL or AQR-depleted U20S cells. Cells were treated with
10puM MG132 or 500nM Bortezomib for the indicated time-points. Levels were monitored after 48h of knock-down. B)
Western blot analysis of IBC subunits levels after 48h AQR, XAB2 or ISY1 knock-down in RPE-1 cells. Cells were treated
with 10uM MG132 for 8h. C) Western blot images showing the side-by-side comparison of different cell lysis protocol.
Cells were lysed with either high-salt RIPA buffer or with a denaturing buffer containing 6M Urea/2M Thiourea and
0.1% SDS. Levels of AQR and XAB2 were monitored after 24h or 48h of AQR knock-down in U20S cells.
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Figure 31. GO term analysis of AQR KD TTchem-seq
A and B) Functional enrichment analysis performed with ClusterProfiler showing the enriched GO terms (FDR < 0.05)
for the up-regulated (A) or down-regulated genes (B) in AQR KD TTchem-seq (FDR < 0.01).
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