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ABSTRACT
The conserved 3'-5' exoribonuclease EXOSC10/Rrp6 processes and degrades RNA, regulates
gene expression and participates in DNA double-strand break repair and control of telomere
maintenance via degradation of the telomerase RNA component. EXOSC10/Rrp6 is part of
the multimeric nuclear RNA exosome and interacts with numerous proteins. Previous
clinical, genetic, biochemical and genomic studies revealed the protein’s essential functions
in cell division and differentiation, its RNA substrates and its relevance to autoimmune

disorders and oncology. However, little is known about the regulatory mechanisms that
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control the transcription, translation and stability of EXOSC10/Rrp6 during cell growth,
development and disease and how these mechanisms evolved from yeast to human. Herein,
we provide an overview of the RNA- and protein expression profiles of EXOSC10/Rrp6
during cell division, development and nutritional stress, and we summarize interaction
networks and post-translational modifications across species. Additionally, we discuss how
known and predicted protein interactions and post-translational modifications influence the
stability of EXOSC10/Rrp6. Finally, we explore the idea that different EXOSC10/Rrp6
alleles, which potentially alter cellular protein levels or affect protein function, might
influence human development and disease progression. In this review we interpret
information from the literature together with genomic data from knowledgebases to inspire
future work on the regulation of this essential protein’s stability in normal and malignant

cells.

Key words: EXOSC10, Rrp6, RNA exosome, loss-of-function allele, 5-fluorouracil.
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I. INTRODUCTION

When eukaryotic cells divide and differentiate they synthesize, process and degrade
messenger RNAs (mRNAs) and non-coding RNAs (ncRNAs) in a highly coordinated
fashion. The conserved 3'-5'exoribonuclease ribosomal RNA-processing protein 6 (Rrp6,
termed exosome component 10 (EXOSC10) in mammals) participates in these processes as a
catalytic and RNA-binding subunit of the nuclear RNA exosome (Kilchert, Wittmann &
Vasiljeva, 2016; Wasmuth & Lima, 2017) and in cooperation with other regulatory RNA
binding proteins (Wagschal et al., 2012; Eberle et al., 2015). There is also evidence that Rrp6
acts independently of the RNA exosome (Callahan & Butler, 2008; Wang et al., 2020).
Extensive work in yeast, fly and mouse model organisms has identified a wide range of
protein-coding and non-coding EXOSC10/Rrp6 substrates (Pefanis et al., 2015; Xu et al.,
2009; Neil et al., 2009; Kuai, Das & Sherman, 2005; Gudipati et al., 2012; Schneider et al.,

2012; Lardenois et al., 2011; Davidson et al., 2019), revealed a mechanism for how the
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protein selects its substrates (Axhemi ef al., 2020), and identified numerous protein—protein
interactors (Meldal et al., 2015). Moreover, the three-dimensional structure of the enzyme
associated with the RNA exosome, its co-factors and RNA substrates has been resolved using
samples from bacteria, yeast and humans (Makino, Baumgartner & Conti, 2013; Midtgaard et
al., 2006; Wasmuth, Januszyk & Lima, 2014). The structure and subunit composition of the
RNA exosome is remarkably conserved between yeast and humans (Fig. 1A) (Burley et al.,
2021).

EXOSC10/Rrp6 contains several conserved functional domains [see www.ebi.ac.uk/interpro/
(Mitchell et al., 2019)] (Fig. 1B). In yeast Rrp6, the polycystin 2 N-terminal (PMC2NT)
domain is bound by Rrp47 (C1D in mammals) (Stead et al., 2007). The central region of
Rrp6 is highly homologous to that of E. coli RNase D and includes the exoribonuclease
(EXO) domain and the regulatory helicase and RNase D carboxy terminal (HRDC) domain.
The EXO domain harbours the DEDD active site (carrying aspartate and glutamate residues)
that is conserved in a variety of enzymes, such as the Klenow fragment of £.coli DNA
polymerase I (Derbyshire, Grindley & Joyce, 1991). Negatively charged DEDD residues
coordinate two metal ions in the active site, which deprotonate and activate a water molecule
that carries out a nucleophilic attack on the RNA phosphodiester bond (Steitz & Steitz,
1993). Rrp6 is also classified as a DEDD-Y enzyme, because an additional tyrosine residue
(Y361) is employed near the active site to orient the nucleophilic water and stabilize the
transition state intermediate (Phillips & Butler, 2003). The HRDC domain interacts via a
conserved aspartic acid residue (D457) within the EXO domain and regulates its activity
(Midtgaard et al., 2006). The C-terminal domain formed by Rrp6 residues 518-623
comprises the exosome associating region (EAR) domain, which interacts with the RNA
exosome (Wasmuth et al., 2014; Wasmuth & Lima, 2017; Makino et al., 2013). The highly

basic and unstructured Rrp6 C-terminal tail (termed Lasso; Fig. 1B) comprises 100 amino



100  acids. It binds RNA, activates the exosome and contains a putative bipartite nuclear

101  localization signal (NLS) (Wasmuth & Lima, 2017; Phillips & Butler, 2003). There are no
102 structural data showing direct contacts between the human EXOSC10 catalytic domain and
103 the RNA exosome core subunits; however, Weick et al. (2018) proposed that mammalian
104  EXOSCI1O0 is located at a similar position to yeast Rrp6, given that the orthologous proteins
105  show similar ultra violet (UV) light-crosslinking patterns and are inhibited by an altered
106  exosome core central channel [Fig. 1A; (Weick ef al., 2018) and references therein].

107  Despite playing important and highly diverse cellular roles and evolutionary conservation,
108  budding yeast RRP6 is not essential for mitotic cell division at permissive temperature;

109  however, rrp6 mutant cells display temperature-sensitive (zs) phenotypes (Assenholt et al.,
110  2008; Briggs, Burkard & Butler, 1998). Recent publications reveal a novel role for Rrp6 in
111  regulating protein glycosylation and maintenance of cell wall stability; these findings

112 elegantly explain why r7p6 mutant cells fail to divide at elevated temperatures (Wang et al.,
113 2020; Novacic et al., 2021). Furthermore, 7#p6 mutant cells show decreased growth rates as
114 compared to wild-type cells even at the permissive temperature; a phenotype that is

115  exacerbated on media containing ethanol or glycerol as carbon sources and on synthetic
116  complete medium (Qian et al., 2012; Briggs et al., 1998). It is interesting that slow growth
117  and temperature sensitivity appear to be at least partially unrelated phenotypes, since r7p6
118  mutants lacking catalytic activity also grow slowly but show a much weaker s phenotype
119  (Assenholt et al., 2008; Phillips & Butler, 2003). Finally, diploid yeast cells lacking Rrp6 fail
120 to proceed normally through meiosis and gametogenesis (Lardenois et al., 2011). Genetic
121  data indicate that the gene is essential for development in Drosophila melanogaster

122 (Nakamura et al., 2008). More specifically, fly Rrp6 is important for cultured cell

123 proliferation, mRNA splicing and maintenance of heterochromatin (Graham, Kiss &

124 Andrulis, 2009; Eberle et al., 2010, 2015). Consistently, very recent work on the malaria



125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

parasite Plasmodium falciparum also revealed a role for Rrp6 in the epigenetic control of
heterochromatic gene expression via a long non-coding RNA (IncRNA) termed RNA of
unknown function 6 (RUF6) (Fan et al., 2020). The mouse ortholog is required for
spermatogonial cells, oocyte maturation and long-range enhancer function in B-cells and
pluripotent embryonic stem cells (Jamin ef al., 2017; Wu & Dean, 2020; Pefanis et al., 2015).
In the case of human EXOSCI0, initial evidence argued against an essential role in cell
division but later work showed that the gene is required for cell division in mitotically
growing cultured cells (Blomen et al., 2015; van Dijk, Schilders & Pruijn, 2007). The initial
study by van Dijk ef al. (2007) was based on small interfering RNA (siRNA)-mediated
mRNA knock-down experiments that revealed strong inhibition of cell division for EXOSC?2
(RRP4), EXOSC4 (RRP41), and EXOSCY9 (PM/Scl-75), while only moderate inhibition was
observed following depletion of EXOSC10 (PM/Scl-100) (see fig. 3C in (van Dijk et al.,
2007). van Dijk et al. concluded that this phenomenon was reminiscent of the non-essential
growth phenotype initially reported for yeast mutants lacking RRP6 (Briggs et al., 1998) but
they pointed out that residual EXOSC/0 mRNA levels may have prevented a more
pronounced effect on mitosis. Later work by Blomen ef al. (2015) employed a high-
throughput gene-trap retrovirus mutagenesis screen using cultured haploid cells to identify
loci important for optimal cell division, which clearly identified human EXOSCI0 as being
important for progression through the mitotic cell cycle.

More recently, the protein was also shown to be involved in the repair of DNA double-strand
breaks (DSBs) by homologous recombination (HR) in a cancer cell line. These studies
revealed that recruitment of radiation damage 51 (RADS51) to DSBs requires the 3'-5'
exoribonucleolytic activity of EXOSC10 and the authors proposed that this might occur by
processing of small non-coding RNAs [sncRNAs, also called damage-induced RNAs

(diRNAs)] (Marin-Vicente ef al., 2015; Domingo-Prim et al., 2019). This interesting finding
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implicates EXOSC10 in a ncRNA-based DNA repair mechanism, which might be relevant
for cancer cell resistance against DNA-damage-inducing chemotherapeutical agents, such as
5-fluorouracil (5-FU), which was proposed to decrease the efficiency of HR repair (Srinivas
et al., 2015). This is in keeping with inhibition of the exoribonucleolytic activity of
EXOSCI10 by 5-FU (Silverstein, Gonzalez de Valdivia & Visa, 2011; Kammler, Lykke-
Andersen & Jensen, 2008), and recent work that revealed EXOSC10 to be a prognostic
marker for liver and thyroid cancer (Uhlen et al., 2017) and a cancer driver gene with
tumour-suppressive potential in bladder urothelial carcinoma (Wang et al., 2018).

Clinical interest in EXOSCI10 also includes autoimmune disorders because the gene is
associated with polymyositis/scleroderma overlap (PM/Scl) syndrome, which is why the
protein also referred to as PM/Scl-100. PM/Scl syndrome affects skeletal muscle and skin
and involves the production of antibodies against EXOSC10 (Bluthner & Bautz, 1992; Ge et
al., 1992; Mahler & Raijmakers, 2007). Finally, recent work has demonstrated a role for the
protein (as part of the RNA exosome) in frontotemporal lobar degeneration (FTLD) and
amyotrophic lateral sclerosis (ALS) via degradation of pathogenic repeat RNA and telomere
maintenance via degradation of the telomeric RNA component (WTERC) (Kawabe ef al.,
2020; Kroustallaki et al., 2019; Shukla et al., 2016).

Previous excellent reviews have covered the cellular functions and catalytic activity of
EXOSCI10/Rrp6, its role in autoimmune conditions and its three-dimensional structure when
associated with the RNA exosome (Fox & Mosley, 2016; Mahler & Raijmakers, 2007; Staals
& Pruijn, 2011; Januszyk & Lima, 2014; Chlebowski ef al., 2010). Here, we focus on what is
known about, or points to transcriptional, translational and post-translational mechanisms
controlling the expression and stability of EXOSC10/Rrp6 across species from yeast to
humans. We elaborate on possible effects of the protein’s cellular concentration on mitotic

cell division, meiotic cell differentiation, response to nutritional signalling and cancer. We
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interpret data from the primary and secondary scientific literature, general and species-
specific genome annotation and RNA expression databases and genome viewers that
accompany individual RNA/protein/network profiling studies. These sources are referenced
in the text and summarized in Table 1; in important cases report pages from databases are
provided as annotated and/or visually enhanced figures or supporting information. The reader

is referred to annotation databases for gene and protein nomenclature in different species.

II. YEAST RRP6

(1) Budding yeast RRP6 mRNA transcription during the mitotic and meiotic cell cycles
The RRP6 5'-region contains a core promoter (Chromosome XV: 326787-326828, + strand)
located immediately upstream of the single-exon open reading frame. An adenine at position
326792 is thought to be the consensus transcription start site (TSS) determined in several
growth conditions, as annotated in the Yeast Transcription Start Site database [Fig. 2A;
www.yeastss.org (McMillan et al., 2019)]. A nucleosome-depleted region (NDR) upstream
of the core promoter contains multiple transcription factor (TF) binding sites at its boundary
(Venters et al., 2011). Consistently, the epigenetic marks tri-methylation of lysine 4 on
histone H3 (H3K4me3) and acetylation of lysine 14 on histone H3 (H3K14ac) that are
associated with active transcription are enriched within the RRP6 promoter and the gene’s 5'-
region (Kirmizis et al., 2007; Pokholok et al., 2005).

RRP6 shows a mitotic expression pattern that peaks during the G2/M phase similar to B-type
cyclin CLB?2 [Fig. 2B; https://cyclebase.org/ (Santos, Wernersson & Jensen, 2015)], while its
mRNA concentration decreases during meiotic M-phase and then increases again during later
post-meiotic stages [Fig. 2C, upper panel; see also Saccharomyces Genomics Viewer (SGV)
at www.germonline.org (Lardenois et al., 2010)]. RRP6 is broadly expressed in all haploid

and diploid yeast mating types under various growth, stress-response and developmental



200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

conditions [for an overview, see Saccharomyces Genome Database (SGD) at
www.yeastgenome.org (Wong et al., 2019)]. As one would expect based on these diverse
expression patterns, a search for DNA binding regulators that participate in the transcriptional
control of RRP6 using Yeastract yielded 26 transcription factors, including some that are
known to act during mitosis and meiosis [(Reimand et al., 2010; Lardenois et al., 2011);
www.yeastract.com (Teixeira et al., 2018)]. The presence of DNA binding motifs recognized
by the G2/M phase cell cycle regulator forkhead 2 (Fkh2) is consistent with fluctuating RRP6
mRNA expression levels observed in haploid cells undergoing the mitotic cell cycle
(Lardenois et al., 2011; Cho et al., 1998; Granovskaia et al., 2010; Spellman et al., 1998;
Brar et al., 2012) www.yeastract.com). A deeper understanding of forkhead transcription
factors Fkh1 and Fkh2 or other DNA binding activators in the transcriptional regulation of
RRP6 — and the biological significance of this control for cell division and differentiation —
remains to be established.

The sense RRP6 mRNA overlaps an antisense meiotic unannotated transcript (MUT). This
RNA is up-regulated in meiosis and peaks during spore formation but its function is as yet
unknown (Fig. 2C; see also SGV at www.germonline.org). MUT1312 is considered to be a
ncRNA, confirmed by ribosome profiling data that show only weak ribosome binding to the
extreme 5'-end of the transcript (Brar ef al., 2012). ncRNAs are important for the onset of the
meiotic developmental pathway (Moretto ef al., 2018; van Werven et al., 2012). It currently
remains poorly understood how and why IncRNAs are induced during meiosis and spore
formation in budding yeast and what roles they might play.

In fission yeast, genome-wide RNA profiling studies using microarrays show little change of
wild-type rrp6 mRNA levels during the mitotic cell cycle (see online Supporting
Information, Fig. S1A). However, the rrp6 transcript is down-regulated during chemical and

temperature stress (Fig. S1B). The mRNA also decreases approximately twofold in
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sporulating as compared to vegetatively growing wild-type cells but not in a mutant strain
lacking the serine/threonine protein kinase Patl, which is a negative regulator of meiosis
[Fig. S1C; see also http://bahlerweb.cs.ucl.ac.uk/cgi-bin/SPGE/geexview (Mata et al., 2002;
Rustici et al., 2004; Chen et al., 2003)]. These data indicate that fission yeast 77p6 mRNA
levels are affected by environmental cues. It is currently unclear if this is due to
transcriptional repression or altered mRNA stability. Given the importance of RNA
processing and degradation in response to environmental cues that alter cell fate from
division to differentiation, studies that provide further insights into the transcriptional

mechanisms that control 77p6 in fission yeast are warranted.

(2) Budding yeast RRP6 mRNA and Rrp6 protein levels are affected by nutritional
signals

Diploid budding yeast cells enter the meiotic developmental pathway in the absence of
nitrogen and a fermentable carbon source (Neiman, 2011). Rrp6 is important for efficient
meiosis and spore formation and exerts its function associated with the RNA exosome during
early meiosis (Frenk, Oxley & Houseley, 2014; Lardenois ef al., 2011). RRP6 mRNA peaks
during fermentation in rich medium in the presence of glucose (YPD), decreases during
respiration in pre-sporulation medium where glucose is replaced by acetate (YPA) and
further diminishes during the onset of meiosis, before it increases again during late meiosis
and spore formation (Fig. 2D) (Becker et al., 2017; Brar et al., 2012; Lardenois et al., 2011).
It is noteworthy that the carbon source-dependent decrease, but not the late-meiotic increase
of RRP6 mRNA is observed in a sporulation-deficient ume6 mutant, which lacks the DNA
binding subunit of a trimeric complex containing the conserved histone deacetylase Rpd3 and

the co-repressor Sin3 (Fig. 2D) (Kadosh & Struhl, 1997; Strich et al., 1994).

10
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The level of Rrp6 protein decreases accordingly when cells switch from fermentation to
respiration but then drops below the threshold level of detection by Western blot as cells
progress through later stages of meiosis and spore formation (Frenk et al., 2014; Lardenois et
al., 2011). This pattern coincides with the meiotic ncRNA expression program where early,
middle and late ncRNAs accumulate to peak levels akin to the classical expression profile
observed for meiotic mRNAs, including stable/cryptic unannotated transcripts (SUTs/CUTs)
and a novel subclass of meiotic unannotated transcripts (MUTs) (Lardenois et al., 2011; Chu
et al., 1998; Primig et al., 2000); for review, see (Mitchell, 1994). Taken together, the data
indicate that Rrp6 is important for normal progression through meiotic development and that
the protein becomes unstable during later stages of gametogenesis (Frenk et al., 2014;
Lardenois et al., 2011).

These observations raise three questions. First, what renders Rrp6 unstable in late-
differentiating diploid cells? A plausible answer to this question is that Rrp6 is targeted for
late meiotic destruction via the ubiquitin and/or the small ubiquitin-like modifier (SUMO)
pathway, in a similar way to how Ume6 is targeted by the anaphase-promoting
complex/cyclosome (APC/C) during the onset of meiosis (Lardenois et al., 2011; Mallory,
Cooper & Strich, 2007).

Second, what prevents the protein’s re-accumulation during spore formation even though the
mRNA continues to be detectable and appears to associate with ribosomes until the end of the
process (Fig. 2C) (Brar et al., 2012)? It is unclear why — in contrast to Ume6 — Rrp6 is not
detectable during advanced stages of gametogenesis. Perhaps the proteolytic activities
targeting Ume6 and Rrp6 are not identical. We note that Ume6 and Rrp6 are both
ubiquitinated but Rrp6 is also SUMOylated (see Section I1.3 for more details).

Third, why did meiotic protein down-regulation of Rrp6 evolve, that is, do yeast cells need to

degrade Rrp6 to progress through meiosis and spore formation rapidly and efficiently? Two

11
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possibilities that are not mutually exclusive are conceivable. First, in the absence of Rrp6
activity, a subset of non-coding substrate RNAs may be able to accumulate to greater levels
and fulfil certain regulatory roles (Davis & Ares, 2006; Gudipati et al., 2012; Wyers et al.,
2005; Schneider et al., 2012). Second, the production of ribosomes may be attenuated
because ribosomal RNAs are not processed and ribosomes are not efficiently assembled any
more (Briggs et al., 1998). The latter would make sense given that the endpoint of
sporulation is the formation of transcriptionally and translationally inert gametes, as opposed
to the rapidly growing and dividing cells that are generated during mitosis.

Growth under suboptimal conditions is also a negative regulator of protein translation, since
this process consumes a lot of energy. Therefore, Rrp6 protein levels should be negatively
affected by limiting growth conditions. A recent meta-analysis of protein profiling data by
Ho et al. (2018) quantified the number of yeast proteins per cell in the S288C reference strain
cultured in rich medium (YEPD; (Webb et al., 2013; Lee et al., 2011; Nagaraj et al., 2012),
synthetic defined (SD; (de Godoy et al., 2008; Thakur et al., 2011), synthetic complete (SC;
(Peng et al., 2012) and minimal C-limiting medium (F1; (Lawless et al., 2016) (Ho,
Baryshnikova & Brown, 2018). The level of Rrp6 protein was highest in three studies that
measured the protein in YEPD [9205, 9194 and 7640 proteins/cell (p/c)], progressively lower
in SD (6865 and 4681 p/c) and SC (2296 p/c) and at its lowest level during starvation in F1
(880 p/c) (Fig. 2E; see also www.yeastgenome.org). It would be interesting to determine if
the nutritional signal that controls Rrp6 protein levels acts via transcriptional or post-
translational mechanisms (or a combination of both).

These findings are consistent with the roles of Rrp6 in ribosome biogenesis and accumulating
evidence that the control of protein translation is different in dividing, starving and
differentiating cells (Jin & Neiman, 2016). The hypothesis that persistent Rrp6 protein levels

might perturb gametogenesis is verifiable by monitoring meiotic landmarks in cells that over-
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express RRP6 and strains that harbour stable 77p6 mutant alleles that fail to be degraded as

efficiently as the wild-type protein.

(3) Yeast Rrp6 is subject to multiple post-translational modifications

Rrp6 undergoes at least four post-translational modifications. First, by protein
phosphorylation and de-phosphorylation, which are catalysed by kinases and phosphatases,
respectively. These enzymes are often involved in regulating a variety of functions and
physical properties of their target proteins; large-scale analyses of this type of modification
by phosphoproteomics have identified numerous substrates (reviewed in (Ribeiro et al., 2017,
Offley & Schmidt, 2019). Specifically, Rrp6 is phosphorylated at serine (S110, S412, S417,
S640, S645, S709), threonine (T410, T520) and tyrosine (Y406) residues as shown by mass
spectrometry-based analyses (Synowsky et al., 2006; Albuquerque et al., 2008; Swaney et
al., 2013; Holt et al., 2009). However, in the case of Rrp6, the roles of amino acid
phosphorylation have not yet been functionally analysed, except in Schizosaccharomyces
pombe where the rrp65!1?A mutant allele did not show a measurable effect on RNA
degradation or processing (Telekawa, Boisvert & Bachand, 2018).

Second, Synowsky et al. (2006) reported the presence of an N-terminal acetyl group in Rrp6.
The acetyl group (provided by acetyl-coenzyme A) is covalently attached either to an N-
terminal a-amino group or to the e-amino group of lysines. Protein acetylation and
deacetylation is catalysed by acetyltransferases and deacetylases that typically act in a
balanced fashion to control numerous biological processes (Drazic ef al., 2016). This
modification could be relevant for the roles of Rrp6 since acetylation is critical for protein
function and stability.

Third, Rrp6 is a substrate for protein SUMOylation and Rrp6 interacts directly with

suppressor of mif two 3 (Smt3), a protein of the SUMO family (Gonzales-Zubiate et al.,

13
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2017; Pabst et al., 2019; Wohlschlegel et al., 2004). During this modification process SUMO
proteins are attached to their targets by multi-component complexes. Global SUMOylation of
proteins occurs under conditions of genotoxic stress, hypoxia, heat shock and hypothermia
(Enserink, 2015). SUMOs are conserved in eukaryotes and play roles in development and
disease by affecting their target protein’s function, stability, interactions and localization.
Importantly, SUMOs are also involved in the DNA damage response, which is particularly
relevant for cancer therapies that introduce DNA lesions (Jalal, Chalissery & Hassan, 2017;
Flotho & Melchior, 2013) and the assembly of messenger ribonucleoparticles (mRNPs),
which is a critical step in the regulation of gene expression (Bretes et al., 2014).
SUMOylation may therefore be relevant for the role of EXOSC10/Rrp6 in the response to
chemotherapy by DNA damage-inducing drugs such as 5-FU and the quality control of
mRNP assembly (Marin-Vicente et al., 2015; Domingo-Prim et al., 2019; Mosrin-Huaman,
Honorine & Rahmouni, 2009; Stuparevic et al., 2013).

Fourth, Rrp6 is ubiquitinated at as yet undetermined lysine (K) residues (Kolawa ef al.,
2013). Ubiquitylation requires so-called E3 ligases (writers), ubiquitin-binding effectors
(readers), and deubiquitylases (erasers) that work together to establish the protein
concentration, conformation and localisation needed for robust cell growth and development
(Oh, Akopian & Rape, 2018). Rrp6 physically interacts with binds ubiquitin ligase 2 (Bul2),
a subunit of the reverses spt phenotype 5 (Rsp5) E3-ubiquitin ligase important for growth
during stress (Frattini et al., 2017; Kaida, Toh-e & Kikuchi, 2003), the ubiquitin-activating
enzyme (E1) Ubal, the ubiquitin conjugating enzyme (E2) Ubcl, which is associated with
the APC/C (Gonzales-Zubiate ef al., 2017; Girard, Tenthorey & Morgan, 2015) and Grrl, a
glucose-responsive subunit of the Skp1-Cullin-F-box protein (SCF) ubiquitin-ligase complex

(Gonzales-Zubiate et al., 2017; Fey & Lanker, 2007).
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The ubiquitination of Rrp6 is intriguing because it resembles the case of Ume6, which
represses meiosis-specific genes and meiotic mRNA isoforms with extended 5'-untranslated
regions (5'-UTRs) during mitosis in cooperation with Rpd3 and Sin3 (Lardenois et al.,
2015b; Strich et al., 1994). In the absence of glucose, Ume6 is acetylated by the Spt-Ada-
GcenS acetyltransferase (SAGA)-dependent complex, which stimulates the protein’s
ubiquitination by the cell division cycle 20 (Cdc20)-activated ubiquitin ligase APC/C during
the onset of meiosis (Mallory et al., 2012; Law et al., 2014; Mallory et al., 2007). Contrary to
Rrp6, Ume6 is degraded during meiosis but subsequently re-accumulates at later stages of
spore maturation and ascus formation; this is likely due to its important role during spore
germination (Lardenois et al., 2011; Mallory et al., 2007; Strich, Khakhina & Mallory, 2011).
Given the collective evidence, it is a distinct possibility that Rrp6 might be controlled in part
by regulated and targeted proteolysis, especially under stress conditions which typically
involve extensive remodelling of the transcriptome. The precise mechanisms and functional
implications of ubiquitination and SUMOylation in fine-tuning Rrp6 protein levels during

mitotic growth, meiotic development and stress responses remain to be determined.

(4) Rrp6 is a hub protein and its stability depends on protein interactions

Protein networks based on direct or indirect physical contacts have been established using
yeast two-hybrid (Y2H) screens and tandem affinity purification (TAP) tagging (Williamson
& Sutcliffe, 2010). The former is based on in vivo binding of two fusion proteins that are
tethered to DNA binding and gene activation domains, respectively. The latter works by co-
immunoprecipitating (Co-IP) a given target protein with its interactors and identifying them
by mass spectrometry. Initial studies based on these methods revealed that the majority of
yeast proteins can form complexes (Goll & Uetz, 2006). More recent work in the field of

computational biology has addressed the crucial question of how relevant such interactions
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are under physiological conditions and if it is possible to predict the robustness of network
architecture under different conditions using systems biological approaches (Rizzetto &
Csikasz-Nagy, 2018). While protein networks built from Y2H and Co-IP data reveal
interactions that are physically possible, they do not prove that these complexes are stable in
vivo; they rather inspire further in vivo work to gain insights into a given protein’s functions.
One particularly interesting aspect of network biology focusses on the extent to which
interactions of multi-subunit complexes (notably hub proteins) are conserved. The
extraordinary degree of functional and structural conservation of the RNA exosome and the
positioning of its core- and catalytic subunits makes it a prime example for an essential
protein complex (Weick et al., 2018; Wasmuth et al., 2014).

The frequency of protein—protein interactions varies from at least one to large numbers in the
case of so-called hub proteins that tend to be essential for cell growth and development
(Ekman et al., 2006; Song & Singh, 2013). The BioGrid database currently references for
Rrp6 502 direct and indirect physical interactions of which 74% were identified by high-
throughput methods [Fig. 3A; www.thebiogrid.org v. 3.5.184 (Oughtred et al., 2019); the
reader is referred to the Saccharomyces Genome Database (SGD; www.yeastgenome.org) for
full gene names]. This vast network reflects a wide variety of known, putative and possibly
novel functions attributed to Rrp6 in RNA processing and degradation (Csl4|[EXOSCI1, Dis3,
Mppl, Mtr3|[EXOSC6, Mtr4, Nab2, Nab3, Pabl, Pab2, Rrp4|EXOSC2, Rrp40|[EXOSC3,
Rrp42|EXOSC7, Rrp43|[EXOSCS, Rrp45[EXOSC9, Rrp46|[EXOSCS, Rrp47|Lrpl|C1D, Ski7,
Ski6|EXOSC4), transfer RNA (tRNA) synthesis and maturation (Cdc60, Dps1, Dtd1, GIn4,
Grsl, Gusl, Hts1, IIs1, Krs1, Lhpl, Ths1, Hyp2, Yhr020w, Ynl247w), ribosome biogenesis
and translation (Eftl, Gis2, Krrl, Nop4, Nop15, Nop53, Pnol, Rps8a, Rrbl, Sbpl, Ssb2,
Urbl, Utp14, Utp21), chromatin assembly and modification (Hht1, Hht2, Isw1, Rtt109,

Tral), mitotic and meiotic chromosome cohesion (Hopl, Irrl), transcription (Rpc40, Rpo21),
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mitotic and meiotic recombination (Exol, Hprl, Mei5, Mnd1, Rad54), and the onset of
meiosis and gametogenesis (Emi2) (Fig. 3A; www.thebiogrid.org v. 3.5.184).

Similar experiments in Schizosaccharomyces pombe, Drosophila melanogaster and humans
unsurprisingly also identified interactions between EXOSC10/Rrp6 and RNA exosome
subunits and associated co-factors (Fig. 3B—D). Interestingly, in fission yeast Rrp6 protein
interacts with Mmil, Red1 and Red5, which are components of a regulatory complex that
actively degrades meiotic RNAs in mitotically growing cells (Fig. 3B) (Harigaya et al., 2006;
Sugiyama & Sugioka-Sugiyama, 2011; Sugiyama et al., 2013; Shichino et al., 2020; Lee et
al., 2020). These data highlight the role of Rrp6 as a suppressor of meiosis by targeting
transcripts that are involved in this conserved developmental pathway.

While certain interactions, for example with the RNA exosome core, mediate the
exoribonucleolytic activity of Rrp6 in budding yeast, others mostly affect its stability. For
example, Rrp6 and Rrp47 form a heterodimer after they are independently imported into the
nucleus (Feigenbutz et al., 2013a; Feigenbutz et al., 2013b; Kumar et al., 2002). The N-
terminal domains of Rrp6 and Rrp47 assemble into a globular heterodimer formed mostly by
intertwining alpha helices. This complex ensures mutual stabilization of the proteins and
forms a conserved surface groove, which tethers the helicase Mtr4 to the core RNA exosome
(Feigenbutz et al., 2013a; Feigenbutz et al., 2013b; Stead et al., 2007; Stuparevic et al., 2013;
Dedic et al., 2014; Schuch et al., 2014). The interaction is conserved between EXOSC10 and
the human ortholog of Rrp47 (C1D), which is implicated in DNA repair and RNA processing
(Fig. 3D) (Schilders, van Dijk & Pruijn, 2007).

Deleting either RRP6 or RRP47 mutually destabilizes the proteins: in r7p6 mutant cells,
Rrp47 is undetectable and in r7p47 cells the level of Rrp6 is reduced by up to 90%
(Stuparevic et al., 2013; Feigenbutz et al., 2013a; Feigenbutz et al., 2013b; Stead et al.,

2007). This effect is predominantly due to altered protein stability, because RRP6 and RRP47
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mRNA levels in general do not decrease under the experimental conditions used to determine
protein concentrations (Stuparevic ef al., 2013; Feigenbutz et al., 2013a). In the absence of
Rrp6, Rrp47 is degraded via a proteasome-mediated pathway, since treating 77p6 mutant cells
with the proteasome inhibitor MG132 increases Rrp47 protein levels (Feigenbutz et al.,
2013b). Rrp6 interacts with Rrp47’s functionally important N-terminal Sas10/C1D domain
(amino acids 10-100) (Costello et al., 2011; Mitchell, 2010) via its N-terminal PMC2NT
(amino acids 13—-102) domain that was shown to be necessary and sufficient for normal
expression of Rrp47 protein (Stead et al., 2007). Rrp47 is thought to function specifically to
support the activities of Rrp6, since 77p47 mutant cells show the same temperature-sensitive
and RNA-processing phenotypes as r7p6 cells (Mitchell et al., 2003; Erdemir et al., 2002;
Phillips & Butler, 2003). In line with their non-redundant functions, a rrp47-rrp6 double-
mutant strain is viable and displays a growth rate similar to that of the r7p6 single-mutant
background (Mitchell et al., 2003). Finally, Rrp47 levels are not determined solely by Rrp6
since its overexpression does not increase the cellular Rrp47 protein concentration
(Feigenbutz et al., 2013b).

In summary, Rrp6 is a highly interactive protein that associates with a wide variety of co-
factors, which mediate its stability and influence its enzymatic activity when exerting diverse
cellular functions in RNA processing and degradation, chromatin modification, gene

expression and DNA recombination.

III. MAMMALIAN EXOSC10

(1) EXOSC10 expression varies among tissues, during mitotic cell cycle stages and
within cancer/control sample pairs

Human EXOSCI0 is located on chromosome 1 and spans 33 kb. The gene comprises 22

exons and encodes 11 transcripts [Fig. 4A; www.ensembl.org (Yates et al., 2020)].

18



448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

Transcriptional data for EXOSC10 indicate that the full-length transcript
(ENST00000376936.8) is expressed in all tissues assayed [www.gtexportal.org (Yizhak et
al., 2019); Fig. S2A]. Expression levels determined by RNA sequencing are fairly
homogenous and vary approximately within a twofold range among somatic and reproductive
organs, with the exception of a peak signal in the cerebellum [www.proteinatlas.org (Uhlen et
al., 2016); Fig. S2B].

EXOSCI10 mRNA levels fluctuate moderately during the mitotic cell cycle and show a profile
reminiscent of B-type cyclin (CCNB1) with a G2/M peak (www.cyclebase.org; Fig. 4B). The
biological significance of this variation is unclear but the timing of transcriptional mRNA
induction is consistent with the role of Drosophila Rrp6 in mitotic chromosome segregation
where the protein shows a dynamic pattern of localisation (Graham et al., 2009).

If EXOSC10 plays a role in human cell cycle progression it should be deregulated in
abnormal cells that undergo rapid and uncontrolled cell divisions. Indeed, expression patterns
in healthy versus tumour cells available at the Tumor Immune Estimation Resource (TIMER,
https://cistrome.shinyapps.io/timer/ (Li et al., 2017)] show a significant difference in the
signal distributions. EXOSC10 expression is elevated in bladder urothelial carcinoma,
cholangiocarcinoma, colon adenocarcinoma, oesophageal carcinoma, head and neck
squamous cell carcinoma, liver hepatocellular carcinoma and lung and stomach
adenocarcinoma samples. The only exception is renal cancer (kidney chromophobe) that
shows the opposite pattern (Fig. S3). Increased expression in liver cancer is associated with
EXOSC10 being an unfavourable prognostic factor (www.proteinatlas.org).

Why do certain tumours contain more EXOSCI0 mRNA than healthy cells? An obvious
reason might be that normal differentiated post-mitotic cells express the gene at lower levels
than actively growing and dividing cancer cells, because differentiated cells do not need

EXOSC10 activity to be at peak levels, notably as far as ribosome biogenesis is concerned.

19



473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

However, the pattern observed in renal cancer argues against this possibility. Other
explanations might be that epigenetic or regulatory alterations occurring in cancer cells affect
the transcriptional activation of EXOSCI0 or that its mRNA is destabilized, for example by
pairing with regulatory microRNAs (MIRs).

TarBase [www.microrna.gr/tarbase (Karagkouni et al., 2018)], a resource that provides
experimentally validated miRNA/mRNA interactions, annotates 37 miRNAs for EXOSCI0
that were analysed in 13 cell lines from eight different tissues (bone marrow, cervix, embryo,
intestine, kidney, mammary gland, pancreas, pleura). The majority of these interactions
(19/37) were observed in three kidney cell lines (HEK293, HEK293T, 293S) (Karginov &
Hannon, 2013; Grosswendt et al., 2014; Krishnan et al., 2013). Among them, hsa-miR-182-
5p is associated with anti-cancer drug resistance and hsa-miR-17-5p is an oncogenic MIR
(Dhawan et al., 2018; Uhr et al., 2019). The RNA interactome database RISE
[http://rise.life.tsinghua.edu.cn (Gong ef al., 2018)] provides two experimentally validated
interactions with MIRs for EXOSCI10 mRNA: hsa-miR-222 and hsa-miR-193b. The former is
relevant to cancer radiotherapy and the metastasis of oral tongue squamous cell carcinoma
(Shi et al., 2019; Liu et al., 2009). Down-regulation of the latter MIR affects blood cancer
(Gonzalez-Gugel et al., 2013).

These examples illustrate a promising route for further analyses that aim at a better
understanding of the post-transcriptional regulation of EXOSC10 by MIRs in normal and

cancer cells.

(2) The promoter architecture of EXOSCI10 associates the gene with transcription
factors involved in cell division, development and cancer
The EXOSC10 promoter region is poorly characterized and no enhancer regions have been

described. Regulatory motif predictions associate 11 DNA-binding transcription factors (TFs)
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with the up-stream promoter region of EXOSC10 [www.swissregulon.org (Pachkov ef al.,
2013); Fig. S4; please refer to NextProt (www.nextprot.org) for full gene names]. This group
includes KLF4, which is a transcriptional regulator that reprograms differentiated cells into
induced pluripotent stem (iPS) cells when co-expressed with POUSF1/0CT4, SOX2 and
MYC (reviewed in (Takahashi & Yamanaka, 2016). KLF4 was also shown to play a role in
cell proliferation and early cerebellar development (Zhang et al., 2015). Critically, the
predicted KLF4 motif is confirmed by in vivo protein/promoter DNA interaction data from
normal skin cells, keratinocytes and in a pancreatic ductal adenocarcinoma (PDAC) cell line
[see ChIP-Atlas, which provides access to a comprehensive set of published chromatin
immunoprecipitation and sequencing (ChIP-Seq) data sets; https://chip-atlas.org (Oki et al.,
2018)]. These results argue in favour of a role for KLF4 in the activation of EXOSC10,
notably in brain cells, where the exoribonuclease is present at high levels (see Fig. S2B and
http://proteinatlas.org).

The remaining 10 TFs are potentially interesting candidates for regulators contributing to the
transcriptional control of EXOSCI0 because of their association with cell division,

development and cancer (Table 2).

(3) EXOSC10 protein levels vary among healthy tissues, fluctuate during mitotic cell
division and decrease progressively during meiotic development

Currently, three human EXOSC10 protein isoforms are known. They comprise 885
(Q01780), 860 (Q01708-2) and 679 (B4DKGS) amino acids [www.proteomicsdb.org
(Samaras et al., 2020)]. Two large-scale mass spectrometry-based protein-profiling analyses
of the human proteome across several tissues and cell lines, show that EXOSC10 levels vary
approximately twofold between cytotoxic T-lymphocytes [5.2 expression units (eu)] and the

adult spinal cord (2.8 eu) (Fig. 5SA,B; (Wilhelm et al., 2014; Kim et al., 2014);
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www.proteomicsdb.org; www.humanproteomemap.org). The protein expression studies show
the same results apart from bladder, heart and rectum samples where the protein was detected
in only one of the analyses (Fig. 5A,B). These protein data are concordant with similar
patterns observed at the mRNA level and concur with the genes’ important role in
mammalian embryonic and adult cell growth and division (Wu & Dean, 2020; Jamin et al.,
2017).

In asynchronously growing and non-transformed mammalian cells, EXOSC10 proteins are
localized in the nucleus, particularly to distinct nucleolar-like structures in all cells except
those in mitosis (Fig. 5C). Nucleolar localization is consistent with earlier reports using
immunofluorescence, cell fractionation and transfection experiments (reviewed by
(Raijmakers, Schilders & Pruijn, 2004) and data from a proteomic profiling experiment
designed to identify nucleolar proteins (Tafforeau et al., 2013). Furthermore, we and others
have reported that yeast Rrp6 colocalizes with the nucleolar RNA polymerase Rpal90 [see
fig. 9 in (Okuda et al., 2020)] and that mouse and human EXOSC10 colocalize with the
nucleolar markers nucleophosmin (B23) (Jamin et al., 2017), nucleolin (C23) (von Kopylow
et al., 2012) and fibrillarin (FBL; Fig. 5D). Finally, a nuclear/nucleolar distribution is also at
least partially confirmed by immunohistochemical assays provided by the Human Protein
Atlas (HPA), although we note that the HPA also shows localization in the cytoplasm
(www.proteinatlas.org). The possibility that EXOSCI10 is also present in the cytoplasm was
raised by Lejeune, Li & Maquat (2003), who showed that nonsense-mediated mRNA decay
in mammalian cells involves decapping, deadenylating, and cytoplasmic exonucleolytic
activities. This is contradictory to the presence of a putative nuclear localization signal in
EXOSC10 (Raijmakers et al., 2004). We have been unable to confirm any cytoplasmic
localization of EXOSCI10 in a range of normal and transformed cells. In a more detailed

analysis using non-chemically induced cell synchrony, the nucleolar localisation is observed
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weakly in cells in GO (at quiescence) but rapidly rises and then remains constant in nucleoli
throughout G1, S-phase and G2, in which yeast Rrp6 and mammalian EXOSC10 associated
with the RNA exosome and the ribonuclease Dis3 exert roles in nucleolar ribosomal RNA
(rRNA) processing (Davidson et al., 2019; Okuda et al., 2020; Tafforeau et al., 2013; Briggs
et al., 1998).

However, as cells enter mitosis, in prophase EXOSC10 begins to redistribute from nucleoli
within the nucleus; by prometaphase nucleolar staining is lost completely and the protein
distributes equally between mitotic cytoplasm and near the condensed but not aligned
chromatin. It also clearly does not localize with CCNB1 at any point in the mitotic process
although the mRNA expression profiles of these genes are similar (Figs 4B and 5C). At
metaphase, EXOSC10 surrounds the chromosomes aligned on the metaphase plate and
segregates with the chromosomes during anaphase A and B. No nucleolar staining for
EXOSC10 protein can be detected until late telophase and the formation of the midbody.
These findings suggest that with the loss of nucleolar integrity, human EXOSC10 localizes to
the prophase nucleus and then the mitotic cytoplasm after nuclear envelope breakdown.
However, a proportion of EXOSC10 remains associated with the condensed DNA although
not in the form of specific association with the chromosomes since the staining around the
condensed DNA is diffuse. These localization patterns raise the possibility that EXOSC10
exerts molecular functions in the mitotic cytoplasm and on condensed mitotic chromosomes
that are independent from the nuclear RNA exosome.

During mouse meiosis and gametogenesis, Exosc/() mRNA is highly expressed in mitotic,
meiotic and early post-meiotic germ cells (peaking in spermatocytes and then diminishing in
round spermatids); the protein’s cellular concentration decreases in early round spermatids
and subsequently drops below the threshold level for detection at late post-meiotic stages of

the developmental pathway (Jamin ef al., 2017; Chalmel et al., 2007) (www.germonline.org).
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This is reminiscent of the pattern observed for budding yeast Rrp6 in diploid cells, which
undergo meiosis and spore formation, and points to an evolutionarily conserved mechanism

of regulation of Rrp6 and EXOSC10 during gametogenesis (Lardenois et al., 2011).

(4) EXOSC10 undergoes extensive protein modifications

According to PhosphoSite, EXOSC10 is monomethylated on arginine 79 and tri-methylated
on lysines 754 and 835 [Fig. 6A; www.phosphosite.org (Hornbeck et al., 2015); (Larsen et
al., 2016; Santos et al., 2015; Cao, Arnaudo & Garcia, 2013)]. Arginines are methylated by
protein methyltransferases (PRMTs) that transfer methyl groups from S-adenosyl methionine
to the side chains of arginine residues. Arginine methylation is important for protein—protein,
protein—RNA, and protein—DNA interactions, and is therefore of considerable clinical
interest, especially in oncology (reviewed in (Guccione & Richard, 2019).

EXOSC10 contains 28 serine, threonine and tyrosine residues that are phosphorylated (Fig.
6A; www.phosphosite.org). These amino acids include tyrosine 90, which is located in the N-
terminal PMC2NT domain, serines 370/402 and tyrosines 419/448 in the DNA pol A exol
3’5’-exoribonuclease domain and serine 530 in the HDRC domain (Fig. 6A). Human
EXOSC10 is also phosphorylated on serine 821, which is conserved in the mouse (Zhou et
al., 2013). However, we are unaware of any data to date on the functional significance of
these phosphorylation events.

Four lysines in EXOSC10 are acetylated, including lysine 109 located in the PMC2NT
domain; the remaining residues are at the extreme N- (lysine 37) and C-termini (lysines
851/865) (Fig. 6A). Again, nothing is known about the roles of these modifications during
cell division, differentiation and in malignant tissues.

21 lysines modified by ubiquitin are referenced in the PhosphoSite database (Fig. 6A;

www.phosphosite.org). In this context it is noteworthy that the proteasome, a multi-subunit
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598  protease that normally degrades ubiquitinated proteins but that can also act as an

599  endonuclease within mRNA surveillance, co-localizes with EXOSC10 in cultured Hela

600  cancer cells (Brooks, 2010). EXOSC10 is in fact ubiquitinated by the APC/C and therefore
601 likely is targeted for proteolytic destruction during the mitotic cell cycle (Kim ez al., 2011).
602  Given the classical role of the APC/C as a cell cycle regulator that targets cyclins (regulatory
603  subunits of cell division kinases) it is conceivable that EXOSC10 is subject to cell cycle

604  stage- or developmental stage-specific proteolytic destruction (Watson et al., 2019). This has
605 interesting implications regarding the protein’s RNA exosome-dependent and independent
606  roles during the mitotic cell cycle and meiotic differentiation (Graham et al., 2009).

607  Earlier mass spectrometry-based studies identified EXOSC10 and other RNA exosome

608  subunits as SUMO targets (Zhao et al., 2004; Golebiowski et al., 2009; Impens et al., 2014;
609  Lamoliatte et al., 2014) and 10 SUMOylated lysines are currently referenced in the

610  PhosphoSite database (Fig. 6A; www.phosphosite.org). Indeed, EXOSC10 has several

611  glycyl-lysine isopeptides, which are implicated in interactions with the C-terminus of

612  SUMO?2. Several lines of evidence show that EXOSC10 protein stability is directly

613  controlled by SUMOylation. First, culturing mammalian cells at a low temperature results in
614  increased conjugation of SUMO1 to EXOSC10, which decreases the cellular concentration of
615  EXOSCI10 and thereby leads to incomplete 3' pre-rRNA processing and a reduced ratio of
616  40S to 60S ribosomal subunits. Second, overexpression of SUMOI1 decreases EXOSCI10
617  levels. Third, a mutant allele of EXOSC10 lacking three putative SUMO target lysines

618 (K168, K201 and K583) located between the PMC2NT domain and the catalytic domain,
619  within the core catalytic domain and at the end of the HRDC domain, respectively, is

620  stabilized under physiological and cold-stress conditions (Knight ez al., 2016). Upon cooling,

621  expression of exosome core proteins EXOSC3, EXOSCS5 and EXOSCS is reduced in a
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manner similar to EXOSC10, while expression of DIS3 does not change (Knight et al.,
2016).

In summary, an array of high-throughput studies provide solid evidence for extensive protein
modifications in EXOSC10 and are consistent with the notion that this protein is subject to
targeted proteolysis during cell division and differentiation. Mutant alleles that change target
residues involved in protein stability are therefore of particular interest because they might

explain variable EXOSC10 protein levels in normal and malign tissues.

(5) EXOSC10 mutant alleles associated with cancer affect amino acids undergoing post-
translational modifications

Major advances in DNA sequencing technologies have spawned projects aiming to decipher
the allelic composition of genomes from diverse human populations and the mutation load of
malign tumours, from whole organs and tissues down to the single-cell level. Much work has
focused on the protein-coding part of the human genome (exome sequencing) but data for
entire genomes have been generated at an increasing pace (Mallick et al., 2016; Rozenblatt-
Rosen et al., 2020).

The Catalog of Somatic Mutations in Cancer [COSMIC, https://cancer.sanger.ac.uk/cosmic/
(Tate et al., 2019)] provides data on single nucleotide variants/polymorphisms (SNVs/SNPs)
associated with protein-coding genes in cancer samples. A total of nine mutations affect
EXOSC10 amino acids subject to PTMs (Fig. 6A; Table 3). Four alleles that alter
phosphorylated amino acids were discovered in liver (S370P missense mutation), colon
(S402T), lung (Y448C) and intestinal (S785I) cancers. The S402T mutation replaces the
serine with a threonine and therefore effects of this mutation on EXOSC10 should be due to
structural changes rather than an altered phosphorylation pattern. Serines 402 and 370 are

located at the extreme ends of alpha-helices, while tyrosine 448 is within an alpha helix (Fig.
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6B). Three out of four mutations affecting amino acids modified by kinases and phosphatases
are found within the catalytic exoribonuclease domain and consequently might alter the
enzyme’s activity (see Fig. 6A; https://cancer.sanger.ac.uk/cosmic/). Four alleles that affect
lysines subject to ubiquitination were found in brain (K136N), oesophagus (K136*
nonsense), thyroid (K218E) and breast (K592N) cancer. Finally, a lysine that is both
ubiquitinated and SUMOylated is mutated in bone cancer (K583E) (Fig. 6A;
https://cancer.sanger.ac.uk/cosmic/).

It is not known if these mutant alleles are homo- or heterozygous in the sample tissues, but a
mutation that affects protein stability could have a dominant effect on cellular EXOSC10
protein levels. These tumour-linked mutations are intriguing, given that cancer samples
assayed by immunohistochemistry for EXOSC10 show large variations in intensity levels,
indicating that altered protein concentrations are a frequent event in malign tissues
(www.proteinatlas.org). EXOSC10 mutant alleles that escape normal proteolytic degradation
because their structure is altered, their protein—protein interactions are affected or their
destruction box motifs are changed may deregulate cell growth, division and differentiation.
This important question clearly merits further investigation using engineered cell lines and

corresponding transgenic mouse models.

IV. CONCLUSIONS

(1) EXOSCI10/RRP6 mRNA and protein are detected in dividing and differentiating cells
across the vast majority of samples assayed.

(2) EXOSCI10/RRP6 mRNA fluctuates during the mitotic cell cycle

(3) The gene is likely regulated by multiple mechanisms at the transcriptional, translational

and post-translational level.
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(4) Altered EXOSC10/Rrp6 protein levels during normal cell division and differentiation and
in pathological tissues have implications for RNA exosome-dependent and independent
cellular functions in RNA processing and degradation.

(5) EXOSCI0/RRP6 alleles that affect protein stability will likely yield information on this
protein’s roles during cell division, development and disease and will facilitate the design of

novel therapeutical concepts.

V. ACKNOWLEGEMENTS

We appreciate the valuable contribution of the bioinformatics community to data and
knowledge dissemination for use in biomedical research. This work was supported by grants
from the Croatian Science Foundation Grant [UIP-2017-05-4411] to L.S. and La Ligue Contre

le Cancer to M.P. and A.R.R.

VI. REFERENCES

ADAMO, P. & LADOMERY, M. R. (2016). The oncogene ERG: a key factor in prostate cancer.
Oncogene 35(4), 403-414.

ALBUQUERQUE, C. P., SMOLKA, M. B., PAYNE, S. H., BAFNA, V., ENG, J. & ZHOU, H. (2008).
A multidimensional chromatography technology for in-depth phosphoproteome analysis.
Molecular and Cellular Proteomics 7(7), 1389-1396.

ASSENHOLT, J., MOUAIKEL, J., ANDERSEN, K. R., BRODERSEN, D. E., LIBRI, D. & JENSEN, T. H.
(2008). Exonucleolysis is required for nuclear mRNA quality control in yeast THO mutants.
RNA 14(11), 2305-2313.

AXHEMI, A., WASMUTH, E. V., LIMA, C. D. & JANKOWSKY, E. (2020). Substrate selectivity by
the exonuclease Rrp6p. Proceedings of the National Academy of Sciences of the United
States of America 117(2), 982-992.

BECKER, E., CoM, E., LAVIGNE, R., GUILLEUX, M. H., EVRARD, B., PINEAU, C. & PRIMIG, M.
(2017). The protein expression landscape of mitosis and meiosis in diploid budding yeast.
Journal of Proteomics 156, 5-19.

BERTUCCL F., NG, C. K. Y., PATSOURIS, A., DROIN, N., PISCUOGLIO, S., CARBUCCIA, N.,
SORIA, J. C., DIEN, A. T., ADNANI, Y., KAMAL, M., GARNIER, S., MEURICE, G., JIMENEZ, M.,
DOGAN, S., VERRET, B, et al. (2019). Genomic characterization of metastatic breast cancers.
Nature 569(7757), 560-564.

BLOMEN, V. A., MAJEK, P., JAE, L. T., BIGENZAHN, J. W., NIEUWENHUIS, J., STARING, J.,
SACCO, R., VAN DIEMEN, F. R., OLK, N., STUKALOV, A., MARCEAU, C., JANSSEN, H.,
CARETTE, J. E., BENNETT, K. L., COLINGE, J., ef al. (2015). Gene essentiality and synthetic
lethality in haploid human cells. Science 350(6264), 1092-1096.

28



707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756

BLUTHNER, M. & BAUTZ, F. A. (1992). Cloning and characterization of the cDNA coding for
a polymyositis-scleroderma overlap syndrome-related nucleolar 100-kD protein. Journal of
Experimental Medicine 176(4), 973-980.

BRAR, G. A., YASSOUR, M., FRIEDMAN, N., REGEV, A., INGOLIA, N. T. & WEISSMAN, J. S.
(2012). High-resolution view of the yeast meiotic program revealed by ribosome profiling.
Science 335(6068), 552-557.

BRETES, H., ROUVIERE, J. O., LEGER, T., OEFFINGER, M., DEVAUX, F., DOYE, V. &
PALANCADE, B. (2014). Sumoylation of the THO complex regulates the biogenesis of a
subset of mRNPs. Nucleic Acids Research 42(8), 5043-5058.

BRIGGS, M. W., BURKARD, K. T. & BUTLER, J. S. (1998). Rrp6p, the yeast homologue of the
human PM-Scl 100-kDa autoantigen, is essential for efficient 5.8 S rRNA 3' end formation.
Journal of Biological Chemistry 273(21), 13255-13263.

BROOKS, S. A. (2010). Functional interactions between mRNA turnover and surveillance and
the ubiquitin proteasome system. Wiley Interdiscip Rev RNA 1(2), 240-252.

BURLEY, S. K., BHIKADIYA, C., BI, C., BITTRICH, S., CHEN, L., CRICHLOW, G. V., CHRISTIE, C.
H., DALENBERG, K., D1 COSTANZO, L., DUARTE, J. M., DUTTA, S., FENG, Z., GANESAN, S.,
GOODSELL, D. S., GHOSH, S., et al. (2021). RCSB Protein Data Bank: powerful new tools for
exploring 3D structures of biological macromolecules for basic and applied research and
education in fundamental biology, biomedicine, biotechnology, bioengineering and energy
sciences. Nucleic Acids Research 49(D1), D437-D451.

CALLAHAN, K. P. & BUTLER, J. S. (2008). Evidence for core exosome independent function of
the nuclear exoribonuclease Rrp6p. Nucleic Acids Research 36(21), 6645-6655.

CAO0, X.J., ARNAUDO, A. M. & GARCIA, B. A. (2013). Large-scale global identification of
protein lysine methylation in vivo. Epigenetics 8(5), 477-485.

CHALMEL, F., ROLLAND, A. D., NIEDERHAUSER-WIEDERKEHR, C., CHUNG, S. S., DEMOUGIN,
P., GATTIKER, A., MOORE, J., PATARD, J. J., WOLGEMUTH, D. J., JEGOU, B. & PRIMIG, M.
(2007). The conserved transcriptome in human and rodent male gametogenesis. Proceedings
of the National Academy of Sciences of the United States of America 104(20), 8346-8351.
CHEN, D., TOONE, W. M., MATA, J., LYNE, R., BURNS, G., KIVINEN, K., BRAZMA, A., JONES,
N. & BAHLER, J. (2003). Global transcriptional responses of fission yeast to environmental
stress. Molecular Biology of the Cell 14(1), 214-229.

CHLEBOWSKI, A., TOMECKI, R., LOPEZ, M. E., SERAPHIN, B. & DZIEMBOWSKI, A. (2010).
Catalytic properties of the eukaryotic exosome. Advances in Experimental Medicine and
Biology 702, 63-78.

CHO, R.J., CAMPBELL, M. J., WINZELER, E. A., STEINMETZ, L., CONWAY, A., WODICKA, L.,
WOLFSBERG, T. G., GABRIELIAN, A. E., LANDSMAN, D., LOCKHART, D. J. & DAVIS, R. W.
(1998). A genome-wide transcriptional analysis of the mitotic cell cycle. Molecular Cell 2(1),
65-73.

CHU, S., DERISL, J., EISEN, M., MULHOLLAND, J., BOTSTEIN, D., BROWN, P. O. &
HERSKOWITZ, L. (1998). The transcriptional program of sporulation in budding yeast. Science
282(5389), 699-705.

COSTELLO, J. L., STEAD, J. A., FEIGENBUTZ, M., JONES, R. M. & MITCHELL, P. (2011). The C-
terminal region of the exosome-associated protein Rrp47 is specifically required for box C/D
small nucleolar RNA 3'-maturation. Journal of Biological Chemistry 286(6), 4535-4543.
DAVIDSON, L., FRANCIS, L., CORDINER, R. A., EATON, J. D., ESTELL, C., MACIAS, S.,
CACERES, J. F. & WEST, S. (2019). Rapid Depletion of DIS3, EXOSC10, or XRN2 Reveals
the Immediate Impact of Exoribonucleolysis on Nuclear RNA Metabolism and
Transcriptional Control. Cell Reports 26(10), 2779-2791 e2775.

DAvIS, C. A. & ARES, M., JR. (2006). Accumulation of unstable promoter-associated
transcripts upon loss of the nuclear exosome subunit Rrp6p in Saccharomyces cerevisiae.

29



757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806

Proceedings of the National Academy of Sciences of the United States of America 103(9),
3262-3267.

DE GODOY, L. M., OLSEN, J. V., C0oX, J., NIELSEN, M. L., HUBNER, N. C., FROHLICH, F.,
WALTHER, T. C. & MANN, M. (2008). Comprehensive mass-spectrometry-based proteome
quantification of haploid versus diploid yeast. Nature 455(7217), 1251-1254.

DEDIC, E., SEWERYN, P., JONSTRUP, A. T., FLYGAARD, R. K., FEDOSOVA, N. U., HOFFMANN, S.
V., BOESEN, T. & BRODERSEN, D. E. (2014). Structural analysis of the yeast exosome Rrp6p-
Rrp47p complex by small-angle X-ray scattering. Biochemical and Biophysical Research
Communications 450(1), 634-640.

DERBYSHIRE, V., GRINDLEY, N. D. & JOYCE, C. M. (1991). The 3'-5' exonuclease of DNA
polymerase I of Escherichia coli: contribution of each amino acid at the active site to the
reaction. EMBO Journal 10(1), 17-24.

DHAWAN, A., SCOTT, J. G., HARRIS, A. L. & BUFFA, F. M. (2018). Pan-cancer characterisation
of microRNA across cancer hallmarks reveals microRNA-mediated downregulation of
tumour suppressors. Nature Communications 9(1), 5228.

DOMINGO-PRIM, J., ENDARA-COLL, M., BONATH, F., JIMENO, S., PRADOS-CARVAIJAL, R.,
FRIEDLANDER, M. R., HUERTAS, P. & VISA, N. (2019). EXOSCI10 is required for RPA
assembly and controlled DNA end resection at DNA double-strand breaks. Nature
Communications 10(1), 2135.

DRrAzIC, A., MYKLEBUST, L. M., REE, R. & ARNESEN, T. (2016). The world of protein
acetylation. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1864(10), 1372-1401.
EBERLE, A. B., HESSLE, V., HELBIG, R., DANTOFT, W., GIMBER, N. & VISA, N. (2010). Splice-
site mutations cause Rrp6-mediated nuclear retention of the unspliced RNAs and
transcriptional down-regulation of the splicing-defective genes. Public Library of Science
One 5(7), e11540.

EBERLE, A. B., JORDAN-PLA, A., GANEZ-ZAPATER, A., HESSLE, V., SILBERBERG, G., VON
EULER, A., SILVERSTEIN, R. A. & VISA, N. (2015). An Interaction between RRP6 and
SU(VAR)3-9 Targets RRP6 to Heterochromatin and Contributes to Heterochromatin
Maintenance in Drosophila melanogaster. Public Library of Science Genetics 11(9),
e1005523.

EKMAN, D., LIGHT, S., BJORKLUND, A. K. & ELOFSSON, A. (2006). What properties
characterize the hub proteins of the protein-protein interaction network of Saccharomyces
cerevisiae? Genome Biology 7(6), R45.

ENSERINK, J. M. (2015). Sumo and the cellular stress response. Cell Division 10, 4.
ERDEMIR, T., BILICAN, B., ONCEL, D., GODING, C. R. & YAVUZER, U. (2002). DNA damage-
dependent interaction of the nuclear matrix protein C1D with Translin-associated factor X
(TRAX). Journal of Cell Science 115(Pt 1), 207-216.

FAN, Y., SHEN, S., WEI, G., TANG, J., ZHAO, Y., WANG, F., HE, X., GUO, G., SHANG, X., YU,
X.,MA, Z.,HE, X., L1U, M., ZHU, Q., LE, Z., et al. (2020). Rrp6 Regulates Heterochromatic
Gene Silencing via ncRNA RUF6 Decay in Malaria Parasites. mBio 11(3).

FEDELE, M., CRESCENZIL, E. & CERCHIA, L. (2017). The POZ/BTB and AT-Hook Containing
Zinc Finger 1 (PATZ1) Transcription Regulator: Physiological Functions and Disease
Involvement. International Journal of Molecular Sciences 18(12).

FEIGENBUTZ, M., GARLAND, W., TURNER, M. & MITCHELL, P. (2013a). The exosome cofactor
Rrp47 is critical for the stability and normal expression of its associated exoribonuclease
Rrp6 in Saccharomyces cerevisiae. Public Library of Science One 8(11), e80752.
FEIGENBUTZ, M., JONES, R., BESONG, T. M., HARDING, S. E. & MITCHELL, P. (2013D).
Assembly of the yeast exoribonuclease Rrp6 with its associated cofactor Rrp47 occurs in the
nucleus and is critical for the controlled expression of Rrp47. Journal of Biological
Chemistry 288(22), 15959-15970.

30



807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856

FEY, J. P. & LANKER, S. (2007). Delayed accumulation of the yeast G1 cyclins Clnl and Cln2
and the F-box protein Grrl in response to glucose. Yeast 24(5), 419-429.

FLOTHO, A. & MELCHIOR, F. (2013). Sumoylation: a regulatory protein modification in health
and disease. Annual Review of Biochemistry 82, 357-385.

Fox, M. J. & MOSLEY, A. L. (2016). Rrp6: Integrated roles in nuclear RNA metabolism and
transcription termination. Wiley Interdiscip Rev RNA 7(1), 91-104.

FRATTINI, C., VILLA-HERNANDEZ, S., PELLICANO, G., JOSSEN, R., KATOU, Y., SHIRAHIGE, K.
& BERMEJO, R. (2017). Cohesin Ubiquitylation and Mobilization Facilitate Stalled
Replication Fork Dynamics. Mol Cell 68(4), 758-772 e754.

FRENK, S., OXLEY, D. & HOUSELEY, J. (2014). The nuclear exosome is active and important
during budding yeast meiosis. Public Library of Science One 9(9), e107648.

GE, Q., FRANK, M. B., O'BRIEN, C. & TARGOFF, L. N. (1992). Cloning of a complementary
DNA coding for the 100-kD antigenic protein of the PM-Scl autoantigen. Journal of Clinical
Investigation 90(2), 559-570.

GIRARD, J. R., TENTHOREY, J. L. & MORGAN, D. O. (2015). An E2 accessory domain
increases affinity for the anaphase-promoting complex and ensures E2 competition. Journal
of Biological Chemistry 290(40), 24614-24625.

GOLEBIOWSKI, F., MATIC, I., TATHAM, M. H., COLE, C., YIN, Y., NAKAMURA, A., C0OX, J.,
BARTON, G. J., MANN, M. & HAY, R. T. (2009). System-wide changes to SUMO
modifications in response to heat shock. Science Signaling 2(72), ra24.

GoLL, J. & UETZ, P. (2006). The elusive yeast interactome. Genome Biology 7(6), 223.
GONG, J., SHAO, D., XU, K., LU, Z., LU, Z.J., YANG, Y. T. & ZHANG, Q. C. (2018). RISE: a
database of RNA interactome from sequencing experiments. Nucleic Acids Research 46(D1),
D194-D201.

GONZALES-ZUBIATE, F. A., OKUDA, E. K., DA CUNHA, J. P. C. & OLIVEIRA, C. C. (2017).
Identification of karyopherins involved in the nuclear import of RNA exosome subunit Rrp6
in Saccharomyces cerevisiae. Journal of Biological Chemistry 292(29), 12267-12284.
GONZALEZ-GUGEL, E., VILLA-MORALES, M., SANTOS, J., BUENO, M. J., MALUMBRES, M.,
RODRIGUEZ-PINILLA, S. M., PIRIS, M. A. & FERNANDEZ-PIQUERAS, J. (2013). Down-
regulation of specific miRNAs enhances the expression of the gene Smoothened and
contributes to T-cell lymphoblastic lymphoma development. Carcinogenesis 34(4), 902-908.
GRAHAM, A. C.,Kiss, D. L. & ANDRULIS, E. D. (2009). Core exosome-independent roles for
Rrp6 in cell cycle progression. Molecular Biology of the Cell 20(8), 2242-2253.
GRANOVSKAIA, M. V., JENSEN, L. J., RITCHIE, M. E., TOEDLING, J., NING, Y., BORK, P.,
HUBER, W. & STEINMETZ, L. M. (2010). High-resolution transcription atlas of the mitotic cell
cycle in budding yeast. Genome Biology 11(3), R24.

GROSSWENDT, S., FILIPCHYK, A., MANZANO, M., KLIRONOMOS, F., SCHILLING, M., HERZOG,
M., GOTTWEIN, E. & RAJEWSKY, N. (2014). Unambiguous identification of miRNA:target site
interactions by different types of ligation reactions. Molecular Cell 54(6), 1042-1054.
GUCCIONE, E. & RICHARD, S. (2019). The regulation, functions and clinical relevance of
arginine methylation. Nature Reviews: Molecular Cell Biology 20(10), 642-657.

GUDIPATI, R. K., XU, Z., LEBRETON, A., SERAPHIN, B., STEINMETZ, L. M., JACQUIER, A. &
LiBrI, D. (2012). Extensive degradation of RNA precursors by the exosome in wild-type
cells. Molecular Cell 48(3), 409-421.

GUO, Y., YUAN, X., L1, K., DAL, M., ZHANG, L., WU, Y., SUN, C., CHEN, Y., CHENG, G., L1U,
C., STRAAT, K., KONG, F., ZHAO, S., BIORKHOLM, M. & XU, D. (2020). GABPA is a master
regulator of luminal identity and restrains aggressive diseases in bladder cancer. Cell Death
and Differentiation 27(6), 1862-1877.

HARIGAYA, Y., TANAKA, H., YAMANAKA, S., TANAKA, K., WATANABE, Y., TSUTSUML, C.,
CHIKASHIGE, Y., HIRAOKA, Y., YAMASHITA, A. & YAMAMOTO, M. (2006). Selective

31



857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905

elimination of messenger RNA prevents an incidence of untimely meiosis. Nature 442(7098),
45-50.

Ho, B., BARYSHNIKOVA, A. & BROWN, G. W. (2018). Unification of Protein Abundance
Datasets Yields a Quantitative Saccharomyces cerevisiae Proteome. Cell Syst 6(2), 192-205
el193.

HoLT, L.J., TucH, B. B, VILLEN, J., JOHNSON, A. D., GYGI, S. P. & MORGAN, D. O. (2009).
Global analysis of Cdk1 substrate phosphorylation sites provides insights into evolution.
Science 325(5948), 1682-1686.

HORNBECK, P. V., ZHANG, B., MURRAY, B., KORNHAUSER, J. M., LATHAM, V. & SKRZYPEK,
E. (2015). PhosphoSitePlus, 2014: mutations, PTMs and recalibrations. Nucleic Acids
Research 43(Database issue), D512-520.

IMPENS, F., RADOSHEVICH, L., COSSART, P. & RIBET, D. (2014). Mapping of SUMO sites and
analysis of SUMOylation changes induced by external stimuli. Proceedings of the National
Academy of Sciences of the United States of America 111(34), 12432-12437.

JALAL, D., CHALISSERY, J. & HASSAN, A. H. (2017). Genome maintenance in Saccharomyces
cerevisiae: the role of SUMO and SUMO-targeted ubiquitin ligases. Nucleic Acids Research
45(5), 2242-2261.

JAMIN, S. P., PETIT, F. G., KERVARREC, C., SMAGULOVA, F., ILLNER, D., SCHERTHAN, H. &
PRIMIG, M. (2017). EXOSC10/Rrp6 is post-translationally regulated in male germ cells and
controls the onset of spermatogenesis. Scientific Reports 7(1), 15065.

JANUSZYK, K. & LIMA, C. D. (2014). The eukaryotic RNA exosome. Current Opinion in
Structural Biology 24, 132-140.

JI, L., ZHAO, G., ZHANG, P., HUO, W., DONG, P., WATARI, H., JIA, L., PFEFFER, L. M., YUE, J.
& ZHENG, J. (2018). Knockout of MTF1 Inhibits the Epithelial to Mesenchymal Transition in
Ovarian Cancer Cells. Journal of Cancer 9(24), 4578-4585.

JIN, L. & NEIMAN, A. M. (2016). Post-transcriptional regulation in budding yeast meiosis.
Current Genetics 62(2), 313-315.

KADOSH, D. & STRUHL, K. (1997). Repression by Ume6 involves recruitment of a complex
containing Sin3 corepressor and Rpd3 histone deacetylase to target promoters. Cel/ 89(3),
365-371.

KAIDA, D., TOH-E, A. & KIKUCHI, Y. (2003). Rsp5-Bull/2 complex is necessary for the HSE-
mediated gene expression in budding yeast. Biochemical and Biophysical Research
Communications 306(4), 1037-1041.

KAMMLER, S., LYKKE-ANDERSEN, S. & JENSEN, T. H. (2008). The RNA exosome component
hRrp6 is a target for 5-fluorouracil in human cells. Molecular Cancer Research 6(6), 990-
99s.

KARAGKOUNI, D., PARASKEVOPOULOU, M. D., CHATZOPOULOS, S., VLACHOS, I. S.,
TASTSOGLOU, S., KANELLOS, 1., PAPADIMITRIOU, D., KAVAKIOTIS, 1., MANIOU, S., SKOUFOS,
G., VERGOULIS, T., DALAMAGAS, T. & HATZIGEORGIOU, A. G. (2018). DIANA-TarBase v8: a
decade-long collection of experimentally supported miRNA-gene interactions. Nucleic Acids
Research 46(D1), D239-D245.

KARGINOV, F. V. & HANNON, G. J. (2013). Remodeling of Ago2-mRNA interactions upon
cellular stress reflects miRNA complementarity and correlates with altered translation rates.
Genes & Development 27(14), 1624-1632.

KAWABE, Y., MORI, K., YAMASHITA, T., GOTOH, S. & IKEDA, M. (2020). The RNA exosome
complex degrades expanded hexanucleotide repeat RNA in C9orf72 FTLD/ALS. EMBO
Journal 39(19), €102700.

KILCHERT, C., WITTMANN, S. & VASILJEVA, L. (2016). The regulation and functions of the
nuclear RNA exosome complex. Nature Reviews: Molecular Cell Biology 17(4), 227-239.

32



906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955

KiMm, M. S., PINTO, S. M., GETNET, D., NIRUJOGI, R. S., MANDA, S. S., CHAERKADY, R.,
MADUGUNDU, A. K., KELKAR, D. S., ISSERLIN, R., JAIN, S., THOMAS, J. K., MUTHUSAMY, B.,
LEAL-ROIJAS, P., KUMAR, P., SAHASRABUDDHE, N. A, et al. (2014). A draft map of the human
proteome. Nature 509(7502), 575-581.

KiMm, W., BENNETT, E. J., HUTTLIN, E. L., GUO, A., L1, J., POSSEMATO, A., SOWA, M. E., RAD,
R.,RUSH, J., COMB, M. J., HARPER, J. W. & GYGL, S. P. (2011). Systematic and quantitative
assessment of the ubiquitin-modified proteome. Molecular Cell 44(2), 325-340.

KIRMIZIS, A., SANTOS-ROSA, H., PENKETT, C. J., SINGER, M. A., VERMEULEN, M., MANN, M.,
BAHLER, J., GREEN, R. D. & KOUZARIDES, T. (2007). Arginine methylation at histone H3R2
controls deposition of H3K4 trimethylation. Nature 449(7164), 928-932.

KNIGHT, J. R., BASTIDE, A., PERETTI, D., ROOBOL, A., ROOBOL, J., MALLUCCI, G. R., SMALES,
C. M. & WILLIS, A. E. (2016). Cooling-induced SUMOylation of EXOSC10 down-regulates
ribosome biogenesis. RNA 22(4), 623-635.

KoOLAWA, N., SWEREDOSKI, M. J., GRAHAM, R. L., OANIA, R., HESS, S. & DESHAIES, R. J.
(2013). Perturbations to the ubiquitin conjugate proteome in yeast delta ubx mutants identify
Ubx2 as a regulator of membrane lipid composition. Molecular and Cellular Proteomics
12(10), 2791-2803.

KRISHNAN, K., STEPTOE, A. L., MARTIN, H. C., WANIL S., NONES, K., WADDELL, N.,
MARIASEGARAM, M., SIMPSON, P. T., LAKHANI, S. R., GABRIELLI, B., VLASSOV, A.,
CLOONAN, N. & GRIMMOND, S. M. (2013). MicroRNA-182-5p targets a network of genes
involved in DNA repair. RNA 19(2), 230-242.

KROUSTALLAKI, P., LIRUSSI, L., CARRACEDO, S., YOU, P., ESBENSEN, Q. Y., GOTZ, A.,
JOBERT, L., ALSOE, L., SAETROM, P., GAGOS, S. & NILSEN, H. (2019). SMUG1 Promotes
Telomere Maintenance through Telomerase RNA Processing. Cell Reports 28(7), 1690-1702
el1610.

Kual, L., DAS, B. & SHERMAN, F. (2005). A nuclear degradation pathway controls the
abundance of normal mRNAs in Saccharomyces cerevisiae. Proceedings of the National
Academy of Sciences of the United States of America 102(39), 13962-13967.

KUMAR, A., AGARWAL, S., HEYMAN, J. A., MATSON, S., HEIDTMAN, M., PICCIRILLO, S.,
UMANSKY, L., DRAWID, A., JANSEN, R., LIU, Y., CHEUNG, K. H., MILLER, P., GERSTEIN, M.,
ROEDER, G. S. & SNYDER, M. (2002). Subcellular localization of the yeast proteome. Genes &
Development 16(6), 707-719.

KYRPYCHOVA, L., VANECEK, T., GROSSMANN, P., MARTINEK, P., STEINER, P., HADRAVSKY,
L., BELOUSOVA, I. E., SHELEKHOVA, K. V., SVAIDLER, M., DUBINSKY, P., MICHAL, M. &
KAzakov, D. V. (2018). Small Subset of Adenoid Cystic Carcinoma of the Skin Is
Associated With Alterations of the MYBL1 Gene Similar to Their Extracutaneous
Counterparts. American Journal of Dermatopathology 40(10), 721-726.

LAMOLIATTE, F., CARON, D., DURETTE, C., MAHROUCHE, L., MAROUI, M. A., CARON-
L1ZOTTE, O., BONNEIL, E., CHELBI-ALIX, M. K. & THIBAULT, P. (2014). Large-scale analysis
of lysine SUMOylation by SUMO remnant immunoaffinity profiling. Nature
Communications 5, 54009.

LARDENOIS, A., BECKER, E., WALTHER, T., LAW, M. J., XIE, B., DEMOUGIN, P., STRICH, R. &
PRIMIG, M. (2015a). Global alterations of the transcriptional landscape during yeast growth
and development in the absence of Ume6-dependent chromatin modification. Molecular
Genetics and Genomics 290(5), 2031-2046.

LARDENOIS, A., GATTIKER, A., COLLIN, O., CHALMEL, F. & PRIMIG, M. (2010). GermOnline
4.0 is a genomics gateway for germline development, meiosis and the mitotic cell cycle.
Database: The Journal of Biological Databases and Curation 2010, baq030.

LARDENOIS, A., L1U, Y., WALTHER, T., CHALMEL, F., EVRARD, B., GRANOVSKAIA, M., CHU,
A.,DAvIs, R. W., STEINMETZ, L. M. & PRIMIG, M. (2011). Execution of the meiotic

33



956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005

noncoding RNA expression program and the onset of gametogenesis in yeast require the
conserved exosome subunit Rrp6. Proceedings of the National Academy of Sciences of the
United States of America 108(3), 1058-1063.

LARDENOIS, A., STUPAREVIC, ., L1U, Y., LAW, M. J., BECKER, E., SMAGULOVA, F., WAERN,
K., GUILLEUX, M. H., HORECKA, J., CHU, A., KERVARREC, C., STRICH, R., SNYDER, M.,
DAviSs, R. W., STEINMETZ, L. M., et al. (2015b). The conserved histone deacetylase Rpd3 and
its DNA binding subunit Ume6 control dynamic transcript architecture during mitotic growth
and meiotic development. Nucleic Acids Research 43(1), 115-128.

LARSEN, S. C., SYLVESTERSEN, K. B., MUND, A., LYON, D., MULLARI, M., MADSEN, M. V ,
DANIEL, J. A., JENSEN, L. J. & NIELSEN, M. L. (2016). Proteome-wide analysis of arginine
monomethylation reveals widespread occurrence in human cells. Sci Signal 9(443), rs9.
LAw, M. J., MALLORY, M. J., DUNBRACK, R. L., JR. & STRICH, R. (2014). Acetylation of the
transcriptional repressor Ume6p allows efficient promoter release and timely induction of the
meiotic transient transcription program in yeast. Molecular and Cellular Biology 34(4), 631-
642.

LAWLESS, C., HOLMAN, S. W., BROWNRIDGE, P., LANTHALER, K., HARMAN, V. M., WATKINS,
R., HAMMOND, D. E., MILLER, R. L., SIMS, P. F., GRANT, C. M., EYERS, C. E., BEYNON, R. J. &
HUBBARD, S. J. (2016). Direct and Absolute Quantification of over 1800 Yeast Proteins via
Selected Reaction Monitoring. Molecular and Cellular Proteomics 15(4), 1309-1322.

LEE, M. V., TOPPER, S. E., HUBLER, S. L., HOSE, J., WENGER, C. D., COON, J. J. & GASCH, A.
P. (2011). A dynamic model of proteome changes reveals new roles for transcript alteration
in yeast. Molecular Systems Biology 7, 514.

LEE, S. Y., HUNG, S., ESNAULT, C., PATHAK, R., JOHNSON, K. R., BANKOLE, O., YAMASHITA,
A.,ZHANG, H. & LEVIN, H. L. (2020). Dense Transposon Integration Reveals Essential
Cleavage and Polyadenylation Factors Promote Heterochromatin Formation. Cell Reports
30(8), 2686-2698 €2688.

L1, T.,FAN, J., WANG, B., TRAUGH, N., CHEN, Q., L1u, J. S., LI, B. & L1U, X. S. (2017).
TIMER: A Web Server for Comprehensive Analysis of Tumor-Infiltrating Immune Cells.
Cancer Research 77(21), €108-e110.

L X. Z.,Roy, C. K., DONG, X., BOLCUN-FILAS, E., WANG, J., HAN, B. W., XU, J., MOORE, M.
J., SCHIMENTL J. C., WENG, Z. & ZAMORE, P. D. (2013). An ancient transcription factor
initiates the burst of piRNA production during early meiosis in mouse testes. Molecular Cell
50(1), 67-81.

Liu, X., YU, J., JIANG, L., WANG, A., SHL F., YE, H. & ZHOU, X. (2009). MicroRNA-222
regulates cell invasion by targeting matrix metalloproteinase 1 (MMP1) and manganese
superoxide dismutase 2 (SOD2) in tongue squamous cell carcinoma cell lines. Cancer
Genomics & Proteomics 6(3), 131-139.

MAHLER, M. & RAIIMAKERS, R. (2007). Novel aspects of autoantibodies to the PM/Scl
complex: clinical, genetic and diagnostic insights. Autoimmunity Reviews 6(7), 432-437.
MAKINO, D. L., BAUMGARTNER, M. & CONTIL E. (2013). Crystal structure of an RNA-bound
11-subunit eukaryotic exosome complex. Nature 495(7439), 70-75.

MALLICK, S., L1, H., LIPSON, M., MATHIESON, 1., GYMREK, M., RACIMO, F., ZHAO, M.,
CHENNAGIRI, N., NORDENFELT, S., TANDON, A., SKOGLUND, P., LAZARIDIS, 1.,
SANKARARAMAN, S., FU, Q., ROHLAND, N., et al. (2016). The Simons Genome Diversity
Project: 300 genomes from 142 diverse populations. Nature 538(7624), 201-206.

MALLORY, M. J., COOPER, K. F. & STRICH, R. (2007). Meiosis-Specific Destruction of the
Ume6p Repressor by the Cdc20-Directed APC/C. Molecular Cell 27(6), 951-961.

MALLORY, M. J., LAW, M. J., STERNER, D. E., BERGER, S. L. & STRICH, R. (2012). Gen5p-
dependent acetylation induces degradation of the meiotic transcriptional repressor Ume6p.
Molecular Biology of the Cell 23(9), 1609-1617.

34



1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055

MARIN-VICENTE, C., DOMINGO-PRIM, J., EBERLE, A. B. & VISA, N. (2015). RRP6/EXOSC10
is required for the repair of DNA double-strand breaks by homologous recombination.
Journal of Cell Science 128(6), 1097-1107.

MATA, J., LYNE, R., BURNS, G. & BAHLER, J. (2002). The transcriptional program of meiosis
and sporulation in fission yeast. Nature Genetics 32(1), 143-147.

MAVROTHALASSITIS, G. & GHYSDAEL, J. (2000). Proteins of the ETS family with
transcriptional repressor activity. Oncogene 19(55), 6524-6532.

MCMILLAN, J., LU, Z., RODRIGUEZ, J. S., AHN, T. H. & LIN, Z. (2019). YeasTSS: an
integrative web database of yeast transcription start sites. Database: The Journal of
Biological Databases and Curation 2019(2019:baz048).

MELDAL, B. H., FORNER-MARTINEZ, O., COSTANZO, M. C., DANA, J., DEMETER, J.,
DUMOUSSEAU, M., DWIGHT, S. S., GAULTON, A., LICATA, L., MELIDONI, A. N., RICARD-
BLUM, S., ROECHERT, B., SKYZYPEK, M. S., TIWARI, M., VELANKAR, S., et al. (2015). The
complex portal--an encyclopaedia of macromolecular complexes. Nucleic Acids Research
43(Database issue), D479-484.

MIDTGAARD, S. F., ASSENHOLT, J., JONSTRUP, A. T., VAN, L. B., JENSEN, T. H. & BRODERSEN,
D. E. (2006). Structure of the nuclear exosome component Rrp6p reveals an interplay
between the active site and the HRDC domain. Proceedings of the National Academy of
Sciences of the United States of America 103(32), 11898-11903.

MITCHELL, A. L., ATTWOOD, T. K., BABBITT, P. C., BLUM, M., BORK, P., BRIDGE, A., BROWN,
S.D., CHANG, H. Y., EL-GEBALL S., FRASER, M. 1., GOUGH, J., HAFT, D. R., HUANG, H.,
LETUNICG, L., LOPEZ, R., et al. (2019). InterPro in 2019: improving coverage, classification and
access to protein sequence annotations. Nucleic Acids Research 47(D1), D351-D360.
MITCHELL, A. P. (1994). Control of meiotic gene expression in Saccharomyces cerevisiae.
Microbiological Reviews 58(1), 56-70.

MITCHELL, P. (2010). Rrp47 and the function of the Sas10/C1D domain. Biochemical Society
Transactions 38(4), 1088-1092.

MITCHELL, P., PETFALSKI, E., HOUALLA, R., PODTELEINIKOV, A., MANN, M. & TOLLERVEY,
D. (2003). Rrp47p is an exosome-associated protein required for the 3' processing of stable
RNAs. Molecular and Cellular Biology 23(19), 6982-6992.

MORETTO, F., WooD, N. E., KELLY, G., DONCIC, A. & VAN WERVEN, F. J. (2018). A
regulatory circuit of two IncRNAs and a master regulator directs cell fate in yeast. Nature
Communications 9(1), 780.

MOSRIN-HUAMAN, C., HONORINE, R. & RAHMOUNI, A. R. (2009). Expression of bacterial Rho
factor in yeast identifies new factors involved in the functional interplay between
transcription and mRNP biogenesis. Molecular and Cellular Biology 29(15), 4033-4044.
NAGARAIJ, N., KULAK, N. A., CoX, J., NEUHAUSER, N., MAYR, K., HOERNING, O., VORM, O. &
MANN, M. (2012). System-wide perturbation analysis with nearly complete coverage of the
yeast proteome by single-shot ultra HPLC runs on a bench top Orbitrap. Molecular and
Cellular Proteomics 11(3), M111 013722.

NAKAMURA, R., TAKEUCHL, R., TAKATA, K., SHIMANOUCHI, K., ABE, Y., KANAIL Y., RUIKE,
T., IHARA, A. & SAKAGUCHI, K. (2008). TRF4 is involved in polyadenylation of snRNAs in
Drosophila melanogaster. Molecular and Cellular Biology 28(21), 6620-6631.

NEIL, H., MALABAT, C., D'AUBENTON-CARAFA, Y., XU, Z., STEINMETZ, L. M. & JACQUIER, A.
(2009). Widespread bidirectional promoters are the major source of cryptic transcripts in
yeast. Nature 457(7232), 1038-1042.

NEIMAN, A. M. (2011). Sporulation in the budding yeast Saccharomyces cerevisiae. Genetics
189(3), 737-765.

NOVACIC, A., BEAUVAIS, V., OSKOMIC, M., STRBAC, L., DANTEC, A. L., RAHMOUNL, A.R. &
STUPAREVIC, L. (2021). Yeast RNA exosome activity is necessary for maintaining cell wall

35



1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105

stability through proper protein glycosylation. Molecular Biology of the Cell,
mbcE20080544T.

OFFLEY, S. R. & SCHMIDT, M. C. (2019). Protein phosphatases of Saccharomyces cerevisiae.
Current Genetics 65(1), 41-55.

OH, E., AKOPIAN, D. & RAPE, M. (2018). Principles of Ubiquitin-Dependent Signaling.
Annual Review of Cell and Developmental Biology 34, 137-162.

OH, S., SHIN, S. & JANKNECHT, R. (2012). ETV1, 4 and 5: an oncogenic subfamily of ETS
transcription factors. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1826(1), 1-12.
OKL S., OHTA, T., SHIOI, G., HATANAKA, H., OGASAWARA, O., OKUDA, Y., KAWAIL H.,
NAKAKI, R., SESE, J. & MENO, C. (2018). ChIP-Atlas: a data-mining suite powered by full
integration of public ChIP-seq data. EMBO Rep 19(12).

OKUDA, E. K., GONZALES-ZUBIATE, F. A., GADAL, O. & OLIVEIRA, C. C. (2020). Nucleolar
localization of the yeast RNA exosome subunit Rrp44 hints at early pre-rRNA processing as
its main function. Journal of Biological Chemistry 295(32), 11195-11213.

OUGHTRED, R., STARK, C., BREITKREUTZ, B. J., RUST, J., BOUCHER, L., CHANG, C., KOLAS,
N., O'DONNELL, L., LEUNG, G., MCADAM, R., ZHANG, F., DOLMA, S., WILLEMS, A.,
COULOMBE-HUNTINGTON, J., CHATR-ARYAMONTRI, A., et al. (2019). The BioGRID
interaction database: 2019 update. Nucleic Acids Research 47(D1), D529-D541.

PABST, S., DORING, L. M., PETRESKA, N. & DOHMEN, R. J. (2019). Methods to study SUMO
dynamics in yeast. Methods in Enzymology 618, 187-210.

PACHKOV, M., BALWIERZ, P. J., ARNOLD, P., OZONOV, E. & VAN NIMWEGEN, E. (2013).
SwissRegulon, a database of genome-wide annotations of regulatory sites: recent updates.
Nucleic Acids Research 41(Database issue), D214-220.

PEFANIS, E., WANG, J., ROTHSCHILD, G., LM, J., KAZADI, D., SUN, J., FEDERATION, A., CHAO,
J., ELLIOTT, O., L1U, Z. P., ECONOMIDES, A. N., BRADNER, J. E., RABADAN, R. & BASU, U.
(2015). RNA exosome-regulated long non-coding RNA transcription controls super-enhancer
activity. Cell 161(4), 774-789.

PENG, M., TAOUATAS, N., CAPPADONA, S., VAN BREUKELEN, B., MOHAMMED, S., SCHOLTEN,
A. & HECK, A.J. (2012). Protease bias in absolute protein quantitation. Nature Methods 9(6),
524-525.

PHILLIPS, S. & BUTLER, J. S. (2003). Contribution of domain structure to the RNA 3' end
processing and degradation functions of the nuclear exosome subunit Rrp6p. RNA 9(9), 1098-
1107.

POKHOLOK, D. K., HARBISON, C. T., LEVINE, S., COLE, M., HANNETT, N. M., LEE, T. 1., BELL,
G. W., WALKER, K., ROLFE, P. A., HERBOLSHEIMER, E., ZEITLINGER, J., LEWITTER, F.,
GIFFORD, D. K. & YOUNG, R. A. (2005). Genome-wide map of nucleosome acetylation and
methylation in yeast. Cell 122(4), 517-527.

PRIMIG, M., WILLIAMS, R. M., WINZELER, E. A., TEVZADZE, G. G., CONWAY, A. R., HWANG,
S.Y., DAvIS, R. W. & EsposITO, R. E. (2000). The core meiotic transcriptome in budding
yeasts. Nature Genetics 26(4), 415-423.

QIAN, W., MA, D., X140, C., WANG, Z. & ZHANG, J. (2012). The genomic landscape and
evolutionary resolution of antagonistic pleiotropy in yeast. Cell Reports 2(5), 1399-1410.
RAIIMAKERS, R., SCHILDERS, G. & PRUIIN, G. J. (2004). The exosome, a molecular machine
for controlled RNA degradation in both nucleus and cytoplasm. European Journal of Cell
Biology 83(5), 175-183.

REIMAND, J., VAQUERIZAS, J. M., ToDD, A. E., VILO, J. & LUSCOMBE, N. M. (2010).
Comprehensive reanalysis of transcription factor knockout expression data in Saccharomyces
cerevisiae reveals many new targets. Nucleic Acids Research 38(14), 4768-4777.

RIBEIRO, L. F. C., CHELIUS, C. L., HARRIS, S. D. & MARTEN, M. R. (2017). Insights regarding
fungal phosphoproteomic analysis. Fungal Genetics and Biology 104, 38-44.

36



1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154

RIZZETTO, S. & CSIKASZ-NAGY, A. (2018). Toward Large-Scale Computational Prediction of
Protein Complexes. Methods in Molecular Biology 1819, 271-295.

ROZENBLATT-ROSEN, O., REGEV, A., OBERDOERFFER, P., NAWY, T., HUPALOWSKA, A., ROOD,
J. E., ASHENBERG, O., CERAML, E., COFFEY, R. J., DEMIR, E., DING, L., ESPLIN, E. D., FORD, J.
M., GOECKS, J., GHOSH, S., et al. (2020). The Human Tumor Atlas Network: Charting Tumor
Transitions across Space and Time at Single-Cell Resolution. Cel/ 181(2), 236-249.

RusTICI, G., MATA, J., KIVINEN, K., L10O, P., PENKETT, C. J., BURNS, G., HAYLES, J., BRAZMA,
A.,NURSE, P. & BAHLER, J. (2004). Periodic gene expression program of the fission yeast cell
cycle. Nature Genetics 36(8), 809-817.

SAMARAS, P., SCHMIDT, T., FREINO, M., GESSULAT, S., REINECKE, M., JARZAB, A., ZECHA, J.,
MERGNER, J., GIANSANTIL P., EHRLICH, H. C., AICHE, S., RANK, J., KIENEGGER, H., KRCMAR,
H., KUSTER, B., et al. (2020). ProteomicsDB: a multi-omics and multi-organism resource for
life science research. Nucleic Acids Research 48(D1), D1153-D1163.

SANTOS, A., WERNERSSON, R. & JENSEN, L. J. (2015). Cyclebase 3.0: a multi-organism
database on cell-cycle regulation and phenotypes. Nucleic Acids Research 43(Database
issue), D1140-1144.

SCHILDERS, G., VAN DK, E. & PRUIIN, G. J. (2007). C1D and hMtr4p associate with the
human exosome subunit PM/Scl-100 and are involved in pre-rRNA processing. Nucleic
Acids Research 35(8), 2564-2572.

SCHNEIDER, C., KUDLA, G., WLOTZKA, W., TUCK, A. & TOLLERVEY, D. (2012).
Transcriptome-wide analysis of exosome targets. Molecular Cell 48(3), 422-433.

SCHUCH, B., FEIGENBUTZ, M., MAKINO, D. L., FALK, S., BASQUIN, C., MITCHELL, P. & CONTI,
E. (2014). The exosome-binding factors Rrp6 and Rrp47 form a composite surface for
recruiting the Mtr4 helicase. EMBO Journal 33(23), 2829-2846.

SHI, L., WANG, X., HU, B., WANG, D. & REN, Z. (2019). miR-222 enhances radiosensitivity of
cancer cells by inhibiting the expression of CD47. International Journal of Clinical and
Experimental Pathology 12(11), 4204-4213.

SHICHINO, Y., OTSUBO, Y., YAMAMOTO, M. & YAMASHITA, A. (2020). Meiotic gene silencing
complex MTREC/NURS recruits the nuclear exosome to YTH-RNA-binding protein Mmil.
Public Library of Science Genetics 16(2), e1008598.

SHUKLA, S., SCHMIDT, J. C., GOLDFARB, K. C., CECH, T. R. & PARKER, R. (2016). Inhibition
of telomerase RNA decay rescues telomerase deficiency caused by dyskerin or PARN
defects. Nature Structural & Molecular Biology 23(4), 286-292.

SILVERSTEIN, R. A., GONZALEZ DE VALDIVIA, E. & VISA, N. (2011). The incorporation of 5-
fluorouracil into RNA affects the ribonucleolytic activity of the exosome subunit Rrp6.
Molecular Cancer Research 9(3), 332-340.

SONG, J. & SINGH, M. (2013). From hub proteins to hub modules: the relationship between
essentiality and centrality in the yeast interactome at different scales of organization. Public
Library of Science Computational Biology 9(2), €1002910.

SPELLMAN, P. T., SHERLOCK, G., ZHANG, M. Q., IYER, V. R., ANDERS, K., EISEN, M. B.,
BROWN, P. O., BOTSTEIN, D. & FUTCHER, B. (1998). Comprehensive identification of cell
cycle-regulated genes of the yeast Saccharomyces cerevisiae by microarray hybridization.
Molecular Biology of the Cell 9(12), 3273-3297.

SRINIVAS, U. S., DYCZKOWSKI, J., BEISSBARTH, T., GAEDCKE, J., MANSOUR, W. Y.,
BORGMANN, K. & DOBBELSTEIN, M. (2015). 5-Fluorouracil sensitizes colorectal tumor cells
towards double stranded DNA breaks by interfering with homologous recombination repair.
Oncotarget 6(14), 12574-12586.

STAALS, R. H. & PRUIN, G. J. (2011). The human exosome and disease. Advances in
Experimental Medicine and Biology 702, 132-142.

37



1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203

STEAD, J. A., COSTELLO, J. L., LIVINGSTONE, M. J. & MITCHELL, P. (2007). The PMC2NT
domain of the catalytic exosome subunit Rrp6p provides the interface for binding with its
cofactor Rrp47p, a nucleic acid-binding protein. Nucleic Acids Research 35(16), 5556-5567.
STEITZ, T. A. & STEITZ, J. A. (1993). A general two-metal-ion mechanism for catalytic RNA.
Proceedings of the National Academy of Sciences of the United States of America 90(14),
6498-6502.

STRICH, R., KHAKHINA, S. & MALLORY, M. J. (2011). Ume6p is required for germination and
early colony development of yeast ascospores. FEMS Yeast Research 11(1), 104-113.
STRICH, R., SUROSKY, R. T., STEBER, C., DUBOIS, E., MESSENGUY, F. & ESPOSITO, R. E.
(1994). UMES is a key regulator of nitrogen repression and meiotic development. Genes &
Development 8(7), 796-810.

STUPAREVIC, 1., MOSRIN-HUAMAN, C., HERVOUET-COSTE, N., REMENARIC, M. & RAHMOUNI,
A.R. (2013). Cotranscriptional recruitment of RNA exosome cofactors Rrp47p and Mpp6p
and two distinct Trf-Air-Mtr4 polyadenylation (TRAMP) complexes assists the exonuclease
Rrp6p in the targeting and degradation of an aberrant messenger ribonucleoprotein particle
(mRNP) in yeast. Journal of Biological Chemistry 288(44), 31816-31829.

SUGIYAMA, T. & SUGIOKA-SUGIYAMA, R. (2011). Red1 promotes the elimination of meiosis-
specific mRNAs in vegetatively growing fission yeast. EMBO Journal 30(6), 1027-1039.
SUGIYAMA, T., WANATABE, N., KITAHATA, E., TANI, T. & SUGIOKA-SUGIYAMA, R. (2013).
Red5 and three nuclear pore components are essential for efficient suppression of specific
mRNAs during vegetative growth of fission yeast. Nucleic Acids Research 41(13), 6674-
6686.

SWANEY, D. L., BELTRAO, P., STARITA, L., GUO, A., RUSH, J., FIELDS, S., KROGAN, N. J. &
VILLEN, J. (2013). Global analysis of phosphorylation and ubiquitylation cross-talk in protein
degradation. Nature Methods 10(7), 676-682.

SYNOWSKY, S. A., VAN DEN HEUVEL, R. H., MOHAMMED, S., PINAPPEL, P. W. & HECK, A. J.
(2006). Probing genuine strong interactions and post-translational modifications in the
heterogeneous yeast exosome protein complex. Molecular and Cellular Proteomics 5(9),
1581-1592.

TAFFOREAU, L., ZORBAS, C., LANGHENDRIES, J. L., MULLINEUX, S. T., STAMATOPOULOU, V.,
MULLIER, R., WACHEUL, L. & LAFONTAINE, D. L. (2013). The complexity of human ribosome
biogenesis revealed by systematic nucleolar screening of Pre-rRNA processing factors.
Molecular Cell 51(4), 539-551.

TAKAHASHI, K. & YAMANAKA, S. (2016). A decade of transcription factor-mediated
reprogramming to pluripotency. Nature Reviews: Molecular Cell Biology 17(3), 183-193.
TATE, J. G., BAMFORD, S., JUBB, H. C., SONDKA, Z., BEARE, D. M., BINDAL, N., BOUTSELAKIS,
H., CoLE, C. G., CREATORE, C., DAWSON, E., FISH, P., HARSHA, B., HATHAWAY, C., JUPE, S.
C.,Kok,C.Y,, etal (2019). COSMIC: the Catalogue Of Somatic Mutations In Cancer.
Nucleic Acids Research 47(D1), D941-D947.

TEIXEIRA, M. C., MONTEIRO, P. T., PALMA, M., COSTA, C., GODINHO, C. P., PAIS, P.,
CAVALHEIRO, M., ANTUNES, M., LEMOS, A., PEDREIRA, T. & SA-CORREIA, 1. (2018).
YEASTRACT: an upgraded database for the analysis of transcription regulatory networks in
Saccharomyces cerevisiae. Nucleic Acids Research 46(D1), D348-D353.

TELEKAWA, C., BOISVERT, F. M. & BACHAND, F. (2018). Proteomic profiling and functional
characterization of post-translational modifications of the fission yeast RNA exosome.
Nucleic Acids Research 46(21), 11169-11183.

THAKUR, S. S., GEIGER, T., CHATTERIJEE, B., BANDILLA, P., FROHLICH, F., COX, J. & MANN,
M. (2011). Deep and highly sensitive proteome coverage by LC-MS/MS without
prefractionation. Molecular and Cellular Proteomics 10(8), M110 003699.

38



1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251

THORVALDSDOTTIR, H., ROBINSON, J. T. & MESIROV, J. P. (2013). Integrative Genomics
Viewer (IGV): high-performance genomics data visualization and exploration. Briefings in
Bioinformatics 14(2), 178-192.

TREISMAN, R. (1994). Ternary complex factors: growth factor regulated transcriptional
activators. Current Opinion in Genetics & Development 4(1), 96-101.

UHLEN, M., HALLSTROM, B. M., LINDSKOG, C., MARDINOGLU, A., PONTEN, F. & NIELSEN, J.
(2016). Transcriptomics resources of human tissues and organs. Molecular Systems Biology
12(4), 862.

UHLEN, M., ZHANG, C., LEE, S., SJIOSTEDT, E., FAGERBERG, L., BIDKHORI, G., BENFEITAS, R.,
ARIF, M., L1U, Z., EDFORS, F., SANLI, K., VON FEILITZEN, K., OKSVOLD, P., LUNDBERG, E.,
HOBER, S., et al. (2017). A pathology atlas of the human cancer transcriptome. Science
357(6352).

UHR, K., PRAGER-VAN DER SMISSEN, W. J. C., HEINE, A. A. J., OZTURK, B., VAN JAARSVELD,
M. T. M., BOERSMA, A. W. M., JAGER, A., WIEMER, E. A. C., SMID, M., FOEKENS, J. A. &
MARTENS, J. W. M. (2019). MicroRNAs as possible indicators of drug sensitivity in breast
cancer cell lines. Public Library of Science One 14(5), €0216400.

VAN DUK, E. L., SCHILDERS, G. & PRUIN, G. J. (2007). Human cell growth requires a
functional cytoplasmic exosome, which is involved in various mRNA decay pathways. RNA
13(7), 1027-1035.

VAN DYCK, F., DECLERCQ, J., BRAEM, C. V. & VAN DE VEN, W. J. (2007). PLAGI, the
prototype of the PLAG gene family: versatility in tumour development (review).
International Journal of Oncology 30(4), 765-774.

VAN WERVEN, F. J., NEUERT, G., HENDRICK, N., LARDENOIS, A., BURATOWSKI, S., VAN
OUDENAARDEN, A., PRIMIG, M. & AMON, A. (2012). Transcription of two long noncoding
RNAs mediates mating-type control of gametogenesis in budding yeast. Cell 150(6), 1170-
1181.

VENTERS, B. J., WACHI, S., MAVRICH, T. N., ANDERSEN, B. E., JENA, P., SINNAMON, A. J.,
JAIN, P., ROLLERI, N. S., JIANG, C., HEMERYCK-WALSH, C. & PUGH, B. F. (2011). A
comprehensive genomic binding map of gene and chromatin regulatory proteins in
Saccharomyces. Molecular Cell 41(4), 480-492.

VON KOPYLOW, K., STAEGE, H., SPIESS, A. N., SCHULZE, W., WILL, H., PRIMIG, M. &
KIRCHHOFF, C. (2012). Differential marker protein expression specifies rarefaction zone-
containing human Adark spermatogonia. Reproduction 143(1), 45-57.

WAGSCHAL, A., ROUSSET, E., BASAVARAJAIAH, P., CONTRERAS, X., HARWIG, A., LAURENT-
CHABALIER, S., NAKAMURA, M., CHEN, X., ZHANG, K., MEZIANE, O., BOYER, F., PARRINELLO,
H., BERKHOUT, B., TERZIAN, C., BENKIRANE, M., et al. (2012). Microprocessor, Setx, Xrn2,
and Rrp6 co-operate to induce premature termination of transcription by RNAPII. Cel/
150(6), 1147-1157.

WANG, C., L1U, Y., DEMARIO, S. M., MANDRIC, 1., GONZALEZ-FIGUEROA, C. & CHANFREAU,
G.F. (2020). Rrp6 Moonlights in an RNA Exosome-Independent Manner to Promote Cell
Survival and Gene Expression during Stress. Cell Reports 31(10), 107754.
WANG,Z.L.,LL,B.,Luo, Y. X., LIN, Q., L1U, S. R., ZHANG, X. Q., ZHOU, H., YANG, J. H. &
Qu, L. H. (2018). Comprehensive Genomic Characterization of RNA-Binding Proteins across
Human Cancers. Cell Reports 22(1), 286-298.

WASMUTH, E. V., JANUSZYK, K. & LIMA, C. D. (2014). Structure of an Rrp6-RNA exosome
complex bound to poly(A) RNA. Nature 511(7510), 435-439.

WASMUTH, E. V. & LIMA, C. D. (2017). The Rrp6 C-terminal domain binds RNA and
activates the nuclear RNA exosome. Nucleic Acids Research 45(2), 846-860.

39



1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300

WATSON, E. R., BROWN, N. G., PETERS, J. M., STARK, H. & SCHULMAN, B. A. (2019). Posing
the APC/C E3 Ubiquitin Ligase to Orchestrate Cell Division. Trends in Cell Biology 29(2),
117-134.

WEBB, K. J., XU, T., PARK, S. K. & YATES, J. R., 3RD. (2013). Modified MuDPIT separation
identified 4488 proteins in a system-wide analysis of quiescence in yeast. Journal of
Proteome Research 12(5), 2177-2184.

WEICK, E. M., PUNO, M. R., JANUSZYK, K., ZINDER, J. C., DIMATTIA, M. A. & LIMA, C. D.
(2018). Helicase-Dependent RNA Decay Illuminated by a Cryo-EM Structure of a Human
Nuclear RNA Exosome-MTR4 Complex. Cell 173(7), 1663-1677 e1621.

WHITFIELD, M. L., SHERLOCK, G., SALDANHA, A. J., MURRAY, J. 1., BALL, C. A., ALEXANDER,
K. E., MATESE, J. C., PEROU, C. M., HURT, M. M., BROWN, P. O. & BOTSTEIN, D. (2002).
Identification of genes periodically expressed in the human cell cycle and their expression in
tumors. Molecular Biology of the Cell 13(6), 1977-2000.

WILHELM, M., SCHLEGL, J., HAHNE, H., GHOLAMI, A. M., LIEBERENZ, M., SAVITSKI, M. M.,
ZIEGLER, E., BUTZMANN, L., GESSULAT, S., MARX, H., MATHIESON, T., LEMEER, S.,
SCHNATBAUM, K., REIMER, U., WENSCHUH, H., et al. (2014). Mass-spectrometry-based draft
of the human proteome. Nature 509(7502), 582-587.

WILLIAMSON, M. P. & SUTCLIFFE, M. J. (2010). Protein-protein interactions. Biochemical
Society Transactions 38(4), 875-878.

WOHLSCHLEGEL, J. A., JOHNSON, E. S., REED, S. I. & YATES, J. R., 3RD. (2004). Global
analysis of protein sumoylation in Saccharomyces cerevisiae. Journal of Biological
Chemistry 279(44), 45662-45668.

WONG, E. D., SKRZYPEK, M. S., WENG, S., BINKLEY, G., MELDAL, B. H. M., PERFETTO, L.,
ORCHARD, S. E., ENGEL, S. R., CHERRY, J. M. & PROJECT, S. G. D. (2019). Integration of
macromolecular complex data into the Saccharomyces Genome Database. Database: The
Journal of Biological Databases and Curation 2019(2019:baz008).

Wu, D. & DEAN, J. (2020). EXOSC10 sculpts the transcriptome during the growth-to-
maturation transition in mouse oocytes. Nucleic Acids Research 48(10), 5349-5365.

WYERS, F., ROUGEMAILLE, M., BADIS, G., ROUSSELLE, J. C., DUFOUR, M. E., BOULAY, J.,
REGNAULT, B., DEVAUX, F., NAMANE, A., SERAPHIN, B., LIBRI, D. & JACQUIER, A. (2005).
Cryptic pol II transcripts are degraded by a nuclear quality control pathway involving a new
poly(A) polymerase. Cell 121(5), 725-737.

XU, Z., WEL, W., GAGNEUR, J., PEROCCHI, F., CLAUDER-MUNSTER, S., CAMBLONG, J.,
GUFFANTL E., STUTZ, F., HUBER, W. & STEINMETZ, L. M. (2009). Bidirectional promoters
generate pervasive transcription in yeast. Nature 457(7232), 1033-1037.

YATES, A. D., ACHUTHAN, P., AKANNIL, W., ALLEN, J., ALLEN, J., ALVAREZ-JARRETA, J.,
AMODE, M. R., ARMEAN, I. M., Azov, A. G., BENNETT, R., BHAL J., BILLIS, K., BODDU, S.,
MARUGAN, J. C., CUMMINS, C., et al. (2020). Ensembl 2020. Nucleic Acids Research 48(D1),
D682-D688.

Y1zHAK, K., AGUET, F., Kim, J., HESS, J. M., KUBLER, K., GRIMSBY, J., FRAZER, R., ZHANG,
H., HARADHVALA, N. J., ROSEBROCK, D., L1vIiTZ, D., LI, X., ARICH-LANDKOF, E., SHORESH,
N., STEWART, C,, et al. (2019). RNA sequence analysis reveals macroscopic somatic clonal
expansion across normal tissues. Science 364(6444).

ZHANG, P., HA, T., LAROUCHE, M., SWANSON, D. & GOLDOWITZ, D. (2015). Kruppel-Like
Factor 4 Regulates Granule Cell Pax6 Expression and Cell Proliferation in Early Cerebellar
Development. Public Library of Science One 10(7), €0134390.

ZHAO, Y., KWON, S. W., ANSELMO, A., KAUR, K. & WHITE, M. A. (2004). Broad spectrum
identification of cellular small ubiquitin-related modifier (SUMO) substrate proteins. Journal
of Biological Chemistry 279(20), 20999-21002.

40



1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312

1313

ZHOU, H., DI PALMA, S., PREISINGER, C., PENG, M., POLAT, A. N., HECK, A. J. & MOHAMMED,
S. (2013). Toward a comprehensive characterization of a human cancer cell
phosphoproteome. Journal of Proteome Research 12(1), 260-271.

VII. SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Fig. S1. Schizosaccharomyces pombe RNA profiling data for rrpé.

Fig. S2. Human EXOSCI0 gene annotation and expression.

Fig. S3. EXOSC10 expression in normal versus cancer samples.

Fig. S4. Regulatory motif predictions for the EXOSC10 promoter region.
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Figure legends

Fig. 1. RNA exosomes and EXOSC10/Rrp6 structure and domain composition. (A) Overall
structures of RNA exosomes from yeast [Protein Databank (PDB) identifier 6FSZ] and
humans (6D6Q) are shown as examples. Rrp6 and Dis3 in yeast and EXOSC10 and DIS3 in
humans are highlighted in purple and green, respectively. The structures were visualized
using the Mol* viewer from PDB at www.rcsb.org. (B) Schematic summarizing structural
motifs in the N-terminal (NTD), catalytic (CAT) and C-terminal (CTD) domains of Rrp6
(Wasmuth & Lima, 2017). Structures of yeast Rrp6 (2HBM) and human EXOSC10 (3SAG)
catalytic domains are shown at the bottom using the NGL (WebGL) viewer. Amino-acid
coordinates are indicated for each protein fragment. EAR, exosome-associating region; EXO,
exoribonuclease; HRDC, helicase and RNase D carboxy terminal; Lasso is the name of the

domain; NLS, nuclear localization signal; PMC2NT, polycystin 2 N-terminal.

Fig. 2. Promoter architecture and gene expression data for RRP6 in Saccharomyces
cerevisiae. (A) Schematic showing the RRP6/MUT1312 locus on chromosome XV, with
genome coordinates indicated. Data defining the transcription start site (TSS) were retrieved
from the Yeast Transcription Start Site (YeasTSS) database (www.yeastss.org). (B) Graph of
log-transformed colour-coded expression data provided by CycleBase (https://cyclebase.org)
against cell cycle phase. Horizontal red lines indicate zero expression. (C) Colour-coded
diagram showing strand-specific RNA-sequencing expression data (in blue) and ribosome
profiling data (in red) from Brar ef al. (Brar et al., 2012) for RRP6 (top two panels, grey
rectangle) and its antisense long non-coding RNA (IncRNA) MUT1312 (bottom two panels,
yellow rectangle). The data were visualized using the Integrated Genomics Viewer (IGV)
2.8.0 (Thorvaldsdottir, Robinson & Mesirov, 2013). DNA rep, DNA replication; Meiotic rec,

Meiotic recombination. (D) Colour-coded bar diagram showing normalized expression data
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in red (YPD rich medium), blue (YPA pre-sporulation medium) and green (4 h, 8 h and 10 h
in SPII sporulation medium) from (Lardenois et al., 2015a). Error bars show standard
deviation. Percentiles and linear signal intensities as shown on the y-axis. The SK1 triplicate
wild-type and ume6 mutant samples are indicated on the x-axis. Image retrieved from the
GermOnline 4.0 database (www.germonline.org). (E) Colour-coded bar diagram showing
Rrp6 protein molecules per cell (y-axis) for samples cultured in rich medium (YEPD, yellow)
and synthetic defined (SD, blue), synthetic complete (SC, green) and minimal C-limiting
media (F1, violet) from the different listed references included in a meta-analysis by Ho ef al.

(2018).

Fig. 3. Protein networks for EXOSC10/Rrp6 across species. (A) Protein—protein interaction
data from the BioGrid database (www.thebiogrid.org) for Saccharomyces cerevisiae.
Interactions were limited for readability using the ‘hide genetic experiments’ and ‘minimal
evidence 2’ filters and the ‘circular layout” option. Nodes are in blue and edges are in yellow.
The thickness of the yellow edges represents the number of experiments (pieces of evidence)
that demonstrate the interaction. Colour-coded halos mark proteins involved in certain
biological processes or molecular functions as indicated in the legend. (B—D) Equivalent data
using the same filtering criteria for Schizosaccharomyces pombe (B), Drosophila

melanogaster (C) and humans (D). DSB, double strand break.

Fig. 4. EXOSC10 mRNA levels in mitosis. (A) The mRNA isoforms and antisense long non-
coding RNAs (IncRNAs) currently annotated by Ensembl. Full-length mRNAs are
highlighted with yellow arrows. The legend shows the colour-coding for genome annotation.
(B) Expression data compiled and processed by CycleBase for the two genes EXOSC10 and

CCNBI. Expression units (y-axis) are plotted against samples taken at different stages of the
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mitotic cell cycle. Horizontal red lines indicate zero expression. The colour-coded lines

represent data reported by the publication shown in the legend (Whitfield et al., 2002).

Fig. 5. Human EXOSCI10 protein expression. (A) Graphical display showing quantitative
mass spectrometry signal intensity values plotted for the samples identified on the left. Graph
retrieved from www.proteomicsdb.org. Green arrows highlight reproducible protein detection
data, while red arrows highlight proteins that were detected in only one of the protein
profiling studies. (B) A heatmap retrieved from www.humanproteomemap.org (Kim et al.,
2014) showing EXOSC10 protein levels in foetal and adult samples. (C)
Immunofluorescence data for EXOSC10 and Cyclin B1 (CCNB1). Normal human fibroblasts
(HS68) growing asynchronously on glass coverslips were fixed in formalin, extracted and
incubated with a polyclonal anti-EXOSC10 antibody (Abcam) and a monoclonal anti-
CCNBI1 antibody (Santa Cruz Biotechnology) before visualization with affinity-purified
Alexa-fluor-488 anti-mouse and Alexa-fluo-555 anti-rabbit antibodies (ThermoFisher). The
images are fluorescence micrographs of a typical field stained for DNA (blue), EXOSC10
(red), CCNBI1 (green,) and merged (EXOSC10/DNA or all) images. (D)
Immunofluorescence data obtained by staining normal fibroblasts, cultured and processed as
in C, for EXOSC10 and the nucleolar marker fibrillarin (FBL). We used the anti-FBL
monoclonal antibody from SantaCruz (sc-166001). DNA in C and D was stained using

Hoechst 33342 (Sigma-Aldrich, Merck). Scale bars, 10 uM.

Fig. 6. EXOSC10 alleles and cancer. (A) A lollipop blot retrieved from www.phosphosite.org
showing the number of references for given post-translational modifications (PTMs) (y-axis)
along the complete primary sequence of EXOSC10. Amino acids identified in COSMIC as

related to somatic cancers are highlighted in violet. Colour code for PTMs and cancer-related
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residues is given in the key. EXO, exoribonuclease; HRDC, helicase and RNase D carboxy
terminal; PMC2NT, polycystin 2 N-terminal. (B) Structure of human EXOSCI10 catalytic
domain containing a point mutation at position 313 (D313N) as provided by PDB. The

positions of three amino acids known to be mutated in cancer are indicated.

Figure legends for supporting information

Fig. S1. Schizosaccharomyces pombe RNA profiling data for 77p6. (A) Gene expression for a
mitotic time course (x-axis) shown as ratios of data from asynchronous cells and time points
from synchronized cells (exp asynch/timepoint, y-axis). (B) Gene expression for different
stress conditions (x-axis) shown as ratios of data from untreated cells (0 minute time point)
and treated cells (15 and 60 minute time points) indicated using colour-coded bars (y-axis,
exp 0/time point). Cd, 0.5 mM cadmium sulphate CdSOs; H>0>, oxidative stress by 0.5 mM
hydrogen peroxide; Heat, temperature shift within two minutes from 30°C to 39°C in a water
bath; MMS, alkylating agent methylmethane sulphonate at 0.02% (weight per volume); Sb,
osmotic stress in 1M sorbitol. (C) Gene expression for mitosis and meiosis in wild-type (WT,
blue) and patl mutant cells (red, x-axis) shown as ratios of vegetatively growing mitotic cells

and timepoints of meiotic cells (exp mitosis/meiosis).

Fig. S2. Human EXOSCI0 gene annotation and expression. (A) Expression data obtained in
different tissues clustered according to signal intensities. Isoform identifiers are given on the
right, and a schematic of RNA isoforms at the bottom. (B) Colour-coded chart showing

expression levels in RNA-Seq normalized expression (NX) units for different tissues.

Fig. S3. EXOSC10 expression in normal versus cancer samples. Expression data given as the

log2 of transcript count per million (log2 TPM) from cancer (red) or healthy (blue) samples
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are shown for the samples indicated on the left, with sample names annotated in the box on
the right. BRCA Basal, Luminal and Her2 are molecular subtypes of breast cancer defined by
characteristic gene expression patterns in the basal (outer) layer of the mammary gland, the
luminal (inner) cells lining the mammary ducts or the presence of epidermal growth factor
receptor 2 (HER2). HNSC HPVpos and neg subtypes are positive or negative for human
papilloma virus (HPV). The number of asterisks indicates the level of statistical significance
for the observed differential gene expression between normal and cancer samples. Green
arrows highlight examples of EXOSC10 overexpression, while red arrows highlight samples

where there was decreased expression in cancer.

Fig. S4. Regulatory motif predictions for the EXOSC10 promoter region. The image shown is
a screenshot from www.swissregulon.org, which was edited for clarity. The EXOSC10 locus
region is highlighted with the yellow arrow. Transcription factors that bind predicted motifs

are marked by green arrows.
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Table 1. Data sources, including the type, name and web address for relevant databases. MIR,

microRNA.
Category Species Name Uniform resource locator
Annotation Budding Saccharomyces Www.yeastgenome.org
yeast Genome Database
(SGD)
Fission Pombase WwWw.pombase.org
yeast
Fly Flybase www.flybase.org
Mouse Mouse Genome www.informatics.jax.org
Database (MGD)
Cancer Human Catalog of Somatic https://cancer.sanger.ac.uk/cosmic
Mutations in Cancer
(COSMIC)
Human Tumor Immune http://timer.cistrome.org
Estimation Resource
(TIMER)
Data viewers | Fission TranscriptomeViewer http://bahlerweb.cs.ucl.ac.uk/Transcriptome Viewer
yeast
Geexview http://bahlerweb.cs.ucl.ac.uk/cgi-
bin/SPGE/geexview
Multiple GermOnline www.germonline.org
Genotype Tissue www.gtexportal.org
Expression (GTEX)
portal
Interactome | Multiple | BioGrid | www.thebiogrid.org
Knowledge | Multiple | GeneCards | www.genecards.org
Literature ‘ All ‘ PubMed ‘ https://pubmed.ncbi.nlm.nih.gov
MIRs | All | miRcode | www.mircode.org
Protein Human NeXtprot www.nextprot.org
Human Human Protein Atlas www.proteinatlas.org
(HPA)
Multiple Interpro www.ebi.ac.uk/interpro
Multiple Proteomics Database www.proteomicsdb.org
Human Human Proteome Map | http://www.humanproteomemap.org
Multiple PhosphoSite www.phosphosite.org
Multiple The Protein Database www.rcsb.org
Search Multiple Genevestigator www.genevestigator.com
engine
Transcription | Multiple CycleBase https://cyclebase.org
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Budding Yeast Search for www.yeastract.com
yeast Transcriptional

Regulators And

Consensus Tracking

(Yeastract)
Budding Yeast Transcription Www.yeastts.org
yeast Start Site (YeasTTS)

Table 2. Transcription factors (TFs) predicted to bind the EXOSC10 promoter.

Symbol Summary Reference

MTF1 Activates its target genes by binding the metal-responsive Jietal, (2018)
element (MRE). The gene’s up-regulation in ovarian cancer
is associated with poor patient survival

MYBLI Master regulator of male meiosis, was associated with Kyrpychova et al., (2018); Li et
cutaneous adenocystic carcinoma al., (2013)

PLAGLI Acts as a suppressor for cell growth, paralog of the PLAGI for review, see Van Dyck et al.,
oncogene (2007)

PATZI Involved in embryogenesis, stem cell biology and cell for review, see Fedele, Crescenzi
proliferation, was reported to act either as a tumour & Cerchia, (2017)
SUppressor or as an oncogene

GATA3 Important for immune- and inflammatory responses and Bertucci et al., (2019)
associated with metastatic breast cancer

GABPA Involved in nuclear control of mitochondrial function and Guo et al., (2020)
plays roles in bladder and hepatocellular cancers

ELK4 Regulator that interacts with the serum response factor (SRF) | Treisman, (1994)
on the FOS proto-oncogene

ERF Erythroblast transformation specific (ETS) domain- for review, see Mavrothalassitis &
containing repressor implicated in cell proliferation Ghysdael, (2000)

ERG ETS domain TF associated with a variety of cancers, Adamo & Ladomery, (2016)
including prostate cancer, Ewing’s sarcoma and acute
myeloid leukemia, as a fusion gene

ETVS Belongs to an oncogenic subfamily of ETS TFs Oh, Shin & Janknecht, (2012)
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Table 3. Point mutations in EXOSC10; the mutation, its localization within known domains

and the cancer type in which the mutation was detected are indicated.

Mutation Post-translational modification Domain Cancer type
S370P Phosphorylation Catalytic Liver

S402T Colon
Y448C Lung

S7851 CTD Intestine
KI136N Ubiquitination Brain

K136%* Oesophagus
K218E Thyroid
K592N Breast
KS583E Ubiquitination, SUMOylation Bone
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Fig. S1. Schizosaccharomyces pombe RNA profiling data for rrp6.
(A) Gene expression for a mitotic time course (x-axis) shown as ratios
of data from asynchronous cells and time points from synchronized
cells (exp asynch/timepoint, y-axis). (B) Gene expression for different
stress conditions (x-axis) shown as ratios of data from untreated cells
(0 minute time point) and treated cells (15 and 60 minute time points)
indicated using colour-coded bars (y-axis, exp O/time point). Cd, 0.5
mM cadmium sulphate CdSO.; H,0,, oxidative stress by 0.5 mM
hydrogen peroxide; Heat, temperature shift within two minutes from
30°C to 39°C in a water bath; MMS, alkylating agent methylmethane
sulphonate at 0.02% (weight per volume); Sb, osmotic stress in 1M
sorbitol. (C) Gene expression for mitosis and meiosis in wild-type (WT,
blue) and pat? mutant cells (red, x-axis) shown as ratios of vegetatively
growing mitotic cells and timepoints of meiotic cells (exp
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Fig. S2. Human EXOSC170 gene annotation and expression. (A) Expression data obtained in different tissues
clustered according to signal intensities. Isoform identifiers are given on the right, and a schematic of RNA isoforms

at the bottom. (B) Colour-coded chart showing expression levels in RNA-Seq normalized expression (NX) units for
different tissues.
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Fig. S3. EXOSC10 expression in normal versus cancer samples. Expression data given as the log2
of transcript count per million (log2 TPM) from cancer (red) or healthy (blue) samples are shown for the
samples indicated on the left, with sample names annotated in the box on the right. BRCA Basal,
Luminal and Her2 are molecular subtypes of breast cancer defined by characteristic gene expression
patterns in the basal (outer) layer of the mammary gland, the luminal (inner) cells lining the mammary
ducts or the presence of epidermal growth factor receptor 2 (HER2). HNSC HPVpos and neg subtypes
are positive or negative for human papilloma virus (HPV). The number of asterisks indicates the level of
statistical significance for the observed differential gene expression between normal and cancer
samples. Green arrows highlight examples of EXOSC10 overexpression, while red arrows highlight
samples where there was decreased expression in cancer.
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