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Abstract

The biogenesis and processing of messenger RNAs (mRNAs) is central to the gene
expression program. In eukaryotic cells, mRNAs must also be exported from nucleus to
cytoplasm as part of the gene expression pathway. In this work, mutations in 1047 essential genes
of Saccharomyces cerevisiae (S. cerevisiae) were screened for defects in mRNA export resulting
in the identification of 26 mRNA export mutants. Single molecule fluorescence in situ
hybridization (smFISH) experiments further showed that these mutants accumulated mRNAs
within specific regions of the nucleus, which included: (1) transcripts enriched near nuclear pore
complexes when components of the mRNA export apparatus were mutated, (2) build-up of
mRNAs near transcription sites associated with mutations in genes required for 3’ end processing
and chromosome segregation, and (3) mRNAs within the nucleolus when nucleocytoplasmic
transport (e.g. srmi-ts), TRNA biogenesis (e.g. enpl-1), or RNA processing and surveillance (e.g.
csl4-ph) were disrupted. These data demonstrate that alterations to RNA processing and overall
nuclear function cause RNAs to stall, or be retained, at three distinct restriction points. This may
reflect common failures in mRNA biogenesis and export, as well as active mechanisms to hold
mRNAs at discrete locations to protect the cell and fidelity of the gene expression when cells are
dysfunctional.

The nucleolus is mainly associated with noncoding RNA (ncRNA) processing, raising
questions about the exact nature of the accumulated poly(A)-RNA material in csl4-ph, enpl-1,
and srml-ts strains. RNA-sequencing (RNA-seq) methods showed that these three mutants
exhibited significant down-regulation of protein-coding transcripts that are highly expressed
under normal steady state growth conditions, but they also exhibited increased levels of pervasive

transcripts. Combined RNA-seq, Northern, and RNA binding data, further revealed that the errors
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in RNA biogenesis in csl4-ph and enpl-1 mutants led to the accumulation of polyadenylated
ncRNA species. Loss of Csl4p or Enplp was also found to result in a poly(A)-RNA binding
protein, Nab2p, engaging in a protein interaction network that encompassed ncRNA processing
factors. This included Nab2p becoming associated with proteins required for ribosomal RNA
(rRNA) and small nucleolar RNA (snoRNA) processing, in contrast to the normal association of
Nab2p with mRNA processing factors in a control strain. These data indicated that ncRNAs
become stably polyadenylated in cs/4-ph and enpl-1 mutants, which leads to an inappropriate
association between other mRNA processing factors and ncRNAs. In line with this model,
overexpression of another poly(A)-RNA binding protein, Pablp, rescued the poly(A)-RNA
accumulation phenotype and improved the growth of the enpl-I strain at a semi-permissive
temperature. These findings provide evidence that polyadenylated ncRNAs can sequester mRNA
biogenesis and export machinery, which precipitates a breakdown in nuclear homeostasis defined
by high levels of nuclear poly(A)-RNA in the nucleolus. A set of events that can be mitigated by
the overexpression of another poly(A)-RNA binding protein.

Overall, these studies have identified essential genes that are required for the maintenance
of the gene expression program and provided new insight into nuclear RNA homeostasis. A key
finding is that mutations altering processes not directly linked to mRNA biogenesis or export (i.e.
Enplp) have the ability to disrupt gene expression through altering the abundance of functional
RNA-binding proteins. Data that highlights the importance of nuclear surveillance and decay of

aberrant RNA species in maintaining nuclear RNA homeostasis and proper cellular function.
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Chapter I: Introduction



1.1 General eukaryotic RNA biogenesis and metabolism

The function and survival of an individual cell is dependent on the ability of the cell to
appropriately employ information stored in DNA. The specific information being used is
different for each cell and can change in response to physiological and environmental stimuli.
This is mainly accomplished through changes in the gene expression program, which drives
changes at the level of both cell structure and function. In eukaryotic cells, the gene expression
program encompasses the flow of genetic information from DNA that is stored in the nucleus, to
an RNA intermediate, which in most instances the information encoded within the RNA is then
used to produce a protein within the cytoplasm (i.e. the central dogma of biology). Given this
process, the biogenesis of RNA intermediates must occur in an accurate and efficient manner to
allow the flow of genetic information, changes in gene expression, and overall cellular function.

In eukaryotic cells, transcription of RNAs from a DNA template occurs through the
activity of three RNA polymerases (RNAPs) that are distinguished by their subunit composition
and the transcript they produce (Roeder and Rutter, 1969, 1970). The classes of RNAs
synthesized in the cell not only include protein coding, or messenger RNAs (mRNAs), but also
noncoding RNAs (ncRNAs), which provide both structural and functional elements required for
protein synthesis and other cellular processes (Nissen et al., 2000; Spahn et al., 2001; Selmer et
al., 2006; Passmore et al., 2007; Armache et al., 2010; Ben-Shem et al., 2010). ncRNAs can be
classified into several different groups, ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), small
nuclear RNAs (snRNAs), and small nucleolar RNA (snoRNAs), with each of these classes
having a defined function within the gene expression program (Balakin ef al., 1996; Tycowski et
al., 1996; Kiss-Laszl6 et al., 1998; Yusupov et al., 2001; Schmeing et al., 2003; Selmer et al.,
2006; Fica et al., 2013; Jorjani et al., 2016). mRNAs, snoRNAs, and some snRNAs are
synthesized by RNA Polymerase II (RNAPII), rRNAs are synthesized by both RNA polymerase |
(RNAPI) and RNA polymerase III (RNAPIII), and tRNAs and snRNAs are synthesized by RNA
polymerase III (RNAPIII) (Weinmann and Roeder, 1974; Dignam et al., 1983). A noteworthy
consequence of the transcriptional process is the generation of pervasive transcripts, which are
thought to largely arise from spurious RNAPII transcription and in most cases generate
transcripts with no cellular function (Velculescu et al., 1997; Kaplan et al., 2003; Wyers et al.,

2005; Kapranov et al., 2007; Neil et al., 2009; Xu et al., 2009).



Newly transcribed RNA transcripts undergo various processing and modification steps,
which occur co-transcriptionally in some instances, but also occur post-transcriptionally in both
the nuclear and cytoplasmic compartments (Figure 1-1). RNA biogenesis and processing are
mediated by RNA-binding proteins (RBPs) associated with the transcript in the form of a
ribonucleoprotein particle (RNP), with individual RBPs defining the path taken by the RNP
through RNA metabolism (Amrani et al., 1997; Kessler et al., 1997; Zhao et al., 1999; Hector et
al.,2002; Lemay et al., 2010). As such, the composition of the RNP in terms of the RBPs that are
present varies throughout the RNA life cycle, beginning from transcription until it is turned over
through decay processes in the nuclear or cytoplasmic compartments (Mitchell et al., 2013).
Given the complexity of RNP biogenesis, the generation of aberrant RNAs is inevitable due to
the potential for an error at any stage of RNA metabolism. Consequently, surveillance for and
decay of aberrant RNAs are critical processes that act to prevent entry of non-functional RNA
substrates into the gene expression program and the accumulation of stalled processing
intermediates (Figure 1-1). Proper functioning of the surveillance and decay machinery is
paramount to the ability of a cell to maintain nuclear RNA homeostasis, which is defined here as
the proper and ongoing biogenesis, processing, and production of functional RNA species that

are required to support gene expression and cellular function.

1.2 Nuclear mRNA processing

A large component of RNA metabolism includes the biogenesis, processing, and export of
messenger-RNPs or mRNPs. There are several nuclear processing stages required to generate
export competent mRNPs, and importantly these processes are often linked such that they occur
in a coupled manner. Linking processing steps is likely important for the timely and efficient
generation of export competent mRNPs, as well as a mechanism to ensure proper mRNP
assembly (Oeffinger and Montpetit, 2015). Given that the majority of spurious transcription
leading to the generation of pervasive transcripts occurs through RNAPII activity, linking these
processes may further ensure that pervasive transcripts do not continue in the gene expression
pathway. However, as of now it is not fully understood how mRNA biogenesis is differentiated

from pervasive transcription since they both are generated by RNAPII.
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Figure 1-1. RNA processing in the nucleus. Both coding (mRNA) and ncRNA (rRNA,
snoRNA, pervasive transcripts) are synthesized in the nucleus. In the nucleoplasm, associated
with transcription, mRNAs undergo various processing steps such as capping, splicing, and 3'-
end processing to be followed by export to the cytoplasm. In contrast, most pervasive transcripts
are rapidly degraded following transcription within the nucleus by RNA decay machineries. For
ncRNAs, such as rRNAs and snoRNAs, transcripts are synthesized and/or processed in
association with the nucleolus (gray area). By-products produced from rRNA processing are also
degraded by RNA decay machineries. After processing, ncRNAs are exported to the cytoplasm to
participate in protein synthesis and other cellular processes. When an error in processing occurs,
an RNA can be subject to degradation by the nuclear RNA decay machinery. As a result of RNA
decay, bound RBPs are released from these aberrant RNAs to be recycled back to the various
RNA processing pathways. Given the sharing of common RBPs, the processing of all classes of
RNA are interconnected, with defects in any one pathway having the potential to feedback and
disrupt other RNA biogenesis pathways.



In the case of mRNA transcription, mRNP formation begins co-transcriptionally,
mediated by RNAPII itself (Moteki and Price, 2002). This includes co-transcriptional processing
events coordinated by the carboxy terminal domain (CTD) of the large subunit of RNAPII
(Allison et al., 1988; Hsin and Manley, 2012). For example, it is known that reversible
phosphorylation of the CTD couples different steps of transcription, including initiation,
elongation, and termination, to RNA processing via recruitment of RBPs to the transcribing RNA
(Lu et al., 1991; Conaway et al., 1992). Nuclear mRNA processing steps further include 5’
capping, splicing, 3’ end processing, polyadenylation, and assembly of a mature mRNP that can
be exported to the cytoplasm via nuclear pore complexes (NPCs) (Figure 1-2). Once in the
cytoplasm, mRNAs can be used for protein synthesis, transported to specific locations in the
cytoplasm, stored for later use, or decayed (Thermann et al., 1998).

A near universal nuclear modification to mRNAs that is coupled to transcription is the
addition of a 5’ 7-methylguanosine cap. Upon transcription initiation and incorporation of the
first 20-30 nucleotides, a 7-methylguanosine cap is added to the 5’ end of the pre-mRNA to
protect the transcript from degradation (Coppola et al., 1983). The three enzymes required to
generate the cap structure on the mRNA interact with the CTD of RNAPII to couple transcription
with 5' capping (Figure 1-2) (Itoh et al., 1987; Yue et al., 1997; Cho et al., 1998). Cetlp removes
the gamma phosphate from the 5’ triphosphate end of the RNA, a guanosine monophosphate
(GMP) is then added to the diphosphate end of the RNA by Ceglp with a 5'-5' phosphate linkage
(Shibagaki et al., 1992; Tsukamoto et al., 1997; Rodriguez et al., 1999). Finally, the 7N methyl
group is added to the guanine base by the guanine 7-methyltransferase, Abd1p (Mao et al., 1995).
In S. cerevisiae there are also two proteins, Railp and Ratlp, that possess pyrophosphatase and
decapping activity that are responsible for quality control of 5’ capped mRNA (Jiao et al., 2010).
Upon capping, the pre-mRNA cap is bound by the cap binding complex (CBC) that consists of
Cbp20p and Cbp80p, which can act to initiate splicing through engagement of snRNPs (Black
and Steitz, 1986; Izaurralde et al., 1995; Fortes et al., 1999). In line with this, the depletion of
CBC proteins is known to alter splicing of pre-mRNAs (Izaurralde et al., 1994). The CBC has
also been shown to interact with various export factors to facilitate mRNA export to the
cytoplasm (Nojima et al., 2007). Following export, the 5' cap facilitates translation through
association with translation initiation factors, including eIF4G and the DEAD-box RNA helicase

elF4A (Gingras et al., 1999). Through this process, the CBC is replaced by elF4E, which
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Figure 1-2. Co-transcriptional mRNA processing. Simplified schematic showing the overall
nuclear processing of mRNAs. After synthesis of 20-30 nucleotides of the pre-mRNA, enzymes
such as Cetlp, Ceglp, and Abdlp interact with the carboxy terminal domain(CTD) of RNAPII to
perform the chemical reactions required to add a 7-methylguanosine cap to the 5’ end of nascent
mRNA. During the elongation step of transcription, introns are removed through interactions
with splicing machinery, followed by cleavage and polyadenylation to release the mature mRNP
for export, which is directed through the actions of various RNA-binding proteins (indicated by
green, yellow, and blue circles).



interacts with elF4G to promote translation (Fortes et al, 2000). Notably, these multiple
functions of the CBC exemplify the close connection that RBPs provide between nuclear mRNA
biogenesis and downstream processes, which together act to couple transcription, export, and
translation.

Many eukaryotic mRNAs contain one or more noncoding intervening sequences, or
introns, which need to be removed from pre-mRNA in order to synthesize a functional protein. In
S. cerevisiae, only 3% of genes contain an intron but these genes account for ~25% of cellular
mRNAs, thus splicing is a critical nuclear mRNA processing step for a large pool of mRNAs in
budding yeast (Ares et al., 1999; Lopez and Séraphin, 1999). The process of removing an intron
from a pre-mRNA, referred to as splicing, occurs co-transcriptionally in the nucleus. Introns are
removed through two transesterification reactions using conserved sequences at the 5’ and 3’ ends
of the intron referred to as splice sites (Konarska et al., 1985). The process of splicing starts with
recognition of the 5' splice site, 3’ splice site, and branchpoint by Ul, U2AF, and U2 snRNPs,
which leads to formation of the pre-spliceosome complex (Black et al., 1985). Subsequently, the
interaction of U4/U5 and U6 with the pre-spliceosome reconfigures the RNP complex to position
the pre-mRNA so first transesterification reaction can occur (Konarska and Sharp, 1987,
Wassarman and Steitz, 1992) (Figure 1-3). After splicing, the exon-exon junction becomes
associated with the exon junction complex (EJC) (Le Hir et al., 2000; Bono and Gehring, 2011),
which promotes downstream translation through interaction with translation initiation factors
(Chazal et al., 2013) or non-sense mediated decay of the mRNA based on presence of the EJC
downstream of the mRNA stop codon (Gehring et al., 2003; Chamieh et al., 2008; Ma et al.,
2008). The 5" most exon in a spliced mRNA is known to associate with RBPs, including the
TRanscription and Export (TREX) complex, to enhance further splicing events and mRNA
export (Le Hir e al., 2001).

Pre-mRNAs also undergo 3’ cleavage and polyadenylation in order to terminate
transcription and produce mature mRNAs. Cleavage and polyadenylation occurs ~10-30
nucleotides downstream of a conserved adenosine-uracil (AU)-rich sequence called the cleavage
and polyadenylation signal (Proudfoot, 2004), where cleavage and polyadenylation factors (CPF)
bind (Chen and Moore, 1992). The core CPF complex is comprised of two different sub-
complexes, CFI and CFII, and includes other additional factors involved in 3’ end processing

(Chen and Moore, 1992). Upon binding, the CPF recognizes and cleaves a U/GU rich region of
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Figure 1-3. Schematic of pre-mRNA splicing. The pre-mRNA intron is shown as a black solid
line and exons are represented by cylinders (orange). The Ul and U2 snRNPs recognize the 5’
splice sites and branch point and facilitate the association of the tri-snRNPs (U4, U6, and U5) to
this complex, which is then followed by cleavage to remove the intron. This results in the
production of an intron lariat and a spliced mRNA. Note only some parts of the spliceosome and
mRNA are shown in the figure for simplicity.



the pre-mRNA, which in turn facilitates recruitment of the poly-adenosine (A) polymerase
(Paplp) to add the poly(A) tail to the transcript (Figure 1-4) (Lingner et al., 1991; Kyburz et al.,
2003; Ryan et al., 2004). The polyadenylated 3’ ends of mRNAs are reported to be ~70-100
nucleotides long in mammals and 20-40 nucleotides in S. cerevisiae (Subtelny et al., 2014; Lima
et al., 2017). The recruitment of the protein 1 cleavage polyadenylation factor (Pcfllp) and
Rnal5p of the CFIA complex to the CTD of RNAPII also facilitates binding of a 5" — 3’
exonuclease, Xrn2p, to the nascent mRNA to promote transcription termination and release of
RNAPII (Sadowski et al., 2003; Kim et al., 2004; Luo et al., 2006; El Hage et al., 2008). In
conjunction with cleavage and polyadenylation, in order to protect pre-mRNA from the 3’ to 5’
exonuclease degradation, poly(A) tails become associated with poly(A) binding proteins
(PABPs), which also act to promote mRNP export (Fasken et al., 2008; Schmid et al., 2012).
Note that mRNAs can be alternatively polyadenylated (APA) in order to synthesize diverse
proteins from a fixed number of mRNAs if the APA site is located upstream of the last exon
(Hoque et al., 2013). Moreover, alternative 3’ end processing results in the generation mRNAs
with different 3’ untranslated regions (UTRs) responsible for altering stability, translation, and
localization of transcripts (An et al., 2008; Sandberg et al., 2008; Spies ef al., 2013). The release
of the mRNP from the site of transcription via 3’ cleavage and polyadenylation allow the mRNP
to continue on the gene expression pathway, which involves export to the cytoplasm upon
gaining export competence (see below). As indicated for other nuclear processing events
discussed above, the recruitment of certain RBPs (e.g. TREX complex and PABPs) during
biogenesis is part of the process by which mRNPs become export competent (Strasser et al.,

2002; Gwizdek et al., 2005).

1.3 Formation of export competent mRNPs

The presence of a nuclear envelope in eukaryotic cells necessitates that mRNPs must be
exported to the cytoplasm to take part in downstream processes such as translation. The overall
mechanism and factors required for mRNP export are known to be conserved between yeast and
mammals (Strasser et al., 2002). Most mRNP export factors in S. cerevisiae have been identified

by screening for the accumulation of poly(A)-RNA in the nucleus of temperature sensitive (7)
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Figure 1-4. Schematic of 3'-end processing. Near the 3’ end of a transcript, cleavage and
polyadenylation factors (CPF) and cleavage factors (CF) recognize a polyadenylation signal.
After endo-nucleolytic cleavage at the polyadenylation site, a poly(A) tail is added to the 3’ end
of the mRNA by poly(A)-polymerase Paplp (yellow). The nascent polyadenylated mRNA is also
bound by Nab2p for protection against nuclear decay. A component of the CPF complex, Pcf11p,
interacts with the CTD of RNAPII to facilitate transcription termination.
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mutants of essential genes at a non-permissive temperature using fluorescence in situ
hybridization (FISH) experiments (Amberg et al., 1992; Cole et al., 2002). The identification of
these export factors, combined with further characterization of their function, has led to a general
model of mRNP assembly leading to export. Briefly, during transcription elongation and 3" end
processing, various proteins factors that function in transcription and export are recruited to the
pre-mRNA, leading to the formation of the TREX complex via two steps. In the first step,
components of the THO complex, consisting of Tho2p, Hrplp, Mftlp, and Thp2p, are recruited
to the elongating transcript through interactions with both the pre-mRNA and RNAPII
(Gewartowski et al., 2012; Pefia et al., 2012). In a second step, two protein factors, Yralp and
Sub2p, are transferred to the pre-mRNA (Strabetaer ef al., 2000; Strasser et al., 2001; Johnson et
al., 2009), which form a larger six protein assembly referred to as the TREX complex
(Grzechnik and Kufel, 2008; Rondon ef al., 2010). Chromatin immunoprecipitation (ChIP)
followed by sequencing (ChIP-Seq) analysis has showed that the TREX complex binds the 3'-end
of the RNA, suggesting that the TREX complex is positioned to link transcription elongation, 3'-
end processing, and mRNA export (Meinel ef al., 2013). An idea that is also supported by protein
interactions between the TREX complex and 3’ end processing components (Mandel et al.,
2008). In line with these functions of the TREX complex, mutants of the THO/TREX complex
exhibit nuclear poly(A)-RNA accumulation and defects in transcription elongation and
termination (Libri et al., 2002; Strasser et al., 2002; Rougemaille ef al., 2007).

Following TREX assembly, and with polyadenylation, the PABP Nab2p is recruited to
form a complex with Yralp, which subsequently leads to the export factor Mex67p (NXF1 in
humans) binding to the mRNP (Katahira et al., 1999; Strabetaer et al., 2000). Of those factors
identified, the Mex67p-Mtr2p heterodimer complex acts as the main mRNA export factor in
yeast, which is also conserved in other eukaryotes (Segref et al., 1997; Katahira et al., 1999).
Upon joining of Mex67p, the mRNP is thought to be export competent as it has been
demonstrated that Mex67p interacts with both the mRNA cargo and phenylalanine-glycine
nucleoporins (FG-Nups) in order to facilitate mRNP transport through NPCs (Strder et al.,
2000). Yralp has also been shown to dissociate from the mRNP just after Mex67 binding, and
prior to export, which is thought to be part of a quality control process indicative of the final step

of mRNP maturation and a mRNP gaining export competence (Iglesias et al., 2010).
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1.4 Current model of mRNP export

Following dissociation of Yralp, mRNP transport through NPCs is directed by the
mRNA export factor Mex67p, which is thought to be one of the last proteins loaded onto the
maturing mRNP (Segref et al., 1997; Kohler et al., 2007). This is likely important to prevent
immature mRNPs from exiting the nucleus, since Mex67p promotes interactions between the
mRNP and components of the nuclear basket of NPCs, such as Nuplp and Nup2p, to facilitate
export (Terry and Wente, 2007). At this point, interactions between the PABP Nab2p and the
nuclear basket component Mlplp also promote export, which may further act as a quality control
checkpoint of the mRNP assembly state (Hector et al., 2002). In some instances, mRNAs may be
transcribed near NPCs as a means to regulate gene expression, which involves tethering a gene to
the nuclear periphery in a process referred to as gene-gating (Blobel, 1985). This may be
important in the context of highly transcribed or regulated genes to promote their expression and
export. Genome-wide ChIP assays having indicated that highly transcribed genes are physically
associated with NPC nuclear basket components (Casolari ef al., 2004).

After an mRNP docks at the nuclear side of the NPC, transport is facilitated through the
interaction of Mex67p with FG-Nups that line the central NPC transport channel (Adams et al.,
2014). Following transport through the NPC, the mRNP reaches the cytoplasmic side where NPC
components and their binding partners enforce directionality (Strdsser et al., 2001; Terry and
Wente, 2007). Specifically, the highly conserved DEAD-box protein 5 (Dbp5p) is proposed to
displace both Mex67p and Nab2p from the mRNP (Lund and Guthrie, 2005; Tran ef al., 2007).
Dbp5p activity is stimulated on the cytoplasmic side of NPCs by Nup159p and Glelp with the
small molecule inositol hexakisphosphate (Weirich et al., 2004, 2006; Alcazar-Roman et al.,
2006; Montpetit et al., 2011) (Figure 1-5). From the initial docking event to release into the
cytoplasm, the time required for export has been measured to be ~200 milliseconds in budding
yeast and mammalian cells (Griinwald and Singer, 2010; Smith et al., 2015). Upon mRNP release
into the cytoplasm, export factors removed from the mRNP can then be re-imported into the

nucleus to participate in another round of mRNA export (Anderson et al., 1993; Lee et al., 1996).
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Figure 1-5. Schematic of mRNA export. During co-transcriptional processing, mRNAs
become associated with the THO complex, which recruits adapter proteins such as Yralp and
Sub2p forming the TREX complex. Binding of the Mex67p-Mtr2p heterodimer leads to release
of the adapter protein Yralp to form an export competent mRNP that can be exported through
NPCs. On the cytoplasmic side of the NPC, the mRNP is engaged by Dbp5p to promote removal
of the Mex67p-Mtr2p heterodimer from the mRNP, thus releasing the mRNP into the cytoplasm.
Dbp5p is stimulated by NPC associated proteins Nup159p and Glelp with the small molecule
inositol hexakisphosphate (IPs). The nuclear poly(A) binding protein Nab2p is also replaced by
the cytoplasmic poly(A) binding protein Pablp following export.
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1.5 Regulation of mRNP export

It is known that gene expression can be regulated post-transcriptionally at the level of
mRNA export. For example, a genome wide study from the Silver laboratory (Harvard
University) showed that only a subset of transcripts are associated with Yralp (Hieronymus and
Silver, 2003), suggesting that there may be multiple distinct mRNA export pathways that could
be differentially regulated to control gene expression. It has also been demonstrated that Npl3p
and Nab2p facilitate distinct export pathways (Green et al., 2002; Hector et al., 2002;
Vinciguerra et al., 2005). Specifically, these RBPs act with different ubiquitin E3 ligases, Tom1p
and RspSp, which modify each RBP to regulate their function in mRNA export (Duncan et al.,
2000; Gupta et al., 2007). For example, mutations in Tom1p blocks export of Nab2p associated
mRNAs to the cytoplasm without impacting transcripts that are associated with Npl3p (Iglesias et
al., 2010). These data suggest that different mRNA export pathways exist, but we currently know
little of how these pathways are directed to act on specific transcripts. Similarly, during a stress
response bulk mRNA export is blocked, yet stress response mRNAs are still exported to the
cytoplasm for protein synthesis (Saavedra et al., 1996; Izawa, 2010). How the differential export
of mRNAs is achieved is not well understood, but a more recent study showed that during stress,
Mex67p is loaded directly onto mRNPs without adapter proteins in order to expedite the export
of stress response mRNAs at the cost of export quality control (Zander et al., 2016). Based on
these multiple observations, it is clear that there are different pathways coupling mRNA
processing and export, which could be differentially targeted to regulate gene expression. Given
the scarcity of information about regulation of mRNA export, it is important that these pathways,

and factors function within such pathways, are identified and further characterized.

1.6 Poly(A)-binding proteins and mRNA processing

There are two essential PABPs in S. cerevisiae, Pablp and Nab2p. Generally, these

proteins are thought to protect mRNAs from 3" exonuclease mediated degradation, regulate

transcription termination, and promote mRNA export (Hector et al., 2002; Viphakone et al.,

2008). Both of these proteins shuttle between the nucleus and cytoplasm, however under steady-
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state growth conditions Pablp is predominantly localized in the cytoplasm, and conversely,
Nab2p is localized in the nucleus (Green et al., 2002; Brune et al., 2005). Consistent with Nab2p
being the major nuclear PABP, Nab2p associates with nascent polyadenylated mRNA and is
exported to the cytoplasm with the mRNA, and is then replaced by Pablp, allowing Nab2p to be
reimported into the nucleus by Kap104p (Hector et al., 2002; Dheur et al., 2005; Fasken et al.,
2008). Nab2p is thought to function in mRNA export through its role in binding and recruiting
specific factors (e.g. Mex67p) that promote export (Hector et al., 2002; Fasken et al., 2008;
Iglesias et al., 2010). Pablp also appears to have some overlapping nuclear functions with Nab2p
in the nucleus, as both PABPs can promote the regulation of correct poly(A) tail length in vitro,
and mutation of either PABP leads to hyperadenylation in vivo (Hector et al., 2002; Brune et al.,
2005; Dheur et al., 2005; Viphakone et al., 2008). Pablp itself has also been linked to mRNA
export (Brune et al., 2005). In support of overlapping functions, studies mapping Pablp and
Nab2p binding across mRNAs have found that they bind a large set of shared substrates in vivo
(Schmid et al., 2012; Baejen et al., 2014). Additionally, Pablp binding does not only protect the
mRNA from 3’ exonuclease degradation in the cytoplasm, but also functions with a cytoplasmic
cap binding protein, elF4G, to facilitate translation initiation by enhancing recruitment of the 40S
ribosome (Wells et al., 1998; Weill et al., 2012).

Interestingly, in addition to protecting mRNAs from degradation, Nab2p is also involved
in the decay of non-functional RNA substrates in the nucleus (Tuck and Tollervey, 2013). The
dual roles of this poly(A) binding protein raises the issue of balancing the function of Nab2p
between these two processes to ensure maintenance of nuclear RNA homeostasis. Indeed, a
recent study from the Jensen lab (Aarhus University) showed that the nuclear accumulation of
mRNAs has the ability to limit Nab2p activity and alter RNA processing in a manner similar to
having a loss-of-function mutation in Nab2p (Tudek et al., 2018b). However, this study was
limited to the accumulation mRNAs, and it was not shown whether enrichment of any poly(A)-
RNA substrate has the same ability to disrupt Nab2p function. In work presented in chapter 111
and IV, it is shown that the accumulation of polyadenylated ncRNAs has a similar impact on
Nap2p function. This further supports the concept of nuclear RNA homeostasis, as these works
together indicate that alterations in mRNA export, RNA decay, or ncRNA processing can impact
nuclear poly(A)-RNA abundance, the availability and function of PABPs, and nuclear RNA

processing.
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1.7 mRNA quality control and surveillance mechanisms in the nucleus

As introduced and discussed in the proceeding sections, mature export competent mRNPs
are produced through interactions of the pre-mRNA with various RBPs that facilitate nuclear
processing steps. However, due to the number and complexity of steps required to generate the
mature mRNP, errors do occur. To ensure that these errors do not lead to the production of
aberrant mRNPs and altered gene expression, nuclear mRNPs are surveyed by nuclear quality
control machineries. Defects in the 5’ capping, splicing, 3’ end formation, or polyadenylation of
an mRNA are potential reasons why an mRNA would be targeted for degradation by the

surveillance machinery.

1.7.1 Nuclear quality control of pre-mRNAs

Many studies on mRNA quality control mechanisms have focused on nonsense-mediated
decay (NMD), which is a process in which mRNAs with pre-mature stop codons resulting from
defective splicing, are degraded in the cytoplasm (Brogna and Wen, 2009; Schweingruber et al.,
2013). However, mRNAs are also subject to quality control processes in the nucleus prior to
export. Quality control mechanisms here are not as well understood as NMD, and do not appear
to be linked to any specific processing error; rather, targeting of an mRNA for degradation is
proposed to be dependent on the time an mRNP spends in the nucleus (Porrua and Libri, 2013).
This type of mechanism has the advantage of not requiring complex systems dedicated to
recognizing different processing defects. Simply, the longer an mRNP remains in the nucleus, the
greater the probability is that the mRNA is decayed. In support of this competition or timer
model, tiling microarray data suggests that about half of yeast pre-mRNAs are degraded by the
nuclear exosome (Gudipati et al., 2012), which is higher than expected, and proposed to be the
result of the longer times taken to generate a spliced mRNA.

Mechanistically, it has been suggested that defective mRNAs (e.g. retained introns) would
have lower affinity for mRNA export factors, which would decrease their likelihood of export,
lead to nuclear retention, and degradation due to their persistence in the nucleus. (Soheilypour

and Mofrad, 2016). This concept is supported by data showing that the serine/arginine rich (SR)
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RBP Npl3p present in an un-spliced mRNP favors binding of RNA decay machinery, but
following splicing, Npl3p preferentially binds to the Mex67p-Mtr2p heterodimer to facilitate
mRNP export (Gilbert and Guthrie, 2004; Kress et al., 2008; Hackmann et al., 2014; Zander et
al., 2016). Given that Npl3p is bound co-transcriptionally and is recruited to normally processed
transcripts, it would function to promote either outcome based on splicing state; hence slow or
defective splicing would lead to decay without a need to recognize an actual defect in the mRNP
(Figure 1-6). A related mode of splicing quality control also involves the retention of faulty pre-
mRNAs in the nucleus to promote decay through interactions between mRNP export adapters
and the NPC basket components Mlp1p, Mlp2p, and PmI39p via the 5’ splice site of the mRNA
(Dziembowski et al., 2004; Galy et al., 2004). In the context of 3'-end processing or
polyadenylation defects, it is also observed that transcripts are held in the nucleus, at or near
transcription sites, and undergo degradation by nuclear RNA decay machinery (Hilleren et al.,
2001). These data all are in line with the concept that nuclear retention is a mechanism to
promote mRNA surveillance and decay. Under this mode of quality control, efficient recognition
and decay of transcripts by RNA decay machinery is critical, since failure to decay defective
transcripts would allow mRNAs to escape the nucleus to continue in the gene expression program
or result in a buildup of decay substrates that could deplete cellular pools of RBPs. Of the various
proteins and protein complexes with nuclease activity, the exosome is the major complex
functioning within the nucleus in RNA surveillance and decay, in addition to having roles in
various other aspects of RNA biogenesis (Lykke-Andersen et al., 2009; Chlebowski et al., 2013;
Schneider and Tollervey, 2013).

1.7.2 The RNA exosome

The exosome functions within the cytoplasm and nucleus to facilitate RNA biogenesis,
surveillance, and decay. The exosome core consists of six proteins that form a barrel structure
with a central channel, upon which sits a three protein subunit cap (Figure 1-7) (Chlebowski et
al., 2013; Schneider and Tollervey, 2013). The central channel of the exosome is formed by the
RNase phosphorolysis (PH) domain containing subunits (Rrp41p, Rrp42p, Rrp43p, Rrp45p,
Rrp46p, and Mtr3p), while the cap contains Rrp4p, Rrp40p and Csl4p each harbouring S1

17



I
"

Aberrant mRNP

snajonu
1
wise|dojAo

Exosome

Figure 1-6. Quality control of mRNA splicing. Adapter proteins (Nab2p - yellow, Hrblp -
green, Gbp2p - gray, and Npl3p - orange) recruit downstream effector proteins that include the
Mex67p-Mtr2p heterodimer to the mature mRNP for export through nuclear pore complexes. In
the context of an un-spliced transcript with an intron (green), conformations of Hrb1p and Gbp2p
favor recruitment of RNA decay machinery over the Mex67-Mtr2p export adaptor.
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RNA-binding domains. The S1 domain is named after the ribosomal protein S1, where the
domain was first identified, which was then later identified in various other RNA binding
proteins (Boni et al., 1991). Rrp4p and Rrp40p contain K homology(KH) domain, which were
first identified in the heterogeneous nuclear ribonucleoprotein K (Siomi et al., 1993). All nine
components of the exosome are collectively known as Exo-9, a complex that lacks nuclease
activity, but is still essential for yeast viability (Liu et al., 2006). The nuclear and cytoplasmic
Ex0-9 complex associates with the catalytic subunit Rrp44p/Dis3p, an essential multi-domain
protein containing both exonuclease and endonuclease activities (Lebreton ef al., 2008; Bonneau
et al., 2009; Schaeffer e al., 2009). Dis3p specifically binds to the exosome complex through
interactions with Rrp41p, Rrp43p, and Rrp45p (Schneider et al., 2009). In addition to Dis3p, the
nuclear exosome contains a non-essential catalytic subunit with distributive 3’-5" exonuclease
activity known as Rrp6p (Briggs et al., 1998; Burkard and Butler, 2000). Distributive
exonuclease activity is defined as a process where the enzyme dissociates from the RNA
substrate after cleaving a single nucleotide from the RNA. While Dis3p associates with the
bottom of the exosome barrel, Rrp6p interacts with cap components (Figure 1-7) (Stead et al.,
2007).

As the catalytic components of the exosome, Rrp6p and Dis3p participate in mRNP
surveillance, rRNA, snoRNA, and snRNA biogenesis, and the decay of pervasive transcripts
(Lykke-Andersen et al., 2009). There are also non-exosome associated activities of Rrp6p,
including the processing of rRNAs (Callahan and Butler, 2008). In addition, the exosome has
roles in RNA decay mediated gene regulation, including the decay of meiotic mRNAs during the
mitotic cell cycle in S. cerevisiae (Harigaya et al., 2006), and Rrp6p-dependent decay of histone
transcripts after DNA replication (Canavan and Bond, 2007; Reis and Campbell, 2007). The
mechanisms by which the exosome targets these diverse substrates for degradation or processing
remains unclear. However, it is well known that the function of the exosome, to a large extent,
depends on associated protein complexes, which include the Trf4p-Air2p-Mtr4p polyadenylation
(TRAMP) and Nrd1p-Nab3p-Senlp (NNS) complexes (see sections 1.7.4 & 1.7.5).
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Figure 1-7. Schematic of the RNA exosome. The exosome consists of a nine-subunit core
(purple and red) and two catalytic subunits, Dis3p (green) and Rrp6p (yellow). The core of the
exosome can be divided into two parts, the central channel and the cap like structure. The central
channel of the exosome is formed by six RNase phosphorolysis (PH) containing protein subunits

(purple)(i.e. Rrp41p, Rrp42p, Rrp43p, Rrp45p, Rrp46p, Mtr3p). The cap of the exosome is
formed by three proteins containing S1 and KH RNA-binding domains (red) (i.e. Csl4p, Rrp40p,

Rrp4p).
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1.7.3 Exosome mediated RNA degradation

Data from X-ray crystallography studies detailing Rrp6p and the exosome complex
suggest that RNAs can be degraded through directly engaging Rrp6p without the aid of any core
exosome components (Makino et al., 2015) (Figure 1-8A left). In an alternative mechanism,
RNAs may be threaded into the active site of Rrp6p from the side, between the cap and central
channel of Exo0-9 (Wasmuth and Lima, 2012; Wasmuth et al., 2014) (Figure 1-8A right).
Structural studies have also demonstrated that Dis3p degrades RNA via two distinct pathways.
Route one involves degradation of RNA substrates, such as the 5S rRNA, by directly binding
Dis3p (Kadaba et al., 2006; Dziembowski et al., 2007; Han and van Hoof, 2016) (Figure 1-8B
left). Route two involves passing an RNA through the channel of the exosome in a 3'-5' direction
to be degraded by the exonuclease activity of Dis3p (Malet ef al., 2010; Liu ef al., 2014) (Figure
1-8B right). The feeding of an RNA through the Exo0-9 channel to reach the active site of Dis3p
requires ~30 nucleotides of unstructured RNA (Briggs et al., 1998). Dis3p has been shown to
degrade RNA substrates in isolation, but the nuclease activity of Dis3p is increased to a large
extent after addition of Exo9 (Wasmuth and Lima, 2012). Recently, Wasmuth et. al., also
demonstrated that Rrp6p can allosterically stimulate the nuclease activity of Dis3p by widening
the path through the central channel to facilitate access to Dis3p (Wasmuth et al., 2014). Thus,
Ex09 is able to facilitate both the recognition and degradation of RNA substrates by Rrp6p and
Dis3p.

1.7.4 The Trf4p-Air2p-Mtr4p polyadenylation (TRAMP) complex

The exosome can degrade an RNA via channeling it through the core of the exosome if
the RNA is unstructured and can reach Dis3p (Figure 1-8B right), which requires ~30 nucleotides
of unstructured RNA (Bonneau et al., 2009). Given that many RNAs do not possess such a long
unstructured region, nuclear RNA degradation by this pathway is aided by the TRAMP complex
(Figure 1-9). The main functions of the TRAMP complex are to add a short poly(A) tail to RNA
substrates that need to be targeted by the exosome and to aid in the unwinding of structured
RNAs through the activity of the RNA helicase Mtrdp (Hardwick and Luisi, 2013). The
combined addition of a poly(A) tail and unwinding of secondary structure together allow RNA
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A Route 1 Route 2

RNA

Figures 1-8. Exosome mediated RNA degradation. (A) RNAs can be degraded by the nuclear
specific ribonuclease Rrp6p (blue) through two different means: (1) an RNA is recognized and
degraded by the activity of Rrp6p directly without the core exosome components (red and purple)
or (2) protein subunits that make up the exosome cap (red) recognize a substrate and aid in
delivering the RNA to Rrp6p for degradation. (B) Dis3p can engage an RNA for decay via: (1)
direct binding of the RNA to the nuclease or (2) channeling the RNA through the core of the
exosome in order to reach the active site of Dis3p.
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Figure 1-9. The TRAMP complex and RNA degradation. RNA substrates associate with the
TRAMP complex via RNA binding proteins Airlp/Air2p (grey) to bring the associated poly(A)
polymerase, either Trf4p or Trf5p (red), to the RNA. Trf4p/Trf5Sp mediated polyadenylation of
the RNA substrate, plus unwinding of RNA secondary structure via the activity of Mtrdp, allow
the RNA substrate to be channelled to Dis3p for degradation.
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substrates to be passed through the central channel of the exosome to be engaged by Dis3p
(LaCava et al., 2005). Similarly, in the cytoplasm the super killer (SKI) complex is essential for
the unwinding of RNA secondary structure to facilitate passage of the RNA through the core of
the exosome (Halbach et al., 2013). As part of the TRAMP complex, the non-canonical poly(A)-
polymerase protein subunit, either Trf4p or Trf5p, is responsible for polyadenylating target RNAs
for processing by the exosome (Vandcova et al., 2005; Egecioglu et al., 2006; Houseley and
Tollervey, 2006). Given the presence of Trf4p or Trf5p in the complex, the complex is referred to
as TRAMP4 or TRAMPS to distinguish between these two possibilities. In contrast to Paplp, the
poly(A)-polymerase active on most mRNAs, Trf4p and Trf5p lack an RNA-binding domain,
hence RNA binding requires other subunits of the TRAMP complex, namely Airlp/Air2p
(LaCava et al., 2005; Vanacova et al., 2005; Wyers et al., 2005). Mtrdp, the other component of
the TRAMP complex, in addition to promoting RNA unwinding through a helicase activity as
mentioned above, is composed of other protein interaction domains (Jackson et al., 2010; Taylor
et al., 2014). These domains are known to bind Nop53p and Utpl8p to target rRNAs for
processing by the exosome (Tudek et al., 2014; Thoms et al., 2015). Therefore, in addition to the
TRAMP complex aiding the exosome in degrading target RNAs, this complex also engages other

protein partners to facilitate substrate recognition.

1.7.5 The Nrd1p-Nab3p-Senlp (NNS) Complex

Exosome activity is further directed by the Nrdlp-Nab3p-Senlp (NNS) complex. The
NNS complex is involved in nuclear RNA quality control and transcription termination of
mRNAs, snoRNAs, and other short RNAs (Vasiljeva and Buratowski, 2006). During
transcription, the NNS complex is recruited to a nascent RNA via Nrdlp binding to the
phosphorylated CTD of RNAP II (Conrad et al., 2000; Steinmetz et al., 2001; Vasiljeva and
Buratowski, 2006). In addition to interacting with the RNAPII CTD, Nrd1p binds to a consensus
sequence in nascent RNAs using an RNA recognition motif (RRM), as does Nab3p (Carroll et
al., 2007). Following recruitment to the RNA, the RNA helicase Senlp facilitates termination
and release of RNAPII transcripts through ATP hydrolysis (Hazelbaker et al., 2013) (Figure 1-
10). The domain of Nrdl1p that is involved in binding to the CTD of RNAPII also binds Trf4p of
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Exosome

Figure 1-10. The NNS complex mediated RNA degradation by the exosome. ncRNAs
transcribed by RNAPII are terminated by the interaction between the CTD of RNAPII and the
NNS complex. Nrdlp (pink) and Nab3p (green) interact with nascent RNAs and recruit an
additional component of the NNS complex, Senlp, which facilitates transcription termination.
Subsequently, the NNS complex recruits the TRAMP complex, Trf4p/Trf5p (red), which add a
short poly(A) tail to ncRNAs and is delivered to the exosome for degradation by Mtrdp. The
exosome is recruited to the ncRNA through the interaction between the TRAMP complex and the
exosome core for either processing or decay.
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the TRAMP complex, and provides a mechanism to promote exosome activity on the targeted
RNA (Arndt and Reines, 2015). Recruitment of the TRAMP complex provides poly(A)-
polymerase activity for the addition of a short poly(A) tail to promote exosome recognition and
degradation (LaCava et al., 2005; Vanacova et al., 2005; Wyers et al., 2005; Houseley and
Tollervey, 2009). RNA-binding data generated from UV-crosslinking approaches have
demonstrated that in addition to RNAPII transcripts, the NNS complex is also involved in the
processing of RNAPI and RNAPIII transcripts in association the TRAMP complex (Webb et al.,
2014; van Nues et al., 2017). Interestingly, the NRDI mRNA is self-regulated by NNS directed
degradation via multiple Nrd1p binding sites, which feeds back to regulate Nrd1p abundance and
NNS complex activity (Arigo et al., 2006a).

1.7.6 The exosome cofactors Rrp47p an Mpp6p

In addition to the TRAMP and NNS complexes, Rrp47p is another co-factor of the
nuclear exosome that is required for Rrp6p mediated processing of stable ncRNAs, such as
rRNAs, snRNAs, snoRNAs, and degradation of cryptic unstable transcripts (CUTs) (Mitchell et
al., 2003; Arigo et al., 2006b). CUTs are unstable noncoding RNAs that are transcribed by
RNAPII and efficiently degraded by surveillance machineries, as such they are only robustly
detected in the background of RNA decay mutants (Wyers et al., 2005). In addition to the
degradation of CUTs and aberrant rRNAs (Stead et al., 2007), Rrp47p is needed for both core-
dependent and core-independent processing of stable ncRNAs by Rrp6p (Mitchell et al., 2003).
Data from structural studies have demonstrated that the interaction of Rrp6p with Rrp47p
provides a binding surface important for Mtr4p association with the nuclear exosome (Schuch et
al., 2014). Similarly, Mpp6p is an RNA binding protein that functions to support 5.8S rRNA
processing, pre-mRNA processing, and the degradation of pervasive transcripts (Schilders ef al.,
2005; Milligan et al., 2008). Deletion of MPP6 has been reported to be synthetic lethal with the
deletion of RRP6 or RRP47, and generally has phenotypes similar to mutants that alter TRAMP
activity (Falk et al., 2017a). In line with this, a large number of the transcripts stabilized upon
deletion of MPP6 are also stabilized in a dis3-/ mutant strain (Milligan et al., 2008). Recent
work also supports a role for Mpp6p in facilitating interactions between Mtrdp and Rrp40p of the
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core exosome (Falk et al., 2017a), which is enhanced in the presence of Rrp47p (Stuparevic et
al., 2013). Overall, it is apparent that these additional exosome co-factors facilitate exosome

recognition of RNA substrates for their efficient processing or decay.

1.8 RNA Polymerase II (RNAPII) transcription of noncoding RNAs

1.8.1 snoRNA transcription and processing

A major class of functional RNAPII transcribed ncRNAs are snoRNAs. snoRNAs are
short, non-polyadenylated ncRNAs that function in the nucleolus (Kiss, 2002). snoRNAs can be
divided into two classes, Box C/D and H/ACA snoRNAs, based on conserved sequences. Most
snoRNAs also contain sequences complementary to the rRNA and snRNA targets they engage to
direct 2-O" methylation (Box C/D) and pseudouridylation (Box H/ACA) (Kiss, 2002). A few
snoRNAs also function in the processing of rRNAs (Watkins and Bohnsack, 2012). To perform
these functions, snoRNAs associate with various protein factors to form snoRNP complexes
(Tran et al., 2003). The protein components of the snoRNP provide enzymatic activity, while
snoRNAs provide target specificity. In addition to rRNA processing, snoRNAs have also been
linked to mRNA splicing, chromatin maintenance, and RNA editing (Wu et al, 2016). In
mammals, snoRNA genes are located in polycistronic transcription units; however, in S.
cerevisiae most snoRNA genes are individual transcription units (Piekna-Przybylska et al.,
2007), which are transcribed as longer RNAs that require trimming of both the 5" and 3’ end to
produce a mature snoRNA (Allmang et al., 1999a; van Hoof et al., 2000a). Specifically in the
case of snoRNA 3’ end processing, the NNS, TRAMP, and exosome complexes are involved
(Kufel and Grzechnik, 2019). Briefly, upon transcription of Nrd1p and Nab3p binding sites in a
snoRNA, binding of NNS components slows down RNAPII leading to Senlp dependent
termination of transcription (Porrua et al., 2016). After termination by the NNS complex, pre-
snoRNAs are transiently polyadenylated by the TRAMP complex, which leads to the subsequent
recruitment of the exosome and/or Rrp6p for 3'> 5’ trimming of snoRNAs (Tudek et al., 2014)
(Figure 1-11). Consequently, in the absence of exosome or Rrp6p function, 3" extended snoRNA

pre-cursors accumulate (van Hoof et al., 2000a).
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Mature snoRNP

Figure 1-11. Exosome mediated snoRNA processing. snoRNAs are transcribed as long pre-
snoRNAs, which undergo processing by the NNS, TRAMP, and exosome complexes. Binding of
Nrdlp (yellow) and Nab3p (blue) to 3’ end of pre-snoRNAs recruits Senlp (light blue), which
terminates snoRNA transcription. Following termination, pre-snoRNAs are recognized by
Airlp/Air2p, transiently polyadenylated by Trf4p/Trf5p, delivered to the exosome with the help
of Mtr4p for 3’ processing by the nuclear exosome.
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1.8.2 Pervasive transcription by RNA Polymerase II

Pervasive transcription refers to the production of RNAPII transcripts that do not encode
a protein and have no established cellular function (Wyers et al., 2005). Pervasive transcripts are
defined by the term “pervasive” given the widespread origins of the transcripts from most areas
of the genome. In some ways, this can be thought of as transcriptional noise; however, in some
instances specific cellular functions may have also evolved for individual pervasive transcripts
(Martens et al., 2004; Camblong et al., 2007; Houseley et al., 2008). One of the first classes of
unconventional RNAPII transcripts discovered in yeast was upon mutation of the chromatin
remodeler Spt6p, which plays a key role in the correct nucleosome positioning to prevent
aberrant transcription from cryptic promoters (Kaplan et al., 2003). Subsequently, transcriptome
analysis of an rrp64 strain revealed normally hidden transcripts termed cryptic unstable
transcripts (CUTs), which were discovered to be constantly produced but rapidly degraded by the
nuclear exosome (Davis and Ares, 2006; Houalla et al., 2006). A recent study by Vera and
Dowell have further defined CUTs using RNA-seq data acquired from a rrp6A4 strain, providing a
more accurate annotation of CUTs in yeast (Vera and Dowell, 2016). Other studies have also
defined additional classes of pervasive transcripts termed stable unannotated transcripts (SUTSs)
(Xu et al., 2009) and Xrnlp sensitive unstable transcripts (XUTs) (Van Dijk et al., 2011). SUTs
are a group of transcripts that are present in wild type cells at a detectable level, but do not
overlap with annotated genomic features or have defined functions (Xu et al., 2009). XUTs are
longer polyadenylated transcripts that are exported to the cytoplasm and are decayed by the
cytoplasmic 5'-3" exoribonuclease 1, Xrnlp, and are therefore stabilized in Xrnlp mutants (Van
Dijk et al., 2011).

Mechanisms for termination and decay of these various groups of pervasive transcripts
are distinct; however, they often share the same transcription initiation site. For example, many of
these transcripts originate from nucleosome depleted regions (NDRs) at either the 5’ or 3’ end of
a gene as revealed by native elongating transcript sequencing (NET-seq) analysis (Churchman
and Weissman, 2011, 2012). Similarly, CUTs and SUTs are often produced by divergent
transcription at the promoter region of a gene, suggesting gene promoters are intrinsically
bidirectional (Xu et al., 2009). Given that pervasive transcripts are generated from promoter

regions, the production of some pervasive transcripts appears to be regulated by the binding of
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transcription factors in response to environmental stimuli (Lardenois ef al., 2011; van Werven et
al., 2012). For example, increased expression of ‘“meiotic-specific noncoding transcripts”
(MUTs) occurs in response to nutrient deprivation and during the entry of diploid cells into
meiosis (Lardenois et al., 2011). Given the level of pervasive transcription, and association of
these transcripts with much of the same machinery as mRNAs and ncRNAs, the inappropriate
stabilization of pervasive transcripts could be a situation where the balance between RNA and

RBPs is disturbed and nuclear RNA homeostasis is impacted.

1.8.3 The function and regulation of pervasive transcription

To date, only a few pervasive transcripts have been shown to have a cellular function. In
some instances, pervasive transcription is found to induce or decrease expression of a nearby
genes. For example, expression of the SRGI ncRNA, which is upstream of SER3, can repress the
transcription of the SER3 gene in high serine conditions (Thebault ef al., 2011). Another example
is found associated with the meiotic transcript IME4, in this case antisense transcripts overlap
with the IME4 promoter and inhibit transcription in haploid cells (Hongay et al., 2006; van
Werven et al., 2012). Pervasive transcripts can also exert their function through chromatin
modification, for example, an unstable PHOS84 antisense ncRNA stimulates histone deacetylation
at the PHOS84 promoter and represses PHOS84 expression (Camblong ef al., 2007, 2009). A more
recent effort to assign functions to pervasive transcripts was undertaken by deleting these
transcriptional units from the genome followed by screening for growth phenotypes (Parker et
al., 2017, 2018). This study identified four essential SUTs, which were attributed to functions in
mediating neighbouring gene expression (Parker et al., 2018). As such, it is likely that most of
these transcripts are non-functional and need to be cleared by RNA decay pathways to prevent
their accumulation, which may be toxic to the cell.

Cellular levels of pervasive transcripts are generally kept in check by two different
pathways. The first pathway is directed at controlling leaky transcription from NDRs by
remodeling chromatin structure. For example, the Rpd3S histone deacetylase complex (HDAC)
is known to act on histone H4 to prevent spurious transcription at intragenic regions (Carrozza et

al., 2005). Spurious transcription from NDRs is also prevented by the ATP-dependent chromatin
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remodeler, [sw2p, by regulating nucleosome positioning within NDRs (Whitehouse et al., 2007).
The second mode of control acts at the level of nuclear RNA decay, which can be co-
transcriptional within the nucleus, or occur post-transcriptionally within the nucleus or cytoplasm
(Jensen et al., 2013). For example, the NNS complex can terminate CUT transcription and
promote decay by recruiting the TRAMP and exosome complexes to the CUT (Figure 1-12A)
(Jensen et al., 2013), as described above for snoRNAs. The interaction of RNAPII with the NNS
complex for termination, as compared to the CPF complex, is one of the major determinants used
to differentiate canonical mRNAs from CUTs and to target CUTs for decay. Use of the NNS vs.
CPF complex for termination depends in part on the position of the terminator signal with respect
to the transcription start site (Jacquier, 2009). Given this dependence, recent work has also
defined a class of pervasive transcripts that are stabilized in mutants that disrupt NNS complex
function, which are termed NNS unstable transcripts (NUTs) (Schulz et al., 2013). However,
there are other classes of pervasive transcripts that are terminated by CPF-CFI/II and require
post-transcriptional decay (Figure 1.12B). For example, after transcription termination, XUTs are
exported to the cytoplasm and decayed by Xrnlp, while SUTs undergo cleavage and
polyadenylation, but are not bound by Mex67p, and are thus decayed in the nucleus (Tuck and
Tollervey, 2013). The similarity between SUTs and mRNAs, including their interaction with a
shared set of RBPs, may lead to competition between SUTs and mRNAs for RNA processing
factors, which may be a limited set of resources. A paradigm of potential gene expression

regulation that has not been deeply explored.

1.9rRNA biogenesis

1.9.1 rRNA transcription by RNA Polymerase I (RNAPI)

Biogenesis of both the small and large ribosomal subunits begins with the production of
the 18S, 5.8S, and 25S rRNAs from a single 35S transcript from a tandem repeat of ~150 rRNA
gene copies in yeast (Thiry and Lafontaine, 2005). rRNA transcription and ribosome biogenesis
occurs within the nucleolus, a non-membrane bound organelle organized around rDNA

(Hernandez-Verdun, 2006; Staub et al., 2006; Klinge and Woolford, 2019). RNAPI is
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Figure 1-12. Pervasive transcription of CUTs, NUTs, SUTs, and XUTs. (A) Recruitment of
the NNS complex occurs through the CTD of RNAPII and recognition of binding sites on the
RNA by Nrd1p and Nab3p, which promote recruitment of the RNA helicase Senlp. The ATPase
activity of Senlp facilitates the release of RNAPII leading to the termination of CUT or NUT
transcription. The TRAMP (Trf4p/Trf5p, Airlp/Air2p, Mtrdp) complex polyadenylates NUTs for
their degradation, while CUTs are not often polyadenylated and are shorter than NUTs. (B)
Pervasive transcripts such as SUTs and XUTs are terminated by the CPF pathway, leading to
polyadenylation of the transcript by Paplp. Both SUTs and XUTs are often longer than CUTs
and NUTs, with XUTs generally being exported and degraded in the cytoplasm by Xrnlp.
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responsible for the synthesis of rRNA, which requires very high transcription rates to meet the
cellular demand for functional ribosomal subunits to sustain protein synthesis (Schneider, 2012).
RNAPI binds with rRNA genes through interactions with transcription factors, Rr6p, Rrn7p,
Rrnl1p, that form a pre-initiation complex on DNA (Woolford and Baserga, 2013). RNAPI
transcription also requires other factors, including Rrn3p and the heterodimeric core transcription
factors (Moorefield et al., 2000; Blattner et al., 2011). Individual rRNA precursors generated by
RNAPI transcription must undergo co-transcriptional and post-transcriptional processing to
produce mature 18S, 5.8S, and 25S rRNAs (Henras et al., 2015; Klinge and Woolford, 2019).
Processing involves the removal of the external transcribed spacers (5-ETS and 3'-ETS)
sequences, as well as internal transcribed spacers (/751 and I7S2), to generate the individual
rRNAs. Cleavage of the 35S rRNA requires two 5'-3" exonucleases (Ratlp and Xrnlp), the 3'-5'
exonuclease activity of the exosome complex, and two endonucleases (RNase MRP and Rtnlp)
(Elela et al., 1996; Fatica and Tollervey, 2002; Lindahl et al., 2009). As part of this processing,
pre-TRNA transcripts are bound by ribosomal proteins (RPs), ribosomal biogenesis factors, and

snoRNAs to direct maturation and the folding of the rRNA into functional ribosomal subunits.

1.9.2 Maturation of the 18S rRNA

Maturation of the 18S rRNA involves liberation of the 18S transcript from the larger pre-
rRNA by cleavages that remove the 5-ETS and 3'-ITS1 sequences through endonucleolytic
cleavage and trimming (Figure 1-13). This is accomplished co-transcriptionally by
endonucleolytic cleavage at positions A0, Al, and A2 to generate a 20S precursor from the
nascent TRNA transcript (Ko§ and Tollervey, 2010). In addition, rRNAs can be processed through
an alternative pathway post-transcriptionally, which first involves cleavage at BO in the 3’-ETS
pre-tfRNA to generate the 35S pre-rRNA (Kufel and Grzechnik, 2019). This is followed by
cleavage at the A3 site to generate 23S and 27S pre-rRNAs, then cleavages within the 23S
transcript (sites A0, Al, and A2) to generate the 20S rRNA (Kos and Tollervey, 2010). The 20S
pre-TRNA produced through either co-transcriptional or post-transcriptional processing associates
with pre-ribosomal proteins. The formed pre-ribosomal subunit is then exported to the cytoplasm

where final cleavage occurs at the D site to produce the mature 18S rRNA, which is part of the
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Figure 1-13. 18S rRINA processing. In fast-growing cells, co-transcriptional cleavage at A0, Al,
and A2 sites generates the 20S pre-rRNA (left). In slow growing cells, rRNA processing occurs
post transcriptionally after the synthesis of the 35S pre-rRNA, which undergoes cleavage at the
A3 site to generate a 23S pre-rRNA. This is followed by cleavage of 23S pre-rRNA at A0, Al,
and A2 sites to generate a 20S pre-RNA (right). In both instances, the 20S pre-rRNA is exported
to the cytoplasm and is cleaved at the D site to generate mature 18S rRNAs.
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40S subunit. If errors occur during processing, the inappropriately processed or assembled
ribosomes are targeted by quality control systems (Cole et al., 2009). This involves exosome
mediated degradation, as loss of exosome function is known to result in the accumulation of 23S,

218, and A2-C2 rRNAs, which are normally undetectable (Allmang et al., 2000).

1.9.3 Maturation of 5.8S and 25S rRNAs

As with the 18S rRNA, the 25S and 5.8S rRNAs are produced by a set of nucleolytic
cleavages from the 35S pre-rRNA (Figure 1-14) (Reeder ef al., 1999). Initial cleavage at the A2
and BO sites produce a 27S-A2 pre-25S rRNA, which undergoes further cleavage at either the A3
or B1L site to produce 27S-A3 or 27S-B1L (Veldman et al., 1980). The exonuclease Ratlp then
acts to convert the 27S-A3 to 27S-B1S (Henry et al., 1994). Both 27S-B1S and 27S-B1L undergo
cleavage at the C2 site to produce 7S\L pre-5.8 rRNA and release the 26S pre-25S rRNA. These
transcripts are then converted to 6S\L and 25S rRNAs by the activity of the exosome and Ratlp
(Klinge and Woolford, 2019). Defects in the 3’ end processing of the 5.8 S rRNA was the original
basis for characterizing the exosome as a 3'-5" exonuclease (Mitchell et al., 1996). In vitro and in
vivo analyses demonstrate that 5.8 S rRNA processing also requires Mtrdp of the TRAMP
complex (de la Cruz et al., 1998).

1.10 Polyadenylation of noncoding RNAs

rRNAs synthesized by RNAPI are not polyadenylated, but previous work has shown that in
wild-type cells a small portion of rRNAs have a poly(A) tail, which is significantly increased
upon deletion of the exosome subunit Rrp6p (Kuai et al., 2004). It is now appreciated that
polyadenylation of rRNAs by Trf4p/Tr5p of the TRAMP complex mediates processing and
degradation of rRNA pre-cursors and their by-products (e.g. 5-ETS) generated by rRNA
processing (Wery et al., 2009; Weir ef al., 2010). In addition to RNAPI transcripts, exosome
mutants also stabilize other polyadenylated ncRNA species, including RNAPIII tRNA and 5S
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Figure 1-14. 25S rRNA processing. Co-transcriptional cleavage at the A2 site generates a
27SA2 pre-rRNA, which undergoes cleavage at A3 to generate a 27S-A3. 27S-A3 is trimmed by
the exonuclease, Ratlp, to produce 27SB1S. On the other hand, direct cleavage at B1L generates
27SBIL. 27SBI1S/L undergoes cleavage at the C2 site to generate 7S/L and 26S pre-rRNA. 7S/L
undergoes trimming by the exosome to produce 6S, whereas 26S undergoes trimming by Ratlp
to produce mature 25S rRNA. The 6S pre-rRNA is exported to the cytoplasm for further

processing to produce mature a 5.8S rRNA.
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rRNA transcripts and RNAPII snoRNA transcripts (Bertrand et al., 1998; Ciganda and Williams,
2011). Although normally present at very low levels due to their transient nature, interruption of
normal ncRNA processing steps required for removal of the poly(A) tail, or degradation of the
poly(A)-tagged RNA can lead to the accumulation of large amounts of polyadenylated ncRNA in
cells (Houseley and Tollervey, 2006; Wery et al., 2009).

1.11 RNA processing and nuclear homeostasis

RNA processing in the nucleus is carried out through the dynamic interaction of RNAs
with RBPs. As described above for all classes of RNAs, this involves a series of discrete events,
with one event leading to the next through the RBPs activities and the associated cellular
machinery that often engage each other. Various classes of RNAs also undergo polyadenylation
either through the activity of canonical or non-canonical poly(A) polymerases. Generally, those
poly(A) tails on rRNAs and snoRNAs are transient in nature and are removed as a part of their
maturation process. In contrast, poly(A) tails on mRNAs are stable and core to the engagement of
the mRNA by the gene expression apparatus. Bound to poly(A) tails are PABPs, that bind in a
sequence specific manner (Brockmann et al, 2012). Consequently, PABPs could
indiscriminately bind both the poly(A) tails of mRNAs and ncRNAs, if present. These facts
suggest that maintaining the proper distribution of poly(A) tails between mRNAs and ncRNAs,
and the overall levels of nuclear poly(A)-RNA, would be central to PABP function. These
concepts are supported by a recent study that showed that the nuclear accumulation of poly(A)-
RNA in an mRNA export mutant led to Nab2p sequestration and rapid degradation of nascent
transcripts, which could be reversed by overexpression of Nab2p (Tudek et al., 2018b). Building
off this observation, it is possible that any perturbation to RNA biogenesis or decay that results in
altered patterns or amounts of poly(A)-RNA could have a similar impact on PABP availability.
Moreover, in the absence of efficient clearance of accumulating poly(A)-RNAs, the titration of
PABPs away from ongoing RNA processing events would be expected to cause further errors in
processing and the generation of more substrates for decay by the RNA the surveillance
machinery. This may reach a point where the exosome and other surveillance machineries are

saturated with substrates, causing RNA surveillance and decay processes to fail. The positive
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feedback loop established in this way would ultimately cause common terminal phenotypes via
loss of nuclear RNA homeostasis, but in this model it is important to note that the initiating event

could be different (e.g. export block or a change in ncRNA biogenesis).

1.12 Thesis Summary

In the work presented here, a screen using the budding yeast S. cerevisiae identified a set
of genes, that when disrupted, caused poly(A)-RNA and mRNAs to accumulate in discrete
locations within the nucleus (see Chapter III). The genes identified by this screen are known to
function in diverse biological processes, including chromosome segregation, nucleocytoplasmic
transport, RNA surveillance/decay, splicing, and ribosome biogenesis. It is not expected that all
of these factors directly function in mRNA export; rather loss of some of these essential factors is
likely to cause initial cellular defects that subsequently lead to poly(A)-RNA accumulation. For
example, a number of factors involved in chromosome segregation were identified in the screen,
which through loss of a chromosome carrying an essential mRNA export factor, could cause the
observed phenotype. More interestingly, a group of genes that are involved in RNA
surveillance/decay and ribosome biogenesis accumulated RNA and RBPs in the nucleolus when
mutated. In chapter IV, for the ribosome biogenesis mutant enpl-1, the mechanism leading to the
observed mRNA export block is shown to be mediated through a defect in the processing of
nuclear polyadenylated rRNAs, which ultimately leads to a generalized failure in nuclear RNA
homeostasis. A defect that is driven by sequestration of the nuclear poly(A) binding protein
Nab2p by polyadenylated ncRNAs. Together this work identified poly(A)-RNA accumulation
phenotypes that result from the disruption of essential genes in yeast, and the toxic effect of
nuclear poly(A)-RNA accumulation on the cell. This included the identification of 15 genes with
a novel poly(A)-RNA accumulation phenotype and a model of nuclear RNA homeostasis that
involves maintaining a balance of RBPs, poly(A)-RNA, and RNA decay for a functional gene

expression program.
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Chapter I1: Experimental Methods
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2.1 Yeast strains, media, and plasmids

Yeast strains and plasmids used in this work are listed in Tables 2-1 and 2-2. Yeast
mutant collections used in this work have been described previously (Ben-Aroya et al., 2008;
Breslow et al., 2008; Li ef al., 2011). All yeast strains were grown in YPD (1% yeast extract, 2%
bactopeptone, 2% glucose) at 25°C overnight unless otherwise stated. Strains containing
autonomously replicating plasmids were grown in synthetic dropout medium (0.58 g Drop Out
powder, 6.7 g Yeast Nitrogen Base without amino acids with ammonium sulfate, 20 g Agar, 100
ml 20% Dextrose, 100 ml 10X Amino Acid Drop out solution, and water to 1000 ml,) lacking the
appropriate amino acid with 2% glucose.

Endogenous gene tagging with green florescent protein (GFP) was done for NOPS56,
NAB2, PRP19, and HRPI by amplifying each gene with the GFP::HIS3MX6 cassette plus ~300
bps of flanking sequence directly from the yeast GFP collection (Huh ef al., 2003). The resulting
PCR product was transformed into yeast to integrate the GFP tag into the yeast genome (Gietz et
al., 1992). Deletion strains were made by homologous recombination with a selectable marker
(HIS3) made by PCR (Longtine ef al., 1998). NDC1-GFP and GAL1-GFP-LDBI19 strains were
generated by transforming a PCR product with homology to the gene locus made from pKT148
(Sheff and Thorn, 2004) and pFA6a-His3MX6-PGALI1-GFP (Longtine et al, 1998),
respectively.

The NOP56-GFP plasmid (pBM461) was made by cloning NOP56-GFP with ~400 bp of
promoter sequence from the yeast GFP collection (Huh ef al., 2003) into pRS313 (Sikorski and
Hieter, 1989) using Xhol and Notl sites introduced by PCR. Tagging of the ACTI locus with a
lacO array was performed in a wild-type strain as previously described using pSR13 and pAFS78
(Straight et al., 1996; Rohner et al., 2008), into which mutant alleles of select genes (i.e. LDB19,
SLI15, and SPC24) were introduced by transformation with a PCR product. Rescue plasmids
were either taken from the Yeast ORF Collection (i.e. CEP3, ENPI, MPSI, and PRP2) (Gelperin
et al., 2005), generated by cloning the gene (i.e. ALRI, CLPI, and RRP43) + 500 bps of flanking
sequence into pRS41N using Sacl and HindlIl sites introduced by PCR or obtained from the
laboratory of Vivien Measday (University of British Columbia) (i.e. CBF2 and IPLI) or Doug
Koshland (UC Berkeley) (i.e. SMCI, SMC3, and SMC4). Overexpression plasmids for Pablp-
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GFP, Nab2p-GFP, and Yralp-GFP were constructed by introducing the gene tagged at the C-

terminus with GFP into a 2-pu plasmid (pBMO005).

Table 2-1: Yeast Strains

Strain Genotype Reference

BMY 362 | MATa his3A1 leu2A metl5A ura3A This study
slil15-3::KANMX NOP56-GFP::HIS3MX6

BMY 662 | MATa, his341 leu2A met1 54 ura3A This study
ural 0D.::KANMX NOP56-GFP::HIS3IMX6

BMY 664 | MATa his341 leu2A metl5A ura3A This study
dis3-1::KANMX NOP56-GFP::HIS3MX6

BMY 667 | MATa his341 leu2A metl5A ura3A This study
smc4-1::KANMX NOP56-GFP::HIS3MX6

BMY 747 | MATa his3A1 leu2A metl 54 ura3A This study
smc3-42::KANMX NOP56-GFP::HIS3MX6

BMY 640 | MATa his341 leu2A metl5A ura3A This study
mex67-5::KANMX ccwi2A4::HIS3IMX6

BMY 710 | MATa, his341 leu2A metlS5A ura34 This study

ural 0D::KANMX NDCI1-GFP::HIS3IMX6

BMY 703 | MATa his3A41 leu2A metl5A ura3A This study
dbp5-1::KANMX NDCI-GFP::HIS3MX6

BMY 702 | MATa his341 leu2A metl5A ura3A This study
mex67-5::KANMX NDCI1-GFP::HIS3MX6

BMY 704 | MATa his3A41 leu2A metl5A ura3A This study
prp2-1::KANMX NDCI-GFP::HIS3MX6

BMY 693 | MATa his3A1 leu2A metl5A ura3A This study
ural O0D::KANMX ACT1::256xLacO GFP-Lacl::HIS3MX6

BMY 658 | MATa his3A41 leu2A metl5A ura3A This study
rsp5-3::KANMX ACT1::256xLacO GFP-Lacl::HIS3MX6

BMY 696 | MATa his3A1 leu2A metl5A ura3A This study

ldb19 A::KANMX ACTI::256xLacO GFP-Lacl::HIS3MX6

BMY 695 | MATa his341 leu2A metl5A ura3A This study
spc24-10::KANMX ACT1::256xLacO GFP-Lacl::HIS3MX6

BMY 694 | MATa his341 leu2A metl5A ura3A This study
slil5-1::KANMX ACT1::256xLacO GFP-Lacl::HIS3MX6

BMY 745 | MATa his341 leu2A met1 54 ura3A This study
nupl33D::KANMX ACT1I::256xLacO GFP-Lacl::HIS3MX6

BMY 706 | MATa, his341 leu2A metlSA ura34 This study
ural 0D.::KANMX NAB2-GFP::HIS3IMX6

BMY 711 | MATa his341 leu2A met1 54 ura3A This study
dbp5-1::KANMX NAB2-GFP::HIS3MX6

BMY 713 | MATa his3A41 leu2A metl 54 ura3A This study

dis3-1::KANMX NAB2-GFP::HIS3MX6
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BMY 712 | MATa his341 leu2A metl 54 ura34 This study
rsp5-3::KANMX NAB2-GFP::HIS3MX6

BMY 709 | MATa, his341 leu2A metl5SA ura34 This study
ural04::KANMX PRP19-GFP::HIS3MX6

BMY 723 | MATa his341 leu2A metl 54 ura3A This study
dbp5-1::KANMX PRP19-GFP::HIS3MX6

BMY 724 | MATa his3A1 leu2A metl5A ura3A This study
dis3-1::KANMX PRP19-GFP::HIS3MX6

BMY 748 | MATa his341 leu2A40 met1540 ura3A This study
rsp5-3::KANMX PRP19-GFP::HIS3MX6

BMY 707 | MATa, his341 leu2A metlSA ura34 This study
ural 0D::KANMX HRP1-GFP::HIS3MX6

BMY 719 | MATa his341 leu2A metl 54 ura3A This study
dbp5-1::KANMX HRPI-GFP::HIS3MX6

BMY 722 | MATa his3A41 leu2A metl 54 ura3A This study
dis3-1::KANMX HRPI1-GFP::HIS3IMX6

BMY 720 | MATa his341 leu2A metl5A ura3A This study
rsp5-3::KANMX HRPI1-GFP::HIS3MX6

BMY 718 | MATa, his341 leu2A metlSA ura3A This study
rrp6D:: KANMX NAB2-GFP::HIS3MX6

BMY 725 | MATa, his3A41 leu2A met154 ura3A This study
rrp6 A::KANMX PRP19-GFP::HIS3MX6

BMY 721 | MATa, his341 leu2A metl5A ura34 This study
rrp6 A::KANMX HRP1-GFP::HIS3MX6

BMY 734 | MATa his341 leu2A metl5A ura34 This study
enpl-1::KANMX NAB2-GFP::HIS3MX6

BMY 736 | MATa his3A1 leu2A metl5A ura3A This study
enpl-1::KANMX PRP19-GFP::HIS3MX6

BMY 735 | MATa his341 leu2A metl 54 ura3A This study
enpl-1::KANMX HRPI1-GFP::HIS3IMX6

BMY 093 | MATa ura3-1 leu2-3 his3-11,15 trpl-1 This study
ade2-1rrp6 A::URA3

BMY 744 | MATa his341 leu2A metl5A ura3A This study
pGAL-GFP-LDBI19::HIS3MX6

BMY 743 | MATa his3A41 leu2A metl 54 ura3A This study
pGAL-GFP-LDB19::HIS3MXG6 xpol-1::KANMX

BMY 562 | MATa his3A41 leu2A metl5A ura3A This study
ural0A::URA3 RRP41-PrA::HIS3MX6

BMY 563 | MATa his3A1 leu2A metl5A ura3A This study
csl4-ph::URA3 RRP41-PrA::HIS3IMX6

BMY 859 | MATa his3A41 leu2A metl5A ura3A This study
srml-ts:: KANMX RRP41-PrA::HIS3MX6

BMY 861 | MATa his341 leu2A metl5A ura3A This study
mtr4-1::KANMX RRP41-PrA::HIS3MX6

BMY 862 | MATa his3A41 leu2A metl5A ura3A This study

dis3-1::KANMX RRP41-PrA::HIS3MX6
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BMY 863 | MATa his3A1 leu2A metl5A ura3A This study
mex67-5::KANMX RRP41-PrA::HIS3IMX6

BMY 880 | MATa his3A1 leu2A metl5A ura3A This study
enpl-1::KANMX RRP41-PrA::HIS3MX6

BMY 1470 | MATa his3A1 leu2A metl 54 ura3A This study
csl4-ph::URA3 TRFS5 A::hygro

BMY1471 | MATa his341 leu2A met15A ura3A This study
uralO0D::URA3 TRF5 A::hygro

BMY1468 | MATa his3A1 leu2A metl5A ura3A This study
enpl-1::URA3 TRF5A::hygro

BMY 539 | MATa his3A41 leu2A metl5A ura3A This study
ural0 A::URA3

BMY 537 | MATa his3A41 leu2A metl 54 ura34 This study
csl4-ph::URA3

BMY 547 | MATa his341 leu2A metl 54 ura3A This study
csl4-ph::URA3 NAB2-PrA::HIS3MX6

BMY 789 | MATa his3A1 leu2A metl5A ura3A This study
enpl-1::KAMMX NAB2-PrA::HIS3MX6

BMY 1056 | MATa his3A41 leu2A metl5A ura3A This study
srml::URA3 RRP41-GFP::HIS3MX6

BMY 544 | MATa his3A1 leu2A metl 54 ura3A This study
CSL4::URA3 RRP41-PrA::HIS3MX6

Table 2-2: List of Plasmids

Name Description Reference
pBM461 pRS313-NOP56-GFP (HIS / CEN plasmid) This study
pBM589 pFA6a-His3MX6-PGAL1-GFP (Rohner et al., 2008)
pBMS590 pSR13-LacO-LEU2 (Rohner et al., 2008)
pBM137 pRS313-TRF4-GFP (HIS / CEN plasmid) This study
pBMS50 pRS313-NRD1-GFP (HIS / CEN plasmid) This study
pBM699 pRS423-NAB2-GFP (HIS / 2u plasmid) This study
pBM766 pRS423-PAB1-GFP (HIS / 2 plasmid) This study

2.2 Yeast transformation

Yeast cultures were grown overnight in YPD and diluted to an ODsoo of 0.2 in fresh YPD,

and then allowed to grow for another 4-6 hours or until the ODgoo was 1.0. For each
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transformation, 2 ml of culture was pelleted by centrifugation at 3300 relative centrifugal force
(RCF), washed with sterile water, pelleted again, and then the following components were added
in order: 240 ul of 50% PEG, 36 ul of 1.0 M lithium acetate, 10 pl of salmon sperm DNA
(ssDNA) (10 mg/ml) and 64 pl of transformation DNA in water. Cells were mixed by vortexing
for 2 minutes, incubated at 30°C for 30 minutes, and heat shocked for 15 minutes at 42°C. After
cells were left to recover for two minutes at room temperature, cells were collected by
centrifugation at 400 RCF for 3 minutes, re-suspended in 250 ul of sterile water, and spread onto
selective medium to allow growth of transformed cells. Genotypes of select transformants were

confirmed by PCR and sequencing when appropriate.

2.3 Yeast Growth Assay

Yeast cultures grown in selective medium at 25°C were diluted to a final ODgoo of 0.1 in
selective medium and 750 pl of each were added to individual wells of a 48-well plate. Plates
were incubated in a Neo2 plate reader (BioTek) at 32°C with shaking for 1 minute prior to
reading absorbance at ODgoo every 10 minutes. Growth rates were calculated using the maximum
slope of the resulting growth curves from 20 consecutive data points for three replicates of each

strain.

2.4 RNA Polymerase I shut off assay

In order to stop rRNA synthesis, RNAPI activity was inhibited using the drug rapamycin.
Both control and mutant strains were grown overnight at room temperature in YPD. Culture were
diluted in the morning and were grown until an ODgoo of 0.8. 2 ml of culture of each strain was
transferred to fresh YPD. Rapamycin was added to one set of cultures to a final concentration of
100 ng/ml just before temperature shift and another set of cultures were treated with only
dimethyl sulfoxide (DMSO) as a control. After 90 minutes of incubation at 37° C, cells were
fixed in 5% formaldehyde (final concentration) and fluorescence in situ hybridization (FISH) was

performed to check poly(A) localization.
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2.5 Poly(A)-RNA FISH

Poly(A)-RNA was detected by FISH using a fluorescein isothiocyanate (FITC) labeled
oligo-dT probe as previously described (Cole et al., 2002). Briefly, yeast strains were grown in
YPD at room temperature until ODgoo = 0.8, transferred to 37°C for 90 minutes if necessary, and
fixed by adding 37% formaldehyde (Sigma-Aldrich) directly to the culture to a 5% final
concentration. Cells were fixed at the growth temperature (e.g. room temperature or 37°C) for 15
minutes, centrifuged at 3300 RCF for 1 minute and cell pellet was washed two times with cold
buffer A (0.1 M potassium phosphate pH 6.5 and 0.5 mM MgCl,). To remove the yeast cell wall,
cells were then re-suspended with 250 pl of buffer B (0.1 M potassium phosphate pH 6.5, 0.5
mM MgCl,, and 1.2 M Sorbitol) with beta-mercaptoethanol (Fisher) added to 0.4% final
concentration and Zymolase at 0.25 mg/mL followed by incubation at 37°C for 35 minutes. In
the meantime, eight well glass slides were coated by treating each well with 25 ul of 0.01% poly-
L-lysine for 10 minutes and followed by drying the slide at room temperature. After
spheroplasting, the cell pellet was collected by centrifugation at 400 RCF for 3 minutes and re-
suspended in 200 pl of buffer B. Cells were then placed on poly-L-lysine coated glass slides and
incubated at room temperature for 10 minutes. Un-adhered cells were removed by washing two
times with buffer A, followed by permeabilization in ice-cold methanol for 6 minutes and ice-
cold acetone for 30 seconds, after which slides were allowed to air dry. Prior to hybridization, the
hybridization solution (3.8 ml diethylpyrocarbonate (DEPC) water, 5 ml 20X saline-sodium
citrate (SSC), 1 ml 100X Denhardt’s solution (1% ficoll, 1% polyvinylpyrrolidone, 1% bovine
serum albumin), 200 ul 1% Tween 20) without probe was added to each well and incubated at
37°C for 2 hours and then replaced with hybridization solution containing 50 nucleotide long
fluorescently labeled oligo dT probes and incubated at 37°C for at least 12 hours. The following
day, cells were washed sequentially with 2X SSC, 1X SSC, 0.5X SSC for 30 minutes, and 2X
phosphate buffered saline (PBS) for 10 minutes at room temperature, and after the final wash,
slides were dipped into 100% ethanol for 10 seconds, air-dried, and mounting media (Vectorlabs)
with 4> 6 diamidino-2-phenylidole (DAPI) was applied to each sample and a coverslip was
affixed. Imaging was performed on a DeltaVision Elite microscope system equipped with a Front
[lluminated sCMOS camera driven by Softworx 6 (GE Healthcare) using an Olympus 60X 1.42

N.A. oil objective. Image analysis and generation of cropped images for display were performed
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in ImagelJ using FIJI (Schindelin et al., 2012). Identical imaging and display settings are used for

all images presented in a figure panel.

2.6 Screen for mRNA export mutants by dT FISH

For the screening of the yeast 7s mutant collection alleles, yeast strains were obtained
directly from each mutant collection (Ben-Aroya et al., 2008; Breslow et al., 2008; Li et al.,
2011), grown in YPD into log phase, and then shifted directly to 37°C for 3 hours. Imaging was
performed on an Olympus IX81 microscope with 100X oil immersion objective (N.A.=1.4)
controlled by Metamorph software (Molecular Devices Corp., Sunnyvale, CA) using identical
exposure settings. During each day of screening, control, mex67-5 and dbp5-1 strains were
included as controls to ensure consistency in the FISH procedure. Imaging data (>200 cells) was
used to visually score nuclear accumulation of poly(A)-RNA with mutants showing evidence of
accumulation being validated in triplicate. The specific Ts alleles in each strain found to
accumulate poly(A)-RNA were subsequently verified by PCR to verify the presence of the

mutation.

2.7 Gene specific FISH

Individual mRNA and rRNA transcripts were detected using a mixture of up to 48
fluorescently labeled oligonucleotide probes of 20 nucleotides in length (Biosearch Technologies
Inc., Petaluma, CA) with a modified version of the Poly(A)-RNA FISH procedure (see above).
All probe sequences used are listed in Table 2-3. Briefly, cells were fixed, spheroplasted,
attached to a glass slide, and permeabilized, as in Poly(A)-RNA FISH. Cells were rehydrated
with a hybridization solution (5X SSC, 5X Denhardt’s solution, 0.1% Tween-20, 0.01 mg/mL
ssDNA, 0.02 mg/mL E. coli tRNA, and 10 mM vanadyle ribonucleoside complex (VRC)) for 5
minutes and incubated with fresh hybridization buffer for at least one hour at 37°C. Hybridization
buffer with 1 ng of fluorescein labeled locked nucleic acid (LNA) oligo-dT probe (Exiqon Inc.,
Woburn, MA), 20 ng of a Quasar 570 labeled gene specific probe, and/or 4 ng of Quasar 670
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labeled probe against internal transcribed spacer sequence (/7S) of pre-rRNAs were added and
incubated overnight (~14 hrs) at 37°C in a humidity chamber. The following day, cells were
washed, prepared for imaging, and imaged as described in section 2.5.

Image analysis was performed in ImageJ using FIJI (Schindelin ef al., 2012) with each 3D
single molecule FISH data set being reduced to a single maximum Z projection. mRNA FISH
signals were identified as single points using noise tolerances set for each individual image
and/or smFISH experiment to minimize the detection of false spots and compensate for sample
variability. Masks of DAPI and /7S signals were used to quantify the number of mRNAs within
compartments marked by these signals and to determine the number of cells within the image
being analyzed. Average transcript number per cell was determined from each cell. In the control
and most mutant strains, foci varied in intensity within a small range and were therefore counted
as single transcripts. Bright nuclear foci were apparent in some mutants, but these were not
counted in subsequent data analysis. This approach was taken for three reasons: (1) these foci
were near transcription sites suggesting they are not mature transcripts or have not been released
from the site of transcription, (2) the distribution of smFISH probes across the entire length of the
mRNA does not allow the differentiation of multiple short transcripts from a full-length mRNA,

and (3) these bright foci were generally rare.

Table 2-3: Gene Specific FISH probes

Transcripts

GFAl ACTI IMD?2
tctggatctttccactagat aagcagcaacctcagaatcc tcttgtagtctctaatggeg
catccactaaggtgtcgata ccagaaccgttatcaataac cttggtaggctcttggtaaa
catcgatagcaataccggtg ggcaaaaccggctttacaca aattcctgcactgacaaacc
aagcactcactttaccgatt aagacagcacgaggagcgtc tataagtcaacccacctctg
tgcttagtaatctectettt tggtctaccgacgatagatg gctaacttcagaggacgcaa
agtaacgtctctgttcggat cgaccatgataccttggtgt aatattcctggttagcttgg
tctagtatgcgcaataccac taggagtctttttgacccat cgtgtccattggagaggaaa
agatctttgagggtgacagt ggattgagcttcatcaccaa aaagtggccatttctgactc
cgaccacaaattggtcttct cgtaaagtcaagatacctct aaaccgataccacccaacag
agcaatacactcggtatcgg aataccgtgttcaattgggt tggggtacagttatggtgaa
taagtcatgcccattttgta tttccatatcgtcccagttg cccattttcatagttcttga
taacccgtatgaaccttcta gtagaaggtatgatgccaga caacggtcgtagttggagaa
ggcgataacctcattaggat ttctggggcaactctcaatt gcaaatccatacttttcctt
accaatcagtaaaggggacc cagtcaaaagaacagggtgt catctgtcgtgacagggaag
ccacgaagtcgacttttagt gatttagggttcattggage accaactttgcatttctctt
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gttttcttcgggaaattcca ttgagtcatcttttctctgt agttgtcctcaacgaattgt
aatggaatttccggttgacc cgtagaaggctggaacgttg agggtttttggtcatgacat
cccaagccaaatgatttgtt gacaaaacggcttggatgga taatgtgataccttgtgcge
gggaaccagcttcaaattca agttctaccggaagagtaca ctaccctttttgattttctt
ttggcggcaattggtagtaa ccggaatccaaaacaatacc tacccttttcatcaacaacc
cctggattgagaatgtctca ggaacgacgtgagtaacacc tcagttcgggaaagcataga
ttggagatccatcttctgat ggtagagagaaaccagcgta cgctaatgggtagttctgat
gccgcatccgaagaaacaaa atcgattctcaaaatggcgt taacagttgcttggtgttgg
tgagccaaatcgtcatcttc agtcagtcaaatctctaccg atagtcccaatagaagcacc
catgatctgagctaactcca ccacgttcactcaagatctt tagtctttctttatcagcgt
gtagattctggttgctcata agcagtggtggagaaagagt acccagcttttaccaataat
accacccaatatcactttat tgtcacggacaatttctctt tttccttgggatgaatccaa
ctgacaactggtaaccatgc gacgtaacatagtttttcct ccacttgagcatgttcaatt
catgcgatcatgatcagtct tttcttgttcgaagtccaag agacctgggaaactctcttt
agcacgagtagccaaacatg gaagattgagcagcggtttg acaacgttaccagcgatgac
ccacactaactgggatatct gttcgtaggatttttcaatt caccggcagcaatcaaattg
ggcattttctgtccagaaag agtgatgacttgaccatctg ccataccaattctcaaaccg
acgcatacatcgtctctgaa ctctgaatctttcgttacca ccacaagccataacttcttg
aatttagagccagcatggta ggatggaacaaagcttctgg acacattgtagacggctgta
caattccgacagttaaggct ggcagattccaaacccaaaa ggaacaccgaattggttage
atatgaacaccacagtgggt agttgtaagtagtttggtca gttttgaacaccaccatcag
caacaccaatttcaggacca tcgacatcacacttcatgat gaaccaagagccaaagcttt
tcgatacacggtcatctgac accgtataattccttacgga cataccacccatcataacag
aatacctgcttaatttggcec taccaccggacataacgatg atattcacctggtgattcgg
tttttattcttggttccage gcaatacctgggaacatggt ccttcaatcttttaccatct
cctttaattcagtcgcacag gatttccttttgcattettt tcttttgcatggegtcaatg
ggtaacctctacccaataac tggaagatggagccaaageg gaggtagatgcattaccttt
tcaactcacctgccaaaaca aggagcaatgatcttgacct gcgaccaaaacactgtctga
tagagagtctctggtaccaa agacggagtactttctttct atggatcctttgtcaacgac
ctttcttgcagtaacttgct gaagccaagatagaaccacc ccgatgtcttgacaggaatg
gtttgcaggtcgattgattt tccacatttgttggaaggta ctttacccctttgaacatta
caatccctttattaacagcc tcgtcgtattcttgttttga gcagaagcggttctgaatte
cgacggtaacagatttagcc ggtgaacgatagatggacca aattatgaacgccaccttct
Transcripts

LEUI ccwi2 ITS
aaagagttcttggacccttg gcggcgatagaagcgaca agagtatcactcactaccaa
catgaaccaagtgtctgtcg agaagcgacagcggcgac aggccagcaatttcaagtta
tcgaaagcttgtggagaggt tggtaacgttagcagegg cgcagagaaacctctctttg
caactcttctgacctttctg tcttggctgacagtagea cgtacttgcattatacctca
cgcgaatcagtttgcttgat gatggtgaccaaagtggt ccgeagttggtaaaacctaa
tggcatcactcataccgaaa acagacgtggtcttcaca ttccaatacgctcagtataa
cagtggtacctggtaaagtg gctggggagacagtttca cgctctcttcttatcgataa
accgtgagtagaggtatgag ggtagcggtggaaaccaa ttaagaacattgttcgccta
caaaggccagcgaaccaaag taacgtcatcgacggtga
attgtttgagtggccaagac ccaggtggtgotattgagt
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atgtgataccaggtgatagc

cttcagtggtcaatgggc

acacatggacatacgtgctt

gaagtaccgttctttggg

ttaatcatacctgctcttge

ggtaactggagcageagt

tgcctttggtgtattggaaa

gtggtgttctttggagcet

tcaaagttttccagtaggca

gtgagttggagcageaga

gtcgacagcttcaatgttga

gcaccagtgtaagaggtg

ccccatgtaatagttggaat

tggcaaagecttagecage

ttggtaaggcatcttgagga

gccaacaaagceaccagea

ctttccataccagatttctt

caacaaagcagcggcacc

tccaaacccatataggctaa

caatacggccattggtacaa

gctgcageacttcttaaate

gettgttttttgaccaaacc

ttgaacaaccagcttctctc

ggcatccaaaatatcagggt

ccttgacgaccttcgaaatt

tatctacgaagtgacctgcg

aacctttggactactttggt

tttcatcttcggaagtgace

taagcagcactttcaagctc

tcattggcaatatcttgggg

ctaggtttagcaggtgtatc

caaaaatggcttcatgcegg

tctaatggtgcgctaatacce

tgctttgggataatagegte

aacccgttctcttaattgtc

ctttacggaaacgccattca

ttcttgatccttaccttgat

cctccaaggttcaacattta

tgcgtgttctetggaagaac

caaagtcttttagagcccat

tatcaccgtaagaaggtgca

cccttattagcaatagggat

tggtaaatcgacgcagagct

ttaactaggcagtgctttct

tctctettctcaaagetteg

aattttgatccaccttccaa

aatcctggtggactttatcg

2.8 Imaging mRNA processing factors

Yeast strains carrying integrated GFP reporters were grown in selective media overnight

at room temperature into log phase and then shifted directly to 37°C for 3 hours. Following the
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temperature shift, cells were fixed for 15 minutes by mixing an equal volume of cells in growth
media with a 4% paraformaldehyde solution. Following fixation, cells were processed for
Poly(A)-RNA FISH as described in section 2.5 using 2 ng of a TYE 563 labeled LNA oligo-dT
probe (Exiqon Inc., Woburn, MA) and 4 ng of Quasar 670 labeled /7S probe (Biosearch
Technologies Inc., Petaluma, CA) by FISH (Cole et al., 2002). Imaging was performed on a
DeltaVision Elite microscope system equipped with a Front [lluminated sCMOS camera driven
by Softworx 6 (GE Healthcare) using an Olympus 60x 1.42 N.A. oil objective or an Andor
Dragonfly using a Leica DMi8 microscope and an Andor EMCCD camera driven by Fusion
software using a 60X 1.4 N.A. oil objective. Image analysis was performed in ImageJ using FIJI
(Schindelin et al., 2012). All images are set to same minimum and maximum intensity,

representative parts of the image were cropped and presented.

2.9 Northern blotting

To isolate RNA for northern blotting, log phase yeast cell cultures were shifted to 37°C
for 90 minutes and then cells were rapidly frozen in liquid nitrogen and cryolysis was performed
by solid phase milling in a planetary ball mill (Retsch) producing a fine cell grindate, as
previously described (Oeffinger et al., 2007). RNA extractions were performed using a hot
phenol RNA extraction (Collart and Oliviero, 1993). Poly(A)-RNA was enriched from 770 pg of
total RNA using PolyATtract mRNA Isolation System as per the supplier’s specifications
(25310, Promega). To isolate Nab2p-Protein A associated RNAs, affinity purifications were
performed from 1 g of cell grindate with 0.2X RNasin (Oeffinger et al., 2007). Isolated RNA
pellets were re-suspended in formamide to be stored until use. For northern blotting analysis, 3
micrograms of total RNA, all isolated poly(A)-enriched RNA, and all Nab2p-Protein
A associated RNA was resolved on a 1% agarose-formaldehyde gel in Tricine-Triethanolamine
and transferred onto a nylon membrane in 10X SSC by capillarity force (Mansour and Pestov,
2013). The oligonucleotides probes wused to detect the targeted RNA species were
radioactively labelled using polynucleotide kinase and ATP (y-32P). All probe sequences used are

listed in Table 2-4.
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Table 2-4: List of probes used for Northern blotting

Name | Description Sequence
004 5"ITS downstream | 5'-CGGTTTTAATTGTCCTA-3'
007 gg é)rRNA 5'-CTCCGCTTATTGATATGC-3’
008 18S rRNA 5'-CATGGCTTAATCTTTGAGAC-3'
017 5.8S rRNA 5'-GCGTTCTTCATCGATGC-3'
20 5.8S/ITS2 boundary | 5'-TGAGAAGGAAATGACGCT-3'
033 5"ETS 278 nt 5'-CGCTGCTCACCAATGG-3'
downstream of A0
041 5S rRNA 5'-CTACTCGGTCAGGCTC-3'
400 ACTI pre-mRNA 5'-CGATGGGTTCGTAAGCGTACTCCTACCGTGG-3'
403 ACTI mRNA 5'-TCTTGGTCTACCGACGATAGATGGGAAGACAGCA-3'
yUl4 | Ul4 snoRNA 5'-CGATGGGTTCGTAAGCGTACTCCTACCGTGG-3'
snR30 | snR30 snoRNA 5'-GGAATATACTGCGGTAGGACGAAC-3'

2.10 ePAT assay

Yeast cultures were grown overnight at room temperature until an O.D.soo of 0.8 was
reached, at which point cultures were shifted to 37°C for 90 minutes. Yeast cells were collected
from 3 mL of culture by centrifugation (2 minutes at 2500 RCF) and total RNA was immediately
isolated using phenol/chloroform/isoamyl alcohol (PCI) at a 25:24:1 (Collart and Oliviero, 1993).
After i1solating total RNA, DNA contamination was removed by DNasel treatment followed by
re-isolation of RNA using PCI. ePAT assays were performed as described previously (Janicke et
al., 2012) with each reaction using 1 pug of total RNA and the ePAT-anchor primer (BMO 711).
Briefly, the mixture was incubated at 80°C for 5 min, cooled to room temperature, Superscript 111
enzyme buffer and dNTPs were added with DNA polymerase I Klenow (1 unit, source; New
England Biolab) one hour at 25°C. Klenow was then inactivated by incubation of the mixture at

80°C for 10 minutes. After reducing the temperature to 55°C, Superscript 11l was added to the

51




reaction mix and incubated at 55°C for an hour to allow cDNA synthesis. Generated cDNAs were
used as a template for gene specific PCR using primers targeting snR30 (BMO1012) and APQ12
(BMO708) with the universal primer (BMO712). Probe sequences for each primer are listed in
Table 2-5.

Table 2-5: List of primers used for ePAT

Probe No. | Sequence Description
BMO711 GCGAGCTCCGCGGCCGCGTTTTTTTTTTTT Anchor Primer
BMO712 GCGAGCTCCGCGGCCGCG Universal primer
BMO708 GAAACGCCTCTGCTTACTCGG APQI2
BMO1012 | TCGGTCATCTTTGTTGTTCG SNR30

2.11 Immunoprecipitation (IP)-Mass Spectrometry

Cells were grown at permissive temperature (25°C) until an ODgoo of ~0. 8 before cultures
were rapidly shifted to non-permissive temperature (37°C) by addition of pre-warmed media for
30 or 90 minutes prior to harvesting by centrifugation. Harvested cells were rapidly frozen in
liquid nitrogen and cryolysis was performed by solid phase milling in a planetary ball mill
(Retsch) producing a fine cell grindate (Oeffinger et al., 2007). The grindate was stored at -80°C
until processed for affinity purification. Nab2p-Protein A and Rrp4lp-Protein A mRNP
purifications, and a negative control (Protein A-tag expressed alone) were performed in RNP
buffer (20 mM 4-(2-hydroxyethyl)-1-piperazinithane sulfonic acid (HEPES)-potassium
hydroxide (HEPES-KOH) pH 7.4, 110 mM potassium acetate (KOAc), 0.5% Triton X-100, 0.1%
Tween-20, 1:100 solution P, 1:5000 antifoam A) supplemented with 100 mM NaCl. Frozen cell
grindate was rapidly thawed into RNP buffer and affinity purifications were carried out using
magnetic IgG beads (Oeffinger et al, 2007). Following purification, on-bead digestion of the
isolated complexes was performed in 20 mM Tris-HC1 pHS8.0 at 37°C using 1pg of trypsin per

sample. The digestion was stopped by adding formic acid to a final concentration of 2% in a total
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volume of 50 pL and tryptic digests were desalted using CI18 ZipTips as per
supplier recommendations (Millipore).

Liquid chromatography was performed using a PicoFrit fused silica capillary column (15
cm x 75 um i.d; New Objective, Woburn, MA), self-packed with C-18 reverse-phase material
(Jupiter 5 pm particles, 300 A pore 503 size; Phenomenex, Torrance, CA) using a high-pressure
packing cell. This column was installed on the Easy-nLC II system (Proxeon Biosystems,
Odense, Denmark) and coupled to the LTQ Orbitrap Velos (ThermoFisher Scientific, Bremen,
Germany) equipped with a Proxeon nanoelectrospray Flex ion source. The buffers used for
chromatography were 0.2% formic acid (buffer A) and 100% acetonitrile/0.2% formic acid
(buffer B). Peptides were loaded on-column at a flowrate of 600 nL/min and eluted with a 3 slope
gradient at a flowrate of 250 nL/min. Solvent B was first increased from 2 to 25% over 20
minutes, then from 25 to 45% over 40 minutes, and finally from 45 to 80% B over 10 min. LC-
MS/MS data was acquired using a data-dependant top method combined with a dynamic
exclusion window of 22 seconds. The mass resolution for MS was set to 60,000 (at m/z 400) and
used to trigger the sixteen additional MS/MS events acquired in parallel in the linear ion trap for
the top eleven most intense ions. Mass over charge ratio range was from 370 to 1800 for
MS scanning with a target value of 1,000,000 charges and from ~1/3 of parent m/z ratio to 2000
for MS/MS scanning with a target value of 10,000 charges. The data dependent scan events used
a maximum ion fill time of 100 milliseconds (ms) and 1 microscan. Nanospray and S-lens
voltages were set to 1.3-5171.7 kV and 50 V, respectively. Capillary temperature was set to
250°C. MS/MS conditions used were normalized collision energy of 35 V; activation q of 0.25;
and an activation time of 10 ms.

The peak list files were generated with Proteome Discoverer (version 2.1) using the
following parameters: minimum mass set to 500 Da, maximum mass set to 6000 Da, no grouping
of MS/MS spectra, precursor charge set to auto, and minimum number of fragment ions set to 5.
Protein database searching was performed with Mascot 2.5 (Matrix Science) against the NCBI S.
cerevisiae protein database (20160802). The mass tolerances for precursor and fragment ions
were set to 10 ppm and 0.6 Da, respectively. Trypsin was used as the enzyme allowing for up to 1
missed cleavage. Cysteine carbamidomethylation was specified as a fixed modification, and
methionine oxidation as variable modifications. Data analysis was performed using Scaffold

(version 4.8.4).
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Mass spectrometry results were analysed as per Scott and Trahan et al, 2017 (Scott et al.,
2017). Briefly, preys having an average of less than 2 unique peptide count from the Nab2p- or
Rrp41p-Protein A pullout conditions were first filtered out. The average of spectral counts from
all biological replicates, termed as average total spectral counts (averageTSC), was calculated.
The highest total spectrum counts from all negative controls (hbgTSC from Protein A alone)
were then subtracted from the average total spectrum of each prey (averageTSC —hbgTSC) under
their respective conditions. The resulting average prey total spectrum count containing less than
two total spectrum counts were again filtered out. To take into account the variable sizes of
all proteins identified to normalize the peptide counts, all proteins were in silico digested

with trypsin using MS-digest (http://prospector.ucsf.edu) using zero missed cleavages and no

variable modifications to determine how many theoretical peptides each protein would generate
upon trypsin digestion (in silico peptides). Average total spectrum counts of each protein were
then divided by its theoretical number of peptides (averageTSC/in silico peptides) before
normalizing the number of prey peptides to the peptide values for Nab2p-Protein A or Rrp41p-
Protein A.

2.12 Representation of protein-protein interaction data

To aid in data visualization of the proteins identified in pulldowns with Rrp41p-Protein A
by mass spectrometry, the individual proteins were manually clustered around associated GO
terms (geneontology.org) using Cytoscape (Shannon et al., 2003). This is displayed as nodes
representing biological process (rectangles) connected to nodes representing proteins (circular)
by an edge. In this representation, edge lengths or distances from another node are not meant to
be informative, only the connection to the GO process is to be considered. For proteins identified
with Nab2p-Protein A, heatmaps were generated from normalized averageTSC counts (see

section 2.10) and were manually clustered according to their associated GO terms.

2.13 RNA- sequencing (RNA-seq)

Harvested cells were rapidly frozen in liquid nitrogen and cryolysis was performed by
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solid phase milling in a planetary ball mill (Retsch) producing a fine cell grindate (Oeffinger et
al., 2007). RNA extractions were performed using 5 mg of cell grindate that was thawed into 500
uL of Trizol. All kits were used as per supplier specifications. The RNA extracts (74104, Qiagen)
were either Poly(A)-RNA enriched via oligo dT (E7490, NEB) or ribo-depleted (MRZY 1324,
Epicentre) and cDNA libraries were prepared using the Kapa stranded RNA-seq library
preparation kit (Kapa Biosystems). Paired end 50 (PE50) RNA-sequencing was performed using
a Hiseq 2500.

2.14 RNA-seq analysis

Below is a description of the RNA-seq analysis pipeline with the associated commands

that are needed to recapitulate the data analysis. Code related to this analysis is also available at

https://github.com/montpetitlab/Paul_et al 2019.

To start, Pair-End RNA-seq data were aligned to the reference genome assembly R64-1-1
(GCA_000146045.2) using HISAT?2 (version 2.0.4) to generate outputs in a SAM format (Kim et
al., 2015). The resulting outputs from HISAT2 were piped to samtools and converted to BAM
files.

“*hisat2 -p 4 --fr -x path to genome file --known-splicesite-
infile -1 Rl.fastg -2 R2.fastg | samtools view -Sb >

output file.bam”

BAM files were then sorted and indexed using samtools (version 1.6) for visualization by

IGV software (Robinson et al., 2011) and to generate Figure 4-12.

“samtools sort input file.bam -o output file sorted.bam”
“samtools index input file.bam”

A count matrix was generated for all the samples by using the featureCounts function of
R package Rsubreads (version 1.28.1) and a custom annotation file (Liao et al., 2014). The

custom annotation file was generated by combining annotation files from the ensemble assembly
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with annotations for CUTs, SUTs, XUTs and NUTs (Xu et al., 2009; Van Dijk et al., 2011,
Schulz et al., 2013; Vera and Dowell, 2016). The R scripts used to generate the count matrix
from bam files are given in Appendix B.

Differential expression was performed using the R package DESeq2 (Version 1.18.1) by
applying the DESeq function (Love et al., 2014). The R scripts for differential expression are
provided in Appendix B. For these analyses, three biological replicates from cs/4-ph and two
from rrp64, dis3-1, enpl-1, srml-ts, and control strains were used. Replicates are used to
measure dispersion of data in every sample, to calculate log2FC in the mutant strains compared
to the control strain and perform statistical tests to generate an associated p-value. The Log2FC
data generated from DESeq2 was filtered using a significance cut off of p < 0.01 to generate a list
of differentially expressed genes for further analysis. In order to determine the similarity of
log2FC between mutants, Pearson correlation coefficients were calculated using the cor.test()
function of R which outputs a correlation co-efficient and associated p-value. P-values < 0.01
were again considered significant.

Metagene plots and heatmaps for snoRNA data panels were generated by using deepTools
(Proudfoot et al., 2002). The pipeline used was as follows: sorted BAM files were converted to
bigwig files using the bamtobw command and the resulting bigwig files were used as input for
the computeMatrix command. ComputeMatrix takes an annotation file for snoRNA and converts
each snRNA gene annotation to an equal number of bins and calculates the number of reads in
each bin to generate a matrix file. Subsequently, matrix files were used as inputs in to plotProfile
and heatmap commands were used to generate Figure 4-12 panel B and C. Commands used are

given below:

“bamCoverage -bs 1 -b input sorted indexed bamfile.bam -0
output.bw”

“computeMatrix scale-regions -R annotation.bed -S output.bw -b
200 -a 200 --skipZeros -o matrix.mat.gz”

“plotHeatmap -m matrix.mat.gz -out MetagenePlot.png”

“plotProfile -m matrix.mat.gz -out ExampleHeatmap.png”
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Chapter I11: Altered RNA processing and export leads to retention of mRNAs near transcription
sites, nuclear pore complexes, or within the nucleolus

* A version of this chapter has been published as Paul, B., & Montpetit, B. (2016). Altered RNA
processing and export lead to retention of mRNAs near transcription sites and nuclear pore
complexes or within the nucleolus. Molecular Biology of the Cell, 27(17), 2742—-2756.
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3.1 Introduction

As described in Chapter I, nascent transcripts are processed within the nucleus, which can
include folding, cleavage, modification, nuclear export, or decay. Processing is driven by specific
RNA-protein and RNA-RNA interactions that occur in the context of a RNP particle; the protein
composition of the RNP is largely responsible for the processing path that is followed (Mitchell
and Parker, 2014; Oeffinger and Montpetit, 2015; Singh et al., 2015). Inevitably, errors occur
during nuclear RNA processing, which can result in aberrant transcripts being targeted for
nuclear degradation via quality control mechanisms (Houseley and Tollervey, 2009; Miiller-
McNicoll and Neugebauer, 2013; Eberle and Visa, 2014; Porrua and Libri, 2015). A key player
in this process is the exosome, which functions in the nucleus and cytoplasm as a nuclease to
facilitate and survey RNA biogenesis from all three nuclear RNA polymerases (Chlebowski et
al., 2013; Porrua and Libri, 2013; Schneider and Tollervey, 2013).

Disruptions to RNA biogenesis, export, and surveillance results in the accumulation of
aberrant RNP complexes and RNA processing by-products in the nucleus of the affected cell
(Amberg et al., 1992; Kadowaki et al., 1992, 1994b; Doye et al., 1994; Fabre et al., 1994; Gorsch
et al., 1995; Segref et al., 1997). For example, when exosome-dependent RNA processing and
surveillance is perturbed the biogenesis of snoRNA, rRNA, tRNA, mRNA, and other noncoding
transcripts are altered (van Hoof et al., 2000a; Kuai et al., 2004; Vanacova et al., 2005; Wyers et
al., 2005; LaCava et al., 2005; David et al., 2006, Davis and Ares, 2006; Houalla et al., 2006;
Carneiro et al., 2007; Gudipati et al., 2012; Schneider et al., 2012; Castelnuovo et al., 2013).
Disruptions to RNA biogenesis and export can be observed as the accumulation of poly(A)-RNA
species within the nucleus of the affected cell (Cole et al., 2002), which has been used to identify
many mutants involved in RNA biogenesis, including screening of the ~5000 non-essential genes
in S. cerevisiae for mRNA export defects (Hieronymus et al., 2004). The recent construction of
mutant libraries that span essential genes (Ben-Aroya et al., 2008; Breslow et al., 2008; Li et al.,
2011), provides an opportunity to conduct comprehensive screens of essential genes for mRNA
processing and export defects, as recently performed for tRNAs (Wu et al., 2015).

Importantly, the screening of both essential (this work) and non-essential (Hieronymus et
al., 2004; Thomsen et al., 2008) genes within S. cerevisiae for mRNA processing defects is

expected to provide a component list that is necessary for building improved models of mRNA
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biogenesis and export. Towards this goal, a screen of essential gene mutants for nuclear poly(A)-
RNA accumulation and the characterization of these mutants using single molecule FISH
(smFISH) directed against specific mRNAs was performed. This resulted in the identification of
15 genes that were not previously linked and/or demonstrated to alter RNA processing and
mRNA export. In addition, disruption of multiple nuclear processes was found to cause distinct
phenotypes that included the accumulation of mRNAs near transcription sites, the nuclear
periphery and NPCs, or within the nucleolus. These data suggest that alterations to RNA
processing and overall nuclear homeostasis cause RNAs to stall or be retained at similar
restriction points. This may reflect common failures in mRNA biogenesis and export, as well as,

active mechanisms to protect the cell during cellular stress and dysfunction.

3.2. Results

3.2.1 Identification of mutants that accumulate nuclear poly(A)-RNA

To identify genes involved in mRNA biogenesis and export, two temperature sensitive
(Ts) S. cerevisiae mutant collections (Ben-Aroya ef al., 2008; Li et al., 2011) were screened for
the accumulation of poly(A)-RNA in the nucleus using an oligo-dT FISH assay. Together these
two Ts collections cover ~68% (785/1156) of essential genes. When a T’s allele was not available,
a Decreased Abundance by mRNA Perturbation (DAmP) allele was used that harbors a disrupted
3" UTR that often leads to reduced gene expression (Breslow et al., 2008), which increased
coverage of essential genes to ~91% (1047/1156) in our screen. For consistency throughout the
screening process, regardless of the type of mutant used, all strains were grown into log phase at
25°C, shifted to 37°C for 3 hours, and fixed. A three-hour temperature shift was used to balance
the time needed to induce the 7s mutant phenotype(s) while minimizing induction of secondary
phenotypes caused by the loss of essential cellular activities. In the case of the DAmP alleles, it
was reasoned that the temperature shift might act as a stress and exacerbate mutant phenotypes,
although DAmP alleles are not necessarily 7s mutants. Following fixation, in sifu hybridization
assays were performed using a fluorescently labeled oligo-dT probe to detect poly(A)-RNA. By
comparing the distribution of oligo-dT to the DAPI signal, 29 of 1047 mutants were identified to
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accumulate poly(A)-RNA in the nucleus (Figure 3-1 and Table 3-1) Of the genes identified,
approximately half (14/29) have previously been reported to display nuclear accumulation of
poly(A)-RNA when disrupted (Table 3-1).

To verify that the poly(A)-RNA accumulation phenotype was linked to the purported
mutant being screened, all strains were verified by PCR, and in the case of the 15 newly reported
genes, the mutation was rescued by introducing a wild-type allele and/or recapitulated by moving
the mutation to a different strain background (Table 3-1). Genes previously reported to
accumulate poly(A)-RNA in the nucleus when disrupted were identified by our screen (Table 6-
1, Appendix A), which may be due to the specific allele present in the mutant collection, the
length of the temperature shift, or the requirement of a poly(A) tail for detection in the initial in
situ screen. Within the set of mutants identified the distribution of poly(A)-RNA within the
nucleus was distinct and included bright foci (brl1-3231), a diffuse nuclear signal (rsp5-3), a
diffuse nuclear signal with one or more foci (dbp35-1), or poly(A)-RNA being adjacent to the
DAPI stained DNA mass (dis3-1) (Figures 3-1 and 3-2A). The pattern of poly(A)-RNA

accumulation was similar for genes with related biological functions.

3.2.2 Nucleolar disruption is linked to poly(A)-RNA accumulation

Studies in Schizosaccharomyces pombe (S. pombe) have shown that mutants affecting
chromosome biology are associated with the accumulation of nuclear poly(A)-RNA and
nucleolar disruption (Kalam Azad et al., 2003; Ideue et al., 2004). Of the genes identified in our
screen, ~1/3 have functions that include Kkinetochore-microtubule attachment, chromosome
organization, and cell cycle checkpoint control (Table 3-1). Given these facts and the reported
defects in rDNA segregation within mutants identified here (e.g. /PLI and SMC genes) (Freeman,
2000; D’Amours et al., 2004; Sullivan et al., 2004; Machin et al., 2005), we assayed nucleolar
status in all 29 mutants based on the presence and localization of two nucleolar markers, an
rRNA processing intermediate (via /7S) and a nucleolar protein associated with rRNA processing
(Nop56p-GFP) (Gautier et al., 1997; Woolford and Baserga, 2013). By monitoring each
nucleolar marker and poly(A)-RNA in the same cell, we found that 21 of the 29 mutants
displayed alterations in /7S and/or Nop56p-GFP
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Figure 3-1. Nuclear poly(A)-RNA accumulation in 7s mutants. Representative images

showing poly(A)-RNA (green) localization in control (ural0A) and the 29 mutants identified to
have nuclear accumulation of poly(A)-RNA compared to /7S (red) and DAPI (blue) following 3
hours at 37°C. Scale bar = 1 um.
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poly(A)/DNA  Nop56p-GFP/DNA  ITS/DNA

control S ’ t ' ) 8 control

Figure 3-2. Poly(A)-RNA localization patterns and nucleolar status. (A) Representative
images showing poly(A)-RNA (grey) localization in control (ural0A) and select mutant strains
compared to DAPI (blue) following 3 hours at 37°C. (B) Representative images showing
poly(A)-RNA (grey) localization in control (ural(0A) and select mutant strains compared to DAPI
(blue), Nop56p-GFP (green) and /7S (red) following 3 hours at 37°C. Scale bars = 1 um.
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localization and abundance when poly(A)-RNA accumulated (Table 3-1), which included
fragmented nucleoli in mRNA export mutants as previously reported (Kadowaki et al., 1994c;
Dockendortf et al., 1997; Segref et al., 1997; Thomsen et al., 2008). Nucleolar disruption was
prominent in 7 of the 9 mutants that affect chromosome biology, with these mutants often lacking
nucleolar /7S and Nop56p-GFP in cells with poly(A)-RNA accumulation (e.g. s/il5-1 and smc4-
1 vs dis3-1, Figure 3-2B). While SMCI1 and SMC3 mutants did not show obvious nucleolar
defects, recent reports provide a direct role for cohesins (e.g. SMC3) in nucleolar function (Bose
et al., 2012; Harris et al., 2014). Together, these findings support a link between poly(A)-RNA
accumulation and alterations to the nucleolus, which may often be induced by errors in

chromosome segregation.

3.2.3 Identification of mRINA biogenesis and export mutants

Mutations within RNA processing and surveillance pathways have been shown to
accumulate poly(A)-RNA species that included rRNA, mRNA, snRNA, snoRNA, and tRNA
(van Hoof ef al., 2000a; Kuai et al., 2004; LaCava et al., 2005; Vanacova et al., 2005; Wyers et
al., 2005; Carneiro et al., 2007; Rougemaille et al., 2007; Gudipati et al., 2012; Schneider et al.,
2012; Castelnuovo et al., 2013). Consequently, the mutants identified here using an oligo-d(T)
based in situ hybridization approach may accumulate poly(A)-RNA due to disruptions in RNA
biogenesis that are independent of mRNA. To identify those mutants that alter mRNA processing
and export, single molecule FISH (smFISH) assays were performed using probes against GF A,
ACTI, or CCW12 transcripts. The mRNAs were selected based on relative expression levels
(GFAI =low and ACT1/CCW1I2 = high) and the presence of an intron in ACT/ (Ng and Abelson,
1980), which may lead to this mRNA being affected differently than non-spliced mRNAs (i.e.
CCWI2 and GFAI). To ensure that a block in mRNA export could be observed, we employed a
mex67-5 strain that when shifted to the non-permissive temperature, robustly accumulated
poly(A)-RNA in the nucleus (Segref et al., 1997). smFISH assays using the gene specific probes
displayed an obvious block in mRNA export at the non-permissive temperature in mex67-5 and,
importantly, a mex67-5 / ccwi2A strain showed no detectable signal with the CCW12 probe set
(Figure 3-3A). This established that these mRNA probes can be used to detect export defects, and
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Figure 3-3. Identification of mRNA export mutants using single molecule FISH. (A)
Representative images showing ACTI, GFAI, or CCWI12 mRNA (red) localization in control
(ural0A), mex67-5, or mex67-5 / ccwl2A strains compared to poly(A)-RNA (grey) and DAPI
(blue) following 3 hours at 37°C. (B) Representative images showing ACTI or CCW12 mRNA
(red) localization in the prp2-1 strain compared to poly(A)-RNA (grey) and DAPI (blue)
following 3 hours at 37°C. (C) Representative images showing ACTI mRNA (red) localization in
control (ural0A), brli1-3231 and brr6-ph strains compared to poly(A)-RNA (grey) and DAPI
(blue) following 6 hours at 37°C. Scale bars = 1 pm.
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in the case of CCW12, the probes were specific for the transcript being targeted.

Using smFISH data for GFAI, we determined the number of transcripts and distribution
of these transcripts between the nucleus and cytoplasm. In a haploid control strain (ural0A),
GFAI was found to be present at ~5 copies per cell with ~18% of these transcripts being in the
nucleus (based on DAPI and /7S signals), while the mRNA export mutant mex67-5 contained
~88% of transcripts in the nucleus (Table 3-1 and Figure 3-3A). Most mutants showed less than a
two-fold change in GFAI levels with nuclear pools of the mRNA that varied between 16 - 95%
(Table 3-1). In the case of prp2-1, there was no impact on GFAI localization or transcript
number, but ACT1 export was altered (Figure 3-3B), which is consistent with the role of Prp2p in
splicing (Lustig et al., 1986). For brl1-3231 and brr6-ph, these mutants showed no mRNA export
defect after a 3-hour temperature shift, but given the role of the gene products in nuclear envelope
maintenance and NPC biogenesis (de Bruyn Kops and Guthrie, 2001; Saitoh et al., 2005; Hodge
et al., 2010; Lone et al., 2015), we expected to observe a defect. As such, we performed a 6-hour
temperature shift providing additional time for 7s phenotypes to develop, and under these

conditions, mRNA export defects were observed for both mutants (Figure 3-3C).

3.2.4 mRNAs localize to distinct subdomains of the nucleus in mutants

smFISH data showed that several mutants had a large increase in the fraction of nuclear
mRNAs (e.g. mex67-5 and glel-4), while others did not (e.g. rsp5-3 and s/il5-1). However, in
almost all instances the localization of mRNAs appeared distinct in the mutants tested. For
example, strains carrying mutations in genes directly linked to the mRNA export process (i.e.
DBP5, GLEI, MEX67, and NUP159) often had mRNAs near the periphery of the DAPI stained
DNA mass (see mex67-5 in Figure 3-3A). This suggests that within these mutants mRNAs
accumulated at or near nuclear pore complexes, as previously reported for mutants of MEX67
(Hurt et al., 2000; Smith et al., 2015) and DBP5 (Hodge et al., 2011). The prp2-1 mutant also
showed ACTI transcripts near the nuclear periphery (Figure 3-3B), which may be related to
quality control mechanisms that block export of pre-mRNAs (Galy et al., 2004; Palancade et al.,
2005; Iglesias et al., 2010; Hackmann et al., 2014). Using Ndc1p-GFP as a marker of NPCs and
the nuclear periphery, we quantified the percentage of transcripts within ~250 nm of the NPC
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signal in individual cells (n=50) of select mutants. In control cells, 38 = 15 % of GFA1 mRNAs
were found within this distance, which increased in mRNA export mutants to 68 £+ 35 % (mex67-
5) and 61 += 27 % (dbp5-1) (Figure 3-4A). The prp2-1 mutant did not show an increase in
peripheral localization of GFAI (39 + 18 %), while ACTI increased from 25 + 12 % in control to
49 £ 17 % in prp2-1 (Figure 3-4B). These data are consistent with the accumulation or retention
of mRNAs near NPCs when splicing or late steps in the mRNA export pathway are disrupted.

A second distinct localization pattern was the accumulation of mRNAs within a nuclear focus.
Rarely present in the control strain, 15 mutants showed a >5-fold increase in the frequency of
nuclear foci with an intensity >10-fold that of single transcripts, including rsp5-3 (Figure 3-5). In
quantifying GFAI smFISH data, such foci were counted as single mRNAs, which likely
underestimates the number of nuclear transcripts in these mutants and leads to a lower level of
nuclear accumulation reported in Table 3-1. Rsp5p is an ubiquitin-ligase that functions in both
the cytoplasm and nucleus (Belgareh-Touzé ef al., 2008; Kaliszewski and Zotadek, 2008) and has
a known role in mRNA biogenesis via modification of the THO/TREX complex (Neumann ef al.,
2003; Rodriguez et al., 2003; Gwizdek et al., 2005). Given the functions of Rsp5p and other
genes with this phenotype, that various mRNA probes show the same defect (i.e. not related to
splicing), and the intensity of the smFISH signal, we speculated that these foci represent gene
transcription sites. To test this possibility, a LacO array was integrated ~400 bp upstream of the
ACTI gene, which could be used in combination with LacI-GFP and FISH probes to localize both
the ACTI gene and mRNA focus. In rsp5-3, bright ACTI mRNA foci were in close proximity to
the ACTI gene locus; separated by an average distance of 0.15 = 0.05 um, while the CCW12
mRNA focus was distinct from the ACT7 gene locus at an average distance of 0.81 + 0.27 pum
(n=50, Figure 3-6A and B). These data are consistent with these bright mRNA foci being at or
near transcription sites. We also observed close association between the AC7/ mRNA and gene
loci in mutants linked to chromosome segregation (spc24-10 and slil5-3), as well as ldb194
(Figure 3-6C). Ldb19p is a regulator of RspSp that functions in ubiquitin-dependent receptor
endocytosis (Lin et al., 2008), but is not known to have a nuclear role. These data match previous
reports of mRNAs being retained near transcription sites in THO/TREX complex and mRNA
export pathway mutants following heat shock (Hilleren and Parker, 2001; Jensen et al., 2001b;
Libri et al., 2002). Moreover, these results demonstrate that the retention of mRNAs at or near

transcription sites is a phenotype shared by a set of mutants with diverse cellular functions.
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A Ndclp-GFP/GFAI  Ndclp-GFP/DAPI

control

Figure 3-4. Accumulation of mRNAs near the nuclear periphery and NPCs. (A)
Representative images showing GFAI mRNA (red) localization in control (ural0A), dbp5-1, and
mex67-5 strains compared to NPCs (green, Ndc1p-GFP) and DAPI (blue) following 3 hours at
37°C. (B) Representative images showing GFAI or ACTI mRNA (red) localization in the prp2-1
strain compared to NPCs (green, Ndc1p-GFP) and DAPI (blue) following 3 hours at 37°C. Scale
bars =1 um.
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Figure 3-5. Accumulation of GFAI mRNA in control and rsp5-3 strains. Representative
images showing GFAI mRNA (red) localization in control (ural0A) and rsp3-3 strains compared
to poly(A)-RNA (grey) and DAPI (blue) following 3 hours at 37°C. Scale bar =1 um.
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Figure 3-6. Accumulation of mRNAs near transcription sites. (A-B) Representative images
showing localization of ACT1 or CCW12 mRNA (red) and their respective gene (green) locus in
control (ural0A) and rsp5-3 strains following 3 hours at 37°C. (C) Representative images
showing ACTI (red) in ldb19A, spc24-10, and slil5-1 strains compared to the ACT1I gene locus
(green, marked by LacO/GFP-Lacl) and DAPI (blue) following 3 hours at 37°C. Inset shows a
zoomed in view of the boxed region in the merged image. Scale bars = 1 um.
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The third localization pattern was an accumulation of mRNAs next to the DAPI stained
DNA mass with or near /7S (Table 3-1). This included mutants in components of the exosome
(i.e. DIS3, RRP43, and CSL4) and TRAMP complex (MTR4), which have previously been
reported to accumulate poly(A)-RNA in the nucleolus, as well as the heat shock induced
transcript SS44 and the localized mRNA ASHI (Brodsky and Silver, 2000; Thomsen, 2003;
Carneiro et al., 2007, Rougemaille et al., 2007; Du et al., 2008). To quantify nucleolar
localization (defined by /7S staining), FISH data for GFAIl was compared between the mRNA
export factor (dbp5-1) and exosome component (dis3-1), which both accumulated GFAI
transcripts in the nucleus after temperature shift (Figure 3-7A). Using this data, we quantified
where nuclear mRNA localized with respect to the /7S signal and found 0.4 = 0.6 and 0.8 = 0.9
GFAI transcripts in the nucleolus of the control (ural0A) and dbp5-1 strains. This represents
46% (ural0A) and 36% (dbp5-1) of total nuclear transcripts in these strains (Table 3-1). In
contrast, 1.7 £ 1.2 GFAI mRNAs were found in the nucleolus of a dis3-/ strain, which was 80%
of the total GFAI transcripts in the nucleus of this mutant. This suggests that disruption of
exosome function leads to the accumulation of mRNAs within the nucleolus. mRNAs can be
classified based on protein binding profiles, which have recently been used to define ten general
mRNP classes (Tuck and Tollervey, 2013). These range from mRNAs most likely to be
processed and exported to the cytoplasm for translation (Class X) to those that have protein
binding patterns similar to CUTs (Class I) that are targeted for nuclear RNA surveillance (Wyers
et al., 2005). The three transcripts we observed in the nucleolus (GFAI, ACTI, and CCW12)
belong to Class X, so to extend our observations to other mRNA classes, we used gene specific
FISH probes to assay the localization of IMD2 (Class I) and LEUI (Class 1) mRNAs. In both
cases, we observed that these mRNAs were retained in the nucleus of a dbp5-1 mutant, localized
to the nucleolus in dis3-1, and appeared as a bright nuclear focus in rsp5-3 (Figure 3-7B and 3-
7C). By using strains carrying a NAB2-GFP plasmid and GFP FISH probes, we also observed
transcripts generated from this plasmid within the nucleolus of a dis3-1 strain (Figure 3-7D). This
implies that mRNAs in the nucleolus are near full length and not short transcripts resulting from
early transcription termination since the GFP probes are directed against the 3’ end of the
transcript. These data demonstrate that various mRNAs localize to distinct subdomains of the

nucleus when RNA processing and surveillance pathways are disrupted.
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Figure 3-7. Nucleolar localization of mRNA. (A-C) Representative images showing GFAI,
IMD?2, or LEUI mRNA (green) localization in control (ural0A), dbp5-1, dis3-1, and rsp5-3
strains compared to /7S (red) and DAPI (blue) following 3 hours at 37°C. (D) Representative
images showing the localization of NAB2-GFP transcripts using GFP in situ probes (green) in
control (ural0A) and dis3-1 strains compared to /7S (red) and DAPI (blue) following 3 hours at

37°C. Scale bars = 1 um.
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3.2.5 mRNP-associated factors are sequestered in the nucleolus with mRNA

Following the observation that mRNAs accumulated in the nucleolus, the subcellular
localization of three proteins involved in mRNA processing were characterized. Specifically, in
control (ural0A), dbp5-1, and dis3-1 strains we assayed localization of Nab2p-GFP
(polyadenosine RNA-binding adaptor protein for Mex67p), Prp19p-GFP (splicing factor), and
Hrplp-GFP (subunit of cleavage factor I; required for the cleavage and polyadenylation of
mRNA 3’ ends). In control and dbp5-1 strains these proteins co-localized with the DAPI stained
DNA mass and were largely absent from the nucleolus as marked by /7S (Figures 3-8, 3-9, 3-10).
In contrast, within the dis3-1 strain these factors were found throughout the nuclear volume
within both the DAPI and /7S stained regions, suggesting that factors involved in mRNA
biogenesis redistribute to the nucleolus in this mutant, similar to mRNAs. We further tested if
loss of Rrp6p activity would lead to the re-localization of these same factors. Rrp6p is a non-
essential catalytic subunit of the exosome that when mutated results in poly(A)-RNA
accumulation in a discrete domain within the nucleolus (Hieronymus et al., 2004; Carneiro ef al.,
2007; Rougemaille et al., 2007). In a rrp6A4 strain we observed ~5 GFAI transcripts per cell with
18% being nuclear, which is comparable to the control strain (Table 3-1), but 71% of these
nuclear transcripts co-localized with /7S as compared to 46% in control. Nab2p-GFP, Prp19p-
GFP, and Hrplp-GFP were also enriched within the nucleolus (Figures 3-8, 3-9, 3-10),
demonstrating that both mRNA and mRNP-associated factors are redistributed within the nucleus
of a rrp6 A strain.

In addition to mutations in exosome or TRAMP complex components, mutations in ENP/
and SRM1 caused accumulation of poly(A)-RNA next to the DAPI stained DNA mass (Figure 3-
11A and Table 3-1). Enplp functions in pre-rRNA processing and 40S subunit synthesis and
Srm1p facilitates nucleocytoplasmic trafficking (Tachibana ef al., 1994; Koepp et al., 1996; Chen
et al., 2003). GFAI mRNAs could be readily observed with the poly(A)-RNA signal that is
adjacent to DAPI in both enpl-1 and srml-ts strains (Figure 3-10A), but /TS expression was
severely reduced in both mutants preventing us from quantifying GFA 1 localization. Nab2p-GFP,
Prp19p-GFP, and Hrplp-GFP were also localized to the nucleolus of the enp -1 strain (Figure 3-
11B), but srmi-ts could not be characterized due to defects in protein import. These findings

demonstrate that localization of mRNAs and associated proteins to the nucleolus does not only
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Figure 3-8. Nucleolar enrichment of Nab2p-GFP in exosome mutants. Representative images
showing localization of Nab2p-GFP (green) in control (ural0A4), dbp5-1, dis3-1, or rrp64 strains
compared with poly(A)-RNA (gray), /7S (red), and DAPI (blue) after 3 h at 37°C. A white line
has been added to one cell in each image to denote the border between DAPI and /7 signals and
aid in comparisons. Scale bars =2 um.
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Figure 3-9. Nucleolar enrichment of Prp19-GFP in exosome mutants. Representative images
showing localization of Prp19p-GFP (green) in control (ural04), dbp5-1, dis3-1, or rrp64 strains
compared with poly(A)-RNA (gray), IS (red), and DAPI (blue) after 3 h at 37°C. A white line
has been added to one cell in each image to denote the border between DAPI and /7S signals and
aid in comparisons. Scale bars, 2 pum.
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Figure 3-10. Nucleolar enrichment of Hrplp-GFP in exosome mutants. Representative
images showing localization of Hrp1p-GFP (green) in control (ural04), dbp5-1, dis3-1, or rrp64
strains compared with poly(A)-RNA (gray), ITS (red), and DAPI (blue) after 3 h at 37°C. A
white line has been added to one cell in each image to denote the border between DAPI and /TS
signals and aid in comparisons. Scale bars =2 pm.
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Figure 3-11. Nucleolar enrichment of GFAI mRNA and mRNP-associated proteins in enpl-
1. (A) Representative images showing GFA1 mRNA (red) localization in control (ural0A4), enp1-
1, and srm-ts strains compared with poly(A)-RNA (gray) and DAPI (blue) after 3 h at 37°C. (B)
Representative images showing localization of Nab2p-GFP, Prp19p-GFP, or Hrplp-GFP (green)
in the enp -1 strain compared with poly(A)-RNA (gray), /TS (red), and DAPI (blue) after 3 h at
37°C. A white line has been added to one cell in each image to denote the border between DAPI
and /7S signals and aid in comparisons. Scale bars = 1 pum.



occur when RNA surveillance machinery is mutated and can occur as a result of disruption to

other nuclear processes.

3.3 Discussion

mRNA biogenesis involves the interaction of numerous protein factors with each mRNA
in a spatially and temporally regulated manner within the nucleus to link the processes of
transcription, capping, splicing, 3’ end formation, RNA surveillance, and NPC-mediated export
(Oeffinger and Zenklusen, 2012; Niio ef al., 2013). Nuclear events also act to define the fate of
each mRNP, which can include marking mRNPs in the nucleus for translation, storage, transport,
or decay within the cytoplasm (Miiller-McNicoll and Neugebauer, 2013; Singh et al., 2015).
Consequently, the proper and efficient coordination of these nuclear events is central to the
fidelity of the gene expression program with previous works having identified factors involved in
these processes through analysis of individual mutants, genetic screens, and comprehensive
screening of nonessential genes (Shiokawa and Pogo, 1974; Amberg et al., 1992; Kadowaki et
al., 1992, 1994b; Doye et al., 1994; Fabre et al., 1994; Gorsch et al., 1995; Hieronymus et al.,
2004). However, the critical nature of these events dictates that essential genes would likely be
involved in this process, which prompted us to perform a screen of essential genes for function(s)
related to mRNA biogenesis in S. cerevisiae. This led to the identification of 29 genes with a
nuclear poly(A)-RNA accumulation phenotype (Table 3-1); of which approximately half (15/29)
had not previously been reported to have such a defect. Of these, 26 genes were subsequently
found to alter mRNA biogenesis and export when mutated based on the observed accumulation

of mRNA in the nucleus and/or altered localization of nuclear mRNAs.

3.3.1 Classes of mRNA biogenesis and export mutants
Gene ontology places the majority of the 29 genes into three biological processes: RNA

export from nucleus, nuclear RNA catabolic processes, and chromosome segregation. The

identification of mRNA export factors is expected and validates our screen. Links between
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mRNA export and RNA decay are also well established (Porrua and Libri, 2013; Eberle and
Visa, 2014), with various components of the decay machinery having originally been identified
in screens for mRNA transport (MTR) mutants (Kadowaki et al., 1992, 1994b). Beyond the
related biological functions of the gene products, 26 of the 29 mutants could be further classified
into three distinct groups (referred to as class A, B or C) based on shared phenotypes with respect
to the localization of poly(A)-RNA and mRNA within the nucleus.

Class A mutants are represented by genes directly involved in mRNA export and NPC
function (e.g. DBP5 and NUPI159) and were characterized by a diffuse nuclear poly(A)-RNA
signal (+/- discrete foci) overlapping the DAPI stain often accompanied by disrupted nucleoli
(Figure 3-2 and Table 3-1). These mutants further displayed an increased proportion of mRNAs
near the nuclear periphery and NPCs (Figure 3-4). This suggests that within class A mutants
mRNPs accumulated at or near nuclear pore complexes due to failures in NPC-mediated export,
which is consistent with the known function of these factors. In support of the smFISH
observations and data interpretation, delays in export at the nuclear periphery have been observed
using live cell imaging techniques for mutants of DBPS5, MEX67, NAB2, and the Nups MLP1/2
(Hodge et al., 2011; Saroufim et al., 2015; Smith et al., 2015). Of the class A mutants, prp2-1
showed a transcript specific block of mRNA export with the ACTI mRNA localized near the
nuclear periphery, but not another mRNA that lacked an intron (Figures 3-3B and 3-4B). This
observation is consistent with the description of NPC-dependent quality control mechanisms that
prevent the export of immature mRNAs that include pre-mRNAs (Galy et al., 2004; Palancade et
al., 2005; Iglesias et al., 2010; Hackmann et al., 2014).

Class B mutants, similar to class A, showed a diffuse poly(A)-RNA distribution (+/-
discrete foci) overlapping the DAPI stain (see rsp5-3, Figure 3-2), but differed in that mRNAs
were retained at or near gene transcription sites (Figure 3-5). Class B mutants included RSP5,
PTAI, and CLPI that are each known to be involved in 3’ end processing (Minvielle-Sebastia et
al., 1997, Preker et al., 1997; Zhao et al., 1999; Gwizdek et al., 2005) and could be expected to
retain mRNAs at transcription sites due to defects in mRNA biogenesis similar to other mutants
affecting co-transcriptional processing (Hilleren et al., 2001; Jensen et al., 2001a; Libri ef al.,
2002; Zenklusen et al., 2002; Thomsen et al., 2008). Ldb19p is a known regulator of Rsp5p in
endocytosis (Lin et al., 2008) that was also found to accumulate mRNAs near transcription sites

when mutated, like rsp5-3 (Figure 3-5). The functional relationship between Ldb19p and Rsp5p
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with the shared mRNA processing defects suggests that Ldb19p also regulates the nuclear
function of Rsp5Sp. In support of a nuclear role for Ldb19p, we were able to detect GFP-Ldb19p
in the nucleus when overexpressed from a GAL promoter in a xpol/-/ mutant that disrupts
nucleocytoplasmic transport (Figure 3-12).

Unexpectedly, the majority of class B mutants isolated in our screen (9 of 15) were linked
to chromosome segregation and cell division. A previous report had noted that mutants affecting
chromosome segregation in S. cerevisiae displayed poly(A)-RNA accumulation only when the
cell undergoes continuous cell division. (Cole et al., 2002). Given the requirement for ongoing
cell division, the large number of chromosome segregation mutants with a class B phenotype, and
that these mutants show defects in <25% of cells after 3 hours at non-permissive temperature
(Table 3-1), it is likely that these defects are related to improper chromosome segregation. This
could occur through the random loss of genetic material that encodes any one of the many factors
involved in mRNA biogenesis, which would be expected to give rise to variable phenotypes
depending on the processing event affected. However, when poly(A)-RNA accumulated in these
mutants it is often associated with mRNAs appearing at transcription sites and disruption of the
nucleolus (Figures 3-2). A possible explanation for this more constant phenotype is that specific
chromosomes or regions of DNA are repeatedly lost in these mutants and this gives rise to the
class B defect due to the specific gene(s) being affected. Alternatively, it has been reported that
aneuploid states involving different chromosome imbalances in S. cerevisiae result in a set of
common cellular characteristics (Torres et al., 2007; Sheltzer et al., 2012), which class B mRNA
export phenotypes could exemplify. While the molecular details remain unknown, a recent screen
for mutants that alter tRNA processing (Wu et al., 2015) did not report a defect for any
chromosome segregation mutants and only had two genes (NUP133 and RSP5) in common with
the class B mutants identified here. This lack of overlap hints at a more direct relationship
between mRNA export and chromosome segregation, as it is expected that both mRNA and
tRNA processing would be equally susceptible to disruption by random chromosome segregation
errors.

Finally, class C mutants displayed poly(A)-RNA accumulation next to the DAPI stain
with or adjacent to the nucleolus (based on /7S) and an increased frequency of mRNAs within
this compartment (Figures 3-2, 3-5, and 3-6). Many of these mutants are involved in RNA

processing and surveillance as components of the exosome and TRAMP complexes, which raises
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Figure 3-12. Nuclear localization of Ldb19p-GFP. Representative images showing GFP-
Ldb19p (green) and DAPI staining (blue) in control (ural0A) and xpol-1 strains at room
temperature and after shift to 37°C for 1 hour. Cells were grown in galactose media overnight to
induce GFP-Ldbp19p expression. Scale bar = 1 um.



the possibility that the detected mRNAs are aberrant and only become detectable due to a loss of
surveillance and decay activities. Yet, we did not detect an increase in the number of GFAI
transcripts in these mutants (Table 3-1), which may be expected if these were common products
of transcription that are normally degraded. By using probes against the GFP coding sequence at
the 3" end of an mRNA (Figures 3-6), we also observed nucleolar mRNA accumulation
suggesting that these transcripts are near full length and not the product of early transcript
termination events. Other mutants (i.e. enpl-1 and srml-ts) that are not part of the decay
machinery caused similar mRNA localization phenotypes suggesting that nucleolar mRNAs
could be regulated by mechanism other than those attributable to RNA surveillance machinery.

In addition to mRNAs, we also observed mRNP-associated factors enriched within the
nucleolus in class C mutants (Figures 3-8, 9, 10). The redistribution of mRNP-associated factors
may occur as constituents of mRNPs present within the nucleolus, but it is also possible that
poly(A)-RNA binding proteins, such as Nab2p (Anderson et al., 1993; Green et al., 2002),
localize to the nucleolus due to promiscuous binding of the protein to accumulated poly(A)-RNA.
Thus, the inappropriate localization of poly(A)-RNA binding proteins, which include mRNA
export adaptors, could explain why class C mutants with various cellular functions cause the
same terminal phenotype. The heat shock induced transcript S§44, the localized mRNA ASHI,
and PHOS84 antisense RNA have also been reported to enter the nucleolus (Brodsky and Silver,
2000; Thomsen, 2003; Carneiro et al., 2007; Du et al., 2008; Castelnuovo et al., 2013) and
mRNAs have recently been observed to transit through the nucleolus for export in live cells
(Saroufim et al., 2015). As such, further study is needed to address how often mRNAs enter the
nucleolus during normal mRNA biogenesis, the functional significance of this event, and the

molecular mechanism(s) facilitating nucleolar localization.

3.3.2 Nuclear homeostasis and mRNA biogenesis

Disruption of different nuclear processes resulted in three classes (referred to as Class A,

B, and C, see discussion above) of mRNA biogenesis defects. We envision this occurring by

multiple mechanisms: (1) directly as a result of mutation in a factor involved in mRNA

biogenesis and export, (2) by activating quality control mechanisms that retain immature/aberrant
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mRNPs, and (3) due to changes in nuclear structure/function that result in inefficiencies and
failures in mRNA biogenesis and export. The first two mechanisms are exemplified by the
mex67-5 mutation, as it is well established that Mex67p functions directly in mRNA export at
NPCs (Segref et al., 1997; Santos-Rosa et al., 1998; Hurt et al., 2000; Straler et al., 2000; Lund
and Guthrie, 2005; Smith et al., 2015) and a quality control mechanism was recently described
that protects cells during loss of Mex67p function by retaining mRNAs at transcription sites
(Kallehauge et al., 2012). Moreover, both mechanisms are highlighted by our smFISH data
where we observed mRNAs near the nuclear periphery (i.e. export failure) and ~8 fold increase in
transcription site foci (i.e. retention) in the mex67-5 strain. Similar quality control mechanisms
have been described in other mutants to cause mRNAs to be retained near transcription sites and
at NPCs to prevent export of pre-mRNAs and aberrant mRNPs (Hilleren et al., 2001; Libri ef al.,
2002; Galy et al., 2004; Palancade et al., 2005; Rougemaille et al., 2008; Saguez et al., 2008;
Iglesias et al., 2010; Hackmann et al., 2014), which together may explain many of the observed
localization patterns in class A and B mutants.

The third mechanism leading to mRNA biogenesis and export defects likely operates at
the systems level and is represented by srml-ts, enpl-1, and the many mutants that affect
chromosome segregation and exosome function. In these cases, altering nucleocytoplasmic
transport, various aspects of RNA biogenesis, and inducing aneuploidy would alter nuclear
homeostasis, and in turn, disturb mRNA biogenesis and export. For example, the enpl-1
mutation induced strong poly(A)-RNA accumulation in the nucleolus and redistribution of
mRNA processing factors to this compartment (Figures 3-7, 8, 9, and 10), which likely impacts
mRNA processing and export by making these essential factors limiting. This relationship has
also been observed to work in reverse with mRNA export defects causing nucleolar disruption
(Kadowaki et al., 1994c; Dockendorff et al., 1997; Segref et al., 1997; Thomsen et al., 2008). In
this way, enpI-1 (and other such mutants) function by perturbing overall nuclear homeostasis and
would not be considered an mRNA processing or export factor per se.

Within this paradigm of system level perturbations, how exactly chromosome segregation
mutants impact the cell and cause specific mRNA processing and export defects remain to be
determined. Still, we find it noteworthy that aneuploidy is known to alter tumorigenesis through
mechanisms that include changes in gene expression (Gordon et al., 2012; Holland and

Cleveland, 2012; Santaguida and Amon, 2015; Diirrbaum and Storchova, 2016) and our work
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now highlights the fact that many chromosome segregation mutants cause the accumulation of
mRNAs at transcription sites, which provides one mechanism by which this may occur. While
these types of relationships could be casually termed as indirect, we would argue that these
system level perturbations are important to understand since it is likely that disease states arise
from mutation(s) due to both the specific process impacted by the mutation and the system level

changes that are induced.
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Chapter IV: Stabilization of polyadenylated noncoding RNA species leads to a generalized
disruption in nuclear RNA homeostasis

* A version of this chapter is being prepared for submission as Paul, B., Aguilar, LC., Gendron,
L., Rajan, AAR., Montpetit, R., Trahan, C., Pechmann, S., Oeffinger, M. and Montpetit. B.
Stabilization of polyadenylated noncoding RNA species leads to an overall disruption in nuclear

RNA homeostasis.
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4.1 Introduction

In S. cerevisiae and other eukaryotes, both ncRNAs (e.g. snoRNAs and rRNAs) and
mRNAs are synthesized and processed in the nucleus as a part of the gene expression program.
Each transcript dynamically associates with a set of RBPs as part of an RNP, with the associated
RBPs guiding processing events (Matera et al., 2007; Singh et al., 2015; Kressler et al., 2017).
During biogenesis, RNPs are also actively surveyed by quality control mechanisms to recognize
and decay aberrantly processed mRNAs and ncRNAs, such that these transcripts do not continue
along the gene expression pathway and synthesize aberrant proteins or RNA (Fasken and Corbett,
2009; Ghosh and Jacobson, 2010; Hopper and Huang, 2015; Kressler ef al., 2017). Consequently,
competition between biogenesis and surveillance factors for the maturing transcript within the
nucleus is likely critical for determining transcript fate (i.e. decay vs. maturation and export) and
shaping the overall cellular transcriptome (Porrua and Libri, 2013; Bresson and Tollervey, 2018).

The exosome constitutes a central part of the gene expression system that functions to
maintain cellular RNA homeostasis (Chlebowski et al., 2013; Porrua and Libri, 2013; Schneider
and Tollervey, 2013). At its core, the exosome is a 10 subunit protein complex that harbours
RNA binding and nuclease activities that are used to carry out RNA biogenesis and quality
control, including Dis3p/Rrp44p, which possesses both exo- and endonuclease activities
(Mitchell et al., 1997; Allmang et al., 1999b). In addition, the nuclear exosome contains an
eleventh subunit, Rrp6p, which functions as a 3'-5' exonuclease (Briggs et al., 1998; Burkard and
Butler, 2000; van Hoof et al., 2000a). The core subunits of the exosome form a barrel (6
subunits) and cap-like structure (3 subunits) that together promote unwinding of the RNA and
subsequent cleavage by the two catalytic subunits, Dis3p/Rrp44p and Rrp6p (Liu et al., 2006;
Wang et al., 2007; Bonneau et al., 2009; Makino et al., 2013). Csl4p, a component of the cap
structure, facilitates substrate recognition (van Hoof et al., 2000b; Lorentzen et al., 2007) and
recruitment of Rrp6p to the exosome (Kowalinski et al., 2016; Zinder et al., 2016). In addition,
the Trf4p/TrfS5p-Airlp/Air2p-Mtr4p polyadenylation (TRAMP) and Nrd1p-Nab3p-Senlp (NSS)
complexes support exosome-mediated RNA processing and decay activities by directing RNA
substrates to the exosome (de la Cruz et al., 1998; Steinmetz et al., 2001; LaCava et al., 2005;
Vandcova et al., 2005; Wyers et al., 2005; Vasiljeva and Buratowski, 2006).
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Through its nuclease-associated activities, and in conjunction with the TRAMP and NNS
complexes, the exosome participates in both RNA biogenesis and surveillance of different types
of stable RNAs, such as rRNAs, snoRNAs, and mRNAs (Chlebowski et al., 2013; Schmidt and
Butler, 2013; Schneider and Tollervey, 2013; Porrua and Libri, 2015). Consequently, when
exosome activity is lost, or TRAMP or NNS functions are abolished, the biogenesis and
surveillance of these RNA species are severely perturbed resulting in the stabilization of various
RNA processing intermediates (Steinmetz et al., 2001; LaCava et al., 2005; Wyers et al., 2005;
Vasiljeva and Buratowski, 2006; Gudipati et al., 2012; Schneider et al., 2012; Tudek et al., 2014;
Choque et al., 2018). For example, in exosome, TRAMP, and NNS mutants polyadenylated
rRNA species and 3'-extended polyadenylated snoRNAs have been shown to accumulate due to
stalled or defective processing events, with this material in some instances localizing to discrete
subdomains of the nucleus (van Hoof et al., 2000a; LaCava et al., 2005; Dez et al., 2006;
Houseley and Tollervey, 2006; Kadaba et al., 2006; Carneiro et al., 2007; Grzechnik and Kufel,
2008; Wery et al., 2009; Leporé and Lafontaine, 2011).

Loss of nuclear RNA surveillance activity further leads to unstable products of
transcription to be stabilized that are often at low to non-detectable levels in wild-type cells.
Collectively, these are referred to as pervasive transcripts, but based on the mutant background in
which they were originally detected, they have been classified into various groups: cryptic
unstable transcripts (CUTs) and stable unannotated transcripts (SUTs) in a rrp64 mutant (Xu et
al., 2009; Vera and Dowell, 2016), and Nrd1 unterminated transcripts (NUTSs) in a nrd/ A mutant
(Schulz et al., 2013). In addition, loss of another exonuclease involved in RNA processing and
decay, Xrnlp, results in the stabilization of a related class of transcripts termed XUTs (Van Dijk
et al., 2011). Both CUTs and NUTs undergo transcriptional termination via the NNS complex in
a manner similar to that by which the NNS complex functions in snRNA and snoRNA processing
(Steinmetz et al., 2001; Arigo et al., 2006b; Thiebaut et al., 2006; Schulz ef al., 2013; Tudek et
al., 2014). However, most SUTs and XUTs are terminated by the cleavage and polyadenylation
factor (CPF) pathway, with SUTs being degraded through activities of the exosome, NMD
pathway, and Xrnlp, while XUTs are generally exported and degraded in the cytoplasm by
Xrnlp (Marquardt ef al., 2011; Van Dijk et al., 2011).

This highlights the fact that in many instances the biogenesis and decay of different

classes of RNAs are facilitated by an overlapping set of machineries (e.g. exosome, NNS, and
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TRAMP complex), including a number of shared RBPs. Recent studies described RBP binding
patterns across the yeast and human cellular transcriptome and highlighted similarities and
differences in RBP binding to different RNA classes (Tuck and Tollervey, 2013; Sohrabi-
Jahromi et al., 2019). A key finding is that particular RBPs, including Nab2p and Hrplp, function
in both the biogenesis of mRNAs and surveillance of pervasive transcripts (Tuck and Tollervey,
2013). These discrete functions, in the context of different transcript classes, would suggest that
the amount of Nab2p and Hrplp available to function in one pathway (i.e. mRNA biogenesis)
would be impacted by the amount of that RBP engaged in the other process (i.e. surveillance and
decay). As such, imbalances in processing and surveillance that lead to the sequestration of an
RBP within one of these pathways could potentially result in a wider dysregulation of gene
expression by limiting the activity of the RBP in other pathways. Examples of this may be
observed in exosome and TRAMP mutants, which cause poly(A)-RNA accumulation as well as
sequestration of Nab2p and Hrplp within the nucleolus (Carneiro et al., 2007; Paul and
Montpetit, 2016).

The accumulation of the poly(A)-RNA binding protein (PABPs) Nab2p and Hrplp in the
nucleolus of select RNA processing mutants (Carneiro et al., 2007; Paul and Montpetit, 2016) is
of particular interest given the emerging literature linking PABPs, mRNA export, and nuclear
decay. For example, upon loss of Nab2p activity there is an observed increase in nuclear decay of
newly transcribed transcripts (Tudek et al., 2018b). In contrast, Nab2p overexpression in vivo
(Tudek et al., 2018b), or presence in vitro (Schmid et al., 2015), suppresses mRNA decay. These
findings suggest a competition model for the poly(A) tail, in which PABPs bind and protect the
transcript during nuclear maturation to promote export, while decay factors compete with PABPs
for the poly(A) tail for the purpose of promoting decay (Porrua and Libri, 2013; Tudek ef al.,
2018b, 2019). Hence, alterations in RBP availability would be expected to feedback on nuclear
RNA homeostasis due to this competitive relationship, with variations in the level of nuclear
poly(A)-RNA acting as a mechanism by which RBP availability could be modulated with a direct
impact on the cellular transcriptome.

Disruption of either ENPI or SRM1, two genes that are not known to be involved in RNA
surveillance and decay, caused phenotypes shared with exosome and TRAMP mutants (Paul and
Montpetit, 2016). Enplp is a ribosome biogenesis factor required for 40S pre-ribosome assembly

and its export to the cytoplasm (Liang and Fournier, 1995; Dragon et al., 2002; Chen et al.,
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2003), while Srm1p functions in nucleocytoplasmic transport (Amberg et al., 1993). Inactivation
of Enplp led to shared phenotypes with exosome mutants that include poly(A)-RNA, mRNA,
and RBP (e.g. Nab2p) accumulation in the nucleolus. Similarly, loss of Srm1p caused poly(A)-
RNA and mRNA accumulation in the nucleolus but differed from enpl-1 mutants in that Nab2p
is largely excluded from the nucleus due to disrupted nucleocytoplasmic transport. It may be that
nuclear exclusion of RNA biogenesis factors, or sequestration of the same factors in a sub-
nuclear poly(A)-RNA dense compartment, has the same impact on the cell, explaining the shared
terminal phenotypes of exosome, TRAMP, enpl-1, and srml-ts mutants (Paul and Montpetit,
2016). However, it is currently unclear how these shared phenotypes arise and if they represent a
common cellular state at the molecular level.

In this work, analyses of dis3-1, csl4-ph, rrp6A4, enpl-1, and srmi-ts yeast strains showed
that these mutants have similar transcriptomes following growth at 37°C, including correlated
changes in mRNA expression, levels of pervasive transcripts, and stable polyadenylation of
ncRNAs. Inactivation of the exosome or Enplp further led to Nab2p binding pre-ribosomal
RNAs, snoRNAs, and ribosomal processing factors, with rapid inhibition of RNAPI transcription
rescuing both the nucleolar poly(A)-RNA accumulation and Nab2p localization phenotypes.
These observations together with localization of poly(A)-RNA and Nab2p in the nucleolus
suggest that errors in TRNA biogenesis in a csl4-ph or enpl-1 mutant lead to the generation of
poly(A)-RNA species that engage Nab2p. In line with these observations, overexpression of
another PABP, Pablp, suppressed the nucleolar poly(A)-RNA accumulation phenotype and
improved the growth of enpl-1I strains at a semi-permissive temperature. These data provide
evidence that stabilized nuclear poly(A)-RNA is toxic to the cell likely due to competition for
essential RNA biogenesis factors. Moreover, the convergence on a shared set of phenotypes in
mutants that function in relatively distinct biological process provides evidence that multiple
initiating events with unique molecular origins can ultimately lead to a generalized failure in

nuclear RNA homeostasis.
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4.2 Results

4.2.1 enpl-1 and srmI-ts mutants have transcriptome profiles similar to exosome mutants

The disruption of multiple genes in S. cerevisiae, including CSL4, DIS3, RRP6, ENPI,
and SRM1, which function in a set of distinct biological processes were identified to result in a
common set of phenotypes that included poly(A)-RNA and mRNA accumulation in the nucleolus
(Carneiro et al., 2007; Paul and Montpetit, 2016). The impact of losing Dis3p function on the
transcriptome has previously been described (Gudipati et al., 2012), as has the deletion of RRP6
at 30°C (Fox et al., 2015; Vera and Dowell, 2016). These data have highlighted the diverse
functions of the exosome in the processing and decay of ncRNAs (e.g. snoRNAs and rRNAs),
mRNAs, and pervasive transcripts. However, transcriptomes of csl4-ph, enpl-1, srml-ts, and
rrp6A at 37°C, where these mutants share RNA export and RBP mis-localization phenotypes,
have not been analyzed. Therefore, RNA-seq analyses were performed with ribo-depleted RNA
samples prepared from control, csl4-ph, dis3-1, rrp6A, enpl-1, and srml-ts strains after 90
minutes at 37°C. At this timepoint, poly(A)-RNA accumulation was apparent in all mutants
(Figure 4-1A). Before proceeding to the analyses of RNA-seq data, the quality of biological
replicates was checked by hierarchically clustering using the Z score of log transformed raw read
counts from all transcripts, which showed that biological replicates clustered together, with
replicates of control strains being the most disparate (Figure 4-1B). Further analysis of the RNA-
seq data from ribosome depleted RNA samples showed that within the control strain ~87% of
reads were generated from mRNAs and the remaining ~13% from ncRNAs, which included
rRNAs, snRNAs, snoRNAs, and pervasive transcripts (Table 4-1 & Figure 4-2A). In mutants, the
number of reads generated from mRNAs was generally lower, while ncRNA reads were
expanded largely due to an increased level of pervasive transcripts.

To further investigate gene expression changes, transcript levels in mutants were
compared to control to generate log2 fold change (log2FC) values for each transcript with an
associated p-value. P-values < 0.01 were considered as significant, with results shown and
discussed here only involving transcripts that meet this criterion. At the level of individual
mRNAs and ncRNAs, all five mutants showed correlated changes in gene expression as

compared to the control, including a 0.91 correlation coefficient for dis3-1 vs. csl4-ph, and
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Figure 4-1. Poly(A)-RNA accumulation phenotypes and similarities among RNA-seq
biological replicates. (A) FISH images showing nuclear accumulation of poly(A)-RNA in
control, csl4-ph, enpl-1, srml-ts, rrp6A and dis3-1 strains after 90 minutes at 37°C. Nucleus
shown in blue and poly(A)-RNA in red. Scale bar = 2 um. (B) Heatmap of Z scores from log
transformed read counts for all transcripts, which includes both mRNA and ncRNA. Columns of
the heatmap correspond to sample (R=replicate) after shifting to 37°C for 90 minutes and the
rows corresponds to transcripts.
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Table 4-1: Percentage of reads from ribosome depleted RNA-seq data mapped to different

classes of RNA
control csl4-ph enpl-1 srml-ts dis3-1 rrp6A
TS 8% 22% 14.9% 14% 18% 13%
transcripts | (1984569) | (6101041) | (6527177) | (5646349) | (3244726) | (3542114)
87% 72% 82% 79% 76.9% 82%
mRNA | (20424324) | (19477401) | (35942205) | (32870829) | (14048008) | (22737534)
0.1% 1% 0.1% 1% 0.1% 0.1%
rRNA (40156) | (319473) | (111372) | (444812) @ (24354) (49818)
1.9% 3% 2% 3% 3% 2.9%
snoRNA | (524634) | (707868) | (815044) | (1306683) | (487912) (885783)
2% 2% 2% 3% 2% 2%
snRNA | (445507) | (554309) | (665408) | (1425385) | (346079) (596947)

correlations of 0.84 (dis3-1 vs. enpl-1) and 0.85 (csl4-ph vs. enpl-1) between core exosome
subunits and enp -1 (Figure 4-2B). K-means clustering (K=6) using log2FC data further showed
that the same groups of transcripts were up- (cluster 1, 3-5) and down-regulated (cluster 2 & 6) in
these mutants, with pervasive transcripts tending to increase, while mRNAs decreased (Figure 4-
2C). Pervasive transcripts can be grouped into multiple classes (i.e. CUTs, SUTs, XUTs, and
NUTs) based on the machineries their biogenesis and decay are dependent upon (Xu et al., 2009;
Van Dijk et al., 2011; Schulz ef al., 2013). The generation of distribution graphs and log2FC
correlation co-efficient heatmaps for each class showed that transcriptome changes were similar
for each group of pervasive transcripts in the mutants tested (Figure 4-2D, Figure 4-3),
suggesting that no one class of pervasive transcript was being specifically impacted by these
mutants. Together, these data show that the phenotypic similarities between exosome mutants (i.e.
csl4-ph, dis3-1, and rrp6A) and the ribosome biogenesis mutant enp /-1, and nucleocytoplasmic

shuttling mutant srm-ts, extend to include common changes in the cellular transcriptome.
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Figure 4-2. Similarities in the transcriptome of RNA decay and ncRNA processing mutants.
(A) Percent of reads mapped to different classes of RNAs from ribosome depleted libraries of
mutant strains (cs/4-ph, enpl-1, srml-ts, rrp6A, and dis3-1) after growth at 37°C for 90 minutes.
(B) Heatmap showing the Pearson correlation co-efficient of log2FC values from comparing the
control strain with the mutant strains. (C) Heatmap showing k-means clustering of 1og2FC in the
mutant strains after 90 minutes of growth at 37°C with respect to the control strain. Within the
heatmap, red indicates positive and purple indicates negative log2FC values. The side bar
indicates pervasive transcripts (in blue) and mRNAs (in gray). (D) Distribution of log2FC values
in the mutant strains for reads mapping to mRNAs and defined classes of pervasive transcripts
(i.e. CUTs, SUTs, NUTs, and XUTs).
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Figure 4-3. Similarities in pervasive transcript expression in RNA decay and ncRNA
processing mutants. Heatmaps show the Pearson correlation co-efficient from log2FC values
calculated by comparing the RNA-seq data from control strain and the mutant strains after 90
minutes of growth at 37°C for four classes of pervasive transcripts, CUTs (top left), SUTs (top
right), NUTs (bottom left), and XUTs (bottom right)
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4.2.2 Changes in mRNA abundance reflect RBP-binding profiles

mRNA expression was generally lower in csl4-ph, dis3-1, rrp6A, enpl-1, and srmi-ts
strains when shifted to the non-permissive temperature (Figure 4-2). Recent work has defined ten
broad classes of mRNA based on RBP interaction profiles (Tuck and Tollervey, 2013), with each
class likely being indicative of differences in mRNA processing. For example, class I-IIl mRNAs
tend to be of low abundance in cells and bind specific RBPs (e.g. the TRAMP component Mtr4p)
in a pattern that is similar to pervasive transcripts that are targeted by the exosome for
degradation (Tuck and Tollervey, 2013). In contrast, class X tends to be highly expressed and
bind cytoplasmic RBPs, suggestive of transcripts that are exported, translated, and decayed in the
cytoplasm (Tuck and Tollervey, 2013). Consequently, to understand if gene expression changes
correlate with RBP interaction profiles, mRNA expression changes were compared within each
mRNA class for the five 7s mutants (Figure 4-4A). From this analysis it was shown that mRNAs
found in classes I-III were generally expressed at higher levels, while mRNAs in class IV-X
trended lower in expression (Figure 4-4A). Based on gene ontology analyses, stabilized mRNAs
in class I included meiosis specific transcripts, which are known to be targeted by the exosome in
vegetative cells (Lardenois ef al., 2011). The stabilization of class I-IIl mRNAs is suggestive of a
loss of nuclear surveillance activity in these five mutants, which results in the stabilization of
mRNA and pervasive transcripts that are normally decayed and kept at low to non-detectable
levels. In the case of down-regulated mRNA, by plotting mRNAs using relative expression levels
(RPKM) in the control strain (x-axis) to the fold change seen in a mutant (y-axis), it is also
observed that the most highly expressed mRNAs (class IX-X) are strongly downregulated (Figure
4-4B). This observed impact on a large number of genes that are highly expressed suggests that
down regulation of these transcripts may broadly result from reduced levels of mRNA
biogenesis. This may be due in part to changes in the availability of RBPs required to support
transcription and mRNA processing through sequestering RBPs in the nucleolar compartment, as
reported for Nab2p and Prp19p in dis3-1 and enpl-1 strains (Paul and Montpetit, 2016). Down
regulation of transcription may also represent activation of specific stress pathways to protect the
cell in response to disrupted nuclear RNA processing, which was recently reported in ribosome

processing mutants (Albert ez al., 2019).
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Figure 4-4. Variations in transcript abundance in RNA decay and ncRNA processing
mutants based on mRNP class. (A) Boxplot representing log2FC values (y-axis) in the mutant

enpl-1 (from top to bottom) for different classes of
mRNA (x-axis) defined by RBP interaction patterns (Tuck and Tollervey, 2013). (B) Scatter plot
showing the relationship between log2FC values (y-axis) in a mutant strain vs. mRNA abundance
(x-axis) in the control strain. Color of the points represent different classes of mRNA transcripts,
orange (I-III), green (IV-VIII), and blue (IX-X). RNA abundance is displayed as a log RPKM
value, which is a read count normalized with respect to the total number of reads and the length
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4.2.3 Csldp is central to the exosome protein interaction network

The correlated changes in mRNA and ncRNA expression between dis3-1 and cs/4-ph
suggest that loss of Csl4p activity broadly impacts exosome mediated RNA processing and decay
in a manner very similar to that resulting from loss of Dis3p activity. As such, a general
characterization of the cs/4-ph allele was undertaken to understand how exosome function may
be impacted in this mutant. Sequencing revealed mutations in the cs/4-ph allele that resulted in
amino acid changes T23A, R206S, F224S, D251G, P278R, and A282P. Based on published
structural models of Csldp and the exosome (Makino et al, 2013; Wasmuth et al., 2014;
Kowalinski ef al., 2016), these mutations are found within the core fold of Csl4p and at various
contact points between Csl4p and the exosome complex (data not shown), which may result in
disruptions to the overall structure of Csl4p and binding of Csl4p to the exosome complex. In
support of this, fluorescence imaging to detect Csl4p-GFP showed that the mutant allele was
expressed and was properly localized at 25°C, but at 37°C, Csl4p was rapidly degraded becoming
undetectable after 30-60 minutes at the non-permissive temperature (Figure 4-5).

To understand what impact loss of Csl4p has on the integrity of the exosome, affinity
purification-mass spectrometry (AP-MS) was employed using a tagged exosome component
(Rrp41p-Protein A) to investigate both the assembly state of the exosome and interactions
occurring with binding partners. Following growth at 37°C for 90 minutes, Rrp41p isolated from
csl4-ph cells showed a reduced protein interaction network as compared to control (Figure 4-6),
with only core exosome proteins (Dis3p, Rrp43p, Rrp4p, Rrp40p, Rrp42p, Rrp46p, Mtr3p,
Rrp45p) remaining associated with Rrp41p. Specific Rrp41p binding partners lost in cs/4-ph
included Rrp6p, the TRAMP complex component Mtrdp, the exosome associated factor Mpp6p,
the exosome adaptor Utp18p, and numerous ribosomal maturation factors involved in pre-rRNA
processing. These results suggest that loss of Csl4p causes the majority of the direct and indirect
protein interactions occurring between the exosome and other RNA processing machineries to be
destabilized or lost. This finding is supported by structural data showing a role for Csl4p in
anchoring Rrp6p and Mtrdp to the exosome (Makino ef al., 2013; Thoms et al., 2015; Kowalinski
et al., 2016; Zinder et al., 2016). Given that Csl4p directly engages some RNA substrates
(Schneider et al., 2012), Mtrdp binds substrates that are processed by both the threaded and
direct-access pathways (Thoms et al., 2015; Falk et al., 2017b; Weick et al., 2018), and Mtrdp
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Figure 4-5. Csl4p-GFP localization in control and cs/4-ph strains. Localization of Csl4p-GFP
in the control strain (top) versus the cs/4-ph strain (bottom) at room temperature and after 30 or
60 minutes of growth at 37°C. The nucleus is shown in blue and Csl4p-GFP in green. Scale bar =
2 pm.
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Figure 4-6. Rrp41p protein-protein interactions in control and csl4-ph strains. Protein
interaction network displaying proteins (rounds nodes) identified by AP-MS in co-
immunoprecipitation experiments with Rrp41p-Protein A. Nodes in gray represent proteins found
with Rrp41p in wild-type cells, while blue nodes were those proteins identified in both wild-type
and cs/4-ph strains grown at 37°C for 90 minutes. Proteins were manually organized around gene
ontology (GO) categories to aid data interpretation (GO terms shown in rectangles). AP-MS was
performed by Carolina Aguilar (IRCM).
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anchors adaptor proteins to the exosome for rRNA processing (Houseley and Tollervey, 2006;
Klauer and van Hoof, 2013; Thoms et al., 2015), it is likely that loss of Csl4p abolishes exosome
activity on a large fraction of RNA substrates. This is in agreement with the highly correlated
changes in the cellular transcriptome of csl4-ph and dis3-1 strains involving mRNAs, pervasive
transcripts, and ncRNAs (Figure 4-2 and 4-3).

In comparison, the Rrp41p-Protein A interaction network in dis3-/ and enpl-1 strains
were largely intact, while mtr4-1 and srm-ts strains showed a more severe reduction in observed
interactions (Figures 4-7, 4-8, 4-9, and 4-10). For srm-ts, loss of the majority of the interactions
may be a result of failed nucleocytoplasmic transport and an inability of the exosome to access
the nucleus. To address this, the localization of Rrp41p-GFP was assessed in srm-ts strain at the
permissive and non-permissive growth temperature, which indeed showed that nuclear Rrp41p-
GFP levels were largely reduced at 37°C in this mutant (Figure 4-11). The loss of Rrp41p-GFP,
and potentially the exosome as a whole, could explain the exosome-like phenotypes observed in

the srm I-ts mutant.

4.2.4 Accumulation of polyadenylated ncRNAs

The shared phenotypes and transcriptomic profiles of csl4-ph, rrp6A, dis3-1, enpl-1, and
srml-ts mutants suggest that the nucleolar poly(A)-RNA signals in these mutants may arise from
stabilized pervasive transcripts and mRNAs normally decayed during vegetative growth.
However, it remains unknown which transcripts are specifically polyadenylated in these mutants
and are responsible for the nucleolar poly(A)-RNA signal that is observed by FISH at non-
permissive temperature (Figure 4-1A). To characterize polyadenylated transcripts, RNA-seq was
performed using dT-purified RNA from control, csl4-ph, enpl-1, and srml-ts strains (Figure 4-
12A & Table 4-2). In control cells, dT selection resulted in sequencing data with ~89% of reads
being mapped to mRNAs and ~5% mapping to pervasive transcripts (i.e. CUTs, NUTs, SUTs and
XUTs) (Marquardt et al., 2011; Van Dijk et al., 2011). The remaining ~5% reads mapped to
rRNAs, indicative of polyadenylated ribosomal RNA precursors generated during rRNA
biogenesis (Tudek et al., 2018a). In the case of csl4-ph and enpl-1, the percent of reads mapped

to pervasive transcripts increased 2.6- and 2.2-fold in comparison to control strains, as was
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Figure 4-7. Rrp4lp protein-protein interactions in control and dis3-1 strains. Protein
interaction network displaying proteins (rounds nodes)
immunoprecipitation experiments with Rrp41p-Protein A. Nodes in gray represent proteins found
with Rrp41p in wild-type cells, while blue nodes were those proteins identified in both wild-type
and dis3-1 strains grown at 37°C for 90 minutes. Proteins were manually organized around gene
ontology (GO) categories to aid data interpretation (GO terms shown in rectangles). AP-MS was
performed by Carolina Aguilar (IRCM).
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Figure 4-8. Rrp41p protein-protein interactions in control and enpl-1 strains. Protein
interaction network displaying proteins (rounds nodes) identified by AP-MS in co-
immunoprecipitation experiments with Rrp41p-Protein A. Nodes in gray represent proteins found
with Rrp41p in wild-type cells, while blue nodes were those proteins identified in both wild-type
and enp -1 strains grown at 37°C for 90 minutes. Proteins were manually organized around gene
ontology (GO) categories to aid data interpretation (GO terms shown in rectangles). AP-MS was
performed by Carolina Aguilar (IRCM).
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Figure 4-9. Rrp41p protein-protein interactions in control and mir4-1 strains. Protein
interaction network displaying proteins (rounds nodes) identified by AP-MS in co-
immunoprecipitation experiments with Rrp41p-Protein A. Nodes in gray represent proteins found
with Rrp41p in wild-type cells, while blue nodes were those proteins identified in both wild-type
and mtr4-1 strains grown at 37°C for 90 minutes. Proteins were manually organized around gene
ontology (GO) categories to aid data interpretation (GO terms shown in rectangles). AP-MS was
performed by Carolina Aguilar (IRCM).
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Figure 4-10. Rrp41p protein-protein interactions in control and srml-ts strains. Protein
interaction network displaying proteins (rounds nodes) identified by AP-MS in co-
immunoprecipitation experiments with Rrp41p-Protein A. Nodes in gray represent proteins found
with Rrp41p in wild-type cells, while blue nodes were those proteins identified in both wild-type
and srm-ts strains grown at 37°C for 90 minutes. Proteins were manually organized around gene
ontology (GO) categories to aid data interpretation (GO terms shown in rectangles). AP-MS was
performed by Carolina Aguilar (IRCM).
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Figure 4-11. Rrp41p-GFP localization in srml-ts. Localization of Rrp41p-GFP (green) and
poly(A)-RNA (red) in reference to DNA (blue) in the control and srm-ts strains grown at 37°C
for 90 minutes. Scale bar = 2um.
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Figure 4-12. Analysis of polyadenylated transcripts from dT purified RNA-seq libraries in
the csl4-ph, enpl-1, and srmI-ts mutant strains. (A) Percentage of reads from poly(A) selected
RNA-seq libraries in different RNA classes in control, csl4-ph, enpl-1, and srmi-ts strains grown
at 37°C for 90 minutes. (B) Metagene plot showing average read density across snoRNA genes
and 200 nucleotides upstream and downstream of the transcription start site (TSS) and
transcription end site (TES). Data for control, cs/4-ph, and enpl-1 strains grown at 37°C for 90
minutes both in ribosome depleted (bottom) and poly(A) selected (top) RNA-seq libraries are
shown. (C) Heatmap showing read density across all snoRNA genes and 200 nucleotides
upstream and downstream of TSS and TES in poly(A) selected (left) and ribosome depleted
(right) RNA-seq libraries in control, cs/4-ph, and enp -1 strains grown at 37°C for 90 minutes.
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Table 4-2. Percentage of reads from poly(A) selected RNA-seq libraries mapping to
different classes of RNA.

control csl4-ph enpl-1 srm1-ts
mRNA 88.76% 69.69% 77.37% 87.22%
(22451629) (19652291) (32490208) (41384907)
snRNA 0.006% (1576) 0.026% (7523) | 0.025% (10815) | 0.007% (3688)
snoRNA 0.04% (10124) | 1.15% (325522) | 0.175% (73606) | 0.025% (12055)
14.3% 9.92%
0 0
rRNA 5.4% (1381999) (4039376) (4168065) 4.6% (2196483)
pervasive 5.72% 14.8% 12.5% 8.11%
transcripts (1447288) (4174629) (5247670) (3849917)

observed in ribo-depleted samples (Figure 4-2A). The proportion of ncRNA reads increased to
30.3% and 22.6% of total reads in csl4-ph and enpl-1 strains, including a 2.6- and 1.8-fold
increase in the percentage of reads mapping to rRNA and 28.7 and 4.3-fold increase in
percentage of snoRNA reads, changes that were not seen in data generated from ribosome
depleted RNA samples (Table 4-1 and 4-2). The differences observed between these RNA-seq
data sets suggesting that a subset of snoRNAs are polyadenylated in csl4-ph and enp -1 strains
To further compare data from these two types of RNA-seq libraries with respect to
snoRNAs, average read counts were mapped across all snoRNAs from ribosome depleted vs.
poly(A)-RNA enriched sequencing data. The resulting metagene plots showed that read numbers
dramatically increased in poly(A)-RNA data from both enpl-1 and cs/4-ph strains within the
gene body and downstream of the transcription end site (TES), while ribo-depleted data indicated
that global snoRNA levels are not changed to a large degree (Figure 4-12B). Moreover, read
density data at the level of individual snoRNAs in control, csl4-ph, and enpl-1 libraries also
indicated a difference between snoRNAs in these two types of RNA-seq libraries (Figure 4-12C).
These observations show that steady-state snoRNA levels do not significantly change in the cs/4-
ph and enpl-1 strains, based on ribosome depleted RNA-seq libraries, rather a proportion of
snoRNAs in these mutants have processing defects that result in 3'-extended polyadenylated
transcripts. Given the known role of the exosome in snoRNA processing (van Hoof et al., 2000a;

LaCava et al., 2005; Kim et al., 2006; Vasiljeva and Buratowski, 2006; Carneiro et al., 2007,
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Grzechnik and Kufel, 2008; Lemay et al., 2010; Heo et al., 2013), this may have been expected
for csl4-ph; however, it is unexpected for enp -1, which so far has only been implicated in rRNA
biogenesis. In the case of srml-ts, no significant changes in rRNA and snoRNA reads were
observed and pervasive transcripts increased only to a small degree, suggesting that at the level of
transcript polyadenylation srmi-ts is different from cs/4-ph and enp -1 mutants. However, with
the similarities in the ribosome depleted RNA-seq data between all these mutants, the weaker
poly(A)-RNA signal observed by FISH in srml-ts (Figure 4-1A), and the role of Srmlp in
nucleocytoplasmic transport, it is possible that these results reflect failed nucleocytoplasmic
transport. Specifically, failed import of proteins involved in performing (i.e. TRAMP complex)
and directing (i.e. NNS complex) polyadenylation from accessing the nucleus in a srml-ts
mutant. To asses this, the localization of the TRAMP subunit Trf4p-GFP and NNS complex
subunit Nrd1p-GFP were determined in srml-ts cells, which showed that both proteins had a
large cytoplasmic pool in this mutant at 37°C (Figure 4-13). It is expected that these differences
in the localization of nuclear RNA processing factors are ultimately responsible for the both the
observed RNA processing defects in srml-ts, as well as the variance in ncRNA transcript

polyadenylation between srmI-ts and the other mutants.

4.2.5 Nab2p engages pre-rRNAs and associated biogenesis factors

Changes in ncRNAs levels in poly(A) enriched RNA-seq data from csl4-ph and enpl-1,
plus the localization of the poly(A)-RNA signal within the nucleolus, suggest that both may be a
consequence of polyadenylated pre-rRNA and snoRNA transcripts accumulating in these
mutants. To further demonstrate ncRNA polyadenylation, total RNA vs. oligo-dT purified RNA
was analyzed by northern blotting. These data showed that dis3-1, csl4-ph, rrp64, and enpl-1
strains accumulated polyadenylated rRNAs (e.g. 23S) and snoRNAs (e.g. Ul4 and snR30), as
compared to the ACTI mRNA (Figure 4-14). Specifically, in enpl-1 cells, polyadenylated forms
of late pre-40S rRNAs (17S, 21S and 20S; Figure 4-14, lanes 5 versus 12) were found to
accumulate, in accordance with its role in late 40S subunit maturation (Choque et al., 2018).

Similarly, polyadenylated 40S precursors were increased in cs/4-ph and dis3-1 cells (Figure 4-14,
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Figure 4-13. Localization of Trf4p and Nrd1p in srmI-ts. Localization of Trf4p-GFP (left) and
Nrd1p-GFP (right) in control (top) and srmi-ts (bottom) strains with DAPI (blue) after 90
minutes temperature shift to 37 C. Scale bar =2 pum.
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Figure 4-14. Polyadenylation of rRNAs. Northern blot showing pre-rRNAs (35S, 27SA/SB,
23S, 21S/208S, 178, 7S/6S), ACT1 mRNA, and mature rRNAs (18S, 258, 5.8S, 5S) detected in
control, csl4-ph, rrp6A, dis3-1, enpl-1, srmli-ts, and mex67-5 strains after incubation at 37°C for
90 minutes from. Images are from blots loaded with total RNA (left) and poly(A) selected RNA
(right). Numbers on the right side of the figure denote probes used to detect the targeted
transcripts, which are detailed in Table 2.4. Lane numbers are given at the bottom of the figure.
Northern blotting was performed by Carolina Aguilar (IRCM).
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lanes 2 versus 9 and 4 versus 11), and both 40S and 60S precursors in r7p6A4 cells, (Figure 4-14,
lanes 3 versus 10) pointing towards an inability to decay aberrant precursors due to the absence
of exosome components (Zanchin and Goldfarb, 1999; Allmang et al., 2000). No increase in
polyadenylated ncRNAs was observed in srm-ts (Figure 4-14, lanes 6 versus 13) or a mutant of
mRNP export, mex67-5 (Figure 4-14, lanes 7 versus 14). Northern blot of total and poly(A)-
selected RNA were also used to test polyadenylation of snoRNA. Both U14 (C/D box snoRNA)
and snR30 (H/ACA box snoRNA) showed enrichment in poly(A) selected total RNA in exosome
and enpl-1 (Figure 4-15A). In the case of snR30, an extension poly(A) test, referred to as an
ePAT assay (Janicke et al., 2012), was also used to detect the presence of poly(A) tails on the
snR30, which is enriched ~5-fold in the dT selected RNA-seq data when compared to control.
The ePAT assay also showed that snR30 was strongly polyadenylated in csl4-ph and enpl-1
strains (Figure 4-15B). These data, together with the transcriptomics analyses, suggest that pre-
ribosomal RNAs and snoRNAs are polyadenylated in both cs/4-ph and enpl-1 strains.

The increased levels of polyadenylated snoRNAs and pre-rRNAs (Figure 4-14, 4-15),
accompanied by the re-localization of RBPs (e.g. Nab2p) to the nucleolus (Paul and Montpetit,
2016), suggests that this polyadenylated material may be bound inappropriately by RBPs
normally associated with mRNA. To test for interactions between Nab2p and ncRNA transcripts
in csl4-ph and enpl-1 cells, northern analyses were performed on RNA purified with Nab2p
following a shift to 37°C for 90 minutes. Using probes against rRNAs, a clear enrichment was
seen for pre-rRNAs associated with Nab2p in cs/4-ph and enpl-1 cells compared to control, in
particular 23S, 218, 20S, and 5S (Figure 4-16). Similarly, snoRNAs U14 and snR30 associated
with Nab2p in these mutant backgrounds (Figure 4-17). These interactions confirm that
polyadenylated ncRNAs bind Nab2p, which could act to limit Nab2p activity in other pathways.

To further understand which RNPs Nab2p is associated with, AP-MS was performed with
Nab2p-Protein A in control, csl4-ph, and enpl-1 strains grown at 37°C for 90 minutes. As
expected, MS data revealed that Nab2p interacted with proteins involved in mRNA transport and
gene expression, including proteins of the nuclear pore complex and mRNA export pathway, in
control cells (Figure 4-18). Nab2p isolated from cs/4-ph maintained many of the same
interactions but had an expanded interaction network that included proteins involved in rRNA
processing and RNA surveillance, including the NNS and TRAMP complexes (Figure 4-18 and

4-19). In the case of enpl-1, the association of Nab2p with proteins of the nuclear pore complex
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Figure 4-15. Polyadenylation of snoRNA. (A) Northern blot image of detected snoRNAs (U14
and snR30) in control, csl4-ph, rrp6A, dis3-1, enpl-1, srml-ts, and mex67-5 strains after growth
at 37°C for 90 minutes from total RNA (left) and poly(A) selected RNA (right). ACTI mRNA
served the loading control. Numbers on the right side of the panel denote probes used, sequences
are listed in Table 2.4. Northern blotting was performed by Carolina Aguilar (IRCM). (B)
Agarose gel image of snR30 and APQ12 PCR products generated via an ePAT assay using total
RNA isolated from control, csl4-ph, and enpl-1 strains after growth at 37°C for 90 minutes.
cDNA input into PCR reactions was halved for each lane from left to right.
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Figure 4-16. Nab2p-Protein A interactions with rRNA. Northern blot image show different
pre-tRNAs (35S, 27SA/SB, 23S, 21S/208S, 178, 7S/6S), ACTI mRNA, and mature rRNAs (188,
258, 5.88S, 5S) from control, cs/4-ph, enpl-1, and srm1-ts mutant strains after growth at 37°C for
90 minutes. RNAs associated with Nab2p-Protein A (eluate), present in the input RNA (left), and
in the flow through (FT, middle) are shown. Probes used are indicated on right of each panel,
sequences are listed in Table 2.4. Northern blotting was performed by Carolina Aguilar (IRCM).
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Figure 4-17. Nab2p-Protein A interactions with snoRNAs. Northern blot image showing
ACTI mRNA, and snoRNAs (U14 and snR30) detected in control, csl4-ph, enpl-1, and srmi-ts
mutant strains after growth at 37°C for 90 minutes. RNAs associated with Nab2p-Protein A
(eluate), present in the input RNA (left), and in the flow through (FT, middle) are shown. Probes
used are indicated on right of each panel, sequences are listed in Table 2.4. Northern blotting was
performed by Carolina Aguilar (IRCM).

115



Gene expression Gene expression

cDC14 [ [ [ GLE1
cDC19 I o
e ws [ Transport
HHF1 KAP104
1 KAP123
w2 | Chromatin Moxer
HTA2 MLP1
me | cell cycle o mpt
SIR2 NDC1
SIR3 NIC9%
SIR4 NSP1
ULP1 NUP1
o Y | Nupa2
eass | Transcription Nueas
RPA190 Nupes
Rpes NUP59
RPC40 NUPEO
€BPE0 NUP82
ity weas | Nuclear
H GFD1 NUPsS
HPR1 NUP100
MFT1 [ NUP116 po re
NAB2 m R N A NUP120
NPL3 NUP133
PAB1 H NUP145
PML39 processing NUP157
SAC3 NUP159
:H sus1 NUP170
NUP188
I::; NUP192
POM152
YHR127W POM3a
[ yrat sec13
BRR2 SEH1
CEF1 APJ1
CLF1 HSP26
HSH155 HSP42
LEA1 HSP60
MuUD1 HSP90
mup2 wee | Chaperone
v sz
PP o2
SSE1
PRP19 ss21
PRP21 P
PRP22 Sp|ICIng Tl
PRP39 ASCL
PRP40 [ [ cocss
PRP43 DED1
RSE1 EFT1
SMB1 NIP1 .
SMD1 SBP1
SMD3 SROS Translation
[ SMEL sT™ML
SNU56 I::;
SNU71
TIF4631
SNU114 TiFae32
SYF1 VEF3
VMAL DBP2
> X A S e
o 4 ’
(’SS b( NN NAB3
X & wes | TUrNOVer
s RRP4
(/O (l QIO C} RRP6
RRP42
Relative abundance SEN1
TRF4
to Nab2 Yot
_ N
RO
05115 2 N Q&
S %NC

Figure 4-18. Nab2p-Protein A interactions from IP-MS analyses in csl4-ph, enpl-1, and
srml-ts strains. Heatmap showing relative abundance of proteins identified by AP-MS
associated with Nab2p-Protein A in control, csl4-ph, enpl-1, and srmI-ts strains grown at 37°C
for 90 minutes. Relative abundance is calculated based on the average peptide count for each
protein normalized to the bait protein from three biological replicates. Proteins involved in gene
expression are further categorized based on functional terms listed on the right. [IP-MS carried out
by Carolina Aguilar (IRCM).
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Figure 4-19. Nab2p-Protein A interactions from IP-MS analyses in csl4-ph, enpl-1, and
srml-ts strains. Heatmap showing relative abundance of proteins identified by AP-MS
associated with Nab2p-Protein A in control, csl4-ph, enpl-1, and srml-ts strains grown at 37°C
for 90 minutes. Relative abundance is calculated based on the average peptide count for each
protein normalized to the bait protein from three biological replicates. Proteins are categorized
into ribosome maturation, green text denotes components of the large ribosomal subunit and blue
text denotes components of the small ribosomal subunit, or miscellaneous. IP-MS carried out by
Carolina Aguilar (IRCM).
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and mRNA export pathways were almost completely absent, while increased interactions with
ribosome biogenesis components were observed. This included identification of the majority of
the proteins of the SSU processome and components of H/ACA-type snoRNPs (e.g. Cbf5p,
Garlp, Nhp2p, and Nop10p) that are involved in 18S rRNA processing, as well as late 40S (e.g.
Krrlp, Tsrlp) and pre-60S factors (e.g. RrpSp, Erb1p, Haslp, Noc2p, Noc3p, Rrslp). In addition,
the TRAMP associated non-canonical poly(A) polymerase Trf5p was found associated with
Nab2p in enpl-1 cells, but NNS components were not. This differed from cs/4-ph, where Nab2p
interacted with the other TRAMP associated non-canonical poly(A) polymerase Trf4p, as well as
the NNS complex. This is in accordance with the reported role of Trf5p, as part of the TRAMPS
complex, preferentially performing 18S rRNA surveillance (Wery et al., 2009; Choque et al.,
2018). Together, these data show that the Nab2p interactomes are skewed towards ribosome
biogenesis machinery in both csl4-ph and enp -1 strains, in addition to related protein complexes
involved in RNA processing and surveillance like the TRAMP and NNS complexes. However,
differential interaction with Trf4p and NNS complex also suggest there are underlying molecular
differences that drive Nab2p to engage different factors, which may reflect the initial defects
caused by loss of Enplp in ribosome biogenesis vs. the exosome more broadly in RNA

processing and decay.

4.2.6 RNAPI and TRAMP activities are required for the accumulation of poly(A)-RNA and
Nab2p in the nucleolus

The recruitment of RBPs to the nucleolus with poly(A)-RNA and the engagement of
Nab2p with ribosome biogenesis factors, pre-rRNAs, and snoRNAs, indicate that polyadenylated
ncRNA species generated in cs/4-ph and enpl-1 strains may be driving these phenotypes. To
address if ongoing transcription is required to generate the poly(A)-RNA and RBP re-localization
phenotypes, control, cs/4-ph, and enpl-1 strains were treated with rapamycin at the time of
temperature shift. Rapamycin represses ribosome biogenesis by inhibiting TOR, which is
required to stimulate TRNA biogenesis thus, rapamycin reduces transcription of rRNAs by
RNAPI and ribosomal protein mRNAs by RNAP II (Loewith and Hall, 2011). By FISH,
rapamycin treatment rescued the poly(A)-RNA accumulation defect in both csl4-ph and enp -1
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Figure 4-20. Rescue of poly(A)-RNA accumulation phenotypes during inhibition of rRNA
synthesis and polyadenylation in cs/4-ph and enpl-1 strains. (A) Representative FISH images
showing localization of poly(A)-RNA (red) and Nab2p-GFP (green) in control, cs/4-ph, and
enpl-1 strains grown at 37°C for 90 minutes with (bottom row) and without addition of
rapamycin (top row). (B) FISH images are also shown of poly(A)-RNA (red) with (right) and
without (left) rapamycin addition in mex67-5 cells grown at 37°C for 90 minutes as a control.
Percentage of cells +/- SD with nuclear poly(A)-RNA accumulation are shown on the top right of
the images (three replicates, > 100 cells counted for each). Scale bar =2 pum.
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strains, but it did not rescue the poly(A)-RNA defect seen in a mex67-5 mutant, consistent with
the bulk of mRNA biogenesis continuing (Figure 4-20A and B). Similarly, rapamycin treatment
prevented Nab2p-GFP re-localization to the nucleolus in cs/4-ph and enpl-1 strains (Figure 4-
20A and B). Rescue of both the poly(A)-RNA accumulation and Nab2p re-localization
suggested that it is the accumulated polyadenylated pre-rRNAs that drive the development of the
Nab2p relocalization phenotype observed in these mutants.

Given that pre-rRNAs appear to be central to the development of the poly(A)-RNA
accumulation phenotype, it follows that this would be dependent on TRAMP activity, since
TRAMP targets rRNAs to mediate aspects of their biogenesis (de la Cruz ef al., 1998; Tudek et
al., 2014; Thoms et al., 2015). A prediction of this is that depletion of the TRAMP poly(A)-
polymerase activity would lessen or rescue the poly(A)-RNA accumulation phenotype. Indeed,
deletion of either of the genes encoding the TRAMP associated non-canonical poly(A)-
polymerases, TRF'4 or TRF5, resulted in a reduction in the level of poly(A)-RNA detected in
enpl-1 cells after 90 minutes at 37°C (Figure 4-21). In the case of cs/4-ph, double mutants with
trf4A were not obtained, but cs/4-ph-trf54 mutants similarly accumulated far less poly(A)-RNA
in the nucleolus (Figure 4-21). These findings suggest that ongoing ribosomal RNA transcription
and processing by the TRAMP complex is required for the nucleolar poly(A)-RNA accumulation.

4.2.7 Excess poly(A)-RNA is toxic to the cell

A model that begins to emerge from these data is that alterations in total nuclear poly(A)-
RNA levels through altered rRNA biogenesis feeds back on and disrupts other RNA processing
pathways, involving ncRNAs, mRNAs, and pervasive transcripts. In these cases, loss of Csl4p or
Enplp activity leads to the accumulation of polyadenylated ncRNAs that act as a competitive
‘sink’ for RBPs, including Nab2p, which perturbs nuclear RNA processing, and this has a
significant impact on the cellular transcriptome. Poly(A)-RNA binding proteins are likely central
to the development of these phenotypes given the inherent non-specific binding of PABPs to a
poly(A) sequence. In this way, increasing levels of poly(A)-RNAs in the nucleus would function
to titrate PABPs and associated factors away from other RNA biogenesis functions, leading to

further errors in RNA biogenesis, the generation of more diverse classes of exosome substrates,
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Figure 4-21. Rescue of poly(A)-RNA accumulation phenotype during inhibition of
polyadenylation in csl4-ph and enpl-1 strains. Representative FISH images showing
localization of poly(A)-RNA (red) in comparison to the DAPI stain (blue) in control, cs/4-ph,
enpl-1, csld-ph | trf54, enpl-1/trf4A, and enpl-1/ trf5A strains grown at 37°C for 90 minutes.
Percentage of cells +/- SD with nuclear poly(A)-RNA accumulation are shown on the top right of

the images (three replicates, > 100 cells counted for each). Scale bar =2 pum.
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the accumulation of more RNPs within the nucleus, and thus further dampening both nuclear
RNA processing and nuclear surveillance activities. In this scenario, the overexpression of a
poly(A)-RNA binding protein could buffer this positive-feedback loop and limit development of
the observed phenotypes. To test this possibility, the poly(A)-RNA binding protein Pablp was
overexpressed in control and mutant strains to provide excess PABP activity that can bind and
compete for poly(A) tails. After 90 minutes at 37°C, the overexpression of Pablp was found to
prevent the development of a poly(A)-RNA accumulation phenotype in an enpl-1 strain, but not
the phenotype of a csl/4-ph or mex67-5 strain (Figure 4-22A). Given that the exosome is
responsible for the degradation of many classes of RNAs, including pervasive transcripts, and
TRAMP’s polyadenylation activity likely continues, it is not surprising that overexpression of
Pablp does not rescue a cs/4-ph mutant. Rescue of an mRNA export mutant is similarly not
expected. Importantly, the rescue of enpl-1 is as predicted by the PABP titration model. Cells
that overexpressed Yralp, an RBP that is also recruited to the poly(A)-RNA mass in csl4-ph and
enpl-1 strains, but is not a PABP, retained the poly(A)-RNA accumulation phenotype in both
csl4-ph and enp1-1 strains (Figure 4-22A). Finally, if excess poly(A)-RNA is the catalyst of these
defects, it would be expected that overexpression of a PABP may improve the overall fitness of
enpl-1 cells at a semi-permissive temperature. Indeed, overexpression of Pablp significantly
improved the growth of enp -1 at 32°C, while having no impact on a control or a mex67-5 strain
(Figure 4-22 B & C). Overall, these data provide strong evidence that the accumulation of
polyadenylated material in enpl-1 strain generated through a disruption to rRNA biogenesis is

toxic to the cell through, at least in part, by competing for PABPs.

4.3 Discussion

Noncoding and messenger RNA processing is mediated by RBPs that function to support
nuclear RNA biogenesis. The findings presented here provide evidence that excess nuclear
poly(A)-RNA is toxic to the cell, disrupting RNA processing through sequestering RBPs that
function in mRNA biogenesis and export, including Nab2p. Moreover, convergence on a shared

set of phenotypes in mutants that function in relatively distinct biological processes provides
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Figure 4-22. Rescue of the poly(A)-RNA accumulation and growth defects in an enpl-1
strain through overexpression of the PABP Pablp. (A) Representative FISH images showing
localization of poly(A)-RNA (red) in control, cs/4-ph, enpl-1, and mex67-5 strains
overexpressing Pab1p-GFP (green) after growth at 37°C for 90 minutes as compared to the empty
plasmid control. Percent of cell with poly(A) are given on the FISH images (three replicates, >
100 cells counted for each). Scale bar = 2 um. (B) Growth of control, enpl-1, and mex67-5
strains at 32°C when overexpressing Pab1p-GFP. From the first spot, each subsequent spot is a
two-fold dilution from left to right. Image was taken after three days of growth. (C) Growth rates
of control, enpl-1, and mex67-5 strains at 32°C overexpressing Pablp-GFP normalized to the
growth rate of the same strains carrying an empty plasmid. P-value calculated using a two-tailed
Students t-test.
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evidence that multiple initiating events with unique molecular origins can ultimately lead to a set
of shared terminal phenotypes. This suggests that numerous cellular changes, including excess
poly(A)-RNA production, the inability to export poly(A)-RNA from the nucleus, decreased
levels of nuclear PABPs or RNA processing factors, and the inability to decay poly(A)-RNA
could all initiate events that lead to an overall loss of nuclear RNA homeostasis.

Polyadenylation has long been associated with mRNA processing leading to export,
translation, and transcript stability. These cellular processes are mediated in part by the PABPs
that are associate with a the poly(A) tail (Tudek et al., 2018a). With time, it has become evident
that polyadenylation also occurs on ncRNAs, including rRNAs, snoRNAs, and pervasive
transcripts, often directing RNA processing or decay by the exosome (Kuai et al., 2004; Kim et
al., 2006). This raises the issue of specificity, i.e. how is it that a poly(A) tail on an mRNA and
ncRNA are able to be distinguished to direct differing outcomes? Context is clearly important,
with events upstream of polyadenylation leading to specific RNP architectures (e.g. protein
constituents and structures), that when combined with features like the length of the transcript,
the polymerase being used, and associated polyadenylation machinery, would lead to specific
outcomes. For example, mRNAs associated with the NNS complex, as compared to the CPF
complex, would be more likely to be delivered to the exosome for decay (Kim et al., 2006;
Tudek et al., 2014). Whereas, if an mRNA is bound by the CPF, the transcript is likely to be
processed and exported to the cytoplasm (Brockmann et al., 2012). However, it is expected that
the fate of polyadenylated RNAs are influenced by all nuclear machineries that can engage the
transcript. The exact outcome is the result of the affinities between all the factors involved,
the sub-nuclear localization and availability of each component, and kinetics of the competing
processes. Moreover, it would be expected that the outcome would change with cellular state,
with even small changes in mRNA or ncRNA processing efficiencies influencing one another.
Speculatively, this may allow cells a mechanism to coordinate changes in mRNA and ncRNA
transcript processing during periods of rapid changes in gene expression (e.g. stress).

Here it is reported that in the case of a cs/4-ph mutant, the core exosome is largely intact,
but loses contact with the catalytic subunit Rrp6p and the TRAMP complex, thus impeding its
function (Zinder and Lima, 2017). Despite this impairment of the exosome, nuclear/nucleolar
exosome substrates are still tagged with short poly(A) tails by the TRAMP complex (Vanacova et
al., 2005), thus creating a rapidly increasing pool of PABP targets that can sequester RBPs such
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as Nab2p in the nucleolus. Notably, these perturbations to mRNP biogenesis through the
sequestration of RBPs and generation of surveillance substrates could further lead to other RNA
processing complexes being redistributed, including the NNS complex (Moreau ef al., 2019). As
a result, other NNS-dependent processes, including the surveillance of pervasive transcripts and
snoRNA 3’ processing may be altered. Notably, these are defects observed in an enp /-1 mutant.
This is again suggestive of a homeostatic relationship between all nuclear RNA processing
pathways that could lead to coordination of RNA processing, but also collapse due to competition
over of a limited pool of nuclear components (Figure 4-23).

In support of this, here it was demonstrated that altering nuclear import, rRNA biogenesis,
or exosome activity caused the formation of excess poly(A)-RNA that is toxic to the cell. The
results of excess nuclear poly(A)-RNA is the sequestration of PABPs and other RBPs, which in
turn results in further failures in RNA processing, forming a positive feedback loop that drives
cells towards a set of shared terminal phenotypes, including a common cellular transcriptome
defined by stabilized pervasive transcripts and polyadenylated ncRNAs. These phenotypes reflect
the impact of excess poly(A)-RNA and the associated disruption in nuclear homeostasis on the
cell, not the function of the disrupted gene product. This argument is supported by the finding
that these phenotypes could be suppressed by lowering ncRNA production through disruption of
RNAPI transcription, disrupting TRAMP polyadenylation activity, or by overexpressing a PABP
that could buffer this effect by competing for poly(A)-RNA. These modes of rescue all highlight
the need for the cell to maintain poly(A)-RNA levels in balance with PABPs.

Other recent work has shown similar relationships, including the finding that depletion of
Nab2p by induced degradation leaves nascent transcripts vulnerable to nuclear decay (Schmid et
al., 2015). Similarly, another publication showed that when mRNA export is blocked,
accumulated mRNAs sequester Nab2p leaving nascent mRNA unprotected and subject to decay
(Tudek et al., 2018b). In this thesis, down regulation of most cellular mRNAs was observed in
the dis3-1 and cs/4-ph exosome mutants, which appears to counter the Nab2p versus exosome
model, since loss of exosome activity would be expected to promote mRNA stability. However,
based on data presented here, the requirement of the exosome for the processing of highly
abundant ncRNAs and pervasive transcripts leads, over time, to high levels of stabilized nuclear
ncRNAs that sequester PABPs and other shared RBPs. The depletion of RBPs ultimately causing
decreased RNAPII
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Figure 4-23. Model for disruption of nuclear RNA homeostasis in enpl-1. Disruption of
ncRNA processing leads to accumulation of polyadenylated ncRNAs in the nucleolus (gray).
Polyadenylated ncRNA binds mRNA binding proteins, specifically PABPS, which titrate these
factors away from normal mRNA processing pathways. Sequestration of mRNA processing
factors (e.g. Nab2p) leads to further errors in mRNA biogenesis, redistribution of RBPs, a
genome wide down regulation of mRNA levels, and a disruption to mRNA export. In addition,
excess polyadenylated ncRNAs could saturate the nuclear exosome and disrupt exosome function
leading to the stabilization of pervasive transcripts.
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transcription rates and/or efficiencies and a reduction in mRNA transcripts.

In addition, while core exosome activity may be largely absent due to loss of Csldp or
Dis3p, it is possible that nascent transcripts are degraded by Rrp6p via exosome independent
mechanisms, which have been reported (Callahan and Butler, 2008). Retention of transcripts in
the nucleus and their lack of protection due to inadequate binding of RBPs may further promote
decay by providing time for Rrp6p to find and degrade these unprotected transcripts. In line with
this close association between Nab2p and Rrp6p, it has been shown that deletion of RRP6
stabilizes unprotected nuclear RNA and rescues growth defects in a nab2-1 strain (Gonzélez-
Aguilera et al., 2011). Even more surprisingly, deletion of RRP6 has been reported to render
Nab2p non-essential, as a rrp6A4-nab2A double deletion mutant was found to be viable
(Gonzélez-Aguilera et al., 2011; Schmid et al., 2015). As such, the number of processes
supported by the exosome, with the overall complexities of nuclear processing requiring shared
machineries and RBPs, provides for a scenario where transient loss of functions may favour one
process (e.g. mRNA stabilization) over another, but long-term this likely leads to an overall
reduction in RNA biogenesis and common set of failures in nuclear RNA processing.

The concept of nuclear RNA processing homeostasis and the idea that a failures in RNA
processing in one pathway can feedback on others is best exemplified by the enp/-1 mutation,
since unlike the exosome, Enplp has only been linked to the processing of the 18S rRNA. Upon
loss of Enplp, rRNA processing stalls, causing stabilization of longer 18S pre-cursors that can be
polyadenylated (23S, 21S, and 20S, see Figure 4-14). Why these precursors are disruptive to
global RNA processing is not clear, but at least two major possibilities exist. First, these
precursors are produced in large amounts, have high affinity for the exosome complex, and/or are
difficult to process, leading to competitive inhibition of the exosome, which ultimately
phenocopies an exosome mutant (Figure 4-23). A second possibility is that these pre-cursors are
not recognized or processed by the exosome due to overall changes in RNP structure, leading to
the build-up of these precursors and sequestration of RBPs normally involved in rRNA
processing, or in other RNA processing events, like Nab2p. This may limit the activity of these
RBPs, leading to errors in other RNA processing pathways, more substrates to be cleared by the
exosome and eventual saturation of exosome surveillance capacity, leading to more failures, and
a terminal phenotype that is similar to an exosome mutant. Whether either of these models

accurately describes what is occurring in an enp -1 strain requires further investigation.
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Chapter V: Perspectives
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5.1 Synopsis

The lines of questioning and resulting data presented in Chapters III and IV were built
upon a functional screen for essential genes involved in mRNA export. This work, together with
the results of another screen carried out by the Silver Lab (Harvard Medical School) focused on
non-essential genes, provides important information regarding poly(A)-RNA accumulation
phenotypes that result from the perturbation of the majority of yeast genes (Casolari et al., 2004;
Paul and Montpetit, 2016). Still, the budding yeast 7s collection does not contain every essential
gene in yeast, thus essential mMRNA export factors may still remain to be discovered (Ben-Aroya
et al., 2008; Li et al., 2011). Moreover, these screens were all performed in rich media under
logarithmic growth, so it is expected that during stress or other growth stages (e.g. stationary
phase or meiosis) other factors may become essential for mRNA export. These facts suggest that
there are still factors to be discovered that function in these specialized cases. However, it is
expected that we now have a near complete list of the core factors that function in mRNA export,
which can now be used to build and inform current models of mRNA export.

Most previous works have characterized perturbations in mRNA export mutants based on
bulk poly(A)-RNA accumulation phenotypes. Notably, these studies lack information regarding
that nature of the poly(A)-RNA material (i.e. mRNA vs. ncRNA) and do not address if the
mutated factor functions broadly in mRNA export or on a small subset of mRNAs. Importantly,
hits from the screen presented in Chapter III were characterized as mRNA export mutants based
on assays that extended beyond poly(A)-RNA accumulation. Specifically, further work was
carried out to determine the localization patterns of individual mRNAs, including transcripts that
are spliced, un-spliced, and have different RBP binding profiles. Through these analyses, it was
determined that not all mutants that accumulate poly(A)-RNA in the nucleus impact mRNA
export in a similar manner. For example, mutations in gene products that are known to be directly
involved in mRNA export accumulated mRNAs at the nuclear envelope, while mutations in gene
products that affect mRNA 3’ end processing and elongation accumulated mRNAs at
transcription sites. Yet, both of these classes of mutants showed a very similar accumulation of
bulk poly(A)-RNAs in the nucleus. A third class of mutants altering ncRNA processing and
nuclear surveillance showed both poly(A)-RNA and mRNA accumulation in the nucleolus;

however, from follow up work (Chapter IV), it is clear that some amount of the poly(A)-RNA
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signal in these mutants originates from stably polyadenylated ncRNAs. These findings
demonstrate the importance of single molecule mRNA FISH to identify and better characterize
mRNA export mutants, and to determine the step of nuclear mRNA processing that a factor may
function within. Future follow up work could include re-evaluation of known mRNA export
mutants using single molecule FISH to characterize the stage of nuclear processing being
impacted by a given mutant. It is expected that such work would provide data to order factors
within the nuclear mRNA processing pathways and to detail whether the factor functions on all
or a subset of mRNAs.

As discussed above, the aim of the screen presented in Chapter III was to identify
essential genes involved in mRNA export, but the majority of the novel mutants identified in this
study appear to indirectly affect mRNA export rather than directly function as mRNA export
factors. This again suggests that most factors in the export pathway are known, but also indicates
connections between mRNA export and other nuclear processes. For example, the largest group
of hits included genes that are involved in chromosome segregation. Future research will be
required to explore these links between poly(A)-RNA processing, RNA export, and chromosome
segregation (see section 5.2). As mentioned above, another class of mutants were identified in
which poly(A)-RNA accumulated specifically in the nucleolus. This class included mutants that
impacted ncRNA processing and nuclear exosome function. The work presented in Chapter IV
specifically focused on this set of mutants and the functional link between ncRNA processing and
nuclear RNA homeostasis, which appears to be maintained in part through a balance in the
functions of the nuclear exosome complex and the poly(A)-binding protein Nab2p. In section 5.3,
these findings are discussed in the context of other literature linking nuclear RNA homeostasis to
PABPs and exosome function. Future directions for investigations are also presented that could
provide insight into important mechanistic details surrounding the regulation of nuclear poly(A)-

RNA levels and its impact on overall gene expression and RNA processing.

5.2 The links between chromosome metabolism and mRNA processing

The eukaryotic cell possesses distinct sets of proteins involved in mediating the process of

chromosome cohesion, condensation, and segregation during cell division. This includes
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kinetochore proteins, components of the mitotic spindle and spindle pole body, and DNA bound
factors that help shape and organize chromosomes (Palmer et al., 1991; Schneider and
Grosschedl, 2007). In the screen presented here aimed at identifying novel mRNA export factors
(Chapter III), genes functioning in each of these categories were identified as causing a poly(A)-
RNA accumulation defect when mutated. This included Ipllp, Spc24p, Slil5p, Cep3p, and
Mpslp, which are each involved in chromosome segregation, as well as Smclp, Smc3p, and
Smc4p, proteins involved in chromatid cohesion and condensation (Paul and Montpetit, 2016). It
is unlikely that these factors have a direct role in mRNA export, but some of these factors have
also been linked to disease (Krantz et al., 2004), making these phenotypes of interest given their
impact on RNA processing when mutated. For the factors engaged in chromosome segregation,
one explanation is that mutations causing errors in chromosome segregation result in the random
loss of a chromosome, or part of a chromosome, containing an essential mRNA export factor and
this ultimately results in an mRNA export defect. This idea is supported by the fact that only a
small percent (20%) of the population of cells developed a poly(A)-RNA accumulation
phenotype in these mutants. In line with this, our work showed that in chromosome segregation
mutants, signals from rRNA processing intermediates (/7S) and a tagged nucleolar protein
Nop56p-GFP were lost in cells with a poly(A)-RNA accumulation defect. This may be due to
loss of the rDNA region, which is segregated late in budding yeast and may be prone to high
rates of loss (Machin et al., 2005). As such, the factor being lost could be a gene situated near the
rDNA locus. Alternatively, recent research suggests that upon mis-segregation of the nucleolus
the majority of exosome complex is also mis-segregated to one of the daughter cells due to the
enrichment of the exosome in the nucleolus (Hocquet et al., 2018). If this is the case, the
mechanism for poly(A)-RNA accumulation in these mutants may result from a breakdown in
nuclear homeostasis that is caused by altered exosome activities. Future experiments aimed at
describing which DNA regions are lost in these mutants would be useful in deciphering these
details, as would further details surrounding exosome activity in the resulting aneuploid cells.

In the case of the Smc proteins, these factors form a ring like protein complex that
functions to link two DNA molecules, which is central to organizing and segregating the genetic
material (Nasmyth and Haering, 2005; Hirano, 2006; Haering et al., 2008). By regulating the
structure of chromosomes within the nucleus, the Smc proteins also play an important role in

gene expression (Dowen and Young, 2014). For example, Smc proteins function in silencing of
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the mating type genes in yeast, and by a similar mechanism, Smc proteins also impact the
silencing of tRNA genes and artificially introduced genes at heterochromatic pericentric DNA in
S. pombe (Bhalla et al., 2002; Iwasaki et al., 2010; He et al., 2016; Wang et al., 2016). In chicken
DT40 cells, condensin I was found to be associated with active promoters in M phase, with
depletion of condensin I leading to reduced expression of a subset of genes in G1 (Kim et al.,
2013). Cohesin and condensin II are further known to reduce expression of genes driven by
super-enhancers in embryonic stem cells, with depletion of either impacting gene expression and
cell identity (Dowen et al., 2013). Given these Smc protein functions, it is possible that the
accumulation of poly(A)-RNA occurs for the reasons described above (i.e. segregation errors);
however, it is also possible that loss of Smc activity induces structural changes within
chromosomes that cause alterations in gene expression (Dowen et al., 2013; Dowen and Young,
2014). For example, it may be that upon loss of Smc activity, the transcription, processing, and
export of some transcripts are impacted due to perturbations in chromosome organization. What
genes are impacted and how this impacts RNA processing and mRNA export requires further
investigation of these possible relationships. These impacts could come from alterations in the 3D
structure of chromatin itself in SMC mutants, altered distributions of RNAPII, or changes in gene
expression in a gene important for mRNA export. Future studies aimed at determining gene
expression or RNAPII distributions across the genome of these mutants may allow such
questions to be addressed. Finally, Smc proteins are known to be organized around
transcriptional units (Glynn et al., 2004), making it possible that the function of these proteins is
much more direct; as such, the study of the interactions between Smc factors, RNA, and RNA

binding proteins may be an enticing area for future study.

5.3 The role of the nucleolus on the mRNA life cycle

The nucleolus is the center for rRNA and snoRNA biogenesis; however, its role in mRNA
biology is not well studied. Interestingly, work carried out in Chapter III has found that mRNAs
accumulated in the nucleolus when exosome activity was impaired, or when rRNA processing
was altered. This was not gene specific, as every mRNA tested was found to accumulate in the

nucleolus of epni-1 and exosome mutants, which may suggest a general role for the nucleolus in
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nuclear mRNA processing. What that role may be is not known, but many interesting possibilities
exist. For example, an mRNA might transit through the nucleolus for processing or modification,
which may be essential for export or specific events in the cytoplasm. Indeed, evidence does exist
for mRNA pseudouridylation (Carlile et al., 2014), which would likely occur in the nucleolus,
and for specific mRNAs transiting through the nucleolus to facilitate cytoplasmic localization
(Du et al., 2008). Still, a well characterized or general role of the nucleolus in the formation of
export ready mRNAs has not been described. Therefore, further studies using live-cell mRNA
imaging approaches may be an important starting point, which have previously been used to
address mRNA export (Smith et al.,, 2015). Applying such technology in the context of a
nucleolar marker would allow one to define the frequency of an mRNA entering the nucleolus,
the amount of time spent there, and where the mRNA travels after the nucleolus. In the context of
a ncRNA processing mutant, the observed accumulation of mRNAs in the nucleolus could be the
result of a block in nucleolar mRNA processing and export due to changes in nucleolar structure
or function. However, an alternate possibility is that upon loss of nucleolar homeostasis, ongoing
errors in mRNA processing lead to defective mRNAs accumulating that are destined for decay as
part of a quality control mechanism. In the latter case, mRNAs that transit to the nucleolus would
never be exported to the cytoplasm, but targeted to the nucleolus to be decayed by the nuclear
exosome. Single molecule tracking experiments may also provide such information through the
observation of mRNAs that go to the nucleolus but are never exported to the cytoplasm. It is
expected that distinguishing such possibilities will be important, as it would define this
compartment as either being associated with proper mRNA maturation and export, or quality

control and mRNA decay.

5.4 The buffering of mRNA levels in the nucleus

In chapter IV evidence is presented that shows mRNA levels are reduced in mutants that
accumulate poly(A)-RNA in the nucleolus. In response to poly(A)-RNA accumulation, a recent
report by the Jensen Lab (Aarhus University) suggests that Nab2p activity becomes limiting and
transcriptome levels change due to Rrp6p mediated decay of mRNA with unprotected poly(A)
tails (Schmid et al., 2012). This raises the possibility that the lower levels of mRNA observed in
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the mutants tested here are the result of Rrp6p mediated decay of nascent mRNAs due to the
sequestration of Nab2p, and other RBPs, by polyadenylated ncRNAs. In line with this close
relationship between Rrp6p and Nab2p, it has been reported that a nab2A strain is viable in the
presence of rrp6A (Gonzalez-Aguilera et al., 2011). As such, further studies could focus on
Rrp6p independent functions in exosome core mutants to address if Rrp6 is still active and can
associate with nascent mRNAs for their degradation. In fact, it is possible that in mutants that
have Rrp6p disengaged from the exosome core (e.g. csl4-ph) that Rrp6p could be more active
against exosome-independent targets, including nascent mRNAs. An idea that could be tested by
performing cross-linking immunoprecipitation (CLIP) experiments in cs/4-ph mutant to map
Rrp6p binding to transcripts. Recent research has also shown that cytoplasmic decay factors, e.g.
Xrnlp, travel to the nucleus in order to regulate transcription in a nuclear RNA decay mutant
(Sun et al., 2013). Thus, it is possible that Xrnlp activity could also be a cause of lowered mRNA
levels in the mutants we have tested. A ChIP-seq experiment with Xrnlp in csl4-ph or enpl-1
could be performed to test whether Xrnlp localization increases at the loci of downregulated
genes. A final explanation for the downregulation of mRNAs is that factors needed for
transcription are less abundant due to sequestration on nucleolar mRNAs and ncRNAs, which
leads to decreased RNAPII activity. A hypothesis that could be addressed by NET-Seq or
RNAPII ChIP-seq to address ongoing transcription and RNAPII occupancy at gene loci.

5.5 The role of Enplp in rRNA processing and nuclear RNA homeostasis

The collection of T7s strains screened in Chapter III contain > 20 rRNA processing
mutants, yet the screen only identified enp /-1 as accumulating poly(A)-RNA and mRNA in the
nucleolus. In Chapter IV, it was further shown that the enp/-1/ strain accumulated both 20S and
23S polyadenylated pre-rRNAs. This raises questions relating to the differences in phenotypes
arising from losing Enp1p function as compared to other rRNA processing factors, since it is well
known that other rRNA processing mutants also accumulate pre-rRNAs in the nucleus (Chen et
al., 2003). In other words, what makes Enplp different? Potentially, other processing mutants
may arrest rRNP maturation at a stage where the rRNP composition or structure is easily decayed

by the exosome. In contrast, in enpl-1, the rRNP structure may not be efficiently recognized by
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the exosome complex or may be too stable for the exosome to effectively decay the RNA within
the rRNP. CLIP-Seq approaches may be one approach that could be taken to discern if the
exosome is engaging stalled rRNPs in an enp/-1 mutant and where this is occurring. Another
possible hypothesis is that Enplp itself is required for the exosome to target the polyadenylated
rRNA. However, Rrp41p-Protein A interaction data from a control strain did not show any
evidence of an interaction between Enplp and the core exosome, but without crosslinking or
otherwise stabilizing protein-protein interactions, the overall level and transient nature of the
interaction may make this hard to detect. Ultimately, the question of what happens in an enpl-1
mutant would probably be best addressed through a structural approach, which should be
methodologically possible given the many recent crystal and cryo-EM structures that have been
generated for rRNPs in yeast (Greber et al., 2012; Schmidt ef al., 2016; Brown and Shao, 2018;
Sosnowski et al., 2018). A final hypothesis is that the late nuclear role for Enplp in promoting
the export of mature 20S rRNAs results in the accumulation of rRNPs that are not recognized by
the exosome as being defective, as such they readily accumulate in the nucleus. In these cases,
nuclear accumulated 20S rRNA would undergo TRAMP mediated polyadenylation, and being
the most highly abundant RNA produced in the cell, these rRNAs would begin to compete for
both the nuclear surveillance machinery, as well as any RBPs they can engage, disrupting nuclear

RNA processing homeostasis.

5.6 Closing Remarks

Overall, this work provides new insights into the interconnections between stable ncRNA
processing and mRNA expression. The exosome and certain RBPs acting as key components that
functionally connect ncRNA processing and mRNA expression through competition for these
factors under normal or perturbed cellular conditions. More broadly, it is expected that these
concepts can aid our understanding of how human disease results through mutations in core RNA
processing components, like the exosome. For example, mutations in the RNA exosome genes
EXOSC3, EXOSCS8, and EXOSC2 (RRP40, RRP43 and RRP4 in S. cerevisiae) cause tissue-
specific disease phenotypes (Morton et al., 2018). Mutations in exosome cofactors also cause

tissue-specific diseases of varying phenotypes (Hartley et al., 2010; Fabre ef al., 2012; Giunta et
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al., 2016). Similarly, mutations in the PABP ZC3H14, a Nab2p ortholog, are associated with
inherited intellectual disability (Pak et al, 2011). Currently, how mutations in these RNA
surveillance and processing factors result in these particular diseases is not known. Here it is
demonstrated that generation of excess or improperly processed RNA substrates can alter RBP
localizations and availability, initiating further events that sequester more RNA and RBPs, thus
disrupting RNA processing. The exact progression of events and outcomes are likely dependent
on the cell type and overall transcriptional activity of the cell, which could potentially explain
tissue specific disease phenotypes. The interaction between RNA with RBPs could lead to the
formation of membrane-less phase separated compartments that could also impact nuclear
processes and drive disease (Decker and Parker, 2012). Notably, various neurodegenerative
diseases are linked to altered or defective RNA metabolism events, which in some instances have
been shown to include the improper localization of RBPs (Volkening and J. Strong, 2011). In
addition, viral pathogens have more recently been found to modulate exosome and RNA decay
activities to both promote their own replication and evade host defense (Rialdi et al., 2017; Guo
et al., 2018). Speculatively, the phenotypes and molecular mechanisms observed here in yeast
involving the exosome and RBPs may underlie the mechanisms at play in these disease states and
during viral infection. Given these links, and our evolving understanding of nuclear RNA
processing, it is expected that future work will provide examples in both normal and pathological
conditions where alterations in nuclear RNA homeostasis act to change cellular function and

overall cellular physiology.
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Appendix A

Table 6-1: List of mutant alleles with a reported poly(A)-RNA accumulation phenotype

within the temperature sensitive mutant collection

Gene I.dentlfied Description Reference
in screen
Nuclear envelope membrane protein; functions with .
bri1-3231 Yes Aypallp el B o (el Morrnastingte (Saitoh et al., 2005)
brr6-1 Yes Nuclear envelope membrane protein; functions with (de Bruyn Kops and
Apq12p and Brllp in lipid homeostasis Guthrie, 2001)
DEAD-box ATPase; involved in mRNA export (Snay-Hodge et al.,
el Yes from the nucleus 1998)
dis3-1 Yes Exosome core complex catalytic subunit; involved (Kadowaki et al.,
in 3'-5' RNA processing and degradation 1994a)
lo]-4 Yes Cytoplasmic nucleoporin; required for (Murphy and Wente,
8 polyadenylated mRNA export 1996)
. Aurora kinase of chromosomal passenger complex;
ipll-1 Yes mediates release of mono-oriented kinetochores (Cole et al., 2002)
mex67-5 Yes I;Z\Iilgrtbmdmg protein; involved in nuclear mRNA (Segref et al., 1997)
3'-5' RNA helicase; involved in nuclear RNA (Kadowaki et al
mtrd-1 Yes processing and decay as part of the TRAMP 1994a) ”
complex
Structural component of the NPC; involved in NPC
nupl45-4 Yes biogenesis and genes tethering to the nuclear (Fabre et al., 1994)
periphery
FG-nucleoporin that is part of NPC cytoplasmic (Del Priore et al.,
nupl139-1 Yes filaments; Dbp5 regulator in mRNA export 1996)
mRNA 3' end processing factor; essential
pefll-1 No component of cleavage and polyadenylation factor (Hammell ez al., 2002)
1A
Cleavage and polyadenylation factor complex
ptal-1 Yes subunit; required for processing mRNA and (Hammell et al., 2002)
snoRNA 3' ends
5'to 3' RNA exonuclease; involved in ncRNA
L No processing and mRNA transcription termination Tl al ek, 1E22)
rat9-1 No Structural subunit of NPCs; contributes to (Goldstein et al.,
nucleocytoplasmic transport and NPC biogenesis 1996)
nals-38 No Cleavage and polyadenylation factor I subunit; (Hammell ef al., 2002)
involved in processing mRNA 3' ends ”
rsp5-3 Yes E3 ubiquitin ligase; regulates MVB sorting, the heat (Neumann et al.,
P shock response, transcription, and ribosome stability 2003)
srml-ts Yes Nucleotide exchange factor for Gsplp; required for (Kadowaki et al.,
nucleocytoplasmic trafficking through NPCs 1994a)

173




Appendix B

R codes for RNA-seq analyses are given below. You might need to generate a bam file to start
this analysis.

R code for running featureCount function on all bam files generated from HISAT2

setwd ("/home/biplab/DATAl/fastg files/")
myFiles <- list.files (pattern="*bam")
library ("Rsubread")

gene csld4 <- featureCounts (files<-myFiles,

# annotation
annot.inbuilt=NULL,
annot.ext= ~/project exosome/input files/gtf files/
Saccharomyces cerevisiae.R64-1-1.85.gtf,
isGTFAnnotationFile=TRUE,
GTF.featureType= "gene",

GTF.attrType="gene 1id",
chrAliases=NULL,

# level of summarization
useMetaFeatures=FALSE,

# overlap between reads and features
allowMultiOverlap=TRUE,
minOverlap=10,

largestOverlap=FALSE,
readExtension5=0,

readExtension3=0,

read2pos=NULL,

# multi-mapping reads
countMultiMappingReads=TRUE,
fraction=TRUE,

# read filtering
minMQS=0,
splitOnly=FALSE,
nonSplitOnly=FALSE,
primaryOnly=FALSE,
ignoreDup=FALSE,

# strandness
strandSpecific=2,

# exon-exon junctions
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juncCounts=TRUE,
genome=NULL,

# parameters specific to paired end reads
isPairedEnd=TRUE,
requireBothEndsMapped=TRUE,
checkFragLength=TRUE,
minFragLength=20,
maxFragLength=200,
countChimericFragments=FALSE,
autosort=TRUE,

# miscellaneous
nthreads=1,
maxMOp=10,
reportReads=FALSE)

gene csl4 enpl <- data.frame(gene csl4 enpl$Sannotation,
gene csl4 enpl$counts,stringsAsFactors=FALSE)

write.table(cuts xu, file = "~/project exosome/input files/
expression data/fc genes csl4 enpl srml.csv", sep = "\t",
quote = FALSE, col.names = TRUE)

R code for running DESeq2

options( warn = -1 )
library ('DESeqg2"')
library('data.table')
library('stats')
library('ggplot2')

library('tidyverse')

setwd ("~/Desktop/Paul et al 2019/")

wt vs mutants d <- fread("./results/output feature count.csv",
header = T, sep = ",")

e ittt DESEQ2 RB ———————————————————

#Choosing columns for RB data

sample name = c('GeneID', 'Rrp6 1', 'Rrp6 2', 'Dis3 1',

'Dis3 2', 'Csl4 90 1 rb', 'Csl4 90 2 rb', 'Csl4 90 3 rb',
'Enpl 90 1 rb', 'Enpl 90 2 rb','Srml 90 1 rb',
'Srml 90 2 rb', 'wt 90 1', 'wt 90 2' )

wt vs mutants d <-

wt vs mutants d[!duplicated(wt vs mutants d$GenelID), ]

colnames (wt vs mutants d) <- sample name

sample name = c('Rrp6 1', 'Rrpo6 2', 'Dis3 1', 'Dis3 2',
'Csl4 90 1 rb', 'Csl4 90 2 rb', 'Csl4 90 3 rb',
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'Enpl 90 1 rb', 'Enpl 90 2 rb','Srml 90 1 rb',
'Srml 90 2 rb', 'wt 90 1', 'wt 90 2' )

#Selecting data
expr rb = wt vs mutants d[, sample name, with=FALSE]

#Setting up colData
col rb = data.frame (sample = sample name,
treatment = c('rrp6 90', 'rrp6 90',
'dis3 90', 'dis3 90', 'csl4 90",
'csld 90','csld 90', 'enpl 90', 'enpl 90",
'srml 90', 'srml 90','Ctrl', 'Ctrl'"))

col rbStreatment <- factor (col rbStreatment,
levels=c('rrp6 90', 'dis3 90', 'csld4 90°',
'enpl 90', 'srml 90', 'Ctrl'))

dds rb <- DESegDataSetFromMatrix (countData = data.frame (expr rb),
colData = col rb,
design = ~ treatment)

rownames (dds_rb) <- wt vs mutants d$GenelID

#Applying the model

dds rb <- estimateSizeFactors (dds rb)

dds rb <- estimateDispersions (dds rb)

#res lrt <- DESeqg(dds rb, test='LRT', reduced = ~1)
res wald <- DESeqg(dds rb, test='Wald')

#getting results

res rrp6 90 <- results(res wald, pAdjustMethod = "BH",
contrast=c('treatment', 'rrp6 90', 'Ctrl'))
res dis3 90 <- results(res wald, pAdjustMethod = "BH",
contrast=c('treatment', 'dis3 90', 'Ctrl'))
res csl4 90 <- results(res wald, pAdjustMethod = "BH",
contrast=c('treatment', 'csl4 90', 'Ctrl'))
res enpl 90 <- results(res wald, pAdjustMethod = "BH",
contrast=c('treatment', 'enpl 90', 'Ctrl'))
res srml 90 <- results(res wald, pAdjustMethod = "BH",

contrast=c('treatment', 'srml 90', 'Ctrl'))

#saving results for RB data
tmp <- cbind(as.data.frame (res rrp6 90),
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as.data.frame
as.data.frame
as.data.frame
as.data.frame

res dis3 90),
res csl4d 90),
res enpl 90)
res srml 90)

—~ o~ o~ —

14

)

log2fc <- tmp[ , grepl( "log2FoldChange" , names( tmp) ) |

p v <- tmp[ , grepl( "pvalue" , names( tmp ) ) ]

p v <- p vliapply(p v[, -1], MARGIN = 1,

function(x, any(x < 0.01)), 1

new log2fc <- logZfc[rownames (p V), ]

colnames (new log2fc) = c('rrp6', 'dis3', 'csld4d', 'enpl', 'srml')

new logZ2fc<- new log2fc %>% rownames to column ("gene id")

write.table(new log2fc, file="./results/log2FC all rb.tsv",
quote = F, sep='\t', row.names = TRUE, col.names = TRUE)

R Code for Figure 4-1B

library(ggplot?2)

library (RColorBrewer)

library(gplots)

library (DESeqg?2)

sampleinfo <- read.csv("~/Desktop/sample info.csv", sep = ",")
df <- read.csv("~/Paul et al 2019/results/

output feature count.csv", sep = ",")

df <- df[-1]

colnames (df) <- c("rrp6 R1", "rrp6 R2", "dis3 RI1", "dis3 R2",

"csldph R1", "csld4ph R2", "csld4ph R3", "enpl R1",

"enpl R2", "srml R1", "srml R2", "WT R1",
"WT_R2 " )

ddsFullCountTable <- DESegDataSetFromMatrix (countData = df,
colData = sampleinfo, design = ~sample)

dds <- DESeg(ddsFullCountTable)

rld <- rlog( dds )

Colors=rev (brewer.pal (11, "Spectral"))
Colors=colorRampPalette (Colors) (100)

heatmap.2 (assay(rld), scale = "row", trace="none", col=Colors)

Figure 4-2B
#Code for making heatmap of correlation co-effient
library(data.table)

library(corrplot)
library(dplyr)
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setwd ("~/Desktop/Paul et al 2019/")

fc df rb <- read.csv("./results/log2FC all rb.tsv", sep='\t')
log2fc <- fc df rb[complete.cases (fc df rb), ]

df <- log2fc[, c("rrp6", "dis3", "csl4d","enpl","srml") ]

M <- cor (df)

png ("./Figures/corr plot logfc rb.png")

corrplot (M, method = "color", type="upper", addCoef.col =
"white")

dev.off ()

R code for Figure 4-2C

library(data.table)
library (ComplexHeatmap)
library(circlize)
library(ggplot?2)

library (ggdendro)

library (ggpubr)

setwd ("~/Desktop/Paul et al 2019/")

fc df rb <- read.csv("./results/log2FC all rb.tsv", sep='\t')
transcript = fread('./annotation/yeast all annot.gtf')

type rb = c('rrp6', 'dis3', 'csl4', 'enpl', 'srml')
data rb = fc df rb[,1:6]
colnames (data rb) <- append(c('gene id'), type rb)

data rb <- as.data.frame(data rb)
biotype = c()
slc row = c()
for (row in l:nrow(data rb)) {
current id <- data rb[row, 'gene id']
to add = transcript[transcript$gene id ==
current id]Sgene biotype
gene = transcript[transcript$gene id == current id]Sgene id
biotype <- c(biotype, to add)
slc row <- c(slc row, gene)

}

data rb <- data rbl[data rbS$gene id %in% slc_ row, ]

data rbSbiotype <- biotype
data rb <- data rb[,c(1,6,5,2,3,4,7)]
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ha = HeatmapAnnotation (df = data.frame(type = type rb))

tmp <- data rb[data rbSbiotype %in% c('pervasive',
'protein coding'), ]

colnames (tmp) <- c('gene id', 'rrp6', 'dis3', 'csl4d',
'enpl', 'srml', 'RNAclass')

tmpSRNAclass [tmpSRNAclass == 'pervasive'] <- "Pervasive"
tmpSRNAclass [tmpSRNAclass == 'protein coding'] <- "mRNA"
to plot = as.matrix(tmp[,2:6])

rownames (to _plot) <- tmpSgene id

kclus <- kmeans (to plot, 6)
split <- pastel0("C", kclus$cluster)

ht = Heatmap (to plot, split=split, name = 'log2FC', gap = unit (2,
ummu) , -

col = colorRamp2(c(-5, 0, 5), c("blue", "white", "red")),

width = unit (6, 'cm'),

row title='Kmean clusters',

show row names = FALSE, show column names = TRUE,

cluster rows = FALSE,

cluster columns = FALSE)
ha = Heatmap (tmp$SRNAclass, name = "", show row names = FALSE,

width = unit (5, "mm"), col = c('#808080"'," '#70B2FF"))

ht list = ht + ha

png ("./Figures/figureld.png")
draw (ht list, row title='Kmean clusters')
dev.off ()

Figure 4-2D

library(ggplot?2)
setwd ("~/Desktop/Paul et al 2019/")

fc df rb <- read.csv("./results/log2FC all rb.tsv", sep='\t')

rna class <- read.csv("./annotation/rna3.csv", sep = "\t")

xut <- read.csv("./annotation/xut list.txt", header = F, sep =
";")

colnames (xut) <- c("gene id", "RNAclass")

rna class <- rbind(rna class, xut)

df <- merge(fc df rb, rna class, by = 'gene id', all=FALSE)

df <- dflapply(df!=0, 1, all),]
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df <- df[,-1]

dfl <- melt (df)

png ("./Figures/figurele.png")

ggplot (dfl, aes(x=value, color=RNAclass)) +
geom line(stat="density", size = 1.0) +
facet wrap(~variable) +

xlim (-4, 8) + theme bw()

dev.off ()

Figure 4-4A
library(ggplot?2)

library(tidyverse)
fc df rb <- read.csv("./results/log2FC all rb.tsv", sep='\t')

rna class <- read.csv("./annotation/tollarvy rna classes2.csv",
sep = "\t")

colnames (rna class) <- c("gene id", "RNAclass")

df <- merge(fc df rb, rna class, by = 'gene id', all=FALSE)

df <- df[,-1]
dfl <- melt (df)
png ("./Figures/figure3a.png")
ggplot (dfl, aes(x = RNAclass, y = value, fill=variable)) +
facet wrap( ~ variable) + xlab("Classes of mRNA") +
ylab ("log2FC") + ylim(-6,6) + geom boxplot (outlier.size
=0.1,notch=TRUE) +
theme (panel.background = element rect(fill = "white"),
axis.line = element line(size = 0.7, color = "black"),
axis.text=element text (size=8),
axis.title=element text (size=14,
face="bold"),
strip.text.x = element text(size = 15,
face ="bold.italic"), legend.position = c(0.8, 0.2))
dev.off ()

Shell code for aligning all RNA-Seq read to yeast genome.

for £ in "1s *.fastqg | sed 's/ R[12].fastq//g' | sort -u’

do

hisat2 -p 4 --fr -x ~/R64-1-1/Sequence/WholeGenomeFasta/genome
--known-splicesite-infile ~/yeast splice sites.txt

-1 ${f} Rl.fastg -2 ${f} R2.fastqg |
samtools view -Sb > ~/DATA2/hisat2_out/${f}.bam
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