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Abstract

Long non-coding RNAs (IncRNAs) are emerging as important regulators of gene
expression, although it remains unclear to what extent they contribute overall to the
information flow from genotype to phenotype. Using strand-specific RNA-
sequencing, [ identify thousands of novel unstable, or cryptic, IncRNAs in
Schizosaccharomyces pombe. The nuclear exosome, the RNAi pathway and the
cytoplasmic exonuclease Exo2 represent three key pathways regulating IncRNAs in
S. pombe, defining the overlapping classes of CUTs, RUTs and XUTs, respectively.
The nuclear exosome and the RNAi pathway act cooperatively to control nuclear
IncRNA expression, while the cytoplasmic Exo2 pathway is more distinct.
Impairing both the nuclear exosome and the cytoplasmic exonuclease Exo2 is lethal

in S. pombe.

Importantly, I show that CUTs, RUTs and XUTs are stabilised under physiologically
relevant growth conditions, with three key groups emerging: late meiotic
RUTs/XUTs, early meiotic CUTs and quiescent CUTs. Late meiotic RUTs/XUTs
tend to be antisense to protein-coding genes, and anti-correlate in expression with
their sense loci. In contrast, early meiotic and quiescent CUTs tend to be transcribed
divergently from protein-coding genes and positively correlate in expression with

their mRNA partners.

The current study provides an in-depth survey of the IncRNA repertoire of S. pombe,
and the pathways that regulate their expression. It seems likely that any regulatory
functions mediated by most of these IncRNAs are in cis, nuclear and co-
transcriptional. The current study provides a rich and comprehensive resource for

future studies of IncRNA function.
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Chapter 1 Introduction
1.1 Overview

Long non-coding RNAs (IncRNAs) are emerging as important regulators of gene
expression, although it remains unclear to what extent they contribute to the

information flow from genotype to phenotype.

Since IncRNAs are pervasively transcribed, in this Chapter I will firstly consider
unifying features of IncRNAs at a genome-wide level, focusing on their distribution
throughout the genome and their post-transcriptional regulation. I will then discuss
known functional mechanisms of IncRNAs, with a specific emphasis on our current
understanding of IncRNAs in yeast model systems of the budding yeast
Saccharomyces cerevisiae and the fission yeast Schizosaccharomyces pombe. Based

on outstanding questions in the field, I will then outline the aims of this thesis.

1.2 Genomes are pervasively transcribed
1.2.1 Transcriptomics reveals pervasive IncRNA transcripts

A profusion of microarray and RNA-sequencing (RNA-seq) studies, on species
ranging from microbes to humans, has revealed that the transcribed portions of
genomes are more pervasive and complex than anticipated (Carninci et al. 2005,
Mortazavi et al. 2008, Okazaki et al. 2002, Wilhelm et al. 2008). For example, less
than 2% of the human genome encodes proteins, yet as much as 80% of all DNA is

transcribed (Birney et al. 2007, Mattick 2011).

Such pervasive transcription leads to a multitude of previously unknown non-protein
coding RNAs (ncRNAs), which have an arbitrary minimal length cut-off of 200
nucleotides (due to RNA-seq library preparation protocols that exclude small RNAs),
and are subsequently referred to as long ncRNAs (IncRNAs). These transcripts are
distinct from small regulatory ncRNAs such as miRNAs and piRNAs, which are
typically conserved, shorter than 30 nucleotides, and are known to be involved in
transcriptional and post-transcriptional gene silencing through specific base-pairing

with their mRNA targets (Ghildiyal and Zamore 2009).
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1.2.2 General features of IncRNAs

Like mRNAs, IncRNAs are generally considered to be RNA Polymerase II (Pol II)-
transcribed (Rhee and Pugh 2012), capped (Neil et al. 2009) and polyadenylated
(David et al. 2006).

IncRNAs tend to be much more lowly expressed and less conserved in sequence than
protein-coding genes. Such features may argue against a functional role for
IncRNAs, and have led to the speculation that the majority of IncRNAs likely
represent some form of basic transcriptional noise, generated at low levels
throughout the genome due to the inability of the transcription machinery to identify
true promoters (Struhl 2007). Since many IncRNAs are associated with mRNA
genes (see Section 1.3), it is possible that their transcription may simply reflect the
accessibility of the chromatin structure in such regions of the genome, but the

transcripts themselves possess no obvious function.

Despite this, however, there is some evidence that IncRNAs have been subject to
purifying selection, hinting at their possible functionality (Guttman et al. 2009,
Ponjavic et al. 2009). Furthermore, when using conservation as an indicator of
functionality, functional sequences have often been equated with sequence
conservation across a diverse range of species. By analyzing sequence constraint
between pairs of eutherian genomes over a range of divergences, Rands et al. (2014)
have recently shown that noncoding sequences become increasingly mutually
constrained as species pairs become more closely related. Thus, some noncoding
sequences are conserved, but over shorter evolutionary timescales than protein-
coding sequences. Together with the observation that protein-coding genes are
largely conserved in number and function between organisms of highly different
complexities, while the extent of IncRNAs increases much more with organismal
complexity (Mattick 2011), IncRNAs have been speculated to contribute to species
specific biology. Thus, IncRNAs may contribute significantly to phenotypic
differences between species, possibly through differences in genome regulation that

they may mediate (Kutter et al. 2012, Mattick 2011, Rands et al. 2014).
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While a high expression level and a high degree of sequence conservation are
generally considered to indicate how important a protein-coding gene’s function is,
the same may not be true for IncRNAs if one considers that their mode of action may
be fundamentally different. For example, if IncRNA functions are exerted through
the act of being transcribed, rather than the transcript itself, then high steady state
expression levels and a high degree of sequence conservation may not be necessary
for, or indicative of, function. Emerging evidence that at least some IncRNAs may

function in this way is discussed in Section 1.5.4.

Finally, although, by definition, IncRNAs are not considered to be translated, several
recent studies are now challenging this view. Ribosomal profiling — the deep
sequencing of ribosome-protected RNAs — has been used to determine whether any
IncRNAs are found in association with ribosomes (Duncan and Mata 2014, Ingolia et
al. 2011, Ingolia et al. 2014, Wilson and Masel 2011). Remarkably, these studies
have revealed that a significant proportion of annotated IncRNAs in S. cerevisiae
(Wilson and Masel 2011) and mouse embryonic stem cells (Ingolia et al. 2011,
Ingolia et al. 2014) are exported to the cytoplasm, where they are engaged by the
protein translation machinery. A recent study in S. pombe has employed ribosome
profiling to demonstrate that 24% of annotated IncRNAs are engaged with ribosomes

(Duncan and Mata 2014).

However, the extent to which this engagement with ribosomes results in the
production of small peptides, and subsequently the extent to which IncRNAs might
act via peptides they encode rather than via RNA itself, remains an open question.
Although it is unclear whether such translation is functionally important, such studies
are leading to the concept that in addition to the genome being pervasively

transcribed, the transcriptome is also pervasively translated.

In summary, IncRNAs are pervasively transcribed throughout genomes, generally
not translated, lowly expressed and poorly conserved. Additional features, which
may inform function, and that will be considered in the following sections, include: a
non-random genome distribution (Section 1.3); regulation by RNA degradation
pathways (Section 1.4). I will then consider known functional mechanisms of
IncRNAs (Section 1.5), before outlining the aims of this thesis (Section 1.6).
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1.3 Genomic origins of IncRNA transcription

IncRNAs are non-randomly distributed throughout the genome, and can be
transcribed antisense to protein-coding genes, from promoters of coding transcripts,
from enhancers or repetitive elements, or separate from coding genes (Figure 1.1).

Each of these origins of IncRNAs will be considered in the following sections.

mRNA lincRNA mRNA
> > >
5’ Promoter ORF 1 Promoter ORF 2 3’
<« < <
Promoter RNA AS RNA Promoter RNA AS RNA

Figure 1.1: Different types of IncRNAs by location.

Schematic showing different genomic locations of IncRNAs. Green: DNA, with promoters and open
reading frames (ORFs) depicted as boxes; blue arrows: messenger RNAs (mRNAs); red arrows:
IncRNAs. Examples for different IncRNA locations are antisense (AS) RNAs, promoter RNAs
transcribed in the opposite direction to mRNAs, and a long intergenic RNA (lincRNA). Some
IncRNAs are associated with enhancer elements or with repeated regions. See main text for details.
Adapted from Atkinson et al. (2012).

1.3.1 Antisense IncRNAs

Standard RNA-seq libraries do not preserve information about transcriptional
direction. However, several methods now exist for strand-specific RNA-seq (Levin
et al. 2010), revealing complex overlapping transcription in several genomes, with
many IncRNAs being transcribed from the complementary strand of protein-coding

genes. Such IncRNAs are referred to as antisense (AS) transcripts.

Initial studies using whole-genome tiling arrays in both S. pombe and S. cerevisiae
have revealed extensive AS transcription in rapidly proliferating cells (David et al.
2006, Dutrow et al. 2008, Wilhelm et al. 2008, Xu et al. 2011). Application of
strand-specific RNA-seq to these eukaryotic microbes has now provided maps of AS
transcription across different growth conditions at higher resolution (Ni et al. 2010,

Rhind et al. 2011, Yassour et al. 2010). Such studies provide accurate detection of
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AS transcript boundaries, uncovering overlaps with variable portions of coding
genes. In addition, AS transcript co- or anti-regulation (or lack thereof) with
neighboring genes suggest that they can arise from novel transcription start sites,
from bidirectional transcription at promoters, or via transcriptional read-through in
the case of convergent genes. The same studies have additionally reported that
detectable AS transcripts are more likely to overlap genes involved in sexual
differentiation or stress response (Ni et al. 2010, Rhind et al. 2011, Yassour et al.
2010), as well as genes with higher variability in transcript levels (Xu et al. 2011).
Notably, certain sense/AS transcript pairs and their co-regulation are conserved
across several yeast species (Rhind et al. 2011, Yassour et al. 2010). Taken together,
these data suggest that AS transcription is a phenomenon of pervasive gene

expression with diverse features and impacts on gene regulation.

There are many described functions of individual antisense IncRNAs and only a few
will be briefly described here. Most described antisense functions have an inhibitory
effect on expression of their sense loci. For example, a recent study has elucidated a
role for an antisense IncRNA in circadian clock function in Neurospora crassa (Xue
et al. 2014). A IncRNA antisense to the circadian gene frequency (frq), was found to
oscillate in expression antiphase to the frq sense RNA. In fact, mutual inhibition of
sense and antisense transcripts was found to form a double negative feedback loop
that is required for robust and sustained circadian rhythmicity. Furthermore, the
authors suggest that antisense transcription inhibits sense expression by mediating

chromatin modifications and premature transcription termination.

Similar examples of an inhibitory effect of antisense IncRNAs on their sense loci,
mediated via chromatin modifications, have been described in budding yeast.
Stabilisation of S. cerevisiae PHO84 or GALI-10 antisense transcripts, during
chronological ageing or repressive nutrient conditions respectively, leads to
repression of their respective sense loci via the recruitment of histone deacetylases

(Camblong et al. 2007, Houseley et al. 2008).

Although expression of antisense IncRNAs and their sense loci are generally
considered to anti-correlate, mechanisms by which antisense IncRNAs can mediate
positive effects on expression of their sense loci have also been described. For
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example, in S. cerevisiae the stress-activated protein kinase Hogl induces
transcription of a IncRNA antisense to the cyclin-dependent kinase CDC28 (Nadal-
Ribelles et al. 2014). Transcription of the antisense IncRNA mediates the
establishment of gene looping and the relocalisation of Hogl from the 3’UTR of
CDC28 to the +1 nucleosome, where it induces CDC28 expression. This enables
cells to reenter the cell cycle more efficiently after stress, and has been proposed to
represent a general mechanism to prime expression of genes needed after stresses are

alleviated.

Microarray- and next generation sequencing (NGS)-based approaches have also
revealed AS transcription in mammalian genomes (Birney et al. 2007, Carninci et al.
2005, Guttman et al. 2010). However, to what degree and by what mechanisms AS

transcripts control sense transcripts on a global level remain to be fully elucidated.

1.3.2 Bidirectional IncRNAs

NGS-based approaches have helped to reveal an unanticipated property of Pol II:
transcription initiation can be bidirectional. For example, cryptic unstable transcripts
(CUTs) are Pol II-dependent transcripts defined in S. cerevisiae, which largely result
from bidirectional transcription. CUTs are degraded by the nuclear exosome shortly
after synthesis (Wyers et al. 2005). Two recent studies have generated genome-wide
maps of CUTs using an NGS-based approach (Neil et al. 2009) or high-density tiling
arrays (Xu et al. 2009). Both studies have revealed that CUTs are well-defined
transcriptional units that tend to be transcribed from gene promoters in an opposite
direction to the coding RNAs. Moreover, evidence suggests that such divergent
IncRNAs emanate from distinct pre-initiation complexes (PICs) within the same
nucleosome free region (NFR). Thus, in S. cerevisiae, high-resolution genome-wide
studies of general transcription factor (GTF) occupancies have demonstrated that, as
for divergent mRNA-mRNA pairs, divergent mRNA-IncRNA pairs employ
independent PICs (Rhee and Pugh 2012).

Divergent transcription from promoters is not limited to unstable transcripts that are

rapidly targeted by the nuclear exosome: a class of IncRNA in S. cerevisiae termed
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stable unannotated transcripts (SUTs) can also arise from divergent transcription

from known promoters (Xu et al. 2009).

Importantly, similar transcriptional patterns have been observed in other eukaryotes.
Exosome depletion in human fibroblasts followed by tiling array analysis has
revealed IncRNAs which map upstream of known protein-coding genes. Such
promoter-upstream transcripts have been termed PROMPTs (Preker et al. 2008). In
addition, stable transcripts mapping to both strands of promoters are detected in
metazoan cells. RNA-seq of short RNAs (~20-200 nucleotides) from mouse
embryonic stem cells has shown that many of these transcripts originate from
promoters (transcription start site-associated RNAs) and are transcribed in a non-
random, divergent direction (Seila et al. 2008). Furthermore, global run-on
sequencing (GRO-seq) has been used to identify nascent RNAs associated with
actively transcribing Pol II in human fibroblasts, independently of nascent transcript
length or stability (Core et al. 2008). This analysis has revealed that 77% of
transcriptionally active protein-coding genes display significant divergent

transcription from promoters.

Divergent mRNA-IncRNA pairs tend to positively correlate in expression (Neil et al.
2009, Xu et al. 2009), which raises the question as to whether such IncRNAs are
simply by-products of transcription, or whether they represent functional
transcriptional units. There have been suggestions that bidirectional transcription
may facilitate protein-coding gene expression by promoting an open-chromatin
structure at promoters, or by recruiting positive or negative transcriptional regulators.
Adachi and Lieber (2002) found bidirectional loci in the human genome to be
enriched for essential housekeeping genes, whose promoters are associated with CpG
islands, and depleted for TATA-elements. Wang G. Z. et al. (2011) extend this
observation, postulating that transcription of divergent IncRNAs is a noise-reduction,
expression-priming mechanism. As such, divergent IncRNAs are more associated

with essential genes and less associated with stress-response genes.

Wu and Sharp (2013) propose that divergent transcription may shape the evolution of

the genome by enabling new gene origination. By examining the distribution of Ul

snRNP binding sites and poly(A)-signal motifs, which are known to promote and
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inhibit transcription, respectively, the authors propose that the act of transcription at
bidirectional promoters renders the upstream antisense region of an active gene
vulnerable to accumulation of G and T content. This means that A-rich poly(A)-
signal motifs are likely to be lost, while GT-rich Ul snRNP binding sites are likely to
be gained. Consequently upstream antisense transcriptional activity is enhanced,
which may eventually drive origination of a new-antisense-oriented gene. In support
for such a scenario, evolutionary age-dependent progressive gain of Ul sites and loss
of poly(A)-signal motifs within promoter-proximal regions of mouse genes has been

reported (Almada et al. 2013).

In summary, bidirectional transcription from promoters seems to be a widespread
phenomenon conserved across evolution.  Although various functions of
bidirectional IncRNAs have been proposed, on a global level it is unclear whether
bidirectional IncRNAs are non-functional by-products of coding transcription, or

whether they play regulatory roles.

1.3.3 Enhancer associated IncRNAs

Enhancers spatially and temporally regulate protein-coding transcription from a
distance, and in an orientation-independent manner, relative to the regulated gene.
Initial studies of the B-globin locus (Ling et al. 2005) have revealed that the
hypersensitive site 2 (HS2) enhancer is transcribed into a IncRNA. Subsequently,
several NGS-based studies have revealed widespread transcription from enhancers,

resulting in a class of IncRNAs termed enhancer RNAs (eRNAs).

Using chromatin immunoprecipation with sequencing (ChIP-seq) to map genomic
binding sites of the enhancer protein CBP, Kim T. K. et al. (2010) identified over
12000 stimulus-dependent enhancers in mouse neurons. Furthermore, ChIP-seq
showed Pol II to be present at over 25% of those enhancers. RNA-seq of total RNA
from neurons has revealed IncRNAs that are produced in both directions from such
Pol II-bound enhancers, and the expression levels of these eRNAs are correlated with

mRNA synthesis from nearby genes (Kim T. K. et al. 2010).
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In a related study, De Santa et al. (2010) have applied ChIP-seq of Pol II in
macrophages has been used to reveal actively elongating Pol II bound to putative
enhancer sites upstream of lipopolysaccharide-inducible genes. Many of these Pol
II-bound enhancers are actively transcribed, and eRNA expression correlates with

the expression of neighbouring genes.

Notably, eRNA synthesis frequently precedes the induction of the adjacent coding
gene (De Santa et al. 2010), raising the possibility that enhancer function may in fact
be mediated through transcribed eRNAs. While it has been speculated that eRNAs
may recruit enhancer-associated proteins, or perhaps facilitate chromatin looping to
provide contact between the enhancer region and the promoter of the regulated gene,
further studies are required to determine any biological functions and mechanisms of

action of eRNAs.

1.3.4 Long intergenic ncRNAs (lincRNAs)

In mammals, large projects such as those of the FANTOM and ENCODE
consortiums (Birney et al. 2007, Carninci et al. 2005) have uncovered widespread
intergenic transcription which does not overlap with protein-coding genes. Guttman
et al. (2009) have developed a method to systematically identify such long intergenic
ncRNAs (lincRNAs) using genome-wide chromatin-state maps, generated by ChIP-
seq, to identify discrete transcriptional units occurring between protein-coding genes.
Based on the observation that Pol II-transcribed genes display H3K4Me3 marks at
their promoters and H3K36Me3 marks along their bodies, ‘K4-K36’ domains lying
outside of known protein-coding genes were uncovered. This approach identified

1600 lincRNAs in four mouse cell types.

More recently, a comprehensive annotation of human lincRNAs has been achieved
using transcriptome assembly of RNA-seq data from 24 human tissues and cell types
(Cabili et al. 2011). Importantly, the identified lincRNAs are expressed in a highly
tissue-specific manner, much more so than protein-coding genes. In addition,
protein-coding genes proximal to lincRNAs are disproportionately associated with

development and transcriptional regulation (Guttman et al. 2010, Guttman et al.
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2009, Ponjavic et al. 2009). Both of these observations hint at possible functional
roles of lincRNAs.

One of the most well-characterised lincRNAs is HOTAIR, which is transcribed
within the HOXC cluster and represses genes in the HOXD cluster by binding and
recruiting the chromatin-modifying complex polycomb repressive complex 2 (PRC2)
(Rinn et al. 2007). Khalil et al. (2009) show that many lincRNAs are bound by
PRC2 and other chromatin-modifying complexes. Moreover, RNAi-based depletion
of various PRC2-associated lincRNAs results in activation of genes known to be
repressed by PRC2. Such studies have led to the suggestion that lincRNAs guide

chromatin-modifying complexes to specific genomic loci (see Section 1.5.1).

It is worth noting that eRNAs and lincRNAs are generally lacking in yeast model
systems, due to the lack of annotated enhancer elements, and smaller more compact

genomes resulting in fewer clearly intergenic regions.

1.3.5 Repetitive element-associated IncRNAs

Repetitive elements such as retrotransposons comprise 30-50% of mammalian
genomes, and the advent of NGS technologies has uncovered transcriptional activity

associated with such elements.

Using a ‘deep-CAGE’ (cap analysis of gene expression) method to globally map
transcription start sites (cleavage of ~20-nucleotide tags from extreme 5’ and 3’ ends
of cDNAs, followed by sequencing), the FANTOM4 project has revealed extensive
transcription of retrotransposons in human and mouse genomes (Faulkner et al.
2009). Retrotransposons are expressed in a tissue-specific manner and proximal to
protein-coding genes, leading to the suggestion of roles in regulation of protein-

coding genes (Faulkner and Carninci 2009).

Pseudogenes form another class of repetitive elements that can be transcribed into
IncRNAs, as has recently been shown for the PTEN and KRAS loci, which can
regulate expression of their corresponding protein-coding genes by competing for

regulatory miRNA binding (see Section 1.5.3) (Poliseno et al. 2010, Tay et al. 2011).
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In summary, the genome-wide distribution of IncRNAs is non-random. Although
IncRNAs can be described by their locations in the genome, it is not yet clear
whether, at a global level, such distinct locations reflect distinct biological functions.
Importantly, RNA degradation pathways post-transcriptionally regulate IncRNAs.
There is emerging evidence that IncRNAs targeted by certain degradation pathways
could represent regulatory classes of IncRNAs. This will be considered in the next

section.

1.4 Regulation of pervasive transcription by RNA degradation

A universal feature of pervasive non-coding transcription is that it is regulated.
Uncontrolled accumulation of noncoding RNA can adversely affect genome stability
(Li and Manley 2006). Such RNA may be toxic due to its interaction with
complementary DNA sequences, possibly interfering with the process of
transcription itself. Alternatively, RNA accumulation may be toxic if inappropriately
translated, or if RNA-binding factors are sequestered (Jensen et al. 2013).
Eukaryotes have therefore evolved multiple strategies to regulate IncRNA

expression. These pathways often comprise RNA degradation and processing.

1.4.1 Overview of RNA degradation pathways

RNA degradation is important for regulating RNA levels and preventing deleterious
accumulation of aberrantly transcribed RNAs. 1 will firstly focus on known
pathways for mRNA surveillance and degradation (Figure 1.2), and then discuss the

relevance of these pathways to IncRNA expression (Section 1.4.3).

The following is not an exhaustive list of all factors involved in RNA degradation,
but aims to provide an overview of the key steps in eukaryotic RNA degradation,
with a specific focus on the yeast model systems of S. cerevisiae and S. pombe. Key

emerging themes of RNA degradation will be highlighted in Section 1.4.2.
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Figure 1.2: Overview of some key steps of mRNA surveillance and degradation.

Adapted from (Houseley and Tollervey 2009).

The exosome multi-protein complex is central to RNA degradation. The exosome
degrades RNAs in a 3°-5° direction and is highly conserved across eukaryotes

(Houseley and Tollervey 2009). The exosome acts on almost all RNAs at some
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point during their lifetime, contributing to the processing, quality control and
turnover of RNAs in both the nucleus and the cytoplasm. It consists of nine inactive
subunits plus an active ribonuclease, Dis3, which has both 3’-5’ exonucleolytic as
well as endonucleolytic activity. The exonuclease and endonuclease activities of
Dis3 likely cooperate on most substrates, with the endonucleolytic activity thought to

play a role in releasing stalled exosome substrates (Schneider et al. 2012)

Rrp6 is a 3°-5° exonuclease which associates with the exosome to confer nuclear
specificity. Rrp6 has overlapping and complementary roles to Dis3 in RNA
degradation (Gudipati et al. 2012, Schneider et al. 2012). In contrast, the Ski multi-
protein complex confers cytoplasmic specificity to the exosome. Ski2, Ski3 and Ski8
assemble in a tetramer with 1:1:2 stoichiometry, with Ski2 constituting the helicase
core of the complex (Halbach et al. 2013). The Ski complex is thought to effectively
channel single-stranded cytoplasmic RNA substrates into the exosome, where they
are subsequently degraded by Dis3. Ski7 is a cytoplasmic exosome cofactor which

connects the exosome to the Ski complex (Wang L. et al. 2005).

In addition to the exosome, other degradation factors act to target substrates to the
exosome, to activate the exosome, or in a complementary manner to exosomal
activities. 1 will firstly focus on nuclear factors, before moving onto cytoplasmic

factors.

The TRAMP (Trf4/Air2/Mtr4) polyadenylation complex acts as a major cofactor for
the nuclear exosome in eukaryotic cells (LaCava et al. 2005). The TRAMP complex
consists of a non-canonical poly(A)-polymerase (Trf4 or Trf5 in S. cerevisiae; Cid14
in S. pombe), an RNA-binding protein (Airl or Air2), and an RNA helicase (Mtr4).
In the nucleus, aberrant RNAs are recognized by the TRAMP complex, which add a
short oligo(A) tail to enable exosome-dependent degradation. All exonucleases have
problems initiating degradation close to stable stem structures, and so the oligo(A)
tail likely acts as a “landing pad”, enabling the exonucleotytic activity of the nuclear

exosome (Houseley and Tollervey 2009).

In addition to the nuclear exosome, aberrant nascent RNAs with an incomplete 5’

cap structure are degraded by the nuclear 5°-3’ exonuclease Dhpl in S. pombe
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(Shobuike et al. 2001), which is a homologue of Ratl in S. cerevisiae (Amberg et al.
1992).

As mRNAs are packaged into messenger ribonucleoprotein particles (mRNPs) for
export to the cytoplasm, several surveillance systems monitor nuclear mRNP
biogenesis and export. Imperfect mRNPs can be targeted and degraded by the
nuclear exosome together with the TRAMP complex. Other factors, such as the
endonuclease Swtl, which transiently associates with nuclear pore complexes, are

also important for targeting aberrant mRNPs (Skruzny et al. 2009).

In the cytoplasm, mRNA degradation is closely linked to translation. There are three
predominant forms of co-translational mRNA surveillance: nonsense-mediated decay
(NMD), no-go decay (NGD) and nonstop decay (NSD) (Shoemaker and Green
2012). An mRNA that causes the ribosome to stall is subjected to NGD; mRNAs
that contain a nonsense codon are subjected to NMD; and mRNAs that lack a

termination codon are subjected to NSD.

In the cytoplasm, the 5°-3* and 3’-5" mRNA decay pathways are generally preceded
by deadenylation of the poly(A) tail (by Ccr4-Not and Pan2-Pan3 complexes),
followed by removal of the 5’-cap (Yamashita et al. 2005). The 5’-cap is removed
by the decapping enzyme Dcp2, which is promoted by its co-activator Dcpl (Chang
et al. 2014), and other associated factors including the Lsm1-7 complex (He and

Parker 2000).

Following deadenylation and decapping, mRNAs are accessible to the Ski complex
and exosome for 3’ degradation, or 5° degradation by the cytoplasmic 5°-3’
exonuclease Xrnl (homologue of Exo2 in S. pombe) (Muhlrad et al. 1994). In
addition to cytoplasmic degradation by the exosome and Xrnl, the 3’-5” exonuclease
Dis312 has been shown to degrade RNAs in the cytoplasm in an exosome-
independent manner. Importantly, Dis312 is conserved from S. pombe (Malecki et al.

2013) to humans (Lubas et al. 2013).
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1.4.2 Themes of RNA degradation pathways

The following aims to highlight some of the complexities and emerging themes of

RNA degradation.

It is important to note that many RNA degradation factors additionally participate in
RNA processing as opposed to degradation. Thus a single enzyme can precisely
process some RNA species to generate defined ends while retaining the capacity to
degrade other RNAs entirely. For example, the Nrd1-Nab3-Senl (NNS) complex
triggers transcription termination on S. cerevisiae snRNAs and snoRNAs, releasing a
non-polyadenylated transcript that undergoes 3’ exonucleolytic processing by the
nuclear exosome to produce mature 3’ ends of snoRNAs and snRNAs (Steinmetz et
al. 2001, Vasiljeva et al. 2008). How the exosome distinguishes between substrates
targeted for processing and substrates destined for complete degradation remains an
open question (Houseley and Tollervey 2009). The exosome possesses a
catalytically inert core with the RNases Dis3 and Rrp6 bound at either end. The
helicase components of either the nuclear TRAMP complex or the cytoplasmic Ski
complex are thought to thread RNA substrates through the internal channel of this
core to the RNases. However, Dis3 can also associate directly with substrates via
channel-independent routes, and it has been recently suggested that processed
substrates are more likely to be targeted directly to catalytic subunits, while
substrates that are directed towards discard pathways are more likely to be threaded

through the exosome core (Mitchell 2014).

Another common theme in RNA degradation pathways is that they form a complex
interwoven network (Sun M. et al. 2013a, Tuck and Tollervey 2013), characterized
by extensive redundancy but also substrate preferences. For example, Sun et al.
(2013) revealed differences in mRNA substrate preference between the two
deadenylase complexes, Ccr4-Not and Pan2-Pan3, as well as between NMD factors
Upf2 and Upf3, while Dis3 and Rrp6 have been shown to have overlapping and
specific substrates (Gudipati et al. 2012, Schneider et al. 2012).

RNA degradation pathways are also highly interconnected with other aspects of

RNA metabolism including transcription termination, translation, and even

33



transcription itself. In fact, although many RNA processing factors have
traditionally been thought of as being primarily involved in degradation of
transcripts, recent studies have made it clear that RNA levels are regulated by a
network of these factors via a dynamic interplay of regulated synthesis as well as

degradation.

A recent global analysis of mRNA synthesis and degradation upon deletion of 46
degradation factors in S. cerevisiae revealed that mRNA levels are buffered upon
perturbation of degradation rates. Thus a decreased degradation rate is accompanied
by a compensatory decreased synthesis rate, and vice versa (Sun M. et al. 2013a, Sun
M. et al. 2012). Crucially, all mutant strains analyzed displayed such mRNA
buffering, except for the strain lacking Xrn1, indicating that buffering requires Xrnl.
The authors propose a model whereby global synthesis and degradation rates are
controlled by Xrnl-dependent induction of global transcription repressors such as

Nrgl.

Importantly, other studies also point to key role for Xrnl in mRNA synthesis as well
as degradation. In S. cerevisiae, Xrnl was found to shuttle between the cytoplasm
and nucleus where it also functions as a genome-wide transcription factor, binding to
the 5’ region of a number of genes (Haimovich et al. 2013). In support of this, Xrnl
has also been recently described as a ‘synthedegradase’ referring to its regulation not
only of mRNA degradation, but also mRNA synthesis, possibly by preventing Pol II
backtracking during elongation (Medina et al. 2014).

1.4.3 RNA degradation pathways regulating IncRNAs

Understanding how IncRNA expression is regulated ultimately informs the
likelihood, and potential mechanism, of molecular function. Recent studies,
particularly in S. cerevisiae, have revealed classes of IncRNAs, which are stabilised
upon impairment of various degradation factors. There is evidence that such
IncRNAs, normally targeted for rapid degradation, are stabilised and functional
under relevant growth conditions, thus raising the possibility that environmental
perturbation could modulate RNA degradation factors, which in turn modulate

regulatory IncRNA expression.
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The transcriptomes of S. cerevisiae rrp6 mutants - defective for the nuclear exosome
- have revealed a class of transcripts referred to as CUTs (cryptic unstable
transcripts), which are rapidly degraded after synthesis, and arise largely from
bidirectional transcription from mRNA promoters (Neil et al. 2009, Xu et al. 2009).
There is evidence that physiological conditions may affect the unstable nature of
CUTs and render them stable. For example, loss of the Rrp6 protein in S. cerevisiae
leads to stabilisation of a IncRNA antisense to the PHOS84 gene, and subsequent
repression of PHOS84 transcription. Intriguingly, the same phenotype is observed
during chronological ageing, as the Rrp6 protein shows weaker association with the
PHOS84 locus under these conditions (Camblong et al. 2007). More recently, the
study has been extended to a genome-wide analysis of histone modification mutants
in a rrp6-deletion background, revealing that at least 28 S. cerevisiae genes appear to
be repressed by antisense CUTs in a similar manner to PHO84 (Castelnuovo et al.
2014). In addition, a class of budding yeast meiotic IncRNAs is actively degraded
during the mitotic cell-cycle by the nuclear exosome and becomes stabilised as the
cell proceeds into meiotic differentiation (Lardenois et al. 2011). These findings
indicate that modulation of Rrp6 function by external, physiologically relevant cues
could contribute to gene regulation via regulation of IncRNA levels. Furthermore,

unstable transcripts could represent regulatory classes of IncRNAs.

In S. cerevisiae, the NNS complex is composed of the RNA-binding proteins Nrdl
(Sebl in S. pombe) and Nab3, and the helicase Senl. In budding yeast, the NNS
complex has been shown to play important roles in the transcription termination of
sn/sno-RNAs and their subsequent targeting to the exosome for 3’-end processing
(Steinmetz et al. 2001, Vasiljeva et al. 2008). More recently it has also been shown
to play a role in the transcription termination of CUTs and their subsequent targeting
to the exosome for degradation (Arigo et al. 2006, Thiebaut et al. 2006). In fact, a
recent genome-wide study identified ~1500 NUTs (Nrdl-unterminated transcripts)
detectable upon rapid nuclear depletion of Nrdl (Schulz et al. 2013). NUTs
extensively overlap CUTs (68%), but poorly overlap mRNAs. Moreover Nrd1l and
Nab3 binding sites are depleted in mRNAs but enriched in NUTs, indicating that
NNS is essential for selectively terminating this class of IncRNAs. NUTs largely
arise from bidirectional transcription and are proposed to inhibit mRNA expression

via transcriptional interference and antisense repression.
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A recent structural study has found that the same domain of Nrdl interacts with Pol
II and Trf4 (TRAMP complex component) in a mutually exclusive manner (Tudek et
al. 2014). Moreover, Nrd1-Trf4 interaction was shown to be required for optimal
exosome activity. Thus there are two alternative forms of the NNS complex — one
associated with Pol II and functioning in termination, and the other associated with
TRAMP and promoting exosomal degradation.  This provides a structural

mechanism for the functional coupling of transcription termination and degradation

of IncRNA:s.

A further class of unstable IncRNAs in budding yeast has been identified using
strand-specific RNA-seq of an xrn/ exonuclease mutant (van Dijk et al. 2011). This
study identified 1658 Xrnlp-sensitive unstable transcripts (XUTs) degraded by the
5°-3” cytoplasmic exonuclease, Xrnl. More than 50% of the identified XUTs are AS
IncRNAs and are proposed to have repressive effects on their sense loci. Moreover,
XUTs accumulate in lithium-containing media indicating a possible role in adaptive
responses to changing growth conditions. XUTs overlap substantially with CUTs
and NUTs (Schulz et al. 2013), and although targeting by Xrnl indicates XUTs are
exported to the cytoplasm, it is unclear whether any function they may have is

exerted in the nucleus or cytoplasm (Jensen et al. 2013).

The above studies illustrate that, although certain degradation factors play roles in
degrading both mRNAs and IncRNAs, their mode of action on these substrates likely
differ. Both mRNAs and IncRNAs are Pol II-transcribed, and acquire a 5’ cap and a
poly(A) tail. Despite these similarities, their fate and function are clearly different -
while mRNAs are exported to the cytoplasm for translation, a large fraction of
IncRNAs are proposed to have diverse, largely nuclear, functions in regulating
mRNA expression (see Section 1.5), and factors such as the exosome are proposed to
regulate their expression. Recent analyses of mRNA and ncRNA maturation in
budding yeast suggest that transcript fate depends on the use of distinct mechanisms
of 3’ end formation (Tuck and Tollervey 2013). While mRNAs have well-defined 3’
ends, formed by cleavage and polyadenlylation at the poly(A)-site by canonical 3’-
end processing machinery (cleavage and polyadenylation factor, CPF, and cleavage
factors CFI/IT), IncRNAs often have heterogeneous 3’ ends. This is due to a distinct

early transcription termination pathway by NNS, and subsequent targeting to the
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exosome. Tuck and Tollervey (2013) additionally propose that the cleavage and
polyadenylation factors Hrpl and Nab2 have dual roles in differentiating between
mRNAs and IncRNAs. Sequence nonspecific binding of these factors may be a
default activity that is associated with recruitment of the nuclear surveillance system
to IncRNAs. In contrast, Hrpl binding to poly(A)-consensus motifs, and Nab2
bound to poly(A) at the 3’ end of mRNAs in the context of the canonical 3° end
processing machinery, may assist in the generation of stable mRNAs which are

exported to the cytoplasm.

In summary, IncRNAs are post-transcriptionally regulated by some of the same
factors that target mRNAs, but in a distinct manner leading to distinct outcomes.
There is emerging evidence that unstable IncRNAs, which are rapidly targeted for
degradation, may be stabilised and functional under certain physiologically relevant
growth conditions. Thus, systematic RNA-seq analysis of mutants defective for
RNA processing pathways may represent a powerful approach to reveal novel,

possibly regulatory, classes of IncRNAs (see Section 1.6).

1.5 Emerging themes of IncRNA functional mechanisms

Determining the nature and possible biological functions of IncRNAs has been a
rapidly developing field over the past decade (Figure 1.3), pioneered by mechanistic
studies of single genes. Such studies have unraveled a variety of functions of
IncRNAs in gene regulation, some of which are discussed below. The following will
not aim to exhaustively cover all functional mechanisms elucidated for IncRNAs, but

instead aims to highlight some of the key emerging themes.
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Figure 1.3: Research on IncRNAs is rapidly increasing.

The total number of publication entries in PubMed (blue line and axis) and of entries related to long
non-coding RNAs (red line and axis). Adapted from Atkinson et al. (2012).

1.5.1 Guides for chromatin modifying complexes

Several studies have described a role for IncRNAs in binding chromatin-modifying
complexes and guiding them to appropriate genomic locations. These studies have
led to the suggestion that IncRNAs recruit chromatin-modifying complexes to
specific genomic loci (Koziol and Rinn 2010). Such a function helps solve the
apparent paradox of how chromatin-remodeling complexes, with little DNA
sequence specificity but often with RNA-binding domains, are able to control

complex chromatin modifications at specific genomic loci.

The example of lincRNAs, such as HOTAIR, which bind and recruit the PRC2
chromatin-modifying complex has already been discussed (see Section 1.3.4). Such
lincRNAs are thought to largely act in frans with these lincRNAs controlling
chromatin states at loci in a distinct location from those from which they are
transcribed. In contrast, a recent study describes an example where cis-acting

antisense IncRNAs act to recruit a chromatin-modifying complex at their site of
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transcription.  Thus, quiescence-induced IncRNAs are transcribed antisense to
ribosomal DNA (rDNA) in murine tissue culture (Bierhoff et al. 2014). Such
IncRNAs recruit a H4K20 methyltransferase to rDNA, thereby leading to chromatin
compaction and subsequent repression of ribosomal genes upon growth factor
deprivation or terminal differentiation. Importantly, this mechanism of
heterochromatin formation is distinct from heterochromatin formation at pericentric
and telomeric regions in that it requires neither H3K9 trimethylation nor interaction

with heterochromatin protein 1 (HP1) to recruit H4K20 methyltransferases.

Analogous to this recruitment of chromatin-modifying complexes in cis, IncRNAs
emerging from promoters or enhancers have been proposed to act as scaffolds by
recruiting and possibly coordinating transcriptional activators and repressors (Mercer

et al. 2009, Wang K. C. and Chang 2011).

1.5.2 Evictors

While some IncRNAs have been shown to recruit proteins to specific genomic loci,
others may evict factors from chromatin. This has been demonstrated during the
onset of X-chromosome inactivation, which requires expression of the Xist RNA.
Thus, upon onset of X-chromosome inactivation, an X-encoded IncRNA, transcribed
from the Jpx gene ~10kb upstream of the Xist gene, is up-regulated. This IncRNA
binds and titrates away the repressive CTCF protein from the Xist promoter, thus

enabling its transcriptional activation (Sun S. et al. 2013b).

A similar evictor role has also been recently described for IncRNAs transcribed from
the pericentromeric heterochromatin borders in S. pombe (Keller et al. 2013). Such
IncRNAs, termed BORDERLINE, compete with methylated histone H3K9 (a
hallmark of heterochromatin) for binding the HP1 protein Swi6. Thus Swib6 is
evicted from heterochromatin at these sites, and the spreading of heterochromatin

regions into neighbouring euchromatic regions is prevented.

Intriguingly, BORDERLINE IncRNAs can be replaced with heterologous sequence
without compromising boundary activity, demonstrating that these RNAs act in a

sequence-independent but locus-dependent manner. Thus, an interesting mechanistic
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difference between the eviction of CTCF and Swi6 is that while Jpx RNA binds
CTCEF with sequence specificity, any RNA will bind the hinge regions of Swi6 (most
likely via positively charged residues in the hinge domain) and cause a
conformational change of the chromodomain, resulting in its loss of affinity for

H3K9-methylated nucleosomes.

1.5.3 Sponges and decoys

Several studies have reported ‘decoy’ roles for IncRNAs in sequestering miRNAs or
transcription factors, thereby regulating gene expression. For example, IncRNAs
arising from transcription of PTEN and KRAS pseudogenes regulate expression of
their corresponding protein-coding genes by competing for regulatory miRNA
binding (Poliseno et al. 2010, Tay et al. 2011). Such IncRNAs have been termed
competitive endogenous RNAs (ceRNAs).

A recent study (Guo et al. 2014) identified ~3000 transcribed human pseudogenes
that could produce IncRNAs in a manner of low abundance but high tissue
specificity. Analysis of RNA-seq data revealed that many of these transcribed
pseudogenes could produce small RNAs (sRNAs). Such pseudogene-derived sRNAs
were associated with H3K9Me3 enrichment at both the pseudogene loci and their
adjacent regions. This suggests that, in addition to acting as ceRNAs, IncRNAs
derived from pseudogene transcription may play a role in regional chromatin
repression, and raises the possibility that IncRNAs may exert function by acting as
precursors for small regulatory ncRNAs. Such processing to smaller RNAs is
reminiscent of the previously described BORDERLINE IncRNAs, which are
processed by dicer into small RNAs termed brdrRNAs (Keller et al. 2013).

ceRNAs are similar in function to circular RNAs (circRNAs). Two recent studies
have described circRNAs acting as stable miRNA reservoirs, thereby relieving
suppression of mRNA targets (Hansen et al. 2013, Memczak et al. 2013). Thousands
are expressed in a tissue- and developmental-specific manner and many derive from

head-to-tail splicing of coding exons.
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1.5.4 Co-transcriptional functions

Several studies have suggested that the process of IncRNA transcription, rather than

the IncRNA product itself, may be functional.

Non-coding transcription may impact gene regulation by contributing to nucleosome
positioning. Several studies have described such a mechanism of action. For
example, IncRNA transcription has been shown to facilitate an open chromatin
structure at protein-coding promoters, thereby increasing access to transcriptional
activators and to Pol II. Such a mechanism has been shown to function at the S.
pombe fbpl " locus, where a cascade of several species of IncRNAs are transcribed
through the fbpl" promoter, progressively altering chromatin structure and making
the DNA accessible to transcriptional activators and Pol II (Hirota et al. 2008).
Interestingly, promoter proximal non-coding transcription may also have a negative
impact on protein-DNA interactions. For example, during S. cerevisiae growth on
rich media, the serine biosynthesis gene SER3 is tightly repressed. An upstream
IncRNA, termed SRG 1, has been shown to be transcribed under such conditions, and
overlaps the SER3 promoter. SRG! transcription represses the downstream SER3
gene by enhancing nucleosome assembly over the SER3 promoter, thereby limiting

transcription factor access (Hainer et al. 2011, Martens et al. 2004).

It has also been reported that IncRNA transcription can introduce co-transcriptional
regulatory histone marks at loci they overlap. Two recent studies in S. cerevisiae
have shown that overlapping non-coding transcription can regulate gene expression
by creating a repressive chromatin landscape of histone methylation and
deacetylation. In haploid cells, expression of IMEI, the central inducer of
gametogenesis, is inhibited by transcription of IncRNA /RT in the IMEI promoter.
Overlapping /RT] transcription recruits Set2 histone methyltransferase and Set3
histone deacetylase to establish repressive chromatin at the /MEI promoter (van
Werven et al. 2012). Kim T. et al. (2012) performed a genome-wide study to
determine how Set3 affects gene expression. In line with the findings of van
Wervern et al., they found that the majority of Set3-affected genes had overlapping
non-coding transcription. Thus overlapping non-coding transcription may be a more
widespread mechanism to fine-tune gene expression by depositing H3K4Me?2, which

in turn recruits Set3 HDAC.
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Similar mechanisms of non-coding transcription recruiting histone methylation and
deacetylation activities have been described for the repression of both the GALI-
GALI10 locus (Houseley et al. 2008) and the PHOS84 gene (Camblong et al. 2007) by
transcription of IncRNAs antisense to these loci (see Section 1.3.1). Recent evidence
suggests that these antisense IncRNA effects may be mediated co-transcriptionally.
For example, single molecule RNA FISH (fluorescence in sifu hybridization)
analyses revealed that sense and antisense PHO84 RNA never coexist in the PHOS84
locus, but instead PHOS4 antisense (AS) IncRNA is efficiently exported to the
cytoplasm (Castelnuovo et al. 2013). Furthermore, rather than stabilising PHOS84
AS-IncRNA (Camblong et al. 2007), loss of Rrp6 reduces PHO84 AS-IncRNA early
termination by NNS. These observations suggest PHO84 AS-IncRNA effects are

likely mediated via its transcription rather than by static IncRNA accumulation.

Such functional mechanisms, which are dependent on transcription of IncRNAs
rather than the IncRNA product itself, may help reconcile poor sequence

conservation and low steady-state levels with functional capacity (Section 1.2.2).

In summary, molecular mechanisms are emerging for IncRNA function, but those
IncRNAs that have had a functional mode of action elucidated are still relatively few.
Since IncRNAs represent widespread pervasive transcripts, determining whether
more global mechanisms of action exist is of intense interest. Techniques such as
Chromatin Isolation by RNA Purification (ChIRP)-seq are likely to be instrumental
in providing such global insights into function. Chromatin is cross-linked to
IncRNAs and biotinylated oligonucelotide probes are subsequently used to retrieve
specific IncRNAs, together with bound DNA sequences which can then be
interrogated by NGS (Chu et al. 2011). Just as ChIP-seq has greatly improved our
understanding of protein-DNA interactions on a genomic scale, ChIRP-seq has the
potential to map IncRNA:chromatin interactions in vivo, genome-wide and at high
resolution. A more recently described variation of this technique — domain-specific
chromatin isolation by RNA purification (dChIRP) — uses biotinylated
oligonucleotide probes to recover chromatin fragments containing specific IncRNA
domains of interest (Quinn et al. 2014). The RNA, DNA and protein components
associated with the IncRNA domains can then be analysed separately.

Characterising IncRNAs at the domain level may provide insights into to how the
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modularity of specific domains could contribute to the diverse functions of IncRNAs

in gene regulation.

1.6 Aims of this thesis

Unlike microarray-based approaches, RNA-seq does not depend on available
genome annotation or sequence, can accurately detect expression levels over a wide
dynamic range, and can reveal entire transcriptomes with high sensitivity and to
nucleotide resolution (Marguerat and Bahler 2010, Ozsolak and Milos 2011, Wang
Z. et al. 2009). Thus, RNA-seq allows the global detection and quantification of
IncRNAs, revealing IncRNA genomic origins and expression regulation, and thereby

providing insight into functions on a genome-wide scale.

Larger genomes have more complex transcriptomes, and therefore require a greater
sequencing depth for adequate coverage. Given sequencing costs, simpler genomes
are more amenable to high coverage to reveal their entire transcript repertoire.
Therefore simple model organisms with smaller, more compact genomes, such as
yeasts, are instrumental in revealing the nature of often lowly expressed, overlapping

and complex IncRNA transcripts.

So far IncRNAs have been more extensively studied in in the budding yeast S.
cerevisiae, but the existence of RNA metabolism pathways more akin to higher
eukaryotes, such as interference (RNA1) and splicing, in the fission yeast S. pombe,

makes this yeast an important complementary model in which to study IncRNAs.

A much larger proportion of the S. pombe genome is transcribed than can be
accounted for by currently annotated genes (Dutrow et al. 2008, Wilhelm et al.
2008). This additional transcription likely comprises extensions of existing

annotated transcripts, biological and experimental noise, as well as novel ncRNAs.

Two RNA-sequencing studies have together annotated approximately 1500 IncRNAs
in wild-type (WT) S. pombe (Rhind et al. 2011, Wilhelm et al. 2008), the nature and
biological function of which remain unclear. However, many more unstable
IncRNAs, such as CUTs and XUTs, which are only detectable when stablilised by

impairing RNA degradation machineries, have now been described in S. cerevisiae.
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This suggests that IncRNAs identified by S. pombe RNA-seq studies to date may
reflect only partially the rich complexity of the transcriptome. I therefore used
strand-specific RNA-seq of a comprehensive panel of S. pombe RNA processing

mutants to identify and analyse different classes of unstable IncRNAs.

Possible regulatory functions can be imagined for IncRNAs degraded by RNA-
processing pathways during vegetative growth but stabilised under physiologically
relevant growth conditions. I therefore also employed RNA-seq analysis of nitrogen-
starved cells, glucose-starved cells and meiotic cells to address whether the identified

classes of unstable IncRNAs likely possess any biological function.
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Chapter 2 Materials and Methods

Unless acknowledged as otherwise in the text, I have carried out all experimental

work and computational analyses reported in this thesis.

2.1 8. pombe strains and growth conditions

All strains used for RNA-seq in the current study are detailed in Tables 2.1 and 2.2.

RNA processing mutants used in the current study are detailed in Table 2.1. All
RNA processing mutant cell cultures were harvested at mid-log phase (optical
density, ODsgsnm = 0.5). With the exception of conditional mutants (rrp6-ts, dis3-54,
mtr4), all RNA processing mutant cultures were grown at 32°C in rich medium
(YES) (see Table 2.1). For more details of the relevance of these RNA processing

mutants to the current study see Chapter 3.

Different environmental perturbations/physiological conditions used in the current
study are detailed in Table 2.2. For more details of the relevance of these growth

conditions to the current study see Chapter 3.

Meiotic time-course samples were prepared by Dr Cristina Cotobal (Mata laboratory,
University of Cambridge). Briefly, S. pombe pati-114 cells were grown to mid-log
phase before being shifted to Edinburgh minimal media (EMM) without nitrogen.
Cells were incubated at 25°C overnight to synchronise them in G1 phase. Meiosis
was induced by addition of NH4Cl to final concentration of 0.5g/L and incubation at
34°C. Cells were harvested and RNA extracted hourly after induction of meiosis. A

pool of meiotic RNA was created by pooling equal amounts from all time-points (0,

1,2,3,4,5, 6,7, 8h) (Schlackow et al. 2013).

For glucose starvation experiments, WT cells were grown in EMM at 32°C, 2%
glucose. A sample representing 100% survival was harvested when cultures reached
a stable maximal density. Measurements of Colony Forming Units (CFUs) were
conducted every 24 hours after this initial time-point, and another sample harvested
when cultures reached 50% survival. pkal samples under glucose starvation were

prepared in the same way, with an additional sample taken when cultures reached
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87% survival (this is the same time-point at which a WT culture run in parallel
reached 50% survival). pkal glucose starvation samples were prepared by Dr

Charalampos Rallis (Béhler laboratory).

For nitrogen starvation experiments, cells were grown in EMM at 32°C to a stable
maximal density. Cells were then washed twice in EMM without nitrogen source
(NH4CI) and cultured in EMM without nitrogen at 32°C. Cells were harvested at 24

hours and 7 days after nitrogen removal.

The number of biological replicates used for RNA-seq for each sample is stated in
Table 2.1 and Table 2.2. In the current study, biological replicates are cultures

grown from independent single colonies.

Cells were harvested by centrifugation of 50ml of culture at 2300rpm for 3 minutes.

Pellets were snap frozen and stored at -80°C prior to RNA extraction.
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Table 2.1: Table of mutants

Name Information RNA processing Genotype Growth conditions | Number Strain reference
pathway impaired of
biological
replicates
rrp6-ts 3’-5’ exonuclease; nuclear- | Nuclear exosome h90 ade6-M216 | YES; heat-shocked | 2 Harigaya et al. (2006)
specific exosome component leul  rrp6::7rp6.9- | at 36°C for 2.5
GFP kan hours
rrp6 3’-5’ exonuclease; nuclear- | Nuclear exosome h+ ade6-M216 | YES 32°C 2 Lemay et al. (2014)
specific exosome component leul-32  wura4-DI18 (in press)
his3-D1
rrp6::URA4
pab2 Poly(A)-binding Nuclear exosome h+ ade6M216 leul- | YES 32°C 2 Lemieux et al. (2011)
targets RNAs for exosomal 32 ura4D18 his3D1
degradation pab2::kanMX6
mtr4 RNA helicase; component of | Nuclear exosome h+ ade6-M216 | EMM + 60uM | 2 Lemay et al. (2014)
the TRAMP complex which leul-32  wura4-DI18 | thiamine for 15h (in press)
acts as an exosome cofactor his3-D1  p8inmtl-
targeting RNAs kanMX6::mtr4
exosome
cid14 Poly(A)-polymerase; Nuclear exosome h- ade6-M210 leul- | YES 32°C 2 Lemay et al. (2010)
TRAMP 32 wura4-DI8 his3-

component

DI cidl4::URA4
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Name

Information

RNA processing
pathway impaired

Genotype

Growth conditions

Number
of
biological
replicates

Strain reference

dis3-54

Dis3 is a 3’-5’ exonuclease
and endonuclease; core
exosome component. Dis3-
54 strain contains an amino
acid substitution in the
exonuclease domain that
impairs its catalytic activity.
Endonucleolytic activity is
retained in this strain.

Core exosome

h+ leul wurad his2
dis3-54

YES 30°C;
sensitive

cold-

Wang S. W. et al. (2008)

ski7

GTPase; cytoplasmic
exosome cofactor
connecting exosome to Ski
complex

Cytoplasmic
exosome

h+ ade6M210 leul-
32 urad4418 his3A1
ski7::kanMX6

YES 32°C

Francois Bachand,
unpublished

ski2

Cytoplasmic helicase;
member of cytoplasmic Ski
complex which connects the
exosome with its
cytoplasmic substrates

Cytoplasmic
exosome

h- ski2::hph

YES 32°C

Malecki et al. (2013)

exo2

Cytoplasmic 5°-3’

exonuclease

Cytoplasmic 5°-3°

exonuclease

h- exo2::kanMX6
ade6-216

YES 32°C

Samuel Marguerat,
unpublished
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Name Information RNA processing Genotype Growth conditions | Number Strain reference
pathway impaired of
biological
replicates
Isml Member of lsm1-7 complex | Decapping, h- Ism1::hph YES 32°C 2 Malecki et al. (2013)
which binds the 3’ ends of | cytoplasmic 5°-3’
transcripts, protecting them | degradation
from 3° trimming and
activating decapping and 5°-
3’degradation
dis312 Cytoplasmic 3°-5" | Cytoplasmic 3°-5’ | h- dis312::hph YES 32°C 2 Malecki et al. (2013)
exonuclease exonuclease
pan? Deadenylase Cytoplasmic h-  pan2::natMX6 | YES 32°C 2 Biéhler lab, unpublished
deadenylation ade6-216
derl Endoribonuclease cleaving | RNAi h- Adcrl::kanMX6, | YES 32°C 2 Volpe et al. (2002)
dsRNA otrIR(Sphl)::ura4,
ura4-DS/E,  ade6-
M210, leul-32,
his7-366
agol Member of the RITS (RNA- | RNAi h- Adagol::kanMX6, | YES 32°C 2 Volpe et al. (2002)

induced transcriptional gene
silencing) effector complex

otrIR(Sphl)::ura4,
ura4-DS/E,  ade6-
210, leul-32, his7-
366
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Name Information RNA processing Genotype Growth conditions | Number Strain reference
pathway impaired of
biological
replicates
rdpl RNA-dependent RNA | RNAi h- Ardpl::kanMX6, | YES 32°C 2 Volpe et al. (2002)
polymerase otrIR(Sphl).::ura4,
ura4-DS/E,  ade6-
M216, leul-32,
his7-366
upfl ATP-dependent RNA | Nonsense mediated | A- upf::kanMX6 YES 32°C 2 Rodriguez-Gabriel et al.
helicase decay (2006)
nab2 Poly(A)-binding protein Competes with | A+ ade6M210 leul- | YES 32°C 2 Grenier St-Sauveur et al.
pab2 32 ura4418 his341 (2013)
nab2::kanMX6
rrp6/dcrl See rrp6 and dcrl Nuclear exosome; | A- rrp6::URA4 | YES 32°C 2 Sophie Atkinson, this study
RNAIi derl::natMX6 ura4-
D18
exo2/dcrl See exo2 and dcrl Cytoplasmic 5°-3" | h+ exo2::kanMX6 | YES 32°C 2 Sophie Atkinson, this study

exonuclease; RNA1

rrp6::URA4  ura4-

DI8
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Name Information RNA processing Genotype Growth conditions | Number Strain reference
pathway impaired of
biological
replicates
dis312/Ism1 | See dis312 and Ism1 Cytoplasmic 3°-5° | h- dis312::KanMS6 | YES 32°C 2 Malecki et al. (2013)
exonuclease; Isml::hph
decapping,
cytoplasmic ~ 5°-3°
degradation
dis312/ski2 See dis3/2 and ski2 Cytoplasmic 3°-5° | h- dis312::KanMS6 | YES 32°C 2 Malecki et al. (2013)
exonuclease; ski2::hph
cytoplasmic
exosome
dis3* 3-5 exonuclease  and | Exosome h+ ade6 leul-32 | EMM + 60uM | 2 Lemay et al. (2014)
endonuclease; core catalytic ura4-D18  his3-DI | thiamine for 15h (in press)
exosome component p8inmtl-
kanMX6. :dis3
rrp41* Structural component of | Exosome h+ ade6 leul-32 | EMM + 60uM | 2 Lemay et al. (2014)
core exosome ura4-DI18  his3-D1 | thiamine for 15h (in press)
p8inmtl-
kanMX6::rrp41
dhpl* Nuclear 5°-3° exonuclease; | Nuclear 5-3" | h+ ade6-M216 | YES; heat-shocked | 2 Shobuike et al. (2001)
plays a role in transcription | exonuclease ura4-D18  leul-32 | at 36°C for 4 hours

termination

dhpl-1::ura4+




Name Information RNA processing Genotype Growth conditions | Number Strain reference
pathway impaired of
biological
replicates
sebl* RNA-binding protein; | Homologue of S. | A+ ade6 leul-32 | EMM + 60uM | 2 Francois Bachand,
homologue of S. cerevisiae | cerevisiae NNS | ura4-DI18 his3-DI | thiamine for 15h unpublished
Nrdl1; Nrd1-Nab3-Senl | complex p8inmtl-
(NNS) complex involved in | component; kanMX6::sebl
transcription termination and | interacts with
targeting of ncRNAs to | exosome
nuclear exosome in S
cerevisiae

[4$

* These samples were prepared in collaboration with the Francois Bachand lab, and have contributed to the following publication: Lemay et al., 2014 (in press).
The RNA exosome promotes transcription termination of backtracked RNA polymerase II. Nature Structural and Molecular Biology. These samples display a
global transcriptional read-through phenotype, which complicates the detection of distinct IncRNA transcripts from the RNA-seq data. These samples will

therefore not be discussed further in this thesis.
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Table 2.2: Table of physiological conditions/environmental perturbations

Name Details RNA processing | Genotype Growth conditions Number of
pathway impaired biological
replicates
WT Mid-log phase WT cells None h 972 (3 repeats) EMM 32°C (2 repeats) 6
h' ade6-M216 leul-32 ura4-DIS | YES 32°C (3 repeats)
his3-D1 (3 repeats)
EMM + 60uM thiamine for 15h
(1 repeat)
Meiotic A pool of different meiotic | None pati-114/patl-114 ade6- | See Section 2.1 for details 1
pool time-points (0, 1, 2, 3, 4, 5, M210/ade6-M216 h'/h"
6, 7h) after induction of
meiosis
Meiosis Oh | Cells harvested 0 hours | None pati-114/patl-114 ade6- | See Section 2.1 for details 2

after induction of meiosis

M210/ade6-M216 h'/h
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Name Details RNA processing | Genotype Growth conditions Number of
pathway impaired biological
replicates
Meiosis 2h | Cells harvested 2 hours | None pati-114/patl-114 ade6- | See Section 2.1 for details 2
after induction of meiosis M210/ade6-M216 h'/h
Meiosis 4h | Cells harvested 4 hours | None pati-114/patl-114 ade6- | See Section 2.1 for details 2
after induction of meiosis M210/ade6-M216 h'/h
Meiosis_6h | Cells harvested 6 hours | None pati-114/patl-114 ade6- | See Section 2.1 for details 2
after induction of meiosis M210/ade6-M216 h'/h
Meiosis_8h | Cells harvested 8 hours | None pati-114/patl-114 ade6- | See Section 2.1 for details 2
after induction of meiosis M210/ade6-M216 h'/h
N_24h Nitrogen starvation for 24 | None h 972 See Section 2.1 for details 2
hours
N_7d Nitrogen starvation for 7 | None h 972 See Section 2.1 for details 2

days
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Name Details RNA processing | Genotype Growth conditions Number of
pathway impaired biological
replicates
WT 100 WT quiescent cells under | None h 972 See Section 2.1 for details 2
glucose starvation at 100%
survival
WT 50 WT quiescent cells under | None h 972 See Section 2.1 for details 2
glucose starvation at 50%
survival
pkal 100 Long-lived pkal mutant | None h- pkal::kanMX4 See Section 2.1 for details 2
. (Rallis et al. 2013)
under glucose starvation at
100% survival
pkal 87 Long-lived pkal mutant | None h- pkal::kanMX4 See Section 2.1 for details 2

under glucose starvation at
87% survival (same time-
point as when WT_50

sample was taken)
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Name Details RNA rocessing | Genotype Growth conditions Number of
p g
pathway impaired biological
replicates
pkal 50 Long-lived pkal mutant | None h- pkal::kanMX4 See Section 2.1 for details 2

under glucose starvation at

50% survival




2.2  Transcriptomics

RNA was extracted from harvested cells using the hot-phenol technique as described
previously (Lyne et al. 2003). The quality of total extracted RNA was assessed on a

Bioanalyser instrument (Agilent).

Strand-specific RNA-seq libraries were prepared from poly(A)-enriched (poly(A)+)
RNA using an unreleased early version of the Illumina TruSeq Small RNA Sample
Prep Kit. Briefly, 10ug of total RNA was used as starting material and poly(A)+
RNA was enriched by two rounds of poly(dT) Sera-Mag magnetic bead purification.
RNA was fragmented to an average size of ~200 nucleotides (nt). Fragmented RNA
was 3’ de-phosphorylated with Antarctic phosphatase and 5° phosphorylated with
polynucleotide kinase; this treatment prepared RNA fragments for subsequent
ligation of Illumina RNA adaptors to their 5’ and 3’ ends using a 3> RNA ligase and
a T4 RNA ligase respectively. First-strand cDNA was produced using a primer
specific for the Illumina 3’ adaptor. The library was amplified with 15 PCR cycles
using primers specific for the Illumina adaptors and purified using SPRI-beads
(Agencourt, Beckman Coulter). Library size distributions and concentrations were

determined on a Bioanalyser (Agilent).

RNA-seq libraries were sequenced on an Illumina HiSeq 2000 instrument, using
single end runs with 50 base pair (bp) reads (Wei Chen laboratory, The Berlin
Institute for Medical Systems Biology, Max-Delbriick-Centrum fiir Molekulare

Medizin, Germany).

Reads were aligned to the fission yeast genome with the exonerate software (Slater
and Birney 2005) and reads matching to multiple locations in the genome were
assigned at random to only one of these locations. Reads containing up to 5
mismatches (not clustered at read ends) were kept for further analysis (“Genomic
set”). The remaining sequencing reads were then mapped against fission yeast
spliced exons and filtered as above (“Spliced set”). Pools of both sets of reads were
used for further analyses. Between 20 and 50 million mappable reads were obtained

for each library (~80-85% of total reads were mappable).
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Relative sequencing expression scores were calculated for annotated features
(spliced transcripts and introns), using the genome annotation available in GeneDB

(http://old.genedb.org/, now PomBase http://www.pombase.org/) on gth May 2011.

The number of reads mapping to each feature was divided by the length of the
feature per kilobase and read depth per million mapped reads (reads per kilobase of
transcript per million reads mapped, RPKM). RPKMs for annotated features

correlated strongly between biological replicates (rpearson >0.98).

Mapping and expression score pipelines were provided by Dr Samuel Marguerat

(Badhler laboratory).

2.3 Segmentation of sequencing data

A crude heuristic was designed to detect candidate novel IncRNAs from RNA-seq
data. Briefly, RNA-seq data from initial sequencing runs, which comprised the
following samples, were pooled together (2 biological repeats of each): rrp6-ts, exo2,
dis3-54, pab2, mtrd, agol, rdpl, dcrl, pan2, upfl, WT 100, WT 50, -N 7d, -
N_24h, meiotic pool, mid-log phase WT cells grown in YES, mid-log-phase WT
cells grown in EMM (see Tables 2.1 and 2.2).

Segments were delimited from the pooled data using a 10 hits/bp cut-off. Segments
<100bp apart and differing in pooled read density (i.e. average hits/bp of segments)
by <10-fold were joined together. Using the genome annotation available in

GeneDB (http://old.genedb.org/, now PomBase http://www.pombase.org/) on gth

May 2011, segments overlapping annotations on the same strand (including

untranslated regions, UTRs) were removed.

IncRNAs have an arbitrary minimal length cut-off of 200 nucleotides, due mainly to
RNA-seq library preparation protocols that exclude small RNAs (Perkel 2013).
Therefore segments <200bp were discarded, and remaining consecutive segments
longer than 200bp were retained as final transcripts corresponding to 5775 candidate

novel IncRNAs.
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The described segmentation heuristic was optimised for its ability to detect the 1557
IncRNAs already annotated in S. pombe (SPNCRNAs), and validated by visual
inspection of RNA-sequencing data (see Chapter 3 for details).

Custom scripts for segmentation of RNA-seq data were written in R (http://www.r-

project.org/) and Perl.

2.4 Identifying differentially expressed transcripts

Candidate novel IncRNAs identified by the segmentation process described above,
together with all annotated transcripts, were analysed using the DESeq package

(Anders and Huber 2010) (available from Bioconductor,

http://www.bioconductor.org/) to determine whether their expression level was
significantly up- or down-regulated in each sample (Tables 2.1, 2.2) compared to
WT cells in mid-log phase growth. Using the DESeq package, for each transcript a
p-value was computed based on a negative binomial distribution. P-values were
corrected for multiple testing, and transcripts with an adjusted p-value <0.01 were

considered to be significantly differentially expressed.

Expression profiles of transcripts significantly differentially expressed relative to
WT vegetative cells (DESeq; p <0.01) were analysed by hierarchical clustering of
their fold changes relative to WT vegetative cells in GeneSpring GX7 (Agilent). For
visualisation purposes, any transcripts with normalized read counts <1 had their read
counts rounded up to 1 to avoid visualizing artificially high or low fold changes.
Transcripts (rows) were clustered using the Pearson correlation, and columns
(mutants and environmental perturbations) were clustered using the Up-regulated

correlation.

2.5 IncRNA location analysis
2.5.1 Categorising IncRNAs by location

Based on their location relative to mRNAs, several mutually exclusive categories for
the full set of 7332 IncRNAs (5775 novel IncRNAs identified in the current study;
1557 already annotated IncRNAs i.e. SPNCRNAs) were defined (see Chapter 4).
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For the set of IncRNAs differentially expressed (p <0.01, DESeq) in each sample
(Table 2.1, 2.2) the observed distribution amongst these defined categories was
calculated. The expected distribution amongst the same categories was calculated
based on full set of 7332 IncRNAs. Expected and observed distributions were
compared using a chi-squared test and p-values corrected for multiple testing

(Bonferroni method).
Custom scripts were written in R.

2.5.2 Distribution of IncRNAs with respect to mRNA TSSs and TTSs

The location of IncRNAs was analysed relative to mRNA transcription start sites

(TSSs) and transcription termination sites (TTSs).

mRNA TSSs and TTSs were taken as the most 5° and 3’ annotation available
respectively  using the genome  annotation available in  GeneDB

(http://old.genedb.org/, now PomBase http://www.pombase.org/) on gth May 2011.

Briefly, for each mRNA TSS, a window 1kb upstream and downstream of the TSS
was created. To avoid consideration of IncRNAs associated with other mRNA TSSs
or TTSs within this window, if the mRNA under consideration was <lkb in length,
the downstream window only extended to the end of the mRNA. Similarly, if the
distance between the mRNA TSS and another mRNA in the upstream direction was
<lkb, then the window in the upstream direction only extended to the end of the
intergenic region. Distances between the mRNA TSS and any IncRNA TSSs
occurring within this window were calculated. The distribution of these distances on

either DNA strand, and centred around mRNA TSSs, was plotted.

A similar analysis was performed for distances between mRNA TTSs and IncRNA

TSSs.

For the set of IncRNAs differentially expressed (p <0.01, DESeq) in each sample
(Table 2.1, 2.2) the observed distribution with respect to mRNA TSSs and TTSs was
calculated. The expected distribution (antisense strand only) with respect to mRNA

TSSs and TTSs was calculated based on full set of 7332 IncRNAs. Expected and
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observed distributions were compared using a chi-squared test and p-values corrected

for multiple testing (Bonferroni method).
Custom scripts were written in R.

2.6 Expression correlation analysis

Based on their location relative to mRNAs, IncRNA:mRNA pairs were defined as
described in Chapter 4.

2.6.1 Fisher tests

For a given set of IncRNA:mRNA pairs, Fisher exact tests were used to determine
whether there is an association between the IncRNA transcript being significantly
differentially expressed (DESeq, p<0.01) and the mRNA transcript being
significantly differentially expressed, relative to WT cells in log-phase growth.
Similar analyses were performed to test for associations in IncRNA:mRNA pairs for
both transcripts to be significantly up- or down-regulated (positively correlating
pairs), or for one to be up-regulated while the other is down-regulated (anti-
correlating pairs). P-values were corrected for multiple testing (Bonferroni method).

Custom scripts were written in R.

2.6.2 Correlation coefficients

Using normalised read counts from DESeq, an association between the expression of
IncRNA and mRNA transcripts in specific types of pairs was tested using Pearson’s
product moment correlation coefficient (CC). For each transcript, the difference in
its normalised read counts in a given sample and WT log phase growth, was
calculated on a log2 scale. Correlation coefficients for these expression values were
then calculated for specific types of mRNA:IncRNA pairs. Associated p-values were
corrected for multiple testing (Bonferroni method). Transcripts with zero read
counts in either one or both of the WT and sample cannot be analysed in this way,
and pairs containing such transcripts were excluded from the correlation analysis.

Note that if for an individual correlation test p<2.2x107'°, the adjusted p-value has
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been set to 107'°. All p-values corrected for multiple testing. Custom scripts were

written in R.

2.7 Functional enrichment analyses

All analyses for functional enrichments were performed using a set of gene ontology
(GO) lists based on fission and budding yeast GOslim annotations (release
September 2011). This set was complemented with a series of lists based on gene
expression. Five lists of cell-cycle regulated genes contain either all periodic genes,
or periodic genes peaking in G1, S, M, or G2 phases of the cell cycle (Rustici et al.
2004). Two lists contained genes of the core environmental stress response (CESR),
either induced (“stress-related”) or repressed (’growth-related””) during stress (Chen
D. et al. 2003). Four lists contained genes regulated upon nitrogen removal or during
early, middle, or late meiosis (Mata et al. 2002). Finally four lists were computed in
the Béhler laboratory and contained the 10% shortest and the 10% longest mRNAs, a
list of transcription factors, and a list of proteins containing RNA-recognition (RRM)

motifs (based on annotation available in PomBase).

The level and significance of the overlap between a list of mRNAs of interest, and
specific functional categories/gene lists was calculated using Fisher’s exact test. P-

values were corrected for multiple testing (Bonferroni method).

2.8 PCR-based gene deletions

The one step PCR-based approach as described previously (Bahler et al. 1998) was
used for deletion of dcrl in h- ura4-D18. Sequences of the 100bp primers used for

the gene-specific deletion of dcr/ are given below:
Forward primer (5’ to 3°):

ATAGCTTAGGATTCATTATTTTTTAAGAGACAAATTTCTCGTCAATTGAATGAAA
CCTTCCGCCTTTATTTTCTTTTTGACGGATCCCCGGGTTAATTAA
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Reverse primer (5° to 3°):

GCTTTGGAGACCCAAATTGAAAGTTTGAAAAGTTACAAGGGCCGCGGTCATAAA
AAATGAAATACTGTATATTTCAAGTCGAATTCGAGCTCGTTTAAAC

Both left and right junctions arising from this gene-specific deletion were PCR
verified using primers in Table 2.3 (Dcrl-L-F, Derl-L-R, Dcrl-R-F, Derl-R-R), and

observed fragment sizes were as expected (Table 2.4).

2.9 Random spore analysis

Double mutants of the dcrl, rrp6 and exo2 genes were created by crossing single
mutants. Genotypes of single mutant strains used for these matings are listed below

and were derived from the single mutant strains listed in Table 2.1:

h+ rrp6::URA ura-
h-dcrl::NAT ura-

h+ exo2::KAN ura-
h- exo2::KAN ura-

h- dcrl::NAT ura- was created using one step PCR-based approach (Bahler et al.
1998) to delete dcrl in h- ura4-D18 as described in Section 2.8.

Random spore analysis (Sabatinos and Forsburg 2010) was used to create the
remaining single mutant strains: h+ rrp6::URA ura- ; h+ exo2::KAN ura- and h-
exo2::KAN ura-. Briefly, strains were crossed and incubated on malt extract agar
(MEA) plates for 2-3 days at 25°C. Tetrads were treated with zymolyase (0.5
mg/ml, MP Biomedicals Europe) and incubated at 37°C for a minimum of 4 hours to
release spores. Spores were germinated on rich (YES) agar plates before being
replica plated to selective plates as appropriate. All deletion junctions were PCR

verified (see Table 2.3 for primers, and Table 2.4 for expected fragment sizes).

Crosses and selection by random spore analysis were as follows: A+ ade6-M216
leul-32 ura4-D18 his3-D1 rrp6::URA4 (Table 2.1) was crossed with A- ura4-DI18
with selection on EMM agar plates to create A+ rrp6::URA ura- ; h™ exo2::kanMX6
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ade6-216 (Table 2.1) was crossed with 2+ ura4-D18 with selection on YES +
kanamycin agar plates, as well as EMM agar plates with or without uracil, to select

for selected A+ exo2::KAN ura- and h- exo2::KAN ura-.

2.10 Tetrad dissection

Tetrad analysis was used to analyse the meiotic products resulting from the crossing

in all combinations of the single mutant strains:

h+ rrp6::URA ura-

h-dcrl::NAT ura-

h+ exo2::KAN ura-

h- exo2::KAN ura-
Strains were crossed and incubated on MEA plates for 2-3 days at 25°C. Resulting
tetrads were picked and dissected using a micromanipulator (Singer Instruments) and

spores germinated on rich media (YES) plates. Plates were imaged after 5 days

growth.

Haploid colonies arising from germinated spores were then streaked to selective

plates to test for KAN, NAT and URA markers.

All deletion junctions in doubly resistant colonies were PCR verified using primers

in Table 2.3, and observed fragment sizes were as expected (Table 2.4).
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Table 2.3: Primers used to check left and right deletion junctions

Primer Name Sequence (5’ to 3°)

Ex02-L-F CGCTATACTGCTGTCGATTCG
Ex02-L-R TGTTGATGTTCCATTTGATGGT
Ex02-R-F ATTTTCCCGAGGAGCAATTT
Ex02-R-R ACGTCGTAGAAAGCGCTGAT
Dcrl-L-F CGCTATACTGCTGTCGATTCG
Decrl-L-R AAAGAGTGGCATTCCTAAGCTG
Dcrl-R-F GAAAAATTGCCGACCTTGAA
Dcrl-R-R CAATTGTGATTCCGCAGATG
Rrp6-L-F GATGCCGACGAAGCATAGTT
Rrp6-L-R CTCGATGATCCAACTGATTTGA
Rrp6-R-F CCAGGGAGTTTGTGTGGTCT
Rrp6-R-R ACGGAATCTCTCCAATCGTG

Table 2.4: Expected fragment sizes

Primers used Fragment size (bp)
Exo02-L-F, Ex02-L-R 459
Exo02-R-F, Ex02-R-R 905
Dcrl-L-F, Dcrl-L-R 330
Dcr1-R-F, Derl-R-R 902
Rrp6-L-F, Rrp6-L-R 800
Rrp6-R-F, Rrp6-R-R 934

2.11 Phenotyping mutants

2.11.1 Live cell imaging

Log-phase cells in rich medium were imaged using phase-contrast microscopy
(Hamamatsu digital camera C4742-95 fitted to a Zeiss Axioskop microscope). One
ml of culture was pelleted at 6000rpm for 30 seconds and 2ul of pelleted cells were

mounted on a microscope slide. Images were captured using Sms exposure and a

63x oil objective.
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2.11.2 Growth analysis

2.11.2.1 BioLector microfermentation
The growth of mutant strains in rich media (YES) was profiled using the BioLector
micro-fermentation system (mp2p-labs). Based on light scattering (LS) technology,

the BioLector system records biomass values at 620 nm.

Cells of each strain were grown for 36 hours in pre-cultures. The pre-cultures were
used to inoculate microtiter plates with 48 ‘flower’-shaped wells (m2p-labs) filled
with YES medium. Compared to round or square wells, ‘flower’-shaped wells
provide improved mixing and oxygen transfer within the culture. The cell density in
each well of the plate was adjusted to an OD of 0.15, with the final culture volume
being 1.5ml. Gas permeable adhesive seals (Thermo Fisher Scientific) were used to

cover the wells of the plate.

Triplicate cultures were prepared for each strain tested. Micro-fermentations were
performed with the following settings: temperature was set at 32°C, humidity at
99%, shaking at 1000 rpm and LS measurements were retrieved every three minutes

over a 48 hour period.

Growth parameters were extracted from the automatically recorded growth curves.
Calculation of the maximum slope within the exponential phase provided an
estimation of the maximum growth rate, while the average growth rate was

calculated as the average biomass change per unit time during exponential phase.

2.11.2.2 Spot assay

For a semi-quantitative analysis of growth of mutant strains on rich media, the spot
assay was employed as described previously (Tsutsui et al. 2000). Briefly, for each
strain, Sul of four serial (tenfold) dilutions of log-phase cells were spotted onto a

YES agar plate. The plate was imaged after 3 days of growth at 32°C.
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Chapter 3 Identifying novel IncRNAs
3.1 Introduction

This Chapter describes how, using strand-specific RNA-sequencing (RNA-seq), |
have identified thousands of novel long noncoding RNAs (IncRNAs) in S. pombe

that are regulated in response to a range of genetic and environmental perturbations.

While functions have been ascribed to several IncRNAs, and themes in their
mechanisms of action are emerging (see Chapter 1), the function, if any, of the vast
majority of identified IncRNAs remains unclear. With its unrivalled sensitivity and
resolution, RNA-seq allows the global detection and quantification of IncRNAs,
revealing their genomic origins and expression, and thereby providing insights into

functions on a genome-wide scale.

Uncontrolled accumulation of noncoding RNA can adversely affect genome stability
(Li and Manley 2006), and so eukaryotes have evolved multiple strategies to regulate
noncoding RNA expression. These pathways often comprise RNA processing and

degradation (see Chapter 1).

As such, transcriptomic studies in S. cerevisiae have revealed classes of IncRNAs,
such as CUTs (Neil et al. 2009, Xu et al. 2009) and XUTs (van Dijk et al. 2011),
which are stabilised upon impairment of the RNA degradation pathways of the
nuclear exosome or cytoplasmic 5’-3” exonuclease respectively. There is evidence
that such unstable or cryptic IncRNAs, normally targeted for rapid degradation, are
stabilised and functional under relevant growth conditions. For example, S.
cerevisiae antisense PHOS84 and GALI-10 transcripts are both regulated by exosomal
degradation.  These transcripts are stabilised during chronological ageing or
repressive nutrient conditions, respectively, leading to repression of their respective
sense loci via the recruitment of histone deacetylases (Camblong et al. 2007,
Houseley et al. 2008). Similarly, it has been shown that XUTs accumulate in
lithium-containing media indicating a possible role in adaptive responses to changing

growth conditions.
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These studies illustrate that systematic RNA-seq analysis of mutants defective for
RNA degradation/processing pathways may represent a powerful approach to reveal

novel, possibly regulatory, classes of IncRNAs.

In S. pombe a much larger proportion of the genome is transcribed than can be
accounted for by currently annotated genes (Dutrow et al. 2008, Wilhelm et al.
2008). This additional transcription likely comprises extensions of existing

annotated transcripts, biological and experimental noise, as well as novel IncRNAs.

Two RNA-sequencing studies have together annotated approximately 1500 IncRNAs
in S. pombe (Rhind et al. 2011, Wilhelm et al. 2008), the nature and biological
function of which remain unclear. However, since many more unstable IncRNAs,
such as CUTs and XUTs, have been described in S. cerevisiae, IncRNAs identified
by S. pombe RNA-seq studies to date may reflect only partially the rich complexity

of the transcriptome.

Additionally, S. pombe appears to share more conservation in RNA metabolism with
higher eukaryotes than S. cerevisiae. For example, RNA interference (Moazed
2009), transcript uridylation (Schmidt et al. 2011) and the PABPN1 pathway (Lemay
et al. 2010, Lemieux et al. 2011) are all conserved from humans to S. pombe, but not
conserved in S. cerevisiae. This makes S. pombe a meaningful model in which to

study IncRNA processing and degradation.

In the current study, strand-specific RNA-seq of S. pombe RNA processing mutants
was used to identify and analyse different classes of unstable IncRNAs. Possible
regulatory functions can be imagined for IncRNAs degraded by RNA-processing
pathways during vegetative growth but stabilised under physiologically relevant
growth conditions. RNA-seq datasets for nitrogen-starved cells, glucose-starved
cells and meiotic cells were therefore used to address whether the identified classes

of unstable IncRNAs likely possess any biological function.

3.2 RNA-seq samples

Since many IncRNAs are Pol II-transcribed, capped and polyadenylated (see Chapter

1), all RNA-seq samples were poly(A)-enriched (see Chapter 2 for details).
68



All RNA-seq samples of RNA processing mutants used in the current study are
detailed in Table 2.1. All RNA-seq samples of different physiological
conditions/environmental perturbations used in the current study are detailed in

Table 2.2.

For all samples, cells were grown, RNA harvested and strand-specific ¢cDNA
libraries prepared by myself (see Chapter 2). This is with the exception of: meiotic
time-course samples, for which cells were grown and RNA prepared by Dr Cristina
Cotobal (Mata laboratory, University of Cambridge); pkal samples under glucose
starvation, for which cells were grown by Dr Charalampos Rallis (Béhler

laboratory).

3.2.1 RNA processing/ degradation mutants

An overview of RNA processing/degradation pathways has been set out in Section

1.4, Chapter 1.

A panel of RNA processing mutants was chosen to cover key aspects of RNA
processing and degradation (see Table 2.1). This panel includes: exonucleases in
both the nucleus and cytoplasm; cofactors of these exonucleases; factors involved in
deadenylation; factors that target decapping substrates; poly(A)-binding proteins;
RNA interference (RNAI1) factors; and factors involved in nonsense mediated decay

(NMD).

The exosome contributes to the processing, quality control and turnover of a large
number of cellular RNAs in both the nucleus and the cytoplasm where it degrades
RNAs in a 3’-5’ direction (see Section 1.4, Chapter 1). The exosome consists of nine
inactive subunits plus an active ribonuclease, Dis3, which has both 3’-5’
exonucleolytic as well as endonucleolytic activity. Thus the mutant dis3-54 was
chosen for the current study to reveal the role of the core exosome on IncRNA

regulation.

Rrp6 confers nuclear specificity to the exosome, and both a temperature-sensitive
mutant (77p6-ts) and a null-mutant (77p6) were included in the current study. In

addition, null-mutants for Pab2, and TRAMP complex components Cid14 and Mtr4,
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were chosen based on their known interactions with the nuclear exosome in S.
pombe. A null mutant of the poly(A)-binding protein Nab2 was also included in the
current study since Nab2 has been proposed to play a role in differentiating between
mRNAs and IncRNAs (Tuck and Tollervey 2013), and has also been shown to
impede Pab2/Rrp6-mediated decay by competing with Pab2 for binding poly(A) tails
(Grenier St-Sauveur et al. 2013).

In the cytoplasm of S. pombe, three key pathways contribute to RNA degradation:
the exosome which degrades in a 3’-5’ manner and is connected to its cytoplasmic
substrates via the SKI complex; the 5°-3” exonuclease Exo02; and the recently
identified 3°-5° exonuclease Dis3L2 (Malecki et al. 2013). Mutants of all of these

factors were therefore included in the current study.

The RNAi pathway in S. pombe is emerging as having roles in gene expression
beyond heterochromatin formation at centromeres and telomeres, with several recent
studies revealing roles for RNAI in transcriptional and post-transcriptional regulation
of euchromatic loci (Cawley et al. 2004, Smialowska et al. 2014, Woolcock et al.
2011, Woolcock et al. 2012, Yamanaka et al. 2013). Moreover, connections between
the RNA processing activities of the exosome and the RNAi pathway are emerging
as playing a role in the regulation of IncRNAs (Gullerova and Proudfoot 2008, Lee et
al. 2013, Shah et al. 2014, Zofall et al. 2009). Thus, mutants of the core RNAIi
components Dicer (dcrl), Argonaute (agol) and RNA-dependent RNA polymerase

(rdp1) were included in the current study.

Several double mutants for these key pathways were included to elucidate
interactions between pathways in regulating IncRNA expression (see Table 2.1).

The rrp6/dcrl and exo2/dcrl mutants will be discussed in more detail in Chapter 5.

3.2.2 Environmental perturbations/physiological conditions

Different physiologically relevant growth conditions (referred to as ‘growth

conditions’) were chosen to reflect key physiologically relevant states for S. pombe.

In fission yeast, meiosis is accompanied by a complex gene expression programme

in which more than 50% of the genome is regulated. Moreover, microarray studies
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have shown that changes in gene expression occur in successive expression waves
throughout the course of meiosis (Mata et al. 2007, Mata et al. 2002), and RNA-seq
studies have revealed the expression of several meiosis-specific IncRNAs (Bitton et
al. 2011, Rhind et al. 2011, Wilhelm et al. 2008). Cells harvested at time-points

throughout the course of meiosis were therefore included in the current study.

Fission yeast is emerging as a complementary model system to budding yeast for
studying the molecular mechanisms for cellular ageing (Rallis et al. 2013). S. pombe
undergoes a progressive decline in viability after entering a quiescent stationary
phase, a phenomenon known as chronological ageing, and which is often modeled by
survival in glucose starvation (Roux et al. 2006). A nutrient-signaling pathway,
which includes the serine/threonine cAMP-activated protein kinase Pkal, is known
to regulate this process. Pkal is a long-lived mutant that accumulates fewer reactive
oxygen species and has delayed initiation of apoptosis compared with WT cells

(Roux et al. 20006).

Thus stationary WT cells at 100% and 50% survival in glucose starvation were
included in the current study to determine IncRNA expression during chronological
ageing. pkal cells at 100% and 50% survival were also included to determine
IncRNA expression during chronological ageing in a long-lived mutant. When WT
cells were at 50% survival, pkal cells were at 87% survival. This pkal time-point
was included in the current study and is of interest because it may help determine
whether changes in IncRNA expression during chronological ageing are a function of
time in stationary phase, or whether they are related to the underlying molecular

mechanisms of chronological ageing.

The cellular response of fission yeast to nitrogen starvation has been extensively
studied. Following the withdrawal of the nitrogen source (NH4Cl) from the culture
medium, S. pombe cells exit the cell cycle, inhibit cellular growth and enter the GO
phase, thus providing an excellent model to study cellular quiescence (Yanagida
2009). The adaptation to nitrogen starvation occurs in several stages. In the initial
stage (within the first ~8h), the cell size is reduced by two subsequent cell divisions,
consequently forming small round cells (Shimanuki et al. 2007). Following these
two rounds of division, the cell cycle is arrested in an ‘uncommitted’ G1 phase.
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During this period, cells may undergo meiosis and produce spores, providing that a
partner of the opposite mating type is available. In the absence of a mating partner,
the cells lose the ability to mate after 12h and commit to the GO phase (Yanagida et
al. 2011). Within 24h of nitrogen starvation, the cellular volume, mRNA and protein
content are reduced to about 55%, 20%, and 50% of the vegetative cell content,
respectively (Marguerat et al. 2012). Fully adapted GO cells can survive for months
in the nitrogen starvation culture medium, exhibiting increased stress resistance.
Thus nitrogen starved cells at 24h and 7 days were included in the current study to

reflect distinct stages of adaptation to nitrogen starvation.

3.3 Method to identify novel IncRNAs and its validation

A crude heuristic was designed to detect candidate novel IncRNAs from RNA-seq
data.

Briefly, RNA-seq data from initial sequencing runs, which comprised the following
samples, were pooled together (two biological repeats of each): rrp6-ts, exo2, dis3-
54, pab2, mtr4, agol, rdpl, dcrl, pan2, upfl, WT 100, WT 50, N _7d, N 24h,
meiotic pool, mid-log phase WT cells grown in YES, mid-log-phase WT cells grown
in EMM.

Segments were delimited from the pooled data using a 10 hits/bp cut-off. Segments
<100bp apart and differing in pooled read density (i.e. average hits/bp of segments)
by <10-fold were joined together. Using the genome annotation available in

GeneDB (http://old.genedb.org/, now PomBase http://www.pombase.org/) on gth

May 2011, segments overlapping annotations on the same strand (including

untranslated regions, UTRs) were removed.

IncRNAs have an arbitrary minimal length cut-off of 200 nucleotides, due mainly to
RNA-seq library preparation protocols that exclude small RNAs (Perkel 2013).
Therefore segments <200bp were discarded, and remaining consecutive segments
longer than 200bp were retained as final transcripts corresponding to 5775 candidate

novel IncRNAs.
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The described segmentation heuristic was optimised on its ability to detect the 1557
IncRNAs already annotated in S. pombe (SPNCRNAs). The ability to detect
SPNCRNAs was judged on: the percentage coverage of each segment overlapping an
SPNCRNA; the percentage coverage of each SPNCRNA overlapping a segment (as
illustrated in Figure 3.1D). To optimise these two values the following parameters
were varied: hits/bp cut-off; fusing distance; imposing a rule on whether or not to
fuse based on fold difference in expression of consecutive segments; varying this
fold difference in expression at which consecutive segments are fused (Figure 3.1A-

O).

The optimisation strategy aimed to be as inclusive as possible. Thus an initial hits/bp
cut-off of 2 hits/bp was used, and segments <20 nts apart were fused (Figure 3.1A).
Imposition of the criterion that consecutive segments should only be fused if their
fold difference in expression meets a certain threshold aimed to detect IncRNAs
which are near mRNAs but distinct from mRNAs, while discarding data which likely

represents misannotated untranslated regions (UTRs) (Figure 3.1B-C).

With the optimized segmentation procedure described, SPNCRNAs were covered at
92% by the detected segments, and the segments intersecting SPNCRNAs were
covered at 62% by the SPNCRNAs (Figure 3.1C-D).
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Figure 3.1: Optimisation of the segmentation process.

Most SPNCRNAs are efficiently detected as unique putative transcripts. A—C: Sensitivity and
specificity of the segmentation method; each SPNCRNA is represented by a point; in abscissa the
percentage of the nucleotide coverage of each segment that intersects a SPNCRNA; in ordinate the
percentage of the nucleotide coverage of each SPNCRNA that is intersected by a segment.
Segmentation parameters as indicated on figures and in text. D: Schematic of the segmentation
process.
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Finally, visual inspection was used to check the segmentation procedure (examples
in Figure 3.2). From such visual inspection it was clear that novel IncRNAs are
more lowly expressed than mRNAs (Figure 3.2A-E) but are comparable to already
annotated SPNCRNAs in expression level (Figure 3.2E). Moreover, it was striking
that IncRNA expression appeared to be more sample specific than that of either

mRNAs or SPNCRNAs (Figure 3.2).
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3.4 Identifying differentially expressed transcripts

To identify novel IncRNAs normally degraded in WT cells but stabilised under the
genetic and environmental perturbations tested, the DESeq package was used to
determine significantly differentially expressed (DE) transcripts (see Chapter 2 for
details).

For all samples, differential expression was determined relative to the 6 WT samples
detailed in Table 2.2. This panel of WT samples was chosen to represent the main
genetic backgrounds of the samples analysed, as well as the key growth media used
(rich media, minimal media), thereby reducing the chances that DE transcripts could
be attributed to differences in genetic background or growth media. Moreover, very
few DE transcripts were found when these 6 WT samples were analysed against each
other in DESeq, in all possible combinations (~30 DE transcripts when two different
WT strains analysed against each other; ~40 DE transcripts when WT growth media

analysed against each other), and none of these DE transcripts were IncRNAs.

3.5 Expression profiles of differentially expressed transcripts

Expression profiles of significantly differentially expressed mRNAs, SPNCRNAs
and novel IncRNAs were examined by clustering their fold changes in expression
relative to WT vegetative cells across all samples (Figure 3.3; see Chapter 2 for

details).
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Figure 3.3: Expression profiles of significantly differentially expressed transcripts.

Fold changes relative to WT vegetative cells clustered in GeneSpring GX7 (Agilent); colour coded as
indicated. Transcripts not significantly differentially expressed relative to WT (DESeq; p-value
<0.01) have fold change set to 1 (appear black in heatmaps; see Chapter 2 for details). Transcripts
with a fold change of 1 across all samples do not appear in these heatmaps. Columns represent
different samples and rows represent transcripts; rows clustered using the Pearson correlation.
Columns clustered using the up-regulated correlation based on IncRNAs only. (A) rows represent
mRNAs (B) rows represent canonical ncRNAs (C) rows represent annotated SPNCRNAs (D) rows
represent novel IncRNAs; white brackets highlight clusters of IncRNAs described in text. Number of
transcripts in each heatmap is as indicated.
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3.5.1 mRNA expression signatures

Expression signatures of mRNAs revealed a large number of DE mRNAs under
environmental perturbations and relatively fewer under genetic perturbations
(Figure 3.3A and Figure 3.5). Nitrogen starved, glucose starved and meiotic samples
each have ~1000 mRNAs significantly differentially up-regulated or down-regulated
relative to WT vegetative cells. This is in contrast to the RNA processing mutants
for which an average of only 300 mRNAs are up-regulated and 30 mRNAs down-

regulated.

Gene ontology (GO) analysis of up-regulated and down-regulated mRNAs reveals
up-regulation of the stress module across all samples, and down-regulation of the

growth module predominantly in growth conditions (Figure 3.4).
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Figure 3.4: Gene ontology analysis of significantly differentially expressed mRNAs.

Significantly enriched GO-terms for mRNAs up-regulated (beige) or down-regulated (red) in each
sample. GO-terms (rows) clustered by the “maximum” method in heatmap.2 function of R.

Consistent with known roles for the exosome, the poly(A)-binding protein Pab2 (St-
Andre et al. 2010, Yamanaka et al. 2010), and the RNA1 machinery (Lee et al. 2013,
Yamanaka et al. 2013) in meiotic gene silencing, mRNAs up-regulated in r7p6, dis3-

54, pab2, agol, dcrl and rdpl mutants are enriched for meiotic GO-terms
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(Figure 3.4). Notably, mRNAs up-regulated in the exo2 mutant are also strongly and
specifically enriched for middle meiotic genes. This implicates a role for the 5°-3’
cytoplasmic RNA exonuclease Exo2 in control of meiotic gene expression.
Although no such role has been described for Exo02, it has been observed that Exo2

expression is induced during meiosis in S. pombe (Amorim et al. 2010).

Although there are relatively fewer mRNAs significantly up- or down-regulated in
the RNA processing mutants compared to the physiological conditions, a cluster of
~350 mRNAs is down-regulated in Ism/ (cluster indicated by ‘4’ on Figure 3.5).
This group of down-regulated mRNAs is significantly enriched for the following
GO-terms (p <107), a signature which is possibly indicative of rRNA metabolism,
and is consistent with the slow growth phenotype reported for Ism/ (Malecki et al.

2013):

nucleus

RNA metabolic process
organelle organization
chromosome organization
chromosome segregation
nucleolus
nucleotidyltransferase activity
DNA metabolic process
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Figure 3.5: mRNA expression signatures.

See legend for Figure 3.3. Columns represent different samples and rows represent mRNAs; rows
clustered using the Pearson correlation. Columns clustered using the up-regulated correlation. White
brackets highlight clusters of mRNAs described in text.

Some mutants (ski2, ski7, pan2, upfi, dis312, cidi4) have no GO-terms enriched
amongst up or down-regulated mRNAs (Figure 3.4), which is reflective of the little

to no phenotype observed for these mutants.

Distinct clusters of up- and down-regulated mRNAs were observed, which seemed to
define to one of the following three processes: glucose starvation (clusters indicated
by ‘1’ on Figure 3.5); meiosis (clusters indicated by ‘2’ on Figure 3.5); or nitrogen
starvation (cluster indicated by ‘3’ on Figure 3.5). Such groups of mRNAs may
confer specificity to these phenotypes. In addition, mRNA expression signatures

appear to be distinct at different meiotic time-points, while there is comparatively
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little change in mRNA expression signatures at differing time-points for nitrogen or

glucose starved cells (Figure 3.5).

Distinct mRNA expression signatures at the transcriptional level for glucose versus
nitrogen starvation are in line with preliminary translational profiling data from S.
pombe cells starved for either glucose or nitrogen. Such data reveal two apparently
different modes of starvation at the translational level — while translation is
completely shut down during glucose starvation, during nitrogen starvation many
mRNAs are still associated with polysomal fractions and cells remain metabolically
active, surviving for more extended time periods (Daniel Lackner PhD thesis, Bihler

laboratory).

3.5.2 Canonical ncRNA expression signatures

The expression signatures of canonical ncRNAs in Figure 3.3B and Figure 3.6

represent 270 ncRNAs comprising:

164 tRNA (61%)
50 snoRNA (19%)
49 rRNA (18%)

7 snRNA (2%)

These canonical ncRNAs are non-polyadenylated and so, while this poly(A)-
enriched RNA-seq data cannot be used in a quantifiable manner to analyse canonical
ncRNA expression, certain qualitative features of their expression signatures are of

note.
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Figure 3.6: Canonical ncRNA expression signatures.

See legend for Figure 3.3. Columns represent different samples and rows represent canonical
ncRNAs; rows clustered using the Pearson correlation. Columns clustered using the up-regulated
correlation.

The up-regulation of canonical ncRNAs in the exosome mutants, mtr4 and pab?2 is
consistent with known roles of the exosome, Pab2 and the TRAMP complex in
negatively controlling snoRNA expression (Larochelle et al. 2012, Lemay et al.
2010), as well as pre-tRNAs and rRNAs known as being exosome targets (Gudipati
et al. 2012, Schneider et al. 2012).

It is striking that the rrp6/dcrl double mutant has a large number of canonical
ncRNAs strongly up-regulated — more than either single mutant (Figure 3.6) - hinting
at a possible cooperative role between the exosome and RNAi in regulating
expression of these canonical ncRNAs. Also of note is that dcrl has a stronger
phenotype in terms of canonical ncRNA up-regulation than either rdpl or agol.

However, since these canonical non-coding RNAs are not polyadenylated, the
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possibility exists that these observations are simply due to a difference in poly(A)-

enrichment efficiency.

3.5.3 SPNCRNA expression signatures

Expression profiles of annotated IncRNAs (SPNCRNA) revealed SPNCRNAs to be
predominantly up-regulated under nitrogen starvation, glucose starvation or meiosis,

and largely unchanged in RNA processing mutants (Figure 3.3C).

Notable exceptions to this are the exosome mutants r7p6, rrp6-ts and dis3. This
indicates that some SPNCRNAs may represent cryptic IncRNAs analogous to S.
cerevisiae CUTs, which are subject to exosomal degradation (Neil et al. 2009, Xu et

al. 2009).

Although SPNCRNAs are predominantly up-regulated across samples for different
growth conditions, there is a small cluster of down-regulated SPNCRNAs in glucose
starvation samples. GO-analysis of mRNAs these SPNCRNAs are associated with,
in terms of location (i.e. mRNAs these SPNCRNAs are transcribed divergently from,
or antisense to), revealed no enrichment of any GO-terms (IncRNA:mRNA

associations by location discussed further in Chapter 4).

3.5.4 Novel IncRNA expression signatures

Expression profiles of differentially expressed novel IncRNAs reveal extensive DE
under genetic and environmental perturbations (Figure 3.3D). There is much more
up-regulation across samples than seen with either mRNAs or SPNCRNA:s,
indicating that these novel IncRNAs comprise many cryptic IncRNAs specifically
degraded by RNA-processing pathways during vegetative growth, and up-regulated

under physiologically relevant growth conditions.

3.5.4.1 Novel IncRNA expression signatures across RNA-processing mutants

The nuclear-specific 3’-5’ exosome component Rrp6, the core exosome component
Dis3 and, to a lesser extent, the poly(A)-binding protein Pab2 act in concert to
degrade a common set of novel IncRNAs (Figure 3.3D). Such cryptic IncRNAs
resemble S. cerevisiae CUTs (Neil et al. 2009, Xu et al. 2009), which are targeted for
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degradation by the nuclear exosome. The involvement of Pab2 in their degradation
is consistent with the cooperation between Pab2 and the exosome in degrading
meiotic transcripts in S. pombe (St-Andre et al. 2010, Yamanaka et al. 2010) and
snoRNAs (Lemay et al. 2010). Additionally, the human nuclear poly(A)-binding
protein, PABPNI, has been shown to mediate the exosomal degradation of a group
of ~60 IncRNAs (Beaulieu et al. 2012). The weak IncRNA signatures observed for
mutants of the TRAMP complex m#r4 and cid14 suggest a possible role for TRAMP-
independent exosome degradation of IncRNAs (see Chapter 6).

The cytoplasmic 5°-3 RNA exonuclease Xrnl has been shown to degrade a class of
IncRNAs in S. cerevisiae referred to as XUTs (van Dijk et al. 2011). The current
study reveals that Exo2, the S. pombe orthologue of Xrnl, similarly acts to degrade a
set of novel IncRNAs (Figure 3.3D). It is striking that mutants for cytoplasmic
degradation pathways other than Exo2 show very little phenotype in terms of
IncRNA expression (ski2, ski7, dis312, Isml). Even the double cytoplasmic
degradation mutants dis3/2/ski2 and dis312/IsmI show little phenotype in terms of
IncRNA expression.  This suggests that Exo2 represents the main pathway
controlling cytoplasmic IncRNA degradation, with other cytoplasmic degradation

factors playing minor or redundant roles.

The RNAI proteins Agol, Derl and Rdpl act in concert to degrade a common set of
novel IncRNAs (Figure 3.3D). This set of novel IncRNAs partially overlaps those
targeted for degradation by the exosome. Such cooperation between RNAi and the
exosome has already been reported in S. pombe in the silencing of centromeric
transcripts (Buhler et al. 2007, Reyes-Turcu et al. 2011) and the degradation of some
antisense ncRNAs arising from read-through at convergent genes (Zhang et al. 2011,
Zofall et al. 2009). Moreover, Rdpl and Dcrl physically associate with several
euchromatic loci, including 30 SPNCRNAs, at which the TRAMP component Cid14
is also enriched (Woolcock et al. 2011, Woolcock et al. 2012). This suggests a
cooperative role for RNAi and the exosome in silencing IncRNAs, a conclusion

which is corroborated by the current study (see Chapter 6).

Extensive overlap between novel IncRNAs degraded by the exosome, by RNAi and
by Exo2, reflects known interactions between the exosome and RNAi. It also
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possibly hints at a novel cooperation between cytoplasmic Exo2 activity and the

nuclear processing activities of RNAi1 and the exosome.

In summary, the novel IncRNAs identified in the current study resemble classes of
cryptic IncRNAs, such as CUTs and XUTs, already described in S. cerevisiae (see
Chapter 5). Moreover, the current study reveals overlapping and specific roles for
the nuclear exosome, the cytoplasmic exonuclease Exo2 and the RNAi pathway, in

degrading novel IncRNAs.

Double and triple mutants were created to assess interactions between these three key
pathways, and will be discussed in detail in Chapter 5. Briefly, it is of note that the
rrp6/dcrl double mutant has more up-regulated IncRNAs than either single mutant,
while the exo2/dcrl double mutant has fewer up-regulated IncRNAs than exo2 or

dcrl (Figure 3.3D).

3.5.4.2 Novel IncRNA expression signatures across environmental perturbations

Consistent with a functional role for the novel IncRNAs identified in the current
study, their expression appears to be regulated under physiologically relevant growth
conditions (Figure 3.3D). Two key clusters of IncRNAs emerge from the expression
profile in Figure 3.3D: firstly, IncRNAs up-regulated under nitrogen or glucose
starvation (and early meiosis) cluster together and are regulated predominantly by
the nuclear exosome (cluster indicated by ‘1’ on Figure 3.3D); secondly, the RNAi
machinery and Exo2, together with the nuclear exosome, appear to have greater
involvement in the regulation of IncRNAs up-regulated in later meiotic time-points

(cluster indicated by ‘2’ on Figure 3.3D).

In S. pombe the exosome is known to silence meiotic gene expression (St-Andre et
al. 2010, Yamanaka et al. 2010). Moreover, Yamanaka et al. have recently described
interaction between RNAi and the exosome in silencing meiotic genes (Yamanaka et
al. 2013). While a handful of meiosis-specific non-coding RNAs are known to exist
in S. pombe (Bitton et al. 2011, Ding et al. 2012, Watanabe T. et al. 2001), in S.
cerevisiae a class of Rrp6-regulated IncRNAs, up-regulated on entry into meiosis,
have been described (Lardenois et al. 2011). Consistent with the above, I observe a

group of novel IncRNAs cooperatively regulated by the exosome, RNAi and Exo2,
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and up-regulated in later meiotic time-points (cluster indicated by ‘2’ on Figure
3.3D). Importantly, the stabilisation of Exo2-degraded IncRNAs in meiosis further

implicates a novel role for Exo2 in meiosis.

Notably, regulation of meiotic IncRNAs by the RNAi machinery seems to be largely
Agol-independent (Figure 3.3D; RNAi mutants and meiotic samples were also re-
clustered on their own - data not shown). This is reminiscent of the recently
described heterochromatin-independent RNAi silencing of LTRs and Atfl-bound
stress response genes (Woolcock et al. 2011, Woolcock et al. 2012). Silencing of
these loci requires physical association with Rdpl and Dcrl, and such associations

are unaffected in ago/A cells.

In contrast to IncRNAs up-regulated in later meiotic time-points, those up-regulated
in nitrogen or glucose starvation and early meiotic time-points appear to be largely
unaffected by RNAi and Exo02 (cluster indicated by ‘1’ on Figure 3.3D). Instead,

these IncRNAs appear to be predominantly regulated by the nuclear exosome.

While no direct role for the exosome in nitrogen or glucose starvation has been
reported, the exosome has been implicated in S. cerevisiae chronological ageing,
which is often modeled by survival in quiescence. Weaker association of Rrp6 with
the S. cerevisiae PHOS84 locus upon chronological ageing leads to up-regulation of
PHO&84 antisense transcripts, and subsequent repression of the PHOS84 locus by
recruitment of histone deacetylases (Camblong et al. 2007). Moreover, a recent
study has revealed a role for quiescence-induced IncRNAs in recruitment of a
H4K20 methyltransferase to ribosomal DNA in murine tissue culture (Bierhoff et al.
2014). This leads to chromatin compaction and subsequent repression of ribosomal

genes upon growth factor deprivation or terminal differentiation.

While many IncRNAs up-regulated in nitrogen or glucose starvation clearly overlap
(cluster indicated by ‘1’ on Figure 3.3D), there also appears to be a distinct cluster of
IncRNAs up-regulated under nitrogen starvation but not glucose starvation.
Interestingly, differences between glucose-starved WT and pkal cells were less
pronounced, and these samples cluster together based on time spent in glucose

starvation, rather than by percentage survival or genetic background. Although
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IncRNAs are predominantly up-regulated across physiological condition samples,
there is a small cluster of down-regulated IncRNAs in glucose starvation samples.
GO-analysis of mRNAs these IncRNAs are associated with, in terms of location (i.e.
mRNAs these IncRNAs are transcribed divergently from, or antisense to), revealed
no enrichment of any GO-terms (IncRNA:mRNA associations by location discussed

further in Chapter 4).

Finally, it is interesting to note that more IncRNAs are up-regulated at progressively
later meiotic time-points (Figure 3.3D). A similar trend is observed at progressively
later nitrogen or glucose starvation time-points. In addition, for both WT and pkal
cells under glucose starvation, this trend appeared to be related to time spent in
stationary phase rather than genetic background. Thus when WT cells were at 50%
survival, pkal cells were at 87% survival, and similar numbers of up-regulated
IncRNAs were observed in the two samples. At the later time-point, when pkal cells
were at 50% survival, a greater number of up-regulated IncRNAs were observed

(Figure 3.3D).

In summary, I observe distinct groups of IncRNAs degraded by RNA-processing
pathways during vegetative growth but stabilised under physiologically relevant
growth conditions. Quiescent IncRNAs (nitrogen or glucose starvation and early
meiosis) are regulated predominantly by the exosome. In contrast, the RNAi
pathway and the cytoplasmic exonuclease Exo2 appear to play a greater role in the
regulation of IncRNAs up-regulated in later meiotic time-points. A more extensive

analysis of the overlap between these groups is discussed in Chapter 5.

3.6 Summary of main conclusions

A method for detecting novel IncRNAs from strand-specific RNA-seq data has been

successfully developed, implemented and validated.

The main pathways regulating IncRNA post-transcriptional expression and
degradation are: RNAI, nuclear exosome, and the cytoplasmic exonuclease Exo2.

The exosome is the main player in the nucleus but not in the cytoplasm where Exo2
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likely takes over. Other cytoplasmic degradation pathways play little or no role in

IncRNA degradation.

IncRNAs are stabilised under physiologically relevant growth conditions. Quiescent
IncRNAs (nitrogen or glucose starvation and early meiosis) are regulated
predominantly by the exosome. In contrast, the RNAi pathway and the cytoplasmic
exonuclease Exo2 appear to play a greater role in the regulation of IncRNAs up-

regulated in later meiotic time-points.

A more extensive analysis of the overlap between key clusters of IncRNAs, and
inferences that can be made about overlap between the RNA processing pathways

examined, are discussed in results Chapter 5.
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Chapter 4 IncRNA location & expression in relation to mRNAs
4.1 Introduction

Studies of IncRNAs in other organisms have shown a strong association between
IncRNAs and other transcribed units, in terms of both their location and their

expression.

For example, CUTs in S. cerevisiae predominantly arise within nucleosome-free
regions (NFRs) that correspond to promoter regions of known genes, and tend to
positively correlate in expression with the gene they are transcribed divergently from
(Neil et al. 2009, Xu et al. 2009). A more recent study has revealed that another
class of cryptic IncRNAs, NUTs, chiefly originate from both 5’- and 3’-NFRs
flanking known genes (Schulz et al. 2013). Those NUTs originating in 3’-NFRs, and
running antisense to known genes, are proposed to mediate a repressive effect on the
genes they run antisense to. Similarly, many S. cerevisiae XUTs originate antisense
to open reading frames, and have been proposed to have an inhibitory effect on

expression of their sense loci (van Dijk et al. 2011).

In this Chapter, I analyse the 5775 IncRNAs identified in the current study (Chapter
3), together with the 1557 already annotated SPNCRNAs, in terms of both their
location and expression with respect to ‘other transcribed units’. ‘Other transcribed
units’ were taken to be any annotated non-IncRNA transcript (using the genome

annotation available in GeneDB, http://old.genedb.org/, now PomBase

http://www.pombase.org/, on 9" May 2011). As such, there are 5716 ‘other

transcribed units’ comprising:

5175 mRNA
7 snRNA

53 snoRNA
195 tRNA
49 rRNA
237 LTR

Transcribed units run from the most 5’ annotation to the most 3’ annotation i.e.
untranslated regions (UTRs) are included where these have been annotated. For ease
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of reference, ‘other transcribed units’ will be referred to as mRNAs in the remainder

of this Chapter.

4.2 Location of IncRNAS relative to mRNAs

To analyse the location of IncRNAs with respect to mRNAs, I developed two
complementary methods: firstly, IncRNAs were categorized into mutually exclusive
groups based on their location with respect to mRNAs (see below and Section 2.5,
Chapter 2); secondly, the distribution of IncRNA transcription start sites (TSSs) with
respect to mRNA TSSs and mRNA transcription termination sites (TTSs) was
analysed (see below and Section 2.5, Chapter 2).

4.2.1 Categorising IncRNAs by location

Based on their location relative to mRNAs, several mutually exclusive categories for

IncRNAs were defined (Figure 4.1A), and are described below:
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IncRNASs relative to random coordinates. Dotted vertical line indicates reference random coordinate;
black bars are number of IncRNA TSSs on sense strand; blue bars are number of IncRNA TSSs on
antisense strand.

Transcription start site associated (TSSa): the IncRNA originates upstream and
antisense to an mRNA transcription start site (TSS). These IncRNAs arise from
bidirectional transcription, i.e. IncRNAs transcribed divergently from mRNA TSSs.
TSSa IncRNAs are considered to originate within the 5’-(nucleosome free region)-
NFR associated with an mRNA TSS (represented by la on Figure 4.1A) and, as
such, a maximum distance of 300bp between the mRNA TSS and IncRNA TSS is
allowed (see note later in this Section). Some TSSa IncRNAs additionally run

antisense (AS) to an upstream gene (TSSa-AS; represented by 1b on Figure 4.1A).

Transcription termination site associated (TTSa): the IncRNA originates within
the 3’-(nucleosome free region)-NFR associated with an mRNA transcription
termination site (TTS). A maximum distance of 300bp between the mRNA TTS and
the IncRNA TSS is allowed. The vast majority of these IncRNAs run antisense to an
adjacent gene (TTSa-AS). A TTSa-AS IncRNA may run antisense to either the gene
from whose 3’-NFR it originates (referred to as ‘TTSa-AS-own’; represented by 2b
on Figure 4.1A), or antisense to a downstream gene in a convergent orientation. This
latter class is referred to as ‘convergent read-through’ (represented by 2a on
Figure 4.1A) since, although these IncRNAs have been annotated as distinct
transcripts in the current study (Chapter 3), it is possible that such non-coding
transcription in fact arises from continued action of Pol II at the 3’ ends of annotated
genes in a convergent orientation. Such a phenomenon has already been described in
S. pombe (Bitton et al. 2011, Gullerova and Proudfoot 2008, Leong et al. 2014).
Most TTSa-AS IncRNAs arise from convergent read-through (~75%).

Body antisense (body-AS): the IncRNA originates and runs antisense to the body of
an mRNA. These are represented by 4 on Figure 4.1A.

Intergenic: the IncRNA originates in an intergenic region (no mRNA annotation on
either strand, and not sufficiently close to an mRNA TSS or TTS to be considered as
originating from a 3’- or 5’-NFR). These are represented by 3a on Figure 4.1A.
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Some intergenic IncRNAs additionally run antisense (AS) to an adjacent gene

(intergenic-AS; represented by 3b on Figure 4.1A).

Overlapping: the IncRNA overlaps an mRNA on the same strand (represented by 5
on Figure 4.1A). The 321 IncRNAs that can be assigned to this class are all
SPNCRNAs i.e. already annotated IncRNAs. The current study aims to identify
distinct IncRNA transcripts, and is therefore biased against non-coding transcription
that overlaps coding genes on the sense strand (Chapter 3). Although such non-
coding transcription has been suggested to play regulatory roles in S. pombe (Shah et
al. 2014), since the algorithm developed in the current study (Section 3.3, Chapter 3)
cannot identify these IncRNAs, they cannot be fully addressed and therefore this

class will not be considered further in this Chapter.

As described above, TSSa and TTSa IncRNAs are assumed to originate within 5°-
NFRs and 3°-NFRs respectively. For these IncRNA locations, a maximum distance
of 300bp between the IncRNA TSS and the mRNA TSS (or TTS) was allowed in the
current study. This is based on in vivo genome-wide maps of nucleosomes in S.
pombe revealing that nucleosome occupancy at 5’-NFRs appears to follow a bimodal
distribution with 5’-NFR width being ~70bp or ~150bp, and the maximum 5’-NFR
width ~200bp (Moyle-Heyrman et al. 2013). Assuming a model of a single NFR
surrounded by two regions inside the flanking nucleosomes from which divergent
transcripts initiate, a non-conservative cut-off of 300bp was chosen as the maximum
distance between an mRNA TSS and IncRNA TSS that putatively originate within
the same 5°-NFR. For S. cerevisiae divergent transcript pairs, the modal 5’-NFR
length is 131bp, with a mode TSS:TSS distance of 180bp (Xu et al. 2009). Although
Xu et al. found TSS:TSS distances of divergent transcript pairs range up to 500bp in
S. cerevisiae, by far the majority are <300bp. The same distance constraint of 300bp

was applied to define an mRNA TTS proximal region akin to a 3’-NFR.

It is also worth noting that, for a IncRNA originating in the intergenic region
between two tandem mRNAs which are less than 300bp apart, the IncRNA could be
considered as originating in the 5°’-NFR of the downstream mRNA or the 3’-NFR of
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the upstream mRNA. In these cases, the 5°’-NFR is given precedence, and the
IncRNA is classed as originating in the 5’-NFR. This is in line with the finding that
5’-NFRs are more pronounced and better defined in S. pombe than 3’-NFRs (Moyle-
Heyrman et al. 2013).

The percentages of the total set of IncRNAs, that each of the categories described

above represents, are given below (also see Figure 4.1B):

53% body-AS

16% TSSa i.e. bidirectional
16% TTSa

11% from intergenic regions
4% overlapping

To some extent, the above numbers are simply a reflection of the relative genomic
space in which these transcripts can be initiated. The compact S. pombe genome
makes it no surprise that approximately half of all IncRNAs originate antisense to the
body of mRNAs. Overall, 18% of the S. pombe genome is intergenic (no annotation
on either strand), roughly correlating with the 11% of IncRNAs that originate in

intergenic regions.

4.2.2 Distribution of IncRNAs with respect to mRNA TSSs and TTSs

To assess the location of IncRNAs with respect to mRNAs, a complementary
approach of examining the distribution of IncRNA TSSs within a 1kb window
upstream and downstream of mRNA TSSs and TTSs was used (Figure 4.1C,D; see
Chapter 2, Section 2.5 for details).

The average length (both mean and median) of mRNAs is ~2kb, and the average
length of intergenic regions is ~300-500bp (median and mean respectively).
Therefore, examination of both windows (mRNA TSS + 1kb and mRNA TTS + 1kb)
should provide information not only on the distribution of IncRNAs immediately
surrounding mRNA TSSs and TTSs, but also on their distribution relative to the
body of the mRNA and any associated intergenic region(s).
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Figure 4.1C shows a peak of antisense IncRNAs and depletion of sense IncRNAs
initiating 0-200bp upstream of mRNA TSSs. Such a peak is indicative of IncRNAs
transcribed divergently from mRNA TSSs, and corresponds to the TSSa classes in

Figure 4.1B.

From both Figure 4.1C and Figure 4.1D, IncRNA transcription appears to be able to
initiate along length of mRNAs (corresponds to body-AS in Figure 4.1B). However,
there is a peak of antisense IncRNA transcription at the 3” end of mRNAs, 0-200bp
upstream of mRNA TTSs (Figure 4.1D). Since 3’-UTRs are more highly variable
than 5’UTRs (Mata 2013, Schlackow et al. 2013), there is likely more error in
mRNA TTS annotation. As such it is possible that this peak in fact represents
IncRNA transcription initiating in 3’-NFRs. Figure 4.1D additionally shows a peak
of IncRNA transcription initiating 0-200bp downstream and antisense to mRNA
TTSs, which likely represents IncRNAs initiating in 3’-NFRs and running antisense
to the mRNA from whose 3°-NFR they initiate (2b on Figure 4.1A).

As a control, the distribution of IncRNAs was assessed relative to random
coordinates (Figure 4.1E). For each chromosome, the TSS and TTS coordinates of
each mRNA were replaced with random coordinates, which could be sampled from
the entire length of the chromosome. Whether each mRNA is transcribed from the
plus or minus strand was also randomised. The distribution of all IncRNAs relative
to these random coordinates was a uniform distribution, with roughly equal numbers
of IncRNAs being found at any point within the 1kb window upstream or

downstream of the random coordinate on either strand (Figure 4.1E).

4.2.3 Enrichment and depletion in different samples

Different groups of IncRNAs are differentially expressed (DE) upon differing genetic
or environmental perturbations (Chapter 3). Differential expression is relative to
expression in WT log phase growth, and was calculated using DESeq (p <0.01; see
Chapter 2, Section 2.4). I analysed whether such groups are enriched for IncRNAs
with a particular location with respect to mRNAs (Figure 4.2-4.5).
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Firstly, for the set of IncRNAs differentially expressed in each sample (Table 2.1,
2.2) the observed distribution amongst the location categories described in Section
4.2.1 was calculated. The expected distribution amongst the same categories was
calculated based on full set of 7332 IncRNAs (Figure 4.1B). Expected and observed
distributions were compared using a chi-squared test and p-values corrected for

multiple testing (Bonferroni method).

Secondly, for the set of IncRNAs differentially expressed in each sample (Table 2.1,
2.2) the observed distribution with respect to mRNA TSSs and TTSs was calculated.
The expected distribution (antisense strand only) with respect to mRNA TSSs and
TTSs was calculated based on full set of 7332 IncRNAs (Figure 4.1C-D). Expected
and observed distributions were compared using a chi-squared test and p-values

corrected for multiple testing (Bonferroni method).

4.2.3.1 Exosome mutants and nitrogen and glucose starvation

Differentially expressed (DE) IncRNAs in mutants of the exosome (r7p6, rrp6-ts,
dis3-54), or known exosome-interacting factors (cidl4, pab2), showed similar
location patterns (Figure 4.2). Interestingly, IncRNAs differentially expressed upon
nitrogen and glucose starvation displayed the same location pattern as these mutants

(Figure 4.3).
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Figure 4.2: Location of IncRNAs in exosome mutants.

rrp6-ts used as representative of exosome mutants in A-C; astrices indicate key enrichments. (A)
Distribution by type of IncRNAs differentially expressed (DE) in rrp6-ts (red bars) as compared to the
distribution expected from the full set of IncRNAs (blue bars). Chi-squared test used to compare
expected and observed distributions. (B) Distribution of IncRNAs DE in rrp6-ts relative to mRNA
TSSs. Dotted vertical line indicates reference mRNA TSS; black bars are number of IncRNA TSSs
on sense strand; blue bars are number of IncRNA TSSs on antisense strand. Distribution is compared
to that expected from the full set of IncRNAs on the antisense strand (light grey bars) using a chi-
squared test. (C) Distribution of IncRNAs DE in rrp6-ts relative to mRNA TTSs. Dotted vertical line
indicates reference mRNA TTS; black bars are number of IncRNA TSSs on sense strand; blue bars
are number of IncRNA TSSs on antisense strand. Distribution is compared to that expected from the
full set of IncRNAs on the antisense strand (light grey bars) using a chi-squared test. (D) Schematic
of the locations of IncRNAs enriched (solid red arrows) and depleted (dashed red arrow) in exosome
mutants. Numbering as for Figure 4.1A.
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Figure 4.3: Location of IncRNAs under nitrogen and glucose starvation.

Astrices indicate key enrichments. (A) Distribution by type of IncRNAs DE in starvation samples
(red bars; nitrogen starvation at 7 days used as representative) as compared to the distribution
expected from the full set of IncRNAs (blue bars). Chi-squared test used to compare expected and
observed distributions. (B) Distribution of IncRNAs DE in WT-50 (WT cells glucose starved at 50%
survival) relative to mRNA TSSs. Dotted vertical line indicates reference mRNA TSS; black bars are
number of IncRNA TSSs on sense strand; blue bars are number of IncRNA TSSs on antisense strand.
Distribution is compared to that expected from the full set of IncRNAs on the antisense strand (light
grey bars) using a chi-squared test. (C) Distribution of IncRNAs DE in in WT-100 (glucose starved
WT cells at 100% survival) relative to mRNA TTSs. Dotted vertical line indicates reference mRNA
TTS; black bars are number of IncRNA TSSs on sense strand; blue bars are number of IncRNA TSSs
on antisense strand. Distribution is compared to that expected from the full set of IncRNAs on the
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antisense strand (light grey bars) using a chi-squared test. (D) Schematic of the locations of IncRNAs
enriched (solid red arrows) and depleted (dashed red arrow) in starvation samples. Numbering as for
Figure 4.1A.

Most striking is the enrichment of TSSa IncRNAs, and depletion of IncRNAs
originating antisense to the body of mRNAs (Figure 4.2A, 4.3A). Examining the
distributions relative to mRNA TSSs in these samples supports this, revealing an

enriched peak of divergent IncRNA transcription initiation accompanied by fewer

IncRNAs initiating antisense to the body of mRNAs (Figure 4.2B, 4.3B).

Similarly, distributions relative to mRNA TTSs reveal a depletion of IncRNAs
initiating antisense to the body of mRNAs (Figure 4.2C, 4.3C). Additionally, there is
an enriched peak originating 0-200bp downstream and antisense to mRNA TTSs.
This peak is in fact reflective of increased non-coding transcription from 5’-NFRs,
since it corresponds to IncRNAs originating from the antisense strand in intergenic
regions between two tandem mRNAs that are closer together than 300bp. Such
IncRNAs could be considered as originating from the 3’-NFR of the upstream
mRNA or the 5’-NFR of the downstream IncRNA. As already described (see
Section 4.2.1), such IncRNAs will contribute to enrichment in TSSa location
categories, but they will show both as an enriched bidirectional peak when
examining the distribution relative to mRNA TSSs, as well as an enriched peak

antisense and downstream of mRNA TTSs.

In summary, IncRNAs differentially expressed in exosome mutants and under
glucose or nitrogen starvation are enriched for being transcribed divergently from

mRNA TSSs (Figure 4.2D, 4.3D).

4.2.3.2 RNAi and exo2 mutants

RNAL, exo2, and exo2/dcrl mutants all show enrichments in the TTSa-AS location
category (Figure 4.4A-C). This category is also enriched in exosome mutants but to
a lesser extent (Figure 4.2A). The enrichment in this class arises from increased

convergent read-through in these mutants.
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Figure 4.4: Location of IncRNAs in RNAi and exo2 mutants.

Astrices indicate key enrichments. (A) Distribution by type of IncRNAs DE in RNAi samples (red
bars; dcrl used as representative) as compared to the distribution expected from the full set of
IncRNAs (blue bars). Chi-squared test used to compare expected and observed distributions. (B)
Distribution by type of IncRNAs DE in exo2 (red bars) as compared to the distribution expected from
the full set of IncRNAs (blue bars). Chi-squared test used to compare expected and observed
distributions. (C) Distribution by type of IncRNAs DE in exo2/dcrl (red bars) as compared to the
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distribution expected from the full set of IncRNAs (blue bars). Chi-squared test used to compare
expected and observed distributions. (D) Distribution of IncRNAs DE in dcrl relative to mRNA
TSSs. Dotted vertical line indicates reference mRNA TSS; black bars are number of IncRNA TSSs
on sense strand; blue bars are number of IncRNA TSSs on antisense strand. Distribution is compared
to that expected from the full set of IncRNAs on the antisense strand (light grey bars) using a chi-
squared test. (E) Schematic of the locations of IncRNAs enriched RNAi and exo? mutants.
Numbering as for Figure 4.1A.

However, apart from dcrl and rdpl, the distribution of IncRNAs around mRNA
TTSs is not significantly different to what would be expected based on the full set of
IncRNAs (not shown). This is because TTSa-AS IncRNAs arising from convergent
read-through will not be represented on these plots if the IncRNA doesn’t originate
in a ‘clean’ intergenic region (see Section 2.5, Chapter 2; an example is represented
by ‘2a’ in Figure 4.4E). dcrl and rdpl show a significantly different distribution
around mRNA TTSs as compared to the distribution of the full set of IncRNAs (p
<0.05; plots not shown). This is due to a depleted peak 0-200bp downstream and
antisense to mRNA TTSs. This is consistent with the finding that enrichment in the
TTSa-AS location category is due to increased convergent read-through, rather than
enrichment of IncRNAs running antisense to the gene from whose 3’-NFR they

originate.

Furthermore, RNAI, exo2, and exo2/dcrl mutants all show depletion in the TTSa
location category (no antisense overlap) (Figure 4.4A-C) which suggests that, in
these mutants, non-coding read-through which specifically results in sense:antisense

overlap is up-regulated, as opposed to read-through per se.

For dcrl and exo2 mutants, the distributions of IncRNAs relative to mRNA TSSs
show enriched non-coding transcription initiating antisense to the body of mRNAs,
which is in agreement with the enrichment in the ‘body-AS’ class seen in these

mutants (Figure 4.4A-B, D).

In summary, as depicted in Figure 4.4E, RNAI, exo2, and exo2/dcrl mutants all
show increased TTSa-AS non-coding transcription, arising from increased
convergent read-through. exo2 and exo2/dcrl mutants additionally display a slight

enrichment of TSSa-AS IncRNAs. Interestingly, while IncRNAs initiating antisense
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to the body of mRNAs are enriched in exo2 and dcrl mutants, this class of IncRNA

is in fact depleted in the double mutant.

4.2.3.3 Meiotic samples

Early meiotic time-points (Oh, 2h, 4h) all show enrichments in the TSSa-AS location
category, but depletion in the body-AS class (Figure 4.5A). This is supported by the
distribution of IncRNAs relative to mRNA TSSs (Figure 4.5C). Such a distribution
of IncRNAs is similar to that seen in the exosome mutants (Figure 4.2) and is also
reminiscent of exo2, which shows a slight but specific enrichment of the TSSa-AS

IncRNAs (Figure 4.4B).
In contrast, later meiotic time-points (6h, 8h) show enrichments in the body-AS and

TTSa-AS classes (Figure 4.5B, D). Such a distribution of IncRNAs is reminiscent of
that seen for both RNAi and exo2 mutants (Figure 4.4).
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IncRNAs DE in early meiosis (time-point at 0 hours used as representative) relative to mRNA TSSs.
Dotted vertical line indicates reference mRNA TSS; black bars are number of IncRNA TSSs on sense
strand; blue bars are number of IncRNA TSSs on antisense strand. Distribution is compared to that
expected from the full set of IncRNAs on the antisense strand (light grey bars) using a chi-squared
test. (D) Distribution of IncRNAs DE in late meiosis (time-point at 8 hours used as representative)
relative to mRNA TSSs. Dotted vertical line indicates reference mRNA TSS; black bars are number
of IncRNA TSSs on sense strand; blue bars are number of IncRNA TSSs on antisense strand.
Distribution is compared to that expected from the full set of IncRNAs on the antisense strand (light
grey bars) using a chi-squared test. (E) Schematic of the locations of IncRNAs enriched at different
meiotic time-points. Numbering as for Figure 4.1A.

In summary, IncRNAs up-regulated during early meiosis are enriched for being
transcribed divergently from mRNAs and running antisense to upstream mRNAs. In
contrast, antisense IncRNAs arising from convergent read-through, or initiating
antisense to the body of mRNAs, are enriched during later meiotic time-points
(Figure 4.5E). The similarity of these location profiles to those seen for exo2, as well
as exosome and RNAi mutants, could point to differing roles of these RNA

processing factors in IncRNA regulation throughout the course of meiosis.

4.3 Expression correlation of IncRNAs and mRNAs

It is clear that IncRNAs are not randomly distributed throughout the genome, but can
instead be described by where they initiate relative to mRNAs (Section 4.2).
Moreover, IncRNAs differentially expressed (DE) under differing genetic and
environmental perturbations display distinct location profiles (Section 4.2). Since
many IncRNAs are proposed to exert a regulatory effect on mRNA expression in cis
(see Chapter 1, Section 1.5), it was of interest to examine whether IncRNA:mRNA
transcript pairs, which are related to each other in terms of their location, are also
related in terms of their expression. How IncRNA:mRNA pairs relate to each other,
in terms of expression, was assessed by (a) testing for association between IncRNA
differential expression and mRNA differential expression in a given set of
mRNA:IncRNA pairs (Fisher tests); (b) calculating the Pearson’s product moment
correlation coefficient (CC) for normalised IncRNA and mRNA read counts (see

Chapter 2, Section 2.6 for further details of these methods).
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4.3.1 IncRNA:mRNA pairs

All IncRNAs, apart from those that are intergenic, can be associated with at least one
mRNA. Broadly speaking, IncRNAs will form a pair with an mRNA in one of two
ways: the IncRNA and mRNA are transcribed divergently from each other
(bidirectional pairs); the IncRNA and mRNA have antisense overlap (antisense

pairs).

TSSa IncRNAs are transcribed divergently from mRNAs, and each TSSa IncRNA
will form a bidirectional IncRNA:mRNA pair.

Antisense IncRNAs will form an antisense IncRNA:mRNA pair with at least one
mRNA. As described in Section 4.2, antisense IncRNAs can originate antisense to

the body of mRNAs, from intergenic regions, or from 5’- or 3’-NFRs.

For most RNA-processing mutants, out of all possible IncRNA:mRNA pairs, pairs in
which both the IncRNA and the mRNA are DE are not enriched over pairs in which
only one or neither is DE (Figure 4.6A). Thus, DE IncRNAs are equally likely to be
associated with a DE mRNA or a non-DE mRNA. For example, for the rrp6-ts
mutant, of those pairs where the mRNA is DE, ~50% are associated with a DE
IncRNA. Similarly, of those pairs where the mRNA is non-DE, ~50% are associated
with a DE IncRNA. A lack of association between differential expression of
IncRNAs and differential expression of mRNAs, likely reflects the fact that in these
mutants IncRNAs are selectively post-transcriptionally stabilised, i.e. these factors

act to selectively degrade IncRNAs but not mRNAs.
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Figure 4.6: Expression correlation of IncRNA:mRNA pairs.

Red indicates p <0.05. (A) Fisher tests for enrichment of pairs in which both transcripts are DE; all
IncRNA:mRNA pairs considered. (B) Scatterplot of normalised read counts for divergent
IncRNA:mRNA transcript pairs for the comparison of conditions meiosis 4h/WT. Blue indicates
transcript pairs in which both the IncRNA and mRNA are significantly DE (DESeq). CC = Pearson’s
correlation coefficient and associated p-value. (C) Antisense IncRNA:mRNA pairs: top panel-
Pearson’s correlation coefficients; middle and bottom panel - Fisher tests for enrichment of anti-
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correlating pairs. (D) Bidirectional IncRNA:mRNA pairs: top panel - Pearson’s correlation
coefficients; middle and bottom panel - Fisher tests for enrichment of positively correlating pairs.

RNA-processing mutants that do not show this relationship are: pan2, dis312, Ism1,
ski7, nab2, as well as the double mutants dis3/2/[sm1 and dis312/ski2 (Figure 4.6A).
All of these mutants have relatively low numbers of DE IncRNAs and DE mRNAs
(Chapter 3). Nonetheless, DE IncRNAs in these mutants are significantly more
likely to be associated with DE mRNAs (Figure 4.6A). This may reflect the fact that

these factors play little or no role in selectively targeting IncRNAs for degradation.

For WT cells under different physiologically relevant growth conditions, out of all
possible IncRNA:mRNA pairs, pairs in which both the IncRNA and the mRNA are
DE are significantly enriched over pairs in which only one or neither is DE
(Figure 4.6A). Thus, DE IncRNAs are more likely to be associated with a DE
mRNA than with a non-DE mRNA. This suggests that, in these samples, differential
expression of IncRNAs is significantly associated with differential expression of the
mRNAs that they are related to in terms of location. Exceptions to this are the
meiotic samples at 6h and 8h. The lack of significant association of DE mRNAs and
DE IncRNAs in these two samples may suggest that some IncRNAs are differentially
expressed independently of their associated mRNAs at these later time-points of
meiosis. Selective post-transcriptional stabilisation of IncRNAs by global down-
regulation of RNA processing factors may account for this (see Chapter 5). In
addition, after the conservative Bonferroni correction for multiple testing, the p-value

for the N_24h sample only just misses the cut-off of p <0.05 (p=0.06).

In summary, in mutants where large numbers of IncRNAs are selectively stabilised,
post-transcriptional stabilisation of IncRNAs is not associated with differential
expression of mRNAs. In contrast, under physiologically relevant growth
conditions, differential expression of IncRNAs and mRNAs are associated. This
may indicate that IncRNA expression may have a regulatory effect on mRNA
expression under such conditions. DE of IncRNAs under different growth conditions
may be due to increased or decreased transcription rather than post-transcriptional

stabilisation. If this is the case, the fact that differential IncRNA transcription is
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associated with differential mRNA expression, while post-transcriptional
stabilisation of IncRNAs is not, suggests that any functions of these IncRNAs may be
mediated through the act of them being transcribed, rather than by the IncRNA

transcript itself.

To verify that the relationships observed are a consequence of the locational
constraints placed on the IncRNA:mRNA pairs analysed, the same Fisher tests were
performed on the same number of randomly chosen IncRNA:mRNA pairs (control
pairs). For these pairs, no significant association between mRNA differential

expression and IncRNA differential expression was observed across all the samples.

Finally, 1334 (~25%) mRNAs are not associated with any IncRNA. These are
enriched for the GO-terms ‘shortest mRNAs’ and ‘RNA binding’ (p <107).

4.3.2 Bidirectional pairs

Bidirectional transcript pairs have significantly positive expression correlation
coefficients in WT cells under physiologically relevant growth conditions (upper
panel of Figure 4.6D; Figure 4.6B). Some, but not all, mutants also have significant
positive expression correlations amongst these pairs, but the correlations are
generally weaker and less significant (not shown) than in WT cells under different

growth conditions.

In support of this, amongst bidirectional pairs, there is enrichment for pairs in which
both the IncRNA and mRNA are significantly up-regulated in WT cells under
different growth conditions but not in mutants (middle panel of Figure 4.6D).
Enrichment of pairs in which both mRNA and IncRNA are significantly down-
regulated is observed for WT 100 and meiosis 4h samples (bottom panel of
Figure 4.6D). Fisher tests show no enrichment of anti-correlating DE mRNA and

DE IncRNA amongst these pairs (not shown).

Together, these results suggest that bidirectional IncRNA:mRNA pairs positively
correlate in expression. This positive correlation is more pronounced under
environmental perturbations than under the genetic perturbations examined, possibly

for the same reasons discussed in Section 4.3.1.
110



To verify that the relationships observed are a consequence of the locational
constraints placed on the bidirectional IncRNA:mRNA pairs analysed, the same
number of randomly chosen IncRNA:mRNA pairs were analysed (control pairs). For
these pairs, no significant association between mRNA up- or down-regulation and
IncRNA up- or down-regulation was observed across all the samples. In addition,
correlation coefficients for these random pairs were extremely weak, positive or

negative, and not significant (p <0.05).

DE mRNAs associated with DE bidirectional IncRNA are enriched for the following
GO-terms:

Stress module (Chen D. et al. 2003); p = 0.007

No GO-term enrichment was observed amongst the same number of control pairs (p

<0.05).

4.3.3 Antisense pairs

Antisense transcript pairs have weakly negative, but significant, expression
correlation coefficients in most samples (Figure 4.6C upper panel). Notably,
expression correlations are stronger and more significant at progressively later
meiotic time-points (4h, 6h, 8h). In contrast, weaker and less significant correlation

coefficients are observed amongst nitrogen and glucose starved samples.

In support of this, amongst antisense pairs, Fisher tests reveal an enrichment of pairs
in which both the IncRNA and mRNA are significantly DE and anti-correlate (pairs
where the IncRNA is significantly up-regulated while mRNA is significantly down-
regulated, or vice versa; Figure 4.6C middle and bottom panels). Such enrichments
are observed mainly in WT cells under different growth conditions but not in
mutants, possibly for the same reasons discussed in Section 4.3.1. Fisher tests show

no enrichment of DE positively correlating pairs in any samples (not shown).

Together, these results suggest that antisense IncRNA:mRNA pairs generally anti-

correlate in expression.
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To verify that the relationships observed are a consequence of the locational
constraints placed on the antisense IncRNA:mRNA pairs analysed, the same number
of randomly chosen IncRNA:mRNA pairs were analysed (control pairs). For these
pairs, no significant association between mRNA up- or down-regulation and IncRNA
up- or down-regulation was observed across all samples. In addition correlation

coefficients for control pairs were close to zero and not significant (p< 0.05).

DE mRNAs associated with DE antisense IncRNA are enriched for the following
GO-terms (p <107):

longest mRNAs (Béhler lab)
middle meiotic genes (Mata et al. 2002)
hydrolase activity
stress module (Chen D. et al. 2003)
No GO-term enrichment was observed amongst the same number of control pairs (p

<0.05).

4.3.4 Antisense IncRNAs originating in NFRs

As described in Section 4.2, most antisense IncRNAs originate antisense to the body
of mRNAs, or from 5°- or 3’-NFRs. Expression correlation analyses of these

different types of antisense IncCRNA:mRNA pairs were performed.
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Figure 4.7: Expression correlation of antisense IncRNA:mRNA pairs in which the IncRNA

originates in an NFR.

Red indicates p <0.05. (A) Pearson’s correlation coefficients for pairs involving TSSa-AS IncRNAs

as indicated in schematic.

(B) Pearson’s correlation coefficients for pairs involving a convergent

read-through IncRNA as indicated in schematic. (C) Pearson’s correlation coefficients for pairs
involving a TTSa-AS-own IncRNA as indicated in schematic. (D) Schematics of IncRNA:mRNA
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relationships that are enriched in the samples indicated. Blue indicates mRNA and the GO-terms
these mRNAs are enriched for are indicated; black indicates IncRNA.

For antisense IncRNA:mRNA pairs in which the IncRNA originates in a 5’-NFR (i.e.
a TSSa IncRNA which additionally runs antisense to an upstream gene), correlation
coefficients are more strongly negative and more significant than for the full set of
antisense IncRNA:mRNA pairs (Figure 4.7A, top panel; compared to Figure 4.6C,
top panel). Correlation coefficients are significant and negative for all conditions, as
well as the following mutants: rrp6, dis312, Isml, ski2, and the double mutants
dis312/lsm1 and dis3/2/ski2. Additionally, amongst these antisense pairs, Fisher tests
show enrichments for differentially expressed anti-correlating pairs for all glucose

starvation samples as well as meiosis_4h (not shown).

Amongst these pairs, the following GO-terms are enriched (p <0.001):

early meiotic genes (Mata et al. 2002)
middle meiotic genes (Mata et al. 2002)

For the same number of control pairs there is no enrichment of any GO-terms

(p<0.05).

Antisense IncRNAs originating in a 5’-NFR have the potential to link the expression
of two mRNAs — the mRNA they are transcribed divergently from, and the mRNA
they run antisense to. Such IncRNAs anti-correlate in expression with their antisense
mRNA (see above), but positively correlate in expression with the mRNA they are
transcribed divergently from, predominantly under different growth conditions
(Figure 4.7A, bottom panel). Moreover, mRNAs these IncRNAs are transcribed
divergently from, are enriched for the following GO-terms (p <0.01):

growth module (Chen D. et al. 2003)

For the same number of control pairs there is no enrichment of any GO-terms (p

<0.05).
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In summary, IncRNAs transcribed divergently from mRNAs and running antisense
to upstream mRNAs are enriched under nitrogen or glucose starvation, early/middle
meiosis, and are targeted for degradation predominantly by the exosome (Section
4.2.3). Such IncRNAs anti-correlate with mRNAs they run antisense to (Figure 4.7A
top panel), which are enriched for early/middle meiotic GO-terms. Additionally,
such IncRNAs positively correlate with the mRNA they are transcribed divergently
from (Figure 4.7A bottom panel), which are enriched for growth terms. Thus such
IncRNAs may represent a mechanism to coordinate the expression of growth and

meiotic genes (Figure 4.7D).

In contrast, antisense IncRNAs originating in 3’-NFRs (TTSa) are enriched in late
meiosis, and targeted for degradation by RNAI factors, Exo2 and, to a lesser extent,
by the exosome (Section 4.2.3). Such IncRNAs may run antisense to either the gene
from whose 3’-NFR they originate (TTSa-AS-own; represented by 2b on
Figure 4.1A) or antisense to a downstream gene in a convergent orientation
(convergent read-through; represented by 2a on Figure 4.1A). Most TTSa-AS
IncRNAs arise from convergent read-through (~75%).

For antisense IncRNA:mRNA pairs arising from convergent read-through, negative
correlation coefficients are seen for exo2, RNAI (rdpl), late meiotic time-points (6h
and 8h), and to a lesser extent for the exosome-related mutants (r7p6, pab?2)
(Figure 4.7B top panel). Additionally, dis312, Ism] and ski2 mutants also show
significant negative correlation coefficients for these pairs. mRNAs in these

antisense IncRNA:mRNA pairs are enriched for the following GO-terms (p <107):

nucleus
vesicle-mediated transport
transport

For the same number of control pairs there is no enrichment of any GO-terms

(p<0.05).

Antisense IncRNAs arising from convergent read-through have the potential to link
the expression of two mRNAs — the mRNA from which they originate, and the

mRNA they run antisense to. mRNAs which give rise to such IncRNAs are enriched

115



for the GO-term ‘cytoplasmic translation’ (p <0.001), and such IncRNA:mRNA pairs

positively correlate in expression across most conditions (Figure 4.7B bottom panel;

Figure 4.7D).

IncRNAs which run antisense to the gene from whose 3’-NFR they originate, anti-
correlate in expression with their antisense mRNA at late meiotic time-points (6h and
8h) (Figure 4.7C). mRNAs in such pairs are enriched for the following GO-terms (p
<0.01) (Figure 4.7D):

ribosome
translation
cytosolic large ribosomal subunit

For the same number of control pairs there is no enrichment of any GO-terms

(p<0.05).

4.3.5 Antisense IncRNAs originating antisense to the body of mRNAs

IncRNAs originating antisense to the body of mRNAs have weaker and less
significant correlation coefficients that than for antisense IncRNAs originating in
NFRs (Figure 4.9A compared to Figure 4.7). The median percentage of mRNA
covered (coding coverage) by body-AS IncRNAs is 20%. By contrast, antisense
IncRNAs originating in NFRs have a higher median coding coverage of ~60%. AS-
body IncRNAs were therefore binned by coding coverage to see if this affected the

degree of correlation (Figure 4.8).
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Figure 4.8: Expression correlation of 'body-AS' IncRNA:mRNA pairs by coding coverage.

Red indicates p <0.05. (A) Pearson’s correlation coefficients for ‘body’ antisense IncRNA:mRNA
pairs binned by coding coverage as indicated. (B) 20-40% coding coverage: top panel — Fisher tests

for enrichment of anti-correlating pairs. (C) 60-80% coding coverage: top panel — Fisher tests for
enrichment of anti-correlating pairs.
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IncRNAs with a coding coverage of <20% and 20-40% have very weak correlation
coefficients that are significant and negative in only four samples (Figure 4.8A).
Additionally Fisher tests show no enrichment of anti-correlating pairs in either of

these bins (Figure 4.8B).

In contrast, for 40-60% and 60-80% bins, correlation coefficients are more strongly
negative and significant in more samples (Figure 4.8A), with Fisher tests revealing
an enrichment of anti-correlating pairs in which both the IncRNA and mRNA are
differentially expressed across most physiologically relevant growth conditions

(Figure 4.8C).

Interestingly, increasing coding coverage to >80% produces a significantly negative
correlation coefficient for only one sample (Figure 4.8A). Thus, although increasing
coding coverage seems to result in stronger and more significant negative correlation

coefficients, this relationship doesn’t appear to hold beyond 80% coverage.

IncRNAs originating antisense to the body of mRNAs can either overlap the 5’ end
of mRNAs (Figure 4.9B) or neither end (Figure 4.9C). Only two IncRNAs cover the
entire length of mRNAs (100% coding coverage) and therefore overlap both ends.
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Figure 4.9: Expression correlation of 'body-AS' IncRNA:mRNA pairs by where the IncRNA
overlaps its mRNA partner.

Red indicates p <0.05. (A) Pearson’s correlation coefficients for all ‘body’ antisense IncRNA:mRNA
pairs. (B) ‘body’ IncRNA:mRNA pairs which overlap 5’ of mRNA as indicated on schematic; top
panel - Pearson’s correlation coefficients; middle and bottom panels — Fisher tests for enrichment of
positively correlating pairs. (C) ‘body’ IncRNA:mRNA pairs which overlap neither end of the mRNA

as indicated on schematic: top panel - Pearson’s correlation coefficients; middle and bottom panels —
Fisher tests for enrichment of anti-correlating pairs.
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Interestingly, antisense IncRNAs which overlap the 5° end of mRNAs positively
correlate with the mRNA they are antisense to (Figure 4.9B), while those that
overlap neither end anti-correlate with the mRNA they’re antisense to (Figure 4.9C).
The correlation coefficients in this class of IncRNAs which overlap neither end are
more strongly negative and significant in more samples than for the entire set of
body-AS IncRNAs (Figure 4.9A compared to Figure 4.9C). This is despite a median
coding coverage of 20%, which suggests that it may be where the antisense IncRNA
lies relative to the mRNA, rather than the percentage of mRNA it overlaps, which is

responsible for mediating an inhibitory effect on sense mRNA expression.

4.4 Summary of main conclusions

IncRNAs can be described by where they originate relative to mRNAs. Apart from
intergenic IncRNAs, all IncRNAs can be paired with at least one mRNA. Amongst
these pairs there is a significant association between differentially expressed (DE)
mRNAs and DE IncRNAs in physiological conditions/environmental perturbations
but not in mutants. This relationship does not hold for mutants that play little or no

role in selectively degrading IncRNAs.

Bidirectional IncRNAs are enriched in nitrogen and glucose starvation samples and
appear to be targeted for degradation by the exosome. These generally positively

correlate in expression with the mRNA they are transcribed divergently from.

Bidirectional IncRNAs that additionally run antisense to an upstream mRNA are
enriched at early meiotic time-points. They may act to couple the transcriptional
regulation of the gene they are transcribed divergently from (positively correlate;
‘growth’ GO-terms enriched in these mRNAs) and the gene they run antisense to

(anti-correlate; ‘early/middle meiosis’ GO-terms enriched in these mRNAs).

IncRNAs originating in 3’-NFRs (mRNA TTS associated) and running antisense to
mRNAs are enriched in late meiotic time-points and appear to be targeted for
degradation by RNAI factors, Exo2, and to a lesser extent by the exosome. IncRNAs
originating in 3’-NFRs and running antisense to a downstream gene in a convergent

orientation may act to couple the transcriptional regulation of the gene whose 3’-
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NFR they are transcribed from (positively correlate; ‘growth’ GO-terms enriched in
these mRNAs) and the gene they run antisense to (anti-correlate; ‘transport’ GO-
terms enriched in these mRNAs). IncRNAs originating in 3’-NFRs and running
antisense to the mRNA from whose 3’-NFR they originate may also down-regulate

‘growth’ genes at later meiotic time-points.

Antisense (AS) IncRNA:mRNA pairs generally anti-correlate in expression. The
degree of anti-correlation is stronger for AS IncRNAs originating in NFRs, or for
IncRNAs which originate antisense to the body of IncRNAs but overlap neither end
of the mRNA. IncRNAs which originate antisense to the body of mRNAs, and

overlap the 5° end of the mRNA, actually positively correlate in expression.
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Chapter S Classification and regulation of S. pombe IncRNAs
5.1 Introduction

In S. cerevisiae IncRNAs have been classified by the RNA processing pathways
regulating their expression. Thus CUTs (cryptic unstable transcripts) are a group of
IncRNAs that are targeted for degradation by the nuclear exosome and stabilised
upon deletion of the nuclear-specific exosome subunit Rrp6 (Neil et al. 2009, Xu et
al. 2009). XUTs (Xrnl-dependent unstable transcripts) are a IncRNA group which
are targeted for degradation by the cytoplasmic exonuclease Xrnl (van Dijk et al.
2011), while NUTs (Nrd1-unterminated transcripts) are a group of IncRNAs detected
upon nuclear depletion of Nrd1 — a member of the Nrd1-Nab3-Senl (NNS) complex
which interacts with Pol II to specifically promote their termination (Schulz et al.

2013).

These IncRNAs identified in S. cerevisiae represent vast and pervasive groups of
transcripts. 925 CUTs were identified by tiling array analysis of an Rrp6 deletion
mutant (Xu et al. 2009). A second study identified 1496 CUTs using a 3’ long-
SAGE (serial analysis of gene expression) approach adapted to deep sequencing of
an S. cerevisiae strain defective for both the nuclear specific exosome component
Rrp6, as well as the TRAMP complex component Trf4 (Neil et al. 2009). A third
study identified 1600 CUTs using tiling array analysis of a mutant with a fully
inactivated exosome (a triple mutant defective for Rrp6 as well as both the
exonucleolytic and endonucleolytic functions of the core exosome catalytic subunit
Dis3) (Gudipati et al. 2012). Similar numbers of XUTs (1658) (van Dijk et al.
2011), and NUTs (1526) (Schulz et al. 2013) have been identified in S. cerevisiae.

However, these classes of IncRNAs are not distinct but overlap substantially,
indicating that complex and partially redundant mechanisms likely regulate their
expression. For example, ~600 NUTs substantially overlap annotated CUTs, and a
further, but overlapping, group of ~600 NUTs are also annotated as XUTs (Schulz et
al. 2013).

In this Chapter, I perform a similar classification of S. pombe IncRNAs — both those

that are already annotated, as well as the extensive number identified in the current
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study. I then consider the overlap between these classes, the differential expression
of these classes under different physiological conditions, and the mechanisms

underlying their observed regulated expression.

5.2 S. pombe CUTs, XUTs, RUTSs

From the panel of RNA processing mutants analysed in Chapter 3, it is clear that
there are three main pathways regulating IncRNA post-transcriptional expression and
degradation in S. pombe: the nuclear exosome, the RNAi machinery, and the
cytoplasmic exonuclease Exo2. Other cytoplasmic degradation pathways seem to
play little or no role in IncRNA degradation Given that Exo2 is generally presumed
to function in the cytoplasm, the exosome appears to be the main player mediating

IncRNA degradation in the nucleus, but not in the cytoplasm where Exo2 takes over.

However, there is extensive overlap in the IncRNAs regulated by these three
pathways (Figure 3.3, Chapter 3). To further probe the biological mechanisms
underlying this observed overlap, I constructed double and triple mutants of three
key genes (dcrl, rrp6 and exo2) to determine their genetic interactions. The dcrl
null mutant has the strongest IncRNA phenotype amongst the three RNAi mutants
(derl, rdpl, agol; Chapter 3), while Rrp6 is the nuclear-specific catalytic exosome

component.

5.2.1 Creation of double and triple mutants

Double mutants of the dcrl, rrp6 and exo2 genes were created by crossing single
mutants, and analysing the resulting tetrads by tetrad dissection (see Chapter 2 for
details). Genotypes of single mutant strains used for matings are listed below and

were derived from the single mutant strains listed in Table 2.1, Chapter 2:

h+ rrp6::URA ura-
h-dcrl::NAT ura-

h+ exo2::KAN ura-
h- exo2::KAN ura-
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Tetrad dissection results are given in Tables 5.1-5.4 below, and example tetrad

dissections are shown in Figure 5.1.
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(A) (B) (9]
h dcr1:NAT ura x h* exo2::KAN ura hdcr1:NAT ura x h* rrp6::URA ura h ex02:KAN ura x h* rrp6::URA ura

PD

NPD

NPD

Q = ex02:KAN/dcr1:NAT Q = rrp6:URA/dcr1::NAT Q = rrp6::URA/exo2::KAN

Figure 5.1: Tetrad analysis of double mutants.

(A)—~(C): The indicated strains were crossed and the resulting tetrads dissected (see Chapter 2 for details). Each row represents a single tetrad dissection; plates
were imaged after 5 days growth on rich medium; T = tetratype; PD = parental ditype; NPD = non-parental ditype; ? = indeterminable tetrad type due to insufficient
spore survival in tetrad. Colonies arising from double mutant spores are as indicated.



h+ exo2::KAN wura- and h- dcrl::NAT ura- were crossed and 24 resulting tetrads
analysed by tetrad dissection (Figure 5.1A, Table 5.1). Spore viability amongst these
24 tetrads was 85%, and there was no significant difference between observed and
expected frequencies (calculated based on standard Mendelian ratios) of WT, single
and double mutant spores (chi-squared test, p=0.93; calculated based on the number
of surviving spores). Additionally, tetratype (T), non-parental ditype (NPD) and
parental ditype (PD) tetrads were observed in the expected ratio 4:1:1. Thus the
exo2/dcrl double mutant is viable, although the colony sizes arising from germinated
haploid spores were consistently smaller for the exo2/dcrl double mutant than for

either single mutant, or for WT spores (Figure 5.1A).

Table 5.1: Tetrad analysis of h- der1::NAT ura- x h+ ex02::KAN ura-

(n=96; 24 tetrads)

Observed Expected
Dead 14 0
WT 22 24
ex02::KAN 19 24
derl::NAT 19 24
ex02::KAN/dcrl::NAT 22 24

h+ rrp6.::URA ura and h- dcrl::NAT ura- were crossed and 22 resulting tetrads
analysed by tetrad dissection (Figure 5.1B, Table 5.2). Spore viability amongst these
22 tetrads was only 65% (lower than for the A- dcrl::NAT ura- x h+ exo2::KAN ura-
cross), and there was no significant difference between observed and expected
frequencies of WT, single and double mutant spores (chi-squared test, p=0.93;
calculated based on the number of surviving spores). Additionally, tetratype, non-
parental ditype and parental ditype tetrads were observed in the expected ratio 4:1:1.
Thus the rrp6/dcrl double mutant is viable, although the colony sizes arising from
germinated haploid spores were consistently smaller for the double mutant than for
either single mutant, or for WT spores (Figure 5.1B). Additionally, there seems to be

lower spore viability for this cross with the 77p6 mutant.
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Table 5.2: Tetrad analysis of h- der1::NAT ura- x h+ rrp6::URA ura-

(n=88; 22 tetrads)

Observed Expected
Dead 32 0
WT 14 22
derl::NAT 15 22
rrp6::URA 12 22
rrp6::URA/dcr1::NAT 15 22

h+ rrp6::URA ura and h- exo2::KAN ura-were crossed and 24 resulting tetrads
analysed by tetrad dissection (Figure 5.1C, Table 5.3). Spore viability amongst these
24 tetrads was only 61%. Amongst the tetrads analysed, there were many examples
where the only non-surviving spore was the r7p6::URA exo2::KAN double mutant
(Figure 5.1C). Thus, there is a significant difference between observed and expected
frequencies of WT, single and double mutant spores (chi-squared test, p=10";
calculated based on the number of surviving spores). Additionally, tetratype, non-
parental ditype and parental ditype tetrads were observed in the expected ratio of
4:1:1. Thus the rrp6/exo2 double mutant is most likely inviable. Spore viability was

low and comparable to the spore viability seen in the dcrix rrp6 cross, thereby

suggesting that deletion of r7p6 adversely affects spore viability.

Table 5.3: Tetrad analysis of h+ rrp6::URA ura- x h- exo2::KAN ura-

(n=96; 24 tetrads)

Observed Expected
Dead 37 0
WT 21 24
ex02::KAN 18 24
rrp6::URA 20 24
ex02::KAN/rrp6::URA 0 24
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Although the rrp6/exo2 double mutant is inviable, the two viable double mutants
created from the crosses described above (h- rrp6::URA dcrl::NAT ura-, h+
exo2::KAN dcrl::NAT ura-) were mated to determine whether any rescue phenotype
could be observed which may result in a viable triple mutant rrp6/exo2/dcrl.
Overall, 24 tetrads from the h- rrp6::URA dcrl::NAT ura- x h+ exo2::KAN
dcrl::NAT ura- cross were analysed by tetrad dissection (Table 5.4). Spore viability
amongst these 24 tetrads was only 17%, and no triple mutant spores were observed.
Thus, there is a significant difference between observed and expected frequencies of
single, double and triple mutant spores (chi-squared test, p=107*; calculated based on
the number of surviving spores), and the triple mutant is most likely inviable.
Additionally the much lower spore viability observed in this cross compared to all
previously described crosses, suggests that dcr/ and exo2 may interact with rp6 to
regulate expression of meiotic genes (dcrl x exo2 cross has a normal spore viability
of 85%; rrp6 x dcrl and rrp6 x exo2 crosses have a lower spore viability of ~60%,
consistent with known roles for r7p6 in meiotic gene expression; rrp6/dcrl X
exo2/dcrl cross has a spore viability of 17%, much lower than that observed in

crosses involving a single 77p6 mutant).

Table 5.4: Tetrad analysis of h- rrp6::URA dcr1::NAT ura- x h+ ex02::KAN dcrl::NAT ura-

(n=96; 24 tetrads)

Observed Expected
Dead 80 0
derl::NAT 11 24
derl:: NAT rrp6::URA 5 24
derl::NAT exo2::KAN 0 24
derl::NAT exo02::KAN rrp6::URA 0 24

The growth rates of the rrp6/dcrl and exo2/dcrl double mutants were assessed by a
spot assay (Figure 5.2B) and growth monitoring in a BioLector (Figure 5.2C, Table
5.5). From both these assays, it is clear that all single and double mutants have slow
growth phenotypes. dcrl has a growth rate only slightly impaired relative to WT,

while rrp6/dcrl has the most severe slow growth phenotype. Surprisingly the
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exo2/dcrl double mutant seems to grow faster than the exo2 single mutant
(Figure 5.2C) suggesting a possible suppression phenotype, which is reflected in the
IncRNA phenotype described below in Section 5.2.2. However, the slow growth
phenotype of these mutants is not directly related to the number of IncRNAs up-
regulated in each mutant since dcrl has more IncRNAs up-regulated than exo2 and

yet grows faster.
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Figure 5.2: Phenotyping double mutants.

(A) Morphology: live cell imaging of mutants as indicated (see Chapter 2 for details); all cells were
imaged in mid-log phase OD = 0.5. (B) Spot test for growth: four serial (tenfold) dilutions of cells
were plated on rich medium and photographed after 3 days of growth at 32°C (see Chapter 2 for
details). (C) Growth curves: strains were grown in triplicate in a BioLector and their biomass
monitored by light spectroscopy (see Chapter 2 for details). Negative is media alone (no cells); for
each strain the averages of three technical repeats is shown, and biomass is normalized to the Oh time-
point.
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Table 5.5: BioLector analysis of double mutants h- rrp6::URA decrl1::NAT ura- and h+
ex02::KAN dcr1::NAT ura-

Maximum growth rate = maximum biomass change in unit time during exponential phase; average
growth rate = average biomass change in unit time during exponential phase. These measurements
were taken over a 48-hour period.

Sample Maximum growth rate Average growth rate
(Arbitrary units) (Arbitrary units)
WT control 0.29 0.11
derl 0.20 0.09
exo2/dcrl 0.18 0.08
exo?2 0.17 0.07
rrp6 0.11 0.06
rrp6/dcerl 0.10 0.05
Negative control 0.02 0.00

Live cell imaging was used to assess the morphology of the rrp6/dcrl and exo2/dcrl
double mutants (Figure 5.2A). The exo2 and exo2/dcrl cells were long, consistent
with the previously described increased cell size of the exo2 mutant (Szankasi and
Smith 1996), implicating a requirement for Exo2 in normal mitotic growth. The rrp6
and rrp6/dcrl cells were small, with rrp6/dcrl cells exhibiting the most severe

phenotype with many aberrant shapes and high cell death.

5.2.2 IncRNA phenotypes of double mutants

RNA-seq was used to determine the IncRNA phenotypes of the rrp6/dcrl and
exo2/dcrl double mutants. Expression profiles of significantly differentially
expressed (DE) mRNAs, SPNCRNAs and novel IncRNAs were examined by
clustering their fold changes in expression relative to WT vegetative cells

(Figure 5.3A; see Chapter 2 for details).
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Figure 5.3: IncRNA phenotypes of double mutants.

(A) Expression profiles of significantly differentially expressed (DE) transcripts. Fold changes of transcripts relative to WT vegetative cells clustered in
GeneSpring GX7 (Agilent); colour coded as indicated. Transcripts not significantly differentially expressed relative to WT (DESeq; p-value <0.01) have fold
change set to 1 (appear black in heatmaps; see Chapter 2 for details). Transcripts with a fold change of 1 across all samples do not appear in these heatmaps.
Columns represent different samples and rows represent transcripts; rows clustered using the Pearson correlation. Columns clustered using the up-regulated
correlation based on IncRNAs only. (B) Gene ontology analysis of significantly differentially expressed mRNAs: significantly enriched GO-terms for mRNAs up-
regulated (beige) or down-regulated (red) in each sample. GO-terms (rows) clustered by the “maximum” method in heatmap.2 function of R.



The rrp6/dcrl mutant shows a greater number of up-regulated IncRNAs than either
single mutant (Figure 5.3A), indicating that »7p6 and dcrl may act cooperatively.
Such cooperation between RNAi and the exosome in IncRNA regulation has already
been suggested by several studies in S. pombe (Gullerova and Proudfoot 2008, Lee et
al. 2013, Shah et al. 2014, Zofall et al. 2009).

Surprisingly, the exo2/dcrl double mutant has fewer up-regulated IncRNAs than
either single mutant (Figure 5.3A). This is consistent with the mild rescue phenotype
in growth observed for the exo2/dcrl double mutant when compared to the exo?
single mutant (Figure 5.2C). Since r7p6, exo2 and dcrl seem to be key players in
IncRNA regulation, a possible explanation for this observed IncRNA phenotype is
that if the nuclear RNAi1 pathway is impaired, IncRNAs are channeled to the nuclear
exosome. Thus, in the rrp6/dcrl double mutant, where the nuclear exosome
pathway is also impaired, a greater number of IncRNAs are up-regulated than in
either dcrl or rrp6. However, in the exo2/dcrl mutant, where the nuclear exosome
is intact, defects in RNAi may efficiently channel IncRNAs to the nuclear exosome.
This results in fewer IncRNAs reaching the cytoplasm and defective Exo2 therefore
has less impact on IncRNA expression, leading to the observed rescue phenotype in

exo2/dcrl.

The fact that impairing key nuclear IncRNA degradation pathways (either alone, rrp6
and dcrl, or in combination, rrp6/dcrl) results in more severe IncRNA phenotypes
than when the main cytoplasmic pathway is impaired (either alone, exo2, or in
combination with a nuclear pathway exo2/dcrl) is consistent with a greater degree of

IncRNA regulation occurring in the nucleus than in the cytoplasm.

Finally, the lethality of the r7p6/exo2 mutant may suggest that while Exo2 is the key
cytoplasmic player regulating IncRNAs, Rrp6 is the main nuclear player. Thus,
although rrp6 and dcrl appear to act cooperatively, impairing dcrl in an exo2-
background produces a much less severe phenotype than impairing 77p6 in an exo2-

background, which is synthetically lethal.

Already annotated IncRNAs (SPNCRNAs) have similar but less pronounced

expression signatures in the exo2/dcrl and rrp6/dcrl double mutants (Figure 5.3A),
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when compared to IncRNAs identified in the current study. This is consistent with
the observation in Chapter 3 that fewer SPNCRNAs are substrates of these RNA
degradation/processing pathways.

In fact the most striking changes in expression signatures of the exo2/dcrl and
rrp6/dcrl mutants, compared to the single mutants, appear to be amongst IncRNAs
(Figure 5.3A). The relatively small changes in mRNA expression signatures upon
comparison of single and double mutants, supports the notion that these pathways act
specifically on IncRNAs. It is notable that the strongest mRNA expression signature
phenotypes are observed for r7p6 and dcrl/rrp6, mutants that also have the strongest

IncRNA phenotypes.

Gene ontology (GO) analysis of differentially expressed mRNAs reveals up-
regulation of the stress module, and down-regulation of the growth module
(Figure 5.3B). This is consistent with GO-enrichments amongst differentially

expressed mRNAs in single mutants (Chapter 3).

mRNAs up-regulated in rrp6/dcrl but not in either single mutant are enriched for the

following GO-terms (p <10):

RNA binding

cytoplasm

longest mRNAs (Béhler lab)

nitrogen removal induced (Mata et al. 2002)
stress module (Chen D. et al. 2003)

mRNAs down-regulated in 7rp6/dcri, but not in either single mutant, are much more

strongly enriched for the following GO-terms (p <107'%):

cytoplasmic translation (p <107°)

translation (p <1077

cytosolic large ribosomal subunit (p <10
growth module (Chen D. et al. 2003) (p <10™*)
cytosolic small ribosomal subunit (p <107°)
ribosome biogenesis (p <107'%)

1)
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This indicates a strong down-regulation of growth-related functions in the rrp6/dcrli
mutant and fits with the severe slow growth phenotype observed when compared to

either single mutant (Figure 5.2C).

There are no GO-terms enriched amongst mRNAs up-regulated in exo2/dcrl but not
in either single mutant. However, mRNAs down-regulated in exo2/dcrl but not in

either single mutant are mildly enriched for the following GO-terms (p <107):

cellular amino acid metabolic process
oxidoreductase activity

Finally, it is striking that the rrp6/dcrl double mutant shows a large number of
canonical ncRNAs (tRNAs, rRNA, snRNAs, snoRNAs) strongly up-regulated —
more than either single mutant (Figure 5.3A) - hinting at a possible cooperative role
between the exosome and RNAI in regulating expression of these canonical ncRNAs

(see Chapter 3).

5.2.3 Defining CUTs, RUTs, XUTs

Given that the three main pathways regulating IncRNA expression in S. pombe
appear to be the nuclear exosome, the RNAi pathway and the cytoplasmic
exonuclease Exo02, three groups of IncRNAs, termed CUTs, RUTs and XUTs, were
defined in S. pombe.

Thus, in analogy to S. cerevisiae CUTs, S. pombe CUTs (cryptic unstable transcripts)
were defined to be those IncRNAs up-regulated upon nuclear exosome impairment.
CUTs were taken to be the group of IncRNAs up-regulated in both the rrp6 and
rrp6-ts mutant. The rrp6 mutant has a stronger IncRNA phenotype than the rrp6-ts
mutant (3891 IncRNAs up-regulated in rp6, compared to 3042 in rrp6-ts, most
likely due to incomplete inactivation of Rrp6 activity in the rrp6-ts). There are 2506
S. pombe CUTs (both novel and already annotated IncRNAs).

RUTs (RNAi-dependent unstable transcripts) were defined to be those IncRNAs up-
regulated in the dcrl mutant. There are 2343 S. pombe RUTs (both novel and
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already annotated IncRNAs). Unsurprinsgly, no analogous group of IncRNAs has

yet been described in S. cerevisiae as the RNA1 pathway is missing in this yeast.

Finally XUTs (Xrnl-dependent unstable transcripts) were defined to be those
IncRNAs up-regulated in the exo2 mutant. This group is analogous to S. cerevisiae
XUTs, which are targeted for degradation by cytoplasmic exonuclease Xrnl, which
is the homologue of S. pombe Ex02. There are 1888 S. pombe XUTs (both novel and
already annotated IncRNAs).

There is extensive overlap amongst these 3 groups of S. pombe CUTs, RUTs and
XUTs, with ~600 IncRNAs belonging to all 3 classes (Figure 5.4A). Notably, the
least degree of overlap occurs between CUTs and XUTs. This suggests that the
nuclear exosome and the cytoplasmic exonuclease Exo2 may represent the most
distinct pathways, with Exo2 being the key cytoplasmic player regulating IncRNAs,
and Rrp6 the main nuclear player. This finding is consistent with the synthetic
lethality observed for the double mutant rrp6/exo2.
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Figure 5.4: Overlap of CUTs, RUTs and XUTs.

Venn diagrams representing the overlap amongst CUTs, RUTs and XUTs. Areas of circles are not proportional to the number of IncRNAs indicated. Highlighted

numbers in bold are discussed in the text. (A) Overlap of CUTs, RUTs and XUTs. (B) Overlap of CUTs, RUTs, and XUTs up-regulated in the exo2/dcrl mutant.
(C) Overlap of XUTs and RUTs which are not up-regulated in exo2/dcr1.



As would be expected, the vast majority (98%) of IncRNAs up-regulated in
exo2/dcrl are either XUTs and/or RUTs (Figure 5.4B), with a slight over-
representation of XUTs. As described above, the exo2/dcrl mutant has fewer
IncRNAs up-regulated than either single mutant. Thus ~2000 IncRNAs are XUTs
and/or RUTs but are no longer up-regulated upon double deletion. These ~2000
XUTs and/or RUTs which are no longer up-regulated in exo2/dcrl are
predominantly RUTs (Figure 5.3A and Figure 5.4C). This is consistent with the idea
that, in the exo2/dcrl mutant, IncRNAs that may otherwise have been targeted to the

RNAI pathway are channeled to the nuclear exosome.

In summary, the nuclear exosome, the RNAi pathway and the cytoplasmic
exonuclease Exo2 represent three key pathways regulating IncRNAs in S. pombe,
defining the overlapping classes of CUTs, RUTs and XUTs, respectively. The
nuclear exosome and the RNAi pathway act cooperatively to control nuclear IncRNA

expression, while the cytoplasmic Exo2 pathway is more distinct.

5.3 Regulation of CUTs, XUTs, RUTSs in response to external stimuli
5.3.1 Late meiotic, early meiotic and quiescent CUTs, RUTs and XUTs

An emerging theme amongst IncRNAs is their regulated expression in response to

environmental cues (Bierhoff et al. 2014, Lardenois et al. 2011, Leong et al. 2014).

Expression profiles of IncRNAs across both genetic and environmental perturbations
(Figure 3.3D, Chapter 3) revealed that IncRNAs are stabilised under physiologically
relevant growth conditions. Furthermore, these profiles indicated that quiescent
IncRNAs (nitrogen or glucose starvation and early meiosis) are regulated
predominantly by the exosome. In contrast, the RNAi pathway and the cytoplasmic
exonuclease Exo2 appear to play a greater role in the regulation of IncRNAs up-

regulated in later meiotic time-points.

Fisher tests were therefore performed to determine whether, for each physiological
condition, there is a statistically significant association between IncRNAs being up-

regulated in a given condition and being a CUT, XUT or RUT (Figure 5.5A).
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Figure 5.5: Regulation of CUTs, RUTs and XUTs in response to external stimuli.
(A) Enrichments of CUTs, RUTs and XUTs under different physiological growth conditions. Dotted

line is —logio(p = 0.05). (B) Overlap of -N/CUTs, -G/CUTs, early meiotic CUTs and late meiotic
RUT/XUTs (see text for details). Area of circles is proportional to number of IncRNAs indicated.
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These Fisher tests revealed CUTs to be the most significantly enriched class under
all conditions except the late meiotic time-points of 6h and 8h. In contrast, RUTs are
strongly significantly enriched only at these late meiotic time-points of 6h and 8h.
XUTs are enriched in most conditions, although to a lesser extent than CUTs, except
for the late meiotic time-points (6h and 8h) where their enrichment exceeds that of

CUTs (Figure 5.5A).

These enrichments of CUTs, XUTs and RUTs under different growth conditions
reinforce that quiescent IncRNAs (nitrogen or glucose starvation and early meiosis)
are regulated predominantly by the exosome, while the RNAi pathway and the
cytoplasmic exonuclease Exo2 play a greater role in the regulation of IncRNAs up-

regulated in later meiotic time-points.

Four groups of IncRNAs were therefore defined:

RUTs and/or XUTs up-regulated in late meiosis (6h and/or 8h)

CUTs up-regulated in early meiosis (at least one of Oh, 2h and 4h)

CUTs up-regulated in nitrogen starvation (24h and/or 7 days)

CUTs up-regulated in glucose starvation (at least one time-point)
From the overlap of these 4 groups (Figure 5.5B) it is clear that late meiotic
RUTs/XUTs represent the most distinct group, with 1823 IncRNAs specific to this
group only — this group of 1823 late meiotic RUTs/XUTs was therefore retained for

further analysis.

Amongst CUTs up-regulated in early meiosis (early meiosis/CUT), nitrogen
starvation (-N/CUT), and glucose starvation (-G/CUT), early meiotic CUTs and
glucose starvation CUTs have the least overlap (Figure 5.5B). Quiescent-specific
CUTs were therefore taken to be the 804 IncRNAs present in both —N/CUT and -
G/CUT groups. Early meiosis specific CUTs were taken to be the 900 IncRNAs
present in both early meiosis/CUT and —N/CUT groups (Figure 5.5B).

The expression profiles of these 3 groups (late meiotic RUTs/XUTs; early meiotic
CUTs; quiescent CUTs) are shown in Figure 5.6B-D, along with the expression
profile of the full set of novel IncRNAs (Figure 5.6A). Late meiotic RUTs/XUTs

(Figure 5.6B) overlap strongly with cluster ‘2’ picked out by eye in Chapter 3
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(Figure 3.3D). Quiescent CUTs (Figure 5.6D) and early meiotic CUTs (Figure 5.6C)

broadly overlap with cluster ‘1’ picked out by eye in Chapter 3 (Figure 3.3D), but are
less well defined by this cluster.

All IncRNA (5621)

late meiosis/RUT/XUT

early meiosis/CUT
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Figure 5.6: Expression profiles of late meiotic RUTs/XUTs, early meiotic CUTs and quiescent
CUTs.

See legend for Figure 5.3A. White brackets highlight clusters of IncRNAs described in the text.
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5.3.2 Location analysis of three groups

Analyses were performed to determine whether these three groups (late meiotic
RUTs/XUTs; early meiotic CUTs; quiescent CUTs) are enriched for IncRNAs with a
particular location with respect to mRNAs (Figure 5.7 and Figure 5.8).

(A) .  Latemeiosis/RUT/XUT (B) Late meiosis/RUT/XUT
p-value=3x10"®
1000- p-value =3x107¢ IncRNA TSS on sense strand
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Figure 5.7: Location of late meiotic RUTs/XUTs.

(A) Distribution by type of late meiotic RUT/XUTs (red bars) as compared to the distribution
expected from the full set of IncRNAs (blue bars). Chi-squared test used to compare expected and
observed distributions.  Astrices indicate key enrichments. (B) Distribution of late meiotic
RUT/XUTs relative to mRNA TTSs. Dotted vertical line indicates reference mRNA TTS; black bars
are number of IncRNA TSSs on sense strand; blue bars are number of IncRNA TSSs on antisense
strand. Distribution is compared to that expected from the full set of IncRNAs on the antisense strand
(light grey bars) using a chi-squared test. (C) Schematic of the location of late meiotic RUT/XUTs.
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Figure 5.8: Location of early meiotic CUTs and quiescent CUTs.

(A) Distribution by type of early meiotic CUTs (red bars) as compared to the distribution expected
from the full set of IncRNAs (blue bars). Chi-squared test used to compare expected and observed
distributions. Astrices indicate key enrichments. (B) Distribution of early meiotic CUTs relative to
mRNA TTSs. Dotted vertical line indicates reference mRNA TTS; black bars are number of IncRNA
TSSs on sense strand; blue bars are number of IncRNA TSSs on antisense strand. Distribution is
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compared to that expected from the full set of IncRNAs on the antisense strand (light grey bars) using
a chi-squared test. (C) As for (A) but for quiescent CUTs. (D) As for (B) but for quiescent CUTs.
(E) Schematic of the location of early meiotic CUTs and quiescent CUTs.

Based on their location relative to mRNAs, mutually exclusive categories for

IncRNAs were defined in Chapter 4. These include:

Transcription start site associated (TSSa): the IncRNA originates upstream and
antisense to an mRNA transcription start site. These can be considered to be
bidirectional IncRNAs, i.e. IncRNAs transcribed divergently from mRNA TSSs
(Figure 5.8E).

Transcription start site associated antisense (TSSa-AS): as for TSSa but the
IncRNA additionally runs antisense to an upstream gene (Figure 5.8E). These can

also be considered to be bidirectional IncRNAs (Figure 5.8E).

Transcription termination site associated (TTSa): the IncRNA originates within
the 3’-(nucleosome free region)-NFR associated with an mRNA transcription

termination site (TTS).

Transcription termination site associated antisense (TTSa-AS): as for TTSa but
the IncRNA additionally runs antisense to either the gene from whose 3’-NFR it
originates (TTSa-AS-own) or antisense to a downstream gene in a convergent

orientation (convergent read-through; Figure 5.7C).

Body antisense (body-AS): the IncRNA originates and runs antisense to the body of
an mRNA (Figure 5.7C).

Intergenic: the IncRNA originates in an intergenic region (no mRNA annotation on
either strand, and not sufficiently close to an mRNA TSS or TTS to be considered as
originating from a 3’- or 5’-NFR).

Intergenic-antisense(AS): as for intergenic but the IncRNA additionally runs

antisense to an adjacent gene.
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Late meiotic RUTs/XUTs, early meiotic CUTs and quiescent CUTs were classified
according to the definitions above, and their distribution amongst these classes
compared to the expected distribution derived from the full set of 7332 IncRNAs.
Additionally, the distribution of these groups of CUTs, RUTs and XUTs relative to
mRNA TSSs was compared to the expected distributions derived from the full set of
7332 IncRNAs (Figure 5.7 and Figure 5.8; see Chapters 2 and 4 for further for details
of methods).

Late meiotic RUTs/XUTs are enriched for antisense IncRNAs, specifically those
originating antisense to the body of mRNAs (body-AS) and those arising from
convergent read-through (TTSa-AS; 90% of late meiotic XUTs/RUTs in this
category are from convergent read-through as opposed to TTSa-AS-own)
(Figure 5.7A, C). Consistent with this, the distribution of late meiotic RUTs/XUTs
around mRNA TSSs shows enrichments of IncRNAs initiating antisense to the body
of mRNAs, and a depletion of IncRNAs originating antisense and 0-200bp upstream
of mRNA TSSs (these can be considered as arising from divergent transcription)
(Figure 5.7B). Notably, all these enrichments are stronger and more significant than
for the full set of IncRNAs up-regulated in later meiotic time-points (Chapter 4,
Figure 4.5). This suggests that late meiotic IncRNAs regulated by RNAi and/or
Ex02 have a highly specific location with respect to mRNAs, more so than for the

full set of late meiotic IncRNAs.

Quiescent CUTs are enriched for bidirectional IncRNAs (TSSa and TSSa-AS)
(Figure 5.8C,E). Consistent with this, the distribution of quiescent CUTs around
mRNA TSSs shows an enrichment of IncRNAs originating antisense and 0-200bp
upstream of mRNA TSSs (these can be considered as arising from divergent
transcription) and depletion of IncRNAs initiating antisense to the body of mRNAs
(Figure 5.8D). Notably, all these enrichments are stronger and more significant than
for the full set of IncRNAs up-regulated at any nitrogen or glucose starvation time-
point (Chapter 4, Figure 4.3). This suggests that quiescent IncRNAs regulated by the
nuclear exosome have a highly specific location with respect to mRNAs, more so

than for the full set of quiescent IncRNAs.
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Similar to quiescent CUTs, early meiotic CUTs are also enriched for bidirectional
IncRNAs (Figure 5.8A-B, E), and, to a lesser extent, for antisense IncRNAs arising
from convergent read-through (TTSa-AS; 70% of early meiotic CUTs in this
category are from convergent read-through as opposed to TTSa-AS-own)
(Figure 5.8A). This is supported by the distribution of early meiotic CUTs around
mRNA TSSs, which shows an enrichment of divergent IncRNAs (Figure 5.8B). This
distribution also shows a depletion of IncRNAs initiating antisense to the body of
mRNAs, but this antisense depletion is less pronounced than for quiescent CUTs
(Figure 5.8B,D). Once again, these enrichments are stronger and more significant
than for the full set of IncRNAs up-regulated at early meiotic time-points (Chapter 4,
Figure 4.5). This suggests that early meiotic IncRNAs regulated by the nuclear
exosome have a highly specific location with respect to mRNAs, more so that for the

full set of early meiotic IncRNAs.

In summary, late meiotic RUT/XUTs are enriched for antisense IncRNAs originating
either antisense to the body of mRNAs or arising from convergent read-through;
early meiotic CUTs are enriched for bidirectional IncRNAs and, to a lesser extent,
for antisense IncRNAs arising from convergent read-through; quiescent CUTs are
enriched for bidirectional IncRNAs. Interestingly, an enrichment of convergent read-

through antisense IncRNAs seems to distinguish meiosis from quiescence.

It was of interest to determine how these IncRNAs correlate in expression with their
associated mRNAs. Analyses were performed as in Chapter 4, and expression
correlations followed a similar trend as in Chapter 4 — bidirectional IncRNA:mRNA
pairs positively correlated in expression, while antisense IncRNA:mRNA pairs

negatively correlated in expression.

However, these trends were no stronger or more significant for these sub-groups than
for the location groups as a whole (for example, the correlation coefficient for
bidirectional IncRNA:mRNA pairs involving quiescent CUTs was of a similar
strength and significance as that for bidirectional IncRNA:mRNA pairs involving
any IncRNA). This is likely due to a reduction in power of statistical testing
accompanying the smaller sample sizes of late meiotic RUTs/XUTs, early meiotic
CUTs and quiescent CUTs. Therefore, instead of comparing to the whole set of
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IncRNA:mRNA pairs, a more appropriate control was a random set of the same
number. So, for example, the expression correlation of bidirectional IncRNA:mRNA
pairs involving quiescent CUTs was compared to a random set of the same number
of bidirectional IncRNA:mRNA pairs involving any IncRNA. Consistently, the
trends seen for the specific groups were stronger and more significant than those

seen for the random group of the same number.

This finding indicates that sub-setting IncRNAs in this way (late meiotic
RUTs/XUTs, early meiotic CUTs and quiescent CUTs) identifies IncRNAs with
specific relationships (in terms of location and expression) with respect to mRNAs.

Such IncRNA groups represent candidates for experimental functional follow-up.

5.4 Expression of RNA processing genes in physiological conditions

Since CUTs, XUTs and RUTs are up-regulated in S. pombe upon impairment of the
nuclear exosome, the cytoplasmic exonuclease Exo2 and the RNAi pathway
respectively, it was of interest to determine whether their up-regulation in different
physiological conditions is due to a similar impairment of such RNA processing

pathways.

5.4.1 Expression of rrp6, dcrl and exo2 in physiological conditions

To determine whether transcriptional down-regulation of rrp6, dcrl and exo?2
accompanies enrichment of CUTs, RUTs and XUTs in physiological conditions, the
expression profiles of these three genes across all samples were examined
(Figure 5.9A). These profiles showed rrp6, dcrl and exo?2 transcripts to be knocked-
out in these mutants as expected. It is of note that in the m#r4 mutant dcrl is up-
regulated, while in the Ism/ mutant 77p6 is down-regulated. This reflects possible
interactions between RNA processing pathways and will be discussed in more detail

in Section 5.4.2.
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Figure 5.9: Expression of RNA processing genes in physiological conditions.
(A) Expression profiles of dcrl, exo2 and rrp6 across all samples. See legend for Figure 5.3A for

details. (B) Barplot of the number of significantly differentially expressed RNA processing genes
(from Table 5.6) across all samples.

However, Figure 5.9A shows relatively little significant differential expression of
rrp6, dcrl and exo2 in physiologically relevant growth conditions. It may be
expected that significant down-regulation of the transcripts of these three genes
would accompany the observed up-regulation of CUTs, XUTs and RUTs in
physiological conditions. Contrary to this, significant up-regulation of exo2 was
seen in meiosis_4h, pkal 87, pkal 50; and significant up-regulation of dcrl was
seen in all glucose starvation time-points of the pkal mutant (Figure 5.9A). The only
significant down-regulation of these three RNA processing genes was: down-

regulation of dcrl in N_24h; down-regulation of rrp6 in pkal 100 (Figure 5.9A).
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Transcriptional down-regulation of exosome components at progressive time-points
of meiosis has been observed (Danny Bitton, personal communication). Since the
expression profile of Figure 5.9A only considers transcripts which are called as
significantly differentially expressed relative to WT log-phase cells (using the
DESeq package; see Chapter 2 for details), it is possible that dcrl, rrp6 and exo?2 are
down-regulated in physiological conditions, but this down-regulation is too subtle to
be called significant by DESeq. To explore this possibility, normalized read counts
of these three transcripts in different physiological conditions were plotted

(Figure 5.10).
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Figure 5.10: Expression profiles of key transcripts as a function of meiotic progression, or
survival under glucose or nitrogen starvation.

(A)—(D) Profiles of transcripts as indicated. Normalised read counts from DESeq are plotted; mean

expression of two biological replicates is shown at each time-point; for each profile, each time-point is
normalized to the first time-point. —Glc = glucose starvation; -N = nitrogen starvation.
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Progressive down-regulation of rrp6 occurs throughout the course of meiosis
(Figure 5.10A). While this transcriptional down-regulation is too subtle to be called
as statistically significant by DESeq, other exosome components follow a similar
trend (Figure 5.10B). Such transcriptional down-regulation of the exosome may
explain the observed enrichment of CUTs in meiosis (Figure 5.5A). Interestingly,
exo2 and dcrl transcripts appear to be up-regulated during early meiosis, peak in
expression at 4h and then rapidly drop in expression (Figure 5.10A). Again,
although these changes in expression are not all called as significant by DESeq, other
RNAi components follow a similar trend (Figure 5.10C), suggesting that these
changes in expression may be regulated. Such a drop in exo2 and RNAi machinery
expression at later meiotic time-points may explain the strong enrichments of XUTs
and RUTs at these stages of meiosis (Figure 5.5A). The patterns of expression of
rrp6 (and other exosome components), dcrl (and other RNAi components) and exo?2
during meiosis are distinct from the housekeeping gene actl, whose expression
remains relatively constant throughout the course of meiosis, as well as being distinct
from the meiotic transcript atf2/ whose expression rises rapidly during meiosis and

remains high (Figure 5.10D).

Patterns of expression of rrp6 (and other exosome components), dcrl (and other
RNAi components) and exo2 at progressive nitrogen and glucose starvation time-
points are much less coherent and pronounced (Figure 5.10A-C), and are similar to
the fluctuations seen for the house-keeping control act/, whose expression would be
expected to remain relatively constant during nitrogen and glucose starvation
(Figure 5.10D). This may suggest that a complex interplay of altered RNA
processing activities underlies the observed enrichments, particularly of CUTs, in

nitrogen and glucose starvation (Figure 5.5A).

5.4.2 Expression of a panel of RNA processing genes in physiological conditions

As described in Section 5.4.1, exosome, RNAi component, and exo?2 transcripts may
be subtly down-regulated at appropriate meiotic time-points leading to appearance of
CUTs, RUTs and XUTs. However, any altered RNA processing activities of these
factors underlying the observed enrichment of CUTs during glucose and nitrogen

starvation is less clear.
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Therefore, the expression profiles across all samples of a comprehensive list of 60
genes belonging to key RNA processing pathways (see Table 5.6 at the end of this
Chapter) were examined (Figure 5.11; rrp47, Ism5, pop2, mot2, not3, not2 and pacl
are not significantly differentially expressed in any samples and therefore do not

appear in Figure 5.11).
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Figure 5.11: Expression profiles of a panel of 60 RNA processing genes.

See legend for Figure 5.3A. Columns clustered using the up-regulated correlation for the transcripts
indicated.
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For each RNA processing mutant, the transcript of the corresponding gene was
strongly down-regulated relative to WT, confirming successful knock-out of these
genes (Figure 5.11). Notable exceptions are rrp6-ts and dis3-54, for which down-
regulation of activity of the corresponding gene occurs at the post-translational,

rather than transcriptional, level.

As with the full set of mRNA transcripts (Figure 3.3A, Chapter 3), differential
expression of this panel of RNA processing genes is more pronounced in WT cells
under different growth conditions than in mutants (Figure 5.11, 5.9B). However,
there is significantly more down-regulation amongst this set of RNA-processing
genes than would be expected based on down-regulation observed across the full set
of mRNAs (chi-squared test, p=2 x 10°). This suggests that global down-regulation
of a complex interplay of RNA-processing pathways may help mediate the observed
enrichments of CUTs, RUTs and XUTs in WT cells under different growth

conditions.

RNA-processing genes were categorised based on whether their transcript was
predominantly down-regulated across samples (must be down-regulated in at least
50% of the samples where it is differentially expressed) or predominantly up-
regulated (must be up-regulated in at least 50% of samples where it is differentially
expressed). Gene ontology (GO) analysis revealed that RNA-processing genes
which are predominantly down-regulated are significantly enriched for nucleus and
nucleolus GO-terms (p =3 x 10° and p = 2 x 107 respectively). In contrast, RNA-
processing genes which are significantly up-regulated are not enriched for nucleus or
nucleolus GO-terms (p = 1). This suggests that down-regulation of nuclear RNA-
processing activities may help mediate the observed up-regulation of IncRNA
transcripts, whose location and site of any action, is presumably also nuclear. Since
50% of RNA-processing genes that are predominantly up-regulated belong to the
‘cytoplasm’ GO-term, a down-regulation of nuclear RNA-processing activities may
be accompanied by a concomitant up-regulation of cytoplasmic RNA-processing

activities (Figure 5.11).

While there are generally more DE RNA-processing genes in WT cells under
different growth conditions than in the mutants (Figure 5.9B), two notable
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exceptions to this are Ism/ and rrp6/dcri, both of which have a greater number of
DE RNA processing genes than the mean for all samples (dotted line on
Figure 5.9B). This could implicate Lsml, Rrp6 and Dcrl as hubs in RNA-
processing networks. It is interesting to note that in rrp6/dcrl both agol and rdpl
are significantly up-regulated. No such similar up-regulation of RNAi components is
observed when any of agol, dcrl or rdpl is deleted alone. Such a result may
indicate a tight functional link or redundancy between the nuclear exosome and the

RNAIi pathway.

In summary, global down-regulation of a complex interplay of RNA-processing
pathways may help mediate the observed enrichments of CUTs, RUTs and XUTs in
WT cells under different growth conditions. With the RNA-seq data available, it is
only possible to assess the extent to which RNA processing pathways are likely to be
transcriptionally down-regulated, and the possibility remains that these pathways
may be post-translationally inhibited. Finally, expression correlations of
mRNA:IncRNA pairs in RNA processing mutants as compared to WT cells under
different growth conditions indicated that increased transcription, rather than post-
transcriptional stabilisation, may account for increased IncRNA expression under
different physiological conditions (Chapter 4). There is a growing body of evidence
to suggest that RNA processing factors likely regulate transcript levels via a dynamic
interplay of synthesis as well as degradation (Chapter 1). Thus, enrichments of
CUTs, RUTs, and XUTs in different growth conditions may occur via a regulated
interplay of synthesis and degradation, both of which are coordinated by RNA
processing factors. Amongst such RNA processing factors, the nuclear exosome,

RNAI and Exo2 are likely to play key roles.

5.5 Summary of main conclusions

The nuclear exosome, the RNAi pathway and the cytoplasmic exonuclease Exo2
represent three key pathways regulating IncRNAs in S. pombe, defining the
overlapping classes of CUTs, RUTs and XUTs, respectively. The nuclear exosome
and the RNAi pathway act cooperatively to control nuclear IncRNA expression,
while the cytoplasmic Exo2 pathway is more distinct. Impairing both the nuclear

exosome and the cytoplasmic exonuclease Exo2 is lethal in S. pombe.
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CUTs, RUTs and XUTs are differentially enriched in WT cells under physiologically
relevant growth conditions. Three key groups emerge: late meiotic RUTs/XUTs,

early meiotic CUTs and quiescent CUTs.

Late meiotic RUTs/XUTs tend to be antisense (originating either antisense to the
body of mRNAs or from convergent read-through). Both early meiotic and
quiescent CUTs tend to be bidirectional, although early meiotic CUTs are also

slightly enriched for antisense IncRNAs arising from convergent read-through.

Global down-regulation of a complex interplay of RNA-processing pathways may
help mediate the observed enrichments of CUTs, RUTs and XUTs in WT cells under
different growth conditions. Amongst such RNA processing factors, the nuclear

exosome, RNAi and Exo2 are likely to play key roles.
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LST

Table 5.6: A panel of RNA processing genes

Information taken from Houseley and Tollervey (2009), Tuck and Tollervey (2013) and PomBase http://www.pombase.org/

RNA processing pathway Gene Information
5’ end processing depl Member of decapping complex with dep?2
dep2 Catalytic pyrophosphatase subunit of decapping complex
dhpl Nuclear 5’ exonuclease
Core exosome dis3 Catalytic component of core exosome; 3’ exonuclease; also endonuclease activity
rrp41 Member of core exosome
rrp42 Member of core exosome
rrp43 Member of core exosome
rrp45 Member of core exosome
rrp46 Member of core exosome
mtr3 Member of core exosome
csl4 Member of core exosome
Nuclear exosome associated factors rrp6 Nuclear specific catalytic exosome component; 3’ exonuclease
rrp47 Nuclear exosome cofactor
mpp6 Nuclear exosome cofactor




8S1

RNA processing pathway Gene Information
Nuclear exosome associated factors (continued) mtrd Helicase; TRAMP-complex component (an exosome cofactor which targets nuclear RNAs
to the exosome)
cid14 Nuclear poly(A) polymerase; TRAMP-complex component
airl TRAMP complex component
Sen1-Seb1-Nab3 complex (involved in Polll senl helicase
termination and canonical non-coding RNA
processing)
sebl RNA-binding protein
nab3 RNA binding protein
Cleavage, polyadenlylation and poly(A) binding hrpl Cleavage and polyadenylation factor
pabl Poly(A)-binding protein
pab2 Poly(A)-binding protein; targets RNAs for exosomal degradation; interacts with nuclear
exosome
nab2 Poly(A)-binding protein; competes with pab2
Lsm complexes (7 member ring-shaped RNA | Isml Member of cytoplasmic 1-7 complex
chaperone complexes; Lsm2-8 complex is nuclear and
involved in pre-mRNA splicing, mRNA decay and | Ism2 Member of both nuclear and cytoplasmic complexes
processing of canonical non-coding RNAs; Lsm1-7 is
cytoplasmic and promotes decapping) Ism3 Member of both nuclear and cytoplasmic complexes
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RNA processing pathway Gene Information
Lsm complexes (continued) Ism4 Member of both nuclear and cytoplasmic complexes
Ism5 Member of both nuclear and cytoplasmic complexes
Ism6 Member of both nuclear and cytoplasmic complexes
Ism7 Member of both nuclear and cytoplasmic complexes
Ism8 Member of nuclear 2-8 complex
Nuclear export chbcl Nuclear cap binding complex subunit; mRNA stabilisation, processing, export and decay
tho?2 TREX complex component; regulates nuclear export of mRNAs
gbp?2 TREX complex component; regulates nuclear export of mRNAs
mex67 mRNA export receptor
Cytoplasmic deadenylation pan2 deadenylase
ccrd Member of Ccr4-NOT complex
pop2 Member of Ccr4-NOT complex
notl Member of Ccr4-NOT complex
not2 Member of Ccr4-NOT complex
not3 Member of Ccr4-NOT complex
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RNA processing pathway Gene Information
Cytoplasmic deadenylation (continued) mot2 Member of Ccr4-NOT complex
cafl6 Member of Ccr4-NOT complex
caf40 Member of Ccr4-NOT complex
caf120 Member of Ccr4-NOT complex
Cytoplasmic exonucleases exo2 Cytoplasmic 5° exonuclease
dis312 Cytoplasmic 3’ exonuclease
ski7 Cytoplasmic exosome cofactor; connects exosome to Ski complex (a cytoplasmic exosome
cofactor complex)
ski2 Cytoplasmic helicase; member of exosome cofactor Ski complex
ski3 member of exosome cofactor Ski complex
ski8 member of exosome cofactor Ski complex
RNAi  pathway  (well-established role in | agol Member of the RITS (RNA-induced transcriptional gene silencing) effector complex
heterochromatin assembly and gene silencing; small-
interfering RNAs, siRNAs, are products and | derl/ Endoribonuclease cleaving dsSRNA
mediators of the RNAIi pathway)
rdpl RNA-dependent RNA polymerase
Miscellaneous dbrl Debranches intron lariat structures

pacl

Endonuclease involved in termination and processing of non-coding RNAs
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RNA processing pathway

Gene

Information

Miscellaneous (continued)

swtl Endonuclease involved in perinuclear mRNP surveillance
upf1 ATP-dependent RNA helicase involved in nonsense mediated decay
tifl Helicase within the cytoplasmic cap-binding complex; promotes translation




Chapter 6 Discussion
6.1 S. pombe CUTs, XUTs and RUTSs
6.1.1 Model emerging from the current study

In the current study I have developed, validated and implemented a method to detect
novel IncRNAs from strand-specific RNA-seq data (Chapter 3). Using this method, I
have described thousands of novel IncRNAs in S. pombe, providing a rich and

comprehensive resource for further studies of IncRNA function.

Approximately 1500 IncRNAs have been previously annotated in S. pombe (Rhind et
al. 2011, Wilhelm et al. 2008), and are referred to as SPNCRNAs. The method I
have developed to identify novel IncRNAs has been optimised for its ability to detect
SPNCRNAs from RNA-seq data. Nonetheless, several important differences
between SPNCRNAs, and the IncRNAs identified in the current study, are apparent.
Firstly, IncRNAs identified in the current study are more numerous and more
pervasively transcribed than SPNCRNAs. Secondly, they are more variable across
samples than SPNCRNAs, suggesting they are more subject to differential

regulation.

Analysis of the expression of IncRNAs across a comprehensive panel of RNA
processing mutants has indicated that the nuclear exosome, the RNAi pathway and
the cytoplasmic exonuclease Exo2 are three key pathways regulating IncRNAs in S.
pombe. Regulation by the nuclear exosome, RNAi and Exo2 has been used to define
CUTs, RUTs and XUTs respectively (Chapter 5). These classes are not entirely
distinct, but overlap to some degree. Interactions between these three key pathways

will be discussed further in Section 6.2.

Importantly, despite their other functions in RNA metabolism (see Chapter 1), the
nuclear exosome, the RNAi pathway and the cytoplasmic exonuclease Exo2 all
appear to selectively target IncRNAs for degradation. Thus, the same expression
signatures and extent of up-regulation are not seen in the corresponding mutants for
mRNAs or canonical ncRNAs (tRNAs, rRNAs, sno/sn-RNAs). This is supported by

the observed decoupling of expression correlation between bidirectional or antisense
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mRNA:IncRNA pairs in RNA-processing mutants (Chapter 4). In such mutants,
IncRNAs are specifically stabilised, and therefore a concomitant effect on their

partner mRNA is not seen, resulting in a lack of expression correlation.

IncRNAs are differentially expressed under physiologically relevant growth
conditions, implicating them as having possible functions under such conditions
(Chapter 5). Quiescent and early meiotic IncRNAs are regulated predominantly by
the exosome (strong enrichment of CUTs in quiescence and early meiosis), while
RNAi and Exo2 appear to play a greater role in the regulation of IncRNAs up-
regulated during late meiosis (strong enrichment of RUTs and XUTs in late meiosis).
Such specific repertoires of IncRNAs being stabilised under differing physiological
perturbations argues in favour of such IncRNAs having a function under these
conditions, rather than simply representing non-specific transcriptional noise (see

Section 6.3).

Based on their regulation by differing RNA processing pathways, together with their
enrichments under the physiological conditions considered, three key groups of
IncRNAs emerge: late meiotic RUTs/XUTs, early meiotic CUTs and quiescent
CUTs (Chapter 5; Figure 6.1 below). Early meiotic and quiescent CUTs tend to be
divergently transcribed from mRNAs and positively correlate in expression with the
mRNAs they are divergently associated with. In contrast, late meiotic XUTs/RUTs
are transcribed predominantly antisense to mRNAs. Interestingly, there is an
enrichment for such antisense transcription to arise from read-through at convergent
mRNAs, and these antisense-IncRNA:mRNA pairs tend to anti-correlate in
expression. This suggests such antisense IncRNAs may exert inhibitory regulatory
effects on their sense loci during the later stages of meiosis, and will be discussed

further in Section 6.3.
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Figure 6.1: Schematic of CUTs, RUTs and XUTs enriched under different physiologically
relevant perturbations due to underlying changes in synthesis and degradation mediated by the
nuclear exosome, RNAi and Exo2.

CUTs, RUTs and XUTs have distinct locations and relationships with the mRNAs they are associated
with. Green boxes represent mRNA genes; plus and minus symbols represent up-regulation or down-
regulation of RNA levels respectively.

The molecular mechanisms underlying enrichment of CUTs, RUTs and XUTs under
physiologically relevant growth conditions remain unclear, since r7p6, dcrl and exo2
transcript levels are not significantly differentially expressed under such conditions.

This will be discussed further in Section 6.2.

Unstable IncRNAs have been most extensively described at a genome-wide level in
the budding yeast S. cerevisiae. 1 will briefly compare the findings in the current
study to what has been described for S. cerevisiae, and the relevance of these yeast

model systems to IncRNA regulation in higher eukaryotes.
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6.1.2 8. pombe IncRNAs compared to other species

The CUTs and XUTs identified in the current study are analogous to similar groups

of unstable IncRNAs identified in S. cerevisiae.

In S. cerevisiae, CUTs are a group of IncRNAs targeted for degradation by the
nuclear exosome and stabilised upon deletion of the nuclear-specific exosome
subunit Rrp6 (Neil et al. 2009, Xu et al. 2009). Approximately 1500 CUTs were
identified genome-wide by Neil et al. (2009), and ~1000 identified in an independent
study by Xu et al. (2009). Approximately 56% of the IncRNAs identified by Xu et
al. (2009) were also identified by Neil et al. (2009), meaning that ~2000 CUTs have
been described in S. cerevisiae, a comparable number to the 2500 CUTs identified in

S. pombe in the current study.

Although a few S. cerevisiae CUTs have had functions ascribed (Camblong et al.
2007, Hainer et al. 2011, Houseley et al. 2008, Martens et al. 2004), it is unknown
whether the majority has any function. Importantly, as shown for S. pombe CUTs in
the current study, S. cerevisiae CUTs tend to be transcribed divergently from
mRNAs, and positively correlate in expression with the mRNAs they are divergently
transcribed from (Neil et al. 2009, Xu et al. 2009). A key difference between S.
pombe and S. cerevisiae CUTs, however, is that loss of Trf4 in S. cerevisiae, a key
component of the exosome-targeting TRAMP complex, causes dramatic stabilisation
of CUTs, with many CUTs known to be targeted by the TRAMP complex (Frenk et
al. 2014, Wlotzka et al. 2011, Wyers et al. 2005). The same phenotype is not seen in
the current study upon deletion of the S. pombe Trf4 homologue Cid14, raising the
possibility of a TRAMP-independent mechanism of exosomal degradation of CUTs
in S. pombe (see Section 6.2).

Importantly, exosome depletion in mammalian cells has revealed IncRNAs mapping
to promoter regions of known protein-coding genes (Core et al. 2008, Preker et al.
2008, Seila et al. 2008). Such IncRNAs are reminiscent of S. cerevisiae and S.
pombe CUTs. Whether the evolutionary conservation of this transcriptional pattern
of IncRNAs reflects functional importance of CUTs, or simply that they are non-

functional by-products of the basic mechanics of transcription, remains an open
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question. Nonetheless, it is clear that pervasive non-coding transcription is a
universal feature of transcriptomes, and that such transcription is not random but has
clear patterns in terms of its genomic location and the pathways regulating its

expression.

In S. cerevisiae, XUTs (Xrnl-dependent unstable transcripts) are a group of ~1700
IncRNAs which are targeted for degradation by the cytoplasmic exonuclease Xrnl
(homologue of S. pombe Ex02) (van Dijk et al. 2011). As such, S. cerevisiae XUTs
are analogous to the similar number (1888) of S. pombe XUTs identified in the
current study. Importantly, the majority of S. cerevisiae XUTs were shown to be
antisense to mRNAs, with Pol I ChIP-seq revealing that accumulation of antisense
XUTs correlates with decreased transcription of their sense loci (van Dijk et al.
2011). This is in agreement with the enrichment of antisense IncRNAs amongst S.
pombe XUTs identified in the current study, which tend to anti-correlate in
expression with their sense mRNA transcripts. The targeting of XUTs by a
cytoplasmic exonuclease implies their efficient export to the cytoplasm. However,
their proposed inhibitory functions on coding transcription are likely to be mediated
co-transcriptionally in the nucleus, and so the functional importance of their
cytoplasmic export is unclear (Jensen et al. 2013). Approximately 20% of S.
cerevisiae CUTs were found to be Xrnl-sensitive (van Dijk et al. 2011). The overlap
observed in the current study is comparable but slightly higher, with 35% of CUTs
also classed as XUTs. Such overlap between CUTs and XUTs hints at partially
redundant mechanisms of regulating IncRNA expression, and will be discussed
further in Section 6.2. It will be of interest to determine whether an analogous group

of Xrnl-sensitive IncRNAs exists in multicellular eukaryotes.

There is no analogous group in S. cerevisiae to the S. pombe RUTs identified in the
current study, since the RNAi pathway is missing in S. cerevisiae. The identification
of RUTs as an important class of IncRNA in the current study, and the conservation
of RNAi from S. pombe to higher eukaryotes, makes S. pombe an attractive
complementary model system in which to study IncRNAs. The possible functional
importance of the RNAIi system in IncRNA mechanisms of action will be discussed

Section 6.2.

166



The median lengths of the CUTs, RUTs and XUTs identified in the current study are
864bp, 908bp, and 1074bp respectively (for comparison, the median length of S.
pombe mRNAs is 1.9kb), and the distribution of lengths is progressively higher for
CUTs, RUTs, and then XUTs (Figure 6.2).
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Figure 6.2: Lengths in base-pairs (bp) of CUTs, RUTs and XUTs.

It is of note that the longer classes of RUTs and XUTs are also enriched for being
antisense IncRNAs. CUTs identified in S. cerevisiae by Xu et al. (2009) have a
shorter median length of 440bp. The longer length of CUTs identified in the current
study could be due to differences in the methods used to profile transcriptomes. For
example, the high depth of RNA-seq used in the current study is a higher resolution
and more sensitive technique than the tiling arrays used by Xu et al. (2009), and as
such may identify the full length of IncRNAs. Indeed, the length of S. pombe XUTs

identified in the current study is comparable to the S. cerevisiae XUTs identified by
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strand-specific RNA-seq (van Dijk et al. 2011).

A recent genome-wide study has revealed another class of unstable IncRNAs in S.
cerevisiae, which are detected upon nuclear depletion of Nrdl, and are referred to as
Nrdl-unterminated transcripts (NUTs) (Schulz et al. 2013). Nrdl is a member of the
Nrd1-Nab3-Senl (NNS) complex, which is thought to interact with Pol II to
specifically promote IncRNA termination in S. cerevisiae. Approximately ~1500
NUTs have been described in S. cerevisiae, and these overlap substantially with
CUTs and XUTs. Thus ~600 NUTs overlap annotated CUTs, and a further, but
overlapping, group of ~600 NUTs are also annotated as XUTs. Importantly, Nrdl
and Nab3 binding motifs are depleted in mRNAs but enriched in NUTs, indicating
that NNS selectively terminates this class of IncRNAs. This is in contrast to S.
pombe, where a similar motif bias is not seen (Aylin Cakiroglu, personal
communication). Moreover, RNA-seq of the S. pombe sebl mutant (homologue of
Nrd1) reveals a global transcriptional read-through phenotype (Chapter 2, Table 2.1).
Thus it seems unlikely that Sebl acts to selectively terminate IncRNA transcription
in S. pombe, and a group of IncRNAs analogous to NUTs is unlikely to exist in S.
pombe. The NNS pathway in S. pombe likely acts in a dissimilar manner to the NNS

pathway in S. cerevisiae. This is discussed further in Section 6.2.3.

Finally, stable unannotated transcripts (SUTs) are a class of ~850 S. cerevisiae
IncRNAs which, unlike CUTs and XUTs, are detectable in WT vegetative cells (Xu
et al. 2009). Tuck and Tollervey (2013) analysed the transcriptome-wide targets of
13 RNA processing, export and turnover factors in S. cerevisiae. Clustering of the
binding profiles of these factors to different transcripts revealed CUTs and SUTs to
cluster largely separately from each other, suggesting that they do indeed represent
predominantly distinct transcript classes. S. cerevisiae SUTs could be considered to
be analogous to the ~1500 already annotated SPNCRNAs in S. pombe, which have
been detected predominantly by studies in WT vegetative cells (Rhind et al. 2011,
Wilhelm et al. 2008), and whose expression is less variable across samples than the

novel IncRNAs annotated in the current study (Chapter 3).
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6.2 Regulation of IncRNAs
6.2.1 Overlap of CUTs, RUTs and XUTs

There is extensive overlap amongst the CUTs, RUTs and XUTs identified in the
current study, with ~600 IncRNAs belonging to all three classes (Chapter 5). Such
overlap could be indicative of redundancy and coordination between degradation
pathways, i.e. in the absence of one RNA degradation pathway, IncRNAs are simply

turned over by another.

Notably, the least degree of overlap occurs between CUTs and XUTs. This suggests
that the nuclear exosome and the cytoplasmic exonuclease Exo2 may represent the
most distinct pathways, with Exo2 being the key cytoplasmic player regulating
IncRNAs, and Rrp6 the main nuclear player. This finding is consistent with the
synthetic lethality observed for the double mutant rrp6/exo2. While these pathways
function in other aspects of RNA metabolism, which may contribute to this observed
synthetic lethality, this result may also indicate the functional importance of
regulating IncRNA expression. In contrast, the greater number of IncRNAs up-
regulated in the rrp6/dcrl double mutant when compared to either single mutant,
suggests that the nuclear exosome and the RNAi pathway may act cooperatively to

control nuclear IncRNA expression (see Section 6.2.2).

Surprisingly, the exo2/dcrl double mutant has fewer up-regulated IncRNAs than
either single mutant (Chapter 5). A possible explanation for this observed IncRNA
phenotype is that if the nuclear RNAi pathway is impaired, IncRNAs are channeled
to the nuclear exosome. Thus, in the rrp6/dcrl double mutant, where the nuclear
exosome pathway is also impaired, a greater number of IncRNAs are up-regulated
than in either dcrl or rrp6. However, in the exo2/dcrl mutant, where the nuclear
exosome is intact, defects in RNAi may efficiently channel IncRNAs to the nuclear
exosome. This results in fewer IncRNAs reaching the cytoplasm and defective Exo2
therefore has less impact on IncRNA expression, leading to the observed rescue

phenotype in exo2/dcrl.

As described in Section 6.1, a similar overlap between classes of S. cerevisiae
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unstable IncRNAs has been reported. It has been suggested that this redundancy may
be a result of inefficient transcription termination (Jensen et al. 2013). Accordingly,
it has been reported that, in S. cerevisiae, CUTs are terminated co-transcriptionally
by the Nrdl-Nab3-Senl (NNS) pathway (Arigo et al. 2006, Schulz et al. 2013,
Thiebaut et al. 2006). In contrast, since XUTs are presumably exported to the
cytoplasm (they are targeted for degradation by cytoplasmic Xrnl), they are likely
terminated further downstream at a polyadenylation signal by the canonical CPF
(cleavage and polyadenylation factor) pathway. However, a proportion of CUTs
may escape early transcription termination by the NNS pathway, and subsequent
degradation by the nuclear exosome. Instead, such elongated CUTs (“eCUTs”’) may
terminate further downstream near a polyadenylation site. As a result, they may be
treated more like mRNAs, and exported to the cytoplasm, where they are degraded
by Xrnl. Consequently IncRNAs with a common transcription origin may be

classified as both CUTs and XUTs (Marquardt et al. 2011).

6.2.2 Interplay between RNAi and the nuclear exosome

An intriguing finding from the current study is that the exosome and the RNAi
pathway appear to act cooperatively to regulate IncRNA expression. Thus, there is a
high degree of overlap between CUTs and RUTs, and the rrp6/dcrl double mutant
displays a stronger IncRNA expression than either single mutant (Chapter 5).

Connections between the RNA processing activities of the exosome and the RNAi
pathway are emerging as playing a role in the regulation of IncRNAs in S. pombe
(Gullerova and Proudfoot 2008, Lee et al. 2013, Shah et al. 2014, Woolcock et al.
2011, Woolcock et al. 2012, Zofall et al. 2009). Intriguingly, a recent study has
identified a IncRNA, named prt, which is transcribed upstream of the phol gene, and
overlaps the phol promoter (Shah et al. 2014). The phol gene encodes a
phosphatase required for uptake of extracellular phosphate, and is induced during
phosphate starvation. Shah et al. (2014) show that, in the presence of extracellular
phosphate, prt transcription is induced, leading to transient RNAi-dependent
deposition of H3K9Me?2 across the phol locus, and subsequent phol repression.
RNAi-recruitment by prtl is dependent on DSR (determinant of selective removal)

motifs in prtl, which bind the RNA-binding protein Mmil. Moreover, the same
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DSR-Mmil system also recruits the exosome, which selectively targets prtl

transcript termination and degradation.

A similar DSR-Mmil system has been shown to result in both exosomal targeting of
meiotic transcripts during mitotic growth (Harigaya et al. 2006, Sugiyama and
Sugioka-Sugiyama 2011), as well as formation of transient heterochromatin at these
loci (Tashiro et al. 2013, Zofall et al. 2012). Such a role for the exosome and RNAi
acting in parallel at meiotic loci is consistent with the strong enrichment of RUTs
and CUTs at late meiotic time-points in the current study. This result implicates
RNAi/exosome-mediated IncRNA regulation as playing an important physiological

role during late meiosis.

Furthermore, late meiotic RUTs in the current study are enriched for antisense
transcripts, arising to a large extent from convergent read-through, and anti-correlate
in expression with the mRNAs they run antisense to. This observation is consistent
with a study showing that antisense transcription, arising in part from read-through at
convergent genes, is increased during meiosis. Moreover, this antisense transcription
exerts an inhibitory effect on sense loci, which appears to be RNAi-dependent
(Bitton et al. 2011). Although a subsequent study (Chen H. M. et al. 2012) showed
antisense-mediated repression of three mid-meiotic genes to be RNAi-independent,
this cannot be extended to suggest that the RNAi machinery plays no role in
antisense repression during meiosis at a global level. Finally, a role for convergent
read-through and the RNAi-machinery in gene regulation is reminiscent of reports
that double-stranded RNA arising from defective transcription termination at
convergent genes can lead to RNAi-dependent transient heterochromatin and gene

silencing (Gullerova and Proudfoot 2008, Gullerova et al. 2011).

In summary, although further studies are required to understand the interplay
between the exosome and RNAI in the regulation of gene silencing, it is becoming
increasingly clear that these two pathways interact to mediate the effects, and control
the expression of, regulatory IncRNAs in S. pombe. It is plausible that transient
heterochromatin formation lies downstream of the RNAi/exosome/IncRNA-mediated
mechanism of gene regulation suggested in the current study. In fact, IncRNA-
mediated transient heterochromatin formation may represent a general mechanism
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for achieving an effective response to environmental stimuli.

H3K9Me2 ChIP-seq in vegetative and meiotic cells, both in WT and in mutants
defective for RNAi and exosome components, will be instructive in elucidating how
widespread putative RNAi/exosome/IncRNA-mediated formation of transient
heterochromatin is in fission yeast. RNA immunoprecipitation (RIP)-seq of RNAi-
components may help determine whether late meiotic RUTs are involved in targeting
the RN A1 machinery to specific loci, while determining whether such IncRNAs are

enriched for DSR motifs will be of interest.

6.2.3 TRAMP-independent exosome degradation

The weak IncRNA phenotypes observed for mutants of the TRAMP complex mir4
and cidl4 (Chapter 3) suggest a possible role for TRAMP-independent exosome
degradation of IncRNAs. Such TRAMP-independent exosome degradation has been
reported for a group of IncRNAs in human cells (Beaulieu et al. 2012). This group
of IncRNAs are instead targeted for exosomal degradation predominantly by the
poly(A)-binding protein PABPN1 (homologue of S. pombe Pab2). A similar Pab2-
Rrp6 mechanism has been described for targeting degradation of S. pombe meiotic
genes during vegetative growth (St-Andre et al. 2010). Such a Pab2-Rrp6 TRAMP-
independent degradation mechanism for S. pombe IncRNA degradation is consistent
with the stronger IncRNA phenotype observed in the current study for the pab?2
mutant, when compared to cid/4 or mtr4 mutants. Moreover, although weaker than
the IncRNA phenotype observed for exosome mutants, IncRNAs up-regulated in

pab?2 strongly overlap with those up-regulated in exosome mutants (Chapter 3).

In contrast to S. pombe, loss of Trf4 in S. cerevisiae (homologue of S. pombe Cid14)
causes dramatic stabilisation of CUTs, with many CUTs known to be targeted by the
TRAMP complex (Frenk et al. 2014, Wlotzka et al. 2011, Wyers et al. 2005). This
suggests that exosomal targeting of IncRNAs in S. cerevisiae is TRAMP-dependent,
consistent with literature describing an important role for NNS termination of
IncRNAs in S. cerevisiae (Arigo et al. 2006, Schulz et al. 2013, Thiebaut et al. 2006).
NNS termination likely occurs co-transcriptionally with TRAMP-dependent
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exosomal targeting (Tudek et al. 2014).

It is of note that the NNS pathway in S. pombe likely acts in a dissimilar manner to
the NNS pathway in S. cerevisiae. Thus, Senl is essential in S. cerevisiae but not in
S. pombe. Intriguingly, Sebl (S. pombe Nrdl homologue) is unable to complement
the S. cerevisiae NRDI mutant and vice versa, and Seb-1-Nab3-Senl S. pombe
homologues do not co-purify (Francois Bachand — personal communication). Once
again, given that there are no human homologs for Nrd1 and Nab3, S. pombe may
present a model system in which the mechanisms of IncRNA degradation are more

akin to those in multicellular eukaryotes.

In summary, differences between the findings in the current study and those
described for S. cerevisiae could indicate that NNS-TRAMP-dependent exosome
degradation is a predominant pathway for IncRNA degradation in S. cerevisiae but
not in S. pombe. In contrast, in S. pombe it may be that most IncRNAs are cleaved
and polyadenylated by the canonical CPF pathway, and are therefore subject to
TRAMP-independent exosome degradation, possibly mediated by Pab2. It would be
of interest to determine how prevalent canonical polyadenylation sequence elements
(for example the hexanucleotide AAUAAA followed by a downstream G/U-rich

sequence) are in the IncRNAs in the current study.

It cannot be excluded, however, that the minimal role observed for the TRAMP
complex in IncRNA degradation in the current study may be an artefact of the
poly(A)-enrichment employed for RNA-seq sample preparation. RNAs
polyadenylated by the canonical 3’ end processing machinery have generally long
poly(A) tails. In contrast, shorter oligo(A) tails (4-5 nucleotides) arise from the
adenylation activity of the TRAMP complex. It is possible that the poly(A)
enrichment used to prepare samples for RNA-seq in the current study, biases against
the shorter oligo(A) tails, thereby biasing against IncRNAs that are TRAMP-
targeted.
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6.2.4 Stabilisation of IncRNAs — synthesis vs. degradation

CUTs, RUTs and XUTs have been defined in the current study from r#p6, dcrl and
exo2 deletion mutants respectively. A key finding is that specific repertoires of
CUTs, RUTs and XUTs are up-regulated under physiologically relevant conditions.
However, since only subtle changes in transcript levels of r7p6, dcrl and exo2 were
observed in WT cells under different physiologically relevant growth conditions, it is

unclear what underlies CUT, RUT and XUT stabilisation under such conditions.

While changes in r7p6, dcrl and exo?2 transcripts were largely not significant under
different growth conditions, they appeared to follow coherent patterns, particularly
throughout the course of meiosis, thereby suggesting that these changes in transcript
levels may still be of functional relevance in controlling CUT, RUT and XUT
expression (Chapter 5). Analysing the differential expression of a panel of 60 RNA
processing factors revealed that a complex interplay of altered RNA processing
activities may underlie the observed enrichments of CUTs, RUTs and XUTs
(Chapter 5).

In addition, it is possible that the activity of RNA processing factors could be
translationally regulated, and Western blot analysis of Rrp6, Dcrl and Exo2 under
physiologically relevant growth conditions would be required to determine this.
Furthermore, activities of RNA processing factors may be post-translationally down-
regulated. For example, a weaker association of Rrp6 with the S. cerevisiae PHOS84
locus upon chronological ageing has been reported to result in stabilisation of
IncRNAs antisense to this locus (Camblong et al. 2007). ChIP-seq of Rrp6 and Dcrl
in WT cells under different growth conditions may provide some insight into the
association of these factors with different loci, and whether this may account for the
observed patterns of CUT and RUT expression under these conditions. Although
Ex02 is largely presumed to be cytoplasmic, Xrnl (S. cerevisiae homologue of Exo2)
has recently been shown to associated with chromatin (Haimovich et al. 2013).

ChIP-seq of Exo02 may therefore also be informative.

Increased IncRNA expression may occur not only from post-transcriptional

stabilisation (altered RNA degradation activities) but also from increased
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transcription. For example, Castelnuovo et al. (2014) recently reported increased
H3K4Me3 marks (marking transcription initiation) at the 3’ ends of antisense-
IncRNA producing genes in a S. cerevisiae rrp6 mutant. This indicates that IncRNA
accumulation upon loss of exosome activity may be due not only to stabilisation, but
also to increased transcriptional activity. Indeed, there is a growing body of
evidence to suggest that RNA processing factors likely regulate transcript levels via a
dynamic interplay of synthesis as well as degradation, and may be more
appropriately referred to as synthedegradases (Haimovich et al. 2013, Medina et al.
2014, Sun M. et al. 2013a, Sun M. et al. 2012).

Thus, enrichments of CUTs, RUTs, and XUTs under different physiologically
relevant perturbations may occur via a regulated interplay of synthesis and
degradation, both of which are coordinated by RNA processing factors. Amongst
such RNA processing factors, the nuclear exosome, RNAi and Exo2 are likely to

play key roles (Figure 6.1).

A key limitation of the current study is that RNA-seq looks at steady state transcript
levels, which are a combined outcome of degradation and synthesis. Thus the weak
IncRNA phenotypes seen in cytoplasmic RNA processing mutants, other than exo?2,
has led us to conclude that such factors play only minor or redundant roles in
IncRNA degradation, and that Exo2 is the key cytoplasmic player. However, recent
studies point to key role of Xrnl (Exo02) in buffering RNA levels, enabling an
increased degradation rate to be accompanied by an increased synthesis rate, and
vice versa (Haimovich et al. 2013, Sun M. et al. 2013a). Thus, weak IncRNA
phenotypes seen in cytoplasmic RNA degradation mutants, other than exo2, could be
due to RNA levels being efficiently buffered in these mutants. In contrast, in the
exo2 mutant this buffering system is impaired. Thus a decreased degradation rate in
the exo2 mutant is accompanied by an increased synthesis rate, and thus a stronger

IncRNA phenotype.

It would therefore be of interest to measure both synthesis and degradation rates of
IncRNAs in the mutants and WT cells under different growth conditions used in the
current study. While Pol II ChIP-seq has been criticised as not giving a direct
measure of synthesis rates, comparative dynamic transcriptome analysis (cDTA) uses
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non-perturbing metabolic labelling of newly transcribed RNA to directly measure

RNA synthesis (Sun M. et al. 2012).

6.3 IncRNA functions

A major question arising from the current study is how many of the thousands of
newly identified IncRNAs are functional, and how many are simply by-products of

transcription with no obvious function.

6.3.1 Do expression correlations indicate functionality?

IncRNAs can be related to their mRNA partners in one of two key ways —
divergently (TSSa) or antisense (body, TSSa-AS, TTSa-AS) (Chapter 4). How these

correlate in expression with each other enables some speculation as to functionality.

6.3.1.1 Bidirectional mRNA:IncRNA pairs

Consistent with the findings of the current study, bidirectional non-coding
transcription from mRNA promoters is conserved in S. cerevisiae (Neil et al. 2009,
Xu et al. 2009) and mammalian cells (Core et al. 2008, Preker et al. 2008, Seila et al.
2008), and across these species mRNAs and their associated divergent transcripts

tend to be co-regulated.

While such co-regulation could imply that bidirectional IncRNAs are simply by-
products of transcription, various functions can nonetheless be imagined for
divergent IncRNAs that positively correlate in expression with their mRNA partners.
They may act to fine-tune regulation of their associated genes for example by
modifying local chromatin or by recruiting transcriptional activators/repressors (see

Chapter 1).

It has been postulated that transcription of divergent IncRNAs is a noise-reduction,
expression-priming mechanism (Wang G. Z. et al. 2011). As such, divergent
IncRNAs are more associated with essential genes and less associated with stress-
response genes. However, no enrichment of GO-terms was seen amongst mRNAs
with divergent IncRNAs in the current study. The reason for this discrepancy could

be that IncRNAs annotated in the current study (which represent by far the majority
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of IncRNAs) have been defined as those which are differentially expressed in
mutants and conditions relative to WT vegetative cells. Therefore this set of
IncRNAs is biased against constitutively expressed IncRNAs, which are perhaps

more likely to be associated with essential genes.

6.3.1.2 Antisense mRNA:IncRNA pairs
Antisense (AS) IncRNA:mRNA pairs were found to generally anti-correlate in
expression (Chapter 4). This is in agreement with previous studies describing
repressive effects of AS IncRNAs in S. pombe (Bitton et al. 2011, Chen H. M. et al.
2012, Leong et al. 2014, Ni et al. 2010).

The degree of anti-correlation amongst AS IncRNA:mRNA pairs was found to be
stronger for AS IncRNAs originating in either the 5’- or 3°- NFR, or for IncRNAs
which originate antisense to the body of mRNAs but overlap neither end of the
mRNA. IncRNAs that originate antisense to the body of mRNAs and overlap the 5’
end of the mRNA were found to actually co-correlate in expression with their sense
loci. This is in contradiction to recent findings in S. cerevisiae, which suggest that a
distinguishing feature of AS IncRNAs with inhibitory regulatory potential, is that the
IncRNA extends into the promoter of its sense mRNA (Castelnuovo et al. 2014).

In S. cerevisiae, genes that respond in a switch-like manner, such as stress-response
and environment specific genes, are enriched for antisense expression (Xu et al.
2011). Such antisense non-coding transcription has been suggested to ‘switch off’
sense loci expression when low levels of expression of the sense mRNA are required.
In agreement with this, I find that this pattern is conserved in S. pombe, with mRNAs
with an antisense IncRNA enriched for meiotic and stress module GO-terms
(Chapter 4). This is also consistent with Marguerat et al. (2012), which shows that
the most highly expressed antisense SPNCRNAs in vegetative S. pombe cells are
antisense to meiotic differentiation loci that are tightly repressed during vegetative

growth.

While expression correlations of associated mRNAs and IncRNAs provide some
speculation as to possible functions, the possibility that observed correlations are

simply an effect of basic transcriptional mechanics cannot be excluded. Thus any
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pair of antisense transcripts may be inversely correlated in expression due to an
inability of Pol II to concomitantly transcribe from both strands of DNA. Similarly
any pair of divergently oriented transcripts may be positively correlated in
expression due to shared upstream regulation, or proximal transcriptional activity in
surrounding open chromatin. To probe this possibility further it would be of interest
to determine whether mRNA:mRNA divergent and antisense pairs display the same
patterns of expression correlation as IncRNA:mRNA pairs. This would help address
whether expression correlation between neighbouring genes is simply a positional

effect as opposed to being indicative of active regulation.

6.3.2 Conservation of IncRNAs

Another parameter that could be used to determine the likelihood of IncRNA

functionality is the degree of sequence conservation.

By sequencing the genomes of 161 natural isolate S. pombe strains, a recent study
has analysed genetic diversity in different regions of the S. pombe genome (Jeffares
et al., manuscript under review). Jeffares et al. show that already annotated
intergenic IncRNAs in S. pombe appear to be subject to little or no purifying
selection, with their genetic diversity being comparable to 4-fold degenerate sites.
However, there is evidence for purifying selection amongst the 20% most highly

expressed intergenic IncRNAs.

Using a whole-genome alignment across the four species of the fission yeast clade
(S. pombe, S. octosporus, S. cryophilus, S. japonicus), sequence conservation and
selective constraints in the fission yeast genome have been assessed (Victor Sojo,
unpublished data). Preliminary analyses have revealed that the vast majority of
already annotated S. pombe IncRNAs, as well as the IncRNAs identified in the
current study, show significantly less constraint than 4-fold degenerate sites (regions
of IncRNAs overlapping mRNAs, in either a sense or antisense orientation, were not

considered in the analysis).

Thus, in agreement with IncRNAs described in other species, the sequence

conservation of the majority of S. pombe IncRNAs is poor. However, it has recently
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been suggested that despite their poor sequence conservation, many IncRNAs may be
conserved in secondary structure, thereby providing insights into the likelihood and

possible mechanisms of function (Smith et al. 2013).

Moreover, if one considers that IncRNAs may exert their function through the act of
being transcribed, rather than transcript itself (see Section 6.3.5), it is perhaps more
meaningful to determine the extent to which transcription of IncRNA loci is retained
across evolutionary lineages, rather than DNA sequence conservation.
Transcriptional conservation of IncRNAs has recently been assessed using RNA-seq
and H3K4Me3 ChIP-seq data from closely related rodent species (Kutter et al. 2012).
Kutter et al. (2012) show that IncRNA transcription undergoes much greater gain and
loss during rodent evolution compared with protein-coding genes, and such rapid
transcriptional turnover of IncRNAs has been suggested to contribute to the
evolution of lineage-specific gene expression. In addition, by comparing the
genomes and transcriptomes across the fission yeast clade, Rhind et al. (2011) have
shown that ~450 already annotated SPNCRNAs in S. pombe are conserved in

location, but not necessarily sequence, in two or more species of this clade.

6.3.3 Subcellular locations of IncRNAs

Where IncRNAs reside in the cell can provide some insight into their possible
functions. Although RNA-seq of the IncRNA content of subcellular fractions has not
been performed in the current study, their low level of expression possibly suggests a

nuclear location, as described below.

It has been reported that most annotated IncRNAs in S. pombe (SPNCRNAs) are
expressed below 1 copy/cell (Marguerat et al. 2012). To analyse the expression of
CUTs, RUTs and XUTs identified in the current study in similar terms, their
expression was compared to ‘zone 1 mRNAs (low abundance mRNAs detected at
<0.5 copies/cell) from Marguerat et al. (2012). These mRNAs are enriched for
meiotic differentiation functions, and it is well known that genes induced during
meiosis are tightly repressed during proliferation. During log-phase growth in WT
cells, the RPKMs of CUTs, RUTs and XUTs are much lower than for zone 1
mRNAs (Figure 6.3A). Although CUT, RUT and XUT expression is significantly
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increased in r7p6, dcrl and xrnl mutants, the expression levels of these IncRNA
classes are still lower than for zone 1 mRNAs (Figure 6.3B). Thus, most IncRNAs
are lowly expressed, likely below 1 copy per cell. This suggests that such IncRNAs
are unlikely to act as diffusible trans-acting factors under the conditions studied, and

instead any function they have will likely be exerted via cis-acting mechanisms.
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Figure 6.3: Expression of CUTs, RUTs and XUTs.

Expression in RPKM of CUTs, RUTs and XUTs in (A) vegetative WT cells, and (B) mutants, as
indicated.
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Thus, the majority of IncRNAs likely exert any effects co-transcriptionally in the
nucleus. This is in agreement with the fact that impairing key nuclear IncRNA
degradation pathways (either alone, r7p6 and dcrl, or in combination, rrp6/dcrl)
results in more severe IncRNA phenotypes than when the main cytoplasmic pathway
is impaired (either alone, exo2, or in combination with a nuclear pathway exo2/dcrl).
Furthermore, although it has been assumed that S. cerevisiae XUTs are exported to
the cytoplasm where they are targeted by Xrnl (van Dijk et al. 2011), their function
could still be nuclear as recently suggested by Castelnuovo et al. (2013).
Furthermore, by assessing the binding of different transcript classes to nuclear and
cytoplasmic surveillance factors it has been shown that S. cerevisiae IncRNAs are
bound predominantly by nuclear processing factors, while mRNAs are bound more
extensively by nuclear export and cytoplasmic factors (Tuck and Tollervey 2013).

This suggests that S. cerevisiae IncRNAs are likely largely confined to the nucleus.

Many IncRNAs whose mechanisms of action are well-characterised, such as
HOTAIR (Rinn et al. 2007), use chromatin as a substrate to execute their biological
function. It has therefore been postulated that IncRNAs associated with chromatin
may be more likely to have biological functions. RNA-seq of chromatin fractions

may therefore be an insightful approach.

6.3.4 IncRNA functions in meiosis and quiescence

A key finding of the current study is that expression profiles of IncRNAs vary with
external stimuli. Although part of this is likely to be indirectly due to overall
changes in protein coding-gene activities, it may also imply a widespread role of
IncRNA transcription in gene regulation. Thus, although IncRNA differential
expression is associated with mRNA differential expression, IncRNA expression
profiles do not exactly mirror mRNA expression profiles. This suggests IncRNAs
may exert some regulatory effect on mRNAs rather than representing transcriptional
by-products. Secondly, CUTs, RUTs and XUTs are differentially enriched under
different physiological conditions. For example, IncRNAs up-regulated at early
meiotic time-points are predominantly CUTs and transcribed divergently from
mRNAs, while those up-regulated at later meiotic time-points are enriched for RUTs

and XUTs and transcribed antisense to mRNAs. Such distinct IncRNA
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transcriptional profiles, with distinct genomic locations and targeted by different
degradation pathways, argue against such IncRNA transcription representing random

transcriptional noise.

The observed up-regulation of IncRNAs in quiescence is in agreement with a recent
study describing a set of quiescence-induced IncRNAs in murine tissue culture
(Bierhoff et al. 2014). Such IncRNAs have been shown to recruit H4K20
methyltransferase to ribosomal DNA, leading to chromatin compaction and
subsequent repression of ribosomal genes upon growth factor deprivation or terminal

differentiation.

Similarly the observed up-regulation of IncRNAs during meiosis is reminiscent of a
class of budding yeast meiotic IncRNAs that are actively degraded during the mitotic
cell-cycle by the nuclear exosome and stabilised as the cell proceeds into meiotic
differentiation (Lardenois et al. 2011). Moreover, a well-studied example of a
meiotic IncRNA in S. pombe is the meiRNA whose expression is increased upon
entry into meiosis (Watanabe Y. and Yamamoto 1994). This IncRNA is transcribed
from the sme2 locus where it forms a nuclear dot structure together with its protein-
binding partner Mei2. This dot structure promotes the progression of meiosis by
sequestering and thereby inhibiting Mmil, which is involved in the selective
elimination of meiotic transcripts during vegetative growth (Shichino et al. 2014).
Furthermore, expression of sme2 IncRNA, and its retention at the sme2 locus, has
been shown to help mediate robust pairing of homologous chromosomes during

meiosis (Ding et al. 2012).

Bidirectional IncRNAs which run antisense to upstream mRNAs were found to be
enriched at early meiotic time-points, where they may act to couple the
transcriptional regulation of the gene they are transcribed divergently from and the
gene they run antisense to (Chapter 4). For mRNAs in such a set up, divergent
mRNAs were enriched for growth GO-terms, while antisense mRNAs were enriched
for meiotic GO-terms. Thus, such a IncRNA-mRNA arrangement may represent a
mechanism to coordinate expression of growth and meiotic/stress genes. It is also in
agreement with previous suggestions that antisense expression initiated from
bidirectional promoters enables the spreading of regulatory signals from one locus to
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neighbouring genes (Xu et al. 2011, Xu et al. 2009).

It may be of interest to extend the current study to other physiologically relevant cell
states, for example IncRNA expression throughout the cell cycle, or IncRNA
expression in response to environmental stresses such as heat-shock, oxidative stress
or DNA damage. Such physiological perturbations are of relevance in understanding
the mechanisms underlying disease progression in higher eukaryotes. The role of
IncRNAs in human health and disease is of intense interest since a number of
genome-wide association (GWA) studies have shown that variations associated with
complex disorders often map to non-coding regions of the genome (Wapinski and

Chang 2011).

6.3.5 Can pervasive transcription be functional?

From the current study, IncRNAs are pervasive throughout the S. pombe genome
(85% of mRNAs can be associated with at least one IncRNA), lowly expressed
(Section 6.3.3), poorly conserved (6.3.2), and are targeted by RNA surveillance
machineries. Such findings could imply that most IncRNAs are by-products of

transcription.

However, poorly conserved, low level, pervasive non-coding transcription is not
necessarily incompatible with being functional, especially if one considers that any
function may lie in the act of being transcribed rather than the transcript products
themselves.  Several studies have suggested that the process of IncRNA
transcription, rather than the IncRNA product itself, may be functional. For example,
IncRNA transcription may facilitate an open chromatin structure at protein-coding
promoters, thereby increasing access to transcriptional activators and to Pol II
(Hirota et al. 2008). It has also been reported that the IncRNA transcription can
introduce co-transcriptional regulatory histone marks at loci they overlap (Kim T. et
al. 2012, van Werven et al. 2012). In such cases, IncRNA expression level, how
rapidly they are targeted for degradation, and their sequence conservation, are not

necessarily indicators of functionality.

Moreover, even if few individual IncRNA transcripts are found to possess any
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obvious regulatory function, a broad expression of genomes may hold advantages
over an investment in fail-safe transcription initiation control (Jensen et al. 2013).
For example, preventing large genomic regions from being completely silenced may
prevent the formation of too tightly compacted chromatin domains, which would
otherwise be hard to reopen. Secondly, pervasive RNAs, or their transcription, may
aid the 3D shaping of chromosomes into active and repressive domains. Finally, it
has also recently been suggested that low-level pervasive transcription may be part of
a defence mechanism capable of directing an RNAi-dependent silencing response
against transposable elements amplifying within in the genome (Cruz and Houseley

2014).

In summary, the current study provides an in-depth description of the IncRNA
repertoire of S. pombe, and the pathways that regulate their expression. It seems
likely that any regulatory functions mediated by most of these IncRNAs are in cis,
nuclear and co-transcriptional. The current study provides a framework for the
further functional characterisation of IncRNAs, and I will briefly outline future work

that may help to achieve this.

6.4 Future Work
6.4.1 Further genome-wide data sets

6.4.1.1 RNA-seq

As already discussed, it may be of interest to extend the current study to other
physiologically relevant cell states, for example IncRNA expression throughout the
cell cycle, or IncRNA expression in response to environmental stresses such as heat-

shock, oxidative stress or DNA damage.

In addition, given the findings of the current study point to a nuclear co-
transcriptional function of IncRNAs, RNA-seq of the RNA content associated with
chromatin fractions may present a method of enriching for IncRNAs which likely

possess regulatory functions.

Finally, it is increasingly appreciated that gene expression in individual cells deviates

significantly from the average behaviour of cell populations (Kaufmann and van
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Oudenaarden 2007, Saliba et al. 2014). Thus, single-cell transcriptome profiling
could revolutionise our understanding of genome regulation beyond population
averages. Technologies for single-cell RNA-seq profiling are rapidly emerging, and

their application to study IncRNA expression may be of interest.

6.4.1.2 ChIP-seq

Condition-specific transcription factor (TF) binding sites have been used as an
indicator of active regulation of IncRNAs, which argues against IncRNAs being by-
products of non-specific transcription in open chromatin regions. For example,
Necsulea et al. (2014) have shown that in 11 tetrapod species homeobox TFs
preferentially bind to IncRNA promoters, suggesting that such IncRNAs function in
embryonic development. Thus analysing TF binding sites at promoter regions of
IncRNAs, computationally by motif searching and experimentally by ChIP-seq,
could represent an approach to identify actively regulated, and therefore potentially

functional, IncRNAs.

As discussed above, ChIP-seq of H3K4Me3 and Pol II may provide some insight
into the extent to which IncRNAs are transcriptionally regulated (Section 6.2.4).
Similarly H3K9Me2 ChIP-seq will be of interest in determining whether IncRNA
transcription is associated with formation of transient heterochromatin (Section

6.2.2).

6.4.1.3 Proteomics

Recently, Leong et al. (2014) have integrated global proteomics and RNA-seq data
from S. pombe cells exposed to osmotic stress. Such data revealed elevated antisense
IncRNA levels, predominantly arising from read-through at convergent genes, to be
associated with a reduction in protein levels of these genes. Genes with reduced
antisense levels and increased protein production were enriched for core

environmental stress response (CESR) genes.

It would therefore be of interest to combine the transcriptomics data in the current
study with global proteomics data. Firstly this would help elucidate whether
IncRNA-mediated inhibitory effects on mRNA expression result in changes at the

protein level. Secondly it would be informative as to whether any IncRNAs are
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translated into small peptides (Duncan and Mata 2014, Ingolia et al. 2011, Ingolia et
al. 2014, Wilson and Masel 2011).

6.4.2 Deletion and over-expression screens

Ultimately further work to determine functionality of IncRNAs lies in their
systematic deletion and/or over-expression, and the effects such manipulations have
on phenotypes such as cell growth and morphology. The current study serves as a
basis for identifying IncRNAs most amenable to deletion or over-expression, and
such experiments are already underway in the Béhler laboratory (Dr Michal Malecki,

Dr Maria Rodriguez).

Follow-up studies to determine mechanisms underlying IncRNA functionality, such
as ChIRP-seq (see Chapter 1) or RIP-seq to identify DNA and protein interacting

partners, may then be considered.
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