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Abstract

Transcription lies at the centre of gene expression. In eukaryotes, transcription occurs
not only at genes but also across the non-coding portion of the genome, an apparently
pervasive process that gives rise to a wide array of different transcripts. In recent years,
it has emerged that genes themselves are frequently subject to non-coding transcription
of their antisense strand. This antisense transcription is evident in eukaryotes from
yeast to mammals; however its general genome-wide role, if indeed it has one, remains
elusive. Here, the nature of antisense transcription in the budding yeast Saccharomyces
cerevisiae is explored on a genome-wide scale. Antisense transcription is ubiquitous and
often abundant, and appears to be driven by a promoter architecture at the 3’ end of
genes, one which shows evidence of regulation, and which mirrors that found at the 5’
end. Furthermore, antisense transcription shows evidence of changing gene behaviour.
It is associated with a drastically altered chromatin environment at the 5’ promoter and
across the gene body; however it is not associated with a change in the level of gene
transcription itself. Rather, these chromatin changes appear to enforce a change in the
mode of gene transcription, promoting rapid bursts of transcription re-initiation that
result in noisier gene expression - a hitherto unknown role of antisense transcription. It
is proposed that antisense transcription represents a fundamental layer of gene

regulation, and that it should be considered a canonical feature of eukaryotic genes.
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Abbreviations

Abbreviation | Term in full

ac Acetylation

bp Base-pair

ChIP Chromatin immunoprecipitation
ChIP-seq Chromatin immunoprecipitation-sequencing
COMPASS Complex of proteins associated with Set1
CTD C-terminal domain

CUT Cryptic unstable transcript

CFP Cyan fluorescent protein

DBD DNA binding domain

FACT Facilitates Chromatin Transcactions [complex]
GFP Green fluorescent protein

me Methylation

mel Monomethylation

me2 Dimethylation

me2a Asymmetric dimethylation

me3 Trimethylation

MNase Micrococcal nuclease

mRNA Messenger RNA

NET-seq Native elongating transcript sequencing
ncRNA Non-coding RNA

NDR Nucleosome depleted region

NFR Nucleosome free region

oD Optical density

ORF Open reading frame

PIC Pre-initiation complex

RACE Rapid amplification of cDNA ends

rRNA Ribosomal RNA

RNA FISH RNA fluorescence in situ hybridisation
RNA-seq RNA sequencing

RNAP RNA polymerase

RNAPI RNA polymerase I




Abbreviation | Term in full

RNAPII RNA polymerase II

RNAPIII RNA polymerase III

SAGA Spt-Ada-Gcen5 acetyltransferase

SAGE Serial analysis of gene expression

Ser Serine residue

SGD Saccharomyces Genome Database
snRNA Small nuclear RNA

snoRNA Small nucleolar RNA

SUT Stable unannotated transcript

tRNA Transfer RNA

TBP TATA-binding protein

TFBS Transcription factor binding site

TSS Transcription start site

TTS Transcription termination site

ub Ubiquitination

XUT Xrn1l-senstive unstable transcript

YFP Yellow fluorescent protein

YPD Yeast extract - bactopeptone - glucose
YPG Yeast extract - bactopeptone - galactose

Throughout this thesis, ‘yeast’ will be used interchangeably with Saccharomyces

cerevisiae.
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Chapter One

Introduction



1. Introduction

1.1. Transcription lies at the centre of gene expression

Transcription is a fundamental cellular process in which the sequence of nucleotide
residues within a region of DNA is used to direct the synthesis of a single strand of RNA
and, crucially, to define that RNA’s sequence. Genes transcribed in this manner give rise
to a particular class of transcript that are then used to inform the amino acid sequences
of proteins through the process of translation. For this reason such transcripts are
referred to as messenger RNAs (mRNAs), or else coding RNAs. Through this gene
transcription and subsequent translation does an organism’s genetic information
become utilised, and hence the sum of these processes is referred to as gene expression.
However, as well as forming a direct component of this transfer of information,
transcription also plays other crucial roles in gene expression, through the transcription
of non-genic regions of the genome, and the non-coding RNAs (ncRNAs) that result from
this process. ncRNAs, as their name suggests, do not encode proteins, but rather
perform important structural and regulatory roles, and have been implicated in
organismal development (Conte et al. 2013), ageing (Dimmeler and Nicotera 2013) and
also diseases including cancer (Cheng et al. 2013), muscular dystrophy (Batista and
Chang 2013) and Alzheimer’s (Smith-Vikos and Slack 2013). Though some of their
cellular roles are well established, other ncRNAs are emerging whose functions are less
well described. Furthermore, the process of transcription itself is beginning to appear
more complex and widespread than previously anticipated, and consequently our views
on its role within a genomic context are changing. Here, questions are addressed
regarding non-coding transcription in the genome of the budding yeast Saccharomyces
cerevisiae. To begin with, however, it is necessary to review the current understanding

of transcription more generally.



1.2. The mechanism of transcription comprises three stages

Transcription requires an enzyme known as RNA polymerase (RNAP), which can bind
and then process along a region of DNA, recognise the DNA sequence, and synthesise a
corresponding RNA molecule as it processes. RNA polymerase cannot synthesise RNA
independent of DNA and so is said to be DNA dependent. Briefly, the process of
transcription involves three stages: initiation, in which the polymerase goes from being
freely dissociated to being DNA bound and synthesising the initial base pairs of RNA;
elongation, in which the polymerase processes along the DNA whilst synthesising RNA,
assuming transcription is not aborted or arrested prematurely (see below); and
termination, in which the polymerase disengages from the DNA.

Transcription initiation occurs within, or immediately downstream of, a region
of DNA called a promoter. The sequences of promoters vary extensively, as will be
discussed in chapter 3, but are generally considered to be any sequence sufficient to
support some level of initiation. Promoters are found immediately upstream of genes,
where they direct production of mRNAs, but are also present upstream of the sequences
of the non-coding transcripts described below. In eukaryotes, transcription initiation
requires the ordered assembly of general transcription factors at the promoter, which
direct the recruitment of the polymerase and its subsequent passage into elongation.
Together, these factors comprise the pre-initiation complex (PIC). The composition of
the PIC is dependent upon which RNA polymerase is being recruited - in eukaryotes
there are three types: RNAPI, II and III. RNAPI and III are involved in production of non-
coding RNAs as will be discussed below, while RNAPII is involved in the production of
mRNAs as well as non-coding RNAs.

In vitro studies have shown that transcription initiation of RNAPII minimally
requires TFIIB, TFIID, TFIIE, TFIIF, and TFIIH, while TFIIA serves to enhance the level of

transcription (Roeder 1996). Binding of TFIID, a complex containing the TATA-binding



protein (TBP, discussed in chapter 3) and at least fourteen other factors, is required
before subsequent assembly can occur. TFIID introduces a kink in the promoter DNA,
which allows for recognition and binding by subsequent factors. TFIIB then binds and
stabilizes TFIID at the promoter, binding both TFIID and sequences in the promoter
flanking the TFIID binding site. TFIIB then recruits the complex of RNAPII and TFIIF,
subsequent to which TFIIE and TFIIH bind. TFIIH catalyses the ‘melting’ (unwinding) of
the DNA downstream, making it accessible for the procession of RNAPII into elongation
(Dvir et al. 2001). Following this, certain PIC components (TFIID, TFIIA, TFIIH, TFIIE)
have been shown to remain bound to the DNA, where they can support subsequent
rounds of initiation (termed re-initiation) (Yudkovsky et al. 2000). Note that at
approximately 10% of yeast genes initiation involves a TBP-containing complex known
as SAGA in place of TFIID and the other general transcription factors, which is thought
to play important roles in the stress response (Huisinga and Pugh 2004). Note also that
many promoters contain a sequence element called the TATA-box, which, when present,
is bound by TBP, though it is not necessary for TBP binding. Deletion of the TATA box
results in a reduction of transcription, as shall be discussed in chapter 3.

The passage into elongation is not an inevitable consequence of transcription
initiation. Successful passage of the polymerase complex into elongation is referred to as
promoter escape (Dvir 2002). Failure to escape results in aborted initiation - Luse and
Jacob (1987) found that in an in vitro system RNAPII produced trinucleotides in
reactions primed by dinucleotides, while Holstege et al.,, (1997) found that transcripts
accumulated of up to 10 nucleotides following initiation on an adenovirus promoter.
Crystal structures of a TFIIB-RNAPII complex show that the N-terminal region of TFIIB
forms a loop (called the “B-finger) that reaches into the catalytic centre of the
polymerase, contacting both DNA and nascent RNA (Bushnell et al. 2004). Once the

nascent RNA transcript reaches 7 nucleotides in length it clashes sterically with this



finger, necessitating TFIIB displacement or else abortive transcription (Liu et al. 2010).
Suppression of abortive transcription has been shown to be dependent upon the
promoter itself, as well as other factors such as phosphorylation of RNAPII, and
modification of the histone proteins, both of which shall be discussed below, which are
thought to contribute towards the stability of the RNAPII-DNA-RNA ternary complex.
(Shandilya and Roberts 2012).

Upon entering into elongation, the RNAPII complex begins to undergo certain
modifications, required for the recruitment of factors that aid ultimately in termination
but also in processing of the nascent RNA transcript - chemical modifications that
ensure the transcript’s export from the nucleus into the cytoplasm. The largest subunit
of RNAPII, Rpb1, has a C-terminal domain (CTD) comprising multiple copies (52 in
mammals and 26 in yeast) of the heptad repeat YSPTSPS, which can undergo
phosphorylation. Prior to elongation, the fifth and seventh serine residues of the CTD
(Ser5 and Ser7) are phosphorylated by the kinase Kin28, part of the TFIIH complex
(Akhtar et al., 2009; Svejstrup et al., 1994). During transcription elongation, this pattern
of modification changes, with levels of Ser5 phosphorylation dropping due to the action
of the Rtrl and Ssu72 phosphatases (Mosley et al. 2009; Krishnamurthy et al. 2004;
Bataille et al. 2012; Komarnitsky 2000) and with phosphorylation of the second serine
of the repeat (Ser2) rising towards the end of the gene, catalysed by Ctk1 and Burl (Cho
etal. 2001; Liu et al. 2009; Qiu et al. 2009). Following termination, the Fcp1 phosphatase
removes Ser2 phosphorylation prior to further rounds of transcription. Ser5
phosphorylation recruits factors involved in capping the RNA transcript as it is being
synthesised - the cap being a 5’ guanine residue bound by a 5’ to 5’ triphosphate linkage
- which prevents the transcript from being prematurely degraded (Rodriguez et al.
2000; Schroeder 2000). Further downstream, Ser2 phosphorylation directs the

recruitment of factors involved in termination and 3’-end processing, as described



below. CTD modifications are also involved in the recruitment of factors that regulate
transcription, as will be discussed in chapter 5 of this work.

Termination involves two intertwined processes: the disengagement of RNAP
and the processing of the nascent transcript’s 3’ end (Mischo and Proudfoot 2013).
Processing involves cleavage of the 3’ end of the nascent transcript and subsequent
synthesis of a poly(A) tail by a poly(A) polymerase. This process is dependent upon a
sequence within the 3’ region of a gene called the poly(A) signal, which in mammals
takes on the sequence AAUAAA (Proudfoot 2011), the mutation of which leads to
aberrant transcription (Fitzgerald and Shenkt 1981). Mutation of this sequence impairs
both processing and termination, demonstrating the connectivity of these processes
(Edwalds-Gilbert et al., 1993). As well as the poly(A) signal, a downstream, GU rich
sequence enhances 3’ end formation (Conway and Wickens 1985; Green and Hart 1988),
as does an upstream sequence (Danckwardt et al. 2007; Venkataraman et al. 2005).
Several downstream elements have been defined in mammals, though they all share the
ability to create a region of high RNAPII density - a phenomenon referred to as
polymerase pausing - which is believed to slow down the RNAPII and promote
termination (Gromak et al. 2006). Yeast terminator sequences also appear to require
such a tripartite arrangement of sequences, however these elements are less well
defined and show a distinct lack of sequence homology (Guo et al. 1996; Humphrey et al.
1994, 1991). Nevertheless, the poly(A) site has been shown to be necessary for
termination in yeast: Osborne and Guarente (1989) used mutational analysis to define
an 83bp region necessary for correct polyadenylation and termination in the CYC1 gene,
while downstream pausing sites have been shown to enhance the process (Hyman and
Moore 1993). Such a sequence, alone sufficient to direct 3’ end processing and
termination, is referred to as a terminator. The mechanism of processing and

termination in mammals involves five proteins (poly(A) polymerase, cleavage and



polyadenylation specificity facto, cleavage stimulation factor, and cleavage factors I and
I) that direct cleavage of the nascent mRNA’s 3’ end followed by polyadenylation, all of
which have homologous factors in yeast (Proudfoot 2004).

Together, promoters and terminators define what are known as transcription
units - self-contained regions undergoing transcription from a transcription start site
(TSS) to a transcription termination site (TTS). This is complicated, however, by the fact
that some genes can be initiated and/or terminated from distinct sites resulting in
alternative transcription units being used and leading to transcript heterogeneity
(Nagalakshmi et al. 2008). Nevertheless, promoters and terminators can generally be
considered both the boundaries and the necessary constituents of a transcription unit.
Promoters can be experimentally positioned upstream of exogenous open reading
frames (ORFs), such as that of green fluorescent protein (GFP), and in doing so promote
expression (Stagoj et al. 2005), while it is shown in chapter 3 that introduction of a
terminator into the ORF of a gene redefines its transcription unit. Clearly, promoters and
terminators represent critical elements in defining the transcriptional landscape of the
genome. Furthermore, recent evidence would seem to suggest that promoters and

terminators might in some way be functionally analogous, as shall be discussed below.

1.3. Transcription is a highly regulated process

All genes are not transcribed equally. Depending on external conditions or a given cell’s
role within an organism, signalling programs define which genes are being transcribed
at any given time, and to what extent, establishing the overall complement of transcripts
in a cell - the so-called transcriptome. Transcription can vary in terms of the rate at
which polymerases initiate at the promoter, or else elongate across the gene, or
alternatively a given gene might be actively transcribed in some cells within a

population but not in others. Generally, mechanisms that serve to increase transcription



are termed activatory, and those that reduce it termed repressive. Numerous
mechanisms exist to regulate transcription in eukaryotes, all of which are integrated in

order to define the overall transcription state of a given gene.

1.3.1. Transcription factors direct changes in the transcriptome

Transcription factors are proteins that regulate transcription, typically by altering the
stability of the transcription complex itself (the assembly of RNAP and the general
transcription factors), or through other mechanisms described below. Transcription
factors respond to changes in environmental signals and consequently bind to DNA, and
in doing so modulate gene activity. For example, the cell cycle in yeast is dependent
upon the periodic transcription of distinct clusters of genes, which are in turn controlled
by periodic changes in the activation states of certain transcription factors; the SBF
transcription factor, for instance, is repressed by binding of the Whi5 protein, but
activated in the late G1 phase when the Whi5 protein is phosphorylated and
subsequently degraded, leading to activation of the relevant genes (Wittenberg and
Reed 2005). Chromatin immunoprecipitation (ChIP) experiments have shown that,
upon stimulation of transcription factors, the levels of PIC components crosslinking to
promoter regions significantly increases (Weake and Workman 2010). Transcription
factors are one of the most abundant classes of gene in the yeast genome (Teixeira et al.
2006), each recognising and binding to its own specific binding site - short stretches of
DNA sequence recognised by the protein’s DNA binding domain (DBD). Attempts to map
transcription factor binding sites (TFBSs) genome-wide in yeast have met with wildly
different reports of the total number of binding sites, but they are generally thought to
be most enriched within the region 50-150bp upstream of the TSS of a gene (Hughes et
al. 2000). Transcription factors can promote transcription simply by helping to tether

the transcription machinery to the DNA - crosslinking experiments show that the Gen4



transcription factor binds to multiple different PIC components (Fishburn et al. 2005),
while fusion of TBP to the DBD of the transcription factor LexA dramatically increased
transcription, without the need for the transcriptional activation domain of LexA
(Chatterjee and Struhl, 1995). Alternatively, transcription factors can bind to the
transcription complex indirectly via Mediator, a 25-subunit assembly that serves as an
interface between transcription factors and the transcription complex (Biddick and
Young 2005), or else recruit coactivators as shall be described below. Transcription
factors can themselves be regulated by changes in activity, as described above, or by
changes in their levels or localization. For example, Gen4’s cellular concentration is
regulated by nutrient availability and ubiquitination-dependent turnover (Hinnebusch
2005), while Pho4 can be exported to the cytoplasm following its phosphorylation by a
cyclin-dependent kinase complex (Raser and O'Shea, 2004). Through such regulation,
transcription factors can respond to changes in the cellular environment and in turn

modify the transcriptome of the cell accordingly.

1.3.2. An additional layer of regulation: histones, nucleosomes and the NDR

The DNA of a eukaryotic genome does not exist in isolation. It is bound by all manner of
proteins, such as the transcription factors, polymerases and PIC components described
above, constantly associating and disassociating from the DNA and directing gene
expression. In addition, eukaryotic DNA is bound extensively by a core of basic histone
proteins, an octameric structure consisting of two H2A, H2B, H3 and H4 subunits,
around which 146bp of DNA is wound in a superhelix to produce a structure called a
nucleosome (Luger et al. 1997a; Richmond et al. 1997; Phillips and Johns 1965).
Estimates suggest that approximately 55,000-70,000 nucleosomes are bound to yeast
DNA - thus covering approximately 80% of the genome (Lee et al.,, 2007; Mavrich et al,,

2008; Shivaswamy et al., 2008). That DNA should be bound in such a way creates an



issue of topology - other proteins should be impeded in binding to histone-bound DNA,
and so processes such as transcription should also be impeded. Indeed, in vitro studies
showed that histones inhibited transcription initiation, and that elongation led to
displacement of histones from the DNA (Lorch et al. 1987), while TFBSs tend to be
depleted of nucleosomes in vivo (Bernstein et al. 2004). Furthermore, genome-wide
studies show that nucleosome occupancy is generally high at the promoters of
repressed genes (Lee et al. 2007). Most genes, however, display a distinctive
nucleosome arrangement at their 5’ end, whereby the TSS is flanked by two
nucleosomes (termed the -1 and +1 nucleosomes, upstream and downstream
respectively), bordering a region of around 50-150bp (Yuan et al. 2005). This region is
referred to as a Nucleosome Free Region (NFR), or else a Nucleosome Depleted Region
(NDR), and is thought to serve as a platform for the recruitment of the PIC and
accompanying transcription factors - indeed, it has been proposed that DNA signals and
regulatory factors tightly define nucleosome positioning at the promoter, and that this
regulates the positioning of adjacent nucleosomes further up- and downstream
(Mavrich et al. 2008). At the promoter, the size of the NDR is thought to play a role in
defining the activation level of the gene (Figure 1). Active genes more frequently have
open NDRs (~150bp), while at inactive genes they are more frequently closed (~50bp)
(Zaugg and Luscombe 2012). Note that these states represent extremes: in a population
of cells the same gene might have a closed NDR in some cells and an open one in others,
resulting in intermediate levels of transcription. NDRs might also be partially closed,
potentially resulting in intermediate transcription, though Zaugg and Luscombe (2012)
found that NDRs form a bimodal distribution genome-wide, suggesting a preference for
either the closed or open state. They also found that, despite this preferance, there are
still inactive genes that have open NDRs and vice versa, thus other factors can clearly

still regulate transcription independent of nucleosomes. Interestingly, NDRs have also
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been shown to be present at the 3’ ends of genes, where they are thought to be
permissive to termination (Fan et al. 2010). Though nucleosomes would appear to play
a generally repressive role in transcription, they have also been shown to aid
transcription by helping to juxtapose TFBS (Stiinkel et al. 1997). Nucleosomes clearly
represent an additional level of genomic complexity, all the more because of their

capacity to be covalently modified, as shall be discussed below.
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Figure 1: A model of nucleosome-mediated promoter activation

A schematic showing the arrangement of nucleosomes around promoters, as established by
genome-wide studies (Yuan et al.,, 2005). 1) Inactive promoters are frequently marked by high
nucleosome occupancy, with small NDRs thought to prevent access of the transcription
machinery to the promoter sequence and so blocking transcription initiation. 2) Repositioning of
the -1 and +1 nucleosomes allows access of transcription machinery and potentially of activatory
transcription factors, resulting in transcription initiation. 3) A probability density curve showing
the distributions of NDR sizes in both active and inactive genes in YPD medium, taken from Zaugg
and Luscombe, (2012). A bimodal distribution of NDR sizes is evident in both classes, suggesting
a preference for genes to adopt one of these two extremes. The red dotted line shows the
approximate minima of the bimodal distribution for all genes.

11



1.3.3. Histone modification and regulation

All four core histones can undergo extensive covalent modification, including
acetylation, methylation, phosphorylation, ubiquitination and sumoylation, which are
thought to have important gene regulatory consequences (Berger 2007), or at least to
denote certain gene states (Henikoff and Shilatifard 2011). Histone modifications form a
major focus of chapter 5, and shall be discussed in more comprehensive detail there.
Suffice to say that different histone modifications are associated with different genes,
gene states, and gene processes - for example, lysine acetylation of H3 at gene
promoters is associated with active genes (Pokholok et al. 2005), trimethylation of
lysine 79 on H3 (H3K79me3) is typically found at the 3’ end of long genes (Schulze et al.
2011), and acetylation of lysine 56 on H3 (H3K56ac) is associated with the deposition of
new histones on the DNA. Histone modifications are governed by histone modifying
enzymes, which can in turn be recruited by transcription factors to the promoters of
genes (Narlikar et al. 2002). Furthermore, histone modifications can themselves recruit
proteins via certain domains - the bromodomain, for instance, binds to acetylated
regions (Zeng and Zhou 2002), which can lead to further regulatory events. Histones can
also be enzymatically moved along DNA, whilst remaining bound, by the chromatin
remodelling enzymes, which again will be discussed in more detail in chapter 5. These
enzymes can alter the accessibility of DNA, can be recruited both by transcription
factors (Narlikar et al. 2002) and by histone modifications (Kasten et al. 2004), and are
involved in the opening and closing of the NDR (Yen et al. 2012). The gene promoter
therefore plays host to a complex interplay of transcription factors, nucleosomes,
histone modifications and remodelling enzymes, defining the overall level of

transcription.
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1.4. Certain non-coding RNAs have well defined roles

A number of endogenous ncRNAs have been well understood for many years, at least
compared to the more recently emerging transcripts discussed below. The transfer
RNAs (tRNAs), for example, function as the adaptor between mRNA and protein,
recognising the RNA codon and bringing the correct amino acid to the active site of the
ribosome (Hopper and Phizicky 2003). The ribosome itself contains many ribosomal
RNAs (rRNAs), indeed, the ribosomal RNA genes in yeast comprise approximately 10%
of the genome, and much of the transcriptome as well (Warner 1999). The active site of
the ribosome - the peptidyl-transferase centre where peptide bonds are formed - is
itself formed entirely by rRNAs, not by amino acids, demonstrating that RNAs can
catalyse chemical reactions (Ban et al. 2000; Rodnina et al. 2007). Other RNAs include
small nuclear RNAs and small nucleolar RNAs, which are involved in the processing of
other RNAs. Finally, microRNAs are a class of RNA involved in the regulation of gene
expression in multicellular organisms (Novina and Sharp 2004). microRNAs are 19-
25bp in length, and form complimentary hairpin structures that are then processed by
the dicer machinery and used to supress translation by binding to mRNAs with a
complimentary sequence (Novina and Sharp 2004). Short interfering RNAs are similar
save that they arise from double stranded RNAs and can impede transcription itself by
recruiting inhibitory proteins to genes or through the modification of chromatin or DNA.
Notably, the mechanism through which this silencing is directed is absent in S.
cerevisiae. Clearly these distinct classes of ncRNAs perform a broad array of functions;
however, there is also a newly emerging class of ncRNA, one that appears to be
produced pervasively genome-wide, at sites overlapping the transcription units of genes

themselves, which hints at an even wider ncRNA complexity than previously thought.
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1.5. Eukaryotic genomes are pervasively transcribed

A movement towards studying genomes on a large scale, through techniques such as
microarrays and high-throughput sequencing, has revealed a hitherto-unexpected level
of transcriptional complexity within eukaryotes. Rather than being tightly confined to
the coding strands of ORFs (and their accompanying 5’ and 3’ UTRs) and various well-
established non-coding RNAs (tRNAs, rRNAs, snoRNAs etc.), these studies point towards
a transcriptional landscape in which transcription occurs, at least at low levels, in much
of the remaining genome, with non-coding transcripts arising from within intergenic
regions, and, as discussed below, the antisense strands of genes.

Even prior to genome-wide studies, evidence for widespread transcription
existed as early as the 1970s. Milcarek et al., (1974) found an abundance of RNAs in a
poly(A) minus fraction from HeLa cells (30% of the cytoplasmic mRNA abundance),
while another study in sea urchin found that the sequence diversity of heterogenous
nuclear RNA was ten times that of the cytoplasmic mRNA population (Hough et al.
1975). With the advent of microarray technologies, numerous studies in mammals
provided evidence for a more pervasive transcription not restricted to open reading
frames, supporting the observed transcript diversity. Studying transcription of human
chromosomes 21 and 22 with microarrays, Kapranov et al,, (2002) found that nearly ten
times as much of the genomic sequence was transcribed as expected based on the
location of 770 previously predicted and/or characterised genes. A subsequent study of
the human genome, in which rapid amplification of cDNA ends (RACE) was combined
with microarray analysis, identified a vast array of transcripts, the majority of which
were previously unannotated, corresponded to non-coding regions, were not
polyadenylated, and were retained within the nucleus (Cheng et al. 2005). Further work
assessing the locations of PIC components within human fibroblasts found a wealth of

promoter structures that did not correspond to the locations of known genes (Kim et al.
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2005), suggesting that non-coding transcription might be driven by a similar mechanism
to gene transcription.

In yeast, similar approaches have also revealed that transcription is pervasive.
The yeast genome, unlike mammalian genomes, is highly compact; chromosome II, for
example, was found to consist mostly of open reading frames, comprising 72% of the
total sequence (Feldmann et al. 1994). It is perhaps not so surprising, then, that the
yeast genome is pervasively transcribed. Indeed, through use of a genome-wide tiling
array in yeast, it was found that 85% of the genome is transcribed in rich media (David
et al. 2006). Here, a region was defined as transcribed if it showed transcription
significantly above background on either strand (such that if significant expression was
detected one strand but not the other at a given position it was still considered towards
this percentage). However, there is still evidence that much of this is non-coding or else
in regions not previously thought to be transcribed. A genome-wide map of RNAPII
occupancy (Steinmetz et al. 2006) found that RNAPII is present in heterochromatic
regions - previously thought to be transcriptionally silent, and in intergenic regions,
suggesting a role in non-coding transcription.

The presence of such pervasive transcription raises the question as to its
possible function. In recent years, numerous studies have identified a class of transcript
in eukaryotes that may represent a major source of pervasive transcription. Here, these

antisense transcripts are introduced, and their possible genome-wide role discussed.

1.6. Antisense transcription is a major source of pervasive

transcription

Here, an antisense transcript is defined as a non-coding transcript whose transcription
unit overlaps a protein-coding gene in the antisense orientation. The coding transcript is

referred to as the sense transcript. Note that some studies have made the distinction
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between cis antisense transcripts — those described above - and trans antisense
transcripts, which are those transcribed at a distinct loci but which share at least a
partial sequence complementarity with that of a coding gene (this is not to be confused
with the cis-acting and trans-acting regulatory roles for antisense transcription, which
are described below). Here the discussion is restricted entirely to the cis class.
Furthermore, there are instances in which coding genes overlap one another’s
transcription units in a convergent manner, such that the genes can be said to be
antisense to one another, and both can give rise to coding genes. Again, however, this
discussion is limited strictly to non-coding transcripts. Individual examples of antisense
transcripts have been identified in viruses, prokaryotes and eukaryotes (Lapidot and
Pilpel 2006; Knee and Murphy 1997), however, their true prevalence did not become

evident until genome-wide studies were performed, as will be discussed below.

Sense transcription
TSS

5' 3

—

Antisense transcription

Figure 2: A definition of antisense transcription and the antisense
transcript.

A schematic demonstrating how antisense transcription is described in this work. The
transcription unit of a coding sense transcript is flanked by a promoter at the sense transcript’s
5’ end (the TSS) and a terminator at its 3’ end (the TTS). Throughout this work, the 5’ and 3’ end
of a gene refers to the end at which the 5’ or 3’ end of the sense transcript is found. An antisense
transcript is one which (at least partially) overlaps the sense transcript on the non-coding strand
of the gene. The TSS of the antisense transcript is left undefined in this schematic, though as
discussed below, it does show a preference for a site upstream of the TTS of the sense transcript.
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1.6.1. Measuring antisense transcription in yeast

Due to the inability of early genome-wide approaches to distinguish transcription on
one strand from transcription on another, it was at first difficult to identify antisense
transcription on a genome-wide scale. Indeed, in determining levels of gene expression
via such microarrays, antisense transcription is still sometimes assumed to be
negligible, the level of sense transcription being described by the total level of
transcription on both strands. Even with the advent of strand-specific methods, it was
found that in generating cDNA libraries for tiling arrays, spurious synthesis of second
strand DNAs occurred during the reverse transcription reaction, resulting in an over-
estimation of antisense transcription (Perocchi et al. 2007). However, by treating
samples with actinomycin D, Perocchi et al., (2007) were able to reduce such artefacts,
and were still able to observe around 1,500 different antisense transcripts. It was later
shown that such non-coding transcripts are generally clustered in the vicinity of coding
genes, rather than distributed randomly across the genome - thus promoting the idea
that antisense transcripts are associated with a corresponding sense transcript (Neil et
al. 2009; Xu et al. 2009). These studies suggested that approximately a third of genes in
the yeast genome have an associated antisense transcript, but as discussed later, this

fraction may be much higher.

1.6.2. Measuring antisense transcription in mammals

Antisense transcripts have also been identified in mammals, with evidence that they are
a widespread genomic phenomenon Kapranov et al, (2007) found that ~1.1% of the
human genome comprises short transcripts found predominantly at the 5’ and 3’ ends of
annotated protein coding genes. Further to this, He et al, (2008) developed a
modification of the serial analysis of gene expression (SAGE) technique in which RNA is

first treated with bisulphite (changing cytosine residues to uridine), allowing for
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unambiguous assignment of RNA to a specific DNA strand, and so enabling them to
identify antisense transcripts in human cells genome-wide. Looking across five different
cell types, they found between 2900 and 6400 genes that possess antisense transcripts,
representing as much as 11% of the human transcriptome. What was more, these genes
with antisense transcripts changed between cell types, suggesting that antisense
transcripts can be regulated. In support of this, antisense transcript tags were
distributed non-randomly. In keeping with their being non-coding, fewer than 1% of
antisense transcripts showed evidence of splicing. Intriguingly, while the gene
promoters generally showed only very low levels of sense transcription within them (as
one would expect), levels of antisense transcription over the gene promoter were high,
suggesting that antisense transcribing polymerases are not prevented from entering the
gene promoter, and raising the possibility that the arriving polymerase could affect

promoter behaviour.

1.6.3. Sense and antisense transcript pairs

Xu et al, (2011) described the distribution of antisense transcripts in yeast with respect
to their associated sense transcripts, using a previous genome-wide, strand-specific
tilling array (Xu et al. 2009; Neil et al. 2009). The mode distance between the antisense
TTS and the sense TSS was 98bp while the distance between the antisense TSS and the
sense TTS was 77bp, as shown in Figure 3, with the two overlapping transcripts skewed
with respect to one another, such that the antisense transcription unit verges upon the
gene promoter. By combining tiling arrays with 3’ SAGE analysis - in order to accurately
identify 3’ ends (Xu et al. 2009; Neil et al. 2009) - it was shown that antisense
transcripts generally initiate in the vicinity of the 3’ end of their associated gene, often
within an NDR and adjacent to the 5’ end of a downstream, tandemly oriented gene, as

discussed in greater detail below (Xu et al. 2009; Neil et al. 2009; Xu et al. 2011). That
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antisense transcripts generally terminate within the gene promoter mimics what is

observed in humans (He et al., 2008), suggesting they might have similar roles.
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Figure 3: The distribution of sense and antisense transcript start and ends.

(A) A scatter plot with two accompanying historgrams, each showing the distribution of
distances between 1) antisense transcript ends and sense transcript start sites (dz), and 2) sense
transcript ends and antisense transcript start sites (dz), adapted from (Xu et al. 2011). Red lines
show the mode distance. (B) A model of sense and antisense transcription based on these
distributions, with black rectangles indicating the sites of measurement of d;and dz.
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1.6.4. Antisense transcripts can be subdivided on the basis of their degradation
pathway
Antisense transcripts appear to be particularly subject to degradation. A number of
studies have found, at least for a subset of antisense transcripts, that transcript levels
are increased following disruption of RNA exonuclease activities, meaning that they are
often undetectable in wild-type strains. Wyers et al,, (2005) identified a number of
regions, thought to be transcriptionally silent, in which RNAPII-dependent transcription
occurred. Despite being both capped and polyadenylated, the resultant transcripts were
unstable in wild-type cells, however their levels accumulated following mutation of
Rrp6, a component of the nuclear exosome complex. Termination of such cryptic
unstable transcripts (CUTs) was later shown to rely on the Nrd1-Nab3 pathway (Arigo
et al. 2006; Thiebaut et al. 2006), which is thought to recruit the TRAMP complex,
resulting in polyadenylation of the CUT and its subsequent degradation by the nuclear
exosome complex (Vanacova et al. 2005; LaCava et al. 2005; Wyers et al. 2005). CUTs
appear to be degraded immediately following their synthesis (Kuehner and Brow 2008).
That these transcripts should be so quickly degraded raises the question of why
synthesis should happen at all, and whether it is simply an aberrant, unwanted process
(as discussed below), or whether, in fact, it is the act of transcription itself that performs
the biological function, rendering persistence of the transcript unnecessary.

1,496 CUTs were identified genome-wide using an RRP6 deletion strain as part
of a wider study into the yeast transcriptome (Xu et al. 2009; Neil et al. 2009),
comprising 13% of the total transcripts. Additionally, these same studies identified
another class of non-coding transcript that were readily detectable without the need for
RRP6 deletion. These stable unnanotated transcripts (SUTs) comprised 12% of the total
transcripts, and, like the CUTs, were almost entirely oriented antisense to their

associated sense mRNA (>95%). Thus antisense transcripts show variable rates of
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degradation, in a similar manner to sense transcripts (Miller et al. 2011), with a major
subset undergoing rapid degradation following synthesis. Whether these different
classes of antisense transcript have different functional consequences has yet to be
determined. A further class of antisense transcripts have been shown to be degraded
cytoplasmically (Thompson and Parker 2007). van Dijk et al, (2011) used RNA
sequencing (RNA-seq) in a yeast strain in which the cytoplasmic exonuclease Xrnl
(Kem1) was deleted, and so identified over 1,600 transcripts whose levels were
increased. Strikingly, over 75% of the previously identified SUTs were in fact Xrnl-
sensitive unstable transcripts (XUTs). Thus antisense transcripts are more sensitive to
degradation than previously thought, and certainly more extensively degraded than
sense transcripts. Studies in mammals have shown similar trends - the depletion of
exosome subunits in human cells results in the accumulation of short, polyadenylated
gene-associated transcripts (Preker et al. 2008). This instability has broad implications.
Measuring the true extent of antisense transcription - both its extent and abundance -
will be crucial to understanding its function; however, attempts to measure this through
steady state transcript levels alone might result in substantial underestimation, thus
necessitating alternative approaches to measure actual nascent transcription itself, as

shall be discussed in chapter 4.

1.7. Proposed functions of antisense transcription

The existence and prevalence of antisense transcripts and transcription is well
established, with a large number of such transcripts identified in yeast, plants and
mammals (amongst others). What is less clear, however, is their physiological function.
A number of studies have ascribed roles to antisense transcripts, generally on a gene-by-
gene basis. Here the available evidence for some of these proposed functions is

discussed.
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1.7.1. Antisense transcripts have no function

One possible explanation for antisense transcription is that they are neither a desired
process nor a functional one. That antisense transcripts are so rapidly degraded could
support this. Indeed it has been proposed that pervasive transcription, and by extension
antisense transcription, might be the consequence not of regulated, directed
transcriptional processes, but rather a kind of widespread biological error, an inevitable
by-product of active transcription that serves no biological purpose (Struhl 2007). Here,
the author defines infidelity or ‘promiscuity’ in a biological process as “the frequency of
an ‘incorrect’ event as compared with the ‘correct’ event”. Based on available data, they
hypothesise that the majority of RNAPII molecules in yeast are engaged in the
production of junk’ RNA. Because RNAPII elongation is linked with histone depletion
(Schwabish and Struhl 2004; Kristjuhan and Svejstrup 2004), high levels of
transcription will increase DNA accessibility and so the frequency of ‘incorrect’
initiation within genes. This does not explain why antisense transcripts still tend to have
well defined TSSs (Xu et al. 2009; Neil et al. 2009), however it is possible that certain
hotspots of initiation that are prone to transcription initiation exist within genes -
cryptic promoters - from which such apparently aberrant or spurious transcripts
initiate. However, unless these cryptic promoter sequences perform some useful
function it is hard to imagine why they might have been retained in the genome.
Furthermore, one might expect ‘functionless’ promoters to direct transcription in the
sense direction as frequently as they do in the antisense direction, whereas SUTs and
CUTs are transcribed almost exclusively in the antisense direction (Xu et al. 2009; Neil et
al. 2009). Ultimately, that so many polymerases are not engaged in mRNA production
does not serve as proof that antisense transcription is innocuous, but rather would seem
to suggest the opposite. Indeed, it has recently been shown that the expression levels of

antisense transcripts are conserved across different mammalian species (Ling et al.
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2013), and that regions of the yeast genome that are antisense-transcribed are more
highly conserved than those that are not (Goodman et al. 2013), suggesting that

antisense transcription has itself been selected for during evolution.

Transcriptional promiscuity: a model
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Figure 4: A model of transcriptional promiscuity.

A schematic demonstrating how pervasive, non-coding transcription might result as a by-product
of high levels of coding sense transcription, as propounded by Struhl (2007). Here, a gene is
bound across its ORF by histones, which conceal a sequence capable of binding polymerase and
directing transcription in both directions. High levels of sense transcription remove or
redistribute these histones, unveiling the cryptic promoter and resulting in cryptic transcription
in both directions.
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1.7.2. Antisense transcription as a repressor of sense transcription
A number of studies have suggested that antisense transcripts - or antisense
transcription -might act to repress sense transcription. Houseley et al.,, (2008) found
evidence of a long non-coding RNA that initiates at the 3’ end of the GAL10 gene, running
antisense into its promoter region, where it continues along the sense strand of the
adjacent GAL1 gene. Mutation of a Reb1 binding site at the 3’ end of GAL10 was sufficient
to reduce this antisense transcription. Antisense transcription was found to slow the
rate of gene induction - ablation of antisense transcription led to higher mRNA levels
earlier in the induction time course. Thus antisense transcription appears to enhance
repression of GAL10. Intriguingly, antisense transcription was evident at GALI0
irrespective of conditions. By comparison of hybridization intensity of the antisense
transcript to in vitro transcribed RNA, the authors estimated that the transcript was
present in approximately one in every 14 cells, not just under glucose but also galactose
conditions - when GAL10 sense transcription is active. Thus the antisense transcription
does not continually limit sense transcription, but rather appears to modulate the
change in gene behaviour between conditions. Furthermore, by utilising a heterozygous
mutant in which antisense transcription was ablated at only one copy of the GAL10 gene,
Houseley et al., (2008) found that the induction of this gene was not repressed. This
suggests that the antisense transcript cannot operate in trans, and that it may indeed be
the act of transcription conferring downstream effects on gene behaviour, not the
transcript. They went onto show that antisense transcription can modulate the
chromatin at GAL10, suggesting a possible mechanism by which antisense transcription
could act - perhaps continually - to modulate not the transcript levels at steady state
but rather the transition from one state to the next.

Xu et al,, (2011) were also able to demonstrate a role of antisense transcription

in gene repression. They investigated the SER7 gene, which sits adjacent to the GAL80
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gene promoter in a tandem fashion, and which has a SUT that initiates from within the
vicinity of the GAL80 promoter (Figure 5). Deletion of a binding site for Gal4 - a
transcriptional activator present under galactose conditions - resulted in reduction of
the SUT levels and an increase in SER7 transcript levels, again suggesting that the
antisense transcript is repressing gene transcription. This also presents an instance
whereby antisense transcription can be environmentally regulated - in this case by Gal4
- and so suggests that it could be tuned in response to changing conditions in order to

alter gene expression patterns.
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Figure 5: Regulation of SER7 transcription by antisense transcription.

(A) The SER7 gene sits in a tandem arrangement with GAL80, where it is transcribed at low levels
under galactose conditions. A SUT is transcribed from its 3’ end. Under galactose conditions, the
Gal4 transcription activator binds to the GAL80 promoter and promotes GAL80 sense
transcription. (B) Following deletion of the Gal4 binding site, GAL80 transcription is reduced, as
is transcription of the SUT. Coincident with this is an increase in transcription of the SER7 sense
transcript, suggesting that the SUT is acting normally to repress sense transcription.
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Some studies suggest that antisense transcription might behave in trans (through the
transcript itself) as well as or instead of in cis (through the act of transcription).
Camblong et al, (2007) identified two CUTs at the PHO84 gene, which as described
above were stabilised upon deletion of RRP6. Stabilisation in this instance resulted in
repression of the PHO84 gene, together with recruitment of the histone deacetylase
Hdal and consequent repression. Antisense transcripts were still less abundant than
sense transcripts following deletion of RRP6, with a correspondingly low level of RNAPII
detectable at the 3’ end. They propose that the stabilisation of antisense transcript
recruits Hdal, though they do not propose a possible mechanism. Interestingly, the
exosome is known to bind to chromatin (Andrulis et al. 2002; Hieronymus et al. 2004),
and indeed Camblong et al, (2007) found evidence that Rrp6 itself binds to PHO84.
Current work in our lab suggests that Rrp6 has a role in transcription regulation
independent of its role in degradation (Mellor lab, unpublished), thus it is possible that
by deleting Rrp6 they are simply relieving Rrp6-mediated repression. It is still possible
that antisense transcription recruits Rrp6 to the PHO84 promoter, and indeed, ablating
the antisense transcripts by insertion of a HIS5 cassette lead to the relief of PHO84
repression even following the deletion of Rrp6. Thus by virtue of their instability,
antisense transcripts may direct transcription regulators to the promoter. A specific
mutation at Rrp6 led to a decrease in PHO84 repression, a stabilisation of antisense
transcription and a decrease in binding of Rrp6 to PH0O84, suggesting a cis acting
mechanism for antisense transcription mediated silencing. Later work showed that
RRP6 deletion resulted in repression due to enhanced antisense transcription
elongation, suggesting that it is antisense transcription into the PH084 promoter that
mediates repression, and not the accumulation of transcript (Castelnuovo et al. 2013).
However, a further study at PH084 did identify a trans role for antisense transcription at

PH084 (Camblong et al. 2009). Here, insertion of an additional PHO84 gene on a plasmid
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resulted in repression of both copies of the gene. By varying antisense transcription via
the GAL promoter they showed that this repression was dependent upon the antisense
transcript, demonstrating a trans effect. Unlike the cis effect, this repression was not
altered by deletion of histone deacetylases, suggesting two distinct mechanisms.
Analysis of three additional antisense transcribed genes (VTC3, YJR129c and GYP5)
showed that although the showed evidence of repression in an RRP6 delete,
transforming strains with additional copies of the same genes did not lead to repression,
suggesting that repression is mediated exclusively via cis-acting mechanism in these
genes (Camblong et al. 2009). Another study of a XUT at the Tyl retrotransposon,
however also found evidence of a trans acting mechanism (Berretta et al. 2008). Here,
deletion of the exonuclease Xrnl resulted in stabilization of the XUT and reduction of
Ty1 sense transcription, with expression of the XUT from a plasmid again sufficient to
promote repression. This mechanism was also dependent upon histone deacetylation,
thus antisense transcription regulation could be generally dependent on changes in
histone modification. In support of this, Pinskaya et al., (2009) found that repression of
the GAL1 gene by cryptic transcription relied upon the Rpd3 histone deacetylase, which
was tethered to the GALI promoter by H3K4me2/3 upon repression.

Hongay et al., (2006) identified a regulatory role for antisense transcription with
important physiological implications. Antisense transcription was shown to regulate
entry into the meiotic cell cycle; the process in which a single diploid cell produces four
haploid cells. Specifically, the IME4 gene, required for entry into meiosis, was found to
be either antisense transcribed or sense transcribed but not both; diploid cells produced
a sense transcript while haploid cells produced a polyadenylated antisense transcript
that terminated within the IME4 promoter. Haploid mutants that showed increased
sense transcription and reduced antisense transcription showed several diploid-like

characteristics, such as the meiosis-specific transcript IME2. Thus the effects of
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antisense transcription can have crucial biological consequences, arguing against the

non-functional role described above.

1.7.3. Antisense transcription as an activator of sense transcription

As discussed above, it has been suggested that sense transcription might promote
antisense transcription through the removal of histones (Struhl 2007), thus it is
reasonable to hypothesise that the reverse might also be true; that antisense
transcription might promote sense transcription. Uhler et al., (2007) found evidence for
an activatory role for antisense transcription at the PHO5 gene. Upon induction, PHO5
loses four nucleosomes from its promoter (Almer et al. 1986), resulting in the exposure
of the necessary TFBSs for activation. Intriguingly, mutation of the TATA box at the
PHO5 did not affect nucleosome eviction upon induction, suggesting that sense
transcription initiation does not play a role in its direction (Uhler et al., 2007). However,
by impeding RNAPII elongation (through a variety of approaches including mutation of
the Rpb2 subunit of RNAPII) they found that nucleosome eviction was diminished. Thus,
although sense transcription does not seem to be necessary for eviction, another form of
transcription does. A CUT was identified, initiating in the vicinity of the PHO5 3’ end, and
terminating upstream of the PHO5 promoter. Deletion of the 3’ end was sufficient to
abrogate this antisense transcript, including in an RRP6 deletion strain, indicating that
antisense transcription itself had been abrogated. Abrogation resulted in a slower
nucleosome eviction and recruitment of RNAPII to the PHO4 promoter. Thus, even
though antisense-transcribing RNAPII enters the promoter, it does not interfere with
sense transcription but rather modulates promoter chromatin creating a more suitable
platform for initiation and facilitating the change from one cell state to another. A role in
such environmental responsiveness has been proposed genome-wide by (Xu et al.

2011), who determined that antisense transcripts are significantly enriched at stress
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response genes - i.e. genes for which a timely response to changing conditions is

imperative.

1.8. Clues to the mechanism of antisense transcription
initiation

The mechanism of pervasive transcription, and antisense transcription more generally,
is poorly understood, as is the extent to which it mimics that of coding sense
transcription. For example, if non-coding, pervasive transcription is the result of
uncoordinated, promiscuous polymerase activity, does it still necessitate the ordered
assembly of PIC components that precedes normal initiation? Indications as to how
antisense transcription is initiated can be gleaned from genome-wide analyses of
antisense transcript positions as well as maps of the transcription machinery. Xu et al,,
(2009) found that the majority of the 847 SUTs and 925 CUTs they identified originated
from NDRs associated with the promoters of other transcripts, or else from the NDRs at
the 3’ ends of genes. Thus antisense transcripts would appear to require a nucleosome
depleted platform for polymerase assembly and subsequent initiation. That so many of
these NDRs are positioned at the TSSs of genes led to these promoters being termed
‘bidirectional’, i.e. capable of initiating transcription in either direction. It should be
noted, however, that because of the compact nature of the yeast genome, the 5’ end of a
gene is often adjacent to the 3’ end of another gene, in instances where they are
arranged in a tandem fashion. Thus an antisense transcript arising from an NDR at the 5’
end of one gene could also be said to be arising from an NDR at the 3’ end of another.
Nevertheless, it has been proposed that antisense transcription is a consequence of gene
promoters being inherently bidirectional - perhaps a consequence of the polymerase
promiscuity described above (Struhl 2007), and indeed Core et al,, (2008) found that

77% of active genes in human cells had divergently transcribing RNAPII bound at their
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promoters, while Seila et al, (2008) identified short (often divergent) transcripts
upstream of over 50% of genes in the mouse genome. What remains unclear is whether
or not these bidirectional promoters are single promoters - in which a single PIC can
form but from which transcription in both directions can occur - or whether they are in
fact two distinct promoters which can direct sense and antisense transcription
independently. Neil et al,, (2009) found at the TPI1, GPM1 and FBA1 genes, all of which
had divergent CUTs initiating upstream of their TSSs, that upon switching from glycerol
to glucose the levels of the antisense transcript went up while mRNA levels went down,
indicative of inverse regulation, while Yadon et al., (2010) found that mutation of the
chromatin remodelling enzyme ISW2 resulted in increased antisense transcription from
bidirectional promoters, suggesting it is something that must be actively repressed.
These results would seem to support a model whereby transcription from a single PIC
can be ‘funnelled’ into either sense or antisense transcription, but not both, perhaps
because formation of one transcription complex precludes formation of the other. The

different possible models of bidirectional transcription are show in Figure 6.
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Models of bidirectional
transcription

Sense transcription

Figure 6: Models of bidirectional transcription.

A schematic showing possible mechanisms of how antisense transcription might arise from
bidirectional promoters. 1) Bidirectional promoters involve either a single PIC or a single shared
transcription complex that initiates antisense transcription at a rate proportional to the rate of
sense transcription initiation - i.e. the two are co-regulated. 2) As 1, except that sense
transcription precludes antisense transcription, and vice versa, such that the two are inversely
regulated. 3) Bidirectional promoters are in fact two separate promoters, independently
regulated from one another and able to recruit their own PICs. 4) Removal of the sense promoter
in 3 has no effect on the transcription of antisense.
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Like protein coding genes, antisense transcripts also appear to be transcribed by
RNAPIIL. Berretta et al, (2008) showed that antisense transcription at the Tyl
retrotransposon was reduced by thermosensitive mutations of RNAPII components
(RNAPI and Ill-dependent transcripts were unaffected), while Churchman and
Weissman (2011) demonstrated using a combination of an RNAPII pull-down and RNA-
seq that antisense-reads were prevalent genome-wide and corresponded to previously
identified SUTs and CUTs (Neil et al. 2009; Xu et al. 2009). This would seem to suggest
that the process of antisense transcription is similar to sense transcription.
Consequently, one would expect to see PIC components at the sites of initiation, and
indeed, Mavrich et al,, (2008) found TFIIB at the 3’ ends of genes, even after they
removed from consideration any genes whose 3’ ends bordered the 5’ ends of other
genes. That antisense transcription might be initiated in the same fashion as sense
transcription raises the possibility that it might also be regulated similarly, and indeed
there is evidence that environmentally responsive transcription factors might regulate
antisense transcription. Cawley et al, (2004) determined the binding sites of
transcription factors cMyc, Sp1, and p53 in human chromosomes 21 and 22, and found
that 36% of the sites occurred adjacent to the 3’ end of annotated genes, whereas only
22% were found at the 5’ end. As reported above, deletion of Gal4 and Reb1 binding
sites at antisense TSSs in yeast resulted in a loss of transcription (Houseley et al. 2008;
Xu et al. 2011). Furthermore, there is evidence of histone modifications involved in the
regulation of sense transcription also being involved in antisense transcription.
H3K4me3 was identified near the 3’ end of GAL10 when the gene was repressed, at the
site of initiation of the antisense transcript (Houseley et al. 2008). Disruption of the
antisense transcript also reduced H3K4me3. As discussed in Chapter 5, H3K4me3 is a
marker of active genes, thus it is possible that antisense transcription has similar

associations with histone modifications compared with sense transcription, while also
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being directed by transcription factors in the same manner. That transcription factors
should be directing antisense transcription in this way argues against the non-functional
role for antisense transcription described above.

Another important consideration with regards to antisense transcription is
whether it can occur contemporaneously with sense transcription at the same gene. By
this it is not necessarily meant that both polymerases pass across the gene
contemporaneously — something which could lead to polymerase collisions and a block
to transcription (Hobson et al. 2012) - but rather that both promoters are
simultaneously active. Could the two processes prevent one another’s occurrence, or
else inhibit the opposing promoter, whether through chromatin modulation, or indeed
collision? Hongay et al., (2006) found that antisense transcription did not occur at the
same time as sense transcription within the same cells, however, given that antisense
transcription might have repressive effects upon sense transcription they may be
mutually exclusive due to regulatory concerns rather than because it is physically
impossible for both promoters to be simultaneously active. Indeed, genome-wide
studies show instances where sense and antisense transcription can occur across the
same transcription unit (Xu et al. 2011; Churchman and Weissman 2011), while other
studies using RNA fluorescence in situ hybridisation (RNA FISH) have demonstrated that
nascent PHO84 sense and antisense transcripts can be found simultaneously within the
nucleus of the same cells, though this is only observed rarely (Castelnuovo et al., 2013;
less than 5%). Mathematical models describing transcriptional interference (where
transcription in one direction physically occludes transcription in the other) have
shown that strong interference requires particularly strong convergent transcription
(Sneppen et al. 2005), thus it is possible that sense and antisense transcription only

begin to occlude one another at high levels.
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If antisense transcription is directed in a similar fashion to sense transcription, then one
would expect to find PIC components, transcription factors and chromatin features at
the site of antisense transcription initiation. Furthermore, one would expect the levels of
these features to reflect the level of antisense transcription at that site, as is the case for
sense transcription. If antisense transcripts tend to initiate from the 3’ ends of genes,
and/or from the bidirectional promoters of adjacent downstream genes, then one would
expect to see such features at these locations. The implication of this is that terminators
themselves would contain these features, and would therefore be behaving not only as
terminators of sense transcription but also as promoters of antisense transcription (or
perhaps as bidirectional promoters of antisense transcription and downstream sense
transcription). If antisense transcription were pronounced genome-wide, then one
would expect correspondingly pronounced levels of PIC components and transcription
factors etc. It is hypothesised that genes with antisense transcripts will possess an
inherent functional symmetry, with promoters at either end of the open reading frame, a
sense promoter and an antisense promoter, and that terminators themselves might be
capable of acting as promoters (Figure 7). These hypotheses will be tested in chapter 3,
where it shall first be established whether terminators show promoter-like attributes,
followed by an experimental validation to assess whether terminators are sufficient to

direct antisense transcription, and thus behave as promoters.
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Figure 7: The gene symmetry hypothesis

A schematic demonstrating how the presence of antisense transcripts in yeast suggests there is
an inherent symmetry to genes. Antisense transcripts generally start and end transcription
within the vicinity of their corresponding sense transcripts end and start respectively, as shown.
If antisense transcription initiation and termination are dependent upon similar mechanisms to
sense transcription, then one would expect to find factors involved in both processes at both ends
of the gene. If antisense transcription occurs at only very low levels genome-wide, then this
symmetry would be very slight. However the more abundant antisense transcription is genome-
wide, the more pronounced this symmetry would become. If the mechanisms of antisense
transcription initiation and/or termination are identical to their sense counterparts, then it
would also be expected that the canonical sense promoter and terminator would themselves be
symmetrical, i.e. would share sequence elements.

1.9. Aims

The overall aim of this work is to investigate the nature of antisense transcription in the
budding yeast Saccharomyces cerevisiae; to further understanding of this emerging
phenomenon by addressing questions as to its origins and function. Firstly, the initiation
of antisense transcription is explored; both in terms of where it occurs and to what
extent it is regulated. Additionally, the relationship between sense and antisense

transcription is itself assessed - to explore how the latter might affect the former - by
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determining how genes with antisense transcription differ from those without. A

detailed description of these aims is described below and in Figure 8.

1. To explore gene symmetry on a genome-wide level by assessing levels of
canonical promoter features at the 3’ ends of genes.

2. To assess whether antisense transcription shows evidence of regulation, and
whether antisense transcription can be directed and regulated in the absence of
adjacent, bidirectional transcription.

3. To explore how genes differ at their 5’ sense promoters in the presence of
varying levels of antisense transcription, and how it might alter gene behaviour.

4. To assess whether sense and antisense transcription are correlated genome-
wide, to test whether antisense transcripts function generally to repress genes.

5. To build a hypothesis based upon these observations, describing a genome-wide

role for antisense transcription, which can then be tested experimentally.

5. what is the genome wide function of antisense transcription?
4. are sense

and antisense Sense transcription

transcription
é 1. can terminators

correlated?
behave as promoters?
romoter terminator
P & promoter?

_‘ 2. can antisense

3. how do
promoters vary . .. transcription be
inthe presence  Apfisense transcription independently
of antisense regulated?

transcription?

Figure 8: Thesis aims

A schematic outlining the aims of this work, numbered as described in the text. Black arrows
represent possible relationships.
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Chapter Two

Materials and Methods
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2. Materials and Methods

The computational and experimental methods used in this work will be described on a

chapter-by-chapter basis. Where mentioned, named persons other than the author

carried out procedures. Otherwise, procedures were carried out by the author.

2.1. Listof published datasets used in this work

Below is a list of the published datasets used in this work, together with a reference to

the paper in which they were published.

Dataset

Source

Transcript map of wild-type yeast grown to exponential phase,

Nagalakshmi et al.,

YPD medium, determined by RNA-seq. 4534 unique transcripts. (2008)
Transcrlp.t map of Wlld—type and rr[?6A yeast strains, grown to | . . al,, (2009); Xu et
exponential phase in YPD, determined by tiling array. 7272 al,, (2009)

unique transcripts.

Transcript map of wild-type yeast strains arrested at G1,
determined by tiling array. 657 unique transcripts.

Granovskaia et al.,,
(2010)

Transcript map of wild-type yeast grown to exponential phase
in YPD, determined by RNA-seq. 8778 unique transcripts.

Yassour et al., (2010)

Transcript map of wild-type yeast grown to exponential phase
in YPD, determined by RNA-seq. 6160 unique transcripts.

Yassour et al., (2009)

Genome-wide levels of transcription, determined using NET-
seq in order to assess nascent transcription specifically. Yeast
grown to exponential phase in YPD. Briefly, NET-seq involves
immunoprecipitating tagged RNAPII, isolating the nascent RNA,
and subjecting this to RNA-seq. Hence this approach could also
be said to assess genome-wide levels of elongating RNAPIL

Churchman and
Weissman, (2011)

Genome-wide levels of transcription, determined using RNA-
seq. Yeast grown to exponential phase in YPD.

Churchman and
Weissman, (2011)

A genome-wide map of binding sites for 124 different
transcription factors, determined using a combined approach
that first identifies binding sites based on sequence, and then
determines whether a given site is a ‘true’ binding site based on
available ChiP data, and by assessing the degree of conservation
of the site between four different yeast species.

Maclsaac et al., (2006)

Transcriptional plasticity data for 4,486 different yeast genes.
Plasticity is a measure of the variation of the expression of a
given gene across a range of different conditions. Here, values
were obtained using over 1500 different gene expression
arrays.

Tirosh and Barkai
(2008)
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Estimations of gene expression noise for over 2,500 yeast
genes, determined using high-throughput flow cytometry in
conjunction with a library of GFP-tagged yeast strains.

Newman et al. (2006)

Lists of TATA-box containing and TATA-less genes. Determined
by assessing which gene promoters contained the TATA-box
consensus TATA(A/T)A(A/T)(A/G).

Basehoar et al. (2004)

Histone turnover data. Briefly, yeast were engineed carrying
two differently tagged H3 proteins - a Myc-tagged H3 under a
constitutive promoter, and a Flag-tagged H3 under the
inducible GAL promoter. The ratio of Flag/Myc was determined
at several time points following induction to estimate rate of
turnover. Results were obtained in wild-type and set2A strains.

Dion et al,, (2007);
Venkatesh and
Workman (2012)

All subsequent data collected using wild-type yeast grown to exponential phase in YPD

Genome wide levels of TBP, determined by ChIP

Venters and Pugh,
(2009)

Genome wide levels of TFIIB, determined by ChIP

Venters and Pugh,
(2009)

Genome wide levels of Swr1, determined by ChIP

Venters and Pugh,
(2009)

Genome wide levels of Rsc9, determined by ChIP

Venters and Pugh,
(2009)

Genome wide levels of H3K36me3, H3K79me3, H3R2me and
H3R2me2a, determined by ChIP.

Kirmizis et al. (2009)

Genome wide levels of H3K4mel, H3K4me2 and H3K4me3,
determined by ChIP.

Kirmizis et al., (2007)

Genome wide levels of H3K4me3, determined by ChIP.

Guillemette et al.,
(2011)

Genome wide levels of H3K56ac, determined by ChIP.

Xu etal,, (2007)

Genome wide levels of H3K9ac and H3K14ac, determined by
ChIP.

Pokholok et al., (2005)

Genome wide levels of H3K79me2 and H2B normalised levels
of H2BK123 ubiquitination, determined by ChIP.

Schulze et al., (2011)

Genome wide levels of RNAPII CTD Ser2 phosphorylation,
determined by ChIP.

Kim etal., (2010)

Nucleosome occupancy levels, determined using a method that
does not utilise MNase, but rather involves the
immunoprecipitation of histone H3.

Fan et al, (2010)

Nucleosome occupancy levels determined by MNase treatment
of genomic DNA, followed by deep sequencing.

Kaplan et al. (2009)

Table 1: Published datasets used in this work

2.2. Chapter Three Methods
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2.2.1. Classification of genes

Throughout this work, ‘genes’ refers specifically to protein coding genes with non-
dubious ORFs. ORF start and end sites were obtained from the Saccharomyces Genome
Database (SGD; http://www.yeastgenome.org/). The transcription start and transcript
termination sites (TSS and TTS respectively), as determined by Nagalakshmi et al,,
(2008), were then mapped to the ORFs. Throughout chapter 3, reference is made to the
‘3’ region’ of a gene, which is hypothesised to behave as both a canonical terminator and
also a promoter of antisense transcription. The 3’ region of a gene was defined as being
delimited by a point 100bp upstream of a gene’s translation stop codon and by the
border of the nearest downstream ORF (or 600bp downstream of the stop codon
otherwise). For the purposes of the analysis it was important to define genes on the
basis of whether their 3’ regions bordered the 5’ ends of any downstream, protein
coding sense transcripts. Thus any genes whose stop codons were not within 1000bp of
the 5’ end of a protein coding sense transcript were defined in this way. Genes were also
defined on the basis of whether their 3’ regions were adjacent to any ‘modestly’
transcribed genes. A gene was defined as not having a modestly transcribed gene in the
vicinity of its 3’ region if there was no other ORF border (start or stop codon) within
1000bp of the gene’s TSS, belonging to a gene with a transcription value above 80 reads
(See below for an explanation of how a gene’s transcription value was calculated). Genes
labelled as dubious were considered for the purposes of whether a gene’s 3’ region
abutted any other genes, but were otherwise excluded from all analyses. The full set of

genes used in this analysis is available as a supplementary table in Murray et al., (2012).

2.2.2. Collated transcript map
Transcript coordinates were obtained from Nagalakshmi et al, (2008), Neil et al,

(2009); Xu et al,, (2009), Yassour et al.,, (2009), Granovskaia et al., (2010) and Yassour et
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al,, (2010), and mapped to the yeast genome. The aim was to combine multiple sources
in order to obtain a more comprehensive map of both sense and antisense transcripts.
Combining the maps from the five sources gave a total list of 27,401 transcripts,
however it was expected many of the transcripts between the different sources would in
fact be the same species. Transcripts were defined here as being the same between two
different sources if both their start and end sites fell within 75 bp of one another and
they were of the same orientation. To decide which of the two transcripts would be
discarded from such a pairing, priorities were assigned to the five different sources. In
order of descending priority, this was: Granovskaia et al., (2010), Neil et al., (2009)/Xu
et al, (2009), Yassour et al., (2010), Yassour et al, (2009) and Nagalakshmi et al,,
(2008). By removing transcripts deemed to be the same, the list was reduced from
27,401 down to 19,877 transcripts. Of the transcript maps, 100% of the transcripts from
Granovskaia et al,, (2010) was retained (657 transcripts), 98.5% of the transcripts from
Neil et al, (2009)/Xu et al,, (2009) were retained (7163 transcripts out of a total of
7272), 50.5% of the transcripts from Yassour et al, (2010) were retained (4420
transcripts out of a total of 8778), 99.9% of the transcripts from Yassour et al.,, (2009)
were retained (6156 transcripts out of a total of 6160) and 32.4% of the transcripts
from Nagalakshmi et al., (2008) were retained (1471 transcripts out of a total of 4534).
Antisense transcripts were defined as those transcripts whose TSS lay within the 3’
region of a gene (as defined above) and which ran antisense to that gene. Such genes
were in turn defined as those possessing an antisense transcript. The collated list of

transcripts is available as a supplementary table in Murray et al., (2012).

2.2.3. Transcriptional plasticity data
Transcriptional plasticity data was obtained from Tirosh and Barkai (2008), who in turn

estimated these values using a range of microarray expression data conducted under
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different experimental conditions from Ihmels et al, (2002). Briefly, they estimated
plasticity as the sum of squared deviation scores of the logz-transformed expression
ratios. Genes were ranked in terms of transcriptional plasticity in order to obtain the

high and low transcriptional plasticity genes.

2.2.4. Genome-wide ChIP data

Genome-wide levels of TBP (Spt15), TFIIB (Sua7), Swrl and Rsc9 were obtained from
Venters and Pugh, (2009). Normalised nucleosome occupancy values were obtained
from Kaplan et al,, (2009) and Fan et al,, (2010) to obtain the MNase-dependent and
independent occupancy respectively. All genome-wide ChIP data was obtained under
approximately similar growth conditions. Average levels around either the TSS or the
TTS of a particular gene set were calculated by aligning the genes by either the TSS (for
the 5’ region) or the TSS (for the 3’ region) and averaging the occupancy at each base.
The resultant average occupancy was then smoothed with a 41bp window. When
aligning the protein-coding genes by their TSS or TTS ends the mapped ends determined
by Nagalakshmi et al.,, (2008) were used. When aligning the antisense transcripts by
their TSS the annotated ends from the collated transcript map described above were
used. To determine the levels of TBP and TFIIB in the 3’ region as a percentage of those
in the 5’ region the difference between the maximum and minimum average level in the
3’ region was divided by the difference between the maximum and minimum average

level in the 5’ region.

2.2.5. Calculating AT richness
The AT richness for a specific base was defined as the average frequency of A or T
nucleotides within a 21bp window centred on that base. The average AT richness

around the TTS was determined by aligning all the genes in a given set by the TTS of
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their protein-coding transcript and averaging the AT richness at each base. The
resultant average AT richness was then smoothed with a 41bp window. For
comparative purposes, displayed AT richness data has been inverted, to highlight the
similarity between AT richness and nucleosome occupancy as determined using an

MNase-dependent assay.

2.2.6. Nascent transcription levels

Genome-wide levels of elongating RNAPII (nascent transcription) were obtained from
Churchman and Weissman (2011). To quantify the level of transcription of a given
transcript a similar method was used to that described previously (Churchman and
Weissman, 2011). In summary, the sum of the read density in a sliding 500bp window
was calculated, starting 50bp upstream of the transcript start site and ending 700bp
downstream of the start site, or else the end of the transcript if it was shorter than
700bp. The transcription level was defined as the maximum value obtained in this way.
This sliding window method was performed due to concerns that annotated TSSs might
be inaccurate (Churchman and Weissman, 2011). To determine the level of transcription
of a gene’s antisense strand for those genes without an antisense transcript the TTS of
its protein-coding sense transcript was used in place of the TSS. For the purposes of
determining if a gene was modestly transcribed, for reasons described above, it was
necessary to determine the transcription level of all genes, even those without mapped
TSSs (including dubious ORFs). For these genes a point 100bp upstream of the start
codon was used to calculate the transcription level. To obtain the average RNAPII level
across the antisense strand - for the purposes of comparing antisense transcription
between genes with defined antisense transcripts and those without - all genes were
aligned by the TTS of their protein-coding sense transcript, as determined by

Nagalakshmi et al, (2008), and calculated the average number of reads at each
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nucleotide relative to the anchor point. It was also necessary to determine the
transcription levels of the antisense transcripts themselves - distinct from determining
the level of RNAPII on the antisense strand of coding genes. The transcription level in
the 5 regions of the antisense transcripts was determined using the same sliding
window approach as the sense transcripts above. Additionally, it was necessary to
determine the average RNAPII density upstream of the antisense TSS and on the
opposite strand, in order to assess divergent sense transcription. The highly transcribed
group of antisense transcripts were defined as the top 20% of the data, based upon the
transcription values obtained above. Before defining the lowly transcribed group the
bottom 10% of the data was masked from consideration, to remove potential false
positive antisense transcripts for which one might expect no PIC formation to be
present. The lowly transcribed group was then defined as the 20% above this. To
determine antisense transcripts with low levels of divergent sense transcription the
sum of the sense NET-seq reads was determined in an 800bp window placed 50bp
upstream of the antisense TSS. From this it was determined which antisense transcripts
had low divergent sense transcription (the bottom 35% of the data). From this group,
antisense transcripts were selected for that were not adjacent to the 5’ end of any non-
RNAPII transcribed elements, to ensure an absence of divergent transcription. This
group included rRNAs, tRNAs, snRNAs, snoRNAs, retrotransposons and transposable
elements. Their coordinates were obtained from the SGD browser. The highly and lowly

transcribed groups were selected as described above.

2.2.7. Transcription factor binding sites
The transcription factor binding site map was downloaded from the Fraenkel lab’s
website (http://fraenkel.mit.edu/improved_map/; Maclsaac et al., 2006). A binding site

was defined as a ‘true’ site based upon the confidence of the ChIP-chip data (p < 0.005).
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Genes were defined as having 3’ TFBSs if one or more sites were present within its 3’
region, as defined above. Distributions of TFBSs around the 3’ end were determined
using the same approach applied by Lin et al.,, (2010) to the 5’ end. The frequency at a
given bp relative to the TTS was determined by determining the number of genes which
have a TFBS at that site by the total number of genes. If a particular bp position was not
assessed in the ChIP-chip analysis by Maclsaac et al., (2006) at a given gene then it was

not considered towards this total number.

2.2.8. Analysing bidirectional promoters
Classes of bidirectional promoters were selected as described in the Results section of
Chapter 3. The antisense transcripts considered were those defined above as part of the

collated map.

2.2.9. Error bars and p-values

Where present, error bars represent the standard deviation determined from 1000
bootstrap pseudoreplicates of the data. p-values were determined using the Wilcoxon
rank sum test, by comparing the distributions of data at the maximum points, i.e. when
comparing the average TBP level in genes with or without antisense transcripts. This
was performed for all genomic features of interest, except for nucleosome occupancy, in

which case the minimum points were compared.

2.2.10. Construction of yeast strains and experimental methods

(Performed by Ana Serra Barros)

Experiments were done in yeast strain BY4741 (MATa his3A1 leu2A0 met15A0 ura3A0).
DNA for yeast transformation was generated by PCR using primers with sequences

homologous to the regions flanking the insertion site. The ADH1 and TEF terminator
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regions (ADH1t and TEFr) used here are the sequences present in vectors used to
construct yeast gene deletions (Longtine et al. 1998), and as such were inserted initially
as part of a selective KanMX marker. ADH1rwas present upstream of the marker while
TEFr was present downstream of it. The ADH11:TEFp:KanMX:TEFr cassette was inserted
at +757 in GAL1 with respect to the ATG, while the ADH11:TEFp:HIS:TEFr cassette was
inserted into the 3’ region of GAL10, resulting in loss of 554 residues between +1453
and +2007 with respect to the ATG. This also resulted in the removal of a bi-directional
promoter responsible for the GAL10 antisense transcripts produced in glucose,
initiating around +1611 (Houseley et al. 2008).

The Cre-lox recombination system (Giildener et al. 1996) was then used to
remove undesired sequence elements after transformation, utilising loxP sites flanking
the marker sequence. The production of ADHr.loxP via a Leu* intermediate (ADH1r.loxP-
LEU2-10xP) was achieved through transformation with his* pSH62; leaky expression of
the cre recombinase behind a GAL1 promoter drove excision of the leu* marker.
Kanamycin sensitive, leucine auxotrophs were identified by replica plating and
sequenced. The complete removal of the kanMX6 cassette - leaving the ADH1 r sequence
followed by a 106 bp crelox recombination signature - did not affect the length or
abundance of sense or antisense transcripts in the ADH1r.loxP strain (data not shown).
Excision of ADH1 r together with the TEFp and KanMX protein coding sequences left just
the TEF terminator downstream of a loxP site.

Yeast cultures were incubated at 30°C oscillating with a 2 cm radius at 200 rpm.
Overnight cultures were grown to stationary phase in rich media (YPD) consisting of 1%
bactopeptone, 1% Difco yeast extract and 2% glucose. Cells were grown to exponential
phase in conical flasks by inoculating 50 ml YPD with overnight cultures to an optical
density (OD) of 0.2. GAL genes were induced by incubation of exponential cells (OD

0f 0.4-0.6) with 50 ml (YPG/ 1% bactopeptone, 1% Difco yeast extract and 2%
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Galactose) for the time indicated after two washes with YP. Total RNA was obtained by
hot phenol extraction and normalised to 1 pg/ul using a nanodrop spectrophotometer
and stored at -20°C. RNA samples (15 pg) were separated by electrophoresis on a
formaldehyde 1% agarose gel containing ethidium bromide at 100 V for 3 h (unless
stated otherwise). rRNA loading controls were photographed under ultra-violet light

using a 0.5 s exposure.

2.2.11. Preparing strand-specific probes

(Performed by Ana Serra Barros)

Asymmetric PCR on PCR amplified dsDNA fragments was used to create ssDNA
radiolabelled probes to allow detection of the sense or antisense transcripts at GALI or
GAL10. The 50ul reaction contained 50ng of template DNA, 2ul of a nested primer at
50uM (50X molar excess), 10ul betaine (5M), 5ul 10X taq buffer, 4ul dGAT (2.5mM
each), 1.5ul dCTP (0.1mM) 1pl Taq Pol (5U/pl), H20 to 47.5ul, 2.5ul [a-32P]dCTP
370MBq/ml, and subjected to 25-30 cycles in the PCR machine, 50ul of T.E. added and
cleaned using a Sephadex G-50 spin column. 1 x 106 cpm/ml is added to the northern

blot membrane after pre-hybridization without heat denaturation.

2.3. Chapter Four Methods

2.3.1. Determining sense and antisense ratios

RNA-seq and NET-seq data was obtained from Churchman and Weissman (2011), in
which yeast strains were grown in YPD at 30°C with shaking from an initial optical
density (OD) of 0.1 to mid-log phase with an OD of 0.6-0.8. The average number of reads
per base was determined within the windows described in chapter 4, for both sense and
antisense reads, and from both NET-seq and RNA-seq experiments. Ratios were

obtained by dividing average antisense reads by average sense reads. Gene promoters
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were considered as being part of a bidirectional promoter directing divergent coding
transcription if there was the TSS of a divergently oriented, non-dubious ORF within
600bp of its own TSS. Gene promoters were considered as being part of a bidirectional
promoter directing sense and antisense transcription if there was no TSS of a
divergently oriented, ORF (dubious or non-dubious) within 1000bp of its own TSS. p-
values were obtained by comparing the distribution of ratios for a given window

between NET-seq and RNA-seq antisense/sense ratios.

2.3.2. Determining sense and antisense transcription correlations
Spearman rank correlation coefficients were obtained by comparing sense and

antisense NET-seq reads in the windows described in chapter 4.

2.4. Chapter Five Methods

2.4.1. Classification of genes

Transcription start (TSS) and end sites were annotated as described above. If no site
was available, a hypothetical TSS was assigned using a genome-wide consensus. Genes
defined as dubious or which overlapped with other genes were removed from all
analyses. The remaining genes (5,183) were divided into five classes, each comprising
approximately 20% of the total, based on levels determined previously by NET-seq
(Churchman and Weissman, 2011), in a 300bp window downstream of the sense TSS.
Genes were defined as TATA-box containing or TATA-less using the classifications by

(Basehoar et al. 2004).

2.4.2. Genome-wide ChIP data
Genome-wide levels of Spt15 (TBP) and Sua7 (TFIIB) were obtained from Venters and

Pugh (2009). Levels of H3K36me3, H3K79me3, H3R2me and H3R2me2a were obtained
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from (Kirmizis et al. 2009). Levels of H3K4me1, H3K4me2 and H3K4me3 were obtained
from Kirmizis et al., (2007). Levels of H3K4ac were obtained from Guillemette et al,,
(2011). Levels of H3K56ac were obtained from Xu et al,, (2007). Levels of H3K9ac and
H3K14ac were obtained from Pokholok et al., (2005). Levels of H3K79me2 and H2B
normalised levels of H2BK123 ubiquitination were obtained from Schulze et al,, (2011).
Levels of Htzl were obtained from Guillemette et al, (2005). RNAPII CTD Ser2
phosphorylation data was obtained from Kim et al.,, (2010). All H3 modifications were
normalised to H3 levels before subsequent analysis. All genome-wide ChIP data was
obtained under approximately similar growth conditions. To assess the correlation of a
given feature with sense and, separately, antisense transcription, the level of the feature
inside a 10bp window slid across the TSS from -1000 to +1500 was determined for the
5183 genes described in the main text, and the Spearman’s correlation coefficient

determined for each window step.

2.4.3. Transcription machinery at promoters

Levels of 202 different transcription-related proteins at gene promoters were
determined using a comprehensive study (Venters et al. 2011). p-values were
determined using the Wilcoxon rank-sum test and comparing the distribution of binding

levels between genes with high and low levels of antisense transcription.

2.4.4. Nucleosome occupancy and NFR sizes

Nucleosome occupancy levels were obtained from Kaplan et al,, (2009) and coordinates
determined as described previously by Zaugg and Luscombe (2012). Briefly,
nucleosome boundary coordinates were determined using the GeneTrack software
(Albert et al. 2008). The NDR of a gene was defined as the distance between the 3’

coordinate of the upstream nucleosome (-1) and the 5’ coordinate of the downstream
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(+1) nucleosome. NDRs of more than 500bp were excluded from consideration due to
previous concerns that they are the result of missing data (Zaugg and Luscombe 2012).
The distance between the -1 and +1 nucleosome was defined as the NDR size for a given
gene determined using these coordinates, and the median size for a given group

calculated.

2.4.5. H3K4 methylation distributions
To assess the distribution of H3K4 methylation across genes the gene body was divided
into 30 equally sized bins. The level of H3K4 methylation (me, me2 and me3) in each bin

was then determined as a fraction of the total level across the entire gene body.

2.4.6. Histone turnover data

Estimated levels of H3 turnover genome-wide were obtained from Dion et al,, (2007),
and Venkatesh and Workman (2012). At a given gene region (-1 to +4 nucleosomes), the
H3 turnover rate was determined as the maximum rate of all the probes overlapping
that region. To correlate histone turnover with histone modification genome-wide, the
average level of a given modification was determined within every probe for which
turnover estimates were available. A Spearman’s correlation coefficient was then

determined by comparing levels of modification with histone turnover.

2.4.7. Genome-wide correlations with nascent transcription

To determine the level of association between numerous histone modifications and both
sense and antisense-transcribing RNAPII, the yeast genome was first divided into
overlapping 50bp windows. For those windows that fell within a single transcription
unit (i.e. that did not lie outside transcription units or within a region overlapped by two

transcription units with reverse orientation), the level of nascent sense and antisense
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transcription was determined, as was the level of the histone modifications. A Spearman
rank correlation coefficient was then determined for each of these modifications by
correlating levels of the modification with the level of nascent sense and, separately,

antisense transcription in the same window.

2.4.8. Statistical tests

All p-values were calculated using the Wilcoxon rank sum test. For figures displaying the
average levels of a given factor or modification around the TSS, p-values shown are
those calculated by comparing the distributions at the maximum point in the vicinity of
the TSS for the highest and the lowest antisense-transcribed groups, or at the minimum
points for graphs of nucleosome occupancy, H3K36me3, H3K79me2, H3K79me3 and

H2BK123ub.

2.5. Chapter Six Methods

2.5.1. Genome-wide expression noise data
Genes were assigned expression noise levels from Newman et al., (2006). Genes were
defined as being TATA-less or TATA-box containing based on the classification by

(Basehoar et al. 2004).

2.5.2. Strain construction

(Performed by Ana Serra Barros, Tania Nguyen and Simon Hdnni)

The GAL1:ADH1r strain used was that described above for chapter 3. The HMS2:ADH1r
insert strain was devised similarly, with a 10bp region at 651-660 relative to the ATG
being replaced with ADH1r attached to a kanMX6 expression cassette. For subsequent

experiments, GALI wild-type and derivative strains were grown for two hours in YPG, as
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described in the methods for chapter 3, unless otherwise stated. HMS2 wild-type and

derivative strains were grown for two hours in YPD, unless otherwise stated.

2.5.3. RNAFISH

(Performed by Frangoise Howe, Tania Nguyen and Simon Hdinni)

RNA FISH was carried out as described previously (Zenklusen and Singer 2010). For
GAL1, GAL10, HMS2 and all derivatives, four DNA probes of approximately 50
nucleotides in length and 50% in G C content were designed to be complementary to the
5’ region. This would allow for detection of nascent transcripts as they emerged from
the elongating RNAPII complex. Probes contained five amino-allyl dT modified bases,
which were coupled to fluorescent cyanine dyes. Probes detecting GAL10 antisense
transcripts were complementary to the 3’ end of GAL10.

Cells were grown as described in the methods for chapter 3. For GAL1 and
GAL10, cells were grown in YPD and induced in YPG for 2 hours after washing. For HMS2
cells were grown in YPD. Briefly, cells were spheroplasted by digestion with a lyticase
enzyme following centrifugation of cell pellets, which allows access of the probes.
Spheroplasts were then immobilised on glass coverslips. Hybridization was performed
using with 2 ng of probe mix in a hybridization chamber. Image acquisition was
performed using a DeltaVision CORE: Wide-field fluorescence deconvolution imaging
microscope. 31 “z-stacks” were obtained using a 100x objective lens, in order to obtain
3D images. Images were captured using a CoolSNAP HQ camera (Photometrics, Tucson,

AZ).

2.5.4. Image analysis
Image analysis was performed in Image] (Schneider et al. 2012). Analysis was

performed on a composite image of DAPI and probe signals, comprised from the
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maximum intensities obtained from z-stacks 12-22. To define a threshold by which to
determine whether a given cell was expressing or not, a knockout strain was used (an
HMS2 knockout for the HMS2 experiments and a GAL1/GAL10 double knockout for the
GAL1 and GAL10 experiments). This threshold was determined by obtaining the average
maximum intensity within cells of the knockout strains, plus two standard deviations.
Cell boundaries were defined using custom macros written in Image]. Nuclear dots were
determined manually, based on the presence of a bright dot within the DAPI stained
nucleus. To calculate the number of nascent transcripts within a cell, a similar method
was used to that described by Zenklusen et al,, (2008). The maximum intensity of a
given nuclear dot was divided by the average maximum intensity of cytoplasmic dots -
thought to represent single cytoplasmic transcripts - and the result rounded to the
nearest whole number to yield the number of nascent transcripts. The distributions
were pooled from multiple biological repeats — two for the ada2/sgf73 experiments and

three or more for the remainder.

2.5.5. Mapping of transcript initiation and termination sites

(Performed by Simon Hdinni)

Initiation and termination sites for both sense and antisense transcripts at GAL1 and the
GAL1 constructs were mapped following 15 and 90 minutes induction with galactose.

Mapping was carried out as described previously (Grange 2008).

2.5.6. Chromatin immunoprecipitation

(Performed by Frangoise Howe and Karolina Chocian)

ChIP was performed as described in (Morillon et al., 2005; Pinskaya et al., 2009).
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3. Gene symmetry: antisense transcription and 3’

promoters

3.1. Summary

As discussed in chapter 1, the widespread occurrence of antisense transcripts initiating
from the 3’ end of genes suggests that terminators of genes may also behave as
promoters - i.e. that there may be an inherent functional symmetry to genes. Antisense
transcription could therefore represent an additional canonical feature of a gene, tuned
by regulating transcription initiation at the de facto terminator. An alternative to this is
that antisense transcription is a consequence of unregulated transcription initiation
events occurring at downstream promoters, a consequence of the polymerase
‘promiscuity’ discussed in chapter 1. In this chapter the idea of gene symmetry is
explored, as is the possibility that antisense transcription might be an independently
regulated process in its own right. Genome-wide data sets are used to assess whether
genes with antisense transcripts are enriched for traditional promoter elements and
components at their terminators, whether these “3’ antisense promoters” show
evidence of regulation, and whether they are in turn regulating the canonical sense
promoter. It is also established whether these observations hold for genes whose
terminators do not abut the promoters of downstream genes, to address questions
regarding polymerase promiscuity, and the regulatory roles for antisense transcripts

are assessed by asking if they increase transcriptional plasticity.
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3.2. Introduction

The existence of antisense transcripts suggests an inherent symmetry to gene structure,
in which promoters are present at either end. Here, the gene symmetry hypothesis is
explored by assessing whether terminators generally behave as promoters, employing a
genome-wide strategy to assess the levels of promoter features at the 3’ regions of

genes. To this end, the nature of promoters and ‘promoter features’ are discussed below.

3.2.1. Promoters direct transcription initiation

Generally, a promoter is a sequence upstream of a transcription unit that is necessary to
direct transcription of that unit. One might say that a gene promoter is strictly one that
directs transcription of the coding transcript of the gene. In antisense transcribed genes,
however, both strands of a gene are subject to transcription, suggesting the existence of
a promoter at the 3’ end. For now, this hypothetical sequence is termed the 3’ antisense
promoter, to discriminate it from the canonical gene promoter, which is termed the 5’
sense promoter. Note that other non-coding RNAs such as tRNAs, rRNAs and snoRNAs
have their own promoters, and also that promoters can be found within genes - internal
promoters, which may in fact be synonymous with the promoters of antisense
transcription (Kim et al. 2012). As discussed in chapter 1, it has been proposed that
antisense transcription is a consequence of polymerase promiscuity, a low level
biological error. Here this idea is explored by establishing whether antisense
transcription is associated with 3’ promoter structures and regulatory features
comparable to those at the 5’ end, which would argue against such a model. Antisense
transcription is performed by RNAPII (Berretta et al. 2008; Churchman and Weissman
2011), and so here the consideration is limited to factors involved in its regulation, and

to the features typically found at the promoters of RNAPII-transcribed units.
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3.2.2. Promoters are marked by distinct sequence elements.
The core promoter is the region of the promoter to which RNAPII binds, together with
the basal transcription machinery. Core promoters are far from invariant, and indeed
are highly diverse in both sequence and functionality (Butler and Kadonaga 2002).
Nevertheless, certain sequence elements have been identified that, though not
ubiquitous to all promoters, play important roles in recruitment of the transcription
machinery and the definition of the transcription unit. The first such element of the core
promoter identified was the TATA-box, the binding site of the TATA-binding protein
(TBP), a highly conserved transcription factor necessary for transcription initiation by
all three eukaryotic RNA polymerases (Greenblatt 1991; Cormack and Struhl 1992). The
TATA-box was discovered through the comparison of intergenic sequences in
Drosophila melanogaster, mammalian, and viral protein-coding genes (Breathnach and
Chambon 1981), in which the vast majority of genes had the sequence TATAAA 25-
30bp upstream of their transcription start site. In yeast, the TATA-box is much less
tightly confined to a distance between 40-120bp upstream of the TSS (Smale and
Kadonaga 2003). Recently, it has been shown that the sequence of the core promoter is
itself closely tied to the strength of the promoter - i.e. the transcriptional activity it
confers upon the downstream gene (Lubliner et al. 2013). The TATA-box has several
identified sequence variants to which TBP binds with differing affinity and support
varying levels of transcription (Chen and Struhl 1988; Yean and Gralla 1997; Singer et al.
1990). These findings suggest that the core promoter defines a set-point level of
transcription that is independent of environmental conditions i.e. that in the absence of
regulation, individual genes still have different activities.

Though higher eukaryotes possess other core elements such as the Inr and the
DPE (Juven-Gershon and Kadonaga 2010), these elements are not found in yeast.

Another study has identified the TA richness surrounding the TSS as being a feature of
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strong core promoters, with AT rich region upstream and an A rich region downstream
(Maicas and Friesen 1990). Whether the TATA-box is present at all promoters or not has
been the subject of several additional studies. By comparing promoter sequences and
combining this with conservation studies in four different yeast species, the consensus
motif TATA(A/T)A(A/T)(A/G) was identified, and found to be present at only 19% of
genes (Basehoar et al. 2004). This definition has been shown to be predictive of a
number of other gene features. So called TATA-containing genes are more likely to be
bound by the SAGA-complex than by TFIID (Basehoar et al. 2004), are more extensively
bound by gene-specific transcription factors (Lin et al. 2010), have a higher level of gene
expression noise, and are more transcriptionally plastic, a feature of genes which shall
be discussed below (Tirosh and Barkai 2008). Nevertheless, using a more relaxed
definition of the TATA-box, in which genes were allowed to deviate from the consensus
by up to two nucleotides, almost all yeast promoters have been shown to contain the
element (Rhee and Pugh 2011), and to be capable of binding to TBP, albeit more weakly.
TATA-boxes and TBP therefore represent important promoter features, and below it is
assessed whether they are present at the 3’ ends of genes. Additionally, the levels of the
PIC component TFIIB, which is required for RNAPII recruitment to promoters, and NDRs

upon which the PIC forms are assessed (see chapter 1).

3.2.3. TFBSrepresent important elements of the proximal promoter

As discussed in chapter 1, transcription factors are involved in regulating genes in
response to changing environmental conditions, binding to their cognate binding sites
(TFBSs) and modulating transcription levels (Jacob and Monod 1961). Identifying the
cognate sites of TFBS has involved techniques such as DNA footprinting (Hampshire et
al. 2007), protein binding microarrays (Newburger and Bulyk 2009) or else the

application of motif-finding algorithms to the sequences of coregulated promoters
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(Neuwald et al. 1995). Attempts to identify TFBSs genome-wide can involve simply
matching the consensus site to the available genome sequence - using scoring matrices
and an arbitrary threshold to define positions (Stormo 2000). However, these
approaches are thought to give an overwhelming number of false-positives - non-
functional binding sites, often present within the coding regions themselves. Attempts to
overcome this have involved the use of phylogenetic analysis (Kellis et al. 2003),
determining which of these TFBSs are evolutionarily conserved, and allowing for the
identification of e.g. the Gal4 binding sites in the GAL1-10 promoter. Such approaches
have been reinforced by the additional use of genome-wide ChIP approaches, assessing
which of the computationally identified sites also show evidence of physical binding and
evolutionary conservation (Harbison et al. 2004). This map was recently used to show
that genes with more TFBSs at their promoters show evidence of being more extensively
regulated across changing environmental conditions, as one would expect (Lin et al.
2010). The same map is used here to assess whether antisense transcripts might also be

regulated.

3.2.4. Is bidirectional transcription a prerequisite for antisense transcription
initiation and regulation?

Bidirectional promoters were discussed in more detail in chapter 1. Briefly, it has been
suggested that antisense transcripts initiate from the promoters of downstream genes,
in the vicinity of the transcription start site of the downstream gene (Neil et al. 2009).
This has given rise to the idea that a single promoter, termed a bidirectional promoter,
can direct transcription of both transcripts. What is unclear is whether antisense
transcription is an inevitable consequence of transcription being intrinsically
bidirectional, a possible consequence of transcriptional infidelity and which could

perhaps explain why many antisense transcripts are rapidly degraded following
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transcription (Perocchi et al. 2007; Wyers et al. 2005), or whether antisense
transcription can be regulated independently of divergent sense transcription, i.e.
whether their promoters, though in close proximity, can respond to distinct regulatory
inputs. What also remains unclear is whether bidirectional promoters consist of a single
PIC, from which RNAPII transcribes in both directions, or whether there are two

divergently oriented PICs, as is the case in the model presented by Neil et al., (2009).

3.2.5. Transcriptional plasticity: the hallmark of highly regulated genes

Transcriptional plasticity is a measure of the variability of a gene’s expression across a
variety of experimental conditions, and reflects a gene’s capacity to change its
expression in response to varying environmental inputs (Lehner 2010). It has been
calculated previously as the variation of the expression of a gene across a large set of
different growth conditions (Tirosh and Barkai 2008). For example, a stress responsive
gene would have a particularly high plasticity whilst a constitutively expressed
housekeeping gene might have a plasticity value close to zero. If antisense transcripts
are involved in the regulation of sense expression, as discussed in chapter 1, then one
would expect genes with antisense transcripts to be more transcriptionally plastic than
those without. Furthermore, if 3’ TFBSs are required for antisense initiation and
regulation, then one would expect genes with 3’ TFBS to also be more plastic. Of course,
if antisense transcripts are present at all genes, but only under certain environmental
conditions, then one might expect antisense transcription to have no association with
transcriptional plasticity - even if it can modulate levels of sense transcription. This is
because an ideal measure of plasticity would be collected across all possible conditions.
Therefore, if all genes could produce antisense transcripts then one gene might, on
average, produce the same amount of antisense transcription as another gene across the

same set of conditions, even if the amount of antisense transcription at these genes
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under a given condition is different. Thus the overall effect upon gene regulation would
be the same. It is possible, however, that whilst all genes might be capable of producing
antisense transcripts, some may be more capable of supporting higher levels than

others.

3.2.6. A hypothesis: genes are functionally and structurally symmetrical
If the initiation of antisense transcripts is driven by a similar mechanism to sense
transcription then one would expect to find elements of the transcription initiation
machinery within the 3’ regions of genes, and indeed there is evidence to suggest that
this true. Components of the PIC, including TBP and TFIIB, have been found within the 3’
regions of certain genes, as have histone modifications thought to be specific to the 5’
region (Mavrich et al. 2008; Venters and Pugh 2009). Furthermore, NDRs, another
hallmark of promoters, have been reported in the 3’ regions of genes (Mavrich et al.
2008; Kaplan et al. 2009), although the veracity of these studies is complicated by their
use of the enzyme micrococcal nuclease (MNase), given that the 3’ region is very AT rich
and MNase has a strong preference for such sequences (Chung et al. 2010). It is
predicted that genes with antisense transcripts should have a functional and structural
symmetry - that mechanisms driving transcription initiation should be present at both
the 5’ and 3’ ends, and that both these mechanisms should have the capacity to be
regulated. Furthermore, it is predicted that regulation of the 3’ end should in turn
regulate the 5’ end via antisense transcription. A further question to be assessed is
whether this gene symmetry is merely the result of so many genes having the
bidirectional promoter of another gene abutting their 3’ end.

Here, a wide range of genome-wide data is integrated to assess questions
regarding gene symmetry and the initiation of antisense transcription. A collated map of

transcripts is used to identify the positions of antisense transcripts in the genome - to
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determine which genes possess such transcripts - while a recent, genome-wide map of
nascent transcription (Churchman and Weissman 2011) is used to quantify the actual
level of transcription of these transcripts. This data is then used to establish how the
presence or absence of antisense transcripts, or the presence of varying levels of
antisense transcription, is associated with other promoter features at the 3’ regions of
genes.

It is shown that the 3’ regions of genes are indeed marked by strikingly high
average levels of PIC components, whose presence is associated with antisense
initiation. Furthermore, high levels of antisense transcription are supported by a
pronounced promoter architecture comprised of the PIC components TBP (Sua7) and
TFIIB (Spt15), an NDR, chromatin remodelling factors and TFBSs, evidencing regulation.
Evidence of two PICs being present at bidirectional promoters is shown, suggesting that
sense and antisense transcription from bidirectional promoters may arise from two
distinct transcription complexes. Most notably, there is evidence for antisense
transcripts that are transcribed to high levels in the absence of even moderate levels of
sense transcription, and that this, too, requires a distinct PIC within an NDR. 3’ TFBSs
and antisense transcription are both associated with transcriptional plasticity, again
even in the absence of adjacent promoters. It is proposed that antisense transcription
can be driven by PIC formation in the 3’ regions of genes independently of adjacent,
divergent sense transcription and that it does in turn regulate gene expression by

enhancing transcription plasticity.

3.3. Results

3.3.1. TFBSs are a feature of the 3’ region of genes
The question of whether TFBSs within the 3’ region (3’ TFBSs) are a common feature of

protein-coding genes was addressed. The 3’ region was defined as being delimited by a
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point 100bp upstream of a gene’s translation stop codon and by the border of the
nearest downstream ORF (or 600bp downstream of the stop codon in no nearby ORF
was present). TFBS positions were obtained using the combination of a motif-finding
algorithm and a ChIP-chip analysis across all intergenic regions in the S. cerevisiae
genome (Harbison et al. 2004; Maclsaac et al. 2006), comprising the genomic
coordinates of over 120 different non-general transcription factors. Briefly, an
intergenic region had to contain both a strong match to the consensus binding site of a
particular transcription factor as well as evidence of the intergenic region being bound
by the same factor in the accompanying ChIP-chip analysis. In order to demonstrate the
robustness of our findings, two different maps of varying stringencies were used, one
with over 16,000 different binding sites genome-wide and the other with over 27,000.
Genes were defined as having a 3’ TFBS is they had one or more binding site within this
3’ region. Genes defined as dubious by the SGD browser were not considered in this
analysis.

Due to the compact nature of the yeast genome many 3’ regions abut the 5’
regions (promoters) of other genes. Thus, many 3’ TFBSs might be involved strictly in
directing downstream sense transcription, or else might form part of a bidirectional
promoter (Neil et al. 2009). To assess whether 3’ TFBSs are present regardless of a
gene’s genomic context, genes lacking adjacent downstream sense transcripts in the
same orientation as the gene i.e. those without evidence of adjacent protein-coding
transcription were also selected. This comprised a set of 1456 genes.

The percentage of genes possessing 3’ TFBSs was comparable between the total
set of genes and those genes lacking initiating protein-coding sense transcripts
downstream (37.7% and 32.7% respectively; Figure 9A). This observation remained as

the stringency of the TFBS map was increased (data not shown), and suggests that
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promoters at the 3’ ends of genes may have a role in antisense transcription regardless

of whether they are also involved in the production of protein-coding sense transcripts.

A B

Figure 9: TFBSs at the 3' ends of genes are associated with antisense
transcription

(A) The fraction of total genes, and those without downstream initiating protein-coding sense
transcripts, that possess at least one TFBS within their 3' intergenic region. (B) The fraction of
genes, both with and without 3' TFBSs, that have an antisense transcript initiating from their 3'
end. (C) The fraction of genes, both with and without 3' TFBSs, that have two or more different
antisense transcripts initiating from their 3' end. (D) The frequency of TFBSs downstream of the
3' end of the protein-coding transcript for genes with and without antisense transcripts initiating
from their 3' end. Shown are the resultant frequencies when the total gene set was considered -
similar results were observed when only those genes lacking downstream initiating protein-
coding transcripts were considered. Note that the transcript end site is synonymous with the TTS
described in the text. All error bars were calculated by using bootstrapping. For example, in A, a
single bootstrap pseudoreplicates was determined from the ‘all genes’ group, by sampling with
replacement from the group n times, where n is the number of genes in the group. This was
repeated to generate 1000 distinct bootstrap pseudoreplicates, and for each of these the fraction
of genes with a 3’ TFBS was determined. From these 1000 different fractions the standard
deviation was determined, and used as the error bar.

3.3.2. 3’ TFBSs are associated with antisense transcription
Next, it was established whether the presence of 3’ TFBSs is associated with antisense

transcription, by assessing whether genes with 3’ TFBSs more frequently possessed
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antisense transcripts compared to those genes that do not. To obtain as comprehensive
a map of antisense transcription as possible, a genome-wide transcript map was
compiled from a range of RNA-seq and tiling array experiments performed in S.
cerevisiae (Granovskaia et al., 2010; Nagalakshmi et al., 2008; Neil et al., 2009; Xu et al,,
2009; Yassour et al,, 2009, 2010). This gave a map consisting of over 20,000 protein-
coding and non-coding transcripts, and allowed identification of those genes that had
one or more antisense transcripts initiating in the vicinity of their 3’ ends (36.6% of the
total gene set; 25.7% of those genes lacking a downstream initiating protein-coding
sense transcript). 36.6% (1896) of genes were defined as possessing an antisense
transcript, where antisense transcript strictly refers to a non-coding transcript (ncRNA)
from the compiled map defined above that initiates within the 3’ region of a verified
gene and runs antisense to that gene.

It was found that genes containing 3’ TFBSs more frequently had 3’ initiating
antisense transcripts than those genes that lacked 3’ TFBSs (49.1% compared with
28.2%, Figure 9B). This observation held true for both the total set of genes and for
those genes lacking initiating protein-coding sense transcripts downstream (36.9%
compared with 20.2%, Figure 9B), and remained as the stringency of the TFBS map was
increased (data not shown). Furthermore, 3’ TFBS-containing genes more frequently
produced multiple different antisense transcripts (i.e. two or more antisense transcripts
initiating and/or ending at distinct sites) than those that did not (20.4% compared with
8.7% for total genes; 12.4% compared with 4.0% for those genes lacking downstream
initiating protein-coding sense transcripts; Figure 9C). These results implicate 3’ TFBSs
in the initiation of antisense transcripts and suggest that antisense transcript initiation
is regulated in the same fashion as protein-coding sense transcripts, again arguing

against a non-functional role for antisense transcription (Struhl 2007).
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If 3’ TFBSs are involved in antisense transcription, it might be expected for them
to be more abundant at the 3’ ends of genes that produce antisense transcripts than
those that do not. To obtain the average distribution of TFBSs at the 3’ region, genes
were aligned by the 3’ ends of their protein-coding sense transcripts (Nagalakshmi et al.
2008), and determined the average frequency of TFBS occurrence at each base relative
to the 3’ end, a procedure similar to that carried out previously at the 5’ ends of genes
(Lin et al. 2010). TFBSs were found to be much more prevalent at the 3’ end of those
genes that produced antisense transcripts than of those that did not, with a maximum
frequency that was more than twice that of the antisense lacking genes (Figure 9D), and
comparable to the average frequency of TFBSs observed previously at the 5’ end (Lin et
al. 2010). This finding provides further evidence for a role of transcription factors in
antisense regulation. A similar enrichment was also observed for those antisense-
possessing genes without downstream-initiating protein-coding sense transcripts (data
not shown), suggesting that bidirectional promoters are not a prerequisite for antisense

initiation.

3.3.3. The 3’ regions of genes are enriched for TATA-boxes

As discussed above, the TATA-box is a sequence element that plays a role in assembling
the transcription machinery at promoters. If the 3’ regions of genes were to behave as
promoters then one might expect them to possess TATA-boxes. To this end, two
different approaches were used to identify TATA-boxes genome-wide, and assess
whether they were enriched within 3’ regions and how this enrichment compared to
that at 5’ promoters. The first approach involved using a scoring matrix obtained from
the JASPAR database (Bryne et al. 2008), determined using protein binding microarrays
(Newburger and Bulyk 2009). The second involved wusing the motif

TATA(A/T)A(A/T)(A/G), determined by Basehoar et al, (2004) by identifying
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conserved sequence motifs within gene promoters. Both approaches yielded similar
results (Figure 10). Unexpectedly, though the 5’ end was enriched compared to the ORF,
the 3’ end showed a much more pronounced enrichment. Assuming the identified TATA-
boxes are equivalent to their promoter counterparts and are involved in directing
transcription, then this provides evidence that the terminators of genes are generally
equipped to direct initiation. Supporting this, the peak of this TATA-box enrichment at
the 3’ end occurs downstream (relative to the 3’ end) of the median reported start site of
antisense transcription (Xu et al. 2011). However, the peak of TATA-box enrichment is
much narrower than the distribution of antisense transcript start sites reported
previously (Xu et al. 2011), suggesting that the TATA-box or TATA-box-like sequences
identified here may be playing some other role. The TA rich sequences may be involved
in termination or 3’ end formation given their close association to the 3’ end (Proudfoot
2011). It is of course possible that both scenarios are true, and that the TA rich element
directs termination/3’ end processing of the sense transcript whilst also behaving as a
TATA-box for antisense transcription. Indeed, the distance between the TATA-box and
the TSS is not tightly defined (Smale and Kadonaga 2003), perhaps explaining why the
antisense TSS need not be tightly defined relative to the sense TTS. It is possible that the
element evolved primarily to direct downstream sense transcription events and was
later subverted for the purposes of antisense transcription initiation.

It is worth noting that genes containing defined antisense transcripts are not
enriched for 3° TATA-boxes compared to those that do not (Figure 10). This might
suggest that antisense transcripts are not associated with TATA-boxes. However,
whereas TATA-box sequences are present irrespective of growth condition, antisense
transcripts are likely to vary in level across changing different conditions, particularly if
they can be regulated by the presence of 3’ TFBSs as suggested above. Thus all genes

may in fact be capable of supporting antisense transcription, but in a regulated fashion,
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such that two antisense transcript maps collected under different conditions might be

very different from one another.

It is worth considering whether the 3’ ends of other yeast species, such as fission yeast,
might also contain TATA-boxes. The 3’ ends of fission yeast genes are, like those in
budding yeast, extremely AT rich (Humphrey et al. 1991), and so could also be enriched
for TATA-boxes. TATA-boxes in fission yeast could direct antisense transcription, and
notably, this could have consequences not observed in budding yeast. Unlike S.
cerevisiae, S. pombe possesses components of the RNAi machinery (Harrison et al. 2009;
White and Allshire, 2008). In response to double stranded RNAs, gene silencing can
occur via the RNAi pathway, through the formation of the RNA-induced silencing
complex (RISC; Novina and Sharp, 2004). Thus, the presence of 3’ TATA boxes in fission
yeast could result in antisense transcription, the formation of double stranded RNAs
(formed by sense and antisense transcripts), and subsequent gene silencing.
Intriguingly, by introducing three components of the human RNAi machinery into
budding yeast, they were able to reconstitute the RNAi system (Suk et al. 2011). It would
be interesting to assess whether genes with antisense transcription are more
susceptible to gene silencing following the introduction of this system than those
without. Such an approach could help to elucidate the possible function of 3° TATA-
boxes and antisense transcription in lower eukaryotes that do possess the RNAi

machinery.
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Figure 10: Sequences matching TATA-box motifs are highly prevalent at the
3'regions of genes.

(A-B) Histograms showing the fraction of genes containing sequences matching a TATA-box
consensus motif, at the 5' region, ORF, and 3' region of genes. For the 3' region, genes were
divided into those with defined 3' initiating antisense transcripts and those without. Genes were
divided into 15bp bins. TATA-boxes were determined in two ways as follows: (A) Using a
position-specific scoring matrix obtained using protein binding microarrays and (B) using a
consensus motif obtained from a genome-wide study.

3.34. 3’ end TFBSs and antisense transcripts are both associated with
transcriptionally plastic genes

To explore a possible connection between antisense transcription and transcriptional
plasticity, every gene was assigned a transcriptional plasticity value, using a curated
data set of gene expression microarrays encompassing more than 1,500 different

experimental conditions (Ihmels et al. 2002). From these groups of high and low
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plasticity genes were selected (consisting of 1,209 and 1,418 genes respectively for the
total genes, and 347 and 436 genes respectively for those genes without downstream
initiating sense transcripts), and the frequency with which they possessed one or more
3’ initiating antisense transcripts was assessed, using the same map as described above.
High plasticity groups more frequently possessed one or more 3’ initiating antisense
transcripts than the low plasticity genes (44.9% compared with 28.6% for total genes;
36.1% compared with 15.6% for those genes lacking downstream initiating protein-
coding sense transcripts; Figure 11A), and also showed a higher frequency of multiple 3’
antisense transcripts (16.8% compared with 9.8% for total genes; 12.1% compared with
2.5% for those genes lacking downstream initiating protein-coding sense transcripts;

Figure 11B).
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Figure 11: Association of 3’ TFBS and 3’ initiating antisense transcripts
with transcriptional plasticity.

(A) The fraction of genes belonging to either the high or low plasticity group which possess at
least one 3’ initiating antisense transcript. (B) The fraction of genes possessing two or more 3’
initiating antisense transcripts. (C) The fraction of genes possessing at least one 3’ TFBS. (D) The
frequency of TFBS binding sites downstream of the 3’ end of the protein-coding transcript for
both the high and low plasticity groups. Dotted lines indicate the error for the correspondingly
coloured frequency lines. Shown are the resultant frequencies when the total gene set was
considered. The results when only those genes lacking downstream initiating protein-coding

transcripts were considered were similar. Note that the transcript end site is synonymous with
the TTS described in the text. All error bars were calculated by bootstrapping.

TFBSs at the 3’ end were also found to be associated with highly plastic genes. By
assessing which genes had at least one TFBS at their 3’ ends it was found that high
plasticity genes more frequently possessed at least one 3’ TFBS than low plasticity genes
(44.3% compared with 31.7% for total genes; 40.0% compared with 23.5% for those
genes lacking downstream initiating protein-coding sense transcripts; Figure 11C).
Furthermore, investigation of the average TFBS distribution around the 3’ ends

identified a peak of TFBS frequency approximately 100bp downstream of the 3’ end that
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was more pronounced in the high plasticity genes than the low plasticity genes, with a
maximum frequency of 0.044 compared with 0.030 (Figure 11D). All these observations
held true when considering either the total set of genes or just those lacking
downstream initiating protein-coding sense transcripts.

To explore the relationship between plasticity, 3’ TFBS and antisense transcripts
further, genes were subdivided on the basis of whether they had no 3’ TFBS or 3’
initiating antisense transcripts, whether they had one or the other, or whether they had
both. Plasticity values were then compared between these groups. When considering
the entire genome, genes with just 3° TFBSs were more plastic than those without, while
those with just an antisense transcript were more plastic still (Figure 12A). Genes with
both features were only marginally more plastic than genes with only an antisense
transcript. When considering just those genes without downstream initiating sense
transcripts, the relationship remained the same (Figure 12B), save that the genes with
both features also showed a higher plasticity compared to just those with antisense
transcripts. It is possible that the analysis in Figure 12B was refined compared to Figure
12A by removing 3’ TFBSs that might be involved in regulating downstream sense
transcription, and which might therefore not play a role in directing antisense
transcription at all. Taken together, the results support a model in which TFBS-
regulated antisense transcripts initiating from the 3’ end enhance the transcriptional

plasticity of a protein-coding sense transcript.
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Figure 12: Genes with antisense transcripts and 3' TFBSs are more
transcriptionally plastic.

(A) Boxplots showing the distribution of transcriptional plasticity values of genes divided into
four groups, depending on the presence or absence of identified 3' TFBSs and/or annotated
antisense transcripts, as described in the text. (B) The same arrangement, save that only genes
without neighbouring tandemly oriented genes adjacent to their 3' end were considered.
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3.3.5. A 3’ NDR is associated with antisense production, 3’ TFBSs and
transcriptional plasticity

For an antisense transcript to initiate from the 3’ end of a gene one might anticipate that
an NDR would be required to recruit the initiation machinery, including any
transcription factors, to the site adjacent to the antisense transcript’s start site. By
extension, one would anticipate that an NDR at the 3’ end of genes would be associated
with transcriptionally plastic genes, potentially by providing a platform for TFBS-
mediated antisense initiation. To address these hypotheses, two different genome-wide
analyses of nucleosome occupancy were used, one that was performed using an MNase-
dependent procedure (Kaplan et al. 2009), and another that was MNase-independent
(Fan et al. 2010). For each map the nucleosome occupancy surrounding the
transcription end site of the different genes was averaged, to identify differences in 3’
occupancy associated with antisense initiation, the presence of 3’ TFBSs, and
transcriptional plasticity. Additionally, the distribution of AT richness at the 3’ end was
determined, to assess whether any differences in the MNase-dependent occupancy
could be a result of MNase’s preference for cleaving at AT rich sequences (Chung et al.

2010).

Firstly, the question of whether those genes with 3’ initiating antisense
transcripts had a more pronounced NDR than those that did not was addressed, initially
by using the MNase-independent map. For both the total set of genes (data not shown)
and those lacking a downstream initiating protein-coding sense transcript (Figure 13), a
substantial nucleosome depletion was observed at the 3’ ends of those genes that
possessed a 3’ initiating antisense transcript relative to those genes that did not, with a
minimum average depletion of -0.73 compared with -0.20, approximately 100bp
downstream of the 3’ end of the protein-coding sense transcript (Figure 13A).
Interestingly, the MNase-dependent map yielded different results (Figure 13B). Though
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there was some depletion downstream of the 3’ end in the genes possessing antisense
transcripts compared to those that did not, the extent of depletion at the 3’ end itself
was similar (-1.57 and -1.46 respectively). However, by assessing the AT richness
around the 3’ end in both sets of genes a trend was found that was similar to that of the
MNase-dependent occupancy (Figure 13C), suggesting that the observed differences
between the MNase-independent and MNase-dependent occupancy maps may be a

function of MNase’s own sequence preference.
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Figure 13: Nucleosome depletion at the 3’ region is associated with
antisense transcription, transcriptional plasticity and 3’ TFBS.

(A) Comparison of average 3’ nucleosome occupancy using the MNase-independent occupancy
data between those genes possessing 3’ initiating antisense transcripts and those that do not. (B)
Comparison of average 3’ nucleosome occupancy using the MNase-dependent occupancy data
between those genes possessing 3’ initiating antisense transcripts and those that do not. (C)
Comparison of average 3’ AT richness between those genes possessing 3’ initiating antisense
transcripts and those that do not. Note that the y-axis has been inverted for the purpose of
comparison. (D-F) Average 3’ occupancies and AT richness for those genes with at least one 3’
TFBS and those without any. (G-I) Average 3’ occupancies and AT richness for the high and low
plasticity genes. Shown are the results for those genes lacking any downstream initiating protein-
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coding sense transcripts. The results when the total gene set was considered were similar. All
error bars (dotted lines) were calculated by bootstrapping.

To establish whether recruitment of TFBSs to the 3’ end might be associated with an
NDR, the difference in 3’ nucleosome occupancy was assessed between those genes with
at least one TFBS at their 3’ end and those genes that had none. Using the MNase-
independent occupancy map, it was found that the 3’ ends of those genes containing 3'
TFBSs were depleted for nucleosomes relative to those genes that did not (a minimum
occupancy of -0.69 compared to -0.20; Figure 13D), with the most pronounced depletion
being found approximately 100bp downstream of the 3’ end; a pattern similar to that
seen for the antisense transcript-containing genes (Figure 13A), and which also
corresponds to the region at which one finds the highest frequency of 3’ TFBSs (A and
Figure 11A). Furthermore, it was found that the 3’ ends of the high plasticity genes were
more depleted for nucleosomes relative to the low plasticity genes (with a minimum
occupancy of -0.71 compared to -0.18; Figure 13G). In both instances, the MNase-
dependent occupancy map showed less pronounced differences between the 3’ TFBS-
containing and 3’ TFBS-lacking genes and between the high and low plasticity genes
(Figure 13E and Figure 13H), though these differences were again mirrored in the
patterns of AT richness between the different sets of genes (Figure 13F and Figure 13I).
It is worth noting that some depletion was still observed in highly plastic genes when

using the MNase-dependent data set (Figure 13H).

Taken together, the results demonstrate that antisense initiation, 3° TFBSs and
transcriptional plasticity are all associated with nucleosome depletion at the 3’ end. Fan
et al, (2010) proposed that increased nucleosome depletion at the 3’ region is a
consequence of increased RNAPII passage from the gene promoter, suggesting that
antisense transcription might arise from high levels of sense transcription on the same

gene. If antisense transcription levels were a function of sense transcription levels then
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one might expect the two to be correlated. However, as shall be discussed in chapter 4,
there is only a very small and negative correlation between the levels of sense and
associated antisense transcription on the same gene (Spearman’s correlation coefficient
= -0.02). The results suggest that nucleosome depletion in the 3’ region is associated
with antisense initiation, and that this depletion is independent of gene transcription in
the sense direction. The contributions of other transcription-related events (such as
termination) toward depletion cannot be ruled out, however it is proposed that the
additional depletion observed for those genes with antisense transcripts is itself a

consequence of antisense transcription.

3.3.6. The 3’ ends of genes show a pronounced promoter architecture that
mirrors the 5’ end, and which is associated with the presence of antisense
transcripts.

The question was asked as to whether TBP and TFIIB, both components of the PIC, are a
feature of the 3’ region of genes, and whether their presence is associated with the
presence of antisense transcripts and antisense transcription (Figure 14). To assess the
average levels of PIC components TBP and TFIIB at the 3’ region, and compare this to
their levels in 5’ promoter regions, a genome-wide data set from Venters and Pugh,
(2009) was used. When considering the set of genes with antisense transcripts, a peak of
both PIC components was found downstream of the 3’ TTS, which mirrored what was
seen upstream of the 5’ TSS (Figure 14A-B). These peaks were more pronounced at
genes with an antisense transcript than for those genes without (Figure 14C-D), though
interestingly a smaller but similar peak was still observed for the latter group. Other
factors associated with transcription, namely Swr1, which deposits the histone variant
H2A.Z at gene promoters (Mizuguchi et al. 2004), and Rsc9, a component of the RSC
chromatin remodelling complex (Cairns et al. 1996), were found to be significantly
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enriched within the 3’ regions of genes with antisense transcripts compared to those
without (Figure 15A-B; p = 2.5 x 10-13 and 3.3 x 10-22respectively, Wilcoxon rank sum
test). The levels of Swrl and Rsc9 at the 3’ ends of genes with antisense transcription
were of the same order of magnitude to the levels at the 5’ ends (data not shown).
Furthermore, the ratios between the levels at the 3’ and those at the 5’ end were similar
to the ratios observed for TBP and TFIIB between the 3’ and 5’ end. These results
demonstrate the presence of a promoter architecture at the 3’ region, which is
associated with the presence of an antisense transcript and which is similar to that at

the promoters of protein-coding genes.
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Figure 14: The 3’ regions of genes show evidence of PIC formation.

(A) The average levels of TBP and TFIIB at gene 5’ regions, obtained by aligning genes by their
TSS. Nucleosome occupancy as determined by Fan et al. (2010) is included for comparative
purposes, and is discussed in greater detail in the text. (B) The average levels of TBP and TFIIB at
the 3’ regions of genes with antisense transcripts, obtained by aligning genes by their TTS. (C-D)
TBP and TFIIB levels at the 3’ regions of genes, comparing genes with antisense transcripts to
those without. p-values were calculated using the Wilcoxon rank-sum test, comparing the
average transcription levels of the sense and antisense strands of protein-coding genes. The
antisense strands of genes with antisense transcripts are considered separately from those
without. Error bars were calculated by bootstrapping (the standard deviation of the mean of
1000 bootstrap pseudoreplicates). (E) Average levels of nascent sense and antisense transcript
reads within protein-coding genes with and without defined antisense transcripts. Nascent
transcript levels were determined using stand-specific, nascent transcript sequencing data from
Churchman and Weissman (2011). Shown is the median number of sense reads within the
transcription unit of all protein-coding genes considered (turquoise), and the median number of
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antisense reads within those genes possessing 3’ initiating antisense transcripts (green)
compared with those genes that do not (purple). (F) Average levels of RNAPII density across the
antisense strands of protein-coding genes aligned by their 3’ ends, using the same data as in E.
Shown is the average RNAPII density of those genes possessing 3’ initiating antisense transcripts
(green) compared with those genes that do not (purple).

Figure 15: Levels of Swr1 and Rsc9 are more pronounced at the 3’ ends of
genes with 3’ initiating antisense transcripts.

(A-B) Swrl and Rsc9 levels at the 3’ ends of genes, comparing genes possessing 3’ initiating
antisense transcripts to those that do not. p-values were calculated using the Wilcoxon rank-sum
test, comparing the distribution of values at the maximum point of each averaged curve.

Next it was asked whether the PIC observed at the 3’ region reflects the presence of
adjacent protein-coding genes. Of the set of 1,097 genes described above, 412 (37.6%,
similar to the total gene set) had an antisense transcript and were significantly enriched
for TBP and TFIIB in their 3’ region relative to the remaining 685 genes (Figure 16).
Thus, there is an association between PIC components at the 3’ region and antisense
transcripts even when those genes with moderately transcribed protein-coding genes
downstream are removed from the analysis, suggesting that the formation of a PIC at the
3’ region can occur irrespective of the presence of an adjacent gene promoter. However,
when comparing the 3’ ends of all genes with antisense to just those genes with

antisense but not other genes adjacent to their 3’ promoters, one does see a substantial
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reduction of 3’ TBP and TFIIB in the latter group. Hence there does appear to be a

confounding effect of adjacent genes/promoters upon 3’ TBP and TFIIB levels.

average TBP level
average TFIIB level

distance from TTS (bp)

Figure 16: A relationship between 3’ PIC assembly and initiation of
antisense transcription remains evident when those genes whose 3’ ends
are close to other, moderately transcribed genes are removed from the
analysis.

(A-B) TBP and TFIIB levels at the 3’ ends of genes, comparing genes possessing 3’ initiating
antisense transcripts to those that do not. p-values were calculated using the Wilcoxon rank-sum
test, comparing the distribution of values at the maximum point of each averaged curve.

3.3.7. Levels of PIC components at the 3’ region reflect levels of nascent antisense
transcription.

The average peaks of PIC components at the 5’ regions of all protein-coding genes were
compared with those at the 3’ regions of genes with antisense transcripts. Surprisingly,
the average peaks of TBP and TFIIB at the 3’ regions of genes with antisense transcripts
were more than half those at the 5’ regions (TBP levels were 62% of what they were at
the 5’ regions, TFIIB levels were 60%; Figure 14A-B). This might reflect the fact that
antisense transcripts are transcribed at higher levels than evident from steady-state
levels, which are generally low due to transcript degradation (Perocchi et al. 2007;

Wyers et al. 2005). To this end, the average levels of transcription at of these distinct
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gene groups were determined. A strand-specific, genome-wide map of elongating
RNAPII was utilised to obtain the level of nascent sense and antisense transcription and
to assign a measure of transcription to each transcript within the collated map
(Churchman and Weissman 2011). Remarkably, the median level of antisense
transcription at genes with an antisense transcript was 45% that of sense transcription
at all protein-coding genes (Figure 14E). This is strikingly similar to the difference in
average levels of PIC components between the 5’ region of all protein-coding genes and
3’ region of genes with antisense transcripts. Thus there is an association between levels
of PIC components and levels of transcription for both protein-coding sense and non-
coding antisense transcripts.

The small peaks of TBP and TFIIB observed for the group of genes without
antisense transcripts suggests that many of these genes may support low levels of
antisense transcription which were not detected in any of the transcript maps utilised.
Indeed, there is evidence for antisense transcription within these genes, though the
average level of elongating RNAPII is significantly lower than for those genes with
defined antisense transcripts initiating from the 3’ end (Figure 14F). An alternative
explanation could be that these peaks of TBP and TFIIB are a consequence of conditional
long-range chromosomal juxtapositions between a promoter and a terminator, also
known as gene loops (O’Sullivan et al. 2004), which are known to be TFIIB/Sua7-
dependent (Singh and Hampsey 2007; Medler et al. 2011). It is certainly possible that
antisense transcription could itself be a consequence of gene looping, and that in
presenting a PIC to the 3’ region an antisense transcript is also produced which could
explain why those genes with antisense transcripts have higher levels of PIC

components in their 3’ region than those without.
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3.3.8. Extensive antisense transcription necessitates a more pronounced
promoter architecture

Next it was assessed whether high levels of antisense transcription were supported by a
correspondingly pronounced promoter architecture at the 3’ region, and whether the
reverse was true for lowly transcribed antisense transcripts. A group of highly and lowly
transcribed antisense transcripts were defined (the top 20% and bottom 20% of the
data, after masking the bottom 10% from consideration to remove potentially false
positive antisense transcripts) and the average levels of TBP, TFIIB and nucleosome
occupancy at the 5’ end of the antisense transcripts were determined (see chapter 2).
Peaks of TBP and TFIIB were identified at the 3’ region that were substantially higher
for the genes with highly transcribed antisense transcripts (Figure 17A-B). Nucleosome
depletion was also found to be more pronounced for the highly expressed antisense
transcripts (Figure 17C). These results support the notion that antisense transcription is
driven by PIC formation, in a manner similar to protein-coding sense transcription, and
that highly transcribed antisense transcripts are driven by similarly high levels of the

PIC components TBP and TFIIB.
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Figure 17: Initiation of antisense transcription is supported by PIC
formation.

(A-C) The average levels of TBP, TFIIB and nucleosome occupancy around the TSS of both highly

and lowly transcribed antisense transcripts. All p-values were calculated using the Wilcoxon
rank-sum test, comparing the distribution of values at the maximum point of each averaged
curve (the minimum point in the case of nucleosome occupancy). Antisense transcripts were
defined as being highly or lowly transcribed using genome-wide NET-seq data obtained from
Churchman and Weissman (2011). (D) The average level of nascent transcription around the TSS
of the antisense transcripts. Shown left of the TSS is the average level of divergent sense
transcription whilst on the right of the TSS is the average level of antisense transcription.

3.3.9. Bidirectional promoters show evidence of two distinct pre-initiation
complexes.

It has been proposed that promoters are inherently bidirectional (Neil et al. 2009). It
would be reasonable to expect that for these highly expressed antisense transcripts one
would observe similarly high levels of transcription in the sense direction. Using the two

groups of genes with highly or lowly expressed antisense transcripts, levels of divergent
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sense transcription were assessed. Although the average level of transcription was
higher in the sense direction for the highly expressed antisense group than for the lowly
expressed antisense group, the level was not as high as the antisense expression itself
(Figure 17D). This suggests that high levels of antisense transcription can be supported
in the absence of high sense transcription, i.e. that inherently bidirectional promoters
can be biased in both the sense and antisense directions, and perhaps that the two can
be regulated independently of one another.

To address this, two classes of bidirectional promoter were defined to find
evidence of two distinct PICs at bidirectional promoters. The classes were defined on
the basis of how far the TSS of the antisense transcript was from the TSS of the sense
transcript. In the first group, termed the narrow promoters, the TSSs were within
300bp. In the second group, termed the broad promoters, they were within 700bp but
further than 400bp (with no other transcript TSS between them). The antisense
transcripts considered were the same as defined above (i.e. they initiated within the 3’
region of a gene). The average levels of TBP, TFIIB and nucleosome occupancy around
the TSS of the antisense transcripts were assessed as before.

The two classes of bidirectional promoter showed distinct patterns. Overlaying
the TBP profile of the broad promoters with that of the narrow promoters
demonstrated a substantial enrichment of TBP upstream of the antisense TSS as well as
over the TSS itself, supporting a model in which two distinct PICs form at bidirectional
promoters (Figure 18A). Additionally, two partially overlapping peaks of TFIIB were
observed over the broad promoters, whilst only one peak was discernible over the
group of narrow promoters (Figure 18B). Of these two peaks, one corresponded to the
single peak seen in the narrow promoters, both of which lay over the antisense 5’ end.
The second peak was further upstream, potentially representing the PIC driving the

divergent sense transcript. Finally, there was a much broader nucleosome depletion in
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the broad promoter group, which one would expect if the two PICs were further apart in
the broad group than in the narrow group (Figure 18C). This analysis supports a model
in which two PIC recruitment sites exist at bidirectional promoters, providing a

mechanism to explain how sense and antisense levels could be independently regulated
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Figure 18: Bidirectional promoters show evidence of possessing two
distinct PICs.

(A-C) The average levels of TBP, TFIIB and nucleosome occupancy around the TSS of antisense
transcripts with an adjacent and divergent sense transcript. Shown are both the narrow and
broad classes of bidirectional promoter described in the text.
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3.3.10. Extensive antisense transcription can be supported by a promoter
architecture in the absence of adjacent divergent sense transcription.

If antisense transcription can be regulated independently of divergent sense direction
from bidirectional promoters then one might expect to find instances where high levels
of antisense transcription initiation occur in the absence of adjacent sense transcription.
One would also expect to find a pronounced promoter architecture at such a site of
initiation, i.e. a unidirectional promoter driving antisense transcription. To this end,
antisense transcripts were selected which had only very low levels of sense
transcription upstream of their 5’ end (see chapter 2), and which were not also adjacent
to any non-RNAPII transcribed elements, including tRNAs and rRNAs. This gave a set of
804 transcripts, with an average level of nascent transcription that was much higher in
the antisense direction than in the divergent sense direction (Figure 19A).

The highly and lowly transcribed subgroups (the top 25% and bottom 25% of
the data, after masking the bottom 10% from consideration to remove potentially false
positive antisense transcripts) were selected from these antisense transcripts, and the
average levels of TBP, TFIIB and nucleosome occupancy were compared at their TSSs.
The highly expressed antisense transcripts had a more pronounced peak of TBP and
TFIIB than the lowly expressed antisense transcripts, and were significantly more
depleted for nucleosomes (Figure 19A). These results demonstrate that high levels of
antisense can be supported in a PIC-dependent manner in the absence of adjacent
divergent sense transcription, indicating that antisense transcription is not a
consequence of divergent sense transcription, and that the process of antisense

transcription can be regulated independently of divergent sense transcription.
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Figure 19: PIC formation supports high levels of antisense transcription in
the absence of high levels of divergent sense transcription.

PIC formation supports high levels of antisense transcription in the absence of high levels of
divergent sense transcription. (4) A group of antisense transcripts with low levels of divergent
sense transcription were selected. Shown is the average level of nascent transcription around the
TSS of antisense transcripts belonging to this group, with nascent sense transcription to the left
of the TSS and nascent antisense transcription to the right. (B-D) The average levels of TBP,
TFIIB and nucleosome occupancy around the TSS of both highly and lowly transcribed antisense
transcripts belonging to this group. Antisense transcripts were defined as being highly or lowly
transcribed using genome-wide NET-seq data obtained from Churchman and Weissman (2011).
All p-values were calculated using the Wilcoxon rank-sum test, comparing the distribution of
values at the maximum point of each averaged curve (the minimum point in the case of
nucleosome occupancy).

3.3.11. Short 3’ regions placed within GAL1 and GAL10 ORFs drive production of
antisense transcripts whilst also behaving as terminators

The gene symmetry hypothesis requires that gene terminators possess the inherent
capacity to behave in a bi-functional manner as the promoters of antisense

transcription. To test this, experimental systems were devised in which yeast terminator
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sequences were inserted into the ORFs of genes (Figure 20). Specifically, the ADH1
terminator (ADH17) and the TEF terminator (TEFr) were inserted, separately, into the
ORF of the GAL10 gene, while ADH1rwas also inserted into GAL1. These sequences were
short (approximately 250bp), and were inserted into GAL10 only after deletion of its
internal bidirectional promoter (Houseley et al. 2008) (Figure 20A). In three all cases,
when induced, high levels of sense transcript were observed, with similar levels to the
wild-type strain (Figure 20B,E and G). However, these sense transcripts were truncated
compared to wild-type, implying that the inserted sequences were sufficient to direct
transcription processing and termination, as was anticipated. Most strikingly, however,
both the inserted terminator sequences were also sufficient to drive the production of
antisense transcripts, which were of similar size to the sense transcript (Figure 20C,F
and H). GAL1 normally possesses a XUT (Mellor lab, unpublished), however insertion of
ADH1r resulted in production of a stable antisense transcript that was shorter than the
wild-type XUT, suggesting that insertion of the sequence has redefined both the sense
and antisense transcription units of the gene.. Antisense transcripts were present both
when the galactose inducible GAL1 and GAL10 promoters were repressed and also
during induction (Figure 20C,F and H). These antisense transcripts persist through
induction, although the levels of the antisense transcript produced from GAL1:ADHI1r
after 3 hours in galactose (steady-state) are barely detectable, a possible consequence of
degradation (Figure 20G and H). The results demonstrate that these short sequences are
capable of recapitulating functions associated with both a promoter and a terminator
when placed within the middle of a gene, demonstrating that the 3’ regions of genes can
direct antisense transcription in addition to their expected functions in termination of

the protein-coding sense transcript.
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Figure 20: Short 3’ regions placed within GAL1 and GAL10 ORFs drive
production of antisense transcripts whilst also behaving as terminators.

Evidence that 3’ regions can function as both promoters of antisense transcription and as
terminators of protein-coding sense transcripts. (A) Schematics showing the derivatives of
GAL10 and GAL1 used in this analysis. The direction of sense transcription is shown by the white
arrows. Wild-type strains (BY4741) are shown, as is a strain in which the internal bidirectional
promoter of GAL10 has been deleted (GAL10ABdP). Terminator sequences were inserted into
GAL1 and GAL10ABdP. ADH1r (red box) was inserted into both genes and TEFr (grey box) was
inserted into GAL10ABdP. The black boxes represent the residual loxP sequences used in the
construction of strains with terminator insertions. (B-H) Autoradiographs of northern blots
hybridized to strand-specific probes designed to detect the sense (S) or antisense (AS)
transcripts in the wild-type and derivative strains of GAL10 (B-D) and GAL1 (E-H) described in
(A). Total RNA was prepared from cells cultured in YPD or after induction in galactose for the
time shown. GAL10 produces two major antisense transcripts (black arrows) in glucose medium,
one extends over the GALI-10 promoter (2) and the second longer transcript (1) extends sense to
the end of GALI and persists for 90-100 min after induction but then is no longer detectable.
Loss of the GAL10 internal promoter causes loss of both antisense transcripts (D) which can be
restored by inserting either ADHIror TEFr (C). There are other antisense transcripts (asterisks)
that do not initiate at the bidirectional promoter. The 18S and 25S rRNAs are used to estimate
loading. For (B-F) exposure times and specific activities of probes are similar, although probe
lengths are three times longer for GAL10 compared to GAL1. G is exposed four times shorter than
B-F, which reflects accumulation of GALI transcript to high levels. H is exposed 10 times longer
than B-F to reveal very low levels of antisense transcript in GALI:ADH1r 3 hours after induction.
Note that tADH1 and tTEF as described in the figure are equivalent to ADHIrand TEFr as
described in the text. Experiments were performed by Ana Serra Barros.
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3.4. Discussion

Here, questions relating to how antisense transcripts arise, how they are regulated, and
what effect they might have upon gene regulation, have been addressed. Furthermore,
and perhaps most importantly, the events of antisense transcription initiation at the 3’
end of a gene have been compared with sense transcription initiation, to assess how
similar they are and to establish the true extent of antisense transcription genome-wide.
This was achieved by using two distinct collections of genome-wide maps. The first
attempted to collate transcript maps genome-wide, and assign quantitative levels of
transcription to each transcript using a map of strand-specific elongating RNAPII
(Granovskaia et al. 2010; Yassour et al. 2010, 2009; Churchman and Weissman 2011;
Neil et al. 2009; Xu et al. 2009; Nagalakshmi et al. 2008). The second attempted to
collate major promoter features, namely PIC components, transcription factor binding
sites and nucleosome depleted regions (Kaplan et al. 2009; Fan et al. 2010; Harbison et
al. 2004; Maclsaac et al. 2006; Venters and Pugh 2009). In this way, the extent to which
canonical gene terminators resemble gene promoters could be assessed. It was found
that the presence of 3’ promoter features is associated with antisense transcription, and
that they are present even in the absence of adjacent, active sense promoters.
Furthermore, at genes with annotated antisense transcripts (roughly a third of the
genome) there are, on average, almost half the number of antisense transcript NET-seq
reads compared to sense transcripts NET-seq reads, demonstrating the abundance of
antisense transcription genome-wide. Finally, it was shown that short terminator
sequences, when placed within the ORFs of different genes, are able to behave as both
terminators and promoters of sense and antisense transcription respectively, redefining
the transcription units of the gene. These results demonstrate an inherent symmetry to

gene structure, with promoters present at either end (Murray et al. 2012).
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3.4.1. Gene symmetry

As discussed in the introduction, promoters are marked by numerous features involved
in directing transcription initiation. Strikingly, many of these same features are present
within the terminators of genes. Sequences thought to be specific to promoter regions -
namely transcription factor binding sites and TATA-boxes, are present within the 3’
region. Furthermore, general transcription factors, sequence-specific transcription
factors and chromatin remodelling enzymes are all enriched at the 3’ regions of genes,
while nucleosomes are depleted. How might such gene symmetry have arisen? As
discussed in the introduction, the yeast genome is heavily interleaved, such that the
promoters and terminators of some genes are often adjacent to those of others. During
gene duplication events, genes might retain promoters adjacent to their terminators
while losing the gene the promoter was originally attached to. If the retained promoter
provided some benefit to the gene (such as through antisense transcription) then it
might be maintained and possibly become integrated into the terminator itself.
Alternatively, as proposed above, sequences like the TATA-box could be inherently bi-
functional sequences. The findings discussed here require a change in how we view gene
structure, and suggest that the intergenic sequences flanking transcription units are

capable of performing multiple functions.

As well as directing the initiation of antisense transcription, another possibility
is that the observed 3’ PICs are a consequence of gene loops juxtaposing promoters and
terminators, thus bringing promoter features into the proximity of terminators,
resulting in their being detected via ChIP (O’Sullivan et al. 2004). Gene loops have been
proposed to be involved in processes including transcription re-initiation (O’Sullivan et
al. 2004), regulating the directionality of bidirectional promoters (Tan-Wong et al.
2012), and transcription noise (Hebenstreit 2013). As discussed in chapter 6, antisense
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transcription is also associated with transcription noise, thus it is tempting to speculate
that looping and antisense transcription are related processes, perhaps co-regulated by

binding events at the 3’ promoter.

3.4.2. Gene terminators as the promoters of antisense transcription

There is evidence presented here to support a model in which 3’ promoters direct
antisense transcription. Genes with defined antisense transcripts initiating from within
their 3’ region are more likely to have occupied 3’ TFBSs than those without, and are
enriched for TBP, TFIIB, Rsc9 and Swrl, whilst also being more depleted for
nucleosomes (determined using a MNase-free assay). What is more, an increase in 3’ PIC
components correlates with an increase in the level of antisense transcription. These
findings demonstrate that antisense transcription initiation shares features with sense
initiation, namely the formation of a PIC, as has previously been suggested (Venters and
Pugh 2009). These results provide insight into the findings discussed in the previous
chapter - that a terminator region is alone sufficient to direct antisense transcription -
by demonstrating that PIC binding at the terminator is associated with the presence of

an antisense transcript.

Levels of PIC components are well correlated with the accompanying levels of
transcription (Kim and Iyer 2004). At first sight, the high levels of PIC components
associated with the 3’ regions of genes with antisense transcripts appears to be at odds
with the low steady state levels of many antisense transcripts. However, as discussed in
chapter 1, antisense transcripts are targeted for degradation by different exonucleases
(Camblong et al., 2007; Thompson and Parker, 2007; Uhler et al.,, 2007). Over 1,000
transcripts antisense to open reading frames are polyadenylated, exported and
degraded in the cytoplasm by the 5’ to 3’ exonuclease Xrn1 (Kem1) (van Dijk et al.

2011), while almost 1,000 were identified as being degraded in the nucleus by the 3’ to
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5’ exonuclease Rrp6 (Xu et al. 2009). As a consequence, their steady state levels do not
accurately reflect the levels of nascent transcription within the genome and this likely
gives an impression that antisense transcription from the 3’ region of genes is less
pronounced than it really is, as shall be discussed more extensively in chapter 4. In
support of this, the repressed GAL1 gene produces a Kem1-degraded antisense from its
3’ region that is not detectable in steady state (Mellor lab, unpublished). When genes
with antisense transcripts are considered, average levels of antisense transcription are
45% of the average levels of protein-coding sense transcription. This value is consistent
with a strong correlation between levels of PIC components and levels of nascent
transcription and allows the suggestion that in other genomes, levels of PIC components
at sites at which transcription is initiated will reflect levels of nascent transcription
(though not necessarily steady state transcript levels). That antisense transcription is so
abundant genome-wide (Figure 14E) supports a possible regulatory function, which,
given that antisense transcripts are so often unstable, is likely to be exerted by the act of
transcription itself, and not by the resultant transcripts. Certainly the majority of
studied instances suggest that antisense transcription generally functions in cis, and
indeed, Camblong et al, (2009) found that at all the genes they studied, antisense
transcription operated in cis, and that only at a single gene (PHO84) did antisense
transcription also function in trans. It is possible that the degradation machinery itself
serves an additional function as a transcription regulator, as has been suggested for
Rrp6 (Hieronymus et al. 2004; Andrulis et al. 2002; Camblong et al. 2007). More
recently, Xrnl has also been found to bind to promoters genome-wide and influence
transcription (Haimovich et al. 2013), thus it is possible that rapid degradation is itself

what grants antisense transcription its biological function.
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3.4.3. Gene promoters as the terminators of antisense transcription?

Given that terminators possess promoter-like features, an important consideration in
exploring gene symmetry is whether or not promoters also possess terminator-like
features, given the tendency for the ends of sense and antisense transcripts to be found
near to one another (Xu et al. 2011). If this is true, then the presence of terminator
features at the promoters of genes might also be observed. In support of this, Ssu72,
involved in 3’ end processing, has been found at the promoters of genes (Nedea et al.
2003). Given that antisense transcripts tend to be polyadenylated (van Dijk et al. 2011)
it might be prudent to assess whether there is evidence of poly(A) signals, or indeed the
upstream or downstream elements typical of terminators, though this might be
complicated by the poor homology of these sequences in yeast (Guo et al. 1996;
Humphrey et al. 1991, 1994). A recent study in mouse embryonic stem cells, however,
has shown that poly(A) signals exist upstream of protein-coding sense TSSs, and are
involved in the cleavage and polyadenylation of antisense transcripts (Almada et al.
2013).

Given the extent of degradation, and the difference in processing of antisense
transcripts, it would be reasonable to expect that the termination of antisense
transcription would also be different, given the intertwined nature of processing and
termination (Proudfoot 2004). Indeed, Arigo et al.,, (2006) found that termination of
CUTs was directed by the RNA-binding proteins Nrd1 and Nab3, which play a role in the
termination of snRNAs, snoRNAs and a subset of mRNAs including NRD1 itself
(Steinmetz et al. 2001). Mutation of NRD1 or NAB3 led to inefficient termination and 3’
extended CUTs. Thus it may be that, although antisense-transcribed genes show
symmetry in their promoter architectures, the termination processes could be quite
different. This of course raises the question of what it is that might make sense and

antisense transcription different, which will be discussed in chapter 5. Another possible
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mechanism of antisense transcription termination is that sense promoters could possess
inherent terminator activity by virtue of binding highly stable PICs, and that such
complexes could dislodge incoming polymerases - the reverse of the proposed “sitting-

duck” mechanism of transcriptional interference (Sneppen et al. 2005).

3.4.4. The regulation of antisense transcription

If antisense transcription represents a genome-wide mechanism of gene regulation,
then understanding how antisense transcription is in turn regulated becomes crucially
important. Antisense transcription is associated with PIC formation at the 3’ regions of
genes, a formation which does not necessarily predicate divergent sense transcription.
Moreover, DNA-bound regulatory transcription factors are frequently present at sites of
antisense transcription where there is little divergent sense transcription, supporting a
model in which antisense transcription can be regulated independently of divergent
sense transcription. It follows that if the promoters of antisense transcripts can be
regulated independently of downstream gene promoters, antisense-mediated gene
regulation is not merely a function of downstream gene transcription. This allows for a
more exquisite level of control over the transcriptional landscape of the organism, with
regulatory signals able to impact upon both the 5 and 3’ promoters of a gene,

influencing sense transcription and thus gene expression.

3.4.5. Evidence for initiation and regulation of antisense transcription
independent of sense transcription

3’ promoter structures remain pronounced at those genes that do have antisense
transcripts but do not have the promoters of other, adjacent genes downstream of their
3’ ends. Such genes also still show an association between antisense transcription and

plasticity. Furthermore, antisense transcripts whose 5’ ends abut regions of very low or
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no sense transcription can still support high levels of antisense transcription and PIC
components. These findings suggest that antisense transcripts can arise from their own
unique 3’ end promoters and do not need to ‘piggyback’ off the promoters of other
genes, as has been suggested previously (Neil et al. 2009); that antisense transcription is
not dependent upon the formation of transcription complexes driving protein-coding
sense transcription, as discussed in greater detail below. These results support a
regulatory model for antisense transcription, in which the presence of a TFBS-
containing NDR at the 3’ end allows for differential transcription of an antisense
transcript across varying environmental conditions, independent of adjacent
transcription events, a ‘tuning’ which in turn allows for differential transcription of the

sense transcript.

3.4.6. Disentangling bidirectional promoters

Neil et al, (2009) proposed a model describing the initiation of bidirectional
transcription, in which two independent PICs form within an NDR to direct sense and
antisense transcription. This model was based on the observation in TPI1, that the
deletion of a TATA-box abrogates sense transcription of the protein-coding mRNA
whilst enhancing levels of the non-coding antisense transcript. The authors suggest that
the PICs at bidirectional promoters compete for transcription factors, such that the
resultant distribution of factors determines the relative PIC stability and the extent of
sense and antisense transcription. This would imply an inverse correlation between
antisense transcription and divergent sense transcription at bidirectional promoters;
however it has also been shown that bidirectional promoters can be coregulated in a
positive manner (Xu et al. 2011). Furthermore, Churchman and Weissman, (2011) have
demonstrated that sense and antisense levels from bidirectional promoters are

positively correlated (Spearman’s correlation coefficient = 0.3). The work in this chapter
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sheds light on two important features of antisense transcription from bidirectional
promoters. Firstly, that antisense transcription is a consequence of directed PIC
formation, rather than of transcriptional infidelity (Figure 14. Figure 17, Figure 18 and
Figure 19), and secondly that high levels of antisense transcription can be supported by
high levels of PIC components (implying a highly stable PIC) in both the presence and
absence of high levels of divergent sense transcription (Figure 17 and Figure 19).
Therefore, bidirectional promoters are in many respects two distinct but closely spaced
promoters that can be coregulated in a positive manner, such as at the SUT719/GAL80
promoter (Xu et al. 2011), an inverse manner or indeed independently from one

another.

3.4.7. 3’ nucleosome depletion

Fan et al,, (2010) have shown that under conditions of carbon starvation, the extent of
nucleosome depletion at the 3’ end of genes is generally less pronounced than in the
presence of glucose, something that is not observed at the 5’ end. Based on the finding
that genes producing antisense transcripts from their 3’ ends have more pronounced 3’
nucleosome depletion than those without (Figure 13A), it would be predicted that this
reflects a reduction of global antisense production under such stressed conditions. This
would suggest that 3’ nucleosome depletion is mainly a function of the rate of antisense
initiation and not a direct result of intrinsic histone-DNA interactions as is believed to be
the case at the 5’ end (Kaplan et al. 2009). This is supported by work presented by Fan
et al,, (2010), in which exclusion of RNA polymerase Il from the PMA1 gene led to an

increased nucleosome occupancy at the 3’ end but not at the 5.
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3.4.8. Antisense transcription and transcriptional plasticity

There is evidence to suggest that antisense transcripts initiating from the 3’ regions of
protein-coding genes may regulate sense gene transcription and thus gene expression.
Antisense transcripts have been shown to be capable of regulating protein-coding sense
transcription both by recruiting histone modifying enzymes and by transcriptional
interference (Camblong et al. 2007; Berretta and Morillon 2009) and there is evidence
that they can both upregulate and downregulate expression (Houseley et al. 2008; Uhler
et al. 2007). Furthermore, by assessing the levels of gene expression across a number of
different environmental conditions, it has been shown that genes with antisense
transcripts show a higher variability of expression, i.e. they are more transcriptionally
plastic than genes without (Xu et al. 2011). Here it is found that antisense transcripts are
remarkably abundant genome-wide. Given that they are so frequently degraded, one
might argue that the process of antisense transcription is wasteful. However, if the act of
antisense transcription is involved in changing the pattern of gene expression (Xu et al.
2011), or in expediting the transition in expression in response to changing conditions
(Uhler et al. 2007), then it may represent a necessary investment to ensure a rapid and

appropriate change in the transcriptional landscape.

It has been shown previously that the promoters of highly plastic genes tend to
have more upstream TFBSs than low plasticity genes (Lin et al. 2010). The ability to
bind a greater number of TFBSs presumably allows a gene to respond to a greater
number of environmental inputs and thus display a wider range of expression values.
Here it is shown that the same is true of TFBSs at the 3’ end, and that, further to this, a
greater number of 3’ TFBSs are associated with genes producing antisense transcripts
from their 3’ ends. Furthermore, genes with 3’ TFBSs and antisense transcription were
more plastic than those with just one or the other (Figure 12), at least when considering
genes without downstream sense transcripts. This provides support for a mechanism of
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3’ TFBS-directed regulation of sense transcription, mediated by the production of an
antisense transcript. Such a mechanism is supported by a previous study by Houseley et
al,, (2008), in which a Reb1 binding site was shown to be necessary for the production of
a long ncRNA at the GAL1-10 gene cluster. It may be of interest to assess which TFBSs
are generally found around the TSSs of antisense transcripts, and whether they tend to
be different from those sites found at the 5’ end of the gene. The results in this chapter
support a regulatory model for antisense transcription, in which the presence of a TFBS-
containing NDR at the 3’ end allows for differential expression of an antisense transcript
across varying environmental conditions, which in turn allows for differential
expression of the sense transcript. This model holds regardless of whether the antisense
is enhancing or repressing sense transcription.

A relationship between nucleosome occupancy at the 5 end of genes and
transcriptional plasticity is well established (Tirosh and Barkai 2008). The extent of
depletion at the 5’ end was found to correlate negatively with plasticity, suggesting that
the additional requirement of overcoming nucleosomes present at the promoter prior to
initiation makes a gene more transcriptionally plastic. Interestingly, the reverse was
found to be true for nucleosome occupancy at the 3’ end; transcriptionally plastic genes
had, on average, a more pronounced depletion at the 3’ end than low plasticity genes
(Figure 13G). Furthermore, it was found that 3’ ends containing one or more TFBS(s)
had a more pronounced average depletion, in line with their role as determinants of
nucleosome depletion (Bernstein et al. 2004) (Figure 13D), and that 3’ ends capable of
producing antisense transcripts were also more depleted (Figure 13A). Taken together,
these results suggest that the presence of a 3° NDR increases a gene’s plasticity by
allowing access to an environmentally-responsive platform for antisense initiation. This
is in accordance with a recent demonstration that nucleosomes at the 3’ end supress the

initiation of antisense transcripts (Yadon et al. 2010).
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In the above plasticity analyses genome-wide maps of TFBSs, transcripts and
nucleosome occupancies have been utilised, which were collected under a limited set of
conditions. Here, they were used as approximations to hypothetical, idealised maps;
ones that would capture transcripts, TFBSs and nucleosome occupancies both genome-
wide and across a much wider set of conditions. Ideally it would be useful to classify
those genes that are capable of making antisense transcripts - at least under certain
conditions - and those which are incapable - under all conditions - and to determine if
the former are more transcriptionally plastic. Here it was shown, using the collated
transcript map, that high plasticity genes are more likely to contain an antisense
transcript than those that do not (Figure 11A-B) - even though plasticity is a parameter
collected across a broad range of conditions, not just those under which the antisense
transcript maps were determined. It is possible, therefore, that antisense transcripts are
generally present at genes capable of producing them, though at levels that vary across
environmental conditions, while other, low plasticity genes, can never make antisense
transcripts. Thus it is the changing levels of antisense (a consequence of changing levels
of TFBS binding) that grant the gene its enhanced capacity to vary its expression with
changing environmental conditions, making it more transcriptionally plastic. It would be
of interest to obtain maps of antisense transcripts under a broader range of conditions,
to identify which antisense transcripts vary the most i.e. which are themselves
transcriptionally plastic.

That antisense transcription is associated with high transcriptional plasticity,
and that it is an abundant process genome-wide in spite of its extensive degradation,
leads to the hypothesis that antisense transcription is directly modulating the sense
promoter. In the next chapter the correlations between sense and antisense
transcription are assessed, while chapter 5 looks directly at how antisense transcription

might be changing the sense promoter.
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genome-wide

103



4.  Exploring the relationship between sense and

antisense transcription genome-wide

4.1. Summary

Antisense transcription is prevalent genome-wide, with approximately one third of
genes containing a defined antisense transcript, with the average levels of nascent
antisense transcription at these genes being approximately a half of the average level of
nascent sense transcription. Antisense transcription is also associated with sense
transcriptional plasticity, in line with a model whereby it changes the level of sense
transcription. Here, the same nascent transcription sequencing data (NET-seq) as
utilised in the previous chapter is used to identify whether sense and antisense
transcription are correlated genome-wide, and establish whether antisense
transcription plays a predominantly repressive or activatory role. Strikingly, however, it
is found that sense and antisense transcription are not correlated genome-wide, which
has broad implications for understanding gene regulation by antisense transcription.
Furthermore, NET-seq is compared with traditional RNA-seq in terms of their estimates
of genome-wide antisense transcription, to assess the contribution of antisense
transcript stability to genome-wide measurements. NET-seq results in higher estimates
of antisense to sense transcription ratios at the same gene than RNA-seq, suggesting that
the degradation machinery does indeed affect sense and antisense transcripts
differentially, and that NET-seq is a better method for assessing levels of antisense

transcription.
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4.2. Introduction

4.2.1. Transcriptomics aims to catalogue and quantify transcripts and
transcription on a genome-wide scale

As discussed in chapter 1, transcription lies at the centre of gene of gene expression. In
understanding transcription on a genome-wide scale, it has been necessary to
determine the complement of transcripts in a particular organism and the level to which
they are transcribed. Both these features are dynamic; the precise set of transcripts and
the levels of those transcripts will vary between cell types, under different
environmental conditions, and even within a genetically identical population of cells (as
discussed in chapter 6). Genome-wide approaches allow for the assessment of global
levels and identity of transcripts, however they also suffer from certain limitations
which are relevant to this work, and which will be described below.

DNA microarray technologies are based around the principle of nucleic acid
hybridization, in which one can quantitatively measure levels of known sequences in a
fluorescently labeled cDNA library by their binding to immobilized probes. They have
been instrumental in the study of transcriptomics, and are notable for being both high
throughput and relatively inexpensive compare to other technologies. This has allowed
for extensive studies of gene regulatory networks in yeast, assessing how the
transcriptome changes following hundreds of different mutations - Lenstra et al,, (2011)
assessed global transcript levels in 165 mutants to assess how the chromatin regulating
machinery influenced sense expression. Microarrays that assess transcripts genome-
wide at a particularly high density are called tiling arrays, and use short, overlapping
probes that cover a large proportion of the genome. Tiling arrays were used to identify
antisense transcripts in the yeast genome, though, importantly, a large fraction of these
(the CUTS) were only identifiable following deletion of RRP6 (Neil et al. 2009; Xu et al.

2009). Microarrays have several limitations, however, and for the purposes of this work
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the most crucial of these are a low signal-to-noise ratio resulting from cross
hybridization and a limited dynamic range, itself a result of high background but also
signal saturation (Wang et al. 2009; Royce et al. 2007; Okoniewski and Miller 2006).
With regards to antisense transcription and pervasive transcription in general, this
means that low level transcripts may be hard to detect, which would result in an
underestimation of the true extent of transcription.

The advent of massively parallel sequencing has led to its use in the study of
transcriptomics. RNA sequencing (RNA-seq) typically involves the reverse transcription
of RNA from an organism to produce a cDNA library. The cDNA or else the RNA itself is
fragmented, and adaptors are attached to either one or both ends of the resulting
fragments. Sequencing is then performed in one or both directions to obtain short reads
that can be mapped to the genome. The number of reads corresponding to a given
region of the genome is proportional to the number of transcripts containing sequences
corresponding to that same region, thus RNA-seq provides a quantitative assessment of
transcript levels. Indeed, RNA-seq can assess transcript levels over a much larger
dynamic range than microarrays (Shendure 2008). However, RNA-seq still strictly
assesses the levels of transcript rather than transcription from an organism. Steady
state levels of a given transcript are a function not only of its rate of synthesis but also of
its rate of degradation. As discussed in chapter 1, antisense transcripts are particularly
prone to degradation. This has two important ramifications: 1) that any regulation
resulting from antisense transcription is likely to be mediated by the transcription itself
rather than the transcript and 2) that deep sequencing of steady state transcripts should
underestimate the true extent of antisense transcription. Recently however, a technique
based upon RNA-seq has been developed that should overcome this limitation with

regards to antisense transcription.
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4.2.2. NET-seq allows for measurement of nascent transcription

Native elongating transcripts sequencing (NET-seq) involves deep sequencing of the 3’
ends of nascent transcripts purified from the DNA-RNA-RNAPII complex (Churchman
and Weissman 2011) (Figure 21). In essence, this allows for a quantitative assessment
of elongating RNAP across the genome, and - crucially for the purposes of this work - in
a strand-specific manner. The global assessment of RNAPII levels by NET-seq was in
agreement with nuclear run on experiments that showed RNAPII levels to be highest
within the early coding region of genes (Rodriguez-Gil et al. 2010). Churchman and
Weissman (2011) were also able to demonstrate that purified nascent transcripts did
not undergo degradation, thus NET-seq represents a means of assessing strictly
transcript synthesis. In support of this, NET-seq was found to show higher levels of the
CUT upstream of the URA1 gene than RNA-seq (Figure 22). Note, however, that unlike

RNA-seq, NET-seq is sensitive to polymerase pausing, as shall be discussed below.
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Figure 21: NET-seq allows for the assessment of nascent transcription

(A) NET-seq involves the immunoprecipitation of RNAPII following cell lysis. The nascent RNA is
then purified from the DNA-RNA-RNAPII complex and subject to sequencing. (B) A comparison
of transcription at the RPL30 gene, as assessed by NET-seq (top) and RNA-seq (bottom). Evident
are the effects of gene splicing upon mature RNA. NET-seq, however, captures transcription
across the intron, and also downstream of the 3’ end of the mature transcript, the observation of
which is precluded in RNA-seq due to 3’ end processing. (C) Average density of nascent
transcription across a gene. The transcriptional inhibitor a-amanitin was added after cell lysis to
demonstrate that transcription did not continue during processing of the cell lysate. Taken from
Churchman and Weissman (2011).
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Figure 22: NET-seq can assess cryptic transcription

A comparison of transcription at the URA1 gene, as assessed by NET-seq (top) and RNA-seq
(bottom). Both methods predict similar levels of sense transcription of URA1. However, the
upstream CUT shows much higher levels when assessed by NET-seq as opposed to RNA-seq, a
consequence of it being degraded by Rrp6. Taken from Churchman and Weissman (2011).

The ability of NET-seq to measure strand-specific, nascent transcription makes it an
ideal method for assessing the extent of antisense transcription genome-wide, and for
accurately determining the amount of antisense transcription at a given gene. NET-seq
is likely to be a more appropriate method in this respect than the use of tiling arrays or

RNA-seq in conjunction with deletions of components of the degradation machinery,
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especially given that such components might have roles in transcription initiation,
distinct from roles in degradation (Haimovich et al. 2013).

Here, NET-seq and RNA-seq are comprehensively compared in their ability to
estimate antisense transcription. The aim is to determine whether the gap between
average levels of sense and antisense transcription is smaller when using NET-seq than

when using RNA-seq, and so validate its use in this work over more traditional methods.

4.3. Results

4.3.1. NET-seq predicts a higher ratio of sense to antisense transcription over a
gene
If antisense transcripts are more extensively degraded than sense transcripts, then one
would expect the average genome-wide ratios of antisense to sense transcript levels to
be lower than the ratio of antisense to sense transcription. This would confirm the
hypothesis that using RNA-seq as a method of determining levels of antisense
transcription generally underestimates the true extent of antisense transcription
genome-wide. To test this, the ratios of sense and antisense reads were determined at a
number of different positions, using the RNA-seq and NET-seq data from Churchman
and Weissman (2011). The distributions of antisense/sense transcription ratios were
then compared between experiment types. Importantly, the total number of uniquely
mapped reads in the RNA-seq data and NET-seq data was similar (17 compared to 20
million), meaning that the genome-wide coverage itself was comparable. Dubious genes
were excluded from the analysis, as were genes overlapping other coding genes in a
convergent manner, leaving 5,412 genes in the analysis.

Sense and antisense read ratios were assessed in four different windows (Figure
23), in part to assess the robustness of the results. Initially, the ratio of antisense and

sense transcription/transcript reads was compared within a 300bp window placed
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immediately downstream of the TSS (Figure 23A) - i.e. the average number of antisense
reads within the window divided by the average number of sense reads. For sense
transcription, this was an attempt to capture the rate of sense initiation. For antisense
transcription, this was an attempt to measure the amount of antisense transcription
coming in to the sense promoter, a parameter that will be considered more extensively
in chapter 5. Next, the ratio of bidirectional antisense and sense transcription was
considered, using the same 300bp window as before to determine sense transcription
but a 150bp window placed 400bp upstream to determine antisense transcription
(Figure 23B). This was an attempt to approximately measure the amount of antisense
transcription upstream of the -1 nucleosome, where antisense transcription initiation is
thought to occur (chapter 3; Neil et al., 2009). Removed from this analysis were any
divergent genes - i.e. those whose promoters direct coding transcription in both
directions, hence the smaller n number. Next, the amount of antisense transcription in a
300bp window at the 3’ end was compared to the amount of sense transcription in the 5’
300bp window described above, in an attempt to compare the ratio of antisense and
sense transcription initiation at the same gene (Figure 23C). Finally, the ratio of
antisense and sense transcription across the sense transcription unit was compared, in

an attempt to compare total transcription on both strands (Figure 23C).
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Figure 23: NET-seq estimates higher levels of antisense transcription than
RNA-seq.

(A-D) Histograms showing the distributions of the ratios of antisense reads to sense reads
determined by RNA-seq (purple) and NET-seq (blue) within different gene windows: (A) The
ratio of antisense reads in a 300bp window immediately downstream of the TSS compared to
sense reads within the same window. (B) The ratio of antisense transcription in a 150bp window
250bp upstream of the TSS compared to sense transcription within the 300bp window used in A.
Divergent genes were excluded from this analysis. (C) The ratio of antisense transcription in a
300bp window immediately upstream of the TTS compared to sense transcription within the
300bp window used in A. (D) The ratio of antisense to sense transcription within the
transcription unit. Shown are the p-values determined by comparing the distributions using the
Wilcoxon rank-sum test (p), the number of genes under consideration (n), and the Spearman
rank correlation coefficient determined by comparing the RNA-seq and NET-seq ratios (r). Data
was divided into 21 bins, including a bin for those windows with no antisense reads. The
percentages refer to the percentage of genes in which there is more antisense transcription than
there is sense transcription in the given window. Note that the total number of reads in the RNA-
seq data and NET-seq data was similar (17 compared to 20 million), thus the large differences in
0 antisense read counts observed in all cases are not simply a result of differences in total read
count. It is notable that the distributions of antisense/sense NET-seq reads are similar between
the bidirectional antisense transcription and the 3’ antisense transcription (B-C). This is to be
expected if the 3’ ends of most genes border the 5’ ends of others, such that the different
windows will be capturing similar values.
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In all cases, the average ratio of antisense to sense transcription was significantly higher
when determined by NET-seq than when determined by RNA-seq (Figure 23).
Furthermore, there were far fewer instances of genes having no antisense reads in NET-
seq compared to RNA-seq, despite the overall coverage of both experiments being
roughly similar, suggesting that NET-seq is more sensitive in detecting low levels of
antisense transcription. NET-seq also consistently identified a higher fraction of genes
that had more antisense reads than sense reads within the windows being compared.
Intriguingly, however, the Spearman rank correlation between ratios as determined by
NET-seq and RNA-seq were moderately high (with r ranging from 0.53-0.7). This means
that, although the average ratios are significantly different between both experiments,
the ratios themselves are still well correlated. Thus, while sense and antisense
transcripts are differentially degraded - resulting in a difference in average ratios
between NET-seq and RNA-seq - when one considers each transcript type individually
one observes a more uniform degradation, resulting in such moderately high
correlations. Evidently, however, there are still differences between antisense
transcripts in terms of degradation: r2values of 0.28-0.49 indicate that antisense/sense
transcription ratios as determined by NET-seq can only predict between 28-49% of the
variation in antisense/sense transcript ratios as determined by RNA-seq, hence
antisense transcripts do not all experience degradation to the same extent - in support
of the existence of SUTs, CUTs and XUTs as different ‘species’ of antisense transcript
(Neil et al. 2009; Xu et al. 2009; van Dijk et al. 2011).

Based on this analysis, it appears that NET-seq estimates higher ratios of
antisense to sense ratios than RNA-seq. This leads to the conclusion that transcript
degradation impairs the ability of RNA-seq to estimate the true extent of antisense
transcription genome-wide. In chapter 5, how genes vary depending upon how much

antisense transcription is coming into the sense promoter is assessed, to explore
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possible regulatory roles for antisense transcription. Clearly, RNA-seq predicts
particularly low levels of antisense transcription in this window compared to NET-seq -
about half of yeast genes show no antisense RNA-seq reads within this window,
compared to only a tenth when determined by NET-seq (Figure 23A). Based on these
observations, NET-seq data is used exclusively in subsequent analyses to determine the
amount of sense and antisense transcription at genes.

This analysis provides insight into the prevalence of antisense transcription
genome-wide. Only a very small number of genes have no antisense NET-seq reads
whatsoever - less than two hundred in all cases except Figure 23A. Strikingly, when
considering total transcription across the sense transcription unit, 9% of genes had
more antisense reads (as determined by NET-seq) than sense reads (Figure 23D). Thus
antisense transcription predominates in nearly one tenth of the genome. One might
consider whether - at this 9% - levels of sense transcription are low, in line with a
repressive model for antisense transcription. As such, it is next considered whether

sense and antisense transcription are correlated genome-wide.

4.3.2. Sense and antisense transcription are not correlated at the sense
promoters of genes

Sense and antisense transcription were correlated using the same windows as those in
Figure 23. Sense and antisense transcription were correlated within a 300bp window
immediately downstream of the sense TSS, to attempt to assess the relationship
between sense initiation from the sense promoter and antisense transcription coming
into the sense promoter. Antisense transcription generally proceeds into the sense
promoter (Xu et al. 2011), and one might hypothesise that this could result in a
regulatory effect. If antisense transcription is generally repressive, then one would

expect to see a negative correlation between sense and antisense transcription in this
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300bp window. However, it was found that sense and antisense transcription were not
correlated at this window (Figure 24A) (Spearman rank correlation coefficient = -
0.023). This suggests that antisense transcription is not generally repressive of sense

transcription.
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Figure 24: Correlations between different sorts of transcription at genes

and gene promoters

(A-D) A series of schematics showing different windows in which the levels of nascent
transcription were determined. In each case the levels of transcription in two distinct windows
were correlated for a set of n genes, to obtain the Spearman correlation coefficient r. Correlations
were as follows: (A) sense and antisense transcription within a 300bp immediately downstream
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of the gene's TSS, representing sense initiation and antisense transcription entering the
promoter region respectively. (B) Sense and antisense transcription across the whole
transcription unit. (C) Coding gene transcription from divergently oriented gene pairs -
specifically genes whose TSSs were within 600bp of another gene, using 300bp windows placed
immediately downstream of the TSS. (D) Coding sense transcription and non-coding antisense
transcription from bidirectional promoters. The window to determine antisense transcription
was placed 250bp upstream of the gene TSS. Genes were excluded which had the TSS of a
divergent coding gene within 1000bp upstream of its TSS. n reports the number of genes
considered in each analysis. (E) Scatter plot showing the distribution of genes in terms of levels
of both sense and antisense transcription within the 300bp window described in A.

Assessing sense and antisense transcription across genes, it was found that they were
weakly positively correlated (Figure 24B) (Spearman rank correlation coefficient =
0.161). That this should differ from the lack of correlation seen in Figure 24A is curious.
It is possible that high amounts of sense transcription do result in an increase in cryptic
transcription from internal promoters, as suggested by Struhl, (2007). Several studies
have shown that deletion of chromatin regulators, such as components of the Rpd3S and
Set3 deacetylase complexes, can result in the production of short, spurious transcripts
arising from cryptic, internal promoters (Carrozza et al. 2005; Kim et al. 2012).
Furthermore, Mason and Struhl (2003) found that loss of the FACT complex resulted in
similarly short, spurious transcription which, interestingly, was associated with an
increase in RNAPII density further downstream of the 5’ end of the gene, but not at the
5’ end itself. It is possible, then, that an increase in cryptic transcription resulting from
high sense transcription might result in production of short transcripts that do not
typically reach the 5 300bp window used in Figure 24A, hence explaining why no
positive correlation is observed here. Alternatively, sense and/or antisense
transcription might result in pausing of the opposing transcription process, resulting in
the polymerase spending more time on the gene and leading to an increase in NET-seq
reads. Indeed, it is shown in chapter 5 that antisense transcription is associated with a
rise in nucleosome occupancy across the body of the gene, which could delay processing

polymerases.
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As discussed in the previous chapter, high levels of antisense transcription can
be supported in the absence of sense transcription, however, it is evident that there is
still a certain degree of co-regulation at bidirectional promoters (Spearman rank
correlation coefficient = 0.290 and 0.206; Figure 24C-D). This could likely be due to
bidirectional transcription arising from within the same NDR (Rhee and Pugh 2012; Neil
et al. 2009; Murray et al. 2012) - i.e. establishing a suitable NDR for one direction
inevitably sets it up for transcription in the other. Alternatively, binding of transcription
factors or associated chromatin remodelling/histone modifying enzymes could establish

a favourable environment for both.

4.4. Discussion

4.4.1. NET-seq predicts higher genome-wide levels of antisense transcription
than RNA-seq

Here, it is shown that the ratios of antisense to sense transcription at various windows
around genes are higher when one uses NET-seq to estimate sense and antisense
transcription than when one uses RNA-seq. This is likely due to NET-seq’s ability to
measure nascent transcription, as opposed to steady state levels of RNA, which is a
function of both the rate of RNA synthesis but also the rate of degradation. Because
sense and antisense transcripts are differentially processed (Wyers et al. 2005; Xu et al.
2009; van Dijk et al. 2011), RNA-seq overestimates the true extent of sense transcription
while underestimating antisense transcription.

There is a possible issue with using NET-seq to estimate levels of transcription
generally. In determining transcription levels here it is assumed that the rate of RNAPII
procession is always the same. However, polymerase procession could be slowed, for
example by the chromatin template (Kirov et al. 1992). Thus while two genes might

have the same overall level of RNAPII as determined by NET-seq, in one instance this
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could be due to high rates of RNAPII passage, while in another it could be due to high
RNAPII pausing. As discussed above, pausing might explain the weak positive
correlation between sense and antisense transcription across a gene - a non-permissive
chromatin template will likely slow transcription on both strands. However, given that
this correlation is only small, and also that antisense transcription as determined by
NET-seq appears to be well correlated with levels of the pre-initiation components TBP
and TFIIB (chapter 3), it can be concluded that NET-seq remains an effective method of
measuring antisense transcription levels.

It is worth noting that the total number of uniquely mapped reads in the RNA-
seq data and NET-seq data was not the same (17 compared to 20 million). It was
assumed that by determining ratios of sense to antisense reads across a gene, one would
be able to compare ratios fairly between RNA-seq and NET-seq, without correcting for
this difference. However, due to the nature of sequencing data, this is not the case. For
example, the discrepancy in total read count could account for the larger number of
genes with 0 antisense reads in the RNA-seq dataset compared to NET-seq. One way to
correct this would be to randomly remove reads from the NET-seq data, such that the

overall total mapped reads between both experiments was the same (17 million).

4.4.2. NET-seq predicts higher genome-wide levels of antisense transcription
than RNA-seq

The most striking finding of this work is that sense and antisense transcription are not
even modestly negatively correlated - an increase in antisense transcription is not
associated with a decrease in sense transcription or vice versa. This goes against the
findings of single gene studies that suggest a repressive model (Camblong et al. 2007; Xu
et al. 2011; Hongay et al. 2006). In the following chapter the association of antisense

transcription with gene chromatin is assessed, to consider how antisense transcription
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might be altering gene structure and behaviour without necessarily altering the level of
sense transcription. As such, the lack of correlation described here will be considered

more extensively in the following chapter in light of these findings.
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Chapter Five

Towards the function of antisense
transcription: associations with gene

chromatin and its modification
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5. Towards the function of antisense transcription:

associations with gene chromatin and its modification

5.1. Summary

Antisense transcription is abundant in the yeast genome, but strikingly is not correlated
with the level of sense transcription at the same gene. This raises questions as to its
function and as to why it might be associated with transcriptional plasticity, as
discussed in chapter 3. Antisense transcripts are often rapidly degraded, suggesting that
it is the act of transcription rather than the transcript itself that could be exerting
regulatory effects upon the gene. The passage of an elongating RNAPII complex is
known to modulate chromatin and chromatin modifications, and to recruit factors such
as chromatin remodelling enzymes, all of which could modulate gene behaviour. In this
chapter, genes with high levels of antisense transcription are compared to those with
low levels of antisense transcription. The aim is to explore the hypothesis that antisense
transcription might alter properties of a gene; both at the sense promoter and within
the coding region. Strikingly, major differences are identified in the levels of nucleosome
occupancy and turnover, as well as a broad array of histone modifications. Furthermore,
a number of chromatin remodelling enzymes and histone chaperones are found to be
enriched at genes subject to antisense transcription. Intriguingly, the associations
between antisense transcription and chromatin are distinct from those between sense
transcription and chromatin, suggesting the two processes may be fundamentally
different. A model is developed in which antisense transcription brings about changes in
histone modification not through the recruitment of modifying activities but via

turnover, and it is proposed that these changes may affect gene behaviour.
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5.2. Introduction

Work in the previous chapter has shown that NET-seq estimates higher levels of
antisense transcription genome-wide than RNA-seq, and allows assignment of a
quantitative measure of antisense transcription to genes. Here, it is hypothesised that
antisense-transcribing RNAPII entering the sense promoter should alter its structure,
using the number of NET-seq antisense reads immediately downstream of the sense
promoter as a measure of how much antisense-transcribing RNAPII the promoter is
subject to. Questions are addressed regarding how genes subject to high levels of such
antisense transcription might be associated with changes in chromatin. To begin, it is
important to review our understanding of chromatin, its modification and modulation,

and to assess the known interactions between elongating polymerase and chromatin.

5.2.1. Promoter structure

The basic structure of the yeast promoter has been discussed in chapter 3. Briefly,
promoters are flanked by two nucleosomes between which lies the NDR. Nucleosomes
are not typically fixed to the same spot but experience a certain amount of movement
whilst still bound to the DNA (Chakravarthy et al. 2005). Attempts to assign defined
genomic positions to nucleosomes - by mapping them to genome-wide data - account
for this by ascribing each nucleosome a measure of ‘fuzziness’ based on the standard
deviation of its mapped location (Albert et al. 2007). In reality, however, nucleosomes
are better described through ‘occupancy’ rather than position; reflecting the amount of
time a given position is filled by nucleosomes. Because nucleosome positioning is
dynamic the bordered region of the promoter is described here as nucleosome
‘depleted’ rather than ‘free’. This region contains cis-acting sequences (i.e. transcription
factor binding sites), and is where the pre-initiation complex assembles (Venters and

Pugh 2009).
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5.2.2. Nucleosome properties

As well as the position, occupancy and ‘fuzziness’ described above, nucleosomes are
distinguished by a number of parameters which can be defined bioinformatically using
available genome-wide data. Chief amongst these are the particular combination of post-
translational modifications on the tails of the histone subunits - termed histone
modifications - but also two additional features: namely subunit composition and rate
of turnover (the rate at which DNA-bound histones are replaced with free histones from
the nuclear pool). These nucleosome properties are under the governance of three
distinct classes of enzymes that will be discussed below: position and fuzziness by
chromatin remodelling enzymes, modification state by histone modifying enzymes, and

turnover and composition by histone chaperones.

5.2.3. Histones are modified on their N- and C- terminal tails

Histone proteins have flexible N- and C-terminal tails that protrude through channels
formed by aligned DNA minor grooves (Luger et al. 1997a), making them accessible for
modification. Though these tails do not contribute towards nucleosome stability or
rotational positioning of the DNA on the nucleosome (Luger et al. 1997b) it is possible
that they are involved in the assembly of nucleosomes into higher order chromatin
fibres, something which particular modifications could serve to enhance or mitigate
(Luger and Richmond 1998).

There is a host of different types of histone modification that can be found on
these tails, including acetylation, methylation, phosphorylation, ubiquitination and
sumoylation. These modifications can occur at numerous sites upon histone tails, many
of which shall be discussed below. The presence of these modifications can be

associated to varying degrees with particular gene states, such as active or inactive, or
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with active or silent chromatin. This has led to the proposal of a histone code - that
combinations of different modifications can somehow be ‘read’, with functional
consequences for the gene (Strahl and Allis 2000; Turner 2000; Jenuwein and Allis
2001). Whether or not it can truly be considered a code or indeed something more
nuanced (Gardner et al. 2011), histone modifications represent an important layer of
additional complexity, one that must be considered in any analysis of transcription
regulation. Here, known associations and possible functions for a range of well-studied

modifications will be discussed.

5.2.4. Histone acetylation at promoters is generally associated with active genes
All four histone subunits in S. cerevisiae can undergo acetylation at numerous different
lysine residues, though this discussion will be restricted to acetylation of histone H3.
The formation of lysine acetylation is brought about by histone acetyltransferases and
their removal by histone deacetylases.

Histone acetylation is broadly thought to predominate at the promoters of genes
(Liu et al.,, 2005), where it is a marker of gene activity: acetylation at H3K9, H3K14,
H3K18, H4K5 and H4K12 are all associated with high levels of transcription (Pokholok
et al. 2005). Indeed, there is evidence to suggest that, rather than just being a marker,
acetylation can itself exert positive effects upon transcription - genes with high
promoter levels of H3K4 acetylation (H3K4ac) show reduced gene expression following
mutation of the H3K4 residue (Guillemette et al. 2011). How might acetylation exert
such effects? Acetylation neutralises the positive charge upon lysine residues, which
could potentially weaken both the interactions between histone tails and DNA and
between adjacent nucleosomes, and so could conceivably disrupt chromatin
compaction. In support of this, histone tail removal and acetylation both result in

increased accessibility of nucleosomal DNA (Anderson et al. 2001) and nucleosome
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instability (Widlund et al. 2000). Another possibility is that, rather than causing direct
structural effects, acetylation recruits trans-acting factors that bind the acetylated
residues. Such bromodomain proteins include, for example, Rsc4, part of the RSC
chromatin remodelling complex, which is recruited to H3Kl1l4ac via tandem
bromodomains (Kasten et al. 2004). A final possibility is that acetylation expedites the
passage of polymerase into elongation or indeed directly increases the rate of
elongation. In support of this, acetylation enhances transcription by RNA polymerase III
in an in vitro system composed of phased nucleosomes (Tse et al. 1998). However,
H4K8ac and H4K16ac, both of which are predominantly found within the coding regions
of genes, have been shown to negatively correlate with transcription (Liu et al., 2005),
while deacetylation by Hos2 is necessary for transcription activation (Wang et al. 2002),
thus the relationship between acetylation and activity in the gene body may not be so

straightforward.

5.2.5. Methylation of H3K4 is partitioned across active genes

Methylation of H3K4 occurs in three states: mono- di- and tri- (Strahl et al. 1999). The
roles of these states are not equivalent: each has its own reported functional
consequences and associations. Dimethylation, for example, is found in active
euchromatic regions but not in silent heterochromatic sites (Noma et al,, 2001), while
trimethylation is associated with active genes (Santos-rosa et al. 2002). Where present,
these three modifications tend to be partitioned across the gene body, with
trimethylation peaking downstream of the TSS, followed by di- and monomethylation
downstream (Liu et al. 2005; Pokholok et al. 2005) - itself suggestive of distinct
functions for each modification. Methylation of H3K4 is carried out by the Setl-
containing complex COMPASS (Briggs et al. 2001), which can be recruited via the Pafl

complex and by the Ser5-phosphorylated CTD of RNAPII (Krogan et al. 2003a; Ng et al.
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2003), providing a possible explanation for why active genes are more extensively
methylated.

H3K4 methylation can also effect downstream changes. H3K4me3 can bind to
the PHD finger domain of Yngl, a component of the NuA3 histone acetyltransferase
complex, as well as Sgf29 of the SAGA complex (Bian et al. 2011) and so bring about
acetylation of H3K9/K14 /K18 (Taverna et al. 2006), possibly explaining why H3K4me3
is so often found on the same H3 molecule as acetylation marks (Jiang et al. 2007). As for
acetylation on H3K4, trimethylation by COMPASS limits H3K4ac (Guillemette et al.
2011), thus these modifications are to an extent mutually exclusive, though intriguingly
both are associated with active genes, and given that nucleosomes have two H3 tails it is
entirely possible to have both marks present on the same nucleosome. H3K4me3 can
also recruit the chromatin remodelling enzyme Isw1 (Santos-Rosa et al. 2003), and so
could play a direct role in gene activation. However, there is also evidence that H3K4
methylation can have a repressive effect. Deletion of SETI can lead to increased
expression at certain genes (Carvin and Kladde 2004), while levels of H3K4me3 increase
at ribosomal genes following repression (Weiner et al., 2012). Evidently, methylation of
H3K4 is as nuanced as its acetylation, lending weight to the argument that the effects of

a particular modification are highly context-dependent.

5.2.6. Trimethylation of H3K36 and H3K79 occurs in gene bodies and is
associated with stable nucleosomes

H3K36 trimethylation is found within the body of active genes, where it is deposited by
Set2 following recruitment to Ser2-phosphorylated RNAPII (Strahl et al. 2002; Krogan et
al. 2003b; Li et al. 2003), and removed by the demethylases Rph1 and Jhd1 (Kim and
Buratowski 2007; Tu et al. 2007). H3K36me3 is necessary for the recruitment of the
Rpd3S deacetylase complex, through which it maintains the gene body in a

hypoacetylated state (Carrozza et al. 2005; Govind et al. 2010). Failure to deacetylate in
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this way results in spurious transcription (Li et al. 2007) - something which is not
necessarily distinct from antisense transcription, thus one might predict that the
promoters of antisense transcripts would be depleted of H3K36me3. Intriguingly,
H3K36me3 has also been found to suppress histone turnover. Using a technique
described below, Venkatesh et al,, (2012) demonstrated that disruption of H3K36me3
resulted in increased histone turnover. Thus, H3K36me3 may represent a marker of
nucleosome ‘residency’ - that is, the level of HK36me3 at a given genomic region could
represent the average amount of time a histone spends bound at that region.
H3K79me3, like H3K36me3 is deposited on gene bodies (Pokholok et al. 2005),
in this case by the Dotl methyltransferase (Ng et al. 2002; van Leeuwen et al. 2002).
However, unlike H3K36me3 it was not found to be strongly correlated with gene activity
(Pokholok et al. 2005), but rather appears to play a role in euchromatin maintenance, by
keeping the Sir2 and Sir3 silencing proteins from the modified regions and so restricting
them to the telomeric regions (Ng et al. 2002; van Leeuwen et al. 2002). Like
H3K36me3, H3K79me3 also has a known association with nucleosome stability.
Combining mass spectrometry with mathematical models of H3K79 methylation, De Vos
etal, (2011) found that H3K79me3 accumulates on histones following their assembly as

nucleosomes. Thus H3K79me3 also represents a marker of nucleosome residency.

5.2.7. Ubiqutination of H2BK123

Monubiquitination of H2ZBK123 (the C-terminus) is associated with active transcription,
and is absent from transcriptionally silent genes (Xiao et al. 2005; Kao et al. 2004).
Indeed, RNAPII passage contributes to ubiquitination through interaction with the
ubiquitin-conjugating enzyme Rad6 and the ubiquitin ligase Brel, both of which are
tethered by the PAF complex and the serine 5-phosphorylated CTD of RNAPII (Henry et

al. 2003; Hwang et al. 2003; Xiao et al. 2005). Furthermore, H2B ubiquitination has been
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shown to be required for nucleosome reassembly during RNAPII passage across a gene,
working in conjunction with Sptl6 (Fleming et al. 2008). Thus H2B123ub, like
H3K36me3 and H3K79me3, also has known links to nucleosome stability. This stability
has been shown to inhibit the assembly of the transcription machinery at inactive
promoters, while promoting transcription elongation within the bodies of active genes

(Battaetal. 2011).

5.2.8. H2A.Z

H2A.Z is a histone variant that has been shown to be present at approximately two-
thirds of yeast genes (Guillemette et al. 2005), where it is most frequently found at the
+1 nucleosome, and occasionally the -1 nucleosome (Zhang et al. 2005; Albert et al.
2007), and is deposited by the SWR1 chromatin remodelling complex, which exchanges
H2A/H2B for H2A.Z/H2B dimers (Mizuguchi et al. 2004). H2A.Z is not present at both
very lowly and very highly transcribed genes (Millar et al. 2006), nor at subtelomeric
regions (Raisner et al. 2005). Though 74% of H2ZA.Z-containing nucleosomes have been
reported to be located within promoters, the majority of the remaining nucleosomes are
found within open reading frames, thus H2A.Z is not necessarily consigned to the +1 and
-1 nucleosomes (Guillemette et al. 2005), nor is it necessary for NFR formation (Tirosh
et al. 2010; Li et al. 2005). The role of H2A.Z remains unclear; its mutation leads to only
very minor changes in steady-state transcript levels, though it has been proposed to
play a role in preventing the ectopic spread of silent heterochromatin (Meneghini et al.

2003).
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5.2.9. Histone turnover is most pronounced at promoters and can be directed by
chromatin remodelling enzymes, histone chaperones and RNAPII itself.

As stated above, nucleosomes can be evicted upon transcription. At the GAL10 gene,
nucleosome occupancy across the gene body is inversely correlated with RNAPII levels
and transcriptional activity, and nucleosomes are evicted and then reassembled rapidly
in the wake of RNAPII (Schwabish and Struhl 2004). However, at other genes,
nucleosome eviction is not related to transcription elongation (Kristjuhan and Svejstrup
2004), suggesting that RNAPII procession can still occur in the presence of bound
nucleosomes, and indeed Thiriet and Hayes (2005) found evidence in Physarum
polycephalum to suggest that histones are not necessarily replaced during RNAPII
passage, something that was later demonstrated in yeast (Kulaeva et al. 2009, 2007).
That RNAPII itself might be directly involved in turnover has been suggested by in vitro
studies that show that successive rounds of polymerase passage result in loss of the
H2A/H2B dimer followed by complete removal of the histone (Kulaeva et al. 2009,
2007).

Dion et al,, (2007) performed an elegant study in yeast to measure the rates of
histone turnover genome-wide, in the hope that this would shed light on the extent and
purpose of turnover. They used yeast carrying two differently tagged H3 proteins - a
Myc-tagged H3 under a constitutive promoter, and a Flag-tagged H3 under the inducible
GAL promoter. In this way, they were able to use ChIP-chip to assess the ratio of
Flag/Myc at several time points following induction, and from this estimate the rate of
histone turnover at a given genomic region. Their results yielded several interesting
findings: 1) that the rate of turnover of promoter-bound histones is generally greater
than that of those in the open reading frame; 2) that the rate of turnover in the open
reading frame was correlated with the polymerase density in the same region and 3)

that the rate of turnover at the promoter was not well correlated with polymerase
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density in the open reading frame. Thus the rate of histone turnover at the promoter
would appear to be independent of the actual level of transcription across the gene. Dion
et al, (2007) proposed that these ‘hot’ promoter nucleosomes serve a boundaries;
preventing the spread of chromatin domains. Soluble histones (those not associated
with DNA) tend to be hyperacetylated and hypomethylated, thus incorporation of new
histones should replace the pre-existing modifications with acetylation instead, and
would thus stop the persistence of extensively modified chromatin (Burgess et al. 2010;
Fillingham et al. 2008; Verreault et al. 1996).

What directs nucleosome eviction, and histone turnover more generally? Such a
role has been ascribed to chromatin remodelling enzymes, histone chaperones and
RNAPII itself (as described above). That chromatin remodelling enzymes could direct
nucleosome eviction as well as sliding was demonstrated by Boeger et al., (2004), who
showed that upon activation of the PHO5 promoter on a chromatin circle, there was a
loss of nucleosomes, rather than just a redistribution. At the PHO8 gene a similar
eviction was recently shown to be dependent upon the SWI/SNF remodelling complex
(Brown et al. 2011), while SWI/SNF can also direct removal of H2ZA/H2B dimers (Yang
et al. 2007). SWI/SNF and the related RSC complex have both been shown to destabilise
nucleosome structure (Chaban et al., 2008; Floer et al.,, 2010; Cote et al., 1998), and also
to be necessary for transcription elongation, where they are proposed to remove
nucleosome blocks (Schwabish and Struhl 2007; Carey et al. 2006). Deleting
components of the of SWI/SNF, RSC and ISW1 complexes results in a reduction in
histone loss at the promoters of heat shock genes following induction (Erkina et al.
2010).

Remodelling enzymes have also been shown to be capable of loading histones
onto DNA. In an in vitro system, the RSC complex was sufficient to transfer histones from

nucleosomal DNA to naked DNA (Lorch et al. 1999), while the SWI/SNF, ISWI and INO80
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complexes could direct the exchange of bound H2A/H2B dimers with free dimers
(Bruno et al. 2003; Papamichos-Chronakis et al. 2011).

Asf1 is a histone chaperone that was shown to be required for histone eviction
upon activation of PHO5 (Adkins et al. 2004) and to generally be involved in histone
eviction genome-wide (Adkins and Tyler 2004). Asfl is associated both with yeast
promoter regions and with the gene body (Schwabish and Struhl 2006), where it directs
H3 eviction. Interestingly, Asfl forms a complex with Rtt109, the histone
acetyltransferase that deposits H3K56ac, and is indeed necessary for this mark (Tsubota
et al. 2007). In support of this, regions of high H3/H4 turnover are enriched for
H3K56ac, while deleting ASF1 results in slower turnover (Kaplan et al. 2008; Rufiange et
al. 2007). H3K56ac is generally thought to be an important mark for turnover, and is
necessary for nucleosome eviction and induction at PHO5 (Williams et al. 2008). Other
chaperones include the FACT complex, composed of Sptl6 and Pob3, which is also
necessary for nucleosome eviction at PHO5 and can direct H2A/H2B exchange (Adkins
and Tyler 2004; Ransom et al. 2009), and Spt6, which amongst a variety of ascribed
functions has been shown to be necessary for the maintenance of normal histone levels
across the gene body of highly transcribed genes (Kaplan et al. 2003; Ivanovska et al.

2011).

5.2.10. The possible consequences of antisense-transcribing polymerase on sense
promoter chromatin

Xu et al,, (2011) reported that the majority of antisense transcripts in yeast terminate
upstream of the sense promoter, suggesting that the antisense-transcribing polymerase
passes through the TSS of the sense transcript. Thus, the antisense-transcribing
polymerase will occupy the same region that the promoter chromatin and transcription

machinery would normally occupy. Based on the observations that polymerase passage
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can recruit histone-modifying enzymes, and that in certain instances it can bring about
nucleosome eviction, it was hypothesised that polymerase passage might disrupt or
modulate promoter chromatin. In support of this hypothesis, multiple studies report
that histone turnover rates are high at environmentally responsive genes - the same
genes most enriched for antisense transcription (Rufiange et al. 2007; Jamai et al. 2007;
Dion et al. 2007; Xu et al. 2011). Here, correlations were sought between the level of
antisense transcription at sense promoters genome-wide and a variety of chromatin
features: histone levels, modifications and dynamics, as well as levels of chromatin
remodelling enzymes, histone chaperones, and histone modifying enzymes, to explore

whether antisense transcription might be modulating gene structure and behaviour.

5.3. Results

5.3.1. Sense promoters subject to antisense transcription show increased levels
of chromatin remodelling enzymes and histone chaperones

To obtain a broad overview of how antisense transcription might impact on the
canonical features of the sense promoter, the enrichment or depletion of particular
transcription and chromatin regulating factors were assessed at those genes subject to
high levels of antisense transcription. It was anticipated that if antisense was disrupting
or modulating promoter chromatin then it would conceivably alter the binding of such
factors.

Genes were separated into the five classes based on the quantitative analysis
laid out in chapter 4. In summary, this was based on the level of nascent antisense
transcription in a 300bp window immediately downstream of the promoter (Figure 25)
From this list any overlapping, convergent genes were excluded, to remove instances
where coding transcription might be running antisense to a sense promoter. By

selecting a window immediately downstream of the transcription start site, rather than
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one overlapping the promoter, any conflation with bi-directional transcription initiation
from the promoter was avoided (Neil et al. 2009). This gave us a class of 1,024 genes
(20% of the total group) with high levels of antisense transcription (=28 reads, a median
of 70 reads), a class of 1,240 genes (24%) with little or no antisense transcription (0 or

1 read), and three intermediate classes (Figure 25).
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Figure 25: Splitting yeast genes into five classes based on antisense
transcription

A histogram showing the distribution of nascent antisense transcription reads within a 300bp
window placed directly downstream of the sense transcription start site (see inset), using NET-
seq data from Churchman and Weissman, (2011). Genes were divided into five separate classes,
demarcated by vertical lines, with the numbers of genes in each class shown above the
corresponding class. The colour coding scheme used here is used again in figures below, with the
darkest blue class being that with the most antisense transcription.

It was then assessed whether genes in the class with the highest antisense transcription
were enriched for specific factors when compared to those in the lowest, utilizing an
extensive analysis in which the levels of 202 factors were determined at the sense
promoters of almost all the coding genes in the yeast genome (Venters et al. 2011). This
list covers quite comprehensively the different classes of transcription and chromatin

regulating proteins and complexes: RNAPII components, histones and variant histones,
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PIC components, condition-specific transcription factors, elongation factors, RNAPII CTD
kinases, histone modifying enzymes, chromatin remodelling enzymes and histone
chaperones. The Wilcoxon rank sum test was used to determine which factors were
significantly enriched or depleted (p < 0.00001).

Strikingly, it was found that the promoters of genes subject to high levels of
antisense transcription were significantly enriched for factors involved in modulating
the chromatin environment (Table 2). Most significantly enriched were the chromatin
remodelling enzymes Isw1 and Ino80, followed by Pob3 of the FACT histone chaperone
complex, and Rsc9 and Swi3, of the RSC and SWI/SNF chromatin remodelling complexes
respectively. Also enriched was the deacetylase Rpd3, though this has also been shown
recently to also behave as a histone chaperone (Chen et al. 2012), the Itc1 subunit of the
Isw2 complex, the Spt6 histone chaperone, and its interactor Sptl. What is immediately
apparent is the wealth of different chromatin remodelling enzymes and histone
chaperones enriched at these enzymes. Other factors included the RNAPII components
Rpb2, Rpb7 and Rpo21, as well as the CTD kinase Ctk1. It is likely that these factors are
enriched due to the passage of antisense-transcribing RNAPII into the promoter, and not
due to sense-transcribing RNAPIIL. Spt3, of the SAGA complex, was also found to be
enriched, in keeping with antisense transcribed genes being environmentally regulated
(Xu et al. 2011; Huisinga and Pugh 2004). Finally, it was found that the core histone H2B
was also enriched at these genes, suggesting antisense transcription might result in

higher histone levels at the promoter.
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Enriched Complex Function p-valu€
factor
Isw1l Iswla, Iswlb Chromatin remodelling enzyme 42x10-9
Ino80 INO80 Chromatin remodelling enzyme 4.9 x 10-9
Pob3 FACT Histone chaperone 2.5 x 10-7
Rsc9 RSC1, RSC2, Chromatin remodelling enzyme 3.2x 10-7
RSCa
Swi3 SWI-SNF Chromatin remodelling enzyme 49 % 10-7
Rpd3 RPD3 Histone deacetylase, putative 2.9 x 10-6
histone chaperone
Rpb7 Pol I Recruitment of 3'-end processing 3.8 x10-6
factors
Itcl [sw2 Component of chromatin 1.2 x 10-5
remodelling complex
Spt3 SAGA, SLIK Subunit of the SAGA and SAGA-like 1.9 x 10-5
transcriptional regulatory
complexes
Ctk1 CTK CTD phosphorylation, regulates 2.1 x10-5
mRNA 3’ end processing
Spn1 SPT6 Interacts with RNAP II, TBP and 2.2 x10-5
(Iws1) interactor chromatin remodelling factors
Spté6 SPT6 Histone chaperone 2.9 x 10-5
Rpo21 Pol I Largest Pol II subunit 3.8 x10-5
Htb2 nucleosome Core histone 6.7 x 10-5
Rpb2 Pol I Second largest Pol II subunit 8.8 x 10-5

Table 2: Antisense-transcribed genes are enriched for distinct promoter-
bound transcription related proteins.

Factors are ranked in order of p-values determined using the Wilcoxon rank sum test, and were
considered enriched if their levels were higher in those genes with high antisense compared to
low antisense and if they had a p-value less than 0.0001. p-values were calculated by comparing
the distributions of values for a particular protein between the gene class with the lowest level of
antisense transcription and the gene class with the highest (the two classes being those shown in
Figure 25), and using the Wilcoxon rank sum test. The harsh p-value cut-off was selected to avoid
issues associated with multiple comparisons. Factors in blue were significantly enriched in genes
with antisense transcription compared to those with sense transcription but no antisense
transcription (see Table 2).

To assess whether these enriched factors were a unique feature of genes subject to

antisense transcription, or just transcribed genes in general, the features of antisense
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transcription were compared with those of sense transcription. The gene group with the
highest antisense transcription (median 70 antisense reads, 578 sense reads, n=1024)
was compared with another group which had no or low levels of antisense transcription
(0 or 1 read) but higher levels of sense transcription (median 948 reads) within the
same 300bp window (Table 3). Of the factors in Table 2, components of the ISW1, ISW2,
INO80 and FACT complexes (Burgess and Zhang, 2013; Rando and Winston, 2012) were
specifically enriched at the sense promoters of genes subject to antisense transcription
compared to gene promoters with high levels of sense transcription. Thus, antisense
transcription is likely to be associated with specific chromatin remodelling enzymes and

changes in promoter chromatin structure.
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Change
FACTOR COMPLEX p-value
in level

Ssl1 TFIIH down 1.29E-14
Vps72 SWR-C down 2.18E-10
Rad3 TFIIH, NER3 down 1.52E-09
Swcl SWR-C down 2.78E-09
Bur6 NC2 down 4.26E-09
Isw1l ISW1a, ISW1b up 1.77E-08
Esal NuA4/Piccolo down 6.22E-08
Taf13 TFIID down 1.55E-07
Snf1l SNF1 down 2.60E-07
Tfb1 TFIIH down 4.97E-07
Ino80 INO80 up 9.21E-07
Pob3 FACT up 9.96E-07
Ncb2 NC2 down 1.62E-06
Rpt6 APIS down 2.38E-06
Sir3 SIR down 3.53E-06
Kin28 TFIIH down 1.24E-05
Htzl nucleosome down 1.48E-05
Motl Motl down 3.17E-05
Tfb3 TFIIH down 3.87E-05
Itcl ISWI up 6.93E-05

Table 3: Factors enriched (up) or depleted (down) at the promoters of
highly antisense-transcribed genes versus highly sense-transcribed genes.

Factors shown are those deemed significantly enriched or depleted (p < 0.00001). Highly sense-
transcribed genes were selected as those which had no antisense transcription and a median
read count of 948 for sense transcription. High antisense-transcribed genes had a median read
count of 70 for the antisense strand and 578 for the sense strand.
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5.3.2. Antisense transcription is associated with a change in chromatin
architecture at the sense promoter

Given this enrichment for chromatin remodelling enzymes, histone chaperones and H2B
at genes subject to high antisense transcription, genes subject to varying levels of
antisense transcription were compared in terms of positioning, dynamics, and
occupancy of their promoter-bound nucleosomes. Using a genome-wide map of
nucleosome occupancy (Kaplan et al.,, 2009), it was found that genes subject to high
levels of antisense transcription showed much higher levels of nucleosome occupancy
across their promoters (p = 2.3x10-27; Figure 26A). The NDR between the -1 and +1
nucleosomes was also shorter in genes with high antisense transcription (Figure 26A4; a
median length of 75bp versus 114bp for the highest and lowest classes respectively,
p=1x10-16). Intriguingly, the increase in nucleosome occupancy occurred in a stepwise
fashion, suggesting that antisense transcription can exert changes in the chromatin even
at low levels. As there is only a very weak correlation between sense and antisense
transcription within the 300bp window (Chapter 4, Spearman’s correlation coefficient =
-0.02), the increase in nucleosome occupancy associated with increasing antisense

transcription is likely to be independent of sense transcription.
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Figure 26: Antisense transcription is associated with an increase in
nucleosome occupancy at sense promoters.

(A) Average levels of nucleosome occupancy around the TSS (0) in the five classes shown in
Figure 25, together with the NDR sizes of the top and bottom classes (see inset). The grey
rectangle represents the approximate position of the +1 nucleosome. (B) Median number of
sense and antisense reads in the gene groups shown in Figure 25, together with their median
NDR size. (C) Average nucleosome occupancy in genes with varying median numbers of sense
and antisense reads in the same window, with colours referring to the gene groups described in
B. (D) Correlation between nucleosome occupancy and the two types of transcription. Shown is
the Spearman correlation coefficient calculated for sense transcription (red) and, separately,
antisense transcription (blue) in the 300bp window with nucleosome occupancy at varying
positions around the TSS. Grey rectangles represent the approximate positions of the -1 (left) and
+1 (right) nucleosomes.
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5.3.3. Sense and antisense transcription are associated with distinct patterns of
nucleosome occupancy at the sense promoter

Next, it was assessed how nascent sense transcription in the same 300bp window
influences nucleosome occupancy and NDR size at the sense promoter in the presence of
varying levels of antisense transcription (Figure 26B-C). Genes with sense transcription
but no antisense transcription tended towards an open promoter chromatin structure,
with low nucleosome occupancy and a large NDR (126bp), while genes with high
antisense transcription and low sense transcription had a closed promoter chromatin
structure with high nucleosome occupancy across the promoter and a small NDR
(39bp). Genes with the same amount of sense transcription but different levels of
antisense transcription still showed marked differences in nucleosome occupancy
(Figure 26B-C), suggesting their associations with occupancy are independent of one
another, in line with the lack of correlation between sense and antisense transcription.
Finally, it was found that sense transcription in the 300bp window was negatively
correlated with nucleosome occupancy immediately upstream of the TSS, but positively
correlated immediately downstream, in the region corresponding to the +1 nucleosome
(Figure 26D), supporting a model in which sense transcription positions the +1
nucleosome (Hughes et al. 2012). In contrast, antisense transcription correlated
positively with nucleosome occupancy over the promoter, directly upstream of the TSS,
and in the first 1kb of the transcribed region. Thus, sense and antisense transcription
appear to determine distinct properties of chromatin organization surrounding the
sense TSS. Although sense and antisense transcription appear to be associated inversely
with nucleosome occupancy, the very weak correlation between sense and antisense

transcription suggests that they are independent processes.
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5.3.4. Nascent sense and antisense transcription are associated with distinct
patterns of histone modification

In order to understand the basis of the increased nucleosome occupancy at the
promoters of genes subject to high nascent antisense transcription, the patterns of
histone modifications were examined. Though there was no enrichment or depletion for
histone modifying enzymes other than Rpd3, others have reported associations between
antisense transcription and histone modifications or modifying enzymes (Kim et al.
2012; Cui et al. 2012; Houseley et al. 2008; Camblong et al. 2009). It was therefore
prudent to assess how histone modifications differed between groups subject to varying
levels of antisense.

Several different approaches to this were taken. In the first approach, different
histone modifications were correlated generally with both nascent sense and antisense
transcription genome-wide was (Table 4). That is, the regions of the genome that fall
within transcribed regions were taken, divided into 30bp bins, and within each bin
correlated sense and, separately, antisense with the level of multiple modifications
within the same bin. This gave two values for each modification considered - a measure
of how it correlates with both sense and antisense transcription genome-wide.

Secondly, the levels of a particular modification at each base pair position
relative to the TSS were correlated with sense/antisense transcription in the 300bp
window - i.e. it was identified where in the average gene body sense and antisense
transcription were likely to be at their highest or lowest (Figure 27A). This gave two
values for every position relative to the TSS, again, for both sense and antisense
transcription.

Thirdly, the levels of different modifications across an average gene were

assessed, after stratifying by levels of antisense transcription in the 300bp window
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(Figure 27B), and finally the class of genes with the highest antisense transcription were
compared to a class of genes with the highest sense transcription (Figure 27C).

This analysis revealed that different modifications show strong positive and
negative correlations with both nascent sense and antisense transcription, and that the
two types of transcription do not show the same associations. The observed trends
remained when SAGA-regulated TATA-box containing genes (Basehoar et al. 2004) were
excluded from the analysis, suggesting that the association between antisense
transcription and the changed distribution of histone modifications is independent of

promoter class (Figure 28).
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correlation with | correlation with
antisense sense
transcription transcription

Histone
modification

H3K79me3
H3K4ac
H3K79me2
H3K56ac
H3K36me3
H3K9ac
H3K14ac
HR2me2a
H2BK123ub
H3R2me1
H3K4me3
H3K4me2
H3K4me1

0.09
0.22
0.05

Table 4: Genome-wide correlations between sense and antisense
transcription and thirteen different histone modifications.

Shown are the Spearman correlation coefficients for antisense (blue) and sense transcription
(red). The darker the colour the stronger the correlation, whether positive or negative. Values
were determined by binning the coding portion of the genome into 50bp windows and
determining the level of sense and antisense transcription and the histone modifications within
each window.

144



y H3K4me3 High sense

High antisense transcription

transcription

Median number of
sense and antisense
reads:

70,567

2.0

0.0

0.0 1.0 2.0

e
antisense \/

transcription

High antisense
transcription

-0.4

p=2.2x10% 1267,5

0.8 0.0

H3K4ac H3K4ac H3K4ac

p =6.4x107""
H3K56ac H3K56ac

0 04
04
0.4

0.0
0.0

04 00 04
04 00 04 08
. 0.0

p =3.8x107 H3K56ac
H3K79me3

-0.4

H3K79me3

0.4

0.0

0 04 -04
00 08 -0.1

.8

Average level
0.2 0.6

Average level
00 08

p=2.0x10" e H3K79me3

Correlation coefficient

H3K36me3

H3K36me3

1.2

H3K36me3

04 0
0.8

H2BK123U

1.0

H2BK123Ub

04
15

iy

0.0
-05 0.0 05
0

p=3.7x10" 2BK123Ub

0.4

H3K79me2 H3K79me2

1.0 -0.5

0.4
1.0

o o | <
o S o
3 = +# p=15x10"° 2 | H3K79me2
-800 0 +800 -800 0 +800 -800 0 +800
Distance from TSS (bp) Distance from TSS (bp) Distance from TSS (bp)

m

D

o H2A.Z
o | TBP 2 L RNAPII CTD Ser2ph
o @
N o 04 sense
5 o S5 % S | transcription
> > Q
2 = =6x10°° 2 2o
% p= 0.0024 +1 p +1 o % 5 S . =t S —
o | TFIB Sense- |8 & § | nisense
z° transcribing | o g [ ranscription -,
RNAPIL [& © § " _goo 0 +800
o .
o 3 Distance from TSS (bp)
o [p=6x10° 4 p=1.3x10° | g
< -800 0 +800 -800 0 +800
Distance from TSS (bp)

145



Figure 27: Antisense transcription is associated with broad changes in
histone modifications independent of sense transcription

(A) The correlation coefficient between the levels of seven different histone modifications in
10bp windows around the TSS (0) and, separately, the number of sense and antisense NET-seq
reads in the 300bp window described in Figure 25. (B-C) The average levels of seven different
histone modifications around the TSS (0) in the five gene classes described in Figure 25, subject
to (B) varying antisense transcription and (C) high antisense transcription (blue), and high sense
transcription (red) in the 300bp window. (D) The average levels of TBP, TFIIB, H2A.Z and sense-
transcribing RNAPIL. TBP and TFIIB do not spread into the body of the gene with increasing
antisense transcription, as H2A.Z does. (E) Correlation coefficient between level of RNAPII CTD
Ser2 phosphorylation and sense and antisense transcription. Where shown, p-values were
determined using the Wilcoxon rank sum test, comparing the genes in the highest class to the
lowest class near the TSS. All histone modification data in A-C was normalised first to levels of
H3.
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Figure 28: Trends associated with antisense transcription remain when
genes with TATA-boxes are excluded from the analyses.

Shown are the average levels of (A) nucleosome occupancy, (B) sense transcribing RNAPII, (C)
H3K4ac, (D) H3K4me3, (E) H3K79me3 and (F) H3K36me3 in the vicinity of the TSS of TATA-less
(Basehoar et al. 2004; Huisinga and Pugh 2004) genes with varying levels of antisense, as defined
in the main text and Figure 25. This analysis suggests that although genes with TATA-boxes
generally have higher levels of antisense transcription than genes without TATA-boxes, the effect
of antisense transcription affects TATA-less promoters in the same way as genome-wide. It is
concluded that antisense transcription affects all classes of yeast gene and is not specific for
SAGA-regulated, TATA-box genes.
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5.3.5. H3K4 methylation and H2A.Z spread into the coding region of genes
subject to antisense transcription

H3K4me3 was found to be strongly correlated with nascent sense transcription (Figure
27A), primarily within the early transcribed region (Figure 27B), as described
previously (Kirmizis et al. 2007). Conversely, levels of H3K4me3 were significantly
decreased at the promoter and early transcribed region of genes subject to antisense
transcription (Figure 27C; p=6.4 x 10-81), but were increased further downstream,
suggesting the mark has been redistributed by antisense transcription. This pattern is
consistent with a model in which antisense-transcribed genes have two, overlapping
and convergent transcription units, resulting in transcription-dependent redistribution
of H3K4 methylation. To explore this further, the distributions of H3K4 mono-, di- and
trimethylation across a gene were assessed, i.e. where most of a given mark is localised
in a gene body (Figure 29). It was found that whereas the marks are well partitioned
across those genes (H3K4me3, then H3K4me2 then H3K4mel from 5’ to 3’) with low
levels of antisense transcription, in genes subject to high antisense transcription the
marks are more evenly spread across the gene body, suggesting they have been
redistributed. In support of this, levels of the variant histone Htz1 (H2A.Z) showed a
similar redistribution from the promoter into the body of genes subject to high
antisense transcription (Figure 27D). However, TFIIB and TBP remain associated at the
promoter, suggesting that the redistribution observed is not a result of cryptic
promoters in the transcribed region (Figure 27D). Note also that TFIIB and TBP do not
show even a modest reduction in genes subject to high antisense transcription,
supporting a model in which antisense transcription does not simply repress sense

transcription.
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Figure 29: Genes with high antisense transcription show more evenly
distributed H3K4 methylation profiles.

The distribution of H3K4mel, H3K4me2 and H3K4me3 within genes with both low and high
levels of antisense transcription (left and right panels respectively). Genes were divided into the
30 bins and the level of modification determined as a percentage of the total modification across
the gene. The peak of H3K4me3 normally found at the beginning of the transcription unit is much
less pronounced in genes with high antisense transcription, in line with previous observations on
single genes (Kirmizis et al. 2007; Pokholok et al. 2005). One explanation for the more even
distribution of H3K4 methylation marks over genes with high antisense transcription is that it is
the result of having two, overlapping, and opposing transcription units. This is in line with the
rise in H3K4me3 seen in the gene body of genes with high antisense transcription, a possible
consequence of 3’ promoters directing antisense transcription.

5.3.6. H3K36me3, H3K79me3 and H2BK123ub are reduced in genes subject to
antisense transcription, in contrast to sense transcription

H3K36me3, H3K79me3 and H2BK123ub are associated with the stabilization of
nucleosome structures and suppression of new histone incorporation (Batta et al. 2011;
De Vos et al. 2011; Fleming et al. 2008; Rufiange et al. 2007; Lee et al. 2012; Smolle et al.
2012; Venkatesh et al. 2012). Strikingly, all three modifications showed strong negative
correlations with nascent antisense transcription genome-wide (Figure 27A). Sense
transcription in the 300bp window showed a strong association with these
modifications, primarily over the gene body (Figure 27B). By contrast, there was a clear
decrease in all three modifications from the promoter and well into the transcribed

region in genes subject to increasing levels of antisense transcription (Figure 27C).
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H3K79me3 has previously been associated with gene length, with longer genes showing
higher levels in the gene body (Schulze et al. 2011), however, varying antisense
transcription altered levels of H3K79me3 and H3K36me3 not just over the gene body
but at the promoter as well (Figure 30). Interestingly, H3K79me2 shows a strong
positive correlation with nascent antisense transcription, unlike H3K79me3 (Figure
27D) supporting functionally distinct methylation states at H3K79 (Nguyen and Zhang,

2011).
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Figure 30: The association of antisense transcription with decreased
H3K36me3 and H3K79me3 is not related to gene length.

The association of antisense transcription with decreased H3K36me3 (A) and H3K79me3 (B) at
the promoters of genes is independent of the known association between gene length and these
marks. Shown is the average level for both marks at varying gene length (divided into groups of
approximately 500, 1,000, 1,500, 2,000 and 2,500bp) compared to the average levels in genes
with varying levels of antisense. Horizontal dotted black lines correspond to the minimum
average value found in genes of varying length. Vertical dotted black lines have been added to
illustrate a region approximately encapsulating the promoter and the -1, +1 and +2 nucleosomes.
Neither H3K79me3 nor H3K79me3 show substantial changes in this region when length is
varied, but do when the level of antisense is varied.

These findings are contrary to expectations if genes with antisense transcription are
considered to have two overlapping, convergent transcription units. If sense and
antisense transcription were both associated with these marks in the same way then
one would expect them both to have positive correlations across the gene body. This

provides further evidence that antisense transcription may be inherently different from
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sense transcription. In support of this, antisense transcription shows no correlation with
phosphorylation of the RNAPII CTD at Ser2, in marked contrast to sense transcription

(Figure 27D).

5.3.7. Promoters subject to antisense transcription exhibit increased histone
turnover rates

Intriguingly, acetylation at K4, K9, K14 and K56 on H3 showed positive correlations with
both nascent sense and antisense transcription genome-wide, but at different regions of
the gene (Figure 27A-B, Figure 31A-B). In both types of transcription, acetylation is high
across the promoter. Within the gene body however, things are quite different. Here,
histone acetylation levels drop dramatically in genes subject to high sense transcription,
but remain high in those subject to high antisense transcription (Figure 27C, Figure
31C). Given that the patterns of methylation at H3K4 are consistent with transcription-
mediated re-distribution, maintaining these patterns of acetylation would require
constant replenishment of acetylated histones at the promoter region, potentially by
histone turnover. To probe a possible connection between histone turnover and
modification, the correlation between turnover and modification genome-wide was
determined, in a similar fashion to that described above for transcription and
modification. The histone modifications most strongly correlated with antisense
transcription were also those most strongly correlated with histone H3 turnover
genome-wide; namely H3K79me3 and H3K36me3 (negatively correlated with both) and
H3K4ac and K3K56ac (positively correlated with both) (Figure 32A). This suggests that
the changes in histone modifications are due to this increased turnover - diluting
established modifications with those common to soluble histones - as opposed to

changes in the recruitment of histone modifying enzymes (supported by Table 2).
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Figure 31: Antisense transcription is associated with a rise in H3K9ac and
H3K14ac across the gene body.

(A) The correlation coefficient between the levels of H3K9ac and H3K14ac in 10bp windows
around the TSS (0) and, separately, the number of sense and antisense NET-seq reads in the
300bp window described in Fig. 1A. (B-C) The average levels of H3K9ac and H3K14ac around the
TSS (0) in the five gene classes described in Fig. 14, subject to (B) varying antisense transcription
and (C) high antisense transcription (blue), and high sense transcription (red) in the 300bp
window. H3K9ac and H3K1l4ac show a similar relationship with antisense transcription
compared to H3K4ac - antisense transcription is associated with an increase of H3K4ac at the
promoter and, to a greater extent, the +1 nucleosome and remainder of the gene body.

5.3.8. Promoters subject to antisense transcription exhibit increased histone
turnover rates

To assess histone turnover rates at promoters, a genome-wide map was utilized in
which the rate of displacement of Myc-tagged H3 by Flag-tagged H3 was measured
following induction of Flag-H3 expression (Dion et al. 2007). Histone turnover was
significantly higher between nucleosomes -1 and +4 of genes with high antisense
transcription in the 300bp window compared to those with no/low antisense
transcription in the 300bp window (Figure 32B; p=9.6x10-7, 1.7x10-22, 1.9x10-24,
5.4x10-21 and 4.9x10-25 respectively). These trends remained when an alternative
source of turnover data was utilised (Venkatesh et al. 2012)(data not shown), and when
the H3K36 methyltransferase SET2 was deleted - despite deletion of this enzyme

resulting in a genome-wide reduction of histone turnover (Figure 33)(Venkatesh et al.
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2012). To confirm that increased histone turnover was a feature of antisense
transcription, and not transcription more generally, histone turnover was assessed for
genes with varying levels of sense transcription (Figure 32C). Despite large changes in
sense transcription between groups, histone turnover did not vary substantially at the
promoter, being consistent with levels of antisense transcription, but did show the
expected relationship at nucleosomes +3 and +4. This lack of association between sense
transcription and histone turnover at the promoter agrees with previous findings (Dion
et al. 2007). Taken together, these results suggest that although histone turnover is a
feature of the canonical eukaryotic promoter, it is not correlated with the level of sense

transcription, but rather with the level of antisense transcription.
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Figure 32: Antisense transcription is more strongly associated with
increased histone turnover than sense transcription

(A) The Spearman’s correlation coefficients obtained by correlating histone turnover genome-
wide with the levels of thirteen different histone modifications within the same probed regions.
(B-C) Boxplots showing the distributions of histone turnover rates at the -1 to +4 nucleosomes of
genes with (B) varying levels of antisense transcription, coloured as in Figure 25, with the three
intermediate classes combined into a single group, or (C) sense transcription in the 300bp
window. Median levels of sense and antisense transcription in each group are given in red and
blue respectively. The top and bottom of the grey box indicates the median value of all probes
overlapping a -1 nucleosome or histone turnover genome-wide, respectively.
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Figure 33: Antisense transcription is still associated with increased histone
turnover following deletion of SET2, an enzyme involved in enhancing
turnover.

(Top) Boxplots showing the distributions of the log2 Flag/Myc ratio (an estimate of histone
turnover rate) at the -1 to +4 nucleosomes of genes with varying levels of antisense transcription,
specifically the five classes defined in Figure 25, with the three intermediate classes combined
into a single group. Median values of sense and antisense transcription in each group are given in
red and blue respectively. The bottom of the grey box indicates the median value of histone
turnover genome-wide, while the top of the box indicates the median value of all probes
overlapping a -1 nucleosome. (Bottom) Boxplots of histone turnover at the -1 to +4
nucleosomes, with the genes divided on the basis of sense transcription in the 300bp window
shown in Figure 25.

5.4. Discussion

Here it has been demonstrated that genes subject to high levels of antisense
transcription also show pronounced differences in a broad range of chromatin features,
both at the sense promoter and within the gene body. Generally, features associated
with newly deposited dynamic chromatin - acetylation, turnover, chromatin
remodelling enzymes and histone chaperones - are increased, while features associated
with established chromatin - H3K79me3, H3K36me3 and H2B123ub - are reduced.

Notable is the absence in changes of histone modifying enzymes between classes,
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suggesting that altered modification patterns could be due instead to changes in histone
turnover. That nucleosome occupancy is also increased suggests that histone deposition
is the prevailing process rather than strictly turnover, although the increased occupancy
could also result from closure of the NDR by chromatin remodelling. Below possible

mechanisms that could explain the observed associations are explored.

5.4.1. Exploring the association between antisense transcription and chromatin
modulation

Antisense transcription is associated with a rise in the level of chromatin remodelling
enzymes and changes in histone modification patterns. Broadly, these associations could
be explained by one of three basic mechanisms: 1) that antisense transcription is
causing these chromatin changes, 2) that the chromatin changes are conducive to
antisense transcription or 3) that the association is due to them both being governed by
the same upstream process. An important point in considering 2) is that many of the
chromatin changes described here are distinct from the assumed point of antisense
transcript initiation - i.e. they occur in the promoter region or just downstream of the
TSS, whereas antisense transcription initiation tends to occur just upstream of a gene’s
TTS (Xu et al. 2011), making it more likely that antisense transcription is causing these
chromatin changes than vice versa. Of course, it is possible that changes at the
promoter/early coding region are also reflected in changes at the site of antisense
transcription initiation; i.e. that genes with high antisense transcription generally
possess more transcriptionally permissive chromatin. Furthermore, some of the
changes observed in the gene body are consistent with an increase in spurious
transcription: it has been shown that Set2-dependent H3K36 methylation and Rpd3S-
dependent deacetylation are required for the suppression of spurious transcription in

the gene body Li et al,, (2007), and indeed genes subject to high antisense transcription
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show high acetylation and low H3K36me3 in the gene body. However, as discussed in
chapter 3 and in Rhee and Pugh, (2012), antisense transcription is directed by PIC
formation, whereas here even in genes subject to high levels of antisense transcription
levels of PIC components in the gene body are not increased. Finally, if the chromatin of
these genes were more transcriptionally permissive then one might expect more
transcription upon the sense strand as well, and as demonstrated in chapter 4 this is not
the case.

It is possible that high antisense transcription and the observed chromatin
changes could both result from a distinct mechanism. For example, gene looping is able
to direct the binding of Isw2 (Yadon et al. 2013), and regulate non-coding transcription
at bidirectional promoters (Tan-Wong et al. 2012). Furthermore, gene looping has been
shown to involve interaction with the nuclear pore (Tan-Wong et al. 2009). Nuclear pore
association has been linked to histone acetylation (Mizzen et al. 1996). Furthermore,
using data collected across chromosome VI (Schmid et al, 2006), it was found that
antisense transcription is correlated with nuclear pore binding at the promoter (data
not shown). Thus it is possible that looping, antisense transcription and chromatin
dynamics are linked, though clearly further effort will be needed to gain more insight,
potentially necessitating the use of available genome-wide data identifying long range
DNA interactions (Naumova et al. 2012). However, in chapter 6, experimental evidence
will be presented demonstrating that antisense transcription can bring about changes in
chromatin modifications, supporting a model in which antisense transcription can itself
modulate chromatin. Due to the absence of enrichment for histone modifying enzymes,
the enrichment for chromatin remodelling enzymes and histone chaperones, and the
increase in histone turnover observed at genes subject to high antisense transcription,
antisense transcription may bring about changes in chromatin modification through

increased histone deposition and turnover (Figure 34).
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Figure 34: A model demonstrating how antisense transcription might alter
gene chromatin

A depiction of how genes might behave in the presence and absence of antisense transcription. In
the presence of sense transcription only, the gene has an open NDR at its promoter, maintained
by RSC and Swi/Snf complexes, and histones that are hypoacetylated and trimethylated at H3K4,
H3K36 and H3K79me3. In the presence of antisense transcription, closure of the NDR occurs,
mediated by Iswl and Isw2, and potentially histone deposition. Nucleosome movement might
allow for an increased number of potential promoter configurations in terms of occupied TFBSs,
as discussed below, which could explain the association between noise and antisense
transcription established in chapter 6. Increased turnover as a result of antisense transcription
leads to removal of histones and their replacement with those from the nuclear pool, resulting in
increased acetylation at the promoter and gene body.
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5.4.2. Antisense transcription is ubiquitous but not always abundant

The profile of nascent sequence reads across many genes is symmetrical, with high
levels at the beginning of the transcribed region that tail off to lower levels on both the
sense and antisense strands (Churchman and Weissman 2011). Thus in the 300bp
window immediately downstream of the promoter, antisense reads tend to be low while
sense reads are higher. Nevertheless, when genes are grouped on the basis of levels of
antisense transcription in this window, large changes in the chromatin features
described above were found. Even when comparing the first two classes, one still
observes changes in modifications - i.e. there is a graded response to antisense
transcription, rather than simply a sudden jump in levels from e.g. the fourth group to
the fifth. If the assumption is made that antisense transcription is causing these
chromatin changes then it implies that antisense transcription can modulate chromatin
even at low levels relative to the amount of sense transcription. Thus, antisense
transcription could be a general feature of most genes - rather than simply a novelty
found in a select group - present at low but nevertheless functional levels. It should still
be noted that the presence of an antisense transcript is associated with transcriptional
plasticity (chapter 3, Xu et al, 2011), suggesting that although most genes may be
capable of supporting functionally relevant levels of antisense transcription, some are
capable of supporting higher levels than others across different environmental
conditions. Another important consideration is that, due to the nature of deep-
sequencing data, many antisense transcription events may be missed. At a higher
sequencing depth it is possible that one could capture lower-frequency antisense
transcription events, such that genes in the lowest class might show evidence of
antisense transcription. If such data were available then it might be interesting to repeat
the analyses shown here, to assess whether differences in chromatin features between

classes become even larger.
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5.4.3. Sense and antisense transcription have distinct chromatin associations

Antisense transcription and sense transcription do not show the same associations - not
just at the sense promoter, but genome-wide as well. For example, antisense
transcription is associated with a rise in acetylation within the gene body, whereas
sense transcription is associated largely with a peak of acetylation across the promoter.
Perhaps the most striking observations however are H3K36me3 - which is positively
correlated with sense transcription in the gene body but negatively correlated with
antisense transcription to the same extent - and histone turnover itself, which is more
strongly associated with antisense than with sense transcription. That these changes are
most prominent in the gene body rather than the 5’ or 3’ end suggests that they are
associated with transcription elongation, rather than initiation. This raises the
intriguing possibility that antisense transcription and sense transcription might in some
way be fundamentally distinct processes. While it has been demonstrated that antisense
transcription initiation involves components of the RNAPII PIC machinery (Rhee and
Pugh, 2012), there are other ways in which the polymerase complex could differ, which
might perhaps explain the unique observed association, and perhaps also relate to why
antisense transcripts are often quickly degraded (van Dijk et al. 2011; Neil et al. 2009).
The subunit composition of the elongating polymerase could itself differ: for example,
RNAPII contains a subunit, Rpb4, which is not essential for viability, is only found in
approximately 20% of cells under optimal conditions, but is found at higher percentages
under conditions of stress (Choder and Young 1993; Kolodziej et al. 1990),
demonstrating that RNAPII subunit composition can be regulated to functional ends.
RNAPII subunit composition has been shown to be altered by the HMG-protein Nhp6a
and the mediator component Med3p (Xue and Lehming, 2006), while the RING finger

ubiquitin ligase Asrl can disengage the Rpb4/Rpb7 heterodimer from the polymerase
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complex via ubiquitination (Daulny et al. 2008). RNA processing factors have also been
found to modulate chromatin. The cap binding complex, for example, plays important
roles in transcription termination and export (Das et al. 2000), and has recently been
shown to support Set2-dependent H3K36me3 (Hossain et al. 2013). Differential
processing of antisense transcripts could therefore also result in the polymerase
complex having unique chromatin-regulating activities.

An observation that might provide some insight into this is the finding that sense
transcription is strongly correlated with phosphorylation on Ser2 of the RNAPII CTD,
specifically downstream of the promoter, whereas antisense transcription is not.
Modification of the CTD is known to play important roles at all stages of the
transcription process (Hsin and Manley 2012). Amongst these known roles is the
recruitment of both histone modifying and chromatin remodelling enzymes.
Recruitment of the Set2 methyltransferase, for example, is dependent upon Ser2
phosphorylation (Krogan et al. 2003b), while recruitment of the Hos2 deacetylase and
Rpd3S complex is dependent upon Ser5 phosphorylation (Govind et al. 2010). Given that
these enzymes bring about H3K36 methylation and histone deacetylation respectively it
is tempting to propose that a lack of CTD modification of the antisense-transcribing
polymerase leads to a lack of recruitment of these enzymes, resulting in the observed
differences. However, was this the case, then there would be no correlation between
antisense transcription and these marks, rather than a positive correlation for
acetylation and a negative correlation for H3K36me3 as is the case. Examples of
chromatin remodelling enzymes that can be recruited to RNAPII are described below.
That differentially modified RNAPIIs can recruit different proteins provides an example
of how distinct polymerase complexes could exist, and in turn differentially affect

chromatin.
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Ultimately, however, though sense and antisense transcription could be
intrinsically different, whether through polymerase subunit composition, CTD
modification or additional proteins, it still raises the question as to what might be the
initial cause of this distinction, the upstream effector, as it were, that either makes sense
transcription distinct from antisense transcription or vice versa. It is possible that a
sequence element might play this role, though use of a Gibbs’ sampling algorithm
(Neuwald et al. 1995) has so far failed to identify unique elements found at antisense
transcript TSSs not found at sense transcript TSSs (data not shown). Another possibility
is that bidirectional sense/antisense promoters, though capable of being independently
regulated, might still possess a mechanism that defines which promoter is directing
non-coding antisense transcription and which the coding sense transcription, a sort of
promoter ‘dominance’ effect. It might be worth comparing such bidirectional promoters
with those promoters situated between two divergent coding genes, to investigate
whether they contain unique features that might explain possible differences in
transcription.

One study that does not necessarily agree with the findings here is that by
Houseley et al, (2008). In their study, they found that ablation of the antisense
transcript at GAL10 resulted in reduced H3K36me3, rather than increased as might be
expected from our analysis. Deletion of EAF3, which recruits the Rpd3S deacetylase
complex to H3K36me3, reduced the reported effect of antisense transcription upon
GAL10 induction. That this non-coding RNA increases H3K36me3 but decreases
acetylation within its transcription unit actually suggests that it is behaving more like
sense transcription than antisense transcription. If other antisense transcripts can be
found that reduce H3K36me3 and increase acetylation, as suggested by the above
analysis, then comparison of the mechanism of transcription in these cases could shed

light on how different modes of transcription might arise.
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5.4.4. Chromatin remodelling enzymes and histone chaperones can be recruited
to RNAPII

Chromatin remodelling enzymes are generally thought to be recruited by direct
interaction with transcriptional activators or by binding to specific histone
modifications (Peterson and Workman 2000; Carey et al. 2006; Attikum et al. 2004;
Santos-Rosa et al. 2004; Memedula and Belmont 2003; Goldmark et al. 2000). However,
there is evidence that chromatin remodelling enzymes may be recruited directly by
RNAPII, and that this can be achieved in a manner that is independent of histone marks.
The SWI/SNF complex has been shown to travel through the coding regions of genes
with elongating Pol Il (Schwabish and Struhl 2007), the Rsc4 component of the RSC
complex is known to bind to the Rpb5 component of RNA polymerases (Soutourina et al.
2006), Spt6 and the FACT complex interact with elongating RNAPII (Schwabish and
Struhl 2006; Mason and Struhl 2003), and Isw1 has been found within the gene bodies
of actively transcribed genes (Morillon et al., 2003). Moreover, Ino80, in cooperation
with Spt6, has been shown to associate with the ORFs of stress-response genes in a
manner that is dependent upon elongating RNAPII, but independent of histone
modificatio ns such as H3K4me3 (Klopf et al. 2009), whilst the recruitment of Ino80 and
Snf2 to the promoter of INO1 is independent of the presence of histone acetylases
(Konarzewska et al. 2012). Similarly, the recruitment of Swi/Snf to GAL1 requires
RNAPII but not histone acetylation (Lemieux and Gaudreau 2004). Based on these
findings it is certainly plausible that an antisense-processing transcription complex
might introduce chromatin remodelling enzymes and histone chaperones to the
promoters and 5’ ends of genes, and in doing so bring about the observed changes in

modification state without necessarily recruiting histone modifying enzymes.
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5.4.5. Antisense transcription is associated with a redistribution of H3K4
methylation and H2A.Z

At genes with high antisense transcription there appears to be a ‘spreading’ of certain
chromatin features. Mono-, di, and trimethylation of H3K4 show a flattening in profile,
rather than the defined partitioning seen in other genes, while the histone variant
H2A.Z, like H3K4me3, shows increased levels in the body of the gene. Given that H2A.Z
is typically associated with the +1 nucleosome (Zhang et al. 2005; Albert et al. 2007),
this might suggest the presence of antisense promoters adjacent to the sense promoter,
however this is not in keeping with the lack of observation of increased TFIIB or TBP in
the same region (Figure 27D), our previous observation that peaks of TBP and TFIIB
occur at the 3’ end (chapter 3) of genes with antisense transcripts, or the observation
that antisense transcripts tend to initiate just upstream of the 3’ end (Xu et al,, 2011).
Rather, it appears that these features might be the result of marks spreading from the
promoter, which would presumably necessitate the movement of histones themselves.
How might such a movement occur? Work on the SRG1 non-coding RNA might shed light
on a possible mechanism (Thebault et al. 2011). SRG1 is a non-coding RNA that initiates
upstream of the SER3 gene, and is transcribed in the same orientation (Martens et al.
2004). By replacing the SRG1 promoter with the inducible promoter of GAL1, Thebault
et al,, (2011) observed a rise in H3 occupancy over the SER3 promoter following
induction. However, using a similar tagging system to that described above to
distinguish old and newly bound histones, they found that old, previously bound
histones were being moved into SER3 promoter, not newly deposited histones. These
results suggest that the passage of RNAPII can in some scenarios result in previously
deposited nucleosomes being re-deposited in its wake, leading to the movement of
histones, in the case of SER3, from the gene body into the promoter. However, in the

case of antisense transcription, such a mechanism would result in the reverse; the
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movement of histones from promoter to gene body, which could explain the observed
spreading. This histone movement was found to be dependent upon Spt2, which
depends on the histone chaperone Spt6 for its recruitment to SRGI (Thebault et al.
2011). Intriguingly, levels of Spt6 were increased at the promoters of genes subject to
high antisense transcription, thus it is possible that a similar mechanism could be
occurring here. Note that it is entirely plausible that the ‘spooling’ of nucleosomes in this
way could occur simultaneously with new nucleosome deposition - i.e. histones are
deposited at the promoter and early coding region, for example, and then moved further

into the gene body.

5.4.6. Chromatin remodelling enzymes and the NDR

Here, an enrichment of chromatin remodelling enzymes and a closure of the NDR has
been identified at those genes subject to high antisense transcription. Components of a
broad range of chromatin remodelling complexes were identified: RSC, ISW1, ISW2,
SWI/SNF and INO80. That this list is so large is possibly surprising; one might expect to
discover a single ‘agent’ of antisense transcription that is substantially enriched beyond
the rest. Similarly, two histone chaperones and one putative histone chaperone were
identified, thus it is possible that antisense transcription is associated with enrichment
of different remodellers/chaperones at different sense promoters, or else that it is
simply non-specific in its recruitment, and so leads to multiple remodellers/chaperones
being recruited to all promoters subject to antisense transcription. Not all reported
functions of these remodelling enzymes are in keeping with the changes observed here.
For example, in RSC-depleted cells the NDR was found to be smaller (Hartley and
Madhani 2009), suggesting RSC plays a role in opening the NFR, not closing as our
results would suggest. Isw2, on the other hand, does play a role in NDR closure

(Whitehouse et al. 2007). Isw1 is thought to function within the body of genes, where it
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is proposed to move nucleosomes towards the 3’ end (Tirosh et al. 2010). However, if
this behaviour is in some way dependent upon the directionality of transcription, then it
is possible that antisense transcription could reverse this process, moving nucleosomes
instead towards the 5’ end. Using genome-wide ChIP combined with deletion analysis,
Yen et al, (2012) concluded that chromatin remodelling enzymes are generally
associated with specific nucleosomes relative to the start and end sites of genes (i.e. the -
1, +1, +2 nucleosomes etc.), and also that they each drive a net movement of
nucleosomes that is enzyme-specific. However, given the observations described above,
in which remodelling enzymes are recruited to elongating polymerases, and the fact that
antisense-transcribed genes are composed of two overlapping transcription units, it is
possible that such established rules cannot be applied so simply to these genes. Another
important consideration is that chromatin remodelling enzymes can also behave as
histone chaperones, thus the increased promoter occupancy could be entirely or in part

dependent upon increased histone deposition.

5.4.7. Repressive mechanisms and deacetylation: dealing with discrepancies

As discussed in chapter 1, there are numerous reported studies in which antisense
transcription causes repression of sense transcription. This would appear to be at odds
with our finding that sense and antisense transcription are not correlated genome-wide.
It is worth noting that several of these studies rely on deletion of exosome components
to stabilise CUTs (Berretta et al. 2008; Camblong et al. 2007, 2009), leading to resultant
repression. Such an additional stabilisation might not occur physiologically, and as such
the repression might never occur either. A further possibility is that, while antisense
transcription may indeed repress sense transcription, those genes with extensive
antisense transcription might have compensated for its presence. The antisense

transcription-mediated repression might be an unwanted by-product of otherwise
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beneficial chromatin changes, and as such the sense promoters are restructured to meet
this. In support of this, genes with annotated antisense transcripts more frequently have
TFBSs at their sense promoter than those without (data not shown). Another possibility
is that repression occurs largely through trans-mediated effects, but that the majority of
antisense transcripts function genome-wide in cis, as proposed by Camblong et al,
(2009). Finally, it is possible that antisense transcripts might repress, activate or else
have no effect upon sense levels, depending upon the gene or perhaps also the
conditions, and hence explaining the lack of correlation genome-wide. However, this
would seem to be at odds with the larger number of studies that report repressive
effects than they do activatory. Based on the much broader changes in chromatin that
are observed, some consistent with activation (e.g. acetylation) others with repression
(e.g. NDR closure), it is possible that the effects of antisense transcription may be more
nuanced than simple activation or repression, and that any small reductions in sense
transcription (the marginal reduction in sense-transcribing RNAPII, for example) might
be incidental to antisense transcription’s main function.

The second major discrepancy identified is that several studies in yeast have
reported recruitment of deacetylase enzymes to antisense-transcribed genes, or the
requirement of deacetylases for antisense transcription-mediated repression. Antisense
transcript stabilisation led to Hdal recruitment to PHO84 (Camblong et al. 2007), the
Rpd3 complex was recruited to the GAL1-10 promoter (Houseley et al. 2008; Pinskaya et
al. 2009a), and histone deacetylase inhibitors prevented suppression of the Tyl
retrotransposon by its CUT (Berretta and Morillon 2009). However, work in this chapter
demonstrates that genes subject to antisense transcription have high levels of H3
acetylation across their promoters and gene bodies. This would appear to be a
discrepancy: surely if antisense transcription was directing deacetylation then one

would expect to find low acetylation levels? It is possible, however, that acetylation
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levels could still be high in the presence of elevated levels of deacetylase enzymes, so
long as there is also a competing process that replenishes the acetylation marks. Histone
turnover could fulfil this role by providing acetylated histones to the chromatin. What
might be the purpose of this apparently futile process? As discussed below, continual
acetylation and subsequent deacetylation is a component of transcription cycling,
thought to be necessary for genes to respond to changing conditions (Métivier et al.
2004; Metivier et al. 2003), thus antisense transcription might provide an improved
platform for deacetylation and transcription cycling via histone turnover. Note that
there were significantly enriched levels of Rpd3 at the promoters of genes subject to
high antisense transcription (Table 2), thus it is possible that these genes are more
subject to high rates of histone deacetylation, but that this is overcompensated for by
the high rates of histone turnover, resulting in higher steady-state levels of acetylation
overall. As mentioned above, Rpd3 has also been shown to behave as a histone
chaperone (Chen et al. 2012), and it is possible that it functions in this capacity and/or

as a deacetylase at these genes.

5.4.8. Possible functions of antisense-mediated chromatin modulation

This chapter has so far described novel associations between antisense transcription
and chromatin, and described possible mechanisms by which antisense transcription
might affect chromatin. However, how might these chromatin changes in turn affect
gene behaviour?

The promoters of genes with antisense transcription also share common
dynamic chromatin features with the promoters of genes that are highly plastic.
Transcriptionally plastic genes possess occupied promoters, have higher histone
turnover rates and are more extensively regulated by chromatin remodelling enzymes

(Tirosh and Barkai, 2008). That antisense transcription is associated with
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transcriptionally plastic promoter features is in agreement with our findings in chapter
3, supporting the idea that antisense transcription enhances a gene’s plasticity and
makes it more amenable to regulation. Antisense transcripts have already been
implicated in transcriptional plasticity (Xu et al.,, 2011) but, until now, the association
between antisense transcription and these chromatin features has not been evident.
How might antisense transcription enhance plasticity in this way? In chapter 4 it was
established that there is no correlation between sense and antisense transcription
within the 300bp window downstream of the TSS, suggesting that antisense
transcription does not unanimously up- or downregulate transcription. However, one
possible mechanism is that antisense transcription could increase the potential number
of chromatin configurations permissible at a promoter, by, for example, recruiting
chromatin remodelling enzymes. More possible configurations would mean more
potential combinations of bound transcription factors. This could in turn increase the
variety of transcription complexes that can form across different environments, and so
enhance plasticity. In support of this, genes with more TFBS - i.e. those with inherently
more possible permutations of bound and unbound sites - are more transcriptionally
plastic (Lin et al. 2010). The association between antisense transcription and NFR could
provide an explanation as to why antisense transcription can be both activatory and
repressive under different genomic contexts - closing of the NDR could either occlude or

unveil TFBSs involved in stabilisation of the transcription complex (Figure 35).

170



gene A gene B

transcription factor transcription factor
binding site binding site
[ TT  IoRF ] (M I OrF |
promoter promoter

no antisense transcription

o
-€ -€

Figure 35: A model of how antisense transcription could be either
activatory or repressive under different genomic contexts.

A schematic showing two genes, A and B, with distinct promoter arrangements. In A, a single
TFBS is more proximal to the TSS than in B. In the absence of antisense transcription, positioning
of the -1 and +1 nucleosomes results in the TFBS in A being amenable to transcription factor
binding (red oblong) and thus high levels of sense transcription can be supported. In B however,
the TFBS is occluded by the -1 nucleosome, leading to low levels of sense transcription. In the
presence of antisense transcription, closure of the NDR (potentially brought about by increased
levels of chromatin remodelling enzymes, as discussed in the text) results in the TFBS in A being
occluded by the -1 nucleosome, leading to a decrease in sense transcription, while in B it results
in the TFBS being made available for binding by a transcription factor (purple oblong), leading to
an increase in the level of sense transcription.

By continually promoting histone turnover, antisense transcription could be ‘resetting’
the modification state of a gene, taking established marks and replacing them with those
associated with newly bound histones. The constant deposition, movement of histones
and replacement of marks could have the effect of disrupting bound transcription
complexes. Studies of the estrogen receptor in human cells demonstrated that the
formation of a transcriptionally productive complex at promoters occurred in cycles -
assembly of transcription factors, permissive modifications and chromatin remodelling
followed by non-permissive modifications and disassembly (Métivier et al. 2004;

Metivier et al. 2003). These cycles were proposed to restrict the extent of activation, and
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in doing so allow a cell to respond to sudden changes in condition - if a promoter is
tightly bound by a particular productive complex directing a particular ‘level’ of
transcription, then it will continue to direct such a level in spite of changing external
signals, and so fail to respond. Continual removal of such complexes will mean that with
each new assembly available signals will be able to set the new level of transcription. It
is possible in a sense/antisense system the sense transcription complex is established
by available transcription factors but then removed by subsequent antisense
transcription. This would fit with the observation that genes with antisense transcripts
are more plastic. In the next chapter a similar idea is developed - that antisense
transcription confines sense transcription to ‘bursts’, as opposed to continual, low level
transcription.

Strikingly, many of the chromatin features identified here as being associated
with antisense transcription are also associated with genes that show high expression
variability - otherwise known as expression noise. A previous study identified distinct
promoter classes at yeast genes, using available genome-wide data, that were classified
largely upon their NDR size, and which were associated with different levels of gene
expression noise (Zaugg and Luscombe 2012). The analysis presented above suggests
that antisense transcription is associated with changes in promoter state that are highly
reminiscent of these classes, as shown in Figure 36. In the next chapter, this possible
association with gene expression noise shall be explored, building towards the
hypothesis that antisense transcription might, in fact, be behaving as a noise generating

mechanism.
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Figure 36: Sense and antisense transcription are associated with distinct

promoter classes

Schematics detailing a model in which sense and antisense transcription are associated with
distinct promoter classes. In the presence of sense transcription, the NFR is open, TFBSs are
occupied, and expression is noisy. In the presence of antisense transcription, but no sense
transcription, the NDR is closed and the -1 and +1 nucleosomes potentially poorly positioned. In
the presence of both types of transcription, The NDR is closed, however the +1 nucleosome is
well positioned to allow sense transcription. However, the promoter configuration results in high

gene expression noise, the reasons for which shall be discussed in chapter 6.
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6. Changing gene expression modes: a role for antisense

transcription as a noise-generating mechanism

6.1. Summary

Antisense transcription is associated with changes in gene chromatin. These changes are
similar to those associated with gene ‘noise’ - variability in gene expression within a
genetically identical population of cells. Intrinsically noisy genes adopt a distinct
mechanism of gene expression, termed transcription bursting, distinguished by
infrequent bouts of rapid re-initiation events. Bursting gives rise to multiple, nascent
transcripts at the site of transcription, which can be detected as bright, nuclear dots
using RNA-FISH. Here, the possibility that antisense transcription can itself enforce a
bursting mode of sense transcription - and so enhance expression noise -is explored.
Using genes in which the level of antisense transcription can be experimentally varied, it
is shown that reducing antisense transcription causes a gene to revert to a less bursty,
constitutive expression mode. Three genes, GAL1, GAL10 and HMSZ2 all behave in this
manner. The levels of histone acetylation change in these genes, in keeping with the
previous genome-wide analysis (Chapter 5), and supporting the hypothesis that histone
acetylation contributes to bursting. However, deletion analysis suggests that the origin
of this acetylated chromatin is not via promoter-recruited modifying enzymes. Most
strikingly, deletion of the noise-suppressing complex Set3 only enhances noise in the
presence of antisense transcription, suggesting that antisense transcription provides the
crucial chromatin substrate upon which noise-suppressing processes can act, and

explaining why not all antisense-transcribed genes need be noisy.
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6.2. Introduction

Antisense transcription is associated with a closed nucleosome architecture at the 5’
sense promoter, increased nucleosome occupancy and H3 acetylation, and decreased
H3K79me3, H3K36me3 and H2BK123 ubiquitination. Intriguingly, these chromatin
features have been previously associated with gene noise (Weinberger et al. 2012;
Tirosh and Barkai 2008), and so the question was posed as to whether there was a link
between noise and antisense transcription. To begin, it is necessary to review our

understanding of gene noise and its association with chromatin and transcription.

6.2.1. Expression noise is an inevitable consequence of cellular systems

In statistics, noise refers to recognised amounts of unexplained variation within a
sample. In cell biology, noise has come to refer to variation within a clonal (genetically
identical) population that arises from fluctuations in molecular operations - i.e.
variation in phenotype in the absence of any variation in genotype. Expression noise
refers to variation in gene expression within a clonal population. Noise arises due to
stochastic biological processes, and can be classed as either intrinsic or extrinsic noise
(Thattai and van Oudenaarden 2001). Intrinsic noise refers to the stochastic variation
that is associated with the molecular processes directly driving gene expression, or else
the functions of the expressed gene product itself. Both transcription and translation can
contribute to intrinsic noise (Ozbudak et al. 2002). Extrinsic noise represents the
variation resulting from environmental differences between cells i.e. in cell-to-cell
contacts or external signalling molecules that have the potential to modify gene
expression. To measure noise, it has been necessary to use single cell techniques such as
flow cytometry and time lapse microscopy. For example, Elowitz et al,, (2002) used an E.
coli system in which expression of the fluorescent proteins CFP and YFP were controlled

by identical regulatory sequences (Figure 37). By comparing the fluorescence of the two
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reporter genes both within individual cells and across the population they were able to
interrogate intrinsic and extrinsic noise separately, finding that both acted substantially

upon the overall variation.

A

Fluorescence

Time

Fluorescence

Time

Figure 37: Measuring intrinsic noise in a population of cells.

Intrinsic noise can be measured by assessing fluorescence from cells with copies of the CFP and
YFP genes under the control of identical promoters. Cells expressing equivalent amounts of
fluorescent protein appear yellow, while cells expressing more of one than the other appear red
or green. Shown on the left is the level of fluorescence of both fluorescent proteins within a single
cell over time. (A) If the genes are under the control of ‘quiet’ promoters (i.e. those not directing
intrinsically noisy expression) then cells show coordinated expression of both proteins over time
within a single cell (left), though the precise amount will vary because of extrinsic noise. (B) If
genes are under the control of promoters directing intrinsically noisy expression then cells show
uncorrelated expression, such that individual cells can have different amounts of protein at any
given time. Figure taken from Elowitz et al., (2002).

6.2.2. Noise can be regulated to the benefit of the organism
Noise can arise simply because cellular reactions often comprise only a small number of

molecules per cell (e.g. DNA, RNA and proteins). This leads to large concentration
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fluctuations which can spread through genetic networks (Thattai and van Oudenaarden
2001), and which could lead to an impairment of functionality or fidelity in biological
processes, disrupting the orchestrated physiology of the cell (Rao et al. 2002). More
specifically, noise could result in haploinsufficiency in a subset of cells, something which
has been proposed to contribute to prostate neoplasia in mice (Magee et al. 2003), or
alternatively lead to a loss of cellular homeostasis (metabolic or developmental) or
disruption of the stoichiometries of protein complexes (Lehner 2008; Fraser et al. 2004;
Batada et al. 2006). With such possible consequences, it might seem prudent to limit
noise within a biological system. Indeed, Elowitz et al,, (2002) found that deletion of the
recA gene drastically increased noise in their experimental system, suggesting cells
actively suppress noise (in the case of recA via the rescuing of stalled replication forks),
while in development of the Drosophila embryo, morphogen gradients with high
embryo-embryo variability are able to give rise to well-defined patterns of downstream
gene expression with low embryo-embryo variability, following a phenomenon
described as noise ‘filtration’ (Houchmandzadeh et al. 2002).

While this might implicate noise as simply an unwanted but inevitable property
of cellular systems, there is also evidence to suggest that noise can be exploited by the
organism. There are well studied instances in which noise underlies biological
processes, particularly those in which some sort of binary decision must be made. For
example, stochastic molecular events are thought to govern the decision between
entering a lytic or lysogenic state in bacteriophage lambda following infection of its E
coli host. Simply, this decision is governed by two independently produced regulatory
proteins operating at low concentrations (Arkin et al, 1998; Johnson et al, 1979).
Stochastic variations in the concentrations of these proteins result in a genetically
identical population adopting different cell fates (Arkin et al.,, 1998) - i.e. the decision

making mechanism is dependent upon the stochastic processes underlying expression
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of both proteins. Noise-dependent mechanisms also underlie latency in human
immumodeficiency virus (HIV) - i.e. the decision as to whether the virus will undergo
lysis or enter into a reservoir — again governed by stochastic fluctuations in the Tat
protein (Weinberger et al. 2005). Noise is also essential for decision making in bacteria
(Lopez et al. 2009), determining which of a number of different developmental choices a
bacterium will make during conditions of starvation, while in higher eukaryotes it is
thought to be a fundamental component of cell differentiation during organismal

development (Arias and Hayward 2006).

6.2.3. Noise can enhance environmental responsiveness

In yeast, gene expression noise has been found to be associated with responses to
environmental fluctuations. When presented with a medium containing both glucose
and galactose (at high and low levels respectively) the GAL genes show a bimodal
expression within the population (Biggar and Crabtree 2001), indicating that cells
decide stochastically between growing on glucose or galactose, something which
presumably increases the fitness of the population. This bimodal expression was not
observed in yeast grown solely on galactose. A similar observation has been observed
on a genome-wide scale (Newman et al. 2006). Here, high-throughput flow cytometry
was used in conjunction with a library of GFP-tagged yeast strains (in which genes were
tagged at their C-terminus), in order to assign a noise value to roughly half of the genes
in the yeast genome. Consequently, questions could begin to be asked about what sorts
of genes are noisy and what sorts are not. Strikingly, environmentally responsive genes
were found to be noisy while genes involved in protein synthesis (a class of so-called
‘housekeeping’ genes) were found not to be. In support of this, the stress response in
yeast has been shown to rely on noisy signalling mechanisms (Petrenko et al. 2013).

Here, noise in signalling pathways were shown to result in genetically identical cells
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responding differently to stress conditions. This suggests that it is generally
advantageous to express environmentally responsive genes at variable levels - i.e. for
some cells to respond more than others to the environmental cue. One can envisage that
the noisiness of a particular gene might be evolutionarily tuned to reflect the specific
cost/benefit trade-off of noise at that gene.

Why do environmentally responsive genes tend to be noisy? Under fixed
environmental conditions, one would predict that all cells would adopt the fastest
growing phenotype, not adopt a variety of different phenotypes as is the case. However,
outside of controlled laboratory conditions cells tend to encounter fluctuating
environments. Stochastic fluctuation models have been used to demonstrate that in
such changing conditions, a phenotypically heterogeneous population of cells has the
capacity to achieve higher net growth rates than a homogenous one (Thattai and
Oudenaarden 2004). Simply, a heterogeneous population samples many different
phenotypes - hedging its bets, as it were — and so can anticipate sudden unforeseen

changes in the environment.

6.2.4. Transcription bursting
As stated above, expression noise can result from fluctuations in mRNA levels between
cells in a population. Indeed, Newman et al., (2006) have proposed that this is the major
source of expression noise, based on the observation that mRNA and protein levels in
single cells tended to be correlated. But by what mechanism does noisy transcription
arise, and is it different from ‘quiet’ transcription?

It has been proposed that transcription occurs in a digital fashion - that is, the
transcription apparatus at a gene exists in either an “on” or “off” state at any given time
(Hume 2000). In such a model, a population of cells would, upon activation of a gene,

possess a subpopulation in which that gene was being transcribed (i.e. in which it was
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“on”), while in the remaining cells the gene would not be being transcribed (and
therefore be “off”). The higher the level of activation, the higher the fraction of cells at
any given time in which the gene is “on”. This is opposed to a model in which genes have
a graded response, whereby in a population of cells every gene is being transcribed at
the same rate, reflecting the activation level. Support for the digital model came from a
study in which activation of the PAI-2 gene in murine macrophages was shown to result
in an increase in the fraction of cells with high PAI-2 levels (Costelloe et al. 1999).
Expression of a lacZ reporter gene in macrophages in response to varying
concentrations of external stimuli followed a similar pattern - the higher the signal, the
higher the fraction of expressing cells (Ross et al. 1994). This led to the hypothesis that
transcriptional regulation involves changing the probability of transcription initiation,
not the rate, and that transcription initiation is a stochastic process. The transcription
noise resulting from such a stochastic process has been shown to contribute
substantially to the level of heterogeneity within a clonal population (Blake et al. 2003).
The mechanism of stochastic transcription is thought to be dependent upon rapid
rounds of transcription re-initiation whilst the gene is in the “on” state. Mutation of the
TATA-box - an element which supports re-initiation (Yean and Gralla 1997) - was
shown to decrease expression noise (Blake et al. 2003).

If all genes adopt this stochastic mechanism of transcription initiation, then why
are some genes noisy and others quiet (Newman et al. 2006)? Zenklusen et al., (2008)
shed light on this by utilising RNA-FISH to define two extreme modes of gene
transcription - the two-state model described above, and a one-state model (Figure 38).
They demonstrated that the rapid bouts of re-initiation associated with digital, two-state
transcription could be visualised as bright, nuclear dots - termed transcription bursts,
which arise from multiple elongating polymerases, and therefore nascent mRNAs, being

present at the site of transcription. Conversely, low noise levels were achieved through a
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mode of transcription in which single transcription events are clearly separated in time
- i.e. though initiation occurs, the probability of re-initiation is low, which they refer to
as non-correlated or constitutive transcription. For a given gene they were able to class
it as adopting either a bursting mode or a constitutive mode of transcription, by
determining the number of nascent transcripts (visible as nuclear dots), and by
estimating the number of nuclear transcripts (by dividing the intensity of the nuclear
dots by the average intensity of the cytoplasmic dots)(Figure 39). For example, the gene
DOA1 was characterised by a narrow distribution of cytoplasmic mRNAs (i.e. lower
variation) with generally 0 or 1 nuclear, nascent transcripts at any given time. This gene
is therefore adopting a constitutive more of transcription. PDR5, however, showed a
much broader distribution of cytoplasmic mRNAs (i.e. high variation), along with many
more nascent transcripts, and was therefore classed as bursty. One can see simply by
comparing the cytoplasmic mRNA distributions of these two genes that PDR5 has more
cell-cell variation, and Zenklusen et al, (2008) used computational modelling to

demonstrate that this is a result of the differences in nuclear transcript distributions.

182



. . . . Typical nascent RNA distribution
constitutive sense transcription

intiation »|0
svents | | | | | I I I I §
o
=
1-state ON = —> 3 1
- time o
Visible as dot, one [ ﬂ
nascent transcript =

nascent nuclear RNAs

bursting sense transcription

initiation o
events (- Il I
ON kS 1
e e A Sl [T
Visible as dot, four H ﬂm!ﬁ

nascent transcripts nascent nuclear RNAs

Figure 38: A two-state and one-state model of transcription.

(Top) A one-state model of sense transcription, in which a gene is constantly in an active state,
giving rise to frequent, single, initiation events (red dashes), and a profile of nascent
transcription in which single transcripts are most frequently observed. Genes whose behaviour is
consistent with this model are described as constitutive. (Bottom) A two state model, in which
genes switch between an on and an off state. In the on state the gene undergoes rapid rounds of
re-initiation, while in the off state no transcription occurs. This gives rise to a nascent
transcription profile in which multiple nascent transcripts are frequently observed. Adapted
from Hebenstreit (2013).

Intriguingly, the KAP104 gene showed a behaviour that was halfway between these two
other genes, both in terms of its nascent and cytoplasmic transcription profiles (Figure
40)(Zenklusen et al., 2008). This suggests that bursting and constitutive transcription
represent extreme types of behaviour rather than distinct modes. Hornung et al., (2012)
formalised this continuum by defining the terms burst size and burst frequency. Burst
size refers to the duration of a burst, i.e. the number of successive rounds of re-initiation
within a single “on” step (Figure 38), while burst frequency represents the number of
bursts. In the examples above, PDR5 would have a high burst duration but a low burst
frequency, DOA1 would have a low burst duration but a high burst frequency, and
KAP104 would have values that were intermediate. Note that in this way it is possible

for two genes to have the same overall expression level within a population whilst
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having different noise values. This suggests that noise levels can be set at the site of

transcription, but how is this achieved?
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Figure 39: Multiple nascent mRNAs are detectable by RNA-FISH as bright
dots in the nucleus

Nascent mRNAs
Haploid Diploid

(A) Multiple probes designed to bind to the 5’ end of mRNAs allows for detection of the nascent
transcript while it is still bound to the polymerase. Multiple probes are used to improve signal-
to-noise ratio and increase fluorescence. (B) RNA-FISH images showing bright nuclear dots
(indicated by the blue line), and less intense cytoplasmic dots. (C) Bright nuclear dots are
thought to represent sites where multiple polymerases are transcribing the same gene, hence
why the intensities of such dots are greater than those in the cytoplasm, which are thought to
represent single mRNAs. Taken from Zenklusen et al., (2008).

184



PDR5
0.12 0.3
_ 0.10 PDR5 >
g 0.08 1. n=13.4 2 02
S 0.06 \ 3
& 0.0 [illn ' g o1
o I I =
0.02 v"l\” ‘ i " 00
0.00 JHi e : 0246810
PDR5 mRNA DAPI 0 10 20 30 40 50 Nascent mBNAs
mRNAs per cell
0.25 MDN1
0.20 >
g 0.15 MDN1 5 0.3
5 <n>=6.1 g_ 0.2
g 0.10 % 0.1 |j H Ij
L L
0.05 0.0+
01 2 3 4
MDN1 mRNA DAPI 0.00 .2 5 6 5 . Nascent mRNAs
0.30 KAP104
0.25 I
a 0.20 KAP104 >
- = [&)
% SHE i <n>=4.9 % 0.4
@ >
w 0.10 g 02
0.05 - 0.0
> 7
KAP104 mRNA DAPI a0 0 5 10 15 20 0123
0.4 Nascent mRNAs
DOA1
0.3
2 DOA1 3
5] <n>=2.6 o
2 02 =e. © 08
£ g 06
0.1 o 83
0.0 0/ r] e
0 5 10 15 20 00 01 23

DOA1 mRNA DAPI

mRNAs per cell Nascent mRNAs

Figure 40: Different genes have distinct distributions of cytoplasmic and
nuclear transcripts, reflecting their different transcription modes

(A) RNA-FISH images showing cells probed for the mRNA transcripts of four different genes.
Visible are bright dots within the DAPI stained nucleus, thought to represent multiple nascent
transcripts at the site of transcription. Also visible are dots within the cytoplasm, thought to
represent single transcripts. PDR5 and MDN1 show a higher incidence of nuclear dots than
KAP104 and DOA1. (B) Histograms in which the number of cytoplasmic dots have been counted
per cell. PDR5 and MDN1 have a larger number of cytoplasmic mRNAs than KAP104 but also a
broader distribution, indicative of a higher standard deviation in cytoplasmic transcript count i.e.
noisier transcription. (C) Histograms in which the number of nuclear dots have been counted per
cell. PDR5 and MDN1 have a higher incidence of multiple nascent RNAs than DOA1 and KAP104.
In MDN1, this is thought to arise from the gene being much longer than the other three (15kb),
meaning that the chance of multiple polymerases being on the gene at the same time is much
higher. In PDR5, however, which is of a similar size to KAP104 and DOA1, this is thought to arise
from a difference in the transcription initiation mechanism, in which transcription occurs in
bouts of rapid re-initiation, a more inherently stochastic mechanism resulting in the wider
observed distributions of cytoplasmic transcripts. Adapted from Zenklusen et al., (2008).
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6.2.5. Setting the transcription mode: mechanisms of noise regulation

Noise has been found to be associated with a number of promoter features. Noisy genes
often possess a TATA-box and have high nucleosome occupancy over their promoter
(Zaugg and Luscombe, 2012; Choi and Kim, 2009; Field et al., 2008; Tirosh and Barkai,
2008). Given the TATA-box’s ability to support re-initiation (Yean and Gralla 1997), it is
clear how it could promote noise by increasing burst size, but how might nucleosome
positioning affect noise? It is conceivable that having more nucleosomes over a
promoter occludes more transcription factor binding sites. If the nucleosomes are
mobile (or ‘fuzzy’) as has been shown to be the case at noisy genes (Zaugg and
Luscombe 2012) then different binding sites might be occluded in different cells, leading
to higher resultant variability. This would also suggest that chromatin remodelling could
play important roles in noise regulation by structuring the promoter, and indeed studies
at the PHO5 promoter found that transcription noise was highly sensitive to mutations
of chromatin remodelling enzymes and mutations of upstream activator sequences
involved in the recruitment of such enzymes (Raser and Shea 2004).

A recent study utilised a genetic screen to identify factors involved in noise
(Weinberger et al. 2012). Briefly, 137 different chromatin factors were selected and
mutated to assess their effects on the expression noise of a reporter gene driven by 11
different promoters. They found that burst size (and therefore noise) could be increased
by prevention of H2B ubiquitination and Set3-dependent deacetylation. Specifically,
deletion of LGE1 and RAD6 (required for H2BK123 ubiquitination) and deletion of SET3
and HOSZ (both components of the SET3 deacetylase) increased burst size and therefore
noise, while preventing H2BK123 via the H2B-K123R mutation had a similar effect.
Deletion of SET3 resulted in an increase in levels of H3K9ac within gene bodies genome-
wide, while H2B ubiquitination was found to promote SET3 dependent deacetylation,

suggesting that the two modifications are linked. Weinberger et al., (2012) proposed
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that both modifications altered burst size (and therefore noise) by affecting RNAPII
processivity - ubiquitination positively and acetylation negatively. This is based on the
observations that blocking H2B ubiquitination increases sensitivity to drugs interfering
with transcription elongation (Kim and Buratowski 2009), and that SET3 was found to
work preferentially at those genes with low RNAPII efficiency (which is linked to
processivity) (Weinberger et al. 2012). Taking the above observations together, it seems
that noise can be tuned at a gene by operations at the promoter - controlling access via
the nucleosomes and setting the re-initiation rate via the TATA-box - and in the gene

body, through modulation of Pol II processivity.

6.2.6. A hypothesis: antisense transcription as a noise-generating mechanism.

In chapter 5 a number of chromatin features were identified as being associated with
high levels of antisense transcription. Strikingly the three features described above as
being associated with noise - high promoter occupancy, high H3 acetylation in the gene
body and low H2B ubiquitination in the gene body - are also associated with antisense
transcription. Furthermore, it is easy to identify links between these and many of the
other chromatin features associated with antisense transcription. For example,
H3K79me3 and H3K36me3 have been linked to H2ZBK123ub, are also found in the gene
body, and have all been linked to nucleosome stability (Batta et al. 2011; De Vos et al.
2011; Fleming et al. 2008; Lee et al. 2012; Rufiange et al. 2007; Venkatesh et al. 2012;
Smolle et al. 2012). H3 acetylation on the other hand, specifically H3K56ac, has been
linked to histone turnover (Kaplan et al. 2008; Li et al. 2008), which is high in genes
subject to high antisense transcription. It is easy to envisage that increased histone
turnover and occupancy would result in decreased RNAPII processivity, which would in
turn result in an increased burst size, and hence increased noise. The focus of this

chapter is to assess how these features relate to noise through a bionformatical analysis,
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and then to assess experimentally whether there is a link between antisense

transcription and transcription bursting.

6.3. Results

6.3.1. Antisense transcription is associated with increased noise

On the basis of the observations in chapter 5 it was hypothesised that genes subject to
high antisense transcription would have higher transcription noise. The previous study
described above (Newman et al. 2006) was used in order to assign a measure of noise to
the majority of genes in the yeast genome in order to test this hypothesis. Strikingly, the
class of genes subject to the highest levels of antisense transcription were significantly
noisier than those without (Figure 41, p = 6 x 10-8, Wilcoxon rank sum test). Given that
noise is associated with TATA-boxes (Tirosh and Barkai 2008), TATA-box containing-
genes were removed from the analysis to assess whether the association remained, and
indeed it did (Figure 41). This is in accordance with the finding in chapter 5 that
antisense transcription-associated changes in chromatin were independent of TATA-
boxes. Intriguingly, amongst TATA-box containing genes, antisense transcription was
also associated with changes in noise, suggesting that antisense transcription can confer

additional noise on top of that provided by the TATA-box.
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Figure 41: Antisense transcription is associated with gene expression
noise.

Boxplots showing the levels of antisense transcription in genes with varying levels of antisense.
Groups are as those in chapter 5, with darker blue indicating higher antisense transcription, with
the middle three classes combined into one group. Because of the known association between
TATA-boxes and noise, (Tirosh and Barkai 2008), genes were subdivided TATA-containing and
TATA-less. An association was still observed in both classes. For comparative purposes, the noise
levels of all TATA-less genes (light grey) and TATA-containing genes (dark grey) are also shown.

There are two important and related considerations to be made with regards to this
analysis. Firstly, noise was measured through GFP levels - i.e. it is gene expression noise
that is being measured, not transcriptional noise, and these are clearly related but not
necessarily identical parameters. Secondly, GFP was inserted at the 3’ ends of genes.

This is likely to interfere with antisense transcription initiation - deleting the 3’ end of
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genes, for example, has been shown to ablate antisense transcription (Uhler et al. 2007).
Nevertheless, an association is still observed. It is possible that the GFP insertion is
removing or reducing antisense transcription at a subset of genes within this analysis,
i.e. those in which the antisense promoter is not wholly or partially upstream of the
insertion sight. If this is the case, then it might be expected that the true association -
between antisense transcription levels and sense transcription noise at wild type genes

- would be higher.

6.3.2. GAL1 has an antisense transcript and adopts a bursting mode of
transcription

To determine whether noise was a feature of genes with antisense transcription GALI,
which has a XUT initiating from its 3’ end, was selected as a candidate gene for
experimental analysis (chapter 3). If antisense transcription confers a bursting mode of
transcription to GAL1 then one would expect to see nuclear dots indicative of such
bursting, as reported previously (Zenklusen et al. 2008). RNA FISH was used to visualise
sense transcription in GAL1, with four probes complementary to the early coding region
of GALI, each containing four fluorophores. The aim was to calculate the number of
nascent transcripts present within the nucleus - transcription bursts would result in
some cells having multiple RNAPII molecules present on GAL1 at the same time, and
multiple nascent transcripts. To estimate the number of nascent transcripts, the
intensity of a given nuclear dot was compared to the intensity of cytoplasmic dots.
Cytoplasmic dots were assumed to correspond to single transcripts, and as such an
average cytoplasmic intensity was determined for each image and the intensity of each
nuclear dot divided by this to obtain the number of nuclear, nascent sense transcripts.
Cells were only included in the analysis if they showed evidence of sense transcription,

i.e. if they had cytoplasmic signal above a background signal (calculated using a GALI
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knockout strain). Thus, a cell with cytoplasmic signal above background and a nuclear
dot with twice the intensity of a cytoplasmic dot was considered to have two nascent
transcripts, whereas if the nuclear dot had an intensity equivalent to that of a
cytoplasmic dot then it was considered to have one. If no nuclear dot was present then
the cell was considered to have no nascent transcripts, unless the cytoplasmic signal
was below background, in which the case the cell was not considered at all for the
purposes of the histograms shown below. Thus this analysis only considered cells in
which the gene of interest is in a ‘primed state’ - i.e. in one of the patterns of
transcription shown in Figure 38, rather than in a completely ‘off’ state in which no
transcription initiation occurs at any time point. It also removes from consideration any
cells that might not have been spheroplasted effectively, and which might therefore be
transcriptionally active cells in which probing did not occur, rather than being
transcriptionally inactive.

Following GAL1 induction, bright nuclear dots were identified in 85% of induced
cells, up to five times the intensity of a single cytoplasmic dot - i.e. up to five nascent
transcripts (Figure 42A). This is comparable to PRD5, for example, which also displays a
bursting expression profile (Figure 40; Zenklusen et al., 2008). Additionally, GAL10,
which shares its promoter with GAL1 and has closely coordinated expression (Gandhi et
al. 2011), was studied using the same RNA-FISH approach. GAL10 showed a similar
distribution, again indicating a bursting mode of transcription (Figure 42B). If antisense
transcription does enforce bursting, then it is possible that antisense transcription into
the GAL1-10 bidirectional promoter is enforcing bursting of both genes, perhaps by
modulating the promoter chromatin environment. A separate RNA-FISH study assessing
sense and antisense transcription at GALI0 found that both transcripts could be found
separately within the nucleus, and that they were only very rarely present together

(1.2% of cells; Figure 43). This finding is similar to that of a previous study in PHO84

191



(Castelnuovo et al. 2013). If antisense transcription does modulate sense transcription
then this finding suggests that the effects of antisense transcription are retained after
the round of antisense transcription has itself finished, i.e. antisense transcription
modulates sense promoter chromatin which in turn modulates subsequent rounds of

sense transcription.
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Figure 42: Genes subject to antisense transcription adopt a bursting mode
of sense transcription.

(A-B) Sense transcription at GAL1 and GAL10, which share a promoter that is subject to GAL1
antisense transcription. Shown are the distributions of nascent, nuclear sense transcripts of both
genes following induction in galactose for 2 hours in the presence of antisense transcription,
determined by RNA-FISH. Positions of the FISH probes are shown on the schematic. n describes
the number of cells with detectable transcript from which the data were generated. The inset
shows representative cells containing bright nuclear dots. (C-D) Distributions of nascent, nuclear
GAL1 sense transcripts in the sgf734 and ada2A strains. Image acquisition was performed by
Frangoise Howe and Simon Hanni. Image analysis was performed by the author.
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Figure 43: Sense and antisense transcription are generally not present in
the same cell.

GAL10 has a relatively stable antisense (SUT013) suitable for RNA-FISH studies (Houseley et al.
2008). Cells were grown in YPD and then induced for 90 minutes in YPG. RNA-FISH in which the
sense (red) and antisense (green) transcripts of GALI10 were probed for simultaneously. FISH
probes do not overlap and hybridize to different regions of GAL10. Images show selected
individual cells illustrating typical images for the sense and antisense transcripts. The antisense
transcript is predominately associated with the DAPI stained nucleus. Shown are three separate
fields of cells double labelled for sense and antisense transcripts. n refers to the number of cells
analysed. The bar shows percentages of cells demonstrating either sense transcription, antisense
transcription or both. The numbers of cells expressing both is approximately what one would
expect if sense and antisense transcription are uncorrelated processes (5% of 23.3% = 1.2%).
Experiments were performed by Simon Hanni.
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6.3.3. Varying antisense transcription at GAL1 changes the histone modification
pattern without changing the level of sense transcription

As discussed in chapter 3, and shown in (Figure 44), inserting the terminator sequence
of ADH1 into the ORF of GALI resulted in redefinition of the transcription unit whilst
maintaining levels of the redefined sense and antisense transcripts. Mapping of these
transcripts revealed that the GALI antisense transcript TSS was 17bp downstream of
the TTS of the GAL1 sense transcript, while the antisense transcript end site was 128bp
upstream of the sense TSS (Figure 45), well into the GAL1-10 promoter, suggesting that
it might be able to modulate sense promoter structure.

Intriguingly, the inserted ADH1 terminator contains a consensus TATA-box in
the antisense orientation, which was hypothesised to grant the terminator its promoter-
like activity. Mutation of this TATA-like sequence did indeed reduce antisense transcript
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