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Summary

Computational Analysis of Transcriptional Regulation
by Jack Michael Monahan

It is doubtful Friedrich Miescher appreciated how groundbreaking and transformative his
isolation of "nuclein’ in 1869 would prove. Eukaryotic gene expression is a noisy process that
is subject to multiple layers of regulation. Key features of this are the three-dimensional (3D)
chromatin organisation of eukaryotic genomes and the post-transcriptional control of RNA
fates. Eukaryotic nuclear DNA is tightly packaged as chromatin that is further folded into
higher order structures. The 3D folding of eukaryotic genome lends itself to the formation of
interactions between otherwise distant regions of the genome. These interactions modulate
transcription. I investigated the impact of human papillomavirus (HPV) 16 integration on
host chromatin organisation and transcription using the W12 model for early cervical car-
cinogenesis with a novel Chromosome Conformation Capture (3C) method that specifically
enriches for interactions involving viral integrants. Integration occurs without disrupting host
3D chromatin structure but alters the expression of many neighbouring host genes.

The advent of reliable protocols for performing single-cell RNA sequencing (scRNA-seq)
has revealed that transcriptional noise is widespread and a biologically important feature in
many populations of mammalian cells. Ageing is associated with the progressive decline
in biological function. It has recently been described that aged somatic tissues have greater
cell-to-cell transcriptional variability. Ageing is also associated with a decline in male fertility.
Some have attributed this to the clonal expansion of selfish spermatogonial lineages. To
address this, I explored the effect of ageing on the transcriptomes of sorted populations of
mouse undifferentiated spermatogonia using bulk and single-cell RNA sequencing (RNA-
seq). While subtle changes in mean gene expression are detectable, it was apparent that
ageing, unlike in somatic tissues, leads to a decline in cell-to-cell transcriptional variability.

This may reflect the phenomenon of selfish spermatogonial selection.
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Finally, I explored the role of an RNA post-transcriptional modification (RPTM), N°-
methyladenosine (m®A), in buffering transcriptional noise. Maternally-supplied YTHDF2 is
essential for degradation of m®A-modified transcripts during the maternal-to-zygotic transi-
tion (MZT) early in mammalian embryogenesis. Y THDF2 targets increase in abundance in its
absence. Using scRNA-seq data generated from control and maternal conditional knock-out
mouse zygotes | show that many of these targets exhibit greater cell-to-cell transcriptional
heterogeneity in the absence of YTHDF2-mediated degradation. Suggesting that YTHDF2

has a additional function in buffering transcriptional noise.
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1

Introduction

Our understanding of the role and regulation of nucleic acids has come a long way since
Friedrich Miescher first isolated what he termed nuclein, subsequently known as nucleic
acid, from whole cell nuclei in 1869 (Dahm, 2005; Miescher-Riisch, 1871). Allen (1941)
was the first to describe the chemical differences between "plant" nucleic acids, Ribonucleic
acid (RNA), and "animal" nucleic acids, Deoxyribonucleic acid (DNA), and suggest that
both are present in the cells of animals, plants and fungi. Caspersson and Schultz (1939)
identified an association between proteins and nucleic acids in the cytoplasm of proliferating
cells. MacLeod and McCarty (1944) demonstrated, by means of bacterial transformation,
that DNA was the likely molecule of heredity. Caspersson (1947) went onto to speculate
that RNA and protein expression were interlinked because RNA levels increased in cells that
were synthesising proteins. However, it was not until Watson and Crick (1953) determined
the structure of DNA that it was possible for Crick (1958) to formulate his "Central Dogma
of Molecular Biology". He proposed that, in general, biological information flows from
DNA through RNA and into proteins. Jacob and Monod’s seminal work on the Escherichia
coli lac operon led them to theorise that a messenger RNA (mRNA) intermediate was nec-
essary for the dynamic metabolic shift that occurs in response to the changing availability
of lactose (Jacob and Monod, 1961a). The existence of mRNA was soon confirmed when
Sydney Brenner identified an unstable RNA intermediate that transiently interacted with the
protein-synthesising ribosomes (Brenner et al., 1961). This was followed by the discovery
by Crick and Brenner of RNA molecules, transfer RNAs (tRNAs), that translate the mRNA
triplet genetic code (codons) into amino acids (Crick et al., 1961). In turn, this led to the
discovery that translation proceeds from the mRNA 5’-hydroxyl group to 3’-phosphate group
(Lamfrom et al., 1966; Salas et al., 1965).

In contrast with James Watson’s version of the Central Dogma (Watson, 1965), Francis Crick
did not rule out the possibility of information flow from RNA to DNA. This less dogmatic

view of the Central Dogma was supported by the discovery of retroviruses and viral reverse
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transcriptase (RTase) that allows complementary DNA (cDNA) to be synthesised from an
RNA template (Baltimore, 1964; Mizutani and Temin, 1970). The first full structure and
nucleotide sequence of an RNA was determined from the Saccharomyces cerevisiae alanine
tRNA by Holley et al. (1965). The discovery of RNA secondary structure led some to propose
the existence of ribozymes, RNA molecules with catalytic activity (Crick, 1968; Orgel, 1968;
Woese, 1967). This was later borne out by the discovery of self-splicing ribosomal RNAs
(rRNAs) (Kruger et al., 1982). Carl Woese went so far as to propose that life started out as
self-replicating ribozyme-like molecules.

Numerous breakthroughs in the field of RNA Biology have followed in the decades since the
nucleic acid revolution of the 1950s and 1960s. Chief amongst them have been the dissection
of the mechanisms underpinning transcriptional regulation and the revelation that many
classes of RNA molecules, the non-coding RNAs (ncRNAs), are not directly involved in the
synthesis of proteins. Rather, as will be discussed in due course, many of these are engaged in
the post-transcriptional regulation of other RNA molecules. The existence of RNA-mediated
mechanisms of post-transcriptional expression regulation was first hinted at when Napoli
et al. (1990) inadvertently blocked a Petunia biosynthesis pathway in trans while trying to
increase its activity with a transgene. Fire et al. (1998) later showed that the introduction of
double-stranded RNA (dsRNA) into eukaryotic cells can trigger a homology-dependent RNA
interference (RNA1) response that dramatically reduces the mRNA levels of endogenous
target genes. Subsequent studies have revealed additional conserved mechanisms of RNA
post-transcriptional regulation, most notably the microRNA (miRNA) mediated silencing
pathway (Lagos-Quintana et al., 2001; Lau et al., 2001). Furthermore RNA molecules are
not homogeneous, linear chains of adenines (As), cytosines (Cs), guanines (Gs) and uracils
(Us), many are structured (Bartel, 2018; Blythe et al., 2016; Mayr, 2017) and indeed post-
transcriptionally modified (Frye et al., 2016; Grozhik and Jaffrey, 2018; Pan, 2018; Vitsios
and Enright, 2015).

Much of what has been achieved in the field of RNA Biology in recent decades has been
accomplished due to the progress made in nucleic acid sequencing technologies and con-
comitant advances in computational analysis methods. Although RNA sequencing was
developed first (Fiers et al., 1976), it was the application of Fred Sanger’s eponymous
dideoxy chain-termination method for sequencing DNA (Sanger et al., 1977) to libraries of
short cDNA fragments that allowed the first eukaryotic transcriptomes to be interrogated
(Adams et al., 1991; Sim et al., 1979; Velculescu et al., 1997). However it not until the
advent of more high-throughput technologies like DNA microarrays and next-generation
sequencing (NGS) (McGettigan, 2013; Nelson, 2001) that the field of Transcriptomics truly

emerged. The widespread adoption of the NGS sequencing-by-synthesis method necessitated
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the development of global sequence alignment tools capable of the fast mapping of short
sequenced reads to a reference (Langmead and Salzberg, 2012; Langmead et al., 2009; Li
and Durbin, 2010). Classically, investigations into transcriptional dynamics have focussed
on changes in mean expression levels detected using bulk RNA sequencing or DNA mi-
croarrays. But with the development of reliable protocols for performing single-cell RNA
sequencing (Picelli et al., 2014; Zheng et al., 2017) and computational methods for detect-
ing sources of technical noise therein (Brennecke et al., 2013; Vallejos et al., 2015, 2016)
there is a growing appreciation that alterations to cell-to-cell transcriptional heterogeneity
have functional consequences (Martinez-Jimenez et al., 2017; Paul et al., 2015). Finally,
third-generation technologies such as the Oxford Nanopore Technologies (ONT) Nanopore
sequencing (Garalde et al., 2018; Jain et al., 2015) and Pacific Biosciences (PacBio) Single
Molecule, Real-Time sequencing (SMRT-seq) methods (Eid et al., 2009) have the potential
to further revolutionise the fields of genomics and transcriptomics by allowing long, single
molecules to be sequenced (Niedringhaus et al., 2011). Longer nucleotide sequences have
fewer possible matches in the genome (or transcriptome) and this reduces the computational
burden of sequence alignment (Li, 2018). Longer reads better resolve regions of structural
variation and stretches of repetitive sequence. The ONT direct RNA sequencing protocol
eliminates the biases introduced by reverse transcription and amplification with polymerase
chain reactions (Garalde et al., 2018). Furthermore, it is already possible to detect certain
DNA and RNA modifications by interrogating the raw signal intensities underlying ONT
base calls (Simpson et al., 2017; Workman et al., 2018).

1.1 | Eukaryotic Transcriptional Regulation

Eukaryotic transcription is the episodic, three stage process by which RNA polymerases
(RNAPs) synthesise RNA from a DNA template. There are three DNA-dependent RNAPs
in higher eukaryotes (Roeder and Rutter, 1969). According to its modern definition, a gene
is a genomic sequence that encodes a functional molecule, either RNA or protein (Gerstein
et al., 2007). As all genes express RNA but not necessarily a protein, RNAPs are the real
Gene Machines. RNAP I synthesises most rRNA precursors (Paule and White, 2000). RNA
polymerase II (RNAP II) transcribes, amongst others, mRNA and miRNA encoding genes
(Lee et al., 2004; McCracken et al., 1997). RNAP III catalyses the synthesis of tRNAs
and other small RNA precursors (Cramer et al., 2008; Dieci et al., 2007; Paule and White,
2000). Transcription initiates at the transcriptional start site (TSS) within DNA cis-regulatory
elements (CREs) known as promoters (Haberle and Stark, 2018). The promoter serves ad

a platform for the recruitment and assembly of the pre-initiation complex (PIC). The core
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PIC of RNAP IlIs-transcribed genes is comprised of the RNAP II holoenzyme and six general
transcription factors (GTFs), TFIIs A, B, D, E, F and H (Orphanides et al., 1996; Thomas and
Chiang, 2006). While less than 1.5% of the human is comprised of protein-coding sequences
(Dunham et al., 2012; Lander et al., 2001), the Encylcopedia of DNA Elements (ENCODE)
Project has shown us that mammalian genomes specifically, and eukaryotic genomes in
general, are rich in cis and trans regulatory elements. Furthermore, RNAP II-mediated
transcription is influenced by distal CREs including so-called enhancer sequences (Banerji
et al., 1981; Bulger and Groudine, 2011; Sagai et al., 2005). Most RNAP I and III genes
encode "housekeeping’ functions and are constitutively expressed as a result (Dieci et al.,
2007; Voit and Grummt, 2011). In contrast, many RNAP II-transcribed genes are dynamically
regulated (Kornberg, 1999) with many of them being facultatively and/or inducibly expressed
due to the existence of tissue-specific promoters and enhancers (Lenhard et al., 2012; Lettice
et al., 2003; Pennacchio et al., 2007; Sagai et al., 2005; Weake and Workman, 2010).

1.1.1 | The Histone Code

Eukaryotic genomes are more than one-dimensional DNA polymers, instead nuclear double-
stranded DNA (dsDNA) is tightly packaged into a higher-order DNA-protein structures
known as chromatin (Kornberg, 1977). The structural unit of which is the nucleosome. The
nucleosome core particle consists of 146 bp superhelical DNA wrapped around a histone
H2A, H2B, H3, and H4 hetero-octamer (Luger et al., 1997). Further compaction is mediated
by interactions involving the basic histone amino-terminal tails and the DNA itself or the
acidic regions of neighbouring histone octamers (Dorigo et al., 2003; Luger and Richmond,
1998; Zheng et al., 2005). Strikingly, the 6.6 gigabase (Gb) human diploid genome would be
2 metres long if fully unwound (de Wit and de Laat, 2012) yet it manages to be contained in a
5-20 micrometre diameter cell nucleus (Lammerding, 2011; Mirny, 2011). While compaction
of the genome into chromatin and higher order structures elegantly solves the issue of storing
the nuclear genome efficiently it also poses its own set of challenges to the cell. Heitz
(1928) observed differentially staining regions of chromatin in the interphase nuclei of Pellia
epiphylla that were consistently more or less condensed. He termed these regions hetero- and
euchromatin; heterochromatin is associated with transcriptional repression (Brown, 1966) and
euchromatin with active transcription (Chesteron et al., 1974). The more compact a region
of chromatin is, the less accessible the DNA will be for the trans-acting factors mediating
transcription and other cellular activities (Radman-Livaja and Rando, 2010). Unsurprisingly,
mechanisms have evolved to modulate chromatin compaction and accessibility.

Allfrey et al. (1964) were the first to report that histone acetylation modulates transcription.
Luger and Richmond (1998) reported that acetylation of the tails of histones H3 and H4
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increases accessibility for chromatin remodelling complexes such as SWI/SNF which pro-
mote the formation of transcriptionally-permissive euchromatin. Studies have since shown
that there are at least 80 covalent modifications to tails of histones H3 and H4 (Bannister
and Kouzarides, 2011). This histone code defines one aspect of the eukaryotic epigenome
and supports a dynamic genomic regulatory landscape (Barski et al., 2007; Benevolenskaya,
2007; Creyghton et al., 2010; Koch et al., 2007; Rosenfeld et al., 2009; Steger et al., 2008).
If the ENCODE Project to identify functional sequences in the human genome has taught
us nothing else, it demonstrates that transcription is pervasive and tightly linked to histone
epigenetic states and chromatin accessibility (Birney et al., 2007; Dunham et al., 2012).

1.1.2 | DNA Methylation

In addition to histone tail modifications, DNA itself is also epigenetically modified. Vertebrate
CpG islands (CGIs) are short stretches of GC-rich, CpG-rich sequence that co-localise with
50% of annotated TSSs and the majority of promoters (Deaton and Bird, 2011). The cytosine-
5 methylation of palindromic CpG dinucleotides is associated with gene silencing (Jones et al.,
1998; Nan et al., 1998). 5-Methylcytosine (SmC) recruits histone deacetylases (HDACs) that
compact chromatin and reduce chromatin accessibility. The symmetry of CpG dinucleotides
allows cytosine-5 methylation to be stably inherited by daughter cells but methylation is
not permanent (Li and Zhang, 2014). The global erasure of paternally- and maternally-
inherited DNA methylation occurs at the zygotic, morula and blastula stages of mammalian
embryogeneis (Kafri et al., 1992; Monk et al., 1987). The genome is remethylated after
implantation. Epiblast-derived primordial germ cells (PGCs) undergo a further round of near
total demethylation, in mice this occurs at embryonic day (E) 10-12 (Kafri et al., 1992; Popp
et al., 2010). The spermatogonia of male neonates undergo remethylation with the de novo
DNA methyltransferases (DNMTs) DNMT3A/B and the catalytically inactive DNMT3L
as part of spermatogenesis (Bourc’his and Bestor, 2004; Ernst et al., 2017). Similarly,
DNMT3A-DNMTS3L together with DNMT 1, which normally maintains DNA methylation in
the soma, are responsible for de novo DNA methylation during oogenesis (Li et al., 2018).
Indeed SmC is so important that some have termed it the Sth nucleotide base (Lister and
Ecker, 2009).

Promoter CGIs are predominantly unmethylated but methylation states may change with
ageing and tumourigenesis (Esteller, 2002; Jung and Pfeifer, 2015). Furthermore, based
on the age-associated changes in DNA methylation it has been suggested that the cytosine-
5 methylation states at certain CpG sites can be used to create an Epigenetic Clock for
measuring biological ageing (Horvath, 2013). Biological ageing being the age-associated

progressive decline in function that is usually attributed to the accumulation of molecular
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changes with time (Gems and Partridge, 2013; Lopez-Otin et al., 2013). Outside of promoter
regions, CpGs in repeats elements are also heavily methylated. Transcription of endogenous
retroviruss (ERVs) is silenced by DNA methylation (Walsh et al., 1998). It is thought that
DNA methylation initially evolved as a mechanism to silence these ’selfish’ elements and
maintain genome integrity and transcriptional regulation. The de-repression and mobilisation
of ERVs is linked to insertional mutagenesis, the transcriptional activation of neighbouring
genes and formation of chimaeric host-ERV transcripts (Maksakova et al., 2006; Peaston
et al., 2004; Walsh et al., 1998). The germline remethylation of repeat loci is regulated by
nuclear members of the P-element Induced WImpy testis (PIWI) family (Ernst et al., 2017).
Studies in mice and Drosophila have shown that ageing leads to the increased expression
and mobilisation of transposable elements (TEs) due to senescence-related epigenetic and
chromatin changes (De Cecco et al., 2013; Wood and Helfand, 2013; Wood et al., 2016).

1.1.3 | Chromatin Conformation

The compaction and folding of eukaryotic genomes as fractal globules (Lieberman-Aiden
et al., 2009) is an obstacle for trans-acting factor accessibility but it also brings together
regions in 3D space that would otherwise be distant in a linear sequence or even on distinct
chromosomes (Lieberman-Aiden et al., 2009; Rao et al., 2014). There is strong evidence that
the 3D organisation of the genome is a significant factor in the regulation of transcription
(Bulger and Groudine, 2011; Rao et al., 2014). Microscopy-based assays have long shown
that chromosomes occupy distinct, non-random positions within the interphase nucleus
(Cremer and Cremer, 2006; Cremer et al., 1982) (Fig. 1.1a). Gene-rich chromosomes occupy
the interior of nuclei while gene-poor ones are found at the peripheries (Cremer et al., 2001;
Croft et al., 1999). Chromosomes only show limited intermingling at the borders of their
territories (Branco and Pombo, 2006). Furthermore, euchromatin and heterochromatin are
segregated within these chromosomal territories (Kosak et al., 2002; Meister et al., 2010;
Noordermeer et al., 2008; Ragoczy et al., 2006). Techniques like 3D fluorescence in-situ
hybridisation (FISH) give an overview of the nuclear chromatin organisation but lack the
scalability to detect novel chromatin-chromatin interactions genome-wide at kilobase (kb)
resolution (Solovei et al., 2002).
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Fig. 1.1: Structural organization of the genome.

(a) Eukaryotic chromosomes occupy distinct territories in the interphase nucleus (Cremer et al., 2001;
Cremer and Cremer, 2006). (b) Expression regulation on each chromosome is partitioned between the
A- and B-type compartments. These compartments characterised by Lieberman-Aiden et al. (2009)
are associated with euchromatin and heterochromatin. Type-A compartments are found towards the
centre of the nucleus. Type-B compartments are associated with low transcriptional activity and
their topologically associating domains (TADs) tend to congregate at or near the nuclear lamina. (c)
Schematic of an active TAD. Dashed lines indicate looping interactions within the domain between
distal CREs (green ovals) and genes (blue arrows). Figure taken from Matharu and Ahituv (2015).

The Chromatin Conformation Capture (3C) technique, developed by Jaob Dekker et al.
(2002), and its derivatives have provided us with unprecedented access to the spatial organisa-
tion of eukaryotic genomes and its impact on transcription (de Wit and de Laat, 2012; Lajoie
et al., 2015). These techniques are based on the principle that regions of chromatin that are
in close proximity in 3D-space can be captured by performing formaldehyde cross-linking,
a restriction digest and fragment re-ligation. 3C itself is limited to validating suspected
interactions between pairs of restriction fragments ("one vs. one’) but when coupled with
NGS, 3C-based techniques can detect many novel chromatin interactions at kb resolution
in a unbiased manner (Dixon et al., 2012; Dostie et al., 2006; Lieberman-Aiden et al.,
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2009; Rao et al., 2014; Zhao et al., 2006). Hi-C, an ’all vs. all’ approach, in particular
has revealed the principle that chromatin-chromatin interactions are pervasive. Using this
technique, Lieberman-Aiden et al. (2009) confirmed the existence of chromosome territories
and demonstrated that euchromatin and heterochromatin are segregated in two genome-wide
compartments, A and B. Further studies with higher resolution Hi-C have revealed that
these genome compartments are organised into ~1 megabase (Mb) long regions of highly
self-interacting chromatin known as TADs (Dixon et al., 2012; Nora et al., 2012) (Fig. 1.1c¢).
Looping interactions within these domains frequently link enhancers and promoter regions
(Rao et al., 2014) while insulator CREs and CCCTC-binding factor (CTCF) sites coincide
with their boundaries. These domains are stable across different cell-types and conserved
between species (Dixon et al., 2012). While only initially detected in animals, TADs are also
found in plant and fungal genomes (Eser et al., 2017; Liu et al., 2017a).

Chromatin looping interactions with enhancer(s) facilitate and stabilise the assembly of the
PIC at promoters (Allen and Taatjes, 2015; Plaschka et al., 2015; Soutourina, 2018), see
Fig. 1.2. The binding of pioneer transcription factors (TFs) to enhancers recruits chromatin
remodellers and co-activators that allow further TF binding (Chan and La Thangue, 2001;
Yudkovsky et al., 1999).
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Fig. 1.2: Regulation of RNA polymerase II transcriptional initiation.
(a) Transcription factor binding to distal enhancer elements. Enhancers are typically a few hundred
base-pair (bp) in length. They are able to influence their targets independently of their genomic
location and orientation (Banerji et al., 1981). Enhancers rarely interact with their nearest gene
(Sanyal et al., 2012).
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Fig. 1.2: Regulation of RNA polymerase II transcriptional initiation (continued).

(b) Pioneer transcription factors facilitate the binding of other TF including the Mediator complex.
Mediator interacts with cohesin to facilitate promoter-enhancer looping (Kagey et al., 2010). (c)
The Mediator complex serves as a scaffold for the nucleation of pre-initiation complex subunits. (d)
Mediator interacts with RNA Polymerase II CTD and triggers promoter escape. Mediator facilitates
phosphorylation of the RNAP II carboxyl-terminal domain (CTD) (Plaschka et al., 2015). Figure
taken from Soutourina (2018).

Enhancer-bound TFs recruit the Mediator complex (Poss et al., 2013; Soutourina, 2018)
(Fig. 1.2b). This interacts with cohesin to facilitate promoter-enhancer looping (Kagey et al.,
2010). Mediator serves as a scaffold for PIC assembly (Plaschka et al., 2015; Poss et al.,
2013) (Fig. 1.2c). Mediator interacts with the RNAP II CTD and facilitates ’promoter escape’
and transcriptional elongation by promoting its phosphorylation (Plaschka et al., 2015) (Fig.
1.2d).



10

Introduction

1.2 | Eukaryotic Post-Transcriptional Regulation

The existence of RNA-mediated mechanisms of post-transcriptional expression regulation
was first hinted at when Napoli et al. (1990) inadvertently blocked the Petunia anthocyanin
biosynthesis pathway in trans while trying to increase its activity with a chalcone synthase
transgene. This resulted in a 50-fold decrease in endogenous chalcone synthase mRNA
levels. Fire et al. (1998) later showed that dsSRNA can trigger the homology-dependent RNAi
response that dramatically reduces mRNAs levels of endogenous target genes. The fact that
only exonic sequences triggered a RNAI response confirms that this does not target pre-
mRNAs and is a post-transcriptional pathway. Subsequent studies have revealed additional
conserved mechanisms of RNA post-transcriptional regulation, most notably the miRNA

mediated silencing pathway (Lagos-Quintana et al., 2001; Lau et al., 2001).

1.2.1 | Regulation of cytoplasmic mRNA degradation

Transcript steady-state abundances are lower than the quantities predicted purely from their
rates of transcription and also reflect the contribution of their rates of turnover (Maekawa
et al., 2015). The cytoplasmic stability of eukaryotic mRNAs, as measured by their half-lives,
is influenced by many general and transcript-specific decay factors. The most important
determinants are 3’-end polyadenylation (Chang et al., 2014), the formation of the N”’-
methylguanosine (m’G) 5'-cap (Mukherjee et al., 2012) and the presence of secondary
structure (Geisberg et al., 2014) and CREs in the 3’-untranslated regions (UTRs) (Bartel,
2018).

The 3’-end processing of nuclear pre-mRNAs is indispensable for the generation of mature
mRNAs (Dominski and Marzluff, 1999; Zhao et al., 1999). The RNAP II CTD is responsible
for coordinating this and the other aspects of mRNA co-transcriptional processing (Custédio
and Carmo-Fonseca, 2016) (Fig. 1.3a). polyadenylation signal (PAS) sequences are a defining
feature of eukaryotic RNAP II transcribed genes (Proudfoot, 2011). With the exception of
histone mRNAS, the vast majority of mammalian pre-mRNAs undergo 3’ polyadenylation, the
non-templated addition of adenosine monophosphates, with polyadenylate polymerase (PAP)
(Davila Lopez and Samuelsson, 2007). This is coupled to the endonucleotlytic cleavage by
the Cleavage and polyadenylation specificity factor (CPSF) of a UG-rich sequence 10-30
bp downstream of the hexanucleotide PAS AAUAAA motif (Clerici et al., 2018; Haddad
et al., 2012). Some messengers possess multiple PAS sequences and the final sequence of
the 3’-end will depend on the chosen site of cleavage (Ransom et al., 2008) (Fig. 1.3b).
This alternative polyadenylation (APA) will impact upon the formation of RNA secondary

structure and the cis-regulatory sequences present in the 3’-UTR. Furthermore, cryptic PAS
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motifs can be found within introns and the activation of these sites can result in truncated

transcripts and proteins (Early et al., 1980; Rogers et al., 1980; Singh et al., 2018) (Fig. 1.3c).

The spliceosomal U1 small nuclear ribonucleoprotein (RNP) normally suppresses intronic
and premature PAS sites (Gunderson et al., 1998; Langemeier et al., 2012). The typically
150-250 nt long mammalian polyadenylate (poly(A)) tail is synthesised in one processive
step (Brawerman, 1981; Darnell et al., 1971; Kiihn et al., 2009).
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Fig. 1.3: Transcript 3'-end processing.
(a) Mammalian mRNA 3’-ends are formed from the endonucleolytic cleavage of the nascent transcript
by CPSF that is coupled to PAP polyadenylation. CPSF specifically recognises the canonical PAS
AAUAAA motif and recruits PAP (Murthy and Manley, 1995). Polyadenylate-binding nuclear protein
1 (PABPN1) associates with the nascent poly(A)-tail when it is 10-12 nucleotides long and stimulates
further PAP activity (Kiihn et al., 2009).
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Fig. 1.3: Transcript 3'-end processing (continued).

(b) Usage of alternative proximal or distal PAS sites can result in different transcript isoforms. This
affects which cis-regulatory sequences will be present in the 3'-UTR. (¢) Cryptic PAS sites are also
found within introns. PAS sites located near the transcript 5’-end are usually silenced to prevent
premature 3’-end processing (Guo et al., 2011). Figure taken from Desterro et al. (2019).

poly(A)-tails facilitate mRNA nuclear export (Fuke and Ohno, 2008) but the main purpose
of poly(A)-tails is to stabilise the rate of translation by enhancing its initiation (Meijer
et al., 2007; Richter, 2000; Wakiyama et al., 2000) and protecting mRNAs from precocious
degradation (Lim et al., 2014). The presence of a poly(A)-tail stabilises transcripts by
inhibiting both of the two main mRNA decay pathways, 3’—5’ exonucleolytic degradation
and 5’ m’G-cap hydrolysis 5'—3’ degradation (Eckmann et al., 2011; Muhlrad et al., 1994).
As a result most mRNA degradation pathways involve a deadenylation step (Beilharz et al.,
2009; Mubhlrad et al., 1994; Mukherjee et al., 2002; Yamashita et al., 2005). 3’ deadenylation
is the rate-limiting step in cytoplasmic mRNA degradation (Chen and Shyu, 2011). An
early indication of the protection afforded by poly(A)-tails was observed when RNase
digestions failed to fully degrade polysome-associated mRNAs (Edmonds et al., 1971; Lim
and Canellakis, 1970). In contrast, transcript polyadenylation promotes degradation in
bacteria (Steege, 2000).

Although nascent mammalian poly(A)-tails are 150-250 nt long, the NGS TAIL-seq method
for measuring tail lengths has revealed that there are populations of cytoplasmic transcripts
with far shorter tails (50-100 nt) (Chang et al., 2014). Many housekeeping genes appear
to have short tails (Subtelny et al., 2014). Furthermore, it has been suggested that the
poly(A)-tails of certain transcripts change dynamically with the circadian rhythm (Kojima
et al., 2012). Traditionally, mRNA deadenylation in the processing bodies (P-bodies) is
viewed as a biphasic process (Bresson and Tollervey, 2018; Chen and Shyu, 2011; Wolf and
Passmore, 2014). The first phase involves rapid deadenylation with the poly(A)-exonuclease
PAN2/3 complex until protective the cytoplasmic Polyadenylate-binding cytoplasmic protein
1 (PABPC1) is no longer able to bind tails and the remaining residues removed by CCR4-NOT
complex. In recent years this has been shown be an overly simplistic view of deadenylation
regulation. Using TAIL-seq, Lim et al. (2014) and Morgan et al. (2017) have shown that post-
transcriptional 3’ oligo-uridylation represents another layer in the regulation of tail lengths.
It rings the death knell for transcripts with short tails (<25 nt) (Fig. 1.4b). This terminal
uridylation is regulated in part by miRNAs. Yi et al. (2018) and Webster et al. (2018) recently
revealed that the while PAN2/3 trims excessively long tails, this has relatively little impact
on mRNA stability. Furthermore, CCR4-NOT complex is the main non-specific deadenylase.
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Its CAF1 subunit deadenylates PABPC1-free tails while CCR4 removes PABPC1-bound tails
(Webster et al., 2018; Yi et al., 2018) (Fig. 1.4a). Additionally, PABPCI can facilitate mRNA
deadenylation but also prevents precocious terminal uridylation-mediated decay (Yi et al.,
2018). An mRNA is vulnerable to decay pathways after the initial rapid deadenylation of
long poly(A)-tails by PAN2/3, followed by the slow iterative deadenylation by CAF1/CCR4
and a final 3’ oligo-uridylation by terminal uridyl transferases (TUTases) 4 and 7 (Fig. 1.4b).
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Fig. 1.4: Models for mammalian cytoplasmic mRNA deadenylation.
(a) CCR4-NOT complex-mediated deadenylation. Cytoplasmic mRNA poly(A)-tails are bound by
multiple copies of PABPC1. These can activate CCR4-mediated deadenylation. Deadenylation
removes PABPC1 binding sites revealing adensoine monomers. Free 3’ poly(A) is the ideal substrate
for CAF1. CAF1 deadenylation removes free adensosines but it is inhibited until CCR4 removes the
next PABPC1 monomer. (b) Full Kim/Passmore model for cytoplasmic deadenylation. Cytoplasmic
poly(A) is rapidly shortened to ~150 nt by PAN2/3. This is followed by iterative cycles of CCR4/CAF1
deadenylation as in (a). In the absence of PABPCI1-binding, short tails (<25 nt) can be targeted
for terminal uridylation-mediated decay via 3’ exonuclease decay with DIS3L2 or decapping and

degradation by the 5’ exonuclease XRN1. Figure taken from Bresson and Tollervey (2018).

1.2.2 | mRNA N®-methyladenosine methylation

RNA molecules are not homogeneous, linear chains of adenines (As), cytosines (Cs), gua-
nines (Gs) and uracils (Us), many are post-transcriptionally modified and edited (Frye et al.,
2016; Gott and Emeson, 2000; Grozhik and Jaffrey, 2018; Pan, 2018; Vitsios and Enright,
2015). As we have already seen in the case of 3’ terminal oligo-uridylation, RPTMs are

important regulators of expression and RNA-associated activities (Lim et al., 2014; Morgan
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et al., 2017; Saletore et al., 2012). Some have termed these RNA epigenetic or epitranscrip-
tomic modifications given the parallels with DNA methylation (Liu and Pan, 2015; Meyer
et al., 2012; Saletore et al., 2012), but I will avoid these terms due to some of the connotations
attached to epigenetics. RPTMs have a long history with the first non-canonical ribonucle-
osides being identified in the 1960s (Cohn, 1960; Dunn, 1960). Indeed the first full RNA
sequence determined, that of the S. cerevisiae alanine tRNA, contained 10 non-canonical
bases (Holley et al., 1965).

Over 150 different RPTMs have been identified so far in cellular RNAs (Roundtree et al.,
2017; Shi et al., 2019), Fig. 1.5 shows examples of commonly detected RPTMs. N 1
methyladenosine (m'A) and m’G have positive electrostatic charges under physiological
conditions (Agris, 1996). m’G-modified miRNAs precursors have a greater propensity to
form G-quadruplex structures (Pandolfini et al., 2019) but presence of m’G disrupts their
formation and facilitates their miRNA processing. Adenosine deamination to inosine af-
fects base pairing and has the potential to recode mRNA codons (Gott and Emeson, 2000).
The isomerisation of uridine to pseudouridine stabilises RNA secondary structure affecting
RNA-RNA and RNA-protein interactions (Carlile et al., 2014). These few examples already
illustrate that RNA chemical modifications can affect the properties of their RNA molecules.
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Fig. 1.5: RNA post-transcriptional modifications.
Chemical structures for a selection of commonly detected modified nucleosides. (a) N’-
methylguanosine, (b) Pseudouridine, (c¢) Inosine, (d) Nﬁ—methyladenosine, (e) N 1—methyladenosine,

(f) 5-methylcytosine.
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The standard approach for detecting many covalent RPTMs is to perform antibody-based
RNA-immunoprecipitation sequencing (RIP-seq) and standard cDNA sequencing experi-
ments in parallel followed by enrichment analysis with a peak-calling algorithm like MACS
(Dominissini et al., 2012, 2016; Meyer et al., 2012). Although m!A has been reported
in transcript 5'-UTRs, there is a strong suspicion that the antibody used for m' A RIP-seq
cross-reacts with m’G in the 5/ -cap (Grozhik et al., 2019; Safra et al., 2017).

m®A is the most common internal modification to mammalian transcripts (Bokar, 2005). It
was first detected in mRNAs using chromatography in the 1970s (Desrosiers et al., 1974;
Perry et al., 1975). m®A comprises ~0.5% of all cellular adenines and accounts for over
half of all methylated ribonucleotides (Wei et al., 1975). Most mRNA mOA is deposited
co-transcriptionally by a METTL3-METTL14 heterodimer core (Bokar et al., 1997; Ke et al.,

2017; Liu et al., 2013) in a complex containing multiple regulatory and adaptor subunits.

Known subunits include WTAP, VIRMA, ZC3H13, HAKAI and RBM15 (Liu et al., 2013,
2018; Patil et al., 2016; Wen et al., 2018) (Fig. 1.6a). METTL3-METTL14 deposit mlA
in the context of a D/RR(m6A)CH sequence motif (D=A,GorU,R=AorG;H=A, C,
or U) (Dominissini et al., 2012; Meyer et al., 2012). Furthermore, an additional RNA méA
methylase METTL16 has been shown to selectively methylate certain pre-mRNAs (Mendel
et al., 2018; Warda et al., 2017).
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Fig. 1.6: Summary of m°A Readers, Writers and Erasers.
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Fig. 1.6: Summary of mC°A Readers, Writers and Erasers (continued).

(a) m®A writers. The vast majority of méA methylation on mRNA is written by a METTL3-METTL14
core in association with WTAP, VIRMA, etc. in a sequence specific manner. Another writer
METTLI16 has been shown to deposit m®A in Mat2a pre-mRNA hairpin structures in the context of a
UAC(m®A)GAGAA motif (Mendel et al., 2018). m®A methylation is also regulated epigenetically,
METTL14 directly binds to histone H3 lysine 36 trimethylation and is associated with transcriptional
elongation (Huang et al., 2019). Additionally, certain miRNAs enhance methylation by guiding
METTL3 binding (Chen et al., 2015). (b) m®A erasers. FTO and ALKBHS are the only characterised
m®A RNA demethylases in vertebrates. Evidence suggests that ALKBHS5 is the main m®A demethylase
under physiological conditions (Mauer et al., 2017). (¢) m°A readers. YT521-B homology (YTH)
domain containing proteins (YTHDF1-3, YTHDC1-2) directly recognise m®A via their YTH-domains.
The m®A-mediated disruption of RNA secondary structure facilitates mRNA recognition by certain
heterogeneous nuclear ribonucleoproteins (HNRNPs) (Alarcén et al., 2015; Liu et al., 2015, 2017b).
Evidence suggests that some well characterised mRNA binding proteins, such as IGF2BP1-3 and
FMRI, are in fact m®A-readers (Edupuganti et al., 2017; Huang et al., 2018). Figure taken from Shi
et al. (2019).

Although m®A methylation seemed to be essential for mammalian cells (Bokar, 2005), it was
largely ignored until it was determined that it is a reversible modification that can be erased
by the RNA demethylase, FTO (Jia et al., 2011) (Fig. 1.6b). Subsequent studies identified a
second RNA m°A demethylase ALKBHS (Zheng et al., 2013). ALKBHS is the main m°A
demethylase in vivo while FTO is a facultative méA demethylase in vitro (Mauer et al., 2017).
The existence of m®A-regulating enzymes suggested that m®A has a biological function.

The development of reliable high-throughput NGS-techniques for detecting m°A by Do-
minissini et al. (2012) and Meyer et al. (2012) has allowed the m®A methylome to be
interrogated in unprecedented detail. They demonstrated that m®A is found along the length
of transcripts but it is particularly abundant towards their 3’-ends. Furthermore, although
mPA is usually found in the context of an D/RR(m®A)CH motif, the majority of motif sites
will be unmethylated at any given time (Dominissini et al., 2012; Meyer et al., 2012). Similar
to the situation for m'A, it is thought that the enrichment of m°®A near TSSs, initially reported
by Dominissini et al. (2012); Meyer et al. (2012), instead reflects antibody cross-reactivity
with the related RPTM N°,2/-O-dimethyladenosine (m®Am) (Linder et al., 2015). Using the
single-nucleotide resolution UV-crosslinking and immunoprecipitation (CLIP) seq technique,
Ke et al. (2015) showed that m®A is enriched in the final exon particularly within the 3'-UTR.
While m°A is reversible, there is debate over the extent to which it is a dynamic RPTM (Ke
et al., 2017; Meyer and Jaffrey, 2014; Rosa-Mercado et al., 2017; Roundtree et al., 2017).
Most m°A is added co-transcriptionally prior to splicing (Ke et al., 2017) and many sites are
constitutive across tissues (Schwartz et al., 2014) but there is evidence that m®A methylation

is altered as a part of the heat shock response (Zhou et al., 2015).
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mSA methylation has been shown to affect numerous aspects of transcriptional and post-
transcriptional regulation ranging from splicing, APA, RNA localisation, translation to
stability and degradation (Edupuganti et al., 2017; Geula et al., 2015; Kasowitz et al., 2018;
Louloupi et al., 2018; Meyer et al., 2015; Wang et al., 2013) (Fig. 1.7). The mOA-mediated
disruption of RNA secondary structure facilitates mRNA recognition by certain HNRNPs
(Alarcon et al., 2015; Liu et al., 2015, 2017b). Evidence suggests that some well charac-
terised mRNA binding proteins, such as IGF2BP1-3 and FMRI1, are in fact m®A-readers
(Edupuganti et al., 2017; Huang et al., 2018). However, the best characterised m°A readers
in vertebrates are the YTH-domain containing proteins (Xu et al., 2014; Zhu et al., 2014).

Cap-independent mRNA decay mRNA stablization Enhanced Translation
translation 4 ,
Hsp70 A:—,\._ P-bodies Ribosome
A A YTHDF2 IGF2BPs YTHDF1
elFs @
CCR4- NOM_ MATR3 % o
* ,’I \\\ Ll

meA b Ve Y
B . N *r .V

Cap 5UTR CDS

Fig. 1.7: Context-dependent functions of m®A methylation in mRNA.
The location of m®A within a transcript can determine its fate. m®A in 5’-UTRs has been linked to
conditional cap-independent translation. Whereas YTHDF2 destabilises transcripts by recruiting the
CCR4-NOT complex, IGF2BP1-3 in association with HuR and MATR3 co-factors stabilise mRNA.
IGF2BP1-3 preferentially bind to 3'-UTR m®As (Huang et al., 2018) and it is possible that differential
binding affinities based on the location of m®A determines the impact of methylation on transcript

stability. YTHDF1 also binds to 3’-UTR m®A and promotes translation by interacting with initiation
factors. Figure modified from Shi et al. (2019).
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YTH m®A RNA binding protein 2 (YTHDF2) is the major effector of m®A-regulated tran-
script deadenylation (Geula et al., 2015; Wang et al., 2013, 2014; Zaccara et al., 2019).
YTHDF2-bound transcripts are directed to cytoplasmic P-bodies where YTHDF2 recruits
the CCR4-NOT deadenylase complex via an interaction with the SH-domain of NOT1 (Du
et al., 2016). Deadenylated transcripts undergo 3'—5 exonuclease-mediated decay. The
localisation of transcripts in the P-bodies limits their potential translation by sequestering
them away from the ribosomes. There may be some element of cooperative binding in the
recruitment of CCR4-NOT; in general the greater the number of m®As per transcript the
shorter its half-life (Ke et al., 2017). In general, mRNAs with a high rate of turnover and
multiple m®A modifications are associated with regulatory functions while those more stable
transcripts devoid of m®A are associated with general "housekeeping’ functions. This m°A-
mediated decay (m® AMD) regulates the transcriptional shifts necessary for the vertebrate
MZT (Ivanova et al., 2017; Zhao et al., 2017) and endothelial-to-haematopoetic transition
(EHT) (Lv et al., 2018). It facilitates the transition from a pluripotent to differentiating state
in embryonic stem cells (mESCs) (Geula et al., 2015). As some transcriptional programmes
in vertebrate embryonic development have parallels in tumourigenesis (Aiello and Stanger,
2016; Youssef et al., 2012), it is unsurprising that YTHDF2 expression is clinically relevant
for certain cancer types (Chen et al., 2017, 2018; Paris et al., 2019; Yang et al., 2017). The
role of YTHDF?2 in regulating transcriptional dynamics during the murine MZT is discussed
in Chapter 4.

1.2.3 | Direct detection of modifications using Native Nanopore

RNA Sequencing

Although RNA sequencing was developed first (Fiers et al., 1976), it was the application of
Fred Sanger’s eponymous dideoxy chain-termination method for sequencing DNA (Sanger
et al., 1977) to libraries of short cDNA fragments that allowed the first eukaryotic tran-
scriptomes to be interrogated (Adams et al., 1991; Sim et al., 1979; Velculescu et al., 1997).
However it not until the advent of more high-throughput technologies like DNA microarrays
and NGS (McGettigan, 2013; Nelson, 2001) that the field of Transcriptomics truly emerged.
The development of third-generation sequencing technologies such as the ONT nanopore
sequencing (Garalde et al., 2018; Jain et al., 2015) and PacBio SMRT-seq methods (Eid et al.,
2009) have the potential to innovate the field of transcriptomics (Niedringhaus et al., 2011).
ONT nanopore-based sequencing platforms detect single DNA molecules without the need
for enzymatic synthesis and amplification reactions. Their sequencing platform consists of in-
dividual protein nanopores embedded in arrays of thousands of synthetic polymer membranes

in a single flowcell (Jain et al., 2015). Perturbations in the nanopore current are generated
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when a single motor protein-bound DNA molecule is captured by a pore and pulled through
at a consistent rate. These signal perturbation can be converted into base space using machine
learning techniques like recurrent neural networks (Wick et al., 2019). The signal for a given
base depends on the 5 nt k-mer context in which it is found (Jain et al., 2015). Recently, it has
become possible to directly sequence poly(A)* RNA molecules by performing splint ligation
with a poly(T) adaptor and an RNA-specific motor protein (Garalde et al., 2018) (Fig. 1.8a).
As the adaptor-ligated RNA enters a pore, the adaptor oligomer generates a characteristic
shift in the current which is followed by a flat signal indicative of the 3’ poly(A)-tail and
finally the RNA itself (Fig. 1.8b). The signal is basecalled from the 3’-end with a slight
decline in basecall quality score towards the 5'-end (Fig. 1.8c). The basecall accuracy
for RNA with Guppy, the main ONT basecaller, is currently >90% (Garalde et al., 2018;
Wick et al., 2019). As poly(A)-tails have such a clearly defined signal in Nanopore RNA
“squiggles’, it was possible for Jared Simpson to generate a tail length estimator from in vitro
transcribed (IVT) S. cerevisiae transcripts with poly(A)-tails of known length (Workman
et al., 2018). Nanopore direct RNA-seq generates strand-specific, long transcript sequences
without any of the biases introduced by polymerase chain reaction (PCR) amplification or
reverse transcription (RT) that normally affect cDNA based NGS experiments (Kozarewa
et al., 2009).
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Fig. 1.8: Oxford Nanopore Technologies native or direct RNA-sequencing.
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Fig. 1.8: Oxford Nanopore Technologies native or direct RNA-sequencing (continued).

(a) Library preparation method for Nanopore direct RNA-seq. (b) Representative raw data ’squiggle’
from the translocation of a single transcript through a pore. (¢) Alignment of a basecalled S. cerevisiae
transcript against the reference transcriptome. Figure taken from Garalde et al. (2018).

Over 500 studies have profiled the m®A-methylome (Zaccara et al., 2019). However, all
current NGS methods for detecting m®A in mRNAs are indirect. The two most widely used
techniques for detecting m®A, RIP-seq (Dominissini et al., 2012; Meyer et al., 2012) and
CLIP-seq (Ke et al., 2015; Linder et al., 2015), involve the use of mﬁA-recognising antibodies
and as we have already seen, one of these antibodies also reacts with m®Am. Neither of
these families of techniques are entirely satisfactory. RIP-seq requires the sequencing of
input material to call m®A peaks and is prone to false positives (Zaccara et al., 2019). It
is not possible to detect which strand the peak is on or determine how many m°A sites are
in each peak (Grozhik et al., 2017; Linder et al., 2015). While CLIP-seq is able to map
m®A at single-nucleotide resolution, you lose any information about the absolute number
of modified sites. It is a labourious process that requires large quantities of RNA. Both of
these techniques are affected by the biases introduced by PCR amplification and RT. In
contrast, Nanopore direct RNA-seq holds the potential to directly identify m®A from RNA
molecules without the loss of information from the synthesis and amplification of cDNA.
Garalde et al. (2018) showed that it possible to distinguish m®A from adenine in synthetic
RNA oligos based on subtle shifts in the pore current between modified and unmodified
k-mers. Furthermore, (Liu et al., 2019) trained Support Vector Machines (SVMs) on all
possible k-mers for the RRACH version of the METTL3/14 motif using IVT m®A-modified
and unmodified synthetic sequences. Their EpiNano algorithm is able to predict m°A in S.
cerevisiae transcripts with 87% accuracy. While these findings are very encouraging, it was
perhaps unwise to restrict their SVM training set to the RRACH motif given that m®A can be
deposited in other contexts and by other RNA methylases (e.g. METTL16). Additionally,
as the shifts in current between m°A and A and between m®A and m®Am are very subtle it
would have been logical to have included m® Am-modified sequences in their training set.
The ability to simultaneously interrogate poly(A)-tail lengths and the m®A methylome is
particularly useful for dissecting YTHDF2-regulated transcriptional dynamics. Nanopore
native RNA-seq holds great promise for the direct detection of m®A and other RPTM:s but for
the moment is held back by the need to generate vast training sets based on different RPTMs

in various 5 nt k-mer contexts.
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1.3 | Transcriptional Noise

Stochasticity is an inherent feature of biological processes involving molecular interactions
(Ecker et al., 2017). When components in a system are present in large quantities, random
fluctuations have little impact on the overall system (Swain et al., 2002). However in a small
system like a biological cell, molecules are generally found in relatively low abundances.
Even amongst isogenic populations of cells a small, transient fluctuation in the quantity
of an mRNA molecule has the potential to introduce non-genetic variation (Dong et al.,
2011; Elowitz et al., 2002). Transcriptional noise, the unstructured cell-to-cell variation
in transcript abundances, reflects the contributions of intrinsic and extrinsic factors (Swain
et al., 2002; Valadares Barroso et al., 2018). Sources of intrinsic noise include gene-specific
factors that influence transcriptional initiation like epigenetic modifications and the chromatin
accessibility and nucleosome occupancy around TSSs (Buenrostro et al., 2015b; Radman-
Livaja and Rando, 2010; Smallwood et al., 2014). Extrinsic noise encompasses cell-specific
features like the cell cycle and the availability of regulators like RNAP and GTFs (Raser and
O’Shea, 2005; Sherman et al., 2015; Valadares Barroso et al., 2018; Zopf et al., 2013). The
transcript abundances of genes affected by extrinsic noise will covary and correlate. As some
sources of extrinsic noise are also gene products they have the potential to further propagate
noise (Sherman et al., 2015). Intrinsic noise is the more significant source of cell-to-cell
transcriptional heterogeneity in mammals (Levesque and Raj, 2013; Raj et al., 2006). The
reverse is the case for unicellular fungi (Raser and O’Shea, 2005; Sherman et al., 2015).

1.3.1 | Detection of Transcriptional Noise

Classically, investigations into transcriptional dynamics have focussed on changes in mean
expression levels. While it is possible to detect transcriptional heterogeneity from DNA
microarray and bulk RNA-seq data (Hansen et al., 2011; Ho et al., 2008), it is with the
development of reliable plate- and droplet-based protocols for performing scRNA-seq (Picelli
et al., 2014; Zheng et al., 2017) that this facet of expression regulation can be reliably
interrogated. With the advent of computational methods for detecting sources of technical
noise in scRNA-seq (Brennecke et al., 2013; Vallejos et al., 2015, 2016) there is a growing
appreciation that is cell-to-cell transcriptional heterogeneity is quantifiable and consequential.
scRNA-seq generates individual transcriptional profiles that can be used to assess differences
in mean gene expression and transcriptional variability in population of cells. This has
allowed cell-to-cell transcriptional heterogeneity to be dissected at unprecedented resolution
genome-wide and at the single-gene level (Goolam et al., 2016; Griin et al., 2014). Tools
for analysing differential gene expression in bulk RNA-seq data such as DESeq2 (Love
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et al., 2014) and edgeR (Robinson et al., 2009) use a Negative Binomial Regression to
model and normalise counts. The high gene ’dropout rate’ and sparsity of counts per cell
mean that the application of this model is not entirely appropriate for scRNA-seq data.
Bayesian analysis of single-cell sequencing data (BASiCS) (Vallejos et al., 2015, 2016) uses
a Bayesian probabilistic model based on the Poisson distribution to decompose expression
variance into technical and true biological variability to generate ’denoised’ counts. From
this a gene-specific overdispersion estimate, the statistical tendency for observed cell-to-cell
transcriptional variability to exceed what is predicted by Poisson sampling, is calculated.
Other methods for assessing transcriptional heterogeneity have employed the coefficient
of variation, squared coefficient of variation or the variance scaled by mean (Brennecke
et al., 2013; Chen et al., 2016; Satija et al., 2015). Furthermore, BASiCS can correct for the
statistical dependence of the variance on the mean typically observed for scRNA-seq data by
fitting a regression trend between the gene overdispersion and mean expression (Eling et al.,
2018). This allows for simultaneous differential testing of changes in mean expression and

transcriptional variability.

1.3.2 | Noise Control

There is mounting evidence that transcriptional variability is a necessary and regulated
feature of cell populations (Antolovic¢ et al., 2017; Dueck et al., 2016). It is likely that
plasticity and transcriptional noise are coupled and co-evolve (Lehner, 2010). The low-level,
leaky expression from the Eschercia coli lac operon promoter (Jacob and Monod, 1961b)
is a classic example of this "bet hedging". This phenomenon allows a cell to rapidly alter
its metabolism in response to the presence of B-galactosides. In a pool of differentiating
eukaryotic cells, heterogeneity allows progenitors to explore the cell fate space before
committing to a particular decision or lineage (Dueck et al., 2016; Trapnell et al., 2014).
Transcriptional variability increases in haematopoietic stem and progenitor cells (HSPCs)
directly prior to state transitions (Mojtahedi et al., 2016). However, excessive heterogeneity
in transcript abundance may compromise homoeostasis. To overcome deleterious effects of
heterogeneity, transcriptional noise must either be regulated or integrated into the cell system
(Dueck et al., 2016).

Steady-state transcript abundances in a cell are lower than the quantities predicted purely
from their specific rates of transcription and also reflect the contribution of their rates of
turnover (Maekawa et al., 2015). Both of these rates are potential sources of noise but can also
be used to modulate transcriptional variability (Baudrimont et al., 2019; Dueck et al., 2016).
It has been observed that most eukaryotic genes are transcribed periodically and experience

large, transcriptional bursts (Hnisz et al., 2017; Larsson et al., 2019). As we have seen in
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Section 1.1.1, the eukaryotic DNA genome is compacted into chromatin. Transcription from
promoters is dependent on the assembly of a PIC in regions of accessible chromatin (Allen
and Taatjes, 2015; Plaschka et al., 2015; Soutourina, 2018). The nucleation of RNAP II and
GTF at promoters is enhanced by looping interactions with CREs that are regulated by the
Mediator complex (Kagey et al., 2010; Poss et al., 2013). Evidence suggests that histone
H3 lysine 27 acetylation in regions near TSSs regulates the frequency of transcriptional
bursts (Nicolas et al., 2018) while chromatin looping interactions regulate the amplitude of
these bursts (Hnisz et al., 2017). Histone H3 lysine 4 methylation is associated with both
burst size and frequency (Wu et al., 2017). Short refractory periods between bursts reduce
transcriptional noise (Harper et al., 2011). The presence of promoter CGIs is associated
with reduced transcriptional noise (Faure et al., 2017) while the presence of TATA-box
CREs increases it (Ravarani et al., 2016). Furthermore, weak and/or distal enhancer activity
(Fukaya et al., 2016) and high nucleosome occupancy are associated with noisy transcription
(Cairns, 2009).

In general, unstable mRNAs are more susceptible to noise than stable transcripts (Baudrimont
et al., 2019). Cytoplasmic mRNA stability is anti-correlated with mRNA expression noise in
mESCs (Faure et al., 2017). The cytoplasmic stability of eukaryotic mRNAs, as measured by
their half-lives, is influenced by many general and transcript-specific decay factors. The most
important determinants are 3’-end polyadenylation (Chang et al., 2014), the formation of
m’G 5'-caps (Mukherjee et al., 2012) and the presence of secondary structure (Geisberg et al.,
2014) and cis-regulatory sequences in the 3’ UTRs (Bartel, 2018). The presence of a poly(A)-
tail stabilises transcripts by inhibiting both of the two main mRNA decay pathways, 3'—5’
exonucleolytic degradation and 5’ m’G-cap hydrolysis 5'—3’ degradation (Eckmann et al.,
2011; Mubhlrad et al., 1994). Most mRNA degradation pathways involve a deadenylation step
(Beilharz et al., 2009; Muhlrad et al., 1994; Mukherjee et al., 2002; Yamashita et al., 2005).
Notably one of these pathways, the miRNA-mediated decay (miRMD), directly impacts upon
cell-to-cell heterogeneity (Gambardella et al., 2017; Schmiedel et al., 2015). miRNAs are
short (~22nt) single-stranded ncRNAs molecules that when loaded into Argonaute (AGO) as
part of the RNA-induced silencing complex (RISC), can specifically bind to mRNA 3’-UTR
cis-regulatory sequences complementary to their short 5’ seed regions (Bartel, 2018). In
animals, depending on the extent of complementarity, the transcript will either undergo
deadenylation (Chen et al., 2009) or, more rarely, endonucleolytic cleavage (Xu et al., 2016;
Yekta et al., 2004). miRNAs buffer expression variability during the noisy transcriptional
shifts that facilitate differentiation as part of metazoan development (Posadas and Carthew,
2014; Siciliano et al., 2013). Schmiedel et al. (2015) have shown that miRNAs reduce

expression noise for lowly expressed genes and that this effect is enhanced when multiple
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miRNAs target the same transcript. This canalises expression and confers developmental

robustness.

1.3.3 | Transcriptional Noise in Biological Ageing

Organismal ageing or senescence is the time-dependent, progressive decline in biological
function and is usually attributed to the accumulation of molecular damage over time (Gems
and Partridge, 2013; Lopez-Otin et al., 2013). Both genetic and epigenetic factors have
been implicated in the senescence-associated dysregulation (Fig. 1.9). Ageing is associated
with global DNA hypo- and more localised instances of hyper-methylation (Ciccarone et al.,
2018; Lopez-Otin et al., 2013). Furthermore, the abundance and distributions of various
activating and repressive histone tail modifications also change with ageing (Fraga and
Esteller, 2007; Han and Brunet, 2012). Additionally, the activity and efficiency of many
DNA repair pathways declines with age as a result of the accumulation of molecular damage
(Gorbunova et al., 2007). The impairment of these pathways leads to the further accrual of

genetic alterations.
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Fig. 1.9: Age-associated genetic and epigenetic alterations.
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Fig. 1.9: Age-associated genetic and epigenetic alterations (continued).

(a) Nuclear DNA damage and repair. Endogenous and exogenous damage can lead the accrual of
a various genetic lesions with increasing age. These are normally repaired through a variety of
mechanisms. DNA damage and insufficient/inefficient repair promotes biological ageing (Gorbunova
et al., 2007). Mitochondrial genomes also accumulate damage with increasing age. BER, base excision
repair; HR, homologous recombination; NER, nucleotide excision repair; NHEJ, nonhomologous
end-joining; MMR, mismatch repair; ROS, reactive oxygen species; TLS, translesion synthesis; SAC,
spindle assembly checkpoint. (b) Epigenetic alterations. There is no definitive aged epigenome’
but ageing is associated with a general global DNA hypo- and more localised instances of hyper-
methylation (Ciccarone et al., 2018). The abundance and distributions of various activating and
repressive histone tail modifications also change with age (Fraga and Esteller, 2007; Han and Brunet,
2012). These epigenetic changes directly affect for the recruitment of chromatin remodellers and
impact upon chromatin acessibility.

Only a relatively small proportion of an organism’s transcriptome is altered with increasing
age (Stegeman and Weake, 2017). Most of these changes in mean expression are tissue-
and/or cell-type specific. However, it has recently been shown that ageing increases cell-to-
cell transcriptional heterogeneity in somatic tissues (Angelidis et al., 2019; Enge et al., 2017;
Martinez-Jimenez et al., 2017). Martinez-Jimenez et al. (2017) profiled the affect of ageing
on the transcriptomes of naive and activated CD4" T cells from two Mus musculus ssp. The
expression of genes related to the adaptive immune response increased more heterogeneously
upon stimulation in aged cells from both sets of mice. This suggests that the less robust
adaptive immune-response associated with ageing (Tsukamoto et al., 2009) can be partly
explained by the less coordinated activation of the immune-related genes upon immune
stimulation. Angelidis et al. (2019) observed a similar increase in cell-to-cell transcriptional
heterogeneity with age across the cell-types present in the mouse lung, including for CD4*
T cells. While mean gene expression is relatively stable with age, it is likely that altered
transcriptional variability is hallmark of ageing in somatic tissues. Thus far, the impact of
ageing on transcriptional heterogeneity has only been assessed in the soma. Thee impact
of ageing and testicular injury and subsequent regeneration on transcriptional variability in

mouse undifferentiated spermatogonia is explored in Chapter 3.
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1.4 | Outline

The aim of my PH.D. was to profile the impact of altered eukaryotic transcriptional regulation
on gene expression as measured by bulk and single-cell RNA-sequencing.

Chapter 2 explores the involvement of high-risk HPV (HR-HPV) integration in alterations
to chromatin conformation and gene expression in early cervical carcinogenesis using the
W12 in vitro model. HPV 16 integrants interact with host chromatin without disrupting 3D
chromatin structure. Integrants affect the transcription of neighbouring and more distal genes
on the same host chromosome. A manuscript is undergoing final preparations.

Chapter 3 presents a study into the affects of ageing and testicular damage and regeneration
on gene mean expression and transcriptional noise in mouse undifferentiated spermatogonia.
We see subtle changes in mean expression but a large decline in transcriptional variability
with ageing and testicular regeneration. This is possibly linked to the phenomenon of "Selfish
spermatogonial selection”". A manuscript is undergoing final preparations.

Chapter 4 presents the results of an initial plate-based scRNA-seq experiment investigating
the regulation of gene expression and transcriptional noise by YTHDF2, a reader protein
for RNA N®-methyladenosine. Gene expression and transcriptional noise increase in the
absence of maternally supplied YTHDF2. This suggests that YTHDF2 has a role in buffering
transcriptional noise in zygotes. A second follow-up experiment with droplet-based scRNA-

seq was performed for mouse pre-LSCs.

1.5 | Other contributions

Contributions to papers that are not discussed in this thesis are as follows:

Matthew P Davis, Claudia Carrieri, Harpreet Saini, Stijn van Dongen, Tommaso Leonardi,
Giovanni Bussotti, Jack M Monahan, Tania Auchynnikava, Angelo Bitetti, Juri Rappsilber,
Robin C Allshire, Alena Shkumatava, Dénal O’Carroll, Anton J Enright. Transposon-driven
transcription is a conserved feature of vertebrate spermatogenesis and transcript evolution. EMBO
reports, 18 (7), 1231-1247, 2017 n

Ivayla Ivanova, Christian Much, Monica Di Giacomo, Chiara Azzi, Marcos Morgan, Pedro N
Moreira, Jack Monahan, Claudia Carrieri, Anton J Enright, Dénal O’Carroll The RNA m6A
reader YTHDEF?2 is essential for the post-transcriptional regulation of the maternal transcriptome
and oocyte competence. Molecular cell, 67 (6), 1059-1067. e4, 2017 =
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Auchynnikava, Jack M Monahan, Dimitrios M Vitsios, Lina Vasiliauskaité, Stefano Comazzetto,
Juri Rappsilber, Robin C Allshire, Bo Torben Porse, Anton J Enright, Dénal O’Carroll. A
programmed wave of uridylation-primed mRNA degradation is essential for meiotic progression

and mammalian spermatogenesis. Cell research, 29 (3), 221, 2019 n

The github repository containing the source code of this thesis can be found here:

https://github.com/monahanj/phd_thesis
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Altered transcriptional regulation in early cervical carcinogenesis

2.1 | Introduction

Cancer is the most common cause of premature mortality in developed and developing
countries (Bray et al., 2018). Cancer encompasses a heterogeneous class of neoplastic
diseases sharing a number of biological hallmarks defined in Hanahan and Weinberg (2000)
and expanded upon in Hanahan and Weinberg (2011). A unifying feature of oncogenesis
is the frequent occurrence of pre-malignant genetic changes that facilitate transformation
as part of Knudson’s Two-hit Hypothesis, see Box 2.1. This genomic instability provides
genetic diversity that fuels emergent cancer hallmarks like the evasion of growth suppressors
and sustained proliferation (Hanahan and Weinberg, 2011). Unsurprisingly these general and
tumour-specific changes to the DNA have consequences for transcriptional regulation (Uhlen
et al., 2017).

Box 2.1: Knudson’s Two-hit hypothesis

Retinoblastoma, an ocular paediatric cancer, can develop bilaterally in both retinas or unilaterally
in a single retina. Knudson (1971) observed distinctive dominant inheritance pattern for the
bilateral form of the disease. Children with bilateral retinoblastoma were more likely to have had
relatives with retinoblastoma than those with later onset and more sporadic, unilateral tumours.
This suggested to him that the retinoblastoma inheritance pattern is more easily explained if pre-
existing, deactivating germ-line mutation or ’hit’ contributes to the emergence of retinoblastoma.
These children would be susceptible to developing cancer as it would only require a second somatic
’hit’, in any cell, at the other allele encoding what was termed the retinoblastoma protein (pRb).
While in contrast, those without a family history would require two independent somatic hits
to occur in the same cell, at both alleles of the RBI locus. From this he inferred that pRb must
normally act to prevent the emergence of these tumours, thus identifying the first of what were
later termed tumour-suppressor proteins. Knudson’s Two-hit hypothesis holds true for the majority
of tumour suppressor genes. Exceptions to the rule include genes encoding proteins that function
in complexes and require a minimum dosage or those for which a deleterious mutation in either
allele compromises the function of the entire complex. A notable example of the latter being
dominant-negative mutations in the 7P53 locus that prevent the P53 homo-tetramer from binding
to it target loci (Willis et al., 2004).

Global cancer prevalence continues to increase with improving living standards and the
associated changes in lifespan and population growth (Bray et al., 2018). Differences in
the availability and quality of healthcare mean that certain neoplasms are more common
in less developed regions than higher incomes countries. As a population has better access
to high quality healthcare the cancer burden in that population shifts (Ferlay et al., 2015).
This reflects the greater provision of early detection programmes and prophylactic measures



2.1 Introduction

31

against the more preventable and treatable cancer types. Cervical cancer is the fourth most
common cancer-mortality of women in developed countries but it is second only to breast
cancer in the least developed countries (Bray et al., 2018). While the incidence of cervical
neoplasms declines in affluent countries, it continues to increase in the less developed regions
of the world (Bray et al., 2018; Drolet et al., 2019; Ferlay et al., 2015). This disparity reflects
the greater provision of prophylactic vaccines against the vector of cervical neoplasms, the
human papillomavirus, and screening programmes for pre-cancerous cervical intraepithelial
neoplasia (CIN) in countries with a high Human Development Index (HDI) (Drolet et al.,
2019). A third of females aged 10-20 years in developed countries have received a HPV
vaccination as compared to fewer than 3% in less developed countries (Drolet et al., 2019).
The prevention of future HPV infections has potential to eliminate cervical cancer as well as
other HPV-related neoplasms including oropharyngeal, anogenital and lung cancer subtypes
(de Sanjosé et al., 2018).

Papillomaviruses infect the epithelia of amniotes and these infections can develop into benign
warts or papillomas (McBride et al., 2012). This follows the abrasion or removal of the
stratified epithelium layers above the basal cells (Roden and Stern, 2018). The aetiology of
cervical malignancies lies with persistent HPV infections in the cervical basal keratinocytes
(Roden and Stern, 2018). HPV, like all papillomaviruses, is a dsDNA virus that requires the
cellular replication machinery available in these proliferating cells for its own replication
(zur Hausen, 2002). Viral replication is dependent on the proliferation and differentiation of
infected cells (Bedell et al., 1991; Kajitani et al., 2012). The 8 kb HPV genome typically
consists of six early and two late open reading frames (ORFs) (Zheng, Zhi Ming, Baker,
2008; zur Hausen, 2002). The expression of the HPV polycistronic transcripts is modulated
by the viral regulatory region known as the long control region (LCR) or upstream regulatory
region (URR) (Groves and Coleman, 2015). The spatial and temporal expression of the viral
genes is necessary for the initiation and completion of the HPV infectious life-cycle (Roden
and Stern, 2018). The extra-chromosomal HPV episome is usually present at a copy number
of 50-100 per cell nucleus in low-grade CIN lesions (Bedell et al., 1991; Stanley et al., 1989).
These copies segregate between daughter cells as the CIN undergo cytokinesis. The viral
genome typically reaches a copy number of 10° per cell nucleus after infected cells have
undergone terminal differentiation in the upper epithelium (Roden and Stern, 2018).
Although three viral proteins ES, E6 and E7 have been shown to have pro-oncongenic
activities, the vast majority of HPV infections will not result in cervical neoplasms (zur
Hausen, 2002). HPV infection is required but not sufficient for cervical carcinogenesis
(Walboomers et al., 1999). HPV infection is the first "hit’ in cervical carcinogenesis, ac-
cording to Knudson’s Two-hit Hypothesis (see Box 2.1). HPV DNA is found in 90-95%
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of cervical malignancies with HR-HPV types 16 (HPV16) and 18 (HPV18) detected in
over 70% of cervical neoplasms (Bosch et al., 1995; de Sanjosé et al., 2018; Schiffman
et al., 2011). HPV16 infection is associated with adenocarcinomata as well as the the most
common form of cervical malignancy squamous cell carcinoma (SCC) (de Sanjosé et al.,
2018). The HR-HPVs are distinguished from the low-risk HPVs by the capacity of their E6
and E7 proteins to synergistically immortalise human cells (Hawley-Nelson et al., 1989). The
immortalised HeLa cell line, the workhorse of countless molecular biology labs across the
globe, is derived from Henrietta Lacks’ HPV18-infected cervical adenocarcinoma (Landry
et al., 2013; Popescu et al., 1987). Under normal circumstances, the combined adaptive and
innate immune response, of otherwise healthy individuals, is sufficient to clear HR-HPV
infections (Denny et al., 2012; zur Hausen, 2002). Cervical cancer has a long latency period
and persistent infections increase the likelihood of benign papilloma or CINs becoming
high-grade dysplasia or even tumours (zur Hausen, 2002). Carcinogenesis is not beneficial to
the virus as excessive cell proliferation antagonises differentiation and prevents the release of
virions from the terminally-differentiated, infected keratinocytes (Hong and Laimins, 2013).
The early protein E2 is a transcriptional repressor of the HPV early promoter (p97) and
regulates its own expression and that of the £6/E7 ORFs (Hong and Laimins, 2013). This
prevents their ectopic expression in the basal epithelium (Diirst et al., 1992).

While it is possible for cervical SCCs to develop in the presence of HPV episomes (Gray
et al., 2010), 85-90% of cases involve the integration of the dsDNA viral genome into
chromosome(s) (Burk et al., 2017; Landry et al., 2013; Pett and Coleman, 2007). Although
HR-HPVs should be able to integrate at random anywhere a DNA double strand break (DSB)
has occurred, a number of genomic "integration hotspots" have been identified in SCCs
(Groves and Coleman, 2018; Hu et al., 2015). Integrated HPV genomes, HPV integrants, are
commonly associated with specific genes like c-Myc and are frequently at or near regions of
genome, known as common fragile site (CFS), that are vulnerable to breakages (Bodelon
et al., 2016; Burk et al., 2017; Dall et al., 2008; Thorland et al., 2000). HPV integrants are
commonly associated with regions of open chromatin and active histone marks (Bodelon
et al., 2016; Christiansen et al., 2015). HR-HPV-host integration breakpoints frequently
contain short, flanking regions of homologous sequence (Akagi et al., 2014; Hu et al., 2015).
This suggests that the microhomology-mediated end joining (MMEJ) DNA repair pathways
play a role in HR-HPYV integration (Hu et al., 2015). This is all the more likely given that
E6 and E7 oncoproteins impair the canonical homologous recombination (HR) pathways
for repairing DNA DSBs (Wallace et al., 2017). Akagi et al. (2014) detected recurrent
tandem arrays of host and viral sequence at sites of viral integration. Based on this, they

suggested that concatemers of HR-HPV integrant and host sequence can be amplified via a
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homology-mediated ’looping’ reinsertion model.

HR-HPV infection and the integration of HR-HPV genomes leads to a swathe of tran-
scriptional changes to host and viral genes. Persistent HR-HPVs infections are typically
accompanied by the transcriptional de-repression and amplification of E6/E7 ORFs in the
basal keratinocytes (Diirst et al., 1992; Paris et al., 2015; Pentland et al., 2018). This follows
the epigenetic silencing and/or disruption of the E2 ORF that are frequently observed after
HR-HPV integration (Groves and Coleman, 2018; Pentland et al., 2018; zur Hausen, 2002).
Host-viral fusion transcripts and/or insertional mutagenesis are possible if HR-HPV inte-
grants are located within genes (Bodelon et al., 2016; Burk et al., 2017; Hu et al., 2015). It has
been long suspected that HPV integrants alter the transcriptional regulation of surrounding
host genes in cis (Durst et al., 1987). In addition to two promoter regions and an enhancer
CRE (Groves and Coleman, 2015), the HR-HPV 16 and 18 genomes contain a conserved,
strong CTCEF site within the E2 ORF (Paris et al., 2015; Pentland et al., 2018). While it is
probable that HR-HPV promoter in correct orientation can activate adjacent host genes in
cis, it is also possible that an intact HR-HPV CTCF-binding site may alter the transcription
of these and more distant genes by mediating novel host-host and host-HPV chromatin
interactions in a site-specific manner. This is supported by the existence of a long-range in
cis interaction on chromosome (chr) 8 in the HeLa cell line between a HPV 18 integrant and
the c-Myc locus (Adey et al., 2013). Depending on the orientation of an integrant CTCF site
it may even play a role in TAD formation as discussed in Section 1.1.1.

Longitudinal, mechanistic studies of cervical neoplastic development and progression in
vivo are impossible for ethical reasons. Fortunately, in vitro models that can give insight
the molecular changes occurring as part of cervical carcinogensis exist. The W12 model
is derived from a polyclonal low-grade HPV16-infected CIN explant (Stanley et al., 1989).
There are textasciitilde100-200 episomal copies of the viral genome per nucleus in this kary-
otypically normal line (Stanley et al., 1989). The cells grow as a monolayer culture similar to
the conditions found in the basal layer of the cervical epithelium where HR-HPV oncogenic
transcriptional deregulation occurs. W12 cells passaged over 9-12 months recapitulate the
viral and host genetic changes, including HPV 16 integration and the loss of viral episomes,
that occur in vivo (Gray et al., 2010; Stanley et al., 1989).

2.1.1 | Overview

The lab of Nick Coleman, Department of Pathology, University Cambridge previously
characterised twenty-four W12-derived integrant clones under non-competitive conditions
(Dall et al., 2008). This ensured that all integrants were detected, not just those that confer

a selective advantage. The resulting clones, all of which are episome-free, differ only in
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their sites of HPV16 integration. In collaboration with Emma Knight, Ian Groves and
Cinzia Scarpini from the Coleman Lab and Marco Michalski from Peter Fraser’s Lab at the
Babraham Institute, I investigated the impact of HPV 16 integration on 3D chromatin structure
and the regulation of gene expression in five W12 clones characterised by Dall et al. (2008),
see Table 2.1. To this end Emma Knight and Marco Michalski prepared ’in-nucleus ligation’
Hi-C libraries (Lieberman-Aiden et al., 2009; Nagano et al., 2015; Rao et al., 2014), see
Chapter 1 (Section 1.1.3), to capture viral-host and host-host chromatin interactions. The
small size of the viral genome and the low integrant copy numbers meant that normal Hi-C
approaches lacked the resolution to confidently detect viral-host interactions. To address this
limitation, Emma and Marco adapted the capture Hi-C SCRiBL method, modified from the
Promoter Capture Hi-C protocol (Schoenfelder et al., 2015), to specifically enrich for these
contacts, see Fig. 2.1d. To maximise the resolution, Mbol, a 4nt-cutting restriction enzyme
was used in all Hi-C library preparations. The integration sites and DNA DSBs characterised
by Dall et al. (2008) were refined, and in some cases corrected, using a Capture-sequencing
(capture-seq) based enrichment method. RNA-seq libraries were prepared by Cinzia Scarpini
to assess the host transcriptional changes that occur as a consequence of viral integration and
alterations to host 3D chromatin organisation. I analysed all generated data unless stated
otherwise.

Table 2.1: HPV16 Integration Sites in W12 Clones.

W12 Clone Ploidy Integration Locus” Integrant
Site” copy number’
AS 2N 8pll.21 intergenic 1
D2 2N 18g21.2 intergenic 4
F 2N 4q13.3 RASSF6 1
8q24.21
G2 2N 21g22.1 intergenic 3
H 2N 4q21.23 MAPKI0 1

* As reported by Dall et al. (2008).
T As determined by Scarpini et al. (2014).
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2.2 | Results

2.2.1 | Generation of Hi-C libraries

CHi-C libraries in biological duplicate, were successfully generated for the five W12 clones
in Table 2.1 and standard in-nucleus Hi-C produced for three of these. Likewise, standard
Hi-C libraries were prepared from normal cervical tissue (NCx) in duplicate. No CHi-C
libraries were generated from these samples which are HPV16"°8. Library preparation steps
for standard in-nucleus and SCRiBL CHi-C protocols are summarised in Fig. 2.1a-c.
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Fig. 2.1: Overview of in nucleus Hi-C and SCRiBL CHi-C library preparation.
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Briefly, chromatin-chromatin contacts are captured by the methanol-free, formaldehyde
cross-linking of nuclei in 90% confluent 15cm? plates. Each replicate consists of two plates
and ~15 million cells. Cells are lysed and the cross-linked chromatin digested with the Mbol
restriction enzyme. Fragment sticky-ends are filled-in with biotinylated deoxyribonucleoside
triphosphates (ANTPs). Cross-links are reversed for fragment ends in close proximity by
blunt-end ligation and the molecules are sonicated to ~400 bp. The fragment-ends are
repaired and size selected. 3’ Illumina adapters are ligated following biotin-streptavidin
pull-down. A preliminary PCR determined how many amplification cycles were necessary
for the final Hi-C library (Fig. 2.1a). At this point, the Hi-C library was either sent for 50 bp
paired-end NGS (standard Hi-C) or for capture and subsequent sequencing with the SCRiBL
protocol (CHi-C). HPV16 chromatin contacts were captured by hybridising the Hi-C library
with ~120bp biotinylated-RNA baits complementary to the 5’-ends of the HPV16 Mbol
restriction fragments (Fig. 2.1b & ¢). This modified SCRiBL protocol enriches for chromatin
contacts with HPV integrants allowing for the detection of short- and long-range interactions
(Fig. 2.1d).

An initial quality control (QC) PCR digest assay performed by Emma Knight prior to sequenc-
ing (data not shown) demonstrated that a known short-range cis interaction involving the TSS
of human RPL13A was captured in all Hi-C libraries but not genomic DNA (gDNA) controls.
The ligation efficiency was estimated by quantifying the intensity of the cut and uncut PCR
products using ImageJ. Ligation efficiencies were high and ranged from 71.1% for A5 repli-
cate I to 94.2% for G2 replicate 1. This suggested that the Hi-C libraries were successfully
prepared. Hi-C and CHi-C libraries were sequenced on an Illumina® HiSeq 2500 (Sequenc-
ing Facility, Babraham Institute) and base-called with CASAVA (v1.8.2, [llumina). As part of
the Hi-C User Pipeline (HiICUP) (Wingett et al., 2015), paired reads in FASTQ format were
mapped individually with Bowtie 2 (Langmead and Salzberg, 2012) against a modified human
reference genome (GRCh37.p13/hg19) containing a HPV16 pseudo-chromosome. HiCUP
removes invalid and artefactual C/Hi-C di-tags by overlaying them on an in silico restriction
digest of the reference genome. HPV 16 genome and transcript annotations were obtained
from the European Nucleotide Archive (ENA) (http://www.ebi.ac.uk/ena/data/view/K02718).
An initial SCRiBL pilot study using different concentrations of the HPV 16 bait RNA (Ing,
Sng, 25ng and 125ng) with the G2 Hi-C library, established that was 25 ng the optimal
concentration for capture (Data not shown) The ratio of valid to invalid di-tags determined
by HiCUP varied across the Hi-C (Fig. 2.2a) and SCRiBL libraries (Fig. 2.2b). The main
source of error was from ’dangling ends’, due to the presence of biotinylated but non-ligated
fragments (Wingett et al., 2015). More promisingly, the ratio of in cis to in trans contacts
within the valid pairs was high for all Hi-C libraries (Fig. 2.2c). Less than 10% of di-tags
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were from inter-chromosomal in trans contacts and this is a strong indicator of library quality
(Nagano et al., 2015). This metric is largely uninformative for the SCRiBL libraries as
captured HPV16 di-tags would be classed as in trans contacts because the viral genome
was considered a pseudo-chromosome in the reference we used. The SCRiBL protocol
significantly increased the number and proportion of HPV16 contacts sequenced as compared

to the standard in nucleus Hi-C, see Fig. 2.2d.
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(a) Ratio of valid to invalid di-tags for Hi-C libraries. (b) Ratio of valid to invalid di-tags for SCRiBL
libraries. Valid di-tags are in red and invalid di-tags consist of circularised, dangling-end, internal and
re-ligated fragments. Only di-tags originating from ends coming of different restriction fragments
contain information about the 3D organisation. Invalid di-tags are filtered out by HiCUP. (c¢) Bar
chart displaying the percentage of near in cis (<10 kb), distant in cis (>10 kb) and in trans reads for
the valid read-pairs in each of the generated Hi-C libraries. (d) Fold-enrichment for HPV-di-tags in
SCRiBL libraries.
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Table 2.2: Numbers of sequenced Hi-C di-tags.

D2repl D2replIl | G2repIll G2 rep III Hrepl Hrep II
Total 57,550,037 59,673,157 | 95,005,122 89,354,281 | 75,579,186 94,958,017
Paired 33,631,990 38,187,271 | 58,018,705 52,348,568 | 42,441,972 51,456,905
Valid 3,851,501 22,321,321 | 42,530,343 30,219,773 | 5,323,477 6,531,624
Invalid 29,780,489 15,865,950 | 15,488,362 22,128,795 | 37,118,495 44,925,281
cis <10kb 3,282,991 6,792,827 | 11,263,407 9,644,209 | 4,185,130 4,564,829
cis >10kb 332414 13,519,640 | 25,624,455 17,455,609 | 779,562 1,459,227
trans 137,896 1,628,405 | 3,289,085 2,592,134 229,930 358,098
NexrepI Nexrep II
Total 51,682,808 71,563,483
Paired 28,210,670 41,525,436
Valid 2,672,137 8,190,075
Invalid 25,538,533 33,335,361
cis <10kb 2,027,026 4,357,464
cis >10kb 426,737 3,195,209
trans 151,340 493,392
Table 2.3: Numbers of sequenced SCRiBL di-tags.
ASrepl  ASreplIl D2repl D2repll FreplIl F rep I1I
Total 52,501,708 69,614,938 | 63,716,356 69,039,987 | 65,370,911 82,741,321
Paired 24,612,018 25,842,139 | 29,573,469 31,868,806 | 30,302,984 38,598,527
Valid 7,061,185 5,971,338 | 4,435,821 23,656,746 | 6,631,712 4,836,688
Invalid 17,550,833 19,870,801 | 25,137,648 8,212,060 | 23,671,272 33,761,839
G2repIll G2replIll Hrepl Hrep II
Total 61,723,893 98,143,540 | 54,790,015 71,105,583
Paired 29,518,707 52,334,332 | 24,443,572 26,010,504
Valid 21,961,514 44,689,076 | 4,210,049 5,114,898
Invalid 7,557,193 7,645,256 | 20,233,523 20,895,606

The proportion of HPV-containing di-tags ranged from a minimum of 3% (H replicate II)

to a maximum of 27% (D2 replicate 1) in the individual SCRiBL replicates as compared
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to a maximum of 0.01% (D2 replicate 1) in the Hi-C libraries. This represents a 150-200x
fold enrichment for the W12 clones with Hi-C and SCRiBL data: clones D2, G2 and H.
The number captured and sequenced reads is likely influenced by the HPV 16 integrant copy
number. The D2 clone has the highest integrant copy number and had the greatest fold
enrichment from the capture.

These initial results demonstrate that we successfully adapted the ’in nucleus ligation” Hi-C
protocol for use with the 4-cutter restriction enzyme, Mbol, in the genomes of human cervical
keratinocyte-derived cell lines. Furthermore, we developed a method of enriching for HPV16-
containing chromatin contacts based on hybridisation with short RNA baits complementary
to the 5’-ends of the HPV16 Mbol fragments.

2.2.2 | HPV16 integrants interact with host chromatin

As discussed in Chapter 1 (1.1.3), the frequency of in cis chromatin interactions for any
two given loci declines with increasing genomic distance (Lajoie et al., 2015). I used the
R/Bioconductor package GOTHiC (Mifsud et al., 2017) to identify which regions of the
HPV 16 integrants are in close spatial proximity with regions of the host chromatin and
identify the likely site of HPV16 integration. These were visualised with Circos plots
(Krzywinski et al., 2009). The viral integrants should interact with neighbouring regions of
host chromatin more significantly and frequently than with chromatin from chromosomes
lacking HPV 16 integrants. GOTHiC implements a binomial probabilistic model to correct
for the biases introduced into Hi-C data during library preparation by factors such as the
frequency of restriction enzyme cutting and the ligation efficiency. GOTHiC assumes that
these biases are captured by the total number of reads mapping to the two interacting loci.
These biases affect each end of the di-tag independently and the probability of observing a
random interaction between loci is calculated from the product of their coverages. Using
the filtered SCRiBL di-tags obtained from HiCUP, I was able to determine the significant
HPV16-human in cis chromatin interactions at a 1 kb resolution and thus map the probable
sites of HPV 16 integration in all five W12 clones.

Each panel in Fig. 2.3 shows a single representative biological replicate for each W12 clone.
The HPV16 integrant interacts exclusively with two narrowly separated loci on a single
chromosome in each clone. These likely being the 5" and 3’ host breakpoints at the sites of
integration. No significant HPV16 in trans interactions were detected by GOTHiC. All viral
interactions originated from at or near the ends of the HPV16 Mbol restriction fragments, as
is expected from the SCRiBL bait design. This suggests the capture has been successful and
has enriched for the HPV16-containing Hi-C di-tags. Few Hi-C di-tags correspond to actual

chromatin interactions, most are chance, transient contacts where 2 regions of chromatin find
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themselves in close proximity. Filtering with GOTHiC removed these.

For the clone G2, the greatest proportion of di-tags originated from the viral Mbol fragment
containing the E7 oncogene. The HPV 16 integrant interacts exclusively with a region on
chromosome 5 at around 52 Mb (Fig. 2.3a). Likewise, the HPV 16 integrant in clone D2
also interacts solely with chromosome 5 but with loci at around 167 Mb (Fig. 2.3b). Most
host-pathogen interactions were formed with the region containing the viral L/ ORF. This
suggests that HPV 16 has integrated on chromosome 5 in the case of clones D2 and G2. For
clone H, the captured reads indicate that interactions are mainly mediated by the early genes
E6, E7, E2 and L1, with the majority coming from E2 and are uniquely formed with 2 loci
on chromosome 4 (Fig. 2.3c). Strikingly, we found that W12 clones F and A5 had the same
integration site, with virus-host reads converging on the same region of chromosome 4 (Fig.
2.3d & e), with the majority of interactions being mediated by the viral E2. The absence of
di-tags originating from the HPV16 E/ ORF is not evidence for the absence of interactions
involving this region of the genome but reflects the SCRiBL RNA bait design.

a Clone G2
HPV16

——
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Clone H

e Clone F

Fig. 2.3: Circos plots showing 3D interactions between the HPV16 and neighbouring regions
of the host genome for W12 clones.

Clones (a) G2, (b) D2, (¢) H, (d) F and (e) A5. The upper part of each panel shows significant inter-
actions between HPV genome (in orange) and the human genome and the lower part the interactions
with the likely chromosome of integration. Each Circos link is a single di-tag supporting a significant
viral-human chromatin interaction determined by GOTHiC. Links are coloured according to where on
the HPV genome the significant SCRiBL Hi-C chromatin contact emanates from; green = E6, orange
= E7, yellow = El, blue = E2, red = E4, pink = ES, dark green = L1, light blue = L2 and black =

intergenic regions.
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Fig. 2.3: Circos plots showing 3D interactions between the HPV16 and neighbouring regions
of the host genome (continued).

The proportion of reads emanating from different S00bp bins across the viral genome is indicated by
the histogram outside the HPV16 chromosome. The HPV16 Mbol restriction fragments are indicated
in blue on the outside of the Circos plots.

2.2.3 | Identification of virus-host integration breakpoints

Having determined that novel 3D virus-host chromatin interactions likely form after HPV16
integration, we sought to precisely identify the virus-host junctions so as to better characterise
these putative interactions. It was also clear from the initial analysis of the SCRiBL Hi-C
data that viral integration sites characterised by Dall et al. (2008) for the D2, A5 and F
clones differed from what we observed. It was necessary to validate and re-characterise all
integration sites using a more accurate means of identifying the breakpoint junctions. Previous
studies have used commercially available, HPV-specific probes to enrich for breakpoint
junctions in gDNA libraries (Liu et al., 2016). Instead of using these commercial probes,
Emma Knight and Ian Groves adapted the capture-seq protocol for enriching target sequences
in cDNA libraries (Mercer et al., 2012) to enrich for HPV 16 sequences in undigested Hi-C
libraries. Briefly, four fragments of roughly equal length were produced from an EcoRI and
BamHI restriction digest of the HPV16 genome (Cinzia Scarpini, Coleman Lab). Full-length
biotinylated-RNA molecules were IVT from the four regions in the presence of biotin-UTPs.
The final 150 bp long baits were generated by chemical fragmentation with Tris (pH 8)
and 4mM MgCl,. HPV16 DNA fragments were enriched by hybridising them with the
baits and libraries captured with a streptavidin bead pull-down and sent for 50 bp paired-
end sequencing on an Illumina® HiSeq 2500 (Sequencing Facility, Babraham Institute). I
determined the host-HPV 16 breakpoints computationally from the sequenced reads.

Raw FASTQs were filtered down to HPV16-human pairs using BLAST (Altschul et al., 1990)
to search against the HPV16 genome. Usearch (Edgar, 2010), with a sequence identity score
of 0.65, was used to find clusters of sequences in the human and HPV16 reads. Consensus
sequences for non-singleton clusters were obtained by aligning clustered reads against
each other with Clustal Omega (Sievers et al., 2011). Cluster consensus sequences were
mapped to the GRCh37-HPV 16 reference with Bowtie 2 and the locations of host and viral
breakpoints identified. Breakpoints were amplified by Emma Knight using two sets of primer
pairs complementary to the viral genome and the host flanking sequences at the 5’ and 3’

breakpoints. The precise breakpoints were determined from the amplified, chimaeric DNA



2.2 Results

43

with Sanger Sequencing (Sanger et al., 1977) at the Department of Biochemistry, University
of Cambridge (data not shown).
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Fig. 2.4: Host-virus junctions at the different integration sites.
Host chromosomal DNA is shown in blue and orientation indicated by the grey arrow above (5’ to
3’). Integrated HPV16 DNA is shown in orange, with the viral oncogenes and LCR highlighted in
red, and the direction of transcription from the viral early promoter indicated by an arrow from the
LCR. The viral breakpoint in bp is above the junction. The host breakpoint is below the junction. The
genome copy number and length of the integrated HPV16 genome are indicated in red. Clones (a)
G2, (b) D2, (c¢) H and (d) A5 and F. Viral genome copy numbers from Scarpini et al. (2014).

With the exception of Clone H, all clone integration sites consisted of tandem arrays of
human and viral sequence. The HPV16 integrant in the G2 clone is linearised by a breakpoint
in the E2 ORF [5’: 2,940bp and 3': 2,768bp] resulting in 173 nt deletion. The majority
of E2 (913bp) is upstream of the virus early promoter as a result. The virus is integrated
into an intergenic region on chromosome 5 [5’: 52,681,626 bp and 3’: 52,655,805 bp], see
Fig. 2.4a. In clone D2, HPV 16 has integrated into an intron of TENM?2 on chromosome 5
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[5": 167,112,984 bp and 3": 167,141,612 bp]. The linearisation of HPV16 genome occurs
via breakage in the L2 [5": 4,361 bp] and E2 [3": 3,272 bp] ORFs, resulting in a 1,089 bp
truncation of the viral genome. Furthermore, the viral early promoter is in the opposite
orientation to the TENM?2 promoter, see Fig. 2.4b. In case of clone H, HPV16 integrated
within MAPK 10 intronic sequence on chromosome 4, see Fig. 2.4c. Transcription from the
early promoter of the viral integrant is in the same orientation as the MAPK10 promoter. In
addition to a large truncation of the viral genome, viral integration resulted in a large deletion
of host sequence. 170 kb separate the 5'- (86,983,196 bp) and the 3’-breakpoints (87,153,458
bp). The HPV 16 integrant is disrupted within the L/ [5": 5,883 bp] and E2 [3': 3,751 bp]
ORFs, reducing the length of the viral genome to 5,773bp. The capture-seq confirmed that
clones A5 and F have the same site of integration on chromosome 4 within an intron the
host gene RASSF6 [5': 74,549,681 bp and 3": 74,480,662 bp], see Fig. 2.4d. The length
of the integrated HPV 16 genome was same for both clones. The Sanger Sequencing also
detected a 54bp inversion at the HPV16 3’ breakpoint within the £2 ORF. Short stretches of
microhomologous sequence were detected at 5’-breakpoints for clones G2, D2 and H and at
the 3/-breakpoints of clones G2, H and F/A5 (data not shown).

2.2.4 | HPV16 integrates into open chromatin

With the identification of the exact breakpoints, we were able to profile the chromatin states
for 5 Mb regions containing the integration sites based on the ENCODE annotation data
for normal human epidermal keratinocytes (NHEK) cells (Encode Consortium, 2012) from
Ensembl release 75 (Cunningham et al., 2019). These regions were visualised with the
SeqMonk (v0.34.1) genome viewer (Andrews, 2007), see Fig. 2.5.
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Fig. 2.5: Chromatin marks in regions of HPV16 integration.
Clones (a) G2, (b) D2, (¢) H and (d) F/A5. Each panel shows the 5 Mb host genomic region
surrounding the viral integration site (black arrow; 5’ and 3’ separated in clone H due to deletion).
Protein coding genes are shown and colour coded based on orientation (red = + strand; blue = -
strand). Active histone marks, such as H3K4me1/2/3 and H3K27Ac are coloured in green; DNAsel
hypersensitivity sites are in blue; the repressive heterochromatin mark H3K27me3 is in red and CTCF
binding sites are in purple.

HPV16 in clone G2 integrated into an open, active enhancer region as determined from
ENCODE DNase I hypersensitivity, H3K4mel and H3K27Ac peaks (Fig. 2.5a). Active
histone marks can also be found at the integration sites of the clones D2, F and A5 (Fig.
2.5b & d). While there are regions of DNase I hypersensitivity within the site of clone H
integration, active epigenetic marks are depleted (Fig. 2.5c). Repressive heterochromatin

marks, such as H3K27me3 are absent from the integration sites in all clones.

2.2.5 | 3D interactions between viral integrants and host chromatin

A CHi-C experiment approximates a multiplexed Circularised Chromosome Conformation
Capture (4C) experiment with multiple anchors. A virtual 4C (v4C) analysis can be performed
by treating the entire captured region as a single anchor. SeqMonk was used to quantitate
and profile the density of the HICUP-filtered SCRiBL di-tags in linear space. Each peak in
the v4C profiles represents a 3D chromatin interaction between the HPV 16 integrants and
host chromatin. Peak heights and intensities reflect the SeqMonk-normalised read depths
supporting a particular interaction. The largest peaks were observed at the 5’ and 3’ host

integration breakpoints identified from the capture-seq analysis (Figs. 2.6, 2.7 and 2.9). The
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largest contact peaks in clone D2 coincided with the host integration breakpoints within an
intron of TENM2 on chromosome 5 (Fig. 2.6a). We were able to identify several candidate
short- to medium-range chromatin interactions within the TENM?2 locus by expanding the
search window (Fig. 2.6b). The majority of which were formed with regions downstream
of the site of integration, 49 to 527 kb away on the linear sequence. All of these were with

regions of open chromatin or CTCF-binding sites.
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Fig. 2.6: Short and long-range interactions between HPV16 integrant and the host genome in
clone D2.

(a) HPV16 SCRiBL di-tags in 122.5 kb region on chromosome 5 containing the viral integration
site in clone D2. Host breakpoints coincide with the largest peaks and are denoted with arrows. (b)
HPV16 SCRiBL di-tags in a 1.4 Mb region on chromosome 5 containing the viral integration site
in clone D2. Protein coding genes are coloured based on their orientation (red = + strand; blue =
- strand). Active histone marks are in green; DNAse I hypersensitivity sites are in blue; repressive

histone marks are in red and CTCF binding sites in purple.

Similar to clone D2, we were able to identify several possible short- to medium-range
interactions (34-238 kb) with the host chromatin in the G2 clone (Fig. 2.7b). Interestingly,
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these contact peaks appeared to align with CTCF-binding sites. Furthermore, the majority of
these peaks overlap with epigenetic marks denoting enhancers (H3K27ac and H3K4mel)
and regions of DNasel hypersensitivity. By expanding the search window to 5 Mb, a number
of long-range 3D interactions (>500 kb) between the viral integrant and host chromatin were
detected. The furthest and most prominent of these being with the first intron of host gene
ARLIS5 (Fig. 2.7c).
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Fig. 2.7: Short to long-range interactions between the HPV16 integrant and host genome in
clone G2.
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Fig. 2.7: Short to long-range interactions between the HPV16 integrant and host genome in
clone G2 (continued).

(a) HPV16 SCRiBL di-tags in 122.5kb region on chromosome 5 containing the viral integration site in
clone G2. Host breakpoints coincide with the largest peaks and are denoted with arrows. (b) HPV16
SCRiBL di-tags in 700kb region on chromosome 5 containing the viral integration site in clone G2.
(c) HPV16 SCRiBL di-tags in SMb region on chromosome 5 containing the viral integration site in
clone G2. Loops are drawn for interactions, with more than 16,000 normalised reads. Protein coding
genes are coloured based on their orientation (red = + strand; blue = - strand). Active histone marks
are in green; DNAse I hypersensitivity sites are in blue; repressive histone marks are in red and CTCF
binding sites are in purple.

Emma Knight used the 3D DNA FISH protocol (Bolland et al., 2013) to verify and validate
the long-range interaction I detected between the viral integrant and the ARLI5 intron ~900 kb
downstream in the G2 clone. Briefly, three fluorophore-labelled DNA probes were generated
via 'nick translation’ to hybridise to the HPV16 genome, the first intron of ARLIS5 or to an
upstream region equidistant from the HPV 16 integrant (Fig. 2.8a). A representative image of
the hybridised regions in the nucleus of a cell from the G2 clone is shown in Fig. 2.8b.
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Fig. 2.8: Validation of long-range viral-host chromatin interaction in clone G2 by 3D FISH.
(a) Location of the DNA probes used in the biallelic region of viral integration on chromosome 5 in
clone G2. The control probe (purple) hybridises to a region of the host genome equidistant to ARLI5
intron 1 but upstream of the viral integrant. The ARLI5 intron 1 probe is in red and HPV16 probe in
green. (b) Image of the three hybridised FISH probes in the nucleus of a representative cell (LHS:
raw image with merged channels; centre: MetaCyte segmentation of probe locations; RHS: inferred
chromatin looping interaction). Analysis of the 3D distance between both sets of probes: HPV16
to control region (purple) and HPV16 to ARLIS5 intron 1 (red), in the copy of chromosome 5 that
contained the viral genome is shown in (c) a box plot and (d) a plot of the cumulative frequency
distributions. Analysis of the 3D distances between "control" and "interacting” probes in both the
integrated (green) and the non-integrated (grey) chromosomes are shown in (e) a box plot and a (f) a
plot of the cumulative frequency distributions. n cells = 585; mean =+ standard error; using unpaired,
two-tailed Student’s T-test: * p < 0.05, *** p < (0.0001.
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The 3D distances between hybridised regions were calculated in the MetaCyte 3D FISH
imaging suite. The HPV16 genome was significantly closer to the ARLIS5 intron 1 than the
control region on the integrant-containing chromosome 5 (Fig. 2.8¢ & d). More surprisingly,
the distance between the control region and ARLI5 intron differs for the two copies of
chromosomes 5. This suggests that viral integration affects the host genome architecture such
that the region containing the viral integrant is more closely interacting as a result. The FISH
experiment also confirmed that HPV 16 had integrated into a single copy of chromosome 5
and that the interaction with ARLI5 is an in cis contact with the chromosome 5 of integration.
No episomal copies of HPV16 were detected.

The largest contact peaks for clones AS, F and H also coincided with their respective host
integration breakpoints (Fig. 2.9a-c). However, no further chromatin interactions were
observed between their viral integrants and host genome.
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Fig. 2.9: H, F and AS host-virus breakpoints.
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Fig. 2.9: H, F and AS host-virus breakpoints (continued).

HPV16 SCRiBL di-tag peaks at a 1 kb resolution across the regions containing the viral integration
sites of (a) H, (b) F and (¢) A5 clones. Host breakpoints coincide with the largest contact peaks and
are denoted with arrows. Legends indicate the scaled/normalised read counts in each. Protein coding
genes are coloured based on their orientation (red = + strand; blue = - strand). Active histone marks,
such as H3K4me1/2/3 and H3K27Ac are in green; DNAsel hypersensitivity sites are in blue; the
repressive heterochromatin mark H3K27me3 is in red and CTCF binding sites are in purple.

2.2.6 | HPV16 integration alters expression of neighbouring genes

To evaluate the impact of HPV 16 integration on the host nuclear architecture, HICUP and
the Juicer pipeline (Durand et al., 2016b) were used to generate normalised contact matrices
from the raw FASTQs obtained from the in-nucleus Hi-C libraries. Briefly, Hi-C paired-end
reads for each replicate are aligned against the hg19 human reference genome using HiCUP,
the HiCUP-filtered alignments converted to BED format with bedtools (Quinlan and Hall,
2010) and modified to be compatible with Juicer Tools. The matrices were visualised as
contact maps using Juicebox (Durand et al., 2016a). I restricted my analysis to clones G2
and D2 as these were the only ones for which long-distance interactions were detected in the
SCRiBL data. I did not generate contact maps from the SCRiBL data due to the biases in
library composition introduced by the capture.

Each column/row in the symmetrical heat map is a human chromosome; autosomes are sorted
based on their linear sequence length in descending order with the sex chromosomes as the
final two columns/rows. The strength of an interaction between any two loci is reflected
in their intensity on the contact map, red = interacting & white = not interacting. Each
sub-matrix contains the interactions between any two chromosomes. The sub-matrices that
lie on the diagonal contain in cis interactions such that the upper leftmost sub-matrix will
contain those for chromosome 1 while chromosome Y in cis interactions will be found the
lower right matrix. Any matrices off this diagonal contain putative in trans interactions.

As expected from previous studies of nuclear architecture (Dixon et al., 2012; Rao et al.,
2014), the majority of chromatin contacts in clones D2 (Fig. 2.10) and G2 (Fig. 2.11) are in
cis. Unsurprisingly, the genome-wide profiles for these two W12 clones are very similar. The
patterns of in cis interactions seem to replicated in both clones, suggesting that the higher
order organisation of the nuclear architecture including TADs is largely stable. However,
there is evidence for clone-specific in trans interactions at this resolution. In clone D2, there
are trans interactions between chromosomes 3 and 5 (Fig. 2.10). Whereas in clone G2,
interactions occur between chromosomes 3 & 7, chromosomes 3 & 10 and chromosomes 9 &
22 (Fig. 2.11). Alternatively, given that these are Mb long stretches of in frans interactions,
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these may represent early evidence for genetic abnormalities (e.g. translocations) that are
typically observed during malignancy. Given that these cells are derived from cervical
keratinocytes, it is unsurprising that no interactions were observed for chromosome Y.
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Fig. 2.10: Chromatin Contact Maps for Clone D2.
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Fig. 2.11: Chromatin Contact Maps for Clone G2.

The HPV 16 integration sites for clones G2 and D2 are at distinct, distant loci on chromosome
5 and as a such they can be used as controls when comparing host-host in cis interactions in
the regions containing their respective HPV 16 integrants. Chromatin contact maps at a 50 kb
resolution were generated for two 5 Mb regions centred on the D2 and G2 viral intergants.
The symmetrical heat maps were split along the diagonal containing in cis interactions such
that clearly defined, highly self-interacting triangular regions (i.e. TADs) are identifiable.
Multiple TADs, up to 1 Mb in length, are visible in the 5 Mb map containing the HPV16
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integrant in clone G2 (Fig. 2.12a). However, inspection of the same region of genome in the
clone D2 map reveals a very similar pattern of interaction frequencies (Fig. 2.12b). TADs
structures are evident from the region containing the HPV16 integrant in clone D2 (Fig.
2.12e) but again the structures in the corresponding region in clone G2 are very similar (Fig.
2.12d). Moreover, the Hi-C-derived TAD insulation scores, devised by Crane et al. (2015),
calculated for the two regions in both clones are very similar, see Fig. 2.12¢ & f. Insulation
scores are highest at the probable TAD boundaries and lowest at their centre. This indicates
that for these clones, HPV16 has integrated into two local minima seemingly without altering

the structure of surrounding TADs.
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Fig. 2.12: Changes in host genome architecture and domain boundary strength upon HPV16
integration in clones G2 and D2.
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Fig. 2.12: Changes in host genome architecture and domain boundary strength upon HPV16
integration in clones G2 and D2. (continued).

Upper triangular matrices generated from a 5 Mb contact map containing the G2 integration locus
(chr5:50 Mb — 55 Mb) for clones (a) G2 and (b) D2. Viral integration sites are denoted with arrows.
(c) Insulation scores across the same locus as above for clone G2 (blue) and D2 (red). Upper triangular
matrices generated from a 5 Mb contact map containing the clone D2 integration site (chr5:164.6 Mb -
169.6 Mb) for clones (d) G2 and (e) D2, with the integration site being depicted by a black arrowhead.
(f) Insulation scores calculation obtained for the D2 integration locus in clones G2 (blue) and D2
(red).

In order to evaluate the consequences of differences in chromatin contacts on gene expression,
Cinzia Scarpini (Coleman Lab) prepared 50bp paired-end cDNA libraries, with two biological
replicates each, for the five W12 clones. Briefly, total RNA was extracted from confluent
cells and subjected to Ribo-Zero rRNA depletion and DNAse treatment. cDNA libraries
were prepared from the ribo-depleted RNA with the TruSeq™ RNA and DNA Sample Prep
Kit (Illumina) and 50bp paired-end cDNA libraries sequenced on an Illumina HiSeq 2000
(Genomics Core Facility, EMBL Heidelberg).

Sequence adapters were trimmed from the reads with Kraken (Davis et al., 2013). Trimmed
FASTQs were mapped against a GRCh37.p13 reference transcriptome (Ensembl version
75) that included HPV16 transcript annotation using STAR (Dobin et al., 2013) with its
default parameters. RNA-seq read alignment rates are contained in Table 2.4. Strand-
specific gene counts were obtained from the alignments with H7Seq (Anders et al., 2015) and
differential gene expression analysis performed using the R/Bioconductor package DESeq2
(Love et al., 2014). The impact of viral integration on transcriptional regulation was evaluated
by comparing gene expression in the clone of interest versus the mean expression of the other

four clones.

Table 2.4: RNA sequencing mapping rates.
ASrepl AS rep 11 D2repl D2 rep I1

Sequenced reads 200,526,758 219,342,483 | 208,473,526 240,417,401
Uniquely mapping 121,039,938 132,527,811 | 144,075,292 166,800,967
Multi-mapping 24,054,483 25,118,974 | 20,887,545 25,588,121
Unmapped 55432,337 61,695,698 | 43,510,689 48,028,313
Chimaeric 11,617,179 13,376,336 | 14,342,801 15,664,746
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Frepl F rep I1 G2repl G2repII
Sequenced reads 229,801,440 228,349,304 | 200,319,256 237,877,929
Uniquely mapping 165,180,395 159,676,032 | 82,425,748 95,643,695
Multi-mapping 24,043,777 25,551,198 | 50,456,275 54,744,857
Unmapped 40,577,268 43,122,074 | 67,437,233 87,489,377
Chimaeric 16,015,888 19,712,748 3,458,546 3,468,896
Hrepl Hrep II
Input reads 249,136,137 241,493,648
Uniquely mapping 91,464,098 87,293,759
Multi-mapping 55,198,474 55,627,704
Unmapped 102,473,565 98,572,185
Chimaeric 3,492,896 3,172,965

To visualise differences within the two 5 Mb regions, I generated differential chromatin
contact maps at a 25kb resolution with Juicebox using both Hi-C datasets. The values at
loci are the log2 enrichment value for the test versus control datasets; regions of the heat
map in red have greater observed contact frequencies in the test dataset while those in blue
are higher in the control. We combined these maps with the corresponding regions in the
SCRiBL data, TAD data derived from human IMR90 and ESC lines (Dixon et al., 2012) and
the results of differential gene expression. In clone G2, the long-range interaction between
the viral integrant and intron 1 of ARLI5 is accompanied by a reduction in the frequency of
host-host interactions within the TAD of integration as compared to the D2 clone (Fig. 2.13a
& b). In support of the evidence from the insulation scores, it is clear that the G2 integrant is
found within a previously annotated TAD. Furthermore all viral chromatin contacts identified
from the G2 SCRiBL data are within the TADs of integration. From comparisons with the
other 4 clones, it is clear that the expression of protein-coding genes within the 5 Mb region
of the G2 genome is altered, up- and down-regulated, in response to viral integration (Fig.
2.13c). ARLIS5 expression is slightly higher in the G2 clone than the other four clones (log2
fold-change = 0.30, adj. p < 0.05).
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Fig. 2.13: Alterations to host chromatin architecture and gene expression in clone G2.

(a) Differential contact map of clones G2 and D2 covering a 5 Mb region centred on the G2 integrant.

Red loci have greater observed host-host contact frequencies in the G2 Hi-C libraries while those
in blue are higher in the D2 libraries. (b) SCRiBL data showing 3D interactions between the viral
integrant and the host. CTCF-binding sites are in purple, protein-coding genes are coloured based
on their orientation (red = + strand; blue = - strand). TADs determined by Dixon et al. (2012) are

shown beneath. (c¢) Expression log2 fold-changes for G2 versus the average of the four other clones.

Significant changes are depicted in green (adj. p value < 0.05, Wald test).

As was the case for the G2 integrant, the chromatin organisation of the 5 Mb region centred on
the D2 integration site is very similar for clones D2 and G2 (Fig. 2.14a). Likewise, it is clear
that the D2 integrant is found within a previously annotated TAD (Fig. 2.14b). Furthermore

the majority of viral chromatin contacts identified from the D2 SCRiBL data are within a
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single TAD (Fig. 2.14b). Viral integration has significantly upregulated the expression of
TENM?2, into which HPV 16 has integrated, and 3 neighbouring genes downstream of the
D2 viral intergant as compared to their expression in the unaltered regions in the other four
clones (Fig. 2.14c¢).
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Fig. 2.14: Alterations to host chromatin architecture and gene expression in clone D2.
(a) Differential contact map of clones D2 and G2 covering a 5 Mb region centred on the D2 integrant.
Red loci have greater observed host-host contact frequencies in the D2 Hi-C libraries while those
in blue are higher in the G2 libraries. (b) SCRiBL data showing 3D interactions between the viral
integrant and the host. CTCF-binding sites are in purple, protein-coding genes are coloured based
on their orientation (red = + strand; blue = - strand). TADs determined by Dixon et al. (2012) are
shown beneath. (c¢) Expression log2 fold-changes for D2 versus the average of the four other clones.

Significant changes are depicted in green (adj. p value < 0.05, Wald test).
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2.2.7 | HPV16 integration results in the formation of viral-host fusion transcripts

HPV16 was integrated within intronic regions for four of the five W12 clones. HPV16
integration consistently increased expression of the host genes containing integrants when
compared to the other clones. TENM?2 expression was 4.79 log2-fold higher in D2, MAPK10
was 4.47 log2-fold higher in H while RASSF6 had 1.62- and 1.64 log2 fold enrichment
in clones A5 and F, respectively. I used the STAR-Fusion pipeline (Haas et al., 2017) to
determine if integration within any of these three genes resulted in the formation of chimaeric,
fusion transcripts. STAR-Fusion filters split and discordant read alignments detected by
STAR based on breakpoint proximity and support to infer novel splice events and fusions
from existing transcriptome annotation.

STAR detected split viral-host alignments for all five clones but clone H was the only one in
which STAR-Fusion detected valid fusion transcripts. Clone H is the sole clone in which the
viral early promoter is in the same orientation as the promoter of its host gene. STAR-Fusion
identified three viral-host fusion transcripts at the truncated MAPK10 locus for both clone H
replicates, see Fig. 2.15.

a 86,983,196 bp 87,153,458 bp

MAPK10 HPV16 integrant MAPK10

86,952,584 bp

E2E4| E1 [E7|E6|LCR] L1
+

+
3,632 bp 226 bp

3,751 bp 5,883 bp

/ Transcription from the viral early promoter

chimaeric polycistronic pre-mRNA
b ¢ Splicing

7~ — __ = E6-MAPK10
7. e—_ wmm. W E2MAPK10
LN - _-mm _ B _-8 E4-MAPK10

Fig. 2.15: Viral-host fusion transcripts in W12 Clone H.
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Fig. 2.15: Viral-host fusion transcripts in W12 Clone H (continued).

(a) Schematic of the truncated MAPKI0 locus on chromosome 4 with the inferred polycistronic
viral-host fusion transcript below. Exonic regions of MAPK]O0 are in red, intronic regions in blue
and viral ORFs in yellow. Direction of transcription from the viral and MAPK 0 promoters shown
with arrows. Host-viral integration breakpoints denoted with wavy lines and the fusion transcript
splice sites labelled with arrows. Positions above = human, positions below = virus. Splice site
positions are based on the coordinates from the HPV16 and hg19 references. MAPK10 exon/intron
numbering based on the annotation for the canonical transcript ENST00000395169 (Ensembl 75).
Distances are not to scale. (b) Fusion transcript splicing events. The E6-MAPK 10 fusion transcript is
produced from the splicing together of a splice acceptor site within the £6 ORF [HPV16: 226 bp]
with the splice donor site at the end of MAPKI0 intron 11 [chr5: 86,952,584]. The E2-MAPKI0
and E4-MAPK10 spliceforms are produced from the splicing together of a splice site within the
overlapping E2/E4 ORFs [HPV16: 3,632 bp] with the MAPK10 intron 11 splice donor site. It is
unclear without validation if the MAPK0 exons downstream of exon 12 are included in the chimaeric
fusion transcripts.

The viral-host fusion transcripts were formed from two novel splicing events involving the
viral E2/E4 and E6 ORFs and exon 12 of MAPKI10 (Fig. 2.15b). No fusion transcripts
spanning exon 2 of MAPK10, the host exon immediately upstream of the viral integrant,
and the viral ORFs were detected. This suggests that the fusion transcripts arose as a
result of transcription from the viral early promoter continuing into the MAPK10 sequence
downstream of the viral promoter. Additionally, no novel splice events are detected between
MAPK]I10 exons 2 and 12, indicating that no mature mRNA is produced from the MAPKI0
promoter on the chromosome 4 in which HPV 16 has integrated. The increased MAPK10
expression observed for clone H is likely due to transcription from the integrated HPV16

early promoter.

2.3 | Discussion

Genomic instability and chromosomal abnormalities are hallmarks of many cancers (Hanahan
and Weinberg, 2011); unsurprisingly HPV 16 and the other oncogenic HR-HPVs are potential
sources for these and other cancer hallmarks (Roden and Stern, 2018). It has been shown
previously that HR-HPV integration is non-random and there are hotspots associated with
CFSs (Thorland et al., 2000) and regions of open chromatin and active transcription (Bodelon
et al., 2016; Christiansen et al., 2015). The presence of short, microholomogous sequences
at the integration breakpoints suggest that microhomology mediated repair facilitates viral
integration (Akagi et al., 2014). Additionally, integration is frequently accompanied by

alterations to the expression of nearby host genes (Durst et al., 1987). Evidence suggests
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that viral dysregulation of more distant host loci may be achieved via 3D chromatin contacts
between the viral integrant and the host locus in question (Adey et al., 2013). The integration
and "chromatinisation" of HR-HPV genomes is no doubt facilitated by the fact that papillo-
mavirus dsDNA genomes are already bound by cellular histones (Favre et al., 1977).

By leveraging the CHi-C and gDNA-capture-seq data, we were able to determine the in-
tegration breakpoints at single-nucleotide resolution in the panel of five W12 clones. The
Hi-C and SCRiBL data revealed that viral integration does not disrupt host genomic TAD
structure. Rather, we identified additional contacts within these largely unaltered domains
between viral integrants and the host chromatin. An integrated analysis of the Hi-C and
RNA-seq data demonstrated that viral integrants have a broad impact on the expression of
neighbouring host genes up to at least 2.5 Mb from the integrants; previous studies have
observed an impact in narrower regions surrounding viral integrants (Hu et al., 2015).

In the first part of this chapter, we established and validated novel methodologies to capture
short genomic regions of interest from Hi-C libraries based on the SCRiBL and capture-seq
protocols. Both of which may be useful for investigating any dsDNA virus that integrates
into its host genome. The resolution of Hi-C is dependent on cutting frequency of the
restriction enzyme used (Lajoie et al., 2015) and while use of the four nucleotide cutter Mbol
improves the resolution of chromatin contacts detected it also vastly increases the complexity
of libraries due to the number of restriction fragments generated. 7.1 million Mbol restriction
fragments are generated from an in silico restriction digest of the GRCh37 reference as
compared to 0.8 million for HindIIl. From this, ~150 trillion pairwise interactions between
fragments are possible in the diploid human genome, (7.1 million * 2)2. Although the
preponderance of in cis interactions in genomes (Lajoie et al., 2015) greatly reduces this
theoretical search space, it is vast nonetheless. Therefore, an enrichment step is necessary in
order to reliably detect chromatin contacts involving the short genome (~8 kb) of HPV16
integrants and simplify the search space i.e. the library complexity. The SCRiBL protocol
developed to capture promoter interactions allows for analysis at the restriction fragment
level (Schoenfelder et al., 2015). Modifications to this protocol have enabled us to enrich for
virus-host interactions. CHi-C has been used previously to enrich for specific interactions
involving cancer/disease risk loci and gene promoters (Dryden et al., 2014; Javierre et al.,
2016; Schoenfelder et al., 2015) but this is the first application of this technique to a short,
integrated viral genome.

However, it must be acknowledged that the desire for a high resolution comes at the cost of
a high di-tag failure rate. The Hi-C and SCRiBL libraries prepared from G2 replicates Il
and III and D2 replicate II had far higher valid:invalid di-tags than the other libraries (Fig.
2.2). Of the invalid chromatin di-tags detected using the HICUP (Wingett et al., 2015), the
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vast majority fail QC due to being ’dangling ends’. As this affects the same samples in
both protocols, it is probable that the issue lies with a step in the Hi-C library preparation.
Dangling ends are indicative of failure to remove biotin residues from non-ligated DNA
fragments during the Hi-C protocol (Belton et al., 2012; Wingett et al., 2015). In general,
most Hi-C libraries consist of approximately 10-45% dangling ends (Belton et al., 2012)
but three of six Hi-C and seven of the ten SCRiBL Hi-C libraries have >50% dangling ends.
The high frequency of Mbol cutting means that there will be some very short restriction
fragments generated. These are difficult to ligate (Yaffe and Tanay, 2011). While the SCRiBL
protocol was only applied to W12 clones with a single HPV16 integrant it would feasible
to further adapt this protocol to look at with multiple HPV integrants in the genome such
as the HeLa cell line. The efficiency of this protocol should be increased before is applied
to a similar virus capable of integrating into its host genome. This could be achieved by
using a restriction enzyme that cuts the genome less frequently and by the proper removal of
non-ligated DNA fragments.

The SCRiBL protocol significantly increased the number and proportion of HPV 16 contacts
sequenced as compared to the standard in nucleus Hi-C (Fig. 2.2). The proportion of HPV16-
containing di-tags for the individual SCRiBL replicates ranged from a minimum of 3% (H
replicate II) to 27% (D2 replicate I) as compared to a maximum of 0.01% (D2 replicate I)
for the Hi-C libraries. This represents a 150-200x fold enrichment for the W12 clones with
Hi-C and SCRiBL data: D2, G2 and H. The higher proportion of HPV16-containing di-tags
sequenced for the D2 and G2 clones is likely a reflection of the higher viral genome copy
number in these clones as compared to the AS, F and H clones.

From the analysis of significant chromatin interactions in the SCRiBL data with GOTHiC
(Mifsud et al., 2017) and SeqMonk (Andrews, 2007), it was apparent that the HPV 16 inte-
grants interact with two narrowly separated regions on a single host chromosome and that
these 3D interactions encompass both short- (<50 kb) and long-range (>1 Mb) contacts (Fig.
2.3). 3D FISH confirmed an ~900 kb interaction between the G2 integrant and the first intron
of a downstream host gene, ARLI5 (Fig. 2.8). However, it was also clear from this initial
analysis that the viral integration sites characterised by Dall et al. (2008) for the D2, AS
and F clones differed from what we observed. Only the clone H integrant seemed to be
on the same chromosome. As a result it was necessary to validate and re-characterise all
integration sites using a more accurate means of identifying breakpoint junctions. Techniques
used to elucidate the virus-host breakpoints in 2008, namely restriction-site PCR (RS-PCR)
or amplification of papillomavirus oncogene transcripts (APOT), were the most feasible at
the time. However, they are less sensitive and accurate than the NGS-based capture-seq

method that we employed. As Hi-C libraries are limited to detecting interactions between
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restriction fragments, it is impossible to determine exact integration breakpoints from this
approach. New baits had to be designed for the capture-seq experiment to cover the viral
genome because the SCRiBL baits were targeted against the 5'-ends of the HPV16 Mbol
restriction fragments.

Our investigation revealed that HPV 16 had integrated into chromosome 4 for W12 clones AS
and F. We also verified that this was also the case for clone H. However, the site of integration
differed slightly from Dall et al. (2008). More surprisingly, we found that the integration loci
for clones AS and F were identical. Although all clones were isolated from the same mixed
population of episomal’ W12 cells, this suggests that integration had already occurred in
a sub-population prior to isolation. Given that expression of the oncogenic E6/E7 ORFs is
higher in clone F than clone A5 (Groves et al., 2016), it is tempting to suggest that clone F is
further along the path to transformation than clone AS. In contrast to the integration sites
determined by Dall et al. (2008), the D2 and G2 integrants are found at distinct and distant
loci on chromosome 5. The original and re-characterised integration sites are shown in Table
2.5.

Table 2.5: HPV16 Integration Sites in W12 Clones

W12 Integration Method | Integration Breakpoint
Clone Site(s)” Site' Coordinates’
A5 8pll.21
4q13.3, RS-PCR 4q13.3 5" =74,549,681; 3’ = 74,480,662
F
8q24.21

D2 18q21.2  RS-PCR|  5q34 5/ =167,112,984; 3’ = 167,141,612
G2 21q22.1  APOT | 5qll1.2 5' = 52,681,626; 3 = 52,655,805

H 4q921.23 RS-PCR \ 4q921.3 5" =86,983,196; 3’ = 87,153,458
* As characterised by Dall et al. (2008).
T As determined using capture-seq.

APOT = amplification of papillomavirus oncogene transcripts
RS-PCR = restriction-site PCR

In four out of five clones, the integration sites were within host intronic sequence; RASSF6
(clones AS & F), TENM?2 (clone D2) and MAPK10 (clone H). Previous studies evaluating
the HPV integration sites in cervical cancer samples have also identified HR-HPV integrants
directly upstream of RASSF6 and MAPK10 (Holmes et al., 2016; Xu et al., 2013). These
findings are consistent with previous observations that virus-host integration breakpoints are
significantly closer to genes than predicted by chance (Bodelon et al., 2016). The ORF en-
coding the viral E2 transcriptional regulator was disrupted in all W12 clones by linearisation
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of the viral genome as is frequently seen from clinical samples (zur Hausen, 2002). Deletions
within the ORF ranged from 36 bp for clones A5 and F to 2,131 bp for clone H. Disruption
and/or truncation of the ORF is sufficient to prevent the production E2. Furthermore, part
of the OREF is upstream of the viral early promoter p97 in clones G2, F and AS5. These
observations confirm that the W12 system is a valid model for recapitulating the early stages
of cervical carcinogenesis.

Regardless of the viral genome copy number, analysis of the capture-seq experiment re-
vealed that there was only one virus-host 5'- and 3’-breakpoint per integrant. Therefore, two
mechanisms of viral integration are evident from the clones: direct integration of the virus
following a viral DSB (clone H) while the ’looping’ model proposed by Akagi et al. (2014)
can explain the duplication of host sequence flanking the AS5/F integrants together with the
focal amplification of viral and host flanking sequence observed for clones D2 and G2.

In second part of this chapter we established that HPV 16 integration occurred within host
TADs in regions containing multiple ENCODE marks of open chromatin and active transcrip-
tion. This corroborates previous findings from SCCs (Christiansen et al., 2015). Interestingly,
comparisons between the TADs of integration for the D2 and G2 clones revealed that although
integration does not alter domain structure it reduces the number of intra-TAD contacts when
contrasted with the same, integrant-free domain in another clone (Figs. 2.14 & 2.13). TAD
boundaries within the 5 Mb regions centred on the D2 and G2 integrants coincide with the
boundaries determined by Dixon et al. (2012) from human IMR90 and ESC lines. This
supports the observation that TAD boundaries are largely stable across different tissues types
Smith et al. (2016). Furthermore, viral interactions with host chromatin generally coincided
with annotated CTCF-binding sites. CTCF is essential for delineating the boundaries be-
tween chromatin substructures as well as mediating intra- and interchromosomal looping
interactions (Ong and Corces, 2014). CTCF-binding sites in a convergent orientation are
capable of generating novel looping interactions (Rao et al., 2014). Given that the ectopic
insertion of the HPV16 CTCF-binding site does not disrupt host TADs but rather weakens
intra-TAD interactions; it is possible that the viral CTCEF sites function as insulator elements
in these contexts.

The expression of genes in which HPV 16 had integrated into, RASSF6 (clones A5 & F),
TENM? (clone D2) and MAPK10 (clone H), were consistently upregulated when compared
with their expression in the other four clones. Integration, even within intergenic regions, im-
pacted upon the expression of neighbouring host genes up to at least 2.5 Mb away, including
those outside the TAD of integration. Increased expression reflects, in part, the transcriptional
activation and enhanced recruitment of RNAP II by the viral early (p97) promoter while

decreases were likely the result of E6/E7-mediated activities. The activation of neighbouring
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host expression by HR-HPV integrants has been observed on numerous occasions (Durst

etal., 1987; Hu et al., 2015). A similar pattern of upregulation was observed by Ojesina et al.

(2014) for integrated HR-HPVs in cervical carcinomas.

Although chimaeric viral-host reads were detected in each of the W12 RNA-seq samples
by STAR, the two clone H replicates were the only ones in which STAR-Fusion detected
fusion transcripts spanning host and viral exon junctions. Clone H was the only instance in
which the HPV 16 early promoter and the promoter of the gene it had integrated into were in
the same orientation. The three viral-host transcripts in clone H, E6-MAPK10, E2-MAPK10
and E4-MAPK10, were produced as a result of transcription from the viral early promoter
continuing into the truncated MAPK10 locus (Fig. 2.15). It remains to be seen if the fusion
transcripts are functionally relevant to the clone H cells but assuming that the normal splicing

of downstream MAPK 10 sequence is intact and that the transcripts are translated, it is possible

that fusion proteins containing truncated Serine/Threonine kinase domains are produced.

No host-virus transcripts were detected, this indicates that no splicing occurred between the
intact second exon of MAPK10 and the viral ORFs. Fusion transcripts as a result of gross
genetic changes are a common phenomenon in cancer and HR-HPV-host transcripts have
been documented previously by Bodelon et al. (2016); Burk et al. (2017); Hu et al. (2015).

The primary aim of this project was to develop a method for capturing interactions between

integrated copies of the short, dSDNA human papillomavirus genome and host chromatin.

I can confidently confirm that we succeeded in this aim and furthermore, we successfully
applied this method to a panel of HPV16* in vitro models in order to explore the implications
of these interactions in early cervical carcinogenesis. In addition to the host transcriptional
changes influenced by the activities of viral oncoproteins and integrated copies of the viral
promoters, it is apparent from the transcriptional changes to the host gene ARL15 in the G2
clone that HR-HPV integrants can impact upon host gene expression via novel virus-host

chromatin interactions.
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3.1 | Introduction

Sexual reproduction is the biological process by which eukaryotic organisms create diploid
offspring from the fusion of two unicellular, haploid (n) gametes (McDonald et al., 2016).
This is the most common reproductive strategy in eukaryotes and was present in the last
eukaryotic common ancestor (LECA) (Goodenough and Heitman, 2014). Sexual repro-
duction is adaptive as it allows organisms to escape the consequences of Muller’s Ratchet
(Box 3.1) and facilitates the emergence (and dispersal) of novel genetic combinations more
quickly than is possible in asexually reproducing organisms (McDonald et al., 2016). Sexual
reproduction requires that organisms cycle between diploid and haploid states via cell fusion

and meiosis, a form of reduction division (Goodenough and Heitman, 2014).

Box 3.1: Muller’s Ratchet Muller (1964) hypothesised that sexual reproduction evolved
as a mechanism to escape the irreversible accumulation of deleterious mutations which could
blight asexual organisms. Meiotic recombination facilitates the exchange of genetic material
between homologous chromosomes (Holliday, 1964; Szostak et al., 1983) and allows otherwise
competing lineages to coalesce. This accelerates adaptation through the emergence of novel
genetic combinations (Cooper, 2007). In contrast, an improbable series of sequential mutations
would be necessary to replicate the same genetic combination in an asexually-reproducing lineage.
Genetic recombination allows eukaryotes to avoid an ’error catastrophe’ (Muller, 1964).

Gametogenesis is the mechanism by which haploid gametes are generated from diploid
primordial germ cells (PGCs), this occurs in the gonads in multicellular eukaryotes (Magnus-
dottir and Azim Surani, 2014). In the anisogamous animals, male spermatozoa (or sperm
for short) and female ova are generated from PGCs during spermatogenesis and oogenesis
respectively (Adams and McLaren, 2002; Goodenough and Heitman, 2014). A mature
spermatozoon fertilises an ovum and the reproductive-cycle begins anew. Once PGCs are
defined in the developing embryo, they migrate to the gonadal ridge, site of the future gonads
(Adams and McLaren, 2002).

3.1.1 | Mammalian Spermatogenesis

Spermatogenesis is a tightly regulated, highly conserved process that commences in the male
gonads, the testes, at puberty (Griswold, 2016). Life-long male fertility is sustained by a
populations of spermatogonial stem cells (SSCs) and spermatogonial transit-amplifying cells
(TACs) (see Box 3.2) (White-Cooper and Bausek, 2010). In humans, the average adult male
produces 100 million mature sperm per day from these SSCs (Oatley and Brinster, 2008).
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Box 3.2: Transit-amplifying cells TACs are partially committed cells, intermediate between
stem cells (SCs) and fully differentiated cells. They undergo a limited number of proliferative
cycles before undergoing terminal differentiation (Hsu et al., 2014). Pools of TACs are essential
for the maintenance of stem activity and regenerative competence in proliferating tissues (Hsu
et al., 2014).

In mammals and mice more specifically, spermatogenesis occurs over twelve stages in the
epithelium of the testis seminiferous tubules (Oakberg, 1956). Murine PGCs divide into
undifferentiated spermatogonia which give rise to differentiated spermatogonia that further
differentiate into primary spermatocytes (De Rooij and Griswold, 2012; Oakberg, 1971).
Primary spermatocytes undergo a lengthy meiosis cycle that includes two consecutive cell
divisions, meiosis I and II, to produce four haploid round spermatids. These cells undergo
spermiogenesis during which they acquire the characteristic sperm morphology including
flagella. Elongated spermatids are then released into the seminiferous tubules where they
undergo spermiation before entering the epididymis as immobile spermatozoa (O’Donnell
et al., 2011).

In humans there are two subtypes of undifferentiated spermatogonia, A Dark (Ag), A Pale
(Ap), whereas in mice there are three: A Single (As), A Paired (Ap) and A Aligned (Ay)
(Clermont, 1966; Oakberg, 1971). Ay are single cells that directly emerge from the PGCss,
Apy are pairs of interconnected spermatogonia while A, are cysts, chains of 4, 8, or 16
cells (De Rooij and Griswold, 2012). Amongst the heterogeneous, undifferentiated sper-
matogonia, only a small sub-population of A spermatogonia are true SSCs (De Rooij and
Griswold, 2012). The rodent SSC niche is maintained by 'nurse’ Sertoli cells within the
seminiferous tubules that secrete glial cell-derived neurotrophic factor (GDNF) (Oatley and
Brinster, 2008). This promotes SSC self-renewal by stimulating GDNF receptor complexes
comprised of rearranged during transfection (RET) and GFR«1 co-receptors (Sharma and
Braun, 2018). Nakagawa et al. (2010) showed that GFR«x1 and a differentiation marker
Neurogenin 3 (NGN?3) are associated with different degrees of stemness within the undiffer-
entiated spermatogonia. GFRac1P** cells are mainly Ag and A, while the NGN3P®* cells
are mostly A, spermatogonia. From this they suggested that there is a transition within
undifferentiated spermatogonia from GFRx1P°* to NGN3P®® state as part of normal spermato-
genesis. Furthermore, they determined that this transition is reversible based on the treatment
with the gonadotoxin busulfan and subsequent testis regeneration. They proposed that new
A cells are generated from the fragmentation of NGN3P*® A,,;/A, spermatogonia. These

pos

subsequently revert to a GFRoc 1P state. The presence of transit-amplifying undifferentiated
spermatogonia in testis ensures efficient regeneration in the event of testicular injury.

More recently, the lab of Doénal O’Carroll discovered a sub-population of the transit-
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amplifying NGN3" spermatogenia that expresses piwi-like RNA-mediated gene silencing 4
(Piwil4), encoding the PIWI protein MIWI2 (Carrieri et al., 2017). More importantly, these
MIWI2P%® NGN3P°® c-KIT"®® spermatogonia are capable of reconstituting testis depleted by
treatment with busulfan (Carrieri et al., 2017). MIWI2 is necessary for the de novo DNA
methylation of TEs during meiosis I (discussed in 1.1.2) and its loss results in a gradual
reduction in spermatozoa numbers and leads to the wimpy’ testis phenotype characteristic of
mutations in the Piwi-family genes (Carmell et al., 2007). c-KIT is a marker of differentiating
spermatogonia in adult mice (Rossi et al., 2000). Further analysis of GFRx1 and MIWI2
expression in Ag, Apr and A, spermatogonia revealed that there are three populations of
cells distinguishable based on their GFR1 and MIWI2 expression: GFRx1P°® MIWI2"°¢,
GFRx1P° MIWI2'®" and GFR 1" MIWI2P® (Carrieri et al., 2017). The majority of A
cells were GFRoc1P°® MIWI2"8. All three populations were found amongst the Ay, while
the A, were largely GFRo1"°8 MIWI2P%S,

3.1.2 | Male Fertility and Ageing

Although the SSC sustains life-long male fertility, there is an observable decline in fertility
in humans from the age of 25 (Hassan and Killick, 2003). Many men over the age of 40
exhibit fertility abnormalities including lower sperm counts and reduced sperm motility
(Kiihnert and Nieschlag, 2004). A similar trend is observable in the C57BL strain of mice,
males are less fertile from 20 months and the majority infertile by 24 months (Franks and
Payne, 1970). Increased life expectancy, better education and changes to the societal norms
surrounding marriage and the role of women have increased the age at which people marry
in many populations. Unsurprisingly, this and the increasing availability of contraceptive
prophylactics have led to a concomitant increases in the age at which people start having
children. According to the UK Office for National Statistics (ONS), the average age of
fathers in England and Wales has risen from 30.3 in 1964, when records began, to 33.3 in
2016 (ONS, 2017). The fertility rate is now at or below the replacement rate in a number of
highly developed countries, no doubt this is due in part to the increasing average paternal age
across highly developed countries (Nagase and Brinton, 2017).

Organismal ageing or senescence is the time-dependent, progressive decline in biological
function and is usually attributed to the accumulation of molecular damage over time (Gems
and Partridge, 2013; Lopez-Otin et al., 2013). In addition to the Hallmarks of Cancer defined
by Hanahan and Weinberg (2000, 2011) (discussed in the context of cervical carcinogenesis
in Chapter 2), nine Hallmarks of Ageing have been defined by Lépez-Otin et al. (2013). Of
these, SC exhaustion and the associated reduction in the regenerative capacity of tissues is the

most relevant for understanding age-associated male infertility. A number of scenarios have
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been put forward to explain the role of SCCs in this phenomenon. The three most prominent
of them being: the accumulation of deleterious genetic or epigenetic changes in SSCs and
its propagation in their descendants, a compromised SSC niche (e.g. due to fewer Sertoli
cells) impairs efficient spermatogenesis and lastly rare, gain-of-function (GOF) mutations
that lead to the clonal expansion of certain SSC lineages (Paul and Robaire, 2013). This
“selfish spermatogonial selection’ leads to a less diverse pool of mature spermatocytes and
what is selectively advantageous for a SSC may be detrimental to the fitness of any eventual
progeny (Goriely et al., 2013; Lim et al., 2012).

3.1.3 | Overview

In all likelihood, age-associated fertility abnormalities will become increasingly prevalent
as the average paternal age continues to grow across the globe. Additionally, many cancer
treatments, particularly radiation therapy and alkylating agents, render males infertile by
damaging DNA and interrupting spermatogenesis (Dohle, 2010). Under these circumstances,
adults may provide sperm samples for cryopreservation prior to treatment. This is not
an option available for prepubertal boys. Heterologous transplantation of cryopreserved
testis has successfully been performed in mice (Avarbock et al., 1996) but has yet to be
carried out in humans. Long-term cryopreservation leads to a deterioration in spermatazoa
quality (Dohle, 2010) and it is not known what impact it would have on the SSCs in a testis
sample. For those afflicted with testicular germ cell tumours, autologous transplantation of
patient testis carries the risk of re-introducing malignant cells (Dohle, 2010). Ultimately, any
therapeutic intervention targeting age- or cancer-associated male infertility or subfertility
should involve the transplantation of purified SSCs or transit-amplifying undifferentiated
spermatogonia.

The male germline has a unique transcriptome that includes many testis-specific transcripts
(White-Cooper and Bausek, 2010). A greater understanding of the transcriptional dynamics
underpinning SSC identity and fate decisions will provide impetus towards regenerative
therapies for male infertility (Oatley and Brinster, 2008). To this end, I have analysed the
transcriptional changes that occur in undifferentiated spermatogonia with age and following
testicular injury and regeneration in collaboration with the lab of Dénal O’Carroll (MRC
Centre for Regenerative Medicine, Edinburgh). We generated bulk RNA-seq and scRNA-seq

profiles for the GFRx1P°* and MIWI2P®® spermatogonia characterised by Carrieri et al. (2017).

Furthermore, we profiled transcriptional regulation by assaying chromatin accessibility with
assay for transposase-accessible chromatin using sequencing (ATAC-seq) (Buenrostro et al.,
2013). Ivalya Ivanova (O’Carroll Lab) performed all experiments and I analysed all generated

data unless stated otherwise.
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3.2 | Results

3.2.1 | Data generation and processing

In low doses, treatment with the DNA-alkylating agent busulfan damages spermatogonia and
can be used to model testicular regeneration (Bucci and Meistrich, 1987). Three cohorts of
male mice were established in order to determine the impact of ageing and testis regener-
ation on the transcriptomes of undifferentiated spermatogonia. The first two cohorts were
comprised of adult (3-5 months old) and aged (14-16 months old) mice (Fig. 3.1a). The
third group was composed of adults that had been treated with busulfan in order to simulate
testis regeneration over a 12 week period (Fig. 3.2a). We performed the following three NGS
experiments on fluorescence-activated cell sorting (FACS)-sorted populations of GFRx1 and

MIWI2 positive undifferentiated spermatogonia from the testes of these mice:
1. Bulk RNA-seq to analyse differential gene expression from mean RNA expression
2. Bulk ATAC-seq to profile the chromatin accessibility genome-wide

3. Plate-based scRNA-seq to detect differential gene expression at the single-cell level
and profile the differences in transcriptional variability.

The QC and analyses steps are explained throughout this chapter.

3.2.2 | Cell Preparation and Isolation

In order to isolate the GFRa1 and MIWI2 positive spermatogonia, GfralS¥?*; Piwil4'dTom/+
mice from a mixed 129—C57BL/6 genetic background were generated at the Centre for
Regenerative Medicine, Edinburgh using the Piwil4-tdTom and Gfral-GFP reporter alleles
engineered by Carrieri et al. (2017) and Uesaka et al. (2007). After the removal of tunica
albuginea, Ivalya Ivanova prepared single cell suspensions from the testes of adult, aged and
regenerated mouse through two consecutive enzymatic digestions with type XI collagenase
and trypsin. By applying Magnetic Activated Cell Sorting (MACS) we were able to six-fold
enrich for GFRx1 and MIWI2 positive undifferentiated spermatogonia (data not shown)
and to significantly reduce the sorting time. We marked CD9P% cells with Biotin Rat
Anti-Mouse CD9 antibody Clone KMCS8 (BD Bioscience), followed by streptavidin-coated
Magnetic MicroBeads (Mylteni Biotech). The CD9P®® cells were then captured in a column
on a magnetic stand while the CD9"°¢ cells washed away. Eluted, CD9-enriched cells were
stained with a c-kit-PECy7 antibody to distinguish them from differentiating spermatogonia.
Populations of GFRx 1P, CD9P%® GFR o1-GFPP*® MIWI2-tdTomP®* c-Kit"*® (GFRoc1P%%
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MIWI2P9%) and MIWI2P®S cells were sorted on a four-laser BD LSRFortessa™ (Fig. 3.1b).
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Fig. 3.1: FACS analysis of undifferentiated spermatogonia.
(a) Experimental overview for adult (3-5 months old) and aged (14-16 months old) mice. (b)
Representative FACS analysis of live GFRa1P% and MIWI2P% gated cells from adult (LHS) and
aged (RHS) mice. Numbers indicate the percentages of cells in the defined subpopulations. (c)
Enumeration of the GFRx1P%® (LHS) and MIWI2P° (RHS) populations in adult (n = 4) and aged (n =
3) mice. The number of GFR1P% spermatogonia declines with age (P < 0.05, unpaired two-tailed

Student’s ¢ test). n.s., no statistical significance.

The proportions of GFRx1P°* and MIWI2P® cells amongst the undifferentiated spermato-
gonia of adult mice were 5.2% and 48% (Fig. 3.1b). Their proportions in aged mice were
1.96% and 63.5%. Both the proportion and number of GFRx1P°® spermatogonia (P < 0.05,
unpaired two-tailed Student’s ¢ test) declined with age (Fig. 3.1c). The number of MIWI2P%
spermatogonia did not significantly change.
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Fig. 3.2: Testis regeneration after busulfan treatment.
(a) Experimental overview for busulfan-treated mice. Adult mice were injected with low concentration
busulfan (20 mg/kg of mouse body weight) and their testis allowed recover over a period of twelve
weeks. (b) Representative FACS analysis of live GFRx1P° and MIWI2P® gated cells from the testes
of mice that were untreated or treated with a low concentration busulfan. Analysed at four, eight and
twelve weeks after the last injection. (¢) Enumeration of the GFRx 1P (LHS) and MIWI2P° (RHS)
spermatogonial populations in untreated and treated mice. Analysed at four, eight and twelve weeks
after the last injection. significance indicated; n.s., no statistical significance. (d) Testicular weight
for the treated and untreated mice at four time-points. Significance indicated; n = number of mice

analysed per time point.

Mice from the regenerated cohort were injected with low concentration busulfan (20 mg/kg
of mouse body weight) as described in Carrieri et al. (2017). The proportion of GFRoc1P%
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spermatogonia was lower 4 weeks after the last injection when contrasted with an untreated
control but had already started to recover by the second time-point (8 weeks) reaching
7.64% before declining slightly to 5.5% by the final time-point (12 weeks) (Fig. 3.2b). In
contrast, the proportion of MIWI2P®® spermatogonia increased after busulfan treatment to
56.2% by 4 weeks post-treatment when compared with an untreated control. However the
proportion of MIWI2P® cells declined to 28.9% by the second time-point (8 weeks), a level
similar to that seen for untreated controls. The absolute number of GFRoc 1P and MIWI2P®®
spermatogonia was also lower 4 weeks after treatment than for untreated controls (P < 0.05,
unpaired two-tailed Student’s 7 test) (Fig. 3.2c). The numbers increased thereafter and
return to physiologically normal levels by the final time point (12 weeks). Mirroring the
pattern of decline and recovery in GFRa1P°* spermatogonia, the average testicular weight is
significantly lower 4 weeks after treatment when compared to untreated controls (P < 0.001,
unpaired two-tailed Student’s ¢ test), see Fig. 3.2d. Average testicular weight recovers by the
second time-point but is still lower than that of the untreated controls (P < 0.05, unpaired
two-tailed Student’s ¢ test). It continues to increase thereafter, with the average testicular
weight of the treated mice approaching that of the untreated controls by the final time-point
(12 weeks); however it is lower nonetheless (P < 0.05, unpaired two-tailed Student’s ¢ test).

3.2.3 | scRNA-Seq using the plate-based Smart-seq2 protocol

In order to profile the transcriptional changes that occur with ageing and regeneration at a
single-cell level, Ivalya Ivanova (O’Carroll Lab) prepared 75bp single-end scRNA-seq cDNA
libraries for undifferentiated spermatogonia from adult, aged and regenerated mouse testis
using the Smart-seq2 protocol (Picelli et al., 2014). Seven 96-well plates were prepared from
FACS-sorted GFRx 1%, MIWI2P® and GFRx 1P MIWI2P®® spermatogonia from adult,

aged and regenerated mouse testes. Individual plates contained cells from a single animal.

Each plate contained equal numbers of GFR1P%, MIWI2P% and GFRx1P°® MIWI2P°
undifferentiated spermatogonia. Non-stranded cDNA libraries were prepared from cell
lysates with the Nextera™ XT Kit (Illumina) and the 75bp single-end cDNA libraries
sequenced on an [llumina™ NextSeq (Nuffield Division of Clinical Laboratory Sciences,
Oxford). Adult and aged samples were in duplicate while regenerated samples were in
triplicate. Adult and aged plates were sequenced together while the regenerated plates were
sequenced separately.

Raw single-end FASTQs were mapped against the Mus musculus genome (mm10) and
GENCODE transcript annotation version M17 (Mudge and Harrow, 2015) using STAR
(v2.7.0f) (Dobin et al., 2013) with its default parameters. Non strand-specific gene counts
were quantified from the read alignments using htseq-count (v0.9.1) (Anders et al., 2015) by
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setting the stranded parameter to "no". QC and cell- and gene-filtering were performed with
the R/Bioconductor packages scater (v1.10.1) (McCarthy et al., 2017) and scran (v1.10.2)
(Lunetal., 2016). QC for the two batches (i.e. adult + aged and regenerated) of spermatogonia
were performed separately before merging them and performing a final round of QC on the
combined dataset. Lowly and un-expressed genes, those with a mean normalised expression
< 1 across all cells in a batch and those expressed in a single plate and/or in < 10 % cells
were removed. Cells with small library sizes, those whose logjg(library size) was 3 median
absolute deviations (MADs) lower than the median value, and low library complexity, those
whose logjg(total features by counts) were 3 MADs lower than the median value, were
filtered out. The numbers of cells per remaining after each round of QC are contained in
Table 3.1.

Table 3.1: Single-cell RNA sequencing Quality Control and Filtering.

Condition Adult Aged Regenerated Total
ota
Marker GFR o 1P GFR o 1P GFR o 1P
Raw 64 cells 64 cells 96 cells 224
By Lib. size 63 cells 60 cells 95 cells 218
By Genes 60 cells 57 cells 75 cells 192
By Diversity 51 cells 41 cells 71 cells 163
Final 51 cells 41 cells 62 cells 154
Marker MIWI2pos MIWI2Pos MIWI2P©s
Raw 64 cells 64 cells 96 cells 224
By Lib. size 61 cells 55 cells 92 cells 208
By Genes 56 cells 51 cells 74 cells 181
By Diversity 48 cells 42 cells 68 cells 158
Final 48 cells 42 cells 61 cells 151
Marker GFR 1P MIWI2P°  GFRx1P°S MIWI2P°8  GFR o 1P% MIWI2P08
Raw 64 cells 64 cells 96 cells 224
By Lib. size 62 cells 62 cells 94 cells 218
By Genes 57 cells 62 cells 92 cells 211
By Diversity 44 cells 54 cells 91 cells 189
Final 44 cells 54 cells 61 cells 159
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The single-cell expression was normalised using scran’s computeSumFactors function that
uses a deconvolution method that borrows information from neighbouring (i.e. transcrip-
tionally similar) cells in order to calculate sum factors for count normalisation. All further
analyses looking at single-cell RNA expression use the log,-transformed, normalised counts
(including a pseudocount) i.e. logo(norm exprs + 1). The spermatogonia that passed the
QC filtering per batch are visualised with the t-Distributed Stochastic Neighbour Embed-
ding (t-SNE) dimensionality reduction technique in Fig. 3.3. Adult, aged and regenerated
spermatogonia are separated based on their GFRx1 and MIWI2 expression status (Fig. 3.3a
& d). The GFRx1P%® MIWI2P® cells are transcriptionally intermediate between but also
interspersed with the GFRx 1P and MIWI2P®® spermatogonia.
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Fig. 3.3: Visualisation of filtered single spermatogonia.
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Fig. 3.3: Visualisation of filtered single spermatogonia (continued).

(a) t-SNE dimensionality reduction for undifferentiated spermatogonia isolated from the testes of
adult and aged mice. Spermatogonia are coloured based on their GFRx1 and MIWI2 expression.
Their shape is based on the testes of origin, adult = circles, aged = triangles. The cells are coloured
based on their log,(Normalised Gfral Expression) and log,(Normalised Piwil4 Expression) in (b)
and (c). (d) t-SNE dimensionality reduction for undifferentiated spermatogonia isolated from the
regenerated testes of adult mice. Spermatogonia are coloured based on their GFRx1 and MIWI2
expression. Their shape is based on the testes of origin, regenerated = squares. The cells are coloured
based on their logy(Normalised Gfral Expression) and log,(Normalised Piwil4 Expression) in (e)

and (f).

Generally, a cell’s GFRa1 and MIWI2 status is reflected in the expression of the genes encod-
ing them, Gfral (Fig. 3.3b & e) and Piwil4 (Fig. 3.3c & f). Gfral is expressed in GFR 1P
and GFR« 1P MIWI2P® spermatogonia and is largely absent from MIWI2P®® spermatogonia.
Its expression is higher in GFRx1P°® than GFR1P°* MIWI2P® spermatogonia. Similarly,
Piwil4 is expressed in MIWI2P% and most GFRx1P*®* MIWI2P% spermatogonia but is ab-
sent from majority of GFRx1P% spermatogonia. Its expression is highest in MIWI2P®®

spermatogonia.
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Fig. 3.4: Visualisation of filtered GFRx1P° and MIWI2P% spermatogonia.
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Fig. 3.4: Visualisation of filtered GFRx1P* and MIWI2P spermatogonia (continued).

(a) PCA and (b) t-SNE dimensionality reduction for the final filtered GFR1P%® and MIWI2P®®
spermatogonia isolated from the adult, aged and regenerated mouse testes. Cells are coloured based
on their GFRa1 and MIWI2 expression status, GFRo1P% = blue and MIWI2P% = red. Their shape
reflects the testes of origin; adult = circle , aged = triangle and regenerated = square. PC1 accounts for

10% of the variance in gene expression and separates out the GFR 1P and MIWI2P® spermatogonia.

PC2 accounts for 5% of the variance in gene expression. Centroids show the average positions of
the GFRx1P°® and MIWI2P® spermatogonia in the PCA. (¢) Final cell numbers after QC and cell
filtering. 313 cells remained, of which 153 are GFRo1P* and 160 MIWI2P%. 102 cells are from adult
testes, 88 from aged testes and 123 from regenerated testes.

The GFR1P* MIWI2P% spermatogonia were excluded from subsequent analyses because

they are not as distinctive a subpopulation and as the GFRx1P°® and MIWI2P°® spermatogonia.

All cells from the Busulfan2 plate were excluded due to the low number of cells (21)
remaining when the GFRx1P°® MIWI2P® were excluded. A total of 313 cells remained after
this final filtering step, the filtered cells and cell numbers are displayed in Fig. 3.4. There
did not seem to be any major batch- or plate-effect, all cells are found within two major
GFRx1P% and MIWI2P®® clusters (Fig. 3.4 a & b).

The final set of 313 cells and 11,168 genes was used as input for single-cell differential gene
expression and variability testing analyses. All GFRx1P*® and MIWI2P®® gene counts were
summed per plate to create six “pseudo-bulk’ samples that were used to perform standard
differential gene expression analysis with DESeqg2 (v1.22.2) (Love et al., 2014) using a
"local" fit. Summing counts per plate minimises plate-specific effects and overcomes any
confounding relationship between plate and biological groupings (Lun and Marioni, 2017)
i.e. the testis types. It is robust against differing cell library sizes and unequal numbers of
cells per plate. The R/Bioconductor package BASiCS (v1.4.7) (Eling et al., 2018; Vallejos
et al., 2015, 2016) was used to detect genes that exhibit greater cell-to-cell heterogeneity,
as measured by over-dispersion, and perform differential variability testing in a pairwise
fashion. In the absence of spike-in controls from single-cell library preparation, the BASiCS
regression model borrows information between plates to estimate the technical sources of
variance. This is based on the assumption that biological sources of variability will be shared
across cells on the different plates but technical sources will be plate specific. This allows
for the estimation of a residual over-dispersion value per gene per condition that is not
confounded by its mean expression. Only genes that are expressed in at least 2 cells (in both
groups) are tested. The BASICS regression model was run for 20,000 iterations with 10,000
burn-in iterations and a thinning value of 20. goseq (v1.34.1) (Young et al., 2010) was used

for functional enrichment analyses in differentially expressed genes.
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3.24

Ivalya Ivanova (O’Carroll Lab) prepared 75bp single-end cDNA libraries for GFRx1P°® and
MIWI2P®® spermatogonia from adult, aged and regenerated mouse testes. Samples were

Bulk RNA-sequencing of undifferentiated spermatogonia

generated by pooling 100 FACS-sorted cells from the testes of a single animal. Non-stranded
cDNA libraries were prepared with the Nextera™ XT Kit (Illumina) and the 75bp single-
end cDNA libraries sequenced on an Illumina™ NextSeq (Nuffield Division of Clinical
Laboratory Sciences, Oxford). Aged and regenerated samples were in triplicate while the
control, adult samples were in quadruplicate. There were two technical replicates per sample.
Raw single-end FASTQs were mapped against the mouse genome (mm10) and GENCODE
transcript annotation version M 17 using STAR (v2.7.0f) with its default parameters. Non
strand-specific gene counts were quantified from the read alignments using htseq-count
(v0.9.1) by setting the stranded parameter to "no". Counts from the technical replicates
were combined. Size factor normalisation and differential gene expression analyses were
performed with DESeq2 (v1.22.2) as described previously. Sample outliers were detected by
performing Principal component analysis (PCA) and sample-to-sample correlation with gene
expression counts normalised by the DESeq?2 variance-stabilising transformation (VST), see
Fig. 3.5. The GFRx1P°® sample from the Control3 mouse was an outlier in both analyses
(Fig. 3.5¢ & d); this and the corresponding MIWI2P% sample from the same animal were
removed from further analyses. The results of the PCA for the filtered samples are in Fig.
3.5e. A PCA loadings plot with the top 30 genes contributing to the first two components
is shown in Fig. 3.5f. Dusp6 and contribute the most to PC1 while Hprt makes the largest
contribution to PC2.
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Fig. 3.5: Quality Control for bulk RNA-seq data.
(a) Raw and (b) DESeq2-normalised sequencing library sizes. (c¢) Hierarchical clustering of bulk
RNA-seq samples based on the sample-to-sample Pearson correlation of their VST counts. The main
bifurcation separates GFRa1P°* and MIWI2P* samples. Within these two branches, samples tend
to cluster based on whether they are derived from adult, aged or regenerated testis. The GFRoc1P*
adult sample derived from the Control3 mouse appeared to be an outlier compared to the rest of the
GFR1P% samples. (d) PCA of raw and (e) filtered bulk RNA-seq samples based on VST counts.
Samples are coloured based on the testis types: blue = adult, red = aged, green = regenerated. Circles
are GFRx 1P spermatogonia and triangles MIWI2P% spermatogonia. All GFR«x 1P samples are on
the LHS while all MIWI2P°® samples on the RHS. PC1 defines an axis based on the marker expressed
and is responsible for 43% of sample-to-sample variation in the filtered samples. PC2 defines an
axis based on the testis type of origin and is responsible for 8% of sample-to-sample variation in the
filtered samples. (f) Plot of PCA loadings for the filtered samples. Top 30 genes contributing to the
first two components. (GFRx 1P, n adult = 4, n aged = 3, n regenerated = 3; MIWI2P®, n adult = 4,

n aged = 3, n regenerated = 3).
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Again, goseq (v1.34.1) was used for functional enrichment analyses in differentially expressed
genes. Additionally, the expression of TEs in the undifferentiated spermatogonia was
determined by mapping the raw FASTQs against RepBase rodent repeats (rodrep) (Bao et al.,
2015) using Bowtie 2 (v2.3.5) (Langmead and Salzberg, 2012) in single-end mode. Uniquely
mapping reads were used to generate repeat family and subfamily counts for each sample.
These were summed to generate a master table of repeat hits per sample. Repeats with
a count of < 1 across all samples were excluded. This table of counts was processed for
differential repeat expression as before using DESeq?2.

3.2.5 | Chromatin Accessibility from ATAC-seq data

As discussed in Chapter 1 (1.1.1), chromatin accessibility at/around TSSs is a major determi-
nant of whether or not transcription is permissible. Open chromatin is more accessible to the
binding of transcriptional regulators. We used ATAC-seq (Buenrostro et al., 2015a) to study
the euchromatin and heterochromatin composition in undifferentiated spermatogonia. ATAC-
seq provides a genome-wide view of DNA accessibility based on the frequency at which
purified Tn5 transposase "tags’ open chromatin with sequencing adaptors (Buenrostro et al.,
2013). PCR amplification of the transposed adaptor sequence produces narrow peaks centred
on regions of accessible chromatin when sequenced with NGS. Ivalya Ivanova (O’Carroll
Lab) prepared 40bp paired-end ATAC-seq DNA libraries from the nuclei of FACS-sorted
GFR 1P and MIWI2P® single-cell suspensions from adult, aged and regenerated mouse
testes. Briefly, Ivalya collected 20,000 sorted cells per population in a 1.5 ml eppendorf tubes.
Cells were spun down and washed with PBS. Nuclei were extracted with lysis buffer (10mM
Tris pH7.4, 10mM NaCl, 3mM MgCl,, 0.1% Igepal CA-630 and 1x protease inhibitor). Pel-
leted nuclei were re-suspended in a TnS mix (10mM Tris pH8, SmM MgCl2, 10% di-methyl
formamide and Tn5 transposase) and incubated at 37°C for 30 minutes shaking at 500rpm.
Transposed DNA was then purified with MinElute kit (QIAGEN) and was amplified with
low-plex sequencing primers for 5 cycles. A quantitative polymerase chain reaction (qPCR)
determined that an additional 7 to 10 cycles were required per sample. Sequencing libraries
were purified with Agencourt™ AMPure beads and the quality checked on a Tape station
(DNASOOOHS) and Qubit. The libraries were sequenced on an Illumina™ NextSeq (Nuffield
Division of Clinical Laboratory Sciences, Oxford). All samples were generated in biological
triplicate.

Accessible regions of the mouse genome were detected using the ENCODE DCC ATAC-seq
analysis pipeline developed by the Kundaje Lab (Koh et al., 2016). Briefly, read adaptors
are trimmed from the FASTQs and mapped against the mm10 reference using Bowtie 2.

Unmapped reads are filtered out using samtools (Li et al., 2009) and duplicate reads identified
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using Picard (http://broadinstitute.github.io/picard). Peak calling is performed using MACS2
(v2.1.1.20160309) (Zhang et al., 2008) and those peaks overlapping ENCODE-blacklisted
genomic regions (Amemiya et al., 2019) are removed with bedtools (v2.25.0) (Quinlan and
Hall, 2010). A list of concordant optimal’ and ’conservative’ ATAC-seq peaks was derived
from the peaks present in 2 out of 3 replicates per condition. The lists of optimal and conser-
vative ATAC-seq peaks were merged and sorted with bedtools to yield a final list of peaks
per sample. These peaks were annotated with genomic-features using the R/Bioconductor
library ChIPseeker (Yu et al., 2015). Analysis of Reactome Pathway enrichment for the
genes overlapping ATAC-seq peaks was performed using clusterProfiler (Yu et al., 2012)
and ReactomePA (Yu and He, 2016). Bedtools was used to filter peaks based on GENCODE
transcript annotation M 17 and obtain sequences for genic and intergenic peaks in FASTA
format. Analysis of TF binding motifs in these cohorts was performed with MEME-ChIP
(v5.0.2) (Machanick and Bailey, 2011) using the HOCOMOCO database of mouse TF motifs
(v11) (Kulakovskiy et al., 2018). The results of the ATAC-seq QC are shown in Fig. 3.6.
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Fig. 3.6: Quality Control for ATAC-seq data.
(a) Genomic feature annotation for all ATAC-seq peaks. Cyan: <1 kb from a promoter, light brown: 3’
UTRs, orange: first exon, etc. (b) Representative aggregation plot for GFR 1P replicate 1 showing
the aggregated ATAC-seq signal for all TSSs throughout the mouse genome in a 4 kb window centred
on GENCODE-annotated TSSs. TSSs are sorted based on ATAC-seq peak signal intensity.
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Fig. 3.6: Quality Control for ATAC-seq data (continued).

(c¢) Distance of ATAC-seq peaks from TSSs. Cyan: < 1 kb, blue: 1-3 kb, orange: 3-5 kb, etc.
(GFRx 1P, n adult = 3, n aged = 3, n regenerated = 3; MIWI2P%, n adult = 3, n aged = 3, n
regenerated = 3).

The genome-wide, metagene plot in Fig. 3.6 shows a characteristic ATAC-seq bimodal
peak “footprint’ centred on the TSSs. The final number of ATAC-seq peaks per condition
was as follows: 106,589 peaks from adult GFRx1P*® spermatogonia, 106,921 from aged
GFRx1P°® spermatogonia, 104,881 from regenerated GFRx1P%® spermatogonia, 106,291
from adult MIWI2P°%, 104,804 from aged MIWI2P® and 97,589 from regenerated MIWI2P°
spermatogonia. While the majority of peaks are found in distal intergenic regions, an average
of 20% are within 1 kb of a TSS (Fig. 3.6a). The TSS-associated peaks exhibit the narrow
distribution centred on TSSs characteristic of ATAC-seq (Fig. 3.6b). Although only 20% of
peaks are within 1 kb of a GENCODE-annotated TSS, 45% are within 10 kb of a TSS (Fig.
3.6¢).
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Fig. 3.7: Chromatin accessibility at transcription start sites.
(a) Upset plot showing the overlap between genes that have ATAC-seq peaks within 1 kb of their TSSs
in each condition. The histogram shows the number of genes with TSS-peaks and the red lines below
show which conditions are share them. (b) Reactome pathway enrichment for genes with ATAC-seq
peaks. (GFRa1P%, n adult = 3, n aged = 3, n regenerated = 3; MIWI2P®® n adult=3,naged =3, n
regenerated = 3).
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Of the 16,653 genes that have an ATAC-seq peak within 1 kb of their TSS in any condition,
14,503 (87%) have a peak in all conditions (Fig. 3.7a). Furthermore, these ATAC-seq-
associated genes are involved in broadly similar biological pathways in all conditions (Fig.
3.7b). There is a consistent enrichment of Reactome cell-signalling, transcriptional regulation
and mitotic pathways. MEME-ChiP identified a number of enriched TF-binding sites amongst
the genic and intergenic ATAC-seq peaks. A motif similar to the SP1/2/3 motif was detected
from the genic ATAC-seq peaks in all conditions, see Fig. 3.8a for the motif in adult
GFRx1P% spermatogonia. Another genic motif similar to a combined Signal transducer and
activator of transcription 1 (STAT1) forkhead box protein J3 isoform X2 (FOXJ3) motif was
found in all conditions with the exception of adult MIWI2P® spermatogonia (Fig. 3.8b).
Likewise a motif similar to the CTCF CCCTC-binding factor like (CTCFL) motif was
identified from the intergenic ATAC-seq peaks in all conditions(Fig. 3.8c & d). Another
intergenic motif similar to a combined doublesex and mab-3-related transcription factor
1 (DMRT1) doublesex and mab-3-related transcription factor Bl (DMRTB) SRY-Box 15
(SOX15) motif was detected in all samples with the exception of regenerated MIWI2P%

spermatogonia.
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5"‘"‘“"""""‘""‘E'Z5222‘.E:223522222’&5223
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Fig. 3.8: Transcription factor binding motifs in regions of accessible chromatin for adult
GFRx1P* spermatogonia.

The two most significant binding motifs identified from genic (a) & (b) and intergenic (¢) & (d)
ATAC-seq peaks in adult GFRx1P* spermatogonia. (a) is most similar to the SP1, SP2 and SP3
binding motif. (b) most resembles a combined STAT1, FOXJ3, FUBP1 binding motif while (¢) is most
like to a combined DMRT1, DMRTB and SOX15 binding motif. (d) is most similar to a combined
CTCF/L and KLF8 binding motif and is enriched at the ATAC-seq peaks themselves. (GFRx1P%, n
adult = 3, n aged = 3, n regenerated = 3; MIWI2P®, n adult = 3, n aged = 3, n regenerated = 3).
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3.2.6 | Mean gene expression is altered with age

Analysis of the bulk RNA-seq data from adult and aged GFRx 1P and MIWI2P°* spermato-
gonia revealed that the expression of GFRx1 and MIWI2 is the main source of difference
between samples. From PCA of VST gene expression, PC1 separates samples based on
their GFRoc1 MIWI2 expression status and is responsible for 51% of the variance in gene
expression (Fig. 3.9a). In contrast PC2, which coincides with the age of the mouse of origin,
is responsible for 14% of the variance in gene expression.

Ageing had a subtle effect on mean expression. An absolute fold change of 1.7 was used as
the threshold for differential gene expression analyses as a result. 546 genes are significantly
up- and 234 down-regulated between aged and adult GFRx1P°* spermatogonial samples,
greater than 1.7-fold increase (adj. P < 0.05, Wald test) (Fig. 3.9b). VST gene expression
for the top 50 most down- and up-regulated genes is shown in Fig. 3.9d. Hoxb6 and Stat3
are differentially expressed genes whose expression has previously been shown to alter with
ageing (Fig. 3.9¢). 211 genes are up- and 64 down-regulated when the same contrast is made
for the MIWI2P® spermatogonial samples (Fig. 3.9c). Chromatin is more accessible at the
TSSs of genes that are highly expressed in adult GFRx1P°® spermatogonia than those of less
abundant transcripts (Fig. 3.9f). ATAC-seq peaks from adult and aged GFR1P°® samples are
both more frequent at the TSSs of these highly expressed genes. While the ATAC-seq peak
profiles for adult and aged GFRx1P°® spermatogonia are very similar there are examples of
differences such as at the promoter of the differentially expressed gene Hoxb6 on chromsome
11 (Fig. 3.9g). We detected enrichment of gene ontology (GO) Molecular Function categories
and Reactome pathways associated with ribosome assembly and translation amongst the
genes that are differentially expressed with age in GFR 1P
(adjusted p < 0.05) (Fig. 3.9h).

undifferentiated spermatogonia
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Fig. 3.9: Impact of age on spermatogonial mean expression.

(a) PCA based on mean VST expression levels in bulk RNA-seq samples. GFRx 1P = circles and
MIWI2P®® = triangles. Blue = adult and red = aged spermatogonia. (b) Scatterplot of mean normalised
expression levels in adult and aged GFR 1P spermatogonia. Significantly changing genes, greater
than 1.7-fold (adj. P < 0.05, Wald test), are highlighted in red. (c¢) Scatter plot of mean normalised
expression levels in adult and aged MIWI2P®® spermatogonia. Significantly changing genes are
highlighted in red. (d) VST expression for the top 50 most down- (LHS) and up-regulated (RHS)
genes between aged and adult GFR« 1P spermatogonia. Rows are genes and columns are GFRoc 1P
spermatogonia bulk RNA-seq samples. (e) Boxplots of Hoxb6, down-regulated in aged GFRx 1P
spermatogonia, and Stat3, up-regulated in aged GFRa1P°® spermatogonia, VST expression. (f) Adult
and aged GFRx1P* ATAC-seq peak intensities across a 4 kb window centred on the GENCODE-
annotated TSSs of adult GFRx1P°*-expressed genes. Peaks sorted by mean VST expression in adult
GFRa1P% bulk RNA-seq samples. (g) Differential chromatin accessibility peak overlapping the
promoter of a Hoxb6 isoform in GFRx1P* spermatogonia. The peak present in aged GFRoc 1P
spermatogonia but is absent from younger, adult cells. (h) Reactome Pathway and GO enrichment
analyses for aged vs. adult GFRx1P* spermatogonia. Benjamini—-Hochberg corrected p-values
(adjusted p-values) were used to visualise GO and Reactome enrichment. The statistical significance
threshold was set at adjusted p-value = 0.05 (red line). (Adult GFRx1P%, n = 3; aged GFRx1P%, n =
3 ; adult MIWI2PS n = 3; aged MIWI2P® n = 3).
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As is already apparent from Fig. 3.9a, GFR«1P°® and MIWI2P% undifferentiated spermato-
gonia are very distinct populations. More specifically, they are distinguishable based on the
differences in mean expression between them. There are 1,738 genes upregulated between
adult GFR« 1P and MIWI2P®® undifferentiated cells and 1,980 downregulated, greater than
1.7-fold increase (adj. P < 0.05, Wald test).

Likewise, 2,062 genes are upregulated between aged GFR1P°® and MIWI2P% cells and
2,540 downregulated. There is strong overlap between the results of these contrasts, similar
sets of genes are differentially expressed (Fig. 3.10a & b) and many of the same molecular
functions are affected in both (Fig. 3.10c vs. d). Common functions include RNAP II
promoter- and DNA-binding as well as TF and signal receptor binding.
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Fig. 3.10: GFR«x1 and MIWI2 are expressed in distinct spermatogonial sub-populations.
(a) and (b) show the overlap between differentially genes from adult GFRx1P°® and MIWI2P°
undifferentiated spermatogonia and between aged GFRx1P* and MIWI2P® cells. GO
enrichment analyses for adult (¢) and aged (d) GFRx1P° and MIWI2P°® undifferentiated
spermatogonia. Benjamini—-Hochberg corrected p-values (adjusted p-values) were used to
visualise enrichment the top 5 GO molecular function categories. The statistical significance
threshold was set at adjusted p-value = 0.05 (dashed line). (Adult GFRx1P%, n = 3; aged
GFRa 1P, n = 3; adult MIWI2P®®, n = 3; aged MIWI2P%, n = 3).
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3.2.7 | Changes in single-cell expression with age

Similar to the results of the bulk RNA-seq analyses, t-SNE dimensionality of the scRNA-seq
data shows that there is a clear separation of undifferentiated spermatogonia based on their
GFRa1 and MIWI2 state (Fig. Fig. 3.11a). In contrast with the bulk RNA-seq samples, there
1s no separation based on the age of the animals. Gfral is expressed in the vast majority of
adult and aged GFR 1P spermatogonia and largely absent from adult and aged MIWI2P°*

spermatogonia (Fig. 3.11b).
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Fig. 3.11: Impact of age on individual undifferentiated spermatogonia.
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Fig. 3.11: Impact of age on individual undifferentiated spermatogonia (continued).

(a) t-SNE representation of undifferentiated spermatogonia isolated from the testes of adult and
aged mice. GFRx 1P spermatogonia are in blue and MIWI2P® in red. Their shape is based on the
testes type of origin, adult = circles, aged = triangles. (b) Violin plots based on normalised Gfral
(LHS) and Piwil4 (RHS) gene expression in single GFRoc1P%® and MIWI2P®® spermatogonia. (¢) Heat
map of normalised gene expression in single GFRx1P* and MIWI2P* spermatogonia. Cells are
columns and genes rows. The genes selected are known to be involved in spermatogenesis. Cells are
annotated at the top of the heat map based on their marker expression and testes of origin. GFRx 1P
spermatogonia are in blue and MIWI2P®® in red. Cells from adult testes are in yellow and aged in
green.(d) Heat map of normalised gene expression for differentially expressed genes in aged vs. adult
GFR«x 1P spermatogonia. Significantly changing genes, greater than 1.7-fold (adj. P < 0.05, Wald
test). 146 genes up-regulated and 64 down-regulated with age. (Adult GFRx1P% cells, n = 54; aged
GFRo 1P cells, n = 44).

The inverse pattern is observed forPiwil4, it is expressed in the vast majority of adult and

pos

aged MIWI2P®® spermatogonia but is largely absent from the GFRx1P°® spermatogonia.
GFR 1P and MIWI2P®® have distinctive expression patterns for a number of known sper-
matogenic marker genes (Fig. 3.11c). Rarg, Neurog3, Nanos3 and Bmil expression is higher
in MIWI2P® cells while Id4 and Epcam are more highly expressed in GFRa 1P cells.
Cd9 is ubiquitously expressed in both populations. Analysis of the pooled expression of
single GFRx 1P spermatogonia revealed that 146 genes are upregulated with age and 64

downregulated (greater than 1.7-fold increase (adj. P < 0.05, Wald test).

3.2.8 | Spermatogonial transcriptional variability declines with age

We next profiled changes in expression variability that occur with age in GFRx 1P and
MIWI2P® undifferentiated spermatogonia. When comparing the over-dispersion parameter
for genes expressed in GFRx 1P and MIWI2P% spermatgonia, we observed a significant
reduction in cell-to-cell transcriptional variability (Mann-Whitney-Wilcoxon test; ***, p <
10~76) in MIWI2P®S spermatogonia; this is consistent with a transition to a more committed
state (Fig. 3.12a). Furthermore we observed that cell-to-cell transcriptional variability in
GFR« 1P (Fig. 3.12b) (Mann-Whitney-Wilcoxon test; ***, p < 107!1%) and MIWI2P%
(Mann-Whitney-Wilcoxon test; ***, p < 1073%) decreases with age. 196 genes become more
variable with age and 988 less variable (Fig. 3.12c) in GFRx 1P spermatogonia. Similarly,
149 genes become significantly more variable with age and 1342 less variable in MIWI2P%
spermatogonia (Fig. 3.12d). Significantly variable genes, 2-fold higher overdispersion
(expected false discovery rate (EFDR) < 0.1). Examples of genes that more variable and less
with age in GFRa1P® spermatogonia are shown in Fig. 3.12e and f.
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Fig. 3.12: Spermatogonial transcriptional variability declines with age.
(a) Cell-to-cell transcriptional variability is higher in GFRa 1P than MIWI2P®® spermato-
gonia (Mann-Whitney-Wilcoxon test; *** p < 10-7%). (b) Cell-to-cell transcriptional
variability in GFRx1P°® spermatogonia decreases with age (Mann-Whitney-Wilcoxon test;
##% p<10719). (¢) The vast majority of the genes expressed by GFRx1P° spermatogonia
exhibit less cell-to-cell expression variability with age. 196 genes become more variable and
988 less variable with age. Significantly variable genes, 2-fold higher overdispersion (EFDR
< 0.1). Genes are sorted by their mean expression. Genes highlighted in red exhibit increased

variability while those in blue reduced variability.
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Fig. 3.12: Spermatogonial transcriptional variability declines with age (continued).

(d) Heatmaps showing the single-cell expression of genes that have altered cell-to-cell variability with
age in GFRa 1P (LHS) and MIWI2P®® (RHS) spermatogonia. Each column is a cell and each row
a gene whose cell-to-cell expression variability, as measured by over-dispersion, changed with age.
Genes in the top half become less variable with age and those in the bottom half less variable. 196
genes become more variable and 988 less variable with age in MIWI2P% spermatogonia. (e) Example
genes that exhibit decreasing cell-to-cell expression variability with age in GFR1P° spermatogonia.
(f) Example genes that exhibit increasing cell-to-cell expression variability with age in GFRoc1P
spermatogonia. (GFRx 1P cells, n adult = 54, n aged = 44; MIWI2P®S cells, n adult =48, n aged =
44).

3.2.9 | Impact of testicular tissue regeneration on spermatogonial

transcriptomes

We next profiled the impact of testicular injury and subsequent regeneration on the transcrip-
tomes of GFRx1P°® spermatogonia. Analysis of the bulk RNA-seq data from adult, aged and
regenerated GFRx 1P spermatogonia revealed that the testis condition is detectable in a PCA
of their VST gene expression (Fig 3.13a). PCI is responsible for 29% of the variance in gene
expression. The GFRx1P%® samples are arranged along PC1 based on the testis condition.
Regenerated samples appear to be transcriptionally intermediate between adult and aged

samples.
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Fig. 3.13: Transcriptional variability decreases following testicular injury and regeneration.
(a) PCA based on VST expression levels in GFRoc1P° bulk RNA-seq samples. Yellow = adult, green
= aged and red = regenerated spermatogonia. PC1 accounts for 29% of the variance and separates
out samples based on the testis type. PC2 accounts for 16% of the variance. (b) Reactome Pathway
enrichment analysis for regenerated vs. adult GFRa1P% spermatogonia. 173 genes upregulated
and 45 downregulated with testis injury and regeneration. Significantly changing genes, greater
than 1.7-fold (adj. P < 0.05, Wald test). (¢) The impacts of ageing and testis regeneration on mean
expression in GFRa1P% spermatogonia are highly correlated (Pearson’s r = 0.7917). Genes that are
differentially expressed in either of the contrasts are highlighted in red. A linear regression fitted
to the log2(fold-changes) of these genes is indicated with a black diagonal line. (Adult GFRx 1P,
n = 3; aged GFRx1P%, n = 3; regenerated GFRx1P°, n = 3). (d) Heat map of normalised gene
expression for differentially expressed genes in regenerated vs. adult GFRoc1P° single spermatogonia.
282 genes downregulated and 551 upregulated with testis injury and regeneration. (e) Box plots of
cell-to-cell transcriptional variability in GFRa1P% spermatogonia. Variability decreases following
testicular injury and regeneration when compared to spermatogonia from the testes of adult (Mann-
Whitney-Wilcoxon test; ***, p < 10_96) and aged mice (Mann-Whitney-Wilcoxon test; ***, p <
1073%). (f) Ternary density contour plot of gene overdispersion values in GFR1P% spermatogonia.
(Adult GFRx 1P cells, n = 54; aged GFR1P% cells, n = 44; regenerated GFR 1P cells, n = 62).
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Testicular injury and regeneration is responsible for small, subtle differences in mean expres-
sion, 173 genes are upregulated and 45 downregulated in GFRoc1P°® spermatogonia following
testis regeneration, greater than 1.7-fold (P < 0.05, Wald test). We detected enrichment
of Reactome pathways associated with protein degradation, cell cycle regulation and cell
signalling (adjusted p < 0.05) (Fig 3.13b). Although fewer genes are differentially expressed
in GFRa1P® spermatogonia due to testis regeneration, the fold-changes of genes that are
differentially expressed as a result of ageing or testis regeneration are strongly correlated
(Pearson’s r = 0.7917) (Fig 3.13c¢).

Analysis of the pooled single-cell expression revealed that 551 genes are upregulated in
GFRax1P% spermatogonia with testis injury and regeneration while 282 genes are down-
regulated, normalised expression for the top 50 up- and downregulated genes is shown in
Fig 3.13d. Given the more numerous sources of technical noise affecting in sScRNA-seq
experiments when compared to bulk RNA-seq (Lun and Marioni, 2017), it is surprising that
the number of differentially expressed genes detected from the analysis of the scRNA-seq
is higher than for the same contrast in the bulk RNA-seq data. In parallel to the changes in
transcriptional variability with age, cell-to-cell transcriptional heterogenity, as quantified by
gene overdispersion, in GFR 1P spermatogonia declines following testicular injury and
regeneration when compared to cells from the testes of adult (Mann-Whitney-Wilcoxon test;
EE p < 1076) and aged mice (Mann-Whitney-Wilcoxon test; ***, p < 1073%) (Fig 3.13e). A
ternary density contour plot of the gene overdispersion values in adult, aged and regenerated
GFR«x1P°® spermatogonia shows an appreciable shift away from the centre towards the adult
pole (Fig 3.13f). This decline in transcriptional diversity is all the more stark given that
2,420 genes are significantly less variable in GFRx 1P spermatogonia following busulfan
treatment and testis regeneration while a mere 52 genes are more variable. Significantly

variable genes, 2-fold higher overdispersion (EFDR < 0.1).

3.2.10 | Increased expression of transposable elements with age

Finally we profiled the expression of RepBase rodent repeats in GFRx1P°* and MIWI2P%
undifferentiated spermatogonial bulk RNA-seq samples. From PCA of VST repeat expres-
sion it is possible to distinguish GFRx 1P and MIWI2P% samples based on their expression
of specific repeats (Fig. 3.14a). Similar to the results of the gene expression analysis, PC1
separates samples based on their of the GFRa1/MIWI2 state and is responsible for 22% of
the variance in repeat expression. PC2 separates samples based on the mouse cohort of origin
and is responsible for 14% of the variance in repeat expression. 16 repeats, most of which
are ERVs and short interspersed elements (SINEs), are upregulated and 1 downregulated
between aged MIWI2P and GFR 1P undifferentiated spermatogonia, greater than 1.7-fold
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increase (P < 0.05, Wald test) (Fig. 3.14b). While in contrast, 1 repeat is upregulated and 2
downregulated in adult spermatogonia and 2 repeats upregulated and 3 downregulated when
the same contrast is made for the regenerated samples. Additionally, 8 repeats, most of which
are ERVs and SINEs, are upregulated between adult and aged MIWI2P® spermatogonia
(Fig. 3.14¢) and between regenerated and aged MIWI2P® spermatogonia (Fig. 3.14d). No
repeats are differentially expressed between adult and regenerated MIWI2P®® spermatogo-

nia. Similarly, no repeats are differentially expressed between any of the GFRx 1P testis
conditions.
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Fig. 3.14: Expression of transposable elements in undifferentiated spermatogonia.
(a) PCA of GFR«x1P* and MIWI2P* undifferentiated spermatogonia based on the VST repeat
expression. Blue = adult, red = aged and green = regenerated samples. GFRx1P* = circles and
MIWI2P®® = triangles. (b) Expression scatterplot showing relative average expression (VST counts) of
TEs between aged GFRoc1P° and MIWI2P° undifferentiated spermatogonia. Significantly deregulated
repeats (P < 0.05, Wald test) with a greater than 1.7-fold change are highlighted.
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Fig. 3.14: Expression of transposable elements in undifferentiated spermatogonia (continued).
(c) Expression scatterplot showing relative average expression (VST counts) of TEs between aged
and adult MIWI2P% undifferentiated spermatogonia. (d) Expression scatterplot showing relative
average expression (VST counts) of TEs between aged and regenerated MIWI2P® undifferentiated
spermatogonia. (Adult n = 3; aged n = 2; regenerated n = 2).

3.3 | Discussion

Senescence is the time-dependent, progressive decline in biological function and is usually
attributed to the accumulation of molecular changes with time (Gems and Partridge, 2013;
Lopez-Otin et al., 2013). Both genetic and epigenetic factors have been implicated in this
senescence-associated dysregulation. A relatively small proportion of an organism’s tran-
scriptome changes with increasing age; the genes whose expression is altered with age are
largely tissue- and cell-type specific (Stegeman and Weake, 2017). Most studies investigating
transcriptional changes have only considered alterations to mean expression with age. Numer-
ous studies have investigated the transcriptional changes associated with ageing, especially in
haematopoietic cells, (Chen et al., 2013; de Magalhaes et al., 2009; Kowalczyk et al., 2015)
but thus far no one has profiled the transcriptome-wide impact of ageing on mammalian
spermatogenesis. By combining bulk RNA-seq, sScRNA-seq and ATAC-seq data we were
able to assay the changes to mean gene expression, cell-to-cell transcriptional variability and
chromatin accessibility that occur with ageing and testicular regeneration in FACS-sorted,
mouse undifferentiated spermatogonia.

Using FACS-sorted, purified populations of GFRx1P°* and MIWI2P® undifferentiated sper-
matogonia we were able to confirm that the MIWI2P® sub-population characterised by
Carrieri et al. (2017) is transcriptionally distinct from the more stem-like GFRa1P** sub-
population. These populations can be distinguished from each other based on differences in
their mean expression of genes (Fig. 3.10) and TEs (Fig. 3.14). Furthermore, these popula-
tions are distinguishable based on differences in their cell-to-cell transcriptional heterogeneity.
Overall gene expression is more variable in GFRx 1P than MIWI2P°® undifferentiated sper-
matogonia (Fig. 3.12a). A far larger number of individual genes exhibit greater cell-to-cell
transcriptional heterogeneity in GFRa 1P undifferentiated spermatogonia. As discussed
in 1.3, biological noise is an inherent feature of biological processes involving molecular
interactions (Ecker et al., 2017). When components in a system are present in large quantities,
random fluctuations have little impact on the overall system (Swain et al., 2002). However

in a small system like a biological cell, molecules are generally found in relatively low
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abundances. It has been suggested that transcriptional variability in pluri- and multipotent
pools of cells facilitates the dynamic decision between self-renewal and differentiation based
on external stimuli secreted from the niche (Dueck et al., 2016; Kumar et al., 2014; Macarthur
and Lemischka, 2013). This confers developmental robustness (Torres-Padilla and Cham-

POS yndifferentiated

bers, 2014). Therefore it is unsurprising that the more stem-like GFR o1
spermatogonia exhibit more cell-to-cell transcriptional variability than the transit-amplifying
MIWI2P sub-population. Moreover, it has been suggested in a recent bioRXiv preprint that
transcriptional diversity is a hallmark of developmental potential (Gulati et al., 2019).
FACS analysis confirmed that ageing affects the spermatogonial compartment, it impacts
upon the proportion and number of GFRa1P°® and MIWI2P® undifferentiated spermatogonia
in the mouse testes. Although an age-effect is detectable from changes in mean expression
for the bulk RNA-seq samples, only a small number of genes are differentially expressed
between young and aged GFRx1P%® or MIWI2P?® samples. Members of the homeobox
(HOX) B cluster (Hoxb5, Hoxb6 and Hoxb7) are amongst the genes down-regulated with
age in GFRx1P*® spermatogonia (Fig. 3.9d). Wagner et al. (2009) have shown that while the
human orthologue of Hoxb7 is down-regulated with age in mesenchymal cells, it and the
Hoxb5 and Hoxb6 orthologues are induced by ageing in HSPCs.

Amongst the genes that are up-regulated in GFRx1P°® undifferentiated spermatogonia with
ageing, the proto-oncogenes Stat3, Fos and Ret are associated with SSC self-renewal and
proliferation (He et al., 2008; Oatley and Brinster, 2008; Oatley et al., 2010). Interestingly,
RET and GFR«1 are the co-receptors for GDNF secreted from the spermatogonial niche
(Sharma and Braun, 2018). It has been previously shown that the expression of Fos in SSCs
is up-regulated by GDNF signalling (He et al., 2008). This suggests that the up-regulation of
Ret in aged GFR1P®® spermatogonia leads to a concomitant change in Fos. As a result, SSC
ageing may alter the balance between self-renewal and proliferation. A shift towards greater
proliferation with increased age has been documented for mouse haematopoietic stem cells
(HSCs) (Kirschner et al., 2017). Excessive proliferation of progenitors is responsible for
the increased occurrence of stem-cell exhaustion with age (Lopez-Otin et al., 2013). Even
with the small effect size, enrichment of Reactome pathways and GO molecular function
categories associated with ribosome assembly and translation are detectable amongst the
genes that are differentially expressed between aged and young GFR«1P°® spermatogonia.
Aberrant proteostasis is yet another Hallmark of Ageing (Lopez-Otin et al., 2013). Although
different pathways are affected by testicular injury and regeneration, there was a strong
correlation between the genes that are a differentially expressed as a result of ageing or
testicular injury and regeneration.

There was considerable overlap between the ATAC-seq peak TSSs across the conditions
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(Figs. 3.7). Similar TFs motifs and pathways are enriched. Few ATAC-seq promoter peaks
change with age (Fig. 3.9f) which supports previous observations from human CD8" T cells
(Moskowitz et al., 2017; Ucar et al., 2017). Intriguingly, Hoxb6 is one of the few genes with
an age-specific ATAC-seq peak that is also differentially expressed. However, it might be
worth broadening our search outside the promoter regions and giving more consideration
to genic peaks downstream of TSSs as well as intergenic peaks (e.g. at enhancer CREs)
if we are to better understand the epigenetic differences between adult and aged and adult
and regenerated spermatogonial samples. It would be possible to profile mouse enhancers
by integrating comparative genomics data from humans with the results of our ATAC-seq
experiments and combining these data with information about known spermatogenic DNA
TF binding motifs.

Notably, differentially expressed TEs were only detected for the contrasts involving aged
MIWI2P° spermatogonia. Of the TEs that are upregulated in aged MIWI2P®® spermatogonia
as compared to GFRx 1P cells, expression of the intracisternal-A particle (IAP) family of
ERVs has been shown to be repressed by MIWI2 in undifferentiated spermatogonia (Vasil-
iauskaité et al., 2018). IAPs drive the expression of neighbouring genes in the absence of
MIWI2-mediated DNA methylation. Previous studies in mice and Drosophila have shown
that ageing leads to the increased expression and mobilisation of TEs due to epigenetic and
chromatin changes (De Cecco et al., 2013; Wood and Helfand, 2013; Wood et al., 2016).
Finally, testis ageing and regeneration both lead to decreased overall cell-to-cell transcrip-
tional heterogeneity in GFRx1P°® and MIWI2P® spermatogonia (Fig. 3.12b & c). Many
more individual genes become less variable with age than more variable. Notably, amongst
the top genes that become less variable with age, the HOX gene Hoxc4 and Bapl, encoding a
Polycomb de-ubiquitinating enzyme, have been implicated in the regulation of self-renewal
(Dey et al., 2012; Schmidt et al., 2009). Hoxc4 expression in SSCs is directly regulated by
GDNF-signalling (Schmidt et al., 2009). Cd59a encoding an inhibitor of the complement
membrane attack complex (MAC) (Harris et al., 2003) becomes more variable with age. This
decreasing transcriptional noise with age is surprising given the increased transcriptional
heterogeneity with age observed for mouse CD4" T cells, human pancreas and mouse lung
(Angelidis et al., 2019; Enge et al., 2017; Martinez-Jimenez et al., 2017). While the increased
transcriptional variability with age in these tissues likely reflects a functional decline in the
transcriptional noise buffering pathways, the decreasing variability with age observed in this
study may instead be the result of the "selfish spermatogonial selection" that leads to clonal
expansion of certain spermatogonial sub-lineages with increased paternal age. The large
decrease in transcriptional heterogeneity seen for the spermatogonia from busulfan-treated,

regenerated testes lends some credence to this theory. It is not difficult to envisage that some
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spermatogonia will be more resistant to busulfan. Regeneration would lead to the clonal
expansion of the surviving SSCs and/or transit-amplifying undifferentiated spermatogonia. It
stands to reason that this could represent a genetic bottleneck that reduces genomic diversity
and potentially transcriptomic variability in the surviving lineages. Regardless of the origin
of the decline in variability, what is true for somatic tissues is not necessarily true for gametes.
Altered, rather than increased, cell-to-cell transcriptional variability may be a hallmark of

ageing in mammalian tissues.
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4.1 | Introduction

Stochasticity is an inherent feature of biological processes involving molecular interactions
(Ecker et al., 2017). When components in a system are present in large quantities, random
fluctuations have little impact on the overall system (Swain et al., 2002). However in small
systems like a biological cell, components i.e. molecules are generally found at relatively
low abundances. Even amongst isogenic populations of cells a small, transient fluctuation
in the quantity of an RNA molecule has the potential to introduce non-genetic phenotypic
variation (Dong et al., 2011; Elowitz et al., 2002). This transcriptional noise, as discussed
in Chapter 1 (1.3), manifests itself as cell-to-cell variability in transcript abundances and
reflects the contributions of intrinsic and extrinsic factors (Swain et al., 2002). The former
includes gene-specific factors like the rates of transcription and RNA degradation (Elowitz
et al., 2002) while the latter encompasses cell-specific features like the cell size and the
availability of upstream regulator molecules including RNA polymerases and TFs (Raser
and O’Shea, 2005; Sherman et al., 2015; Valadares Barroso et al., 2018). Intrinsic noise is a
more significant source of transcriptional variability than extrinsic noise in mammalian cells
(Levesque and Raj, 2013; Raj et al., 2006). Transcriptional noise is a necessary and regulated
feature of cell populations (Antolovié et al., 2017; Dueck et al., 2016). It provides phenotypic
plasticity and allows a population to react more dynamically to external stimuli (Ecker
et al., 2017). However, excessive heterogeneity in transcript abundance may compromise
homoeostasis. To overcome deleterious effects of heterogeneity, transcriptional noise must
either be regulated or integrated into the cell system (Dueck et al., 2016).

The steady-state abundance of a transcript in a cell is lower than the amount predicted purely
from its rate of transcription and also reflects its rate of turnover (Maekawa et al., 2015).
Though transcription is the main source of intrinsic cell-to-cell transcriptional heterogeneity,
degradation also has a bearing on it. The stability of eukaryotic mRNAs, as measured by their
half-lives, is influenced by many general and transcript-specific decay factors as discussed
in Chapter 1 (1.2.1). However, amongst the most important determinants of cytoplasmic
mRNA stability is 3’ polyadenylation (Chang et al., 2014; Lim et al., 2014; Norbury, 2013).
Poly(A)-tails facilitate nuclear export (Fuke and Ohno, 2008) but the main purpose of mRNA
poly(A)-tails is to stabilise the rate of translation initiation (Wakiyama et al., 2000) by
protecting transcripts from premature degradation (Lim et al., 2014). Due to the involvement
of poly(A)-tails in protecting transcripts from decay, most mRNA degradation pathways
involve a de-adenylation step (Beilharz et al., 2009; Mukherjee et al., 2002; Yamashita
et al., 2005). Notably it has been shown that the miRMD pathway impacts upon cell-to-cell
heterogeneity (Gambardella et al., 2017; Schmiedel et al., 2015). miRNAs buffer expression
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variability during the noisy transcriptional changes that facilitate the differentiation processes
involved in metazoan development (Posadas and Carthew, 2014). Schmiedel et al. (2015)
have shown that miRNAs reduce expression noise for lowly expressed genes; this effect is
enhanced when multiple miRNAs target the same transcript.

As discussed in Chapter 1 (1.2.2), mPA is the most abundant non-terminal modification
to vertebrate mRNA molecules (Desrosiers et al., 1974). m®A is found along the length
of mRNAs but it is particularly abundant towards their 3’-ends (Dominissini et al., 2012;
Meyer et al., 2012). Most m®A is deposited co-transcriptionally in the nucleus by a complex
containing the RNA methyltransferases METTL3 and METTL14 (Ke et al., 2017; Wang et al.,
2016a,b). m®A is a erased by the ALKBHS RNA demethylase (Zheng et al., 2013). mRNA
mOA is usually found in the context of a DRACH motif and although at least 25% of human
transcripts are modified, the vast majority of motif sites are un-methylated (Dominissini
et al., 2012; Meyer et al., 2012). Single-stranded m°A is specifically recognised by members
of the YTH superfamily via the YTH domain (Xu et al., 2014; Zhu et al., 2014). As a result
of interactions mediated by YTH proteins, m®A is involved at many stages of the mRNA
life-cycle. These include splicing (Liu et al., 2015; Louloupi et al., 2018; Xiao et al., 2016),
APA (Kasowitz et al., 2018), sub-cellular localisation (Roundtree et al., 2017; Wang et al.,
2013), translation (Coots et al., 2017; Li et al., 2017; Wang et al., 2015) and RNA stability
(Du et al., 2016; Geula et al., 2015; Wang et al., 2013, 2014).

In common with the miRMD pathway, m® AMDm®A-mediated decay occurs in P-bodies

where the CCR4-NOT deadenylase complex is recruited by YTHDF2 (Wang et al., 2013).

CCR4-NOT recruitment is likely synergistic; the greater the number of m®A sites per
transcript the shorter its half-life (Ke et al., 2017). m®A-modified mRNAs with rapid turnover
rates are associated with regulatory functions while unmodified, more stable transcripts
are involved in cellular housekeeping (Ke et al., 2017). It has been shown that mS AMD
regulates the transcriptional shifts necessary for the vertebrate MZT (Ivanova et al., 2017;
Zhao et al., 2017), the murine EHT (Lv et al., 2018) and facilitates the transition from
a pluripotent to differentiating state in mESCs (Geula et al., 2015). Given the parallels
between the transcriptional programmes underpinning vertebrate embryonic development
and tumourigenesis (Aiello and Stanger, 2016; Youssef et al., 2012), it is unsurprising that
the expression of METTL3, ALKBHS and YTHDEF2 are clinically relevant in certain cancers
(Chen et al., 2017, 2018; Paris et al., 2019; Yang et al., 2017).

Zhao et al. (2017) observed a striking overlap between the targets of zygotically-expressed
miR-430 and maternally-supplied Ythdf2 in the zebrafish MZT, . Taken together with the
observation that some miRNAs enhance METTL3 binding (Chen et al., 2015), this suggests
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that there is interplay between the miRMD and m® AMD pathways. It is possible that m® AMD

also modulates transcriptional noise.

4.1.1 | Overview

Gene knockout (KO) approaches combined with single-cell RNA-sequencing techniques
present us with an opportunity to explore the relationship, if any, between m® AMD and
transcriptional noise control. In the absence of m®AMD, mRNA decay will still occur via
other RNA decay pathways but not to the same extent. Turnover will be slower and this
will increase transcriptional noise. More rapid rates of decay are associated with reduced
noise (Swain, 2004). The abolition of m®AMD could potentially lead to unstructured
transcriptional heterogeneity. In contrast with the developmental delay observed by Zhao
et al. (2017) for zebrafish embryos from a ythdf2”- maternal background, Ivanova et al. (2017)
determined that the development of mouse embryos beyond the 2-cell stage is blocked with an
oocyte-specific YTHDF2 conditional knock out. To this end, I have analysed in collaboration
with the lab of Dénal O’Carroll (MRC Centre for Regenerative Medicine, Edinburgh) the
transcriptional changes that occur in mouse zygotes and 2-cell stage embryos in the absence
of maternally-supplied YTHDF2 using the Smart-seq2 scRNA-seq protocol (Picelli et al.,
2014). Ivalya Ivanova (O’Carroll Lab) performed all experiments and I analysed all generated
data unless stated otherwise.

As will be discussed in due course, the limitations of mouse zygotes and embryo systems
meant that it was also necessary to profile the impact of YTHDF?2 transcriptional regulation in
another context. The labs of Kamil Kranc and Dénal O’Carroll derived Ythdf2”~ and Ythdf2*'*
pre-LSCs from mouse foetal liver HSPCs in order to investigate the role of YTHDF2 in acute
myeloid leukaemia (AML) initiation and progression Paris et al. (2019). In collaboration with
Nils Eling and Christina Ernst from the lab of John Marioni (EMBL-EBI / CRUK Institute,
Cambridge), we performed droplet-based scRNA-seq using the 10x Genomics™ technology
(Zheng et al., 2017) for three replicates of the Ythdf2”" and Ythdf2** pre-LSCs obtained
from the Kranc Lab. Furthermore, we generated bulk RNA-seq libraries from these samples
in order to obtain marker genes to identify the cells in each sequenced single-cell library.
Nils Eling, Christina Ernst and I designed this part of the study. I analysed all generated data

unless stated otherwise.
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4.2 | Results

4.2.1 | Zygote and 2-cell embryo scRNA-seq using the
plate-based Smart-seq2 protocol

In order to profile the transcriptional changes that occur in mouse MZT with the depletion of
maternal YTHDF2, Ivalya Ivanova (O’Carroll Lab) prepared single-end scRNA-seq cDNA
libraries for zygotes and 2-cell stage embryos from Ythdf2™ KO and Ythdf2** Zp3Cre Tg*
(Ythdf2€™L) backgrounds. All mice used in this study were on a mixed or C57BL/6 genetic
background and were bred and maintained at the MRC Centre for Regenerative Medicine,
Edinburgh. The Ythdf2HAF! allele used to generate the maternal oocyte-specific conditional
knockout Ythdf2™ KO and control Ythdf2C™RY was described previously by Ivanova et al.
(2017). The absence of sequence downstream from exon 1 of Y7hdf2 means that no functional
YTHDF2 protein is expressed in the Ythdf2™CKO zygotes or embryos from the maternal
Ythdf2 locus or maternally-supplied Ythdf2 transcripts. All dames were crossed with wild-type
C57BL/6 sires. Three 96-well plates, two from zygotes and one from 2-cell embryos were
prepared using the Smart-seq2 protocol (Picelli et al., 2014). Single-cells were distributed
across the plates such that maternal YTHDF?2 expression and the plate of origin were not
confounded. Ambion® External RNA Control Consortium (ERCC) Spike-In Control mix
(1:500000 dilution) was added to the cell lysates as an internal control. Non-stranded cDNA
libraries were prepared from cell lysates with the Nextera™ XT Kit (Illumina) and the 75 bp
single-end cDNA libraries sequenced on an Illumina™ NextSeq 500 (Genome Core Facility,
EMBL Heidelberg).

Raw single-end FASTQs from the 177 successfully sequenced cells were mapped against the
Mus musculus genome (mm10) and GENCODE transcript annotation version M14 (Mudge
and Harrow, 2015) using STAR (v2.5.3) (Dobin et al., 2013) with its default parameters. Non
strand-specific gene counts were quantified from the read alignments using htseq (Anders
et al., 2015) by setting the htseq-count stranded parameter to "no".

QC and cell- and gene-filtering were performed with the R/Bioconductor packages scater
(McCarthy et al., 2017) and scran (Lun et al., 2016). The raw numbers of genes sequenced
per cell are shown in Fig. 4.1a. The log(total counts) per cell are displayed in Fig. 4.1b.
The proportions of ERCC spike-ins and mitochondrial genes among sequenced reads are
shown in Fig. 4.1c and d. The proportion of reads originating form the mouse mitochondrial
genome is dramatically higher in the cells obtained from the 2-cell embryos than zygotes.

This was regardless of the maternal genetic background.
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Fig. 4.1: Quality Control of single-cell transcriptional profiles from zygotic and embryonic
cells.

(a) Total genes expressed per cell. (b) Total read counts per cell. (¢) Proportions of reads per cell that
are derived from ERCC spike-in molecules. (d) Proportions of sequenced reads per cell that originate

from the mitochondrial genome.

Cells with small library sizes, those whose log(library size) was 3 MADs lower than the
median value, and low library complexity, those whose log;o(total features by counts) was 3
MADs lower than the median value, were filtered out. Cells with proportionately high ERCC
and mitochondrial expression, those whose expression values were 3 MADs higher than the
median value, were also filtered out. The numbers of cells that passed each stage of QC are
contained in Table 4.1.
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Table 4.1: Cell quality control and filtering for mouse zygotes and 2-cell embryos.

Condition Ythdf2CTRL Ythdf2mCKO Total
ota

Stage Zygote Zygote

Raw 50 cells 71 cells 121 cells
By Lib. size 50 cells 71 cells 121 cells
By No. Genes Exprsd. 46 cells 68 cells 114 cells
By Spike Exprs. 46 cells 67 cells 113 cells
By Mito Exprs. 46 cells 67 cells 113 cells
Final 46 cells 67 cells 113 cells
Stage 2-cell Embryo 2-cell Embryo Total
Raw 27 cells 29 cells 56 cells
By Lib. size 25 cells 28 cells 53 cells
By No. Genes Exprsd. 21 cells 22 cells 43 cells
By Spike Exprs. 20 cells 10 cells 30 cells
By Mito Exprs. 3 cells 2 cells 5 cells
Final 3 cells 2 cells 5 cells

Most cells from the 2-cell embryos, both YthdﬂCTRL and YthdﬂmCKO, were filtered out ow-
ing to their high mitochondrial gene expression (see Table 4.1). This aberrant mitochondrial
gene expression is apparent from Fig. 4.1d. An over-representation of reads originating
from the mitochondria is indicative of apoptotic or broken cells (Ilicic et al., 2016). Cells
with perforated outer membranes will easily lose cytoplasmic RNAs but those enclosed in
mitochondria are more likely to be retained.

The single-cell expression was normalised using scran’s computeSumFactors function that
uses a deconvolution method that borrows information from neighbouring (i.e. transcription-
ally similar) cells in order to calculate sum factors for count normalisation. All subsequent
analyses looking at single-cell RNA expression use this log,-transformed, normalised counts
(including a pseudocount) i.e. logz(normalised expression + 1). PCA for cells that passed the

QC filtering is visualised with a scatter plot in Fig. 4.2e.
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Fig. 4.2: Filtered cells remaining after quality control.

(a) Total genes expressed per cell in the filtered cells. (b) Total read counts per cell in the filtered cells.
(c) Proportions of reads per cell that are derived from ERCC spike-in molecules in the filtered cells.
(d) Proportions of sequenced reads per cell that originate from the mitochondrial genome in the filtered
cells. (e) PCA dimensionality reduction for mouse zygotes and 2-cell stage embryos after QC and
filtering. Single zygotes are visualised as circles and two-cell embryos as triangles. Cells are coloured
based on their maternal Ythdf2 background; blue = Yrhdf2°™L and red = Ythdf2™CKO. Filtered
zygote single-cells, n Ythdf2C™Y = 46, n Ythdf2™KO = 67; filtered two-cell embryos single-cells,
Ythdf2C™RE = 3, 1 Ythdf2mCKO = 2.
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Of the 118 cells that passed the QC, only 5 were from 2-cell stage embryos. As a result,
all subsequent analyses were restricted to the zygotic cells. The remaining 113 zygotes
are visualised with the t-SNE dimensionality reduction technique in Fig. 4.3. The t-SNE
separates zygotes based on their YTHDF2 maternal background (Fig. 4.3a). Furthermore,
Ythdf?2 expression is higher in Ythdf2CTRL zygotes than Ythdf2™CKO cells (Fig. 4.3b). Lowly
and un-expressed genes, those with a mean normalised expression < 1 across all cells in

batch and those expressed in a single plate and/or in < 10 % cells were removed after cell
filtering.
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Fig. 4.3: Visualisation of filtered Ythdf2™ X0 and Ythdf2C™R! zygotes.
(a) t-SNE dimensionality reduction for the final set of filtered mouse zygotes. Zygotes are coloured
based on their Ythdf2 background; blue = Ythdf2C ™Rl and red = Ythdf2™KO. (b) t-SNE of zygotes
coloured based on their Ythdf2 expression (logy(normalised expression + 1)). Final zygote numbers
after QC and cell filtering. 113 cells remained, of which 67 are from a Ythdf2™“%0 background and
46 from a Ythdf2°™RL background.

The final dataset of 113 zygotic cells and 12,689 genes was used as input for single-cell
differential gene expression and variability testing analyses. Differences in mean gene ex-
pression and transcriptional variability between the Ythdf2™CKO and Ythdf2€™RY zygotes
were tested using the R/Bioconductor package BASICS (Eling et al., 2018; Vallejos et al.,
2015, 2016). The use of spike-in controls allows BASICS to better estimate plate-specific
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sources of technical noise. Transcriptional variability was initially tested using the normal
BASICS model which due the dependence of the variance on the mean only assesses changes
in gene over-dispersion (i.e. transcriptional variability) for the genes that are not differen-
tially expressed. The BASiCS regression model was subsequently developed by Eling et al.
(2018) and overcomes this dependence by inferring a regression trend between the gene
over-dispersion and mean expression. This allows changes in mean expression and tran-
scriptional variability (estimated by the residual over-dispersion) to be tested simultaneously.
Only genes that are expressed in at least 2 cells (in both groups) are tested by the BASiCS
regression model. The BASiCS Markov chain Monte Carlo (MCMC) was run for 40,000
iterations with 20,000 burn-in iterations and a thinning value of 20.

The R/Bioconductor packages goseq (Young et al., 2010) and fgsea (Sergushichev, 2016)
were used for functional enrichment analyses. m®A peak data from methylated RNA im-
munoprecipitation sequencing (meRIP-seq) and miCLIP datasets in the RMBase (Xuan et al.,
2018) were used to determine which genes were likely to be under YTHDF2 regulation.
This was necessary due to the failure of an meRIP-seq experiment in germinal vesicle (GV)
oocytes (data not shown). Only m®A peaks identified in five or more independent experiments
were considered. Deeptools (Ramirez et al., 2014) was used to plot the number of m®A
peaks in 10nt intervals across the gene bodies. RNAfold (Zuker and Stiegler, 1981) was
used to calculate the minimum free energy (MFE) from 3’-UTR sequences. To account for
the positive relationship between sequence length and ’structuredness’, normalised MFE
density values were calculated from the raw MFE values as described by Trotta (2014).
GraphClust (Heyne et al., 2012) was used to detect clusters of RNA secondary structural
motifs in the 3’-UTRs of differentially expressed and variable genes. The GENCODE vM 14
APPRIS-annotated primary transcripts or failing that, the longest spliceforms were used in

all analyses of RNA secondary structure.

4.2.2 | Removal of maternal YTHDF?2 increases transcript abundances

Analysis of the bulk scRNA-seq data for the mouse zygotes revealed that the absence of
maternal YTHDF?2 had a significant impact on mean gene expression in Ythdf2™KO zygotes.
1,304 genes are differentially expressed between Ythdf2CTRL and Ythdf2™CKO zygotes, 2-fold
higher mean expression (EFDR < 0.05, BASiCS) (Fig. 4.4a). Furthermore, we observed a
slight but significant increase in overall mean expression for Ythdf2™CKO zygotes (Mann-
Whitney-Wilcoxon test; **, p < 4 x 1073) (Fig. 4.4d). Gene set enrichment analysis (GSEA)
identified 4 Reactome pathway gene sets enriched amongst the differentially expressed
genes, the two most significant are shown in Fig. 4.4e. According to the GSEA, removal

of maternal YTHDF?2 leads to concordant increases in the expression of genes involved in
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nonsense-mediated mRNA decay (NMD) independent of exon junction complexes (EJCs) as

well as genes engaged in the citric acid (TCA) cycle and respiratory electron transport.
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Fig. 4.4: Ythdf2™CKO increases transcript abundances.

(a) Scatterplot of logjg(mean normalised expression) levels in Y thdf2™%O and Ythdf2

CTRL zygotes.

Significantly changing genes, greater than 2-fold (EFDR < 0.05, BASiCS), are highlighted in red.
1,010 genes are upregulated in the absence of maternal YTHDF2 and 294 downregulated. (b) Heatmap

of the normalised expression for the 50 most downregulated genes. (¢) Heatmap of the normalised

expression for the 50 most upregulated genes.
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Fig. 4.4: Ythdf2™CKO jncreases transcript abundances (continued).

(d) There is a significant increase in overall mean expression in Ythdf2™KO zygotes compared to
Ythdf2€™RL zygotes (Mann-Whitney-Wilcoxon test; **, p < 4 x 1073). (e) GSEA of Reactome
pathways in Ythdf2™ KO and Ythdf2C™ zygotes. Gene list sorted in descending order based on
the mean expression log,(fold-changes). NMD = Nonsense-mediated decay, EJC = exon junction
complex, TCA = citric acid cycle. n Ythdf2°™Rl zygotes = 46; n Ythdf2™KO zygotes = 67.

Furthermore, m®A peaks from publicly available datasets are more enriched around the stop
codons of upregulated genes than those of downregulated genes (Fisher’s Exact test; *** p <
1 x 107%) (Fig. 4.5a). An earlier m6A-seq experiment by the O’Carroll Lab on oocytes from
Ythdf2*° and Ythdf2°™ mice had failed due to low library sequence complexity (data not
shown). This was not repeated due to the large number of oocytes and dames that would
be necessary. Interestingly, while there does not appear to be any significant difference
in the lengths of 3-UTRs between the Ythdf2™ KO upregulated and downregulated genes
(Fig. 4.5b), the 3’-UTRs of upregulated genes appear to be significantly more structured
than those of downregulated genes (Mann-Whitney-Wilcoxon test; **, p < 3 x 1073) (Fig.
4.5¢). Furthermore the m®A consensus sequence is present in structural motifs predicted
from 3’-UTRs of upregulated genes (Fig. 4.5d).
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Fig. 4.5: m®A enriched near the 3'-ends of Ythdf2™CXO upregulated transcripts.
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Fig. 4.5: m°A enriched near the 3'-ends of Ythdf2™CKO upregulated transcripts (continued).
(a) Prevalence of RMBase m®A peaks from public mouse datasets around the gene bodies of upreg-
ulated and downregulated transcripts in Ythdf2™KO zygotes. Gene bodies are scaled to the same
length in each case. m°A is more enriched in 3’ regions flanking the stop codons of upregulated
genes than similar regions in downregulated genes (Fisher’s Exact test; *** p < 1 x 1077). 3/ regions
defined as stop codons =+ 400nt. (b) 3’-UTRs lengths are not significantly different between the genes
upregulated and downregulated with Y#hdf2™CXO (Mann-Whitney-Wilcoxon test; n.s.). (c) 3’-UTRs
of upregulated genes are more structured. The median MFE density for the 3’-UTRs of upregulated
genes is lower than that of the downregulated genes (Mann-Whitney-Wilcoxon test; **, p <3 x 1073).
(d) Two of the secondary structural motifs predicted by GraphClust from the 3’-UTRs of upregulated
genes. Instances of the m®A RRACH consensus sequence in these structures are highlighted in yellow.
n Ythdf2C™RY zyootes = 46; n Ythdf2™KO zygotes = 67.

4.2.3 | Transcript abundances increase heterogeneously in the absence
of maternal YTHDF2

We assessed zygote-to-zygote transcriptional heterogeneity for both conditions by testing
changes in over-dispersion estimates for genes that don’t change in mean expression. Overall
zygote-to-zygote transcriptional variability (over-dispersion) increases when maternally-
supplied YTHDF?2 is absent (Mann-Whitney-Wilcoxon test; ***, p < 577°) (Fig. 4.6a). Of
the 1,724 genes that have significant changes in over-dispersion between the Ythdf2C™Rl and
Ythdf2™CKO zygotes, 1,628 genes becomes significantly more variable and 96 less variable
with Ythdf2™CKO (Fig. 4.6b). Significantly differentially variable genes are those that with a
1.5-fold increase in over-dispersion (EFDR < 0.05). Similar to the genes that become more
abundant with YthdemCKO, this set of genes also exhibits an enrichment of méA peaks, from
publicly available datasets, around their stop codons (Fig. 4.6c). A greater proportion of
these genes have at least one m®A peak within 400 nt of their stop codon (905 / 1,442) than
do not (537 / 1,442) (Binomial Test, ***, p < 1 x 10722).

As an extension of the analysis of cell-to-cell heterogeneity using the gene over-dispersion
values we used the residual over-dispersion estimates generated by the BASiCS regres-
sion model to assess the transcriptional variability in the differentially expressed genes.
This allowed us to evaluate the relationship, if any, between the effects of YTHDF2 on
transcriptional variability and mean expression. 1,309 genes had significant changes in
residual over-dispersion, a greater than 1.5-fold increase in the distance between residual
over-dispersion estimates for the conditions (EFDR < 0.05). Taking the genes that were
differentially expressed and differentially variable according to the residual over-dispersion

estimates revealed four categories of genes: those with (i) higher abundances and increased
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variability (mCKO* mCKO™") with YthdﬁmCKO, (1) higher abundances and reduced variabil-
ity (mCKO* CTRL"), (iii) lower abundances and increased variability (CTRL* mCKO"),
and (iv) lower abundances and reduced variability (CTRL* CTRL") (Fig. 4.6d). Interestingly,
this showed that for those genes upregulated with Yzhdf2mCKO

exhibit a concomitant increase in transcriptional variability than a reduction when compared

, a greater proportion of these

to those that are downregulated (Fisher’s Exact test; ***, p <2 x 107%). This suggests that
zygotic transcript abundances have increased heterogeneously in the absence of maternal
YTHDF2 and that m® AMD may have a regulatory role in buffering transcriptional noise in

the context of the mammalian MZT.
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Fig. 4.6: Ythdf2™CKO increases transcript abundances heterogeneously.
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Fig. 4.6: Ythdf2™KO increases transcript abundances heterogeneously (continued).

(a) Overall zygote-to-zygote transcriptional variability increases in the absence of maternal YTHDF2
(Mann-Whitney-Wilcoxon test; ¥**, p < 577). (b) Scatterplot of mean expression and overdisperion
fold-changes for genes that are not differentially expressed in response to Ythdf2™CKO_ The expression
of 1,628 genes becomes significantly more variable and 96 less variable with Ythdf2™KO_ Signifi-
cantly differentially variable genes exhibit 1.5-fold increase in cell-to-cell variability (EFDR < 0.05).
Significantly more variable genes are highlighted in red and less variable genes in blue. (c) Prevalence
of RMBase m®A peaks from public mouse datasets across the gene bodies of transcripts that are more
variable in Ythdf2™ KO zygotes. Gene bodies are scaled to the same length in each case. A greater
proportion of the genes have at least one m®A peak within 400 nt of their stop codon (905/1,442)
than do not (537/1,442) (Binomial Test, ***, p <1 x 10722). (d) Scatter plot of mean expression and
residual over-dispersion differences between Ythdf2TRL and Ythdf2™CKO zygotes. 1,309 genes had
significant changes in residual over-dispersion, greater than 1.5-fold increase in the distance between
residual over-dispersion estimates (EFDR < 0.05). Genes with higher abundances and increased
variability with Ythdf2™“KO are highlighted in green (nCKO* mCKO™; 128 genes), higher abundance
and reduced variability in pink (mCKO* CTRL™"; 31 genes), (iii) lower abundance and increased
variability in red (CTRL* mCKO*; 10 genes) and (iv) lower abundance and reduced variability in blue
(CTRL* CTRL*; 19 genes). A signification proportion of upregulated genes become more variable
with Ythdf2™CKO (Fisher’s Exact test; ***, p <2 x 107°). (n Ythdf2°™RL zygotes = 46; n Ythdf2™KO
zygotes = 67.)

4.2.4 | Mouse pre-Leukaemic Stem Cell scRNA-Seq using the

droplet-based 10x Genomics™ system

The absence of matching m®A data for the mouse zygotes meant that if we wanted to establish
a direct regulatory relationship between m®A and transcriptional variability we needed to use
a system for which there was m®A data available and YTHDF2 was known to affect transcript
abundances. The labs of Kamil Kranc and Dénal O’Carroll derived YTHDF2 KO in order to
investigate the role YTHDF2 in AML initiation and progression Paris et al. (2019). They
isolated c-Kit* HSPCs from the livers of Ythdf2HAFVHAFL (ypp g 2WTy and Ythdf2HA-FVHA-FI,
Vav-iCre (YthdeCKO) foetuses and co-transduced these with MSCV-Meis1a-puro and MSCV-
Hoxa9-neo retroviruses and passaged them to generate pre-leukaemic stem cells (pre-LSCs).
In collaboration with Nils Eling and Christina Ernst from the lab of John Marioni (EMBL-
EBI / CRUK Institute, Cambridge), we performed droplet-based scRNA-seq using the 10x
Genomics™ technology for three replicates of the Ythdf2V'™ and Ythdf2X© pre-LSCs. This
technique captures cell-specific transcriptomes by counting the number of barcoded mRNA
3’-ends (Zheng et al., 2017). Furthermore, we generated duplicate bulk RNA-seq libraries
from these samples in order to obtain marker genes to identify the cells in each sequenced
single-cell library. pre-LSCs were cultured at the CRUK Institute, Cambridge by Christina
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Ernst according to the instructions provided by the Kranc Lab (see Paris et al. (2019)).
Single-cell suspensions were loaded into individual channels of the Chromium2™ Single
Cell A Chip (10x Genomics™) with the aim of recovering 4,000-5,000 high-quality cells
per library. The Chromium Single Cell 3’ Library and Gel Bead Kit v2 (10x Genomics™)
was used for single-cell barcoding, cDNA synthesis and library preparation, following
the manufacturer’s instructions in the Single Cell 3’ Reagent Kits User Guide. Reverse
transcription takes place within each droplet and the barcoded cell cDNA libraries are
amplified together. Oligonucleotide barcodes consist of sequencing adapters and primers, a
14 bp cell-specific barcode, a 10 bp unique molecular identifier (UMI) randomer that is unique
to individual cDNA molecules, and a 30 bp oligo-dT adapter (Zheng et al., 2017). Libraries
were sequenced together on an Illumina HiSeq 2500 using 75 bp paired-end sequencing.
The samples included in each cDNA library and the number of cells captured are listed in
Table 4.2. The experiment was designed such that three of the four 10x libraries contained
pairs of Ythdf2WT and Ythdf2C%O samples while the fourth was comprised of cells from all
six samples. This was done to ensure that YTHDF2 status would not be confounded with
batch. Furthermore the fourth library would allow us to detect any major technical variation.
Library-specific batch effects would have been detected if the cells from other library had
radically diverged from this batch.

Nils Eling (Marioni Lab) processed the scRNA-seq data using the 10X Genomics™ Cell
Ranger pipeline (Zheng et al., 2017). We obtained gene-specific transcript counts for 23,397
cells using the Cell Ranger count function with default settings (Table 4.2). This pipeline
aligned reads against the Mus musculus reference genome (GRCm38) and Ensembl transcript
annotation (version 89) (Cunningham et al., 2019) using STAR and quantifies the UMIs per
gene and cell. Cell Ranger only retains cells with similar UMI distributions (Zheng et al.,
2017).

Table 4.2: pre-LSC Samples in each 10x Single Cell Library.

Samples Library | Cell Ranger QC Filtering Cluster Filtering
KOS5 & WT2 do26181 | 5,897 cells 5,645 cells 4,881 cells
KO6 & WT4 do26182 | 5,155 cells 4,673 cells 2,153 cells
KO7 & WT16  do26183 | 5,552 cells 5,261 cells 4,765 cells
All cKO & WT do26184 | 6,793 cells 6,204 cells 5,721 cells
Total 23,397 cells 21,783 cells 17,520 cells

We used the default Cell Ranger thresholds in order to obtain high-quality cells with a large
number of UMIs. The R/Bioconductor package DropletUtils (Lun et al., 2019) was used to
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remove any swapped barcodes that resulted from technological sequencing errors. Cell and
gene QC was performed with the R/Bioconductor packages scater and scran. The number
of cells remaining after QC for each library can be seen in Table 4.2. To avoid biases due
to difference in library sizes, we down-sampled the UMI counts prior to quality filtering.
We removed cells that had too few or too many UMIs (Fig. 4.7a), less than 8.25 or greater
than 9.75 log(total UMI counts per cell), and removed cells expressing too few or too many
features, less than 1,500 or greater than 4,000 genes (Fig. 4.7b). Furthermore, we excluded
cells with >3% of UMIs mapping to the mitochondrial genome (Fig. 4.7¢).
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Fig. 4.7: Quality Control for droplet-based single-cell RNA-seq data.
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Fig. 4.7: Quality Control for droplet-based single-cell RNA-seq data (continued).

(a) Raw UMI counts per cell for the four libraries sequenced. do26183 had the smallest library
size. (b) Raw number of genes expressed per cell. (¢) Raw percentage reads mapping to the mouse
mitochondrial genome. t-SNE dimensionality reduction based on cells from the pre-LSCs samples
after QC. Cells are coloured by their library of origin in (d) and their log,(Normalised Ythdf2
Expression) in (e). do26181 library, n = 5,645 cells; do26182 library, n = 4,673 cells; do26183 library
n =15,261 cells; do26184 library n = 6,204 cells.

The transcript counts of quality filtered cells were normalised using scran. For this, cells
with similar transcriptomic complexity were clustered together using a graph-based method
implemented in the scran quickCluster function with a maximum cluster size of 2,000 cells.
Size factors were calculated for each of the seven clusters before being scaled between
clusters using the computeSumFactors function. All further analyses looking at single-cell
RNA expression use these log,-transformed, normalised counts (including a pseudocount)
i.e. loga(normalised expression + 1). The pre-LSCs that passed QC filtering are visualised
with the t-SNE dimensionality reduction technique in Fig. 4.7d. It is apparent from the
dimensionality analysis that the droplet-based scRNA-seq did not introduce much technical
transcriptional variation. No individual library clusters separately from the others. Most
importantly, cells from the library do26184, which contained cells from all 6 samples,
localised with cells from the other three libraries. However, there is not as obvious a structure
to the data as for the zygote scRNA-seq data, ythdf2 is expressed across many cells but is
potentially more abundant in cells in the lower half of the t-SNE (Fig. 4.7¢). Worryingly,
rather than there being two clusters (or even one cluster) of cells as one might expect if
YTHDF2 had significant impact upon pre-LSCs transcriptome, there seem to one cluster
per sample as evidenced by the fact that there are two clusters of cells for libraries do26181,
do26182 and do26183 (Fig. 4.7d). As a result, further cell filtering was necessary. Lowly
expressed genes, with an average logs-transformed, normalised expression < 0.1 per cluster
were excluded. Furthermore, it was determined that cluster 6 contained a heterogeneous
set of cells that had only been clustered together because they had to be included in a
cluster. After removing this cluster, we retained more than 17,000 high-quality single cells
expressing 5,468 genes (Table 4.2). The final set of filtered cells are visualised with the
t-SNE dimensionality reduction technique in Fig. 4.8. Although Ythdf2 is expressed in all
six of the remaining clusters, it was most highly expressed in clusters 3,4, and 7 and as a
result these were annotated as KO1, KO2, and KO3. The other three remaining clusters
were annotated as WT1, WT2 and WT3 (Fig. 4.8b). The UMI counts per cell per cluster
were pooled in order to detect differentially expressed genes between the Ythdf2WT and
Ythdf2CXO pre-LSCs. The pooled counts were normalised with edgeR McCarthy et al. (2012)
and differential expression analysis performed using the edgeR Quasi-Likelihood Test. Only
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two significantly differentially expressed genes, Ythdf2 and Cebpe, were detected with a
2-fold increase in mean expression (FDR < 0.1).
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Fig. 4.8: Visualisation of filtered pre-LSCs.
t-SNE dimensionality reduction for the final filtered set of pre-LSCs. Cells are coloured based on their
library of origin in (a), their logy(Normalised Ythdf2 Expression) in (b) and their annotated cluster in
(c). n cells do26181 library = 4881; n cells d026182 library = 2153; n cells do26183 library = 4765 ;
n cells do26184 library = 5721.

We made a final attempt at improving the cell sample assignment by performing bulk RNA-
seq in duplicate for the six pre-LSCs samples. Christina Ernst (Marioni Lab) prepared cDNA
libraries from pre-LSC RNA that had been DNA- and ribo-depleted with Ribo-Zero Gold
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according to manufacturer’s instructions (Illumina, RS-122-2303) using the TruSeq Stranded
Total kit 2. Libraries were sequenced on an Illumina HiSeq 2500 (Genome Core Facility,
CRUK Institute, Cambridge) using a paired-end 125 bp run. Nils Eling mapped paired-end
FASTQs against the Mus musculus genome (GRCm38) and Ensembl transcript annotation
(version 89) using STAR (v2.5.3) with its default parameters. Strand-specific gene counts
were quantified from the read alignments by setting the htseq-count stranded parameter
to "reverse". We visualised several features of the aligned and counted data (number of
intronic/exonic reads, number of multi-mapping reads, low-quality reads and total library
size) and did not detect any low-quality bulk RNA-seq libraries (data not shown). Lowly

expressed genes (average count < 10 across all samples) were excluded from downstream

analysis and visualisation (Fig. 4.9).
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Fig. 4.9: Analysis of pre-LSC bulk RNA-seq marker genes.
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Fig. 4.9: Analysis of pre-LSC bulk RNA-seq marker genes (continued).

PCA based on filtered bulk RNA-seq counts for pre-LSC samples. Samples coloured based on the
sample of origin in (a) and coloured their Y#hdf2 expression in counts per million (CPM) in (b). (c)
Unsupervised clustering of bulk RNA-seq samples according to marker gene expression. (d) t-SNE
dimensionality reduction analysis for filtered scRNA-seq data using the marker genes detected in the
bulk RNA-seq data. Cells are coloured according to their annotated cluster. n WI2 =2;n WT4 =2; n
WTI16 =2; n KOS5 =2; n KO6 =2; n KO7 = 2.

PCA for the filtered bulk RNA-seq samples is shown in Fig. 4.9a. PC1, which explains
48% of the variance, separates the Ythdf2°XO from Ythdf2WT samples. However PC2 which
explains 20% of the variance, shows that there is a large amount of sample-to-sample variation
within the conditions. The WT12 replicates are as distinct from the other Ythdf2VT samples
as two of the Ythdf2CKO samples. The filtered bulk RNA-seq counts were normalised with
edgeR and marker genes identified for each sample by performing pairwise contrasts between
all six samples using the edgeR quasi-likelihood tests. Marker genes were those that were
significantly differentially expressed with a greater than 2-fold increase in mean expression
(FDR < 0.1) in every pairwise contrast made for a given sample. A total of 966 marker
genes were identified, their expression in CPM is displayed in the heat map in Fig. 4.9c.
Surprisingly, the KO7 bulk RNA-seq replicates cluster with the WT samples based on their
marker gene expression. There is no major separation between the six annotated clusters of
single-cells when t-SNE dimensionality reduction analysis is performed using the marker
genes present in the filtered scRNA-seq data (Fig. 4.9d). The use of marker genes from the
bulk RNA-seq does not appear to improve the single-cell sample assignments.

Unfortunately, as is even apparent from the analysis of the bulk RNA-seq data, the pre-LSCs
samples are far too heterogeneous to perform any meaningful investigation into the role of
YTHDEF?2 in regulating transcriptional variability in murine pre-LSCs. Nils Eling (Marioni
Lab) performed exploratory analyses of transcriptional variability in the final set of pre-
LSC clusters with the BASiCS regression model. The BASiCS MCMC was run 40,000
iterations with 20,000 burn-in iterations and a thinning value of 20. However from the results,
it was apparent that there were differences in mean gene expression and transcriptional

heterogeneity between the clusters from the same condition (data not shown).

4.3 | Discussion

Stochasticity is an inherent feature of biological processes involving molecular interactions
(Ecker et al., 2017). When molecules in a system are present in large quantities, biological
noise is of little consequence for the stability of the system (Swain et al., 2002). However,

molecules are generally found at relatively low abundances in a biological cell. Poly(A)-tails
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facilitate nuclear export (Fuke and Ohno, 2008) but the main purpose of mRNA poly(A)-tails
is to stabilise the rate of translation initiation (Wakiyama et al., 2000) by protecting tran-
scripts from premature degradation (Lim et al., 2014). Due to its involvement in protecting
transcripts from decay, most mRNA degradation pathways involve a de-adenylation step
(Beilharz et al., 2009; Mukherjee et al., 2002; Yamashita et al., 2005). Notably it has been
shown that one such decay pathway, the miRMD pathway, is involved in transcriptional and
protein noise control (Gambardella et al., 2017; Schmiedel et al., 2015). mPA is the most
abundant non-terminal RPTM in vertebrate mRNAs (Desrosiers et al., 1974) and has been
shown to regulate transcript stability (Du et al., 2016; Geula et al., 2015; Wang et al., 2013,
2014). Similar to the miRMD pathway, m® AMD also involves CCR4-NOT deadenylation in
the P-bodies (Wang et al., 2013). Furthermore, while the YTHDF2-mediated degradation of
m®A-modified maternal mRNAs is essential for the mammalian MZT (Ivanova et al., 2017),
it is dispensable in zebrafish (Zhao et al., 2017). Shared effectors and overlapping targets
suggest that there might be interplay between miRNAs and m® AMD. Given that miRNAs
are established regulators of transcriptional noise (Gambardella et al., 2017; Schmiedel et al.,
2015), it is possible that m® AMD also modulates it.

It is unsurprising how few cells from 2-cell stage embryos passed the QC given the develop-
mental block and defects observed at this stage by (Ivanova et al., 2017). Furthermore, most
of these cells failed QC due to high levels of mitochondrial gene expression which is indica-
tive of cell death or damage (Ilicic et al., 2016). The significant role of maternal YTHDF2 in
regulating zygote transcriptional homoeostasis is apparent from the clear separation between
the Ythdf2C™RY and Yrhdf2™CKO zygotes in Fig. 4.3a. The impaired m® AMD of transcripts
is enough to differentiate the 2 populations of zygotes. Similar to the results of Ivanova et al.
(2017) in metaphase II-arrested oocytes, we identified a large number of genes whose mean
expression is altered in the absence of YTHDF2. The vast majority of these are upregulated.
Many of these genes were shown to be m®A-modified based on publicly available m6A
datasets. Furthermore, m®A peaks were more enriched around the stop codons of upregulated
genes than downregulated genes. Interestingly the 3’-UTRs of upregulated genes were more
structured than those of the downregulated genes. Some of the in silico predicted 3’-UTR
structural motifs contained the m®A consensus sequence as has been described previously
for the "m®A structural switches" characterised by Liu et al. (2015).

GSEA of zygote expressed transcripts revealed the concomitant upregulation of genes asso-
ciated with NMD independent of the EJC in the absence of maternal YTHDF2. NMD is a
eukaryotic QC mechanism for removing transcripts with premature stop codons (Kurosaki
and Maquat, 2016). Li et al. (2019) have recently shown that m®A regulates NMD in human

glioblastoma. In the absence of m® AMD, this may represent a compensatory mechanism
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for the removal of accumulating maternal transcripts that would otherwise decay in the
cytoplasm in a less regulated manner. 3’-UTR EJC-independent NMD is modulated by
the 3D distance between cytoplasmic PABPC1 and the stop codon and can be inhibited if
PABPCI is sufficiently close in 3D space to a stop codon (Silva et al., 2008). Therefore in the
absence of YTHDF2-mediated deadenylation, the poly(A)-tails of m®A-modified transcripts
will remain long for a greater period of time and the inhibition of EJC-independent NMD
would be relaxed for these transcripts.

Analysis of the transcriptional variability in Ythdf2CT™RE and Yrhdf2™CKO zygotes revealed
that overall cell-to-cell heterogeneity increases in the absence of maternal YTHDF2. Of the
non-differentially expressed genes whose variability is altered with Y#hdf2™CKO | the vast
majority became more variable. Most of these genes were shown to be m®A-modified based
on publicly available m®A datasets. Interestingly, an analysis of the differential expression
and variability using the BASiCS regression model revealed that the abundances for a number
of transcripts increased heterogeneously in the absence of maternal YTHDF2. The results
of these analyses suggest that in addition to its involvement in clearing maternal transcripts
as part of the MZT (Ivanova et al., 2017; Zhao et al., 2017), YTHDF2 may also buffer
transcriptional noise in target genes. However, without matching m®A data from mouse
zygotes, this additional regulatory activity remains speculative for now.

The developmental block with Ythdf2™CKO at the 2-cell embryo stage (Ivanova et al., 2017)
prevented further investigation into the role of YTHDEF2 in buffering transcriptional noise
during mouse embryogenesis. We had hoped that by studying the impact of YTHDF2 on
transcriptional variability in another system, mouse pre-LSCs, for which there was m®A-
seq data available we would determine whether or not this was a zygote-specific or more
general post-transcriptional regulatory phenomenon. It appears that the mouse pre-LSCs
established by Paris et al. (2019) were not a suitable system for dissecting this additional
function of YTHDF2. It was not possible to explore any relationship between m® AMD and
transcriptional noise control using the pre-LSC scRNA-seq dataset. As is even apparent from
analysis of the bulk RNA-seq expression, the pre-LSCs samples are far too heterogeneous to
perform any meaningful investigation into the role of YTHDF?2 in regulating transcriptional
variability in murine pre-LSCs. Paris et al. derived the six pre-LSC samples we used from six
different animals, three Ythdf2CKC and three Ythdf2WT. Populations of foetal HSPCs were
individually co-transduced with MSCV-Meisla-puro and MSCV-Hoxa9-neo retroviruses
and passaged separately in order to generate pre-LSCs. It is probable that this had led to
the sample-specific accumulation of differences and has led to the divergence of the biolog-
ical replicates that is apparent from the bulk and single-cell RNA-seq data. Furthermore,

although Paris et al. detected 1,282 genes that are differentially expressed in pre-LSCs (p <
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0.05) with Ythdf2CKO (see Fig. 4a, Paris et al. (2019)) very few of these genes have large
fold-change increases. A fold-change cut-off is not specified in the text. This suggests that
either YTHDF2 transcriptional regulation is relatively inconsequential in mouse pre-L.SCs
or that their statistical analyses also suffered as a result of sample heterogeneity. Biological
replicates are essential for any experiment but they must be generated in a sensible manner
that does not compromise the study by introducing artefactual differences between them.

YTHDF2-mediated transcriptional degradation seems to be most significant in differentiation
processes (Geula et al., 2015; Ivanova et al., 2017; Lee et al., 2019; Lv et al., 2018; Zhao
et al., 2017). Therefore a more standard, better characterised, system that is capable of
undergoing differentiation (such as mESCs) would have been a more appropriate model in

which to follow-up the analysis of transcriptional noise in the mouse zygote scRNA-seq data.



Discussion

5.1 | Conclusion

My PhD research has focussed on the regulation of mammalian gene expression. Eukaryotic
transcription is the episodic, three stage process by which RNAPs synthesise RNA from a
DNA template. Eukaryotic gene expression is a noisy process that is subject to multiple
layers of regulation. Key features of this are the 3D chromatin organisation of eukaryotic
genomes and the post-transcriptional control of RNA activities. Eukaryotic nuclear DNA
is tightly packaged as chromatin that is further folded into higher order structures. The
3D folding of eukaryotic genome lends itself to the formation of interactions between oth-
erwise distant regions of the genome. However, highly condensed, compacted chromatin
can obscure DNA regulatory elements from the trans-acting factors that regulate cellular
activities. Epigenetic regulation of chromatin accessibility can mitigate this and facilitate
episodic transcriptional initiation. The formation of TADs, highly self-interacting regions of
chromatin, helps delineate the boundaries of transcription. These are largely stable across
animal tissues and conserved between closely related species.

In Chapter 2, I investigated the impact of the integration of the genome of a short dSDNA
virus, HPV16, on host chromatin architecture and transcriptional regulation in collaboration
with the lab of Nick Coleman. We successfully adapted the Promoter Capture Hi-C method
developed in the lab of Peter Fraser to enrich for HPV 16 chromatin. We identified a range
of interactions between host chromatin and viral integrants when we applied this SCRiBL
technique to five cell lines derived from the W12 model for cervical carcinogenesis. These
cell lines had been derived previously under non-competitive conditions in order to capture
the changes that occur in early cervical carcinogenesis before cancer selection. While it is
already established that HR-HPV can interact with host chromatin in the malignant HeLa cell
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line, this revealed that viral integrants interact with host chromatin in pre-malignancy, soon
after integration. My analysis of viral integration sites revealed that they largely coincide
with regions of accessible, transcriptionally permissive chromatin as determined from DNAse
I hypersensitive regions and active histone marks. Viral integration occurs in the middle
of TADs without disrupting them but can alter interactions within them. The majority of
viral integrants in the W12 clones tested were found within host genes. In each instance,
this led to the upregulation of the host gene when compared with the average expression in
the other clones. Furthermore, transcription from the viral early promoter can continue into
neighbouring host genes and produce chimaeric fusion transcripts. HPV 16 integrants affect
the expression of neighbouring and more distal genes, up to at least 2.5 Mb away, on the
chromosome of integration. This is likely due to the combined effect of novel chromatin
interaction and transcription from the viral early promoter.

Stochasticity is inherent to biological processes involving interactions between discrete,
low abundance molecules. The advent of reliable protocols for performing scRNA-seq
has revealed that transcriptional noise, the unstructured cell-to-cell variation in transcript
abundances, is a widespread and biologically important feature in many populations of cells.
Genes are subject to intrinsic sources, that are more promoter- or gene-specific, and extrinsic
sources of noise that are more cell and context-specific. Transcriptional noise is modulated
by features affecting the frequency and rate of transcription such as epigenetic modifications
and CREs.

Organismal-ageing is associated with, if not even caused by, the progressive decline in
biological function as a result of the accrual of molecular damage. This affects many of the
epigenetic and chromatin regulatory pathways regulating transcription and transcriptional
noise. Ageing is also associated with a decline in male fertility. Increased paternal age is also
associated with a greater number of de novo mutations in the offspring. Some have attributed
both of these phenomena to the clonal expansion of ’selfish’ spermatogonial lineages. In
Chapter 3, I investigated the consequences of ageing and testicular injury & regeneration on
the transcriptomes of sorted populations of mouse undifferentiated spermatogonia using bulk
and single-cell RNA-seq. While subtle changes in mean gene expression are detectable, it
was apparent that cell-to-cell transcriptional variability in undifferentiated spermatogonia
declines with ageing. This may reflect the phenomenon of selfish spermatogonial selection.
Multiple recent studies have detected increased cell-to-cell transcriptional heterogeneity in
aged mammalian somatic tissues. This has led some to suggest that increased transcriptional
noise should be added to the nine Hallmarks of Ageing defined by Lépez-Otin et al. (2013).
However, in light of the results presented in this chapter it may be more appropriate to

consider a broader definition of altered transcriptional noise. Gametes and their progenitors
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are transcriptionally very distinct from somatic cells and what may be true for the soma is
not necessarily the case in germ cells.

It has recently been determined that the post-transcriptional regulation of cytoplasmic tran-
script stability and decay also have a role in modulating and buffering transcriptional noise.
Unstable transcripts are more susceptible to noise than stable ones. Cytoplasmic mRNA
stability is anti-correlated with expression noise in mESCs. A major determinant of RNA
stability is the 3’ poly(A) tail. It inhibits both of the two main mRNA exoribonucleolytic
decay pathways and its removal is essential for their progression. Notably, the miRNA-
Mediated mRNA Decay pathway has been shown to modulate heterogeneity during the noisy
transcriptional shifts that facilitate cell differentiation. This is particularly the case for lowly
expressed genes and is enhanced when a transcript is targeted by multiple miRNAs. In
addition to targeting transcripts for CCR4-NOT mediated deadenylation, certain miRNAs
enhance the post-transcriptional m®A methylation of their targets. 3’ m®A methylation,
through its reader YTHDF2, also targets transcripts for CCR4-NOT deadenylation. Indeed,
miRNAs and m®A coordinate the decay of transcripts during the zebrafish MZT. Given that
miRMD and m®AMD share effectors and targets it also possible that m®A and its reader
YTHDF2 also modulate transcriptional noise.

In Chapter 4, I explored the YTHDF2-regulated transcriptional dynamics in mouse zygotes
and pre-leukaemic stem cells using plate- and droplet-based single-cell RNA-seq data. Anal-
ysis of single-cell expression in Ythdf2™“KO and Ythdf2¢™RY zygotes revealed that depletion
of maternally-supplied YTHDF2 leads to the widespread upregulation of genes. The majority
of these transcripts seem to m®A-modified at or around their stop codons based on publicly
available m°A datasets. Notably, their 3’-UTRs are more structured than those of the down-
regulated transcripts and many of their in silco predicted secondary structures contain the
mSA METTL3/14 consensus motif. Most interestingly, a subset of these transcripts are het-
erogeneously upregulated in the absence of YTHDF2. This suggests that Y THDF2-mediated
deadenylation modulates their noise expression under normal circumstances. Unfortunately,
I was unable to determine whether this is a zygote-specific or more general mammalian
regulatory phenomenon due to issues with the follow-up scRNA-seq experiment in mouse
pre-LSCs. The pre-LSC replicates characterised by Paris et al., 2019 were too divergent
from each other for there to be any point in exploring the role of YTHDF2 in buffering
noise. Any differences in cell-to-cell heterogeneity could just as easily result from structured
transcriptional variability due to poor sample replication as from changes in unstructured
transcriptional noise due to altered YTHDF2 expression. Unless and until the results from the
zygotic scRNA-seq data are replicated in system for which matching m®A data is available,

this additional YTHDF?2 regulatory activity remains speculative for now. Of note, it has been
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shown that overall m®A methylation in human peripheral blood mononuclear cells declines
with age (Min et al., 2018). This suggests that the dysregulation of m®A methylation (and
potentially other RPTMs) might contribute to the alterations in transcriptional noise and
decline in biological function associated with ageing.

5.2 | Future Direction

Research into post-transcriptional regulation of mRNA stability and decay has undergone
a renaissance with the emergence of RNA post-transcriptional modifications. Over 500
studies alone have profiled the m® A-methylome across many diverse tissues and organisms
under various conditions and treatments (Zaccara et al., 2019). It is well established that
the m®A reader YTHDF2 impacts cytoplasmic transcript stability but questions still remain
about how m°A regulates transcript half-lives. The removal of METTL3 has a far greater
impact on turnover than the abrogation of YTHDF2 activity (Ke et al., 2017; Wang et al.,
2013); this hints at the existence of additional m®A readers that promote decay. YTHDF2
shows decreased binding specificity for mA when YTHDF3 expression is reduced (Shi
et al., 2017). The context-specific m®A methylation and recognition of modified sites remain
unresolved. But it seems likely that RNA secondary structure is involved in both processes.
METTLI16 has been shown to selectivity methylate Mat2a in pre-mRNA hairpin structures
(Mendel et al., 2018). Additionally, m®A is most enriched in and around the highly structured
transcript 3’-UTRs (Dominissini et al., 2012; Meyer et al., 2012). The existence of cross-talk
between m°A and other RPTMs may impact upon this. The presence of m®A antagonises
A-to-I RNA editing (Xiang et al., 2018) and it would be unsurprising if other modifications
like poly(A) tail terminal-uridylation influence or are influenced by m®A methylation.

Furthermore, the issue of how dynamic m®A methylation is remains unresolved. While
many m®A sites seem to be shared between cell-types (Schwartz et al., 2014) and it is almost
certain that most m®A is deposited co-transcriptionally by METTL3/14 (Ke et al., 2017);
there still remains a strong possibility that a subset of adenosines are dynamically methylated.
The main antibody-based enrichment methods for mapping m®A, RIP-seq (Dominissini et al.,
2012; Meyer et al., 2012) and CLIP seq (Ke et al., 2015; Linder et al., 2015), are unable to
determine the stoichiometry of m®A modifications. While it is true that the mRNA mOA sites
in cytoplasmic and nucleoplasmic fractions are extremely similar Ke et al. (2017); this does
not confirm that the proportions of methylated sites or the specific transcript isoforms are
identical in both. The translocation of normally cytoplasmic YTHDF?2 into the nuclei of heat
shocked mouse embryonic fibroblasts gives scope for some element of m®A methylation or

regulatory dynamism (Zhou et al., 2015). If there is any dynamic regulation of m°A sites
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it must occur in the nucleus. The m®A writers METTL3 & METTL14 and ALKBHS3, the
physiological m®A demethylase, all localise within the nucleus (Liu et al., 2013; Zheng et al.,
2013).

With the recent emergence of methods for performing native RNA-seq, many of these
questions should be answered in due course. The basecalling for ONT direct RNA-seq
data continues to improve with refinements in the underlying models (Wick et al., 2019)
and will soon approach the standard of Illumina NGS data. Nanopore direct RNA-seq
generates strand-specific, long transcript sequences without any of the biases introduced by
PCR amplification or RT that normally affect cDNA-based NGS experiments (Kozarewa
et al., 2009). Indeed, the ONT direct RNA-seq protocol is sufficiently straight-forward that
even this computational biologist, who had not touched a pipette in 5 years, was able to
follow it with ease. Furthermore, I am involved in an protect that is modifying the protocol
in order to detect RNA terminal modifications and quantify tail lengths. While the ONT
software environment is still in its relative infancy, it is already possible to detect m®A with
some confidence by performing signal-level analysis of Nanopore ’squiggles’ (Garalde et al.,
2018; Liu et al., 2019). The ability to simultaneously interrogate poly(A)-tail lengths, the
m®A methylome and other RPTMs at single-nucleotide resolution holds great promise for

disentangling the complex post-transcriptional network regulating RNA fates.
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