THE UNIVERSITY
of EDINBURGH

This thesis has been submitted in fulfilment of the requirements for a postgraduate degree
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following
terms and conditions of use:

This work is protected by copyright and other intellectual property rights, which are
retained by the thesis author, unless otherwise stated.

A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge.

This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the author.

The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the author.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given.



The dynamics of bivalent chromatin during

development in mammals

Anna Mantsoki

Thesis presented for the degree of Doctor of Philosophy
University of Edinburgh
November 2016






Declaration

| declare that the thesis has been composed by myself and that the work has not be
submitted for any other degree or professional qualification. I confirm that the work submitted
IS my own, except where work which has formed part of jointly-authored publications has been
included. My contribution and those of the other authors to this work have been explicitly
indicated below. | confirm that appropriate credit has been given within this thesis where
reference has been made to the work of others.

The work presented in Chapter 2 was previously published in the book with title IWBBIO
2015: Bioinformatics and Biomedical Engineering as ‘Comparative Analysis of Bivalent
Domains in Mammalian Embryonic Stem Cells’ by Anna Mantsoki (student, thesis author) and
Anagha Joshi (supervisor) under DOI:10.1007/978-3-319-16483-0_39. This study was
conceived by all of the authors. I carried out the analysis, wrote the manuscript and participated
in the design of this study. Chapter 2 is copyright (c) 2016 of Springer (reproduced here under
license number: 3954271432719) and may not be reproduced without written agreement from
the copyright holder.

The work presented in Chapter 3 was previously published in Scientific Reports as ‘CpG
island erosion, Polycomb occupancy and sequence motif enrichment at bivalent promoters in
mammalian embryonic stem cells’ by Anna Mantsoki, Guillaume Devailly and Anagha Joshi
under DOI:10.1038/srep16791. This study was conceived by Anagha Joshi and Anna
Mantsoki. I carried out the analysis, wrote the manuscript and participated in the design of this
study. Chapter 3 is copyright (c) 2016 of Macmillan Publishers Limited reproduced here under

the terms of the associated CC-BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

The work presented in Chapter 4 was previously published in Computational Biology and
Chemistry as ‘Gene expression variability in mammalian embryonic stem cells using single
cell RNA-seq data’ by Anna Mantsoki, Guillaume Devailly and Anagha Joshi under DOI:
10.1016/j.compbiolchem.2016.02.004. This study was conceived by Anagha Joshi. | carried
out the analysis, wrote the manuscript and participated in the design of this study. Chapter 4 is
copyright (c) 2016 of Elsevier reproduced here under the terms of the associated CC-BY 4.0
license.

Anna Mantsoki

November 2016


https://creativecommons.org/licenses/by/4.0/

Acknowledgements

If it wasn’t for the many people that have helped me along the way this thesis would not
have been a reality and | have to thank them for that.

First and foremost, my supervisor Anagha Joshi that has trusted me with this project and
gave me the opportunity to fulfil one of my long standing ambitions! Her support and guidance
provided me with all the skills and knowledge to complete this task. Our post-doc Guillaume
Devailly, for his immense patience and understanding, his valuable feedback and quick
response on my countless questions! My second supervisor Tom Freeman for helping me settle
in Roslin the first few months of my PhD and his invaluable feedback during our meetings. My
PhD committee, Professor Dave Burt and Professor Wendy Bickmore for their advice and
meaningful conversations during my yearly progress meetings. Doug Vernimmen for his
encouragement and allowing me to participate in the journal club of his group. The scientists
and staff (especially the IT department) in Roslin Institute that have always made sure we are
on the right track and kept us busy with many interesting seminars.

My friends and fellow PhD students in the Roslin Institute for lifting up my spirit and
making me part of their ‘Phriends Phor Life’ family! My friends in Greece and abroad for
keeping me sane and cheering me up with just a few texts that meant the world!

My father, mother and brother for their unconditional love and support! Thank you for
being by my side since the first day at school and believing in me so strongly! You are the
reason that | keep on asking questions that still do not have answers!

Finally, Jorge because without him I would not feel confident enough not only to complete
this PhD but get up and fight for each day! Your love is empowering me to be a better person,
scientist, friend, sister and daughter! I dedicate to you this thesis, but frankly you deserve the

world!



Abstract

Mammalian cell types and tissues have diverse functional roles within an organism but
can be derived by the differentiation of the embryonic stem cells (ESCs). ESCs are pluripotent
cells with self-renewal properties. During development subsets of genes in ESCs are activated
or silenced for manifestation of the cell type specific function. Gene expression changes occur
transiently in early developmental stages, through signals received and executed by a variety
of transcription factors (TFs), regulatory elements (promoters, enhancers) and epigenetic
modifications of chromatin.

Post-translational modifications of the histone tails are regulated by chromatin modifiers
and transform the chromatin architecture. Polycomb (PcG) and Trithorax (TrxG) group
proteins are the most commonly studied histone modifiers. They were first discovered as
repressors (H3K27me3) and activators (H3K4me3) respectively of Homeobox (Hox) genes in
Drosophila and they are conserved in mammals. Bivalent chromatin is defined as the
simultaneous presence of silencing (H3K27me3) and activating (H3K4me3) histone marks and
was first discovered as a feature of many developmental gene promoters of ESCs. Bivalent
promoters are thought to be in a ‘poised’ state for later activation or repression during
differentiation due to the presence of the two counter-acting histone modifications and a
pausing variant of RNA polymerase Il (RNAPII) accompanied with intermediate-low levels of
expression.

By integrative analysis of publicly available ChIP sequencing (ChlP-seq) datasets in
murine and human ESCs, we predicted 3,659 and 4,979 high—confidence (HC) bivalent
promoters in mouse and human ESCs respectively. Using a peak-based method, we acquire a
set of bivalent promoters with high enrichment for developmental regulators. Over 85% of
Polycomb targets were bivalent and their expression was particularly sensitive to TF
perturbation. Moreover, murine HC bivalent promoters were occupied by both Polycomb
repressive component classes (PRC1 and PRC2) and grouped into four distinct clusters with
different biological functions. HC bivalent and active promoters were CpG rich while
H3K27me3-only promoters lacked CpG islands. Binding enrichment of distinct sets of
regulators distinguished bivalent from active promoters and a ‘TCCCC’ sequence motif was
specifically enriched in bivalent promoters.

Using the recent technology of single cell RNA sequencing (SCRNA-seq) we focused on
gene expression heterogeneity and how it may affect the output of differentiation. We collected

single cell gene expression profiles for 32 human and 39 murine ESCs and studied the



correlation between diverse characteristics such as network connectivity and coefficient of
variation (CV) across single cells. We further characterized properties unique to genes with
high CV. Highly expressed genes tended to have a low CV and were enriched for cell cycle
genes. In contrast, High CV genes were co-expressed with other High CV genes, were enriched
for bivalent promoters and showed enrichment for response to DNA damage and DNA repair.

Bivalent promoters in ESCs grouped in four distinct classes of variable biological
functions according to Polycomb occupancy and three RNAPII variants. To study the dynamics
of epigenetic and transcription control at promoters during development, we collected ChlP-
seq data for two chromatin modifications (H3K4me3 and H3K27me3) and RNAPII (8WG16
antibody) as well as expression data (RNA-seq) across 8 cell types (ESCs and seven committed
cell types) in mouse. Hierarchical clustering of 22,179 unique gene promoters across cell types,
showed that H3K4me3 peaks are in agreement with the expression data while H3K27me3 and
RNAPII peaks were not highly consistent with the hierarchical tree of gene expression.
Unsupervised clustering of ChIP-seq and RNA-seq profiles has resulted in 31 distinct profiles,
which were subsequently narrowed down to nine major profile groups across cell types. TF
enrichment at individual clusters using ChIP sequencing data did not fully agree with the
classification of 8 major profile groups.

Considering all the above results, three major epigenetic profiles (active, bivalent and
latent) seem to be conserved across the species and cell types in our study. These states could
recapitulate only a fraction of the transcriptional information - adding other chromatin marks
could enrich it - since they are seemingly unaffected by their respective expression profiles.
H3K27me3 only state has low CpG density and shows stronger signatures at differentiated cell
types. Transcriptional control is tighter in active than bivalent promoters and the different
occupancy levels of PcG subunits and RNAPII can be reflected at the expression variance of
bivalent genes, where a fraction of them are involved in developmental functions while others
are more tissue-specific. Last, there is a striking similarity in the pausing patterns of RNAPII
in the progenitor cell types, which suggests that RNAPII pausing is correlated with the
developmental potential of the cell type.

Finally, this analysis will serve as a resource for future studies to further understand

transcriptional regulation during development.



Lay of summary

All the different types of organs and tissues in a mammalian organism, derive from one
single cell type named Embryonic Stem Cells (ESCs). ESCs have some unique properties that
distinguish them from other cell types, such as their ability to give rise to all the cells of the
organism and self-renew indefinitely. The diverse characteristics of the different cell types in
the body, even though they all contain the same genetic code (DNA), are acquired by
expression of different subsets of genes. Expression of genes in each cell type is guided by a
specific set of instructions known as epigenetic control of development. Special developmental
proteins called transcription factors (TFs) bind to specific areas of the genome (promoters) and
are involved in the regulation of transcription of their nearby genes.

DNA is wrapped around proteins called histones, forming the so called chromatin, getting
compacted and more easily stored at the limited space of the cell nucleus. Protruding tails of
histone proteins, are susceptible to being modified by proteins called chromatin modifiers.
Modifications of histone tails lead to subsequent recruitment of other transcription factors that
either create a more compacted chromatin structure (silent chromatin) or a more permissive
structure (active chromatin) where the transcriptional machinery can initiate transcription of
the adjacent gene. Two histone modifications associated with silencing and activating of
chromatin respectively are H3K27me3 and H3K4me3. Surprisingly, those two histone marks
were found co-existing at the promoter regions of multiple developmental genes in ESCs,
raising questions for their functionality and significance in differentiation. Gene promoters
associated simultaneously with both of these marks were called bivalent. Bivalent genes are
thought to have this mixed chromatin state, known as poised, so that they are easily recognised
by the transcriptional machinery and become easily activated or repressed depending on the
differentiation signals.

A high-throughput sequencing technique called Chromatin Immunoprecipitation followed
by sequencing (ChIP-seq) is used for the accurate mapping of the genomic location where
histone marks and TFs are found. Integrating multiple ChIP-seq datasets from previously
published studies in human and mouse ESCs, we managed to detect bivalent promoters that
were found in the majority of the studies, thus increasing their confidence levels. 3,659 high
confidence (HC) bivalent promoters in mouse and 4,979 HC bivalent promoters in human
ESCs, were particularly enriched for developmental protein functions and were shown to be
easily perturbed when the expression levels of many TFs was altered. Bivalency seems to be
the rule rather than the exception for H3K27me3 silenced genes in ESCs. A ‘“TCCCC’ sequence



motif, specific to bivalent promoters, was also detected, possibly allowing regulators to bind
those regions with high specificity.

To assess gene expression heterogeneity in ESCs, we also gathered expression data
derived from single cells (sScRNA-seq) in both human and mouse ESCs. This allowed us to
classify genes dependent on their variation of gene expression and co-expression patterns with
other genes. A subset of bivalent genes was represented in the group of genes with high
variation, which were found being co-expressed with other highly variant genes and were
associated with DNA damage and DNA repair functions.

In an effort to follow the fate of bivalent promoters in other cell types we gathered
chromatin modification (ChlIP-seq) and gene expression (RNA-seq) data in ESCs and seven
other committed cell types like progenitor motor neurons, Macrophages and B cells. Using
machine learning techniques, we clustered the promoters across cell types, according to their
chromatin marks and expression profiles. H3K4me3 mark was fully agreeing with the gene
expression across cell types, whereas H3K27me3 was not. Nine major profile groups emerged,

ranging from fully active to fully silenced in terms of expression and chromatin status.
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Introduction
Chapter 1 Introduction

1.1.1 Gene regulation during development

The diverse range of mammalian organs and tissues is a product of underlying
differences in the gene expression programme of different cell types with the same
DNA sequence. Subsets of genes are activated or silenced during development
according to a set of instructions which includes epigenetic control mechanisms (Reik,
2007). Throughout development and differentiation, the fate of each cell type is
primarily controlled by gene regulation (Pearson et al., 2005) where genomic
regulatory elements receive and execute transcriptional signals, dependent on their
epigenetic state and chromatin accessibility, controlling the expression of key
developmental factors (Wilson et al., 2010).

Gene expression changes occur transiently during the early stages of development,
influenced by transcription factors (TFs) and epigenetic modifications (Bird, 2002; Li,
2002; Morgan et al., 2005; Turner, 2007), such as DNA methylation at CpG
dinucleotides (Bird, 2002; Li, 2002) and histone modifications at the tails of
nucleosomal histones (Turner, 2007). To gain a better view of the changes taking
place during development, we need a deeper understanding of the basic elements of
chromatin. DNA is wrapped around the core histone proteins, creating a structure of 8
histone proteins (2 copies of H2A, H2B, H3, H4) and 147 base pairs (bp) of DNA
around them, named the nucleosome (Kornberg, 1974). Higher-order chromatin is
formed through compaction of the nucleosomes, with the assistance of various
assembly and packaging related proteins (Li, 2002). Two main distinct chromatin
states are ‘Euchromatin’ and ‘Heterochromatin’. A more open chromatin environment
in which the nucleosomes are spaced far apart and the DNA becomes accessible to
transcriptional machinery characterizes euchromatin where the majority of active
genes localize. However, euchromatin is not marked uniformly with epigenetic and
transcriptional signals i.e. more histone modifications are present in regions with high
density of transcription factor binding sites (TFBS), typically regions where either
regulation or transcription takes place (Barski et al., 2007). On the other hand,

heterochromatin is characterised by a more compact environment where inactive
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genes, non-coding DNA and repetitive elements reside (Bannister and Kouzarides,
2011). Like euchromatin, heterochromatin has non-uniform epigenetic and
transcription status distribution that can be distinguished into two groups, facultative
and constitutive. Genes with high differential expression throughout development
often reside within facultative heterochromatin. These regions are switched off when
the cell acquires its new identity. In contrast, constitutive heterochromatin is gene
poor, rich in repetitive elements, mainly found in centromeres and telomeres and
silenced indefinitely.

Chromatin structure is tightly organized with the assistance of the numerous
histone modifications and a potential cross-talk between them provides an extra level
of complexity to the chromatin architecture (Kouzarides, 2007). Histone amino (N)-
terminal tails extend beyond the main nucleosome body, interacting with neighbouring
nucleosomes and are subject to modifications that can influence the inter-nucleosomal
relationship and chromatin structure. Of various histone modifications, the most well
studied types are methylation, acetylation, phosphorylation and ubiquitination
(Bannister and Kouzarides, 2011).

Histone modifications influence chromatin mainly in two ways. Firstly and
primarily, the modifications affect directly the structure of the chromatin over a long
or short distance. Histone modifications can recruit DNA binding proteins and
chromatin re-modellers, consequently leading to the relocation of nucleosomes
(Margueron et al., 2005). Hence, nucleosome removal could open the chromatin and a
possible binding motif could be revealed, or instead, newly recruited nucleosomes
could conceal a binding motif, affecting transcriptional machinery recruitment at the
locus. Histone modifications also work jointly with DNA methylation, to allow or
inhibit specific protein binding. For example KDM2A (Lysine (K)-Specific
Demethylase 2A) binds only to nucleosomes that present histone H3 Lysine 9 tri-
methylation (H3K9me3) where DNA is un-methylated (Bartke et al., 2010).

A number of studies have connected specific histone modifications to a variety of
processes with discrete functionalities (Margueron et al., 2005; Nightingale et al.,
2006). The emergent term ‘histone code’ or ‘epigenetic code’ tries to assign an
associated function to multiple combinations of histone modifications and DNA

methylation, linking them to the presence or absence of transcriptional activity and
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genomic functional elements (Jenuwein, 2001; Turner, 2007). For example, H3K4mel
IS present at regulatory elements called enhancers (defined later in this section, page
5) and is widely used to predict their location (Hon et al., 2009). H3K4me3 is highly
enriched at the Transcription Start Site (TSS) of actively transcribed genes (Barski et
al., 2007; Schneider et al., 2004) and H3K36me3 is found on the gene body of genes
under transcription (Bannister et al., 2005). Also, high levels of H3K9me3 are
associated with constitutive heterochromatin (Trojer and Reinberg, 2007). Figure 1.1

is a graphical representation of the ‘histone code’.
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Figure 1.1 Representation of the post-translational modifications of the histone tails.
The modifications are divided according to their association with activation (Active
marker — green panel) and repression (Repressive marker — orange panel) of
transcription. Image taken from (Kim, 2014).

Histone modifications occupy various regulatory sequence elements across the

genome in a dynamic fashion across development (Zhou et al., 2011). One of these
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elements is the promoter element, which overlaps with the TSS of a gene and is
typically composed of two main regulatory regions: the core promoter and the region
immediately upstream of the core promoter, the proximal promoter. The core promoter
area (including the TSS) is necessary for the initiation of transcription. The RNA
polymerase Il (RNAPII) is recruited at the core promoter of many protein-coding
genes. The proximal promoter is the region where many TFs bind; it acts in
collaboration with the core promoter (Juven-Gershon et al., 2006).

The architecture of the promoters is dynamic during differentiation and evolution,
acquiring distinct functional and regulation patterns according to the type of genes.
The promoters associated with RNAPII are divided in 3 different classes (Lenhard et
al., 2012). Genes expressed uniquely in mature cell types mostly belong to the Type |
promoters, with characteristics such as TATA-box enrichment, sharp TSS, great
distance from CpG islands and ‘fuzzy’ nucleosomes. Housekeeping genes belong to
Type Il promoters, which have a wide TSS region, well-positioned nucleosomes and
are close to CpG islands. Type Ill promoters are mainly allocated to developmentally
regulated genes. Type Il promoters demonstrate a sharper TSS (more so than Type |
promoters), they usually have more than one CpG island in their direct proximity and
often in the gene body, and they are associated with silencing by Polycomb Group
proteins (PcG). Moreover, some developmental TFs, cell adhesion genes and mediator
genes feature some very specific characteristics in their loci that allow them to create
their own unique promoters category (Akalin et al., 2009).

One cannot fully explain the innumerable gene expression patterns observed
throughout development and differentiation by only focussing on the promoter types,
since most of regulation of the metazoan genome happens with the assistance of
enhancer regions, which are another well studied group of regulatory elements
(Heintzman et al., 2009; Thurman et al., 2012; Yip et al., 2012). Enhancer elements
can be up to hundreds of base pairs long and they can bind numerous TFs and
chromatin regulators, regulating the level of expression of their target genes in a unique
spatiotemporal pattern. Distance or direction of enhancers with respect to their target
gene appear unrelated with their efficiency (Maston et al., 2006; VVavouri et al., 2006),
although recent evidence suggests CTCF binding sites (CBSs) may influence

enhancer/promoter interactions within the topologically associated domain (TAD) in
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which they reside, regarding their orientation (Guo et al., 2015; Narendra et al., 2015).
Enhancers can be found in intergenic regions (upstream or downstream) (Sanyal et al.,
2012), in the introns of the same gene that is regulated or the neighbouring genes
(Kikuta et al., 2007a) or in coding exons of their own or of neighbouring genes
(Birnbaum et al., 2012; Lampe et al., 2008). In most of the cases enhancers remain
close to their target genes, even after genome duplication (Kikuta et al., 2007b). A
simulation study analysing the promoter-enhancer interactions in 12 human cell types,
used real enhancer-promoter pairs with median distance around 15-17 kb as training
sets for their prediction (He et al., 2014). Also, there are some trans-acting enhancer
elements that are found on a different chromosome from their target gene (Bateman et
al., 2012). It has been documented that genes associated with cell lineage commitment
are regulated by super-enhancers (Whyte et al., 2013). Super-enhancers are fairly
larger than normal enhancers, are bound by the mediator and important master TFs
and they mainly regulate cell identity genes. The underlying biology of the super-
enhancers remains unclear and some view them as clusters of classical enhancers with
no additional properties (Hay et al., 2016; Whyte et al., 2013).

In Embryonic Stem Cells (ESCs), the majority of promoters with high CpG
content have un-methylated DNA. During differentiation however, some of them
become methylated, acquiring their final transcriptionally silenced identity (Mohn et
al. 2008). The promoters that remain methylated through differentiation are mainly un-
transcribed and are related with Type | promoters/tissue specific genes (Isagawa et al.,
2011). Developmental genes show high inconsistency at the level of their methylation
and they seem to be regulated from multiple enhancers, found both near and far
(Mikkelsen et al., 2010). Active genes are located at euchromatin regions and they
interact with a restricted number of enhancers (Soler et al., 2011). The causal
relationship of the interaction between promoters and enhancers across the various
differentiation pathways and the implication of histone modifications in it has not yet

been deciphered.
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1.1.2 Polycomb group and Trithorax group families in

ESCs

To unravel key developmental transitions that lead to different cell identities,
ESCs offer a valuable model for examination (Thomson et al., 1998). ESCs can
replicate themselves indefinitely and give rise to progenies with the same
developmental pluripotency i.e. the capability of differentiating into all the cell types
and tissues of an adult organism during development and adult life (Thomson et al.,
1998; Voigt et al.,, 2013). Azuara et al.(2006) proposed that particular histone
modifications and the chromatin structure features (Thomson et al., 1998; Voigt et al.,
2013) assist in the formation of the special ESC properties. Histone methylation takes
place predominantly on the side chains of Lysine and Arginine amino acid residues of
the histone tails. It does not generate any difference in the charge of the histone protein
but acts as a binding site for effector proteins (Chromo, Tudor and WDA40-repeat
domains interact with histone lysine methylation) that subsequently bear changes in
chromatin or transcriptional output (Ng et al., 2009). Lysines are subject to mono-, di-
or tri-methylation while Arginines are subject to mono- and symmetrical or
asymmetrical di-methylation (Ng et al., 2009). The lysine methyltransferases (KMTSs)
methylate the Lysine with the assistance of a SET (Su(var)3-9, Enhancer of Zeste,
Trithorax) domain, which is responsible for the enzymatic activity (Rea et al., 2000),
using an S-adenosyl-L-methionine (SAM) as a methyl donor (Lanouette et al., 2014).
The SET-domain proteins present sequence and domain similarities and are roughly
classified in seven groups (Dillon et al., 2005): SUV3/9, SET1, SET2, SMYD, EZ,
SUV4-20 and RIZ (Lanouette et al., 2014) . SUV3/9, SET1, SET2, SMYD and EZ
family proteins are capable of catalysing the methylation of both histone and non-
histone proteins (He et al., 2012; Huang et al., 2006; Lu et al., 2010; Rathert et al.,
2008; Zhang et al., 2005) . The role of histone KMTs (HKTMs) appears to be very
specific, since they catalyse the methylation of a particular lysine of the histone tail
and to a certain degree (i.e. mono-, di- or tri-methylation) using a catalytic domain
involved in determining the degree of the methylation (Zhang et al., 2003).
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Histone modifications are regulated by many TFs that act as chromatin modifiers
(Niwa, 2007). Two of the most commonly studied histone modifications are H3K4me3
and H3K27me3. They are associated with activation (H3K4me3) and repression
(H3K27me3) of chromatin (Bannister and Kouzarides, 2011). Polycomb (PcG) and
Trithorax (TrxG) group proteins catalyse H3K27me3 and H3K4me3 respectively,
regulating development and differentiation (Ringrose and Paro, 2004).

PcG proteins were first described as suppressors of Homeobox (Hox) genes in
Drosophila (Kennison, 1995; Lewis, 1978; Schuettengruber et al., 2007) and there is
a strong conservation of their function in mammals. The PcG proteins can form various
complexes. Polycomb Repressor Complex 1 (PRC1) and Polycomb Repressor
Complex 2 (PRC2) are the most well-studied (Margueron and Reinberg, 2011). PRC2
di- and tri-methylates the lysine 27 of histone H3, establishing transcriptional
repression at those sites (Czermin et al., 2002) (Figure 1.2). On the other hand, PRC1
catalyses the mono-ubiquitination of lysine 119 of histone H2A, which also represses
gene transcription (Endoh et al., 2012) and more specifically stops transcriptional
elongation (Stock et al., 2007a). PRCL1 also compacts chromatin (Endoh et al., 2012)
to impair transcription but its function is not only limited to transcriptional repression.
The H2AK119ub modification that PRC1 facilitates is also responsible for the proper
removal of PRC1 from chromatin, so that under the appropriate developmental cues

gene transcription can be activated (Richly et al., 2010) (Figure 1.2).
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Molecular functions of PRC1 and PRC2.

A B Cbx-PRC1

Key
@ H3K27me3

? H2Aub

CpG island

Luigi Aloia et al. Development 2013;140:2525-2534

Figure 1.2 A) PRC2 catalyses H3K27me3 and then B, C) recruits canonical PRC1 that
mono-ubiquitinates H2A, D) KDM2B facilitates the recruitment of non-canonical PRC1
to un-methylated CpG regions, without the PRC2 involved. Taken from (Aloia et al.,
2013).

The core proteins that provide PRC2 its enzymatic activity are the histone
methyltransferases Enhancer of Zeste 1 (EZH1) and Enhancer of Zeste 2 (EZH2)
(Margueron et al., 2008). Furthermore, Suppressor of Zeste 12 (SUZ12) and
Embryonic Ectoderm Development (EED) facilitate the assembly of PRC2 complex
and when bound with EZH1 or EZH2, the methyltransferase property of the complex
is activated (Blackledge et al., 2015; Cao and Zhang, 2004). PRC2 recruitment to
chromatin has been attributed to Jumongi/ARID domain containing (JARID) protein
and the Polycomb-like family members (PCL) proteins (Peng et al., 2009). These two
protein families target a different set of genes with different mechanisms (Walker et
al., 2010) and they do not co-exist in the same complex (Ballaré et al., 2012),
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suggesting that in mammals there are several mechanisms and complexes for different
sets of genes. JARID2 binds to un-methylated GC and GA dinucleotides through its
ARID domain, while PCL proteins, through their TUDOR domain, bind at sites that
are enriched with H3K36 methylation, which is related to elongation of transcription
(Ballaré et al., 2012). Thus, PCL proteins target genes that are already actively
transcribed whereas JARID2 protein is recruited at sites where DNA methylation is
removed, through the action of Ten-eleven translocation methylcytosine dioxygenase
(TET) proteins (Tan and Shi, 2012).

PRC1 can be found in different compositions corresponding to the cell
environment (Gao et al., 2012). The proteins Ring Finger Protein 1 (RING1A) and
Ring Finger Protein 2 (RING1B) are members of all the PRC1 complexes. They are
E3 ubiquitin ligases that are responsible for the addition of a ubiquitin group at the
lysine 119 of histone H2A (de Napoles et al., 2004; Wang et al., 2004). There are two
categories of PRC1 complexes based on the presence of Chromobox (CBX) proteins
in the complex. The canonical PRC1 complex interacts with PRC2 complex after
recognizing and binding to the H3K27me3 mark through the CBX proteins, leading to
gene repression. It is also hypothesized that the interaction between PRC1 and PRC2,
stabilizes the repressive effects in key genes during development and differentiation
(Bracken et al., 2006; Schuettengruber et al., 2007). On the contrary, non-canonical
PRC1 complexes usually have RING1 and YY1 Binding Protein (RYBP), Lethal(3)
Malignant Brain Tumor-like Protein 2 (L3MBTL2) or Lysine-specific Demethylase
2B (KDM2B) (Garciaetal., 1999; He et al., 2013; Qin et al., 2012) and they are known
to target different genes from the canonical PRC1 (Morey et al., 2013). In stem cells
though, there exists a shared set of genes regulated by both canonical and non-
canonical PRC1 complexes, indicating possible overlap at a molecular level (Morey
etal., 2013).
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Drosophila trithorax-related
dCOMPASS like

Drosophila trithorax
dCOMPASS like

Human MLL3/4
hCOMPASS like

Human MLL1/2
hCOMPASS like

Shilatifard A. 2012.
Annu. Rev. Biochem. 81:65-95

Figure 1.3 COMPASS family in yeast, Drosophila and human is divided into three sub-
groups: Setl/COMPASS, trithorax-containing and trithorax-like. Red shows the SET-
domain containing enzymes, green highlights common in eukaryotes, blue and purple
show the specific subunits to each complex and magenta highlights Host Cell Factor 1
(HCF1) that is found in some members of the Complex Proteins Associated with SET1
(COMPASS) family (figure taken from Shilatifard 2012a).

TrxG proteins, first discovered activating Hox genes in Drosophila, are a highly
conserved group of proteins from yeast to mammals, consisting of H3K4
methyltransferases (Schuettengruber et al., 2007; Shilatifard, 2012a). The mixed
lineage leukemia (MLL) gene was the first recognised homologue of the Drosophila
trx gene in mammals. Initial studies of MLL’s Saccharomyces cerevisiae (yeast)
homologue, SET Domain Containing 1 (Setl), confirmed its methyltransferase
activity. To isolate Setl in yeast, a complex of associated proteins was extracted and
was given the name complex of proteins associated with Setl (COMPASS) (Miller et
al., 2001). SET1/COMPASS methyltransferases can mono-, di- and tri- methylate
H3K4 residues, with SET1 gaining its methyltransferase activity only when it is a
member of the COMPASS complex (Krogan et al., 2002; Miller et al., 2001).

10
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Some of the enzymes that TrxG complex consists of in mammals are SET1A-B
and MLL1-4 (Figure 1.3). MML1 and MLL2 are considered crucial for the H3K4me3
modification at the promoters of mouse ESCs (Hu et al., 2013). MLL2 specifically is
necessary for the deposition of H3K4me3 at all Homeobox gene clusters, the most
well-studied developmental genes (Hu et al., 2013). MLL1 drives the program of
haematopoiesis through the mid to late stages of development (Ernst et al., 2004)
whereas MLL2 is detected at the very early stages of development regulating genes

that are very important for cell commitment and differentiation (Hu et al., 2013).

1.1.3 Bivalent promoters

Several specific genomic loci in ESCs exhibited simultaneous counteracting
histone modifications at promoter regions (Zhou et al., 2011). The observed
combinatorial signals of activating (H3K4me3) and repressing (H3K27me3)
chromatin were named “bivalent” and they appeared to mark developmental gene
promoters in ESCs (Bernstein et al., 2006a). Initially, Bernstein et al. (2006) were
intrigued by the highly conserved non-coding elements (HCNES) that were found in
the proximity of genes encoding for developmental transcription factors. They used
chromatin immunoprecipitation (ChIP) and tilling array (ChIP-chip) techniques,
studying the patterns of the co-existing H3K4me3/H3K27me3 marks in HCNES in
mouse ESCs (mESCs). They performed sequential ChIP, which verified that
promoters of certain genes carried H3K4me3 and H3K27me3 marks at the same time,
which until then were considered mutually exclusive.

Initially, bivalent domains were assumed as a distinctive feature of ESCs, since
during differentiation developmental gene promoters that were occupied by both
marks in ESCs, were typically occupied by a single mark (monovalent) which typically
expanded in size. In 2007, Mikkelsen et al. combined ChIP and next generation
sequencing (ChlP-seq)! to examine the bivalent marks and construct genome-wide

chromatin state maps for various cell types such as mESCs, neural progenitor cells

L ChIP-seq method and challenges using this technology are described in detail in section 1.2.1

11
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(NPCs) and mouse embryonic fibroblasts (MEFs). They distinguished three categories
of gene promoters, determined by their chromatin marks (H3K4me3/H3K27me3),
namely: expressed (only H3K4me3), poised for expression (both marks, i.e. bivalent)
and repressed (only H3K27me3) (Mikkelsen et al., 2007). Their study also showed
for the first time, that bivalent domains exist also in cells of restricted potency. During
the differentiation of mMESCs to NPCs and mESCs to MEFs, 8% (~202) and 43%
(~1085) of bivalent domains, respectively, retained their bivalent mark (Mikkelsen et
al., 2007). Moreover, Mohn et al. (2008) indicated that in mESCs that were terminally
differentiated (ESCs to NPCs to neurons), ~1000 bivalent domains were lost, whereas
~340 new bivalent domains emerged, suggesting that reduced potency cells may have
bivalent genes that are not present in the pluripotent cells. Hence, bivalent domains are
not specific to ESCs, but they appear in unipotent cells as well, as demonstrated by a
number of studies (Adli et al., 2010; Barski et al., 2007; Cui et al., 2009; Roh et al.,
2006). Bivalent genes were also detected in human ESCs (hESCs) (Pan et al., 2007;
Zhao et al., 2007) and the majority of them were shared with the bivalent genes in
mESCs. Specifically, there were ~ 2,000 bivalent genes overlapping between mouse
and human (consensus number made from more than 60% of the studies) (Mikkelsen
etal., 2007; Pan et al., 2007; Sharov and Ko, 2007; Zhao et al., 2007). Consistent with
the studies in mice, hESCs bivalent genes are functionally enriched with
developmental transcription factors and genes, with most of them gradually losing the
repressive H3K27me3 mark during differentiation (Pan et al., 2007; Zhao et al., 2007).

Bivalent chromatin was also found in epiblast stem cells of mouse embryos
(Rugg-Gunn et al., 2010) confirming their presence in developing organisms where
pluripotency is transient and not artificially pluripotent as in cultured ESCs. However,
the H3K9me3 mark seemed to replace H3K27me3 in bivalent domains of other
pluripotent cell lines derived from the blastocyst (trophoblast and extraembryonic
endoderm stem cells), possibly due to lower efficiency of PRC2 silencing mechanisms
(Rugg-Gunn et al., 2010).

Ku et al. (2008) found that in mouse ESCs there are two distinct categories of
bivalent domains according to the occupation of PcG complex proteins. The first class
consists of domains where only PRC2 exists (“PRC2 only”) and the second one, called

“PRCl1-positive”, where PRC2 domains are also occupied by PRCI1. “PRC2 only”
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bivalent domains include non-developmental groups of genes and they are not highly
conserved. There is an association of PRC1 with clearly broader bivalent regions,
which are highly conserved, which have high maintenance levels of H3K27me3 and
which are linked to numerous developmental promoters (Ku et al., 2008a). These two
distinct types of bivalent domains may suggest that different classes of bivalent
promoters do exist, requiring the recruitment of PcG proteins in a different way.

A step-wise model for the generation of bivalent domains.

priming with
H3K4me3 active loci

SET1AB SET1AB \\.

K_PAF —b

,—> Pol ]

\@QMMM

MLL MLL ﬁ

partial removal bivalent loci
of H3K4me3 SET1AB

Voigt P et al. Genes Dev. 2013;27:1318-1338

Figure 1.4 Members of the COMPASS family are priming all the un-methylated CpG
loci with H3K4me3. If there are enough activators and transcription factors in the
regions, gene is activated, while PcG proteins are depositing repressing marks in the
absence of activators, leading to the formation of bivalent domains (figure taken from
Voigt et al., 2013).

1.1.4 Functional relevance of bivalent chromatin
Various regulatory mechanisms prevent ESCs from losing their pluripotency, e.g.

DNA methylation that would silence important genes indefinitely is prevented.

Bivalent genes include developmental factors that are thought to be poised for
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activation or repression at the right moment during the differentiation process (Voigt
et al., 2013). H3K4me3 impedes the activity of DNA (Cytosine-5)-Methyltransferase
3 Alpha (DNMT3A) and DNA (Cytosine-5)-Methyltransferase 3 Beta (DNMT3B),
both de-novo methyltransferases capable of catalysing the transfer of methyl-groups
at cytosine residues of the DNA (Ooi et al., 2007; Zhang et al., 2010). Moreover, TET
enzymes safeguard CpG islands from DNA methylation, ensuring the plasticity of
bivalent genes is retained (Williams et al., 2011). Nevertheless, an ultra-permissive
chromatin would allow RNAPII and associated TFs to be recruited at the loci and
initiate transcription. Bivalent genes were found to produce abortive transcripts
(Brookes et al., 2012a; Kanhere et al., 2010; Min et al., 2011; Walker et al., 2010), yet
PcG proteins were actively regulating the binding of RNAPII in both its initiation and
elongation forms (Chopra et al., 2011; Min et al., 2011; Stock et al., 2007a).
H3K27me3 is deposited by PRC2 to counterbalance the effects of H3K4me3 and TrxG
machinery, adjusting the levels of expression. The repressive mark may inhibit the
deposition of H3K36me3 at the same nucleosome, since these two histone
modifications have an opposing effect and cannot be present simultaneously at the
same histone tail (Schmitges et al., 2011; Voigt et al., 2012). Furthermore, H3K27me3
assists at the recruitment of PRC1 complex, which in turn catalyses H2Aub1, creating
a barrier for RNAPII and the pre-initiation complex, preventing their recruitment at
the highly compacted chromatin (Francis et al., 2004; Grau et al., 2011; Lehmann et
al., 2012; Min et al., 2011) .

Voigt et al. (2013) proposed a model for the generation of bivalent domains in
ESCs, where CpG rich promoters are marked with different levels of H3K4me3 with
the assistance of the SET1A/B and MLL complexes. In their hypothetical model,
activation occurs only at those loci where there is an abundance of TFs recruited by
regulatory elements (Voigt et al. 2013). Bivalency arises at loci with insufficient
transcriptional machinery, where the PRC2 complex is able to deposit its repressing
mark at the opposite tail of the deposited H3K4me3. In order to strengthen the
repression, PRC1 is recruited at some bivalent domains by PRC2. It is observed that
the higher the CpG density, the more efficient the PRC2 recruitment is at loci already
occupied by activation marks (Voigt et al. 2013). This seems to help the PRC2

complex to compete against SET1/MLL complexes only at the bivalent genes, but not
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at the active genes where the transcription is well established and protected with many
TFs. One way of controlling bivalency is by controlling the load of transcription
activation that the gene is subject to, until the appropriate environmental cues initiate
the differentiation process. PRC1 and PRC2 recruit each other and establish stable
bivalent domains (Figure 1.4). The bivalent state may protect the plasticity of
developmental genes between the anticipated activation or repression. When genes
need to be activated, activating stimuli recruit all the activating TFs, the H3K27
demethylases and the H2A de-ubiquitinases, and transform bivalent regions to active
regions. Correspondingly, H3K4 demethylases are reinforced and robust silencing
machinery is gathered at the bivalent loci in case of repression necessity (Voigt et al.,
2013).

Voigt et al. (2013) further proposed that as soon as the differentiation process
begins, genes should switch on only after a specific threshold of developmental cues
is reached. Repressed genes demand a particularly high developmental signal in order
to become activated in an efficient manner. Genes lacking both repressing and
activating marks could start being transcribed before the required threshold. Bivalent
genes, however, are not fully repressed or constitutively active, since they contain
repressive marks at levels that could easily be removed in order for transcription to be
induced after the desirable developmental threshold (Voigt et al., 2013).

Many studies have argued against the ambiguous function of “poised” bivalent
genes, finding the original hypothesis too simple to be accurate. Interestingly, even
though PRC2 ablation in ESCs has caused developmental factors to be abnormally
expressed (Boyer et al., 2006), it did not affect their pluripotent properties
(Chamberlain et al., 2008). Likewise, various trxG components (Dpy-30, RbBP5 and
WDR5) knocked down in ESCs caused variable effects with conflicting phenotypes.
There was hindering of differentiation in one case (Jiang et al., 2011a) and failure of
cells to self-renew in another (Ang et al., 2011). Additionally, the observation that
bivalency is present not only in ESCs but also committed cell types (Adli et al., 2010;
Barski et al., 2007; Cui et al., 2009; T. Mikkelsen et al., 2007; Mohn et al., 2008; Roh
et al., 2006), arguably poses a question to the functional relevance of bivalent
chromatin in association to ESC differentiation.
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Using ChIP-gPCR and expression analysis, in both bulk populations and single
cells, in a well-defined bivalent locus in ESCs like o globin, De Gobbi et al. (2011)
showed a clear positive correlation between gene expression and
H3K4me3/H3K27me3 ratio. Basal levels of transcription at the bivalent a globin
promoter, backed up by variable levels of H3K4me3 at bivalent promoters of multiple
genes (Barski et al., 2007; Roh et al., 2006) suggest an alternative scenario for
bivalency. Bivalent genes may be mainly regulated by PcG proteins and their
corresponding repressive marks, whereas H3K4me3 might appear in variable
intensities, reflecting the low transcriptional signal. Hence, the apparent bivalency of
some genes can be attributed to low levels of stochastic expression of those genes due
to multi-lineage priming (De Gobbi et al., 2011). For example, in many highly-potent
and progenitor cells it is observed that stochastic gene expression of tissue-specific
genes occurs (Hu et al., 1997). In hematopoietic multipotent cells, for example,
enhancer elements are subject to multi-lineage priming before the cells commit to the
lymphoid or myeloid fate (Mercer et al., 2011). This comes in contrast to the proposed
scenario of competing TrxG and PcG proteins where both TrxG and PcG proteins are
present at the specific locus so that bivalency is retained in every cell division until the
cell activity changes. Alternatively, De Gobbi et al. (2011) propose that PcG proteins
could lose their efficiency in the role of suppression and elimination of transcriptional
noise along the various differentiation pathways. Hence, PcG proteins may constitute
the main controllers of bivalent genes, subsequently clearing the way for TFs to act
upon a transcriptional plan based on the cell lineage commitment (Raser and O’Shea,
2004).

Interestingly, MLL2 knock-down in mouse ESCs has resulted in reduction of
H3K4me3 at bivalent loci, but there was no notable difference in their induction
kinetics when treated with retinoic acid (RA) and forced to differentiate (Hu et al.,
2013). Moreover, H3K27me3 levels at bivalent promoters of Hox genes remained
unchanged, suggesting a more peripheral role for bivalency and the proposed
competition between TrxG and PcG proteins. Undoubtedly, genome-editing tools such
as CRISPR-Cas9 will assist in experiments where the absence of both PRC2 and
MLL2 at bivalent targets will be simultaneously assessed in vivo, and the functional

relevance of bivalency will be contested in the physiological context of development.
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1.1.5 Controversies around bivalency

Co-existence of both H3K4me3 and H3K27me3, at the same allele or nucleosome,
cannot be validated through ChIP assays conducted independently for each mark.
Bivalency might be due to cellular heterogeneity of the bulk cell population used in
ChIP experiments. Nevertheless, the heterogeneous cell population argument does not
seem to fully explain the occurrence of bivalent domains at committed cell lineages
(sorted populations of T cells and MEFs) that are more homogeneous (Pan et al., 2007;
Roh et al., 2006).

Arguments supporting cellular heterogeneity have blamed this diverse epigenetic
landscape of ESCs on the serum culture where various components allow for
heterogeneous expression of several pluripotency factors like Nanog Homeobox
(NANOG) (Chambers et al., 2007; Singh et al., 2007), RNA Exonuclease 1 Homolog
(REX1) (Toyooka et al., 2008) and Developmental Pluripotency Associated 3
(DPPA3, STELLA) (Hayashi et al., 2008). To establish a better understanding of the
heterogeneous cell population that acts as the inducer of bivalency, Marks et al. (2012)
have examined the landscape of epigenetic factors in naive pluripotent ESCs. The
serum obstacle can be avoided using two inhibitors (2i), signalling proteins Mitogen-
Activated Protein Kinase 1 (MEK1) and Glycogen Synthase Kinase-3 (GSK3) (Ying
et al., 2008). These 2i conditions result in a more homogeneous ESC population and
keep the expression of developmental genes consistently low. These naive ESCs show
remarkably lower levels of H3K27me3 at the promoters, leading to the detection of
fewer bivalent genes (Marks et al., 2012). Even though the computationally imposed,
arbitrary signal cut-off is definitely affecting the number of identified bivalent genes,
it is clear that confident bivalent domains can still be detected in highly homogeneous
populations of ESCs.

Brookes et al. (2012) have combined genome-wide ChlP-seq data of histone
marks (H3K4me3, H3K27me3) and RNAPII in multiple conformations according to
its phosphorylated C-terminal domain (CTD). They identified ~3600 bivalent genes in
mouse ESCs grown under normal serum conditions, with the majority of them (~2400)
being bound by RNAPII phosphorylated at Ser5 (S5P), a conformation found at

promoters during initiation of transcription. Sequential ChIP on multiple bivalent loci
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confirmed the co-occurrence of Polycomb subunits PRC1 and PRC2 with RNAPII
S5P. The remaining 1/3 of bivalent genes, were also bound by RNAPII S2P, which is
related with elongation of transcription, and their transcription was significantly
elevated compared with the rest of bivalent genes. Since H3K27me3 and
transcriptional elongation were considered incompatible (Schmitges et al., 2011),
Fluorescent in Situ Hybridization (FISH) analysis was performed on Left-Right
Determination Factor (LEFTY) locus and the results indicated that its promoter in
some cells was marked by the silencing PRC2 subunit (repressed) and in others by the
elongating RNAPII S2P form (active transcription) (Brookes et al., 2012a). Further
integration of expression data and functional enrichment analysis, has uncovered
multiple groups of Polycomb regulated genes initially classified bivalent, only due to
cell population differences. In particular, the PRC target group accompanied by the
RNAPII S2P form showed alternate active and PRC-silenced states within the cell
population and was significantly enriched for genes involved in metabolic processes.

Additionally, cell-intrinsic heterogeneity of allele mark variation might be a
contributing factor in the numbers of genes detected as bivalent. By predicting
monoallelic expression (MAE) using chromatin signatures of H3K36me3 and
H3K27me3, Nag et al. (2013) have found ~20% of house-keeping genes and >30% of
tissue-specific genes could confer MAE signature at their locus across multiple human
cell lines. Intriguingly, more than 80% of bivalent genes in hESCs were also predicted
as MAE in at least one of the used cell lines. This high overlap suggests that there is a
need for single-cell allele specific approaches in order to unravel accurately the
bivalent landscape.

Despite the evidence provided by sequential ChIP in T cells (Roh et al., 2006),
human ESCs (De Gobbi et al., 2011; Pan et al., 2007), mouse ESCs (Voigt et al., 2012)
and other cell types or organisms (Alder et al., 2010; Seenundun et al., 2010;
Vastenhouw et al., 2010; Xie et al., 2012) using sonication of chromatin or
micrococcal nuclease (MNase) digested mononucleosomes, their results cannot extend
beyond the scope of a few single genes, making the assay inappropriate for the
confirmation of the large number of bivalent genes detected through ChlP-seq. In an
effort to address quantitatively the issue, Voigt et al. (2012) used mass spectrometry

(MS) of ChIP-ed mononucleosomes and discovered a quite significant number of H3
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histones in ESCs that carry both histone modifications. Further analysis of isolated H3
histones showed that the majority of bivalent nucleosomes in ESCs were having the
tails of the opposite H3 copies modified concomitantly by H3K4me3 and H3K27me3,
suggesting an asymmetrical deposition of the competing marks (Voigt et al., 2012).
However, MS cannot answer the question of exact genomic location. In a new method,
isolated mononucleosomes with ligated biotinylated adaptors at their DNA ends, were
combined with antibody-based histone mark detection that was followed by an in-situ
single molecule sequencing-by-synthesis reaction (Shema et al., 2016). This allowed
the detection of combinatorial modification state of a mononucleosome along with its
respective DNA sequence (Shema et al., 2016). About 0.5% of total nucleosomes in
ESCs were marked by both histone modifications, being enriched relative to random
expectation based on H3K4me3 and H3K27me3 abundance (Shema et al., 2016).

More strikingly, Weiner et al. (2016) have developed combinatorial ChIP (co-
ChIP), a method for the genome-wide identification of co-incident histone
modifications at the same nucleosome. Each of the two rounds of immunoprecipitation
(IP) (each antibody separately, second round uses a pooled set of nucleosomes) are
followed by DNA barcoding which allows for the identification of the specific histone
marks after the tags are mapped back to the genome. Mutually exclusive histone
modifications (H3K27ac and H3K27me3) showed a random distribution of reads
across the genome and the order of the antibodies used in the IPs did not alter
significantly the detected regions of co-existing histone marks (Weiner et al. 2016).
They used co-ChlP to assess bivalent marks in a comparative manner across naive (2i)
and primed (serum) ESCs as well as in various differentiated tissues. They observed
that bivalency is more widespread at the primed pluripotent state and it disappears or
re-forms in a highly tissue specific manner (Weiner et al. 2016).

Despite the general credit that bivalency has received as an important regulatory
characteristic of development, there is still a certain degree of controversy around it.
Emergence of single nucleosome ChIP techniques accompanied by singe cell

expression measurement will undoubtedly shed more light in the field.
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1.1.6 RNAPII pausing and poising

In order to understand the regulatory mechanisms that produce and maintain the
pluripotent state of ESCs or the precise differentiation pathways, it is pivotal to use
methods that can capture the complete transcriptional activity at different steps of
transcription, as the regulation of transcription happens at multiple stages in eukaryotes
(Min et al., 2011). Formation of the pre-initiation complex (PIC) at the promoter, with
recruitment of general TFs and the hypo-phosphorylated RNAPII, is usually followed
by initiation of transcription and release of RNAPII from the promoter region. Many
genes are regulated at the stage of RNAPII recruitment (Nevado et al., 1999), but
genome-wide studies of RNAPII chromatin immuno-precipitation have shown that
~40% of genes maintain high levels of RNAPII localized at their 5° end (Guenther et
al., 2007; Kim et al., 2005; Muse et al., 2007; Rahl et al., 2010; Zeitlinger et al., 2007).
This is due to either the formation of a paused RNAPII complex (with the assistance
of DRB sensitivity-inducing factor (DSIF) and Negative Elongation Factor (NELF)
protein complexes) or a transcriptionally arrested complex immediately after the PIC
formation. Even though these are distinct transcriptional regulation steps, they are
effectively indistinguishable through the ChIP assays (Adelman et al., 2005; Rougvie
and Lis, 1988).

When the early transcription elongation complex is controlled by NELF and
DSIF, RNAPII stops elongating after producing a short nascent transcript of about 25-
50 nucleotides and is held firmly at the promoter proximal region, a phenomenon
known as RNAPII pausing (Cheng and Price, 2007; Williams et al., 2015). RNAPII
pausing has been proposed as a mechanism which facilitates the poised state of several
bivalent promoters of developmental genes. Preliminary RNAPII loading of those
promoters would offer them an advantage in the anticipation of activation according
to the appropriate developmental signals. (Adelman and Lis, 2012; Bernstein et al.,
2006a; Brookes et al., 2012a; Ku et al., 2008a).

The CTD of the biggest RNAPII subunit comprises of 52 repeats of a heptapeptide
sequence (Y1-S2-P3-T4-S5-P6-S7) that is subject to modifications by the Positive
Transcription Elongation Factor b (P-TEFb). The distinct CTD modifications can

attract chromatin modifying enzymes and RNA processing factors that could lead to
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gene activation (Brookes and Pombo, 2009). Phosphorylation of Serine 5 residue
(S5P) is recognized by histone methyltransferase (HMT) SET1, which deposits the
H3K4me3 mark, and by the RNA capping machinery (Komarnitsky et al., 2000; Ng
etal., 2003). Serine 2 phosphorylation (S2P) is associated with elongation, H3K36me3
HMTs recruitment, splicing and polyadenylation (Krogan et al., 2003; Proudfoot et al.,
2002).

ChlP-seq has been widely performed on cell populations using various antibodies
to capture the conformations of these distinct RNAPII complexes thus providing the
genome wide distribution profiles of RNAPII in many cell types. Brookes and Pombo
(2009) have classified genes in ESCs into three categories according to their
transcription levels and RNAPII variant profiles at their promoters (Figure 1.5). Low
levels of RNAPII S5P and 8WG16 (recognizes hypo-phosphorylated CTD of RNAPII)
(Komarnitsky, Cho, & Buratowski, 2000a) are observed in a very small confined
region at the promoters of paused genes. Active genes, on the other hand, show
increased levels of RNAPII S5P and S2P that extend into the gene body. 8WG16 is
also present, but only at the promoter region. Lastly, poised genes show high levels of
RNAPII S5P solely. All three transcriptional states show also characteristic histone
mark profiles. H3K4me3 is ubiquitous in all three states, changing its position slightly
depending on the promoter of the gene. Paused genes have a distribution of H3K4me3
that matches exactly the confined promoter profiles of S5P and 8WG16. In active
genes, H3K4me3 is wider at the promoter and is accompanied by H3K36me3 at the
gene body. The poised promoters show a characteristic bivalent histone mark
combination of H3K4me3 and H3K27me3. Thus, there is a clear association between
histone modifications and RNAPII pausing characteristics with a likelihood that some
of the marks (i.e. H3K36me3) are deposited due to the effect of RNAPII elongation
and not the opposite (Brookes and Pombo, 2009). The terms ‘paused’ and ‘poised’ are
used in a variety of contexts in scientific literature. Here, we define poised promoters
as occupied by H3K4me3, H3K27me3 and having preloaded RNAPII, being in a ready
state for transcription while paused promoters show variable levels of RNAPII S5P,

high pausing index and are mostly H3K4me3 marked, but sometimes bivalent as well.
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Figure 1.5 RNAPII variants and histone modification profiles at promoters classified
according to their expression potential (figure taken from Brookes & Pombo, 2009)

The typical measurement widely used to infer the relationship between pausing
and elongation is the pausing index. The pausing index or travelling ratio is given by
the ratio of RNAPII density at the promoter to the density in the gene body, defined in
the following formula (Muse et al., 2007):

S = log, (d(RNAPILomoter) ) — 1092 (A(RNAPIgencnoay))

where d stands for the number of reads per nucleotide (nt) in the given region.

The difference between the densities in log base 2 units equals to the ratio of fold
enrichment in these regions, meaning a value of 1 would represent a 2-fold greater
enrichment of RNAPII signal at the promoter region rather than in the gene body
(Muse et al., 2007). The genes with S value greater than 2 standard deviations from
the mean (for the distribution of S across all genes), are the ones that present promoter
proximal enrichment of RNAPII or promoter proximal pausing (Muse et al., 2007).

Due to inherent difficulty of imposing a threshold on continuous data and the
differences in the underlying methods used in RNAPII experiments, there have been
studies reporting that ~30% to ~90% of mouse ESCs genes present promoter proximal
pausing (Adelman and Lis, 2012). This variance might not reflect actual biological
differences, but the various statistical thresholds imposed to define RNAPII pausing.

Using the global run-on sequencing (GRO-seq)? method (Core et al., 2008), there has

2 GRO-seq is a method used to measure the RNAPII elongation rate genome-wide. Short nascent
RNAs associated with engaged RNAPII are tagged with bromo (BrU) domains, isolated and
subsequently sequenced with Next Generation sequencing techniques (Core et al., 2008; Jonkers and
Lis, 2015).
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been a consistent ~30% of genes displaying promoter proximal pausing of RNAPII
across species and developmental stages (Adelman and Lis, 2012).

In contrast with the perception that RNAPII pausing represents a gene silencing
mechanism, RNAPII pausing has been found to occur at genes with wide gene
expression range (Core et al., 2008; Min et al., 2011). RNAPII pausing reduction at
the promoter does not always lead to increased gene expression, but it can often induce
the opposite results (Min et al., 2011). Bivalent genes occupied by PRC components
show variable levels of RNAPII variants, being mostly interconnected with the
RNAPII-S5P species (Brookes et al., 2012a). Interestingly, there are also genes that
not only feature PRC occupancy but also relatively high levels of gene expression, the
elongating form of RNAPII (S2P) and H3K36me3 (related with transcription
elongation as mentioned before). This intriguing conformation at the promoters of
several metabolic and developmental genes could be attributed to differences in the
alleles of the genes or even cellular heterogeneity in ESCs (Brookes et al., 2012a).
Furthermore, using ESCs grown in 2i media, where ESCs show high levels of
homogeneity since the expression of lineage markers is low (no priming) (Marks et
al., 2012), RNAPII pausing was mainly found occurring at cell cycle and signal
transduction genes (Williams et al., 2015). There was no silencing of developmental
genes observed due to RNAPII poising, but there was attenuation of differentiation
pathways due to lack of it (Williams et al., 2015).

Overall, these data suggest that RNAPII pausing and poising are associated with
the fine-tuning of expression of genes that participate in signalling networks,
regulating in turn developmental genes marked as bivalent and affecting the cell’s

differentiation potential.

1.2 Next Generation Sequencing and applications

Over the past decade, Next Generation Sequencing (NGS) technologies have
increased tremendously the range of genomic analyses that are available to laboratories
around the world. One of the important factors being the cost, NGS technologies have
dramatically reduced sequencing costs in comparison with the automated Sanger
method, almost 100-fold, from $10.00 to $0.10 per finished base pair (Metzker, 2010;
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Morozova and Marra, 2008; Wetterstrand K., 2013). In the recent years, costs dropped
significantly more and the record low of $1000 for sequencing an entire human
genome was achieved, making sequencing one of the most promising clinical tools
(Goodwin et al., 2016).

NGS technologies can be sub-grouped in the short-read and long-read approaches.
Short read sequencing approaches are further divided in two categories: sequencing by
ligation (SBL) and sequencing by synthesis (SBS). SBL platforms include SOLID
(Valouev et al., 2008) and Complete Genomics (Drmanac et al., 2010), whereas SBS
platforms include Illumina and Qiagen (cyclic reversible termination - CRT)(Guo et
al., 2008; Ju et al., 2006), 454 and lon Torrent (single nucleotide addition - SNA)
(Margulies et al., 2005; Rothberg et al., 2011). In long read sequencing platforms,
single-molecule long-read sequencing platforms (PacBio and Oxford Nanopore
Technologies) (Clarke et al., 2009; Eid et al., 2009) compete with synthetic long-read
technologies (Illumina and 10x Genomics) (Voskoboynik et al., 2013).

Illumina currently holds the largest share in the short read sequencing industry,
due to its mature technology, flexibility between platforms and wide application range.
Diversified sequencing instruments such as MiniSeq (lower throughput) to HiSeq X
(the latest high throughput sequencer), offer many options to laboratories, adapted to
their needs for runtimes, read lengths and budgets (Goodwin et al., 2016; Metzker,
2010). Illumina short-read technology and its applications relevant to the thesis are
described below.

The Illumina CRT system belongs in the category of clonal template generation
approaches. A DNA template (after DNA fragmentation) binds covalently through the
adapter sequence to oligos found on a glass slide containing a number of lanes (flow
cell). Amplification of templates (solid-phase bridge amplification) leads to the
formation of clusters of templates, placed in great proximity with each other, but they
do not overlap. After the completion of several amplification rounds, tens to hundreds
of millions of clusters are formed on the flow cell, depending on the sequencing
platform (Goodwin et al., 2016). The sequencing process then starts with an addition
of a sequence complementary to the adapter region, to facilitate polymerase binding
to the double stranded DNA. Each cycle is comprised of a terminally blocked,

fluorophore-labelled nucleotide addition, followed by imaging in four or two laser

24



Introduction

channels of the colour emitted, depending on the added base. Lastly, fluorophore
cleavage and washing from the flow cells is followed by 3’-OH group regeneration
(Goodwin et al., 2016). The flow cell clusters are then sequenced in a massively
parallel manner.

NGS raw data are stored as image data, se