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Za Byeig aTtov Tyaiyé yia v 18akn,
va e0xeoal vavai Jakpug o dpduog,
YEMATOG TIEPITIETEIEG, YEUATOS YVWOEIG.
Toug AaioTpuy6vag Kai Toug KUKAwTag,
T0V Bupwévo Moaeidwva un gopdaal,
TETOI0 OTOV OGO CoU TToTE Gou Oev Ba Ppelg,
av PEV' n oKEWIC oou UWnAr, av ekAEKTA
OUYKIvnOI¢ TO TIVEUUA KOl TO OWUA 00U ayyidel.
Toug AaioTpuy6vag Kai Toug KUKAwTag,
Tov ayplo Mooeidwva dev Ba ouvavTATEIS,
av BEv TOUG KOUBAVEIG JEG TNV Wuxr aou,
av n Yuxr oou dev Toug OTAVEI EUTTPOG COU.

As you set out for Ithaka
hope the voyage is a long one,
full of adventure, full of discovery.
Laistrygonians and Cyclops,
angry Poseidon—don't be afraid of them:
you'll never find things like that on your way
as long as you keep your thoughts raised high,
as long as a rare excitement
stirs your spirit and your body.
Laistrygonians and Cyclops,
wild Poseidon—you won't encounter them
unless you bring them along inside your soul,
unless your soul sets them up in front of you.

(Translation by Edmund Keeley/Philip Sherrard)

Brichst du auf gen lthaka,
winsch dir eine lange Fahrt,
voller Abenteuer und Erkenntnisse.
Die L&strygonen und Zyklopen,
den zornigen Poseidon fiirchte nicht,
solcherlei wirst du auf deiner Fahrt nie finden,
wenn dein Denken hochgespannt, wenn edle
Regung deinen Geist und Kdrper anrlihrt.
Den Léstrygonen und Zyklopen,
dem witenden Poseidon wirst du nicht begegnen,
falls du sie nicht in deiner Seele mit dir tragst,
falls deine Seele sie nicht vor dir aufbaut.

(Tranlation by lyrikwelt.de/)

The poem Ithaka by Constantinos P. Cavafy very much describes the journey towards a PhD.
| dedicate this thesis to all those who contributed into “keeping my thoughts raised high”

during this “voyage”
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SUMMARY

Embryonic stem cells (ESCs) are cells derived from the inner cell mass of the blastocyst of the
early-stage preimplantation embryo and constitute a unique cell population due to their capacity
of self-renewal and differentiation. While self-renewal ensures the propagation of the stem cell
population, with differentiation ESCs give rise to all three primary germ layers from which the
tissues and organs of the developing embryo will be shaped. During this process, ESCs undergo
stable changes in their epigenome that enables them to acquire new identities. Both in
pluripotency and differentiation, ESCs are under a tight transcriptional program on the level of
chromatin which controls the proper spatiotemporal gene expression. This epigenetic control
requires the combinatorial action of gene-specific transcription factors (TFs), the general

transcriptional machinery, ncRNAs and regulatory elements.

In an attempt to understand how genes which code for lineage-specification programs get
activated in early differentiation, we studied the epigenetic changes which they acquire from
pluripotency to early differentiation. We focused on genes which are silenced in pluripotency by
Polycomb group complexes (PcGs) and more specifically by the PRC1 complex. This complex
via Ringlb which is an E3 ligase, decorates the histone H2A with an ubiquitin mark,
H2AK119ub, a histone maodification considered to be a hallmark of gene repression. PRC1-
repressed genes get activated in early differentiation via the displacement of Ringlb by the
H2AK119ub-interacting protein, Zrfl. In this study we explored how PRC1 establishes the
silencing of key developmental genes in pluripotency. We provide evidence of the interplay
between Ringlb and the subunit Med12 of the Mediator co-activator complex, which restricts the
expression of those genes in mouse ESCs. A set of these genes, get activated in early
differentiation by Med12 in complex with ncRNAs. This step requires the assembly of Med12
with an additional Mediator subunit, Cdk8, a remodeling event which relies on the recruitment of

the latter by Zrf1.




These findings contribute to a better understanding of how silencing by PRC1 is established in

pluripotency and how this step sets the ground for the transition to early stem cell differentiation.

ZUSAMMENFASSUNG

Embryonale Stammzellen werden aus der inneren Zellmasse der Blastozyste gewonnen. Aus
ihnen entstehen durch Vermehrung und weitreichende Differenzierung die vielen Zelltypen und
Gewebe, die zur Bildung eines vollstandigen Lebewesens erforderlich sind. Wahrend der
Pluripotenz sind Stammzellen durch ein Transkriptionsprogramm gekennzeichent, welches die
raumzeitliche Expression bestimmter Gene ermdglicht. Wahrend der Differenzierung wird das
Epigenom der Zellen umprogrammiert, sodass neue Transkriptionsprogramme enstehen. Die
zugrundeliegende epigenetischen Regulationsmechanismen beinhalten die Funktionen von
Transkriptionsfaktoren, der allgemeinen Transkriptionsmaschninerie und epigenetischen

Komponenten wie etwa ncRNAs und Gen-Regulationselemente.

Um zu verstehen wie Differenzierungs-relevante Gene aktiviert werden, wurden die
epigenetischen Veranderungen untersucht, die vom Ubergang der Pluripotenz zur frithen
Differenzierungsphase auftreten. Dazu wurden primar Gene untersucht, die wahrend der
Pluripotenz durch die Polycomb group complexes (PRCs) und insbesondere den Polycomb-
Komplex 1 (PRC1) abgeschaltet werden. PRC1 beinhaltet eine enzymatische Aktivitat, die E3
Ubiquitin Ligase Ringlb, welche die Mono-ubiquitylierung des Histons H2A an dessen Lysine
119 Kkatalysiert. Diese Histonmodifizierung wird mit einer Genabschaltung in Verbindung
gebracht, allerdings wird die selbe Modifizierung auch durch das Protein Zrfl gebunden,
welches die Aktivierung des betreffenden Gens verursacht. In der vorliegenden Arbeit wurde
untersucht wie PRC1 wahrend der Pluripotenz Gene abschaltet, die fur die Entwicklung
essentiell sind. Es konnte diesbeziiglich gezeigt werden, dass PRC1 und die Mediatorkomplex-

Untereinheit Med12 gemeinsam an der Abschaltung dieser Gene beteiligt sind. Die Aktivierung
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derselben Gene wéhrend der Differenzierung erfolgt einerseits durch ncRNAs, welche mit
Med12 interagieren, andererseits durch einen Umbau des Mediatorkomplexes. Die Rekrutierung
von Zrfl an genregulatorische Elemente bewirkt dabei eine Loslosung des PRC1 vom
Mediatorkomplex und den gleichzeitigen Einbau der Cdk8 Untereinheit in den Mediatorkomplex.

Damit wird der Mediatorkomplex in einen Transkriptions-unterstiitzenden Faktor umgewandelt.

Zusammengenommen tragt die Arbeit zu einem besseren mechanistischen Verstandis der

PRC1-vermittelten Geneabschaltung und der Aktivierung von Polycomb-Genen bei.
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INTRODUCTION

Stem cells are unique due to their capacity for self-renewal and differentiation (Keller, 1995;
Morrison et al., 1997; Smith, 2001; Till and McCulloch, 1980; Weissman, 2000). The property of
self-renewal ensures the propagation of the stem cell population through development and later
in life is essential for its maintenance in adult tissues and expansion in the event of injury (He et
al., 2009). By differentiating in response to external stimuli, stem cells give rise to every cell type

of the developing organism.

A revolutionary point towards the understanding of stem cell biology was their establishment as
an in vitro cell culture model. In 1981, undifferentiated cells, derived from blastocysts of early
mouse embryos were successfully cultured without genetic transformation (Evans and Kaufman,
1981; Martin, 1981). Since then, embryonic stem cells (ESCs) can be expanded indefinitely in
culture while being able to contribute in the development of chimeras when injected in mouse
blastocysts (Martello and Smith, 2014). It is noteworthy that mESCs are pluripotent cells; they
self-renew and differentiate in all cell types of the body except from the extraembryonic
trophoblast lineage. Totipotency, the ability to generate all the lineages of the organism, is a

property solely found in the zygote and early blastomeres (Tarkowski, 1959).

After the first cell divisions following egg fertilization, the 16-cell morula undergoes the first
differentiation event in mammalian development; the external cells acquire trophoectodermal
(TE) fate whereas the internal cells inner cell mass (ICM) fate. The blastula is formed during the
following cell division resulting in the blastocyst sphere. The outer layer of the blastocyst is
composed by TE cells which will form the chorion, the embryonic part of the placenta. The ICM
harbors the pluripotent stem cells (ESCs) which give rise to the embryo proper (Boroviak et al.,
2014; Morey et al., 2015) (Figure 1) through differentiation to the three germ layers during
gastrulation (ectoderm, endoderm and mesoderm) (Chen and Dent, 2014). Once it is specified

which cells will become TE or ICM, the resulting populations start expressing distinct
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transcription factors (TFs) (Figure 2). TE cells express Eomes and Cdx2. Eomes activates the
characteristic proteins of the trophoblast layer (Russ et al., 2000) and Cdx2 downregulates Oct4
and Nanog (Strumpf et al., 2005). Oct4, Nanog and Stat3 are characteristic TFs of the ICM
(Strumpf et al., 2005). Whereas at 8-cell stage all cells express Cdx2, Eomes and Oct4, in the
blastocyst their expression is restricted to the newly specified lineages (Figure 1& 2) (Niwa et al.,

2005).

Embryonic time

POP0®®.

2-cell 4-cell 8-cell 8-cell 16-32 cell 32-64 cell
compacted blastocyst

morula . .
Figure 1: First cell divisions post-

fertilization in the mouse embryo. The first
cell fate decision, between TE and ICM
takes place during the transition from
morula to early blastocyst. Each cell
lineage expressed specific TFs. Modified
from (Bergsmedh et al., 2011)

QOct4/ Sox2/ Nanog

Octd/ Sox2/ Nanog/ Cdx2/ Eomes

CHON

Cdx2/ Eomes

Developmental potential
uojjeouloads abeaury

Although mESCs were first derived in 1981, further efforts were required to ensure that their
culture conditions resembled the natural conditions in the ICM. Early stem cell cultures required
the co-culture of fibroblasts, as a supporting feeder layer, in the presence of calf serum. This
combination created an artificial environment, highly unrelated to the physiological conditions of
cells in preimplantation embryos (Martello and Smith, 2014). In the following years the basic goal
was to identify feeder layer and serum factors, which are essential for the maintenance of ESC
pluripotency. Research towards this end led to the identification of a cytokine, leukemia inhibitory
factor (LIF), as the fibroblast secreted protein required for the effective suppression of mESC

differentiation in culture (Smith and Hooper, 1987; Smith et al., 1988; Williams et al., 1988). The
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molecular function of LIF requires its binding to the LIFR/gp130 receptor which activates the
JAK-STAT pathway-dependent, STAT3 expression (Niwa et al., 1998). LIF is not sufficient to
maintain self-renewal of ESCs in the absence of serum. It was much later revealed that the
serum component BMP4, is essential for supporting pluripotency in the presence of LIF, by

inducing the expression of Id proteins, required to repress differentiation TFs (Ying et al., 2003).

2

Figure 2: Schematic representation for the functions
ICM ESCs of Oct4, Nanog, Cdx2, Eomes and Stat3 following

the first differentiation event in mouse development.

Cdx2 downregulates Oct4 and Nanog in TE cells
Morula whereas Oct4, Nanog and Stat3 are essential for the

maintenance of pluripotency. Oct4 inhibits ICM cells
l’—. L LLF from acquiring trophoblastic fate. Modified from
(Gilbert et al., 2006)
Trophoblast

Pluripotency as well as the transition to differentiation entail a very specific regulation. This is

.

accomplished by the combinatorial function of TFs, chromatin regulators, non-coding RNAs
(ncRNASs), DNA regulatory elements and the general transcriptional machinery. All these factors
form an interconnected network that maintains pluripotency and establishes the proper

environment for the subsequent induction of differentiation.

The three TFs, Oct4, Nanog and Sox2 form the central core of the molecular circuitry that
controls pluripotency (Figure 3). Oct4, expressed from the locus Pou5fl, is a homeodomain
transcription factor which is considered to be the most upstream gene in the molecular circuitry
of pluripotency (Jaenisch and Young, 2008). Its zygotic expression begins prior to the 8-cell
stage (Palmieri et al., 1994; Yeom et al.,, 1991) and it is expressed uniformly throughout the
morula (Wu and Scholer, 2014). It activates its own expression through a positive auto-

regulatory loop with Sox2 (Okumura-Nakanishi et al., 2005). Nanog, which also harbors a
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homeodomain, is essential for the stabilization of the pluripotent state rather than its
maintenance (Chambers et al., 2007). The contribution of Sox2 in pluripotency is partially
attributed to its function to regulate Oct4 levels (Masui et al., 2007). These three factors bind
altogether at each other’s promoters (Boyer et al., 2005) in hESCs mainly to maintain their own
expression (Jaenisch and Young, 2008). They also co-occupy their targets which can be divided
in actively expressed genes as well as repressed genes, poised for differentiation (Boyer et al.,

2005).

ESC
Transcription
factors

ESC
Signaling

Differentiation genes

Figure 3: Model of Core ESC Regulatory Circuitry. The master transcription factors Oct4, Sox2 and Nanog occupy
each other’'s promoters as well as those of actively transcribed and silenced genes in pluripotency. The actively
transcribed genes include TFs and components of signaling pathways that are required for the ES state
maintenance. The silenced genes include regulators of lineage specification and fate commitment which are also
targeted by PcG complexes and are kept poised for activation upon a differentiation signal. PcGs prevent the
phosphorylation (stars) of the RNA pol Il and therefore the elongation of transcription. Modified from (Jaenisch and
Young, 2008).

Chromatin Regulators
An additional layer of stem cell regulation lies at the level of chromatin. Promoters of genes

which are silenced in pluripotency yet poised for activation upon differentiation, are co-occupied
by the master TFs (Oct4, Nanog and Sox2) and epigenetic regulators (Bernstein et al., 2006;
Lee et al.,, 2006) (Figure 3). Epigenetic regulators control gene expression through the

deposition of post-transcriptional histone maodifications that influence the chromatin state either
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by affecting the compaction or by providing binding sites for additional proteins (Chen and Dent,

2014).

The most prominent epigenetic regulators that govern pluripotency are the Polycomb group
(PcG) proteins. These multiprotein complexes regulate gene expression by repressing the
transcription of differentiation genes, thereby controlling key fate decisions (Bracken and Helin,
2009; Sauvageau and Sauvageau, 2010; Schwartz and Pirrotta, 2007; Simon and Kingston,

2009).

PcG proteins were first identified in Drosophila as regulators of HOX gene expression (Geisler
and Paro, 2015; Grossniklaus and Paro, 2014; Steffen and Ringrose, 2014), in genetic screens
for homeotic transformations. They are conserved from plants to humans and their existence is
largely connected with multicellularity (Whitcomb et al., 2007). PcG evolution is still under debate
though, as various subunits are present in unicellular organisms as well but lost in certain cases
as for example in Schizosaccharomyces pombe and Saccharomyces cerevisiae (Margueron and
Reinberg, 2011; Shaver et al., 2010). PcG mutants exhibit defects in axis specification and body
patterning (Jungers, 1985; Schwartz and Pirrotta, 2007) which highlights the importance of PcG-
mediated repression in the spatiotemporal control of gene expression. The silencing of HOX
expression outside their specific expression domain and its maintenance throughout
development rendered PcGs as an attractive system for cellular memory (Ringrose and Paro,
2004; Schuettengruber and Cavalli, 2009). In the recent years, advances in genomic research
have shown that PcG-mediated repression spreads beyond HOX genes, regulating numerous
developmental factors and signaling pathways throughout the genome (Simon and Kingston,

2013).

Over the last decade two PcG Repression Complexes (PRCs) have been extensively studied:
PRC2 (Morey and Helin, 2010; Schuettengruber et al.,, 2007), a catalyzer of histone H3

trimethylation on lysine 27 (H3K27me3) (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et
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al., 2002; Muller et al., 2002) and PRC1, which contains an E3 ligase subunit (RinglA or
Ringl1B) (Wang et al., 2004) and is responsible for the ubiquitylation of histone H2A on lysine

119 (H2AK119ub) (Cao et al., 2005).

These two complexes act successively or independently of each other. The hierarchical or
canonical model of PRC action (Simon and Kingston, 2013) involves the recruitment of PRC1 as
a function of PRC2. More specifically, the PRC2 complex gets first recruited to chromatin via a
yet not fully understood mechanism (Figure 4A) (Morey and Helin, 2010; Morey et al., 2015).
The deposition of H3K27me3 via the PRC2 serves as a docking site for the recruitment of the
PRC1 complex through the chromodomain of the Cbx subunits (Bernstein et al., 2006; Luis et
al., 2012; Morey and Helin, 2010). This model is associated with the canonical PRC1 harboring
Cbx (Cbx2, 4, 6, 7 or 8), PHC (PHC1, 2 or 3) and PCGF (PCGF2 or 4) subunits (Comet and
Helin, 2014). This hierarchy seems to be reverted in certain cases, where PRC1 variants are
sufficient to recruit PRC2 in a mechanism which depends in DNA methylation (Blackledge et al.,
2014; Cooper et al., 2014) (Figure 4B). In this case PRC1 exists in a variant form containing
PCGF1, RYBP or YAF2 and KDM2B (Comet and Helin, 2014). Furthermore, H2Aub
nucleosomes seem to provide a preferential binding site for PRC2 which enhances its catalytic
activity (Kalb et al., 2014). On the other hand there is growing evidence for the existence of a
non-canonical mechanism of PRC1 recruitment (Leeb and Wutz, 2007; Schoeftner et al., 2006)
which is reinforced by the existence of a PRC1 variant, harboring RYPB instead of Cbx proteins,

that deposits H2Aub independently or PRC2 (Tavares et al., 2012).

17



Figure 4: Hierarchical models for recruitment of PcGs to chromatin. A) Canonical model for PcG recruitment. PRC1
gets recruited to chromatin through recognition of H3K27me3 via its CBX subunit. B) Reverted hierarchical model
(new hierarchical model) for PcG recruitment. PRC1 variants are recruited to unmethylated CpG islands, leading to
H2AK199ub1 deposition and recruitment of PRC2 via a yet unresolved mechanism (Comet and Helin, 2014)

Despite the fact that many models exist to describe how PcGs are recruited in respect to each
other, it is not fully understood how their de novo targeting on genomic targets is accomplished.
This question has been quite well explored in Drosophila, where Polycomb Responsive
Elements (PREs) and DNA-binding recruiters have been identified (Oktaba et al., 2008; Papp
and Muller, 2006). In mammals though such DNA elements do not exist and the PcG-
recruitment issue remains highly unresolved. With the increased complexity in PcG subunit
composition from flies to mammals and the emergence of DNA methylation, it is proposed that
recruitment has also evolved in a mechanism of higher complexity (Simon and Kingston, 2013).
The most attractive speculations on that matter involve the employment of ncRNAs (Simon and
Kingston, 2013), CpG islands (Ku et al., 2008; Mendenhall et al., 2010) as well as short RNAs
which are transcribed from PcG-repressed loci, are enriched in H3K4me3 but their transcription

is independent of PcG activity (Kanhere et al., 2010).
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The ultimate function of PRC2 is to create the H3K27me3 which is considered as the effective
mark of PcG silencing. The catalytic subunit for the deposition of this mark lies within the SET
domain of Ezh2 although the methyltransferase gets activated only upon assembly with Suz12
and Eed (Cao and Zhang, 2004; Ketel et al., 2005; Pasini et al., 2004). Methylation of H3K27 is
accomplished in a processive manner (Margueron and Reinberg, 2011) and H3K27me3 is a
stable mark (Zee et al., 2010), highly abundant in ESCs. Genome-wide studies show that at
least 10% of ES genes are enriched with H3K27me3 (Mohn et al., 2008) which primarily
localizes around the transcription start site (TSS) of mammalian promoters (Boyer et al., 2006;
Lee et al., 2006; Pan et al., 2007; Zhao et al., 2007) which are rich in CpG islands (Ku et al.,
2008; Meissner et al., 2008; Mikkelsen et al., 2007; Mohn et al., 2008) lacking methylated
cytosine (Bantignies and Cavalli, 2011; Williams et al., 2011). To date, the main function of this
histone modification appears to be the recruitment of additional factors that maintain repression,
although it is likely that it also prevents the binding of proteins on chromatin which would suggest
an indirect regulatory role in the process of transcriptional silencing (Margueron and Reinberg,
2011). In contrast to H3K27me3, the exact role and localization of H2AK119ubl in ESCs is not
fully resolved (Endoh et al., 2012; Vissers et al., 2008). It was initially thought to be linked with
transcriptional activation (Levinger and Varshavsky, 1982) however its functional proximity with
PcG has rendered it to a hallmark of repression (Richly and Di Croce, 2011). Like H3K27me3,
H2AK119ubl is also a very abundant mark, being found in around 10% of the total H2A of
mammalian cells (Richly and Di Croce, 2011). A distinct set of genes which represent central
PcG targets in mESCs, were found to be enriched in both marks and the deposition of
H2AK119ubl on these genes was Ringl-dependent (Endoh et al., 2012). Furthermore, the
enzymatic function of PRC1 is required for gene silencing but is dispensable for its biding to
target genes as well as for the propagation of chromatin compaction (Endoh et al., 2012;
Eskeland et al., 2010). In vitro PRC1-compacted chromatin is resistant to remodeling via the

SWI/SNF complex (Francis et al., 2001; King et al., 2002; Simon and Kingston, 2013) and this
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function is evolutionary conserved and independent of Ring1b’s catalytic activity (Eskeland et al.,
2010; Simon and Kingston, 2013). Recently, the E3 ligase activity of Ringlb, was found to be
dispensable for early mouse embryonic development (lllingworth et al., 2015), providing

additional evidence that PRC1-mediated repression probably lies beyond H2AK119ub.

It is evident that PRC1-dependent repression requires multiple effector mechanisms which
insure not only the robustness of silencing but also the plasticity of the system in response to
differentiation stimuli. Amongst others, a rather attractive model proposes transcriptional
repression by PRC1 via direct interaction with the transcriptional machinery. The first indications
for the existence of such a regulatory mechanism were indirect, focusing in lower levels of
promoter-associated RNA Polymerase Il (RNA Pol 1) at genes targeted by PRC1 and blocking
of transcription initiation (Min et al., 2011). PRC1 is also connected with inhibition of
transcriptional elongation which is H2AK199ub-dependent and this phenomenon is mostly
associated with silenced, yet poised PcG targets (Stock et al., 2007; Zhou et al., 2008).
Nonetheless, the finding that PRCL1 inhibited the binding of Mediator to nucleosome templates
proposed a more direct role for this complex in postponing transcriptional activation (Lehmann et
al., 2012). Although PRC1 blocks Mediator, TFIID, a general transcription factor of the
transcriptional machinery, could still bind to these templates, implying that Mediator subunits

might provide an interphase for PRC1-mediated silencing (Simon and Kingston, 2013).

One of the major and more intriguing findings of the Human Genome Project was the discovery
of many genes that get transcribed but do not have protein-coding potential. Later it became
clear that the majority of the genome is being actively transcribed (pervasive transcription)
(Consortium et al., 2007). Nonetheless, the notion that RNA molecules can be indeed functional
and not just a byproduct of faulty RNA pol Il initiation events (Ebisuya et al., 2008; Struhl, 2007)
was still controversial (Rinn and Chang, 2012). More recent advances in chromatin research,

such as Chromatin Immunoprecipitation followed by massively parallel sequencing (ChlP-seq),
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enabled the genome-wide identification of active transcription sites. These sites are
characterized by distinct signatures of RNA pol Il binding and active histone modifications, such
as H3K4me3 at promoters and H3K36me3 at gene bodies (Guttman et al., 2009; Marson et al.,
2008; Mikkelsen et al., 2007). The presence of such signatures across the mouse and human
genome, in regions devoid of known protein-coding genes led to the identification of thousands
of long intergenic non-coding transcripts lincRNAs (Guttman et al., 2009). Since then, long non-
coding RNAs (IncRNAs) have evolved as new players in transcriptional control with emerging

functions in association with proteins and DNA elements (Rinn, 2014).

LncRNAs, are transcripts that originate from RNA genes and are longer than 200bp with little or
no coding potential (Rinn, 2014). Besides this very general classification, they can also be
grouped according to their genomic origin or their function. Antisense IncRNAs are being
transcribed from the opposite direction in respect to their protein-coding gene. Divergent
IncRNASs get transcribed from bivalent promoters that also control protein-coding genes. Intronic
IncRNAs originate from introns within protein-coding genes whereas transcripts that overlap
protein-coding genes are often termed as overlapping IncRNAs and lincRNAs are transcribed

from intergenic regions between protein-coding genes (Figure 5).

Despite of the fact that all these transcripts have different genomic origins, in many cases they
share common mechanisms to exert their specific functions. The regulatory functions of
IncRNAs are often linked to their binding with protein partners. Many well described RNA-protein
interactions serve as examples for classifying INcRNAs depending on their functions (Figure 6).
Gasb5 is an example of a non-coding transcript which gets induced upon growth factor starvation
and acts as a decoy to inhibit the binding of the glucocorticoid receptor to DNA and subsequent

expression of metabolic genes (Kino et al., 2010).
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Other IncRNAs within this group include the PANDA IncRNA which prevents p53-mediated
apoptosis by associating with the transcription factor NF-YA (Hung et al., 2011) and RNAs which
bind to DNMT1 to inhibit DNA methylation of certain genomic loci like CEBPA (Di Ruscio et al.,
2013). Many IncRNAs serve as scaffolds that bridge proteins into regulatory complexes,
therefore facilitating their functions. Amongst the most well characterized scaffold IncRNAs are
the TERC which enables the assembly of the telomerase complex (Zappulla and Cech, 2006)

and the ncRNAs HOTAIR (Rinn et al., 2007) and ANRIL (Kotake et al., 2011; Yap et al., 2010).

HOTAIR is one of the most well studied IncRNAs mainly because of its overexpression in many
types of cancer and its clinical use as a biomarker (Gupta et al., 2010; Kim et al., 2013; Wu et
al., 2014; Zhang et al., 2014). It is expressed from the HOXC locus and it interacts with the
PRC2 complex, enabling its localization and induction of silencing at the HOXD locus (Rinn,
2014; Rinn et al., 2007). Although this function would only attribute a guide role to HOTAIR, the

subsequent finding that it binds simultaneously the PRC2 and the LSD1-CoREST complex to
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induce both H3K27me3 and H3K4me2 demethylation (Tsai et al., 2010) revealed that it acts as

a scaffold to coordinate silencing by these two protein complexes.
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Figure 6: Classification of IncRNAs in respect to their function; Decoy INcRNAs inhibit the association of DNA-binding
factors to their regulatory sequences to prevent transcription of downstream genes. Scaffold IncRNAs bind to multiple
protein partners enabling the formation of protein complexes that control transcription in a coordinated manner. Guide
IncRNAs bind to protein partners to facilitate their localization to selective regions of the genome. Enhancer IncRNAs
get transcribed in extragenic enhancer regions and promote chromatin architecture by interacting with cell-type
specific TFs and the Mediator complex (Rinn and Chang, 2012).

ANRIL also acts as a IncRNA-scaffold that facilitates the PRC1 and PRC2-mediated silencing of
the tumor suppressor INK4b/ARF/INK4a locus (Kotake et al., 2011; Yap et al., 2010) in normally
proliferating cells. Guide IncRNAs combine the binding to a protein partner with the targeting of
the protein to selective regions in the genome (Rinn and Chang, 2012). Apart from HOTAIR,
other IncRNAs that serve as guides are involved in dosage compensation and imprinting
including Xist (Jeon and Lee, 2011; Khalil et al., 2009), Kcnglotl (Pandey et al., 2008) and Air
(Nagano et al., 2008). At last but not least, a special case of IncRNAs are the enhancer-RNAs
(eRNAs) which get transcribed from enhancer regions and their transcription results in the
activation of nearby genes (Kim et al., 2010; De Santa et al., 2010). The mechanism by which
eRNAs enhance the activation of neighboring genes involves the facilitation of enhancer-

promoter interactions, at least in cases of stimulus-induced enhancers (Shiekhattar, 2013). This
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type of INcCRNAs appear to be involved in differentiation processes whereby their transcription
within regulatory regions of differentiation-specific TFs promotes chromatin remodeling that
contributes to cell type-specific transcriptional control as an additional regulatory layer (Mousavi
et al.,, 2013). It has been also shown that eRNAs contribute to chromatin architecture by
interacting with the Mediator complex (Lai et al., 2013), known to enhance transcription by acting
as a bridge between TFs and the general transcriptional machinery (Conaway and Conaway,

2011).

Transcription factors, chromatin regulators and IncRNAs are indispensable components of the
molecular circuitry of pluripotency. Nonetheless, they only act as regulatory signals that insure
the proper transcriptional control of this process and their function is always coupled with the
main drivers of gene expression (Malik and Roeder, 2010; Roeder, 2005); the transcriptional

machinery and the DNA regulatory elements.

Gene expression, in the highly complex eukaryotic genome, requires multiple levels of control
which coordinate this process in a synergistic manner (Roeder, 2003). The first level of control
involves different classes of RNA polymerases (Roeder and Rutter, 1969) which specifically
catalyze the transcription of distinct types of genes; RNA Pol | transcribes large ribosomal
genes, RNA Pol Il protein-coding and some structural RNA genes (such as IncRNAs) and RNA
Pol 1l tRNA, small ribosomal genes (5S) and small structural RNA genes (Roeder, 2005;
Weinmann and Roeder, 1974; Weinmann et al., 1974). The specificity of each of the eukaryotic
RNA polymerases has emerged from the combination of common subunits with the prokaryotic
RNA pol, with unique ones (Roeder, 2005; Sklar et al., 1975). The second control level ensures
the accurate transcription initiation on gene promoters and includes RNA Pol — specific general
initiation factors (Matsui et al., 1980; Ng et al., 1979; Parker and Roeder, 1977; Segall et al.,

1980; Weil et al., 1979). The RNA Pol ll-specific factors include TFIIA, TFIIB, TFIID, TFIIE and
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TFIIH (Roeder, 1996). The assembly of RNA Pol Il and initiation factors on core promoters
constitutes the pre-initiation complex (PIC) which is the first step for the subsequent transcription
initiation. The PIC is formed as a response to gene-specific regulatory factors -usually TFs- and
co-factors that bind at distal elements in respect to the core promoter (Figure 7). These
regulatory factors provide the third level of control in eukaryotic transcription (Roeder, 2005) and
they exert their function by direct binding on DNA elements via recognition of specific nucleotide
motifs which are 6-12bp long degenerate DNA sequences (Spitz and Furlong, 2012). In many
cases these motifs are found in clusters within cis-regulatory elements that enables the binding
of several TFs at the same time (Spitz and Furlong, 2012). This combinatorial binding of TFs
provides an additional level of transcriptional control which in the processes of differentiation and
development results in precise patterns of gene expression (Halfon et al., 2000; Lettice et al.,

2012; Sandmann et al., 2007; Small et al., 1992; Yuh et al., 1994).
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Figure 7: The PIC assembly, in response to regulatory factors bound at distal regulatory elements, at promoters of
RNA Pol Il —transcribed genes. The assembly of the PIC harboring RNA Pol Il and general initiation factors (mustard)
gets nucleated by the binding of TFIID to the TATA box of the core promoter (blue box). The regulation of PIC
assembly includes cues from regulatory factors that bind to distal regulatory elements (white box), regulatory factor
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interactions with chromatin modifying enzymes that remodel chromatin for the recruitment of additional factor
interactions (Mediator) and cell type-specific co factors. Modified from (Roeder, 2005).

The regulatory factors and co-factors, such as the Mediator complex, interfere with negative
cofactors and packaged chromatin to enable the PIC formation. Such a communication triggers
the recruitment of chromatin remodeling complexes and histone modifiers that render the
chromatin accessible for the binding of the multitude of peptides required for the PIC assembly

(Figure 7 and 8A).

Following the PIC assembly, the next step is transcription initiation. In many cases, especially for
genes that need to be rapidly induced in response to a stimulus, the PIC formation is followed by
synthesis of very short mRNA fragments and subsequent polymerase pausing (Figure 8C).
During pausing the RNA Pol |l is stalled at the promoter (promoter-proximal pausing) and is not
able to proceed to transcriptional elongation. This step is another mode of transcriptional
regulation commonly found in metazoans. The first observations of this phenomenon arose from
studies on single genes; the Hsp70 gene in Drosophila (Gilmour and Lis, 1986; Rougvie and Lis,
1988) as well as the mammalian c-myc and c-fos genes (Fort et al., 1987; Krumm et al., 1992).
With the employment of genome-wide analyses it then became clear that many genes which are
subject to developmental regulation (Guenther et al., 2007; Muse et al., 2007; Zeitlinger et al.,
2007) share this feature. The pausing index, which is the ratio of promoter to gene body-bound
RNA Pol I, greatly varies among different genes (Adelman and Lis, 2012). In mESCs the
pausing indices range from 30% to 90% (Min et al., 2011; Rahl et al., 2010) but the proportion of
genes with RNA Pol Il pausing is thought to be constant across species and developmental

stages (Adelman and Lis, 2012).

Pausing involves the interaction between the polymerase and the pausing factors DSIF and
NELF (Adelman and Lis, 2012; Sanso and Fisher, 2013) (Figure 8C). RNA pol Il is regulated at a

great extent by the phosphorylation status of the C-terminal domain (CTD) of its largest subunit.
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The CTD contains several copies of a heptapeptide repeat with the consensus YSPTSPS

(Corden et al., 1985) and it gets targeted by kinases for phosphorylation. Unphosphorylated
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CTD corresponds to PIC-associated RNA pol Il (Chesnut et al., 1992; Kang and Dahmus, 1993;
Laybourn and Dahmus, 1990; Lu et al., 1991) (Figure 8B). The phosphorylation of the CTD is
usually the readout for the transition of the polymerase to a stable elongation complex (Dahmus,
1996). Phosphorylation on the serine at the position 5 (S5P) by the Cdk7 kinase of the TFIIH is
indicative of transcription initiation whereas phosphorylation at the position 2 (S2P) by the Cdk9
of the positive transcription elongation factor (P-TEFb) (Czudnochowski et al., 2012; Peterlin and
Price, 2006) is required for the removal, by phosphorylation, of the DSIF/NELF complex which
leads to pause-release and the transition to elongation (Marshall and Price, 1992, 1995; Wada

et al., 1998) ( Figure 8D).
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Paused RNA Pol Il at TSSs has important regulatory functions including: a) promoter clearance
by nucleosome displacement that allows the subsequent recruitment of additional factors
required for gene expression (Workman, 2006), b) the accessibility of promoters to activators for
rapid activation especially in the cases of genes which are responsive to stimuli and c) the
integration of multiple regulatory signals that are needed for the combinatorial control of

expression levels (Adelman and Lis, 2012).

Although RNA polymerases and GTFs have the ability to successfully transcribe DNA from
promoter elements in vitro, this ability is hindered in vivo due to the tight packaging of the DNA
to chromatin and the presence of negative factors (Roeder, 2005). This observation highlights
the importance of the local remodeling of chromatin by nucleosome displacement around the
gene promoter. For genes that are subject to promoter-proximal pausing, the nucleosome
displacement happens before and independently of active transcription (Costlow and Lis, 1984;
Wu, 1980) which is suggested to facilitate the binding of regulatory TFs in a stimulus-responsive
manner (Lee et al., 1992; Shopland et al., 1995). In these genes, there is competition for
nucleosome or RNA Pol Il binding and the DNA sequence appears to be a critical factor that
favors or not the nucleosomal presence (Adelman and Lis, 2012). Interestingly, gene promoters
highly abundant in CpG islands are more enriched in paused RNA Pol Il (Core et al., 2008) and
the surrounding chromatin is usually in an open conformation (Jones, 2012). CpG-rich gene
promoters are often observed in developmentally regulated genes which are also targeted by
PcG proteins and are poised for expression upon differentiation. Co-occupancy by poised
polymerase and PcGs at gene promoters is a mammalian-specific event which has probably

emerged as an additional regulatory step.

The presence of paused RNA Pol Il with an already established PIC at gene promoters enables
the rapid transition to the elongation phase (Yudkovsky et al., 2000) upon gene activation and

facilitates TF and co-factor binding. The need for quick switch to productive elongation, provided
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by RNA Pol Il pausing, is not a sole property for inducible genes; it is also observed at promoters
of constitutively expressed genes with roles in signal transduction pathways in Drosophila and
MESCs (Gilchrist et al., 2012) and is thought to fine-tune responsiveness to external cues
(Adelman and Lis, 2012). At last but not least pausing is an event that allows the integration of
synchronous regulatory signals, required for the combinatorial control of expression levels (Blau
et al., 1996; Nechaev and Adelman, 2008). Such control is accomplished by the parallel binding
of several TFs some of which recruit co-activators or GTFs while others establish pausing

(Adelman and Lis, 2012; Blau et al., 1996).

Apart from the basal transcriptional machinery (RNA Pol Il and the GTFs) and gene-specific
TFs, gene activation often requires the presence of additional co-factors. One type of co-factors
is the transcriptional coactivators which are often found as multisubunit complexes and convey
the function of DNA-bound transcriptional activators to drive gene expression (Bonnet et al.,
2014). The features that facilitate the function of coactivators in transcriptional activation include
the multitude of contact surfaces with TFs, provided by their modular nature, the activator-
specific distinct conformations that they acquire which are then sensed accordingly by the basal
transcriptional machinery as well as their enzymatic activities that alter the chromatin
conformation (Fong et al., 2012). Coactivators can be classified in three families according to the
mode of their function: 1) histone modifiers, such as the acetyltransferase complexes p300 or
CBP (CREB Binding Protein) that loosen the chromatin around promoters while functioning as
adaptor molecules for TF binding (Hermanson et al., 2002), 2) members of the
TRAP/DRIP/Mediator/ARC complex which bind TFs, recruit the RNA Pol 1l but also interact with
the transcriptional apparatus and 3) members of the SWI/SNF family of complexes which

remodel chromatin in an ATP-dependent manner (Spiegelman and Heinrich, 2004).
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The Mediator coactivator complex
Mediator is a multi-subunit assemblage, exclusively found in eukaryotes (Boube et al., 2002;

Bourbon, 2008; Sato et al.,, 2004) which functions as a critical co-regulator of RNA Pol I
transcription. The Mediator complex promotes activation of RNA pol Il transcription via direct
interactions with both DNA binding TFs and the PIC (Balamotis et al., 2009; Malik and Roeder,
2005, 2010; Myers and Kornberg, 2000). Mediator is also implicated in post-initiation stages of
RNA Pol Il transcription mostly by: a) bypassing or overcoming the activities of factors that
negatively regulate elongation (Cheng et al., 2012; Jishage et al., 2012; Malik et al., 2007), b)
recruiting Pol Il transcription elongation factors and pre-mRNA processing factors (Donner et al.,
2010; Huang et al., 2012; Mukundan and Ansari, 2011; Takahashi et al., 2011) and c) controlling
phosphorylation of the Pol Il CTD (Boeing et al., 2010; Donner et al., 2010; Jiang et al., 1998;

Takahashi et al., 2011).
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Mediator can be found in many different forms that self-organize in modules. The minimal
complex, named Mediator Core is composed of over 20 different protein