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CHAPTER I
General Introduction

Chapter I

I. ENDOTHELIAL FUNCTION

I

Endothelial cells form the innermost monolayer of all blood vessels.
Endothelium fulfills multiple functions that maintain the vascular homeostasis
(Figure 1).
Barrier and transport function
Endothelium forms a barrier that regulates the permeability of blood vessels:
limits or facilitates the exchange of molecules between blood and underlying
tissues and vice versa. The specialization of endothelial cells to perform this
task is well-reflected by the fact that their phenotype can vary drastically
between different organs, ranging from tight control of exchange in the bloodbrain barrier to “open” fenestrated or even discontinuous endothelium in the
liver. Barrier function is regulated by tight junctions and adherens junctions
that form lateral connections between endothelial cells. These comprise of cell
adhesion molecules (CAMs), with prime role of vascular endothelial-cadherin
(VE-cadherin),1 and signaling pathways,2 such that the endothelial cells can

Figure 1. Overview of endothelial functions described in the text.
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adjust the barrier properties depending on the requirements of the surrounding
tissue. Barrier dysfunction can occur upon an acute injury (oxidative stress,
inflammation), but also as the effect of other processes such as ageing.3 The
barrier dysfunction would usually demonstrate as hyperpermeability of blood
vessels.

I

Cell trafficking
Endothelium mediates the trafficking of other cells, in particular leukocytes,
across the vessel wall. The endothelial transmigration of leukocytes towards
the underlying tissue, is an active process, that requires endothelial activation
and is further regulated through the adapter proteins and the signaling
pathways.4, 5 In normal physiology, the diapedesis of leukocytes only occurs
in the post-capillary venules. Besides leukocytes, metastasizing tumor cells
also transmigrate through vessel walls in a bidirectional manner, in particular
through lymphatic endothelium.6
Regulation of blood clotting
Another important function of endothelium is the regulation of blood clotting.
Because of its potency, blood clotting needs to be tightly and efficiently
controlled in healthy vessels. A blood clot formed in an otherwise normal
vessel will partially or completely obstruct blood flow, as happens e.g. during
the heart attack or stroke. The subsequent lack of perfusion will cause ischemia
and necrosis of surrounding tissue. Endothelial cells contribute to the control of
thrombogenesis by balanced expression of pro- and anti-coagulant factors such
as tissue-type plasminogen activator and plasminogen activator inhibitor-1,
or thrombomodulin and endothelial protein C receptor.7, 8 Moreover, the
endothelial layer itself prevents the contact of blood plasma and platelets with
the underlying tissue, which in case of injury triggers the blood clotting.
Regulation of the vascular tone
Endothelial cells also contribute to the regulation of vascular tone, by inducing
vasorelaxation or vasoconstriction, in response to changes in the blood flow.
The endothelial regulation of vascular tone is achieved by balanced action of
two major regulatory factors: nitric oxide (vasorelaxation) and endothelin-1
(vasoconstriction), which counteract each other.9, 10
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Response to hypoxia and angiogenesis

I

Hypoxia is the state of lowered oxygen level, which can occur due to lack of
blood flow in a tissue (ischemia) upon stroke or injury. Hypoxic tissue produces
vascular endothelial growth factor (VEGF), which is detected by endothelial
cells through VEGF receptors and triggers angiogenesis – the formation of
new capillaries from the existing blood vessels.11 The gradient of VEGF, i.e. its
increasing concentration towards the site of hypoxia, guides the migration of
endothelial cells and the growth of new vessels.
Paracrine function
The functions described above are complemented by paracrine regulation of the
surrounding microenvironment by endothelium itself. Endothelial cells secrete
soluble regulatory factors (e.g. cytokines, growth factors), secrete and remodel
the extracellular matrix, and excrete microparticles (e.g. small vesicles carrying
miRNA and other compounds).12 Therefore, endothelial cells not only respond
to their surroundings, but also actively modify their own microenvironment.
II. BETWEEN MICROENVIRONMENT AND
PHENOTYPE IN ENDOTHELIAL CELLS
The execution of specific functions is triggered and modulated by continuously
changing microenvironment. The enormous heterogeneity of the endothelium
along the vascular tree closely correlates with the different microenvironmental
stimuli that are present in different organs and tissues. Furthermore, endothelial
cells readily adapt to changes in microenvironment and, on the other hand,
actively modify their microenvironment.
Signaling as the mediator between microenvironment
and endothelial phenotype
Microenvironmental cues such as growth factors or cytokines are bound by
specific receptors and the information is transmitted by means of biochemical
signaling. The composition of the microenvironment determines the network
of activated signaling pathways. The pathways relevant to the contents of this
Thesis, i.e. pathways of the IL-1β-, TGFβ- and FSS-induced signaling, will be
described below.

12

Introduction

Inflammatory and fibrotic signaling

I

In the first part of this Thesis (Chapter II and III) we focus on the effects of
combined signaling of inflammatory interleukin-1β (IL-1β) and pro-fibrotic
transforming growth factor-β (TGFβ), molecules that play crucial roles in
fibrotic microenvironment.13
IL-1β belongs to the interleukin-1 family of ligand and receptor molecules.
In endothelial cells IL-1β is known to induce expression of cell adhesion
molecules, which subsequently mediate the transmigration of leukocytes
across the vessel wall.14 IL-1β binds to the IL-1β receptor-1 (IL-1βR1), which
activates the nuclear factor-κB (NFκB) signaling pathway as well as mitogen
activated protein kinase (MAPK) signaling cascades of JNK, ERK1/2 and p38.15
These two IL-1β-induced signaling pathways activate, respectively, two major
downstream mediators of IL-1β: the NFκB transcription factor (p50 and p65
subunits), and c-Jun (part of the activating protein-1 (AP-1) complex).15 NFκB,
which studied in the first part of this Thesis, is normally bound in the cytoplasm
by the inhibitor of nuclear factor-κB (IκB) molecules. Upon the activation of
the IL-1β signaling pathway, IκB kinases (IKK) phosphorylate IκB, which is
then ubiquitinated and degraded. This way the NFκB subunits are released from
their complexes with IκB, and translocate to the nucleus, where they promote
transcription of their target genes.
TGFβ belongs to the TGFβ superfamily of molecules including (in mammals)
three TGFβ isoforms, activins, and bone morphogenetic proteins (BMP). In
endothelial cells, TGFβ binds to the TGFβ-receptor type II (TGFβRII), but
its activity is further regulated by recruitment of two different type I TGFβ
receptors that belong to the activin-like kinase (ALK) family.16, 17 While most
cells in our body bear the ALK5 receptor, endothelial cells also express the
ALK1 receptor. Activation of ALK1 or ALK5 leads to differential effects
on endothelial phenotype, due to activation of different sets of downstream
mediators. While ALK1 signaling activates SMAD1/5/8, ALK5 activates
SMAD2/3. These transcription factors complex with SMAD4, which is
required for nuclear translocation, and drive transcription of TGFβ-target
genes. This sophisticated if complex signaling contributes to the pleiotropic
influence of TGFβ on endothelium, which is further affected by its dose- and
time-dependency. And so, although crucial for vessel stabilization, TGFβ is
also necessary for angiogenesis, while in other microenvironmental makeup it drives the process of endothelial to mesenchymal transdifferentiation
(EndMT).18
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Fluid shear stress and mechanotransduction

I

The second part of this Thesis (Chapter IV and V) explores the effects of
another microenvironmental factor crucial for the endothelial function: the fluid
shear stress (FSS) of blood. FSS is the mechanical force exerted by the flowing
blood on the walls of the blood vessels. As endothelial cells line all the blood
vessels, they directly sense the FSS and thanks to the mechanotransduction
the information about the FSS is transmitted in the cell through biochemical
signaling. Interestingly, the effects of FSS on the endothelial phenotype may
also vary between arterial and venous endothelial cells.
The sensing of the flow and responding to FSS levels is imperative to some of
the endothelial functions: it modulates endothelial barrier properties,19 it triggers
the mechanisms of the vascular tone regulation,9 and it preserves the overall
endothelial functionality (as opposed to endothelial dysfunction observed in the
regions of disturbed blood flow).20
There is no consensus as to what is the most important receptor of FSS on
endothelial cells. It was shown that endothelial cells sense the FSS thanks to the
complex of platelet endothelial cell adhesion molecule-1 (PECAM-1), vascular
endothelial growth factor receptor-II (VEGFRII) and VE-cadherin, formed at
the cell-cell adherens junctions.21 Other reports show that the FSS is also sensed
by other membrane proteins, by glycocalyx, or by primary cilia.22
High FSS has protective properties in the arteries: it activates pathways that
preserve endothelial function.20 This contributes to the atheroprotective (antiatherosclerotic) effects of high FSS. In the regions of vasculature where the
blood flow is disturbed, the average FSS is low, and the endothelial cells become
dysfunctional.20, 23-25 These sites are atheroprone, i.e. more prone to develop
atheromas or atherosclerotic plaques.20 One of the most important FSS-induced
pathways is the MAP2K5/MAPK7 (MEK5/ERK5) signaling pathway. Upon
FSS, MAP2K5 is activated, and phosphorylates the downstream MAPK7,
which leads to induction of expression of protective factors, such as Kruppellike factor-2 and -4 (KLF2, KLF4).26-29
Chromatin-level regulation of endothelial gene expression
Regulation of chromatin structure
The biochemical signaling within a cell leads to a change of the cell’s phenotype,
largely through the changes of the cell’s transcriptome. In case of many signaling
pathways, the final target molecules of those pathways are transcription factors,
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which activate or repress the transcription of specific genes.
The action of transcription factors depends on the chromatin structure that
surrounds the gene (promoter) of interest. Chromatin is the complex of DNA
and histone proteins. Histone octamers form nucleosomes that provide the
scaffold around which DNA molecule is wrapped, allowing condensation and
packaging. But the chromatin itself is not just a static template for binding of
all the transcription-driving factors. Chromatin is continuously remodeled, as
the result of extracellular and intracellular signaling cues that direct epigenetic
modulators.
Modifications to chromatin (Figure 2) alter its structure and the access for the
components of the transcriptional machinery. The activity of the chromatinmodifying enzymes itself remains under regulation of signaling events,

I

Figure 2. Main types of chromatin modifications. A – DNA is methylated (mostly) at cytosine
residues in CpG-rich regions, which often correlates with repression of gene expression. B –
Histone octamer forms a nucleosome around which DNA is wrapped. The protruding histone tails
are modified by a range of enzymes, and exemplary modifications – methylation, acetylation and
phosphorylation – are depicted here. These modifications regulate the accessibility of chromatin,
depending both on their chemistry and on the localization of the modification. C – Chromatin
remodelers are protein complexes with ATPase activity that utilize ATP to move nucleosomes
(remove and/or incorporate nucleosomes into complexes with DNA). They can therefore
physically alter the structure of chromatin. D – Long-range chromatin interactions are mediated
by specialized proteins such as CTCF and cohesin, but also cell type-specific transcription factors
(TFs), and serve to bring distant genomic loci into physical proximity.
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and complements the actions of transcription factors, resulting in specific
transcriptional effects. The major classification of the chromatin regulating
factors divides them into the DNA-modifiers, histone-modifiers and chromatin
remodelers.
DNA-modifying enzymes are methyltransferases that methylate cytosine
residues, which is commonly associated with repression of gene expression,
but sometimes also occurs at promoters of highly expressed genes.30
Complementary enzymatic machinery seems to be responsible for removal of
these methyl groups.30
The histone modifying enzymes are a broad range of proteins, catalyzing
such reactions as methylation, acetylation, ubiquitination, phosphorylation,
sumoylation, and other. For most of them complementary machinery exists
to catalyze opposite reactions of demethylation, deacetylation etc.31 These
various histone modifications occur on specific positions of histone tails and
are associated with specific functions, which rely on the position rather than
the chemical nature of a modification. E.g. histone-3 lysine-27 trimethylation
(H3K27me3) is a repressive mark, while histone-3 lysine-4 trimethylation
(H3K4me3) marks active promoters nearby transcription start sites (TSSs).32
In addition to histone modifying enzymes, a range of ATP-dependent chromatin
remodelers exists, for example SWI/SNF complexes. They are protein complexes
utilizing ATP to move nucleosomes, in aim to either incorporate or release them
from the complexes with DNA, or to replace histone variants.33 Chromatin
remodelers change the compaction state and accessibility of chromatin.
Finally, proteins can bring distant DNA regions into proximity through long
range chromatin interactions, which allow multiple elements located in distant
genomic loci to interact and regulate each other. For example, distant enhancers
might be brought into proximity of gene promoters to facilitate the activation of
gene expression. These interactions are mediated by a few generic factors found
in the contact foci: CTCF, cohesin, Mediator,34 but also by specific transcription
factors which establish their own networks of long-range chromatin interactions,
as recently demonstrated for the pluripotency factor Nanog.35 The long range
interactions are therefore specific to particular transcription factors, particular
cell types and differentiation stages.35, 36

I

Polycomb methyltransferase EZH2 as an example of
epigenetic factor regulating endothelial phenotype
Many of the abovementioned classes of chromatin modifying factors play a
role in the regulation of endothelial phenotype. In this Thesis, we focus on the
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Polycomb family of epigenetic regulators. Polycomb is a well-known regulator
of developmental and differentiation genes. It consists of two multimeric
complexes, Polycomb repressive complex-1 (PRC1) and Polycomb repressive
complex-2 (PRC2).
As the name suggests, the function of Polycomb is to repress gene expression.
This repression is achieved by means of trimethylation of lysine-27 of histone-3
(H3K27me3 mark). PRC2 contains a methyltransferase, Enhancer of Zeste
Homolog-2 (EZH2), which methylates H3K27. The methyltransferase activity
is provided by the SET domain of EZH2, while the function of EZH2depends on
its complexing with Embryonic Ectoderm Development (EED) and Suppressor
of Zeste-12 Homolog (SUZ12). The H3K27me3 mark binds PRC1, containing
Ring finger protein-1 and -2 (RING1 and RING2) that ubiquitinate histone H2A
at lysine 119, which is believed to facilitate the compaction of the chromatin
and thereby the repression of gene expression.37, 38
The EZH2 methyltransferase has received a lot of attention in the fields of stem
cell biology and cancer research, mostly because high expression of EZH2
correlates with more aggressive phenotype of different types of cancer.37,39-41
We only begin to understand the role of Polycomb components in endothelial
biology, but EZH2 has recently emerged as an important regulator of endothelial
phenotype and function.42-46
As progression of tumor growth depends on angiogenesis, initial insights
into the role of EZH2 in angiogenesis came from cancer studies.43 This was
followed by reports describing the regulatory axes between EZH2, miR-101
and VEGF,44 and EZH2, miR-1 and endothelin-1,46 and recently by a functional
study showing the modulation of angiogenesis by EZH2 in mouse limbischemia model.45
Other recent reports have established a more general role for EZH2 in the
regulation of endothelial gene expression and phenotype. Genome-wide analysis
of EZH2 targets in HUVEC showed that EZH2 regulates genes associated with
cell adhesion and cell communication.42 The study further confirmed that the
decrease in EZH2 expression reduces the angiogenic potential of endothelial
cells. The most recent report shows that the repression of the Mmp9-activating
pathway by EZH2 is crucial for the development of integral vasculature.47

I

Phenotype
There are three possible outcomes of the interplay between microenvironment
and endothelial phenotype: adaptation/change in function, dysfunction, and
loss of function.
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Adaptation/change in function

I

The phenotype that the endothelial cells take on upon specific
microenvironmental conditions would normally allow them to fulfill their
function and to preserve vascular homeostasis. E.g. presence of inflammatory
cytokines (environment) would trigger inflammatory signaling and changes in
chromatin, to result in activation of expression of inflammatory response genes
(change in transcriptome), which would result in increased presentation of cell
adhesion molecules (adaptation of the immediate phenotype), allowing for e.g.
transmigration of leukocytes (execution of the function).
Dysfunction
The pathological microenvironment, on the other hand, leads to impairment
of endothelial function, generally referred to as endothelial dysfunction.
Some factors which normally elicit specific endothelial responses might lead
to dysfunction if present in excess and/or chronically. E.g. inflammatory
cytokines activate endothelium which allows for inflammatory response, but
chronic inflammation will cause endothelial senescence and dysfunction. In
a pathological microenvironment the dysfunctional endothelial monolayer
might not fulfill its functions, but still constitutes the lining of the vessel. It
can therefore actively participate in the pathophysiological processes, e.g. the
chronically activated endothelium mediates the migration of leukocytes into
the developing atherosclerotic plaque.
Loss of function
Endothelial dysfunction might progress towards the complete loss of
function. Such loss of function could occur through two events: cell death or
transdifferentiation to another phenotype.
Cell death can occur under pathological microenvironmental conditions, e.g.
after acute tissue damage or under chronic exposure to some stimuli, e.g.
chronic inflammation or oxidative stress. It can either occur through controlled
process of apoptosis, or through necrosis due to the damage.
However, another “loss of function” process occurs when the endothelial
cells undergo transdifferentiation. Most notably, in cancerous or fibrotic
microenvironment, endothelial cells transdifferentiate towards mesenchymal
phenotype, forming a population of (myo)fibroblast-like cells.48, 49 The loss of
endothelial function can manifest macroscopically as rarefaction – the loss of
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blood (micro)vessels in the tissue. In fibrotic microenvironment, endothelial
to mesenchymal transdifferentiation (EndMT) contributes to the loss of
endothelial cells and rarefaction.50 The transdifferentiated cells are believed to
contribute to the pool of (myo)fibroblasts in the fibrotic tissues.51

I

III. AIM OF THE THESIS
The information reviewed above indicates that endothelial cells are under
constant influence of dynamically changing microenvironment. The
microenvironment triggers signaling, which regulates the functional interplay of
transcription-regulating factors and chromatin-modifying factors. The interplay
of these factors at the chromatin level shapes endothelial transcriptome and
hence dynamically shapes the endothelial phenotype (Figure 3).
The aim of this thesis was to investigate the interplay between microenvironment,
signaling, and chromatin regulation in the regulation of endothelial phenotype,
in specific hypothesis-driven studies.

Figure 3. The regulatory axis of the dynamic interplay
between endothelial microenvironment, phenotype
and functions (in case of transcriptionally-regulated
events). Microenvironmental cues trigger biochemical
signaling, which is resolved at the level of chromatin
through the interplay between transcriptional
machinery, activated transcription factors (activators or
repressors of transcription), and chromatin modifying
enzymes changing chromatin properties and structure
(compare chromatin modifications in Figure 2).
The resulting transcriptome shapes the endothelial
phenotype, which leads to execution of the endothelial
function(s). The execution of the function feeds back
to the microenvironment and might modify it, closing
the cycle of the response and likely initiating the next
cycle of response.
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IV. SUMMARY OF THE CONTENTS

I

Chapter I
Chapter I is the General Introduction. It provides the overview of the functions
fulfilled by endothelium and their role in vascular homeostasis. It further
postulates that endothelial cells remain in a dynamic balance with their
dynamic microenvironments. Chapter I further explains how the interaction
of microenvironment and phenotype is mediated by cellular signaling and
regulation of chromatin, leading to the Aim of the Thesis, which is to investigate
the examples of this interplay and to develop better understanding of specific
interactions at the axis microenvironment – signaling – chromatin – phenotype.
Chapter II
Chapter II investigates the role of interaction of microenvironmental cues in
driving changes in endothelial phenotype. We investigated how the combination
of IL-1β and TGFβ2, factors present in fibrotic tissues, affects the process of
endothelial to mesenchymal transdifferentiation (EndMT), and how their
combined actions compare to their singular effects in endothelial cells.
Chapter III
In Chapter II, SM22α emerges as a model molecule for investigating the
mechanisms of combined action of IL-1β and TGFβ2 in endothelial cells.
We utilized this property of SM22α in Chapter III, where we investigated the
epigenetic regulation of SM22α by the Polycomb methyltransferase EZH2, in
the context of IL-1β and TGFβ2 signaling.
Chapter IV
Having established in Chapter III that the activity of EZH2 methyltransferase
can be affected by microenvironmental cues to regulate the expression of the
model gene SM22α, we asked what role EZH2 plays in another physiologically
relevant microenvironmental context – under high FSS. In Chapter IV we
investigated the interplay between the high FSS and EZH2. We characterized
the transcriptomic effects of both FSS and of decrease in EZH2 in endothelial
cells, to then compare them to identify candidate groups of genes regulated by
both.
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Chapter V

I

Excessive oxidative stress is one of major components of pathological
microenvironment and one of major causes of endothelial dysfunction. In
Chapter V we explored the regulation of oxidative stress response genes by
EZH2 and by FSS. Using a pre-defined set of genes of interest, we determined
which of those genes are regulated by EZH2 and by FSS, to then further explore
their potential regulatory mechanisms.
Chapter VI
Chapter VI provides the General Discussion of this Thesis. It summarizes all
the major findings and conclusions of these studies. It explores further the
interplay of signaling and chromatin regulation as the mediators between the
microenvironment and the endothelial phenotype, by analyzing the examples
derived from this study and comparing them with the findings of others.
The Discussion continues with the Perspectives section, reviewing possible
implications of our findings for the understanding of endothelial function,
EndMT and the mechanisms of disease. It concludes with the exploration of
the therapeutic potential of EZH2, together with the required precautions.
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