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CHAPTER

General Introduction




1. Normal Angiogenesis

1.1 Basic biology of normal angiogenesis

The endothelium expands by the process of angiogenesis, during which the
formation of new blood vessels occurs from pre-existing ones. Angiogenesis is a
normal physiological process that plays a crucial role in wound healing,
embryonic development, and regulation of organ function. Generally speaking,
at the tissue level, angiogenesis involves the degradation of the extracellular
matrix, migration, and proliferation of endothelial cells (ECs) to form new blood
vessels. At the cellular level, the migration of ECs is driven by chemical signals
such as growth factors and cytokines. These signals activate intracellular
signaling pathways that regulate cellular functions such as proliferation,
migration, and survival. At the molecular level, key players in angiogenesis
include vascular endothelial growth factor (VEGF) and its receptors, NOTCH
signaling as well as other signaling molecules such as integrins and matrix
metalloproteinases (MMPs). Understanding the molecular mechanisms
underlying angiogenesis is crucial for developing new treatments for various
diseases that involve dysregulation of the process, such as cancer and
cardiovascular diseases (La Mendola et al., 2022; Carmeliet et al., 2011; Eelen. et
al., 2020).

1.2 Angiogenic process

Angiogenesis is a dynamic process related to the remodeling and maturation of
the vasculature into a complex and branched network of blood vessels, which
occurs continuously throughout life (Eelen et al.,, 2020; Adair et al., 2010).
Beginning in utero and embryonic development, a primitive vascular network is
established through vasculogenesis, in which angioblasts aggregate to form
tube-like structures (Patel-Hett & D'Amore, 2011). Subsequent angiogenic
expansion of the vascular system represents a thorough orchestration of cell
proliferation, differentiation, migration, matrix remodeling, and intercellular
signaling mechanisms (Eelen et al., 2020). Angiogenesis can be classified as either
sprouting or intussusceptive angiogenesis; both are thought to occur in utero
and adults (Adair & Montani, 2010). Sprouting angiogenesis occurs when new
blood vessels form in previously non-vascularized tissue regions, a common
occurrence during embryonic development and also in the tumor
microenvironment (TME), which will be described later (Adair & Montani, 2010;
Fang & Salven, 2011). More specifically, following stimulation by angiogenic
factors, MMP activation occurs, leading to the basement membrane's
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degradation (Quintero-Fabian et al., 2019). This leads to a transformation of
leading edge ECs from quiescent to pathfinding tip cells, characterized by
increased cell-matrix interactions, matrix remodeling, and high migratory
potential (Mukwaya et al., 2021). Tip cells are the leading edge cells at the
sprouting front of a growing blood vessel. Tip cells dynamically extend filopodia
in order to sense and respond to proangiogenic signals, which guide the vessel's
direction and ensure proper vessel formation (Adams & Alitalo, 2007). Stalk cells
trail behind the tip cells. They provide sprout elongation and contribute to the
lumen formation (Pardali et al., 2010). Stalk cells proliferate to elongate the
vessel, maintaining its width and guiding the vessel's growth behind the tip cells.
Figure 1 depicts six different steps of sprouting angiogenesis, from the
breakdown of the basement membrane to lumen formation (Gerhardt et al.,
2008; Davis et al., 2005 Horowitz and Simons 2008).
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Figure 1. Angiogenesis steps.

e  Matrix metalloproteinase (MMP) degradation - MMPs degrade extracellular matrix to
create space for new blood vessel growth.

e  Budding - Formation of small sprouts from existing blood vessels.

e  Elongation - The sprouts grow and lengthen, forming new blood vessels.

e  Migration and proliferation - Blood vessel cells move to the site of angiogenesis,
multiply, and form a network of new vessels.

e  Tube formation - Blood vessels form a lumen and become functional tubes.

e  Maturation - Blood vessels mature, forming tight junctions and a functional vasculature
(Dufraine et al., 2008; Aspritoiu et al., 2021).

Intussusceptive angiogenesis is a different mechanism of forming new blood
vessels. Instead of sprouting new vessels, this type of angiogenesis involves the
splitting of existing blood vessels, creating a new lumen or cavity in a blood
vessel. This type of angiogenesis is most commonly seen in tissues that
experience rapid growth and increased oxygen demand, such as in the formation
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of the placenta and in growing tumors. The process begins with the activation of
mural cells, which form a barrier within the vessel, dividing it into two smaller
vessels. This results in the formation of new, smaller vessels, which increases the
total surface area available for blood flow (Burri et al., 2004; Kurz et al., 2003).
Quiescence, activation, and resolution of vessels are three sequential steps to
form a sprouting vessel. It is worth mentioning that the maturation of blood
vessels is a transition from an actively growing vascular to a quiescent,
completely functional network. Establishing stable and mature blood vessels
involves multiple processes, including stabilizing existing vascular tubes,
suppressing EC sprouting, and protecting against proangiogenic signals such as
VEGF. Cellular differentiation processes such as valve formation, fenestration,
and apical-basal polarity are also part of vessel maturation (Pimanda et al., 2006;
Cleaver & Melton, 2003).

The following sections will summarize the current knowledge of the known
pathways orchestrating angiogenesis. Later, in the section describing
pathological angiogenesis, we explore how an understanding of these processes
may help find the best approaches to inhibit angiogenesis.

1.3 The role of NOTCH and VEGF signaling on coordination of
angiogenesis

The interplay between NOTCH signaling and VEGF signaling in neighboring ECs
influences the coordination of angiogenesis. These signaling pathways play a
crucial role in regulating the formation and growth of new blood vessels during
angiogenesis. The NOTCH signaling pathway is a highly conserved signaling
pathway that is involved in a variety of cellular processes, including cell
differentiation, proliferation, and survival in ECs and other cell types, including
cancer cells (Akil et al., 2021)

The following section provides a brief introduction to the structure of NOTCH
ligands and receptors, VEGF signaling, and their roles in tip and stalk cell
formation.

1.3.1 The structure of the main components of the NOTCH signaling pathway

NOTCH receptors are classified as type | transmembrane receptors that pass
once through the cellular membrane. These receptors are initially synthesized as
single polypeptide chains and subsequently undergo proteolytic processing to
form heterodimeric configurations displayed on the cell surface. All four NOTCH
receptors (NOTCH1-4) in Homo sapiens comprise three distinct domains: (l) the
NOTCH extracellular domain (NECD), (1) the transmembrane | domain, and (lll)
the NOTCH intracellular domain (NICD). The NECD of all NOTCH receptors
contains 29-36 Epidermal Growth Factor (EGF) repeats, of which, EGF repeat 11-
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12 mediate trans-interactions, whilst EGF repeats 24-29 mediate cis-interactions
with NOTCH ligands (Below see trans and cis interactions). Additionally, a subset
of the EGF repeats contains calcium-binding sites (Chillakuri et al., 2012; Kopan
et al., 2009; Liu et al., 2014). The NICD consists of multiple domains: (I) the RBP
association module (RAM) domain, (II) ankyrin (ANK) repeats forming the ANK
domain, (lll) the transactivation domain (TAD), and (IV) the proline/glutamic
acid/serine/threonine (PEST) domain. The ANK domain is flanked by two nuclear
localization signals (NLS) that target the NICD to the nucleus (Wang, M., 2011).
While there are significant differences in size among various NOTCH family
members, particularly compared to the C. elegans orthologs, several
fundamental structural characteristics remain consistent across all members
(Blaumueller et al., 1997; Logeat et al., 1998).
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Figure 2. The structure of the NOTCH receptor family and its corresponding ligands. NOTCH1~4
consists of extracellular, intracellular and transmembrane domains. The five ligands present in
mammals are categorized into two distinct groups: Delta-like (comprising DLLI1, DLL3, and DLL4)
and Serrate-like (encompassing JAGGED1 and JAGGED?2.

The NOTCH pathway is activated when a ligand binds to the single
transmembrane NOTCH receptor on the cell's surface. Ligands are single pass
transmembrane polypeptides on the cell surface, and their structure partially
resembles that of the receptors (Phng & Gerhardt, 2009; D'Souza et al., 2008).
The extracellular domain of the ligands contains multiple EGF-like repeats, which
play a role in their interactions with their respective receptors.

For NOTCH canonical signaling responses to occur, ligands and receptors must
be expressed on neighboring cells. In general, Notch-dependent signaling output
in ECs depend on two central signaling mechanisms: trans-interactions, which
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occur when ligands associate with receptors in adjacent cells, and cis-
interactions, where ligands can inhibit NOTCH signaling within the same cell.
Recently, a cis-activation process has also been identified, which occurs with
multiple ligand-receptor pairs (Nandagopal et al., 2019).

The signaling outcomes of the NOTCH pathway and the varied results of specific
cellular events rely on different combinations of NOTCH family ligands and
receptors (Bigas et al., 2016).

Among the NOTCH ligands found in the vertebrate endothelium, only the
absence of DLL4 or JAG1 leads to defects in the vascular system (Shah et al.,
2017). Delta-like 4 (DLL4), as one of the key regulators of angiogenesis, is highly
expressed in the endothelium of angiogenic blood vessels, as well as in quiescent
arteries and capillaries throughout the tissues and organs of mammals (Lobov &
Mikhailova, 2018). In addition, DLL4 and JAGGED1 play a crucial role in regulating
the selection of tip cells and maintaining a delicate balance that coordinates the
sprouting of ECs. Benedito et al. reported that these two ligands have opposing
roles in the process of tip cell selection in ECs sprouting. Though DIl4 promotes
Notch signaling, which typically inhibits tip cell formation, JAGGED1 plays a
proangiogenic role by downregulating the DLL4-Notch signaling pathway
(Benedito et al., 2009). Additionally, JAGGED1 has been reported to inhibit
NOTCH signaling during embryonic pancreas development (Golson et al., 2009).
Studies have shown that DLL4, which effectively activates NOTCH1, displays a
preference for activating NOTCH1 rather than NOTCH2, whereas DLL1, which in
general has less affinity for NOTCH1 binding (Andrawes et al., 2013), can activate
both NOTCH1 and NOTCH2 (Tveriakhina et al. 2018). It has also been
demonstrated that DLL3 functions exclusively in cis-inhibition (Ladi et al., 2005;
Chapman et al., 2011).

1.3.2 Intracellular VEGF signaling pathway

The other essential signaling pathway in EC sprouting is the intracellular VEGF
signaling pathway (Hellstrém et al.,2007). VEGF-A is the best characterized and
most studied VEGF factor in angiogenesis and acts by signaling through the
receptor tyrosine kinase (RTKs) (VEGF receptor 1 [VEGFR1], -2, and- 3 [VEGFR3])
and coreceptors Neuropilin-1 (NP-1), and Neuropilin-2 (NP-2) (Otrock et al.,
2007; Cross et al., 2001). While the VEGF165 isoform has been identified as
crucial for vascular development (Griinewald, et al., 2010), it's noteworthy that
various isoforms of VEGF-A exhibit specific interactions with VEGFR1 and
VEGFR2. Among these interactions, the highest affinity is observed towards
VEGFR1. However, despite this affinity, it is VEGFR2 that serves as the primary
mediator of VEGF-A signaling during vessel branching (Takahashi & Shibuya,
2005; Olsson et al., 2006).
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VEGFR-2 receptor consists of 1356 amino acids and comprises several distinct
domains. The extracellular portion (amino asid 20-764) contains seven
immunoglobulin (lg)-like folds, with particular significance attributed to Ig
domain three due to its role in determining ligand-binding specificity. Following
this, there is a 21-amino acid transmembrane (TM) domain (amino acids 765-
785), followed by the intracellular domain (amino acids 786-1356). Within the
intracellular domain, there are two kinase domains (KD) separated by a kinase
insert domain (KID) (Cross et al., 2001).

Under hypoxic conditions, increased transcription of VEGF occurs, leading to a
VEGF gradient. The VEGF-A ligand binds to the extracellular Ig domains 2 and 3
on the VEGFR-2 receptor. This binding induces both homo- and
heterodimerization of VEGFR-2 and activates the receptor's kinase activity,
resulting in self-phosphorylation of the receptors. Subsequently, signaling
molecules bind to the phosphorylated VEGFR-2, initiating MAPK (Mitogen
activated protein kinase) signaling cascades, which, in turn, promote cell survival,
proliferation, and migration of ECs (Olsson et al, 2006; Schweighofer et al., 2009;
Kliche et al., 2012; Koch et al., 2012).

1.3.3 Overview of signaling in tip stalk cell formation

During angiogenic sprouting, it is well established that ECs compete dynamically
for the tip cell position (Jakobsson et al., 2010). Tip cells are mobile cells that do
not undergo proliferation. Instead, they perceive the angiogenic signal and
invade the neighboring tissue by elongating multiple filopodia (Kamei et al.,
2006; Gerhardt et al., 2003). Following tip cells are stalk cells (De Smet et al.,
2009), which undergo proliferation, extend the sprouts, create lumens, and
establish blood circulation under suitable conditions. The determination of tip
and stalk cell selection relies on the differences in VEGFR levels between
neighboring ECs, which are influenced by NOTCH/DLL4 signaling. (Hellstrom et
al. 2007; Lobov et al. 2007; Siekmann and Lawson 2007; Suchting et al. 2007). In
brief, the VEGFA ligand—receptor interaction induces dimerization of VEGFR-2
which, in turn, results in the up-regulation of DLL4 expression in leading tip cells.
Elevated expression of DLL4 in tip cells leads to amplified NOTCH signaling in
trailing stalk cells, which suppresses the tip cell phenotype resulting in decreased
VEGFR2 expression within the stalk cells (Pardali et al., 2010) NOTCH activation
reduces VEGFR-2 and VEGFR-3 expression in stalk cells, in contrast to tip cells
that, upon lateral inhibition, exhibit low NOTCH signaling (Pardali et al. 2010).
Besides that, the expression of DLL4 ligand, which is also a target gene regulated
by the NOTCH signaling pathway, will be reduced (Uyttendaele et al., 1996;
Sainson et al., 2005).

It's worth mentioning that the activity of VEGF-A, which acts through its
endothelial receptor VEGFR-2, plays a crucial role in not only inducing tip cell
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filopodia, EC migration and proliferation but also promoting EC survival and
vascular permeability (Tomlins et al., 2005; Tomlins et al., 2006; Pimanda et al.,
2006). As a result, upon VEGF signaling, activation of the intracellular MAPK
cascade triggers the phosphorylation and activation of the ETS transcription
factor ERG, which is necessary for DLL4 induction. As a consequence of the effect
of ETS transcription factors on the DLL4 promoter, a wave of DLL4 will be
generated that mediates NOTCH signaling in the adjacent cells. Upon direct cell-
cell interactions in neighboring ECs, a series of proteolytic cleavages of the
NOTCH receptor causing the release of the NOTCH intracellular domain (NICD),
which translocate to the nucleus where it directly interacts with the CSL
transcription factor and thereby triggers the expression of NOTCH target genes
such as HES and HEY family of basic helix-loop-helix (bHLH) transcription factors
(Weinmaster, 1998; Mumm and Kopan 2000; Nakagawa et al., 2000; Davis and
Turner, 2001; Iso et al., 2003) (Figure 3).
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Figure 3. Formation of endothelial tip cells through two signaling pathways: VEGF/VEGFR and
DLL4/NOTCH. The specification of tip and stalk cells within the vascular endothelium involves the
intricate interplay of the VEGF and Notch signaling pathways. VEGF engages with VEGFR-2, which
is expressed on the surface of quiescent ECs in vessels. Upon stimulation by VEGF and subsequent
activation of the MAPK signaling pathway, coupled with the transcription factor CJUN, ERG and
other transcriptional regulators, DLL4 expression is up-regulated, specifically in the tip cells.
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< Figure 3 (continued). This up-regulation of DLL4 leads to the activation of the Notch signaling
pathway in the neighboring stalk cells, thereby suppressing the tip cell phenotype. Activation of
Notch signaling consequently diminishes the expression of VEGFR2 and orchestrates the
expression of various Notch target genes, such as Hey and Hes (Blanco et al., 2013). Some parts of
this image were created with Bio Render (https://www.biorender.com).

Among the first evidence of the necessity of the presence of ETS in DLL4
expression is our previous findings that showed in primary ECs, in response to
VEGF and following the inactivation of a TEL/C-terminal Binding Protein (CtBP)
complex from DLL4 promoter (which harbors a number of conserved consensus
transcription factor ETS DNA-binding sites), a signature of genes would be up-
regulated, including dual specificity phosphatase DUSP and receptor tyrosine
kinase (RTK) antagonist SPROUTY4 as well as DLL4 (Roukens et al., 2010).
Nonetheless, the precise mechanism by which SPROUTY proteins control RTK
signaling is not fully understood.

In regards to DLL4 expression, in vitro studies also confirmed that VEGF-A
stimulation consistently augments the expression of DLL4 protein on the surface
of human umbilical vein ECs (HUVECs) (Ridgway et al., 2006). Consistent with this
idea, there is evidence that shows hypoxic conditions highly induce VEGF-A
expression, which, as a consequence, directly up-regulates the mRNA expression
of DLL4 in ECs (Patel et al., 2005; Williams et al., 2006),

The NOTCH pathway is linked to other pathways, such as the WNT and
HEDGEHOG pathways, through the involvement of ETS transcription factors
(Bray, 2016) Briefly, ETS factors play a role in modulating the activity of NOTCH
target genes and are involved in the regulation of angiogenesis. Knockdown
studies in mice and zebrafish revealed the influence of ETS factors on the
regulation of NOTCH signaling through the VEGF pathway. For example, ERG
plays a role in maintaining the balance between NOTCH ligands by promoting the
expression of DLL4 while inhibiting JAG1 expression (Shah et al., 2017).

Hence, the NOTCH/DLL4 and VEGF signaling pathways are critical players in the
regulation of angiogenesis and are linked to other pathways through the
involvement of ETS transcription factors. The intricate interplay between
signaling pathways in the regulation of angiogenesis highlights the complex
nature of this process and underscores the importance of understanding the
underlying mechanisms of angiogenesis. In the following section, we elaborate
on the function of the TFs ETS in the process of angiogenesis.

1.4 Role of ETS transcription factors in angiogenesis

ETS (E26 Transformation-Specific) transcription factors are a large and diverse
protein family which are involved in various biological processes, including
control of cellular proliferation, differentiation, hematopoiesis, and angiogenesis
(Sementchenko and Watson 2000; Watson and Seth, 2000; Dittmer et al., 2003;
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Oikawa et al., 2003). The ETS family is characterized by the presence of a highly
conserved DNA-binding domain known as the ETS domain. The ETS domain
allows these TFs to bind to specific DNA sequences and regulate the expression
of target genes, including the expression of genes involved in the process of
angiogenesis, such as NOTCH ligands DLL4 and JAG1, VEGF, and angiopoietin
(Shah et al., 2017). It has been well documented that a number of target genes
of ETS family transcription factor are expressed in ECs and are responsible for the
regulation of angiogenesis. For example, MMP-1, MMP-3, MMP-9, and
urokinase-type PA (u-PA) and VEGF and its receptors (Lelievre et al., 2000)
( Figure 4).

Receptor.tyrosine
kinases

Proteases

Adhesion.molecules

Figure 4. Target genes of ETS Family Transcription Factors in Endothelial cells

Among the members of the ETS family, it has been reported that transcription
factors ETS-1, ERG, FLI-1, ELF-1, TEL, and NERF-2 are involved in the expression
of proangiogenic genes and the regulation of vascular development (Sato, 2001).
Among those, ERG is the most abundantly expressed in resting ECs and has been
shown in in vitro studies to be essential for angiogenesis (Birdsey et al., 2012). In
vivo studies in mouse retina showed that ERG orchestrates the NOTCH, and
Whnt/B-catenin pathways to facilitate the maturation and stability of blood
vessels (Shah,et al,. 2017). Research conducted in Xenopus, mouse, and zebrafish
models has demonstrated that ERG, which is expressed in all ECs, plays a crucial
role in the differentiation and vascular development of ECs (Baltzinger et al.,
1999; Liu et al.,, 2008). Zebrafish studies have also shown that the highly
homologous transcription factors FLI-1 and ERG have also been linked to the
regulation of endothelial homeostasis and angiogenesis, as they play a role in the
expression of genes defining the endothelial lineage (Liu & Patient, 2008). This
aligns with our group's discovery that the disassembly of ETS transcription factor
from the DLL4 promoter can mediate sprouting by controlling DLL4 expression in
ECs (Roukens et al., 2010).
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Additionally, the transcription of von Willebrand factor is regulated by ERG
(McLaughlin et al.,, 2001). Other functional studies demonstrated that FLI-1
disruption in mouse embryos results in aberrant hematopoiesis and hemorrhage
of the animal (Schreiber et al., 2000).

Whereas several studies have investigated the role of FLI-1 in vascular
development, Pham et al. took a comprehensive approach to explore the
combinatorial function of four members of the ETS family (FLI1, FLI1b, ETS1, and
ETSRP) in zebrafish vasculature through using morpholinos to target genes
(Pham et al., 2007).

The current available data also shows that ETS proteins, including ETS-1 and ETS-
2, have also been found to enhance angiogenesis by interaction with an ETS motif
in the VEGFR promotor and via increasing vascular stability through the
regulation of NOTCH signaling by ERG (Wei et al., 2009; Niu et al. 2018; Shah et
al. 2017). Despite the presence of a conserved ETS binding site in the promoters
of proangiogenic genes, the consequences of combining and manipulating these
factors remain an area of limited knowledge (Oettgen, 2001). Further research is
necessary to gain a deeper understanding of the mechanisms underlying the role
of ETS in angiogenesis.

Of note, our group uncovered a new, previously overlooked pathway for the
genetic control of angiogenesis. Our research demonstrated the direct role of
the TEL (ETV6) in mediating angiogenesis (Roukens et al., 2010). Furthermore,
we uncovered the crucial function of the TEL/CtBP transcription repressor
complex in this process by bridging the two predominant angiogenic networks:
the intracellular VEGF receptor signaling pathway and the intercellular
NOTCH/DLL4 pathway, which will be elaborated in this thesis. Our findings
suggest that there may be potential for inhibiting angiogenesis in cancer
pathology by using inhibitors that target ETS activity (see Chapter 5).

1.5 Role of AP1 in angiogenesis

Activator Protein-1 (AP-1) is a dimeric transcription factor complex composed of
the products of the JUN and FOS proto-oncogenes, which play a critical role in
regulating various biological processes such as cell differentiation, proliferation,
apoptosis, and angiogenesis.

Regarding angiogenesis, several members of the AP-1 family have been shown
to differentially regulate genes associated with this process (Angel and Karin,
1991). For example, JUN and JUNB induce the expression of the proliferin gene,
FOS induces VEGF-D, and FRA-1 induces urokinase-type plasminogen activator
(uPA), uPA receptor (uPAR), and various MMPs (Kustikova et al., 1998; Belguise
et al., 2005). Evidence also suggests that the transcription factor FRA-1 promotes
vessel development (Schreiber et al., 2000). /n vivo evidence suggests that the
knockout of certain AP-1 family members contributes to the observed lethality
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in animals. However, Fra-1-null embryos exhibit a deficiency in placental
vascularization, which highlights the role of this factor in stimulating vessel
development (Schreiber et al., 2000). In cancer biology, evidence has shown that
JUND reduces tumor angiogenesis by protecting cells from oxidative stress
(Gerald et al., 2004).

A recent study also demonstrated the impact of deoxy ribozymes targeting CJUN
on solid tumor growth and angiogenesis. The findings showed that CJUN
activation plays a significant role in the proliferation and angiogenesis of invasive
breast cancer (Zhang et al., 2004). Additionally, Fosl1 (Fos-Likel; also known as
Fral) has been shown to play a crucial role in establishing normal placental
vascularization in mice (Schreiber et al. 2000). Furthermore, Fral is involved in
regulating the level of the avB3 intergin and the uPA-uPAR complexes on the
surface of ECs, contributing to angiogenesis (Galvagni et al., 2013).

Previous studies in our lab have also revealed that DLL4 and JUN expression is
highly responsive to VEGFR signaling in HUVECs (Roukens et al., 2010). We have
also discovered that the interaction of DLL4 intracellular domain with JUN forms
a feedback loop that causes VEGF-dependent changes in DLL4 expression and
other angiogenesis-regulating genes (Forghany et al.,, 2018, Chapter 2) This
regulation depends on ETS/AP-1 transcription factors and is controlled by the
DLL4 intracellular domains.

Taken together, these findings provide evidence that the AP-1 transcription
factor components may play a role in angiogenesis, though the precise
mechanistic basis of this remains unclear.

2. Pathological Angiogenesis

2.1 Tumor angiogenesis is a hallmark of cancer, and vascular tumors are
a model for deciphering novel mechanisms

Over the past 30 years, pioneering work, starting with the research of Folkman
et al., has established that tumor development depends on angiogenesis. As
stated before, angiogenesis is indispensable during tissue development and
regeneration. Nevertheless, it also has implications in pathological conditions
like cancer, termed tumor angiogenesis (Chambers et al., 2002). Tumor
angiogenesis is one of the most prominent mechanisms driving tumor growth
beyond a few cubic millimeters (Folkman, 1971). It is widely accepted that a
critical stage known as the “angiogenic switch” occurs in the initial phase of
tumor angiogenesis (De bock et al., 2011). Research on vascularization has a long
tradition, with Rudolf Virchow describing tumor vascularization as a hallmark of
cancer and a pivotal step in tumor growth in 1863. This phenomenon involves
redirecting nearby blood vessels through angiogenesis, facilitated by the vast
number of capillaries in the human body. Tumor cells that develop
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spontaneously normally lack angiogenic characteristics in the beginning. The
transition to angiogenesis typically takes place through a process where certain
factors stimulate the formation of new capillaries, which subsequently align
towards the tumor (Brossa et al., 2019; Ribatti et al.,2007). Therefore, what
triggers vessel formation in both normal and tumor conditions is an essential
topic of investigation.

Although a finely balanced equilibrium exists between proangiogenic and anti-
angiogenic factors to maintain the homeostasis in physiological angiogenesis
(Pollina et al., 2008), tumor growth requires disturbing this balance. Thus,
triggering the angiogenic switch is crucial for cancer progression. This transition
clearly entails more than just increasing angiogenic activity and is believed to
result from a combination of positive and negative regulatory factors. Factors
such as progenitor ECs, the interaction between angiogenic factors and their
receptors, and the interplay between vasculogenesis and lymph angiogenesis
may play a role in triggering this transition (Ribatti et al., 2007). For example,
tumor ECs (TEC), shows elevated expression levels of proangiogenic genes like
VEGFR, VEGF, platelet-derived growth factor (PDGF), and epidermal growth
factor receptor (EGFR). Conversely, expression of endogenous inhibitors, such a
tumstatin (Nyberg et al. 2005), thrombospondin-1 (TSP-1) or interferon, may be
reduced. Therefore, the transition is not solely driven by increased angiogenic
activity but is rather influenced by a complex interplay between positive and
negative regulators (Ribatti et al., 2007).

Tumor vessels exhibit several distinct features compared to normal blood
vessels. Abnormal structure, increased permeability, poor perfusion, uneven
blood flow, and enhanced adaptation are some of the characteristics of tumor
vessels that contribute to tumor progression, metastasis, and therapeutic
resistance (Siemann et al., 2011). As an example of adaptation, recent studies
have reported that TECs consist of heterogeneous populations with variable
phenotypes, and they adapt their characteristics in reaction to the tumor
microenvironment (TME), such as hypoxic conditions. Therefore, the importance
of understanding of these characteristics of vascular tumors and deciphering
their mechanisms provides intriguing discoveries that could be utilized to
personalize existing cancer treatment (Siemann et al., 2011; Treps et al., 2022).
In many solid tumors, such as sarcomas and breast cancer, the level of
angiogenesis and the subsequent vasculature determine the severity of the
tumor’s malignancy (Dass and Choong, 2008). This could be viewed as cancer’s
Achilles heel: cutting off the blood supply could lead to the failure of tumor
development. Over the past years, many angiogenesis inhibitors have been
approved by the FDA for cancer treatment, focusing on targeting molecules like
VEGF, its receptor, or related factors. For instance, Bevacizumab, recognized as
an inhibitor of VEGF's biological activity (Al-Abd et al., 2017), is combined with
conventional chemotherapy. This combination, known as the first-line
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therapeutic strategy for patients with non-small-cell lung cancer (NSCLC),
represents one of the most promising angiogenesis inhibitors for cancer
treatment (Sun et al., 2022).

Broadly speaking, the ultimate aim of anti-angiogenic therapy, particularly when
combined with other conventional therapies, is to stop tumor growth by
maintaining a balance between proliferation and apoptosis rates, thereby
limiting the tumor size to just a few millimeters (Szeles et al., 2012). Unlike this
conventional therapy, which can affect adjacent tissues, anti-angiogenic therapy
targets ECs, thereby inhibiting only the formation of new blood vessels (Szeles et
al., 2012). Although this approach may not completely eliminate the tumor, it
could effectively stop its growth and maintains it at an early stage. Therefore, it
is often used in combination with conventional approaches to achieve complete
tumor elimination (Yazdjerdi et al., 2019). Overall, moderating the potential side
effects associated with standard cancer treatments, lower the chance of
developing drug resistance, and potentially converting cancer into chronic
manageable disease would be the aim of utilizing anti-angiogenesis therapy
(Ansari et al., 2022). Currently, cancer therapies have demonstrated limited
clinical effectiveness due to issues like cytotoxicity and acquired resistance.
Despite some progress, existing strategies have failed to fulfil the early promise
and high expectations. Thus, it is imperative to expand the spectrum of potential
targets for future anti-angiogenesis therapies. To achieve this, one must gain a
thorough understanding of the pathways implicated in angiogenesis. By
identifying new targets and elucidating the underlying mechanisms of
angiogenesis, we can enhance the efficacy of current cancer therapies and
ultimately improve patient outcomes. Recently, our lab uncovered a new,
previously overlooked pathway for the genetic control of angiogenesis.
Specifically, we showed that ETS transcription factors are an essential mediator
of angiogenesis. As such, targeting the activity of these proteins through the
production of small molecule inhibitors of its function represents an entirely
novel approach to the problem of inhibiting illicit vascular development such as
tumor angiogenesis. Our work suggests that inhibitors of the activity of ETS
transcription factors could potentially inhibit tumor angiogenesis without the
problems of acquired resistance and the strong side effects inherent in earlier
strategies (see Chapter 5).

2.2 Role of ETS transcription factors in cancer

ETS factors are believed to play a fundamental role in the development and
evolution of the majority of tumor types. Since the 1980s, multiple different
alterations in ETS factor function have been identified in many different tumor
types (reviewed in Sizemore et al., 2017). Activation and dysregulation of ETS TFs
occur at both the transcriptional and post-transcriptional levels (Wei et al.,
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2023). Such activations of ETS TFs are driven by several mechanisms that include
(a) chromosomal rearrangement, which generates ETS gene fusions in Ewing’s
sarcoma, breast, gastric, head and neck, prostate, and thyroid cancers; (b) gene
amplification in breast cancer and melanoma, (c) feed-forward loop signaling, (d)
gain-of-function mechanisms, increased ETS factor activity and stability
(Sizemore et al., 2017).

In the subsequent section, the involvement of ETS family members in various
forms of human cancer is outlined.

For instance, overexpression of ETS-1 was observed in 80% of tumor tissues from
esophageal squamous-cell carcinoma (ESCC) patients (Mukherjee et al., 2003).
This excessive expression of ETS-1 often coincides with increased VEGF levels,
known to trigger tumor angiogenesis (Hashim et al., 2010; Martins et al., 2013),
and is strongly associated with lymph node metastasis. In addition, ETS-1
expression has been implicated in angiogenesis in endometrial uterine cancers
(Fujimoto et al., 2002), and in ovarian cancers. This contributes to tumor growth
and progression, partly through angiogenesis promotion. Moreover, elevated
ETS-1 expression correlates strongly with increased microvessel density and
VEGF expression in gastric cancer and colorectal carcinoma patients. Similarly, in
various types of human brain cancer, ETS-1 expression significantly correlates
with tumor grade, unlike in normal brain tissue where its expression is minimal
(Kitange et al., 1999). Apart from angiogenesis, ETS factors play roles in DNA
repair, genomic stability, and evasion of cell death (Knezevich et al., 1998; Seth
and Watson 2005).

Recent findings have also revealed the impact of ETS factors on nucleotide, and
steroid metabolism crucial for tumor cell survival. For example, ETS1 regulates
genes encoding enzymes in glycolysis and lipid metabolism in ovarian and breast
cancer (Verschoor et al. 2013). Additionally, in prostate cancer, TMPRSS2-ERG
rearrangements deregulate fatty acid, sphingolipid, and polyamine signaling
(Meller et al. 2016). Moreover, ETS factors influence the tumor
microenvironment, particularly in extracellular matrix remodeling, angiogenesis,
and inflammation (Knezevich et al., 1998; Findlay et al., 2013; Kar & Gutierrez-
Hartmann, 2013).

A study by Huang et al. highlighted the critical role of ELF-1 in tumor angiogenesis
development. High expression levels of ELF-1 correlate with TIE-2 expression in
tumor blood vessels. Blocking ELF-1 using tailored membrane-permeable
peptides inhibits ANG-1-mediated EC migration in vitro and reduces B16
melanoma tumor growth and tumor-associated angiogenesis in nude mice
(Huang et al., 2006). Further studies on TIE-1, TIE-2, and the Ang-2 promoter
suggest that ELF-1 acts as a transcriptional regulator of these genes during
vascular development, emphasizing its essential role in regulating the ANG-TIE-
2 pathway in tumor angiogenesis development (Dube et al. 2001; Hegen et al.
2004).
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Overall, since the misregulation of ETS has been reported as a frequent feature
in many different types of cancer, the prudent use of ETS inhibitors could
selectively target tumor cells. It has been well documented that the ETS family
also interacts with other transcription factor complexes, such as the FOS/JUN
complex, to form more extensive transcriptional regulatory networks (Basuyaux
et al., 1997). This highlights the importance of the ETS family in regulating gene
expression and underscores the need for further study of these proteins in both
normal and disease states.

2.3 Identification and characterization of novel angiogenesis/tumor
cell Inhibitors

For decades, the development of targeted therapy for cancer has been a
challenge that is being investigated by researchers around the world. The
fundamental challenge of cancer research is the discovery of new treatments
that eliminate tumors, are minimally toxic, and are not susceptible to acquired
resistance. During the last two decades, the design of new cancer therapies can
be broadly categorized into two approaches: those that have sought to target
and inhibit tumor cell growth directly and those that target the tumor
vasculature and tumor microenvironment.

Published surveys of all drugs approved in the last decade suggest little evidence
of significant improvements in patient survival or quality of life. As mentioned
before, angiogenesis is coordinated by NOTCH and VEGF signaling (Phng &
Gerhardt, 2009). Several lines of evidence indicate that VEGF signaling acts
upstream of the NOTCH pathway and impacts the control of the expression of
different NOTCH components (Hashim et al. 2010; Mathis 1999; Stone et al.
1995; Lawson et al,.2002; Patel et al. 2005; Ridgway et al. 2006; Lobov et al.
2007). Current data suggests that combining anti-VEGF treatment with
chemotherapy and radiation therapy results in greater antitumor effects than
either treatment alone (Ziche & Morbidelli, 2004).

Although early results appeared promising regarding the efficacy of anti-VEGF
therapy and DLL4/NOTCH targeting antibodies in inhibiting cancer cell growth or
angiogenesis deregulation (Wu et al., 2010; Andersson & Lendahl, 2014) clinical
studies have revealed that while anti-angiogenic drugs initially benefit patients,
their efficacy diminishes over time, resulting in only modest disease-free survival
rates. This primarily occurs because of redundancy resulting in the the activation
of alternative angiogenic signaling pathways (Brossa et al., 2019). The
widespread failure of conventional anti-tumor treatments can be attributed to
the acquisition of resistance by tumor cells. This resistance is caused by the intra-
tumor heterogeneity and the intrinsic redundancies in signal transduction
pathways. When a pathway is inhibited or targeted, another functioning
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pathway compensates for the loss of activity, allowing the tumor to evade the
effects of treatment (Lei et al., 2023).

Broadly speaking, in the drug discovery process, one can look for potential
targets within the "druggable genome." However, the number of possible targets
is limited if it is assumed that only certain genes associated with diseases can be
targeted by drugs. For example, a comparative analysis of antifungal targets in
the yeast genome with human genes suggested that only a small portion of the
human genome, about 2-5%, can be targeted by drugs. This translates to
approximately 600-1,500 potential drug targets in humans, as indicated by
Salami and Crews in 2017 (Figure 5).

Human genome~ 30,000

=

Druggable |

genes~ 3,000
Genome ~ 3.000 |

Drugs target ~ 600- 1,500

Figure 5. Susceptible drug targets within the human genome. Adapted from (Graham, 2022).

However, there are sound reasons to suppose that many other potential proteins
that were previously considered to be undruggable may in fact represent valid
targets. To address the issue, we proposed an entirely different methodology in
this study: finding a new target beyond the druggable genome. Recently, instead
of focusing on the upstream components of cell signaling networks (which were
believed to be druggable), we have developed methods for identifying small
molecule inhibitors of ETS transcription factors, which act downstream of these
pathways. These transcription factors were previously considered
"undruggable," but they play a crucial role in driving the behaviors of tumor cells.
There are compelling reasons for considering the ETS family of transcription
factors as an excellent target. The rationale for targeting ETS factors is simple:
firstly, as ETS factors are located downstream of the major receptor signaling
pathways, inhibiting this group of proteins could effectively suppress tumor cell
growth and alleviate issues of redundancy and resistance (Oikawa et al.,2003).
Secondly, because ETS factors are involved in blood vessel growth, selective
inhibitors could simultaneously achieve two goals: they could prevent tumor cell
proliferation and hinder tumor angiogenesis. Research has already shown that
inhibiting ETS activity impedes tumor cell growth (Rahim et al., 2014; Huang et
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al., 2021). Given that ETS function is misregulated in tumors, the controlled use
of inhibitors might selectively target tumor cells, thereby reducing potential
toxicity. In this light, in Chapter 5, we will consider potential approaches for
therapeutically targeting oncogenic ETS factors.

3. A brief outline of the thesis

This dissertation has contributed novel perspectives to our comprehension of
the mechanisms underlying angiogenesis. Additionally, it has introduced novel
methodologies for targeting angiogenesis. Chapter 1 provides a general
introduction to both physiological and pathological angiogenesis, offering an
exploration of these critical processes. Chapter 2 introduces tube formation
regulation in ECs through interactions between the intracellular domain of
NOTCH ligands and the JUN proto-oncogene. Chapter 3 presents a new model
for controlling the intracellular cis-inhibition of NOTCH receptors by NOTCH
ligand dimerization. In Chapter 4, we characterized the function of mutant FOS
protein in the abnormal vessel growth of epithelioid hemangioma. We also
showed through molecular and biochemical analysis how perturbation of normal
FOS degradation could lead to this vascular neoplasm. Chapter 5 builds upon our
prior discovery, which identified TEL/CtBP as a promising new target for
advancing anti-angiogenic therapies. In collaboration with the European Lead
Factory, a consortium of leading academic institutions and pharmaceutical
companies, we conducted screens and validated hit small molecules that can
putatively inhibit ETS transcription factors by blocking their binding to specific
DNA-binding sites and thereby inhibit tumor cell growth and angiogenic
sprouting. Finally, Chapter 6 summarizes the findings of this thesis within the
context of contemporary scientific literature.
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