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Abstract

Angiogenesis, the process by which new blood vessels are generated from the pre-existing
vasculature, relies on morphological changes in the endothelial cells (ECs) that line all
blood vessels, termed the vascular endothelium. During development, angiogenesis is
crucial to accommodate tissue growth; however, post-development, the endothelium
exists within a quiescent state characterized by limited proliferation, reduced metabolism,
and controlled permeability. This transition between angiogenesis and quiescence is
tightly regulated to ensure efficient vascular development and subsequent homeostasis.
Dysregulation of this process is implicated in multiple diseases, so understanding the

transcriptional mechanisms behind these processes is important.

Recent work suggests that transcription factors involved in epithelial-to-mesenchymal
transition (EMT) may play a role in the regulation of phenotypic switching within the
endothelium. Among these transcription factors, ZEB1, which functions as both a
transcriptional repressor and activator, has been identified as a potential regulator of the
switch between quiescence and angiogenesis. This thesis investigates the potential role of
endothelial ZEB1, through in vitro assays and transcriptomic analysis, in combination with
in vivo models of developmental angiogenesis, as well as models of pathological

angiogenesis and vascular disease.

Unlike other EMT transcription factors, ZEB1 expression was found to be enriched within
confluent ECs. RNA-Seq analysis identified differentially expressed genes resulting from
ZEB1 knockdown, which, alongside ZEB1 ChIP-Seq, revealed genes that are directly bound
and regulated by ZEB1. Further analysis of these genes identified enriched biological
processes such as cell adhesion and response to inflammation. In vivo, the loss of
endothelial ZEB1 during developmental angiogenesis resulted in reduced progression of
the angiogenic front and alterations in vascular network structure. In a pathological model
of wet age-related macular degeneration, however, loss of endothelial ZEB1 caused an
increase in neovascular lesion size and leakage. In a peripheral artery disease model,
endothelial ZEB1 knockout had no impact on blood flow recovery but did lead to
alternative vessel remodeling in both ischemic and non-ischemic limbs. In summary, these

findings indicate that loss of endothelial ZEB1 impacts vascular development and disease.



This research therefore suggests that ZEB1 plays a role in the regulation of the quiescent-

angiogenic switch
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1 Introduction

1.1 The Vasculature

Blood vessels are essential for the transport of cells, solutes and gasses throughout the
body. The mature vasculature is a closed tubular system of branched hierarchical vessels
that form a network consisting of capillaries, arteries, arterioles, veins and venules (Figure
1.1). Arteries and arterioles travel away from the heart, delivering blood into capillary
networks within organs and tissues. Venules and subsequent veins then collect the blood
from the capillary beds to be returned to the heart, whereas lymphatic system returns
excessive fluid from the capillary network back into circulation (Adams & Alitalo, 2007). In
order to constantly support and supply the demands of the tissue, the vasculature remains
dynamic, both in terms of its function but also the phenotype of its component cells. The
importance of a functional vascular network that has the ability to respond to stimuli is
evident due to the extensive variety of diseases that occur as result of flaws in the

vasculature (Carmeliet, 2003).

1.1.1  Structure and function of the endothelium

Although blood vessels vary in their properties, they all contain a lumen lined by a
monolayer of endothelial cells, termed the vascular endothelium (Galley & Webster,
2004). Endothelial cells (ECs) are polarised so that different regions of the cell membrane
interact with different environments. The abluminal region of the cell interacts with the
basement membrane, a highly structured extracellular matrix composed of proteoglycans,
proteins and glycoproteins (Leclech et al.,, 2021). Whereas at the opposite pole, the
luminal side is coated in a specialised glycocalyx and interacts directly with the contents
of the vessel (Pries et al., 2000). The endothelium establishes a selective barrier between
the tissue and the contents of the blood. Key components of this barrier include adherens
junctions and tight junctions, both of which are important for maintaining specific vessel

properties and vascular homeostasis.

Adherens junctions are formed by transmembrane proteins called cadherins. Vascular
endothelial cadherin (VE-cadherin), a primary component of these adherens junctions,

form calcium dependent, homophilic interactions between endothelial cells. The
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intracellular component of VE-cadherin interacts with other proteins such as B-catenin,
which in turn interact with the cytoskeleton (Claesson-Welsh et al., 2021). In response to
permeability factors, VE-cadherin can be phosphorylated, regulating the structure of
these adherens junctions and therefore the permeability of the vessel (Orsenigo et al.,
2012). Tight junctions instead are composed of claudins, JAMs and occludins which exist
in complexes with intracellular scaffolding proteins. The composition and abundance of
these tight junction complexes influences the barrier tightness and permeability
(Claesson-Welsh et al., 2021). Changes in both junction types are coordinated to ensure

vascular homeostasis is maintained (Taddei et al., 2008; Tornavaca et al., 2015).

The endothelium is heterogeneous across different vascular beds within different organs
and tissues. This refers to the large variation and diversity of molecular characteristics
between ECs depending on their environmental context and requirements (Aird, 2007). A
clear illustration of this would be the variations between tissues with distinctly different
functions. For example, the endothelium within the brain forms a specialised blood brain
barrier (BBB) that lines cerebral blood vessels. This is an essential protective barrier that
strictly regulates the passage of substances between the contents of the blood and cellular
components of the brain, crucially regulating the diffusion of ions and nutrients whilst
restricting the passage of potentially harmful molecules (Daneman & Prat, 2015).
Structurally the endothelium within the BBB therefore has high expression of junction and
barrier proteins such as JAMs, Occludins, Claudins and Cadherins, along with a vast
network of support cells such as pericytes (Kadry et al., 2020). Whereas the endothelium
within the glomerulus of the kidney has different functions, whereby they form a crucial
component of the renal filtration barrier. These endothelial cells display unique
characteristics such as fenestrations and a specialised glycocalyx which facilitate the
filtration process (Fogo & Kon, 2010). These two contrasting examples highlight the tissue
specific characteristics of the endothelium, and the importance of these characteristics
for the function of the entire organ. Hence, endothelium heterogeneity and functionality

is a crucial part of all aspects of physiology.

What was first simply labelled as either veins or arteries by Hippocrates has now

drastically expanded to the heterogenous system that is known today (Aird, 2007). Within
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the last decade, advances in single cell transcriptomics have provided in-depth
information surrounding the inventory of endothelial cells within specific organ systems,
as well as in health and disease. Kalucka et al published the first murine endothelial cell
transcriptomic atlas, which further revolutionised the way endothelial heterogeneity was
understood. This atlas not only identified heterogeneity between organs, but also intra-
tissue heterogeneity within organs, identifying multiple endothelial subtypes with distinct
transcriptomic profiles and characteristics which translate to organ function. This work
includes findings such as the specific expression of vascular barrier integrity genes within
gut and small intestine ECs, which agree with previous reports that highlight their
importance within the blood-gut barrier (Kalucka et al., 2020; Spadoni et al., 2015). As well
as this, specific EC subclusters were identified within vascular beds, such as the lung which
had separate artery, vein and lymphatics EC clusters, along with two distinct capillary
clusters, which demonstrated the large amount of heterogeneity even within organs
(Kalucka et al., 2020). The same single cell transcriptomics analysis has been applied to a
multitude of diseases and morbidities including cancer (Zhang et al., 2023) and obesity
(Bondareva et al., 2022), which have all identified distinct changes in endothelial
transcriptomic profile, with multiple subtypes of diseased endothelial cells contributing to
the pathology (Becker et al., 2023). Hence, a deeper comprehension of the endothelium
holds significant importance for both normal physiological development and the
advancement of pathological diseases, ultimately leading to enhanced approaches in

disease treatment.
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Figure 1.1 Schematic of the vascular system. The vascular system is a hierarchical
network of arteries, arterioles, capillaries, venules and veins. Arteries carry blood away
from the heart towards capillary beds which are the primary site of gaseous and
nutrient exchange, with veins carrying blood back to the heart. All vessels are lined by
endothelial cells, hence termed the endothelium, which lies on a basement membrane.
Pericytes coat capillaries whereas larger vessels are coated in smooth muscle cells.
Created with biorender.

1.1.2 Vasculogenesis

During early embryonic development, the first endothelial cells, and hence blood vessels,
are formed de novo via a process termed vasculogenesis. In this process, endothelial
progenitor cells known as angioblasts, migrate and associate into clusters to form blood
islands that surround haematopoietic precursors which will eventually differentiate into
components of the blood. This process of blood island formation drives the creation of the
primitive vascular network. The remodelling of this network along with the differentiation
and recruitment of mural support cells occurs gradually until a hierarchical network is

generated containing arteries, veins and capilaries (Risau & Flamme, 1995).
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1.1.3 Angiogenesis

Once vasculogenesis has generated the initial plexus, the expansion of the network occurs
as a result of angiogenesis. Angiogenesis is that process in which new blood vessels are
generated from the pre-existing vasculature (Carmeliet, 2003). Angiogenesis is essential
in development and growth as the vasculature is required to expand to meet the needs of
the growing tissue. However, it is also important post-development in processes such as
wound healing and exercise (DiPietro, 2016; Ross et al., 2023). Much of the early research
into angiogenesis was focused on tumours after Judah Folkman proposed tumour
angiogenesis as a targetable process in treatment of cancers (Folkman, 1971). Since then,
the process of angiogenesis has been well researched is now understood to be a highly
coordinated series of events that can vary depending on the context of angiogenic

initiation (Eelen et al., 2020; Liu et al., 2023).

Broadly, angiogenesis can be split into two major types: sprouting angiogenesis and
intussusceptive angiogenesis. The initial reports of angiogenic sprouts were seen in
embryological development studies. Early microscopy studies within the tail of frog larva
revealed blood vessels sent out sprouts from already present vessels (Clark, 1918), and
later in avian studies, angiogenic tip cells were first defined (Kurz et al., 1996). Continued
research allowed for these tip cells to be further characterised in the angiogenic vessels
within the developing mouse retina. This study described tip cells as specialised migratory
endothelial cells defined by actin filopodia extension (Gerhardt et al., 2003; Ruhrberg et
al., 2002) s. Whereas, intussusceptive angiogenesis was characterized in studies of the
developing rat lung, where small holes within the vasculature were observed instead of
capillary sprouts. These holes lead to the expansion of the network by driving capillary

replication and remodeling (Caduff et al., 1986).

The process of sprouting angiogenesis has been well defined to occur through multiple
steps (Figure 1.2). The initiation of angiogenesis is a result of the release of pro-angiogenic
signaling molecules which act upon the endothelium. The stimulated endothelial cells
then begin to change morphology, becoming more motile and invasive (Eilken & Adams,
2010). A sprout is then formed from existing vessels, which branch outwards towards the

location of the stimulus. These branches form a lumen and eventually connect in a process
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termed anastomosis, allowing blood flow through the nascent vessel (Potente et al.,
2011). Generally, the term angiogenesis is used to describe neovascularization in the
microvasculature and capillaries. Whereas the term arteriogenesis describes the collateral
formation of larger arteriole vessels as a result of an occlusion to the blood supply (Scholz
et al., 2001). Arteriolargenesis is where these microvessels are converted into muscle

coated micro vessels by the recruitment of smooth muscle cells (Benest et al., 2008).

1.1.4 Pro-angiogenic signalling mechanisms

1.1.4.1 VEGF

The stimulation of angiogenesis requires an increase in pro-angiogenic cytokines and
stimuli. The most well studied of these is Vascular Endothelial Growth Factor A (VEGF-A).
VEGF was initially identified as Vascular Permeability Factor (VPF) in the research of
tumours in 1983. Senger et al classified this secreted protein as VPF due to its ability to
increase the vascular permeability of tumour associated blood vessels (Senger et al.,
1983). Not long after, another group identified and purified a novel growth factor specific
for its mitogenic effect on endothelial cells, hence terming it VEGF (Ferrara & Henzel,
1989). Purification and subsequent protein sequancing of Sengers VPF confirmed that VPF
and VEGF were in fact the same protein and hence VEGF was understood to be a potent

angiogenic and vascular permeability associated cytokine (Senger et al., 1990).

Further work has identified multiple members of the VEGF family of growth factors, VEGF-
A, VEGF-B (Olofsson et al., 1996), VEGF-C (Joukov et al., 1996), VEGF-D (Achen et al., 1998),
VEGF-E (viral VEGF) (Meyer et al., 1999), and Placenta growth factor (PIGF) (Maglione et
al., 1991). The other VEGF family members have proven to have a variety of distinctive
roles, with VEGF-B implicated in early embryogenesis and development, and VEGF-C and
D involved in regulating lymphangiogenesis (Ferrara et al., 2003; Shibuya, 2006). VEGF
molecules act by binding to VEGF receptors (VEGFR), which are classical receptor tyrosine
kinases expressed on the surface of ECs. Likewise, to VEGF, there are multiple VEGFRs;
VEGFR1 (also known as Flt-1) and VEGFR2 (also known as KDR) are primarily expressed on
blood vascular endothelial cells (Shibuya, 2006). VEGFR3 is primarily expressed on
lymphatic endothelial cells (Kaipatnen et al., 1995) and was once believed to be a receptor

that is specific to lymphatic ECs; however, it has since been identified as being expressed
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in blood ECs, specifically on tip and stalk cells during sprouting angiogenesis and vessel

fusion (Tammela et al., 2008), suggesting its role is not purely associated with lymphatics.

Numerous isoforms of VEGF-A have been identified with varying bioavailability and
function. The isoforms differ in length owing to alternative splicing and are designated
VEGFxxx, where xxx represents the amino acid number within the protein sequence and
hence, the protein size (Ferrara et al., 2003). VEGFi¢s is the predominant isoform; it is
secreted however a fraction remains bound to the cell surface and extracellular matrix
(Park et al., 1993). The smaller VEGFi2;: does not bind heparin and hence is a freely
diffusible protein. Whereas the larger isoforms, such as VEGFiss and VEGF,6 bind to
heparin with high affinity, sequestering their location to the extracellular matrix (Ferrara
et al., 2003; Houck et al., 1992). Another isoform of VEGF-A has been identified that arises
from alternative splicing of exon 8, which was discovered by Bates et al. This isoform,
designated VEGF-Axxb, was shown to have anti-angiogenic properties comparison to its
pro-angiogenic alternative splice variant, VEGF-Axa (Bates et al., 2002). This highlights
how alternative splicing can not only affect the bioavailability of VEGF, but also regulate

its pro-angiogenic activity.

VEGF-A specifically binds to VEGFR1 and VEGFR2 but can also bind to neuropilin family
members and heparan sulfate proteoglycans (HSPGs), both of which are able to modulate
signal transduction activity and hence are known as co-receptors (Simons et al., 2016).
VEGFR1 has a greater affinity for VEGF-A, around 10 times greater than VEGFR-2; however,
the tyrosine kinase activity was observed to be 10-fold higher in VEGF-A binding to
VEGFR2, compared to VEGFR1 (Sawano et al., 1996). VEGFR1 knockout mice are
embryonic lethal at around embryonic day 8.5 owing to an overgrowth of vascular
endothelial cells, resulting in disorganised vessels, generating an inadequate vascular
network (Fong et al., 1995). This formation of a disordered network as a response to
VEGFR1 KO suggested VEGFR1 may have roles in the regulation of VEGFR2-driven
angiogenesis, specifically within embryo vascular development. This hypothesis was
supported by the fact VEGFR2 KO mice in contrast display no formation of blood vessels
and subsequently die around embryonic day 9 (Sakurai et al., 2005). Taken together, these

two studies suggest opposing roles for these two receptors in order to generate a
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structured blood vessel network. Interestingly, mice lacking the intracellular kinase
domain of VEGFR1 had no observed phenotype which provided strong evidence that
VEGFR1s role in regulating angiogenesis and vessel formation is independent of its
tyrosine kinase activity (Hiratsuka et al., 1998) . This therefore describes a system by which
VEGFR1 regulates angiogenesis by competing with VEGFR2 in binding VEGF-A. Further to
this, VEGFR1 has been identified as having a soluble isoform which when expressed acts
to inhibit angiogenesis by sequestering available VEGF-A (Kendall & Thomas, 1993;
Shibuya, 2006). This information together indicates that the activation of VEGFR2 is the

primary driver of angiogenic signaling within ECs, whereas VEGFR1 plays a regulatory role.

Within fully developed adults VEGFR3 is commonly restricted to the lymphatic
endothelium, however during development it is present on all endothelial cells. Deletion
or inhibition of VEGFR3 resulted in decreased angiogenic sprouting, branching and
proliferation within the mouse retinal microvasculature. Not only this, activation of
VEGFR3 was able to sustain angiogenesis during VEGFR2 inhibition (Tammela et al., 2008).
This therefore suggests it is not only VEGFR2 that promotes angiogenesis signaling within
ECs, but also VEGFR3. More recently a study was conducted by Karaman et al that
investigated the interplay between VEGFR1, VEGFR2 and VEGFR3 in vascular development
using endothelial specific knockout models, where the knockout was induced at different
time points postnatally. This identified that the vascular regression caused by VEGFR2 KO
was tissue specific, with only some vascular beds being affected, including the retina. This
team therefore suggested that VEGFR1 and VEGFR3 alone could promote vessel survival.
The team also identified that VEGFR3, although primarily expressed in lymphatic vessels,
was able to attenuate VEGFR2 signaling on blood endothelial cells as well as promote EC
survival when VEGFR2 was lost (Karaman et al., 2022). This research therefore highlights
the dynamic interplay between VEGFR1 2 and 3, as well as organ specificity and

developmental time points specifically.
1.1.4.2 FGF

Fibroblasts growth factors (FGF) have also been identified in the initiation and regulation
of angiogenesis. Basic FGF (bFGF, also known as FGF-2) was initially identified as a

proangiogenic factor capable of stimulating endothelial cells in an autocrine and paracrine
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fashion (Montesano et al., 1986). Upon stimulation of endothelial cells, bFGF was capable
of inducing both proliferation and migration, along with the expression of growth factors
and proteases that promote angiogenesis (Seghezzi et al., 1998). Due to its pro-angiogenic
role, much of the research on bFGF has focused on its inhibition as a form of anti-
angiogenic therapy. However more recently, bFGF was identified as a modulator for
VEGFR1 splicing in endothelial cells via the activation of spliceosome constituents
SRSF1/SRPK1 (Jia et al., 2021). This finding provided a link between bFGF and VEGFR

signalling within angiogenesis.

1.1.4.3 CXCR4/CXCL12

Although chemokines have diverse roles in inflammatory processes, there have been
distinct roles for chemokines identified in angiogenesis. A noteworthy example is the
chemokine receptor CXCR4 and its ligand CXCL12. Microarray analysis of tip cells to
identify tip cell associated genes identified CXCR4 as having enriched expression within EC
tip cells (Strasser et al., 2010). CXCR4 was also observed to be expressed in developing
vascular endothelial cells as mice lacking CXCR4 die in utero due to defective vascular
development (Tachibana et al.,, 1998). This phenotype was replicated in endothelial
specific CXCR4 KO mice (Ara et al., 2005), highlighting the endothelial specific activity of
CXCRA4. Inhibition of CXCR4 in vivo using inhibitors or anti-CXCR4 antibodies resulted in a
dramatic change in tip cell morphology and patterning, along with a reduction in vascular
density and a reduction in filopodia number (Strasser et al., 2010). These results therefore

suggest that CXCR4 mediates tip cell morphology and branching in sprouting angiogenesis.

1.1.5 Regulation of angiogenic processes

1.1.5.1 Tip Cell Selection

During development and growth, expanding tissues must generate a vascular network to
ensure a sufficient supply of oxygen. As the tissue expands, hypoxia occurs within the
tissue, triggering hypoxia signaling which activates transcription factors such as hypoxia-
inducible factors (HIF). In normal oxygen conditions prolyl hydroxylase (PHD) enzymes
hydroxylate HIFs, which causes the binding of the von-Hippel-Lindau E3 ubiquitin ligase.
This allows for the ubiquitination of HIF proteins, targeting them for degradation by the

proteasome. However, in low oxygen conditions the enzymatic activity of PHDs is
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inhibited, which as a result stabilizes HIF proteins. This allows them to activate hypoxic
response genes, including pro-angiogenic factors for example VEGF-A which is activated

by HIF-1a (Krock et al., 2011; Liu et al., 1995).

In the developing mouse retina, sprouting angiogenesis requires a gradient of pro-
angiogenic cytokines such as VEGF, which are released by astrocytes within the growing
avascular regions to guide tip cell migration (Gerhardt et al., 2003; Ruhrberg et al., 2002).
This results in a tip cell being selected that begins to break away from the basement
membrane and migrate outwards to initiate the formation of a sprout. Importantly, not
all ECs react in the same way to this angiogenic stimulation, as this would result in severe
disruption to the network. Instead, only the tip cells respond to VEGF-A by migrating
towards the VEGF-A stimulus, whereas the stalk cells respond differently to VEGF-A via

increased proliferation (Gerhardt et al., 2003).

This process of tip cell selection was assumed to be highly regulated. Although Gerhardt
et al identified that tip and stalk cells responded differently to pro-angiogenic VEGF-A, it
was not until a few years later that the Notch signalling to its Delta-like-4 (DLL4) ligand
was identified as a mechanism of tip-stalk selection. In response to VEGF-A, it was
determined that all ECs upregulated DLL4 expression, but tip cells appear to express
significantly more DLL4 compared to stalk cells (Lobov et al., 2007). This higher expression
of DIl4 activates Notch signaling in adjacent ECs which acts to inhibit the tip cell
phenotype. Without this interaction between DLL4 on tip cells and Notch on stalk cells, an
increase in tip cell number, EC proliferation and tip cell markers is observed within the
developing mouse retina (Hellstrom et al., 2007; Suchting et al., 2007), indicative of
unregulated tip cell/stalk selection. Conversely, the Notch ligand Jaggedl has been
identified as having higher expression in stalk cells. Endothelial specific KO of Jagged1
within the developing mouse retina significantly reduced angiogenic sprouting, whereas
overexpression significantly increased sprouting (Benedito et al., 2009). Therefore, this
signaling between Notch and Jagged1 on stalk cells is observed as being regulatory of the

stalk cell phenotype.

In 2010, Jakobsson et al linked this tip stalk regulation by Notch and DIl4 with the

expression of VEGFR2 and VEGFR1, providing an explanation as to why these two EC
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subtypes respond differently to VEGF-A. It has previously been noted that in vitro, DLL4
activation of Notch was observed to downregulate VEGFR2 and hence modulate the
cellular response to VEGF-A (Williams et al., 2006). But by using computational modeling
and mosaic spouting assays in vivo, it was determined that tip cells express significantly
higher levels of VEGFR2 and lower levels of VEGFR1, in comparison to stalk cells
(Jakobsson et al., 2010). The balance between pro-angiogenic VEGFR2 signaling and the
angio-regulatory binding of VEGF-A to VEGFR1 is therefore able to manipulate the EC
response to VEGF. This dynamic expression of VEGFR1 and 2 was observed to be regulated
by active NOTCH signaling within stalk cells, and time lapse microscopy identified that
shuffling of tip and stalk phenotype occurs constantly (Jakobsson et al., 2010). Therefore,
the Notch/DLL4 and Notch/Jagged 1 signaling between ECs is essential for the correct ratio
of tip and stalk cells via the regulation of VEGFR2/VEGFR1 expression.

1.1.5.2 Breakdown of the extracellular matrix

In order for tip cells to migrate and the trailing stalk cells to proliferate, ECs must actively
modulate their local environment. This primarily involves the breakdown of extracellular
matrix (ECM) proteins and basement membrane so that ECs can freely migrate and
proliferate to undergo angiogenesis (Eelen et al., 2020). The degradation of the basement
membrane is mediated by matrix metalloproteases (MMPs) that are increased in
expression and secreted by tip cells. VEGF-A stimulation of ECs in vitro has been
determined to increase the expression of multiple MMPs, including MMP-1, -3, -7, -8, -9,
-10, -13 and -19. Although these proteases are thought to have varying roles, MMP-10 was
identified as being a major regulator of EC migration, as knockdown of MMP-10 by siRNA
inhibited VEGF induced migration in vitro and in vivo (Heo et al., 2010). In vivo studies have
also highlighted the importance of MMPs in sprouting angiogenesis, with deletion of
MMP-2 observed to reduce retinal angiogenesis in mice (Ohno-Matsui et al., 2003). Along
with a passive role in modulating the external environment of ECs to allow for migration,
MMPs play a more active role in angiogenesis as they are able to release pro-angiogenic
cytokines that are sequestered within the ECM such as VEGF, bGFG and TGF-B (Wang &
Khalil, 2018).
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1.1.5.3 Tip Cell Guidance

A gradient of pro-angiogenic cytokines, including VEGF, is essential for tip cell guidance of
the angiogenic sprout. Within the developing retina, the release of heparan sulphate
bound VEGF-A1ss from astrocytes of avascular regions serves as a chemo-attractive signal
that induces EC activation and migration (Gerhardt et al., 2003; Ruhrberg et al., 2002).
VEGF is able to trigger migratory behavior in tip cells via Cdc42 regulation of filopodia
formation and Racl induction of lamellipodia (De Smet et al., 2009). But as for the actual
guidance of this migration, ECs are observed to follow similar signaling pathways that
axons display in the formation of neuronal networks such as the use of ROBO guidance
receptors and Netrins (Potente et al., 2011). An identified mediator of tip cell guidance is
Neuropilin-1 (Nrp-1), a transmembrane Semaphorin receptor which is also capable of
binding VEGF-A. Nrp-1 knockout mice show no changes in EC proliferation but displayed
irregular EC migration and tip guidance during sprouting. Using a model of angiogenesis
in the neonatal hind brain, the team described the sprouts as ‘blind-ended’, as tip cells
were unable to form an efficient vascular network due to the lack of sprout direction
(Gerhardt et al., 2004). Interestingly, Phng et al identified that filopodia formation was not
required for EC guidance, despite previous reports highlighting their importance in
migration (Phng et al., 2013). The guidance of endothelial tip cells remains incompletely

elucidated.

1.1.5.4  Lumen formation and anastomosis

The proliferation of stalk cells promotes the sprout extension but to form a functional
vessel with blood flow the sprout is required to form a lumen and anastomose to create a
closed network. In doing so, tip cells are required to lose their highly migratory phenotype,
and stalk cells are required to reduce their level of proliferation. Instead, ECs form strong
junctional connections to each other, regain apical-basal polarity and regenerate and
attach to the basal lamina (Adams & Alitalo, 2007). Vessel anastomosis is the process in
which two tip cells interact with each other to form a complete vessel. Macrophages have
been identified as facilitators of this process by interacting with tip cells and their
filopodia, however anastomosis can occur without the presence of macrophages,
suggesting their role is purely facilitatory (Fantin et al., 2010). Live imaging techniques

have also identified that multiple filopodia connections occur before the upregulation of
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major cell adhesion molecules such as VE-Cadherin that allow the two ended vessels to

fuse (Lenard et al., 2013).

A number of mechanisms of lumen formation have been proposed; these include
wapping, budding, cavitation, cell hollowing, cord hollowing and membrane invagination
(reviewed in Ghasemi Nasab et al 2022). Wrapping involves polarisation and elongation of
ectodermal cells, wedge-shaped cell formation, and neural plate fusion. Budding involves
polarised epithelial cells elongating and forming lumens through bud gyration. Cavitation
forms lumens via apoptosis of inner cells in dense cell masses, driven by extracellular
matrix signaling and loss of cell attachment. Cell hollowing generates intracellular lumens
via vacuole fusion within single cells. Cord hollowing creates lumens between endothelial
cells in cell cords without apoptosis. Finally, membrane invagination expands pre-formed

lumens into neighboring cells (Ghasemi Nasab et al., 2022).
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Figure 1.2 Schematic diagram of sprouting angiogenesis. In low oxygen conditions hypoxia
signalling tiggers the expression and release of pro-angiogenic signalling molecules such as
VEGF-A. VEGF-A binds to VEGFR2 receptors on ECs which triggers the angiogenic process.
Initially a tip cell is selected as a result of initial VEGFR2 activation inducing DLL4 expression
and NOTCH activation on adjacent ECs. This NOTCH signalling triggers the upregulation of
VEGFR1 and downregulation of VEGFR2 in stalk cells to modulate their response to VEGF-
A. The tip cell releases MMPs to break down the ECM and migrates towards the higher
concentrations of VEGF-A within the hypoxic stimulus. The stalk cells proliferate behind,
creating an angiogenic sprout. Created with biorender. Created with biorender.
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1.1.6 Vessel Regression and Maturation

1.1.6.1  Mural Cell Recruitment

Nascent vessels are required to undergo phases of regression, remodelling and
maturation in order to generate a plexus that efficiently meets the demand on the
surrounding tissue. In the early stages of vessel maturation, ECs begin to recruit mural
support cells such as pericytes and vascular smooth muscle cells (vSMCs) (Adams & Alitalo,
2007; Fruttiger, 2007). The secretion of Platelet Derived Growth Factor B (PDGFB) by
maturing ECs acts on PDGF Receptor B (PDGFB) on mural cells which initiates the
recruitment to the maturing vasculature (Hellstrom et al., 1999). This communication
between ECs and mural cells also occurs in the opposite direction, with mural cells

releasing Angl which acts upon Tie2 receptor on endothelial cells (Suri et al., 1996).

Pericytes are support cells that are major components of the neuro vascular unit which
connects components of the vascular system and nervous system; however they are also
present within other non-neuronal regions of the vasculature. They were first identified
by Rouget in 1874 (Rouget, 1874), in which he termed them Rouget cells, but later
Zimmermann defined these vascular support cells as pericytes (Zimmermann, 1923). High
resolution imaging along with pericyte labelling techniques have demonstrated that
pericytes surround capillary ECs (Hartmann et al., 2015; Mizutani et al., 2022). The
recruitment of pericytes by endothelial PDGFB has proven to be essential in blood vessel
maturation, as PDGFB or PDGFRP deficient mice leads to an absence of pericytes within
the vasculature. Although no differences were observed in vessel density, length or
branching, pericyte deficient mice had increased vascular leakage and endothelial
hyperplasia causing defects in the overall vascular morphology of the blood brain barrier
(Daneman et al., 2010; Hellstrom et al., 2001). Pericytes are thought to also play a role in
regulating vascular contractility, however this is debated among the literature and likely
context and tissue dependent (Fernandez-Klett et al., 2010; Hill et al., 2015). Not only this,
pericytes have also been identified as being sources of pro-survival signals for endothelial
cells, with the ability to impact the cell cycle and angiogenic sprouting (Durham et al.,
2014). Interestingly, Eiken et al demonstrated that pericytes express VEGFR1 which leads

to the spatial restriction of VEGF signaling and therefore promotes endothelial sprouting
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(Eilken et al., 2017). The role of pericytes is therefore diverse, from vessel maturation and

stabilisation, but also regulation of angiogenic sprouting.

During vessel maturation, the network begins to form a hierarchy which requires the
recruitment of vSMCs to larger vessels. Similarly to pericytes, these vSMCs wrap around
nascent vessels however unlike pericytes, the basement membrane of ECM proteins
separates ECs from vSMCs (Gaengel et al., 2009). The recruitment of vSMCs is an essential
part of vascular development, with mutations that lead to a loss of this process resulting
in early embryonic lethality. An example of which is the endothelial specific deletion of
LKB1, which resulted in a loss of TGFB mediated vSMC recruitment and lethality at E12.5
(Londesborough et al., 2008). It has also been demonstrated in mouse embryos that
hemodynamic force regulates the recruitment of vSMCs, as reduced blood flow reduced
the vSMCs recruitment. In reduced flow embryos, an increase in expression of
Semaphorin3a, 3f and 3g was noted, along with a decrease in FOXC2 and HEY1, which
could be involved in regulating the response to flow and hence vSMC recruitment (Padget
et al., 2019). More recently, communication between ECs and vSMCs via extracellular
vesicles (EVs) was identified, with miR-539 secreted by EC EVs and miR-582 secreted by
vSMCs EVS, providing a further mechanism for EC to vSMC communication (Fontaine et

al., 2022).

1.1.6.2 Vessel Regression and Pruning

The regression and remodelling phases of plexus generation require coordinated
signalling between pro- and anti-angiogenic factors which result in the elimination of
vessels, otherwise known as vessel pruning (Adams & Alitalo, 2007). This process has been
extensively studied in the neonatal mouse retina, due to the fact the development of the
vasculature occurs postnatally, and so different stages of vascular development can be
observed. The retinal vasculature also goes through multiple phases of remodelling; the
first being the regression of the hyaloid vessels that were present within the early
development of eye, which are eventually replaced by the retinal vasculature. Whereas
the second stage of regression occurs in order to prune the newly formed vascular
network and generate a stable plexus (Fruttiger, 2007). Vessel stability has been observed

to be controlled by numerous factors, including astrocyte derived VEGF, as astrocyte
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specific deletion of VEGF resulted in vessel regression (Scott et al., 2010). Notch signalling
has also been identified in the regulation of vessel stability in angiogenesis. The activation
of DLL4/Notch in stalk cells induced expression of Nrarp (Notch-regulated ankyrin repeat
protein) which promoted Wnt signalling via Lefl, and that loss of either Nrarp or Lefl
resulted in vessel regression (Phng et al., 2009). EC KO of Wnt secretion factor Evi was also
found to induce vessel regression in both the neonatal retina and tumour angiogenesis
(Korn et al., 2014). This research highlights the balance of multiple pro-survival signals in

the generation of a new vascular network.

Vessel pruning can occur via either migration and re-localisation (Ishida et al., 2003), or
selective apoptosis of endothelial cells (Hughes & Chan-Ling, 2000), with both of these
processes aided by leukocytes. Apoptosis, a form of programmed cell death, occurs as a
result of decreased EC survival factors, such as VEGF, and increased pro-apoptotic signals.
Although originally believed to play a major role in vessel pruning, the exact role of
apoptosis in angiogenesis and vascular plexus remodelling remains a topic of debate
within the literature. Using EC specific deletion of apoptosis effector proteins BAK and
BAX, Watson et al demonstrated that apoptosis is not required for vessel pruning,
however it does remove non-perfused vessel segments. Apoptosis is also determined to
influence EC number during angiogenesis and vessel maturation, which results in an
increase in capillary diameter (Watson et al., 2016). Whereas within the hyaloid
vasculature, apoptosis regulated by ANG2 is required for hyaloid vessel regression, a
process which requires macrophages (Rao et al., 2007). Key proteins have been identified
by transcriptomic analysis, such FGD5 as a novel driver of vascular pruning via
angiogenesis, with loss and gain of function studies revealing FGD5 inhibits
neovascularisation and promotes apoptosis induced vaso-obilteration via p53 (C. Cheng
et al.,, 2012). Interestingly, endothelial specific loss of Caspase 8, a key mediator in
apoptosis, results in reduced angiogenesis and EC proliferation, along with destabilisation
of VE-cadherin and EC junctions (Tisch et al., 2019). This suggests that apoptosis factors
may not only facilitate the pruning of the network but also the initial angiogenic
generation of the vasculature. Therefore, the requirement for apoptosis within
angiogenesis and vascular remodelling is evident, but the exact regulation and roles of

angiogenesis is likely to be context specific.
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As well as the previously mentioned hypoxia induction of VEGF-A inducing angiogenesis,
oxygen sensing pathways have also been identified as key regulators of vessel pruning. As
the tissue becomes vascularised and oxygen availability increases, the release of pro-
angiogenic signals reduces, leading to a switch to vessel maturation and pruning (Adams
& Alitalo, 2007). Von Hippel-Lindau is an essential regulator of HIF-1a, with its activation
in normoxic conditions leading to HIF-1a degradation (Maxwell et al., 1999). In VHL
syndrome a mutation within VHL results in an increase in susceptibility to certain tumors,
as well as the growth of benign neoplasms called hemangioblastomas that contain highly
proliferative endothelial cells (Kanno et al.,, 2009). In VHL mutant mice, vascular
abnormalities were identified, with defects in arterial and venous branching and
maturation at later developmental stages (Arreola et al., 2018). Oxygen sensing is also
mediated by prolyl hydroxylase domain proteins (PHDs), with PHD2 deficient mice
observed to have defective vascular pruning. This was initially believed to be due to the
increased VEGF-A release by astrocytes with active HIF signaling, however treatment with
anti-VEGF agents did not reverse the phenotype, indicating other mechanisms must also

be involved (Duan & Fong, 2019).

1.1.6.3  Arteriovenous differentiation

Arteriovenous differentiation is the process by which newly developed vessels
differentiate into either arteries or veins and is essential for the formation of a hierarchical
network (Corada et al., 2014). Arteries gain further vSMC coverage which increases their
contractability to cope with the increased shear stress, whereas veins are under less
pressure and are required to develop valves to ensure the flow of blood is unidirectional
(Adams & Alitalo, 2007). Arterial differentiation has been identified as being regulated by
VEGF signalling and Notch signalling, many of this research originally demonstrated in
zebrafish. Loss of Notch signalling led to defects in arterial venous differentiation and loss
of arterial markers, indicating Notch signalling was essential for arterial differentiation
(Lawson et al., 2001). Over expression of VEGF resulted in the expansion of arterial
markers and the downregulation of venous markers. From this work it was identified that
low levels of VEGF-A promote EC survival, whereas high levels promote arterial
differentiation and inhibit venous differentiation (Casie Chetty et al., 2017). Whereas

venous differentiation is regulated by the suppression of Notch signalling by the

41



transcription factor COUP-TFII (also known as Nr2f2). COUP-TFII has been identified as a
venous specific transcription factor, and loss of COUP-TFIl resulted in an increase in
arterial gene expression and characteristics, whereas ectopic expression of COUP-TFII led
to fusion of veins and arteries within the embryo (You et al., 2005). Interestingly it appears
that this control of arterial venous fate by COUP-TFIl is linked to the cell cycle, with COUP-
TFIl binding to multiple vein-specific enhancers which are close to actively expressed cell
cycle genes (Sissaoui et al., 2020). Proliferating endothelial cells have also been observed
to express venous markers (McDonald et al., 2018), further supporting the link between

cell cycle and venous fate.

1.1.7 Endothelial quiescence and the angiogenic switch

Once angiogenesis has occurred and new vessels begin to stabilise, endothelial cells enter
a state of quiescence in which they no longer proliferate or migrate. These ECs regain
apical basal polarity and are held within an intact monolayer in a network of vessels, often
descried as phalanx cells, due to their similarities to Greek military formations (Mazzone
et al., 2009). In healthy adults, the majority of endothelial cells remain in this quiescent
state as the vasculature has matured and adapted to the tissue it serves. This reduced
proliferation observed within the quiescent endothelium has been observed in a study
which demonstrated that ECs have a half-life of approximately 6 years (Bergmann et al.,
2015). But despite this reduced activity, quiescent ECs are still constantly sensing and
monitoring external signals and retain the ability to switch to towards an activated
angiogenic state should the tissue require it, hence remaining entirely plastic (Potente et
al., 2011; Ricard et al., 2021). Many of the signalling mechanisms involved in angiogenesis
are also implicated in vascular maintenance and EC quiescence. Because of this, the
multiple signalling pathways that govern this quiescence and the switch towards
angiogenesis are tightly regulated. As such, a loss or dysregulation of this quiescence is a

hallmark for angiogenic disease (Carmeliet, 2003).

1.1.7.1  Signalling pathways regulating quiescence
Although a prominent pro-angiogenic factor, the balance of VEGF-A signalling has proven
to be highly important in the control of EC survival and quiescence. It has been

demonstrated that ECs have autocrine VEGF-A signalling, which is essential for vascular
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homeostasis. Endothelial specific deletion of VEGF resulted in sudden death in around half
of mice by 25 weeks of age, suggesting that paracrine VEGF alone was unable to
compensate for this loss (Lee et al., 2007a). The stimulation of quiescent ECs by VEGF-A
has proven to be important in the maintenance of fenestrated vessels. This has been
observed in the glomerulus of the kidney, whereby heterozygous deletion of VEGF-A
resulted in reduced fenestrations and endothelial swelling (Eremina et al., 2003). Whereas
in the pulmonary vasculature, which contains no fenestrations, inhibition of VEGF
signalling by VEGFR2 inhibitors resulted in pruning of the vasculature (Kasahara et al.,
2000). This therefore demonstrates that VEGF is required for vascular maintenance in a

tissue specific manner.

Likewise, FGF ligands have been implicated angiogenesis but also maintenance of the
vasculature. By activating the down regulation of TGFB signalling within ECs, bFGF
promotes endothelial identify by inhibition of TGFB mediated mesenchymal gene
activation (Chen et al.,, 2012). An example of an endothelial gene regulated by FGF
signalling within ECs is VEGFR2, as ECs lacking FGF demonstrated a reduced response to
VEGF-A due to the down regulation of VEGFR2 (Murakami et al., 2011). FGF signalling has
also been demonstrated to play a role in sensing shear stress in the quiescent
endothelium. Syndecan 4, a key modulator of bFGF signalling, is part of the complex
pathway that senses shear stress (Baeyens et al., 2014), suggesting that bFGF may be
influencing this process. This has been observed in disease, with loss of FGF signalling in

areas of shear stress associated within an increase in atherosclerosis (Chen et al., 2015).

Angiopoietins (ANGs) are a family of secreted signalling molecules, made up of ANG1,
ANG2, ANG3 and ANG4. Unlike VEGF and FGF, the angiopoietins have roles specifically to
quiescence. ANG1 binds to its receptor TIE2 expressed on ECs (Suri et al., 1996). The
phosphorylation of TIE2 is observed throughout the quiescent vasculature (Wong et al.,
1997). This phosphorylation activates pro-survival pathways via Akt and the upregulation
surviving, which inhibits EC apoptosis (Papapetropoulos et al., 2000). This activated Akt
signalling by TIE2 is also able to regulate Notch signalling in quiescent endothelial cells via
the activation of the transcription factor ERG. The mediation of ANG1 signalling by ERG

was demonstrated to be required for vessel stabilisation in the neonatal mouse retina
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(Shah et al., 2017). However, ANG2 is also able to bind the TIE2 receptor, acting as an
agonist and competing with ANG1. This binding of ANG2 to TIE2 has been demonstrated
to deactivate quiescence signalling during hypoxia and inflammation, resulting in the
activation of the endothelium and loss of quiescence (Fiedler et al., 2006; Maisonpierre et

al., 1997).

Transforming growth factor B (TGFB) signaling has been implicated in the control of EC
behavior and vascular development. Although deletion of endothelial TGFB receptor 2
(TGFBR2) in adult mice, or inhibition in zebrafish, had no effect on the vasculature (Park
et al., 2008), it has proven to be crucial in development, with deletion of endothelial
TGFBR2 in development results in embryonic lethality due to failures in cerebrovascular
development (Nguyen et al.,, 2011). TGFB signaling is associated with endothelial to
mesenchymal transition (EndoMT), a process in which endothelial cells adopt a
mesenchymal phenotype, and hence within quiescent endothelial cells, TGFB signaling is
inhibited via multiple methods (Alvandi & Bischoff, 2021). ERK1/2 activation in ECs has
been identified as being a key pathway in inhibiting TGFp signaling, as disruption of ERK1/2
in ECs in mice resulted in EndoMT via the activation of TGFp signaling (Ricard et al., 2019).
Upstream of ERK1/2, the disruption of FGF signaling was also identified as increasing the
expression of TGFP ligands and activation of TGFB signaling in ECs, leading to
EndoMT(Chen et al.,, 2012). The inhibition of TGFB signaling was also identified by
Schlereth et al in the transcriptomic and epigenetic analysis of endothelial quiescence
within the lung endothelium. This revealed a loss of DNA methylation within TGF( family
signaling genes, SMAD6 and SMAD7, that was observed within the quiescent ECs
(Schlereth et al., 2018). This inhibition of TGFB signaling in the quiescent endothelium is
therefore important in maintaining endothelial quiescence and vascular homeostasis, as
without this regulation vascular defects result in diseases such a pulmonary hypertension

(Alvandi & Bischoff, 2021).

1.1.7.2  Endothelial cell metabolism in the quiescence-angiogenic switch
It is essential that metabolism of endothelial cells adapts depending on whether they're
existing within an activated angiogenic state, or a quiescent state. The process of

angiogenesis implicates a rapid change in EC behavior and morphology and for this to
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occur, ECs must display a highly dynamic and adaptive metabolism in order to keep up
with the high energy demand (Eelen et al., 2018). Research has identified that angiogenic
ECs primarily rely on glycolysis to generate ATP, with the glycolytic flux observed as being
200-fold higher than that of oxidative phosphorylation. This increase in glycolysis is in
response to the rapid increase in ATP required for the angiogenic processes of migration
and proliferation to occur (De Bock et al., 2013). In a short period of time, glycolysis can
quickly generate larger amounts of ATP, in comparison to the alternative oxidative
phosphorylation (OXPHOS) metabolism. This fast generation of ATP is essential for
cytoskeletal remodeling within tip cells, and quick cell cycle progression in the proliferative
stalk cells (De Bock et al., 2013; Draoui et al., 2017). The importance of quiescent ECs
altering their metabolism during the switch to angiogenesis was highlighted in research
by De Bock et al, in which it was identified that inhibiting or silencing the major glycolytic
enzyme Phosphofructokinase-2/fructose-2,6-bisphosphatase 3 (PFKFB3) had major
impacts on angiogenesis. This glycolytic inhibition reduced not only the proliferation of
ECs, but also affected cytoskeleton remodeling which proved to be essential for the
formation of filopodia and lamellipodia. As a result, EC KO of PFKFB3 in vivo resulted in
reduced vascular sprouting and vascular defects, which were observed within the
neonatal mouse retina (De Bock et al., 2013). However, there is also evidence to suggest
that OXPHOS metabolism is also increased during angiogenesis, as inhibition of OXPHOS
metabolism reduced tumor angiogenesis (Coutelle et al., 2014). This indicates that
angiogenesis requires a general increase in multiple forms of ATP generating metabolic
pathways and methods. With this increasing evidence of the importance of metabolism
during the quiescent-angiogenic switch, it is becoming clear that endothelial metabolism
may not just be a consequence of angiogenic activation but also a key driver of this

phenotypic switch (Eelen et al., 2018).

Quiescent endothelial cells on the other hand have a significantly reduced energy demand,
requiring around a third of that of angiogenic endothelial cells (Coutelle et al., 2014).
Because of this metabolic pathways that drive ATP pathways are reduced; with this
coupling of metabolism to growth state being central to vascular function in development
and homeostasis (Li et al., 2019). Despite this reduced energy demand, and the abundance

of oxygen available, quiescent ECs in vitro still generate 85% of their ATP via glycolysis,
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which was identified in capillary, arteriole, venous and lymphatic endothelial cells (De
Bock et al., 2013). The preference for anerobic respiration, even within quiescent ECs that
are not migrating towards low oxygen areas, is likely to preserve oxygen for perivascular
cells within the environment of the supplied tissues. This poses the question of how ECs
regulate the metabolic switch between quiescent and angiogenic ECs. Wilhelm et al
identified that the transcription factor FOXO1 plays an integral part in the regulation of EC
metabolism within the quiescent endothelium. Over expression of FOXO1 within ECs
resulted in a robust decrease in both glycolytic metabolism and OXPHOS metabolism,
suggesting FOXO01 is a significant regulator of EC metabolism (Wilhelm et al., 2016). This
alteration of metabolism by FOXO1 in turn impacted angiogenesis, with EC specific FOXO1
gain of function mice displaying reduced angiogenic sprouting in response to decreased
metabolism. Conversely, EC FOXO1 KO displayed hyperproliferation as a result of ECs
inability to enter the reduced metabolic state within quiescence (Wilhelm et al., 2016).
However, as well as a general reduction in EC metabolism, the metabolic profile of
quiescent ECs also varies significantly compared to angiogenic ECs. Kalucka et al identified
that quiescent endothelial cells have a 3-fold increase in fatty acid oxidation metabolism,
compared to proliferating ECs, however this increase was to support redox homeostasis
and not energy production (Kalucka et al., 2018). Whereas inhibition of FAO in angiogenic
endothelial cells did not impact energy production or redox homeostasis, but instead
impacted the production of nucleotides required for DNA synthesis and hence EC
proliferation, resulting in vascular sprouting defects due to the reduced proliferation
(Schoors et al., 2015). As well as this contrast, inhibition of FAO within the quiescent
endothelium resulted in endothelial dysfunction as observed by increase leukocyte
infiltration and increased barrier permeability (Kalucka et al., 2018). This therefore
provided a further link as to the importance of metabolic activity in regulating the
properties of a quiescent endothelium. The metabolic activity within quiescent ECs is
therefore strictly regulated to ensure ECs remain in a low energy demanding state, with
appropriate barrier properties, unless the switch to angiogenesis is required (Eelen et al.,
2018). The importance of the metabolic changes implicated within and driving the

quiescent-angiogenic are therefore evident.
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1.1.7.3 Transcriptional regulation

The molecular mechanisms that govern endothelial quiescence and the angiogenic switch
are underpinned by cellular signalling as well as transcriptional control. As previously
mentioned FOXO1 was identified as an impactful promoter of endothelial quiescence via
the regulation of endothelial metabolism. FOXO1 global knockout mice do not survive post
embryonic day 11 due to impaired vascular development (Hosaka et al., 2004), and this is
phenocopied within EC specific FOXO1 KO mice (Dharaneeswaran et al.,, 2014),
highlighting it is within the transcriptional control of ECs specifically that FOXO1 is having
an impact. Mechanistically this reduction in metabolism and EC proliferation was achieved
by the suppression of the transcription factor MYC (Wilhelm et al., 2016), suggesting
FOXO1 is a key regulator of endothelial quiescence. But despite this evidence, FOXO1 has
also been implicated within angiogenic processes, suggesting its role is not completely
clear cut. During sprouting angiogenesis, hypoxia induced activation of the Hippo pathway
member MST1 was identified as regulating the nuclear import of FOXO1 in angiogenic tip
cells within the neonatal mouse retina (Kim et al.,, 2019). This nuclear import and
activation of FOXO1 by MST1 was identified as being crucial for EC polarisation in
sprouting angiogenesis, with EC specific MST1 KO resulting in the same vascular defects
observed previously in EC specific KO of FOXO1 (Kim et al., 2019; Wilhelm et al., 2016).
This therefore indicates that FOXO1 may have roles in both the control of endothelial

quiescence and the control of angiogenic processes.

The ETS family of transcription factors have been strongly identified as master regulators
of EC development due to their direct regulation of genes involved in EC identity (De Val
et al., 2008). A prominent endothelial transcription factor within this family is the ETS
Related Gene (ERG), a transcription factor that is highly expressed in ECs within the
majority of adult tissues (Shah et al., 2017). ERG has been identified as directly binding to
promotors and regulating the expression of key genes regulating the quiescent vascular
barrier, including VE-Cadherin (Birdsey et al., 2008), and Claudin-5 (Yuan et al., 2012).
Indeed, overexpression of ERG in vivo reduces the permeability of VEGF-induced
neovessels, by the upregulation of these barrier proteins (Birdsey et al., 2015).
Constitutive endothelial-specific deletion of ERG results in embryonic lethality due to

vascular defects, while inducible endothelial-specific knockout of ERG leads to impaired
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vascular development, as demonstrated in the neonatal mouse retina. Not only this,
depletion of endothelial specific ERG leads to defective pathological angiogenesis in
tumours, as a consequence of increased vascular instability due to a loss of Wnt/B-catenin
and VE-cadherin signaling (Birdsey et al., 2015). ERG has also been implicated within the
repression of inflammation, with ERG expression being downregulated in response to pro-
inflammatory stimuli such as TNF-a. Likewise over-expression of ERG reduces the
response to inflammation by repressing the expression of pro-inflammatory markers such
as ICAM-1 and VCAM (Sperone et al., 2011). This therefore indicates that ERG plays a
crucial role in the regulation of key endothelial genes and is implicated in both
physiological angiogenesis, pathological angiogenesis and vascular homeostasis. But
despite ERGs major roles within the endothelium, knockout of other individual ETS family
transcription factors appear to have little effect on vascular development, likely due to
redundancy and compensation among this transcription factor family (De Val & Black,

2009).

1.2 Vascular Disease and Endothelial Dysfunction

Although loss of quiescence and activation of the endothelium is required for response to
certain stimuli such as inflammation, aberrant endothelial activation can result in disease.
Because of this, the molecular control of the quiescent endothelium and the regulation of
the angiogenic switch it required to be strictly maintained. Dysregulation of endothelial
quiescence results in disruption to vascular homeostasis, which is a feature in almost every
disease, due to the nature of the endothelium being present in almost all tissues
(Rajendran et al., 2013). Not only this, disruption to endothelial quiescence and the
angiogenic switch directly results in diseases of the vasculature (Carmeliet, 2003). A

schematic of this quiescent-activated switch is observed in Figure 1.3.
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Figure 1.3 Schematic illustrating the differences between a quiescent and activated
endothelium. In the fully developed adult almost all ECs exist within a state of
quiescence, however they retain the ability to react to appropriate stimuli and become
activated when needed e.g. angiogenesis in wound repair and responses to
inflammation. This switch between a quiescence and activated endothelium is highly
regulated and loss of this regulation can result in a loss of quiescence and aberrant EC
activation which is a hallmark of multiple diseases and a trigger for vascular disease.
Created with biorender.

1.2.1 Neovascular eye disease

A loss of endothelial quiescence has been heavily implicated in neovascular eye disease
(Dreyfuss et al.,, 2015). An example of such disease is wet age-related macular
degeneration (WAMD, sometimes termed neovascular AMD or nAMD). AMD is the leading
cause of vision loss in developed countries in those aged over 60 (Wong et al., 2014). In
wAMD unwanted angiogenesis occurs within the highly fenestrated choroidal vessels in
the posterior eye segment, resulting in inflammation and angiogenesis in a process called

choroidal neovascularisation (CNV). The neovessels generated as a result of this
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angiogenesis are fragile and leaky, resulting in increased retinal damage and increased
immune cell activation and infiltration due to upregulation of pro-inflammatory markers

(Yeo et al., 2019).

Numerous mechanisms have been identified that trigger and impact the progression of
AMD which involve changes to the retinal pigmented epithelium (RPE). The RPE consists
of polarized epithelial cells which sit on the Bruchs membrane, together forming the outer
blood retinal barrier (Strauss, 2005). It has numerous functions, including removal
metabolites produced by the photoreceptors within the retina and the secretion of VEGF
to maintain the health of the choriocapilaries (Datta et al., 2017). As the RPE ages and
begins to senesce, metabolites accumulate on the Bruchs membrane, leading to the
formation of vitreous warts which damage the retina and impact its blood supply. The
senescence of the RPE also leads to the accumulation of VEGF, produced by immune cells.
Other factors can also impact the RPE resulting in its dysfunction, such as oxidative stress
owing to the retina having a high rate of oxygen consumption, and inflammation. Together
these factors can promote RPE dysfunction, resulting in rupture of the Bruchs membrane

and neovascularisation (Datta et al., 2017; Deng et al., 2022).

Another form of neovascular eye disease is Diabetic Retinopathy (DR), which has two
stages: non-proliferative DR and proliferative DR, the latter considered as a more
advanced stage of DR. Pro-longed hyperglycemia in diabetes results in microvascular
damage, primarily as a result of elevated oxidative stress due to the increase in radical
oxygen species from the increased glucose metabolism (Fowler, 2008). In non-
proliferative DR this endothelial cell dysfunction initially causes blood flow changes and
loss of pericytes, which leads to structural changes to the vascular network that are
associated with microaneurysm formation. Impairment of the inner blood retinal barrier
also occurs due to the thickening of the basement membrane and endothelial cell
apoptosis (Ejaz, 2008). These changes result in capillary occlusion, hypoxia and
subsequent release of VEGF which increases vascular permeability (Huang et al., 2015). In
proliferative DR, neovascularisation occurs which can cause vision loss as a result of

vitreous hemorrhage of the nascent vessels (Wang & Lo, 2018).
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Based on VEGFs involvement in vascular leakage permeability and neovascularisation,
along with the increase in VEGF expression within the aqueous humour in wAMD and DR
patients (Zhou et al.,, 2020), the standard treatment for both conditions is the
administration of VEGF inhibitors, such as bevacizumb and ranibizumab via intravitreal
injection (Fogli et al., 2018). However, the estimated range of patients that have
suboptimal or inadequate responses to anti-VEGF therapy is between 10-50% (Bontzos et
al., 2020; Cobos et al., 2018; Heier et al., 2012; Kitchens et al., 2013; Krebs et al., 2013;
Otsuji et al., 2013). This indicates alternative mechanisms are driving wAMD (Fernandez-
Robredo et al., 2014; Krebs et al., 2013). Ang/Tie signaling pathway has also been
considered as a therapeutic target within wAMD patients due to its role in regulating
vascular integrity. Targeting negative regulators of this pathway may therefore prevent
neovascularisation and induce normalization within the choriocapillaris. Indeed ANG2, the
agonist of the pro-normalisation ANG1, has been identified as elevated within the
aqueous humour of AMD patients, with its expression level correlated with disease
progression (Ng et al., 2017). Promoting Tie-2 signaling via inhibition of VE-PTP, a negative
regulator of Tie-2, suppresses ocular neovascularisation and stabilises choroidal vessels,
as well as retinal vessels in a model of diabetic retinopathy (Shen et al., 2014). As a result
of these findings, drugs targeting the Ang/Tie pathway are currently in clinical trials for
various angiogenic diseases (Akwii & Mikelis, 2021). Faricimab, a humanized antibody
which simultaneously binds VEGF-A and Ang-2 showed positive outcomes in clinical trials
and has since has been approved for use in the USA, UK and EU for both neovascular AMD

and DR (Panos et al., 2023).

TGF-B has also been identified as a possible mechanistic driver of wWAMD. The levels of
TGF-B within the aqueous humour of WAMD patients were determined to be elevated,
indicating TGF-P signaling is involved in the progression of WAMD (Tosi et al., 2017). Not
only this, TGF-B levels remained elevated even after routine anti-VEGF therapy, which
suggests this mechanism occurs independently of VEGF (Tosi et al., 2017). Increased
expression of TGF-B was also observed within a laser CNV mouse model of wAMD,
providing further evidence for its involvement. In the same study, inhibition of TGF-B
reduced CNV lesion size, providing support for alternative treatments to be developed

which target TGF-B signaling (Wang et al.,, 2017). Interestingly, these inhibitors also
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impacted VEGF and TNF-a expression within these lesions, indicating that the mechanism

may not be totally independent of VEGF.

1.2.2 Cardiovascular disease

In cardiovascular diseases the endothelial layer can become dysfunctional due to a loss of
quiescence and vascular homeostasis, resulting in oxidative stress, inflammation and
elevated cholesterol levels. This dysfunction leads to reduced nitric oxide production,
impaired vasodilation, increased permeability, and a pro-inflammatory state (Gimbrone &
Garcia-Cardefia, 2016). This results in CVD progression, contributing to the development
of a number of linked conditions including hypertension, coronary artery disease,

peripheral artery disease and stroke (Castro-Ferreira et al., 2018).

Peripheral artery disease (PAD) is a common pathology within CVD which affects the lower
limbs due to a narrowing of the larger vessels that supply them. This is commonly caused
by atherosclerosis; a buildup of fatty deposits, cholesterol, and inflammatory cells on the
inner walls of arteries, leading to narrowing and reduced blood flow (Libby et al., 2019).
As aresult of the blockage, the lower limb becomes progressively ischaemic, causing pain.
Hypoxia within the limb induces pro-angiogenic signalling to promote collateral vessel
formation and revascularisation of the affected area, resorting blood and oxygen supply.
However, in PAD patients the insufficient collateral vessel formation results in prolonged
tissue ischaemia, and if not treated leads to critical limb ischaemia and eventually
gangrene which regurly results in limb amputation (Morley et al., 2018). Although
angiogenesis occurs within the hypoxic tissue, the major collateral vessel formation is
primarily driven by arteriogenesis in response to the increase in shear stress as a result of
arteriole blockage (Pipp et al., 2004). The initial EC dysfunction resulting in vessel
occlusion, along with the inability of PAD patients to form stable collateral vessels suggest

that there may be dysregulation in EC quiescence and vessel normalisation.

1.2.3  Tumour angiogenesis

It is noteworthy that a lot of the literature surrounding angiogenesis within disease is
focused on tumour angiogenesis. The high energy demanding nature of a tumour requires
a great supply of oxygen and nutrients, which in turn rapidly drives angiogenesis (Hanahan

& Weinberg, 2011). The natural quiescence of the endothelium is lost within a tumour,
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generating a hyper-angiogenic morphology, in an attempt to satisfy the needs of the
growing tumour (Hanahan & Folkman, 1996). However, the vessels generated by tumour
angiogenesis are structurally abnormal, and therefore this affects their functionality.
There is a clear absence of a normal EC phenotype, resulting in poorly connected ECs
which do not appear to have a cobblestone-like appearance, and often have a disrupted
monolayer. The aberrant vessels produced are irregular, wide and highly leaky. The
outcome of this is abnormal perfusion, allowing platelets to accumulate, which causes
flawed delivery of metabolites and oxygen (Potente et al., 2011). Tumour angiogenesis is
therefore a phenomenon by which loss of vessel quiescence and normalisation regulation
aids disease progression. However, the fact cancers are genetically unstable and abnormal
in every sense of cellular behavior, make it complicated to draw firm conclusions on
angiogenesis alone, when a multitude of different tumour and environmental factors
come into play. This must be taken into consideration when discussing angiogenesis in

both cancerous and non-cancerous conditions.

In summary, vascular diseases and pathologies often occur as a result of a phenotypic
switch within the ECs that support that tissue. This is observed directly within vascular
diseases such as PAD and wAMD, but also indirectly such as in tumour angiogenesis.
Understanding the events that result in EC phenotypic switching is therefore crucial for

our understanding of disease.

1.3 Endothelial to mesenchymal transition

Epithelial to mesenchymal transition (EMT) is a well-studied process of cellular state
transition, defined as the phenotypic transition of epithelial cells into a mesenchymal
phenotype. It is implicated within biological processes as well as pathophsyiological
processes such as cancer. The EMT that occurs within cancers plays an important role in
tumour initiation, invasion and metastasis, as originally normal epithelial cells begin to
adopt a mesenchymal phenotype, resulting in them becoming highly invasive and
eventually metastatic. However, EMT is also a physiological process that occurs within
embryonic development and is essential for multiple processes, including (Brabletz et al.,

2018; Kalluri & Weinberg, 2009).
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A rapidly emerging area of vascular research has been focused on the process of
endothelial to mesenchymal transition (EndoMT). Like EMT, EndoMT involves the
transition of a type of cell (endohtelail cells in he case of EndoMT) into mesenchymal cells.
During this process, the endothelial cells begin to lose their characteristics including a loss
of polarity, cell-cell junctions and cobble stone like appearance. Instead, there is a gain of
mesenchymal properties, resulting in a phenotype that is more invasive and migratory,
with an elongated cellular structure (Piera-Velazquez & Jimenez, 2019). At a molecular
level there is an observed loss of expression of key endothelial genes such as vWF,
CD31/PECAM1 and VE-Cadherin, whilst a gain of mesenchymal marker genes such as N-

cadherin, fibronectin and a-SMA (Piera-Velazquez & Jimenez, 2012).

1.3.1 EndoMT in physiology

EndoMT has been identified as being essential within physiological development of the
heart and cardiac valves. In early embryonic development, it has been reported that
endothelial cells lining the endocardium within the atrioventricular canal gave rise to
mesenchymal heart cushion cells that contribute to valve tissue formation (Eisenberg &
Markwald, 1995; Kinsella & Fitzharris, 1980). EndoMT was also demonstrated to take
place within pulmonary vascular remodeling and intimal thickening, as immunolabeling
techniques within the chick embryo identified mesenchymal cells that had arisen from the
endothelium (Arciniegas et al., 2005). Since these discoveries, there have been various
propositions of EndoMT playing physiological roles within development. For example,
there are some suggestions that pericytes and other mural support cells arise from the
endothelium and hence are created as a result of EndoMT (Armulik et al., 2005). Advanced
lineage tracing techniques in mice have identified that smooth muscle cells within the
pulmonary vasculature have originated from ECs (Lee et al., 2023), providing evidence of
EndoMT and supporting earlier reports. There have also been reports that have identified
an intermediatory state between endothelial and mesenchymal phenotypes, termed
partial EndoMT, in which molecular characteristics of both cell types are observed. This
has brought about the theory that angiogenesis is an EndoMT-like event due to the
phenotypic transition from a quiescent phalanx cell to an elongated migratory tip cell with
mesenchymal properties (Figure 1.4) (Fang et al., 2021a; Welch-Reardon et al., 2015).

During sprouting angiogenesis ECs undergo morphological changes which are similar to
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those that are observed in EMT, such as increased motility (Jakobsson et al., 2010),
destabilisation of cell-cell junctions (Bentley et al., 2014) and increased expression and
release of ECM degradation proteases (Del Toro et al., 2010). These similarities within the
two processes henceforth support this theory. In addition to this, studies which have
explored the effect of known EMT driving transcription factors have provided evidence for
their role in angiogenesis. For example, knock out of Slug, a prominent EMT promoting
transcription factor that has also been linked to EndoMT, resulted in inhibition of
sprouting angiogenesis in vitro and in vivo (Welch-Reardon et al., 2014). This therefore

provides further evidence that angiogenesis could be a partial EndoMT-like event.

1.3.2 EndoMT in pathology

EndoMT has also been implicated in multiple disease scenarios and hence has been a topic
for research in the generation of new therapeutic targets. For example, post-myocardial
infarction, EndoMT is induced by activated Wnt signaling in ECs. This resulted in the
generation of SMA" mesenchymal cells that were determined to be derived from ECs via
lineage tracing. It was concluded that this induction of EndoMT played a role in the
generation of mesenchymal cells that take part in tissue repair post myocardial infarction
(Aisagbonhi et al., 2011). EndoMT has also been implicated in renal fibrosis, with research
into Alport syndrome demonstrating that 30-50% of fibroblasts within the fibrotic kidney
also expressed endothelial markers. This suggested these fibroblasts had an endothelial
origin, which was confirmed by linage tracing (Zeisberg et al., 2008). This was also
observed within diabetic nephropathy induced renal fibrosis (Li et al., 2009). EndoMT has
also been observed within other fibrotic conditions cardiac fibrosis observed within heart
failure. In a mouse model of cardiac fibrosis, lineage tracing also identified fibroblasts had
an endothelial cell origin, and that this induction of EndoMT was induced by TGFB
(Zeisberg et al., 2007). Together, this indicates that the EndoMT within fibrosis is not tissue
or disease specific, but instead a general hallmark of the fibrotic process. Within
pulmonary hypertension it has been revealed that EndoMT contributes to the
accumulation of a-smooth muscle actin-expressing mesenchymal-like cells that contribute
to the pathophysiology of the disease. This was demonstrated within rat models of PAH
and the transcription factor TWIST, a known EMT regulator was identified as a molecular

promotor of EndoMT (Ranchoux et al., 2015). This was also demonstrated in recent
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lineage tracing experiments which also identified that BMP signaling activated ZEB1,
another prominent EMT transcription factor, however unlike TWIST, ZEB1 suppressed
EndoMT in pulmonary hypertension (Lee et al., 2023). This demonstrates that the drivers
of EndoMT are not fully understood and suggests that EndoMT may have dissimilar

activators and repressors to EMT.
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Figure 1.4 The process of EndoMT and possible similarities to sprouting
angiogenesis. (A) Endothelial to Mesenchymal Transition (EndoMT) is a process
whereby ECs lose their identity and their EC specific markers and begin to gain a more
mesenchymal phenotype with mesenchymal markers. This can be full EndoMT, in
which ECs differentiate fully into mesenchymal cells such as fibroblasts, or partial
EndoMT where cells have an intermediatory phenotype with both EC markers and
mesenchymal markers. (B) Angiogenesis has been described as an EndoMT like event
due to the phenotypic change between quiescent phlanax ECs and angiogenic
sprouting ECs resembling partial EndoMT. Created with biorender.
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1.4 ZEB1

1.4.1 Structure and function

The Zinc finger E-box binding homebox 1 (ZEB1/Defl/ZFH/TCF8, but hereby known as
ZEB1) was first identified in Drosophila melanogaster as the homologue zfh-1 in 1991
(Fortini et al., 1991). Not long after, a research group focusing on development of chick
embryos identified ZEB1 as a nuclear factor expressed in multiple early development cell
types that was capable of binding transcriptomic enhancers (Funahashi et al., 1993;
Funahashi et al., 1991). Since then, ZEB1 has been identified as a prominent transcription
factor that utilises C2H2 zinc finger motifs to bind CAGGTA/G E-box-like elements within
target genes. The ZEB1 gene is located on Chr10p11.22. The protein consists of 1117
amino acids and is made up of a central homologous structural homeodomain
(Vandewalle et al.,, 2009). The homeodomain family of proteins is a large group of
transcription factors that contain a global domain called a homeodomain which is around
60 amino acids in length and normally functions as a DNA-binding domain. They were
originally discovered in Drosophila melanogaster and found to have important roles in
regulating axial patterning, segment identity and embryogenesis (Banerjee-Basu &
Baxevanis, 2001). Since then, over 129 homeodomains have been identified in humans,
separated into multiple subclasses based on structure and function, with ZEB1 belonging

to the zinc finger sub class (Biirglin & Affolter, 2016).

However, in ZEB1 this central homeodomain does not bind DNA. Instead, DNA binding is
achieved through two zinc finger domains; one based in the C terminal, and one based on
the N terminal (Vandewalle et al., 2009). ZEB1 is also able to interact with protein binding
partners via its interaction domains including C terminal binding protein (CtBP) interaction
domain, Smad interaction domain and CAF/p300 binding domain (Figure 1.5) (Wu et al.,
2020). ZEB2 has also been identified and although slightly larger shares a similar structure
to ZEB1, hence both belonging within the ZEB homeobox family of transcription factors

(Verschueren et al., 1999).

ZEB1 has been recurrently identified as a transcription factor that is capable of both
transcriptional activation and repression. On a molecular level, the function of ZEB1

depends on the interaction of its binding partners. Postigo and Dean first identified the
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ability of ZEB1 to act as a transcriptional repressor occurred through binding to CtBP,
which acted as a co-repressor (Postigo & Dean, 1999). Since this, the transcriptional
repressor activity of ZEB1 has been extensively highlighted throughout the literature,
resulting in ZEB1 often be referred to a transcriptional repressor, despite it having known
roles in transcriptional activation (Caramel et al., 2018; Postigo et al., 2003). Whereas the
binding of co-activators to ZEB1 such as p300, Smads, CAF and YAP, have been identified

as promoting gene transcription (Guo et al., 2022; Wu et al., 2020).

Zinc finger
CAF/p300 domains
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domain |
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Figure 1.5 Schematic diagram of ZEB1. The structure of ZEB1 contains two DNA
binding zinc finger domains, one N terminal (NZF) and one C terminal (CZF). There is a
central homeodomain (HD), along with three regulatory/interaction domains:
CAF/p300 binding domain (CBD), a Smad interaction domain (SID) and a C terminal
binding protein (CtBP) interaction domain (CID), all of which have known roles in
modifying ZEB1s regulation of transcription. Created with biorender.
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1.4.2  Known roles of ZEB1

During embryonic development, ZEB1 has been identified as controlling the expression of
key regulatory genes in processes such as differentiation. After the initial work in
identifying ZEB1 in chick embryos by Funahashi et al, ZEB1 knockout mice were generated
(Takagi et al., 1998). Although homozygous deletion of ZEB1 results in a litter that
develops to term, none survive postnatally, with caesarean section at embryonic day 18.5
identifying pups that were unable to respire, resulting in death. The defects that occurred
as a result of ZEB1 KO include severe T cell deficiency, along with multiple skeletal
patterning abnormalities such as craniofacial abnormalities of neural crest origin, bone
fusions within long bones and ribs, as well as hyperplasia of intervertebral discs (Takagi et
al., 1998). This research therefore highlights the essential role within skeletal patterning,
but also indicated a role within T cell development. Notably, Takagi et al also reports that
ZEB1 KO embryos display internal bleeding. Although they did not expand on this further,

this does suggest an impact on the vascular system.

A significant proportion of the literature places ZEB1 as a key regulatory of epithelial to
mesenchymal transition (EMT) (Brabletz et al., 2018; Kalluri & Weinberg, 2009). ZEB1 has
been implicated in EMT via the direct repression of multiple epithelial genes, including
CDH1 (E-Cadherin), in which ZEB1 directly binds to the E-box located at the CDH1
promotor (Onder et al., 2008; Sanchez-Tilld et al., 2010). Forced expression of ZEB1 is
sufficient to downregulate E-cadherin and induce EMT within a breast cancer model (Eger
et al.,, 2005). Interestingly there is some contrasting evidence for this, as Sanchez-Tillé et
al showed that this repression was observed to be independent of CtBP co-repressor
activity, indicating that ZEB1 may be capable of transcriptional repression without the
need for CtBP. ZEB1 has also been implicated in EMT via the up-regulation of
mesenchymal genes within glioblastoma in response to TGFp stimulation and interaction
with phosphorylated Smad2 (Joseph et al.,, 2014). This therefore indicates that the
promotion of EMT can occur both via the transcriptional repression and activation

functions of ZEB1.

The expression of ZEB1 within multiple cancers has been associated with higher levels of

disease progression and metastasis due to its role in promoting EMT. In colorectal cancer
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ZEB1 was found to promote a loss of cell polarity by suppressing Lgl2, resulting in
increased metastasis (Spaderna et al., 2008). This phenotypic modulation by ZEB1 has also
been described as an enhancer of cancer cell plasticity, allowing for the constant
adaptations under the changing conditions of the tumor microenvironment, as well as
metastasis to secondary sites (Drapela et al., 2020; Zhang et al., 2015). Although EMT can
exist as a complete process in which epithelial cells fully transition to mesenchymal cells,
there is evidence to suggest that partial EMT results in a stem-cell like hyperplastic state.
This was first observed in epithelial cells that were induced in culture to stimulate EMT
which showed that not only do they express mesenchymal markers but also stem-cell
markers (Mani et al., 2008). ZEB1 has been identified as being part of a feedback group
with miR-200 family members that drives cellular plasticity (Brabletz & Brabletz, 2010; Liu
et al., 2014). This has been observed within the context of pancreatic cancer, whereby
depletion of ZEB1 within a pancreatic cancer mouse model resulted in a reduction in
stemness, colonization and plasticity of tumor cells, which in-turn reduced disease
progression and metastasis (Krebs et al., 2017). This promotion of stemness via feedback
loops is also observed in other cancers. This includes breast cancer, whereby a feedback
loop between ZEB1 and CD44 actively induces EMT and orchestrates stemness (Preca et
al., 2015). This evidence further highlights the ability of ZEB1 to not only promote EMT,
but also stemness, leading to an increase in cell plasticity. In summary, ZEB1, either alone
or together with other EMT driving transcription factors such as ZEB2, Slug and Snail,

actively promotes cancer progression via EMT, cell plasticity and therapy resistance.

There is also evidence to suggest ZEB1 has functions beyond EMT, including regulation of
cell cycle and proliferation. Mouse embryonic fibroblasts from ZEB1 KO mice were found
to undergo early senescence in comparison to WT controls. The group found that ZEB1
was able to manipulate cell cycle progression by the repression of cyclin dependent kinase
inhibitors CDKN1A and INK4B, hence a loss of ZEB1 induced the expression of these
inhibitors which indued senescence (Liu et al., 2008, 2014). Although these data were only
observed within mouse embryonic fibroblasts, a recent publication using single cell RNA-
seq data of human knee cartilage in the study of osteoarthritis identified a senescent cell
population that was driven by ZEB1 expression (Swahn et al., 2023). Interestingly, ZEB1

expression in MDA-MB-231 breast cancer cells was identified as being responsible for the
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upregulation of VGEF-A. This determined to directly promote tumour angiogenesis and
disease progression, with ZEB1 expression being directly correlated to VEGF-A and CD31
expression in breast cancer tissues (Liu et al., 2016). This therefore provides evidence that

within cancer cells, ZEB1 is able to promote the expression of pro-angiogenic cytokines.

1.4.3 Regulation of ZEB1 expression and activity

TGFB has been well characterised as a promotor of EMT, as well as a regulator of ZEB1
expression. Within NMuMG cells (mouse mammary gland epithelial cells), TGFB was found
to upregulate the expression of ZEB1, which in-turn downregulated epithelial splicing
regulatory protein 2 (ESRP2) (Horiguchi et al., 2012a). This upregulation of ZEB1 by TGFB
has also been observed within glioblastoma, with ZEB1 determined as being responsible
for the expression of genes that result in increased migration and invasion within the
disease (Joseph et al., 2014). Interestingly, TGF has not only been found to regulate ZEB1
expression but has also been demonstrated as having a direct impact on its sub-cellular
localization. In lung adenocarcinoma, TGF was found to induce the nuclear import of
ZEB1 which in-turn induced EMT. Prior to nuclear translocation via TGFBR2 activation,
ZEB1 was shown to bind free actin and RhoA within the cytoplasm, which actively inhibited
actin polymerization and blocking cell migration (Guo et al., 2022). This identified a new
contrasting role for ZEB1 in inhibiting an EMT driven process such as migration, a process

which is regulated by TGF stimulation.

The expression of ZEB1 has also been found to be regulated by other signaling pathways.
Within glioblastoma, Wnt/B-catenin signaling was identified as driving EMT via the
upregulation of ZEB1 expression (Kahlert et al., 2012). Interestingly within MCF10A
epithelial cells expressing a constitutively active subunit NFkB, elevated expression of
ZEB1 was identified along with an EMT phenotype and reduced E-cadherin expression
(Chua et al., 2007). This study also identified that ZEB1 KD via siRNA reduced the number
of viable cells, providing further evidence that ZEB1 is required for cell cycle progression.
Finally, in renal cell carcinoma HIF-1a was observed to repress E-Cadherin expression via
the increased expression ZEB1 (Krishnamachary et al., 2006), indicating ZEB1 expression

is regulated by hypoxia signaling.
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Another method of post-translational regulation of ZEB1 is ubiquitin targeted
degradation. Siah, a ubiquitin ligase, has been identified as a regulator of ZEB1
degradation via the proteasome; with the downregulation of Siah observed within EMT,
resulting in an increase in ZEB1 expression and hence EMT (Chen et al., 2014). It has also
been observed that in the absence of Caspase-8-associated protein 2 (FLASH), the half-life
of ZEB1 decreases from 3 hours to 1 hour, indicating that FLASH protects ZEB1 from
proteasomal degradation and in-turn promotes EMT (Abshire et al., 2016). The ubiquitin
targeting of ZEB1 degradation has also been determined to be regulated by the balancing
of the E3 ubiquitin ligase TRIM26 and the deubiquitinating enzyme USP39 (Li et al., 2016).
This indicates that a balance of factors promotes ZEB1 protein stability, which can be

dependent on the cell system.

ZEB1 also has multiple phosphorylation sites which have been identified as modulators for
its activity (Llorens et al., 2016; Park et al., 2022). In early identification and study of these
phosphorylation sites, it was identified that ZEB1 was differentially phosphorylated in
different cell types (Costantino et al.,, 2002). It was later identified that increased
phosphorylation of sites near the C terminal zing finger domain by IGFR1/MEK/ERK
signaling inhibited transcriptional repression activity of ZEB1. Interestingly, this research
also identified that ZEB1s subcellular localisation could also be regulated by
phosphorylation of different residues (Llorens et al., 2016). This therefore suggests that
the function of ZEB1 as a transcriptional repressor, along with its subcellular localization,

can be modified by phosphorylation.

As previously mentioned, ZEB1 can interact with a variety of co-activators and co-
repressors which modulate its activity. This includes the previously described CtBP, a co-
repressor in the negative regulation of CDH1 expression (Eger et al., 2005; Postigo & Dean,
1999). This complex with CtBP has also been found to repress the expression of several
other genes, including Bcl6 in B cell lymphoma (Papadopoulou et al., 2010). Although,
CtBP independent repression activity of ZEB1 has been identified (Sanchez-Tilld et al.,
2010), including the recruitment of NuRD/CHD4 complex to the C terminal zinc finger
domain which represses the expression of TBC122b, miR-200c and miR-141. This

suppression of TBC122b resulted in the degradation of E-cadherin (Manshouri et al.,
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2019), suggesting that ZEB1 is able to suppress E-cadherin and promote EMT via numerous
mechanisms. The interaction of ZEB1 with transcriptional activators has also been well
reported, primarily within the context of TGFf signaling, but also via other mechanisms.
ZEB1 is able to interact with phosphorylated Smads to induce expression to TGFB
responsive genes via its Smad interaction domain. On top of this, TGFp is able to activate
and recruit pCAF and p300, which are able to bind and activate ZEB1 via its CAF/p300
binding domain (Postigo et al., 2003), indicating that TGFB modulation of ZEB1 activity can
occur through multiple mechanisms. Finally, in breast cancer ZEB1 has been identified as
being a binding partner of the transcriptional co-regulator YAP to promote transcriptional
activation of genes associated with therapy resistance and metastasis (Lehmann et al.,
2016). This complex of both ZEB1 and YAP together was identified as being able to target
TEAD-binding sites via ChIP-Seq (Feldker et al., 2020), which further highlights the

importance of binding partners in modulating ZEB1 expression.

1.4.4 Endothelial ZEB1

Within the literature, there have been a small number of reports that have explored the
role of ZEB1 within endothelial cells. In the commencement of the research presented in
this thesis, the literature was primarily focused on two separate areas of research: ZEB1
in cornea endothelial cells and ZEB1 in tumour angiogenesis. Since the work in this thesis
was initiated, there have been a couple of more recent publications which present

conflicting reports for the role of endothelial ZEB1.

1.4.4.1 ZEB1in Corneal Neovascularisation

The link between ZEB1 and endothelial cells was first identified within the context of
Posterior polymorphous corneal dystrophy (PPCD). Within humans it has been identified
that roughly half of PPCD patients had heterozygous frameshift and nonsense mutations
within the ZEB1 gene. PPCD is a rare disease of the cornea, in which overgrowth of corneal
endothelial cells and aberrant endothelial basement membrane is observed, indicating
that ZEB1 may play a role in endothelial basement membrane organisation (Krafchak et
al., 2005; Liskova et al., 2007). As a direct result of these findings, ZEB1 mutant mice,
originally developed by Takagi et al, have been identified as a model to study PPCD in the

attempt to develop therapeutic strategies (Liu et al., 2009).
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The cornea is an avascular tissue, but despite this neovascularisation of the cornea can
occur from the pericorneal plexus, leading to corneal neovascular disease (Chang et al.,
2012). In a more recent publication using an alkali burn model of corneal
neovascularisation, ZEB1-/+ mice displayed less severe angiogenesis and
lymphangiogenesis compared to ZEB1+/+ controls (Jin et al., 2020). What is important to
note is that within these studies, the transgenic mice used are global heterozygous ZEB1
KO mice. The team determined that ZEB1 expression was significantly reduced in the
ZEB1+/- mice, however this global KO still means that ZEB1 expression will be reduced in
other cell types. Hence, the effect observed within these studies may not be completely
due to loss of endothelial ZEB1, and instead a loss of ZEB1 in other cell types. However,
Jin et al did assess the level of ZEB1 expression within vascular ECs of alkali induced
neovascular lesions, which revealed a significant increase in ZEB1 expression in
comparison to the vascular ECs within PBS treated controls (Jin et al., 2020). This therefore
provides an indication that endothelial ZEB1 specifically is increased in expression within
newly formed vasculature. The team also found that ZEB1 KD by shRNA induced
senescence within retinal microvascular endothelial cells, and that ZEB1-CtBP inhibitors
could functionally inactivate ZEB1 in a similar way (Jin et al., 2020). These results suggest

that ZEB1 plays a role in angiogenesis and neovascularisation.

1.4.4.2 ZEB1 in tumour angiogenesis

Earlier studies identified ZEB1, historically known as TCF8, as a contributer to tumour
angiogenesis. For instance ZEB1 upregulated VEGF-A in breast cancer cells (Liu et al.,
2016). Inuzuka et al extended this by showing that ZEB1+/- knockout mice developed
larger melanoma tumours, attributed to increased angiogenesis (Inuzuka et al., 2009).
However, because this was a global heterozygous knockout, effects in non-endothelial
cells could not be ruled out. Supporting this, ZEB1 knockdown in HUVECs enhanced
angiogenesis and reduced cell adhesion, suggesting that endothelial ZEB1 may maintain

vascular quiescence (Inuzuka et al., 2009).

More recently, the role of endothelial ZEB1 was explored in tumour angiogenesis using an
inducible endothelial specific ZEB1 KO mouse model. From this it was identified that EC

ZEB1 KO reduced tumour growth and decreased the amount of tumour angiogenesis (Fu
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et al., 2020). This is contrasting to research published by Inuzuka et al; however, this work
was achieved using a global knockout, which may explain the differences in results. Not
only this, Fu et al showed that vascular ZEB1 expression levels were high in various
tumours and that knocking out ZEB1 induced vessel normalisation within tumours, which
aided chemotherapy delivery (Fu et al., 2020). This evidence is similar to what Jin et al,
2020, observed within corneal neovascularisation, where ZEB1 expression is associated

with recently developed vessels, as tumours are very angiogenic tissues.

1.4.4.3 ZEB1 in osteogenesis linked angiogenesis

Interestingly, in a separate publication the same team also found that endothelial ZEB1 is
essential for angiogenesis driven osteogenesis in development. Endothelial ZEB1
expression was found to be associated with CD31 high Endomucin high endothelial cells,
known for their role in coupling angiogenesis to osteogenesis. Not only this, deletion of
endothelial ZEB1 specifically impaired blood vessel formation and reduced osteogenesis
as a result (Fu et al., 2020). This work is supported by the fact ZEB1 global knockout results
in neonatal lethality, with a major affect being skeletal abnormalities (Takagi et al., 1998).
This therefore suggests that endothelial ZEB1 is playing a crucial role in the angiogenesis
which drives osteogenesis. The observed association of ZEB1 with angiogenesis is similar
to what is observed to Jin et al in corneal neovascularisation, but this time providing

evidence within a developmental model, instead of a disease model.

1.4.4.4 ZEB1 in vascular quiescence

A recent publication found a completely contrasting role for endothelial ZEB1 by inducing
vascular quiescence. The team found that deletion of endothelial ZEB1 resulted in delayed
quiescence entry and severe vascular deformities within the developing retinal
vasculature. ZEB1 represses Wifl expression which in turn allows for activation of Wnt/B-
catenin that causes the increased expression of the quiescence regulator FOXO1 (Yu et al.,
2022). This is in complete contrast to what was observed by Fu et al in their tumor
angiogenesis publication, where supplementary analysis of EC ZEB1 KO revealed no
significant difference in the development of the retinal vasculature (Fu et al., 2020). This

provides further conflicting evidence of the role of endothelial ZEB1.
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1.5 Summary, Aims and Hypothesis

The vascular endothelium is a heterogenous tissue which plays a pivotal role in
maintaining vascular integrity and regulating vascular homeostasis. Within development,
as well as growth and repair, angiogenesis is required to create a vascular network which
is able to supply and adapt to the needs of the surrounding tissue. However post-
development, it is essential that the endothelium exists within a quiescent state, but
importantly retains the ability to respond appropriately to pro-angiogenic stimuli.
Dysregulation of the switch between quiescent and angiogenic ECs is a hallmark for
vascular disease and has been implicated in multiple other pathologies. The control of this
phenotypic switch between quiescent and angiogenic endothelial cells is therefore crucial
but despite this, the transcriptional and molecular control of this phenotypic switch
remains not fully elucidated. With EndoMT emerging as a similar phenotypic switching
event that occurs within ECs, there has been an increase in the focus on transcription
factors known to drive trans differentiation-like events, such as EMT. Along with other
EMT promoting transcription factors, ZEB1 has been implicated in the transcriptional

control of ECs, however the literature remains conflicted.

The aim of this thesis is to identify the role of endothelial ZEB1 within physiological and
pathological angiogenesis. | set out to test the hypothesis that loss of endothelial ZEB1
impacts the ability of the vasculature to undergo quiescent-angiogenic phenotypic

switching. In order to test this hypothesis, | will achieve the following aims:

1. Observe in vitro the transcriptomic differences in confluent (quiescent) and
subconfluent (proliferating) Human Umbilical Vein Endothelial Cells using RNA-
Seq

2. Determine how ZEB1 affects the transcriptome of confluent Human Umbilical
Vein Endothelial Cells using RNA-Seq and ChIP-Seq

3. Assess if loss of ZEB1 affects the angiogenic processes using in vitro angiogenic
assays

4. Determine whether EC specific KO of ZEB1 altered the physiological angiogenesis

using the neonatal retina as a model for developmental angiogenesis
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Establish if loss of EC ZEB1 affects the development of neovascular lesions and

vascular leakage within a mouse model of WAMD

Establish whether loss of EC ZEB1 affects the blood flow recovery and collateral

vessel formation in a mouse model of PAD
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Materials and Methods
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2 Materials and Methods

2.1 Cell culture

Human Umbilical Vein Endothelial Cells (HUVECs) from pooled donors were purchased
from Promocell. Unless stated otherwise, this was the case for all HUVEC data presented
within this thesis. For experiments in section 3.3.8-11 (ZEB1 CRISPR KO with MTT,
migration assay and sprouting assay), HUVECs were isolated in house from single donors

by Bettina Hansen, Aarhus Univeristy.

2.1.1 Maintenance and Routine Subculture

HUVECs were cultured in Endothelial Cell Growth Medium (promocell) with 2%
Endothelial Growth Supplements (promocell) at 37°C and 5% CO?. Cells were passaged
upon reaching 80-90% confluency by washing with sterile PBS before detaching using
Trypsin/EDTA at a ratio of 0.04%/0.03% respectively. Cells were centrifuged at 100xG to
pellet before being resuspended in complete media and seeded into new flasks. Cells were
never split greater than 1/5 to ensure confluency never fell below 40%. Cells were
regularly checked to ensure they maintained endothelial cell cobblestone morphology and

only passages 2 — 7 were used for experiments.

2.1.2 Cell Counting

Post detachment using Trypsin, the cell pellet was resuspended in 10mL complete media.
10uL cell suspension was loaded onto a haemocytometer and cells counted by taking an
average number of cells within 4 squares. The number of cells per mL was then calculated

using the following equation:
Cells per mL = Average number of cells counted x 10*

2.1.3 Cryopreserving Cells

Post detachment using Trypsin, cells were counted as described above. Cells were then
centrifuged at 100xG for 5 minutes, supernatant discarded and resuspended in freezing
media (complete media supplemented with 10% DMSO (Sigma)) at a volume of 1 x 10° per

mL. The suspension was then aliquoted to ensure 1 x 108 cells were added to each cryovial

69



before placing in an isopropanol filled Mr Frosty overnight at -80°C. Cryopreserved cells

were then stored long-term in liquid nitrogen.

2.1.4 Thawing Cryopreserved Cells

Cryovials containing 1 x 10° cryopreserved cells per vial were removed from liquid nitrogen
and rapidly warmed to 37°C in a water bath for approximately 2 minutes. Each cryovial
was added to one T75 flask containing complete media, pre-warmed to 37°C. Cells were
allowed to adhere overnight and media changed the following day to remove any

unrevived cells and DMSO.

2.1.5 Confluent vs Sub-confluent experiments

HUVECs were seeded at different densities by increasing the surface area for growth
whilst maintaining the same number of cells. 1 x 10° were seeded into a 60mm diameter
dish for the confluent condition compared to 1 x 108 being split over four 60mm diameter
dishes for the sub-confluent condition. Cells were allowed to adhere overnight, and
appropriate confluency was confirmed by observing the cells down the microscope before
protein or RNA extraction took place. Subconfluent HUVECs covered approximately 40%
of the surface area of the dish, whereas confluent endothelial cells resemble an intact
monolayer that completely covers the dish. An image of confluent and subconfluent

HUVECs can be observed in Figure 2.1.
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Subconfluent Confluent

Figure 2.1 Subconfluent and confluent HUVECs
Confluent and Subconfluent HUVECs in culture imaged using an iPhone camera
looking down a Nikon microscope at 20x magnification

2.1.6 Transient gene knockdown using siRNA

HUVECs were seeded into 60mm diameter dishes with approximately 1 million cells per
dish and allowed to adhere overnight to ensure 100% confluency. Cells were transfected
with 200nM pooled siRNA directed towards ZEB1 (siRNA ID s229972, Thermo Fischer) or
ON-TARGET plus Non-targeting control Pool (Non-silencing control (NSC), DharmaconTM
Reagents) using PromoFectin-HUVEC (promocell) and Opti-MEM (Gibco) and incubated
for 4 hours. Transfection media was then replaced with complete media and cells

incubated for 48 hours for RNA extraction or 72 hours for protein extraction.

2.1.7 CRISPR Cas9 KO of ZEB1

HUVECS were isolated from donated umbilical veins from single donors using CD31
microbead selection by Bettina Hansen, Aarhus Univeristy. HUVECs isolated this way were
seeded into 0.1% gelatine coated vessels but otherwise were cultured as stated

previously. To achieve ZEB1 KO, 150,000 cells from a single donor were centrifuged at
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100xG and resuspended in a 20uL mixture of 6ug recombinant Cas9 (Invitrogen), 6ug
single guide RNA (Synthego) against ZEB1 or control, in OptiMEM media. HUVECs were
then nucleofected using the LONZA 4D-Nucleofector Core unit using the primary cell P3
setting with a pulse code of CM138. Cells were then plated in 0.1% gelatine coated 6-well

plate for knockout confirmation and propagation.

2.1.8 MTT Assay — Metabolism and Viability

HUVECs were seeded 18,750 cells per well of a 96 well plate. 24-, 48-, 72- and 96-hours
post-plating, 12.5uL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) at 0.5mg/mL, placed on an orbital shaker for 3 minutes before being incubated at
37°C + 5% CO? for 4 hours. Post incubation, all the media was removed and 100uL DMSO
was added to each well to solubilise the formazan product. The plate was briefly shaken
on an orbital shaker before incubating overnight at 37°C + 5% CO?. The absorbance of the
solution was then measured at 570nm using a plate reader. Four technical repeats were

used for each condition.

2.1.9 Scratch Assay

HUVECs were seeded at a density of 42,500 cells per well of a 24 well plate and allowed
to grow for at least 6 days to allow a stable monolayer to form. 4 hours prior to scratch,
cell media was replaced with 1% serum media along with 5ug/mL mitomycin C to inhibit
proliferation. A vertical scratch was created with a pipette tip. Images of the scratch were
taken at0, 4, 6, 18, 24 and 32 hours were then imaged using an Olympus EP50 with digital
camera attachment. 3 wells were generated per condition to create 3 technical repeats.

Scratch closure was analysed by measuring the negative space using image J.

2.1.10 Sprouting Assay

A HUVEC cell suspension was counted and 750,000 cells per condition were centrifuged
at 1,100 RPM before being resuspended in 15mL of basal Endothelial Cells Growth Media.
3.75mL 1% methylcellulose (Sigma) was added to the cell suspension before being
transferred to a reagent reservoir. Using a multi-channel pipette, this total mixture
(18.75mL) was pipetted into 25uL droplets on the bottom of a low adherent 10cm dishes,
giving rise to around 10 dishes per condition. These plates were then placed upside down

in the incubator overnight at 37°C to allow spheroid formation.
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The following day spheroids were harvested by gently pipetting 10mL 10% FBS in PBS over
the spheroids before collecting them in a 50mL tube. The spheroids were centrifuged for
5 minutes at 300xG with no brake, followed by 3 minutes at 500xG with no brake. The
supernatant was discarded, and the pelleted spheroids were gently resuspended in 1.5mL
5mg/mL Fibrinogen (Sigma) in basal Endothelial Cell Growth Media. 0.9 units of Thrombin
(Sigma) (9uL) were added to the spheroids before quickly transferring to across 3 wells of
a 24-well plate. The fibrinogen was allowed to solidify at 37°C for 20 minutes before

adding 500uL Endothelial Cell Growth Media with 1% growth supplements.

Spheroids were then imaged using an Olympus EP50 with digital camera attachment at
24h and 48h post seeding into the fibrinogen gel. At least 10 spheroids were analysed per
well, and at least 3 wells were analysed per condition generating 3 technical repeats.
Images were analysed on image J to determine sprout number, sprout length and

branching number.

2.2 Inducible endothelial cell (iECKO) knockout mouse model

C57BL/6 ZEB1" cdh5 Cre-ERT2 mice were bred in house within the University of Nottingham
Biological Support Unit. ZEB1"f were received from Thomas Brabletz (S. Brabletz et al., 2017),
and cdh5 Cre-ERT2 were received from Ralf Adams (So6rensen et al., 2009). All experimental
animals were treated in accordance with the Animal (Scientific Procedures) Act of 1986
(ASPA) under the authority of the Home Office. The experiments within this thesis were
either performed under the UK Home Office License PPL PE6932817F or PPL P3E735452 held
by Professor David O Bates. All in vivo experiments were performed on mixed gender mice
and all animals were genotyped by Transnetyx Inc. ZEB1"" cdh5 Cre-ERT2* and ZEB1"" cdh5
Cre-ERT27 animals were bred to create a mixed litter of ZEB1"" cdh5 Cre-ERT2*- and ZEB1"/
cdh5 Cre-ERT27 for studies. All decisions regarding animal health and welfare from in vivo
work within this thesis were done under the guidance and supervision of Named Animal

Care and Welfare Officers (NACWO) as well as the Named Veterinary Surgeon (NVS).

2.2.1 Tamoxifen induction of endothelial cell ZEB1 knock out in adult mice
100mg Tamoxifen (Sigma) was added to 1mL 100% ethanol (Thermo) and heated gently
to 37°C until fully dissolved before the addition of 9mL sterile sunflower oil in a class 2

safety cabinet.
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To induce genetic recombination, both ZEB1"" cdh5 Cre-ERT2* and ZEB1"" cdh5
Cre-ERT27 adult mice between 8-12 weeks of age received a daily dose of Tamoxifen at
1mg/25g via intraperitoneal (i.p.) injection on 5 consecutive days to induce endothelial
ZEB1 knock out in the ZEB1"M cdh5 Cre-ERT2* mice and ZEB1"" cdh5 Cre-ERT27 are control
animals due to having no Cre recombinase expression and therefore no genetic KO via
recombination. Animals were welfare checked and weighed in the days prior to dosing to
ensure there were no signs of ill health. Animals were also weighed, and welfare checked
each morning prior to dosing, monitored for at least 1-hour post-dosing and welfare
checked at least 5 hours post-dosing to ensure no adverse effects occurred. Daily welfare
checks were stopped 24 hours after the last dose, providing there were no health concerns
and reduced to twice a week. Any animals which showed signs of adverse effects, pain or
ill health were closely monitored along with advice from a NACWO or NVS. Animals which
continued to show signs of ill health or had lost >20% of their body weight from the start

of the study were culled by schedule 1 cervical dislocation method.

2.2.2 Endothelial Cell Isolation from Lung Tissue

Primary murine endothelial cells from were isolated from both ZEB1%" cdh5 Cre-ERT2* and

ZEB1"f cdh5 Cre-ERT27 adult mice that had been dosed as described previously.

2.2.2.1 Lung Dissection and Digestion

Mice were culled by cervical dislocation and death confirmed by permanent disruption of
blood flow. Lung dissociation and EC isolation was achieved using the lung dissociation kit
from Miltenyi. Whole lungs were dissected and washed in iced cold PBS 4-5 times until all
blood was removed. The lungs were then transferred into basal endothelial cell media
(Promocell), minced with scissors into small pieces before being digested in lung
dissociation kit enzyme mix (Miltenyi) at 37°C for around 2 hours with regular agitation to
aid digestion. The cell suspension was then placed through a 30uL and 70uL smart strainer

(Miltenyi) along with 2.5mL PEB cell sorting buffer to generate a single cell suspension.

2.2.2.2 CD31 Magnetic Cell Sorting
The total cells in suspension were counted using a haemocytometer as described above.
10% of the total cells were removed and centrifuged at 300xG, supernatant discarded, and

pellet stored at -80°C ready for RNA extraction for the input fraction. The remaining cells
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were centrifuged at 100xG, supernatant discarded, and the pellet resuspended in 10puL
CD31 microbeads (miltenyi) and 90uL PEB sorting buffer per 107 cells before being added
to an end-to-end rotator for 30 minutes at 4°C. The labelled cells were then centrifuged

at 100xG at 4°C, resuspended in 500pL PEB per 107 cells ready for magnetic cell sorting.

The labelled cell suspension was added directly to LS columns on miltenyi magnets that
had been pre-primed with 3mL PEB. The LS columns were washed 3 times with 3mL PEB
and the total flow through kept as the CD31- fraction. The column was then removed from
the magnet, 3mL PEB added, and the plunger firmly applied to remove the CD31+ cells
from the column and into the eluted fraction. Both the CD31- and CD31+ fractions were
then centrifuged at 300xG, supernatant discarded, and cell pellet stored at -80°C ready for

RNA or Protein extraction.

2.3 Neonate Dosing and Developmental angiogenesis
ZEB1"" cdh5 Cre-ERT2* and ZEB1"" cdh5 Cre-ERT27- adult mice were crossed to create a
mixed litter of ZEB1%" cdh5 Cre-ERT2* and ZEB1"f cdh5 Cre-ERT27 pups (Figure 2.2 A). All

pups from each litter used within the study were taken forward for dosing.

2.3.1 Neonate Dosing

Tamoxifen was made up as previously described. Animals born on postnatal day 0 were
dosed with 50pug Tamoxifen in 5uL sunflower oil via i.p. injection using a 27G insulin needle
on postnatal days 1, 2 and 3. Animals were constantly monitored for at least 1-hour post-
dosing and checked throughout the day every 1-2 hours to ensure no adverse reaction
had taken place. Prior to dosing each morning, the pups were physically monitored and
checked for signs of ill health along with being weighed to ensure significant weight gain.
On postnatal day 4 the pups were weighed once in the morning to ensure significant
weight gain and monitored twice again throughout the day for signs of ill health. On
postnatal day 5, the pups were culled by cervical dislocation before tissue dissection for

downstream analysis (Figure 2.2 B).
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ZEB1"" cdh5 Cre-ERT2 ZEB1"* cdh5 Cre-ERT2*

ZEB1"" cdh5 Cre-ERT2 ZEB1"" cdh5 Cre-ERT2*

PO PL P2 P3 P4 PS5

[

i.p. injection 50ug Sacrifice
tamoxifen in SuL

Figure 2.2 Mixed litter production and neonate dosing schedule. (A) Breading
pairs of ZEB1"f'cdh5 Cre-ERT2”- and ZEB1"f'cdh5 Cre-ERT27* were established to
produce mixed litters for dosing. (B) Neonates born on post-natal day (P) O were
dosed with 50ug tamoxifen in 5ulL via intraperitoneal injection on P1, 2 and 3,
before being sacrificed on day 5.

2.3.2 Adverse effects

A few neonate mice experience adverse effects due to the tamoxifen dosing. These
include lack of weight gain, loss of pink colour, fluid build-up around injection site,
rejection by the mother and lack of milk spot, indicating insufficient feeding. Under the

guidance of a NACWO, these animals were culled immediately by cervical dislocation. A
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small number of neonates were found dead the next morning after dosing. Often these
deaths were within the pre-weaning mortality rate of the litter or had occurred due to
cannibalism by the mother. Any deaths that were beyond the normal pre-weaning

mortality rate for the mouse strain were reported to the Home Office.

2.3.3 Neonate Eye Dissection

Both eyes were dissected by the removal of skin covering the eye socket using fine forceps
and scissors. Each eye was pierced through the cornea with a 25G needle before being
fixed whole in 4% PFA at room temperature for 1-2 hours. Following fixation, eyes were
washed twice in PBS before being dissected using a Leica dissection microscope. The
cornea and iris were removed using forceps and scissors before removing lens along with
the sclera from the back of the eye to leave only the retina. The retina was then petaled

and placed into an individual well of a 96 well plate.

2.3.4 Immunofluorescent staining of the neonate retina

Retinas were washed in PBS every 15 minutes for 2 hours with rocking before blocking in
0.22um filter sterilised 4% Bovine Serum Albumin (BSA) and 0.5% Triton-X in PBS for 2
hours. Retinas were subsequently incubated for 48 hours with rocking at 4°C in primary

antibodies (listed in table Table 3) in 4% BSA and 0.5% Triton-X in PBS.

Following primary antibody incubation, retinas were washed in 0.5% Triton-X in PBS every
30 minutes on rocking platform for 4 hours. Secondary antibodies (listed in table Table 3)
along with DAPI 1:1000 in 4% BSA and 0.5% Triton-X in PBS were added and incubated for

48 hours on a rocking platform at 4°C.

Retinas were washed 0.5% Triton in PBS every 30 minutes for 4 hours before being washed
in PBS twice. The retinas were then mounted into glass slides with Fluorshield mounting
medium (Thermo), topped with a coverslip and sealed using clear nail varnish at room

temperature.

2.3.5 Imaging and analysis of the neonate retina
Stained retinae were subsequently imaged on a confocal microscope using 0.5um Z
stacking. Images were exported as LIF files and imported into Image J for image analysis

using maximum projection images. Vascular extension, which is the percentage of vascular
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front progression towards the retinal periphery, was calculated as described in Figure 2.3

whereby the angiogenic front progression length was divided by the total retina length.

To quantify changes in the vascular network structure, two regions were focused on in the
angiogenic retina (Figure 2.4): the angiogenic front (Figure 2.4 B) and the central plexus
(Figure 2.4 C). The CD31+ area was calculated as a percentage from these specific regions.
The vasculature was manually skeletonised (Figure 2.5) to determine average vessel
length in um as well as vessel node (how many times one vessel contacts another,
examples included in Figure 2.5 C, D and E). Vascular density is described as the amount
of individual vessel segments per mm? retina whereas branch point density per mm?was
guantified as described in Figure 2.5. Along the angiogenic front, tip cells were counted
and displayed as tip cells per mm? angiogenic front (Figure 2.6). Finally, endothelial cell
number was determined by the number of ERG+ nuclei per mm? retina, along with ERG%
staining and average nuclei size. Analysis methods were obtained and adapted from

Fantin, 2022 (Fantin, 2022).
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Retina Length

Figure 2.3 Method of vascular extension analysis. Dissected P5 retina which was
flat mount stained for CD31 and imaged on a confocal microscope at 10x
magnification. Analysis was done using Image J. Firstly using the line tool was used
to calculate the white ‘retina length line’ length. Secondly it was used to calculate
the red angiogenic front progression line. Both originating at the optic nerve point.
The percentage of angiogenic front progression was therefore calculated from
these lengths.
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B Region 1 C Region 2
Angiogenic Front Plexus

Figure 2.4 Method of isolating regions of the vasculature for structure analysis.
(A) Dissected P5 retina which was flat mount stained for CD31 and imaged on a
confocal microscope at 10x magnification. The angiogenic front is determined at
the very edge of the developing plexus as it meets the avascularised area, labelled
box 1. (B) Zoomed in gridded version of the angiogenic font. (C) Corresponds to a
gridded version of box 2 in image (A) which is selected further back in the
developing plexus, roughly equidistant from the angiogenic front and the optic
nerve, as well as equidistant from nearby major vessels A (artery) and V (vein).
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Figure 2.5 Method of skeletonization the vascular network for vessel density,
length, node and branch point analysis. (A) Dissected P5 retina which was flat
mount stained for CD31 (now shown in red) and imaged on a confocal microscope
at 10x magnification. The network is skeletonised using the free hand line tool on
image J, with each vessel segment corresponding to one line. This allows for the
measurement of segment length (um) and vascular density (segment length per
mm?) (B) Branch points are highlighted with a white asterix in order to calculate
branch points per mm? (C) Vessel segment with a node of 4. Vessel segment 1 is
attatched to 4 vessels, noted with an asterix. (D) Vessel with a node of 2. Vessel
segment 19 is attatched to 2 vessels, noted with an asterix. (E) Vessel with a node
of 5. Vessel segment 17 is attatched to 5 vessels, noted with an asterix.
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Figure 2.6 Analysis method for calculating tip cell number. CD31 stained retinal
flat mount was imaged on a confocal microscope at 10x magnification and
analysed using Image J. Using the free hand line tool, the length of the vascular
front was determined, noted as line 1. Individual tip cells were then counted to
display tip cells per mm of vascular front.
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2.4 Laser-Induced Choroidal Neovascularization (CNV)

The study timeline can be seen in Figure 2.7. Mixed litters of ZEB1"fcdh5 Cre-ERT2* and
ZEB1"fcdh5 Cre-ERT2 mice grew until they reached around 8-10 weeks of age. At this
time, they both underwent tamoxifen administration via intraperitoneal injection for 5
consecutive days, receiving a dose of 40mg/kg in sunflower oil (described in section 2.2.1).
Following dosing, ZEB1"fcdh5 Cre-ERT2* and ZEB1™f cdh5 Cre-ERT2 mice are referred to
as ZEB1E™C and control respectively. Post-dosing, the mice underwent a break week in

which no further procedures occurred.

8-10 Break Day Day Day Day

weeks week 0 3 7 14

T T 1 1]
i.p. injection Anaesthesia  Anaesthesia Anaesthesia
tamoxifen Laser-CNV FFA FFA
40mg/kg in Recovery Recovery Sacrifice
sunflower oil

Figure 2.7 A study timeline for ZEB1=%° and control mice undergoing laser-CNV.
ZEB1cdh5CRE-ERT2* and ZEB1"fcdh5CRE-ERT2" mice are grown until
approximately 8-10 weeks of age before receiving daily doses of 40mg/kg
tamoxifen in sunflower oil over 5 consecutive days (after which CRE-ERT* and CRE-
ERT2 are known as ZEB1E™C and control respectively). After a break week, mice
are anaesthetised before being lasered and recovered on day 9. On days 3, 7 and
14 mice are anaesthetised in order to undergo fundus fluoresceine angiography
(FFA) before being recovered, accept from day 14 when mice are sacrificed, and
tissue sent for downstream analysis.

2.4.1 Induction of Anaesthesia

On day 0, anaesthetics were made up by adding 0.125mL ketamine (Ketastet, Zoetis,
100mg/ml stock) and 0.147mL medetomidine (Sedastart, Animalcare Limited, 1mg/mL
stock) to 0.728mL sterile water. Mice were weighed before being anaesthetised by i.p.
injection of the anaesthetic mix. 100uL of anaesthetic was administered per 25g body

weight, which worked out to be the body weight x4 in uL. Once a negative pedal and eye
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reflex test confirmed loss of reflexes, the mouse was prepared for laser induction. Whilst
under anaesthesia the animal was kept warm using heated pads and the animal’s welfare

was constantly monitored along with the depth of anaesthesia by the pedal and reflex.

2.4.2 Laser Induction

For laser induction, the Micron IVTM ophthalmoscope (Pheonix Technology Group Inc.)
along with the Meridian Merilas Green laser photocoagulator (532nm, class 3b)
attachment was used. Prior to induction, the laser wavelength, time and spot size were

set to 450mW, 130ms and 50um.

Unless there were abnormalities, the right eye was always lasered. On two occasions the
left eye was lasered due to the mice having an abnormal white right eye. The eye to be
lasered was prepared by topically applying one drop of 5% phenylephrine hydrochloride
and 0.8% tropicamide to dilate the pupils. Once the pupil had fully dilated, Viscotears was
applied to both eyes to allow for easy imaging and to prevent the drying and irritation of

the eyes under anaesthetic.

The animal was transferred to the warmed imaging cradle set up with the Micron IVTM
ophthalmoscope (Pheonix Technology Group Inc.) with the Meridian Merilas Green laser
photocoagulator (532nm, class 3b) attachment. The animal was positioned, and image
focused so that the back of the eye was clearly visible on the computer screen and the
image centred on the optic disk. Using the guide laser, four laser burns were created
approximately equal distance from the optic nerve as well as each other, and between the

major vessels within the retina (Figure 2.8 A and B).

2.4.3 Anaesthetic Recovery

For anaesthetic reversal 200uL Atipamezole (Sedastop, Animalcare Limited, 5mg/mL) was
diluted in 800uL sterile saline. Mice were injected with 200uL of this Img/mL Sedastop in
saline via i.p injection, placed in a warmed recovery cage and welfare monitored to ensure
timely recovery from the anaesthesia. Mice were monitored within 6 hours of gaining their
righting reflex, as well as a full welfare and eye check 24 hours post anaesthesia to ensure
appropriate recovery. Animals were closely monitored throughout the remainder of the

study.
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2.4.4 Fundus Fluorescein Angiography

On days 3, 7 and 14 post-lasering the lasered mice underwent Fundus Fluorescein
Angiography (FFA) to observe lesion leakage which is achieved under general anaesthetic.
Mice were anaesthetised as previously described in section 2.4.1. Once anaesthesia is
achieved one drop of 5% phenylephrine hydrochloride and 0.8% tropicamide is applied
topically on the lasered eye in order to dilate the pupil. Once the pupil had fully dilated,
Viscotears was applied to both eyes to allow for easy imaging and to prevent the drying

and irritation of the eyes under anaesthetic.

The mouse was transferred to the warmed imaging cradle set up with the Micron IVTM
ophthalmoscope (Pheonix Technology Group Inc.). The animal was positioned with the
lens focused so that the back of the eye was clearly visible on the computer screen to
check that there were no abnormalities. The animal then received an i.p. injection of
200pL 10% Sodium Fluorescein whilst the barrier and excitation filters on the Micron were
changed to the FITC channel to observe the fluoresceine leakage. Approximately 3
minutes after i.p. injection, images of the lesions were captured using the Micron program
(Figure 2.8 C). Lesion size was measured and analysed by drawing round the lesions and
measuring their area FlJl. Merged lesions were made note of. Because these were

uncommon, they were removed from the analysis.
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Before
lasering

After
lasering
(day 0)

FFA
(days 3,7
and 14)

Figure 2.8 Images taken using the Micron IV™ ophthalmoscope (Pheonix
Technology Group Inc.). Images taken using the Micron IV ophthalmoscope (A)
before lasering, (B) immediately after lasering and (C) fundus fluoresceine
angiography (FFA) images take in the days that follow lasering.
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2.4.5 Adverse effects

A small minority of mice experienced adverse effects during initial studies involving
tamoxifen dosed mice followed by anaesthesia using Medetomidine and Ketamine. These
mice appeared to show signs of ill health 24 hours post anaesthetic recovery from the first
instant of anaesthesia. These mice were either culled by schedule 1 cervical dislocation or
found dead and reported to the home office. On post-mortem examination these mice
had pale kidneys along with a full and inflamed bladder, as well as crystals in the bladder
(identified by Dr Nick-Beazley Long). From this, the decision was taken to introduce a break
week between tamoxifen dosing and any form of anaesthesia. Since then, there have been

no adverse effects of this kind.

2.4.6 Staining of whole-mount choroids
On day 14 post-lasering, mice were culled via cervical dislocation and death confirmed by
the permanent disruption of blood flow before tissue taken for staining and further

analysis.

2.4.6.1 Dissection and Fixation

The lasered eye was removed and fixed whole in room temperature 4% PFA for one hour.
The eyes were washed twice with PBS before being dissected using a dissection
microscope (Leica) and dissection tools. Any fatty or connective tissue behind the eye was
gently removed before piercing the cornea to allow removal of the cornea and iris using
scissors. The choroid was then petalled to allow for flat mounting and the retina removed.

The choroid was then stored in PBS until staining.

2.4.6.2  Staining of Choroid Flat Mounts

Choroids were washed in PBS every 15 minutes for 2 hours with rocking before blocking
in 0.22um filter sterilised 4% Bovine Serum Albumin (BSA) and 0.5% Triton-X in PBS for 2h.
Choroids were subsequently incubated for 48 hours at 4°C with rocking in primary

antibodies (listed in table Table 3) in 4% BSA and 0.5% Triton-X in PBS.

Following primary antibody incubation, choroids were washed in 0.5% Triton-X in PBS
every 30 minutes on rocking platform for 4 hours. Secondary antibodies Anti-Rat Alexa

Fluor 488 and Anti-Rabbit Alexa Fluor 555 were diluted in 1:500 along with DAPI 1:1000 in
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4% BSA and 0.5% Triton-X in PBS were added and incubated for 48 hours on a rocking

platform overnight at 4°C.

Choroids were washed 0.5% Triton in PBS every 30 minutes for 4 hours at room
temperature before being washed in PBS twice. Choroids were then mounted into glass
slides with Fluorshield mounting medium (Thermo), topped with a coverslip and sealed
using clear nail varnish. Slides were then stored at 4°C. Lesions were imaged using a Leica
TCS SPE Confocal Microscope. An 8x8 tilescan of the Choroid was taken at 20x
magnification. CD31 lesion size as well as CD45 inflammation intensity within the lesion

was analysed using image J by drawing round the lesions.

2.5 Hind Limb Ischaemia surgery (HLI)

The HLI method used within this thesis from of a protocol published by Bhalla et al (Bhalla

et al., 2022). A full study timeline along with images of the surgery can be seen in Figure

2.9.
8-12 Day Day Day Day Day
weeks 0 3 7 14 21
M T T T T
i.p. injec.:ftion Pre-op Blood flow Blood flow.
tamoxll e'n Siood How: Cardl_ac
40rfr|1g/ g m-| HLI surgery. perfusmn.
sunflower oi Post-op Tlssug
blood flow. preparation.

Figure 2.9 A study timeline for ZEB1E“° and control mice undergoing HLI.
ZEB1"'cdh5CRE-ERT2* and ZEB1™'cdh5CRE-ERT2”- mice are grown until approximately
8-12 weeks of age before receiving daily doses of 40mg/kg tamoxifen in sunflower oil
over 5 consecutive days (after which CRE-ERT* and CRE-ERT2" are known as ZEB1*° and
control respectively). Mice are anaesthetised before pre-operative blood flow
measurements, followed by surgery and post op blood flow measurements. On days 3,
7, 14 and 21 mice are anaesthetised in order to undergo blood flow imaging. On day 21
the mice are perfused fixed, and tissue prepared for staining.

88



2.5.1 HLl surgery

Mixed litters of ZEB1"ficdh5 Cre-ERT2* and ZEB1™f'cdh5 Cre-ERT2" mice were grown until
they reached around 8-12 weeks of age. At this time, both groups underwent tamoxifen
administration via intraperitoneal injection for 5 consecutive days, receiving a dose of
40mg/kg in sunflower oil (described in section 2.2.1). Following dosing, ZEB1"flcdh5 Cre-
ERT27* and ZEB1"ficdh5 Cre-ERT27" mice are referred to as ZEB1E™° and control

respectively.

Post-tamoxifen dosing, all mice were checked to ensure no signs of ill health before
undergoing HLI surgery. All surgeries were performed start to finish by either Dr Sohni Ria
Bhalla or Dr Mussarat Wahid. ZEB1E®° and control mice were placed under general
anaesthesia via gaseous 2% isoflurane (100%, w/w, IsoFlo ®) in 100% oxygen at a flow rate
of 2L/minute. Pre-operative blood flow to both paws was then determined by using the
laser speckle imaging system (FLPI-2, Moors Instruments). Before commencing the
surgery, the withdrawal reflexes were tested to confirm no response and throughout the
surgery the body temperature of the mouse was monitored and controlled via a rectal

probe and heat mat (Harved Apparatus).

All mice received pre-operative analgesic by the subcutaneous injection of 0.05mg/kg
buprenorphine (Animalcare Group) diluted in sterile saline (0.9% NaCl). Preparation of the
left hind limb surgical area was achieved by application of hair removal cream (Nair)
before being sterilised using the hydrex derma spray (Scientific Laboratory Supplies). The
mouse was then placed on the surgical platform with the left hind paw taped into position

and covered in a surgical drape to leave only the surgical area exposed.

After depilation and sterilisation of the surgical site, an incision was made between the
knee and the abdomen, and the femoral artery was exposed. Two individual sutures were
placed around the femoral artery, the first being placed above the superficial epigastric
artery, and the second being placed below the epigastric artery and the saphenous artery,
followed by electrocoagulation of the femoral artery using a cauterizer (Wuhan Spring
Scenery Medical Instrument Co Ltd, Evergreen). Images of the surgery process can be

observed in Figure 2.9, taken from (Bhalla et al., 2022)
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Post-surgery animals were closely monitored to ensure they recovered well. Animals were
allowed to recover in a pre-warmed post-operative cage with fresh bedding and mash. For
the first few hours’ post-surgery the animals were observed to ensure they recovered
from the anaesthesia well and showed no signs of pain or suffering. For the immediate 7
days post-surgery, the weights as well as general health and wellbeing of the animals were
monitored twice a day, along with the surgery site, paws and tail to ensure there were no
adverse effects. The welfare checks were reduced to weekly after this period unless there

was cause for concern.
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Anatomy of the femoral Step 1: Hair was removed Step 2: The fat and
artery taken from from the left hind limb and connective tissue was
(Limbourg et al.,2009) sterilised. A 1cm incision teased apart to expose the
was made from the knee to  femoral artery.
the abdomen.

E
T ,
Proxim
ligation.
site
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Step 3: The femoral artery Step 4: A second ligation Step 5: Between the two
was ligated above the was made below the ligation sites, the femoral
epigastric branch (proximal epigastric branch (labelled artery was electrocoagulated

site) using 6-0 W812 distal site). (as indicated by an asterisk)
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Figure 2.10 HLI surgery and blood flow speckle intensity images, taken from (Bhalla
etal 2021). (A) — (F) images of HLI surgery taken from Bhalla et al, except for (A) taken
from Limbourg et al 2009. (G) The level of blood flow is representative of the intensity
of the spectrum. (H) Example of blood flow images pre-surgery, with the white box
indicating the region of interest (ROI) used to calculate blood flow via speckle intensity.
Post-surgery the left paw will become ischaemic.

Tail
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2.5.2  Measurement of blood flow

All blood flow measurements and subsequent analysis were performed by Dr Nick
Beazley-Long. Blood flow measurements of the hindlimb paws were performed on days 3,
7, 14 and 21 post surgery. Prior to imaging all animals were welfare checked. Mice were
anaesthetised with 2% Isoflurane (100% w/w, IsoFlo®) in 100% oxygen at a flow rate of
2L/minute. Withdrawal reflexes were tested using the toe pinching and eye twitching
reflex to confirm stable anaesthesia before being transferred to the heat pad and imager.
Blood flow images were taken using the Moors Laser Speckle Imaging System. To
determine blood flow, the speckle intensity within the region of interest was measured
and calculated by the Moors Instrument Analysis software. Animals were allowed to
recover from anaesthetic in a pre-warmed cage before being transferred back to its home

cage once a full recovery was observed.

2.5.3 Euthanasia via Cardiac Perfusion

Immediately after imaging on day 21, the mice were not allowed to recover from
anaesthia. Animals received an i.p. injection of 1mg/kg medetomidine and 75mg/kg
ketamine. 3-4 minutes post i.p. injection the animal was removed from the isoflurane nose
cone and depth of anaesthesia was tested for by the toe pinching and eye twitching reflex.
Once stable anaesthia was confirmed, the chest cavity of the animal was opened using
scissors and held by gripped forceps. The left ventricle was pierced using a 30G needle
attatched to a syringe with 25mL PBS. Immediately after this the vena cava was cut using
scissors and the 25mL PBS slowly pushed through into the heart of the mouse. More PBS
was added to the syringe until the PBS exiting from the mouse ran clear. This was then
followed by 25mL paraformaldehyde. Cardiac perfusion was performed by either the

author or Dr Nick Beazley-Long (see COVID statement in section 7.7.1).

Both hind legs were removed from the carcass and gastrocnemius muscle dissected and
fixed in 4% PFA overnight. The following day the muscle was washed 3-4 times with PBS
before being stored in 30% sucrose overnight for cryoprotection. The following day the
muscle was removed from the sucrose and embedded in optimal cutting temperature

compound (OCT, Labtech) and immediately stored at -80°C.
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2.5.4 Sectioning of gastrocnemius muscle

Gastrocnemius muscle embedded in OCT was removed from the -80°C and immediately
placed into the cryostat chamber held at -20°C for approximately 30 minutes. The muscle
was mounted onto the chuck to ensure transverse sections were to be produced. Multiple
16um sections were generated on each superfrost plus slide (Thermo Scientific) from
different regions along the muscle. Slides were stored at -20°C or immediately taken for

staining.

2.5.5 Immunofluorescence staining of gastrocnemius muscle

Before staining the muscle, sections were drawn around using a hydrophobic PAP pen
(Scientific Laboratory Supplies). All staining steps were performed in a dark staining tray
with humidity. The sections were dehydrated by washing each section with PBS 3 times
for 5 minutes. Sections were blocked and permeabilised using filter sterilised 4% BSA and
0.5% Triton-X in PBS for 2h at 4°C. Primary antibodies were then diluted according to Table
3 in filter sterilised 4% BSA and 0.5% Triton-X in PBS and incubated at 4°C overnight. The
following day the sections were washed in PBS 3 times for 5 minutes before being
incubated in secondary antibody diluted in filter sterilised 4% BSA and 0.5% Triton-X in
PBS according to Table 3 along with DAPI (1:1000) overnight at 4°C. The following day the
sections were washed with PBS 3 times for 5 minutes before removal of all PBS using the
edge of a kimtech wipe. Coverslips were mounted onto the sectioned with Fluorshield
mounting medium (Thermo) and sealed using clear nail varnish at room temperature in
the stain tray without humidity for 20 minutes. Slides were then stored at 4°C or imaged

immediately.

2.5.6 Confocal microscopy and image analysis of gastrocnemius muscle

Immunofluorescent stained gastrocnemius muscle slides were imaged using the Leica TCS
SPE Confocal Microscope at 20x magnification. For each gastrocnemius muscle (both
contralateral and ischaemic) 4 sections were taken, and a 3*3 tile scan was taken of each
section for analysis. Quantification of staining was achieved using Image J. Measurements
of both staining area and number of stained structures were quantified and normalised to

muscle fibre area.
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2.6 Protein based assays

Protein was extracted from cultured primary endothelial cells. Cells for experiments were

seeded into 6cm diameter dishes for protein extraction at the experiment’s end point.

2.6.1 Cell Lysis

Cultured cells were removed from the incubator and immediately placed on ice. Media
was removed before two PBS washes with ice cold PBS. 150uL RIPA buffer (Thermo)
supplemented with Protease and Phosphatase cocktail inhibitors (Roche) was added to
each 60mm diameter dish, unless stated otherwise. The cells were the lysed via scrapping
with the RIPA buffer on ice for approximately 5 minutes before being transferred into an
Eppendorf tube and incubated on ice for 30 minutes. The lysate was then centrifuged at
16,000 x g at 4°C for 20 minutes to pellet cellular debris. The remaining supernatant was

then stored at -80°C.

2.6.2 Protein quantification

The protein concentration of cell lysates was determined via Pierce BCA assay (Thermo).
A range of protein standards were made by serial dilution of BSA in PBS within a range of
2000pg/mL and Opg/mL. Cell lysates were diluted between 1:5-1:10 in RIPA buffer to
ensure they fell within the linear range of the standards. BCA working reagent was
prepared using a 50:1 ratio of reagent A and reagent B respectively. 200uL of BCA working
reagent plus 25uL of either sample or standard was placed in one well of a 96 well plate.
Three technical repeats were set up per sample or standard. The plate was incubated at
37°C before absorbance being read at 562nm using a plate reader (BMG LABTECH). The
blank reading was subtracted from all readings. The protein concentration of the samples
was determined from the standard curve calculated from the protein standards and their

absorbances using Microsoft Excel™,

2.6.3 SDS-PAGE

Samples were diluted with PBS according to the BSA results previously to ensure they were
all at the same concentration before the addition of 4x Laemelli buffer (BioRad) that was
supplemented with Beta-mercaptoethanol. Samples were heated to 95°C for 8 minutes

followed by sonicating for 15 minutes using a water bath sonicator filled with ice and
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water. Samples were briefly centrifuged before 10-50ug of protein from each sample was
loaded onto a pre-cast 5-20% gradient gel (BioRad) along with 2L precision plus protein
ladder (BioRad). The gel was run at 80V for approximately 2.5 hours at room temperature

in TGS running buffer (25nM tris-base, 190nM glycine and 0.1% SDS, pH adjusted to 8.3).

2.6.4 Transfer and Blocking

The proteins were transferred onto a nitrocellulose membrane using the trans-blot turbo
transfer system (BioRad). This was achieved using the mixed molecular weight pre-setting
and using trans-blot turbo transfer buffer (BioRad) supplemented with 20% ethanol. The
membrane was then blocked in 5% BSA (Sigma-Aldich) in TBST (Tris buffered saline with

0.1% tween-20) for 1.5 hours at room temperature on an orbital shaker.

2.6.5 Western Blotting

Primary antibodies were made up in 1% BSA in TBST according to Table 3 before being
added to the membrane in a 50mL falcon and incubated overnight rolling at 4°C. The
following day the membrane was washed with TBST three times for 10 minutes. Secondary
antibodies with fluorescent conjugates were made up in 1% TBST according to table Table
3 before being added to the membrane and incubating for 1 hour, rolling at room
temperature in darkness. This was followed by three 10-minute TBST washes in darkness

before the membrane was imaged using the Licor Odyssey imaging system.

2.6.6 Stripping and re-probing

Nitrocellulose membrane that had already been probed was stripped of its bound
antibodies by the addition of 0.4M NaOH (Sigma Aldrich) for 5 minutes on an orbital
shaker, before two washes in TBST to remove any excess NaOH. The membrane was re-
blocked in 5% BSA in TBS-t before the addition of primary antibodies as described above

to probe for another protein.

2.7 RNA based assays

RNA was isolated from both in vitro cultured primary endothelial cells and ex-vivo
extracted lung tissue. Cultured endothelial cells were washed with sterile PBS before

detaching using Trypsin/EDTA at a ratio of 0.04%/0.03% and pelleted at 200xG ready for
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RNA extraction. Unless stated otherwise, all ex-vivo RNA extraction occurred on cells

extracted via magnetic cell sorting before being pelleted at 200xG.

2.7.1 RNA extraction

All RNA extraction was achieved using the QIAGEN RNeasy kit unless stated otherwise.
The cell pellet was resuspended in 350uL RLT buffer along with 350uL 70% ethanol before
being transferred into a Ql-shredder column. The column was centrifuged at 8000xG for
15 seconds and the flow through discarded. The column was washed by the addition of
700uL RW1 buffer, centrifuged at 8000xG for 15 seconds and flow through discarded.
500uL RPE buffer was added to the column before being centrifuged at 8000xG for 15
seconds and flow through discarded, before this step being repeated again for a longer
centrifuged time of 2 minutes. The membrane was dried by further centrifugation of the
column alone with no buffer additions at 16,000xG for 1 minute. To elute the RNA, 30ulL
RNAase free water was added directly to the column before being centrifuged at 8000xG
for 1 minute. The concentration and quality of the eluted RNA was then determined by

NanoDrop™ (ThermoFisher Scientific). All RNA was stored at -80°C.

2.7.2 DNAse treatment

RNA was DNAse treated using the Promega RQ1 RNase-Free DNase kit. Unless stated
otherwise, 2ug RNA along with 2uL DNAse buffer and 2uL DNAse made up to a total
volume of 18uL with RNAse free water was incubated in a thermocycler at 37°C for 30
minutes. 2uL DNAse stop solution was added followed by incubation in a thermocycler at

65°C for 10 minutes.

2.7.3 cDNA synthesis

2ug DNAase treated RNA in 20pL total volume was taken forward for reverse transcription
using the Takara PrimeScript RT Master Mix kit. Unless stated otherwise, plL of master mix
was added to the 2ug DNAse treated RNA before being incubated in a thermocycler for
37°C for 15 minutes, followed by 85°C for 5 seconds. cDNA was stored at -20°C.

2.7.4 Digital Droplet PCR (ddPCR)
Between 50ng-320ng cDNA was taken forward for digital droplet PCR. Each reaction was

set up with either 2x digital droplet master mix or 4x digital droplet master mix (BioRad),
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along with 10x TagMan probe listed in table Table 1, and made up with water to make a
final reaction volume of 25uL. Droplets were generated using the droplet generator
(BioRad) with 70uL droplet generator oil (BioRad). The samples were then placed in a
thermocycler for 10 minutes at °C, followed by 40 cycles of 30s and 95°C and 1 minute of
60°C, finally followed by 98°C for 10 minutes as a final extension. Droplets were read using

the QX100 Droplet Reader (BioRad).

Table 1 ddPCR probes

Probe Target Supplier

ZEB1 (Human) Thermo Fisher
TBP (Human) Thermo Fisher
ZEB1 (Mouse) Thermo Fisher
CD31 (Mouse) Thermo Fisher
GAPDH (Mouse) Thermo Fisher

2.7.5 RNA sequencing

Untreated RNA was sequenced using lllumina sequencing by Novogene. Analysis of the
raw data was all performed by Jospeh Horder unless stated otherwise. To check the quality
of the FASTQ files and identify adaptors, FASTQC program was used. The Cutadapt
program was used to trim illumine universal adaptors for both forward and reverse
strands. Bases with a quality of less than 20 were removed. Alignment of the trimmed
reads to the human genome GRCh38 was performed using STAR, followed by the
featuredCounts package to quantify the reads to the gene. The read counts were
normalise and differential expression analysis was achieved using DESeq2. Genes with an

adjusted p value smaller than 0.05 were considered significant.

Overrepresentation analysis to identify significant gene ontology (GO) terms biological
processes, molecular functions and cellular components, along with Kyoto Encyclopaedia
of Genes and Genomes (KEGG) significant pathway analysis (performed by the author).

Figures were generated using GraphPad prism (performed by the author).
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2.7.5.1 Analysis of publicly available data sets

Publicly available data sets were identified using Gene Expression Omnibus. Data were
pre-filtered using an adjusted p-value threshold of Adjp > 0.05. Log2 fold changes (L2FC)
were subsequently retained for analysis (data extracted by Dr Michaela Griffin). Pathway
enrichment was performed using CytoScape to conduct global pathway analysis,

facilitating the identification of key biological processes and molecular networks.

2.8 Chromatin Immunoprecipitation (ChlIP)

ChlIP was achieved using the Active Motif ChIP-IT High Sensitivity kit. Unless otherwise
stated, the buffers are provided in the kit and the makeup of all buffers are stated in Table
2. HUVECs between passages 2-7 were plated in 150mm dishes with 20mL complete
media and allowed to grow until they had reached 100% confluency before being taken

forward for ChlP.

2.8.1 Cell Fixation

Cells were fixed by adding 2mL Complete Cell Fixation Solution directly to the culture
media of each 150 mm diameter dish and rocked gently at room temperature for 15
minutes. To stop the fixation 1.1mL Stop Solution was added directly to each dish and
rocked at room temperature for 5 minutes. Cells were detached from the dish by scraping
with a rubber policeman before being pelleted by centrifuging at 1,250xG at 4°C for 3
minutes. The supernatant was discarded, leaving the pellet to be resuspended in 10mL ice
cold PBS Wash Buffer before centrifugation at 1,250xG at 4°C twice. The cell pellet was

then kept onice.

2.8.2 Chromatin Preparation

The cell pellet was resuspended in 5mL Chromatin Prep Buffer with 5uL Protease
Inhibition Cocktail and 5uL 100mM PMSF before being incubated on ice for 10 minutes.
Cell lysis was achieved by transferring the pellet to a chilled dounce homogeniser and
completing 30 strokes before being centrifuged at 1,250xG for 3 minutes at 4°C. The pellet
was then resuspended in 500uL ChIP buffer with 5uL Protease inhibitor cocktail and 5uL
100mM PMSF before being incubated on ice for 10 minutes and proceeding to chromatin

shearing.
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2.8.3 Chromatin Shearing via Sonication

Chromatin was sheared using the Bioruptor® Cooled Sonicator (Diagenode) at 4°C for 35
rounds of 30 seconds on and 30 seconds off. Chromatin was then centrifuged at 16,000xG
at 4°C for 2 minutes to pellet cellular debris. 25uL of the remaining supernatant was then
taken to assess chromatin preparation and shearing whilst the remaining chromatin was

stored at -80°C.

2.8.4 DNA gel to Monitor Chromatin Preparation and Shearing

175uL TE buffer at pH 8.0 and 1uL RNAse A was added to the 25uL sheared chromatin
before being incubated in a thermocycler at 37°C for 1 hour. 2L of Proteinase K was then
added before being incubated in a thermocycler at 37°C for 2 hours. The chromatin
mixture is then transferred to a new Eppendorf tube along with 83uL Precipitation Buffer,
2uL Carrier and 750uL absolute ethanol before being stored at -80°C overnight to
precipitate the DNA.

The following day the sample was centrifuged at 16,000xG for 15 minutes at 4°C to pellet
the DNA before discarding the supernatant and air drying the pellet for 10-15 minutes.
The DNA pellet was then resuspended in 25uL DNA purification elution buffer, incubated
at room temperature for 10 minutes and vortexed to ensure the pellet is completely
resuspended in solution. The concentration of the DNA was then analysed by absorbance

at 260nm via nanodrop.

500ng of input DNA was mixed with 1uL 500mM NacCl and adjusted to 10uL with sterile
water before being placed in a thermocycler at 100 °C for 20 minutes, followed by 50°C
for 5 minutes. Samples were mixed with gel loading buffer before being loaded onto a 2%
agarose gel with ethidium bromide (Sigma) and ran at 120V for 5-10 minutes. The gel was

imaged using gel imager (Licor).

2.8.5 Immunoprecipitation of Chromatin

Each immunoprecipitation reaction was set up with 4ug ZEB1 primary antibody
(Proteintech) or 4ug rabbit IgG control, 5uL protease inhibitor cocktail, 5uL Blocker Mix,
approximately 10ug sheared chromatin and topped up to 200uL with ChIP buffer. This

reaction mixture was placed in an end-to-end rotator overnight at 4°C.
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Protein G agarose beads were pre-washed by mixing equal amounts of TE pH 8.0 buffer to
beads and centrifuging at 1,250xG to pellet beads and remove supernatant. This process
was repeated twice. 30uL of Protein G beads were added to each immunoprecipitation
reaction and placed in and end-to-end rotator for 3 hours at 4°C. 600uL ChIP buffer was
added to the immunoprecipitation reaction before adding the entire contents to a ChIP
filtration column. Flow through was allowed to occur by gravity and was discarded. The
columns were then washed with 900uL Wash Buffer AM1 for a total of 5 times before
being centrifuged at 1250xG for 3 minutes to remove residual wash buffer. The sample
was eluted by adding 50uL 37°C Elution Buffer AM4 to the column, incubated at room
temperature for 5 minutes before being centrifuged at 1250xG for 3 minutes and then

taken for DNA purification.

2.8.6 DNA purification

2uL of Proteinase K was added to the eluted ChIP DNA and placed in a thermocycler for
30 minutes at 55°C followed by 2 hours at 80°C. To confirm the pH of each sample was
correct, 500uL DNA purification buffer and 5uL 3M Sodium Acetate was added to each

sample and the correct pH was confirmed by a bright yellow colour.

Each sample was added to a DNA purification column before being centrifuged at 1250xG
rpm for 1 minute and the flow through discarded. 750uL DNA Purification Wash Buffer
(80% Ethanol) was added to each column before being centrifuged at 1250xG for one
minuet then two minutes to dry the membrane and flow through discarded. The purified
DNA was then eluted from the column by adding 36pL of DNA Purification Elution Buffer

pre-warmed to 37°C directly to the column and centrifuging at 1250xG for 1 minute.

2.8.7 ChIP sequencing

Purified ChIP DNA was sent to Novogene for Illumina sequencing. Unless stated otherwise,
analysis of the raw data files was all completed by Joseph Horder using R studio. To check
the quality of the FASTQ files and identify adaptors, FASTQC program was used. The
Cutadapt program was used to trim illumine universal adaptors for both forward and
reverse strands. Bases with a quality of less than 20 were removed and the minimum read
length set to 1. Bowtie2-build was used to index human genome GRCh38 followed by

Bowtie2 to align samples to this genome. SAM files were converted to BAM files using the
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Samtools program. The Sambamba markup program was used to sort and filter duplicate
reads followed by Sambamba view to remove unmapped and multi-mapped reads. Reads
aligned against known blacklist regions of the genome were removed using Bedtools

intersect.

The ENCODE analysis pipeline was followed with a less stringent -p 1e-3 significance cut
off to handle replicates within the IDR program. The MACS2 program was used for peak
calling on individual ZEB1 replicates against the combined control replicates. The quality
of the ChIP-Seq analysis was determined by the ChIPQC program. The two replicates with
the highest read within the peaks percentage calculated by ChIPQC were used as the IDR
program takes only 2 replicates. The IDR program was run with default settings to identify
reproducible peaks and peaks passing the IDR cut off of 0.05 were identified. Peaks were
annotated to genes by the ChIP seeker R package with promotor regions defined as
1000bp up or downstream of the transcription start site. Motif enrichment analysis was

performed using HOMER.

The annotated ChIP-Seq genes and the RNA-Seq differentially expressed genes were cross
referenced in R studio. Overrepresentation analysis to identify significant gene ontology
(GO) terms biological processes, molecular functions and cellular components, along with
Kyoto Encyclopaedia of Genes and Genomes (KEGG) significant pathway analysis
(performed by the author). Figures were generated using GraphPad prism (performed by

the author).

2.9 Statistical analysis

All statistical analysis, unless stated otherwise, were performed using Graph Pad Prism 10
software. Specific statistical analyses methods are mentioned for each individual
experiment within its figure legends. A p value smaller than 0.05 was considered

significant. Biological repeats are noted within each figure legend as n.

2.10 List of Buffers
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Table 2 List of Buffers

Buffer Name

Method

Buffer Contents

Fixation Solution
—2.5mL

ChIP-IT High Sensitivity Kit
—Section 2.8

PEB Buffer — Magnetic Cell Sorting — 0.5g BSA, 200uL 500mM EDTA,
50mL Section 2.2.2 50mL PBS
Complete Cell ChIP using Active Motif 180uL Fixation Buffer (provided),

750puL 37% formaldehyde,
1.57mL sterile water

PBS Wash Buffer
—25mL

ChIP using Active Motif
ChIP-IT High Sensitivity Kit
— Section 2.8

2.5mL 10x PBS (provided),
1.25mL Detergent (provided),
21.25mL sterile water

DNA Purification
Wash Buffer
(80% Ethanol) —
50mL

ChlIP using Active Motif
ChIP-IT High Sensitivity Kit
—Section 2.8

40mL 100% Ethanol and 10mL
DNA Purification Buffer

2.11 Antibodies and stains

Table 3 A list of antibodies and stains along with their uses and dilutions

Target Primary/ Dilution | Animal/ Supplier Use
Secondary Conjugate
Isolectin B4 | Stain 1:100 Streptavidin | Sigma HLI staining
(iB4) (Primary) Aldrich
Alpha Primary 1:100 Cy3 Sigma HLI staining
Smooth Aldrich
Muscle
Actin
mCD45 Primary 1:100 Goat R&D HLI staining
Systems and whole
mount
choroid
staining
mCD31 Primary 1:100 Rat BD Whole mount
Bioscience | retina
staining and
whole mount
choroid
staining
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ERG Primary 1:100 Rabbit Abcam Whole mount
retina
staining

Streptavidin | Secondary 1:500 Alexa Fluor | Invitrogen | HLI staining

488 488

Anti-rat Secondary 1:500 Alexa Fluor | Invitrogen | Whole mount

488 488 retina
staining

Anti-goat Secondary 1:500 Alexa Fluor | Invitrogen | HLI staining

555 555 and whole
mount
choroid
staining

Anti-rabbit | Secondary 1:500 Alexa Fluor | Invitrogen | Whole mount

555 555 retina
staining

ZEB1 Primary 1:1000 | Rabbit Proteintech | Western Blot,
ChlP

FOX01 Primary 1:1000 | Rabbit Cell Western Blot

Signalling
PFKFB3 Primary 1:1000 | Rabbit Cell Western Blot
Signalling

VECAD Primary 1:1000 | Rabbit Abcam Western Blot

Phosphor- Primary 1:1000 | Rabbit Sigma Western Blot

VECAD Aldrich

(pY321)

Slug Primary 1:1000 | Rabbit Abcam Western Blot

B actin Primary 1:1000 | Mouse Santa Cruz

Vinculin Primary 1:5000 | Rabbit Cell Western Blot

Signalling

IRDye® Secondary 1:5000 | IRDye® LI-COR Western Blot

800CW 800CW

Goat anti-

Rabbit

IRDye® Secondary 1:5000 | IRDye® LI-COR Western Blot

680CW 680CW

Goat anti-

Mouse
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Chapter 3:

ldentification of ZEB1 as a
regulator of endothelial
cell gene transcription

In vitro
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3 Identification of ZEB1 as a regulator of endothelial cell
gene transcription in vitro

3.1 Introduction

Resting endothelial cells (ECs) under physiological conditions are mostly in a quiescent
state. This state is represented as a structured monolayer with apical basal polarity, whist
displaying little or no proliferation, no migration, low inflammatory marker expression,
controlled permeability and lower levels of glycolysis. This endothelial quiescence requires
active signalling pathways such as Angiopoietin signalling, Wnt signalling and BMP
signalling (Ricard et al., 2021). Activity in pathways considered to be pro-angiogenic are
also required to play an active role in maintaining this quiescence, such as autocrine VEGF
signalling (Lee et al., 2007). It is therefore clear that a complex network of signalling

pathways is required for endothelial quiescence and hence, vascular homeostasis.

Although the vast majority of ECs exist in this quiescent state, they retain the ability to
undergo phenotypic switching in order to become angiogenic. However, it is critical that
this angiogenic switch is tightly governed, with a loss of endothelial homeostasis being
associated to endothelial dysfunction (Gimbrone & Garcia-Cardefia, 2016; Ricard et al.,
2021). The dysregulation of the angiogenic-quiescence switch can is therefore observed
angiogenic disease such as age-related macular degeneration, diabetic retinopathy and
peripheral artery disease, or contribute to tumour growth within solid cancers (Carmeliet,
2003). Owing to this, the processes which govern endothelial cell quiescence and overall

vascular homeostasis have become a focal point within the research of vascular disease.

As master regulators of gene expression, transcription factors have a significant impact on
endothelial cell activity and phenotype, hence receiving a lot of attention within the field.
This resulted in the identification of multiple transcription factors involved key endothelial
processes such as SOX18 and the ETS family of transcription factors in development, (De
Val & Black, 2009), ERG as a regulator of homeostasus (Shah et al., 2016) and FOX01 during
quiescence (Andrade et al., 2021; Wilhelm et al., 2016).
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A rapidly expanding area of vascular research focuses on endothelial to mesenchymal
transition (EndoMT), which involves endothelial cells undergoing phenotypic switching
into a mesenchymal phenotype that can occur in a partial or complete manner (Fang et
al., 2021; Piera-Velazquez & Jimenez, 2019). The knockout of transcription factors with
known roles in EMT has proven to impact angiogenesis and EC signalling pathways. For
example, the transcription factor Snail has been demonstrated to regulate capillary
branching during developmental angiogenesis via regulation of VEGFR3 expression (Park
et al., 2015). Similarly, endothelial Slug was identified to be crucial in regulating the DIll4-
Notch-VEGFR2 signalling axis in tumour angiogenesis and transiently during development
(Hultgren et al., 2020). This therefore raises the question of whether other transcription

factors with known roles in EMT are influencing this quiescent to angiogenic switch.

The initial aim of this chapter was to establish whether growing ECs represent an EndoMT
like phenotype. From this original data, along with reports within the literature, ZEB1 was
identified as a transcription factor of interest. This then resulted in the secondary aim of
this chapter, which was to identify the role of endothelial ZEB1, using transcriptomic

analysis and in vitro cell culture methods.

A number of experiments within this chapter were performed during a laboratory visited
to Dr Joanna Kalucka’s lab at Aarhus University, funded by the British Microvascular and
Vascular Biology Society. During this time, HUVECs were cultured using the same protocol
and reagents, but were isolated from single donors by laboratory manager Bettina
Hansen. In this instance, a biological replicate was from a different donor, which induced
variability within the data. Whenever this was the case, it is clearly mentioned within the

presentation of the data.

3.2 Results

3.2.1 RNA-Seq analysis of confluent and subconfluent HUVECs

HUVECs were seeded to be confluent and subconfluent and 24 hours later RNA extracted
and sequenced. Differentially expressed genes were determined by DeSeq2 by Joseph
Horder. Genes with an adjusted p value smaller than 0.05 were considered significant. This

revealed 4,773 genes differentially expressed between subconfluent and confluent
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HUVECs, which can be visualised in the volcano plot in Figure 3.1 A. Out of all the
differentially expressed genes, 2,399 (50.26%) were down regulated in confluent HUVECs,
and therefore upregulated in subconfluent HUVECs. 2,374 genes (49.75%) were up
regulated within confluent HUVECs, and therefore down regulated in subconfluent
HUVECs (Figure 3.1 B). This large number of differentially expressed genes is expected of
two conditions which vary significantly within their phenotype and their surroundings. To
therefore narrow the focus of the data set by only looking at genes that have changed
expression beyond a certain threshold, another list of differentially expressed genes was
generated which only contained those with a log2 fold change of 1.5. This resulted in 1,628
differentially expressed genes, 696 (42.75%) down regulated and 932 (57.25%) up
regulated (Figure 3.1 C).
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Figure 3.1 RNASeq analysis of subconfluent and confluent HUVECs revealed 4,773
differentially expressed genes. RNA from confluent and subconfluent HUVECS was
sequenced and differentially expressed genes determined by DeSeq2 by Joseph
Horder. Genes with an adjusted p value smaller than 0.05 were considered significant.
(A) A volcano plot of all differentially expressed genes. (B) A pie chart of all
differentially expressed genes. (C) A pie chat of all differentially expressed genes with
a 1.5 log2 fold change.
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3.2.1.1 Over representation analysis of differentially expressed genes identified
significant GO terms within confluent HUVECSs
To assess how changing confluency affects HUVECs, the list of differentially expressed
genes was analysed by ORA to identify significant GO terms. Due to the large number of
differentially expressed genes, this analysis was completed using only differentially
expressed genes with an adjusted p value lower than 0.05, and a fold change of at least
1.5. GO terms for biological processes, molecular function and cellular component were
identified and the top 10 most significant displayed in Figure 3.2. This identified biological
processes involved in cell migration, motility, differentiation and adhesion. Molecular
functions were centred around signalling receptors, growth factor receptors and adhesion
receptors. This was also supported by the majority of cellular components involving the

extra cellular matrix, cell surface and cell junctions.

In order to identify GO terms specific to either confluent or subconfluent HUVECs, the
differentially expressed genes were split into those that are upregulated and those that
are down regulated within the confluent HUVECs. Those genes upregulated within the
confluent condition are described as being enriched within confluent HUVECs, whereas
genes that are downregulated in the confluent condition are described as being enriched
in subconfluent HUVECs. Firstly, ORA was performed on the genes enriched within the
confluent condition to identify significant GO terms, and the top 10 presented in Figure
3.3. This revealed biological processes involved in cell migration, adhesion and motility.
The molecular functions identified as being significant included signalling receptor
binding, metalloprotease binding and receptor tyrosine kinase activity. Whereas the
cellular components identified primarily focused around the cell surface, plasma

membrane and cell junctions.

Secondly, ORA was performed on the genes downregulated within the confluent condition
and therefore enriched within the subconfluent condition. This identified significant GO
terms and the top 10 are presented in Figure 3.4. This analysis revealed biological
processes involved in development, differentiation and morphogenesis. The molecular
functions that are significantly enriched within the data set include signalling receptor

activity, constituent of extracellular matrix and glycosaminoglycan binding. Whilst the
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cellular components within the data set include cell surface, cell junctions and
compartments such as the endoplasmic reticulum and Golgi apparatus, and hence vesicle
trafficking. This data provides a greater understanding of genes involved in specific

biological processes, that are enriched within confluent or subconfluent HUVECs.
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Figure 3.2 The top 10 significant go terms identified from all differentially expressed
genes within confluent HUVECs. RNA from confluent and subconfluent HUVECS was
sequenced and differentially expressed genes determined by DeSeq2 by Joseph
Horder. Genes with an adjusted p value smaller than 0.05 were considered significant.
All differentially expressed genes with a log2 fold change of 1.5 were analysed by over
representation analysis to determine significant biological processes, molecular
function and cellular component GO terms. The top 10 significant GO terms are
presented.
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Figure 3.3 The top 10 significant go terms identified from differentially expressed
genes that are up-regulated within confluent HUVECs. RNA from confluent and
subconfluent HUVECS was sequenced and differentially expressed genes
determined by DeSeq2 by Joseph Horder. Genes with an adjusted p value smaller
than 0.05 were considered significant. Up-regulated differentially expressed genes
with a log2 fold change of 1.5 were analysed by over representation analysis to
determine significant biological processes, molecular function and cellular
component GO terms. The top 10 significant GO terms are presented.
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Figure 3.4 The top 10 significant go terms identified from differentially expressed
genes that are down-regulated within confluent HUVECs. RNA from confluent and
subconfluent HUVECS was sequenced and differentially expressed genes determined
by DeSeq2 by Joseph Horder. Genes with an adjusted p value smaller than 0.05 were
considered significant. Down-requlated differentially expressed genes with a log2 fold
change of 1.5 were analysed by over representation analysis to determine significant
biological processes, molecular function and cellular component GO terms. The top 10
significant GO terms are presented.

112




3.2.1.2 Over representation analysis of differentially expressed genes identified
significant KEGG pathways within confluent HUVECSs

In order to determine how changing confluency affects the expression of genes within
specific signalling pathways HUVECs, the list of differentially expressed genes was
analysed by ORA to identify significant KEGG pathways (Figure 3.5). This was also
completed using only differentially expressed genes with an adjusted p value lower than
0.05, as well as with a log2 fold change of at least 1.5, due to the large data set. Using all
differentially expressed genes, the top 10 significant pathways were identified, which
included cell adhesion molecules, extracellular matrix interactions and the TGFf signaling
pathway. The analysis was also repeated using only the genes downregulated in confluent
HUVECs and therefore upregulated within subconfluent condition. This identified
pathways including TGFp signaling pathway, various biosynthesis pathways, as well as the
PI3K-Akt and MAPK signaling pathways. Finally, the analysis was also completed using only
the genes upregulated in the confluent condition. This identified only 4 significant
pathways: extracellular matrix interaction, ABC transporters, cell adhesion molecules, and
complement and coagulation cascades. This data provides a greater understanding of
genes involved in specific signaling pathways, that are enriched within confluent or

subconfluent HUVECs.
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Figure 3.5 The top 10 significant KEGG pathways identified from differentially
expressed genes within confluent HUVECs. RNA from confluent and subconfluent
HUVECS was sequenced and differentially expressed genes determined by DeSeq2 by
Joseph Horder. Genes with an adjusted p value smaller than 0.05 were considered
significant. All differentially expressed genes with a log2 fold change of 1.5 were
analysed by over representation analysis to determine significant KEGG pathways. (A)
The top 10 significant KEGG pathways are presented for all differentially expressed
genes. (B) The top 10 significant KEGG pathways are presented genes down regulated
in confluent HUVECs. (C) All significant KEGG pathways are presented for genes up
regulated in confluent HUVECs.
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3.2.1.3 Confluent HUVECs express endothelial markers to a greater extent and reduced
mesenchymal markers, but have varying levels of EndoMT transcription factor
expression
The HUVECs within subconfluent cultures undergo a form of phenotypic switching when
they become confluent, which may mimic what is explained in the literature as EndoMT.
Therefore, to explore whether there is any indication of EndoMT occurring between
confluent and subconfluent HUVECs, the normalised counts of endothelial and
mesenchymal genes listed in the literature (Kim, 2018; Platel et al., 2019) were compared
between the confluent and subconfluent conditions. This revealed common endothelial
genes were increased within the confluent condition, compared to the subconfluent
(Figure 3.6 A). These genes included CDH5 (VECAD), PECAM1 (CD31), VWF, TEK (TIE2), TIE1
and ERG and were all significantly upregulated within the confluent condition. The
expression of mesenchymal markers was compared between the confluent and
subconfluent condition was then compared and presented using a log scale, due to their
large variation in normalised counts. This revealed the subconfluent condition had
significantly higher expression of mesenchymal markers, compared to the confluent
(Figure 3.6 B). These significant markers included SNAI1 (Snail), SNAI2 (Slug), CDH2 (N-
Cadherin), TAGLN (SM22a), FN1 and CNN1. However, no significant change was observed
in the expression of VIM and ACTA2 (aSMA), indicating this was not a blanket increase in

mesenchymal marker expression within subconfluent HUVECs.

To explore if there is any differential expression of transcription factors associated with
EndoMT/EMT, normalised counts of a list of transcription factors derived from the
literature (Zeisberg & Neilson, 2009) were compared between the confluent and
subconfluent conditions. This provided varying results (Figure 3.6 C). Some transcription
factors showed no or little expression in either confluent or subconfluent condition, such
as TWIST1, GSC and LEF1. Some transcription factors displayed no significant difference in
expression, such as TWIST2 and ETS1. For the case of ZEB2, SNAI1 (Snail), SNAI2 (Slug) and
FOXC2, the expression of these transcription factors was significantly higher within the
subconfluent condition. However, there was only one transcription factor that displayed

higher expression within the confluent condition, which was ZEB1. This data indicates that
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ZEB1 expression is associated with a confluent monolayer of HUVECs with increased

endothelial gene expression and reduced mesenchymal gene expression.
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Figure 3.6 Confluent HUVECs have upregulated expression of endothelial genes and
decreased expression of mesenchymal genes. RNA from confluent and subconfluent
HUVECS was sequenced and differentially expressed genes determined by DeSeq2 by
Joseph Horder. (A) The normalised counts of endothelial genes are compared between
subconfluent and confluent HUVECs. (B) The Log® of normalised counts of
mesenchymal genes are compared between subconfluent and confluent HUVECs. (C)
The normalised counts of transcription factors linked to EMT/EndoMT are compared
between subconfluent and confluent HUVECs. All data presented as mean of
normalised counts, N = 3. Genes with an adjusted p value smaller than 0.05 were
considered significant (#).
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3.2.2 mRNA and protein expression of confluent and subconfluent HUVECs

identifies ZEB1 as significantly upregulated in the confluent condition
Because of its known roles in EMT, yet little understanding of its role within ECs, ZEB1 has
emerged as transcription factor of interest. To confirm that the levels of ZEB1 expression
are upregulated within the confluent condition, mMRNA was extracted and reverse
transcribed to cDNA before ddPCR analysis performed to determine the level of ZEB1
mMRNA within both conditions. This also confirmed upregulation of ZEB1 at the mRNA level
within confluent HUVECs (1.8 + 0.1 fold change of subconfluent, Figure 3.7).

Next was to understand how confluency affects HUVECs at a protein level, and to
determine whether some of the changes observed with the RNA-Seq are also observed a
protein level. Protein was extracted from confluent and subconfluent cells and the levels
of proteins determined via western blot (Figure 3.8). Firstly, the protein expression of
VECAD (gene name: CDH5) was determined which revealed its protein expression was
significantly increased within confluent endothelial cells (1.38 + 0.08 fold change of
subconfluent), which replicates what is observed at the RNA level, as determined by RNA-
Seq (Log2 fold change of 0.39, Figure 3.8 B). To also determine whether the functionality
of VECAD varies from confluent and subconfluent HUVECs, the phosphorylation levels of
tyrosine 731 (pY731) was determined via western blot and normalised to total VECAD. The
dephosphorylation of this residue specifically is associated with leukocyte extravasation
and therefore under normal condition its constitutively phosphorylated (Arif et al., 2021;
Wessel et al., 2014). This revealed a significant increase in pY731 of VECAD within
confluent HUVECs (1.56 + 0.15 fold change of subconfluent, Figure 3.8 C). This suggests
that a confluent monolayer of HUVECs holds similar properties of a quiescent vasculature

with appropriate barrier properties.

Secondly, the level of ZEB1 and Slug, two EndoMT/EMT transcription factors, was
determined at a protein level within confluent and subconfluent HUVECs. This revealed
that the levels of ZEB1 protein were significantly upregulated within the confluent
condition (3.1 + 0.34 fold change of subconfluent, Figure 3.8 E), which mirrors what was

observed at the mRNA level within the RNA-Seq data. However, the level of Slug did not
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appear to significantly change at the protein level (p> 0.05, Figure 3.8 F), unlike the RNA-

Seq where the level of Slug (SNAI2) decreased in the confluent condition.

Finally, the level of two other proteins of interest were determined. The first being the
transcription factor FOXO1, a known regulator of endothelial quiescence (Andrade et al.,
2021; Wilhelm et al., 2016). Analysis of its expression at the protein level via western blot
revealed FOXO1 was upregulated and close to being stastically significant within the
confluent condition (Figure 3.8 G). This provides further evidence that this confluent
condition could be considered quiescent. The second marker of interest was PFKFB3, a
critical regulator of glycolysis and known to play a role in metabolic adaptations required
in angiogenesis (De Bock et al., 2013; Schoors et al., 2014). An increase in PFKFB3 within
the confluent condition was observed at the protein level (2.70 = 0.25 fold change of

subconfluent, Figure 3.8 ).
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Figure 3.7 ZEB1 is upregulated in confluent HUVECs. HUVECs were seeded to be either
confluent or subconfluent before RNA and protein extracted. (A) RNA from confluent
and subconfluent HUVECS was sequenced and differentially expressed genes
determined by DeSeq2. Genes with an adjusted p value smaller than 0.05 were
considered significant (#). ZEB1 was determined to be significantly upregulated, and
the normalised counts are shown, n=3 (B) RNA from confluent and subconfluent
HUVECS was reverse transcribed to cDNA before performing ddPCR analysis which
revealed ZEB1 mRNA is significant upregulated in confluent HUVECs. Presented as
mean + SEM and was stastically analysed used an unpaired t-test. *** p < 0.0005
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Figure 3.8 Confluent and subconfluent HUVECs protein expression. HUVECs were
seeded to be either confluent or subconfluent before protein was extracted and ran on
western blots to observe changes in protein expression. (A) VECAD and pY731 VECAD
protein expression was determined via western blot. (B) VECAD expression normalised
to B actin. (C) pY731 VECAD expression normalised to total VECAD. (D) ZEB1 and Slug
protein expression was determined via western blot. (E) ZEB1 expression normalised
to 8 actin. (F) Slug expression normalised to 8 actin. (G) FOXO1 and PFKFB3 protein
expression was determined via western blot. (H) ZEB1 expression normalised to 8 actin.
(1) Slug expression normalised to 8 actin. All data are presented as mean + SEM and
was statistically analysed used an unpaired t-test. * p < 0.05, *** p < 0.0005
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3.2.3 siRNA to target ZEB1 resulted in a significant decrease in ZEB1 expression
but had no impact on FOXO1 or PFKFB3
To understand the role ZEB1 is playing within ECs, confluent HUVECs were transfected
with either siRNA to knockout ZEB1 or non-silencing control (NSC) siRNA. 72 hours post
transfection, protein was extracted and the expression of ZEB1 analysed by western blot.
This revealed that the siRNA against ZEB1 resulted in a significant decrease in ZEB1
expression (0.49 + 0.03 fold change compared to NSC, Figure 3.9 B), which is a 51%
decrease in ZEB1 expression, and hence will be referred to as ZEB1 KD condition. To
determine whether ZEB1 KD affected the expression of FOXO1 or PFKFB3, two protiens
idetnfied via the literture as having opposing roles on ECs, their levels of protein
expression within ZEB1 KD and NSC cells were determined via western blot. This revealed
no significant difference in FOXO1 or PFKFB3 expression (p > 0.05, Figure 3.9 C and D). This

data therefore indicates that ZEB1 does not influence the expression of FOX01 or PFKFB3.

3.2.4 ZEB1 KD in HUVECs by siRNA results in 296 differentially expressed genes

To explore how loss of ZEB1 expression affects ECs, confluent HUVECs were transfected
with either siRNA to KD ZEB1 or NSC siRNA. RNA was then extracted, sequenced and
differentially expressed genes identified by DeSeq2 analysis performed by Joseph Horder.
Genes with an adjusted p value smaller than 0.05 were considered significant. This
identified 296 differentially expressed genes, with 194 genes (65.54%) significantly
upregulated and 102 genes (34.46%) significantly down regulated (Figure 3.10 A). This
indicates that ZEB1 may have an increased role as a transcriptional repressor, in
comparison to a transcriptional activator. These differentially expressed genes are
displayed in the volcano plot in Figure 3.10 B. The top 15 up-regulated and down-regulated

genes are displayed in Table 4 and Table 5 respectively.
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Figure 3.9 ZEB1 siRNA significantly reduced ZEB1 expression but loss of ZEB1 did not
affect FOXO1 and PFKFB3. Confluent HUVECs were treated with control siRNA or
SiRNA to knock down ZEB1 expression. (A) After 72h protein was extracted and
expression of ZEB1, as well as FOXO1 and PFKFB3 was determined via western blot.
Densitometry analysis was performed and protein expression for (B) ZEB1, (C) FOXO1,
(D) PFKFB3 was determined and normalised to 8 actin. All data are presented as mean
+ SEM and was stastically analysed used an unpaired t-test. * p < 0.05
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Gene Symbol Adjusted P Value Log2 Fold Change
IF144L 1.62E-05 -1.72043
IFI6 7.52E-06 -1.67968
0AS2 4.39e-07 -1.67308
IFIT1 0.000771 -1.61264
EPSTI1 8.06E-05 -1.3103
CX3CL1 3.84E-09 -1.22312
IFI127 2.76E-07 -1.20725
CMPK2 0.021132 -1.19929
CCL20 0.000298 -1.18945
GNG2 0.005703 -1.13823
NEURL3 0.003479 -1.09058
CXCL10 0.03396 -1.08486
MC5R 0.02095 -1.06812
SELE 1.64E-24 -0.99854
TNFRSF9 0.00181 -0.99482

Table 1 The top 15 down-regulated differentially expressed genes within the ZEB1
KD condition. Determined via DESeq2 by Joseph Horder. Genes with an adjusted P
value smaller than 0.05 were considered significant.

Gene Symbol Adjusted P Value Log2 Fold Change
TMEM92 4.96E-06 4.512057
CBLC 4.46E-05 4.022369
KLC3 8.84E-10 3.543978
PRKCZ 8.14E-36 3.378851
GRB7 2.88E-08 3.153616
TC2N 6.00E-06 3.127319
EPPK1 4.82E-06 3.035372
SPINT2 3.72E-46 2.917085
FAMS83H 3.05E-14 2.875946
SLC12A8 2.43E-10 2.72541
SPINT1 4.65E-115 2.596867
BAIAP2L1 7.44E-41 2.371526
CSC42BPG 4.18E-28 2.288792
EPS8L2 1.65E-46 2.257529
SMPDL3B 1.30E-07 2.196325

Table 2 The top 15 up-regulated differentially expressed genes within the ZEB1 KD
condition. Determined via DESeq2 by Joseph Horder. Genes with an adjusted P value
smaller than 0.05 were considered significant.
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Figure 3.10 RNASeq analysis of ZEB1 KD and NSC HUVECs revealed 296 differentially
expressed genes. Confluent HUVECs were treated with control siRNA or siRNA to knock
down ZEB1 expression. RNA was extracted and sequenced before differentially expressed
genes determined by DeSeq2. Genes with an adjusted p value smaller than 0.05 were
considered significant. (A) A pie chat of all the up and down regulated genes. (B) A volcano
plot of all up and down regulated genes.
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3.2.4.1 Over representation analysis of differentially expressed genes identified
significant GO terms within ZEB1 KD HUVECSs
The list of differentially expressed genes was analysed by ORA to identify significant GO
terms. This analysis was firstly completed using all differentially expressed genes with an
adjusted p value lower than 0.05. GO terms for biological processes, molecular function
and cellular component were identified and the top 10 most significant displayed in Figure
3.11. This identified biological processes involved in cytokine stimulation, immune
response and adhesion. Molecular functions were centred around chemokine activity and
adhesion binding. Whereas the cellular components involved cell junctions, focal

adhesions and the cell surface.

Although this information provided an insight, it does not specify which processes are
upregulated or downregulated, only that they are influenced by the KD of ZEB1. Therefore,
the differentially expressed genes as a result of ZEB1 KD were separated into upregulated
and downregulated. The analysis was then repeated, firstly on the downregulated genes
only, to identify biological processes that contain downregulated genes and hence, may
be reduced or at least affected by the reduction of ZEB1. The top 10 biological processes
identified are display in Figure 3.12. These GO terms had a significant focus on
inflammatory pathways, such as type 1 interferon, chemokine signalling and response to
inflammatory stimuli. This association with inflammation is also observed within the
significant molecular functions which include chemokine activity and cytokine activity.
Finally, the significant cellular components were identified, but only 4 appeared to be
significant: external side of plasma membrane, cell surface, side of membrane and
endolysosome lumen. These results indicate that inflammatory and immune associated
genes are enriched within the down regulated genes within the ZEB1 KD data set,

suggesting loss of ZEB1 may affect the inflammatory response.

The analysis was then repeated with only the upregulated genes, to identify biological
processes that contain upregulated genes and hence, may be increased or affected by the
reduction of ZEB1. The top 10 biological processes identified are display in Figure 3.13.
This identified biological processes involved in adhesion and extracellular matrix. This

pattern was also observed within the molecular function, which included adhesion
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binding, extracellular matrix components, laminin binding and actin binding. The cellular
components focused on cell junctions, cell surface and extracellular matrix. Taken
together this data indicates that adhesion associated genes are enriched within the

upregulated ZEB1 KD data set, suggesting loss of ZEB1 may affect cellular adhesion.
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Figure 3.11 The top 10 significant go terms identified from all differentially
expressed genes within ZEB1 KD HUVECS. RNA from ZEB1 siRNA and NSC treated
HUVECS was sequenced and differentially expressed genes determined by DeSeq?2.
Genes with an adjusted p value smaller than 0.05 were considered significant. All
differentially expressed genes were analysed by over representation analysis to
determine significant biological processes, molecular function and cellular
component GO terms. The top 10 significant GO terms are presented.
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Figure 3.12 The top 10 significant go terms identified from differentially expressed
genes that are down-regulated within ZEB1 KD HUVECs. RNA from ZEB1 siRNA and
NSC treated HUVECS was sequenced and differentially expressed genes determined
by DeSeq2. Genes with an adjusted p value smaller than 0.05 were considered
significant. Down-regulated differentially expressed genes were analysed by over
representation analysis to determine significant biological processes, molecular
function and cellular component GO terms. The top 10 significant GO terms are

presented.
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Figure 3.13 The top 10 significant go terms identified from differentially expressed
genes that are up-regulated within ZEB1 KD HUVECs. RNA from ZEB1 siRNA and
NSC treated HUVECS was sequenced and differentially expressed genes determined
by DeSeq2. Genes with an adjusted p value smaller than 0.05 were considered
significant. Up-regulated differentially expressed genes were analysed by over
representation analysis to determine significant biological processes, molecular
function and cellular component GO terms. The top 10 significant GO terms are

presented.
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3.2.4.2 Over representation analysis of differentially expressed genes identified
significant KEGG pathways within confluent HUVECs
To determine how reduction of ZEB1 influenced the expression of genes within specific
signalling pathways HUVECs, the list of differentially expressed genes was analysed by ORA
to identify significant KEGG pathways. This was also completed using only differentially
expressed genes with an adjusted p value lower than 0.05. Using all differentially
expressed genes, all the identified significant pathways were plotted in Figure 3.14. These
include inflammation associated signalling pathways such as TNF signalling pathway,
cytokine-cytokine receptor and chemokine signalling pathway. It also included adhesion
and cytoskeletal signaling pathways, such as focal adhesion and extracellular matrix

receptor interaction.

To uncover how ZEB1 KD affects pathways more specifically, the gene set was again
separated into upregulated and downregulated genes. The analysis was then repeated
using only the genes downregulated in ZEB1 KD HUVECs. This isolated the majority of the
pathways involved in inflammation signaling, such as TNF signaling, chemokine signaling
and IL-17 signaling. This indicates that genes involved in these pathways are
downregulated as a result of ZEB1 KD. Finally, the analysis was also repeated using only
the genes upregulated within ZEB1 KD HUVECs. This identified pathways primarily
associated with adhesion, tight junction and extracellular matrix interaction, indicating
that the upregulated genes are involved in these adhesion pathways. However, it also
identified leukocyte migration and human papillomavirus infection, indicating that the up

regulated genes are involved in some inflammatory pathways also.
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Figure 3.14 The top 10 significant KEGG pathways identified from differentially
expressed genes within ZEB1 KD HUVECs. RNA from ZEB1 siRNA and NSC treated
HUVECS was sequenced and differentially expressed genes determined by DeSeq2.
Genes with an adjusted p value smaller than 0.05 were considered significant. All
differentially expressed genes were analysed by over representation analysis to
determine significant KEGG pathways. (A) All significant KEGG pathways are
presented for all differentially expressed genes. (B) All significant KEGG pathways are
presented genes down regulated in ZEB1 KD HUVECs. (C) All significant KEGG

pathways are presented for genes up regulated in ZEB1 KD HUVECs
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3.2.4.3 Confluent HUVECs express more endothelial markers and less mesenchymal
markers, but have varying levels of EndoMT transcription factor expression
To explore whether ZEB1 KD influences the expression of EndoMT markers or
EndoMT/EMT transcription factors, the expression level of the genes (listed previously in
Figure 3.6) was determined and their normalised counts plotted. Firstly, the endothelial
genes were plotted (CDH5, PECAM1, VWF, TEK, TIE1 and ERG) and none of these genes
were found to be significantly differentially expressed (Figure 3.15 A). The expression of
mesenchymal markers was also compared between the ZEB1 KD and NSC condition and
presented using a log scale (Figure 3.15 B), due to their large variation in normalised
counts. Only TAGLN (SM22a) was found to be differentially expressed, with it being
upregulated in the ZEB1 KD condition. The rest of the genes (VIM, ACTA2, SNAI1, SNAI2,
CDH2, FN1 and CNN1) were not differentially expressed. Finally, the list of transcription
factors derived from the literature as being involved in EMT/EndoMT were compared
between ZEB1 KD and NSC (Figure 3.15 C). Only the ETS1 transcription factor was found
to be differentially expressed, with it being down regulated within the ZEB1 KD condition.
As before TWIST1, GSC and LEF1 showed no or little expression in either the NSC or ZEB1
KD cells. The rest (ZEB2, TWIST2, SNAI1, SNAI2, ETS1, FOXC2) were not differentially
expressed. Although TAGLN and EST1 are differentially expressed, there are no major
trends within the expression of these markers, suggesting that ZEB1 KD is not influencing

a change of gene expression associated with an EndoMT phenotypic switch.
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Figure 3.15 ZEB1 KD has limited impact on EndoMT genes. RNA from confluent
and subconfluent HUVECS was sequenced and differentially expressed genes
determined by DeSeq2. (A) The normalised counts of endothelial genes are
compared between ZEB1 KD and NSC HUVECs (B) The Log™® of normalised counts
of mesenchymal genes are compared between ZEB1 KD and NSC HUVECs. (C) The
normalised counts of transcription factors linked to EMT/EndoMT are compared
between ZEB1 KD and NSC HUVECs. All data presented as mean of normalised
counts, N = 3. Genes with an adjusted p value smaller than 0.05 were considered
significant (#).
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3.2.5 Comparison with a publicly available ZEB1*" corneal ECs data set exhibited
overlapping differentially expressed genes
To compare the HUVEC ZEB1 siRNA KD dataset generated in this study with publicly
available data, the Gene Expression Omnibus (GEQO) was queried to identify relevant
datasets. This search identified an RNA-Seq dataset from human corneal ECs, in which
ZEB1 expression was reduced through CRISPR-Cas9-mediated monoallelic gene
knockout, generating ZEB1* cells (GSE121690)(Frausto et al., 2019). The comparison of
the HUVEC ZEB1 siRNA KD dataset with the dataset from Frausto et al. was considered
more appropriate than comparing to a total ZEB1 knockout dataset, given the partial

reduction of ZEB1 expression achieved by siRNA.

Differentially expressed genes between ZEB1*-and ZEB1*/* conditions were identified by
pre-filtering the data with an adjusted p-value threshold of > 0.05. Log2 fold changes
were retained for analysis (DEG data extraction from the raw data files was performed
by Dr. Michaela Griffin). This analysis revealed 250 statistically significant DEGs, with 130
upregulated and 120 downregulated in the ZEB1* condition compared to the ZEB1*/*
control (Figure 3.16 A and B). The top 15 up- and down-regulated genes are shown in
Table 6 and Table 7. The corneal EC ZEB1* CRISPR-Cas9 dataset from Frausto et al was
compared with the HUVEC ZEB1 siRNA KD dataset to identify overlapping genes. This
comparison revealed 13 common genes: 8 were upregulated, 1 was downregulated, and
4 exhibited divergent expression changes between the two datasets (Figure 3.16 A and

B, with a full list in table Table 8).

Global pathway analysis was subsequently performed using CytoScape to compare the
two datasets. This analysis facilitated the identification of similar biological pathways
and molecular networks that were impacted in both the HUVEC ZEB1 siRNA KD and
corneal EC ZEB1*- CRISPR-Cas9 datasets (Figure 3.17 and Figure 3.18).
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Gene Symbol Adjusted P Value Log2 Fold Change
MAGEHL 294E-29 -10.172464 8|
B3GALNTL 2.59E-23 -9.311423657
CUX2 2.56E-06| -3.0736306085
RAETLE 0.000693484 -2.849780409
LOC105374117 0.005252171 -2.823558655
ISLC12A8 0.0061003 & -2.664730854
LOC105377806 0.007965087 -2.644238326
ITNRCBC-ASL 0.004992262 -2465518497
MNOS3 0.000164646 -2.17498986|
[ZMF780B 5.53E-18 -2.147793689
ECM1 0.00011867 -2.102978884
FBXL16 0.001237482 -2.002967765
CHDS 0.00497329 -1.894903922
Cl3orfd6 0.01003376| -1.845109035
FSCM1 3.56E-05 -1.659156987

Table 4 The top 15 downregulated differentially expressed genes within the ZEB1*/-
corneal EC condition. (GSE121690, Frausto et al., 2019). DEGs were identified between
ZEB1*- and ZEB1*"* conditions using a p-value threshold of > 0.05, revealing 250
significant DEGs.

Gene Symbol Adjusted P Value Log2 Fold Change
KCMNT2 9 54E-24 9.191238
GIPC3 6.19E-63 7.6798935
DDIT4AL 4 A46E-11 7.033916
CTHRC1 3.57E-09 5.821496
IALDHI1L1 2.35E-10 5433403
UGT3AZ2 1.12E-13 f1.534634
WVAMPE A B31E-26 1432066
ISCIN 0.003369 1.143297
EPCAM 2.29E-15 1.086383
VAMPS 5.99E-09 3.932042
CLDMG M.12E-10 3.852925
ISCUBE2 7AT7E-10 3.241911
TMEMS 2B RVE R 3.699689
[ZMF336 3.19E-06 3.367404
OLR1 0007301 3.19877

Table 3 The top 15 upregulated differentially expressed genes within the ZEB1*-
corneal EC condition. (GSE121690, Frausto et al., 2019). DEGs were identified between
ZEB1* and ZEB1*/* conditions using a p-value threshold of > 0.05, revealing 250
significant DEGs.
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Figure 3.16 Differentially expressed genes in the ZEB1*~ corneal ECs compared with
ZEB1*/* controls determined by RNASeq analysis. Comparison of the HUVEC ZEB1
SiRNA KD dataset with a publicly available RNA-Seq dataset from human corneal ECs
with CRISPR-Cas9-mediated ZEB1 knockout (GSE121690, Frausto et al., 2019). DEGs
were identified between ZEB1*- and ZEB1** conditions using a p-value threshold of >
0.05, revealing 250 significant DEGs. (A) A volcano plot of the DEGs within the ZEB*"
corneal EC data set. (B) A pie chart displaying DEGs as up or down regulated.
Overlapping DEGs within the HUVEC ZEB1 KD and ZEB*" corneal EC data set are
shown within the Venn diagrams (C) upregulated and (D) downregulated.
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Gene Symbol

HUVEC siRNA DEGs

Corneal ECs DEGs

Log2 Fold Change Log2 Fold Change

Up-regulated in both data sets

EFEMP1 2.308058671 0.234800451
MYL9 1.16158102 2 0.357390453
LIMS2 0.658225524 0.400565014
MFSD3 1.135044699 0.556732665
EPCAM 40863833 1.252728404
ISH2D3 A 2.092871937 1.58718561 2
FAMBE3H 1.252132688 2875945697
GRB7 2.564821986 3.153615685

Down-regulated in both data sets

ET51 -0.922628727 -0.246098804
Overlapping genes

IFIT1 1.328085 -1.61264
MOS53 -2.17499 0.298524
EPHAZ -1.18102 (0.183157
SLC12 A8 -2.66473] 2.72541

Table 5 The overlapping DEGs in both the HUVEC ZEB1 siRNA KD data set and the
corneal EC ZEB1*/" data set. Comparison of the HUVEC ZEB1 siRNA KD dataset with a
publicly available RNA-Seq dataset from human corneal ECs with CRISPR-Cas9-
mediated ZEB1 knockout (GSE121690, Frausto et al., 2019). DEGs were identified
between ZEB1*- and ZEB1** conditions using a p-value threshold of > 0.05, revealing

250 significant DEGs.
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Figure 3.17 Global pathway analysis of the upregulated genes. (A) HUVEC ZEB1 KD

DEG and (B) corneal EC ZEB1*" DEG. Generating using CytoScape.
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3.2.6 ChIP-Seq of ZEB1 within confluent HUVECs

To determine direct binding sites of ZEB1 within the genome, a ChlIP experiment was set
up. Chromatin from confluent HUVECs was isolated and sheared via sonication before
ZEB1 was immunoprecipitated to isolate sheared chromatin bound to ZEB1. The set up
was repeated using 1gG as a pulldown control. The DNA isolated from the
immunoprecipitation was isolated and purified before being sequenced. Quality control
assessments were also performed using ChIPQC which indicated a high-quality ChIP-Seq
experiment due to a couple of factors (Table 9). Firstly, there is a similar fragment length
and read length within all 3 repeats, indicating the repeats are similar in their properties.
And secondly, the Read in the Peaks% (RiP%) is particularly good, suggesting a high signal
to noise ratio and anything above 5% indicates a successful transcription factor
enrichment. A heat map was generated using ChIPQC which represents the signal
enrichment of ZEB1 ChlIP-Seq and of IgG reads in 2000bp regions that are centered on the
peak summit Figure 3.19 A. This clearly shows that the reads are enriched within the peaks
of the ZEB1 ChIP-Seq compared to the IgG control. All quality control analysis and figures

were made by Joseph Horder.

ID Tissue Factor Condition Replicate Reads Dup% ReadL Fragl. RelCC SSD RiP?

Al ZEB1 1 3736565 © 138 278 2.1 23 20
A2 ZEB2 2 3988022 o 139 279 1.5 24 21
A3 ZEB3 3 3241030 © 141 283 1.5 1.8 13
Control NA NA NA NA 9640501 © 142 285 1.1 1.6 NA

Table 6 ChIPQC analysis results. Results from ChIPQC R program ran by Joseph Horder
indicates high quality ChIP-Seq.
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3.2.6.1 77.74% of the peaks were within promotor regions of the genome

The analysis of all the raw data was performed by Jospeh Horder to identify and annotate
peaks to specific genes. ZEB1 ChIP-Seq identified 12,631 distinct ZEB1 binding regions
within the genome. Moreover, gene annotation of the binding peaks revealed 9,206
individual genes. The distribution of ZEB1 peaks within the genome is plotted within the
pie chart in Figure 3.19 B to identify the percentage of different genomic features. A
promoter was defined as 1000bp upstream and downstream the transcription start site.
This identified that majority of peaks (77.74%) were within a promotor region of the
genome. The rest of the peaks were with distil intergenic (7.59%), 1st Intron (4.25%) or
other Intron regions of the genome (5.2%). Fewer values were observed in other genomic

regions, such as 1st Exon (1.42%) or other Exon (1.75%).

3.2.6.2 Known motif analysis identified the ZEB1 motif, along with Fli1l, ETV4 and AP-1
binding motifs within the peaks
HOMER known motif analysis was performed to identify known binding motifs within the
ZEB1 ChIP-Seq peaks was performed by Jospeh Horder. This software uses publicly
available data sets to identify known transcription factor binding motifs. These motifs
were identified within 200bp of the center of the peak summit and are assigned to a p
value which was adjusted with Benjamini-Hochberg correction Figure 3.19 C). This
identified that the ZEB1 peak was the 4th most significantly enriched motif with 27.18%
of the binding sites containing the known ZEB1 motif. However, this also identified other
transcription factor binding motifs, such as AP-1, ETV4 and Fli1, which may identify them

as possible binding partners of ZEB1.
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Figure 3.19 ZEB1 ChIP-Seq. ZEB1 ChIP-Seq was performed on confluent HUVECs and
the pulled down DNA was sequenced and analysed by Joseph Horder. (A) A heatmap
generated using ChIPQC representing the signal enrichment of ZEB1 ChlP-Seq reads in
comparison to the IgG control reads, indicating good enrichment. (B) A pie chart of all
12,631 ZEB1 binding regions and the identified percentages of the type of genome
region e.g., promotor, 1% Intron etc. (C) HOMER known motif analysis identified ZEB1,
along with Fli1, ETV4 and AP-1 binding motifs within the ZEB1 ChIP-Seq binding peaks.

3.2.6.3 KEGG pathway analysis of genes identified as binding to ZEB1 within their genome
sequence by ChIP-Seq
To explore specifically enriched pathways which contain genes with ZEB1 bound genomic
regions, over representation KEGG pathway analysis was performed using the total
number of genes identified from ZEB1 ChIP-Seq. This identified 46 significant KEGG
pathways (Figure 3.20). Many of these pathways contained similar signaling events, such
as MAPK and phosphatidylinositol signaling, which have similar pathways to the various
cancer pathways. However, there were also more specific pathways such as endocytosis,

as well as fluid shear stress and atherosclerosis. The top 3 significantly overrepresented
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KEGG signaling pathways within the data set are presented in Figure 3.21, Figure 3.22 and
Figure 3.23. This data provides an indication of how ZEB1 may be influencing EC behavior

and activity, via DNA binding of specific pathway genes.
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Protein processing in endoplasmic reticulu
Cell cycle
Pathways in cancer
Axon guidance:
Ubiquitin mediated proteolysis:
Chronic myeloid leukemia
Phosphatidylinositol signaling syste
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AGE-RAGE signaling pathway in diabetic complications
Proteasome
ErbB signaling pathway
Cellular senescence
Non-small cell lung cancer:
Purine metabolism
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Figure 3.20 Significant KEGG pathways identified from the gene list produced from
ZEB1 ChIP. ZEB1 ChIP was performed on confluent HUVECs. The pulled down DNA was
sequenced and assigned to genomic regions for individual genes. The gene list was
analysed by over representation analysis to determine significant KEGG pathways. All
significant KEGG pathways are presented for genes identified by ZEB1 ChIP in confluent
HUVECs.
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Figure 3.21 Endocytosis KEGG pathway was identified as being significantly
overrepresented within gene list produced from ZEB1 ChIP. ZEB1 ChIP was performed
on confluent HUVECs. The pulled down DNA was sequenced and assigned to genomic
regions for individual genes. The gene list was analysed by over representation analysis
to determine significant KEGG pathways. The Endocytosis KEGG pathway was
identified as being the most significantly overrepresented. Genes within the ZEB1 ChlIP
data set have a red border. Taken from WebGestalt.
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Figure 3.22 Protein processing in endoplasmic reticulum KEGG pathway was
identified as being significantly overrepresented within gene list produced from ZEB1
ChIP. ZEB1 ChIP was performed on confluent HUVECs. The pulled down DNA was
sequenced and assigned to genomic regions for individual genes. The gene list was
analysed by over representation analysis to determine significant KEGG pathways. The
protein processing in endoplasmic reticulum KEGG pathway was identified as being the
most significantly overrepresented. Genes within the ZEB1 ChIP data set have a red
border. Taken from WebGestalt.
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Figure 3.23 Cell cycle KEGG pathway was identified as being significantly
overrepresented within gene list produced from ZEB1 ChIP. ZEB1 ChIP was performed
on confluent HUVECs. The pulled down DNA was sequenced and assigned to genomic
regions for individual genes. The gene list was analysed by over representation analysis
to determine significant KEGG pathways. The cell cycle KEGG pathway was identified
as being the most significantly overrepresented. Genes within the ZEB1 ChIP data set
have a red border. Taken from WebGestalt.




3.2.7 RNA-Seq and ChlIPSeq identified 163 differentially expressed in ZEB1 KD
HUVECs and bound by ZEB1 within their genomic sequence.
RNA-Seq provided an overview of how ZEB1 KD influenced the transcriptome of ECs.
However, on its own it cannot identify genes that are directly regulated by ZEB1, as some
of the differentially expressed genes might have a change in expression due to
downstream effects. ChIP-Seq on the other hand provides evidence of DNA binding but
does not give any indication about the consequence of that binding. By combining the
RNA-Seq and ChIP-Seq data, this will provide a list of genes that expression changes when
ZEB1 expression is knocked down and has been identified as a being bound by ZEB1 within
its genomic sequence Figure 3.24. A Venn diagram was generated to observe the overlap
of the individual 9,206 genes identified from ChIP-Seq and the 295 significant differentially
expressed genes identified from ZEB1 KD RNA-Seq. This revealed that 153 of the genes
within the RNA-Seq data set were also observed in the ChIP-Seq data set, which is just
over half. This information suggests that ZEB1 may be directly regulating the expression
of 163 of these genes. Many of these genes, 122 (74.39%), were upregulated as a result
of ZEB1 KD, indicating that ZEB1 has a higher level of transcriptional repression in
comparison to transcriptional activation. Only 42 (25.61%) of these genes were down
regulated as a result of ZEB1 KD, therefore indicating ZEB1 is positively driving the

expression of these genes.

To validate this data set, a literature search was performed to identify if any of these 153
genes have been previously identified as being regulated by ZEB1. These genes are listed
in Table 10. A list of the top 15 downregulated and upregulated genes are listed in Table
11 and Table 12 respectively, along with information regarding the positions of ZEB1 peak

or peaks, within the ChIP-Seq data.
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Figure 3.24 Analysis of genes pulled down by ZEB1 ChIP and differentially expressed
within ZEB1 KD HUVECs. (A) A Ven diagram displaying the cross over between the
ZEB1 ChIP (promotor bound genes only) and ZEB1 RNA-Seq differentially expressed
genes identified 153 genes. (B) 164 genes identified in total as being in both data sets,
with 88.65% (153) being bound at the promotor and the remaining genes 11.35% (11)
being bound elsewhere within the gene DNA sequence. (C) A pie chat for all crossover
genes. (D) A pie chart from cross over genes that are bound to the promotor only.
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Gene Leg2FC Bound region Reference

D2 -0.774179 Promoter lee et al, 2023

CD274 0.25905554 Promoter Wirbel et al, 2025
EFPCAM 1.2527284 Promoter Vannier et al, 2013
CHCR4 -0.5708069 Promoter Bejiet al, 2017

BMP4 0.25479536 Promoter Zhou et al, 2021

1CAM -0.5043994 Promoter Abou-Jaoude et al, 2018
HDACS -0.6805216 Promoter Fhong et al, 2021

Table 7 Identified genes within the ZEB1 KD RNA-Seq and identified within the ZEB1 ChIP-Seq
that have been previously identified within the literature as being regulated by ZEB1.
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Gene Gene Region Distance to Adjusted | Log2
Symbol Transcription P Value Fold
Start Site Change
CMPK2 | Promoter 0 0.021132 | -1.19929
XAF1 Distal Intergenic -1516 0.0002 -0.86437
OAS3 Promoter 0 1.84E-11 -0.8632
C2CD4A | Promoter 0 0.000335 | -0.81924
ID2 Downstream (<=300bp) 1810 0.01427 -0.77418
CHST1 Promoter and Distal Intergenic | 0 and 2717 2.45E-13 | -0.71868
HDACS Promoter 0 0.036492 | -0.68052
NID2 Promoter 0 5.65E-10 | -0.64806
POU2F2 | 3' UTR 2590 1.94€-07 -0.62456
UNCSB | Promoter 0 1.28E-05 | -0.61812
CXCR4 Promoter 0 5.65E-10 -0.57081
TRAF1 Promoter 0 0.003225 | -0.55543
KLF4 Promoter and Distal Intergenic | 0 and -146630 0.016591 | -0.54737
SOD2 Promoter 0 4.01E-05 | -0.54636
1SG20 Promoter 0 0.004917 | -0.54131

Table 8 The top 15 down-regulated genes within the ZEB1 KD RNA-Seq and identified
within the ZEB1 ChIP-Seq. A list of the top 15 down-regulated genes within both the
RNA-Seq and ChlP-seq data sets, along with information regarding distance to

transcription start site and gene region in which ZEB1 is bound.
Gene Gene Region Distance to Adjusted | Log2
Symbol Transcription P Value Fold
Start Site Change
KLC3 Promoter 0 2.77E-07 | 3.543978
PRKCZ 3'UTR 3042 1.59E-32 3.378851
GRB7 Distal Intergenic 10296 7.28E-06 | 3.153616
SLC12A8 Promoter 0 8.27E-08 2.72541
BAIAP2L1 Promoter and Promoter 0and 271 1.94€-37 2.371526
CDC42BPG | Promoter 0 7.28E-25 2.288792
EPS8L2 Promoter 0 6.47E-43 2.257529
LAMC2 Promoter 0 5.93E-55 2.142115
ESRP2 Promoter 0 4.58E-19 2.004425
LLGL2 Promoter 0 7.29E-34 1.882792
CAMSAP3 | Promoter 0 8.85E-12 1.84566
FBX02 Promoter and Promoter Oand O 4.92E-05 | 1.48702
PPL Promoter 0 2.71E-05 1.440083
DENND2D | Promoter 0 0.00021 1.413889
MT1F Promoter 0 0.01051 1.408614

Table 9 The top 15 up-regulated genes within the ZEB1 KD RNA-Seq and identified
within the ZEB1 ChIP-Seq. A list of the top 15 down-regulated genes within both the
RNA-Seq and ChIP-seq data sets, along with information regarding distance to
transcription start site and gene region in which ZEB1 is bound.
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3.2.7.1 Significant GO terms were identified within the list of differentially expressed
genes in ZEB1 KD HUVECs and bound by ZEB1 within their genomic sequence.
The list of differentially expressed genes within the ZEB1 KD HUVEC condition and bound
by ZEB1 within their genomic sequence was analysed by ORA to identify significant GO
terms. This analysis was firstly completed using all genes and GO terms for biological
processes, molecular function and cellular component were identified and the top 10
most significant displayed in Figure 3.25. This identified biological processes involved in
adhesion, circulatory system and proliferation. There was an increase in diversity of the
biological processes identified, resulting in no overarching theme. Molecular functions
were primarily centred around actin binding, extracellular matrix binding and adhesion
binding. Whereas the cellular components involved cell junctions, focal adhesions and the

cell surface.

To specify which processes contain upregulated or downregulated genes, the
differentially expressed genes as a result of ZEB1 KD were separated into upregulated and
downregulated. The analysis was then repeated, firstly on the downregulated genes only,
to identify biological processes that contain downregulated genes and hence, may be
reduced or affected by the reduction of ZEB1. The top 10 biological processes identified
are displayed in Figure 3.26. These GO terms had a significant focus on inflammatory
pathways, such as response to cytokine, response to virus and defence response.
However, when performing ORA for molecular functions or cellular component, this

revealed no significant results.

The analysis was then repeated with only the upregulated genes, to identify biological
processes that contain upregulated genes and hence, may be increased or affected by the
reduction of ZEB1. The top 10 biological processes identified are display in Figure 3.27.
This identified biological processes involved in adhesion, junction organisation and
cytoskeletal organisation. The molecular function identified continued this theme, which
included actin binding, extracellular matrix components, laminin binding and cadherin
binding. The cellular components focused on cell junctions, cell surface and anchoring
junctions Taken together this data indicates that adhesion associated genes are enriched

within the upregulated ZEB1 KD data set and bound to by ZEB1 at their genomic sequence,
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suggesting loss of ZEB1 may directly affect cellular adhesion. ORA to identify significant
KEGG pathways was also performed with all genes, as well as up and down regulated

genes. Each analysis identified no significant KEGG pathways.

[ Biological Processes
1 wolecular Function
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Figure 3.25 The top 10 significant go terms identified from all differentially
expressed genes within both ZEB1 KD HUVECS and ZEB1 ChIP. All 164 differentially
expressed genes identified from both ZEB1 KD RNA-Seq and ZEB1 ChIP were analysed
by over representation analysis to determine significant biological processes,
molecular function and cellular component GO terms. The top 10 significant GO terms
are presented.
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Figure 3.26 The top 10 significant go terms identified from differentially expressed
genes that are down-regulated within both ZEB1 KD HUVECS and ZEB1 ChIP. The
122 significantly down regulated genes identified from both ZEB1 KD RNA-Seq and
ZEB1 ChIP were analysed by over representation analysis to determine significant
biological processes, molecular function and cellular component GO terms. The top 10
significant GO terms are presented.
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Figure 3.27 The top 10 significant go terms identified from differentially expressed
genes that are up-regulated within both ZEB1 KD HUVECS and ZEB1 ChIP/ The 42
significantly upregulated genes identified from both ZEB1 KD RNA-Seq and ZEB1 ChlP
were analysed by over representation analysis to determine significant biological
processes, molecular function and cellular component GO terms. The top 10

significant GO terms are presented.
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3.2.8 Specific genes of interest identified as being differentially expressed in
ZEB1 KD HUVECs and bound by ZEB1 within their genomic sequence

Out of the 163 genes identified within the ChIP-Seq as being bound by ZEB1 within their
genomic promotor sequence and being differentially expressed as a result of ZEB1 KD, a
number of genes were of particular interest due to their previously reported roles within
the literature and roles within endothelial cells. The first of these genes include EPCAM,
which is significantly upregulated in the ZEB1 KD condition, with a Log2 fold change of 1.25
(Figure 3.28 A). EPCAM became a gene of interest due to the fact ZEB1 has previously been
identified as a direct regulator of EPCAM during Zebrafish development, as well as within
human pancreatic and breast cancer (Vannier et al., 2013). ZEB1 was also found to be
bound to the EPCAM promotor within MDA-MB-231 cells via ChIP-Seq (Feldker et al.,
2020). EPCAM is also primarily an epithelial gene and a loss of EPCAM expression is highly
associated with EMT which is often driven by ZEB1 activity within cancer and metastasis

(Sanchez-Till6 et al., 2012).

LAMC2 was also noted as a gene of interest due to its role within the extracellular matrix,
which appears in multiple GO analysis. LAMC2 has also been previously identified within
the literature as being regulated by ZEB1 in lung adenocarcinoma metastasis driven by
EMT (Moon et al., 2015). Not only this but within ECs, LAMC2 has been identified as
playing a role in vascular permeability by inducing cytoskeletal changes and EC shrinkage
(Sato et al., 2014). The expression of LAMC2 was determined to be significantly
upregulated in response to ZEB1 KD, with a Log2 FC of 2.14 of NSC (Figure 3.28 C).

NOS3 was identified due to its major role within vascular homeostasis and vasodilation.
Although constitutively expressed in ECs, the expression level of NOS3, as well as its
activity at the protein level, can be well manipulated during cellular stress events such as
hypoxia and ischemia, as well as during endothelial dysfunction (Kalinowski et al., 2016).
In the case of ZEB1 KD in HUVECs, NOS3 was determined to be upregulated in response to
ZEB1 KD, with a Log2 fold change of 0.298, which although is not a major change, was still

observed to be significant (Figure 3.28 E).

In the ZEB1 KD condition, ICAM1 was determined to be significantly downregulated (Log2
fold change of -0.50, Figure 3.28 G), along with ZEB1 determined as being bound to the
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ICAM1 promotor. ICAM1 has for some time known to have an important influence on the
inflammatory response and leukocyte recruitment to sites of infection (Bui et al., 2020).
Like NOS3 it is also constitutively expressed on ECs, but its expression levels are known to
be modulated by pro-inflammatory cytokines (Lawson & Wolf, 2009). ZEB1 KD resulted in
a general trend of decreased response to inflammation and hence the reduction of ICAM1

contributes to this trend.

KLF4 was also identified as having ZEB1 bound at its promoter sequence, along with it
being differentially expressed within the ZEB1 KD RNA-Seq (Log2 fold change of -0.55,
Figure 3.28 1). KLF4 was initially identified as a transcription factor that’s expression is
upregulated under flow and sheer stress (Mccormick et al., 2001), however since then
reports have also identified roles for KLF4 within the regulation of the inflammatory

response (Hamik et al., 2007).

Finally, CXCR4 was identified as a gene of interest. Previously published microarray
analysis identified CXCR4 as being significantly enriched in angiogenic tip ECs within the
neonatal mouse retina (Strasser et al., 2010). Not only this, CXCR4 was noted to play an
important function in vascular development, as changes to CXCR4 expression, or
activation via its ligand CXCL12, resulted in a failure of hierarchical vascular branching (W.
Li et al., 2021). In the case of ZEB1 KD, CXCR4 is significantly down regulated, with a Log2
fold change of -0.57 (Figure 3.28 K).
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Figure 3.28 Specific genes of interest identified within both ZEB1 KD HUVECS and ZEB1 ChIP
at the gene's promotor. (A) EPCAM normalised counts and (B) EPCAM signal track. (C) LAMC2
normalised counts and (D) LAMC2 signal track. (E) NOS3 normalised counts and (F) NOS3 signal
track (G) ICAM1 normalised counts and (H) ICAM1 signal track (I) KLF4 normalised counts and
(J) KLF4 signal track (K) CXCR4 normalised counts and (L) CXCR4 signal track. All data presented
as mean of normalised counts, N = 3. Genes with an adjusted p value smaller than 0.05 were
considered significant (#). Signal track plots generated by Joseph Horder.




3.2.9 Overlapping hits within HUVEC confluency, HUVEC ZEB1 KD, ZEB1*~ corneal
ECs and HUVEC ZEB1 ChlIP

All four data sets used within this chapter were analysed to identified overlapping hits.

This included DEGs from the RNA-Seq data sets, and those genes identified within the

ZEB1 ChIP analysis where ZEB1 was found to be bound at the promotor. This identified

three genes which were overlapping in all three data sets: LIMS2, NOS3 and EFEMP1

(Figure 3.29 and Table 12).

cECs ZEB1+/- HUVEC ZEB1 ChIP

HUVEC ZEB1 KD HUVEC conf'v sub

Figure 3.29 Overlapping hits within HUVEC confluency, HUVEC ZEB1 KD, ZEB1+/-
corneal ECs and HUVEC ZEB1 ChiP.

158



Gene Symbol HUVECSubws HUVEC ZEB1 cECs ZEB1*/- HUVEC ZEE1

Conf Log2FC siRNA Log2FC  Log2FC ChIP location
EFEMP1 0.306066 0.2348 2.30806 Promotor
NOS3 0.651447 0.298524 -2.17499 Promotor
LIMS2 -0.620117 0.40057 0.65823 Promotor

Table 10 Overlapping hits within HUVEC confluency, HUVEC ZEB1 KD, ZEB1*/- corneal
ECs and HUVEC ZEB1 ChIP.

3.2.10 Generating ZEB1 KO HUVECs using a CRISPR Cas9 method

Using siRNA to KD ZEB1 expression only resulted in a reduction of ZEB1 expression by
around 50% at both the protein level determined by western blot, and at the RNA level
determined by RNA-Seq. In an attempt to increase the level of knockdown of ZEB1
expression, | visited Dr Joanna Kaluckas lab in Aarhus University to utilise a CRISPR Cas9
method of reducing gene expression. These methods utilised HUVECs from single donors
and therefore had slightly different methods of routine culture, which are mentioned
within the methods chapter in this thesis. As well as this, wherever possible paired analysis
was performed to allow for variation between the donors. In the case of single donors,
one individual donor counted as 1 biological replicate, and this is continued throughout
this section of this chapter. The data presented in sections 3.2.10-13 were all completed

during this laboratory visit.

HUVECs from single donors were electroporated with recombinant Cas9 and either guide
RNAs targeting ZEB1 or control guides RNAs. The cells were then seeded, allowed to reach
full confluency before protein extracted and ZEB1 expression analysed via western blot
(Figure 3.30). This revealed a significant reduction in ZEB1 protein expression (0.25 + 0.06
fold change of control). This was around a 75% reduction in ZEB1 protein expression,

which was higher than siRNA.
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Figure 3.30 ZEB1 KO via a CRISPR method of nucleofecting recombinant Cas9 and
guide RNA against ZEB1. HUVECs were nucelofected with recombinant Cas9 and
either control guide RNAs or guide RNAs against ZEB1 in order to KO ZEB1 and reduce
ZEB1 expression. (A) Nucleofected cells were grown until they reached confluency plus
72 hours. Protein was then extracted and expression of ZEB1 was determined via
western blot. (B) Densitometry analysis was performed and protein expression for
ZEB1 was determined and normalised to Vinculin. All data are presented as mean +
SEM and was statistically analysed used a paired t-test. **** p < 0.0001

3.2.11 ZEB1 KO in HUVECs did not affect the viability determined by MTT assay

To assess if knocking out ZEB1 influenced the viability of HUVECs, ZEB1 KO cells and their
donor control cells were seeded in a 96 well plate and left to incubate in complete media
for 24, 48, 72 and 96 hours at 37°C. Following incubation, MTT was added, incubated for
4 hours before solubilisation and absorbance determined at 570nm. The raw absorbance
values were plotted for each time point (Figure 3.31 A). A two-way ANOVA was performed,
and main effects analysis revealed that time significantly impacted the viability of both
control and ZEB1 KO HUVECs. This is to be as expected as the cells become confluent, they
increase in number and therefore have a higher MTT assay output. The drop off at 96

hours can be explained by the reduction in serum and growth factors in the media by this
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time point, possibly leading to starvation and death. Main effects analysis determined that
cell type did not have a significant affect on cell viability, suggesting that KO of ZEB1 is not
affecting cell viability. Multiple comparisons analysis was also performed using Sidaks
multiple comparison test, which revealed no significant difference between the control

and ZEB1 KO cells at any time point (P > 0.05).

To adjust for variation within between the specific donors, the MTT readings of the ZEB1
KO cells were normalised to their paired control from the same donor (Figure 3.31 B). Two-
way ANOVA analysis was performed again and main effects analysis which revealed that
cell type did not significantly impact the absorbance value and hence viability. Sidaks
multiple comparison test was also performed, which revealed no significant difference
between the control and ZEB1 KO cells at any individual time point (P > 0.05). This data

therefore indicates that ZEB1 KO does not impact cell viability.
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Figure 3.31 ZEB1 KO has no affect on cell viability or proliferation as determined by
MTT assay. ZEB1 KO and paired donor control cells were plated for 24, 48, 72 and 96
hours before an MTT assay was performed and absorbance measured at 570nm. (A)
Raw data are displayed. (B) Data are normalised to donor control at each time point.
All data are presented as mean + SEM and was stastically analysed used a two-way
ANOVA with Sidaks multiple comparisons (ns, P > 0.05).
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3.2.12 ZEB1 KO in HUVECs did not have a significant impact on migration

To assess if ZEB1 KO affects the functionality of ECs, a scratch assay was performed which
measures migration and proliferation of endothelial cells, both of which are essential
processes in angiogenesis. The assay was also performed with and without the presence
of Mitomycin C, a cell cycle inhibitor, which will determine if any of the affects observed
are due to migration alone and not proliferation. Confluent ZEB1 KO and control HUVECs
were seeded and reached full confluency before a scratch applied to the centre of the
well. The closure of the scratch was measured over 2 days, with time points a 4h, 6h, 18h,
24h, 32h and 48h. The relative migration was calculated and plotted in Figure 3.32 for
each condition. A two-way ANOVA was performed and main effects analysis revealed that
time significantly impacted the migration of HUVECs, which is to be expected. Main effects
analysis determined that the condition (KO or control, Mitomycin C or control) did not
have a significant effect on migration. Multiple comparisons were also performed using
Sidaks multiple comparison test, which revealed no significant difference between the
either of the conditions at any time point (P > 0.05). Although the raw data viewed in
Figure 3.32 displays that the ZEB1 KO cells have reduced migration compared to control,
and that mitomycin C further reduced that migration, this difference is not observed to be
statistically significant. Therefore, this data suggests that ZEB1 KO does not significantly

impact HUVEC migration.

163



24h

Control

ZEB1 KO

Control
+ Mitomycin C

ZEB1 KO
+ Mitomycin C

mm Control

=1 ZEB1KO

mm Control + Mitomycin C
= ZEB1 KO + Mitomycin C

-e- Control

- ZEB1KO

-4~ Control + Mitomycin C
-¥- ZEB1 KO + Mitomycin C

1.5+
5
= € 1.0
S 1.0 2
2 =
E o)
e s
Q
£ 0.5+ > 05
:
= ©
0.0- 0.0
0 4 6 18 24 32 48 0 20 40 60

Time.(h) Time (h)

Figure 3.32 ZEB1 KO had a no significant effect on migration in both untreated and
mitomycin C treated cells. ZEB1 KO and paired donor control cells were plated until
fully confluent before a scratch assay was performed. Images of the scratch were
taken at Oh, 4h, 6h, 18h, 24h, 32h and 48h to monitor wound closure. Images were
analysed on Image J. (A) Representative images are shown for Oh, 6h and 24h time
points. (B) Relative migration for each condition is displayed. (C) An XY graph to
display relative migration over time. Data are normalised to donor control at each
time point. All data are presented as mean + SEM and was stastically analysed used
a two-way ANOVA with Sidaks multiple comparisons (ns, P > 0.05).
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3.2.13 ZEB1 KO in HUVECs resulted in significantly reduced sprouting

A further functional assay was utilised in assessing how ZEB1 KO influences HUVECs. In
this instance, a sprouting assay was set up to determine if ZEB1 KO is affecting HUVECs
ability undergo sprouting. This was achieved by generating ZEB1 KO and donor control
spheroids using the hanging drop method, followed by seeding into a fibrinogen 3D matrix
with complete medium supplemented. The sprouts from these spheroids were analysed
24h and 48h post seeding (Figure 3.33). This revealed a reduction in sprout number per
spheroid within the ZEB1 KO cells at both 24 (16.1 + 0.6 per spheroid compared to 18.6 +
0.2 control) and 48 (13.3 £ 0.7 per spheroid compared to 18.0 + 0.7 control) hours, which
was confirmed to be significant via a paired t-test. The sprout length was also determined
at 24 and 48 hours, which revealed no significant difference via a paired t-test (P > 0.05).
Despite this, at 48 hours there was a small reduction in sprout length which was almost
significant (P = 0.056). Finally, the average branch point per spheroid was determined,
which revealed no significant difference at the 24-hour time point, but by 48 hours there
was a significant reduction in the number of branch points per spheroid within the ZEB1
KO group (0.96 + 0.17 per spheroid) in comparison to the control group (0.36 + 0.09 per
spheroid). This data therefore indicates that loss of ZEB1 in HUVECs significantly impacts

sprouting within the angiogenic process.
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Figure 3.33 ZEB1 KO resulted in a significant reduction in sprout number per
spheroid. Spheroids were generated using ZEB1 KO and paired donor control cells
that were then seeded into a 3D fibrinogen gel and incubated with complete media.
24 and 48 hours post seeding the spheroids were imaged to determine sprout
number, sprout length and branch number using Image J. (A) Representative images
of ZEB1 KO and control spheroids at 24h and 48h. Sprout number per spheroid was

displayed in 24h (B) and 48h (E). Sprout length was displayed i

n 24h (C) and 48h (F).

Branch point number per spheroid was displayed in 24h (D) and 48h (G). All data are

presented as mean + SEM and was stastically analysed used a
0.05, ** p < 0.005

paired t-test (* p <
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3.3 Discussion

3.3.1 Transcriptomic comparison of confluent and subconfluent HUVECs

3.3.1.1 Subconfluent and confluent HUVECs exhibited distinct transcriptomes

The confluency of any EC culture has long been known to be important to the EC
phenotype and hence their transcriptome. The literature sometimes uses variation in
terminology when describing these EC cultures, e.g. dense vs sparse, proliferating vs
quiescent, confluent vs subconfluent; however, the premise of the experiment remains
similar (Reine et al., 2015). The large variation in confluent compared to subconfluent ECs
is very evident within the data presented in this chapter. The RNA-Seq data from confluent
and subconfluent HUVECs determined 4,773 significantly differentially expressed genes.
This large amount of differentially expressed genes is expected due to the large
differences in the conditions. It was for this reason that a Log2 fold change cut off of 1.5

was applied, to focus on those genes above this threshold.

The confluent condition is model that aims to represent the endothelium within the
vasculature owing to its appearance as a complete monolayer. The GO terms identified to
be enriched within the confluent condition provide evidence of this, as they focus on
biological adhesion and cell shape. This is reminiscent of a condition where a monolayer
is established or in the process of establishing itself as being quiescent. The KEGG
pathways identified within this condition also provide evidence of this, with extracellular
matrix-receptor interaction being the most significant, which can be explained by the
apical basal polarity and basal lamina binding that is observed within the quiescent
endothelium. Whereas the subconfluent condition does not model the quiescent
monolayer observed within the endothelium. Instead, this condition contains HUVECs
which are actively proliferating, migrating and have less cell-cell connections. This is also
observed within the GO terms and KEGG pathways determined by ORA, with many
processes associated with development and differentiation, which are indicative of an

immature and unestablished phenotype that does not resemble a confluent monolayer.

An important consideration regarding the quiescent endothelium is that, by definition,
ECs in this state are not proliferating (Galley & Webster, 2004; Ricard et al., 2021a;

Schlereth et al., 2018). However, upon analysis to identify GO terms and KEGG pathways
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that are over-represented in the DEGs between confluent and subconfluent HUVECs, no
terms or pathways related to cell cycle or cell proliferation were identified. This indicates
that there were no significant differences in cell cycle progression or proliferation
between the confluent and subconfluent conditions. Consequently, although the
confluent condition effectively models the physical structure of the endothelium, the cells

were not in a quiescent state.

The expression level of FOXO1 and PFKFB3 were determined due to their roles in ECs. Both
observed to be upregulated within the confluent condition according to RNA-Seq, and this
is also confirmed at the protein level for both genes; however, the meaning of this
upregulation within the confluent monolayer has a more plausible explanation for FOXO1
in comparison to PFKFB3. FOXO1 is a known regulator of endothelial quiescence (Andrade
et al., 2021), and hence its upregulation within a confluent condition as this confluent
monolayer structurally resembles the quiescent endothelium. PFKFB3 expression is on the
other hand associated with increased metabolism required for angiogenesis via the direct
modulation of glycolysis which is necessary for vessel sprouting (De Bock et al., 2013).
Alongside the lack of DEGs involved in proliferation and cell cycle, this provides another
layer of evidence that suggests the condition is still has a high glycolytic metabolism and

proliferating.

3.3.1.2  Phenotypic differences between confluent and subconfluent HUVECs could be
explained by EndoMT

An interesting point to emerge for the RNA-Seq data analysis was the differential
expression of EndoMT associated genes. Although less understood in comparison to EMT,
EndoMT has become an emerging field of interest within vascular health and disease and
does draw some parallels to EMT in its function. In a recent review, Peng et al defined that
in vitro EndoMT involves the loss of endothelial properties along with the co-expression
of endothelial and mesenchymal markers (Peng et al., 2022). To determine this, a list of
endothelial and mesenchymal associated genes was derived from the literature (Reviewed
and listed in Platel et al., 2019), and the expression of these markers compared between
the confluent and subconfluent condition. Interestingly, this revealed that the

subconfluent condition had significantly lower expression of endothelial marker genes
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CDH5, PECAM1, VWF, TEK, TIE1 and ERG. This was coupled with an increase in
mesenchymal marker genes within the subconfluent condition, including CDH2 (N-
Cadherin) and TAGLN (SM22a). This data therefore does suggest that there is an EndoMT

profile within the subconfluent HUVEC condition.

EndoMT has received a lot of attention in the context of endothelial dysfunction and
vascular disease; however, physiological roles of EndoMT have been identified within
developmental processes such as cardiac valve development (Armstrong & Bischoff, 2004;
Von Gise & Pu, 2012). There is also an indication that mural supporting cells such as
pericytes and smooth muscle cells are able to be derived from ECs in vivo, as determined
by lineage tracing (Coll-Bonfill et al., 2015; Lee et al., 2023). These reported processes align
similarly to the GO terms identified as being overrepresented within the subconfluent
condition, such as cardiovascular development, blood vessel development and vascular

development.

It could be assumed that the subconfluent condition more accurately represents
physiological angiogenesis as the cells are proliferating and migrating. But there are
additional factors that are not present within a subconfluent cell culture, such as hypoxia
and a chemokine gradient. Angiogenesis itself has also been described as an EndoMT-like
or partial EndoMT process within the literature (Platel et al., 2019; Weinstein et al., 2020).
This was initially proposed and displayed by Welch-Reardon et al in work which identified
Slug (SNAI2) having a role in angiogenic sprouting. During this work, the team similarities
between angiogenesis and EndoMT, such as migration, morphological changes and
breakdown of extracellular matrix (Welch-Reardon et al., 2014). Continued research to
assess whether this is the entire picture, or whether EndoMT is a distinct process is
currently a focus within the field, and the application and availability of single cell RNA-

Seq data are allowing for that exploration of this.

To explore whether there is any variation in transcription factor expression between the
confluent and subconfluent conditions which may account for this change in endothelial
and mesenchymal genes, a panel of transcription factors was derived from a literature
search and their expression levels plotted. Due to there being less research attention on

EndoMT in comparison to EMT, there are fewer publications or reviews that outline a
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direct link between a transcription factor and its role within EndoMT. For that reason, the
transcription factors within the panel have been identified primarily as direct regulators
of EMT (Zeisberg & Neilson, 2009), but with limited direct evidence supporting their
involvement in EndoMT. This analysis yielded varied results, with some transcription
factors not being present at all within the normalised counts (TWIST1, GSC and LEF1). This
absence was not entirely unexpected as it may indicate that these factors are either not
expressed in HUVECs or are not generally expressed in ECs. Among the EMT transcription
factors that were significantly differentially expressed, all but one showed a decrease in
expression in the confluent condition, with higher expression levels in the subconfluent
condition. This pattern correlates with the increased expression of mesenchymal genes
observed in the subconfluent condition, supporting the hypothesis that these
mesenchymal-driving transcription factors are contributing to the upregulation of
mesenchymal genes in this state due to their elevated expression. However, one
transcription factor, ZEB1, exhibited the opposite pattern, with increased expression in
the confluent condition and a corresponding decrease in expression in the subconfluent
condition. This change in expression goes against the assumed link between increase in
EMT associated transcription factors and the increase in mesenchymal markers, within the
subconfluent condition. Instead, the expression of ZEB1, a transcription factor with very
well reported roles in EMT (Sanchez-Tillé et al., 2014; Zhang et al., 2015), is increasing
within the confluent condition alongside an increase in endothelial markers and a

decrease in mesenchymal markers.

3.3.1.3 Translation to protein expression

This increase in ZEB1 expression was confirmed by ddPCR and western blot, proving that
this expression increase is translated to the protein level. Interestingly, the difference
between the normalized ZEB1 expression in the two conditions was greater at the protein
level when compared with the RNA level. This suggests an increase in protein stability and

post-transcriptional regulation of ZEB1 protein levels within the confluent condition.

Other markers identified as being significantly differentially expressed by RNA-Seq were
also compared at the protein level by western blot, as done for FOXO1 and PFKFB3. VE-

Cadherin (CDH5) was also upregulated at the protein level within the confluent condition,
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mirroring what is observed within the RNA-Seq data, which further provides evidence of
an increase in endothelial genes within the confluent condition. To further understand
monolayer integrity within the context of confluent HUVECs, the phosphorylation status
of VE-Cadherin was also determined via tyrosine 731 (pY731) as the dephosphorylation of
this residue is under normal barrier conditions constitutively phosphorylated (Arif et al.,
2021; Wessel et al., 2014). This identified an increase in the level of phosphorylation at
this residue, providing evidence to support that this confluent condition holds similarities

to the endothelium monolayer.

3.3.2 siRNA knockdown of ZEB1 protein by approximately 50% had an impact on
gene transcription within HUVECs
With the aim of exploring the role of ZEB1 within ECs, an siRNA method was deployed to
knockdown the expression of ZEB1 within HUVECs. This method was able to reduce ZEB1
expression by around 50% in comparison to the NSC condition. RNA-Seq analysis of ZEB1
KD and NSC HUVECs identified 296 differentially expressed genes as a result of ZEB1 KD,
with 65.54% of these genes being upregulated. This indicated that ZEB1 is having an
increased role in transcriptional repression, in comparison to activation, as loss of ZEB1
results in a larger number of genes that increase in expression. This is very similar to
observed roles of ZEB1 within other cell types, as ZEB1s role as a transcriptional repressor
within these contexts has been well reported (Spaderna et al., 2008; Vandewalle et al.,

2009).

The identified biological processes GO terms within these upregulate genes had a general
theme of adhesion, which was also observed within the KEGG pathways identified from
the downregulated genes. These analyses indicate that loss of ZEB1 is influencing cell
adhesion by upregulating genes involved in adhesion pathways and processes. Within the
ZEB1 KD data set, an upregulation in expression is observed both within extracellular
matrix components, such as LAMC2, as well as extracellular matrix binding integrin
subunits such as Itga10, Itga3, I1tgB4 and ItgB3 (Reglero-Real et al., 2016). This along with
GO terms identified that involve the extracellular matrix, suggest ZEB1 KD is having an
impact on cell-extracellular matrix adhesion via the upregulation of these genes. Not only

this, cell-cell adhesion proteins are upregulated within the ZEB1 KD data set, such as
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desmoplakin, an essential component of desmosomal junctions (Valiron et al., 1996).
Together, this identifies a role for ZEB1 in HUVECs in repressing genes involved in

adhesion.

Whereas within the downregulated genes, the biological processes GO terms and KEGG
pathways display themes within inflammation and cytokine response as a result of ZEB1
KD. This includes chemokine ligands such as CXCL1, CXCL2, CXCL5, CXCL6, CXCL8 and
CXCL10 but also receptors involved in leukocyte extravasation such as ICAM1 (C. Lawson
& Wolf, 2009). This therefore identifies a possible role for ZEB1 in the preparation and
response to inflammation and that loss of ZEB1 reduces the expression of genes involved
in these inflammatory signalling pathways. These inflammatory genes have also been
identified as playing a direct role in the modulation of tip cell morphology and branching,
such as the chemokine receptor CXCR4 (Strasser et al., 2010), which is also down regulated
as a result of ZEB1 KD. Therefore, the alteration of inflammatory gene expression by ZEB1

may also influence angiogenic sprouting and branching.

3.3.2.1 ZEBI1 KD had a minimal impact on the expression of EndoMT markers

ZEB1 has been well described as an activator of EMT (Sanchez-Till6 et al., 2014; Zhang et
al., 2015), however its role within endothelial cells is not well understood. Although
reviews and publications focusing on EndoMT often label ZEB1 as an activator of EndoMT,
the references used to support this are usually from papers exploring ZEB1 within the
context of EMT. These papers provide direct evidence to show ZEB1 as a driver of a
mesenchymal phenotype, and this has been observed in many different contexts such as
types of cancer (Craene & Berx, 2013; Sdnchez-Till6 et al., 2014). But what is important to
note is that they only focus on the mesenchymal transition of epithelial lineage cells.
Therefore, reviews and publications (such as Fang et al., 2021 and Weinstein et al., 2020)
that list ZEB1 as an EndoMT driver are assuming that expression and activation of ZEB1

within epithelial cells is the same within endothelial cells.

In the RNA-Seq analysis of confluent and subconfluent HUVECs, an increase in endothelial
genes was observed within the confluent condition and an increase in mesenchymal genes
was observed within the subconfluent condition. It was also where ZEB1 was identified as

the only transcription factor that increases in expression with confluency. To understand
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whether KD of ZEB1 within confluent HUVECs affects the expression of these markers, the
normalised counts of the same markers were plotted again, which includes endothelial
markers, mesenchymal markers and known EMT/EndoMT driving transcription factors. If
ZEB1 is a major driver of the gene expression profile observed in confluent endothelial
cells, one would assume a loss of ZEB1 would influence the expression of these markers.
This revealed ZEB1 KD had no impact on any of the endothelial markers and therefore can
be assumed to have no role in the regulation of these markers. The mesenchymal markers
also show no difference, apart from TAGLN (SM22a) which significantly increased in
expression. The transcription factors also showed little difference, apart from EST1 which
decreased in expression. This was particularly interesting as ETS1 was not identified to be
differentially expressed with confluency. Taken together, these data show that loss of

ZEB1 within HUVECs does not affect the expression of EndoMT markers.

The biological processes identified from the GO term ORA however do suggest that ZEB1
KD is affecting EndoMT associated processes. One of the major phenotypic outputs of
EndoMT is a decrease in adhesion and an increase in migration (Weinstein et al., 2020).
Within the upregulated genes, biological processes identified included adhesion and
migration, therefore suggesting losing ZEB1 is preventing phenotypes associated with
EndoMT. However, cell adhesion changes are also associate with endothelial activation,

therefore the changes in biological processes cannot completely be attributed to EndoMT.

3.3.2.2 Comparison to published ZEB1*" corneal ECs RNA-Seq data exhibited overlapping
hits
The DEGs identified via siRNA KD of ZEB1 and subsequent RNA-Seq were compared to a
previously published RNA-Seq dataset, which investigated DEGs between ZEB1*- and
ZEB1** corneal endothelial cells (Frausto et al., 2019). This dataset was selected for
comparison with the total KO model, as it more accurately reflects the level of ZEB1
expression achieved by the siRNA knockdown method used in this thesis. In the Frausto
et al. study, corneal ECs with reduced ZEB1 expression were generated through CRISPR-
Cas9-mediated ZEB1 knockout, resulting in a ZEB1*" condition. The dataset displayed a
comparable number of DEGs to the HUVEC dataset, indicating a degree of similarity

between the two studies. Whilst this is comparing transient KD with monoallelic KO
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studied, due to the limited datasets available in appropriate models, this dataset is
believed to be appropriate for first line validation of cohort and highlights biological

similarities between the two datasets.

The comparison identified several overlapping genes, including ETS1 which is
downregulated in both data sets. ETS1, a transcription factor within the ETS family, has
been previously implemented in EC differentiation and survival via regulating VEGF and
Tie2 expression, along with extracellular proteases, such as Mmp9, involved in cell
migration during angiogenesis (Hashiya et al., 2004; Iwasaka et al., 1996; Wei et al., 2009).
In contrast, the transcription factor LIMS2, was identified as being up regulated in both
data sets and has a role in the inflammatory response to fluid shear stress (Wang & Zhang,
2020). These overlapping genes within both data sets provide further evidence for ZEB1s

role within endothelial cells.

The global pathway analysis performed on both the HUVEC siRNA and the corneal ECs
ZEB1*" data sets revealed varying significant pathways within each of the conditions. As
both data sets yielded less than 300 DEGs, this may explain the limited overlap, in
comparison to gene sets with a far greater number of DEGs, which could be possible if
with a total knockout of ZEB1 expression was achieved. Likewise, although there is some
overlap between the DEGs identified in the two RNA-Seq datasets, the degree of overlap
is relatively low. This may be owing to the variation in EC types. Corneal ECs are situated
on the posterior surface of the cornea, forming an endothelial that consists of a semi-
permeable monolayer of cells. A key function of the corneal endothelium is to maintain
the corneal stroma in a relatively dehydrated state, a process critical for preserving the
precise ultrastructural arrangement of collagen fibers which is essential for maintaining
corneal transparency (Frausto et al., 2020). Whereas HUVECs line the inner surface of the
umbilical vein, where they play a crucial role in maintaining vascular homeostasis and
regulating nutrient and oxygen exchange between the mother and fetus (Medina-Leyte et
al., 2020). The varying physiological nature of these cells, as well as the varying conditions
in which they are cultured in-vitro and differences in bioinformatics processing of the raw

data may explain the limited overlapping genes within these data sets.
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3.3.3 ZEB1 ChIP in HUVECs

3.3.3.1 ZEBI1 ChIP-Seq indicative of a transcription factor with binding partners that is
also has a level of redundancy

Although ZEB1 ChIP-Seq has been performed in other cell types such as MDA-MB-231
breast cancer cells (Feldker et al., 2020), and glioblastoma multiform cancer stem-like cells
(Rosmaninho et al.,, 2018), this has never been explored within ECs. Initially, what
appeared to be interesting within the ChIP-Seq data was that known motif analysis
identified not only the ZEB1 motif but also showed high levels of other motifs such as AP1,
ETV4 and Flil. Motif analysis identifies possible transcription factor binding sequences by
using known information about canonical motifs (Bailey et al., 2013). It is therefore
expected that the ZEB1 binding motif would be identified, because it was ZEB1 that was
pulled down, but the reason why other motifs have also been pulled down needs to be

explored and discussed.

It is possible that these motifs have been identified because they appear in similar regions
of the genome as the ZEB1 motif. Enhancers are regions of the genome that contain a
cocktail of regulatory elements and transcription factor binding motifs that are able define
and regulate patterns in gene expression (Agrawal et al., 2019). It may therefore be that
specific enhancer regions are being pulled down, with the ZEB1 binding regions, and
therefore this is why other transcription factor regions have been identified. Additionally,
transcription factors often work in conjunction alongside other binding partners and
transcription factors, forming larger transcription complexes. It is therefore possible that
in the ChIP of ZEB1, other proteins are being pulled down as part of a larger complex,
including ZEB1. Feldker et al demonstrated that this is the case with ZEB1 in MD1-MB-231
cancer cells; ZEB1 could work in complexes with YAP, TEAD, and AP-1 factors during
transcriptional activation. In this instance, the complex directly bound to the DNA via TEAD
and AP-1 motifs, which explained why these were identified within the ChIP-Seq data set.
It was also determined that interactions with other proteins, such as CtBP, induced the
transcriptional repression (Feldker et al., 2020). To confirm whether this is the case within
HUVECs, further experiments could be performed, such as cross-analyses with ChlIP data

from other transcription factors, as well as ColP experiments and proximity ligation assays.
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Functional analysis was utilised to determine any pathways which had significant
representation of genes with ZEB1 within their bound genomic regions. This identified
several significant pathways but interestingly the top pathways involved endocytosis and
protein trafficking. These were not pathways that were identified within RNA-Seq,
therefore the knockdown of ZEB1 did not influence the expression of these genes. There
is also a large amount of functional redundancy between transcription factors, whereby
the translational of a particular gene can be initiated by several transcription factor and
transcription factor complexes (Wu & Lai, 2015). This helps explain why for the ZEB1 ChlP-
Seq 9,206 individual genes were identified as have ZEB1 bound at their promotor,
however there was only 295 differentially expressed genes. This phenomenon is not
uncommon, and was first identified by Hu et al, in which they identified differentially
expressed genes from 263 transcription factor knockout yeast strains and found on
average only 3% of the binding targets were differentially expressed within these strains
(Hu et al., 2007). Functional redundancy is a common process in cellular biology, whereby
one or more transcription factors will overcompensate for the loss of another (Gitter et
al., 2009; Wu & Lai, 2015). This functional redundancy within many transcription factors
could therefore explain why these pathways and genes are being identified within the

ZEB1 ChIP, but not via RNA-Seq of ZEB1 KD HUVECs.

3.3.3.2  ChiIP-Seq and RNA-Seq overlap genes confirmed ZEB1's role as a transcriptional
repressor and supported its involvement in adhesion and inflammation

A total of 153 genes were identified as both differentially expressed upon ZEB1
knockdown and bound by ZEB1 at their promoter regions, suggesting they may represent
direct transcriptional targets of ZEB1. Literature review revealed that 7 of these genes
have previously been reported as ZEB1-regulated, providing validation for the dataset.
However, the relatively small overlap with known targets may reflect the context-specific
nature of ZEB1-mediated transcriptional regulation. Notably, this study represents the
first application of ZEB1 ChIP-seq in HUVECs, which may account for the identification of

novel, endothelial cell-specific targets not previously reported.

The overlap between RNA-Seq and ChIP-Seq data identifies genes likely to be directly
regulated by ZEB1. This analysis categorizes genes in the ZEB1 KD RNA-Seq dataset into
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two groups: the first includes genes that are differentially expressed and show direct
binding by ZEB1 to their genomic sequences, suggesting direct regulation. The second
group consists of genes that are differentially expressed upon ZEB1 knockdown but do not
show ZEB1 binding at their genomic sequences, indicating that their expression changes
are likely due to downstream effects of ZEB1 rather than direct regulation. Notably,
75.66% of genes identified with ZEB1 binding at their promoters were upregulated, further

emphasizing ZEB1’s role in transcriptional repression within HUVECs.

The GO ORA of these upregulated genes identified the same theme of adhesion and cell
junctions; however, actin cytoskeleton organisation was additionally identified, which
could be indicative of cell shape and structure. The cytoskeleton in endothelial cells, and
other cell types, has been proven to play a significant role within the maintenance of the
endothelial barrier, with Rho activation being a method of disrupting the cytoskeleton and
therefore cell junctions and permeability (Kasa et al., 2015). The cytoskeleton becomes
even more relevant with the identification of the most significant molecular function being
actin binding, which could encompass both cell adhesion proteins but also proteins that
modulate actin structure and function. This data therefore suggests that ZEB1 is directly
repressing genes with roles in adhesion and cytoskeleton organisation. It is however
important to note that genes within these GO terms are simply identified as having a role
in a biological process (e.g. adhesion) and therefore some genes could be increasing that
biological process, whereas others may be decreasing it. The downregulated genes and
their associated GO terms consistently highlight a theme of response to inflammatory
stimuli, suggesting that ZEB1 plays a role in modulating the detection and response to such
stimuli. As these biological processes are downregulated in ZEB1 KD HUVECs, it can be

hypothesised that inflammatory responses in these cells may be altered or diminished.

3.3.4 Differentially expressed genes associated with angiogenesis and
guiescence

Although a lot of the differentially expressed genes have been described in biological

processes such as adhesion or inflammation, there are also several genes with known roles

within angiogenesis or endothelial cell behaviour. This includes CXCR4 which is

downregulated within ZEB1 KD cells and was found to be a gene where ZEB1 binds to its
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promotor within the ChIP-Seq data. CXCR4 has been previously identified via microarray
analysis of retinal endothelial tip cells as a key regulator of tip cell morphology, as well as
vascular branching (Strasser et al., 2010). Not only this, CXCR4 has been found to play an
essential role in arterial development, with loss of function studies resulting in failure to
develop functional arteries (lvins et al., 2015) and gain of function experiments resulting
in a failure of hierarchical branching (Li et al., 2021). The balance of CXCR4 therefore must
be strictly and spatially regulated during vasculature development, and this data indicates

that ZEB1 is influencing this tight regulation.

Another gene with known roles in regulating vascular morphology and angiogenesis in
BMP4 which is upregulated in ZEB1 KD HUVECs, and ZEB1 was also found to bind its
promotor and at a distal intergenic site within its genomic sequence. There are conflicting
reports surrounding the role of BMP4 within endothelial cells, with different effects
observed in different models and systems. In tumour angiogenesis BMP4 has been
identified as being involved in the activation of endothelial cells and promote tumour
angiogenesis in malignant melanoma (Rothhammer et al., 2007). The pro-angiogenic
activity of BMP4 was later determined to be downstream of VEGFR2 activation via c-Src
(Rezzola et al., 2019). Whereas on the other hand BMP4 has been shown to inhibit
choroidal neovascularisations by controlling the expression of VEGF (Xu et al., 2012).
These reports are indicative of the heterogeneity within the vasculature, within health and
disease, and is a good example of how within two different diseases, one gene can have

contrasting effects.

FOX01 was initially identified from the literature as being a regulator of endothelial
quiescence via the modulating of endothelial metabolism (Andrade et al., 2021; Wilhelm
et al., 2016). Within the differentially expressed genes in the confluent HUVECs compared
to the subconfluent, FOXO1 was identified as being upregulated within the confluent
HUVECs, both at the RNA and at the protein level. It was therefore interesting to see
whether ZEB1 influences FOXO1 expression, but both via both RNA-Seq and western blot

the level of FOXO1 expression was determined to be not affected by the loss of ZEB1.
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3.3.5 ZEB1 directly inhibits epithelial gene expression in HUVECs

Although ZEB1 KD had no major impact on the expression of endothelial or mesenchymal
gene expression, it interestingly resulted in the increase of epithelial gene expression such
as EPCAM and ESRP2. Both genes were found to be upregulated in the ZEB1 KD condition
and were found to be bound by ZEB1 at their promotor regions within the genome, with
EPCAM also identified as being upregulated in the ZEB1* corneal EC data set (Frausto et
al., 2019). This matches what has been previously observed in the literature, as both
EPCAM and ESPR2 are observed to be directly inhibited by ZEB1 (Horiguchi et al., 2012;
Vannier et al., 2013). Within epithelial cells, ZEB1 induces EMT not only by the expression
of mesenchymal genes, but also via the repression of epithelial genes, including EPCAM
and ESPR2 (Sanchez-Tilld et al., 2010). This therefore indicates that ZEB1s role in inhibiting
epithelial genes is also present within endothelial cells, and loss of ZEB1 results in an
increase in epithelial gene expression. Another major epithelial gene known to be directly
repressed by ZEB1 is E-Cadherin (CDH1) (Sanchez-Tillé et al., 2010), but interestingly was
not identified within the HUVEC ZEB1 ChIP-Seq, nor was it differentially expressed as a
result of ZEB1 KD. This suggests that the repression of epithelial genes remains different
between HUVECs, and the cancer models used by Sanchez-Tillé et al. Collectively, these
data, in conjunction with the existing literature, suggest that ZEB1 acts as a transcriptional

repressor of epithelial genes in ECs.

3.3.6 Overlapping genes were identified in all four data sets

3.3.6.1 NOS3

Endothelial nitric oxide synthase (NOS3) is responsible for most endothelial-derived nitric
oxide (NO) production. NO has long been established in the regulation of vessel tone,
leukocyte adhesion, platelet aggregation and EC proliferation (Oliveira-Paula et al., 2016).
NOS3 KO mice exhibit hypertension and have an increased risk of stroke and other
cardiovascular abnormalities (Li et al., 2002). ZEB1 was identified as being bound at the
promotor region of NOS3; however, its expression varied between the RNA-Seq sets. In
the ZEB1* corneal ECs its expression is downregulated, suggesting that ZEB1 could be
directly regulating the expression of NOS3, and loss of ZEB1 results in a loss of NOS3. This

aligns with the confluency data set, where NOS3 expression was upregulated in the
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confluent condition, in which ZEB1 expression is high. However, within the HUVEC siRNA
KD data set, the expression of NOS3 is upregulated with ZEB1 KD. This suggests that the
regulation of NOS3 by ZEB1 may not be straightforward and could involve epigenetic

regulation.

3.3.6.2 EFEMPI

Epidermal growth factor-containing fibulin-like extracellular matrix protein 1 (EFEMP1), is
a member of the multifunctional fibulin family of extracellular matrix proteins. It plays a
critical role in maintaining basement membrane integrity and maintaining the stability of
the extracellular matrix (De Vega et al.,, 2009). Overexpression of EFEMP1 enhances
HUVEC proliferation and tube formation. Additionally, EFEMP1 is upregulated at both
transcriptional and protein levels in retinal-choroidal tissues from donor patients with
AMD (Cheng et al., 2021). Alongside ZEB1 being bound to its promotor, EFEMP1 was
identified as being upregulated in both the HUVEC siRNA ZEB1 KD data set and the ZEB1*
corneal ECs, suggesting that ZEB1 may be negatively regulating its expression. The loss of
ZEB1 may consequently influence the progression of neovascular eye diseases, such as

AMD, by removing the inhibitory regulation on EFEMP1 expression.

3.3.6.3 LIMS2

LIM Zinc Finger Domain Containing 2 (LIMS2) a mechanosensitive transcription factor that
is regulated by shear stress in ECs and capable of inhibiting inflammation by regulating
VCAM-1 and ICAM-1 expression (Wang & Zhang, 2020). Alongside ZEB1 being bound to its
promotor, LIMS2 was identified as being up regulated in both the HUVEC siRNA ZEB1 KD
data set and the ZEB1*" corneal ECs. This provides evidence for ZEB1 being a
transcriptional repressor for LIMS2. Additionally, LIMS2 was observed to be
downregulated in the confluent condition, in which ZEB1 expression is high, which aligns

with this hypothesis.

3.3.7 Comparison of ZEB1 protein expression reduction: CRISPR-based system
versus siRNA treatment

Since siRNA only reduced ZEB1 expression by approximately 50%, this may limit the ability

to identify genes and processes fully regulated by ZEB1. Ideally, a complete loss or genetic

knockout of ZEB1 would be required to study ZEB1-null ECs and explore their
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transcriptome and behavior more comprehensively. To address this, a collaboration was
initiated with Dr. Joanna Kalucka from Aarhus University, who had already developed a
CRISPR-Cas9-based method for knocking out genes of interest, achieving complete gene
knockout and, in many cases, reducing expression to zero (Wagman et al., 2022). Instead
of silencing the expression of ZEB1 using small interfering RNA, this method utilised
recombinant Cas9 protein along with guide RNAs to target the ZEB1 gene and its excision.
Within this context, HUVECs were no longer used from pooled donors, but instead from
individual donors, which meant variation between biological repeats was higher. This
method did result in a robust reduction of ZEB1 protein, however the level of knockout
varied between HUVEC donors. On average, ZEB1 protein expression was reduced to
approximately 25%, representing an improvement over the siRNA treatment, although

the reduction was still suboptimal.

3.3.7.1 Knockout of ZEB1 reduced HUVEC sprouting

Angiogenesis is a multi-action process which involves many signalling pathways, as well as
interaction with other cell types within the tissue. Because of this, it is very hard to
replicate within an in vitro setting. Many angiogenic in vitro assays have been developed
which mimic certain aspects of angiogenesis, but do not accurately represent physiological
angiogenesis completely (Nowak-Sliwinska et al., 2018). A couple of these assays were
utilised during the laboratory visit to Aarhus University, which included a scratch migration

assay and a spheroid sprouting assay.

The scratch assay is a commonly deployed tool in angiogenic research and although there
are variations, the principle remains similar in that it monitors ECs ability to migrate to
close a gap within the culture (Nowak-Sliwinska et al., 2018). To note, the assay used in
this thesis may also be labelled in the literature as a wound healing assay, due to the fact
the gap in the culture is generated by a simple scratch that removes ECs. This induces cell
death within these cells and therefore can be considered to be a form of wound healing,
in comparison to a migration assay whereby a physical barrier is removed, and the gap
closure occurs this way. This assay also does not measure migration alone, as proliferation
may be affecting the closing of the scratch, therefore Mitomycin C was also added as a

condition within these experiments as it inhibits the cell cycle. ZEB1 KO had an impact on
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cell migration both with and without mitomycin C as both conditions saw a decrease in
scratch closure. However, this was not significant indicating that loss of ZEB1 is not having
a major impact on migration. It may be plausible that ZEB1 is impacting proliferation of

HUVECs, and hence the slight reduction in migration observed is due to this only.

Despite this, ZEB1 KO did have a significant impact on the spheroid assay. This assay
includes a fair few of the processes that make up angiogenesis, including tip cell sprouting,
migration, extracellular matrix breakdown and proliferation (Nowak-Sliwinska et al.,
2018); all of which add to the assay’s representability. The ZEB1 KO HUVECs had reduced
sprouts at both 24h and 48h compared to control cells, indicating that a reduction of ZEB1
was reducing the sprouting ability of these cells. ZEB1 may therefore under normal
conditions play an important role in the regulation of genes required for these angiogenic
processes. Within the GO ORA from the ZEB1 KD RNA-Seq data set, adhesion was
significantly represented within the upregulated genes. It is well understood that both
cell-cell adhesion and cell-matrix adhesion is heavily modulating during angiogenic
sprouting. The reduction of cell-cell adhesion and cell-matrix adhesion is required for ECs
to break out of the endothelial monolayer and begin sprouting (Ramjaun & Hodivala-Dilke,
2009). It could therefore be possible that the upregulation of genes involved in adhesion

within HUVECs deficient in ZEB1 may be a cause of the reduced ability to sprout.

3.4 Chapter Summary

This chapter aimed explore the transcriptome of both confluent and subconfluent
endothelial cells and to determine whether EndoMT associated gene expression could be
observed within these conditions. This identified that subconfluent endothelial cells
display a mesenchymal like phenotype indicative of partial EndoMT. Moreover, these
analyses identified ZEB1 as a transcription factor that went against the trend of other EMT
transcription factors, by increasing in expression within the confluent condition. Although
loss of ZEB1 did not influence EndoMT gene expression, various biological processes were
identified as being affected by ZEB1 KD, including inflammation and adhesion. These
processes likely explain why a reduction in sprouting is observed is ZEB1 KO cells within

an angiogenic sprouting assay.
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4 Analyzing the impact of endothelial ZEB1 loss on
developmental angiogenesis

4.1 Introduction

The developing mouse retina is a well-used model of physiological angiogenesis (Hultgren
et al., 2020; Tisch et al., 2019; Walker et al., 2021, to name a few). During development,
hypoxia-induced paracrine release of VEGF from retinal neuroglial cells induces
angiogenesis and the growth of the vascular plexus via angiogenesis (Stone et al., 1995).
In mice, this process occurs postnatally; unlike humans, where this occurs in utero. This
provides an ideal model to study developmental angiogenesis, as the vasculature can be
observed via whole mount staining and confocal imaging at different post-natal time

points (Figure 4.1) (Fruttiger, 2007).

Initially the primary plexus develops between postnatal days 1 and 10, as the network
expands from the optic nerve head towards the edge of the retinal periphery. Tip cells,
which are specialised ECs, appear at the leading edge of the angiogenic front are guided
by the concentration gradient of pro-angiogenic factors and begin to migrate and form
the primary plexus (Gerhardt et al., 2003; Ruhrberg et al., 2002). At around postnatal day
10 the deeper plexus begins to form via sprouting angiogenesis from regions across the
primary plexus. These angiogenic sprouts instead dive downwards to create a further
vascular network layer and have been identified as having different transcriptional
signatures that focuses on TGF-B signaling (Zarkada et al., 2021). Shortly after this, the
intermediate plexus is generated, resulting in three vascular layers (Milde et al., 2013; Rust
et al., 2019; Stahl et al., 2010). During all stages, network remodeling occurs via vessel
pruning, in which coordinated signaling balanced by pro- and anti-angiogenic factors
result in the elimination of vessels (Adams & Alitalo, 2007). The process of vessel pruning
can occur via re-localisation of ECs, or via selective apoptosis, with leukocytes being
identified as playing possible roles in both of these processes (Hughes & Chan-Ling, 2000;
Ishida et al., 2003). These phases of remodeling occur up until around post-natal day 30,
after which the vasculature begins to enter a state of homeostasis (Fruttiger, 2007). This

comprehensive understanding of mouse retinal development at different developmental
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time points, along with the availability of transgenic mice stains, allows for the stages of
vascular plexus development to be readily observed and compared in response to genetic

manipulation.

In chapter 3, | identified that ZEB1 has a transcriptional influence on ECs, and that loss of
ZEB1 resulted in reduced angiogenic sprouting in vitro. Therefore, exploring how ZEB1
impacts physiological angiogenesis in vivo will further elucidate its role within the
endothelium. The aim of this research chapter is to explore if loss of endothelial ZEB1
affects physiological developmental angiogenesis by observing the retinal vasculature in

a neonatal transgenic mouse model.

4.1.1 The ZEB1E™C model

To explore the role of endothelial cell ZEB1 in vivo, an inducible endothelial cell specific
knockout of ZEB1 was generated by utilising the Cre-ERT2 inducible system: a Cre
recombinase is fused to a mutated estrogen receptor. Upon administration of tamoxifen
the Cre-ERT2 fusion protein is able to translocate to the nucleus to induce Cre mediated
genetic recombination of LoxP sites (Vallier et al., 2001). To ensure the endothelial cell
specific knockout of ZEB1, the expression of the Cre-ERT2 system was placed under the
transcriptional control of the endothelial cell specific cdh5 (VE-Cadherin) promoter (Alva
et al., 2006). Cdh5 CreERT2*" mice (Sérensen et al., 2009)were crossed with ZEB1"f mice
(S. Brabletz et al., 2017), resulting in ZEB1"f cdh5 CreERT2*/- progeny that can undergo EC
specific ZEB1 KO upon tamoxifen administration. To ensure littermate mice with WT
expression of ZEB1 were available as controls, ZEB1"f cdh5 Cre-ERT2* mice were crossed
with ZEB1%f cdh5 Cre-ERT27" mice. These mating pairs produced a mixed litter of Cre-
ERT2*" and Cre-ERT2”" mice, which are all ZEB1"f. Although both Cre-ERT2*- and Cre-
ERT27 were dosed with tamoxifen, only the Cre-ERT2*" mice are capable of undergoing
recombination to induce genetic knout out of ZEB1. Therefore, tamoxifen dosed ZEB1"/"
cdh5 Cre-ERT27- mice will be referred to as controls, whereas tamoxifen dosed ZEB1"/"
cdh5 Cre-ERT27* mice will be referred to as ZEB1 inducible endothelial cell KO (ZEB1E°)

within this chapter, and throughout this thesis.
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4.2 Results

4.2.1 ZEB1'E*0 did not affect the developing weight of neonatal mice

Litters from ZEB1"" cdh5CRE-ERT2" and ZEB1" cdh5CRE-ERT2”" mice were treated with
tamoxifen on post-natal days 1, 2 and 3 to generate EC specific KO of ZEB1. Neonates
were culled at post-natal day 5 to analyse vascular plexus development. Throughout the
study, the weight of the neonates was measured daily which determined no significant
difference between ZEB1E*C and controls over the course of the dosing schedule (Figure

4.1 A) and up to the final day (Figure 4.1 B).
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Figure 4.1 No significant difference in weights between ZEB1=%° neonates and
controls. (A) Neonates weight in grams plotted over time showed no significant
difference between ZEB1t™° neonates and controls (B) On post-natal day 5 the
mice were weighed prior to sacrifice and no significant difference was observed
within their weights. Data are presented as mean + SEM and was stastically
analysed used an unpaired t-test. Non-significant = ns, p > 0.05. Control n=10 and
ZEB1E0 p=g,

4.2.2 ZEB1'EXO mjce displayed reduced vascular extension at post-natal day 5

To determine whether loss of endothelial ZEB1 impacts developmental angiogenesis, on
post-natal day 5 mice were sacrificed and their eyes fixed, dissected, stained for CD31 and
ERG to visualise retinal vascular plexus formation. Firstly, vascular extension was
determined as the percentage of which the angiogenic front had progressed along the

total length of the retina. ZEB1E“© mice showed a significant reduction in vascular
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extension (64.83% * 2.64%) compared to control mice (74.42% + 3.47%, p=0.0011, Figure
4.2). This indicates that loss of EC ZEB1 results in decreased vascular extension in the

neonatal mouse retina.
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Figure 4.2 ZEB1™*° mice displayed reduced vascular extension compared to
controls. (A) Representative images of ZEB1E%C and control P5 retina which were flat
mount stained for CD31. Images were acquired on a confocal microscope at 10x
magnification and analysed using Imagel. Scale bar = 1000um. (B) The calculated
percentage extension of the vascular front it presented. Data are presented as mean
+ SEM and was statistically analysed used an unpaired t-test. ** p < 0.005 control n=11
and ZEB1%© n=6.
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4.2.3  ZEB1EO mice exhibited altered vascular network structure at the
angiogenic front of the post-natal day 5 retina
To further understand the implications of endothelial ZEB1 KO in developmental
angiogenesis, structural analysis of the angiogenic front was performed. This was
achieved by analysing 20x magnification confocal images of CD31 and ERG-stained post-
natal day 5 retinas at the angiogenic front (Figure 4.3 A). The area of CD31 staining was
measured to calculate the vessel area which confirmed no significant difference between
the control and ZEB1E*° mice (p>0.05, Figure 4.3 B). The images were subsequently
skeletonised to assess differences in network patterning and structure. The vascular
density was calculated as the number of individual vessel segments per retina area.
ZEB1E™© mice displayed a significantly reduced vascular density (180 + 14.21 per mm?)
compared to controls (221 + 10.43/mm?, p=0.0341, Figure 4.3 C). In addition to this,
ZEB1™© mice had increased vessel segment length (25.54 + 0.97um) when compared
with control mice (23.03 + 0.53um, p=0.0226, Figure 4.3 D). The distribution of vessel
segment lengths was quantified and compared between control and ZEB1E*° mice. This
was achieved using frequency histogram that displayed the data in 10um bins (Figure 4.3
E and F). These results indicate that the vessels formed at the angiogenic front in
ZEB1EC result in an altered structure whereby the vessel segments are longer but are

fewer in number.
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Figure 4.3 ZEB1“*° mice had decreased vessel density and increased vessel
length compared to controls at the angiogenic front. (A) Representative images
of ZEB1E*© and control P5 retina which were flat mount stained for CD31. Images
were acquired on a confocal microscope at 20x magnification and analysed using
Imagel. Scale bar = 50um. (B) The calculated percentage of CD31% area showed
no significant difference between of ZEB1t%C and control. (C) Vascular density
measured by vessel segments per mm? is significantly decreased in ZEB1E%° (D)
Average segment length is significantly increased in ZEB1°, Panels B, C and D
are average measurements presented as mean + SEM. (E) and (F) is representative
of every measurement from each mouse, then showed as a percentage of the total
measurements. Control n=14 and ZEB1t™° n=7. Statistically analysed by an
unpaired t-test. ** p < 0.005
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4.2.4 ZEB1'EXO mice displayed reduced branch points within the angiogenic front
of the post-natal day 5 retina
To determine whether the reduction in vessel segment number per mm? was due to a
change in vessel branching, the branch points per mm? retina area were calculated from
the skeletonised network (Figure 4.4). This revealed that ZEB1*° mice had a significantly
decreased number of branch points (112.1 + 6.7 per mm?) when compared to controls
(153.7 + 5.9 per mm?, p=0.0004, Figure 4.4 B). This indicates that at the angiogenic front
of developing plexus ZEB1E*® mice have fewer branch points in the same area of
vascularised retina, when compared to control animals, suggesting reduced vessel

branching at the angiogenic front.

The vessel node was calculated for each vessel segment. This is defined as the number of
connections each vessel segment forms with another. No significant difference in the
average vessel node was observed between ZEB1*° mice and controls (p>0.05, Figure
4.4 C). A frequency histogram was generated to visualise the distribution of values across
each node, rather than looking at the total mean (Figure 4.4 D). Together, there was no

difference in Node number between Control and ZEB1EC,
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Figure 4.4 ZEB1**° mice displayed a decreased number of branch points at the
angiogenic front. (A) Representative images of ZEB1t*° and control P5 retina
which were flat mount stained for CD31. Images were acquired on a confocal
microscope at 20x magnification and analysed using Imagel. Scale bar = 50um.
(B) Branch points per mm? is significantly decreased in ZEB1*° compared to
controls (C) No difference in average vessel node between ZEB1E*° and controls.
B and C are average measurements presented as mean + SEM. (D) is
representative of every node measurement from each mouse showed as a
percentage of the total node measurements. Stastically analysed by an unpaired
t-test. *** p < 0.0005. Control n=14 and ZEB1**° n=7.
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4.2.5 ZEBI1E™O mice have a reduction in the number of endothelial cells at the
angiogenic front of the post-natal day 5 retina

To understand if the reduced vascularity also affects the number of endothelial cells within
the angiogenic front as a result of endothelial ZEB1 KO, retinas from neonates dosed with
tamoxifen as described previously were stained for ERG, an endothelial specific nuclei
marker. 20x magnification images were then analysed and ERG+ nuclei were counted to
determine EC number (Figure 4.5 A). This revealed that ZEB1E“© mice had significantly
fewer ECs within the angiogenic front (111.9 + 4.1 per mm?) compared to controls (131.4

+ 4.9 per mm?, p=0.0301, Figure 4.5 B).
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Figure 4.5 ZEB1° mice exhibited fewer endothelial cells at the angiogenic front.
(A) Representative images of ZEB1t%C and control P5 retina which were flat mount
stained for CD31 and ERG. Images were acquired on a confocal microscope at 20x
magnification and analysed using Imagel. Scale bar = 50um. (B) ERG* nuclei count
is significantly decreased in ZEB1t° compared to controls. Data are presented as
mean + SEM and was statistically analysed used an unpaired t-test. * p < 0.05.
Control n=8 and ZEB1™ 0 n=4,
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4.2.6 No significant difference observed in the number of tip cells at post-natal
day 5 between ZEB1'¥© and Control mice

To determine whether EC ZEB1 KO affected the number of tip cells at the edge of the

angiogenic front, the tip cells at the leading edge of the angiogenic front were counted

and quantified. This revealed no significant difference in the number of tip cells between

ZEB1EXC and control mice (p = > 0.05, Figure 4.6).
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Figure 4.6 No significant difference in the number of tip cells at post-natal day 5
between ZEB1iECKO and Control mice. (A) Representative images of ZEB1t™° and
control P5 retina which were flat mount stained for CD31. Images were acquired on a
confocal microscope at 20x magnification and analysed using ImagelJ. Scale bar = 50
um. (B) Number of tip cells per mm angiogenic front displaced as mean + SEM and
was statistically analysed used an unpaired t-test. p = 0.0659 therefore is not
significant. Control n=11 and ZEB1*° n=7.
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4.2.7 ZEB1'EXO mijce also exhibited altered vascular network structure within the
central vascular plexus of the developing retina

Within the developing mouse retina, the region behind the angiogenic front is undergoing
phases of vessel pruning and network remodeling, whereby there is controlled regression
of the vasculature to generate a hierarchical network (Fruttiger, 2007). Therefore, to
assess how loss of EC ZEB1 influences the vascular network structure within these regions,
the same method of area measurement and skeletonisation was applied to regions further
back in the vascular plexus, termed the central plexus (Walker et al., 2021). Regions were
selected that were between the angiogenic front and optic nerve, as well as equidistant

to major vessels nearby, as described in Figure 2.4.

To quantify the area of the vascular network, the area CD31 staining was measured which
revealed there was no significant difference between the control and ZEB1E%*® mice
(p>0.05, Figure 4.7 B). From the skeletonised information, the vascular density was again
determined by the number of vessel segments per retina area. It was observed that within
these regions of the plexus, ZEB1E%C mice had a significantly reduced vessel density (164.9
+9.44 per mm?) in comparison to control mice (215.8 + 7.68 per mm?, Figure 4.7 C). When
assessing the average length of these vessel segments ZEB1*° mice also exhibited
increased average vessel length (27.86 + 0.88um) compared to control mice (24.29 + 0.43
um, Figure 4.7 D). As done previously, the distribution of the vessel segment lengths
changes between control and ZEB1E*° mice was assessed by a frequency histogram that
displayed the data in 10um bins (Figure 4.7 E and F). These results indicate that loss of
endothelial ZEB1 also influenced the structure of the central plexus which is away from
the angiogenic front. ZEB1E®° mice displayed a central vascular plexus that has a reduced

vessel segment density, alongside an increased vessel segment length.
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Figure 4.7 ZEB1E° mice displayed decreased vessel density and increased vessel
length compared to controls within the central plexus. (A) Representative images
of ZEB1™© and control P5 retina which were flat mount stained for CD31. Images
were acquired on a confocal microscope at 10x magnification and analysed using
Imagel. Scale bar = 50 um. (B) The calculated percentage of CD31% area showed
no significant difference between of ZEB1*° and control. (C) Vascular density
measured by vessel segments per mm? is significantly decreased in ZEB1*E*° (D)
Average segment length is significantly increased in ZEB1%°, Panels B, C and D
are average measurements presented as mean + SEM. (E) and (F) is representative
of every measurement from each mouse, then showed as a percentage of the total
measurements. Control n=11 and ZEB1*“° n=7. Statistically analysed by an
unpaired t-test. * p < 0.05, *** p < 0.0005
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4.2.8 ZEB1F*Omijce displayed reduced vascular branching within the central
vascular plexus of the developing retina

To elucidate more information about the structure of the central vascular plexus after loss

of endothelial ZEB1, the vessel branching per mm? was quantified. This revealed that

ZEB1E* mice had reduced vascular branching (88.3 *+ 6.54 per mm?) when compared to

control mice (119.1 + 4.22 per mm?, Figure 4.8 B). This showed that within the central

plexus, ZEB1E*C mice had reduced branch points per retina area.

The vessel node was calculated for each vessel segment. This is defined as the number of
connections each vessel segment forms with another. No significant difference in the

average vessel node was observed between ZEB1*®%©°

mice and controls (p > 0.05, Figure
4.8 C). A frequency histogram was generated to visualise the distribution of values across
each node, rather than looking at the total mean (Figure 4.8 D). Together there was no

difference in Node number between Control and ZEB1*° within the central plexus.
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Figure 4.8 ZEB1*° mice have a decreased number of branch within the central
plexus. (A) Representative images of ZEB1™E*° and control P5 retina which were
flat mount stained for CD31. Images were acquired on a confocal microscope at
20x magnification and analysed using ImagelJ. Scale bar = 50 um. (B) Branch points
per mm? is significantly decreased in ZEB1*° compared to controls (C) No
difference in average vessel node between ZEBI1™*° and controls. Data are
presented as mean + SEM and was statistically analysed used an unpaired t-test.
(D) is representative of every node measurement from each mouse showed as a
percentage of the total node measurements. Stastically analysed by an unpaired t-
test. ** p <0.005. Control n=11 and ZEB1° n=7.
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4.3 Discussion

4.3.1 ZEB1'EXO resulted in reduced vessel branching

Measuring angiogenesis by quantifying the percentage of vascular front progression is a
widely accepted method and is present in the majority of publications which utilise the
neonatal retina. In this study we have determined that loss of EC ZEB1 resulted in reduced
vascular extension. These findings suggest that ZEB1 plays a role in the early stages of
vascular development. Consequently, the absence of ZEB1 leads to a delay and inefficiency

in vascular growth.

Qualitatively, images of the vascular network revealed no significant defects in
angiogenesis were observed that led to a completely malformed or deformed network.
Examples of such cases include EC KO of the transcription factor FOXO1, whereby deletion
leads to over proliferation, uncoordinated branching and blunting of the angiogenic front
(Wilhelm et al., 2016). The loss of Notch ligands has a significant phenotype with opposing
roles identified; loss of EC Jagl results in a sparse network, whereas loss of EC DIl4 results

in over proliferative dense network (Benedito et al., 2009; Corada et al., 2013).

Since no striking qualitative difference was observed in the ZEB1¥*° mice, morphological
analysis of the angiogenic front and tip cell quantification was performed to provide a
greater depth of information as to why loss of EC ZEB1 resulted in this inefficiency and
reduced outgrowth. From the analysis surrounding network structure, it was identified
that in ZEB1®“© mice had increased individual vessel segment lengths compared with
controls. Reduced vascular density was also observed in ZEB1¥*°® mice compared with
controls. ERG analysis also revealed that there were fewer EC at the angiogenic front.
Thus, while segment lengths were greater, there were fewer segment lengths overall,

leading to a sparser and elongated network at the leading edge, with fewer ECs.

This raised the question of what mechanism caused these elongated segments. As the
overall area of CD31 staining did not change, it suggests that the elongation and reduced
number of segments could be arising due to changes in branching, as a reduction in branch
points would lead to a sparser network. Quantification of branch points confirmed that

ZEB1E™© had significantly fewer branch points; no changes in the vessel node were
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observed. This finding helps explain the reduction in vascular extension, as fewer branch
points would limit the formation of new vessels, thereby reducing vascular outgrowth and

angiogenesis.

180 mice exhibit fewer ECs at the angiogenic front

Alternatively, the observation that ZEB
suggests that individual ECs may compensate by covering larger segments of nascent
vessels. This implies a potential alteration in EC behavior or morphology, such as increased
cell spreading or elongation, which could affect vessel patterning and stability. This finding
is mechanistically significant, as it indicates that ZEB1 may regulate EC spatial organisation
and coverage within developing vascular structures. Integrating this into the broader

context of ZEB1's role in endothelial function could offer new insight into how

transcriptional control influences angiogenic remodeling.

4.3.2 The altered network structure in ZEB1¥K0 was also present in the central

plexus
It was evident from the reduced vascular extension that the loss of EC ZEB1 resulted in
altered angiogenesis progression, hence why the angiogenic front was explored; however,
the central plexus is also going through phases of remodeling, vessel stabilisation and
vessel pruning (Korn & Augustin, 2015). This area is also preparing for later stages of
retinal development, by which tip cells drive downwards to complete the 3 layers of the
vascular network (Milde et al., 2013; Zarkada et al., 2021). Exploring how loss of EC ZEB1
affects this region of the developing vasculature is therefore key to further understanding

ZEB1s role within retinal development angiogenesis.

Structural assessments of the central plexus, like those performed for the angiogenic
front, revealed that the changes observed in the vascular front were consistent
throughout the plexus. This included a decrease in vessel segment density and an increase
in vessel length. Branch point analysis further confirmed this reduction across the central
plexus, mirroring the angiogenic front. The altered network initially formed at the
angiogenic front in the case of EC ZEB1 KO therefore generates a lasting impact that also
affects the structure of the central plexus. Unfortunately, for the central plexus,
insufficient retinae were stained and imaged for ERG and hence there is no ERG analysis.

However, if | was to speculate what could be observed from this analysis, | would imagine
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that the differences in EC count observed at the angiogenic front would also be observed
in the central plexus too, as all other parameters showed the same effect in the two

regions.

4.3.3 Comparing the endothelial role of other EMT transcription factors

Other transcription factors that have known roles in driving EMT, have been explored
within ECs and within the context of angiogenesis. Two of these are Snail (SNAI1) and Slug
(SNAI2). ZEB1 plays a similar role to Snail and Slug within the context of EMT (Sanchez-
Till6 et al., 2012), and hence it may be assumed that these proteins display similar roles in
ECs. Loss of EC Slug reduces the vascular extension; however, the resulting phenotype
differs from that observed in ZEB1E“© mice in this thesis. EC Slug KO produces a dense
angiogenic front with increased branching and tip cell number; this is contrasting to what
is observed with ZEB1 in this thesis (Hultgren et al., 2020). Therefore, the inefficiency

observed within ZEB1E%© model is likely to be due to an alternative mechanism.

Knockout of Slug using siRNA in neonatal mice specifically affects vessel sprouting and
deep plexus formation within the later stages of retinal vasculature formation (Park et al.,
2015). This finding does hold similarities to what is observed ZEB1E%° mice; however, this
is at a later developmental stage which involves alternative sprouting angiogenic
mechanisms as tip cells dive down to form the deep plexus (Fruttiger, 2007; Zarkada et al.,
2021). This research alongside the findings presented in this thesis demonstrates the
variation between the roles of these EMT promoting transcription factors within

endothelial cells and developmental angiogenesis..

4.3.4 Limitations and potential Cre toxicity

Developmental angiogenesis studies using transgenic neonatal mice, particularly with the
Cre-ERT2 system, are well-established in the literature; however, certain limitations merit
consideration. Recent research has begun to reveal potential adverse effects associated
with the activation of the Cre-ERT2 system. Brash et al highlighted how various endothelial
specific Cre-ERT2 systems leads to impaired retinal angiogenesis without the presence of
a floxed gene (Brash et al., 2020). This included the Cdh5 (VECAD), a commonly published
endothelial specific system (Payne et al., 2018), and what is used throughout this thesis,

as well as Pdgfb and Tie2 driven systems. Specifically, their study demonstrated that
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tamoxifen-induced activation of the Cre-ERT2 system in neonates resulted in reduced
vascular extension and fewer branch points, despite the absence of a floxed gene. This
outcome was observed even when compared to tamoxifen-treated wild-type controls,

thereby ruling out any effects solely attributed to tamoxifen toxicity (Brash et al., 2020).

To demonstrate this, the team used three different concentrations of tamoxifen (50 ug,
100 pg and 150 pg) which evealed a dose-dependent response (Brash et al., 2020). Many
research groups opt for higher concentrations of tamoxifen, to maximise recombination
and, consequently, knockout efficiency. The data presented in this chapter were obtained
using a 50 pg of tamoxifen dose, which is the lowest dose recommended. Brash et al found
no significant difference in vascular extension in the cdh5-CreERT2 mice dosed with only
50 ug doses of tamoxifen, suggesting that Cre-ERT2-specific toxicity is only apparent at
higher tamoxifen doses. Nevertheless, the inclusion of Tamoxifen dosed Cre*/- controls,

that have no floxed genes, should be considered.

Interestingly, while this toxicity was observed in Cdh5 and Pdgfb-driven Cre-ERT2 systems,
it was not present in Tie2-driven systems, suggesting that the observed effects may be
driver-specific. Despite all these systems being described as endothelial specific, there are
subtle differences which could account for this (Payne et al., 2018). There have been
several proposed reasons for this toxicity, such as off-target DNA damage, despite there
being no LoxP sites within the mouse genome. It is possible that Cre-ERT2 activation
influences endothelial cell proliferation, which could explain the observed changes

(Rashbrook et al., 2022).

This important study underscores the necessity of including Tamoxifen-treated Cre*”
controls, which lack floxed genes, in research using the Cre-ERT2 system. Much of the
work presented in this chapter, including colony setup and mouse breeding protocols, was
carried out prior to the publication of this study, and therefore these controls were not
incorporated. Consequently, the potential impact of Cre toxicity on the results presented

in this chapter must be considered before drawing definitive conclusions from the data.

Another limitation of the developmental angiogenesis work in this chapter is that the

exact level of ZEB1 expression has not been confirmed owing to difficulties in extracting
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sufficient ECs and subsequent mRNA from neonate mouse lungs via MACS. The genomic
PCRs from Transnetyx confirm whether each neonate is CreERT* or CreERT27", but do not
provide information on the extent of ZEB1 expression reduction or the proportion of ECs
that have undergone ZEB1 knockdown. This information is important, as the level of
knockout may influence the observed phenotype. Varying tamoxifen dosages can alter the
knockout efficiency, potentially leading to a mosaic knockout. A similar effect was
observed in a study on the transcription factor FOXO1, where a single small dose of
tamoxifen resulted in a mosaic vasculature(Wilhelm et al.,, 2016). The level of ZEB1
expression within ZEB1E*° neonates could be achieved by replicating the KO confirmation
experiments at the beginning of chapter 5. This, however, would require optimisation

owing to the reduced size of lung tissue impacting the cellular and therefore RNA yield.

4.4  Chapter Summary

The work in this chapter aimed to explore the role of endothelial ZEB1 in physiological
angiogenesis using a developmental neonatal transgenic mouse model with an inducible
endothelial-specific ZEB1 KO. Through image analysis of the developing vascular plexus, it
was determined that loss of endothelial ZEB1 led to inefficient angiogenesis, evidenced by
reduced vascular front progression. Additionally, significant alterations were observed in
the vascular network structure, both at the angiogenic front and within the central plexus.
The reduced branching and changes in network organization contributed to the impaired
vascular front progression. These findings have elucidated a role for ZEB1 in regulating
developmental angiogenesis, specifically in endothelial cell function and vascular network

branching.
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5 Identifying the effect of endothelial ZEB1 knockout in a
model of wet age-related macular degeneration

5.1 Introduction

Within a developed organism, the vascular network is within a state of homeostasis, by
which the surrounding tissues are supported by the capillary beds that sustain them. The
ECs remain in a quiescent state, with minimal proliferation, migration, and reduced
metabolism, yet continuously sensing environmental cues and blood contents (Eelen et
al., 2020). The quiescent endothelium still has the capability of undergoing phenotypic
changes which can result in EC activation, angiogenesis initiation and vascular remodeling.
Having this ability is essential to ensure the vascular network can respond effectively to
changes, such as damage, inflammation and growth (Hellste Ylva, 2014). The regulation of
this homeostatic balance is highly important and involves a finely tuned balance of
signaling pathways such as VEGF/VEGFR (Eremina et al., 2003; Kasahara et al., 2000), and
ANG/TIE (Augustin et al., 2009), which activate transcription factors such as FOXO1
(Dharaneeswaran et al., 2014),and ERG (Shah et al., 2016), in a way that promotes survival
and vascular stability, without initiating EC activation and an unrequired angiogenic
response. Any loss to this regulation of endothelial quiescence and vascular homeostasis
is a hallmark of many diseases (Eelen et al., 2020). An example of such disease is wet age-
related macular degeneration (WAMD, sometimes termed neovascular AMD or nAMD but

will be referred to as wWAMD throughout this thesis).

AMD is the leading cause of vision loss in developed countries in those aged 60 or over
and is predicted to affect 288 million people worldwide by 2040 (Wong et al., 2014). In
wAMD, unwanted angiogenesis occurs within the choroidal vessels at the back of the eye
in a process called choroidal neovascularisation (CNV). The exact triggering of
angiogenesis and loss of quiescence is yet to be fully elucidated and may be down to
several factors. One of these factors is due to hypoxia occurring within the RPE as a result
of extracellular deposits called drusen which limit oxygen diffusion (Mammadzada et al.,
2020). The subsequent release of pro-angiogenic factors triggers the endothelial cells of

the choriocapillaris undergo proliferation and migration which leads to rupture of the
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Bruchs membrane, followed by invasion of the retinal pigment epithelial cells, as well as
neuronal layers of the retina (see Figure 5.1). The vision loss comes about due to the
aberrant neovascularisation causing structural damage to the neuronal cells of the retina
(Mcleod et al., 2009; Wang & Hartnett, 2016). Along with this, the highly fenestrated
choriocapillaris result in vascular leakage and as well immune cell infiltration, activation
and cytokine release, which further increases inflammation and fluid build-up that

exacerbates the disease (Ambati et al., 2013).

Although there are multiple forms of AMD, including dry AMD where there is no
neovascularisation but RPE drusen deposits result in vision loss, wet AMD is more severe
and has a profound impact on patients due to its acute loss of central vision (Ferris et al.,
2013). Dry AMD can also develop into wAMD as the disease progresses; therefore, a
significant proportion of research has been focused on therapeutics to target wWAMD (Wolf
et al., 2022). Importantly, much of this therapeutic focus stems from the fact that wAMD
involves a functional and accessible pathological mechanism, choroidal
neovascularisation, which can be directly targeted to preserve or restore vision. In
contrast, the mechanisms behind dry AMD are more degenerative and less amenable to
current therapeutic intervention. As VEGF-A is a prominent pro-angiogenic factor, and
wAMD patients have higher levels of VEGF-A within their aqueous humour (Zhou et al.,
2020), therapeutic strategies were aimed at targeting VEGF-A. Because of this, the most
common therapeutic agents used to treat wWAMD are anti-VEGF-A antibodies such as
Bevacizumab, Ranibizumab and Aflibercept, which are delivered via ocular injection
(recently reviewed in Chen et al., 2023). However, limitations of current therapies such as
reduced efficacy with time, as well as discomfort and anxiety surrounding ocular injections
(Wolf et al., 2022), has mean that research into alternative mechanisms is still on going.
Much of the reduced efficacy experienced with anti-VEGF therapy is due to the VEGF
independent mechanisms which lead to the progression of wAMD. This includes
interactions between semaphorins and their receptors, termed neuropilins (NRP), which
are known co-receptors for VEGFRs. Knockout of NRP-1 was observed to reduced
choroidal neovascularisation (Fernandez-Robredo et al., 2017), and it was identified that
NRP-1 was capable of inducing vascular permeability independently of VEGF (Roth et al.,

2016). Other factors such as TGFB have been identified as being higher in the aqueous
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humour of patients with wAMD in comparison to healthy subjects (Tosi et al., 2017). As
well as this, PDGF signaling has also been identified as possible treatment target, as anti-

PDGF treatment reduced AMD pathophysiology in rabbit models (Ding et al., 2017).

Modelling AMD using laser photocoagulation to rupture the Bruchs membrane was first
developed by SJ Ryan in non-human primates in the late 1970s (Ryan, 1979). The resulting
inflammatory and angiogenic response was subsequently found to replicate some aspects
of what is observed in patients with wAMD (Miller et al., 1990), leading to the model being
widely accepted. Since then, the method has been adapted to use mice and rats, with the
laser induction of CNV within mice first being published as a model for wWAMD in the 1990s
by the Campochairo group, in their research showing targeting fibroblast growth factor 2
does not alter disease progression (Tobe et al., 1998). The laser-CNV model has therefore
continued to be used throughout the literature and within drug development for wAMD.
The assay is widely reported as well-tolerated and is able to replicate the angiogenic and

inflammatory processes that occur during wAMD (Lambert et al., 2013).

The protocol for laser-CNV involves the burning of lesions using an Argon laser focused on
the RPE layers at the back of the eye. This is achieved under general anaesthesia and with
the aid of eye drops that dilate the pupils to make the retina accessible (Lambert et al.,
2013). The lesion generated disrupts the Bruchs membrane and RPE layer, resulting in
inflammation and hypoxia which leads to neovascularisation. The protocol can be
modified using transgenic mice, or administration of compounds either via intravenous,
intraperitoneally or intravitreal injections. In the days following lasering, the mice can be
imaged using fundus fluorescein angiography (FFA) to quantify lesion leakage, again using
pupil dilating drugs and under general anaesthesia. Once the study timeline is complete
and mice sacrificed, the lasered eyes can be dissected and stained to observe the

neovascular lesion and any surrounding inflammation (Green et al., 2022).

In chapter 4 | demonstrated that loss of endothelial ZEB1 impacted developmental
angiogenesis by reducing vascular front progression and branching. But until now this
has not been explored in the context of angiogenic disease in the form of wWAMD. The
work in this chapter will focus on exploring how loss of endothelial ZEB1 affects wWAMD

by utilising the murine laser-CNV model.
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Figure 5.1 Choroidal Neovascularisation within wet Age-Related Macular
Degeneration. (A) A cross section of a human eye to display the location of the
macula, as well as labelling the layers of the back of the eye. (B) A schematic
comparing the structural layers of the retina and the back of the eye in the case of
a normal patient, and one with wAMD. In the AMD case, CNV has occurred which
has resulted in structural damage to the retinal pigmented epithelium and neural
layers, as well as fluid leakage into the retina. Created with biorender.

208




5.2 Results

5.2.1 ZEB1'E*® mice have reduced ZEB1 mRNA expression following tamoxifen
administration

ZEB1"ficdh5CRE-ERT2Y and ZEB1"ficdh5CRE-ERT/- were ear notched at between 4-5

weeks old and tissue sent to Transnetyx for genomic DNA PCR genotyping. Lungs from

dosed adult ZEB1"fcdh5CRE-ERT2* and ZEB1"fcdh5CRE-ERT27" mice underwent

digestion and magnetic cell sorting to isolate CD31" endothelial cells. mRNA was extracted

from both the input, CD31" and CD31*, converted to cDNA and taken for digital droplet

PCR analysis.

To first assess the accuracy of the CD31 pull down, the expression levels of PECAM-1
(CD31) within all cell fractions were determined via ddPCR and normalised to GAPDH. This
revealed that magnetic cell sorting achieved a high level of CD31* cell enrichment in both
the control and ZEB1E© mice. Only low levels of CD31 are observed within the CD31" or
‘flow-through’ fractions, indicating the pull down of CD31*cells in an attempt to enrich for

CD31* endothelial cells was successful (Figure 5.2 A).

Following this, the level of ZEB1 mRNA expression in all fractions was determined and
normalised to GAPDH in the control mice. This revealed that ZEB1 mRNA expression is
enriched in the CD31" fraction (1.566 + 0.144) in comparison to the CD31 fraction (0.209
+ 0.023), indicating expression of ZEB1 within the lung is associated within the CD31* cell
population (Figure 5.2 B). The level of ZEB1 mRNA expression was then determined within
the CD31* cell fractions of both control and ZEB1¥*° mice. This identified that the
ZEB1E*® mice had significantly reduced ZEB1 mRNA expression (0.436 * 0.044), in
comparison to control mice (1.000 = 0.092, Figure 5.2 D, P < 0.05). This confirmed that the
inducible transgenic KO of ZEB1 was leading to a reduction in ZEB1 expression in CD31*
cells. The level of ZEB1 mRNA was also assessed within the CD31" or ‘flow-through’ fraction
to assess whether there had been any change in CD31" cell types. This revealed that there
was no significant difference in ZEB1 mRNA expression in the CD31" cell fraction between
the control and ZEB1E“© mice (P > 0.05, Figure 5.2 C). Taken together these results
indicate that ZEB1*° mice display a reduction of ZEB1 mRNA expression that is CD31*

specific and does not alter ZEB1 expression in any CD31 cell types.
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Figure 5.2 ZEB1 mRNA expression was determined to be significantly reduced in
ZEB1™© €D31* cells isolated by magnetic cell sorting, compared to controls.
ZEB1¥° and control mice received daily doses of tamoxifen via IP injection over 5
days to induced Endothelial specific Cre-ERT mediated KO of ZEB1. 3 weeks after
dosing, mice were culled, lungs dissected and dissociated, followed by magnetic cell
sorting for CD31. mRNA was extracted from input, CD31 and CD31" cells, reverse
transcribed to cDNA, followed by ddPCR analysis to assess changes in RNA
expression. (A) CD31 expression normalised to GAPDH is displayed across all
fractions and revealed a strong enrichment of CD31 expressing cells in the CD31*
cell fraction. Input vs CD31 and CD31 vs CD31" were compared using a paired t-test
which revealed statistical significance between all groups (B) ZEB1 expression
normalised to GAPDH across all cell fractions in control animals only. Data
expressed relative to input. (C) ZEB1 mRNA expression in CD31 cell compared
between control and ZEB1%° groups. Data expressed relative to control (D) ZEB1
MRNA expression in CD31* cell compared between control and ZEB1E™° groups.
Equal amounts of cDNA were used in the ddPCR and expression was normalised to
GAPDH. Data expressed relative to control. All data are presented as mean + SEM
and al but (A) and (B) were stastically analysed used a paired t-test. ** p < 0.005,
**%p <0.0005, **** p <0.0001
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5.2.2 ZEB1'F®O display increased leakage area over time despite being not

significant at individual time points

Once dosed to induced knockout and lasered to induced CNV, control and ZEB1E€C mice
underwent FFA imaging on days 3, 7 and 14 post-lasering. FFA images were analysed by
measuring the size of the leakage area on image J. The mean leakage area was then

1ECKO group and the

plotted against time to observe any differences between the ZEB
control group (Figure 5.3). A two-way ANOVA was performed to analyse the effect of
varying genotype (control or ZEB1E%©) and time (days) on lesion leakage. Simple main
effects analysis revealed that genotype had a statistically significant impact on lesion
leakage (*, P < 0.05), suggesting that knockout of endothelial ZEB1 is generating changes
in lesion leakage. Ontop of the two-way ANOVA, Sidaks multiple comparisons test was
performed to determine differences between control and or ZEB1E*C at individual time
points. Although a reduction is observed, the difference was determined not to be
statistically significant (P > 0.05). Therefore, although the effect of genotypes had a

statistically significant effect on leakage area, this effect was not great enough at

individual time points for it to be significant.
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Figure 5.3 Main effects analysis revealed ZEB1*° mice had significantly
increased lesion leakage area throughout the study but there was significant
difference at individual time points. ZEB1t“C and control mice received daily doses
of tamoxifen via IP injection over 5 days before undergoing laser CNV. Fundus
fluoresceine angiography (FFA) was performed on days 3, 7 and 14 post-lasering.
(A) Representative FFA images are shown. (B) The area of lesion leakage was
measured using Image J and plotted against time (days). (C) Leakage size was
analysed by a Two-way ANOVA with Sidaks multiple comparisons test. Simple main
effects analysis showed that genotype (control or ZEB1E*°) had a stastically
significant effect on leakage area (*) P < 0.05. Sidaks multiple comparisons test
revealed the difference in leakage area between control and ZEB1*° was not
statistically significant at any time point P > 0.05. Data presented as mean + SEM.
Control day 3, day 7 and day 14 N= 10, 13, 12 respectively. ZEB1E*° day 3, day 7
and day 14 N= 19, 19, 19 respectively.
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5.2.3 Male ZEB1F“O mice have a significantly increased lesion leakage area at
day 3 and day 7 post-lasering

It was noted that within the FFA leakage area data for the ZEB1E%° group there was a
large amount of variation. Because sex differences have been reported in multiple animal
studies, especially in laser induced CNV (Gong et al., 2015), the data was split between
male and female mice. Analysis from FFA images from male control and male ZEB1*¢°
mice were then plotted against time to observe any differences in these two groups
(Figure 5.4). Two-way ANOVA analysis again revealed by simple main effects analysis that
genotype had a statistically significant impact on lesion leakage, but with increased
significance (****, P < 0.0001). As done previously, Sidaks multiple comparisons was
performed to analyse any differences between male control and male ZEB1© groups at
individual time points during the study. This revealed that at 3 days post-lasering male
ZEB1© mijce have an increase in leakage area compared to control male mice (47,484 +
5716 AU compared to 24,114 + 5801 AU control, P < 0.05). This was also the case at 7 days
post-lasering where male ZEB1*® mice have an increase in leakage area compared to
control male mice (42,973 + 7669 AU compared to 17,470 + 3383 AU control, P < 0.05).
Although a difference is still observed on day 14, it is not calculated as significant at P =
0.105. Together this data indicates knockout of endothelial ZEB1 has a profound effect on
fluorescein leakage from CNV lesions in male mice. This is seen as a significant increase
the area of fluorescein on days 3 and 7, whereas the effect observed decreases over time
as the lesion size reduces, hence by day 14 this difference is not observed to be statistically

significant.
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Figure 5.4 Male ZEB1° mice have increased leakage areas compared to control
male mice. ZEB1¥*° male and control male mice received daily doses of tamoxifen
via IP injection over 5 days before undergoing laser CNV. Fundus fluoresceine
angiography (FFA) was performed on days 3, 7 and 14 post-lasering. (A) Male data
weres replotted and representative male FFA images are shown. (B) Data was
replotted to separate out sex. The area of lesion leakage was measured using Image
J and plotted against time (days). (C) Leakage size was analysed by a Two-way
ANOVA with Sidaks multiple comparisons test. Simple main effects analysis showed
that genotype (control or ZEB1*°) had a statistically significant effect on leakage
area (****) P < 0.0001. Sidaks multiple comparisons test indicated statically
significant differences at days 3 and 7. * P < 0.05, ** P < 0.005. Data presented as
mean + SEM. Control day 3, day 7 and day 14 N=5, 7, 7 respectively. ZEB1E™C day
3, day 7 and day 14 N= 9, 9, 7 respectively.
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5.2.4 Female ZEB1E*O mice show no increase in lesion leakage area

Next was to determine how the female mice responded to laser-CNV by the means of
lesion leakage area. Analysis from FFA images from female control and female ZEB1E©
mice were plotted against time to observe any differences in these two groups. However,
with the female mice no major differences were observed (Figure 5.5). A two-way ANOVA
was performed to determine whether genotype affected lesion leakage across the 3 days.
Simple main effects analysis determine that genotype did not have a statistically
significant effect on lesion leakage (P > 0.05). Sidaks multiple comparisons test was

performed to analyse any differences between female control and female ZEB1E©

groups
at individual time points during the study, which also revealed no significant differences
at any time point (P > 0.05). This indicates that knockout of endothelial ZEB1 has no impact

on lesion leakage after laser induced CNV in female mice.

To compare how male and female, ZEB1E%C and control mice respond to laser CNV in the
form of lesion leakage over the 3 time points, all four groups were plotted together (Figure
5.6). This highlighted that ZEB1E“© male mice had much larger areas of lesion leakage,
compared to the other 3 groups, with both female control and female ZEB1E*© mice
responding similarly to male controls. A two-way ANOVA with Sidaks multiple
comparisons test was performed to identify any differences between these groups at
individual time points. As previously explained, male ZEB1E“° mice had significantly larger
areas of lesion leakage at days 3 and 7, compared to control males. However, this
identified a statistically significant difference in the lesion leakage area between male
ZEB1*° mice and female ZEB1E%*° mice, also on day 3 and day 7. Taken together, this
data indicates that endothelial ZEB1 knockout influences lesion leakage area differently in
males compared to females, in response to laser CNV. ZEB1E® male mice have larger
areas of lesion leakage, whilst ZEB1*© female mice do not vary from that of control

female mice.
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Figure 5.5 Female ZEB1%“° mice display no change in lesion leakage area
compared to control female mice. Rehearsal of data from Figure 5.4: ZEB1°
female and control’™" mice received daily doses of tamoxifen via IP injection over
5 days before undergoing laser CNV. Fundus fluoresceine angiography (FFA) was
performed on days 3, 7 and 14 post-lasering. (A) Representative female FFA images
are shown. (B) Data was replotted to separate out sex. The area of lesion leakage
was measured using Image J and plotted against time (days). (C) Leakage size was
analysed by a Two-way ANOVA with Sidaks multiple comparisons test. Simple main
effects analysis revealed that genotype (control or ZEB1E™°) had no effect on
leakage area P > 0.05. Sidaks multiple comparisons test also revealed no difference
in leakage area between control and ZEB1° at any time point P > 0.05. Data
presented as mean + SEM. Control day 3, day 7 and day 14 N= 5, 5, 4 respectively.
ZEBI1¥C day 3, day 7 and day 14 N= 10, 10, 11 respectively.
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Figure 5.6 Male ZEB1E%° mice and female ZEB1**° have different FFA leakage
areas and do not respond in the same way to laser CNV. Rehearsal of data from
Figure 5.4: ZEB1*° and control male and female mice received daily doses of
tamoxifen via IP injection over 5 days before undergoing laser CNV. Fundus
fluoresceine angiography (FFA) was performed on days 3, 7 and 14 post-lasering.
(A) Representative male and female FFA images are shown. (B) The area of lesion
leakage was measured using Image J and plotted against time (days). (C) Data was
replotted to separate out sex. Leakage size was analysed by a Two-way ANOVA
with Sidaks multiple comparisons test. Simple main effects analysis showed that
genotype (control or ZEB1E*°) had a statistically significant effect on leakage area
(¥***) P <0.0001. Sidaks multiple comparisons test revealed that in female mice
there was no significant difference in lesion leakage between control and ZEB1%°
at any time point. Sidaks multiple comparisons also revealed that the leakage area
was significantly increased in to ZEB1° male mice compared to to ZEB1%E™0
female mice onday 3and 7. * P<0.05, ** P <0.005, *** P <0.0005, Data presented
as mean + SEM. Male control day 3, day 7 and day 14 N=5, 7, 7 respectively. Male
ZEBI1™®%° day 3, day 7 and day 14 N=9, 9, 7 respectively. Female control day 3, day
7 and day 14 N= 5, 5, 4 respectively. Female ZEB1t™° day 3, day 7 and day 14 N=
10, 10, 11 respectively.




5.2.5 ZEB1E™O results in increased CD31 neovascular lesion in both male and
female mice laser CNV

On day 14 post lasering, the mice were sacrificed and eyes fixed. The choroids were then
dissected, whole mount stained for CD31 and image using a confocal microscope. The area
of the neovascularised region was calculated by image J. Because a sex difference was
observed in fluorescein leakage area size, and there have been numerous reports
identifying sex difference in the murine laser-CNV model, primarily highlighting that
female mice display larger and greater variation in lesion sizes (Gong et al., 2015), the data
was split into male and female groups (Figure 5.7). This was then plotted separately in
order to determine whether a sex difference is also seen when observing the neovascular
lesion size (Figure 5.7 B). In this case, individual lesions were plotted, and outliers were
identified and removed using ROUT (where Q = 1%) before being analysed by 2-way
ANOVA with Sidaks multiple comparisons test. This revealed that both male and female
ZEB1E*® mice had significantly larger neovascular lesion sizes when compared to their sex
control mice (for male ZEB1E%° 105,800 + 13703 um? compared to 49,284 + 9013 pm?
control males; for female ZEB1E™° 66,585 + 8243 pum? compared to 27,000 + 3278 pum?

control females).
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Figure 5.7 Both male and female ZEB1®t“*° mice have larger CD31 stained
neovascularised lesions compared to control mice after laser-CNV. ZEB1t° and
control male and female mice underwent laser-CNV. On day 14 mice were sacrificed,
choroid dissected and fixed before being stained for CD31 and imaged using confocal
microscopy and analysed using Image J. (A) Representative images are shown (B) CD31
Lesion size is plotted per lesion and is significantly increased in ZEB1*° male and
females, compared to male and female controls. Data plotted as individual lesions.
Outliers were identified and removed using ROUT identify outliers test where Q = 1%.
Data presented as mean + SEM. Control N = 12, ZEB1%° N = 18. Statistically analysed
by 2-way ANOVA with Sidaks multiple comparisons test.* P < 0.05
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5.2.6 Female ZEB1'E“KO mice have a significantly decreased CD45 integrated
density compared to male ZEB1'EKO mice

To assess the immune cell infiltration occurring within the neovascular lesions, CD45
staining was also performed and imaged. The CD45 staining was quantified by determining
the integrated density of the lesion area, identified by CD31. To determine whether there
is a sex difference in the integrated density of the inflammation marker, CD45, the data
was splitinto male and female groups (Figure 5.8). This was achieved by plotting individual
lesions and removing outliers by ROUT (where Q = 1%), before being analysed by 2-way
ANOVA with Sidaks multiple comparisons test. This revealed that both male and female
ZEB1*® mice display no significant difference in CD45 integrated density when compared
to the same sex controls (P > 0.05). However, what was noteworthy is that female ZEB1'K©
mice displayed a significantly reduced CD45 integrated density in comparison to male
ZEB1E*C mice (1.276x10° + 0.198x10° AU compared to male ZEB1®© at 3.332x10° +
0.450x10° AU). This data suggests that both male and female ZEB1° mice show no
change in inflammation as measured by CD45 integrated density when compared to same
sex controls. However, this has identified that female ZEB1E° mice display a significantly
decrease level of inflammation and immune cell infiltration when compared to male

ZEB1E0 mice.
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Figure 5.8 Female ZEB1E%° mice exhibited reduced CD45-associated
inflammation compared to male ZEB1t° mice after laser-CNV. ZEB1° and
control male and female mice underwent laser-CNV. On day 14 mice were
sacrificed, choroid dissected and fixed before being stained for CD31 and CD45 and
imaged using confocal microscopy and analysed using Image J. (A) Representative
images are shown (B) CD45 integrated density was determined in the CD31 lesion
area. CD45 integrated density is plotted per lesion shows no change between
ZEB1*0 male and females, and their controls. However, ZEB1t*° male mice do
have a significantly increased CD45 integrated density when compared to ZEB1E%©
female mice. Data plotted as individual lesions. Outliers were identified and
removed using ROUT identify outliers test where Q = 1%. Data presented as mean
+SEM. Control N = 12, ZEB1*C N = 18, Statistically analysed by 2-way ANOVA with
Sidaks multiple comparisons test.**** P < 0.0001
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5.3 Discussion

5.3.1 Determining the level of ZEB1 expression

In this chapter | was able to determine via reverse transcription and digital droplet PCR,
the level at which ZEB1 mRNA was reduced after tamoxifen dosing of ZEB1"# cdh5 Cre-
ERT2* mice. The isolation and enrichment of endothelial cells by CD31* pull down via
magnetic cell sorting, yielded a high level of endothelial cells. The lungs were chosen as an
ideal tissue to isolate ECs due to the fact they are highly vascularized, therefore having a
high EC density compared to other tissues. From the CD31* isolated cell fraction from both
control and ZEB1E%° mice, the level of ZEB1 mRNA was determined which proved a robust
reduction in ZEB1 expression within the iECKO group, averaging around 55%. This level of
reduction was evidently enough to create a phenotype within the context of the laser-
CNV model. Nonetheless, this does bring into question whether a greater reduction may

have increased effects or even give rise to alternative effects.

5.3.2 Quantification of the reduction in endothelial ZEB1 expression within the
iECKO model is comparable other reports within literature

To discover whether it is possible to further decrease the level of ZEB1 expression, the
literature was searched to determine if greater levels of KO are achieved; however, groups
who utilise the iECKO model confirm their reduction in their chosen KO gene expression
in a variety of ways. Crist et al applied a similar method to that used within this thesis
when determining the level of Smad4 within lung ECs isolated from Smad4®“° mice;
revealing around 50% reduction on Smad4 expression (Crist et al., 2018). This is similar to
what is seen with ZEB1E*° mice, indicating that the reduction in expression level that is
observed is not dissimilar to what has been achieved previously. The approach displayed
in this thesis was adapted from a previously published method in determining the level of
VEGFR2 expression in a Tie2 Cre driven VEFR2E*° model (Beazley-Long et al., 2018). This
publication also reported a similarity in the level of reduction of the transgene, further
confirming that the reduction in ZEB1 expression seen here, are comparable and

consistent with the field.

There have been publications whereby a greater level of reduction of transgene

expression was achieved, such as the research using BMPR1A®C by Lee et al. This work
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determined a very large reduction in BMPR1A expression via western blot, however the
samples ran on this western were not directly from tamoxifen induced BMPR1AEC mice.
Instead, it appears that they isolated ECs from un-dosed mice before treating them in
culture with a Cre expressed adenovirus to induce recombination and BMPR1A KO (Lee et
al., 2022). Although this method shows that the recombination site is correct and
recombination is possible, it does not determine the level of protein expression in dosed
mice. Therefore, publications like these should be observed with caution when comparing

expression levels.

Another publication which reports the reduction of multiple transgenes, describes the
effects of knocking out VEGFRs on the developing vasculature by Karaman et al. Although
an influential publication, they did not isolate endothelial cells to test for the level of
transgene expression; instead performing qPCR analysis on whole lungs, which gave them
a robust level of KO (Karaman et al., 2022). This was likely achievable in this way because
the VEGFRs are primarily expressed on endothelial cells, and less frequently on other cell
types (Shibuya, 2006). However, this method is unlikely to be suitable for determining the
level of ZEB1 within the iECKO model used in this thesis, due to the known expression of

ZEB1 in other cell types.

5.3.3 ZEB1'EO results in increased lesion leakage in male mice

When knocking out endothelial ZEB1 in male mice, the lesions created by the laser-CNV
method produce larger fluoresceine leakage in comparison to control male mice. This
suggests that the neovascular lesions are larger and more permeable. The increased
permeability seen in wAMD/CNV, is as a result pathological neovessels that form within
the disease (Wolf et al., 2022). Loss of ZEB1 is therefore observed to be exacerbating the

pathology within this model.

1EO mice proved that there is an

Whole mount staining of choroids from male ZEB
increase in neovascular lesion size in comparison to control. This alone may have been
enough to directly cause the increase in lesion leakage seen by FFA; however, there are
multiple other factors which can increase the permeability of the vasculature and
therefore impact the permeability of the neovascular lesions seen in laser induced CNV.

As previously stated, the levels of VEGF within the aqueous humour are raised within
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WAMD patients (Zhou et al., 2020). VEGF is known to be key driver of vascular permeability
in a variety of physiological and disease states, including wAMD (Bates, 2010). The role
VEGF plays in CNV lesion leakage is evident due to the success in anti-VEGF therapies in
clinical trials (recently reviewed in Chen et al., 2023). Not only this, VEGF is also capable
of promoting recruitment of inflammatory cells (Barleon et al., 1996). The recruitment of
inflammatory cells, as well as release of pro-inflammatory cytokines, further increases the
permeability of these angiogenic choriocapillaris, and hence generate greater leakage
from CNV lesions. It would therefore be interesting to determine the levels of these pro-
permeability cytokines, including VEGF, in response to laser-CNV when EC ZEB1 has been
knocked out. Confirming this by ELISA at a local level within the eye, as well as a systemic

level may provide a link between EC KO of ZEB1, and the increase in leakage observed.

5.3.4 Theincrease in fluorescein leakage in ZEB1'% O js sex dependent, but CNV
lesion area is not

It is evident from the FFA data that the increase in fluoresceine leakage in ZEB1E*° mice
is a male-only phenomenon. When assessing fluoresceine leakage from these lesions,
female ZEB1“° mice do not respond at all in the same way that male ZEB1*° mice do,
with the difference between the two being statistically significant. From the confirmation
of ZEB1 knockout and reduction in ZEB1 mRNA expression, there is little reason to suggest
the level of knockout varies between male and female mice. Therefore, this brings about
the possibility that the reduction of EC ZEB1 expression has alternative effects in male and

female mice, in response to laser induced CNV.

It has been actively reported in the literature that there is a difference in which male and
female mice respond to the laser-CNV model. Gong et al reported that both male and
female mice had increased lesion size with age. However, this increase in lesion size with
age was much more profound in female mice, compared to male mice. They reported 12—
16-week-old female mice having significantly larger lesion sizes compared to 12-16-week-
old males (Gong et al., 2015). This had been described previously and the cause of such
increase suggested as being due to the heightened estrogen levels in older female mice,
as estrogenic supplementation also increased lesion size (Espinosa-Heidmann et al.,

2005). It is because of these reported sex differences, many research groups utilising the
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laser-CNV method chose to only use male mice to reduce variability; however, in line with
increased expectations to use both sexes in animal research (Child et al., 2022), both sexes
were used in this thesis. As prior knowledge of a laser-CNV sex dependent affect was
known, the data was therefore subsequently presented as both sexes, as well as male and
female separately, to ensure any sex differences were reported. The data presented in
this chapter demonstrate a sex difference, as evidenced by the absence of fluorescein
leakage in female ZEB1“© mice, despite a marked increase in leakage observed in male
ZEB1E™© mice. The presence of this increase in male ZEB1E“© mice, when compared to
same sex controls, suggests that the observed sex difference is specific to the ZEB1

knockout.

Gong et al published an extensive study into the optimisation of laser-induced CNV in
2015, which highlighted variables that can affect CNV lesion size. The age and sex of mice
was observed as being highly influential in the size of lesion produced. Both male and
female mice produced on average larger lesions, with an increase in lesion size variation,
if lasered between the 12-16 weeks of age, compared to those lasered at 8-6 weeks of age
(Gong et al., 2015). This agreed with previously reported aged differences in response to
murine laser induced CNV already within the literature (Espinosa-Heidmann et al., 2002).
However, this previous study used 2-month-old and 16-month-old mice, whereas Gong et
al noted these differences in much smaller age gaps in ages of mice more commonly used
in research. As previously mentioned, this increase in lesion size with age was even more
profound in female mice (Gong et al., 2015), likely due to the increase in estragon levels
(Espinosa-Heidmann et al., 2005). The age of mice within thesis chapter was kept to a
minimum owing to this. What must be noted is that the sex difference reported by Gong
et al was identified within flat mount staining of choroid lesions. No FFA imaging published
within this study to confirm whether this sex difference was also observed within
fluorescein leakage from lesions. Therefore, it is not currently known whether this general

sex difference extends onto fluoresceine leakage.

Although female ZEB1E° mice do not display the same increase in lesion leakage as male
ZEB1EXC mice, this sex difference is not observed when determining lesion size by CD31

flat mount staining of the neovascular lesion. From the data displayed in this chapter, both
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male and female mice show an increase in CD31 neovascular lesion size compared to their
same sex controls. This indicates that the sex difference in CNV lesions observed in this
study is only within the fluorescein leakage of the lesion, and not the neovascular lesion
size itself. One possible explanation is that estrogen in female mice may confer
vasoprotective effects by enhancing endothelial barrier integrity, thereby limiting leakage
despite similar levels of neovascularisation. Alternatively, sex-dependent inflammatory or
permeability responses, possibly involving differential expression of tight junction

proteins or cytokine sensitivity, may underlie the observed difference (Xing et al., 2009).

5.3.5 ZEB1'FC female mice had reduced lesion inflammation when compared
with ZEB1E0 male mice

Angiogenesis in both its physiological and pathological forms is associated with
inflammatory processes. Angiogenesis that occurs within disease states, such as wAMD,
is especially linked to inflammation. In certain cases of wAMD, it is understood that
underlying inflammation from uveitis has directly contributed to the disease presenting
(Baxter et al.,, 2013). But what is common generally for wAMD patients is that the
neovascularisation that occurs triggers inflammation which further progresses the
disease. This generates a type of feedback loop, whereby inflammation from the RPE cells
triggers endothelial activation, which in-turn prompts immune cell infiltration, leading to
further cytokine release and greater vascular leakage (Kauppinen et al., 2016; Sprague &
Khalil, 2009). Many cytokines have been observed to have been elevated in patients with
AMD, either systemically or locally. These include but are not limited to: IL-6, IL-8 (Miao
et al., 2012), IL-17 (Ardeljan et al., 2014), and CCL2 (Jonas et al., 2010).

Assessing the level of inflammation within neovascular lesions within the ZEB1E“° group
was therefore an important part of assessing how loss of endothelial ZEB1 affects the
neovascular process in laser induced CNV. This was achieved by staining for CD45, a
leucocyte common antigen that is expressed on almost all haematopoietic cells (Barford
et al., 1994). The type of CD45 staining varied quite significantly throughout all of the
groups. Some CDA45 staining had undefined edges, which made getting an accurate area
measurement difficult; hence the integrated density of the lesion, as measured by the

CD31 area was utilised. The inflammation assessed by CD45 integrated density
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measurement of the neovascular lesion area revealed there was no significant difference
between the ZEB1E*° males and control males. This therefore implied that knocking out
endothelial ZEB1 resulted in an increase in neovascularization but did not significantly
impact inflammation. While this analysis revealed no significant difference in
inflammation between ZEB1E%C and control males, the diffuse nature of CD45 staining in
some ZEB1EC |esions suggests a possible alteration in vascular barrier properties. This
could indicate that loss of endothelial ZEB1 may impair endothelial junction integrity,
allowing immune cells to infiltrate more diffusely rather than accumulating at defined

sites.

It was noted that female ZEB1E° mice had significantly reduced CD45 integrated density,
compared to male ZEB1%C mice. This provides further evidence that loss of endothelial
ZEB1 within male and female mice has alternative effects in response to laser CNV. The
reduced inflammation displayed by the ZEB1E*© mice is likely explained by the reduction
in fluorescein leakage resulting in a reduced immune cell infiltrate. The FFA data provides
information regarding the leakiness and permeability of the neovascular region. Because
this leakage is observed as being reduced in the female ZEB1E*© group compared to the
control, this indicates the endothelial barrier is less permeable. This could therefore
significantly impaire the ability of leucocytes and immune cells to extravasate and
infiltrate the surrounding tissues within the female ZEB1*° group, in comparison to the

male ZEB1EC, where the leakage is largest and therefore infiltration can occur.

There are a number of other molecular and signalling factors which may result in this
reduction in inflammation observed in ZEB1*° females compared with ZEB1E®° males.
ECs within the choriocapillaris express cell adhesion molecules such as ICAM-1, which is
responsible for leukocyte adhesion, therefore increasing the opportunity for leukocyte
transmigration (Mcleod et al.,, 1995). Circulating immune cells detect the site of
inflammation by following a chemokine gradient before migrating out of the bloodstream.
This extravasation process is facilitated by endothelial cell responses to cytokine signals
from the surrounding environment, leading to the upregulation of adhesion molecules,
including JAMs, selectins, ICAM-1, and VCAM-1. These molecules promote the adhesion

of circulating leukocytes to the vascular wall (Weber et al., 2007). It is possible that the

227



loss of endothelial ZEB1 is affecting the endothelium's role in the extravasation and

infiltration process.

ECs are the source of some inflammatory cytokines, including IL-1a and IL-1b, which act
upon various target cells including NK cells and B cells to initiate inflammatory activation
responses (Sprague & Khalil, 2009). The loss of endothelial ZEB1 may impair the ECs’ ability
to release cytokines, leading to a reduced level of immune cell activation. The observed
altered response could stem from changes at any stage of the process, ranging from the
initial sensing of stimuli to the activation of signaling pathways, followed by gene

expression changes that ultimately activate the endothelium in an inflammatory context.

5.3.6 Limitation in clinical translation of the laser-CNV model

Although the laser-CNV model has been extensively utilised and allowed for the
development of anti-VEGF agents now used in the clinic, it does display differences from
WAMD. The use of a laser to damage the Bruchs membrane drives a wound-healing
reaction which is not strictly true of what occurs in wAMD. It is understood that this wound
healing process and triggering of immune cells has a major role in promoting the
neovascularisation observed within the laser-CNV model, as studies which depleted
macrophages showed that this reduced the size of laser-CNV induced neovascular lesions
and lesion leakage (Espinosa-Heidmann et al., 2003). However, the triggering of
neovascularisation within wAMD differs from this, and displays other factors that are not
present in this model, such as drusden, and increased levels of VEGF released by the RPE.
Therefore, the effects observed when endothelial ZEB1 is knocked out in this model
cannot be directly linked to wAMD itself but instead can be linked to the effects of laser-
CNV, which includes wound healing in response to laser injury. This still provides insights
into the role of endothelial ZEB1 in a disease model such as this, but the triggering of that

disease model also induces events which are not completely true of wWAMD.

5.4 Chapter Summary

The work in this chapter aimed to explore how loss of endothelial ZEB1 affects
pathological angiogenesis. This was achieved by using the laser-CNV model of wetAMD, a
disease whereby aberrant angiogenesis occurs within choriocapillaris, leading to

blindness. KO of endothelial ZEB1 in male mice resulted in an increase in FFA leakage

228



within the lesion, but this effect was not observed in female mice. Loss of EC ZEB1
increased CD31 neovascular lesion size in both sexes; however, Female ZEB1E*° mice
exhibited reduced inflammation compared to male ZEB1E© mice. Taken together this
data suggests that loss of EC ZEB1 results in increased pathological angiogenesis; however,
there appears to be a sex difference in the lesion leakage and subsequent inflammation

within ZEB1© groups.
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6 Exploring how loss of endothelial ZEB1 affects

revascularization in a model of peripheral artery disease

6.1 Introduction

Peripheral arterial disease (PAD) is a condition characterized by endothelial dysfunction,
which contributes to arterial blockage and insufficient collateral vessel formation and
revascularisation (Figure 6.1). PAD is a major cardiovascular disease (CVD) that specifically
affects the arteries supplying blood to the legs, leading to partial or complete blockage
(Kavurma et al.,, 2022). This arterial occlusion results in reduced blood flow and
hypoperfusion, causing tissue ischemia, which in turn leads to pain. Over time, this can
progress to ulceration and gangrene, often culminating in limb amputation (Ouriel, 2001).
The clinical relevance of PAD is evident, as it is predicted to affect over 200 million people

wordwide (Virani et al., 2021).

Tissue homeostasis is maintained through the endothelium’s ability to respond to changes
in oxygen tension and acidosis. Insufficient blood supply leads to tissue ischemia, reducing
the delivery of oxygen and nutrients to the affected area. When the endothelium cannot
appropriately respond by initiating vessel dilation and new vessel growth, prolonged
ischemia results in tissue damage (Herndndez-Reséndiz et al., 2018). The response to
ischaemia is primarily regulated by HIF signalling and the production of pro-angiogenic
factors such as VEGF (Pugh & Ratcliffe, 2003). In addition, both arteriolargenesis and
arteriogenesis are essential processes in response to ischemic injury. In arteriolargenesis,
smooth muscle cells are recruited to the expanding capillary network to generate
arterioles, which is regulated by eNOS, VEGF and Ang-1 (Benest et al., 2008). Whereas
arteriogenesis is the process in which arteries are generated though remodelling of
preexisting arterioles, which therefore compensate for occluded arteries (Van Royen et
al., 2001). Together, arteriogenesis, arteriolargenesis, and angiogenesis contribute to the

revascularization of ischemic tissue.

In the context of PAD, there is an impaired response to hypoxic stimuli, leading to an

insufficient angiogenic response (Kavurma et al., 2022). This dysfunction has been
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observed in both humans and animal models, with comorbidities such as aging (Hodges
et al., 2018), diabetes (Fadini et al., 2019), and high cholesterol (Jang et al., 2000) having
a negative impact on the ability of the vasculature to respond to the blockage.
Additionally, microvascular dysfunction, characterized by impaired oxygen delivery due to
disruptions in blood flow regulation and vessel tone, has been associated with an
increased risk of amputation in patients with PAD (Behroozian & Beckman, 2020). As a
result, understanding the transcriptional response of ECs during ischemic injury is a critical

focus of current PAD research.

In the late 1980s and early 1990s, animal models of PAD were being developed to research
disease progression and evaluate novel treatments. These models typically involved
inducing ischemia in the selected limb artery occlusion, either by ligation, constriction or
electrocoagulation. Initially these experiments were performed in larger animals such as
rabbits, dogs and pigs, but advances in expertise have allowed for murine and rat models
of PAD to be developed (Aref et al.,, 2019). The hind limb ischaemia (HLI) model of
peripheral artery disease has been published throughout the cardiovascular literature and
has led to advances in understanding PAD and collateral vessel formation (Aref et al.,

2019; Takeshita et al., 1994).

The first description of the HLI mouse model of PAD was published by Couffinhal et al. This
model built upon a previous approach developed by Wolfgang Shaper (Arras et al., 1998),
which initially utilised rabbits. In the murine version, hind limb ischemia was induced by
ligating the femoral artery at the proximal end, as well as the distal portion of the
saphenous artery, followed by excision of the femoral artery. Postoperative blood flow
recovery to the ischemic limb was monitored for a total of 5 weeks (Couffinhal et al.,
1998). Various adaptations of this procedure have been developed, including ligation at
different site (Aref et al., 2019); however, all these methods aim to induce ischaemia
within the hind limb before monitoring blood flow recovery using Laser Doppler Perfusion
Imaging. Methods have also been developed to assess the level of collateralisation and
angiogenic response within the ischaemic tissue via immunohistochemistry staining of

vascular markers. The work in this chapter will focus on exploring how loss of endothelial
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ZEB1 influences collateral vessel formation and blood flow recovery using a mouse model

of PAD.

Collateral vessel Insufficient collateral
formation vessel formation

K

Tissue
ischaemia

Figure 6.1 Insufficient collateral vessel formation. A schematic to explain the
insufficient collateral vessel formation and subsequent tissue ischaemia observed in
PAD. Created with biorender.

6.2 Results

6.2.1 ZEB1EO mice displayed no significant difference in blood flow recovery
compared with control mice

After the standard tamoxifen dosing regime, control and ZEB1*® underwent left femoral
artery ligation surgery to induce HLI. Prior to surgery the blood flow to both paws were
determined by laser speckle imaging and the raw speckle intensity data plotted in Figure
6.2 B. This revealed no significant difference between the baseline blood flow between
ZEB1E™© mice and control mice (P > 0.05). Immediately after surgery the reduction in
blood flow was also determined. This revealed that ZEB1E“° mice have a higher blood
flow in the ischaemic paw (17.33 + 0.84%) compared to the ischaemic paw of the control

mice (14.06 + 1.00%) and this difference is observed to be statistically significant via an
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unpaired t-test (P < 0.05). This therefore indicates the response to HLI surgery is not as

great in ZEB1E™0 mice.

The blood flow recovery was also determined on days 3, 7, 14 and 21 after surgery and
was plotted for both control and ZEB1*° mice in Figure 6.2 D. Mixed-effects analysis was
performed to analyse the effect of genotype on blood flow recovery. This revealed that
there was no significant difference in blood flow recovery between control and ZEB1E©
mice (P > 0.05). Multiple comparison analysis to determine differences at individual time
points also revealed no significant difference at any time point within the study. Taken
together these results show that ZEB15*° mice show no significant difference in blood

flow recovery in response to HLI surgery.
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Figure 6.2 ZEB1™*° had no effect on blood flow recovery after ischaemic injury of the
left femoral artery. (A) Representative blood flow images are shown for all time points.
(B) Raw values of speckle intensity flux determined no significant difference between
ZEBI1™*° and control mice using an unpaired t-test (p > 0.05). (C) % of blood flow
normalised to the contralateral paw was determined to be significantly increased in
ZEB1™*° mjce compared to controls immediately after surgery (* = p < 0.05). (D) Mixed
effects analysis of % of blood flow normalised to the contralateral paw over the time
course of the study revealed no significant difference in response to left femoral artery
ligation over time, (p = > 0.05). All data presented as mean + SEM. Control N = 15,
ZEBIE*O N =12,
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6.2.2 ZEB1'EO mice display no difference in muscle fibre area when compared to
control mice
21 days following surgery the mice were cardiac perfused and gastrocnemius muscle
prepared for sectioning and staining to determine capillary and arteriolar density.
Alongside vascular remodelling, angiogenesis and astrogenesis, the ischaemia produced
by ligation of the femoral artery has various implications on the surrounding tissue. This
includes tissue necrosis and fibrosis, which can alter the area and structure of the muscle
fibres (reported in Xie et al., 2016). To assess whether there was variation in muscle fibre
area, indicating changes in the level of fibrosis, the muscle fibre area was calculated as a
percentage of the total imaged area (Figure 6.3). This revealed no significant difference
between the control mice contralateral and ipsilateral muscle, as well as the ZEB1E©

ipsilateral and contralateral, as determined by paired ratio t-test (P > 0.05).
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Figure 6.3 There is no difference in gastrocnemius muscle fibre area between
contralateral and ipsilateral, ZEB1=© and control mice. 21 days after HLI surgery the
mice were culled by cardiac perfusion with 4% PFA. Both gastrocnemius muscle was
dissected, fixed in 4% PFA, dehydrated in 30% sucrose before being embedded in OCT
ready for cryosectioning. 16 um thick sections were stained for DAPI and imaged using
a confocal microscope. (A) Representative DAPI stained images are shown with low
contrast to show background staining of muscle fibres. (B) quantification of muscle
fibre area was determined as a % for both control and ZEB1“© mice. 2-way ANOVA
with mixed affects analysis revealed no significant difference in muscle fibre area with
genotype or leg type, P > 0.05. (C) Control mice had no significant difference in muscle
fibre area % between contralateral and ipsilateral as determined by a paired ratio t-
test, P > 0.05. (D) ZEB1*° mice had no significant difference in muscle fibre area %
between contralateral and ipsilateral as determined by a paired ratio t-test, P > 0.05.
All data presented as mean + SEM. Control N = 7, ZEB1E“O N = 7. Scale bar = 50um
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6.2.3 The hind limb ischaemia surgery induced an angiogenic response
determined by an increase in capillary number and area

To first confirm whether the induction of ischaemia within the hind limb had induced an
angiogenic response in the form of an increase in capillary number and area, the
contralateral (non-ischaemia) and ipsilateral (ischaemia) gastrocnemius muscle of control
mice were sectioned and stained for isolectin-B4 (IB4, Figure 6.4). Firstly, the percentage
of IBs staining was quantified per fibre area, which revealed a stastically significant
increase within the ipsilateral muscle (4.14 + 0.61%, compared to 3.31 + 0.47% within the
contralateral, P < 0.05, Figure 6.4 B). Secondly, the capillary density was determined by
the number of IB, vessels per mm? fibre area. This revealed a significant increase in the
number of IB, vessels within the ipsilateral muscle (891.3 + 115.8 per mm? compared to
605 + 38.58 per mm? contralateral, P < 0.05, Figure 6.4 C). These results taken together
indicate that hindlimb ischemia surgery induced a sufficient angiogenic response within

control mice of this study, as determined by an increase in capillary density, and IB,4 area.
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Figure 6.4 Control mice have an increased capillary area and density in response to
HLI. Control mice underwent HLI surgery and after 21 days both contralateral and
ipsilateral gastrocnemius muscle was fixed, sectioned and stained with isolectin-By
(1B4) to quantify capillaries. (A) Representative images from contralateral and
ipsilateral sections. (B) Quantification of B4 capillary area as a percentage of fiber
area. (C) Quantification of IB4 capillary number per mm? fiber area. Data analysed by
paired ratio t-test, * = p <0.05. All data presented as mean + SEM. Control N = 7.

Scale bar 50um.
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6.2.4 The increase in capillary density in response to hind limb ischaemia is not
observed in ZEB1E0 mice
To then determine whether knocking out endothelial ZEB1 influences this angiogenic
response to hind limb ischaemia, the contralateral and ipsilateral gastrocnemius muscle
from both control and ZEB1E“© mice were sectioned and stained for 1B, (Figure 6.5).
Firstly, the number of 1B, capillaries per fibre area was determined in both control and
ZEB1X® mice in both the contralateral and ipsilateral limb (Figure 6.5 B). A two-way
ANOVA was performed to analyse the effect of genotype and ischaemic surgery on the
capillary density. This revealed there was a stastically significant interaction between the
two variables on IB4 capillary density (P < 0.05). Also, multiple comparison analysis using
Tukeys multiple comparison test revealed no significant difference between contralateral
and ipsilateral in both the control and ZEB1E*© groups, or between ZEB1E%C and control
groups within the same muscle type. To display the data to show the response to
ischaemia, the IB, per mm? value for the individual ipsilateral muscle was divided by the
corresponding contralateral value. This displayed the data whereby anything above 0
indicates an increase in IB; vessel density, were as anything below 0 indicates a decrease
in I1B4 vessel density (Figure 6.5 C). The values for both control and ZEB1E*° mice were
compared and analysed using an unpaired t-test which revealed a significant decrease in

ipsilateral-contralateral value (-0.14 + 0.15) compared to controls (0.50 + 0.18, P < 0.05).

Although 1B, capillary number per mm? is a good read out of vessel density, it does not
account for changes in the type of vessels that are present within the tissue, e.g. traversing
vessels. As well as this, vessels dilate in response changes in blood flow and ischaemia
(Morita et al., 1997), and hence this could also be a factor that is not account for in
capillary density measurements alone. To account for this, IB, area percentages were
calculated. Firstly, the percentage of IB4 staining within the area of muscle fibres was
determined in both control and ZEB1E*° mice in both the contralateral and ipsilateral limb
(Figure 6.5 D). A two-way ANOVA was performed to analyse the effect of genotype and
ischaemic surgery on the IB4 percentage area which revealed no significant interaction
between the two variables on IB4 percentage area (P > 0.05). Tukeys multiple comparison

test also determined there was no significant differences between the individual variables
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within the analysis. As done with previously with the I1B4 capillary density, the data was
displayed to show the response to ischaemia whereby the 1B, percentage value for the
individual ipsilateral muscle was divided by the corresponding contralateral value. This
displayed the data a value greater than 0 indicates an increase in IB4 percentage, were as
anything less than 0 indicates a decrease in IB4 percentage (Figure 6.5 E). An unpaired t-
test revealed no significant difference between the control and ZEB1E© mice in response
to ischaemia when monitoring IBs area as a percentage of fibre area. Both control and
ZEB1®™© had an average positive value of around 0.25, indicating that both groups

ipsilateral muscle displayed a small increase in IBs area compared to the contralateral limb.

Taken together these data indicate that the increase in IB4 vessel density in response to
ischaemia observed in the control mice, is not observed in the ZEB1E“°® mice. However,
when measuring 1B, area in response to ischaemia, there appears to be no significant
difference in the response within the control group compared to the ZEB1E*C group. This
therefore indicates that both control and ZEB1E© are responding similarly to ischaemia

1iECKO

in the increase in I1B4 area, but ZEB group do not elicit the same increase IB4 capillary

density as the control group in response to ischaemia.
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Figure 6.5 ZEB1° mice have significantly reduced ratio of ipsilateral/contralateral B4
capillary number per mm? compared to control mice. ZEB1E“© and control mice underwent
HLI surgery and after 21 days both contralateral and ipsilateral gastrocnemius muscle was
fixed, sectioned and stained with isolectin-B4 (1B4) to quantify capillaries. (A) Representative
images from contralateral and ipsilateral sections. (B) Quantification of 1B, capillary number
per mm? fiber area (C) IBs capillary number per mm? fiber area displayed as
ipsilateral/contralateral (D) Quantification of IBs capillary area % of fiber area (E) IB4
capillary area % of fiber area displayed as ipsilateral/contralateral. (B) and (D) analysed by
2-way ANOVA with multiple comparisons (ns, P > 0.05). (C) and (E) analysed by unpaired t-
test, * = p <0.05. All data presented as mean + SEM. Control N = 7, ZEB1O N = 7. Scale bar

50um.




6.2.5 ZEB1'¥O mijce have increased capillary density within the non-ischaemic
limb

From the two-way ANOVA analysis of IB, capillary density in Figure 6.5, it was noted that
the contralateral values for control group were lower than that of the ZEB1%° group,
although this difference was not significant according to Tukeys multiple comparisons test
(P = 0.624). The calculated two-way ANOVA interaction value however was significant,
despite neither main effect analyses (genotype or ischaemia) being significant, indicating
both variables are together having a significant effect on capillary density. As well as this,
it was noted that when normalising the ipsilateral value to the contralateral value, a
significant decrease in the value was seen within the ZEB1E%° group compared to control.
This raised the question of whether the knockout of endothelial ZEB1 was influencing the
capillary density without a direct ischaemic stimulus and therefore affecting the
contralateral leg. To determine whether this was the case, the contralateral IB4 capillary
number per mm? compared between the control and ZEB1%° groups (Figure 6.6). An
unpaired t-test revealed a significant increase in capillary number per mm? fibre within
the ZEB1E*© group (945.5 + 119.0 per mm? fibre area) compared to control (605.0 + 38.58
per mm? fibre area, P < 0.05, Figure 6.6 B). To determine whether there were any
differences in IB; area within the contralateral legs, which could account for changes in
vessel size due to vascular dilation, or traversing vessels, the IB, area was compared
between the two groups. Firstly, the 1B, area was calculated as percentage of fibre area.
An unpaired t-test revealed no significant difference between the area of IB, staining
within the ZEB10 group, compared to the control mice (P > 0.05, Figure 6.6 C). This
therefore indicates that although knockout out of endothelial ZEB1 appears to induce an
increase in capillary density within the contralateral limb, it has no effect on the overall

IB4 area.
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Figure 6.6 ZEB1*° mice display increased IB, capillary number per mm? within the
contralateral, non-ischaemic muscle, compared to control mice. ZEB1t“° and
control mice underwent HLI surgery and after 21 days the contralateral, non-ischaemic
gastrocnemius muscle was fixed, sectioned and stained with isolectin-B4 (I1B4) to quantify
capillaries. (A) Representative images from contralateral sections. (B) Quantification of
IB4 capillary number per mm? fiber area. (C) Quantification of I1B4 capillary area % of fiber
area. Data analysed by unpaired t-test, * = p <0.05. All data presented as mean + SEM.
Control N = 7, ZEB1EO N = 7. Scale bar 50um.
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6.2.6 The hind limb ischaemia surgery induced an increase in arteriolar number
and area as determine by a-smooth muscle actin

Another response to artery occlusion and ischaemia is to induce collateral vessel
formation in the form of larger vessels such as arterioles via arteriogenesis or
arteriolargenesis. To assess whether the hind limb ischaemia surgery induced any changes
in arteriolar density and area, contralateral and ipsilateral 16um sections of
gastrocnemius muscle from control animals were stained for a-smooth muscle actin
(aSMA) to quantify larger vessels such as arterioles which are supported by smooth
muscle cells (Figure 6.7). Firstly, the aSMA area was calculated as a percentage of fibre
area, which will account for an increased number of arterioles but also an increase in the
size of individual arterioles or any vasodilation in response to ischaemia. A paired ratio t-
test between the contralateral and ipsilateral muscle revealed a significant increase in the
percentage of aSMA staining (0.637 + 0.121% compared to contralateral at 0.435 +
0.106%, P < 0.05, Figure 6.7 B). Secondly, the aSMA vessel density was determined by the
number of aSMA associated vessels per mm? fibre area. This revealed a significant
increase in the number of aSMA associated vessels within the ipsilateral muscle (25.42 +
2.12 per mm? compared to 18.90 + 1.75 per mm? contralateral, P < 0.05, Figure 6.7 C).
These data taken together indicates that in response to HLI surgery, the control mice

displayed an increase in aSMA vessel area and number.
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Figure 6.7 Control mice have an increased arteriolar area and density in response to
HLI. Control mice underwent HLI surgery and after 21 days both contralateral and
ipsilateral gastrocnemius muscle was fixed, sectioned and stained with a-smooth
muscle actin (aSMA) to quantify arterioles. (A) Representative images from
contralateral and ipsilateral sections. (B) Quantification of aSMA arteriole area as a
percentage of fiber area. (C) Quantification of aSMA arteriole number per mm? fiber
area. Data analysed by paired ratio t-test, * = p <0.05. All data presented as mean +
SEM. Control N = 7. Scale bar 50um.
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6.2.7 Theincrease in aSMA associated vessels in response to ischemia is
significantly greater in ZEB1'“C mice compared to controls

To then determine whether knocking out endothelial ZEB1 influences the response to hind
limb ischaemia within the context of aSMA associated vessels, the contralateral and
ipsilateral gastrocnemius muscle from both control and ZEB1E%° mice were sectioned and
stained for aSMA (Figure 6.8). Firstly, the number of aSMA associated vessels per fibre
area was determined in both control and ZEB1¥*° mice in both the contralateral and
ipsilateral limb (Figure 6.8 B). A two-way ANOVA was performed to analyse the effect of
genotype and ischaemic surgery on the aSMA vessel density, which revealed there was
not a significant interaction affect. Simple main effects analysis did however reveal that
ischaemia had a stastically significant effect on aSMA vessels per fibre area (P < 0.05).
Simple main effects analysis of the role in genotype in aSMA vessels per fibre area did not
reveal statistical significance. Using Tukey’s multiple comparison analysis, it was revealed
that there is a significant increase within the aSMA* vessels per fibre area within the
ZEB1EC jpsilateral muscle (24.05 + 3.49 per mm?), compared to the ZEB1E™°

contralateral (11.67 + 3.49 per mm?, P < 0.05).

To assess this and display the data to show the response to ischaemia, the aSMA per mm?
fibre value for the individual ipsilateral muscle was divided by the corresponding
contralateral value. This displayed the data whereby anything above 0 indicates an
increase in IB4 vessel density, whereas anything below 0 indicates a decrease in IB4 vessel
density. This was performed for both the control group and the ZEB1E%° group (Figure 6.8
C). An unpaired t-test revealed a significant increase within the ZEB1%° group (1.153 +
0.281) in comparison to the control group (0.397 * 0.136, P < 0.05). Although both
numbers are positive within both groups indicating an increase in aSMA vessel density,
the mean value for ZEB1E%© was significantly higher, indicated a greater increase from the

contralateral baseline.

Secondly, the aSMA area was also quantified to assess how the control and ZEB1E<°
groups response to ischemia. In the case of aSMA vessels, this may account for larger
vessels with a greater diameter but also instances of traversing vessels throughout the

section. The aSMA area was calculated as a percentage of fibre area (Figure 6.8 D). A two-
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way ANOVA was then performed to analyse the effect of genotype and ischaemic surgery
on the aSMA area which revealed no significant interaction between the two variables on
aSMA area (P > 0.05). Simple main effects analysis however did reveal that the effect of
ischaemia on aSMA vessel area was close to significance (P = 0.053). Tukeys multiple
comparison test also determined there were no significant differences between the
individual variables within the analysis. As done with previously with the IB4 capillary
density, the data was displayed to show the response to ischaemia whereby the
percentage value for the individual ipsilateral muscle was divided by the corresponding
contralateral value. This displayed the data whereby anything above O indicates an
increase in aSMA area, were as anything below 0 indicates a decrease in aSMA area
(Figure 6.8 E). An unpaired t-test revealed no significant difference between the control
and ZEB1E%© mice in response to ischaemia when monitoring aSMA area as a percentage
of fibre area. Both control and ZEB1E© had an average positive value, indicating that both
groups ipsilateral muscle displayed an increase in aSMA area compared to contralateral.
Although the ZEB1E™C group had larger ratio values, indicating a greater response, this

was not seen to be significant.

Taken together these data indicate that both ZEB1E%C and control groups responded to
ischaemia via an increase in the aSMA vessel density. For the ZEB1E™© group, this
response appears to have been a greater intensity. The area of aSMA appears to have
increased in both control and ZEB1E%° groups in response to ischemia, and there appears
to be no difference in the level of response between the two groups. This therefore
indicates that loss of endothelial ZEB1 influences the response in aSMA vessel density to

ischemia, but not aSMA area.
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Figure 6.8 ZEB1®t° mice have a significantly increased ratio of
ipsilateral/contralateral aSMA arteriole number per mm? compared to control
mice. ZEB1t%C and control mice underwent HLI surgery and after 21 days both
contralateral and ipsilateral gastrocnemius muscle was fixed, sectioned and stained
with aSMA to quantify arterioles. (A) Representative images from contralateral and
ipsilateral sections. (B) Quantification of aSMA arteriole number per mm? fiber area
(C) aSMA arteriole number per mm? fiber area displayed as ipsilateral/contralateral.
(D) Quantification of aSMA arteriole area % of fiber area (E) aSMA arteriole area %
of fiber area displayed as ipsilateral/contralateral. (B) and (D) analysed by 2-way
ANOVA with multiple comparisons (ns, P > 0.05). (C) and (E) analysed by unpaired t-
test, * = p <0.05. All data presented as mean + SEM. Control N = 7, ZEB1E*° N = 7.
Scale bar 50um.
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6.2.8 ZEB1'¥O mjce have decreased aSMA vessel density within the non-

ischaemic limb

10 mice appear to have an

During the two-way ANOVA analysis, it was noted that ZEB
altered response to ischaemia in the context of aSMA vessel density (Figure 6.8 B). This
was owing to the ZEB1E™C exhibiting a larger increase in aSMA vessel number within the
ipsilateral limb compared to the contralateral, in comparison to the control group (Figure
6.8 B). This is evident from its statistical significance in Tukeys multiple comparison test,
but also in the unpaired t-test observing the rate of change within the ipsilateral compared
to the contralateral, compared to the control group. However, the ZEB1E° group did not
exhibit a higher aSMA vessel density within the ipsilateral limb compared to the ipsilateral
limb of the control group. Tukeys multiple comparison analysis showed that this was not
statistically different, with the ZEB1© reaching an average of 24.05 + 3.49 per mm? fibre
area, and the control an average of 25.42 + 2.12 per mm? fibre area. Therefore, it was not
the level at which the aSMA vessel density reached in response to ischemia that appear

to be different, but instead it was the baseline of aSMA vessel density within the

contralateral limb.

To test this, the aSMA vessel number per mm? fibre area for the contralateral muscle for
control and ZEB1E*® mice were plotted against each other and compared using an
unpaired t-test (Figure 6.9 B). This revealed that the ZEB1E™° group had a significantly
reduced number of aSMA vessels (11.67 + 1.30 per mm? fibre) compared to the control
group (18.99 + 1.52 per mm? fibre, P < 0.05). This indicates that loss of endothelial ZEB1
influences the density of aSMA vessel within the muscle, without the presence of
ischemia. This provides an alternative baseline compared to the control animals, and
therefore this data explains why within the ZEB1E*° group, when quantifying aSMA vessel
density, there is a significant increase in the response to ischaemia, despite the level of

aSMA vessel density within the ischemic limb being the same.

To also assess whether there is any difference in the aSMA area within the contralateral

limb of control or ZEB1EK0

groups, this was also statistically analysed using an unpaired t-
test. Firstly, the aSMA area as a percentage of fibre area was assessed and a non-

significant decrease was also observed within the ZEB1E%° group (P = 0.0704, Figure 6.9
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C). This therefore indicates that there are changes within the contralateral baseline when
knocking out endothelial ZEB1, primarily a decrease in aSMA vessel density, although non-

significant changes are also observed within aSMA area also.

251



Non-HLI Contralateral

Control ZEB1iEck0
9
=
(7]
o
o
<<
(=]
B C 0.0704
304 ** 1.0
-
L =
£ . 5 08
g % 20 R N
b= _
S o - <z © 0.6
22 . 25
@ cs 2 a O
@ X 22 54
S E 104 > .
< E = a
=5 02
ta S
0- 0.0
a o]
& ¢ &
¢ @ >
0 &

Figure 6.9 ZEB1**° mice display decreased aSMA arteriole number per mm? within
the contralateral, non-ischaemic muscle, compared to control mice. ZEB1t° and
control mice underwent HLI surgery and after 21 days the contralateral, non-
ischaemic gastrocnemius muscle was fixed, sectioned and stained with aSMA to
quantify arterioles. (A) Representative images from contralateral sections. (B)
Quantification of aSMA capillary number per mm? fiber area. (C) Quantification of
aSMA capillary area % of fiber area. Data analysed by unpaired t-test, * = p <0.05. All
data presented as mean + SEM. Control N = 7, ZEB1%C N = 7. Scale bar 50um.
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6.2.9 Assessing the level of inflammation by CD45 revealed no significant
differences in control or ZEB1iECKO groups in response to ischaemia

The collateral vessel formation and vascular remodelling processes that occur during
ischaemia are partly driven by inflammatory stimuli from local and invading leukocytes
(Reviewed in Silvestre et al., 2008). From the work achieved in chapter 5 it was clear that
ZEB1™* affected the level of CD45 associated inflammation within a model of wAMD.
This therefore raises the question of how loss of endothelial ZEB1 influences the
inflammatory response to HLI surgery. To achieve this, 16um sections from contralateral
and ipsilateral (ischaemic) gastrocnemius muscle were stained for CD45, a leukocyte

marker (Barford et al., 1994), to quantify the level of inflammation.

When assessing both capillary density (IB4) and arteriole density (aSMA), it was revealed
that loss of endothelial ZEB1 influenced changes within the non-ischemic contralateral
limb. Therefore, the level of CD45 associated inflammation after loss of endothelial ZEB1
was first assessed within the contralateral muscle. Firstly, the number of CD45" cells per
mm? fibre was quantified within the contralateral muscle and compared between
ZEB1XC and control mice (Figure 6.10 B). This determined there was no significant
difference between the two groups and was confirmed by an unpaired t-test (P > 0.05).
Secondly, the CD45 area was quantified as a percentage of the fibre area which also
revealed no significant difference between ZEB1*° and control muscle (P > 0.05, Figure
6.10 C). Together these data indicate that there is no difference in the level of CD45
associated inflammation between the ZEB1®*® and control groups, within the

contralateral, non-ischemic limb.

To then assess whether in the inflammatory response to ischemia varied between the
control and the ZEB1*C group, both the contralateral and ipsilateral sections from each
group were stained for CD45 and quantified. Firstly, the number of CD45* cells per mm?
fibre area was quantified (Figure 6.11 B). Two-way ANOVA analysis revealed no significant
interaction between genotype and ischemia in the number of CD45* cells per mm?. Main
effects analysis of genotype or ischemia separately also revealed no significant difference.
Tukey’s multiple comparison test also revealed no significant changes in any of the

variables within the test.
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To display the data to show the response to ischaemia, the CD45* cell per mm? value for
the individual ipsilateral muscle was divided by the corresponding contralateral value. This
displayed the data whereby anything above 0 indicates an increase in CD45 cell number,
whereas anything below 0 indicates a decrease in CD45* cell number (Figure 6.11 C). This
was performed for both the control group and the ZEB1*° group and compared. An
unpaired t-test revealed no significant difference between the ZEB1t“° group and the

control group.

Finally, the CD45 area was quantified to assess whether there was any variation in
response to ischemia varied between the control and the ZEB1€%° group (Figure 3.16).
The CD45 area was initially quantified as a percentage of the fibre area and statistically
analysed using a two-way ANOVA (Figure 6.11 D). This revealed no significant interaction
between genotype and ischemia. Main effects analysis of genotype or ischemia separately
also revealed no significant difference. Tukey’s multiple comparison test further revealed
no significant changes in any of the variables within the test. The data was displayed as
done previously by normalizing the ipsilateral value to the paired contralateral value to
display the direction of change in response to surgery (Figure 6.11 E). An unpaired t-test
for both the CD45 area % within the fibre and within the field both revealed no significant
difference between the control and the ZEB1C group. Taken together this data indicates
that loss of endothelial ZEB1 has no significant effect on the inflammatory response to
ischaemia when quantifying the number of CD45* leukocytes as well as the CD45 area

within the gastrocnemius muscle.
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Figure 6.10 ZEB1"© mijce have no difference in the quantity of CD45 within the
contralateral muscle. ZEB1*° and control mice underwent HLI surgery and after 21 days
the contralateral, non-ischaemic gastrocnemius muscle was fixed, sectioned and stained
with CD45 to quantify leukocytes (A) Representative images from contralateral sections.
(B) Quantification of CD45* cell number per mm? fiber area. (C) Quantification of CD45*
cell number per mm? field of view. Data analysed by unpaired t-test, (ns, P > 0.05). All data
presented as mean + SEM. Control N = 7, ZEB1E%° N = 4. Scale bar 50um.
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Figure 6.11 No change in CD45" cell number in response to ischaemia was observed in
ZEB1° or control mice. ZEB1E™° and control mice underwent HLI surgery and after
21 days both contralateral and ipsilateral gastrocnemius muscle was fixed, sectioned
and stained with CD45 to quantify leukocytes. (A) Representative images from
contralateral and ipsilateral sections. (B) Quantification of CD45* cell number ber mm?
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6.3 Discussion

6.3.1 Loss of endothelial ZEB1 did not impact blood flow recovery within this
model

Laser speckle imaging data indicate that the loss of endothelial ZEB1 does not affect blood

flow recovery following ischemic surgery. The blood flow recovery patterns in both control

and ZEB1%C mice are similar, with both groups showing a rapid initial recovery, followed

by a plateau around day 7. These results suggest that the absence of endothelial ZEB1

does not influence the recovery of blood flow post-HLI.

6.3.2 Loss of endothelial ZEB1 influenced changes to the vasculature within the
non-ischaemic contralateral limb

Upon analysing capillary and arteriole density in both the contralateral and ipsilateral
limbs of control and ZEB1E%® mice, it was noted that the contralateral baseline within the
ZEB1 X0 group varied form the control. In the 1B4 analysis, which identifies capillaries, a
significant increase in capillary density was observed in the ZEB1E*° group compared to
controls. This suggests that the loss of endothelial ZEB1 may induce an increase in capillary
density in the absence of ischemia. Potential mechanisms for this include endothelial-
driven alterations in the local environment, such as the release of pro-angiogenic factors,
possibly through modulation of circulating monocytes. Alternatively, the loss of
endothelial ZEB1 may disrupt negative feedback mechanisms that prevent endothelial
cells from undergoing phenotypic switching without external stimuli. Either scenario
indicates that endothelial ZEB1 could play a role in maintaining endothelial quiescence,
with its absence leading to angiogenesis in the contralateral limb in the absence of hypoxic
stimulation. Furthermore, when assessing arteriolar density by quantifying aSMA-positive
vessels in the contralateral limbs, a significant decrease in arteriolar density was noted in
the ZEB1E*© group. These data suggest that the loss of endothelial ZEB1 affects the
vascular network structure in the gastrocnemius muscle, with a reduction in aSMA-
positive vessels indicating impaired vascular maturity and hierarchy. In support of these
histological findings, qualitative Doppler blood flow observation from Figure 6.2 also

indicated alterations in perfusion within the contralateral limb of ZEB1E%° mice. Although
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not quantitatively assessed, these changes suggest broader systemic or compensatory

vascular effects in response to endothelial ZEB1 deletion.

Arterioles are defined as vessels that distribute blood flow to the capillary plexus within
an organ or tissue. The media, or middle layer, of arterioles, comprise of vascular smooth
muscle cells (vSMCs) which express aSMA, hence the use of the marker to identify
arterioles. Classed as mural cells, vSMCs communicate with ECs within the intima and play
an important role in regulating vascular tone, and therefore blood pressure and perfusion
(Martinez-Lemus, 2012). Early studies have shown that arteriolar density is reduced in
cardiac and skeletal muscle under conditions of hypertension (Kubis et al., 2002; Vitullo et
al., 1993). Therefore, the loss of endothelial ZEB1 may influence vasodilation, potentially

contributing to the observed reduction in arteriolar density.

Another possible explanation could be that loss of endothelial ZEB1 reduces the
abundance of vSMC, which may be a result of altered communication between ECs and
vSMCs. This communication between ECs and vSMCs has been extensively studied, and
processes vary between direct interactions via adhesion molecules such as N-cadherin,
VCAM1 and ICAM1, receptor and soluble ligand interactions, as well as gap junction
proteins such as connexins which facilitate the passage of second messengers and
electrical signals (Sorokin et al., 2020; Straub et al., 2014). Vascular homeostasis therefore
requires appropriate communication between ECs and vSMCs to generate a perfused

downstream capillary network, with an appropriate hierarchical vascular tree.

Endothelial cells can recruit and initiate the differentiation of vascular smooth muscle cells
via a variety of means. This includes platelet-dervied growth factor, transforming growth
factor B and Notch signaling, all of which have been identified as being involved in vSMC
recruitment to endothelial cells to generate vessel hierarchy (Gaengel et al., 2009). It has
also been demonstrated that recruitment of vSMCs to endothelial cells to generate
arterioles can occur because of increased vasodilation, via eNOS, alongside both VEGF-A
and Ang-1 (Benest et al., 2008). It may therefore be plausible that loss of endothelial ZEB1

is influencing the generation and stabilisation of vSMCs recruitment.
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There has been increasing evidence that ECs have the ability to undergo transdifferntiaton
into other cell types, including vSMCs. This process has been heavily linked to endoMT,
due to the loss of endothelial phenotype and gain of a more mesenchymal phenotype
observed in vSMCs (Coll-Bonfill et al., 2015). Interestingly, very recently Lee et al identified
the inhibition of endothelial ZEB1 via BMPR1A activation of ID2 as a mechanism to prevent
endoMT driven pathogenesis of pulmonary hypertension. The group concluded that
without this inhibition of ZEB1 activity within ECs, the expression of endoMT genes,
including TGFBR2, promoted the transdifferentiation of ECs to aSMA expressing vSMCs
(Lee et al., 2023). This therefore may provide an explanation as to why loss of endothelial
ZEB1 is resulting in a loss of aSMA. However, it must be noted that this was within a
pathological context of pulmonary hypertension and the vast majority of research into
transdifferentiation of ECs to vSMCs via endoMT has been observed within pathological
settings such as pulmonary hypertension (Zhu et al., 2006). Therefore, without confirming
ZEB1 driven transdifferentation via endoMT as a normal physiological process, it is hard

to conclude that this is the reason for a loss of aSMA within the contralateral limb.

6.3.3 Despite no difference in blood flow recovery, ZEB1© and control mice
exhibited different vasculature structural responses to ischemia

To quantify the response to ischemia, both capillary and arteriolar densities were assessed

in the contralateral and ipsilateral limbs. Initially, control mice were analysed to determine

the angiogenic response to ischemia, as indicated by increases in capillary and arteriolar

densities. Significant increases in both IB4 (capillary marker) and aSMA (arteriolar marker)

were observed in the control group, indicating an angiogenic response.

To investigate the effect of ZEB1 loss on this response, these data were analysed using a
two-way ANOVA to identify any differences between the ZEB1E“° and control groups.
Additionally, to evaluate changes in the ipsilateral limb relative to the contralateral limb,
data were normalized to the contralateral control leg. A positive value indicated an
increase in density in the ipsilateral limb, while a negative value indicated a decrease.

iECKO

These normalized values were then compared between control and ZEB1 mice using

an unpaired t-test to assess any significant changes in the angiogenic response.
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10 groups; however, the

Blood flow recovery was similar between the control and ZEB
capillary and arteriolar densities in both the contralateral and ipsilateral limbs exhibited
differences in their response to ischemia. Notably, when comparing changes in capillary
density in response to ischemia, the ZEB1®“© group displayed a distinct response
compared to the control group. The data showed that while the control group exhibited
an increase in capillary density in response to ischemia, the ZEB1“*° group did not exhibit
this response. This was further reflected in the fold change plot (Figure 6.5 C), where the
control group showed a mean positive value, indicating an increase, while the ZEB1E©
group displayed a mean negative value, which was significantly lower than the control
group. This indicates that ZEB1E“© mice did not display the same response to ischaemia
as the control mice with regards to capillary density. A key aspect of this finding is that the
contralateral limb of the ZEB1E© group demonstrated increased capillary density despite
the absence of any ischemic stimulus. Consequently, when comparing the ischemic

response, either via two-way ANOVA or by normalising to the contralateral limb, an

alternative response pattern was observed in the ZEB1E%° group.

6.3.3.1 ZEBI1™™0 mice exhibit increased arteriolar density in response to ischaemia

When comparing changes in arteriolar density in response to ischemia, both the control
and ZEB1E*C groups showed an increase in arteriolar density. Two-way ANOVA analysis
revealed a statistically significant main effect of ischemia on arteriolar density,
independent of genotype; however, Tukey's multiple comparisons indicated that the
increase in arteriolar density within the ipsilateral limb of the ZEB1E™° group was
statistically significant when compared to the contralateral limb. This resulted in a

1iECKO

significantly higher fold change in Figure 6.8, suggesting that the ZEB group elicited a

more pronounced response to ischemia compared to the controls.

It is important to note, however, that these findings may be influenced by changes

1 iECKO 1iECKO

observed in the contralateral limb of the ZEB group. Specifically, the ZEB

group
showed a significant reduction in arteriolar density within the contralateral limb compared
to the control group. On the other hand, the arteriolar density within the ipsilateral limbs
of both the control and ZEB1*° groups were similar (25.4 per mm? fiber for control and

24.0 per mm? fiber for ZEB1E%?), with no significant differences between them. This
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suggests that, despite the reduction in contralateral arteriolar density due to the loss of
endothelial ZEB1, the ZEB1E™© group is still capable of responding to ischemia by
achieving a level of arteriolar density comparable to that of the control group. Since the
baseline arteriolar density was lower in the ZEB1¥%° group, this increase in arteriolar

density represents a significantly greater relative response compared to the control group

Taken together, these data suggest that the loss of endothelial ZEB1 may induce a more
plastic state in endothelial cells, thereby disrupting their quiescent state and enabling
them to more readily respond to environmental stimuli. This is supported by the
observation that ECs in the ZEB1E™© group exhibit a significant increase in arteriolar
density, reaching levels similar to those observed in control animals, despite a lower
baseline. The concept of a plastic state may also explain the increased capillary density
observed in the contralateral limb of the ZEB1E*° group, as endothelial cells transition
from quiescence to angiogenesis in response to intrinsic changes. Additionally, the loss of
vSMCs in the KO model may be attributed to this loss of quiescence, which disrupts mural
cell attachment and promotes endothelial cell-driven angiogenesis (Quiescence review in

Ricard et al., 2021).

6.3.4 Limitations and considerations for the HLI model of PAD

6.3.4.1 Changes daffecting the contralateral limb

The standard within the HLI model of PAD is that the contralateral limb is used as a control
or baseline to normalise the findings from the ischemic ipsilateral limb. However, there
are some limitations to this and assuming the contralateral limb is normal and unaffected
is not completely true. Firstly, although the actual surgery itself is done on the opposite
leg, as with all surgeries there will still be a significant increase in systemic inflammation
as a result (Bain et al., 2023). This inflammation is essential to allow for wound healing
and to prevent post-operative infection. During tissue repair, inflammatory cells such as
monocytes and neutrophils induced angiogenesis by the production of pro-angiogenic
factors, such as VEGF (Ribatti & Crivellato, 2009). The majority of immune cell infiltration
will be occurring at the surgical site; however, it is likely that at least within the initial
phases after surgery there is an increase in inflammatory markers within other regions of

the mouse, including within the contralateral leg. This systemic inflammation as a result
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of surgery may therefore influence the vasculature of the contralateral limb. This could in
part provide an explanation as to why alterations within the contralateral limb are

observed.

An important consideration is the variation in weight-bearing following the surgery. For a
period after the ischemic surgery, the mice were observed to walk on only three legs, likely
due to the pain induced by the surgical procedure. This behavior resulted in increased
reliance on the contralateral limb, which assumed the weight typically borne by the
ischemic limb. It is well-established that physical activity, such as exercise, can stimulate
angiogenesis in skeletal muscle to meet the increased oxygen and nutrient demands
required for muscle repair following injury. Early studies by August Krogh highlighted the
high vascularity of skeletal muscle, attributing it to the tissue’s significant oxygen and
nutrient requirements (Krogh, 1919). Consequently, the skeletal muscle vasculature is
highly adaptable, with angiogenesis and capillary network growth being induced by
varying demands, such as exercise (Bloor, 2005; Gorski & De Bock, 2019). This adaptive
response may help explain the observed increase in capillary density in the contralateral

limb in the current study.

Despite this, the HLI model remains a valuable tool for investigating ischemic responses
and collateral vessel formation in PAD and is well-established within the field of vascular
biology. In the current chapter, | have identified an increase in capillary density within the
contralateral skeletal muscle following the loss of endothelial ZEB1. To confirm that this
observation is indeed a result of ZEB1 loss and to exclude potential confounding factors
such as inflammation or exercise-induced angiogenesis, a control study would be
necessary, wherein endothelial ZEB1 knockout is induced without additional stimuli.
Nevertheless, the observed reduction in aSMA-associated vessels presents an intriguing

finding that warrants further investigation.

6.3.4.2 Translation to the endothelial dysfunction observed in PAD

A limitation of the HLI model employed in this thesis is its limited translational relevance
to PAD as the mice used were young, of normal weight, and non-diabetic. In contrast, PAD
patients frequently present with comorbidities such asaging (Hodges et al., 2018),

diabetes (Fadini et al., 2019), and hyperlipidemia (Jang et al., 2000), which contribute to
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the disease state. The decision to use young, healthy mice was driven by the novel nature
of ZEB1 deletion in ECs as it was essential to assess the effects of ZEB1 loss in isolation,

without the confounding influence of additional comorbid factors.

As shown in the data presented in this chapter, the blood flow recovery appears to be
quick, which is to be expected from mice without these comorbidities (Lotfi et al., 2013).
However, this swift recovery may not be fully representative of PAD pathology, where
comorbidities typically lead to a reduced rate of blood flow recovery. In these conditions,
the response to ischemia may be delayed, and alterations in blood flow recovery can be
observed over a prolonged period, unlike the early plateau observed in the wild-type mice

used in this study.

Most of these comorbidities with PAD lead to endothelial dysfunction which in-turn
results in impaired angiogenesis and collateral vessel formation (Lotfi et al.,, 2013).
Because of this endothelial dysfunction, there is an inefficient response to artery
occlusion, leading to a reduction in blood flow and tissue ischaemia. This model provided
a good starting point to assess how loss of EC ZEB1 impacts collateral vessel formation in
response to ischaemia; however, there is reduced clinical translation to EC dysfunction

occurring during clinical PAD.

6.4 Chapter Summary

The work in this chapter aimed to explore how loss of endothelial ZEB1 affected a model
of collateral vessel formation after ischaemic injury. This was achieved using the HLI model
of PAD. This revealed that loss of endothelial ZEB1 had no impact on blood flow recovery
after HLI surgery. However, loss of endothelial ZEB1 did influence alternative vascular
remodelling events in both capillaries and arterioles in response to ischaemia. These
alternative remodelling events stem from the fact loss of endothelial ZEB1 influenced

vascular remodelling in the contralateral limb, without a direct ischaemic stimulus.
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Discussion, Summary and
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7 Discussion

The endothelium is a heterogeneous tissue that plays a pivotal role in maintaining vascular
homeostasis and overall health. The diverse responsibilities for ECs across different organs
and tissues are a clear example of the adaptability of the endothelium (Aird, 2007; Becker
et al., 2023; Kalucka et al., 2020). During development, it is essential for the endothelium
to expand the vascular network through angiogenesis to support tissue growth; however,
in adult tissues, the endothelium must remain quiescent and only respond to appropriate
homeostatic stimuli, such as during repair or in response to infection. Dysregulation of this
quiescent-activated angiogenic switch is a hallmark of several diseases, including wAMD,
PAD and cancer (Carmeliet, 2003; Carmeliet & Jain, 2011; Potente et al., 2011).
Consequently, understanding the regulation of this phenotypic switch and the disruptions
that occur in disease is crucial for advancing our knowledge of vascular health and disease.
This thesis aimed to explore how ZEB1, a transcription factor that has well described roles
in phenotype regulation and phenotypic transition events in other cell types, yet little is
known about its role within ECs, with the limited literature displaying conflicting reports

(Fu, et al., 2020; Jin et al., 2020; Lee et al., 2023).

7.1 Loss of endothelial ZEB1 does result in an alternative phenotype but this

does not involve EndoMT

There is a growing understanding that angiogenesis is an EndoMT like event, due to the
phenotype switching from quiescent phlanax ECs, into a more migratory and active ECs
within the angiogenic sprout (Fang et al., 2021; Welch-Reardon et al., 2015). This has been
demonstrated with depletion of endothelial Slug, a prominent EMT transcription factor,
resulting in reduced angiogenic sprouting (Welch-Reardon et al., 2014). Here | have
demonstrated that loss of ZEB1 in developmental angiogenesis resulted in reduced
angiogenic front progression and decreased branching, as well as reduced sprouting in
vitro. This is similar to what is observed by Welch-Reardon et al with EC KO of Slug, which

supports the idea that angiogenesis is a partial EndoMT-like event.

Despite this, there is little transcriptomic evidence in vitro to suggest loss of ZEB1 is

implicating EndoMT. ZEB1 was initially identified when comparing the transcriptomes of
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confluent compared to subconfluent HUVECs as a model of quiescent vs proliferating ECs.
In this model, endothelial markers went up with confluency, whereas mesenchymal
markers were higher in proliferating cells. The analysis of transcription factors known to
regulate EMT or EndoMT revealed that, with the exception of ZEB1, all factors with
differential expression were reduced under the confluent condition. ZEB1, however,
exhibited a significant increase in expression. This prompted the question of how the
increase in ZEB1 influences confluent/quiescent ECs and how the loss of ZEB1 affects the
transcriptome of HUVECs. ZEB1 KD in HUVECs had no impact on the expression of key EC
markers. Only one mesenchymal marker, TAGLN, was differentially expressed, showing an
increased expression following ZEB1 KD. This suggests that ZEB1 has no major effect on

EndoMT, despite displaying an effect on angiogenesis in vivo.

A number of reasons may explain this. Firstly, it may be that loss of ZEB1 can influence
EndoMT and the expression of mesenchymal marker genes, but this is not observed within
an in vitro condition of confluent endothelial cells. It may be that this expression change
could only be observed within a model of angiogenesis. Therefore, an ideal follow up
experiment would be to determine the transcriptomic differences between control and
ZEB1 KO angiogenic ECs. This could be done in vitro or in vivo by using models of
developmental or pathological angiogenesis. Secondly, the idea that angiogenesis is a
partial EndoMT-like event is still yet to be fully understood. The angiogenic process itself
varies significantly depending on the context of the angiogenic trigger, as well as the tissue
the ECs reside within (Becker et al., 2023). Thirdly, it is important to consider that the in
vitro culture model used may not accurately replicate the physiological conditions
necessary for EndoMT, which typically involves multiple biochemical and mechanical cues
present in vivo. Thus, the absence of a mesenchymal gene expression signature in this
system does not preclude a role for ZEB1 in EndoMT under more physiologically relevant

conditions.

EndoMT is described not only as a potential mechanism in angiogenesis, but also as a
process by which endothelial cells transdifferentiate into mesenchymal smooth muscle
cells during vascular maturation, a process that is hijacked in pulmonary hypertension (Lee

et al., 2023). Interestingly, ZEB1 is identified as a promoter of the EndoMT driven
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production of smooth muscle cells within pulmonary hypertension. nhibition of ZEB1 via
ID2 prevents this transdifferentiation, thereby reducing the number of smooth muscle
cells (Lee et al., 2023). There are similarities in the study by Lee et al to what is observed
when EC ZEB1 is knocked out in the HLI study of PAD. ZEB1E*° mice displayed reduced
aSMA within the gastrocnemius of the non-ischemic leg, indicating a loss of smooth
muscle cell coated vessels. This could provide an explanation as to why there is a reduction
in smooth muscle cell coverage, as lack of ZEB1 results in reduced EndoMT and therefore
reduced EC transdifferenation into smooth muscle cells; however, this process is not
completely understood, with only limited reports. It could therefore be that this disruption
of smooth muscle cell attachment to ECs in ZEB1E*C mice is actually a result of a
disruption of signaling between these individual cell types, and not this

transdifferentiation process.

What was noticed within the ChIP-Seq data in chapter 3 was that ZEB1 was bound to the
promoters of multiple epithelial marker genes such as EPCAM, and ESRP2 (epithelial
splicing regulatory proteins) and that loss of ZEB1 induced the expression of these genes,
indicating ZEB1 is inhibiting their expression. This is also observed in the literature on EMT,
where ZEB1 is identified as a repressor of epithelial genes and a promoter of mesenchymal
genes (Horiguchi et al., 2012b; Vannier et al., 2013)(Krebs et al., 2017). Notably, this is the
first time ZEB1 has been shown to regulate these genes within an endothelial cell context.
Although the ChIP-Seq identified this phenomenon within this thesis, the direct effects of
the expression of these markers have yet to have been explored. What is plausible to
suggest is that within an endothelial context, ZEB1 is preventing the expression of
epithelial genes, and hence although ZEB1 had no direct impact on endothelial genes
expression as seen by the RNA-Seq, it is having an indirect impact on the endothelial
phenotype by suppressing other phenotypic genes. There is little information within the
literature surrounding how expression of epithelial markers affects the endothelial cell,
hence follow up research would be to identify how an increase in epithelial genes directly

influences quiescence and angiogenesis.
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7.2 Inefficient developmental and sprouting angiogenesis observed with
loss of endothelial ZEB1 could be explained by insights gained within
the RNA-Seq data

In chapter 4 | demonstrated that loss of ZEB1 impacted developmental angiogenesis by
reducing the vascular front extension and by reduced branching. Reduced endothelial
sprouting was also observed within the angiogenic sprouting assay in chapter 3. These
data therefore implicate ZEB1 in the regulation of angiogenic sprouting. This phenomenon
could be explained by the insights gained from the RNA-Seq analysis from ZEB1 KD in
HUVECs.

Firstly, the ZEB1 KD condition was enriched for genes regulating cell adhesion and
extracellular structure organisation. When analysing the GO terms for biological processes
in the list of upregulated genes in response to ZEB1 KD, this further demonstrated the
focus on cell-cell adhesion, as well as regulation of cell migration. During sprouting
angiogenesis, ECs are required to break away from their quiescent monolayer, break down
the extracellular matrix and migrate (Eelen et al., 2020). The generation of a stable
vasculature also requires the upregulation of adhesion molecules and extracellular matrix
components which activate downstream signaling pathways, along with the
downregulation of genes involved in migration in order to regain quiescence (Ramjaun &
Hodivala-Dilke, 2009). The fact that ZEB1 KD has been identified as impacting the
expression of genes known to play a role in these processes could therefore explain why
reduced branching and angiogenic progression is observed. For example, an increase in
genes involved in extracellular matrix ogranisaion may prevent the efficient breakdown
on the ECM, thereby affecting EC sprouting. Likewise, an increase in the expression of
genes known to be involved in ECM binding may prevent ECs from breaking away from

the basement membrane and beginning angiogenic sprouting.

Secondly, numerous pathways were identified that impact the interaction of ECs with
neighbouring cells, either by cell-cell interactions or local signaling. The interaction
between ECs and their local environment is of importance; substantial interactions
between growing astrocytes and the developing vascular plexus within retinal

development have been identified to be essential (Duan & Fong, 2019; Fruttiger, 2007).
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Similarly to murine retinal vascular development, astrocytes emerge from the retinal
nerve postnatally; however, in the developmental sequence, astrocytes first appear and
begin migrating towards the peripheral retina, with blood vessels subsequently following
their path (Tao & Zhang, 2014). These astrocytes, along with their chemoattractant
gradient of pro-angiogenic factors, also provide a structural template that the developing
vascular network utilises during retinal angiogenesis (Fruttiger, 2007). This is supported
by numerous reports, including those that highlight the link between PDGF (Fruttiger &
Calver, 1996), and HIF signaling in astrocytes and vascular development (Duan et al.,
2014). A complete loss of astrocytes also resulted in failure of the vascular plexus to
develop (Tao & Zhang, 2016); this could be due to a lack of pro-angiogenic factors released
by the astrocytes, an absence of their physical presence, or a combination of both. The
study by Tao and Zhang also highlighted how proteoglycans provide structural guidance
for basement membrane assembly during angiogenesis, hence adding to this notion.
Finally, a study which disrupted astrocyte guidance is disrupted, resulting in an inability
for the astrocyte colonisation of retina, also lead to the disruption of angiogenesis and
vessel patterning, further highlighting the importance of endothelial cell and astrocyte

interactions in the development of this vascular bed (O’Sullivan et al., 2017).

This phenomenon could also provide a possible explanation as to why disruption in
angiogenesis and vascular patterning is observed when endothelial ZEB1 is knocked out.
The RNA-Seq GO term analysis identified changes in interactions with the ECM, along with
changes in cell-cell adhesion interactions. These processes could encompass physical
interactions between ECs and astrocytes, which hence may be altered within ZEB1E¢°

mice and might explain the findings observed in development in vivo.

The ORA identified an enrichment in genes involved in inflammatory responses and
pathways within the downregulated genes. This included type 1 interferon pathway, as
well as chemokine and cytokine mediated pathways. It is already well understood that
chemokine and cytokine signaling is involved in leukocyte recruitment, but they also have
been demonstrated to have roles in angiogenesis (Mehrad et al., 2007). CXCR2 expression
and signaling has been identified as being essential for the chemotaxis of ECs towards the

pro-angiogenic stimulus (Addison et al., 2000). CXCR4 has also been demonstrated as a
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key driver of tip cell morphology required for angiogenic sprouting (Strasser et al., 2010).
Whereas CXCR3 has been described as an angiogenic inhibitor due to its promotion of an
angiostastic phenotype and its negative regulation of cell cycle progression within ECs
(Romagnani et al.,, 2001). It therefore is plausible that loss of ZEB1 is impacting the
expression of genes within these pathways and hence influencing the disruption of
developmental angiogenesis observed within the neonatal mouse retina. Not only this,
the roles of leukocytes in angiogenesis have been well studied, hence loss of ZEB1 may be
impacting the recruitment of leukocytes via these pathways. For example, macrophages
are known to play facilitatory roles in anastomosis (Fantin et al., 2010), which could
explain why there are reduced branch points within ZEB1E%° neonatal retina, due to
reduced macrophage recruitment leading to reduced anastomosis. In addition, work
within chapter 5 identified differences in the leukocyte infiltration in response to loss of
ZEB1 in the laser-CNV model, which also supports this idea of reduced leukocyte
interactions as a result of loss of EC ZEB1. With leukocytes also identified as being able to
aid vascular remodeling and pruning (Hughes & Chan-Ling, 2000; Ishida et al., 2003), this
may also demonstrate how reduced expression of genes involved in regulating
inflammatory pathways and immune cell recruitment affects the development of a

vascular network.

7.3 Developmental and pathological angiogenesis are physiologically

different; loss of endothelial ZEB1 affects these processes differently
In chapter 4, | demonstrated that loss of ZEB1 reduced angiogenic front progression within
the developing retina, a model of physiological angiogenesis in development. However, in
chapter 5, ZEB1*% mice undergoing laser induced CNV had larger angiogenic lesions,
suggesting that loss of endothelial ZEB1 accelerated pathological angiogenesis. Although
this may appear to be contrasting evidence for the role of ZEB1, it needs to be highlighted
that developmental and pathological angiogenesis are quite distinct processes and this

could therefore explain why loss of ZEB1 impacts them both differently.

Developmental and pathological angiogenesis are two distinct processes involving the
formation of neo vessels, but each with unique characteristics and underlying

mechanisms. In pathological angiogenesis, aberrant endothelial behavior occurs in which
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a loss of vascular homeostasis and quiescence results in chaotic angiogenic sprouting,
leading to the generation of abnormal vascular structures and networks, which are often
defective and leaky (Dudley & Griffioen, 2023). Dysfunctional activation of signaling
pathways and unregulated expression of pro-angiogenic factors such as VEGF and FGF are
part of the molecular mechanisms that drive this angiogenesis, along with a loss of
stabilisation signaling and quiescence associated signaling (Carmeliet & Jain, 2011;
Potente et al.,, 2011). An interesting study published by Seaman et al compared the
transcriptomes ECs within the liver in three separate states: resting state in which ECs are
generally quiescent, regenerative state in which ECs are actively performing angiogenesis
as the liver regenerates, and the tumour baring liver which was undergoing pathological
angiogenesis. This study identified various genes which were enriched within these
population groups, such as PTPRN, apelin and CD109, which were enriched in the tumour
ECs undergoing pathological angiogenesis and not the ECs undergoing physiological
angiogenesis (Seaman et al.,, 2007). This therefore indicates that ECs have different

transcriptomes, depending on the context of their angiogenesis.

There have been reports of context dependent roles of proteins, such as that described
for ZEB1 in this thesis. For example, Tie/Ang signaling has been regularly demonstrated as
having different roles and impacts on the vasculature, depending on the vascular bed and
the context (Eklund & Olsen, 2006). Loss of either Tie2, or its ligand Ang2, results in severe
impacts in developmental angiogenesis observed within the retina, including venous
specification (Chu et al.,, 2016; Hackett et al., 2002). However, it has also been
demonstrated that the over expression of Ang2 was demonstrated to disrupt
developmental angiogenesis in vivo, suggesting the balance between these factors are
particularly important to their context dependent roles (Maisonpierre et al., 1997). Tie2
has also been described as the master regulator of endothelial quiescence by promoting
EC survival and enhancing vascular stability, indicating that it not only has a role in
promoting angiogenesis during vascular development, but also a pro-quiescent role
(Augustin et al., 2009). This understanding of Tie2 within quiescence has been the premise
of research into vascular normalisation within the treatment of cancers, in an attempt to
increase chemotherapy delivery once the tumour vasculature has achieved a level of

normalisation (Park et al., 2016). However, high levels of Ang2 have also been associated
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with vascular leakiness within inflammatory conditions such as sepsis in humans,

providing another contextually role for this signaling (Parikh et al., 2006).

The heterogeneity of the vasculature is likely to be the cause of these context depending
roles. The significant variation in EC phenotype and behavior, both across and within
tissues, occurs due to variations in gene expression, which ultimately can lead to signaling
pathway variation and differential modulation of protein behavior (Aird, 2007; Becker et
al., 2023; Kalucka et al., 2020). It is therefore quite plausible that ZEB1 is playing context
dependent roles within the endothelium. This theory is especially probable if the
activation of different ZEB1 binding partners is implemented within specific physiological
or pathological contexts, as it is already well known that these binding partners regulate
its transcriptional regulation activity (Postigo et al., 2003; Postigo & Dean, 1999). It would
therefore be interesting to identify if this is the case within the different contexts observed
in this thesis, which could be achieved by experiments which aim to prevent this
regulation. Examples of these experiments include specific knockout of ZEB1 binding
partners (CtBP, Smads etc), or by mutation of the ZEB1 structure to prevent certain
proteins from binding and hence modulating ZEB1s activity specifically. This would be an
ideal next step to identify how ZEB1 can have alternative roles in different biological

contexts.

In chapter 5, ZEEB1E™C in male mice resulted in increased lesion leakage suggesting
changes in endothelial barrier integrity. Several of the DEGs in ZEB1 KD HUVECs are
involved in EC barrier regulation, structure and function. These include ICAM-1, VCAM-1
and SELE (Chistiakov et al., 2015; Claesson-Welsh et al., 2021; C. Lawson & Wolf, 2009),
which could explain why this leakage is observed in mice deficient in EC ZEB1.
Interestingly, sex differences were observed in chapter 5, where female ZEB1¥%° mice did
not have the same increase in vascular leakage as male ZEB1E®° mice. The list of DEGs in
ZEB1 KD HUVECs was assessed for sex specific genes and although none of these genes
are exclusively sex-specific, several exhibit sex-biased expression patterns or are
influenced by sex hormones, thereby contributing to observed differences in immune
responses between males and females. For example, genes such as OAS1, MX1, IFIT1, and

IFIT3 (which were found to be differentially expressed in ZEB1 KD HUVECs) are classified
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as interferon-stimulated genes and play pivotal roles in the innate immune response,
particularly in antiviral defense (Schoggins, 2025). Notably, studies have demonstrated
that these genes exhibit sex-biased expression in various species. For instance, in pigs,
OAS1 and CXCL10 were found to be significantly upregulated in females compared to
males in subcutaneous adipose tissue, suggesting a sex-specific role in inflammation and
immune responses (Wang et al., 2022). This could begin to explain the sex difference

observed in chapter 5.

7.4 The level of ZEB1 knockout and reduced expression may impact the

phenotype of ZEB1 deficient ECs
Within chapter 5 of this thesis, the level of ZEB1 expression within EC of ZEB1E%© mice
was determined to be around 50%. Although this reduction was significant and robust, the
expression of ZEB1 was still apparent, which would therefore have an impact on ECs
behavior. The transcriptome is sensitive to changes in transcription factor levels, which in
turn impacts the phenotype and physiology of an organism. This is observed within human
disease, with diseases that arise because of haploinsufficiency, being strongly associated
with mutations of transcription factors, suggesting that even a 50% loss is sufficient to
result in disease (Seidman & Seidman, 2002). Therefore, a 50% reduction in ECs should be
significant enough to observe a phenotypic response, if that gene is playing a role within
that cell type; however, it must be noted that there is often significant redundancy
between transcription factors, and hence some transcription factor knockout studies
display no or little phenotype (Wu & Lai, 2015). It may therefore be plausible that ZEB1 is
acting within transcription factor families to induce its biological function, hence why loss
of EC ZEB1 is not having a major impact on angiogenic development or the progression of

disease.

In a recent study, Naqvi et al were able to demonstrate how varying levels of the SOX9
transcription factor affected craniofacial shape variation in development. In this study, the
team showed that specific response elements within the genome are sensitive to the
levels of their associated transcription factor, which can in turn affect gene expression and
developmental outcome (Naqvi et al., 2023). This work reveals key insights into how

changes in transcription factor abundance can impact gene regulation. This phenomenon,
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along with the fact that | have demonstrated effects as a result of a 50% reduction in ZEB1

levels in vivo, provides evidence that ZEB1 plays a significant role in ECs.

A limitation of the developmental angiogenesis work in this thesis performed in vivo on
ZEB1EXC neonates is that the exact level of ZEB1 expression has not been confirmed.
Although the reduction in ZEB1 expression within the adult dosed mice was confirmed in
chapter 5, the exact level was not determined in neonates owing to difficulties in
extracting sufficient ECs and subsequent mRNA from neonate mouse lungs via MACS.
Because they undergo a different dosing regime, it may be plausible that the level of ZEB1
expression may vary between neonates and adults. Given what Naqvi et al demonstrates
with SOX9, it could therefore be possible that the alternative roles for ZEB1 in
development and disease presented within this thesis, could be a result of differing levels
of ZEB1 knockout. Therefore, the next step within this research would be to identify if
there is any difference in the level of ZEB1 expression in both adult ZEB1E*° mice and
neonate ZEB1E“© mice. Given the high level of heterogeneity within ECs (Becker et al.,
2023; Kalucka et al., 2020), it is therefore even more important to take this into account,
as varying levels of ZEB1 may influence different vascular beds in different developmental

and pathological processes.

In addition, it would also be interesting to observe whether the expression of ZEB1 varies
depending on the context and tissue type. With the advances in single cell RNA-
sequencing and the availability of published single cell data, insights could be gained into
this without the need for multiple in vivo studies to be set up. Taken together, these extra
proposed experiments and analysis may therefore be a possible route to follow in order
to fully elucidate the role of ZEB1 within EC heterogeneity, as differing levels of ZEB1

expression between vascular beds may be having alternative effects.

7.5 Published research on endothelial ZEB1 may be conflicting

At the outset of this research, there was limited published information on the role of
endothelial ZEB1. To our knowledge, no studies focused on ZEB1 as a primary factor
influencing endothelial cell-specific behavior; however, in early 2020, Fu et al published
work that highlighted endothelial ZEB1's involvement in tumour angiogenesis. Their

research demonstrated that inactivation of endothelial ZEB1 via the ZEB1E“° model led to
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reduced tumour angiogenesis and normalization of tumour-associated vasculature,

thereby improving the delivery of chemotherapy agents to the tumor (Fu et al., 2020).

In the supplementary data of this research paper by Fu et al, the team described how they
determined that developmental angiogenesis was unaffected by ZEB1 EC KO (Fu et al.,
2020). Within this study, the same neonatal angiogenesis model was used but with some
notable differences in experimental design. First, their neonates received only two doses
of tamoxifen, on post-natal days 3 and 6, whereas in this study, tamoxifen was
administered on post-natal days 1, 2, and 3. The delay in tamoxifen administration in Fu
et al.'s study likely affected the timing of transgene inactivation, as the transgene would
remain at normal levels until the first dose (on post-natal day 3). In contrast, in this study,
the final tamoxifen dose was given on post-natal day 3, at which point significant vascular
outgrowth had already occurred. Inducing ZEB1 KO at this stage may reduce ZEB1
expression in vasculature that has already undergone a certain level of development.
Additionally, the multiple doses administered in this study ensured that Cre-mediated
recombination was sufficient to achieve significant reduction of ZEB1 expression by post-
natal day 3, whereas Fu et al.'s second dose was not given until post-natal day 6,

potentially delaying the maximal effect of ZEB1 KO.

Another important difference between the studies is the timing of sacrifice. In this thesis,
animals were sacrificed at post-natal day 5, whereas Fu et al. sacrificed their animals at
post-natal day 7. This difference has a substantial impact on plexus development,
particularly vascular extension, which would be near completion at post-natal day 7.
Furthermore, the ZEB1"" mice used within this chapter and this thesis were gifted from
Thomas Brabletz (S. Brabletz et al., 2017), whereas Fu et al developed their own ZEB1/

in-house, which may result in some experimental variation.

In addition, assessed only vascular extension as a measure of developmental angiogenesis.
Although vascular extension is a common metric, it is not the only relevant parameter.
Other key aspects, such as tip cell number, branching, segment length, segment density,
and area, were not measured or reported in their study. This limited analysis may have
overlooked important information regarding endothelial ZEB1's role. Furthermore, their

method of vascular extension also varied from that used in chapter 4. Instead of working
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out the percentage of vascular extension by normalising to the entire retina length (Fantin,
2022), Fu et al displayed the raw measurement of vascular front length only. The lack of
comprehensive analysis, combined with variation in study timelines, may explain why Fu
et al did not observe any changes in developmental angiogenesis, which is conflicting to

the results displayed in chapter 4.

7.6 ZEB1is transcriptionally linked with the inflammatory response in vitro,

with sex-specific inflammatory differences observed in vivo
The emergence of inflammatory themes throughout this thesis was unexpected prior to
initiating the research. This link with ZEB1 and inflammation was initially identified via
RNA-Seq analysis of the transcriptome of ZEB1 KD HUVECs, which revealed enrichment of
genes involved in regulation the inflammatory response. Notably, the enrichment of
inflammatory genes was profound within the genes that were downregulated, which
could suggest that loss of ZEB1 reduces the response to inflammation by downregulating
these genes. Over representation analysis of the RNA-Seq data in ZEB1 KD had a distinct
enrichment in genes involved in type 1 interferon signaling, but also response to cytokine
stimulation and chemokine stimulation. An altered inflammatory response was also
observed in vivo within the laser induced CNV study in chapter 5, where male and female
ZEB1XC mice exhibited different CD45-associated inflammatory responses. This effect
observed within the laser-CNV could be at least partially explained by the RNA-Seq results
in chapter 3, which do suggest a reduction in genes involved in pro-inflammatory
pathways. This ponders the question of exactly how loss of ZEB1 impacts the response to

inflammatory stimuli and why this is a sex-specific response.

7.7 Possible future research directions

7.7.1 Overexpression studies

Exploring the effects of ZEB1 overexpression would be an ideal next step in this research,
as it would provide valuable insights into the reverse of ZEB1 loss and help clarify its
functional role in the regulation of the endothelial transcriptome and behavior, as well
as angiogenic processes. Overexpressing ZEB1 in HUVECs could be achieved through the

use of plasmid-based expression systems or viral vectors, allowing for controlled
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overexpression in vitro. Performing RNA-Seq on these ZEB1 over expressing cells would
provide an ideal overview of how increased ZEB1 expression impacts ECs an would
navigate the direction of further experiments. The exploration of how ZEB1 over-
expression influences developmental and pathological models of angiogenesis in vivo
could also prove to be insightful. Generating an endothelial specific over expression
transgenic mouse model, as done previously (Mould et al., 2005), would therefore be a

pivotal next step in this research.

7.7.2  Work to explore if loss of ZEB1 impacts EC proliferation

7.7.2.1 Investigating the role of ZEB1 in subconfluent HUVECs

Since ZEB1 was identified as being upregulated within confluent HUVECs, the work in
chapter 3 focused on understanding the role of ZEB1 within this condition. Although its
expression was reduced in subconfluent HUVECs, ZEB1 expression is still observed. The
subconfluent condition exists within a different state to confluent ECs, with room for
proliferation and migration. It would therefore be of interest to understand the different
roles of ZEB1 within confluent and subconfluent endothelial cells. This could be performed
by knocking down ZEB1 using siRNA in subconfluent endothelial cells and comparing the
differentially expressed genes to that of the confluent. It would be particurly interesting
to observe the levels of EndoMT markers within the subconfluent HUVECs once ZEB1 has
been knocked out. The subconfluent condition expressed higher levels of mesenchymal
markers and lower levels of endothelial markers, indicating a certain level of EndoMT,
therefore observing how loss of ZEB1 affects this would be interesting. The ChIP-Seq
analysis could also be performed on subconfluent endothelial cells, to observe any
differences ZEB1 in genomic binding that occur with confluency. The crossover between
ChlIP-Seq and RNA-Seq data sets could then also be performed to find genes directly
regulated within the subconfluent condition, which could then be compared to the

confluent to identify any differences.

7.7.2.2 Investigating proliferation and metabolism
Another future experiment which would be important to perform would be an accurate
proliferation assay, such as EdU assay. The MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl-2H-tetrazolium bromide) assay performed in chapter 3 gave a good indication of
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cell viability; however, it does not provide a completely accurate view of proliferation.
MTT assays work by assessing cell viability by measuring the metabolic activity via the level
of NADPH-dependant oxidoreductase enzymes. These mitochondrial reductases are able
to convert the yellow coloured MTT reagent to a purple-coloured Formazan product with
an absorbance that can be measured using a spectrophotometer at 570nm. Higher levels
of metabolic activity produce higher levels of absorbance, hence equating to viability
(Ghasemi et al., 2021). An Edu assay is an example of an appropriate alternative method
as this assay monitors proliferation via the quantification of newly synthesised DNA. The
proliferation rate of the conditions is therefore determined by the level of new DNA
synthesised, which is required for cells to proliferate (Flomerfelt & Gress, 2015). Seeding
sparse levels of ZEB1 KO or KD HUVECs and monitoring the proliferation via EdU
incorporation would therefore be an important next step within this research. And to add
to this, in order to understand whether there are any metabolic differences between ZEB1
KO/KD cells and control cells, a Seahorse assay could be performed, which provides a more

thorough exploration of the metabolic state of the cell (Gu et al., 2021).

7.7.2.3 Invivo to explore proliferation

ERG analysis revealed a reduced EC number at the angiogenic front in ZEB1E*C mice,
suggesting that the observed reduction in branching may be due to decreased EC
proliferation resulting from ZEB1 KO. However, the decrease in vascular density, caused
by reduced vessel segment lengths, could also explain the lower number of ECs, as there
are simply fewer vessels to accommodate them. Further investigation using an in vivo
proliferation-based measurement, such as 5-bromo-2’-deoxyuridine (BrdU) incorporation
(like that used in the study of FOXO1 by Wilhelm et al), would determine whether

proliferation is the cause of the observed structural changes.

Further investigation into the effects of ZEB1E“° on EC proliferation and cell cycle
regulation would represent an important next step in this research. Such studies could
elucidate whether ZEB1 modulates EC proliferation and potentially identify the
mechanisms responsible for the observed reduction in branching within both the
angiogenic and central regions of the developing plexus. It is well established that the

differential responses of ECs to pro-mitotic and pro-angiogenic signals, such as VEGF are
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mediated by concentration gradients within the vascular plexus; with ECs at the leading
edge, exposed to the highest VEGF concentrations undergo tip cell selection, while
surrounding cells remain proliferative (Gerhardt et al., 2003). These distinct cellular
responses to VEGF are regulated by Notch-DLL4 signaling (Hellstrom et al., 2007). Notably,

iECKO model

Pontes-Quero et al. demonstrated that loss of DLL4/Notch using an EC Rbpj
results in cell cycle arrest at the angiogenic front, where stalk cells, which are typically
proliferative, adopt a tip cell-like phenotype and cease to proliferate. Conversely, in the
central plexus, where Notch signaling normally maintains endothelial cell quiescence,
DLL4/Notch loss induces cell cycle re-entry and proliferation (Pontes-Quero et al., 2019).
Similarly, to ZEB1®*0, |oss of DLL4/Notch signaling leads to a reduction in EC number at
the angiogenic front; however, the structure of the plexus in the case of Rbpjt™© is
qualitatively completely different to that of ZEB1E™C, |t is therefore unlikely that changes
observed in ZEB1E™C are simply in response to changes in VEGF stimulation or Notch
signaling. Although a reduction in EC number at the angiogenic front was also observed in
ZEB1EXC, the structural alterations in the plexus are qualitatively distinct from those seen
in RbpjE*®, Furthermore, investigating the impact of ZEB1*° on EC cell cycle progression

and proliferation in the angiogenic retina would be an important next step in advancing

this research.

7.7.3 Studies to explore if ZEB1 impacts EndoMT in vitro and in vivo

Many research groups have reported being able to stimulate EndoMT within ECs in
culture. These often include the addition of TGFB (sometimes specifically TGFB1), along
with another stimulus such as Angll (Krishnamoorthi et al., 2022) or an inflammatory
stimulus such as TNF-a or IFN-y (Haynes et al., 2019). It would therefore be an interesting
next step to see how ZEB1 KD affects this stimulated EndoMT. There is also the argument
that observing EndoMT within an in vitro cell culture model is a highly manipulated
situation and therefore not representative of EndoMT within physiology. EndoMT has
been observed and measured in vivo using a number of models, such as lineage tracing
experiments which demonstrate that mesenchymal cell types, such as fibroblasts and
smooth muscle cells, have derived from endothelial cells (Lee et al., 2023; Zeisberg et al.,

2007). This is ideal future work to determine whether ZEB1 influences EndoMT.
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7.7.4 Further studies to determine if loss of EC ZEB1 impacts vessel normalisation

7.7.4.1  Exploration of vessel pruning and regression

In chapter 4, the structural changes that were observed in the vascular front were
determined to be consistent within the central plexus; however, it is important to consider
the differences in the physiological processes occurring within these regions at this
developmental stage. In the central plexus during retinal vascular development, the
vasculature undergoes vessel pruning and remodeling to establish a hierarchical capillary
network (Adams & Alitalo, 2007). During this phase, the balance between pro- and anti-
angiogenic factors and signaling pathways tightly regulates vessel regression and removal
(Korn et al., 2014; Scott et al., 2010). This pruning is also influenced by oxygen-sensing
prolyl hydroxylase domain (PHD) proteins, which are expressed by astrocytes in the retina.
For example, PHD2 astrocyte-specific knockout mice, using a GFAP-Cre driver, exhibited
an abnormally crowded vascular plexus with poor hierarchy and no vessel pruning. This
was attributed to the inability of astrocytes to sense oxygen levels, leading to sustained
hypoxic signaling and preventing normal pruning and remodeling (Pugh & Ratcliffe, 2003).
The angiogenic response of endothelial cells to pro-angiogenic factors drives the
expansion of a nascent vascular network capable of meeting tissue demands. Thus, the
ability of endothelial cells to adapt and undergo angiogenesis is a critical aspect of their

function.

To further explore this in future work, staining for Collagen IV empty sheets, (sometimes
called empty basement membrane sleeves) which are left behind once a vessel has
regressed (Hashizume et al., 2010; Mcdonald & Choyke, 2003), will help determine
whether there is a significant difference in vessel pruning between ZEB1iECKO and
controls. This will in turn help determine whether the alterations in network structure and
vessel branching are as a result of inefficient branching at the vascular front continuing to
impact the central plexus, or from altered vessel remodeling. It could be possible that
these open-ended vessel segments with a node of 2 in the central plexus are angiogenic
sprouts, which are normally only observed at the angiogenic front (Fruttiger, 2007). This

would also need to be confirmed by staining for a tip cell marker, such as ESM1, as without
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this information it is hard to understand what process that vessel is currently undergoing

(Rocha et al., 2014).

Many inducible transgenic models also have reporter genes within their systems so that
the percentage of recombination can be determined via confocal imaging e.g. the
expression of EGFP (Kretzschmar & Watt, 2012). This lineage tracing technique is also
particularly useful in determining what happens to these ECs deficient in a specific gene
overtime. It would be particularly interesting to apply this to the ZEB1iECKO model used
in this thesis as this would help identify what happens to these ECs as a direct consequence

of loss of ZEB1.

7.7.4.2  Studies to assess the loss of EC ZEB1 during later phases of retinal vascular plexus
development
Neonatal angiogenesis studies, such as those presented in this chapter, exhibit significant
variability in experimental design, depending on the research question. Key variables
include the timing and dosage of tamoxifen administration and the timing of sacrifice.
These factors can profoundly affect study outcomes. Notably, the timing of sacrifice is
crucial due to the rapid developmental changes occurring in the first few days of life. For
instance, vascular outgrowth is time-dependent: at P3, outgrowth is approximately 20%,
increasing to 75% by P7 and reaching the retinal periphery by P10 (Rust et al., 2019).
Additionally, vascular parameters such as segment length and branch point number also
vary with developmental timing. Therefore, the timing of sacrifice and retinal dissection
can significantly influence results. The timing of KO induction is another critical factor.
Delaying KO induction allows normal vascular development before the intervention, which
can alter experimental comparisons. This must be considered when comparing findings

from this thesis to existing literature.

To study EC ZEB1 loss in angiogenesis, we adopted a schedule similar to the EC FOXO1
study (Wilhelm et al., 2016). Animals were sacrificed on post-natal day 5 to capture early
developmental changes, providing a clear view of the angiogenic front as it progressed
across the retina. Tamoxifen administration was administered on P1, P2, and P3 to induce
the KO early, ensuring sufficient recombination for potential downstream effects. While

this timeline provided valuable insights into early EC ZEB1 function, later stages of
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angiogenesis were not addressed. Around P10, vertical angiogenesis occurs, forming the
intermediate and deep vascular plexus layers (Fruttiger, 2007; Rust et al., 2019, and
demonstrated in Figure 1.1). This phase differs from the earlier stages, especially in terms
of tip cells, called D-tip cells, that guide new plexus formation. These cells have a distinct
transcriptional signature, including high TGF-B signaling. In fact, loss of AIk5 (TGF- B
receptor 1) prevents the formation of these D-tip cells, results in a failure to form the
intermediate and deep plexus (Zarkada et al., 2021). Exploring how loss of EC ZEB1 affects
this stage of angiogenesis would therefore be an interesting next step. Not only this, ZEB1
has been heavily linked to TGF- B signalling in other cell systems (Joseph et al., 2014), as

well as in endothelial cells (Fu et al., 2020).

Conducting a study to assess whether loss of EC ZEB1 affects developmental angiogenesis
during later stages would provide valuable insights into whether the effects observed in
this thesis extend into later phases of development. Careful attention must be given to
factors such as the dosing schedule, tamoxifen quantity, and timing of sacrifice. These
variables are critical to ensure sustained ZEB1 knockout through deep plexus formation
and to identify any changes in plexus development, as well as the timing of these
alterations. While this falls outside the scope of the current thesis, it represents an

important next step in this line of research.

7.7.4.3  Determining how ZEB1 EC KO impacts supporting cells within the vascular network
This chapter primarily investigates the impact of EC ZEB1 loss on vascular structure and
development, focusing specifically on the endothelial cells; however, the role of
supporting cells within the vasculature also warrants consideration, as their involvement
may contribute to the observed phenotypic alterations. A more comprehensive
understanding of how ZEB1 loss in ECs influences interactions with these supporting cells
could provide valuable insights into the underlying mechanisms. One such class of
supporting cells are pericytes, which play critical roles in stabilizing the endothelial
network. Pericytes are also known to guide angiogenic sprouting, sense pro-angiogenic
signals, and participate in vessel pruning (Bergers & Song, 2005). Further underscoring the

liECKO

relevance of investigating pericyte behavior in the context of ZEB retinas. Given that

loss of EC ZEB1 has resulted in alterations to vascular structure and branching, potentially
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through changes in sprouting and/or pruning, it would be valuable to explore whether
these effects are mediated by alterations in pericyte recruitment or function. Staining for
pericyte markers, such as NG2 (Tual-Chalot et al., 2013), could provide further insights

into this potential interaction.

7.7.5 Research directions centered on inflammation

7.7.5.1  Expansion beyond CD45 inflammation

In chapter 3, RNA-Seq analysis identified DEG associated with inflammation and
inflammatory signaling. To explore this, analysis of CD45-associated inflammation was
performed within the two disease models within this thesis in chapters 5 and 6. CD45 is a
good marker of inflammation due to its expression almost all haematopoietic cells
(Barford et al., 1994); however, it only provides a blanket description of inflammation.
Immune cell activation and inflammation cascades are complex, therefore further
information would be needed to determine specifically how the inflammatory processes

are varying between the female and male ZEB1£%° groups.

Several markers can be stained to provide further insights into the inflammatory processes
occurring within the CNV lesions in response to ZEB1 knockout. Staining for immune cell
adhesion molecules, such as ICAM-1, VCAM-1, P-Selectin, or E-Selectin, would enable
comparison of their expression across different groups. Additionally, staining for markers
specific to particular immune cell types would help identify the specific cell types involved

and the nature of the inflammatory response.

This could also be achieved by completing qPCR for immune cell markers such as Ncf1 for
activated neutrophils and CD68 for activated infiltrated macrophages, which have both
been previously identified as being upregulated in bulk RNA-Seq of CNV tissue (Brandli et
al., 2022). Macrophage polarisation has also been observed within laser induced CNV, with
M1 macrophages appearing earlier followed by a sustained M2 macrophage population
that developed in later days post lasering (Yang et al., 2016). Peng et al have also shown
this by determining the expression of M1 maker CXCL10, and M2 markers CD206 and
CCL2, over time and in response to therapeutic agents(Peng et al.,, 2018). It would
therefore be of great interest to determine further information regarding the immune cell

liECKO

profile within the neovascular lesions in the control and ZEB groups. This could be
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achieved by staining for well-established markers, but to save time optimising, a bulk RNA-
Seq approach like that used by Brandi et al would provide a wider variety of information

to allow for streamlined analysis.

Given the RNA-Seq results within chapter 3 linking ZEB1 with immune pathway regulation,
and the fact in metabolic conditions such as PAD, monocytes have been identified as
regulators of cytokine production, including VEGF-A (Lolmede et al., 2011), exploring this
further will be an ideal next step in this research. Although this staining provided evidence
that the CD45" leukocytes did not vary between the two groups, there are methods in
which inflammation could be explored further. The level of pro-inflammatory and pro-
angiogenic cytokines between control and ZEB1E*° could be assessed by gPCR or ELISA;
this could be determined systemically using blood, or locally by using tissue extracted from

the ischemic limb.

7.7.5.2  Studies to specifically monitor inflammation

| would propose experiments that involve a direct inflammatory stimulus with well
described outputs and downstream signaling pathways to explore how loss of ZEB1 affects
these. Although some methods within this thesis have a inflammatory associated output
ie the laser-CNV with CD45 staining within the lesion and FFA leakage, these are as a
consequence of the angiogenesis induced by the laser, which makes it difficult to separate
the angiogenic affects from the inflammatory affects. Therefore, a more distinct
inflammatory stimulus would provide a greater level of information on inflammation
alone, without angiogenesis. An example of this would be induction of systemic
inflammation and sepsis via lipopolysaccharide (LPS). This is a commonly used model of
inflammation in vitro (Zheng et al., 2018), but also in vivo (Seemann et al., 2017), and the
effect on the endothelium has been well charecterised (Dauphinee & Karsan, 2006).
Subjecting ZEB1E*° and control mice to systemic inflammation via LPS injection would
therefore provide information as to how loss of endothelial ZEB1 responds to this type of
inflammation. This inflammatory response can be measured by numerous factors, as
outlined in Seemann et al, which includes health status measurements such as body
temperature, blood pressure and weight, as well as measurements of the inflammation

signaling by determining the level of inflammatory cytokines such as TNF-a, IFN-y, IL-6, IL-
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10 and CXCL12, and finally oxidative stress markers as well as Breadykinin and Histamine
(Seemann et al., 2017). Recently, a less invasive model of measuring the effect LPS on the
vasculature was published. This involves the local application of LPS to the ear of a mouse,
followed by photoacoustic microscopy to determine vascular leakage. This may be a more
simple and realistic experiment to be performed in future (Li et al., 2022). On top of this,
experiments can be performed in vitro on HUVECs which could help identify alterations in
inflammatory signaling with and without ZEB1. This includes time dependent LPS
stimulation assays, as well as immunofluorescence staining experiments to determine EC
barrier composition after LPS stimulation (Zheng et al., 2018). It has already been
demonstrated that the response to LPS is heterogeneous within the EC population, with
differential activated EC phenotypes charectrised depending on their expression of certain
inflammatory markers, including E selectin, ICAM-1 and VCAM-1 (Dayang et al., 2019).
Both ICAM-1 and VCAM-1 were observed to be downregulated in response to ZEB1 KD in
HUVECs via RNA-Seq. Therefore, it would be right to assume that the response to LPS will
be different in conditions where ZEB1 is depleted as it may affect the abundance of these
different EC subpopulations. Finally, within the context of cancer, ZEB1 has also been
demonstrated to regulate gene expression that promotes evasion from the immune
system, which provides evidence of ZEB1s regulation of inflammation within another cell
context (Lu et al., 2022). But until further experiments which isolate inflammation from
other pathological process, ZEB1s role within the inflammation of ECs is not fully

elucidated.

7.7.6 Further exploration of how loss of ZEB1 impacts lesion leakage and

neovascularisation in laser-CNV

7.7.6.1  Exploring lesion fibrosis

Fibrosis starts to occur within the laser CNV model at later time points within the study;
this can be measured by staining for collagens and fibronectins. The level of fibrosis as
determined by collagen staining increases with time, with studies reporting the highest
level of fibrosis at 35 days post lasering (Peng et al., 2018). There is evidence within the
literature that associates macrophage and immune cell activity with fibrosis (Reviewed in

Wynn & Vannella, 2016). Therefore, given that female ZEB1E™°© mice exhibit an altered
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inflammatory state compared to males, this could potentially influence the extent of
fibrosis. This is also pathologically important to study as current anti-VEGF therapies work
well at reducing lesion leakage but do not prevent fibrosis. 45.3% of patients on anti-VEGF
therapy developed fibrovascular scaring within 2 years (Daniel et al., 2014), highlighting
the need for alternative therapeutic agents that target this process. Staining for collagen
I and fibronectin will provide information as to how loss of EC ZEB1 impacts the fibrosis
process post laser-CNV. This can be done in the study timeline used in this thesis, but could

also be extended into later time points, as this is where there are higher levels of fibrosis.

7.7.6.2 Inhibition of VEGF

It would be interesting to determine if the use of anti-VEGF agents were able to prevent
this increase in lesion leakage and neovascular lesion size in ZEB1E%° mice. This would
help determine the mechanism of action in which endothelial cells lacking ZEB1 display
increased pathological angiogenesis and vascular leakage. If anti-VEGF agents were able
to prevent this increase, it would indicate that the mechanism of action observed in
ZEB1E*C mijce was via VEGF, or the ECs ability to respond to VEGF. However, if anti-VEGF
agents were not able to have an effect on the increased lesion leakage observed in
ZEB1E*C mice, this may suggest that the mechanism in which this group undergoes
greater neovascularisation and lesion leakage is via an alternative pathway that does not
involve VEGF. This would be interesting because it is known that a subset of patients do
not respond well to anti-VEGF therapy for neovascular ocular diseases, as well as anti-
VEGF therapy generally having reduced efficacy with time (Chen et al., 2023; Suzuki et al.,
2014). Therefore, if loss of EC ZEB1 influences the increase in neovascularisation via
alternative pathways, this may identify other therapeutic targets that may benefit those

who do not respond to traditional anti-VEGF therapies

7.7.7 Investigation of how loss of ZEB1 influences endothelial dysfunction within
the HLI model

To improve the translatability of the findings and explore potential changes in the

response to HLI within the ZEB1E™C group, several studies could be pursued. One such

study involves incorporating models of type 1 diabetes, such as the administration of

streptozotocin to induce pancreatic B-cell damage. This model has been used alongside
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HLI to provide a more clinically relevant representation of PAD (Yan et al., 2009). Further
to this, another option for future work is raising the control and ZEB1*° on a high fat,
high sucrose diet. This was observed to induce both obesity and significantly higher fasting
blood glucose, associated with insulin resistant diabetes. These factors together reduced
the blood flow recovery with ischaemia (Nguyen et al., 2021). This model is able to
illustrate multiple factors which lead to comorbidities and endothelial dysfunction,
without the administration of toxic compounds. The increased dietary intake of high fat
and high sugar food mimics what is observed within the human population very closely

and therefore could be an ideal next step in this research.

7.8 Conclusion and Implications

This thesis aimed to explore the role of endothelial ZEB1 within physiological and
pathological angiogenesis. ZEB1 was initially identified as being a transcription factor that
was enriched within confluent ECs in vitro. The knockdown of ZEB1 proved to influence
HUVEC gene expression, with direct gene expression identified using ChIP-Seq and RNA-
Seq identifying enrichment of genes involved in inflammation and adhesion. In an in vitro
sprouting assay, loss of ZEB1 was observed to reduce sprouting, which was also partly
observed in vivo, with loss of EC ZEB1 resulting in impaired angiogenic front progression
and reduced branching. Whereas within the context of angiogenic disease, loss of ZEB1
resulted in increased lesion size and leakage in a laser induced CNV model of wAMD,
suggesting loss of ZEB1 within alternative angiogenic contexts has differing roles. Finally,
when knocking out ZEB1 in an HLI model of PAD, remodeling is observed within the
vasculature is observed even without the presence of an ischemic stimulus, indicating that

ZEB1 may be playing a role in vascular maintenance and quiescence.

The impact of this work is that these findings provide evidence to support ZEB1 being
involved in multiple processes which govern EC behavior. This work does provide some
evidence to suggest that angiogenesis is an EndoMT like event, however it also identified
multiple other roles for ZEB1 which have not previously been linked with EndoMT, such
as regulation of inflammation and vascular leakage. This therefore highlights that
infamous EMT transcription factors, such as ZEB1, could be involved in the transcriptional

control of ECs in ways far greater than initially imagined.
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7.9 Supplementary information and statements

7.9.1 COVID-19 impact statement

The COVID-19 pandemic impacted the production of this thesis in numerous ways. Firstly,
the abrupt closure of the University and the newly built Biodiscovery Institute occurred at
the beginning of my final lab rotation, which meant | did not receive training within that
placement. This closure lasted for roughly 6 months, during which time | had confirmed
my PhD project but had no access to the laboratory or any data to analyse. In an attempt
to regain some normality and to contribute what | could to help, | worked within the
COVID-19 Light House Laboratory at Alderley Park in Manchester, processing samples
from the general public. During which time, | travelled regularly up to Manchester and
stayed within a hotel. Once the Biodiscovery Institute opened again, the social distancing
rules, reduced working hours, along with the fact the brand-new labs were barely set up
prior to their closure, meant that training on equipment and techniques took a larger
amount of time. Consequently, my research was unable to progress at rate that was
considered satisfactory pre-pandemic. Not only this, but | was also unable to complete the
assessments to gain my Home Office Personal License for animal work until late 2020, with
my license being granted in March 2021. This resulted in the HLI studies being performed
prior to me receiving my license, and often without me being present during the surgery
or imaging due to the COVID restrictions with the BSU. The licensed work within these
studies was performed by other lab members (Dr Sohini Ria Bhalla, Dr Mussarat Wahid or
Dr Nick Beazley-Long) which have been noted throughout chapter 6. Fortunately, | have
assisted on HLI surgeries and imaging on separate studies not presented in this thesis,
which has given me a good level of understanding which can be applied to the previously
done ZEB1E© mice. Finally, it must be noted that this delay in receiving my license also
impacted my ability to be trained in licensed procedures, due to the contracts of senior

licensed lab members ending before receiving my license.

This was also a particularly difficult time for myself and others in regards to mental health,
as everyone began to navigate a post-lock down world, in which many felt uncomfortable,
leading to an uneasy working environment and a lack of interaction and support

particularly within the early career research (ECR) community. This was something | felt
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incredibly passionate about and hence worked hard to improve the environment by
setting up initiatives and providing training opportunities as well as scientific social events,
such as the ‘ECR social seminar series’ to improve the confidence of ECRs and build our
research community. | believe the initial delay and pro-longed impact of both the
pandemic and the building move is a prime example of the resilience, persistence and

dedication of myself and all PhD students during the last few years.

7.9.2 PhD Professional Internship Placement

As part of my BBSRC DTP funded PhD | had to complete a 3-month internship outside of
my PhD research. To satisfy this requirement | completed this internship with Proteintech
Group at their European HQ in central Manchester. | worked closely with technical
specialists, scientific marketing coordinators and product managers to understand how
they impacted the business. In the first weeks of my placement | was tasked with
organising a Proteintech sponsored ‘Pint of Science’ event within the Biodisocvery
Institute for postdoc appreciation week. This involved project managing every aspect of
the event, from organising and liaising with speakers, booking rooms, ordering
refreshments and food, as well as chairing the event. | was also tasked with updating
online content for the technical support side of the company’s website for specific
antibody utilising techniques. This included a complete overhaul of the western blot
protocol section and an update of the immunofluorescent staining section of the website.
The content | created for the western blot protocols was also placed into printed protocol
booklets that are available online. | also organised and generated content for a brand-new
landing page for Proteintech products on ThermoFischers’s website, which involved
creating content which had strict criteria so that it fit into the template of the website.
Following this, | was tasked with producing online technical support blogs, which focused
on using terms identified using search engine optimisation identified terms to generate
website hits. | then proceeded to update and refresh older blogs in order to increase
website hits due to the refreshing of content, also with the aim of introducing new search
engine optimsied terms. Since this time, | have produced 3 published blogs which are all

available online:
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1. ‘Detecting low abundance proteins via Western Blot;
https://www.ptglab.com/news/blog/detecting-low-abundance-proteins-via-
western-blot/

2. ‘Overview of the vascular system and the importance of endothelial cells’
https://www.ptglab.com/news/blog/overview-of-the-vascular-system-and-the-
importance-of-endothelial-cells/

3. ‘How to write a PhD thesis: 10 top tips’

https://www.ptglab.com/news/blog/how-to-write-a-phd-thesis-10-top-tips/

Overall, my time at Proteinech allowed me to gain valuable skills in marketing, project
management and technical writing. It also provided me with an insight into what jobs and

positions are available outside of the laboratory and academia.
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