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Abstract

Angiogenesis, the process by which new blood vessels are generated frone-testing
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, pdevelopment, theendothelium

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 sqbeat 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 involveapitheliakto-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 gstential 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, well as models of pathological

angiogenesis and vascular disease.

Unlike other EMT transcription factors, ZEB1 expression was found to be enriched within
confluent ECs. RN®eq analysis identified differentially expressed genes resulting from
ZEB1 knockdown, which, alongside ZEB1-8&tRrevealed genes that are dirgdlound

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 progress

the angiogenic front and alterations in vascular network structure. In a pathological model
of wet agerelated macular degeneration, however, loss of endothelial ZEB1 caused an
increase in neovascular lesion size and leakage. In a peripheral ditegse model,
endothelial ZEB1 knockout had no impact on blood flow recovery but did lead to
alternative vessel remodeling in both ischemic and-smiemic limbs. In summary, these

findings indicate that loss of endothelial ZEB1 impacts vascular devetd@and disease.
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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 transportelis, solutes andasseghroughout the

body. The mature vasculature ic®sed tubular system difranched hierarchicatessels

that form anetwork consistingof capillaries, arteries, arterioles, veins arehules(Figure

1.1). Arteries and arterioles travel away from the heatglivering blood into capillary
networks within organs and tissues. Venules and subsequent veins then collect the blood
from the capillary beds to beeturned to the heart whereas lymphatic system returns
excessive fluid from the capillary network back into circulafiddams & Alitalo, 2007)n

order to constantly support and supply the demands of the tissue, the vasculature remains
dynamig both in terms of its functiomut alsothe phenotype ofits compmentcells The
importance of a functional vascular netwattkat has the ability to respond to stimug
evident due to the extensive variety of diseases that occur as result of flaws in the

vasculaturgCarmeliet, 2003)

1.1.1 Structure and function of the endothelium

Although blood vessels vary itheir properties, they all contain a lumen lined by a
monolayer of endothelial cells, termed the vascular endotheli(Balley & Webster,
2004) Endothelial cell$ECsare polarised so that different regions of the cell membrane
interact with different environments. Thabluminalregion of the cell interacts with the
basement membrane, a highly structured extracellular matrix composed of proteoglycans,
proteins and glycoproteingLeclech et al., 2021Whereas at the opposite pole, the
luminal sideis coated in aspecialised glycocalyandinteracts directly with the contents
of the vesse(Pries et al., 2000The endothelium establishes a selective barrier between
the tissue ad the contents of the bloodKey components of thisarrier include adherens
junctions and tight junctions, both of which aimaportant for maintaining specific vessel

properties and vascular homeostasis.

Adherens junctionsre formed bytransmembrane proteins called cadherins. Vascular
endothelial cadherin\(Ecadherin),a primary component of these adherens junctions,

form cdcium dependent, homophilic interactions between endothelial cellfie
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intracellular component of \(Eadherininteracts withother proteins such ak-catenin
which in turn interact with the cytoskeletofClaessotWelsh et al., 2021)n response to
permeability factors,VEcadherincan bephosphorylate, regulating the structure of
these adherens junctions arttierefore the permeability of the vesséDrsenigo et al.,
2012) Tight junctionanstead are composed alaudins, JAMs and occludwhich exist
in complexes with intracellular scaffolding proteifhecompositionand abundancef
these tight junction complexes influences the barrier tightness ageimeability
(ClaessotWelsh et al., 2021)Changes in botfjunction typesare coadinated to ensure

vascular homeostasis is maintain@ichddei et al., 2008; Tornavaca et al., 2015)

Theendotheliumis heterogeneous across different vascular beds within different organs
and tissuesThisrefers to the large variation and diversity of molecular characteristics
between ECdepending on their environmental conteahd requirementgAird, 2007)A
clearillustration of this would be the variations betwedissues with distinctly different
functions. For example, thendothelium within the brain forms a specialised blood brain
barrier (BBB)hat lines cerebral blood vessels. Tlisan essentigbrotective barrier that
strictly regulates the passa@é substances between the contents of the blood and cellular
components of the braincrucially regulating the diffusion of ions and nutrients whilst
restricting the passage of potentially harmful molésu(Daneman & Prat, 2015)
Structurally the endothelium within the BBB therefdras high expression of junction and
barrier proteinssuch as JAMs, Occludins, Claudins and Cadherins, along witbt
network of support cells such as pericy(&adry et al., 2020Whereasthe endothelium
within the glomerulus of the kidnelgas different functions, wherebthey form a crucial
component of the renal filtration barrierThese endothelial cells display igue
characteristics such as fenestrations and a specialised glycocalyx which facilitate the
filtration procesgFogo & Kon, 2010Jhese two contrasting examples highlight the tissue
specificcharacteristics of the endothelium, and tlmportance of these characteristics
for the function of the entire organ. Hencendotheliumheterogeneity andunctionality

is a crucial pardf all aspects of physiology.

What wasfirst simply labelled as eitherveins or arteries by Hippocratdsas now

drastically expanded to the heterogenous system that is known t@dimgl, 2007)Within
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the last decade, advances in single cell transcriptontiase provided in-depth
information surrounding the inventory of endothelial cells within specific organ systems,
as well as in health and diseas@lucka et al published the first murine endothelial cell
transcriptomic atlas, whicfurther revolutionisedthe way endothelial heterogeneity was
understood.This atlas not only iddified heterogeneity between organs, but also intra
tissue heterogeneity within organs, identifying multiple endothelial subtypes with distinct
transcriptomic profiles and characteristics whichrtslate to organ functionThiswork
includesfindings such athe specificexpression ofascular barriemtegrity genes within

gut and small intestine ECs, whielgree with previous reports that highlight their
importance within the blooejut barrier(Kalucka et al., 2020; Spadoni et al., 20A8)well

as this, specific EC subclusters were identified within vascular secls 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., 2020y he same singleell transcriptomic&nalysis has been applied to a
multitude of diseases and morbidities includiogncer(Zhang et al., 2023nd obesity
(Bondareva et al., 2022which have all identified distincthanges inendothelial
transcriptomic profile, with multiple subtypes of diseased endothelial cells contributing to
the pathology(Becker et al., 2023Hence, 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 systerihe vascular system is a hierarchi
network of arteries, arterioles, capillaries, venules and veins. Arteries carry blood
from the heart towards capillary beds which are the primarg sit gaseous and
nutrient exchange, with veins carrying blood back to the heart. All vessels are lir
endothelial cells, hence termed the endothelium, which lies on a basement mem
Pericytes coat capillaries whereas larger vessels are coated witsmmuiscle cedl.
Created wth biorender.

1.1.2 Vasculogenesis

Duringearly embryonidevelopment the first endothelial cells, and hence blood vessels,

are formedde novovia a process termedasculogenesisin this process, endothelial

progenitor cells known as angioblastsigrate andassociate into clusters to form blood

islandsthat surround haematopoietiprecursorswhich will eventually differentiate into

components of the bloodrlhis process of blood island formation drives the creation of the

primitive vascular networkl he remodelling of this network along with the differentiation

and recruitment of mural support cells occurs gradualhtil a hierarchical network is

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

Oncevasculogenesisas generated theitial plexus, the expansion of the network occurs
as a result of angiogenesidngiogenesis is that process in which new blood vessels are
generated from the preexisting vasculaturéCarmeliet, 2003)Angiogenesis is essential
in development and growths thevasculature is required to expand to meet the needs of
the growing tissue. However, it is also important pdstrelopmentin processes such as
wound healingand exercis€DiPietro, 2016; Ross et al., 202@uch of theearly research
into angiogenesis was focusezh tumours after Judah Folkman pposed tumour
angiogenesis astargetable process itreatment of cancergFolkman, 1971Since then,
the process of angiogenedisis been well researchad nowunderstood to be a highly
coordinated series of eventthat can vary depending on the context ahgiogenic

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

Broadly, angiogenesis can be split into two major types: sprouting angiogenesis and
intussusceptive angiogenesighe 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 veslelk, 1918)and

later in avian studies, angiogenic tip cells were first defiffaarz et al., 1996)Continued
research allowed for thse 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 extensi@erhardt 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 amd remodeling(Caduff et al., 1986)

The process ofsouting angiogenesibas been well defined toccurthrough multiple
steps(Figurel.2). The initiation of angiogenesis is a result of the release ofmgiogenic
signalingmolecules which act upon the endothelium. The stimulated endothelial cells
then begin to change morphology, becoming more motile and invd&ilieen & Adams,
2010) A sprout is then formed from existing vessels, wibidnchoutwards 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 vegRetente et al.,
2011) Generally, the termangiogenesiss 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 SS&ubiglz

et al., 2001) Arteriolargenesis is where these microvessels are converted into muscle

coated micro vessels by the recruitment of smooth muscle B#sest et al., 2008)

1.1.4 Proangiogenic signalling mechanisms

1141 VEGF

The stimulation of angiogenesis requires an increase inapgiogenic cyikines and
stimuli. The most well studiedf these isvascular Endothelial Growth Factor A (VEABF
VEGF was initially identifiegls Vascular Permeability FactafPF)in the researchof
tumoursin 1983. Senger et alassified this secreted protein as ViREe to its ability to
increase the vascular permeability of tumour associated blood veg¢Selsger et al.,
1983) Not long afteranother groupdentified and purified a hovel growtiactor specific

for its mitogenic effect on endothelial cells, hence terming it VB&&rara & Henzel,
1989) Purificationand subsequent protein sequanciofSengers VPF confirmed that VPF
and VEGF weri@ factthe same protein and hence VEGF was understood to be a potent

angiogenic and vascular permeability associated cytof@emger et al., 1990)

Further work has identified multiple members of the VEGF family of growth factors; VEGF
A, VEGB (Olofsson et al., 1996YEGH(Joukov et al., 1996YEGH (Achen et al., 1998)
VEGEFE (viral VEGHMeyer et al., 1999)and Placenta growth factor (PIGRM)aglione et

al., 1991) The other VEGF family members have proven to have a variety of distinctive
roles, with VEGB implicated irearly embryogenesis and development, and \MEGEnd

D involved in regulating lymphangiogenegi®rrara et al., 2003; Shibuya, 2008EGF
molecules act by binding to VEGF receptors (VEGFR), which are dlassptaktyrosine
kinases expressean the surface of ECkikewiseto VEGFthere are multiple VEGFRS;
VEGFRL1 (also known asBland VEGFR2 (also known as KDR) are primarily expressed on
blood vascular endothelial cell&Shibuya, 2006)VEGFR3s primarily expressed on
lymphatic endothelial ced(Kaipatnen et al., 199%)nd was once believed to lzereceptor

that is specific to lymphatic Ed®wever, it hassincebeen identified as being expressed
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in blood ECs, specifically ¢ip and stalk cells duringproutingangiogenesis and vessel

fusion(Tammela et al., 20083uggesting its role is not purely associated with lymphatics.

Numerous isoforms of VE@¥ have been identified with varying bioavailability and
function. The isoforms differ in lengtbwing to alternative splicing and are designated
VEGFxxX, where xxx represents the amino acid number within the protein sequence and
hence, the protein sizéFerrara et al., 2003VEGks 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 VEGI does not bind heparin and hence is a freely
diffusible protein. Whereas the larger isoforms, such as V&@Rd VEGks bind to
heparin with high affinity, sequestering their location to the extracellular mgkesrara

et al., 2003; Houck et al., 1992nother isoformof VEGFA hasbeen identified that arise

from alternative splicing of exon, 8vhich wasdiscovered by Bates et.alhis isoform,
designated VEGHAb, wasshown to have antangiogenic properties comparison iis
pro-angiogenicalternative splice variant, VE@&.a (Bates et al., 2002)This highlights
how alternative splicing can not onlgffect the bioavailability of VEGF, but also regulate

its pro-angiogenic activity.

VEGHA specifically binds to VEGFR1 and VEGFR2 but can also bind to neuropilin family
members and hegran sulfate proteoglycans (HSP@sth of which are able to modulate
signal transduction activity anldenceare known asco-receptors(Simons et al., 2016)
VEGFRL1 has a greater affinity for VEG&round 10 times greater than VEGERowever,

the tyrosine kinase activityvas observed to beO-fold higher in VEGH binding to
VEGFR2compared to VEGFRXSawano et al.,, 1996)VEGFR1 knockout mice are
embryonic lethal at around embryonic day 8dwing to an overgrowth of vascular
endothelial cellsresulting in disorganised vessefgenerating 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 reguladBGEREriven
angiogenesis, specifically within embryo vascular development. This hypothesis was
supported by the fact VEGFR2 KO mice in contrast display no formation ofvielesels
andsubsequently die around embryonic dagSakurai et al., 2005)aken together, these

two studies suggest opposing roles for these two receptors in order to generate a
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structured blood vessel networKknterestingly, 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 activitfHiratsuka et al., 1998 his therefore describes a system by which
VEGFR1 regulates angiogenesis by competing with VEGFR2 in binding Mi@ier to

this, VEGFRL1 has been identified as having a soluble isoform which when expressed acts
to inhibit angiogenesis by sequestering available VEG@RKendall & Thomas, 1993;
Shibuya, 2006)This information together indicates thdahe activationof VEGFR?2 is the

primary driver of angiogenic signaling within ECs, whereas VEGR A pegulatory role.

Within fully developed adults VEGFR3 is commonly restricted to the lymphatic
endothelium, howeveduring developmentt is present on all endothelial cellBeletion

or inhibition of VEGFR3 resulted decreased angiogenic sprouting, branching and
proliferation within the mouse retinal microvasculaturé&Not only this, activation of
VEGFR3 was able to sustain angiogemksiag VEGFR2 inhibitighammela et al., 2008)

This therefore suggests it is not only VEGFR2 that pronasigi®genesis signaling within
ECs, but also VEGFR&re recentlya study was conductetty Karaman et athat
investigatedhe interplaybetween VEGFR1, VEGFR2 and VEGFR3 in vascular developmen
using endothelial specific knockomodels where the knockout was induced different

time pointspostnatally.This identified that the vascular regression caused by VEGFR2 KO
was tissue specifigyith only somevascular bedbeingaffected including he retina This

team therefore suggested that VEGFR1 and VE@IBR& could promote vessel survival.
Theteam also identified that VEGFR8though primarily expressed in lymphatic vessels,
wasable to attenuate VEGFRBnalingon blood endothelial cells as well ppomote EC
survival wherWVEGFR2 was lo@€araman et al., 202ZJ hisresearch therefore highlights

the dynamic interplay between VEGFR1 2 and & well asorgan specificityand

developmental time pointspecifically
1.1.4.2 FGF

Fibroblasts growth factord~GFhave also been identified in the initiation and regulation
of angiogenesisBasic FGF (bFGF, also known as2lF@¥s initially identified as a

proangiogenidactor capable of stimulating endothelial cells inaartocrine and paracrine
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fashion(Montesano et al., 1986)Jpon stimulation of endothelial cells, bFGF was capable
of inducing both proliferation and migration, along with the expression of growth factors
and proteases that promote angiogenegieghezzi et al., 199&)ue to its preangiogenic
role, much of the research on bFGF has focusedtsrinhibition as a form of anti
angiogenic therapy. However more recenthFGF was identified as a modulator for
VEGFR1 splicing in endothelial cells via the activatiospb€eosomeconstituents
SRSF1/SRPKlia et al., 2021)This finding providea 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., 2010CXCR4 was also observed to be expressed in developing
vascular endothelial cellas mice lacking CXCR4 direutero due to defective vascular
development(Tachibana et al., 1998)his phenotype was replicated in endothelial
specific CXCR4 KO méea et al., 2005)highlighting the endothelial specific activity of
CXCRA4. Inhibition of CXAR#&ivousing inhibitors or aMtCXCR4 antibodies resulted in a
dramatic change in tip cell morphology and patterning, along with a reduction in vascular
density and a reduction in filopodia numb@trasser et al., 2010yhese 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 growtlexpanding tissues must generateascular network to
ensure a sufficiensupply of oxygen As the tissue expands, hypoxia occuighin the
tissue, triggerindiypoxa signalingvhich activates transcription factors suchtagpoxia
inducible factos (HIF) In normaloxygen conditions prolyl hydroxylageHD) enzymes
hydroxylate HIE, which auses the binding dhe vonHippelLindau E3ibiquitin ligase
This allowdor the ubiquitination of HIF proteingargetingthem for degradation by the

proteasome. However, in low oxygen conditionthe enzymatic activity ofPHDsis
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inhibited, which as a result stabilizes HIF proteifisisallows them to activate hypoxic
response genedncluding preangiogenic factoror exampleVEGFA which is activated

by HIF1h (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 regionto guide tip cell migratiofGerhardt et al., 2003; Ruhrberg et al., 2002)

This results in d@ip cell being selected that begis to break away from the basement
membrane and migrateutwardsto initiate the formation of a sproutimportantly, not

all ECs react in the same way to thigyiogenic stimulation, as this would result in severe
disruption to the network.Instead, only the tip cells resportd VEGFA by migrating
towards the VEGR stimulus,whereasthe stalk cells respond differently to VE®@Fvia

increased proliferatiorfGerhardt et al., 2003)

This process of tip cell selection was assumed to be highly regulkitedugh Gerhardt
et al identified that tip and stalk cells responded differently to-pr@iogenic VEGAK it
was not until a few years later @ the Notch signalling to its Deltéike-4 (DL14) ligand
was identified as a mechanism of 8palk selection In response to VEGK it was
determined thatall ECs upregulatedL} expressionbut tip cells appear to express
significantly more DI4 compared to stalkells(Lobov et al., 2007This higher expression
of DIl4 activates Notchsignalingin adjacentECs whichacts to inhibit the tip cell
phenotype Without this interaction between D4 on tip cells and Notch on stalk cedis,
increase irtip cell number ECproliferation and tip cell markers is observed within the
developing mouse retingHellstrom et al., 2007; Suchting et al., 2Q0ifAdicative of
unregulated tip cell/stalk selectionConverselythe Notch ligandJaggedlhas been
identified ashaving higher expression in stalk cefEndothelial specific KOf Jaggedl
within the developing mouse retinsignificantly reduced angiogenic sproutinghereas
overexpressiorsignificantly increased sproutin@enedito et al., 2009)Therefore, this
signalingoetween Notch and Jagg&dn 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 DIll4 with the
expression of VEGFR2 and VEGFR1, providing an explanation as to why these two EC
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subtypes respond differently to VE@FIt has previously been noted that vitro, DL14
activation of Notch was observed to downregulate VEGFR2 and hence modulate the
cellular response to VE@HWilliams et al., 2006 But by using computational modeling
and mosaic spouting assaysvivq it was determined that tip cells express significantly
higher levels of VEGFRihd lower levels of VEGFERih comparison to stalk cells
(Jakobsson et al., 2010)he balance between prangiogenic VEGFRBnalingand the
angioregulatory binding of VEGK to VEGFR1 is therefore ablernmnipulate the EC
response to VEGHFhisdynamic expression MEGFRand 2wvas observed to beegulated

by active NOTCH signaling within stalk cells, tand lapse microscopy identified that
shuffling of tip and stalk phenotype occurs constaiigkobsson et al., 2010)herefore,

the Notch/DLI4 and Notch/Jagged 1 signaling between ECs is essential for the correct ratio

of tip and stalk cellgia the regulation of VEGFR2/VEGFR1 expression

1.1.5.2 Breakdown of the extracellular matrix

In order for tip cells to migrate and thediting stalk cells to proliferatdsCs must actively
modulate their local environmeniThis primarily involves the breakdown of extracellular
matrix (ECM)proteins and basement membrane so that ECs can freely migrate and
proliferate to undergo angiogenegiEelen et al., 2020The degradation of the basement
membrane is mediated by matrix metalloproteases (MMPs) that are increased in
expression and secreted by tip celEGFA stimulation of ECén vitro has been
determined to increase the expression of multiple MMPs, including MIB, -7, -8, -9,
-10,-13 and-19. Although these proteases are thought to have varying roles, MBIRas
identified as being a major regulator of EC migratias knockdown of MMRO by siRNA
inhibited VEGF induced migrationvitroandin vivo(Heo et al., 2010)n vivostudies have

also highlighted the importance of MMPs in sprouting angiogenesis, with deletion of
MMP-2 observed to reduceetinal angiogenesis in mi¢g®hnoMatsui 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 abléetaseepreangiogenic
cytokines that aresequesteredwithin the ECMsuch as VEGF, bGa@l TGHF (Wang &
Khalil, 2018)
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1.1.5.3 Tip Cell Guidance

Agradientof pro-angiogenic cytokines, including VEGF, is essential for tip cell guidance of
the angiogenic sproutWithin the developing retina, theelease ofheparan sulphate
bound VEGFAses from astrocytes of avascular regiogsrves as a cheraattractive signal

that induces EC activation and migratig@erhardt et al., 2003; Ruhrberg et al., 2002)
VEGF is able twigger migratory behavior in tip cells vi@dc42regulation of filopodia
formation and Racl induction of lamellipodiae Smet et al., 2009ut as for the actual
guidance of this migration, ECs are observed to follow similar signaling pathways that
axonsdisplay in the formation of neuronal networlssich as the use ®ROBO guidance
receptorsand NetringPotente et al., 2011)An identifiedmediator of tip cell guidance is
Neuropilinl (Nrpl), a transmembrane Semaphorin receptor which is also capable of
binding VEGHA. Nrp-1 knockout mice show no changes in EC proliferation but displayed
irregular EC migration and tip guidance during sproutidgjing a model ongiogenesis

in the neonatal hind brain®S G(SIFY RSaONX 6 SRS yURKSSR GrLINRadzG@BA LY
were unable to form an efficient vascular network due to the lack of sprout direction
(Gerhardt et al., 2004)nterestingly, Phngt alidentified thatfilopodia formation was not
required for ECguidance despite previous reportdighlighting their importance in
migration (Phng et al., 2013)rheguidanceof endothelial tip cells remainscompletely

elucidated.

1.1.5.4 Lumen formation and anastomosis

The proliferation of stalk ceallpromotes the sprout extensiobut to form a functional
vesselwith blood flowthe sprout is required tdorm a lumen andinastomose to create a
closed networkln doing so, tip cells arequired tolose their highly migratory phenotype,
and stalk cells are required to reduce their level of proliferatiostead,EG form strong
junctional connections to each otheregain apicatbasal polarity and regenerate and
attach to the basal laminAdams & Alitalo, 2007/ essel anastomosis the process in
which two tip cellsnteract witheach otherto form a complete vessdllacrophages have
been identified asfacilitators of this process by interacting with tip cells and their
filopodia, howeveranastomosis can occur without the presence of macrophages,
suggesting their role is puefacilitatory (Fantin et al., 2010)Live imaging technigues

have also identified thatnultiple filopodia connections occur before the upregulation of
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major cell adhesion molecules such asGétherinthat allow the two ended vessels to
fuse(Lenard et al., 2013)

A number of mechanisms of lumen formation have been proppgbdse include
wapping, budding, cavitation, cell hollowing, cord hollowing and membrane invagination
(reviewed inGhasemi Nasab et al 202Byrappinginvolves polasdation and elongation of
ectodermal cells, wedgshaped cell formation, and neural plate fusi®uddinginvolves
polarised epithelial cells elongating and forming lumens through bud gyraGaritation
forms lumens via apoptosis of inner cells in dense cell masses, drivertriagellular
matrix signaling and loss of cell attachme@ell hollowingyenerates intracellular lumens
via vacuole fusion within single cel®ord hollowingreates lumens between endothelial
cells in cell cords without apoptosisinally, nembrane invaginatioexpands préormed

lumens into neighboring cel{&hasemi Nasab et al., 2022)
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Figurel.2 Schematic diagram of sprouting angiogeneslis low oxygen conditions hypox
signalling tiggers the expression and release ofgmgiogenic signalling molecules such
VEGFA. VEGHR binds to VEGFR2 receptors on ECs which triggers the angiogenic p
Initially a tip cell is selected as a resflinitial VEGFR2 activation inducing DLL4 expres
and NOTCH activation on adjacent ECs. This NOTCH signalling triggers the upregu
VEGFR1 and downregulation of VEGFR2 in stalk cells to modulate their response t
A. The tip cell releas@#dMPs to break down the ECM and migrates towards the hig
concentrations of VEGA within the hypoxic stimulus. The stalk cells proliferate beh
creating an angiogenic sproutreated with biorendeCreated with biorender.

37



1.1.6 VesseRegressiorandMaturation

1.1.6.1 Mural Cell Recruitment

Nascent vessels are required to underghases of regression, remodelling and
maturation in order togenerate a plexus that efficiently meets the demand on the
surrounding tissueln the early stages of vessalaturation, EG begin torecruit mural
suppot cells such as pericytes and vascular smooth muscle cells (v@\d@asis &Alitalo,
2007; Fruttiger, 2007)The secretionof Platelet Derived Growth Factor BPDGB) by
maturing ECsacts on PDGIReceptori (PDGF) on mural cells whichinitiates the
recruitment to the maturing vasculaturgHellstrom et al., 1999)This communication
between ECs and mural cells also occurs in the opposite direction,muithl cells

releasing Angl which acts upon Jieceptor on endothelial cellSuri et al., 1996)

Pericytesare support cells that are majoromponents of the neuro vascular umitich
connects components of the vascular system and nergysgeem;however they are also
present within other nomeuronal regions of the vasculaturéhey were first identified
by Rouget in1874 (Rouget, 1874)in which he termed them Rouget cells, but later
Zimmermann defined theseascular supportells as pericyte&Zimmermann, 1923High
resolution imaging along with pericyte labelling techniques hdeenonstrated that
pericytes surround capillary ECs(Hartmann et al., 2015; Mizutani et al., 202Zhe
recruitment of pericytes bgndothelialPDGFBas proven to be essential in blood vessel
maturation, as BDGFB or PDGwWi RS T A OA Sy (iabséric®Od peficdwithin (1 2
the vasculature Although no differencesvere observed in vessel densjtyength or
branching, pericyte deficient mice taincreased vascular leakagend endothelial
hyperplasia causindefects in the overallascular morphologgf the blood brain barrier
(Daneman et al., 2010; Hellstrom et al., 20@gricytesare thought to also play eole in
regulating vascular contractilithowever this iglebated among the literaturand likely
context and tissuelependent(FernandeXlett et al., 2010; Hill et al., 2015Jot only this,
pericytes have also been identified as being sources ebpruival signals for endothelial
cells,with the ability to impact tle cell cycleand angiogenic sproutinfburham et al.,
2014) Interestingly Eiken et alemonstrated that pericytes express VEGRRIchleads

to the spatial restriction of VEGF signaling and therefore proswmelothelial sprouting
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(Eilken et al., 2017Therole of pericytes is thereforeliverse, from vessehaturation and

stabilisation, but also regulation of angiogenic sprouting.

During vessel maturatignthe network begins to form a hierarchy which requires the
recruitmentof vSMCdo larger vesselsSimilarlyto pericytes, these vSMCs wrap around
nascent vesselhowever unlike pericytes, the basement membrane of ECM proteins
separates ECs from vSMGaengel et al., 2009y herecruitment of vSMCs is an essential
part of vascular development, wittmutations 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 resut in a loss of TGMnediatedvSMC recruitmenand lethality at E12.5
(Londesborough et al., 20Q8} has also been demonstrateid mouse embryoghat
hemodynamic force regulates the recruitment\dMCsas reduced blood flow reduced
the vSMCs recruitmentin reduced flow embryos, an increase in expression of
SemaphoriBa, 3f and 3gvas noted, along with a decrease in FOXC2 and Hih@h
could be involved inegulatingthe response to flow and hena&SMC recruitmengPadget

et al., 2019) More recently,communication between ECs and vSM@zs extracellular
vesiclegEVs)was identified with miR539 secreted byEC EVand miR582 secreted by
vSMCs EV$roviding a further mechanism for EC to vSMC communicdEkontaine et

al., 2022)

1.1.6.2 Vessel Regression and Pruning

The regression and remodelling phases plfexus generation require coordinated
signalling between proand anttangiogenic factorsvhich result in the elimination of
vessels, otherwise known as vessel pruriiagams & Alitalo, 20077 his process has been
extensively studied in the neonatal mouse retina, du¢h® fact the development of the
vasculature occurs postnatallgnd 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 wegmesent within the early
development of eye, which are eventually replaced by the retinal vasculature. Whereas
the secondstage of regression occurs in order to prune the newly formed vascular
networkand generate a stable plex{Bruttiger, 2007)Vessel stability has been observed

to be controlled by numerous factgrincluding astrocyte derivedVEGF as astrocyte
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specific deletion of VEGF resultedressel regressiofscott et al., 2010Notch signalling

has also been identified the regulation ofvessel stabilityn angiogenesisThe activation

of DLI4/Notchin stalk cellsnduced expression of Nrarp (Notechgulated ankyrin repeat
protein) which promoted Wnt signallingyia Lefl and that dss of either Nrarp or Lefl
resulted in vessel regressigRhng et al., 2009EC KO of Wrgecretion 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 fstovival signals in

the generation of anew vascular network.

Vessel pruning can occur via eithmaigration and relocalisation(Ishida et al., 2003)r
selective apoptosis of endothelial ce{ldughes & Chahing, 2000)with both of these
processes aided by leukocytegoptosisa form ofprogrammed cell death, occurs as a
result of decreased EC survival factors, such as VEGF, and increaapdyiatic signals.
Although originally believed to plag major role in vessel pruning, thexactrole of
apoptosis inangiogenesis and vascular plexus remodelling remaingpic of debate
within the literature UsingEC specific deletion of apoptosis effector proteins BAK and
BAX,Watson et aldemonstrated that apoptosiss not required for vessel pruning
however it does remove noeperfused vessedegments. Apoptosis also determinedo
influence EC number during angiogenesiad vessel maturation, whictesultsin an
increase in capillary diametefWatson et al., 2016)Whereas withinthe hyaloid
vasculature,apoptosisregulaed by ANG2 is required fdnydoid vessel regressiora
process whicliequiresmacrophagegRao et al., 2007Keyproteinshave been identified

by transcriptomic analysjssuch FGD5 as a novel driver of vascular pruning via
angiogensis, with loss and gain ofunction studies regealing FGDS5 inhibits
neovascularisation and promotes apoptosis induced wa&stieration via p53(C. Cheng

et al.,, 2012) Interestingly, endothelial specific loss of Caspase 8, a key mediator in
apoptosisresults inreduced angiogenesis and EC proliferation, along with destabilisation
of VEcadherin and EC junctiorf$isch et al., 2019)his suggests that apoptosis factors
may not only facilitate thepruning of the network but also the initial angiogenic
generation of the vasculatureTherefore the requirement for apoptosis within
angiogenesignd vascular remodelling is evident, but the exact regulation and roles of

angiogenesiss likely to becontext specific
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As well aghe previously mentionedypoxia induction of VEGA inducing angiogenesis,
oxygen sensing pathways have also been identified as key regulators of vessel gkaning.
the tissue becomes vascularised and oxygen availability increases, the release of pro
angiogenicsignalsreduces, leading to a switch to vessahturation and pruningAdams

& Alitalo, 2007)Von HippelLindau is an essentieggulator of HIFLh, with its activation

in nomoxic conditions leading to HIF1" degradation(Maxwell et al., 1999)In VHL
syndromea mutation within VHLresults in arincreasen susceptibility to certain tumors

as well as the growth dfenign neoplasms calldeemangioblastomaghat contain highly
proliferative endothelial cell§Kanno et al., 2009)In VHL mutant mice, vascular
abnormalities were identifid, with defects in arterial and venous branchiaad
maturation at later developmental stage@rreola et al., 2018)Oxygen sensing is also
mediated by prolyl hydroxylase domain proteins (PHDs®)ith PHIR2 deficient mice
observed to have defective vascular prunifidnis was initially believed to be due to the
increased VEGK release by astrocytes with active Highaling howevertreatment with
anti-VEGRgents did not reverse the phenotype, indicatimtiper mechanisms must also

be involvedDuan & Fong, 2019)

1.1.6.3 Arteriovenous differentiation

Arteriovenous differentiation is the process by whiatewly developed vessels
differentiate into either arteries oveins ands essential for the formation of a hierarchical
network (Corada et al., 2014Arteriesgain further vSMC coveragehich increases their
contractability to cope with the increased shear streswahereasveins are under less
pressure and are requiretd develop valves to ensure the flow of blood is unidirectional
(Adams & Alitalo, 2007Rrterial differentiation has been identified as being regulated by
VEGF signallingnd Notch signallingmany of thisresearchoriginally demonstrated in
zebrafish Loss of Wtchsignallingedto defects in arterial venous differentiation and loss
of arterial markers indicating Ntch signalling was essential farterial differentiation
(Lawson et al., 2001)0ver expression of VEGi#esulted in the expansion ofrterial
markers and the downregulation of venous markémom this workt was identified that
low levels of VEGE promote EC survival, whereas high levels promote arterial
differentiation and inhibit venous differentiatiofCasie Chetty et al., 201 AVhereas

venous differentiationis regulatedby the suppression of Notch signalling by the
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transcription factor COUPFII (also known as Nr2fZOUPTFllhasbeen identified as a
venous specific transcription factoand loss of COUPFII resulted in an increase in
arterialgene expression and characteristieghereas ectopic expression of COURI led

to fusion of veins and arteries within the embr@¢ou et al., 2005)nterestingly it appars
that this control of arterial venous fate by COUPII is linked tthe cell g/cle, with COUP
TFIl binding to multiple veigpecific enhancerghich are close to actively expressed cell
cycle geneg¢Sissaoui et al., 202@roliferating endothelial cellsavealsobeen observed
to expressvenous markergMcDonald et al., 2018jurther supporting the link between

cell cycle and venous fate.

1.1.7 Erdothelialquiescenceand the angiogenic switch

Onceangiogenesis has occurred and new vessels begin to stabilise, endothelial cells enter
a state ofquiescencen which they no longer proliferate or migrat€hese ECgegain
apical basal polarity arare held within an intact monolayén a network of vesselsften
descried as phalanx cells, due to their similaritieSteek military formationgMazzone

et al., 2009)In healthy adults, the majority of endothelial cells remairihiis quiescent
state as the vasculature has matured and adapted to the tissue it sefresreduced
proliferation observed within the quiescent endothelium has been observed in a study
which demonstrated that ECs hagehalflife of approximately 6 year@ergmann et al.,
2015) But cespite this reduced activityquiescentECs arestill constantly sensing and
monitoring externalsignals andretain the ability to switch @ towards an activated
angiogenic state should the tissue requirghience remaining entirely plastiPotente et

al., 2011; Ricard et al., 202Many of the signalling mechanisnmvolved in angiogenesis
are also implicated in vascular maintenance and EC quiescBecause of this, the
multiple signalling pathways that govern this quiescence and the switch towards
angiogenesis are tightly regulateAs such, doss or dysregulation of this quiescence is a

hallmark for angiogenic diseagéarmeliet, 2003)

1.1.7.1 Signalling pathwaysegulatingquiescence
Although a prominent pr@angiogenic factor, the balance of VE&Bignalling has proven
to be highly important in the control of EC survival and quiesceticéias been

demonstrated thatECshave autocrine VEGFA signalling which is essential for vascular
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homeostasisEndothelial specifideletion of VEGF resulted in sudden death in around half
of mice by 25 weeks of agesuggesting that paracrine VEGF alone was unable to
compensate for this losé.ee et al., 2007aYhestimulation of quiescent ECs by VE&F
has proven to be important ithe maintenance of fenestrated vesselbhis has been
observed in the glomerulus of the kidney, wherehgterozygous deletiorof VEGHA
resulted in reduced fenestratiorand endothelial swellin(Eremina et al., 2003)Vhereas

in the pulmonary vasculature, which contains no fenestratioméibition of VEGF
signalling by VEGFR2 inhibitors resultegrimning of the vasculaturéKasahara et al.,
2000) This therefore demonstrates that VEGF is requiredvemcular maintenance in a

tissue specific manner.

Likewise, FGF ligands have been implicatediogenesis but also maintenance of the
vasculature.By activating the down regulation oTf GF signalling within ECs, bFGF
promotes endothelial identify byinhibition of TGF mediated mesenchymal gene
activation (Chen et al., 2012)An example of a endothelial gene regulated by FGF
signallingwithin ECds VEGFR2, &Cs lacking FGF demonstrated a reduced response to
VEGFA due to the down regulation of VEGHRRIrakami et al., 2011FGF signalling has
also been demonstrated to play a role in sensisigear stress in the quiescent
endothelium Sydecan 4 a key modulator obFGF signallings part of the complex
pathway that senses shear stref8aeyens et al., 20143uggesting that bFGF may be
influencing thisprocess.This has been observed diisease, with loss of FGF signaliimg

areas of shear stress associated within an increase in atheroscléZbsin et al., 2015)

Angiopoietins (ANGs) amefamily of secreted signallingholecules made up of ANG1,
ANG2, ANG3 amtiNG4 Unlike VEGF and FGF, the angiopoietins have noéesfisally to
quiescence ANG1binds to its receptor TIEZxpressed on EGSuri et al., 1996)The
phosphorylaton of TIE2 is observdatiroughout the quiescent vasculatu(®/ong et al.,
1997) This phosphorylation activates psurvivalpathwaysvia Aktand the upregulation
surviving, which inhib EC apoptosigPapapetropoulos et al., 20Q0)his activated Akt
signallingoy TIE2s alsoable to regulateéNotch signalling in quiescent endothelial cells via
the activation of the transcription factor ERThe 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., 2017However,ANG2is also able to bind the TIE2 receptacting as an
agonist anccompeingwith ANG1 This binding of ANG2 to TIE2 has been demonstrated
to deactivde quiescence signalling during hypoxia and inflammation, resulting in the
activation of the endothelium and loss of quiescefieedler et al., 2006; Maisonpierre et
al., 1997)

Transforming growth factor (TGF) signalinghas been implicated in the control of EC
behavior andvascular developmentAlthough deletionof endothelial TGF receptor 2
(TGFR2)in adult mice or inhibition in zebrafishhad no effect on the vasculatur@Park

et al., 2008) it has proven to be crucial in development, witleletion of endothelial
TGFR2 in development results in embryonic lethality duddiures in cerebrovascular
development(Nguyen et al., 2011)TGF signaling is associated with endothelial to
mesenchymal transition(EndoMT) a process in which endothelial cells adopt a
mesenchymaphenotype, and hencwithin quiescent endothelial cell3GF signaling is
inhibited via multiple methods(Alvandi & Bischoff, 2021ERK1/2activationin ECs has
been identified as being a kegathway in inhibiting TGFsignaling, adisruption ofERK1/2

in ECsn miceresulted inEndoMTvia the activation of TGFsignalingRicard et al., 2019)
Upstream of ERK1/2, thasduption of FGF signaling was also identifeincreasing the
expression of TGFligands and activation of TGF signalingin ECs, leading to
EndoMTChen et al.,, 2012)The inhibition of TGFsignaling was also identified by
Schlereth et al in the transcriptomind epigeneticanalysis of endothelial quiescence
within the lung endotheliumThis revealed a loss of DNA methylation witR@&F family
signaling genesSMAD6 and SMADZhat was observed within the quiescent ECs
(Schlereth et al., 2018Yhis inhibition of TGFsignaling in the quiescent endothelium is
therefore important in maintaining endothelial quiescence and vascular homeostasis,
without this regulation vacular defects result in diseases such a pulmonary hypertension
(Alvandi & Bischoff, 2021)

1.1.7.2 Endothelial cell metabolismtime quiescencengiogenic switch
It is essential thametabolismofSY R2 G KSt A f OSftfa | RILG& RSLIS
existing within an activated angiogenic state, or a quiescent stte process of

angiogenesis implicates a rapid change in EC behavior and morpteragforthis to
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occur, EEmust display a highly dynamic and adaptive metabolism in order to keep up
with the high energy demangEelen et al., 2018Research hasdentified that angiogenic

ECs primarily rely on glycolysis to generate,Ailith the glycolytic flux observeds being
200fold higher than that of oxidative phosphorylatioithis increase in glycolysis is in
response to the rapid increase in ATP required for the angiogenic processes of migration
and proliferation to occu(De Bock et al., 2013n a short period of time, glycolysis can
quickly generate larger amounts of ATP, in comparison to the alternative oxidative
phosphorylation (OXPHOS) metabolism. Tast generation of ATRs essential for
cytoskeletafemodelingwithin tip cells, and quick cell cycle progression in the proliferative
stalk cells(De Bock et al., 2013; Draoui et al., 200t importance ofquiescentEG
altering their metabolism duringhe switch toangiogenesis was highlighted in research
by De Bock et alin which it wasdentified thatinhibiting or silencing the major glycolytic
enzyme Phosphofructokinas@/fructose-2,6-bisphosphatase3 (PFKFB had major
impacts on angiogenesighis glycolytic inhibition reduced not only the proliferation of
ECs, but also affectedytoskeleton remodeling which proved to be essential thoe
formation of filopodia andamellipodia.As a resultEC KO of PFKFB3vivoresulted in
reduced vascular sproutingnd vasular defects, which were observed within the
neonatal mouse retingdDe Bock et al., 201 owever, hereis also evidence to suggest
that OXPHOS metabolism is also increased during angiogesegidibition of OXPHOS
metabolism reduced tumor angiogenegi€outelle et al., 2014)This indicates that
angiogenesis requires a general increase in multiple forms ofgaif€rating metabolic
pathways and methodd/ith this increasing evidence of the importance of metabolism
during the quiescentingiogenic 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 célsutelle et al., 2014)
Because of thisnetabolic pathways that drive ATP pathways aeeluced with this
couplingof metabolism to growth state beingentral tovascular functionn development

and homeostasif.i et al., 2019Despite thiseduced energy demand, and the abundance

of oxygen availableguiescent ECm vitro still generate 85% of their ATP via glycolysis
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which was identified ircapillary, arteriole, venous and lymphatic endothelial célle
Bock et al., 2013Yhe preference for anerobic respiration, even within quiescent t6@s

are notmigrating towards low oxygen areds|ikelyto preserve oxygen for perivascular
cells within the environmenof the supplied tissueshis poses the question of how ECs
regulate the metabolic switch between quiescent and angiogenic B@kelm et al
identified that the transcription factor FOXOL1 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 andH@Smetabolism,
suggesting FOXOL1 is a significant regulator of EC metalplighelm et al., 2016)This
alteration of metabolism by FOX@1iturnimpacted angiogenesisvith EC specdiFOXO1
gain of function mice displayingduced angiogenic sproutirig response tadecreased
metabolism ConverselyEC FOXO1 KO displayed hyperproliferatiera result ofeCs
inability to enterthe reduced metabolic state within quiescen@#&/ilhelm et al., 2016)
However, a well as a general reduction in B@tabolism, themetabolic profile of
quiescent ECs also varmgnificantly compared to angiogenic EKalucka et al identified
that quiescent endothelial cells have d@d increase in fatty acid oxidation metabolism,
compared to proliferating EChBowever this increase was to support redox homeostasis
and not energy productiofKalucka et al., 2018)Vhereas inhibition of FAO in angiogenic
endothelial cells did not impact energy production or redox homeostasis, but instead
impacted the production ofnucleotides required for DNA synthesis and hence EC
proliferation, resulting in vascular sprouting defects due to the reduced proliferation
(Schoors et al., 2015As well as thisontrast inhibition of FAQwithin the quiescent
endothelium resulted in endothelial dysfunctioms observed by increase leukocyte
infiltration and increased barrier permeabilityKalucka et al., 2018)rhis therefore
provided a further link as to the importance of metabolic activityregulating the
properties of a quiescent endotheliunfhe metabolic activity within quiescent ECs is
therefore strictly regulated to ensure ECs remain in a low energy demanding witte
appropriate barrier propertiegjnless the switch to angiogenesis is requi(Edlen et al.,
2018) The importance of the metabolic changes implicated within and driving the

quiescentangiogenic ar¢herefore evident.
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1.1.7.3 Transcriptionategulation

The molecular mechanisms that govexmdothelial quiescence and the angiogenic switch
are underpinned by cellular signalling as well as transcriptional comsolpreviously
mentioned FOXO1 was identified asiepactful promoter of endothelial quiescence via
the regulation of endothelial metabolislROXO3lobal knockout micdo not survive post
embryonic day 1Hue toimpaired vascular developmefiiosaka et al., 20043and this is
phenocopied within EC specific FOXO1 KO n(izlearaneeswaran et al., 2014)
highlighting it is within the transcriptional control of ECs specifically that FOXO1 is having
an impactMechanistically this reduction in metabolism and EC proliferation was achieved
by the suppression ofhe transcription factorMYC(Wilhelm et al., 2016)suggesting
FOXOL1 is a key regulator of endothelial quiesceRaedespite thievidence FOXOhas

also been implicated withimngiogenic processes, suggestitgyrole is not completely

clear cutDuring sprouting angiogeneskg/poxia induced activation of théippo pathway
memberMSTL was identified as regulating the nuclear import of FOXCihgiogenic tip

cells within the neonatal mouse retingkim et al., 2019)This nuclear import and
activation of FOXO1 by MST1 was identified as being crucial for EC polarisation in
sprouting angiogenesiwith EC specific MST1 Ké»ulting in the same vascular defects
observed previouslin EC specific KO of FOX@Im et al., 2019; Wilhelm et al., 2016)
This therefore indicates that FOX@tay have roles in both the control of endothelial

quiescence and theontrol of angiogenic processes.

The ET&mily of transcription factors have been strongly identified as master regulators
of ECdevelopmentdue to their direct regulation of genes involved in EC ideribg Val
et al., 2008) A prominent endothelial transcription factawithin this familyis the ETS
Related Gene (ERG)a transcription factor that is highly expressedE@s within the
majority of adult tissueg¢Shah et al., 2017[ERG has been identified disectly binding to
promotors and regulating theexpression of key genes regulating tipgiescentvascular
barrier, includingVECadherin(Birdsey et al., 2008and Claudirb (Yuan et al., 2012)
Indeed, overexpression of ERG vivo reduces the permeability of VEGIRduced
neovessels, by the upregulation of these barrier protei&rdsey et al., 2015)
Constitutive endotheliaspecific deletion of ERG results in embryonic lethality due to

vascular defects, while inducible endothelsglecific knockout of ERG leads to impaired
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vascular development, as demonstrated in the neonatal mouse refit@ only this,
depletion of endothelial specifiERG lads to defective pathological angiogenesis
tumours, asa consequence oficreasedsascular instabilitgue to a loss of Wni/-catenin

and VEcadherinsignaling(Birdsey et al., 2015ERG has also been implicated within the
repression of inflammationywith ERG expression being downregulated in response to pro
inflammatory stimuli such agNF". Likewiseoverexpression of ERG redsthe
response to inflammatioby repressing the expressionm-inflammatory markers such
as ICAML and VCAMSperone et al., 2011Yhis therefore indicates that ERfkysa
crucial role in the regulation of key endothelial genes and is implicated in both
physiological angiogenesis, pathological angiogenesis vasdular homeostasisBut
despite ERGs major roles withire endothelium knockout of othelindividualETS family
transcription factors appear to have littieffect onvascular developmentikely due to
redundancy and compensation amotigs transcription factor famil{De Val & Black,
2009)

1.2 Vascular Disease aithdotheliaDysfunction

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, thmolecular control of the quiescent endothelium and the regulation of
the angiogenic switch it required to be strictlyaintained.Dysregulatiorof endothelial
quiescenceaesults in dsruption to vascular homeostasishichis a feature iralmost every
disease due to the nature of the endothelium being pesg in almost alltissues
(Rajendran et al., 2013Not only this, disruption to endothelial quiescence and the
angiogenic switchdirectly results indiseases of the vasculatur@€armeliet, 2003)A

schematic of this quiescesactivated switch is observed kigurel.3.
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Figure 1.3 Schematidllustrating the differences between a quiescent and activate
endothelium. In the fully developed adult almost all ECs exist within a statq
quiescence, however they retain the ability to react to appropriate staemdlibecome
activated when needed e.g. angiogenesis wound repair and responses f{
inflammation. This switch betweenauiescence and activated endothelium is hig
regulated and loss of this regulation can result in a loss of quiescence and aberr
activation which is a hallmark of multiple dises and drigger for vascular disease
Created with biorender.

1.2.1 Neovascular eye disease

A loss of endothelial quiescence has been heavily implicated in neovasygelaisease
(Dreyfuss et al., 2015)An example of such disease is wagerelated macular
degeneration (WAMD, sometimes termed neovascular AMD or nARID is the leading
cause of vision loss in developed countries in those ayed60 (Wong et al., 2014)n
wAMD unwanted angiogenesisccurswithin the highly fenestratedchoroidal vessels
the posterior eye segmentesulting in inflammation and angiogenessisa process called

choroidal neovascularisation(CNV). The neovesselsgenerated as a result of this
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angiogenesigare fragile and leak resulting in increased retinal damag®d increased
immune cell activation and infiltration due to upregulation of pnflammatory markers
(Yeo et al., 2019)

Numerous mechanisms have been identifiébdtttrigger andimpact the progresson of
AMDwhichinvolvechanges to the retinal pigmentegpithelium (RPE)The RPE consists
of polarized epithelial cells which sit on the Bruchs membrsogether formingthe outer
blood retinal barrier(Strauss, 2005)It has numerous functionsincluding removal
metabolites produced by the photoreceptors within the retiaad the secretion of VEGF
to maintain the health of the choriocapilari€Batta et al., 2017)As the RPE ages and
begins to senescanetabolites accumulate on th&uchs membrangleading to the
formation of vitreous warts which damagdhke retina and impact its blood supplyhe
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 dysfunciimm as oxidative stress
owing to theretinahaving a high rate of oxygen consumptiand inflammationTogether
these factors can promote RPE dysfunction, resulting in rupture of the Bnuembrane

andneovascularisatiofDatta et al., 2017; Deng et al., 2022)

Another form of neovascular eye diseaseDiabetic Retinopathy (DR) whichhas two
stages: norproliferative DR and proliferative DRhe latter considered ag® more
advanced stage of DRrolonged hyperglycemia in diabetes results in microvascular
damage primarily as a result of elevated oxidative strelse to the increase in radical
oxygen species from the increased glucose metabolisifiFowler, 2008) In non
proliferative DR tiis endothelial cell dysfunctiomnitially causeshblood flow changesind
loss of pericyteswhich leads to structural changes to the vascular netwiidt are
associated with microaneurysm formatiompairment of theinner blood retinal barrier
also occursdue to the thickening of the basement membrane and endothelial cell
apoptosis (Ejaz, 2008) These changes result in capillary occlusion, hypoiel
subsequent release of VE@HRich increases vascular permeabilijjuang et al., 2015
proliferative DR neovasculagation occurswhich can cause vision loss as a resilt

vitreous hemorrhage of the nascent vess@iéang &Lo, 2018)
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Based on VEGHnvolvement invascular leakag@eermeability andneovasculadation,
along with the increase in VEGF expression within the aqueous humour in WAMD and DR
patients (Zhou et al.,, 2020Q)the standard treatment forboth conditionsis the
administration of VEGF inhibitors, such as lo&@mb and ranibizumaia intravitreal
injection (Fogli et al.,, 2018)However, the estimated range of patients thahave
suboptimalor inadequate responses to atMiEGF therapi between 1660%(Bontzos et

al., 2020; Cobos et al., 2018; Heier et al., 2012; Kitchens et al., 2013; Krebs et al., 2013;
Otsuji et al., 2013)Thisindicatsalternative mechanismare driving wWAMD(Fernandez
Robredo et al.,, 2014; Krebs et al., 2Q18png/Tie signalingpathway has also been
considered as #herapeutictarget within wAMD patients due to its mlin regulating
vascularintegrity. Targetingnegative regulators of this pathwayay therefore prevent
neovascularisation anidducenormalization within the choriocapillarimdeedANG2 the
agonist of the prenormalisation ANG1, has been identified elevated within the
agueous humourof AMD patients, with its expression level correlated with disease
progression(Ng et al., 2017PromotingTie2 signalingviainhibition of VEPTP, a negative
regulator of Tie2, suppresse ocular neovascularisation argfabiliseschoroidal vessels

as well as retinal vessels in a modeti@betic retinopathy(Shen et al., 2014As a result

of these findings, drugs targeting the Ang/Tie pathway are currénttfinical trials for
various angiogenic diseaséskwii & Mikelis, 2021)Faricimab a humanized antibody
which simultaneously binds VE@Fand Ang2 showed msitive outcomes in clinical trials
and has sinchas been approved for use in the USA, UK anfibEthbth neovascular AMD
and DRPanos et al., 2023)

TGHF hasalsobeen identified asa possiblemechanistic driver of WAMDIhe levels of
TGH within the aqueous humour of WAMD patientgere determined to beelevated
indicatingTGHF signalings involved in the progression of wAMDosi et al., 2017Not

only this TGF levelsremained elevated even after routine atMEGF therapywhich
suggests this mechanism occurs independently of VEBGS et al., 2017)increased
expression offGH was also observed within a laser CNV mouse model of wAMD,
providing further evidence for its involvemenrn the same studyinhibition of TGH
reduced CNYV lesion sizeroviding support for alternative treatments to be developed

which target TGF signaling(Wang et al., 2017)Interestingly, these inhibitors also

51



impacted VEG&nd TNF' 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 dysfunatioadb a loss of
quiescenceand vascular homeostasisgsulting inoxidative stressinflammation and
elevated cholesterol levels. This dysfunction leads to reduced nitric oxide production,
impaired vasodilation, increased permeability, and ajpftammatory statg Gimbrone &
GarciaCardefa, 2016)Thisresults in CVD progression, contributing to ttevelopment

of a number of linkedconditions including hypertension, coronary artery disease,

peripheral artery diseasand stroke(CastreFerreira et al., 2018)

Peripheral artery disease (PAD) amonpathology within CVivhich affects the lower
limbsdue to a narrowing of the larger vessels that supplynth&his is commonly caused

by atherosclerosisa buildup of fatty deposits, cholesterol, and inflammatory cells on the
inner walls of arteries, leading to narrowing and reduced blood floiwby et al., 2019)

As a result of the blockage, the lower limb becomes progressively ischasmgingain
Hypoxia within the limknduces preangiogenic signalling to promoteltateral vessel
formation andrevascularisation of the affected area, resorting blood and oxygen supply.
However, in PAD patients the insufficiarttllateralvessel formation results in prolonged
tissue ischaemiaand if not treated leads to critical limb ischaemia and eventually
gangrene which regurly results in limb amputatigilorley et al., 2018)Although
angiogenesis occurs within the hypoxic tissue tnajor collateral vessel formation is
primarily driven byarteriogenesisn 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 withhte inability of PAD patients to form stable collateral vessels suggest

that there may be dysregulation BC quiescence angssel normalisation.

1.2.3 Tumour angiogenesis

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

& Weinberg, 2011)The natural quiescence of the endothelium is lost within a tumour,
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generating a hypeangiogenic morphology, in an attempt to satisfy the neefigshe
growing tumour(Hanahan & Folkman, 199&Jowever, the vessels generated by tumour
angiogenesis are structuralgbnormal and thereforethis 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 cobblestalilee appearance, and often have a disrupted
monolayer The aberrant vessels produced are irregular, wide and highly leaky. The
outcome of this is abnormal perfusionllowing platelets to accumulateyhich causes
flawed delivery of metabolites and oxygépotente et al., 2011)fumour angiogenesis is
therefore aphenomenonby which loss of vessel quiescence and normalisation regulation
aids disease progression. However, the fact cancers are genetically unstable and abnormal
in every sense of celluldrehavior 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 neoancerous conitions.

In summaryyascular diseases and pathologies often occur as a resaltpbienotypic
switch within the ECs that support that tissue. This is obsednettly within vascular
diseases such as PAD and wAMD, but also indirectly suithtamour 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 weltied process of cellular state
transition, defined as the phenotypic transition of epithelial cells into a mesenchymal
phenotype It is implicated within biological processes well as pathophsyiological
processesuch as cancer. The EMT that occurs within cancers plays an impateint
tumour initiation, invasion and metastasis, as originalbymal epithelial cells begin to
adopt a mesenchymal phenotype, resulting in them becoming highly ireveasmid
eventually metastatic. However, EMT is also a physiological process that occurs within
embryonic development and is essential for multiple processes, inclBnadpletz 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 (EndoMTike 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 characteiisticsling doss

of polarity, cell-cell junctionsand cobble stone like appearance. Instead, theregaiaof
mesenchymal pperties, resulting in a phenotyp#hat is more invasiveand migratory,

with an elongated cellulastructure (PieraVelazquez & Jimenez, 2019} a molecular

level there is an observed loss of expression of key endothelial gervdsas VWF,
CD31/PECAM1 and ¥Eadherinwhilst a gain of mesenchymal marker genes such-as N
cadherin, fibronecti andh-SMA(PieraVelazquez & Jimenez, 2012)

1.3.1 EndoMT in physiology

EndoMT has been identified as being essential within physiological developmtra of
heart and cardiac valvesn early embryonic development, it has been reported that
endothelial celldining the endocardiunwithin the atrioventricularcanal gave rise to
mesenchymaheart cushion cedlthat contribute to valve tissue formatio(Eisenberg &
Markwald, 1995; Kinsella & Fitzharris, 198BhdoMT was alsdemonstrated to take
placewithin pulmonary vascularemodelingand intimal thickening asimmunolabeling
techniques within the chick embrydentified mesenchymal cells that had arisen from the
endothelium (Arciniegas et al., 2005%ince these discoveries, there have bemnious
propositions of EndoMT playing physiological rolgthin development For example,
there are some suggestions that pericytes and other mural support cells arisettieom
endothelium and hence are created as a result of EndpMimulik et al., 2005Advanced
lineage tracing techniqueis mice have identifiedthat smooth muscle cells ithin the
pulmonary vasculature have originated fradCgLee et al., 2023providing evidence of
EndoMT and supporting earlier reporiherehavealso been reports that have identified
an intermediatory state between endothelial and mesenchymal phenotypes, termed
partial EndoMT, in whicmolecularcharacteristics of both cell types are observétis
has brought about the theory that angiogenesis is an Endoké&Tevent due to the
phenotypictransitionfrom a quiescenphalanxcell to an elongated migratory tip ce&lith
mesenchymal propertiegFigurel.4) (Fang et al., 2021a; Weldkeardon et al., 2015)

During sprouting angiogenedifCs undergo morphological changes which are similar to
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those that are observed in EMT, suchiasreased maotility(Jakobsson et al., 2010)
destabilisation of celtell junctions(Bentley et al., 2014and increased expressicand
releaseof ECM degradation proteasé3el Toro et al., 2010These similarities within the

two processeshenceforth support this theoryln addition tothis, studies whicthave
explored the effect of known EMT driving transcription factors have provided evidence for
their role in angiogenesis. Fexample,knock ait of ug, a prominent EMT promoting
transcription factor that has also been linked to EndoMd&sulted in inhibition of
sprouting angiogenesis vitro and in vivo(WelchReardon et al., 2014)This therefore

providesfurther evidence that angiogenesisuld be a partial EndoMilike event.

1.3.2 EndoMT in pathology

EndoMT has also been implicated in multigigease scenari@nd hence has been a topic
for research in the generation of new therapeutic targéter examplepostmyocardial
infarction, EndoMTis induced by activated Wnt signaling in ETRis resulted in the
generationof SMA mesenchymal cellthat were determined to be derived from ECs via
lineage tracing It was concluded that this induction &nhdoMTplayed a role inthe
generation of mesenchymal cells that take partigsuerepair post myocardial infarction
(Aisagbonhi et al., 2011EndoMT has also been implicated in renal fibrosis, vegearch
into Alport syndromedemonstrating that 3€60% offibroblastswithin the fibrotic kidney
also expressed endothelial markef&his suggested these fibroblasts had an endothelial
origin, which was confirmed by linage tracifgeisberg et al., 2008)'his was also
observed within diabetic nephropathy induced renal fibrdkiset al., 2009 EndoMT has
also been observed within other fibiio conditions cardiac fibrosis observed within heart
failure.ln a mouse model of cardiac fibrosis, lineage tracing also identifisxblasts had
an endothelial cell origin, and that this induction of EndoMT was induced &#
(Zeisberg et al., 2007 ogether, thisndicates that the EndoMT within fibrosis is not tissue
or disease specific, but instead a general hallmark of the fibrotic prod&#sin
pulmonary hypertension it has been revealed that EndoMT contributesthe
accumulatiorof h -smooth muscle actiexpressing mesenchymbilke cells that contribute

to the pathophysiology of the disease. This was demonstraifigloin rat models of PAH
and the transcription factor TWIST, a known EMT regulator was identifiedhageaular

promotor of EndoMT(Ranchoux et al., 2015 his was also demonstrated in recent
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lineage tracing experiments whicilso identified that BMP signalingactivated ZEB1,
another prominent EMT transcription factohowever unlike TWISEZEB1 suppressed
EndoMT in pulmonarfiypertension(Lee et al., 2023 hisdemonstrateghat the drivers

of EndoMTare not fully understoodand suggess that EndoMT may have dissimilar

activators and repressors to EMT.

A

Partial Ful
EndoMT = EndoMT

Endothelial Cells Intermediate Mesenchymal Cells

B Partial
EndoMT?

e e e
( 1 X X )

Quiescent 'Phalanx’

Endothelial Cells Sprouting Angiogenesis

Figure 1.4 The process of EndoMT and possible similarities to sprout
angiogenesis (A) Endothelial to Mesenchymal Transition (EndoMT) is a pro
whereby ECs lose their identity and their EC specific markers and begin to gain
mesenchymal phenotype with mesenchymal markers. This can be full Endo
which ECs differentiate fullyton mesenchymal cells such as fibroblasts, or paj
EndoMT where cells have an intermediatory phenotype with both EC marker|
mesenchymal markergB) Angiogenesis has beelescribed as an EndoMT like eve
due to the phenotypic change between quiescent phlanax ECs and angi
sprouting ECs resembling partial EndoMT. Created with biorender.
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1.4 ZEB1

1.4.1 Structureand function

The Zinc fingeE-box binding homebox 1ZEB1/Defl/ZFHCF8 but hereby known as
ZEB1)was first identifiedin Drosophilamelarogasteras the homologue zffh in 1991
(Fortini et al., 1991)Not long after,a research group focusing on development of chick
embryos identifiedZEB1 as a nuclear facexpressed in multiplearly development cell
types that was capableof binding transcriptomic enhancergFunahashi et al., 1993;
Funahashi et al., 19913ince then, ZEB1 has been identified as a prominent transcription
factor that utilises C2H2 zinc fingarotifs to bind CAGGTA/GHBx-like elements within
target genes.The ZEB1gene islocated on Chrl0p11.22The proteinconsistsof 1117
amino acids andis made up ofa central homologous structuralhomeodomain
(Vandewalle et al., 2009)The homedomain family of proteinds a large group of
transcription factorghat contain aglobal domain called Bomeodomainwhich is around

60 amino acids in length amtbrmally functions as a DN#inding domain.They were
originally discovered irosophila melanogasteand found to have important roles in
regulating axial patterning, segmendlentity and embryogenesi¢BanerjeeBasu &
Baxevanis, 20015ince thenpver 129homeodomainshave been identifiedn humans,
separated into multiple subclasses based on structure and function, with ZEB1 belonging

to the zinc finger sub clagBirglin & Affolter, 2016)

However, in ZEBthis centralhomeodomaindoes not bind DNA. Instead, DNA binding is
achieved throughwo zinc finger domain®ne based in the C terminal, and one based on
the N terminal(Vandewalle et al., 2009JEBIs alsoable to interact with protein binding
partners via itsnteraction domains includinG terminal binding protein (CtBijeraction
domain, Smad interaction domain a@AF/p300 binding domaifrigurel.5) (Wu et al.,
2020) ZEBZ2 has also been identifigdd although slightly larger sharasimilar structure

to ZEB1 hence both belonging within the ZEB homeobox family of transcription factors

(Verschueren et al., 1999)

ZEB1 has beerecurrently identified as a transcription factor that is capable of both
transcriptional activation and repressionOn a molecular level, the function of ZEB1

depends on the interaction of its binding partnePostigo andean first identifiedhe
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ability of ZEB1to act as a transcriptional repressor occurred through bindingCtBR
which acted as a ewepressor(Postigo & Dean, 1999%ince thisthe 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 intranscriptionalactivation(Caramel et al., 2018; Postigo et al., 2008hereashe
binding of ceactivators to ZEB&uch a$p300,Smads, CAF antAP, have been identified

as promoting gene transcriptiof@uo et al., 2022; Wu et al., 2020)

Zinc finger
CAF/p300 domains
binding
domain

|

Smad CtBP
interaction interaction
domain domain

Figure 1.5 Schematic diagram oZEB1 The structure of ZEB1 contains tmiNA
binding zinc finger domains, one N terminal (NZF) and one C terminalTi@2E)is a
central homeodomain (HD), along with three regulatory/interaction doma
CAF/p300 binding domain (CBD), a Smad interaction domain (SID) and a C tq
binding protein (@P) interaction domain (CID), all of which have known rolg
modifying ZEB1s regulation of transcripti@reated with biorender.

58



1.4.2 Knownrolesof ZEB1

During embryonic developmenZEB1 has been identified controlling the expression of
key regulatorygenes in processes such as differentiatiétiter the initial work in
identifying ZEB1 in chick embrylmg Funahashi et afEBXknockout mice were generated
(Takagi et al., 1998) Although tomozygous deletion of ZEB#&sults in a litter that
develogsto term, none survive postnatallyvith caesarearsection at embryonic day 18.5
identifyingpupsthat were unable to respirgresulting in deathThe defecttshat occurred
as a result of ZEB1 KO include severe T cell deficialmyg with multipleskeletal
patterning abnormalities such aganiofacial abnormalities of neural crest origgne
fusionswithin long bonesand ribs,as well as hyperplasia of intervertebral dig€akagi et
al., 1998) Thisresearchtherefore highlighs the essential role within skeletal patterning,
but alsoindicated a role within T cell developmehtotably, Takagi et al also repsthat
ZEB1 KO embrydssplayinternal 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 transitio(EMT)Brabletz et al., 2018; Kalluri & Weinberg, 20@8B1 has
been implicated in EMT via the direpression ofmultiple epithelial genesincluding
CDH1(ECadherin) in which ZEB1 directly binds to the-dox located at the CDH1
promotor (Onder et al., 2008; Sanch&ilo et al., 2010)Forced expression of ZERL
sufficientto downregulate Ecadherinand induce EMWithin a breast cancer modéEger

et al., 2005)Interestinglythere is some contrasting evidence for thas Sanchedill6 et

al showed thatthis repression was observed to be independentGiBP caepressor
activity, indicating that ZEBthay becapable of transcriptional repressiamithout the
need for CtBP ZEB1 hasalso been implicatedin EMT via the upegulation of
mesenchymal genaesgithin glioblastoman response to T & (i A Yaf irkteliaktiany
with phosphorylated SmadZJoseph et al., 2014)This thereforeindicates that the
promotion of EMT can occur both via the transcriptional repression and activation

functions of ZEBL1.

The expression of ZEB1 within multiple cancers has been associateuighién levels of

diseaseprogressiorand metastasisdue to itsrole in promoting EMTIn colorectal cancer
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ZEB1 was found to promote a loss of cell polarity by suppressing Lgl2, resulting in
increased metastas{$paderna et al., 2008)his phenotypic modulation by ZERHs also
been describedas an enhancerof cancer cellplasticity, allowingfor the constant
adapations under the changing conditions of the tumor microenvironmets well as
metastasis to secondary sitéBrapela et al., 2020; Zhang et al., 209)houghEMT can
existasa complete process in which epithelial cells fully transition to mesenchymal cells,
there isevidence to suggest that partial EM8Sults in a stentell like hyperplastic state.
This was first observeith epithelial cellghat were inducedin cultureto stimulate EMT
which showed thainot only do they express mesenchymaharkers butalso stemcell
markers(Mani et al., 2008)ZEB1 has been identified as being part ééedback group
with miR200 family members that drives cellular plasti¢iBrabletz & Brabletz, 2010; Liu

et al., 2014) This has been observed within the context of pancreatic canebereby
depletion of ZEB1 within a pancreatic cancer mouse model resultedraduction in
stemness, colonization and plasticity of tumor celghich inturn reduced disease
progression andnetastasigKrebs et al., 2017Thispromotion of stemness via feedback
loops is also observed in other cancerhisincludes breastancer,wherebya feedback
loop between ZEB1 and CD44 activejucesEMT andorchestratesstemnesqPreca et

al., 2015) This evidencefurther highlights the ability of ZEB#& not only promote EMT,

but also stemnesdeading to an increase in cplasticity.In summaryZEB1either alone

or together with other EMT driving transcription factors such as2ZEBug and Snail,

activelypromotescancer progression viaMT, cell plasticity anitherapy resistance.

There is also evidence to suggZgB1 has functions beyond ENficluding regulation of

cell cycle and proliferatiorMouse embryonic fibroblasts from ZEB1 KO mice were found
to undergo earlysenescencén comparison to WT contrel The group found that ZEB1

was able to manipulate cell cycle progresdigrthe repression of cyclin dependent kinase
inhibitors CDIN1A and INK4B, hence a loss of ZEB1 induced the expression of these
inhibitors which indued senescen(du et al., 2008, 2014Although tresedatawere only
observed within mouse embryonic fibroblasts, a recent publication using single cell RNA
seq dateof human knee cartilage in the study of osteoarthritientified asenescent cell
populationthat was driven by ZEB1 expressi@wahn et al., 2023)nterestingly, ZEB

expression iMDAMB-231breast cancecellswasidentified as being responsible for the
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upregulationof VGEFA. This determined to directlpromote tumour angiogenesiand
disease progression, with ZEB1 expression being directly correlated teA/&@FCD31
expression in breast cancer tissuefu et al., 2016)his therefore provides evidence that

within cancer cells, ZEBL1 is able to promote the expression edpgagenicytokines.

1.4.3 Regulation of ZEB1 expression and activity

TGF Kl & 0SSy ¢St fproriotot oREMT asSvelhas & iegulatdr of IZEB1
expressionWithin NMuMGcells(mouse mammary gland epithelial cellf5F ¢ & F 2 dzy R
to upregulae the expressiorof ZEB1 which inturn downregulated epitheliabplicing

regulatory protein 2 (ESRP@origuchi et al., 2012aJ his upregulation of ZEB1 BDEF

has also beewbserved within glioblastoma, with ZEB&termined as beingesponsible

for the expression of genes that result in increased migration and invasion within the
diseasqJoseph et al., 2014nterestingly TGF Kl & y20 2yfté& 06SSy T2dzy
expressiorbut has alsdeen demonstrated as having a direct impact on its-celtular
localization.In lungadenocarcinomaJGF ¢l & ¥F2dzy R (G2 AyRdz0S (KS
ZEB1 which #wurn induced EMTPrior to nuclear translocation vidGF R2 activation,

ZEB1was shown to bind free actin and RhoA within the cytoplasm, which activglyited

actin polymerization and blocking cell migrati@uo et al., 2022)rhisidentified a new
contrastingrole for ZEBL1 in inhibiting an EMT driven process such as migratgncess

which is regulated byGF & G A YdzZf F GA2Y @

The expression of ZEB1 has also been found to be regulatetthdrysignaling pathways
Within glioblastoma,? y {i-gatenin signaling was identified adriving EMT via the
upregulation of ZEB1 expressigiahlert et al., 2012)Interestingly within MCF10A
epithelial cells expressing constitutively active subunilF , elevatedexpression of
ZEB1 wsidentified along with an EMT phenotype and reducedaBherin expression
(Chua et al., 2007 his study also identified thaiEB1 KD via siRNA reduced the number
of viable cells, providing further evidence that ZEBtfequired for cell cycle progression.
Finaly, in renal ell carcinomaHIFm "'was observed to repress@dherin expression via
the increased expressioAEB1(Krishnamachary et al., 20Q6hdicatingZEB1 expression

is regulated by hypoxia signaling.
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Another method of postranslational regulation of ZEB1 isubiquitin targeted
degradation. Siah, a ubiquitin ligase, has been identified agegulator of ZEB1
degradation via the proteasomaevith the downregulation of Siah observed within EMT,
resulting in an increase in ZEB1 expression and hencg Eih et al., 2014)t has also

been observed that in the absence of Casp&sssociated protein 2 (FLASHhe half-life

of ZEB1 decreases from 3 hours to 1 hour, indicating that FpAsétts ZEB1 from
proteasomal degradatioand inturn promotes EMTAbshire et al., 2016 heubiquitin
targeting of ZEB1 degradatidwas also been determined to lbegulatedby the balancing

of the E3ubiquitinligaseTRIM26 and theleubiquitinatingenzymeUSRB9 (Li et al., 2016)

This indicates that a balance of factors promotes ZEB1 protein stability, which can be

dependent on the cell system.

ZEB1 alsbasmultiple phosphorylation sites which have been identified as modulators for
its activity(Llorens et al., 2016; Park et al., 2028)earlyidentificationand study of these
phosphorylation sitesit was identified that ZEB1 was differentially phosphorylated in
different cell types(Costantino et al.,, 2002)it was later identified thatincreased
phosphorylationof sites near theC terminal zing finger domaihy 1G-R1/MEK/ERK
signalinginhibited transcriptional repression activity of ZEBtterestingly, thigesearch

also identified that ZEB1s subcellular localisation could also be regulated by
phosphorylationof different residueqLlorens et al., 2016)histherefore suggestshat

the function of ZEBé&s a transcriptional repressaalong with its subcellular localization,

can be modified byphosphorylation.

As previously mentionedZEBlcan interactwith a variety of ceactivators and co
repressors which modulate its activityhis includes the previously described Ct8o
repressor in the negative regulation of CDH1 expreg&tger et al., 2005; Postigo & Dean,
1999) This complexvith CtBPhas also been found to repress the expressioseferal
other genes, includin@cl6 in B cell lymphom@apadopoulou et al., 2010Although,
CtBP independent repression activity of ZEB1 has been iden{Bi@ached ill6 et al.,
2010) including the recruitment of NuRD/CHD4 comptexthe C terminal zinc finger
domain which represses the expression DBC122b, miR00c and miR41l This
suppression of TBC122b resultedtie degradation of Eadherin (Manshouri et al.,
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2019) suggesting that ZEBL1 is able to suppEesadherin and promote EMT via numerous
mechanismsThe interaction of ZEB1 with transcriptional activators has also been well
reported, primarily within the context ofGF & A 3y | f Aid@her meamhisnhsf & 2
ZEB1 is able to interact with phosphorylated Smads to induce expressioGRo T
responsive genesia its Smad interaction domai®n top of this, GF A a | 6t S {2
and recruit pCAF and p300, which are able to bind and activate ZEB1 @faF3300
binding domair(Postigo et al., 2003)ndicatingthat GF Y2 Rdzf | GA 2y 2 F 149,
occur through multiple mechanismBinally,in breast canceZEB1 has been identified
being a binding partner dhe transcriptional ceregulatorY ARo promote transcriptional
activationof genesassociated withtherapy resistance and metastagiseshmann et al.,
2016) This complexf both ZEB1 and YABgetherwas identified adeing able to target
TEADBbinding sites via ChiBeq (Feldker et al., 2020Q)which further highlights the

importance of binding partners in modulating ZEB1 expression.

1.4.4 Endothelial ZEB1

Within the literature, here have been amallnumber of reportshat have exploredhe
role of ZEB1 within endothelial cells the commencement ohe research presented in
this thesis the literature was primarily focused otwo separate areas aksearch ZEB1
in cornea endothelial celend ZEB1 in tumour angiogenesice he work in this thesis
was initiated, there have den a couple of more recent publicationghich present

conflicting reports for the role of endothelial ZEB1.

1.4.4.1 ZEB1 in Corneal Neovascularisation

The link betweerZEBland endothelial cells was first identifiaslithin the context of
Posterior polymorphous corneal dystrophy (PP@)hin humans it has been identified

that roughly half of PPCD patients haeterozygoudrameshift 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 basat membrane organisatio(Krafchak et

al., 2005; Liskova et al., 200As a direct result of these findings, ZEBaGtant mice,
originally developed by Takagi et lagve beendentifiedas a model to study PP@bthe

attempt to develop therapeutic strategidgiu et al., 2009)
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The cornea is an avascular tissbat despite this neovascularisatiaf the cornea can
occur from the pericorneal plexus, leadingdorneal neovascular diseag¢€hang et al.,
2012) In a more recent publication using aralkali burn model of corneal
neovascularisation ZEBi+ mice displayed less severe angiogenesis and
lymphangiogenesisotpared to ZEB1+/+ controfdin et al., 2020)Vhat is important to

note is thatwithin these studies, the transgenic mice used are global heterozygous ZEB1
KO mie. 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. Ence, the effect observed within these studies may notbmpletely

due to loss oendothelial ZEBIand instead aloss of ZEB1 in other cell types. However,
Jin et al did assess the level of ZEB1 expressionnwigtscular ECs @flkali inducel
neovascular lesions, which revealed a significant increase in ZEB1 expression in
comparison tahe vascular ECs within PBS treated confiditset al., 2020Y his 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 withimetinal microvascular endothelial cellsnd that ZEBACtBP inhibitors
could functionally inactivate ZEB1 in a similar (g et al., 2020)These results suggest

that ZEB1 plays a role amgiogenesis and neovascularisation.

1.4.4.2 ZEB1 in tumour angiogenesis

Earlierstudies identifiedZEB1, historicallgnown as TCE&s a contributerto tumour
angiogenesisFor instanceZEB1 upregulated VE®Fin breast cancer celldiu et al.,

2016) Inuzuka et akxtended this by showing thaZ EB1+/ knockout micedeveloped

larger melanoma tumours, attributed to increased angiogenésiszuka et al., 2009)
However, because this was a global heterozygous knockout, effects ienumthelial

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 quiescend#nuzuka et al., 2009)

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

ZEB1 KO reduced tumour growth and decreased the amount of tumour angiogénesis
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et al., 2020) This is contrasting to research published by Inuzukg boalever, 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 withmaurs, which

aided chemotherapy deliverfFu et al., 2020)This evidence is similar to what Jin et al
2020,0bserved within corneal neovascularisation, where ZEB1 expression is associated

with recently developed vessels, as tumours are very angiogieaites.

1.4.4.3 ZEB1 in osteogenesisked angiogenesis

Interestingly,in a separate publicatiothe sameteam also found that endotHiel ZEB1 is
essential for angiogenesis driven osteogenesis in developmEntothelial ZEB1
expression was found to be associated with CBigh Endanucinhigh endothelial cells,
known for theirrole in coupling angiogenesis to osteogenesis. Not only this, deletion of
endothelial ZEB1 specificalippaired blood vessel formation and redutesteogenesis

as a resulfFu et al., 2020)his work is supported by the fact ZEB1 global knockout results
in neonatal lethality, with a major affect being skelesdinormalities(Takagi et al., 1998)
Thistherefore suggests that endothelial ZEB1 is playing a crucial role in the angiogenesis
which drivesosteogenesisThe observedassociation of ZEB1 with angiogenesis is similar
to what is observed to diet al in corneal neovascularisatiobut this time providing

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

1.4.4.4 ZEB1 in vascular quiescence

Arecent publication found aompletelycontrastingrole for endothelial ZEBdy inducing
vascular quiescenc&he team found that életion of endothelial ZEB#&sulted indelayed
quiescence entry andsevere vascular deformities withithe developing retinal
vasculatureZEBXepresses Wifl expression whichturn allows for activation ofvnt/i -
cateninthat causes the increased expression of the quiescence regulator HX@ial.,
2022) This is in complete contrast to what was observedRoyet al in their tumor
angiogenesis publication, whergupplementaryanalysis of EC ZEB1 KO revealed no
significant difference in the development of the retinal vasculaiife et al., 2020)This

provides furtherconflictingevidence of the role of endothelial ZEB1.
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1.5 SummaryAimsand Hypothesis

The vascular endothelium is a heterogenoustissue which plag a pivdal role in
maintaining vascular integrity and regulatimgscular homeostasigVithin development,

as well as growth and repair, angiogenesis is required to ceeatescular network which

is able to supply and adapt to the needs of the surrounding tisslmvever st
development, it isessential that the endotheliunexists within a quiescerdtate, but
importantly retains the ability to respond appropriately to pangiogenic stimuli
Dysregulation of the switch between quiescent and angiogenic ECs is a hallmark for
vascular diseasandhas beenmplicated in multiple othepathologies The control of this
phenotypic switch between quiescent and angiogenic endothelial cells is thexioril

but despite this, thetranscriptional andmolecularcontrol of this phenotypic switch
remainsnot fully elucidated With EndoMT emerging as a similar phenatypwitching
event that occurs within EC¢here has been an increase in the focus on transcription
factors known to drive trans differentiaticlike events such as EMTAlong with other
EMT promoting transcription factor&EB1 has been implicated in the transcriptional

control of ECs, however the literature remains conflicted.

The aim of this thesis is to identify the rolearfdothelial ZEB1 within physiological and
pathological angiogenesikset out to test the hypothesis thdbss ofendothelial ZEB1
impacts the ability of the vasculature to undergo quieseangiogenic phenotypic

switching.In order to test this hypothesiswlill achieve the following aims

1. Observein vitro the transciptomic differences in confluent (quiescent) and
subconfluent (proliferatingHuman Umbilical Vein Endothelial Celling RNA
Seq

2. Determine how ZEB1 affects the transcriptomecohfluent Human Umbilical
Vein Endothelial Cellssing RNAeq and ChiBeq

3. Assess if loss of ZEB1 affeitts angiogenic processes usiimgvitro angiogenic
assays

4. Determinewhether EC specific KO of ZEB1 altered the physiological angiogenesis

using the neonatal retinas a model for developmental angiogenesis
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Establish if loss of EC ZEBfects the development of neovascular lesions and

vascular leakage within a mouse model of WAMD

Establish whether loss of EC ZEB1 affects the blood flow recandrgollateral

vessel formation in a mouse model of PAD
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Chapter 2:

Materials and Methods



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 isection 3.3.811 (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) af@and 5% C® Cells were passaged
upon reaching 8®0% confluency by washing with sterile PBS before detaching using
Trypsin/EDTA at a ratio of 0.04%/0.03% respectively. Cells were centrifugexadto

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 tiecked to ensure they maintained endothelial cell cobblestone morphology and

only passages 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 wasalbalated

using the following equation:

# AIDIA®, ! OA OATGIAAIADA AT OT @pAtA
2.1.3 Cryopreserving Cells
Post detachment using Trypsin, cells were counted as described above. Cells were then
centrifuged atl00xGfor 5 minutes, supernatant discarded and resuspended in freezing
media (complete media supplemented with 10% DMSi@ma) at a volume of 1 x Pper

mL. The suspension was then aliquoted to ensure P gell® were added to each cryovial
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before placing in an isopropanol filled Mr Frosty overnight8®°C. Cryopreserved cells

were then stored londgerm in liquid nitrogen.

2.1.4 Thawing Cryopreserved Cells

Cryovials containing 1 x 4€ryopreserved cells per vial were removed from liquid nitrogen
and rapidly warmed to 3T in a water bath for approximately 2 minutes. Each cryovial
was added to one T75 flask containicmmplete mediapre-warmed to 37C. Cells were
allowed to adhere overnight and media changed the following day to remove any

unrevived cells and DMSO.

2.1.5 Confluent vs Subonfluent experiments

HUVECs were seeded at different densities by increasing the surface area for growth
whilst maintaining the same number of cells. 1 X W@re seeded into a 60mmiameter

dish for the confluent condition compared to 1 x*t@ing split over four 60mrdiameter
dishes for the sulwonfluent 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 plac8ubconfluent HUVECsvered approximately 4@

of the surface area of the dish,hereas confluent endothelial cells resemble an intact
monolayer that completely covers the dish. An image of confluent and subconfluent

HUVECSs can be observedrigure 2.1
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Subconfluent Confluent

Figure2.1 Subconfluent and confluent HUVECs
Confluent and Subconfluent HUVECS in culture imaged using an iPhone camer
looking down a Nikomicroscope at 20x magnification

2.1.6 Transient gene knockdown using siRNA

HUVECs were seeded into 60mimmeterdishes 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
ONTARGET plus Neargeting control Pol (Nonsilencing control (NS@harmaconTM
Reagents) using PromoFeckitJVEC (promocell) and OMEM (Gibco) and incubated

for 4 hours. Transfection media wdken replaced with complete media and cells

incubated fa 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

previousy. To achieve ZEB1 KO, 150,000 cells from a single donor were centrifuged at
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100xGand resuspended in a fQ mixture of @ig recombinant Cas9 (Invitrogen), 6ug
single guide RNA (Synthego) against ZEB1 or control, in OptiMEM media. HUVECs were
then nucleofected using the LONZA-MDcleofector Core unit using the primary cell P3
setting with a pulse code of CM138. Cells werenthtated in 0.1% gelatine coateenél|

plate for knockout confirmation and propagation.

2.1.8 MTT Assayg Metabolism and Viability

HUVECs were seeded 18,750 cells per well of a 96 well platel8, 72 and 96hours
postplating, 12.pL of 3-(4,5dimethylthiazol2-yl)-2,5diphenyl tetrazolium bromide
(MTT) at 0.5mg/mL, placed on an orbital shaker for 3 minutes before being incubated at
37°C+ 5% C&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 atG¥5% C® The absorbace 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 widpr&L mitomycin C to inhibit
proliferation. A vertical scratch was created with a pipette tip. Images of the scratch were
taken at 0, 4, 6, 18, 24 and 32 hours were then imaged using an Olympus EP50 with digital
camera attachment. 8vells weregenerated per condition to create 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 muahiannel pipette, this total mixture
(18.75mL) was pipetted into R droplets on the bottom of a low adherent 10cm dishes,
giving rise to around 10 dishes per condition. These plates were then placed dpside

in the incubator overnight at 3T 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 50tabe. The spheroids were centrifuged for

5 minutes at 300xG with no &ke, followed by 3 minutes at 500xG with no beak he
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) (AL)were added to the spheroids before quickly transferring to asr8 wells of

a 24well plate. The fibrinogen was allowed to solidify at@7or 20 minutes before

adding 50QL 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 condig@merating 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/&EBH" cdh5 CreERTnice were bred in house within the University of Nottingham
Biological Support UniZEB" were received from Thomas Brabl¢®& Brabletz et al., 2017)
andcdh5 CreERT2vere received from Ralf Adan(Sorensen et al., 2009\l 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 PE6$3@8RPL P3E735452 held

by Professor David O Bates.iAlvivoexperiments were performed on mixed gender mice
and all animals were genotyped by TransnetyxZ&B 1" cdh5 CreERTZ andZEB" cdh5
CreERTZ animals were bred to create a mixtiter of ZEBY" cdh5 CreERT2-andZEBH"

cdh5 CreERT? for studies.All decisions regarding animal health and welfare fiomivo

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 recombinatiprboth ZEBY" cdh5 CreERTZ and ZEBY" cdh5
CreERTZ2 adult mice between &2 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 theEBY" cdh5 CreERTZ miceandZEBY" cdh5 CreERTZ2 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 weighedyalfare checked

each morning prior to dosing, monitored for at leashdur postdosing and welfare
checked at least 5 hours pedbsing to ensure no adverse effects occurred. Daily welfare
checks were stopped 24 hours after the ldsse 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 bad lost >20% aheir 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 baBB" cdh5 CreERTZ and

ZEBH" cdh5CreERTZ2 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 $Binés 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’&for around 2 hours with retar agitation to

aid digestion. The cell suspension was then placed througla&@d 7QlL 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@®&5 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 atl00xG,supernatant discarded, and the pellet resuspended ipl10
CD31 microbeads (miltenyi) and @0PEB sorting buffer per 1€ells before being added
to an endto-end rotator for 30 minutes at*€C. The labelled cells were then centrifuged

at 100xGat 4°C, resuspended in 500 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 preprimed with 3mL PEB. The LS columns were washed 3 times with 3mL PEB
and the total flow through kept as the CD3#action. 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 CB8ad CD31+ fractions were

then centrifuged at 30xG supernatantdiscardedand cell pellet stored aB0°C realy for

RNA or Protein extraction.

2.3 Neonate Dosing andevelopmental angiogenesis
ZEBY" cdh5 CreERTZ and ZEB" cdh5 CreERT2 adult mice werecrossedto create a
mixed litter ofZEBY" cdh5 CreERTZ and ZEBY" cdh5CreERTZ pups(Figure2.2 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 5@ig Tamoxifen injBL sunflower oil via i.p. injection using a 27G insulin needle
on postnatal days 1, 2 and 3. Animals weoastantly monitored for at least-tlour post

dosing and checked throughout the day everg 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 alongthvbeing 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 cudldy cervical dislocation before tissue dissection for

downstream analysi@igure2.2 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

Figure2.2 Mixed litter production and neonate dosing schedul@) Breading
pairs of ZEB'f 'cdh5 CreERTZ and ZEB™ 'cdh5 CreERT2 were established to
produce mixed litters for dosin(B) Neonates born on postatal day (P) O were
dosed with 50ug tamoxifen in 5L 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 Bujpdaround injection site,
rejection by the mother and lack of miipot, indicatinginsufficientfeeding 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 praveaning mortality rate of the litter or had occurred due to
cannibalism by the mother. Any deaths that were beyond the normalwmening

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 fe2 hours. Following fixation, egevere
washedtwice 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 retinatvesspetaled

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%-XritoRBS for 2
hours Retinas were subsequently incubated for 48 hours with rockingGiti primary
antibodies (listed in tabl@able3) in 4% BSA and 0.5% Trit&nn PBS.

Following primary antibody incubation, retinas were washed in 0.5% TXtonPBS every
30 minutes on rocking platform for 4 hours. Secondary antibodies (listed inTable3)
along with DAPI 1:1000 in 4% BSA and 0.5% TXiiorPBS were added and incubated for

48 hours on a rocking platform at@.

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 varnisbrat

temperature.

2.3.5 Imaging and analysis of the neonate retina
Stained retinae were subsequently imaged on a confocal microscope usingY@5
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

77



front progression towards the retinal periphery, was calculated as describi€idime2.3

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 retingFigure2.4): the angiogenic fron{Figure2.4 B)and the central plexus
(Figure2.4 C) The CD31+ area was calculated as a percentage from these specific regions.
The vasculature was manualbkeletonised(Figure 2.5) to determine average vessel
length in um as well as vessel node (how many times one vessel contacts another,
examples included iRigure2.5 C, D and E). Vascular density is described as the amount
of individual vessel segments per rhretina whereas branch point density per rimas
quantified as described iRigure2.5. Along the angiogenic front, tip cells were counted
and displayed as tip cells per mimngiogenic front Kigure2.6). Finally, endothelial cell
number was determined by the number of ERG+ nuclei pef ratina, along with ERG%
staining and average nuclei size. Analysis methods were obtained and adapted from
Fantin, 202ZFantin, 2022)
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Retina Length

Figure2.3 Method of vascular extension analysiBissected P5 retina which wg
flat mount stained for CD31 and imaged on a confocal microscope at
magnification. Analysis was done using Image J. Firstly using the line tool wa|
G2 OFrftOdA GS (GKS GgKAGS WNBUAYL f Sy
the red angiogenic front progression line. Both originating at the optic nerve p
The percentage of angiogenic front progression was therefore calculated

these lengths.
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Region 1 C Region 2
Angiogenic Front

Plexus

Figure2.4 Method of isolating regions of the vasculature for structure analys
(A) Dissected P5 retina which was flat mount stained for CD31 and imaged
confocal microscope at 10x magnification. The angiogenic front is determin
the very edge of the developing plexus as it meets the avascularised area, |g
box 1.(B) Zoomed in gridded version of the angiogenic f@@jCorresponds to g
gridded version of box 2 in imadg@) which is selected further back in th
developing plexus, roughly equidistant from the angiogenic front and the

nerve, as well as equidistant from nearby major vessels A (artery) and V (vei
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Figure 2.5 Method of skeletonization the vascular network for vessel densi
length, node and branch point analysigA) Dissected P5 retina which was fl
mount stained for CD31 (now shown in red) and imaged on a confocal micro
at 10x magnification. The network is skeletonised using the free hand line td
image J, with each vessel segment corresponding to oneTlivig allows for thg
measurement of segment length (um) and vascular density (segment lengt
mny’) (B) Branch points are highlighted with ahite asterix in order to calculats
branch points per mi(C)Vessel segment with a node of 4. Vessel segment
attatched to 4 vessels, noted with an asterix. (D) Vessel with a node of 2.
segment 19 is attatched to 2 vessels, noted with an asterix. (E) Vessel with
of 5. Vessel segment 17 is attatchtedb vessels, noted with an asterix.
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Figure2.6 Analysis method for calculating tip cell numbe€D31stained retinal
flat mount wasimaged on a confocal microscope at 10x magnification
analysed using Image J. Using the free hand line tool, the length of the va
front was determined, noted as line 1. Individual tip cells were then countd
display tip cells per mm of vascufeont.
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2.4 Laserinduced Choroidal Neovascularization (CNV)

The study timeline can be seenfigure 2.7Mixed litters ofZEB¥"cdh5 CreERT2and
ZEB#"cdh5 CreERT2mice grew until they reached around1® 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 dsing,ZEB¥"cdh5 CreERT2and ZEB1 cdh5 CreERT2mice are referred to

as ZEBY9°%%nd control respectivelyPostdosing, 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

Figure2.7 A study timeline for ZEBT*and controlmice undergoing laseCNV
ZEBYV'cdh5CRERT2 and ZEB"M'cdh5CRERT2 mice are grown until
approximately 810 weeks of age before receiving daily doses of 40m(
tamoxifen in sunflower oil over 5 consecutive days (after whiccERRand CRE
ERT2are known as ZEB%®and controlrespectively). After a break week, mi
are anaesthetised before being lasered and recovered on day 9. On days 3
14 mice are anaesthetised in order to undergo fundus fluoresceine angiog
(FFA) biore being recovered, accept from day 14 when mice are sacrificed
tissue sent for downstream analysis.

2.4.1 Induction of Anaesthesia

On day 0, maesthetics 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 wetghbefore beinganaesthetised by.p.
injection of the anaesthetic mix. 100 of anaesthetic was administered per 25g body

weight, which worked out to be the body weight x4uh. Once a negative pedal and eye
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reflex test confirmed loss o&flexes the mouse was prepared for laser induction. Whilst
under anaesthesia the animal was keptwargingK S § SR LJ Ra | yR (KS

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 to450mW, 130ms and Hn.

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 hydidehlo

and 0.8% tropicamid® 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 th

major vessels within the retingrigure 2.8A and B)

2.4.3 Anaesthetic Recovery

For anaesthetic reversal 20 Atipamezole (Sedastop, Animalcare Limited, 5mg/mL) was
diluted in 80QUL sterile saline. Mice were injected with 2Q00f this Img/mL Sedastop in
saline vid.pinjection, 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 anaesthesiar® ens
appropriate recovery. Animals were closely monitored throughtie remainder of the

study.
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2.4.4 Fundus Fluorescein Angiography

On days 3, 7 and 14 pestsering 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 prevedtytimg

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 positidthethe
lensfocused so that the back of the eye was clearly visible on the computer screen to
checkthat there were no abnormalities. The animal then receivedigm injection of

200uL 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 afteri.p. injection, images of the lesions were captured using the Micron program
(Figure 2.8 CLesion size was measured and analysed by drawing round the lesions and
measuring their area FIJI. 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 N ophthalmoscope (Pheonix
Technology Group Inc.)Jmages taken using the Micron™ophthalmoscopdA)
before lasering,(B) immediately after lasering andC) fundus fluoresceing
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 frdirsthe
instant of anaesthesia. These mice were either culled by schedule 1 cervical dislocation or
found dead and reported to the home office. On posbrtem examination these mice

had pale kidneys along with a full and inflamed bladdsrwell axrystalsin the bladder
(identified by Dr NiciBeazley 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 ofvholeemount choroids
On day 14 poslasering, 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%-XritoRBS for 2h.
Choroids were subsequently incubated for 48 hours & 4vith rocking in primary

antibodies (listed in tabl@able3) in 4% BSA and 0.5% Tri&nn PBS.

Following primary antibody incubation, choroids were washed in 0.5% TXitonPBS
every 30 minutes on rocking platform for 4 hours. Secondary antibodiesRantAlexa

Fluor 488 and ArdRabbit Alexa Fluor 555 were diluted in 1:500 along with DAPI 1ih000
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4% BSA and 0.5% Tritihin PBS were added and incubated for 48 hours on a rocking

platform overnight at 4C.

Choroids were washed 0.5% Triton in PBS every 30 minutes for 4 Abumom
temperaturebefore 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®@t 4esions were imaged using a Leica
TCS SPE Confocal Microscope. An 8x8 tilescan of the Choroid was taken at 20x
maghnification. CD31 lesion size as well as CD45 inflammation intensity within the lesion

was anafsed 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 BhalléBitedla

et al., 2022) Afull study timeline along witlimages of the surgery can be searFigure

2.9

8-12 Day Day Day Day Day
weeks 0 3 7 14 21
M T T T T ]
i.p. injec.:tion Pre-op Blood flow Blood flow.
tamoxnfe'n Siood How: Cardiac
40mg/kg |n. HLI surgery. perfusion.
sunflower oil Post-op Tissue
blood flow. preparation.

Figure 2.9 A study timeline for ZEBTXC and control mice undergoing HLI
ZEBY'cdh5CRERTZ  and ZEB'cdh5CRERTZ mice are grown until approximatel
8-12 weeks of age before receiving daily doses of 40mg/kg tamoxifen in sunflow
over 5 consecutive days (after which & and CREERT2are known as ZEB$“and
Mice are anaesthetised before -@perative blood flow
measurements, followed by surgery and post op blood flow measurements. On d
7,14 and 2Imice are anaesthetised in order to undeigood flow imaging. On day 2
the mice are perfused fixed, and tissue prepared for staining.

controlrespectively).
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2.5.1 HLI surgery

Mixed litters of ZEB¥"cdh5 CreERT2and ZEBY"cdh5 CreERT2mice were grown until
they reached around-82 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).dwhg dosingZEB¥"cdh5 Cre
ERT2 and ZEBY'cdh5 CreERTZ mice are referred to as ZEB*°and control

respectively

Posttamoxifen dosing, all micevere checked to ensure no signs of ill health before
undergoingHLI surgeryAll surgeries were performed start to finish by either Dr Sohni Ria
Bhalla or Dr Mussarat Wahi@EBE““®and control mice were placed under general
anaesthesia via gaseous 2% isoflurane (100%, w/w, I8bRIA00% oxygen at a flow rate

of 2L/minute. Preoperative blood flow to both paws was then determined by using the
laser speckle imaging system (FRPMoors Instruments). Before commencingeth
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 preperative analgesic by the subcutaneous injection of 0.05mg/kg
buprenorphine (Animalcare Group) diluted in sterile saline (0.9% N&x€haration 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 theheid paw taped into position

and covered in a surgical dmyp 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 superfigigastric
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, Evergreémpges of the surgeryrpcess can be

observedin Figure 2.9taken from(Bhalla et al., 2022)
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Postsurgery animals were closely monitored to ensure they recovered well. Animals were
allowed to recover in a prevarmed postoperative cage with fresh bedding and mash. For
the first few K 2 dzbhBt-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 postsurgery the weights as well as general health and wellbeing of the animais
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
artery taken from
(Limbourg et al.,2009)

Step 1: Hair was removed Step 2: The fat and
from the left hind limb and connective tissue was

sterilised. A 1cm incision
was made from the knee to
the abdomen.

teased apart to expose the
femoral artery.

E
T ,
Proxim
ligation.
site

Stg 3: The femoral artery

Step 5: Between the two
the femoral

| 8
Step 4: A second ligation
the

was ligated above the was made below ligation sites,
epigastric branch (proximal epigastric branch (labelled artery was electrocoagulated
site) using 6-0 W812 distal site). (as indicated by an asterisk)
Mersilk suture. to induce ischemia.
G

Blood ﬂow spectrum Left Right Ischemic Contralateral
Low bIood High
flow blood flow

Figure2.10 HLIsurgery and blood flow speckle intensity images, taken from (Bhg
et al 2021).(A) ¢ (F)images of HLI surgery taken from Bhalla et al, except for (A) t
from Limbourg et al 2009G) The level of blood flow is representative of the inteng
of the spectrum(H) Example of blood flow images psergery, with the white box
indicating the region of interest (ROI) used to calculate blood flow via speckle intg

Tail

Postsurgery the left paw will become ischaemic.
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2.5.2 Measurement of blood flow

All blood flow measurements and subsequent analysese performed by Dr Nick
BeazleyLong. 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 witt2% Isoflurane (100% wiwsoFI®) 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 fom anaesthetic in a prevarmed 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. 34 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 306 needl
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. ahithan
followed by 25mL paraformaldehyd€ardiacperfusion was performed by either the

author or Dr Nick Beazldyong (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 washeid@s 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 store@@iC
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2.5.4 Sectioning of gastrocnemius muscle

Gastrocnemius muscle embedded in OCT was removed fronr8tR€ and immediately
placed into the cryostat chamber held-20°Cfor approximately 8 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 storee2@tC 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 sectionRE®B times

for 5 minutes. Sections were blocked and permeabilised ugtegsterilised 4% BSA and
0.5% TritorX in PBS for 2h at@. Primary antibodies were then diluted according &ble

3in filter sterilised 4% BSA and 0.5% Tr¥im PBS and incubated &CAovernight. 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%-Xriton
PBS according fbable3 along with DAPI (1:1000) overnight &4 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 Mam@tisoom temperature in

the stain tray without humidity for 20 minutes. Slides were then stored®@tdr imaged

immediately.

2.5.6 Confocal microscopy and image analysis of gastrocnemius muscle
Immunofluorescent stained gastrocnemius muscle slides were imaged usihgit@eTCS

SPE Confocal Microscop¢ 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 Uisiage JMeasurements

of both staining area and number of stained structunese quantifiedandnormalised 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 6cnuiameterdishesfor protein extraction at theS E LIS NAe¥idpgirit. Q &

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 PB$ILIBIPA buffer (Thermo)
supplemented with Protease and Phosphatase cocktail inhibitors (Roche) was added to
each 60mndiameterdish, 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
Eppendorftube and incubated on ice for 30 minutes. The lysate was then centrifuged at
16,000 x g at 4 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
200Qug/mL and Qug/mL. Cell lysates were diluted between 4:30 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 respectivelyL2i§BCA working
reagent plus 25uL of either sample or standard was placed in one well ofvalBglate.

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 Microsdtxcel™.

2.6.3 SDSPAGE

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 Betamercaptoethanol. Samples were heated to°@5for 8 minutes

followed bysonicatingfor 15 minutes using a water bath sonicator filled with ice and
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water. Samples were briefly centrifuged before3@ug ofprotein from each sample was
loaded onto a precast 520% gradient gel (BioRad) along withL2recision plus protein
ladder (BioRad). The gel wam at 80V for approximately 2.5 hours at room temperature
in TGS running buffer (25nM timse, 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 4oéotgurbo
transfer system (BioRad). This was achieved using the mixed molecular weighttprg
and using transblot turbo transfer buffer (BioRad) supplemented with 20% etilaifhe
membrane was then blocked in 5% BSA (Sigidech) in TBST (Tris buffered saline with

0.1% tweer20) 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 accordiapleB before being
added to the membrane in a 50mL falcon and incubated overnight rollingGat Bhe
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 tbahlde

3 before being added to the membrane and incubating for 1 hour, rolling at room
temperature in darkness. This was followed by threenfiiute TBST washes in darkness

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

2.6.6 Stripping and rgrobing

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 8 BSA in TB®efore the addition of primary antibodies as described above

to probe for another protein.

2.7 RNA based assays

RNA was isolated from botm vitro cultured primary endothelial cells anexvivo
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 & g&4xly for
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RNA extraction. Unless stated otherwise, ellvivo RNA extraction occurred on cells

extracted via magnetic cell sorting before being pelleted &x&D

2.7.1 RNA extraction

All RNA extraction was achieved using the QIAGEN RNeasy kit unless stated otherwise.
The cell pellet was resuspended in BeRLT buffer along with 330 70% ethanol before
being transferred into a @&hredder column. The column was centrifuged at 8@®for

15 seconds and the flow through discarded. The column was washed by the addition of
700uL RW1 buffer, centrifuged at 80408 for 15 seconds and flow through discarded.
500uL RPE buffer was added to the column before being centrifuged atx&J00 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 centrifugatiche
column alone with no buffer additions at 16,00B8for 1 minute. To elute the RNA, 30
RNAase free water was added directly to the column before being centrifuged at@000
for 1 minute. The concentration and quality of the eluted RNA was then determined by

NanoDropt (ThermoFisher Scientific). All RNA was store@@C.

2.7.2 DNAse treatment

RNA was DNAse treated using the Promega RQ1 Hi¥eseDNase kit. Unless stated
otherwise, 21,9 RNA along with 2. DNAse buffer andy2 DNAse made up to a total
volume of 18IL with RNAse free water was incubated in a thermocycler & 3@r 30
minutes. 1L DNAse stop solution was added followed by incubation in a thermocycler at
65°C for 10 minutes.

2.7.3 cDNA synthesis

21ug DNAase treated RNA in20total volume was taken forward for reverse transcription
using the Takara PrimeScript RT Master Mix kit. Unless stated otheplvieémaster mix
was added to the 2g DNAse treated RNA before being incubated in a thermocycler for

37°C for 15 minutes, followed by 85 for 5 seconds. cDNA was stored28fC.

2.7.4 Digital Droplet PCR (ddPCR)
Between 50ne820ng 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 tafflablel, and made up with water to make a
final reaction volume of 28.. Droplets were generated using the droplet generator
(BioRad) with 70@L droplet generator oil (BioRad). The samples were then placed in a
thermocycler for 10 minutes &C, followed by 40 cycles of 30s and®@&nd 1 minute of
60°C, finally followed by 9& for 10 minutes as a final extension. Droplets were read using
the QX100 Droplet Reader (BioRad).

Tablel 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 pekage 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 cellldamponents 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

Publiclyavailable data sets were identified using Gene Expressioniliisi Data were
pre-filtered using an adjusted-palue threshold of Adjp > 0.05. Log2 fold changes (L2FC)
were subsequently retained for analy$iiata extractedoy 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 (ChlP)

ChIP was achieved using the Active Motif @flPligh Sensitivity kit. Unless otherwise
stated, the buffers are provided in the kit and the makeup of all buffers are stafEahie

2. HUVECs between passageg @ere plated in 150mm dishes with 20mL complete
media and allowed to grow until they had reached 100% confluency before being taken

forward for ChiP.

2.8.1 Cell Fixation

Cells were fixed by adding 2mL Complete Cell Fixation Solution directly to the culture
media of each 150nm 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 1x25& 4°C for 3
minutes. The supernatant wakiscarded|eaving the pellet to be resuspended in 10mL ice
cold PBS Wash Buffer before centrifugation at 1@5ét 4°C twice. The cell pellet was

then kept on ice.

2.8.2 Chromatin Preparation

The cell pellet was resuspended in 5mL Chromatin Prep Buffer with Psotease
Inhibition Cocktail andl. 100mMPMSF 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, &5fbr 3 minutes at 4C. The pellet

was then resuspended in 500 ChIP buffer with|8. Protease inhibitor cocktail anqus
100mM PMSF before being incubated on ice for 10 minutes and proceeding to chromatin

shearing.
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2.8.3 Chromatin Sharing via Sonication

Chromatin was sheared using tBéoruptor® Cooled Sonicator (Diagenode}°C for 35
rounds of 30 seconds on and 30 seconds off. Chromatin was then centrifuged atd®,000
at 4°C for 2 minutes to pellet cellular debris.| 250f 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

1754L TE buffer at pH 8.0 angill RNAse A was added to theuR5sheared chromatin
before being incubated in a thermocycler att@7#or 1 hour. gL of Proteinase K was then
added before being incubated in a thermocycler aP@7or 2 hours. The chromatin
mixture is then transferred to a new Eppendaube along with 83IL Precipitation Buffer,
2uL Carrier and 750L absolute ethanol before being stored &€80°C overnight to
precipitate the DNA.

The following day the sample was centrifuged at 16)@fdr 15 minutes at AC to pellet

the DNA before discarding the supernatant and air drying the pellet fek51Minutes.

The DNA pellet was then resuspended ip2®NA 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 witlull 500mM NaCl and adjusted to lOwith sterile
water before being placed in a thermocycler at 2@0for 20 minutes, followed by 30

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-1dr Binutes. The gel was

imaged using gel imager (Licor).

2.8.5 Immunoprecipitation of Chromatin

Each immunoprecipitation reaction was set up witlugd ZEB1 primary antibody
(Proteintech) or g rabbit IgG control, .- protease inhibitor cocktail (& Blocker Mix,
approximately 1Qg sheared chromatin and topped up to 200with ChIP buffer. This

reaction mixture was placed in an etwtend rotator overnight at 2C.
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Protein G agarose beads were prashed by mixing equal amounts of TE pH 8.0 buffer to
beads and centrifuging at 1,28Gto pellet beads and remove supernatant. This process
was repeated twice. 30 of Protein G beads were added to each immunoprecipitation
reaction and placed in and exid-end rotator for 3 hours at 4C. 60QuL 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 discafides
columns were then washed with 900 Wash Buffer AM1 for a total of 5 times before
being centrifuged at 125@for 3 minutes to remove residual wash buffer. The sample
was eluted by adding %0 37C Elution Buffer AM4 to the column, incubated at room
temperature for 5 minutes before being centrifuged at 128For 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 58C followed by 2 hours at 80. To confirm the pH of each sample was
correct, 50QuL DNA purification buffer anduh 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 centrifufj28GG
rpm for 1 minute and the flow through discarded. TRODNA Purification Wash Buffer
(80% Ethanol) was added to each column before being centrifugd@%0xGfor one
minuet then two minutes to dry the membrane and flow through discarded. The purified
DNA was then eluted from the column by addingu3®f DNA Purification Elution Buffer

pre-warmed to 37C directly to the column and centrifuging #250xGor 1 minute.

2.8.7 ChlIP sequencing

Purified ChIP DNA was sent to Novogene for lllumina 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 wlasl ise
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. Bowtiebuild was used to index human genome GRCh38 followed

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 smalpped reads. Reads
aligned against known blacklist regions of the genome were removed using Bedtools

intersect

The ENCODE analysis pipeline was followed with a less stripgga8 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 replicategquality

of the ChlPSeq 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 defatirigseto 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 ehnieent analysis was

performed using HOMER.

The annotated ChiBeq genes and the RNo&( differentially expressed genes were cross
referenced in R studio. Overrepresentation analysis to identify significant gene ontology
(GO) terms biological processes, molecular functions and cetioaponents 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. Specificstatistical analyses methods are mentioned for each individual
experiment within its figure legends. Ap 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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Table2 List of Buffers

Buffer Name Method Buffer Contents

PEB Buffeg Magnetic Cell Sorting 0.5g BSA, 2Q@ 500mM EDTA,
50mL Section 2.2.2 50mL PBS

Complete Cell ChIP using Active Motif | 180uL Fixation Buffefprovided),
Fixation Solution | ChIRIT High Sensitivity Ki| 750uL 37% formaldehyde,

¢ 2.5mL ¢ Section 2.8 1.57mL sterile water

PBS Wash Buffer
¢ 25mL

ChIP using Active Motif
ChIRIT High Sensitivity Ki
¢ Section 2.8

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

DNA Purification
Wash Buffer
(80% Ethanol

50mL

ChIP using Active Motif
ChIRIT High Sensitivity Ki
¢ Section 2.8

40mL 100% Ethanol and 10mL
DNA Purification Buffer

2.11 Antibodies and stains

Table3 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
ChIP

FOXO01 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

i actin Primary 1:1000 | Mouse Santa Cruz

Vinculin Primary 1:5000 | Rabbit Cell Western Blot

Signalling

IRDye® Secondary | 1:5000 | IRDye® LFCOR Western Blot

800CW 800CW

Goat anti

Rabbit

IRDye® Secondary | 1:5000 | IRDye® LFCOR Western Blot

680CW 680CW

Goat ant

Mouse
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regulatorof endothelial
cellgene transcription
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3 Identification of ZEB1 agegulator of endothelial cell
gene transcriptiomn viro

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 marlkspression,
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 h@o-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 sth&y, retain the ability to
undergo phenotypic switching in order to become angiogenic. However, it is critical that
this angiogenic switch is tightly governedith a loss of endothelial homeostadiging
associated to endothelial dysfunctiq@imbrone &GarciaCardefia, 2016; Ricard et al.,
2021) The dysregulation of the angiogerjaiescence switch can is therefore observed
angiogenic disease such as agkated macular degeneration, diabetic retinopathy and
peripheral artery disease, or contribute to tumour growth within solid canf@essmeliet,
2003) Owing tothis, 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 afultiple transcription factors involvekeyendothelial
processes such &0X18 and the ETS family of transcription fadgtodevelopment(De

Val & Black, 2009:RGs a regulator of homeostas(Shah et al., 201@&nd FOXO0dluring
quiescencgAndrade 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)whichinvolves endothelial cells undergoing phenotypic switching
into a mesenchymal phenotypbat can occur in a partial or complete mann@ang et

al., 2021; Pier&/elazquez & Jimenez, 2019he 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 angiogersesia regulation of VEGFR3 expresgiark

et al., 2015) Similarly, endothelial Slug was identified to be crucial in regulating the Dll4
Notch-VEGFR?2 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 ingdeondary aim of

this chapter, which was to identify the role of endothelial ZEB1, using transcriptomic

analysis andh vitrocell culture methods.

A number of experiments within this chapter were performed during a laboratory visited

G2 5NJ W2Fyyl YItdzOlrQa tFo6 |G ! FNKdza | yA@St
Vascular Biology Society. During this time, HUVECs were cultured using therstouel

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 imead within the

presentation of the data.

3.2 Results

3.2.1 RNASeqganalysis of confluent and subconfluent HUVECs

HUVECSs were seeded to be confluent and subconfluent and 24 hours later RNA extracted
and sequenced. Differentially expressed genes were determined by DeSeg2 by Joseph
Horder. Genes with an adjusted p value smaller than 0.05 were considered significant. Thi

revealed 4,773 genes differentially expressed between subconfluent and confluent
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HUVECSs, which can be visualised in the volcano pl&igare3.1 A. Out of all the
differentially expressed genes, 2,399 (50.26%) were down regulated in cornflUAAECS,

and therefore upregulated in subconfluent HUVECs. 2,374 genes (49.75%) were up
regulated within confluent HUVECs, and therefore down regulated in subconfluent
HUVECE-igure3.1 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
expressiorbeyond a certain threshold, another list of differentially expressed genes was
generated which only contained those withog2fold change ol.5. This resulted in 1,628
differentially expressed genes, 696 (42.75%) down regulated and 932 (57.25%) up
regulated(Figure3.1 C)
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HUVEC Confluent vs Subconfluent Volcano Plot
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Figure3.1 RNASeq analysis of subconfluent and confluent HUVECSs revealed 4
differentially expressed genedRNA fromconfluent and subconfluent HUVECS
sequenced and differentially expressed genes determined by Dédfyed@seph
Horder Genes with an adjusted p value smaller than 0.05 were considered signit
(A) A volcano plot of all differentially expressed gen@) A pie chart of all
differentially expressed geng€)A pie chat of all differentially expressed genes W
a 1.5 lo@ 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 difféisentia
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 displayiedrigure3.2. 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 majooiteellular 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 highin t
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 HUVECSs. Firstly, ORA was performed on the genes enrichedheithin
confluent condition to identify significant GO terms, and the top 10 presentddgare

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 confluadition

and therefore enriched within the subconfluent condition. This identified significant GO
terms and the top 10 are presenteith 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 matrixnd glycosaminoglycan binding. Whilst the

109



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 HUVECSs.
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[ Molecular Function
[ cellular Component
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positive regulation of cell motility=
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cardiovascular system development=
regulation of cell migration=
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receptor regulator activity-f—————————1

protein dimerization activity-f 1]
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cell junction=
Golgi apparatus=
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anchoring junction= 1
endoplasmic reticulum= 1
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Figure3.2 The top 10 significant go terms identified from all differentially express
geneswithin confluent HUVECSNA from confluent and subconfluent HUVECS
sequenced and differentially expressed genes determined by Ddfyedadseph
Horder. Genes with an adjusted p value smaller than 0.05 were considered signit
All differentially expressed genes with addgld change of 1.5 were analysed by o\
representation analysis to determine significant biological processes, mole
function and cellular component GO terms. The top 10 significant GO term)
presented.
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Figure3.3 The top 10 significant go terms identified from differentially expresss
genes that are ugregulated within confluent HUVECRNA from confluent ang
subconfluent HUVECS was sequenced and differentially expressed
determined by DeSed® Josph Horder Genes with an adjusted p value smal
than 0.05 were considered significant.-kégulated differentially expressed gen
with a lo@? fold change of 1.5 were analysed by over representation analys
determine significant biological processes, molecular function and ce
component GO terms. The top 10 significant GO terms are presented.
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Figure3.4 The top 10 significant go terms identified from differentially expressg
genes that aredown-regulated within confluent HUVEC&NA from confluent ang
subconfluent HUVECS was sequenced and differentially expressed genes dets
by DeSeqBby Joseph HordeGenes with an adjusted p value smaller than 0.05 W
considered significanDownregulated differentially expressed genes with a2légd
change of 1.5 were analysed by over representation analysis to determine sign
biological processes, maldar function and cellular component GO terms. The toj
significant GO terms are presented.
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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 HUVECSs, the list of differentially expressed genes was
analysed by ORA to identify significant KEGG pathwigsire 3.5). This was also
completed using only differentially expressed genes with an adjusted p value lower than
0.05, as well as with lag2fold change of at least 1.5, due to the large data set. Using alll
differentially expressed genes, the top 10 significant pathways were identified, which
included cell adhesion molecules, extracellular matrix interactionsleedGF a A 3y | £ Ay 3
pathway. The analysis was also repeated using only the genes downregulated in confluent
HUVECs andherefore upregulated within subcdluent condition This identified
pathways includingGF aA 3yl f Ay3 LI Kol &3 GFNAR2dza O0A24a
PI13KAkt 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: extacellular 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

subconfluem HUVECs.
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Figure 3.5 The top 10 significant KEGG pathways identified from differential
expressed genes within confluent HUVE®NA from confluent and subconflue
HUVECS was sequenced and differentially expressed genes determined bybd
Joseph HorderGenes with an adjusted p value smaller than 0.05 were consig
significant. All differentially expressed genes with a2lég/d change of 1.5 werg
analysed by over representation analysis to determine significant KEGG pat{#ya]
The top 10 significant KEGG pathways are presented for all differentially expi
genes(B) The top 10 significant KEGG pathways are presented genes down reg
in confluent HUVECEC) All significant KEGG pathways are presented for gene
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 HUVECSs 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 literatykém, 2018; Platel et al., 201®¥re compared
between the confluent and subconfluent conditions. This revealed common endothelial
genes were increased within the confluent condition, compared to the subconfluent
(Figure3.6 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 logesahle to their
large variation in normalised counts. This revealed the subconfluent condition had
significantly higher expression of mesenchymal markers, compared to the confluent
(Figure3.6 B). These significant markers included SNAI1 (Snail), SNAI2 (Slug), €DH2 (N
Cadherin), TAGLISKI22 (FN1 and CNN1. However, no significant change was observed
in the expression of VIM and ACTR3MA), indicating this was not a blanket increase in

mesenchymal marker expression within subconfluent HUVECSs.

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, 2009yere compared between the confluent and
subconfluent conditions. This provided varying res(figure3.6 C). Some transcription

factors showed nar 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 ETSL1. For the case of ZEB2, SNAIL (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@sdicat
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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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Figure3.6 Confluent HUVECs haupregulated expression of endothelial genes ar
decreased expression of mesenchymal geriRSIA from confluent and subconflue
HUVECS was sequenced and differentially expressed genes determined bybRe
Joseph HordefA) The normalised counts of endothelial genes are compared bety
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3.2.2 mRM and protein expression of confluent and subconfluent HOY
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, mRNA was extracted aswkrse
transcribed to cDNA before ddPCR analysis performed to determine the level of ZEB1
MRNA within both conditions. This also confirmed upregulation of ZEB1 at the mRNA level
within confluent HUVECs (148.1 fold change of subconfluerEigure 3.Y.

Next was to understand how confluency affects HUVECs at a protein level, and to
determine whether some of the changes observed with Ri¢ASegare also observed a
protein level. Protein was extracted from confluent and subconfluent cells and the levels
of proteins determined via western bldEigure3.8). Firstly, theprotein expression of
VECADOgene nameCDH5) was determined which revealed its protein expression was
significantly increased within confluent endothelial cells38+ 0.08 fold change of
subconfluent), which replicates what is observed at the RNA level, as determifddAboy
Seq(Log?2 fold change of 0.3Bjgure3.8 B). To also determine whether the functionality

of VECAD varies from confluent and subconfluent HUVECSs, the phosphorylation levels of
tyrosine 731 (pY731) was determined via western blot and normalised to total VECAD. The
dephosphorylation of this residugpecifically is associated with leukocyte extravasation
and therefore under normal condition its constitutively phosphorylatadf et al., 2021;
Wessel et al., 2014)This revealed a significant increase in pY731 of VECAD within
confluent HUVECs (1.860.15 fold change of subconfluerijgure3.8 C). This suggests

that a confluent monolayer of HUVECSs 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 HUVECSs. This revealed
that the levels of ZEB1 protein were significantly upregulated within the confluent

condition (3.1+ 0.34 fold change of subconfluerffjgure3.8 E), which mirrors what was

observed at the mRNA level within tiRNASeqdata. However, the level of Slug did not
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appear to significantly change at the protein level (p> OF§ure3.8 F), unlike theRNA
Seqgwhere 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 quiescéxdrade et al.,

2021; Wilhelm et al., 2016Analysis of its expression at the protein level via western blot
revealed FOXO1 was upregulated and close to being stastically significant within the
confluent condition Figure3.8 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 angiogenesiéDe Bock et al., 2013; Schoors et al., 20A#)increase inrPFKFB3 within

the confluent conditionwas observed at the protein level (2.790.25 fold change of

subconfluentFigure3.81).
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Figure3.7 ZEBL1 is upregulated in confluent HUVB@YVECs were seeded to be eitl
confluent or subconfluent before RNA and protein extragt®@pRNA from confluent
and subconfluent HUVECS was sequenced and differentially expressed
determined by DeSeq2. Genes with an adjusted p value smaller than 0.05
considered significant (#). ZEB1 was determined to be significantly upregulate
the normalised counts are shown, n£B) RNA from confluent and subconflue
HUVECS was reverse transcribed to cDNA before performing ddPCR analys
revealedZEB1 mRNA is significant upregulated in confluent HUVFESSented as
mean + SEM and was stastically analysed used an unpdiest t** p < 0.0005
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Figure 3.8 Confluent and subconfluent HUVECs protein expressiddVECs wer
seeded to be either confluent or subconfluent before protein was extracted and r
western blots to observe changes in protein expres$f\/ECAD and pY731 VEC
protein expression was determined via western §BYVECAD expression normalis
to actin.(C)pY731 VECAD expression normalised to total VEOMEB1 and Slu
protein expression was determined via western HiB}ZEB1 expression normalisq
tol actin. (F)Slug expression normaliseditactin. (G) FOXO1 and PFKFB3 phots
expression was determined via western b{Bf).ZEB1 expression normalised tactin.
() Slug expression normaliseditactin. Alldata arepresented as mean + SEM a
wasstatisticallyanalysed used an unpaireddst. * 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 reilencing control (NSC) siRNA. 72 hours post
transfection, protein was extracted and the expression of ZEB1 analysed by wdstern b
This revealed that the siRNA against ZEB1 resulted in a significant decrease in ZEB1
expression (0.4 0.03 fold change compared to NS&gure3.9 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 PRi@-B&tiens
idetnfied viathe literture as having opposing roles on E@wir 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 Bigup&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 HUVECSs 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 reguldigdire3.10 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 Figure3.10B. The top 15 upegulated and dowsnregulated

genes are displayed ifable4 and Table5 respectively.

122



Y ZEB1
& &
*
g 15
ZEB1 B .
=¥ »n o
3 2 ©
E S 1.0-
FOXOL |t ‘s s
Lo
o= =
23 0.5
PFKFB3 s :
w e
) N 0.0-
B actin - ca— & \Q};\»
&’
&
c FOXO1 D PFKFB3
ns ns
s e [ 2 § 9 [
® S =
i °%5
Ea Sa
S 1.0 X 2.
39 4T
s3 33
R Sw 2
5% 0.5- 5% 1-
ok BE
X g L2
L 0.0- & oA
o v o v
0\9 0\9
& &

Figure3.9 ZEB1 siRNA significantly reduced ZEB1 expression but loss of ZEB1
affect FOXO1 and PFKFEB3onfluent HUVECs were treated with control siRNA
SsiRNA to knock down ZEB1 express{@).After 72h protein was extracted an
expression of ZEB1, as well as FOXO1 and PFKFB3 was determined via wes
Densitometry analysis was performed and protein expressiqBj@EBL1(C)FOXO1,
(D)PFKFB3 was determined and normaliseddotin. Alldata arepresented as mear
+ SEM and was stastically analysseéd an unpairedtest. * 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

Tablel The top 15 dowrregulated differentially expressed genes within the ZE
KD condition.Determined via DESeq2 by Joseph Horder. Genes with an adju
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

Table2 The top 15 upregulated differentially expressed genes within the ZEB1
condition. Determined via DESeg2 by Joseph Horder. Genes with an adjusted |
smaller than 0.05 were considered significant.
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Figure3.10 RNASeq analysis of ZEB1 KD and NSC HUVECSs revealed 296 differ
expressed geneConfluent HUVECs were treated with control SIRNA or siRNA to
down ZEB1 expression. RNA was extracted and sequenced before differentially ex|
genes determined by DeSeq2. Genes with an adjusted p value smaller than 0.0
considered significdn(A) A pie chat of all the up and down regulated genes. (B) A vol
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, utariéanction

and cellular component were identified and the top 10 most significant display€iduime

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

adhesionsand 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 separatepreagalated

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 ldylmal processes
identified are display inFigure 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 whichdlnde 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 gade 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 digdrgure3.13.

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.

[ Biological Processes
1 Molecular Function
[ cellular Component

cytokine-mediated signaling pathway-{
cellular response to cytokine stimulus=
response to cytokine=
cell adhesion=-
biological adhesion=-
defense response
immune response=
response to biotic stimulus |
cell migration= 1
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cell adhesion molecule binding-f———-—1
chemokine activity-f———1
cell adhesion mediator activity-————1
glycosaminoglycan binding-—1
laminin binding-—2
extracellular matrix structural constituent-——1
chemokine receptor binding=f——-1
structural molecule activity=—-¢1
extracellular matrix binding-f——x
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—
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Figure 3.11 The top 10 significant go terms identified from all differentiall
expressed genes within ZEB1 KD HUVIRBER from ZEB1 siRNA and NSC treq
HUVECS was sequenced and differentially expressed genes determined by
Genes with an adjusted p value smaller than 0.05 were considered significal
differentially expressed genes were analysed by over remi@sm analysis to
determine significant biological processes, molecular function and ce
component GO terms. The top 10 significant GO temmpresented
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Figure3.12 The top 10 significant go termislentified from differentially expressed
genes that are dowrregulated within ZEB1 KD HUVERSIA from ZEB1 siRNA a
NSC treated HUVECS was sequenced and differentially expressed genes det
by DeSeq2. Genes with an adjusted p value smaller than 0.05 were cons
significant. Dowrregulated differentially expressed genes were analysedviey
representation analysis to determine significant biological processes, molg
function and cellular component GO terms. The top 10 significant GO term

presented.
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genes that are upregulated within ZEB1 KD HUVEGNA from ZEB1 siRNA a
NSC treated HUVECS waguenced and differentially expressed genes determ
by DeSeq2. Genes with an adjusted p value smaller than 0.05 were cons
significant. Ugregulated differentially expressed genes were analysed by
representation analysis to determine sigrafit biological processes, molecul
function and cellular component GO terms. The top 10 significant GO term

presented.
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3.2.4.2 Over representation analysis of differentially expressed genes identified
significant KEGG pathways within confluent HUVECs

Todetermine 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 onlyntidiére

expressed genes with an adjusted p value lower than 0.05. Using all differentially

expressed genes, all the identified significant pathways were plott€thiure3.14. These

include inflammation associated signalling pathways such as TNF signalling pathway,

cytokinecytokine receptor and chemokine signalling pathwHyalso 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
separatedinto upregulated and downregulated genes. The analysis was then repeated
using only the genes downregulated in ZEB1 KD HUVECSs. This isolated the majority of the
pathways involved in inflammation signaling, such as TNF signaling, chemokine signaling
and 117 sgnaling. 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 HUVHGSs. 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 papillomaus 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 differentia|
expressed genes within ZEB1 KD HUVERBEA from ZEB1 siRNA and NSC treq
HUVECS was sequenced and differentially expressed genes determined by
Genes with an adjusted p value smaller than 0.05 were considered significa
differentially expressed genes were analysed by over remiggen analysis to
determine significant KEGG pathway®) All significant KEGG pathways a
presented for all differentially expressed ger{3All significant KEGG pathways &
presented genes down regulated in ZEB1 KD HUVYEYLAIl significant KEG(

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 géis¢sd previously in

Figure3.6) 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 expressé&aglre3.15 A). The expression of

mesenchymal markers was also compared between the ZEB1 KD and NSC condition and

presented using a log scalBigure3.15 B), due to their large variation inormalised

counts. Only TAGLNN22 was found to be differentially expressed, with it being

upregulated in the ZEB1 KD condition. The rest of the genes (VIM, ACTA2, SNAIL, SNAI2,

CDH2FN1 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 N&@gre3.15 C). Only the ETSL1 transcription factor was found

to be differentially expressed, with it being down regulated within the ZEB1 KD condition.

As before TWIST1, GSC and LEF1 showedlititearxpression 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 markesuggesting that ZEB1 KD is not influencing

a change of gene expression associated with an EndoMT phenotypic switch.
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Figure3.15 ZEB1 KD has limited impact on EndoMT geriRNA from confluent
and subconfluent HUVECS was sequenced and differentially expressed
determined by DeSeq4A) The normalised counts of endothelial genes

compared between ZEB1 KD and NSC HUBEU® Lo of normalised countg
of mesenchymal genes are compared between ZEB1 KD and NSC HOWHEES
normalised counts of transcription factors linked to EMT/EndoMT are com(
between ZEB1 KD and NSC HUVECSs. All data presented as mean of no
counts, N = 3. Genes with an adjusted p vatueller than 0.05 were considere
significant (#).
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3.2.5 Comparison with a publicly availa@lEBY- corneal ECs data sexhibited
overlapping differentially expressed genes

To compare the HUVEC ZEB1 siRNdataset generated in this study with publicly

available data, the Gene Expression Omnibus (GEO) was queried to identify relevant

datasets. This search identified an R8kqg dataset from human corneaCsin which

ZEB1 expression was reduced through CRGERBmediatedmonoallelicgene

knockout, generating ZEBIcells (GSE121696)yausto et al., 2019Yhe 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 ZERhd ZEB1* conditions were identified by
pre-filtering the data with an adjusted-palue threshold of > 0.05. Log2 fold changes

were retained for analysi®©ECGdata extractionfrom the raw data files wagerformed

by Dr. Michaela Griffin). This analysis revealed 250 statistically significant DEGs, with 130
upregulated and 120 downregulated in the ZERDbndition compared to the ZEB1

control (Figure3.16 A and B)The top 15 upand downregulated genes are shown in

Table6 and Table7. The corneaECZEBY CRISPRas9 dataset from Frausto et al was
compared with the HUVEC ZEB1 siRNAataset 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 datdb@sire3.16 A and

B, with afull list in tableTable8).

Global pathway analysis was subsequently performed using CytoScape to compare the
two datasets. This analysis facilitated the identificatiosiafilarbiological pathways

and molecular networks that were impacted in both the HUVEC ZEB1 siRNA KD and
corneal EC ZEBICRISPRas9 datasst(Figure3.17 andFigure3.18).
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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

Table4 The top 15downregulateddifferentially expressed genes within the ZEB1
corneal ECondition. (GSE121690, Frausto et al., 2019). DEGs were identified bet
ZEBY-and ZEB1' conditions using a-palue 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

Table3 The top 15upregulated differentially expressed genes within the ZEB1
corneal ECondition. (GSE121690, Frausto et al., 2019). DEGs idensfied between
ZEBY- and ZEB1' conditions using a-palue threshold of > 0.05, revealing 250
significant DEGs
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Figure3.16 Differentially expressed genes in the ZEBtorneal ECs compared with
ZEBZ" controls determined by RNASeq analystomparison of the HUVEC ZEB1
siRNA KD dataset with a publicly available f8¢4 dataset from human corneal EC|
with CRISRPRas9mediated ZEB1 knockout (GSE121690, Frausto et al., 2019). D
were identified between ZEBland ZEB'1* conditions using a-palue threshold of >
0.05, revealing 250 significaDEGs(A) Avolcano plot of the DEGs withine ZEB-
corneal EC data sgB) A pie chartdisplayingDEGsasup or down regulated
Overlapping DEGs within the HUVEC ZEB1 KD afict:Zf®Bal EC data sare
shown within thevenndiagrams(C)upregulated andD) 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
ETS51 -0.922628727| -0.246098804
Overlapping genes
IFIT1 1.32B085 -1.61264
MNO53 -2.17495 0.298524
EPHAZ -1.18102 0.183157
SLC12AB -2.66473 2.72541

Table5 The overlapping DEGs in bothe HUVEC ZEB1 siRNA KD data set and th
corneal EC ZEB1data set Comparison of the HUVEC ZEB1 siRNA KD dataset W
publicly available RN&eq dataset from human corneal ECs with CRT3B®

mediated ZEB1 knockout (GSE121690, Frausto et al., 2019). DEGs were identif
between ZEB* and ZEB1' conditions using a-palue threshold of > 0.05, revealing
250 significant DEGs
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3.2.6 ChIPSeq of ZEB1 within confluent HUVECs

To determine direct binding sites of ZEB1 within the genome, a ChIP 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 IgG as a pulldown control. The DNA isolated ftoen
immunoprecipitationwas isolated and purified before being sequenced. Quality control
assessments were also performed using ChIPQC which indicated-guhigi ChlPSeq
experiment due ¢ a couple of factorslable9). 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 anythig above 5% indicates a successful transcription factor
enrichment. A heat map was generated using ChIPQC which represents the signal
enrichment of ZEB1 Ch8eq and of IgG reads in 2000bp regions #ratentered on the

peak summiFigure3.19A. This clearly shows that the reads are enriched within the peaks
of the ZEB1 Ch®eq 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

Table6 ChIPQC analysis resul®esults from ChIPQC R program ran by Joseph H
indicates high quality Chi®eq.
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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 €3¢g 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 inFigure3.19 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 thpeaks 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 Flil, ETV4 dnd AP
binding motifs within the peaks
HOMER known motif analysis was performed to identify known binding motifs within the
ZEB1 ChiBeq 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 assigned ta p
value which was adjusted with Benjamihochberg correctionFigure 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-APETV4 and Fli1, vdii may identify them
as possible binding partners of ZEB1.
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Figure3.19 ZEB1 ChH8eq ZEB1 ChiBeq was performed on confluent HUVECs
the pulled down DNA was sequenced and analysed by Joseph Hiajdeheatmap
generated using ChIPQC representing the signal enrichment of ZEEeGhd¢Rds in
comparison to the IgG control reads, indicating good enrichniBh pie chart of all
12,631 ZEB1 binding regions and the identified percentages of the type of gq
region e.g., promotor,®intron etc.(C)HOMER known miftanalysis identified ZEB]
along with Flil, ETV4 and ABinding motifs within the ZEB1 C8Bq binding peaks

3.2.6.3 KEGG pathway analysis of genes identified as binding to ZEB1 within their genome
sequence by ChiBeq
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 CBEY. This identified 46 significant KEGG
pathways (Figure3.20). 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 fluidfear stress and atherosclerosis. The top 3 significantly overrepresented
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KEGG signaling pathways within the data set are presenteigime3.21, Figure3.22and
Figure3.23. 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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Figure3.20 Significant KEGG pathways identified from the gene psbduced from
ZEB1 ChIZEB1 ChIP was performed on confluent HUVECs. The pulled down D
sequencednd assigned to genomic regions for individual genes. The gene lis
analysed by over representation analysis to determine significant KEGG pathwa
significant KEGG pathways are presented for genes identified by ZEB1 ChIP inc
HUVECs.
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Figure 3.21 EndocytosisKEGG pathway was identified as being significant
overrepresented within gene list produced from ZEB1 CEEB1 ChIP was performg
on confluent HUVECSs. The pulled down DNA was sequenced and assigned to
regions for individual genes. The gene list was analyseddnyrepresentation analysi
to determine significant KEGG pathways. The Endocytosis KEGG pathwg
identified as being the most significantly overrepresented. Genes within the ZEB
data set have a red border. Taken from WebGestalt.
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Figure 3.22 Protein processing in endoplasmic reticulum KEGG pathway \
identified as being significantly overrepresented within gene list produced from ZH
ChIP ZEB1 ChIP was performed on confluent HUVECs. The pulled down DI
sequenced and assigned to genomic regions for individual genes. The gene |
analysed by over representation analysis to determine significant KEGG pathway
protein processingiiendoplasmic reticulum KEGG pathway was identified as bein
most significantly overrepresentedef@s within the ZEB1 ChIP data set have a
border. Taken from WebGestalt.
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Figure 3.23 Cell cycle KEGG pathway was identified as beisignificantly
overrepresented within gene list produced from ZEB1 CEEB1 ChIP was performg
on confluent HUVECSs. The pulled down DNA was sequenced and assigned to
regions for individual genes. The gene list was analysed by over representation g
to determine significant KEGG pathways. The cell cycle KEG@ypathas identified
as being the most significantly overrepresented. Genes within the ZEB1 ChIP d
have a red border. Taken from WebGestalt.




3.2.7 RNASeqand ChIPSeq identified 163 differentially expressed in ZEB1 KD
HUVECs and bound by ZEB1 within their genomic sequence.
RNASeq 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
downsteam effects. ChH3eq on the other hand provides evidence of DNA binding but
does not give any indication about the consequence of that binding. By combining the
RNASeq and ChiBeq data, this will provide a list of genes that expression changes when
ZERB expression is knocked down and has been identified as a being bound by ZEB1 within
its genomic sequenceigure3.24. A Vem diagram was generated to observe the overlap
of the individual 9,206 genes identified from CGl8&q and the 295 significant differentially
expressed genes identified from ZEB1 KD-BbB This revealed that 153 of the genes
within the RNASeq data set wer also observed in the Ch8eqg data set, which is just
over half. This information suggests that ZEB1 may be directly regulating the expression
of 163 of these geneddany ofthese genes, 122 (74.39%), were upregulated as a result
of ZEB1 KD, indhting 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 thee genes.

To validate thiglata set a literature search wazerformed to identify if any of these 153
genes have been previously identified as beigulatedby ZERB. These genes are listed
in Table 10A list of the top 15 downregulated and upregulated genes are listGcie
1landTable 12espectively along with information regarding the positions of ZEB1 peak

or peaks, within the ChiBeq data.
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Promotor (88.65%)

ooomo

All Regions Promotor Only
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Figure3.24 Analysis of genes pulled down by ZEB1 ChIP and differentially expre
within ZEB1 KD HUVEQEA) A Ven diagram displaying the cross over between
ZEB1 ChIP (promotor bound genes only) and ZEBB&Ndifferentially expresse
genes identified 153 geng®) 164 genes identified in total as being in both data s4
with 88.65% (153) being bound at the promotor and the remaining genes 11.359
being bound elsewhere within the gene DNA sequd@@ pie chat for all crossovg
genes(D)A pie charfrom 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

Table7 Identified genes within the ZEB1 KD Ri&q and identified within the ZEB1 CHbeq
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

Table8 The top 15 dowrregulated genes within the ZEB1 KD RS&q and identified
within the ZEB1 Ch#Beq A list of the top 15 downegulated genes within both thd

RNASeq and ChiBeq data sets, along with information regarding distance

transcription start site and gene region which  ZEB1 is bo
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

Table9 The top 15 upegulated genes within the ZEB1 KD RIS&qg and identified
within the ZEB1 ChiBeq A list of the top 15 downegulated genes within both thd
RNASeq and ChiBeq data sets, along with information regarding distance
transcription start site and gene region in which ZEBL1 is bound.
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3.2.7.1 Significant GO terms were identified within the list of differentiedigressed
genes in ZEB1 KD HUVECSs 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 forchiologi
processes, molecular function and cellular component were identified and the top 10
most significant displayed iRigure3.25. 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 arounh 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 displagd in Figure3.26. 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 disdrguie3.27.

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 andecadh
binding. The cellular components focused 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 thelinigeseguence,
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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
1 celiutar Component

cell-cell adhesion=

circulatory system process-{

regulation of hepatocyte proliferation=
regulation of immune response to tumor cell
regulation of response to tumor cell+
negative regulation of amyloid precursor protein catabolic process-
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regulation of cell proliferation—

extracellular matrix organization=

blood circulation=

actin binding -

cell adhesion molecule binding-

hijacked molecular function=
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Figure 3.25 The top 10 significant go terms identified from all differentiall
expressed genes within both ZEB1 KD HUVECS and ZEBAICheRdifferentially
expressed genes identified from both ZEB1 KD$ddAand ZEB1 ChIP were analy
by over representation analysis to determine significant biological proce
molecular function and cellular component GO terms. The top 10 significanti@©
are presented
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Figure3.26 The top 10 significant go terms identified from differentially expressq
genes that aredown-regulated within both ZEB1 KD HUVECS and ZEB1 TieH
122 significantly down regulated genes identified from both ZEB1 KESBiNANnd
ZEB1 ChIP were analysed by over representation analysis to determine sigf
biological processemolecular function and cellular component GO terms. The to

significant GO terms are presented.
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Figure3.27 The top 10 significant go terms identified from differentially express¢
genes that are upregulated within both ZEB1 KD HUVECS and ZEBY Th#&P42
significantly upregulated genes identified from both ZEB1 KBS&§And ZEB1 Ch
were analysed by over representation analysis to determine significant biold
processes, molecular function and cellular component GO terms. The tg
significant GO terms are presented.
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3.2.8 Specific genes of interest identified as being differentially expressed in
ZEB1 KD HUVECSs andnd by ZEB1 within their genomic sequence
Out of the 163 genes identified within the Ck8Eq as being bound by ZEB1 within their
genomic promotorsequence andeing 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 cell§he first of these genaéaclude EPCAM,
which is significantly upregulated in the ZEB1 KD condition, with a Log2 fold change of 1.25
(Figure3.28 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 candgfannier et al., 2013)ZEB1 was also found to be
bound to the EPCAM promotor within MEMB-231 cells via ChiBeq(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
(Sanchedill6 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 ZEBL1 in lung adenocarcinoma metastiagis 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 (®iHl.8€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 stressteweich as
hypoxia and ischemia, as well as during endothelial dysfun@atnowski 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 significarfFigure3.28 E).

In the ZEB1 KD condition, ICAM1 was determined to be significantly downregulated (Log2
fold change 0f0.50, Figure3.28 G), along with ZEB1 determined as being bound to the

155



ICAM1 promotor. ICAM1 has for some time known to hawvémportant influenceon the
inflammatory response and leukocyte recruitment to sites of infec{Bui et al., 2020)

Like NOS3 it is also constitutively expressed on ECs, but its expression levels are known to
be modulated by pranflammatory cytokinegLawson & Wolf, 2009YEB1 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 -BNd@\ (Log2 fold change «f.55,
Figure328L 0 ® Y[ Cn ¢l & AyAGAlLfte& ARSYGATASR I a
upregulated under flow and sheer stre@dccormick et al., 2001however since then

reports have also identified roles for KLF4 within the regulation of the inflammatory
responsgHamik 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 retindStrasser et al., 201L0Not 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 brgW¢hing

Li et al., 2021)In the case of ZEB1 KD, CXCR4 is significantly down regulated, with a Log2
fold change 0f0.57 Figure3.28K).
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3.2.9 Overlapping hits within HUVEC confluency, HUVEC ZEBABdDgorneal
ECsaand HUVEC ZEB1 ChIP

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

This included DEGs from the RN&q data sets, and those genes identified within the

ZEB1 ChIP analysis where ZEB1 was found to be bound at the prohii¢ddentified

three genes which were overlapping in all three data :SeisIS2NOS3 andEFEMP1

(Figure3.29andTable 12.

cECs ZEB1+/- HUVEC ZEB1 ChIP

HUVEC ZEB1 KD HUVEC conf'v sub

Figure3.29 Overlapping hits within HUVEC confluency, HUVEC ZEB1 KD, ZEB1+
corneal ECs and HUVEC ZEB1 ChlIP.
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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

Table10 Overlapping hits within HUVEEnfluency, HUVEC ZEB1 KD, ZE&irneal
ECs and HUVEC ZEB1 ChIP

3.2.10 Generating ZEB1 KO HUVECSs 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 RN#&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 caditioroughout

this section of this chapter. The data presented in sectioBsl8. mwere all completed

during this laboratory visit.

HUVECSs 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 wbkiern
(Figure 3.30 This revealed a significant reduction in ZEB1 protein expression0.256

fold change of control). This was around a 75% reduction in ZEB1 protein expression,

which was higher than siRNA.
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Figure3.30ZEB1 KO via a CRISPR method of nucleofecting recombinant Cas9 a
guide RNAagainst ZEBIHUVECs were nucelofected with recombinant Cas9 and
either control guide RNAs or guide RNAs against ZEB1 in order to KO ZEB1 and
ZEB1 expressiofA) Nucleofected cells were grown until they reached confluency |
72 hours. Protein wahen 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 Vinculirdatdl arepresented as mean +
SEM and was statistically analysexked a paired-test. **** p < 0.0001

3.2.11 ZEB1 KO in HUVECSs 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 platel left to incubate in complete media

for 24, 48, 72 and 96 hours at &. 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 poiriifure 3.314). A tweway ANOVA was performed,

and main effects analysis revealed that time significantly impacted the viability of both
control and ZEB1 KO HUVECSs. This is to be as expected as the cells become confluent, they
increase in number and therefore have mter 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 algéopaed 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 ddfigufe 3.3B). Twoe

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 signifdiffierence
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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Figure3.31ZEB1 KO has no affect on cell viability or proliferation as determined
MTT assayZEB1 KO and paired donor control cells were plated for 24, 48, 72 ar
hours before an MTT assay was performed and absorbance measured at $&Dnn
Rawdata aredisplayed(B)Data arenormalised to donor control at each time poin
Alldata arepresented as mean + SEM and was stastically analysed usedveatwo
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ANOVA with Sidaks multiple comparisons (ns, P > 0.05).
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3.2.12 ZEB1 KO in HUVECSs 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 withouésleaqe

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 appliedaaentre 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 plottédgure 3.3Zor

each condition. A twavay ANOVA was performed and main effects analysis revealed that
time significantly impacted the migration of HUVECSs, which is to be expected. Main effects
analysis determined that the condition (KO or control, Mitomycin C orrofndlid 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 data viewed in
Figure 3.32isplays 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
statisticallysignificant. Therefore, this data suggests that ZEB1 KO does not significantly

impact HUVEC migration.
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Figure3.32ZEB1 KO had a no significant effect on migration in both untreated ¢
mitomycin C treated cellsZEB1 KO and paired donor control cells were plated
fully confluent before a scratch assay was performed. Images of the scratch
taken at Oh, 4h, 6h, 18h, 24h, 32h and 48h to monitor wound closure. Images
analysed on Image (A) Representative images are shown for Oh, 6h and 24h {
points. (B) Relative migration for each condition is display@d)An XY graph tg
display relative migration oveaime. Data arenormalised to donor control at eac
time point. Alldata arepresented as mean + SEM and was stastically analysed
a two-way ANOVA with Sidaks multiple comparisons (ns, P > 0.05).
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3.2.13 ZEB1 KO in HUVECSs 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 ZEB4 afiécting 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 spidsravere analysed

24h and 48h post seedin§ifure 3.33 This revealed a reduction in sprout number per
spheroid within the ZEB1 KO cells at both 24 (38016 per spheroid compared to 18.6 +

0.2 control)and 48 (13.% 0.7 per spheroid compared to 18.0 + 0.7 conthalrs, which

was confirmed to be significant via a paireg$t. The sprout length was also determined

at 24 and 48 hours, which revealed no significant difference via a patesd (P > 0.05).
Despite this, at 48 hours there was a small reductiorpiowt length which was almost
significant(P = 0.056). Finally, the average branch point per spheroid was determined,
which revealed no significant difference at thé-hourtime point, but by 48 hours there

was a significant reduction in the number of branch points per spheroid within the ZEB1
KO group (0.9 0.17 per spheroidjp comparison to the control group (0.360.09 per
spheroid. This data therefore indicates that loss of ZEB1 in HUVECs significantly impacts

sprouting within the angiogenic process.
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Figure3.33ZEB1 KO resulted in a significant reduction in sprout nunymar
spheroid Spheroids were generated using ZEB1 KO and paired donor control cd
that were then seeded into a 3D fibrinogen gel and incubated with complete me
24 and 48 hours post seeding the spheroids were imaged to determine sprout
number, sprout length and bngh number using Image() Representative images
of ZEB1 KO and control spheroids at 24h and 48h. Sprout number per spheroid
displayed in 24B)and 48h(E) Sprout length was displayed in 248)and 48h(F)
Branch point number pespheroid was displayed in 240)and 48h(G) Alldata are
presented as mean + SEM and was stastically analysed used a pase(ttp <
0.05, ** p < 0.005
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3.3 Discussion

3.3.1 Transcriptomic@mparson ofconfluent and subconfluent HUVECs

3.3.1.1 Subconfluent and confluent HUVE&sbiteddistinct transcriptomes

The confluency of any EC culture has long been known tamipertant to the EC
phenotype and hence their transcriptome. The literature sometimes uses variation in
terminology when describing these EC cultures, e.g. dense vs spaodiferating vs
quiescent, confluent vs subconfluertowever, the premise of the experiment remains
similar(Reine et al., 2015Y he large variation in confluent compared to subconfluent ECs
is very evident within the data presented in this chapter. The-BBddata from confluent

and subconfluent HUVECs determined 4,773 significantly differentially expressed genes.
This large ameant 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 thaims torepresent the endothelium within the
vasculatureowing to its appearance as a complanolayer. 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 explainethby
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 ae actively proliferating, migrating and have less-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 proliferatiri@alley & 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 overrepresented in thdDEGdetween 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 swonfluent 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 roe8intC
observed to be upregulated within the confluent condition according toSBd, and this
is also confirmed at the protein level for both gend®wever, 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 quiggoeadregle
et al., 2021) and hence its upregulation within a confluent conditias this confluent
monolayer structurally resembles the quiescent endothelitfRKFB3 expressiomisthe
other handassociated witlincreasedmetabolism required foangiogenesis via the direct
modulation of glycolysis which is necessary for vessel spro(fiagBock et al., 2013)
Alongside the lack of DEGs involved in proliferation aidcycle, his providesanother
layer of evidence thasuggests the condition is stilas a high glycolytic metabolisamd

proliferating.

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

An interesting point to emerge for the RMNe®eq 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 thexgression

of endothelial and mesenchymal markdReng et al., 2022) o determine this, a list of

endothelial and mesenchymal associated genes was derived from the lite(Reveewed

and listed in Platel et al., 2019nd 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, TIE1l and ERG. This was coupled with an increase in
mesenchymal marker genes within theubconfluent condition, including CDH2 -(N
Cadherin)and TAGLN(SM22 @ ¢ KA & RI G GKSNBF2NBE R2S&a 4adz

profile within the subconfluent HUVEC condition.

EndoMT has received a lot of attention in the context of endothelial dysfunction and
vascular diseasehowever, physiological roles of EndoMT have been identified within
developmental processes such as cardiac valve developfAenttrong & Bischoff, 2004;

Von Gise & Pu, 2012There is also an indication that mural supporting cells such as
pericytes and smooth muscle cells are able to be derived fronirB@s, as determined

by lineage tracingColtBonfill et al., 2015; Lee et al., 2028hese 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 factorghat arenot present within a subconfluent cell culture, such as hypoxia
and a chemokine gradieringiogenesis itself has also been described as an Endie® T

or partial EndoMT process within the literatuf@latel et al., 2019; Weinstein et al., 2020)
This was initially proposed and displayed by W&eardon 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 shamge
breakdownof extracellular matri{WelchReardon 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 cel RNA

Seqdata areallowing 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 atureer
search and their expression levels plott&lie tothere 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 pandlave been identified primarily as direct regulators

of EMT (Zeisberg & Neilson, 20Q9%ut with limited direct evidencesupportingtheir
involvement in EndoMT. Thisnalysis yieldedraried results, with some transcription
factorsnot being present at all within the normalised cou(it8VIST1, GSC and LERii}
absence was not entirely unexpectadit may indicate that these factors are either not
expressed in HUVECSs or are not generally expressgdsAmong the EMT transcription
factors that were significantly differentially expressed, all but one showed a decrease in
expression in the confluent conditiomith higher expression levels in the subconfluent
condition. This patterrcorrelates with the increased expression of mesenchymal genes
observed in the subconfluent condition, supporting the hypothesis that these
mesenchymadriving transcription factors are contributing to the upregulation of
mesenchymal genes in this state dwe their elevated expressionHowever, one
transcription factor, ZEB1, exhibitéde 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 EM{Sanchedillé et al., 2014; Zhang et al., 201E) 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 lelrkrestingly, thedifference
between the normalized ZEB1 expression in the taaditionswas greater at the protein

level when compared with the RNA level. This suggms increase in protein stabilignd

posttranscriptional regulation of ZEB1 protein leweithin the confluent condition.

Other markers identified as being significantly differentially expressed byJeiyAvere
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 conflueditionn
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mirroring what is observed within the RN&eq 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 phosphorylatainsst

of VECadherin was also determined waosine 731 (pY731) as the dephosphorylation of
this residue is under normal barrier conditions constitutively phosphoryléted et al.,
2021; Wessel et al., 2014Jhis 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 proteynapproximately 50%adan impact on

gene transcription within HUVECs
With the aim of exploring the role of ZEB1 within E@siBNA 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 conditionSetjAnalysis of ZEB1
KD and NSC HUVEC:s identified 296 differentially expreggsess as a result of ZEB1 KD,
with 65.54% of these genes being upregulated. This indicdtat ZEB1 is having an
increased role in transcriptional repression, in comparison to activation, a®iddsB1
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 reporté8paderna 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 analysedicate that loss of ZEBL1 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 LAMGE well as extracellular matrix binding integrin
subunits such as g0, Itg o = L (G 3i (RegledReal bt &l32016)hisalong with

GO terms identified that involve the extracellular matrix, suggest ZEB1 KD is having an
impact on celextracellular matrix adhesion via the upregulation of these genes. Not only

this, celicell adhesion proteins are upregulated within the ZE®1 data set, such as
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desmoplakin, an essential component of desmosomal junct{dairon 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
CXCLA but also receptors involved in leukocyte extravasation such as I@@MBAwson

& 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 CXCRdasser et al., 2010)hich 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 ZEB1 KD haminimal impact on the expression of EndoMT markers

ZEB1 has been well described as an activator of @diicheill6 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 cance(Craene & Berx, 2013; Sanciglto 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 (suchFasig et al., 2021 and Weinstein et al., 2020)
that list ZEB1 as an EndoMT driver assuminghat expression and activation of ZEB1

within epithelial cells is the same within endothelial cells.

In the RNASeq 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 wagiatkas

the only transcription factor that increases in expression with confluency. To understand

172



whether KD of ZEB1 within confluent HUVECSs 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 aridréhess

be assumed to have no role in the regulation of these markers. The mesenchymal markers
also show no difference, apart from TAGLN (SM@#&hich 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 confluepc Taken together, thesdata show that loss of

ZEB1 within HUVECSs does afféctthe expression of EndoMT miaars.

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 mig(sflemstein 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 publish&EB1- corneal ECRNASeqdata exhibited overlapping

hits
The DEGsdentified via siRNA KD of ZEB1 and subseq®NwSeqgwere compared to a
previously publishedRNASeqdataset, which investigated DEGs between ZERBdd
ZEBY* corneal endothelial cells(Frausto et al., 2019)This dataset was selected for
comparison with the totaKOmodel, as it more accurately reflects the level of ZEB1
expression achieved by the siRNA knockdown method used ith#sgs In the Frausto
et al. study, corneal ECs with reduced ZEB1 expression were generated through CRISPR
Cas9mediated ZEB1 knockout, resulting in a ZEBdndition The dataset displayed a
comparable number of DEGs to the HUVEC dataset, indicating a degree of similarity

between the two studiesWhilst this is comparing trarent KD with monoallelicKO
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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 obhort andhighlights biological

similarities between the two datasets

The comparison identifiedseveral overlapping genes,including ETS which is
downregulated in both datsets.ETS1a transcription factowithin the ETS familyhas

been previouslymplementedin EC differentiation andurvivalvia regulatingEGF and

Tie2 expressiagnalong with extracellular proteasgesuch asMmp9, involved in cell
migration during angiogenegislashiya et al., 2004; lwasaka et al., 1996; Wei et al., 2009)
In contrast,the transcription factoriLIMS2 was identified as beingp regulatedin both

data setsand hasa role inthe inflammatory response tfuid shear stresé/Nang & Zhang,
2020) These overlapping genes within both data sets provide further evidence for ZEB1s

role within endothelial cells.

The global pathway analysis performed lboth the HUVEC siRN#kd the corneal ECs
ZEBY- data sets revealed varyirgignificantpathwayswithin each of the conditionsAs

both data sets yielded less than 300 DEGs, this may explain the limited overlap
comparisonto gene sets with a far greater number of DEGs, which couldoissibleif

with a total knockout of ZEB1 expressiomas achievedLikewise, Bhough there is some
overlap between the DEGs identified in the tROIASeqdatasets, the degree of overlap

is relatively low This may be owing to the variation in EC types. Corneal EGtuated

on the posterior surface of the cornefgrming an endothelial thatonsists of asemk
permeablemonolayer of cellsA 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 fib&rkichis essential for maintaining
corneal transparencgfFrausto et al., 2020Whereas HUVEGse 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 {dfieslinaLeyte et

al., 2020) The varying physiological nature of these cells, as well as the varying conditions
in which they are culturedh-vitro and differences in bioinformatics processing of the raw

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

3.3.3.1 ZEB1 ChiBeq indicative of a transcription factor with binding partners that is

also has a level of redundancy
Although ZEB1 ChBeq has been performed in other cell types such as MIB/&231
breast cancer cellg-eldker et al., 2020and glioblastoma multiform cancer stelike cells
(Rosmaninho et al., 2018}his has never been explored within ECs. InitiaAfat
appeared to be interesting within the Ch82q data was that known motif analysis
identified not only the ZEBhotif 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 motifBailey 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 thatdne define

and regulate patterns in gene expressiggrawal et al., 2019)t 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 identifiattlitionally,
transcription factors often work in conjunctioalongside other binding partnerand
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 ZEBL1. Feldker ed@monstratedthat thisisthe case with ZEB1 in MBMB-231
cancer cellsZEB1could workin complexes with YAP, TEAD, andlAfactors during
transcriptional activation. In this instance, the complex directly bound to the DNA via TEAD
and APR1 motifs, which explained why these were identified within the €3¢l data set.

It was also determied that interactions with other proteins, such as CtBP, induced the
transcriptional repressiofFeldker et al., 2020Yo confirm whether this is the case within
HUVEC S, further experiments could be performed, such as-ar@dgses with ChlP 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 F9¢4,
therefore the knockdown of ZEB1 did not influence the expression of these .gémna®

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 complexe@Vu & Lai, 2015)This helps explain why for the ZEB1 €hIP
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,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 anofGéter et

al., 2009; Wu & Lai, 2015Fhis functional redundancy within many transcription factors
could therefore explain why these pathways and genes are being identified within the
ZEB1 ChIP, but not via RS&q of ZEB1 KD HUVECSs.

3.3.3.2 ChlIPSeq and RNS&eqoverlapgenesconfirmedZEB1'sole as aranscriptional
repressor andupporied tsinvolvement iradhesion andnflammation

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 ZE@fjulated, providing validation for the dataset.

However, the relatively small overlap with known targets may reflect the corgjeetific

nature of ZEBMediated transcriptional regulation. Notably, this study represetite

first application of ZEB1 Ché$eq in HUVECSs, which may account for the identification of

novel, endothelial cepecific targets not previously reported

The overlap between RN3eq and ChiBeq data identifies genes likely to be directly
regulated by ZEB1. This analysis categorizes genes in th&KkDEBIASeq 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 knockdownrimit do

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 upredufatéher
SYLKIaATAy3a %9. mMQa NRfS Ay GNIYyaONRLIGIAZ2YL

The GO ORA of these upregulated genes identified the same theme of adhesion and cell
junctions however, actin cytoskeleton organisatiowas additionally identifiedwhich

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 disingthe cytoskeleton and
therefore cell junctions and permeabilif)Kasa et al., 2015Yhe 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 dadkerefore 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. adhesianyl therefore some genes could be increasing that
biological process, whereas others may be decreasinthé. 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 downiagd in ZEB1 KD HUVECS, it can be

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

3.3.4 Differentially expressed genassociated witlangiogenesis and

quiescence
Although a lot of the differentially expressed genes have been described in biological
processes such as adhesion or inflammation, there aresalgeralgenes 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 ChiIFSeq 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 branchin{Strasser et al., 2010Not 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 arterieglvins et al., 2015nd gain of function experiments resulting

in a failure of hierarchical branchirigi et al., 2021)The balance of CXCR4 therefonest

be strictly and spatially regulated during vasculature development, and this data indicates

that ZEBL1 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. Tdrereonflicting
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 prentatmour
angogenesis in malignant melanonm@®othhammer et al.,, 2007)The preangiogenic
activity of BMP4 was later determined to be downstream of VEGFR2 activatioiBkda ¢
(Rezzola et al., 2019Whereas on the other hand BMP4 has been shown to inhibit
choroidal neovascularisations by controlling the expression of (EGFet 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.

FOXO1 was initially identified from the literature as being a regulator of endothelial

quiescence via the modulating of endothelial metaboligndrade 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
HUVECSs, both at the RNA and at the protein level. It was therefore interesting to see
whether Z£B1 influences FOXO1 expression, but both via bothFdgAand 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 ZEBL1 directly inhibits epithelial gene expression in HUVECs

Although ZEB1 KD had no majopacton 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 boundybZEB1 at their promotor regions within the gengméth
EPCAM also identified as being upregulated in the ZEBineal EC data s¢Erausto 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(&®Rflichi 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 ESPR&anchedill6 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 ZEB4 ECadherin (CDH1¥panchedillé et al., 201Q)but interestingly was

not identified within the HUVEC ZEB1 C&#e, nor was it differentially expressed as a
result of ZEB1 KD. This suggests that the repression of epithelial genes remains different
betweenHUVECsnd the cancer models used by Sanehéld 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 synthasBlQS3) is responsibler most endothelialderived nitric
oxide (NO)production. NOhas long been established in the regulationvessel tone,
leukocyte adhesion, platelet aggregation and EC prolifeng@iveiraPaula et al., 2016)
NOS3 KO micexhilit hypertension and have an increased risk of strak®l other
cardiovascular abnormalitigsi et al., 2002)ZEB1 was identified as being bound at the
promotor region of NOS3however, its expression varied between the RBEY setsin
the ZEBY- corneal ECé#s expression is downregulated, suggesting that Z&Rdd be
directly regulating the expression of NOS3, and loss of ZEB1 riesalisss of NOS3his

aligns with the confluency data setvhere NOS3 expression was upregulated in the
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confluent condition, in which ZEB1 expression is Hitsiwever, within the HUVEC siRNA
KD data set, the expression MDS3 is upregulated with ZEB1 Riils suggests that the
regulation of NOS3 by ZEB1 may notdbightforwardand cauld involve epigenetic

regulation

3.3.6.2 EFEMP1

Epidermal growth factecontaining fibulinlike extracellular matrix protein 1 (EFEMP1), is

a member of the multifunctional fibulin family of extracellular matrix proteihglays a
critical role inmaintaining basement membrane integrity andhintainingthe stability of

the extracellular maix (De Vega et al., 2009Dverexpression of EFEMP1 enhances
HUVEC proliferation and tube formation. Additionally, EFEMP1 is upregulated at both
transcriptionaland protein levels in retinathoroidal tissues from donor patients with
AMD (Cheng et al., 2021 Alongside ZEB1 being bound to its promot&FEMP1 was
identified as being upregulated in both the HUVEC AiREB1 KD data set and #HEBY"
corneal ECsuggesting thaZEB1 may be negatively regulating its expresdibe.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

LIMZinc Finger Domain Containingl2MS2a mechanosensitivéranscription factorthat

is regulated by shear stresa ECsand capable ofnhibiting inflammationby regulating
VCAM1 and ICAML expressiorfWang & Zhang, 2020longside ZEB1 being bound to its
promotor, LIMS2was identified as being up regulatédboth the HUVEC siRNA ZEB1 KD
data set and theZEBY  corneal ECsThis provides evidence for ZEB1 being a
transcriptional repressor for LIMS2Additionally, LIMS2 was observed to be
downregulatedin the confluent condition, in which ZEB1 expression is high, which aligns

with this hypothesis.

3.3.7 Comparison of ZEBtotein expressiorreduction: CRISHiasedsystem

versus siRN&eatment
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 ZBBI1 ECsand explore their
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transcriptome and behavior more comprehensivelp address this, a collaboration was
initiated with Dr. Joanna Kalucka from Aarhus University, who had already developed a
CRISPRas%ased method for knocking out genes of interest, achieving complete gene
knockout and, in many cases, reducing expresgiarero(Wagman et al., 2022)nstead

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 donorsndtead 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 dono&n average, ZEB1 protein expression weuced 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 mubiction 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 anin vitro setting. Many angiogenia vitro assays have been developed
which mimic certain aspects of angiogenesis, but do not accurately represent physiological
angiogenesis completelfNowakSliwinska et al., 2018A couple of these assays were
utilised during the laboratory visit to AarhUmiversity, 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 cultur@NowakSliwinska et al., 2018Yo 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 cae considered to be a form of wound healing,

in comparison to a migration assay whereby a physical barrienigved,and the gap
closure occurs this way. This assay also does not measure migration alone, as proliferation
may be affecting the closing tfe 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 ZEBL1 is impactinifepatibn of

HUVECSs, 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 proliferatigNowakSliwinska et al.,

2018 I ff 2F GKAOK FTRR (G2 GKS laaleQa NBLINBA

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 KDSRNAlata set, adhesion was
significantly represented within the upregulated genes. It is well understood that both
cellcell adhesion and cefhatrix adhesion is heavily modulating during angiogenic
sprouting. The reduction of catkll adhesion and cethatrix adhesion is required for ECs

to break out of the endothelial monolayer and begin sproutiRgmjaun & HodivaiBilke,

2009) It could therefore be possible that the upregulation of genes involved in adhesion

within HUVECSs 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
disgday 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 condititmoudgh

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 ZE&IIK@ithin

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 wesled model of physiological angiogendsisiltgren

et al., 2020; Tisch et al., 2019; Walker et al., 2021, to name a awng development,
hypoxiainduced paracrine release of VEGF from retinal neuroglial cells induces
angiogenesis and the growth of the vascular plexus via angiogdssie et al., 1995)

In mice, this process occurs postnatally; unlike humans, where this occurs in Teso
providesan ideal modeto study developmental angiogenesis the vasculature can be
observed via whole mount staining and confocal imaging at different-paitstl time

points (Figure4.1) (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 frgnicere

by the concentration gradient of prangiogenic factors and begin to migrate and form
the primary plexugGerhardt et al., 2003; Ruhrberg et al., 200%)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 haviiffgrdnt transcriptional
signaturesthat focuses on TGF signaling(Zarkada et al., 2021phortly after this, the
intermediate plexus is generated, resulting in three vascular Igitde et al., 2013; Rust

et al., 2019; Stahl et al., 201@puring all stages, networemodelingoccurs via vessel
pruning, in which coordinategignalingbalanced by proand antiangiogenic factors
result in the elimination of vesse{ddams & Alitalo, 2007 he process of vessel pruning
can occur via réocalisation of ECs, or via selective apoptosis, with leukocytes being
identified as playing possible roles in both of these proce@saghes & Chahing, 2000;
Ishida et al., 2003)These phases oémodelingoccur up until around postatal day 30,

after which the vasculature begins to enter a state of homeos{@sisitiger, 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 sproutimgitro. Therefore, exploring how ZEB1
impacts physiological angiogenesis 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 ZEBi*Smodel

To explore the role of endothelial cell ZEB¥ivg an inducible endothelial cell specific
knockout of ZEB1 was generatdy uilising the CreERT2 inducible systena Cre
recombinase is fused to a mutated estrogen receptor. Upon administration of tamoxifen
the CreERT2 fusion protein is able to translocate to the nucleus to induce Cre mediated
genetic recombination of LoxP sitégallier et al., 2001)To ensure the endothelial cell
specific knockout of ZEB1, the expression of theER&2 system was placed under the
transcriptional control of the endothelial cell specific cdh5-Gégiherin) promotefAlva

et al., 2006)Cdh5 CreERT2mice (Sorensen et al., 2008¢re crossed wittZEBH" mice

(S. Brabletz et al., 201 #esulting iZEB1" cdh5 CreERT2progeny thatcanundergo EC
specific ZEB1 KO upon tamoxifen administratibo. ensure littermate mice with WT
expression of ZEB1 were available as conti& 1" cdh5 CreERTZ mice were crossed
with ZEB#" cdh5 CreERTZ mice. These mating pairs produced a mixed litteiCoé
ERTZ and CreERTZ mice, which are aFEBY". Although bothCreERTZ- and Cre
ERTZ2 were dosed with tamoxifen, only thereERTZ" mice are capable of undergoing
recombination to induce genetic knout out of ZEB1. Therefore, tamoxifen doged"

cdh5 CreERTZ mice will be reérred to as controls, whereas tamoxifen dosgeB?"

cdh5 CreERTZ" mice will be referred to as ZEB1 inducible endothelial celZ&BECKS

within this chapter, and throughout this thesis.
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4.2 Results

4.2.1 ZEBEKYid not affectthe developingweightof neonatal mice

Litters fromZEBY" cdh5CRERTZ-and ZEB#" cdh5CRERTZ mice were treated with
tamoxifen on poshatal days 1, 2 and 3 to generate EC specific KO of KE&dates
were culled at poshatal day %o analyse vascular plexus developmeRiroughout the
study, theweight of the neonates was measured daily which deterrdine significant
differencebetween ZEBA“%“and controls over the course of the dosing schedEigure

4.1 A) and up to the final dayr{gure4.1 B).

-o- Control
4_ =} ZEB1 IECKO

Weight (g)
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&
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[ 13,0
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Figure4.1 No significant difference in weights between ZEB*°neonates and
controls. (A) Neonates weight in grams plotted over time showed no signifig
difference between ZEB%°neonates and controlBj On postnatal day 5 the
mice were weighed prior to sacrifice and no significant difference was obs
within their weights.Data arepresented as mean + SEM and was stastig
analysed used an unpaireddst. Nonsignificant = ns, p > 0.05. Control n=10 3
ZEBECKh=6.

4.2.2 ZEBEKSnicedisplayededucedvascular extension at pesatal 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 extemamn
determined as the percentage of which the angiogenic front had progressed along the

total length of the retina. ZEB#°mice showed a significant reduction irascular
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extension (64.83%: 2.64%)omparedto controlmice(74.42%+ 3.47%p=0.0011Figure
4.2). Thisindicatesthat lossof ECZEBIresultsin decreasedvascularextensionin the

neonatalmouseretina.

A
Control ZEB1IECKO
B
1.0- * %
0.8 @ |
R G
o C eni—
S S 06-
¥ T
wnw C
SE 04-
ww
0.2
0.0 . T
\So\ g5
& Q;‘\
NP2

Figure 4.2 ZEBE“9mice displayed reduced vascular extension compared f{
controls (A) Representative images of ZEB'1%nd control P5 retina which were flg
mount stained for CD31. Images were acquired on a confocal microscope i
magnification and analysed using ImageJ. Scale bar = 100@)rhe calculated
percentage extension of the vascular front it preseni@aka arepresented as meatr
+ SEM and wastatisticallyanalysed used an unpairedést. ** p < 0.005 control n=1]
and ZEBTh=6.
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4.2.3 ZEBEKSmiceexhibitedaltered vascular network structure at the
angiogenic front of theostnatal 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 arusidiiie@ post
natal day5 retinas at the angiogenic fronEigure4.3 A). The area of CD31 staining was
measured to calculate the vessel area which confirmed no significant difference between
the control andZEBE K %mice (p>0.05Figure4.3 B). The images were subsequently
skeletonisedo assess differences in network patterning and structure. The vascular
density was calculated as the number of individual vessel segments per retina area.
ZEBE“®Y9mice displayed a significantly reduced vascular density £1B021per mm?)
comparedto controls(221 + 10.43/mn?, p=0.0341 Figure4.3 C).In additionto this,
ZEBE®Y9mice had increaskvessel segment length (25.50.97>m) whencompared
with control mice(23.03+0.53>m, p=0.0226 Figure4.3 D). The distribution of vessel
segmentiengthswasquantifiedand comparedbetweencontrol and ZEBE“%9mice. This
was achieved using frequency histogram that displayed the data in Hipsrfigured.3
Eand B. Theseresultsindicatethat the vessel§ormed at the angiogenidront in
ZEBE“®Gesultin analtered structurewherebythe vessekegmentsare longerbut are

fewerin number.
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Figure 4.3 ZEBE“*“mice hal decreased vessel density and increased veg
length compared to controls at the angiogenic fronfA) Representative image
of ZEB%KCand control P5 retina which were flat mount stained for CD31. Im3
were acquired on a confocal microscope at 20x magnification and analysed
ImageJ. Scale bar = 50u(B) The calculated percentage of CD31% area sho
no significant difference between of ZE8%and control.(C) Vascular density
measured by vessel segments per fignsignificantly decreased ifEB1ECKqD)
Average segment length is significantly increased in Z&BPanels B, C and
areaverage measurementgesented as mean + SEM)and (F)is representative
of every measurement from each mouse, then showedpgsantageof the total
measurements Gontrol n=14 and ZEB$°n=7. Satistically analysedby an
unpaired ttest. ** p < 0.005
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4.2.4 ZEBTKSnice displagdreduced branch points within the angiogenic front
of the postnatal day 5 retina

To determine whether the reductionin vesselsegmentnumber per mm? wasdue to a
changein vessebranching the branchpoints per mm? retina areawere calculatedfrom

the skeletonisechetwork (Figure4.4). Thisrevealedthat ZEBE““mice had a significantly
decreased number of branch points (112 8.7 per mm?) when compared to controls
(153.7+ 5.9 per mm?, p=0.0004 Figure4.4 B). Thisindicatesthat at the angiogenidront

of developingplexus ZEBE“*°mice have fewer branch points in the same area of
vascularised retina, when compared to control animalsggestingreduced vessel

branching at the angiogenic front.

The vessel node was calculated for each vessel segmbisis defined asthe numberof
connectionseach vesselsegmentforms with another. No significantdifferencein the
averagevesselnode was observedbetween ZEBE“*mice and control{p>0.05,Figure
4.4 C). A frequency histogram was generatedisualse thedistribution of values across
eachnode, rather than looking at the total medRigure4.4 D). Together there was no

differencein Node numbebetweenControl and ZEBEX?
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Figure4.4 ZEBE“®micedisplayeda decreased number of branch points at th
angiogenic front (A) Representative images of ZEB8'1%nd control P5 reting
which were flat mount stained for CD31. Images were acquired on a cotj
microscope at 20x magnification and analysed using ImageJ. Scale bar =
(B) Branch points per mfnis significantly decreased in ZE8%tompared to
controls(C)No difference in average vessel node between ZE&dnd controls.
B and C areaverage measurementpresented as mean + SEM(D) is
representative of everyode measurement from each mousshowed as a
percentage of the totahodemeasurementsSastically analysedby anunpaired
t-test. *** p < 0.0005 Control n=14 and ZEB$<h=7.

191



4.2.5 ZEBTFCKSnice have a reduction in the number of endothelial cells at the
angiogenic front of the postatal 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 endothaigfispuclei

marker. 20x magnification images were then analysed and ERG+ waotsiounted to

determine EC numbeiF{gure4.5 A). This revealed thaIEBE“*°mice had significantly

fewer ECs within the angiogenic front (11%.8.1 per mm?) compared to controls (131.4

+4.9permm?, p=0.0301Figure4.5 B).
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Figure4.5 ZEBE 9miceexhibitedfewer endothelial cells at the angiogenic front
(A) Representative images of ZEB4%nd control P5 retina which were flat mou
stained for CD31 and ERG. Images were acquired on a confocal microscopdq
magnification and analysed using ImageJ. Scale bar = 5@)&ERGnuclei count
is significantly decreased in ZEB®ompared to controlData arepresented as
mean + SEM and wasatisticallyanalysed used an unpairedsdst. * p < 0.05.
Control n=8 and ZEB%h=4.
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4.2.6 No significantifferenceobservedn the number ofip cells at poshatal

day SbetweenZEBECX%nd Control mice
To determine whethelEC ZEB1 Kéifected the number of tip cells at the edge of the
angiogenic front, tk 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

ZEBE%%nd control micegp =>0.05,Figure 4.5
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Figure4.6 No significant difference in the number of tip cells at pesital day 5
betweenZEB1IECKO and Control mig®) Representative images of ZEB{%nd
control P5 retina which were flat mount stained for CD31. Images were acquired
confocal microscope at 20x magnification and analysed using ImageJ. Scale ba
pum. (B) Number of tip cells per mm angiogenic front displaced as mean + SEM a
wasstatisticallyanalysed used an unpaireddst. p = 0.0659 therefore is not
significant. Control n=11 and ZEB4h=7.
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4.2.7 ZEBEKSmice alsexhibitedaltered vascular network structure within the
central vascular plexus of the developing retina

Within the developing mouse retina, the region behind the angiogenic framtdsmyoing

phases of vessel pruning and netwogknodeling whereby there is controlled regression

of the vasculature to generate a hierarchical netwd@Btuttiger, 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 plg¥Malker et al., 2021)Regions were

selected that werebetween the angiogenic front and optic nerve, as well as equidistant

to major vessels nearby, as describedrigure2.4.

To quantify the area of the vascular network, the area CD31 staining was measured which
revealed there was no significant difference between the control Z&@BE“°mice
(p>0.05,Figure4.7 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 plexuEBE*mice had a significantly reduced vessel density (164.9
+9.44permm?) in comparison to control mice (215t&.68per mm?, Figure4.7 C).When
assessing the average length of these vessel segmentsEZ€Biice alsoexhibited
increased average vessel length (2A8688>m) comparedto controlmice (24.29+0.43

>m, Figure4.7 D). As done previously,the distribution of the vesselsegmentlengths
changesetweencontrol and ZEBE“*9mice was assessed by a frequency histogram that
displayed the data in 10um binEigure4.7 Eand F. These results indicate that loss of
endothelial ZEB1 also influerttéhe structure of the central plexus which is away from
the angiogenic front. ZEB¥%nicedisplayed acentral vascular plexus that has a reduced

vessel segment density, alongside an increlagssel segment length.
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Figure4.7 ZEB £ 9micedisplayeddecreased vessel density and increased veq
length compared to controlsvithin the central plexus(A) Representative image
of ZEB%KCand control P5 retina which were flat mount stained for CD31. Im4
were acquired on a confocal microscope at 10x magnification and analysed
ImageJ. Scale bar = fén. (B) The calculated percentage of CD31% area sho
no significant difference between of ZEB®and control.(C) Vascular density
measured by vessel segments per hignsignificantly decreased ZEB%E“%qD)
Average segment length is significantly increased in Z&BPanels B, C and
are average measuremenpsesented as mean + SEM)and (F)is representative
of every measurement from each mouse, then showed as a percentageaaiith
measurements Control n=11 and ZEB%““°n=7. SQatistically analysedby an
unpaired ttest.* p < 0.05}** p < 0.MO5
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4.2.8 ZEBEKGnicedisplayededuced 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?mwas quantified. This revealed that

ZEBE®%mice hal reduced vascular branching (88%.54 per mm?) when compared to

control mice (119.} 4.22 per mn?, Figure4.8 B). This showd that within the central

plexus, ZEBTXmice hal reducedbranch points per retina area.

The vessel node was calculated for each vessel segmbisis defined asthe numberof
connectionseachvesselsegmentforms with another. No significantdifference in the
averagevesseihodewasobservedbetweenZEBE““%mice and control§p > 0.05Figure
4.8 C) A frequency histogram was generat@dvisualise the distribution of values across
each node, rather than looking at the total meéfigure4.8 D). Together there was no

difference in Node number between Control and ZEB%within the central plexus
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Figure4.8 ZEBEC K “mice have a decreased number of braneithin the central
plexus (A) Representative images of ZEB4%nd control P5 retina which wer
flat mount stained for CD31. Images were acquired on a confocal microscd
20x magnification and analysed using ImageJ. Scale baum5®)Branch points
per mnt is significantly decreased in ZEB® compared to control{C) No
difference in average vessel node between ZEBf84nd controls.Data are
presented as mean + SEM and wstaisticdly analysed used an unpairedtést.
(D) is representative of evemnyode measurement from each mouséowed as a
percentage of the totahodemeasurementsSastically analysethy anunpaired t
test. ** p < 0.005 Control n=11 and ZEB“Kh=7.

198



4.3 Discussion

4.3.1 ZEBFKGesuledin reducedvessebranching

Measuring angiogenesis lopantifyingthe 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 ZEBEddnukduced
vascular extensionThese 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 revealath significant defects in
angiogenesis were observed that led to a completely malformed or deformed nietwor
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 liganfiasa significant phenotypwith opposing

roles identified loss of EC Jagl resilt asparse network, whereas loss of EC DIl4 result

in over proliferative dense networBenedito et al., 2009; Corada et al., 2013)

Sinceno striking qualitative differenc&vas observedn the ZEBT<9mice, morphological
analysis of the angiogenic froand tip cell quantification wagperformedto 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 structitreras identified

that in ZEBE““°mice had increasedndividual vessel segment lengtieempared with
controls. Reducedvascular densityvas also observed iBEBE““°mice compared with
controls ERG analysis also revealed that there were fewer EC at the angiogenic front
Thus, whilesegment lengths wergreater, there were fewer segmenengthsoverall

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

Thisraisedthe question of what mechanismausedthese 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 brana@srayreduction in branch
points would lead to a sparser networ®uantification of branch pointsconfirmed that

ZEBE<°had significantly fewer branch pointsno 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

Alternatively the observation thaZ EBE“*mice exhibit fewer ECs at the angiogenic front
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, wih could affect vessel patterning and stability. This finding

is mechanistically significant, as it indicates that ZEB1 may redi(afetial orgargation

and coverage within developing vascular structuregedrating 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 ZEfQvasalso present in the central
plexus

It was evident from the reduced vascular extension ttreg lossof EC ZEB1 resulted in

altered angiogenesis progression, hence why the angiogenic front was exptoveever,

the central plexus is also going through phaseseofiodeling vessel stabilisation and

vessel pruningKorn & 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 networKMilde et al., 2013; Zarkada et al., 2028ploring how loss of EC ZEB1

affects this region of the developing vasculaturthereforekey to further understanding

ZEBJ1s role within retinal development angiogenesis.

Structural assessments of the central plexiilss 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 furthemfaoned this reduction across the central
plexus, mirroring the angiogenic fronThe altered network initially formed at the
angiogenic front in the case of EC ZEB1he€efore generates #&sting impacthat also

affects the structure of the central plexus)nfortunately, 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). ZEBdlays asimilar roleto Snail and Slug within the context of ENSanchez

Till6 et al., 2012)and hence it may be assumed that these proteins display similar roles in
ECsloss ofECSlugreduces thevascular extensigrhowever, the resulting phenotype
differs from that observed in ZEB¥* mice in this thesisEC Slug K@roduces adense
angiogenic front with increaskbranching and tip cell numbgthis iscontrasingto what

is observed with ZEB1 in this theffidultgren et al., 2020)Therefore, the inefficiency

observed within ZEBEt*9modelislikely to be due tan alternative mechanism.

Knockoutof Slugusing siRNAn neonatal mice specifically affectessel sprouting and
deep plexus formation within the later stages of retinal vasculature formdfamk et al.,
2015) This finding does hold similarities to whabviservedZEBE % %mice however, this

is at a later developmental stage which involves alternative sprouting angiogenic
mechanisms as tip cells dive down to form the deep plékusttiger, 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
CreERT2 system, are welstablished in the literature; however, certain limitations merit
consideration. Recent research has begun to reveal potential adversesffesbciated

with the activation of the CHERT2 systenBrash et al highlighted how various endothelial
specific CreERT2 systenisads toimpaired retinal angiogenesis without the presence of

a floxed gendBrash et al., 20207 his included the Cdh5 (VECALZpmmonly published
endothelial specific systeifiPayne et al., 2018and what is used throughout this thesis

as well asPdgfb and Tie2 driven systenfSpecifically, their study demonstrated that
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tamoxifeninduced activation of the CfERT2 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 tamoxifeated wildtype controls,

thereby ruling out any effects solely attributed to tamoxifen toxi¢Byash et al., 2020)

To demonstrate this, théeam used three different concentrations of tamoxifés0 >g,
100>g and 150>g) whichevealed a doselependent respons€Brash et al., 2020Many
research groups opt for higher concentrations of tamoxitenmaximise recombination
and, consequently, knockout efficiencihe data presented in this chapterene obtained
usinga50>g of tamoxiferdose which is the lowestoserecommende. Brash et alound

no significant difference in vascular extension in the e@8ERT2 mice dosed with only
50 >g doses of tamoxifersuggesting that CrERTZpecific toxicity is only apparent at
higher tamoxifen doseNeverthelessthe inclusion of Tamoxifedosed Cr&- controls,

that have no floxed genes, should be considered.

Interestingly, while this toxicity was observed in Cdh5 and Rdgien CreERT2 systems,

it was not present in Tiedriven systems, suggesting that the observed effects may be
driver-specific Despite all these systems beidgscribed as endothelial specific, there are
subtle differences which could account for tl{Rayne et al., 2018)There have been
several proposed reasons for this toxicity, such adasfjet DNA damage, despite there
being no LoxP sites within the mouse genortigs possible that CFERT2 activation
influences endothelial cell proliferation, which could explain the observed changes
(Rashbrook et al., 2022)

This important study underscores the necessity of including Tametiéated Cre"
controls, which lack floxed genes, in research using theE®E2 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 contwase not
incorporated. Consequently, the potential impact of Cre toxicity on the results presented

in this chapter must be considered before drawing definitive concludions the data

Another limitation of the developmental angiogenesis work in thfgpteris 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 WhEGQf&nomic
PCRs from Transnetyx confirm whether each neonate is CYe@ROreERT2, 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 dosagester 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 vasculat(Wélhelm et al., 2016)The level of ZEB1
expression within ZEB#%eonates 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 vyield.

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
endotheliatspecific ZEBKQ Through image analysis of the developing vascular pléxus,
wasdetermined that loss of endothelial ZEB1 led to inefficient angiogenesis, evidenced by
reduced vascular front progression. Additionaflignificant alterationsvere observedn

the vascular network structure, both at the angiogenic front ariithivy 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 endothegdifunction and vascular network

branching
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5 ldentifying theeffect of endothelial ZEB1 knockauata
model of wet ageelated 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 Tem.
ECs remain in a quiescent state, with minimal proliferation, migration, reddced
metabolism, yet continuously sensing environmental cues and blood conEeten et

al., 2020) The quiescent endothelium still has the capability of undergoing phenotypic
changes which can result in EC activation, angiogenesis initiation and vasmddeling
Having this ability is essential to ensure the vascular network can respond effectively to
changes, such as damage, inflammation and grqi#ilste Ylva, 2014)he regulation of

this homeostatic balance is highly important and involves a finely tuned balance of
signalingpathways such as VEGF/VE@ERmina et al., 2003; Kasahara et al., 20806y
ANG/TIE(Augustin et al., 2009)which activate transcription factors such as FOXO1
(Dharaneeswaran et al., 201dhd ERGShah et al., 2016 a way that promotes survival

and vascular stability, without initiating EC activation and an unrequired angiogenic
response. Any logs this regulation of endothelial quiescence and vascular homeostasis
is a hallmark of many diseas@elen et al., 2020An example of such disease is wet-age
related macular degeneration (WAMD, sometimes termed neovascular AMD or nAMD but

will be referred to as wAMD throughout this thesis).

AMD is the leading cause of vision loss in developed countries in those aged 60 or over
and is predicted taffect 288 million people worldwide by 204@Vong et al., 2014)in
wWAMD, unwanted angiogenesiscurswithin 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
severalffactors. One of these factors is due to hypoxia occurring within the RPE as a result
of extracellular deposits called drusen which limit oxygen diffugidammadzada et al.,
2020) The subsequent release of paomgiogenic factors triggers the endothelial cells of

the choriocapillarisundergo 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 (sdeigure5.1). 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, 201&)long with this, the highly fenestrated
choriocapillarigesult invascular leakage and as well immune cell infiltration, activation
and cytokine release, which further increases inflammation and fluid ‘oypildhat

exacerbates the diseag@mbati 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 \(isenis et al.,
2013) Dry AMD can also develop into wWAMD as the disease progresses; therefore, a
significant proportion of research has been focused on therapeutics to target WkD

et al., 2022)Importantly, much of this therapeutic focus stems from the fact that WAMD
involves a functional and accessible pathological mechanisahoroidal
neovascularisationwhich 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 interventionAs VEGH is a prominent pr@angiogenic factor, and
WAMD patients have higher levels of VE&W®within their agueous humouiZhou et al.,
2020) therapeutic strategies were aimed at targeting VEEGBecause of this, the most
common therapeutic agents used to treatAMD are antVEGFA antibodies such as
Bevacizumab, Ranibizumab and Aflibercept, which are delivered via ocular injection
(recently reviewed ifChen et al., 2023However, 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 aWiEGF therapy is due to the VEGF
independent mechanisms which lead to the progression of wAMD. iRgisides
interactions between semaphorins and their receptors, termed neuropilins (NRP), which
are known ceeceptors for VEGFRs. Knockout of NRRas observed to reduced
choroidal neovascularisatiaffrernandezRobredo et al., 2017and t was identified that
NRP1 was capable of inducing vascular permeability independently of \f&Gl et al.,

2016) Other factors such as BGhave been identified as being higher in the aqueous
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humour of patients with wAMD in comparison to healthy subjd@tssi et al., 2017)As
well as this, PDGdtgnalinghas also been identified as possible treatment target, as anti

PDGF treatment reduced AMD pathophysiology in rabbit madgtsy et al., 2017)

Modelling AMDusinglaser photocoagulation to rupture the Bruchs membrane was first
developed by S J Ryan in Ammman primates in the late 197QRyan, 1979)The resulting
inflammatory and angiogenic response was subsequently found to repfioate aspects

of what is observed in patients with wAMMiller et al., 1990)leading to the model being
widely accepted. Since then, the method has been adaptagsémice and rats, with the
laser induction of CNV within mice first being published as a model for wAMD 1890s

by the Campochairo group, in their research showing targeting fibroblast growth factor 2
does not alter disease progressifFobe et al., 1998)The laseCNV model has therefore
continued to be used throughout the literature and within drug development for WAMD.
The assay is widely reported as welkerated and is able to replicate the angiogenic and

inflammatory processes that occur during wBNLambert et al., 2013)

Theprotocol for lasefCNV 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 pupiis make theretina accessibldLambert 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 usingtransgenic 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 timelinmgate

and mice sacrificed, the lasered eyes can be dissected and stained to observe the

neovascular lesion and any surrounding inflammafiGreen et al., 2022)

In chapter 4 | demonstrated that lossarfidothelialZEB1 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 WAMD. The
work in this chapter will focus on exploring how le$endothelialZEB1 affects wAMD

by utilising the murine lase€NV model.

207



Choroid
Retina

Macula

Sclera

Choroid_al .
Normal Neovascularisation

Neural layers of
the Retina

Retinal Pigmented
Epithelium

Bruch's —
Membrane [

Choroid =

Figure 5.1 Choroidal Neovascularisation within wet AgRelated Macular
Degeneration (A) A cross section of a human eye to display the location of
macula,as well as labelling the layers of the back of the €@ A schematic
comparing the structural layers of the retina and the back of the eye in the cg
a normal patient, and one with wAMD. In the AMD case, CNV has occurred
has resulted in structural damage to the retinal pigmented epithelium and nd
layers, as well as fluid leakage into the reti@aeated with biorender.
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5.2 Results

5.2.1 ZEB®%CKGnice have reduced ZEB1 mRNA expression following tamoxifen
administration

ZEB#"cdh5CREERTZ" and ZEBY"cdh5CRERT- were ear notched at between-8

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

dosed adult ZEBT"cdh5CRERTZ- and ZEBY'cdh5CRERTZ mice underwent

digestion and magnetic cell sorting to isolate CE8idothelial cells. MRNA was extracted

from both the input, CD3land CD3}, converted to cDNA and taken for digital droplet

PCR analysis.

To first assess the accuracy of the CD31 pull down, the expression levels of RECAM

(CD31) within all cell fractiongere determined via ddPCR and normalised to GAPDH. This
revealed thatmagneticcell sorting achieved a high level of CD&ll enrichment in both

the control and ZEBT*%mice.Onlylow levels of CD31 are observed within the C81
WTFEHIKN2 dzZ3KQ FNI OGA2yas At dttenyparo einrictSior Lddzf £ F
CD31 endothelial cells was successfligure5.2 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 CD3%raction (1.566+ 0.144)in comparison to the CD3ftaction (0.209
+0.023) indicating expression of ZEB1 within the lung is associated within the" G&l31
population(Figure5.2 B).The level of ZEB1 mRNA expression was then determined within
the CD31 cell fractions of both control and ZEBX°mice. This identified that the
ZEBE“®Omice had significantly reducedEB1 mRNA expression (0.48@.044), in
comparison to control mice (1.0@00.092,Figure5.2 D, P<0.05. Thisconfirmed 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 th@ QDB TKINRdzZA K Q  F NI O
to assess whether there had been any change in GigBXypes. This revealed that there

was no significant difference in ZEB1 mRNA expression in the €D 3taction between

the control and ZEBTt*°mice (P > 0.05Figure5.2 ). Taken together these results
indicate that ZEBT*°mice display a reduction of ZEB1 mRNA expression that is"CD31

specific and does not alter ZEB1 expression in any CBIBfypes.
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Figure5.2 ZEB1 mRNA expression was determined to be significantly reducd
ZEBEXOCD31 cells isolated by magnetic cell sorting, compared to contro
ZEBE%%nd controlmice received daily doses of tamoxifen via IP injection o\
days to induced Endothelial specific-ERT mediated KO of ZEB1. 3 weeks &
dosing, mice were culled, lungs dissected and dissociated, followed by magne
sorting for CD31. mRNA wastmacted from input, CD3and CD31cells, reverse
transcribed to cDNA, followed by ddPCR analysis to assess changes |
expression.(A) CD31 expression normedd to GAPDH is displayed across
fractions and revealed a strong enrichment of CD31 expressing cells in the
cell fraction. Input vs CD3ind CD3Wvs CD31were compared using a pairedest
which revealed statistical significance between all gro(®sZEB1 expressio
normalised to GAPDH across all cell fractions in control animals only.
expressed relative to inpu{C) ZEB1 mRNA expression in CR8ll compared
between control an@EBE““Ygroups. Data expressed relative to cont(i®) ZEB1
mMRNA expression in CD8#&Il compared between control atEBECgroups.
Equal amounts of cDNA were used in the ddPCR and expression was normg
GAPDH. Data expressed relative to controld#tth arepresented as mean + SE
andal but (A) and (B) were stastically analysed used a pairetest. ** p < 0.005,
*** n < 0.0005,** * p < 00001
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5.2.2 ZEBFCKQisplay increased leakage area over time despite being not
significant at individual time points
Once dosed to induced knockout and lasered to induced CNV, control an8/fEgite
underwent FFA imaging on days 3, 7 and 14 fasstring. FFA images were analysed by
measuring the size of the leakage area on image J. The mean leakage area was then
plotted against time to observe any differences between the ZE®group and the
control group(Figure5.3). A two-way ANOVA was performed to analyse the effect of
varying genotype (control or ZEBXY and time (days) on lesion leakage. Simple main
effects analysis revealed that genotype hadtatistically significant impact on lesion
leakage (*, P < 0.05), suggesting that knockout of endothelial ZEBL1 is generating changes
in lesion leakage. Ontop of the twweay ANOVA, Sidaks multiple comparisons test was
performed to determine differences between contratchor ZEBTKCat individual time
points. Althougha reduction is observed, thdifference was determined not to be
statistically significant (P > 0.05). Therefore, although the effeajenfotypeshad a
statistically significant effect on leakage area, this effect was not great enough at

individual time points foit to be significant.
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Figure 5.3 Main effects analysis revealed ZEBX°mice had significantly
increased lesion leakage area throughout the study but there was signific
difference at individual time pointsZEBE*@ndcontrolmicereceived daily dose
of tamoxifen via IP injection over 5 days before undergoing laser CNV. H
fluoresceine angiography (FFA) was performed on days 3, 7 and lkhgerghg.
(A) Representative FFA images are sho(@).The area of lesion leakage w4
measured using Image J and plotted against time (dqgg)Leakage size wa
analysed by @woway ANOVA with Sidaks multiple comparisons test. Simple
effects analysis showed that genotype (control or ZE&1had a stastically
significant effect on leakage area (*) P < 0.05. Sidaks multiple comparison
revealed the difference in leakage area between control and 'ZE®das not
statistically significant at any time point P > 0.05. Data presented as mean +
Controlday 3, day 7 and day 14 N= 10, 13, 12 respectively. ZERthy 3, day 7
and day 14 N= 19, 19, 19 respectively.
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5.2.3 Male ZEB%&“K@nice have a significantly increased lesion leakage area at
day 3 and day 7 po$dsering
It was noted that within the FFA leakage area data for the Z&#8droup there was a
large amount of variation. Because sex differences have been reported in multiple animal
studies, especially ilaser inducedCNV(Gong et al., 2015the data was split between
male and female mice. Analysis from FFA images from male control and malg'*EB1
mice were then plotted against time to observe any differences in these two groups
(Figure5.4). Twoway ANOVA analysis again revealed by simple main effects analysis that
genotype had astatistically significant impact on lesion leakage, bwith increased
significarce (****, P < 0.0001).As done previouslySidaks multiple comparisons was
performed to analyse any differences between male control and maleZE®toups at
individual time points during the study. This revealed that at 3 days-pssting male
ZEBE®9mice have an increase in leakage area compared to control male mice (47,484
5716AUcomparedto 24,114+ 5801AUcontrol,P<0.05).This was also the case at 7 days
postlasering where male ZEB*°mice have an increase in leakage area compared to
control male mice42,973+ 7669 AU comparedto 17,470+ 3383 AU control, P< 0.05).
Althougha differenceis still observedon day 14, it is not calculatedassignificantat P =
0.105.Togetherthis dataindicatesknockoutof endothelialZEB hasa profound effecton
fluoresceinleakagefrom CNVlesionsin male mice. Thisis seenasa significantincrease
the areaof fluoresceinon days3 and 7, whereasthe effect observeddecrease®vertime
asthe lesionsizereduceshenceby day14this differenceisnot observedo be statistically

significant.
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Figure5.4 Male ZEBE“%9mice have increased leakage areas compared to cont
male mice ZEBE“9male andcontrolmalemice received daily doses of tamoxif
via IP injection over 5 days before undergoing laser CNV. Fundus fluorg
angiography (FFA) was performed on days 3, 7 and 14igsmting.(A) Male data
weres replotted andrepresentativemale FFA imagesre shown (B) Data was
replotted to separate out seXhe area of lesion leakage was measured using I
J and plotted against time (dayglC)Leakage size was analysed by a dwvay
ANOVA with Sidaks multiple comparisons test. Simple main effects analygsl
that genotype (control or ZEB3<} had astatisticallysignificant effect on leakagg
area (****) P < 0.0001. Sidaks multiple comparisons test indicatdically
significant differences at days 3 and 7. * P < 0.05, ** P < 0.005. Data presen
mean + SEM. Control day 3, day 7 and day 14 N=5, 7, 7 respectiveRr<aEs1]
3,day 7 and day 14 N= 9, 9, 7 respectively.
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5.2.4 Female ZEBFX%nice show no increase in lesion leakage area

Next was to determine how the female mice respondedaserCNV by the means of
lesion leakage area. Analysis from FFA images from female control and femaf¢*?EB1
mice were plotted against time to observe any differences in these two groups. However,
with the female mice no major differences were obser@djures.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 havstagistically
significant effect on lesion leakage (P > 0.05). Sidaks multiple comparisons test was
performed to analyse any differences between female control and femaléZEBtoups

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

on lesion leakage after laser induced CNV in female mice.

To compare how male and female, ZE&#fand control mice respond to laser CNV in the
form of lesion leakage over tt&time points, all four groups were plotted togeth&idure

5.6). This highlighted that ZEB%°male mice had much larger areas of lesion leakage,
compared to the other 3 groups, with both female control and female ZEBmice
responding similarly to male controls. A tm@y ANOVA with Sidaks multiple
comparisons test was performed to identify any differences between these groups at
individual time points. As previously explained, male ZE8tice had significantly larger
areas of lesion leakage at days 3 and 7, compared to control males. However, this
identified a statisticallysignificant difference in the lesion leakage area between male
ZEBE®%mice and female ZEB%<°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 CREBE K °male mice have larger
areas of lesion leakage, whilst ZEB®female mice do not vary from that of control

female mice.
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Figure 5.5 Female ZEBT**°mice display no change in lesion leakage arg
compared to control female miceRehearsal of data from Figure 52EBE<C
female andcontrol™®™®mice received daily doses of tamoxifen via IP injection
5 days before undergoing laser CNV. Fundus fluoresceine angiography (FH
performed on days 3, 7 and 14 péssering (A) RepresentativéemaleFFA imageg
are shown(B) Data was replotted to separate out s&he area of lesion leakag
was measured using Image J and plotted against time (d@yd)eakage size wa
analysed by a Twavay ANOVA with Sidaks multiple comparisons test. Simple
effects analysis revealed that genotype (contolZEB%°KY had no effect on
leakage area P > 0.05. Sidaks multiple comparisonsliwstevealedo difference
in leakage area between control and ZE®®Pat any time point P > 0.05. Dat
presented as mean + SEM. Control day 3, day 7 and day 14 N= 5, 5, 4 resp¢
ZEBE“*Yay 3, day 7 and day 14 N= 10, 10yddpectively.
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Figure5.6 Male ZEBE“mice and female ZEB£*have different FFA leakags
areas and do not respond in the same way to laser CR¥hearsabf data from
Fgure 5.4 ZEBE®%Cand controlmale and female mice received daily doses
tamoxifen via IP injection over 5 days before undergoing laser CNV. F
fluoresceine angiography (FFA) was performed on days 3, 7 and 1lkgeratg.

(A) Representativenale and femald-FA images are show{8) The area of lesior]
leakage was measured using Image J and plotted against time (§@y3ata was
replotted b separate out seXd.eakage size was analysed by a vay ANOVA
with Sidaks multiple comparisons test. Simple main effects analysis showe
genotype (control or ZEB3XY had astatisticallysignificant effect on leakage are
(****) P <0.0001. Sidaks multiple comparisons test revealed that in female

there was no significant difference in lesion leakage between control andFZ €}
at any time point. Sidaks multiple comparisons also revealed that the leakage
was significantly increased in @EBE““°male mice compared to to ZEEX°
female mice onday 3and 7. * P <0.05, ** P < 0.005, *** P < 0.0005, Data preq
as mean + SEM/Jale control day 3, day 7 and day 14 N=5, 7, 7 respectively.
ZEBE K Yay 3, day 7 and day 14 N= 9, 9, 7 respectively. Female control day
7 and day 14 N= 5, 5, 4 respectively. Female Z¥ERiny 3, day 7 and day 14 N
10, 10, 11 respectively.
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5.2.5 ZEBE*Gesults 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 imadgedause a sex difference was
observed in fluorescein leakage area size, and there have been numerous reports
identifying sex difference in the murine laseéNV model, primarily highlighting that
female mice display larger and greater variation in lesibes¢Gong et al., 2015}he data
was split into male and femalgroups(Figure 5.J. This was then plotted separately in
order to determine whether a sex difference is also seen when observing the neovascular
lesionsize Figure 5.7B). In this case, individual lesions were plotted, andiers were
identified and removed using ROWlhere Q = 1%before being analysed by\Zay
ANOVA with Sidaks multiple comparisons tdstis revealed that both male and female
ZEBE%%mice had significantly larger neovascular lesion sizes when compared to their sex
control mice (for male ZEB%<105,800+ 13703pum? compared to 49,284 9013 um?
control males; for female ZEB%¥9%6,585+ 8243 um? compared to 27,00& 3278 pm?

control females).
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Figure 5.7 Both male and female ZEB%C mice have larger CD31 staine
neovascularised lesions compared to control mice after la€&tV.ZEBE*°and
controlmale and female mice underwent lageéNV. On day 14 mice were sacrific
choroid dissected and fixed before being stained for CD31 and imaged using cq
microscopy and analysed using Imag@JRepresentative images are sho{@)CD31
Lesion size is plotted per lesion and is significantly increased iff#&Bale and
females, compared to male and female controls. Data plottechdiwvidual lesions
Outliers were identified and removed using ROUT identify outliers test where Q
Data presented as mean + SEM. Control N = 12 F2ER/1= 18. Statistically analyse
by 2way ANOVA with Sidaks multiple comparisons test.* P < 0.05
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5.2.6 Female ZEBfX%mice have a significantly decreased CD45 integrated
density compared to male ZEBXice
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 CO8ldetermine whether there
is a sex difference in the integrated density of the inflammation marker, CD45, the data
was split into male and female grouf#Sgure5.8). This was achieved by plotting individual
lesions and removingutliers by ROUT{where Q = 1% before being analysed byveay
ANOVA with Sidaks multiple comparisons tdstis revealed that both male and female
ZEBECK%ice 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“¥EB 1
mice displayed a significantly reduced CDA45 integrated density in comparison to male
ZEBEC K °mice (1.276x19+ 0.18Bx1¢ AU comparedto male ZEBE“%Cat 3.332x10 +
0.450x16 AU) This data suggests that both male and female ZE8iice show no
change in inflammation as measured by CD45 integrated density when compared to same
sex controls. However, this has identified that female Z&inice display a significantly
decrease level of inflammation and immune cell infiltration when compared to male
ZEBE*%mice.
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Figure 5.8 Female ZEBE®© mice exhibited reduced CD45associated
inflammation compared tomale ZEBE“<°mice after laserCNV.ZEBE<®and

controlmale and female mice underwent lageNV. On day 14 mice we
sacrificed, choroid dissected and fixed before being stained for CD31 and CD
imaged using confocal microscopy and analysed using ImégeRkpresentative
images are show(B) CD45 integrated density was determined in the CD31 ¢
area. CD45 integrated density is plotted per lesion shows no cHastgesen

ZEBt““9male and females, and their controls. However, Z&®nale mice do
have a significantly increased CD45 integrated density when compared t6°%¢
female mice. Data plotted as individual lesions. Outliers were identified
removed using ROUT identify outliers test where Q = 1%. Data presented ag
+ SEM. Control N = 12, ZEBN = 18. Statistically analysed byvay ANOVA with
Sidaks multiple comparisons test.**** P < 0.0001
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