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Abstract 

 

Angiogenesis, the growth of new blood vessels from pre-existing vessels, is crucial to both 

embryonic development and the maintenance of lifelong health, but also supports various 

pathological conditions. Its progression is complex, requiring the coordination of multiple signalling 

pathways and key regulators to deliver appropriate vascular expansion in response to pro-

angiogenic stimuli. Some of its fundamental mechanisms have been characterised in great depth, 

revealing that angiogenesis relies heavily on the integrins avb3 and a5b1, as well as their principle 

extracellular matrix (ECM) ligand, fibronectin. Both integrins transmit signals bidirectionally 

between extracellular and intracellular compartments, sensing both ECM components and growth 

factor signals to regulate endothelial migration and proliferation. Therapeutic antagonism of these 

receptors was therefore assumed to provide anti-angiogenic benefit against pathological 

conditions where angiogenesis is dysregulated, namely solid tumours, where excessive vascular 

growth provides both nutrients and metastatic routes. Unfortunately, their mono-therapeutic 

blockade provided little clinical benefit and could even worsen prognosis by encouraging tumour 

vascularisation. Later findings attributed tumour angiogenic escape to endothelial VEGFR2 and 

neuropilin-1 (NRP1), one of a pair of pleiotropic co-receptors. NRP1 has since received great 

attention for its pairwise interactions with both avb3-integrin and a5b1-integrin. We believe these 

receptors operate within a complex trimeric network to orchestrate angiogenic processes, and that 

their intricate and off-time contradictory crosstalk is essential to our understanding of angiogenesis 

and the development of multi-target angiogenic therapies. To unpick this receptor network, we 

utilised genetically engineered mouse models in which our endothelial targets could be depleted 

either individually, or in combination, to study how they cooperate and compete to regulate 

developmental and pathological angiogenesis in vivo and in vitro. Our results indicate that whilst 

NRP1 plays a dominant role developmentally, integrin crosstalk regulates aspects of VEGFR2’s 

lifecycle.  
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1 Introduction 

1.1 Preface 

 

During organogenesis the cardiovascular system is the first functional organ system to develop (1).  

Its formation is owed to widespread angiogenic expansion of a rudimentary vascular tree that 

subsequently undergoes specification, remodelling and pruning to arrive at a functional circulatory 

system that enables post-natal and adult life. Unfortunately, angiogenesis is commonly 

dysregulated in pathology, with excessive or limited vascular growth contributing to the 

progression of numerous conditions such as arthritis, retinopathies, chronic wounds, 

atherosclerosis, and cancer (2). Here, we aimed to determine how three endothelial receptors were 

regulating angiogenic processes via complex crosstalk mechanisms. These receptors, namely avb3-

integrin, a5b1-integrin and NRP1, have been documented to interact in duplicate, but the 

possibility that they function in triplicate as a receptor network had yet to be considered. The 

following review of available literature collates current knowledge of these receptors, their paired 

interactions, and their potential as anti-angiogenic targets.              
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1.2 The vascular system 

 

Blood vascular systems evolved to accommodate the growing nutritional demand of multicellular 

organisms. Only through such a system can our volume and surface area lack parity, our metabolic 

demands be satisfied, and cellular homeostasis be maintained (3).  

 

In humans the vascular system encompasses two discrete networks: namely the lymphatic and 

cardiovascular systems. Though lymphatic circulation is essential for multicellular life and is 

intricately linked with the cardiovascular system, this report is solely focused on the latter. 

Cardiovascular circulation fundamentally refers to the heart, its associated vessels, the blood 

housed within these vessels, and its cellular residents (erythrocytes, immune cells and platelets) 

(4).  Its development progresses in tandem with embryogenesis such that our growing nutritional 

requirements can be met. Testifying to just how densely this system pervades our tissues, oxygen 

diffusion from vasculature is limited to just 100 µm and as such, an overwhelming majority of our 

constituent cells must lie within this threshold distance to receive satisfactory oxygen delivery. Even 

the outer walls of large blood vessels possess their own blood supply (the vasa vasourm) to 

overcome this limitation. It is therefore unsurprising that successful embryogenesis is critically tied 

to coordinated cardiovascular expansion, and that when vascular development goes awry, so too 

does our development (5).  

 

 The cardiovascular system  

 

Driven by rhythmic cardiac contractions, blood continuously flows through its housing vasculature 

within a closed loop. This loop, which both begins and ends at the heart, is divided into two 

circulatory forms: pulmonary and systemic (Fig 1.1).   

 

Following a circuit of the body, deoxygenated blood is shunted to the lungs where it is re-saturated 

with oxygen. Upon its return to the heart, marking the end of pulmonary circulation, blood is 

propelled into the systemic system where it flows through progressively smaller vasculature to 

eventually reach microcirculation. Here, capillaries pervade intricately through tissues and organs 

to enable systemic exchange of metabolic substrates for by-products (4). Both larger calibre vessels 
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and their connected downstream vasculature may adapt their tone in response to vasomotor 

signals, thereby elevating or reducing local blood flow (vasodilation and vasoconstriction) to match 

tissue perfusion with metabolic demand (6). At the periphery of microcirculation capillaries connect 

with venules which in turn converge with veins, large diameter vessels carrying deoxygenated blood 

back to the heart to be recirculated (4).  

 

Analogous to the heterogeneity of different tissues and organs, different branches of the vascular 

system adopt equally variable morphological and functional traits to account for the needs of their 

resident niche (7). Still, most blood vessels share three discrete histological layers: the tunica 

adventitia, tunica media and tunica intima (Fig 1.1). The tunica adventitia is the outermost layer 

and performs a structurally supportive role by virtue of its elastic and collagenous composition. 

Similarly, the tunica media also provides mechanical support. Its composition of vascular smooth 

muscle cells (VSMCs) embedded within an elastin and collagen-rich ECM bestows the characteristic 

elasticity of arterial vessels, though the exact composition of these two layers will differ depending 

on the specific vessel in question. Common to all vessels is the tunica intima, a single layer of 

endothelial cells continuous throughout all vasculature. This cellular membrane, or endothelium, is 

supported by a basement membrane (BM), a fibro-elastic sub-endothelial layer, and a covering of 

mesenchymal perivascular cells (4, 8). Capillaries, however, do not conform to this regular 

structural arrangement. Instead, they possess only an endothelium and an associated BM within 

which a sparse population of mural cells (VSMCs and pericytes) are embedded. Within these micro-

vessels, oxygen, metabolite, and macromolecule filtration is a continuous, tightly regulated process 

by virtue of their thin endothelial wall (4, 9).   

 

For a time the endothelium was thought of as an inert monolayer merely providing a ubiquitous 

semi-permeable membrane for metabolic exchange and a robust, streamlined surface for efficient 

fluid flow (9). Whilst this is largely true for the higher calibre micro-vessels (venules and arterioles), 

more recent research has recognised capillary endothelial cells as a remarkably heterogenous 

population. In addition to the long-established variety of organ specific barrier phenotypes 

governing the endothelium’s macromolecular porosity (continuous, discontinuous, and 

fenestrated), endothelial cells also possess organotypic expression signatures uniquely adapted to 

their local niche. For example, high through-put gene expression analysis of tissue-specific 

endothelial translatomes revealed amplified expression of glucose transporter 1 in brain 

endothelial cells and fatty acid metabolism genes in cardiac endothelial cells. These are likely 
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mechanisms by which microvasculature can preferentially filter its metabolic cargo to account for 

organotypic diversity in metabolite penchant (10). Crucially, endothelial heterogeneity is not 

limited to nutrient exchange mechanisms and barrier phenotypes. Different microvascular 

endothelial populations reportedly possess a range of metabolic rates and angiogenic aptitudes 

(11). The latter of these differentials refers to the ability of endothelial cells to undergo structural 

remodelling in response to appropriate stimulatory cues. This process, termed angiogenesis, is 

more strictly defined as the growth of new vasculature from parent blood vessels.  
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Figure 1.1 The cardiovascular system and blood vessel architecture. Pulmonary circulation is 
responsible for re-oxygenating blood in the lungs before returning it to the heart. Systemic 
circulation then perfuses oxygenated blood throughout the body via arterial vessels and capillary 
microvasculature before returning to the heart once more via the venous system. The three 
architectural layers of blood vessels: the tunica adventitia, tunica media, and tunica intima, change 
in composition and thickness throughout the vascular tree, whilst capillaries only possess a thin 
endothelial wall and a BM to which a population of pericytes adhere to. Figure generated using 
BioRender.   
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1.3 The endothelial extracellular matrix 

 

Non-cellular ECM components provide mechanical support for the vascular endothelium and can 

be grouped into two morphologically distinct matrices: the extracellular BM and the interstitial 

matrix. The BM underlies the quiescent endothelium and is organised in to matrix sheets primarily 

composed of fibronectin, laminins, collagen IV, entactin and heparan sulfate proteoglycans 

(HSPGs), whilst the interstitial matrix is comprised of collagens (both fibrillar and non-fibrillar), 

fibronectin, elastin and glycosaminoglycans containing non-collagenous glycoproteins (12, 13, 14). 

Upon receipt of pro-angiogenic signals the endothelium becomes activated and its underlying BM 

undergoes enzymatic degradation. Activated endothelial cells are then able to migrate towards the 

interstitial matrix. Concurrent increases in vascular permeability allow soluble plasma proteins such 

as fibronectin and fibrinogen to extravasate from the activated vasculature and form new deposits 

of provisional, angiogenic-competent ECM scaffolds for the protruding endothelial cell to migrate 

over. Continued remodelling of the interstitial matrix is mediated by the direct actions of 

endothelial cells secreting fibronectin and vitronectin as well as that of secreted proteases which 

help liberate angiogenic factors trapped within the interstitial matrix to enhance the surrounding 

pro-angiogenic milieu. Upon conclusion of angiogenesis the secretion of protease inhibitors halts 

further matrix remodelling, encourages deposition of a structurally supportive interstitial matrix as 

well as the re-acquisition of a BM and vascular quiescence (13).  

 

The fibronectin component of this angiogenic-competent matrix is essential for embryonic vascular 

development. Evidencing this, its global genetic depletion in mice causes embryonic lethality due 

to a variety of cardiovascular abnormalities, and its upregulation is mirrored by that of endothelial 

adhesion receptors during angiogenesis (15, 16, 17). Its precise structure varies according to 

alternative splicing, but this modular glycoprotein falls within 230-270 kDa, consists of type I, II and 

III repeating units, and exists as a dimer linked by two disulphide bonds. Fibronectin may be 

synthesised as a soluble plasma protein or an insoluble cellular protein, the latter of which is 

secreted locally and assembled into meshworks of interconnected fibrils (14).      
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1.4 Blood vessel development 

 

We have previously determined the importance of angiogenesis during our development and the 

preservation of life-long health. The subsequent sections will outline how this process unfolds, from 

the initial activation of the vascular endothelium through to the eventual re-establishment of 

quiescence in the newly formed vessel. Development of the vascular system by angiogenesis 

primarily takes place in utero following the events of vasculogenesis (1). Both processes must be 

stringently controlled, with life-threatening consequences resulting from their improper execution 

during development or their manipulation under pathological scenarios during post-natal and adult 

life (18, 19, 20, 21).  

 

 Vasculogenesis 

 

The vascular system owes its initial formation to vasculogenesis, a term denoting de novo blood 

vessel development. This process begins as extra-embryonic mesodermal cells termed 

hemangioblasts aggregate and differentiate into endothelial progenitor cells which in turn give rise 

to mature endothelial cells (1, 22). These cells subsequently amalgamate and undergo morphogenic 

changes to generate endothelial tube-like structures which, following arteriovenous specification, 

constitute the primary vascular plexus of the developing embryo, a vascular blueprint that is later 

expanded upon by angiogenesis (23).  

 

 Angiogenesis 

 

Angiogenesis is a strictly defined process. However, it may proceed via one of two distinct 

processes: sprouting or intussusceptive angiogenesis. The latter denotes the formation of an 

intussusceptive pillar that traverses the lumen of mature vessels and results in vessel duplication, 

doubling the available vascular space (24). Sprouting angiogenesis instead refers to the 

development, elongation and subsequent stabilisation of an endothelial sprout emanating from a 

pre-existing vessel. As well as being the focus of this thesis, sprouting angiogenesis is by far the 

more common and well-investigated mechanism of the two (25).  
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Following its expansion and remodelling of the vasculogenic primordia initially developed in utero, 

angiogenesis functions more selectively to accommodate scenarios such as tissue growth and 

wound healing. Continued endothelial receptiveness to angiogenic cues therefore remains 

essential for organismal health throughout life. Predictably, angiogenic dysregulation is common to 

numerous pathologies, with excessive angiogenesis contributing to cancer and age-related macular 

degeneration, and insufficient angiogenesis affiliating with atherosclerosis and chronic wound 

healing (21, 26). Deciphering the molecular events that coordinate angiogenesis whilst determining 

how these events differ under pathological scenarios therefore bears significant therapeutic 

relevance. However, making any meaningful leaps in our understanding of this process first 

necessitates a firm grasp of the wealth of literature outlining the cascade of sequential events 

driving this process.  

 

 The angiogenic cascade 

1.4.3.1 Adopting an angiogenic-competent state 

 

In contrast to angiogenic vasculature, unstimulated vascular endothelial cells exhibit a sedentary, 

phalanx phenotype typified by a reduced migratory and proliferative response to growth factors 

and tight intercellular junctions maintained by the barrier proteins occludins, claudins, VE-cadherin 

and N-cadherin, the last of which mediates intercellular contact between endothelial cells and 

pericytes (27). Intimately connected mural cells provide autocrine maintenance cues such as 

vascular endothelial growth factors (VEGFs), angioipoeitin-1 (ANG1) and low levels of fibroblast 

growth factors (FGFs) to the dormant endothelium to induce continued pericyte attachment, 

endothelial survival, and intercellular junction strength. This quiescent phenotype must first be 

abolished before angiogenesis can proceed (28).  

 

Hypoxia, relative oxygen deficiency, drives the expression of pro-angiogenic transcription factors 

such as the hypoxia inducible factor (HIF) family. These heterodimeric molecules possess an a- and 

complementary b-subunit, the former of which is continually ubiquitinated and proteolytically 

degraded under normoxic conditions (29). During hypoxia oxygen deficiency allows HIF-a to escape 

degradation and heterodimerise with HIF-1b to establish a functional transcription factor complex 

(30). Its target genes encode various pro-angiogenic cytokines including VEGF, FGF and 

angiopoietin-2 (ANG2), the secretion of which establishes an angiogenic gradient that stimulates 



 20 

nearby vessels to revert from their quiescent phenotype and adopt an angiogenic-competent state 

(29, 30). More specifically, these factors stimulate coordinated disassembly of the vessel wall 

through inducement of mural cell detachment, inter-endothelial cell junction loosening, increased 

nitric-oxide (NO) dependent vascular permeability, and secretion of A disintegrin and 

metalloproteinases (ADAMs) and matrix metalloproteinases (MMPs) to degrade the BM and begin 

remodelling the surrounding ECM. This newly restructured, fibronectin-rich environment provides 

a physical growth substrate for the now activated endothelial cells to migrate over, a process 

primarily mediated by cell-adhesion receptors termed integrins (13). In particular, avb3-integrin 

and a5b1-integrin are dramatically upregulated on angiogenic endothelial cells relative to their 

quiescent counterparts and are the principal facilitators of endothelial adhesion to fibronectin (16, 

31).  

 

1.4.3.2 Tip cell selection & vessel elongation 

 

Once liberated from its constraints, a single endothelial cell becomes selected to guide the 

developing vessel along an angiogenic gradient (Fig 1.2A). These specialised endothelial cells, 

known as tip cells, prevent the development of numerous sprouts which would otherwise establish 

a chaotic capillary network. During this selective process the endothelial cells neighbouring the 

filopodia-rich tip cell become stalk cells which, in contrast, are less migratory and more 

proliferative. Tip/stalk cell specification begins with a competition for tip cell status (13). Briefly, 

VEGF released from the hypoxic parenchyma activates its cognate receptor, VEGF receptor 2 

(VEGFR2), stimulating the upregulation of Delta-like-ligand 4 (Dll4), a cell surface ligand of the Notch 

receptor. Trans Dll4/Notch interactions between neighbouring endothelial cells induces successive 

proteolytic cleavage of Notch to release the Notch-intracellular domain (NICD) (32). NICD acts as a 

transcriptional regulator in the nucleus, inducing a new expression profile that diminishes 

endothelial responsiveness to VEGF by reducing their expression of VEGFR2 and its co-receptor 

NRP1 whilst also upregulating Jagged1 (33). Jagged1 subsequently antagonises Dll4 to suppress 

Notch activation in adjacent cells, thereby encouraging a tip cell phenotype in its neighbour (34). 

Cumulatively, these pathways dictate that the cell expressing most VEGFR2 will most potently 

suppress its neighbours via lateral inhibition and eventually assume tip cell status whilst its 

neighbours will adopt a stalk cell phenotype (35). Even after this initial selective process, 

endothelial cells at the forefront of the growing sprout continually compete for tip cell status (36). 

To prevent this continued competition from interrupting vessel growth, tip cell proliferation occurs 
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asymmetrically, thereby preventing generated daughter cells from immediately assuming a tip cell 

phenotype (37). 

 

1.4.3.3 Tubulogenesis, anastomosis & maturation 

 

With the leading tip cell providing guidance and the trailing stalk cells mediating vessel elongation, 

the nascent sprout traverses the interstitial space towards the source of angiogenic signals (Fig 

1.2B). During extension the trailing stalk cells undergo tubulogenesis to generate a lumen and begin 

perfusion. Once fully extended into the avascular region the neo-vessel must then anastomose with 

existing vasculature to establish a functionally perfused loop, a process spatially regulated by VEGF-

A/VEGFR1 signalling and encouraged by resident macrophages (38, 39). If the new vessel is to 

sustain blood flow and avoid regression, it must subsequently mature and regain quiescence (Fig 

1.2C) (13). Induced by platelet derived growth factor-B (PDGF-B), ANG1, transforming growth 

factor-b (TGF-b) and Notch, mural cells re-associate with the neovessel and engage in trans ANG1-

Tie2 interactions with underlying endothelial cells to strengthen inter-endothelial junctions  (40). 

These factors also stimulate the deposition of a new BM which is further facilitated by the secretion 

of protease inhibitors such as tissue inhibitors of metalloproteinases (TIMPs) and plasminogen 

activator inhibitor-1 (PAI-1) to stop continued matrix degradation and remodelling (13, 41, 42). 

Together, these events resolve the angiogenic cascade, leaving a mature vessel that rebalances 

nutrient provision and demand in the previously hypoxic microenvironment.  
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Figure 1.2 The angiogenic cascade. A) Pro-angiogenic factors released in response to hypoxia 
relieve endothelial quiescence by stimulating mural cell detachment, inter-endothelial cell junction 
loosening, BM degradation, ECM remodelling and tip cell selection. B) Once selected, the tip cell 
leads sprout development towards the source of its activating stimuli. Neighbouring stalk cells 
proliferate to extend the growing sprout whilst undergoing tubulogenesis. C) Macrophages (not 
shown) facilitate anastomosis whilst endothelial cells begin mural cell recruitment and BM 
deposition to encourage quiescence and avoid regression. Adapted from (13). 
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1.5 VEGFs and VEGFRs balance new vessel growth with vascular maintenance 

 

VEGFs (vertebrate VEGFs A-D, parapoxvirus VEGF-E, snake venom VEGF-F, and placental growth 

factor (PlGF)) and their cognate receptors, the receptor tyrosine kinases (RTKs) VEGFR1-R3, are vital 

for the orchestration of angiogenesis and for continual vascular maintenance, but also conduct a 

variety of roles in the development and function of multiple organs (43). VEGF signalling output is 

impressively diverse, and predictably influences various tranches of endothelial behaviour. This 

functional diversity is in part due to the homo- or hetero-dimerisation of VEGF receptors, thus 

forming an array of receptor complexes each with biological nuances as well as the added 

influences of co-receptors to which VEGF also binds with high affinity, namely neuropilins and 

HSPGs. Further still, VEGF/VEGFR complexes are liable to recruit non-VEGF-binding auxiliary 

proteins such as integrins, VE-cadherin and ephrin-B2 that also play their part in the regulation of 

VEGF signalling. The composition of these multi-protein transmembrane complexes, as well as the 

identity of the VEGF isoform stimulating it, represent some of the variables influencing endothelial 

responses to VEGF signals (Fig 1.3) (43, 44). 

 

 VEGFs – key angiogenic & homeostatic regulators 

 

Though vertebrate VEGF ligands (VEGFs A-D) share comparable dimeric structures, VEGF-A (herein 

referred to as VEGF) represents the most prominent player in angiogenesis. Its governing authority 

over other pro-angiogenic growth factors is shown not only through its evolutionary conservation 

from fish to mammals, but also the severe vascular defects and embryonically lethal phenotype 

that arises in mice when just one of its two encoding alleles is depleted (18, 21). Moreover, 

depletion of either of its cognate receptors, VEGFR1 or VEGFR2, results in hyper- and hypo-

vascularisation respectively, likewise causing embryonic lethality (20, 45, 46). The importance of 

VEGF/VEGFR signalling cannot, therefore, be understated in the development of vascular systems. 

 

Within the VEGF family are numerous variants resulting from alternative splicing of its 8-exon gene 

that can exist in soluble, membrane-bound, and/or matrix-bound states (47, 48). These are VEGF121, 

VEGF121b, VEGF145, VEGF145b, VEGF165, VEGF165b, VEGF183, VEGF189, and VEGF206. Notably, VEGFxxxb 

variants are weaker VEGFR2 agonists due to their inability to bind with either NRP1 or HSPGs, but 

their natural occurrence remains questioned with some attributing their initial identification to 
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unreliable cloning methods (44, 49, 50). The abundance of these isoforms varies, with VEGF145 and 

VEGF206 being expressed to a lesser degree, but irrespective of this variability, VEGF165 is regarded 

as the most potent VEGFR2 agonist due to its specific inducement of VEGFR2-NRP1 complexation 

and its unique ability to both freely diffuse through tissues whilst also binding with cell-surface 

HSPGs (44, 51, 52). The heparin-binding properties of these isoforms determines their solubility. 

VEGF189 and VEGF206 bind with HSPGs via two heparin-binding domains and are therefore largely 

immobilised within the ECM, whereas VEGF121 lacks ECM-interaction domains and is consequently 

the most freely diffusible variant with the greatest spatial range (52, 53). The spectrum in affinity 

for HSPGs across these variants is essential for vascular patterning, as the sole expression of non-

heparin-binding or only heparin-binding isoforms induced opposing vascular defects. An 

appropriate ratio of both diffusible and immobilised VEGFs is therefore required to achieve normal 

angiogenic growth (54). Despite this, VEGF165 remains the most dominant pro-angiogenic driving 

force of these growth factors. Attesting to this, mice solely expressing VEGF164 (the mouse 

homologue of human VEGF165) are viable, whilst those individually expressing other variants such 

as VEGF120 (VEGF121 in humans) or VEGF188 (VEGF189 in humans) show significantly less favourable 

survival after birth (55). 

 

In contrast to the embryonically lethal phenotype arising from the global depletion of a single VEGF-

A allele, the global absence of murine VEGF-B prompted no change in overall survival despite their 

reduced heart size and abnormal atrial conduction. Though required for appropriate cardiac 

function then, broader cardiovascular development and function appeared independent of this 

VEGF isoform (18, 56, 57). The remaining two vertebrate VEGFs, VEGF-C and VEGF-D, are the 

primary ligands of VEGFR3 and are most functionally relevant in lymphomagenesis, though they 

can bind to VEGFR2 with low-affinity following their proteolytic processing in humans (52). Haiko 

et al found that individual or combined global genetic depletion of these ligands conferred no 

detriment to blood vascular development or indeed the overall development of these mice (58). 

These findings provided clear evidence as to the importance of different VEGFs in cardiovascular 

development and function, but isolate VEGF-A, and more specifically VEGF-A165, as the key player 

amongst them. Distinct from their well characterised role in stimulating neovascular growth, VEGFs 

are also utilised by quiescent microvasculature as autocrine homeostatic signals. This was 

determined following evidence that dormant endothelial cells could synthesize their own VEGF 

supply (59). Subsequent endothelial-specific murine VEGF-knockout studies through use of VE-

cadherin-driven Cre-recombinase documented severe haemorrhaging, mature endothelial cell 

rupture and cardiovascular failure in these mice, a phenotype that was lost when only one 
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endothelial VEGF allele was depleted. This directly contrasted the embryonically lethal phenotype 

resultant of a constitutive single allele-knockout (18, 53). When looking at the autocrine effects of 

specific VEGF isoforms, only endothelial cells individually expressing VEGF164 possessed long-term 

viability such that they could maintain a stable endothelial monolayer in vitro (60). These findings 

provide yet further testimony as to the functional dominance of this variant. 

 

 VEGFR2 controls core angiogenic signalling pathways  

 

According to canonical VEGFR activation, VEGF binds with one of its cognate receptors to induce 

receptor homodimerization or heterodimerization and trans-autophosphorylation of its 

cytoplasmic tyrosine residues. In combination with their adjacent amino-acid sequences these 

phospho-tyrosine residues act as docking sites for the recruitment of adaptor molecules, 

intermediaries that subsequently flux through a convoluted network of interconnected signalling 

pathways to influence different aspects of endothelial cell behaviour (61). Of the three VEGF RTKs, 

VEGFR2 is renowned as the principal pro-angiogenic receptor in endothelial cells and is therefore 

the primary focus of this section, though the angiogenic involvement of VEGFR1 and VEGFR3 will 

be briefly touched upon (43).     

 

Originally identified as Fms-like tyrosine kinase-1 (Flt-1), VEGFR1 is abundantly expressed in the 

vascular endothelium and is the cognate receptor of VEGF-A, VEGF-B and PlGF (62). Despite 

possessing a strong affinity for VEGF-A, an affinity 10-fold higher than that of VEGFR2 in fact, its 

kinase activity is only weakly activated upon ligand binding (63). This receptor therefore functions 

as a VEGF-sink, acting to sequester VEGF from VEGFR2 which would otherwise robustly stimulate 

downstream pro-angiogenic signalling cascades. This negative angiogenic regulator also exists as a 

soluble isoform (sVEGFR1) due to alternative Vegfr-1 splicing which further enables its occlusion of 

VEGF (64). The overall angiogenic influence of this decoy receptor has been documented as 

essential for vascular development and function, as the global depletion of VEGFR1 caused 

embryonic lethality by E8.5-9.0 due to abnormal vascular patterning and excessive endothelial 

proliferation. The absence of its kinase domains alone, however, conferred no vascular detriment 

(46, 65, 66). Its extracellular sequestration of VEGF, and not its cytoplasmic kinase activity, was 

therefore necessary for normal angiogenesis and appropriate vascular development. That said, 
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close monitoring of VEGFR1 expression is necessary, as an overabundance of sVEGFR1 expression 

is associated with pre-eclampsia and peripartum cardiomyopathy (67, 68). 

 

VEGFR3 is the canonical receptor of VEGF-C and VEGF-D. Whilst primarily expressed on lymphatic 

endothelial cells this receptor also plays critical roles during cardiovascular development as its 

global depletion in mice is embryonically lethal by E9.5 due to cardiovascular failure prior to the 

development of the lymphatic system (69). Although expressed more strongly in lymphatic 

endothelial cells, VEGFR3 retains functionality in the blood vascular endothelium during adulthood. 

Its long-term, endothelial-specific depletion in adult mice resulted in an elevated baseline 

permeability that was exacerbated in response to VEGF. The authors attributed these effects to 

elevated VEGFR2 expression, indicating that VEGFR3 would normally suppress this over-expression 

(70). VEGFR3 is also a known regulator of sprouting angiogenesis in the retina, where its 

upregulation in tip cells aids their conversation to stalk cells during vascular maturation (71). 

Nevertheless, angiogenesis could proceed normally in its endothelial absence due to the 

compensatory effects of VEGFR2 (72).  

 

VEGFR2, like VEGFR1 and VEGFR3, is comprised of seven extracellular immunoglobulin (Ig)-like 

domains, a transmembrane domain, and a cytoplasmic domain encompassing a juxtamembrane 

region, a tyrosine kinase domain, and a C-terminal tail (61). Akin to VEGFR1, its Ig-like domains 2 

and 3 are responsible for VEGF binding and it may also be expressed in a soluble form (sVEGFR2) 

capable of binding and sequestering VEGF-C (73). Ligand binding has historically been thought to 

induce receptor dimerization, but phosphorylated, un-ligated VEGFR2 dimers exist as a result of 

inter-monomer contacts between extracellular and transmembrane domains. Still, ligand 

transduction enables the appropriate conformation of its transmembrane region required for full 

kinase domain activation (74). In turn, various tyrosine residues are trans-auto-phosphorylated 

including: Y949, Y1052, Y1057, Y1173, and Y1212 (Y951, Y1054, Y1059, Y1175, and Y1214 in 

humans). These phospho-tyrosine residues then act as docking sites for adaptor molecules which 

in turn activate various signalling pathways that ultimately regulate endothelial migration, 

permeability, proliferation, and survival (Fig 1.4 & 1.5) (61). Of these tyrosine residues, Y1173 is 

arguably one of the most important. Evidencing this, substitution of this tyrosine residue for 

phenylalanine (Y1173F) confers the same embryonically lethal phenotype as the global depletion 

of VEGFR2 itself, each owing to severe vascular defects (20, 75). 
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 VEGFR2 endosomal trafficking regulates signalling strength and receptor 

preservation 

 

 Like other RTKs, VEGFR2 must be present at the plasma membrane to become fully activated, but 

translating cell surface stimulation into activation of intracellular signalling pathways and ultimately 

targeted changes in gene transcription requires receptor internalisation. This was previously 

thought of solely as a method by which to terminate signalling responses, but its internalisation 

and endosomal trafficking is now recognised as essential for appropriate activation of its 

downstream signalling effectors such as ERK and Akt (76). Furthermore, un-ligated VEGFR2 exists 

in endosomal stores awaiting VEGF stimulation to trigger its recycling to the cell surface (77). As 

such, its various trafficking routes are indispensable to its broader function as a pro-angiogenic 

receptor. Notably, the GTPases encompassed within the Rab family mark trafficking vesicles and 

can be used to distinguish between various intracellular trafficking routes (78). In its un-ligated 

state, VEGFR2 undergoes constitutive, rapid recycling via Rab4-positive endosomes (Fig 1.6). This 

recycling pathway protects the receptor from ectodomain cleavage at the plasma membrane, 

thereby preserving it in its mature form whilst also maintaining endothelial receptiveness to VEGF 

signals (43, 79). Upon VEGF stimulation, VEGFR2 is internalised in a Rab5-dependent manner before 

proceeding via one of three possible endosomal routes: Rab4-dependent fast recycling, Rab11-

dependent slow recycling, or Rab7-dependent endosomal traffic destined for lysosomal 

degradation (80). The latter of these routes ultimately concludes the endothelial VEGF response by 

reducing VEGFR2 abundance, though various phosphotyrosine phosphatases (PTP1B, VE-PTP) also 

control VEGF signalling by de-phosphorylating specific VEGFR2 phospho-residues (43). Crucially 

however, VEGF/VEGFR signalling is regulated by a multitude of co-receptors such as neuropilins 

and integrins (81).  
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Figure 1.3 VEGFR homo-/hetero-dimerization and VEGFR2 co-receptor/auxiliary protein 
complexes. VEGF ligands A-D bind with their cognate VEGF receptors in their homo- or hetero-
dimeric forms. The activity of VEGFR2 homodimers is regulated by a variety of VEGF-binding co-
receptors and auxiliary proteins, some of which are depicted here: NRP1, avb3-integrin, b1-
integrin, ephrin B2, density enhanced phosphatase-1 (DEP1), vascular endothelial-protein tyrosine 
phosphatase (VE-PTP) and VE-cadherin. Figure adapted from (43) and generated using Biorender.       
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Figure 1.4 The VEGF-activated VEGFR2 PLCg/Grb2-ERK pathway and Ca2+ signalling.  VEGFR2 
activation and phosphorylation at Y1173 induces its internalisation. Now housed in early endosome 
antigen 1 (EEA1)-positive endosomes, VEGFR2 phospho-Y1173 is responsible for the recruitment 
and activation of phospholipase Cg (PLCg) which in turn hydrolyses phosphatidylinositol 4, 5-
biphosphate (PIP2) to generate the secondary messengers inositol 1, 4, 5-triphosphate (IP3) and 
diacylglycerol (DAG). IP3 releases Ca2+ from the endoplasmic reticulum (ER) which, in tandem with 
DAG, activates Ca2+-dependent protein kinase C (PKC). PKC then stimulates the RAF-MEK-ERK 
signalling cascade. ERK’s nuclear translocation and activation of various transcription factors 
influences endothelial gene expression and ultimately cellular functions such as proliferation and 
migration. Ca2+ released from the ER also promotes VEGF-signalling through an alternative 
mechanism. Calmodulin is a Ca2+ sensor that, once activated in the presence of these cations, 
triggers the Ca2+-dependent serine/threonine phosphatase calcineurin to de-phosphorylate the 
nuclear factor of activated T cell (NFAT) family. These transcription factors promote VEGF signalling 
by reducing VEGFR1 expression to increase VEGF bioavailability (43). Src-homology 2 (SH2) domain 
containing adaptor proteins such as growth factor receptor-bound protein 2 (Grb2) are recruited 
to and activated by VEGFR2 phospho-Y1212. In combination with Son of Sevenless (SOS), active 
Grb2 stimulates RAS which in turn helps drive the RAF-MEK-ERK signalling cascade (82). Figure 
adapted from (43) using Biorender.     
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Figure 1.5 VEGF-activated VEGFR2 SRC signalling. Activation of the SRC family of cytoplasmic 
tyrosine kinases is reliant on phospho-Y949. This residue acts as a docking site for T cell-specific 
adaptor (TSAd) via its SH2 domain. Activated TSAd subsequently binds with SRC through its SH3 
domain resulting in its activation. This is necessary for the activation of phosphoinositide 3-kinase 
(PI3K) as VEGFR2 is unable to bind with this kinase directly. SRC, in tandem with VE-cadherin, 
activates PI3K to enable its generation of phosphatidylinositol 3, 4, 5-triphosphate (PIP3), a 
secondary messenger responsible for the activation of Akt via binding with its plextrin homology 
domain. Importantly, phosphatase and tensin homolog (PTEN) catalyses PIP3 hydrolysis to 
downregulate this pathway when necessary. Active Akt then phosphorylates forkhead box protein 
O1 (FOXO1) resulting in its cytoplasmic sequestration and the downregulation of cell death 
associated genes (43, 83). An additional SRC substrate is focal adhesion kinase (FAK) which, through 
activation of its substrate paxillin, influences endothelial cell adhesion and shape in response to 
VEGF. Figure adapted from (43) using Biorender.  
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Figure 1.6 VEGFR2 endosomal trafficking. In the absence of ligand, VEGFR2 is constitutively 
recycled via Rab4-positive endosomes. This pathway is relatively fast when compared with the 
alternative Rab-11-dependent recycling route. VEGFR2 endosomal traffic is directed down this 
pathway following ligand binding and receptor activation. It is first internalised to Rab5-positive 
and EEA1-positive early endosomes where its phospho-tyrosine residues continue to stimulate pro-
angiogenic signalling cascades until their PTP-mediated de-phosphorylation. VEGFR2 is then either 
shuttled to lysosomes for degradation by Rab7-positive late endosomes or recycled back to the 
plasma membrane by Rab11-positive endosomes. Figure adapted from (43) using Biorender.    
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1.6 Neuorpilin-1 – an essential VEGFR2 co-receptor 

 

Following its discovery in Xenopus some 30 years ago, NRP1 was soon identified as a receptor for 

axonal guidance signals and therefore implicated in neurodevelopment (84, 85, 86). Shortly 

thereafter, this novel receptor was re-discovered in both tumour cells and endothelial cells as an 

isoform-specific VEGF receptor (87, 88). In addition to the commonality between nerve and blood 

vessel development, linking endothelial NRP1 with this potent pro-angiogenic growth factor 

immediately suggested its involvement in the field of angiogenesis (89). Indeed, NRP1 is now richly 

documented for its roles in vascular biology, particularly for its function as a VEGFR2 co-receptor. 

 

The neuropilin family encompasses two type-1 transmembrane glycoproteins, namely NRP1 and 

neuropilin-2 (NRP2) (Fig 1.7). In vertebrates these receptors are highly conserved, sharing a 

matching domain architecture with 44% amino-acid homology (90). Typical of type I 

transmembrane molecules, both NRP1 and NRP2 possess an extracellular N-terminal ligand binding 

domain, a single transmembrane helix, and a short cytoplasmic C-terminal region. Encompassed 

within its extracellular moiety are five domains that collectively enable NRP1’s diverse array of 

extracellular ligands including class III semaphorins and VEGFs (Fig 1.6) (90, 91). To convert 

transduction of these ligands into intracellular responses NRP1 must recruit adaptor molecules to 

its C-terminal tail due its lack of intrinsic catalytic functionality. To accomplish this, its C-terminus 

houses an SEA-motif capable of interacting with PDZ-domain containing proteins including GIPC1 

(GAIP interacting protein C terminus member 1, also known as synectin) and NIP1 (neuropilin-

interacting protein-1) to link extracellular signals with intracellular signalling machinery (90, 92). 

Much like VEGFRs, NRP1 also encompasses several splice variants including the mature membrane 

bound isoform, the NRP1(D exon16) isoform, and four soluble isoforms: sIIINRP1, sIVNRP1, s11NRP1 

and s12NRP1. These soluble isoforms lack the cytoplasmic and transmembrane domains of the fully 

transcribed protein, but maintain affinity for both semaphorins and VEGFs and are therefore 

capable of sequestering these factors (93, 94, 95). 

 

Early studies linking NRPs to vascular development did so via an assortment of mutant mouse 

studies. Unexpectedly, NRP2-null mice are viable and fertile, presenting no observable 

cardiovascular abnormalities (96). In contrast, the global depletion or over-expression of NRP1 in 

transgenic mice resulted in an embryonically lethal phenotype characterised by deficient neural 
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vascularisation when depleted and extensive microvascular expansion and haemorrhaging when 

over-expressed (97, 98). Similarly, constitutive endothelial-specific NRP1 depletion caused late 

gestational lethality due to systemic vascular dearth and disorganisation, leaving only a primitive 

vascular plexus in these embryos (99). Suitable angiogenic development is therefore reliant on 

endothelial NRP1 expression. Interestingly, the vascular defects resulting from global depletion of 

both NRPs caused embryonic lethality earlier than that caused by NRP1 depletion alone, indicating 

NRP1 and NRP2 may engage in crosstalk to regulate vascular morphogenesis (100). The Robinson 

lab has since evidenced further their collective angiogenic involvement, reporting a significantly 

greater anti-tumorigenic effect following their endothelial co-depletion than that induced when 

either was targeted individually. Importantly this effect was owed to a more substantial reduction 

in tumour vascularity (101). Moreover, the aforementioned lethal phenotype prompted by global 

NRP1/2 co-depletion mimicked that of VEGF and VEGFR2 knockout mice, prompting investigation 

of this receptor in VEGF-induced angiogenesis (20, 46, 100).  

 

To this end, Soker et al reported that when co-expressed with VEGFR2, NRP1 enhanced VEGF-

VEGFR2 interactions. This augmentation was notably VEGF165 specific, with VEGF121 conferring no 

such enhancement despite still being capable of binding with NRP1 (87, 102). Notably, like NRP1, 

NRP2 also binds with VEGF165 but does so with a 50-fold weaker affinity (103). It was postulated 

that NRP1 may act as an affinity modulator, actively shuttling VEGF165 to its cognate receptor to 

strengthen its bioavailability and downstream signalling (88). Indeed, enhanced VEGFR2 activity 

was later owed to complexation of NRP1 with VEGFR2 in cis via a VEGF165 bridge, establishing a 

trimeric complex that facilitated VEGF165-VEGFR2 interactions. VEGF165-VEGFR2 binding affinity, 

however, remained unaltered. The observed elevation in VEGFR2 activity was instead proposed to 

emanate from complex clustering, whereby VEGFR2/VEGF165/NRP1 complexes would amalgamate 

and thereby enhance VEGF-induced signalling through receptor clustering (51). Formation of such 

complexes was later confirmed, though the resulting amplification of VEGF-induced signalling was 

attributed to an increase in binding affinity between VEGF165 and VEGFR2 (104). Regardless, the 

cytoplasmic domains of both VEGFR2 and NRP1 are essential for their clustering, as reduced 

VEGFR2 phosphorylation impaired assembly with NRP1 independently of ligand binding, and 

truncated NRP1 lacking its PDZ-binding domain equally decreased their complexation. Endothelial 

cells deficient in GIPC1 mirrored these findings, further evidencing a cytoplasmic link between 

VEGFR2 and NRP1 during receptor clustering (105).  Some discrepancy therefore exists as to the 

mechanism of signalling enhancement, but the role of NRP1 as a VEGFR2 co-receptor was 
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established alongside an understanding that its endothelial expression is vital for appropriate 

vascular developmental.    

 

The function of NRP1 as a VEGFR2 co-receptor extends beyond their interactions at the cell surface. 

Ballmer-Hofer et al reported that, following VEGF165 stimulation, NRP1/VEGFR2 complexes co-

trafficked preferentially through Rab5, Rab4 and Rab11-positive vesicles before returning to the 

plasma membrane in a de-phosphorylated state. By limiting Rab7-directed traffic these receptors 

were preserved and the VEGF response prolonged (80). Its guidance of VEGFR2 intracellular cargo 

was deemed essential for both p38 MAPK and ERK activation, but these effects are reliant on NRP1 

binding with VEGFR2 is cis (80, 106). The alternative complex conformation in trans, where NRP1 

and VEGFR2 present on the cell surface of adjacent cells form a trimeric complex with VEGF165, has 

the opposite effect, limiting the receptor’s internalisation and associated amplification of 

downstream signalling cascades (107).       

 

 

 

 

Figure 1.7 Neuropilin protein structure. NRP1 and NRP2 are each comprised of a cytoplasmic 
domain with a C-terminal PDZ-binding motif (the amino-acids SEA), a transmembrane domain (TM), 
a MAM (c) domain which is implicated in NRP1 oligomerisation, two factor V/VIII domains (b1 and 
b2) responsible for VEGF binding, and two CUB domains (a1 and a2) which, together with b1/b2, 
are necessary for semaphorin binding. Adapted from (108) using BioRender.  
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1.7 Integrins – integral cell-ECM links 

 

Metazoan cell-matrix adhesion is principally mediated by integrins, a family of transmembrane 

receptors that establish cellular connections to ECM constituents and members of the 

immunoglobulin superfamily (109). Named for their integral role in the generation of dynamic 

intracellular-extracellular contacts and their integration of signals from either side of the plasma 

membrane, these receptors gained significant attention for their regulatory role in endothelial 

migration (109, 110). Angiogenesis is critically reliant upon the appropriate orchestration of this 

cellular process and as such, the involvement of integrins within angiogenesis has been widely 

researched.    

 

Encompassed within the integrin family are 24 distinct heterodimeric membrane-spanning 

receptors individually composed of one a and one b subunit. The specific identity of the a and b 

subunits, of which there are 18 and 8 respectively, determines ligand specificity (Fig 1.8) (109). 

Structurally, each subunit is a type I transmembrane glycoprotein classically composed of an 

extracellular ligand binding domain, a transmembrane hydrophobic region and, akin with NRPs, a 

non-catalytic cytoplasmic tail. These subunits associate non-covalently to form functional 

heterodimers that are heterogeneously expressed on nearly every cell type (111, 112). The range 

of different integrin heterodimers accommodates cell adhesion to different substrates but despite 

this, there is a degree of functional overlap (113). For example, numerous integrins share the 

tripeptide Arginine-Glycine-Aspartic acid (RGD) motif as a ligand recognition sequence, enabling 

collective adhesion to fibronectin and many other matrix components (114). Shared ligand 

recognition sequences however do not discount the unique binding properties and discrete 

functions of each integrin, as evidenced by the range of phenotypes observed when different 

integrin genes are manipulated in mouse models (109).     

 

Integrins are classically known for their ability to ligate with ECM constituents to enable cell 

adhesion and migration. However, integrins are in fact vital bidirectional signalling receptors, 

capable of both transmitting and receiving extracellular and intracellular signals. Signals received 

from the intracellular compartment regulate integrin-ligand affinity and integrin avidity (i.e overall 

adhesive strength influenced by individual receptor-ligand affinities and the frequency of these 

interactions) at the cell surface via ‘inside-out’ signalling, whilst signals derived from their 
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extracellular ligands ultimately feed into a variety of intracellular signalling cascades via ‘outside-

in’ signalling (109). Considering the former, integrins are not constitutively active and will exist in 

one of three possible conformations: bent closed, extended closed, and extended open. Most cell 

surface integrins remain in the inactive, bent closed conformation with their extracellular stalk 

domains curled towards the plasma membrane and their ligand-binding headpiece obscured from 

available substrates due to the energy demands of shifting to an extended form, though the 

willingness of integrins to undertake this transition varies between heterodimers. Some, such as 

a5b1-integrin and avb1-integrin, are relatively activatable due to their heterodimeric instability (i.e 

their lower intra-heterodimer affinity). This lowers the energy barrier separating bent and extended 

conformations and enables them to adopt the latter more freely. Consequently, the extended form 

of these integrins is less stable than integrins with greater intra-heterodimer affinity, such as avb3, 

avb5, and avb6. The conformational transition of these receptors is more taxing on cellular energy 

but provides a more substantial increase to cellular avidity due to their greater cell surface 

retention once extended. In this state integrins can ligate with their specific substrates and outside-

in signalling may proceed. Notably however, integrins lack intrinsic signalling capabilities, so must 

recruit adaptor molecules for received signals to materialise as intracellular responses (115, 116).     
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Figure 1.8 Mammalian a-integrin and b-integrin subunits, their heterodimeric combinations, and 
their respective ligands.  The 18 a- and 8 b-subunits establish 24 distinct integrin heterodimers. 
Each of their respective ligands are illustrated. Figure adapted from (109). 
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 Integrin adhesion complexes 

 

Cell-ECM links mediated by integrins connect extracellular substrates with the cell’s cytoskeletal 

scaffolding through a host of intermediary adaptors. Connection to the actomyosin contractility 

apparatus then enables force generation that drives the maturation of integrin adhesion complexes 

(IACs), coordinated cell shape changes, directional migration, and ECM remodelling (117).   

 

IACs are heterogenous aggregates categorised according to composition, size, longevity, cellular 

distribution, and function (Fig 1.9). The first, smallest, and most transient IACs to form are filopodial 

tip adhesions. Filopodia, membrane protrusions emanating from lamellipodia at the migratory 

front of the cell, are composed linear F-actin bundles sheathed by the plasma membrane and 

possess un-ligated integrins necessary to form these initial adhesive outposts. Once ligated, these 

integrins recruit adaptor molecules such as vinculin, talin and kindlin to tether filopodial tip 

adhesions to the actin cytoskeleton before Rho GTPase mediated actin-myosin contractile forces 

drive stress fibre formation and adhesion maturation (118, 119). Filopodial tip adhesions grow into 

nascent adhesions (< 0.5 µm in diameter) as the lamellipodia extends and facilitate cell locomotion 

by translocating centripetally whilst contracting peripherally (120). These adhesions are typically 

littered across the leading edge of the cell and, like their predecessors, are equally prone to 

disassembly. Assuming they continue to mature, nascent adhesions recruit more integrin 

heterodimers and a further assortment of adaptor molecules such as kindlin, Src family kinases, 

paxillin and FAK, which collectively drive continued actin polymerisation and actomyosin 

contractility to drive the continued maturation of these adhesive clusters into dot-like focal 

complexes (< 1 µm in diameter) and elongated focal adhesions (FAs) (< 2-5 µm in diameter) (117). 

These adhesions witness both spatial and temporal changes in integrin composition, with a5b1-

integrin predominating in smaller, earlier-forming nano-adhesions to form transient cell-ECM links, 

whilst avb3-integrin primarily resides in older, larger adhesive clusters to provide more stable 

mechanical links to the ECM  (121). Continued maturation over a longer period (~48 hours) enables 

FAs to lengthen into fibrillar adhesions (1-10 µm) enriched in a5b1-integrin, a primary site of 

fibronectin fibrillogenesis, and is accompanied by their centripetal translocation towards the cell 

body (117, 122).           
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Of the protein kinases recruited to activated integrins, FAK is perhaps one of the most well 

investigated. This non-receptor protein tyrosine kinase possesses an N-terminal FERM domain, a C-

terminal focal adhesion targeting domain, and interspaced between the two, a central tyrosine 

kinase domain (123). The FERM domain auto-inhibits the kinase domain as well as the 

autophosphorylation site at Y397 to prevent constitutive FAK activation (124). Recruitment to 

active integrins via the adaptor proteins talin and paxillin relieves this auto-inhibition, activating 

FAK and prompting its rapid autophosphorylation at Y397 (125). This phospho-residue then acts as 

docking site for Src, establishing a dual kinase FAK-Src complex that phosphorylates additional FAK 

residues and thereby enables the recruitment and activation of SH2-domain containing Grb2 and 

PI3K. These activated proteins subsequently flux through their respective signalling cascades to 

influence cell survival, proliferation and migration. Moreover, the high concentration of signalling 

intermediaries present within these aggregates enables efficient and rapid broadcasting of these 

signals (126, 127). Active FAK also facilitates actin polymerisation in lamellipodia and filopodia 

through augmentation of the Rho GTPase family, namely Rac1 and Cdc42 (128). Ultimately, FAK is 

an essential signalling apparatus and a core component of cell adhesions. This importance is clearly 

evidenced through its targeted genetic depletion, as mice deficient in FAK die by E8.5 due to 

stunted vascular development (129). Further evidencing the critical role of this non-RTK in 

angiogenesis, though survival is prolonged, endothelial murine depletion of FAK is also 

embryonically lethal by E10.5-11.5 due to irregular vascular growth and extensive haemorrhaging 

(130, 131). 

 

Integrin-based adhesion is therefore not only essential for cellular adhesion and migration, but also 

for ECM remodelling, proliferation, differentiation, and survival. In fact, the absence of integrin-

mediated adhesion induces anoikis, a form of controlled cell death resultant of inadequate 

adherence, far faster than a deficiency of growth factors does apoptosis (132, 133, 134). 

Subsequent sections will discuss the importance of these bidirectional signalling receptors within 

angiogenesis (115). 
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Figure 1.9 The spatial distribution of integrin adhesion complexes.  Five classical IACs are 
recognised which, in order of increasing size, are: filopodia tip adhesions, nascent adhesions, focal 
complexes, focal adhesions and fibrillar adhesions. Illustrated here is the spatial distribution of 
these adhesions.  Figure from (117).   
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 Integrins in angiogenesis 

 

Angiogenesis is driven, in part, by the coordinated migration and proliferation of endothelial cells 

in response to environmental cues. Integrins conduct crucial roles in the regulation of these 

processes and are key drivers of embryonic and post-natal vascularisation (135). Endothelial cells 

express a discrete collection of integrins, namely: the collagen receptors a1b1 and a2b1; the 

fibronectin receptors a4b1, a5b1 and avb3; the laminin receptors a6b1 and a6b4; the osteopontin 

receptor a9b1; and the vitronectin receptors avb3 and avb5 (135, 136). During angiogenesis the 

endothelial expression of many of these integrins is downregulated whilst that of others is elevated, 

establishing a unique integrin expression profile in which both avb3-integrin and a5b1-integrin are 

enriched relative to quiescent endothelial counterparts. Evidence of their endothelial upregulation 

upon receipt of a pro-angiogenic signal was indicative of the important neovascular functions that 

these receptors conduct (16, 31).  

 

Upregulation of these integrins coincides with the deposition of fibronectin, a principal ECM 

constituent of angiogenic microenvironments as evidenced by the lethal cardiovascular defects that 

result from its genetic ablation in mice (15, 137). avb3- and a5b1-integrin are the major endothelial 

receptors for this matrix substrate and are responsible for translating endothelial-fibronectin 

adherence into survival, proliferative and migratory cues (138). These integrins therefore perform 

vital functions during angiogenesis by establishing crucial links with the fibronectin-rich ECM. 

Discussed below are some of the discrete and overlapping functions that these fibronectin-binding 

integrins conduct during angiogenesis, and although integrins a1b1, a2b1, avb5 and a4b1 are all 

upregulated in response to pro-angiogenic cues, they do not ligate with fibronectin and are 

therefore not the focus of this thesis (136).    
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1.8 Endothelial fibronectin receptors in angiogenesis 

 avb3-integrin 

 

avb3-integrin is a promiscuous receptor, capable of ligating with numerous ECM substrates 

including fibrinogen, osteopontin, angiostatin, vitronectin and fibronectin (136). Its elevated 

expression on angiogenic endothelial cells was initially reported over two decades ago by Brooks et 

al (31). As a novel neovascular marker the therapeutic potential of avb3-integrin antagonists to 

selectively target pathological angiogenesis was quickly realised (139).  

 

Prior to continuing, it is important to remark upon the methods used to genetically target this 

integrin and thereby model its physiological functions. av-integrin is capable of heterodimerising 

with multiple b-subunits, namely b3, b5, b6 and b8. As such, manipulation of the ITGAV gene yields 

heterogenous biological effects that cannot be attributed to the ablation of avb3-integrin alone 

(140). Moreover, genetic deletion of av-integrin was frequently embryonically lethal in murine 

models (141). Endothelial b3-integrin however, complexes solely with av-integrin, thereby 

establishing this monomer as a suitable candidate for the selective endothelial manipulation of 

avb3-integrin (109). 

 

 avb3-integrin functionality is context dependent 

 

Based on prior findings that avb3-integrin represented a novel neovascular marker, many groups 

attempted to pharmacologically antagonise this receptor to suppress pathological angiogenesis. In 

pre-clinical models, avb3-integrin inhibition successfully disrupted tumour growth and associated 

pathological angiogenesis by instigating apoptosis selectively in angiogenic endothelial cells (139, 

140, 141, 142). Numerous disorders characterised by pathological neovascularisation have since 

been associated with elevated levels of this integrin including brain, lung, and breast cancers, but 

also ocular neovascular disorders such as retinopathy of prematurity (136, 143, 144, 145). These 

early findings highlighted both the pro-angiogenic nature of avb3-integrin, as well as its clinical 

potential for the development of more selective anti-angiogenic therapeutics that might surpass 

VEGF-targeted therapies that are commonly associated with excessive toxicity and treatment 

resistance (146).  
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Complementing this developing narrative portraying avb3-integrin as an indispensable driver of 

angiogenesis, this integrin was demonstrated to function synergistically with VEGFR2. More 

specifically, Soldi et al reported that phosphorylated VEGFR2 co-immunoprecipitated with b3-

integrin following VEGF stimulation, and that this interaction was augmented by plating cells on 

avb3-integrin’s canonical ligand vitronectin (147). It was later shown that VEGF-induced clustering 

of this integrin at the cell surface, and phosphorylation of b3-integrin’s cytoplasmic tail were pre-

requisites of this synergistic interaction (147, 148). The latter was established using ‘DiYF’ mice in 

which the cytoplasmic domain of mutated b3-integrin was unable to be phosphorylated. VEGF-

induced angiogenesis in these mice was significantly impaired both in vivo and in vitro using 

endothelial cells isolated from the lungs. These cells were less adhesive and less motile than their 

wild-type (WT) counterparts and demonstrated defective VEGF-induced VEGFR2 phosphorylation. 

Pathological angiogenesis was also hindered such that subcutaneous tumours grew two-fold 

smaller than their WT equivalents (149). The established crosstalk between these receptors was 

later shown to be mediated by c-Src,  a non-RTK that, following its VEGF-induced recruitment to 

adhesions and subsequent activation, directly phosphorylated b3-integrin at Y747 and Y759 to 

promote a high-avidity confirmation that could then engage with VEGFR2 (Fig 1.10) (150). 

 

The overwhelming evidence depicting avb3-integrin as a pro-angiogenic molecule and selective 

neovascular marker established it as an ideal therapeutic target. Pharmacological agents that could 

selectively antagonise this integrin were soon developed. Of note, the RGD peptide mimetic 

Cilengitide (EMD-121974) was engineered to obstruct b3-integrin. Despite showing initial promise 

in pre-clinical models, managing to potently and selectively antagonise angiogenesis both in vitro 

and in vivo, Cilengitide failed to improve the overall survival of patients with aggressive 

glioblastoma, resulting in its failure of phase III clinical trials (151, 152).          

 

The failure of Cilengitide was unexpected considering prior findings explicitly demonstrating avb3-

integrin as a fundamental pro-angiogenic molecule abundantly expressed on angiogenic 

vasculature. The true angiogenic nature of this receptor was therefore queried. Contradicting past 

literature, both av- and b3-null mice still underwent significant developmental angiogenesis, and 

the latter were viable and fertile (141, 153). Moreover, b3-integrin depletion was shown to enhance 

the micro-vessel density and growth of subcutaneous human melanoma and lung carcinoma 
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implants beyond that observed in WT mice (154). This integrin therefore appeared to conduct 

either redundant pro-angiogenic functions, or actively performed previously unseen anti-

angiogenic roles under developmental and pathological scenarios. Importantly, the latter study also 

reported the expression of other integrins was unchanged in these mice, but that of VEGFR2 was 

upregulated (154). This upregulation was later determined to be a requirement for the enhanced 

pathological angiogenesis observed in b3-null mice (155). Together these studies determined that 

b3-integrin could regulate neovascular development by restricting the over-expression of 

endothelial VEGFR2. Co-targeting both b3-integrin and VEGFR2 in vivo therefore inhibited 

angiogenesis more potently than when either was targeted individually (156). Atkinson et al 

evidenced a further anti-angiogenic role of this integrin. They determined that Rac1, a member of 

the Rho GTPase family and an important driver of endothelial migration, was sequestered within 

avb3-integrin containing mature FAs as a Rcc2/Anxa2/Rac1 complex, either preventing its 

involvement in microtubule stabilisation that would normally facilitate migration, or actively 

destabilising microtubules. Atkinson et al were unable to determine between these two 

possibilities. In either scenario, b3-integrin depletion facilitated the preferential association of Rac1 

and a5b1-integrin, an interaction that enhanced microtubule stability and associated endothelial 

migration (157). This mechanism provided an explanation as to the sensitivity of tumours in b3-null 

mice to Rac1 inhibition (158). Worth et al documented an additional mechanism by which b3-

integrin could limit a5b1-integrin’s enhancement of cell migration speed. They reported that by 

enabling the phosphorylation of vasodilator-stimulated phosphoprotein (VASP), b3-integrin 

prevented association of VASP with Rap1-GTP–interacting adaptor molecule (RIAM) in FAs, a 

complex that would otherwise enhance b1-integrin/talin interactions and its associated effects on 

migration speed (159). Further contradicting its traditional pro-angiogenic function, Cilengitide was 

even shown to enhance VEGF-induced pathological angiogenesis and exacerbate tumour growth 

when used at nanomolar concentrations. Mechanistically, these low concentrations were reported 

to promote recycling of both VEGFR2 and avb3-integrin to the plasma membrane (160).  

 

avb3-integrin was therefore shown to conduct either pro- or anti-angiogenic functions depending 

upon the context in which it was present. Understanding when and why this integrin performed 

these differential roles would plausibly re-establish its therapeutic potential. To isolate the 

endothelial-autonomous contribution of avb3-integrin to angiogenesis, Steri et al utilised two 

endothelial-specific b3-knockout mouse models. In one model endothelial b3-integrin was 

constitutively depleted. Here, pathological angiogenesis was not enhanced by b3-integrin depletion 
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(161). The increased neovascularisation observed by Reynolds et al in mice globally depleted of b3-

integrin must therefore have occurred independently of its endothelial function (154, 155). In the 

second model, endothelial b3-integrin expression was temporally controlled using the 

PDGFb.iCreERT2 promoter. Its depletion immediately prior to tumour engraftment successfully 

inhibited tumour vascularisation and growth, though only transiently. In time, rescue mechanisms 

could compensate for its absence and drive angiogenesis and tumour expansion once more (161). 

In summary, avb3 appeared to conduct pharmacologically targetable pro-angiogenic functions and 

thus antagonising or depleting this integrin bestowed reproducible anti-angiogenic effects in 

tumour growth assays. However, provided sufficient time, compensatory mechanisms could 

account for the absence of this integrin resulting in only transient therapeutic efficacy of avb3-

integrin antagonists. 

 

 

 

 

Figure 1.10 avb3-VEGFR2 crosstalk. VEGF-induced VEGFR2 trans-autophosphorylation of 
cytoplasmic tyrosine residues enables recruitment and activation of c-Src. Once active, c-Src 
subsequently phosphorylates the cytoplasmic tail of avb3-integrin at Y747 and Y759 in a 
vitronectin-dependent manner. Active avb3-integrin then forms a complex with VEGFR2, 
enhancing its trans-autophosphorylation and associated downstream signalling. Figure adapted 
from (162) using Biorender.  
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 a5b1-integrin 

 

Analogous to avb3-integrin, expression of the fibronectin receptor a5b1-integrin is markedly 

amplified on angiogenic endothelial cells and thus it was likewise assumed to conduct essential 

angiogenic functions (16, 163, 164). Careful consideration must also be given to its genetic 

manipulation. b1-null mouse embryos exhibit peri-implantation lethality at E4.5, not even reaching 

the beginning of vasculogenesis (165, 166). This severe phenotype was likely due to the wide array 

of a-subunits that b1-integrin heterodimerises with (a1-11 & av) (109). Associating solely with b1-

integrin, however, a5-integrin is an ideal target for selective a5b1-integrin ablation. a5-null mice 

also die during embryogenesis, though they present a significantly less severe phenotype, reaching 

E10-11 before cardiovascular failure (167, 168).  

 

To isolate its endothelial-specific angiogenic involvement, conditional manipulation of a5b1-

integrin in the endothelium was required. Predictably, constitutive endothelial-specific knockout of 

b1-integrin remained embryonically lethal, but that of a5-integrin caused no observable vascular 

or developmental defects (169, 170). Whilst this does not refute endothelial a5b1-integrin’s pro-

angiogenic nature, it does oppose its importance to embryonic vasculogenesis and angiogenesis as 

previously observed in the aforementioned global knockout studies. Non-endothelial a5b1-integrin 

may instead perform crucial roles during these processes. Potentially accounting for this 

developmentally normal phenotype, the authors documented a redistribution of av-integrin from 

its usual dissemination across the plasma membrane to FAs where a5-integrin would normally be 

present (169). Considering endothelial a5-integrin depletion had a negligible impact on endothelial 

cell migration or motogenic signalling pathways, av-integrin may have been able to sustain 

endothelial migration through its re-distribution. Notably though, a5-null endothelial cells were 

found to adhere poorly to fibronectin matrices resulting in reduced post-natal retinal 

vascularisation in mouse models, and more still, dual depletion of both a5- and av-integrin caused 

embryonic lethality due to defective remodelling of major vessels (169, 171). As such, av-integrin 

appeared to compensate for some of a5-integrin’s endothelial functions to accommodate murine 

development, but regardless, a5b1-integrin retained autonomous angiogenic functions through its 

selective ligation with fibronectin.    
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More outstanding effects were observed on endothelial proliferation in the absence of a5-integrin. 

Following hypoxia, cerebral vessels dramatically upregulate expression of both a5b1-integrin and 

fibronectin, and immunofluorescence imaging localised this upregulation to proliferative 

endothelial cells, circumstantially alluding to its pro-proliferative functionality  (16, 172). 

Upregulation of this integrin also coincided with enhanced proliferation in b3-null brain endothelial 

cells, a phenomenon augmented by plating these cells on fibronectin, a matrix component 

previously shown to promote endothelial cell-cycle progression (138, 173, 174). This proliferative 

enhancement appeared to be unidirectional, as a5-null brain endothelial cells showed no reciprocal 

increase in endothelial b3-integrin and presented impaired proliferation in vitro (175). a5b1-

integrin therefore appeared to contribute autonomously to angiogenesis via its selective ligation 

with fibronectin. From a pathological perspective, its pro-angiogenic involvement was 

therapeutically targetable, as antibody and peptide antagonists directed against this integrin could 

supress the growth of HT29 colon carcinomas (163). Despite this promising result, conditional 

endothelial depletion of a5-integrin bestowed no beneficial effect on the growth of subcutaneously 

implanted lung carcinomas, even when depleted alongside av-integrin (176). Like avb3-integrin, 

the angiogenic function(s) of endothelial a5b1-integrin therefore remained questioned.       

 

 Neuropilin-1 – a rediscovered adhesion receptor 

 

Selective genetic manipulation of NRP1 has time and again demonstrated its function as an 

essential regulator of vascular morphogenesis (97, 98, 99, 100). However, these studies focused on 

NRP1’s function as a co-receptor, with little consideration given to its originally identified role as an 

adhesion receptor (177).  

 

The adhesive capabilities of NRP1 have since been investigated. Its siRNA-mediated knockdown 

impaired endothelial adhesion to a variety of matrices including fibronectin in vitro, and 

significantly perturbed endothelial migration in response to chemotactic signals (178). The 

additional roles this receptor plays as an adhesion receptor may help explain why mice depleted of 

VEGF165 present less severe vascular defects than those ablated of NRP1 (179). Furthermore, knock-

in mice expressing NRP1 with a mutated VEGF-binding pocket to attenuate its enhancement of 

VEGF signalling were viable and exhibited normal mendelian ratios at birth without any 

developmental vascular defects, starkly contrasting the severe vascular abnormalities and lethal 
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phenotype resultant of endothelial specific NRP1 ablation. This indicated that developmental 

angiogenesis could proceed independently of NRP1’s role as a VEGFR2 co-receptor. During their 

post-natal development however, these mice did present with delayed retinal angiogenesis and 

exhibited impaired recovery following hind-limb ischaemia (99, 180). Aside from the pleiotropic 

functional aptitude of NRP1 as a co-receptor, its function as an endothelial adhesion receptor was 

gaining ground.    

  

When investigating the endothelial-autonomous contribution of NRP1 to angiogenesis, Fantin et al 

recognised that the Cre-loxP recombination system used to ablate NRP1 left a mosaic expression 

pattern in which some endothelial cells were successfully ablated whilst others managed to escape 

recombination. Utilising this inefficiency, they revealed that any remaining NRP1-expressing 

endothelial cells preferentially assumed tip cell status (181). They later reported NRP1 as an 

essential mediator of filopodia formation in these leading cells, specifically by mediating ECM-

induced activation of Cdc42. Utilising the mouse retina as a physiological model of angiogenesis, 

they determined that Cdc42 inhibition generated a deformed retinal vascular network analogous 

to that produced following NRP1 inhibition, concluding that NRP1 performed essential pro-

migratory functions in endothelial cells by mediating crucial links to the ECM (182).  

 

Raimondi et al later reported a novel motogenic mechanism of NRP1 independent of VEGF/VEGFR2 

signalling. Specifically, NRP1 was documented to complex with the non-receptor tyrosine kinase 

ABL1 in a fibronectin-dependent fashion, a complex that in turn phosphorylated and activated the 

integrin associate paxillin. Paxilin was then able to mediate actin cytoskeletal remodelling and 

coordinate endothelial migration. Importantly, antagonising ABL1 inhibited both physiological and 

pathological retinal angiogenesis (183). NRP1 was therefore recognised as a critical regulator of 

endothelial adhesion and motility during angiogenesis independently of its function as a VEGFR2 

co-receptor. Importantly, these newly identified adhesive and motogenic functions occurred 

indirectly, likely via modulation of integrin activity.  
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1.9 Neuropilin-1, avb3 & a5b1 – linking three angiogenic players 

 

Thus far, a majority of that discussed has revolved around the independent functions of our three 

receptors of interest whilst occasionally alluding to some overlapping and interconnected functions 

during vascular formation. Mounting evidence indicated these receptors may form an angiogenic 

regulatory network in which both competitive and cooperative interactions occur. These 

interactions are outlined below and represent the base knowledge upon which this project aims to 

build.   

 

 avb3 & a5b1 – interconnected Integrins 

 

Though both avb3- and a5b1-integrin conduct their own discrete functions during angiogenesis, 

their parallel upregulation on angiogenic endothelial cells and shared substrate mean their ligation 

and subsequent downstream influences on cell signalling frequently overlap (184). As such, a 

compensatory relationship between these two receptors seemed logical, whereby the anti-

angiogenic effects resulting from antagonism or genetic targeting of one could be offset by the 

activity of the other and vice versa. Selective inhibition of either integrin, however, could 

successfully impair angiogenesis (139, 163, 185). Despite this, crosstalk mechanisms occurring 

between these integrins have since been elucidated.  

 

Blystone et al initially reported crosstalk between these integrins. They demonstrated that 

antibody-mediated inhibition of avb3-integrin repressed the ability of leukaemia cells to perform 

phagocytosis, an a5b1-dependent process. Considering a5b1-mediated fibronectin adhesion 

remained unaffected, they postulated that avb3-integrin’s cytoplasmic domain could modulate 

a5b1-integrin functionality (186). They later reported that avb3-integrin mediated this crosstalk 

unidirectionally via the cytoplasmic tail of its b-subunit, specifically suppressing a5b1-integrin’s 

activation of calcium/calmodulin-dependent protein kinase II (187, 188). In a similar study, avb3-

integrin antagonism inhibited the a5b1-mediated motility of human embryonic kidney cells 

towards a fibronectin stimulus (189). These early studies therefore established avb3-integrin as an 

inhibitory modulator of a5b1-integrin.      
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In contrast, Ly et al reported a similar, but opposite regulatory mechanism. They noted that the de 

novo expression of a5b1-integrin in Chinese hamster ovary (CHO) cells inhibited avb3-mediated 

adhesion and migration independently of a5b1-fibronectin ligation, an antagonistic effect that was 

ablated when a5-integrin’s cytoplasmic tail was replaced with that of a4-integrin. Moreover, CHO 

cells expressing b3-integrin with a mutated cytoplasmic tail exhibited normal adhesion and 

migration even in the presence of a5b1-integrin (190). This study elegantly substantiated the 

existence of crosstalk between these integrins, establishing a5b1-integrin as a regulator of avb3-

integrin affinity via a cytoplasmic interaction. As such, though the directionality of this interaction 

juxtaposed that found by Blystone et al, its mediation appeared to be similarly orchestrated by a 

cytosolic mechanism.  

 

In a study more relevant to angiogenesis, avb3-mediated endothelial adhesion and migration on 

both fibronectin and vitronectin was supressed following antagonism of a5b1-integrin. Considering 

a5b1-integrin can only adhere with fibronectin, the impaired endothelial motility on vitronectin 

indicated a5b1-fibronectin ligation was required for appropriate avb3-mediated adhesion. The 

authors documented an increase in protein kinase A (PKA) activity in tandem with a5b1-integrin 

antagonism, an increase that if inhibited restored avb3-integrin functionality (191). a5b1-integrin 

therefore appeared to enact trans-dominant effects, either antagonising avb3-integrin when un-

ligated with fibronectin, or promoting it when ligated by supressing PKA activity, the latter of which 

has been previously reported by Kim et al (192). It has since been determined that when plating 

cells on a5b1-integrin selective substrates FAs actively recruit avb3-integrin despite its inability to 

engage with the ECM, a relationship that was not mirrored on avb3-integrin selective substrates 

(193). The study by Atkinson et al (detailed in section 1.8.2) evidenced a further endothelial 

crosstalk mechanism occurring between these integrins in which the activity of Rac1 was 

potentiated in b3-null endothelial cells by engaging with a5-integrin instead (157). These data 

indicated that b3-integrin would normally suppress a5-integrin’s engagement with Rac1 which may 

have contributed towards the enhanced growth of tumours and their associated vasculature in b3-

null mice (154, 158).     
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 avb3-integrin & Neuropilin-1 

 

Considering the interactions between NRP1 and VEGFR2 as well as those between VEGFR2 and b3-

integrin, Robinson et al postulated that NRP1 may act as a junction between these two pathways. 

They documented that NRP1 antagonism inhibited angiogenesis more prominently when b3-

integrin was depleted. In addition, abolishing the activity of b3-integrin’s cytoplasmic tail, which 

mediates avb3/VEGFR2 interactions, resulted in enhanced VEGFR2/NRP1 association. 

Angiogenesis therefore appeared to become NRP1-dependent in the absence of b3-integrin, 

suggesting that this integrin may negatively regulate VEGFR2/NRP1 complexation via a cytoplasmic 

interaction. Subsequent co-immunoprecipitation of avb3-integrin and NRP1 confirmed their 

interaction, together establishing b3-integrin as a negative regulator of VEGFR2/NRP1 association 

(194).    

 

Utilising b3-heterozygous (het) mice which, in comparison to b3-null mice, exhibit relatively normal 

levels of VEGFR2, Ellison et al reported that depletion of endothelial NRP1 in these heterozygous 

animals significantly perturbed pathological angiogenesis and tumour growth. Importantly, this 

confirmed that pathological angiogenesis does indeed become NRP1-dependent in the absence of 

b3-integrin, but additionally suggested that even slight alterations in b3-integrin expression could 

alter NRP1 functionality. Furthermore, VEGF-induced migration of b3-het endothelial cells was also 

dependent upon NRP1, specifically its cytoplasmic tail. This NRP1-dependent motility was reported 

as a product of VEGF-induced NRP1 translocation distal from mature FAs. Once away from these 

sites, NRP1 was able to activate paxillin-1 which in turn promoted cytoskeletal remodelling and 

endothelial migration (183, 195). As such, b3-integrin was proposed to inhibit NRP1 by mediating 

its retention within FAs. Coupled with findings that NRP1 and avb3-integrin were upregulated on 

numerous tumours and associated with worsened prognosis, these data indicated that b3-integrin 

antagonism could sensitise angiogenesis to NRP1 inhibition. Indeed, co-targeting of these 

molecules was able to significantly supress pathological angiogenesis in established tumours (195). 

These findings have gained weight in recent years, with NRP1/b3-integrin overexpression in breast 

cancer having been proposed as a predictive biomarker of chemotherapeutic resistance and as a 

potential targeting strategy (196).   
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 a5b1-integrin & Neuropilin-1 

 

Considering NRP1 knockdown impaired endothelial adhesion to fibronectin, crosstalk between 

NRP1 and the canonical fibronectin receptor seemed likely (178). Indeed, NRP1 has since been 

documented to directly interact with both a5- and b1-integrin (179, 197).  

 

The importance of these interactions for integrin-mediated matrix remodelling was demonstrated 

by Valdembri et al. Following confirmation that NRP1 interacted with a5b1-integrin via its 

cytoplasmic SEA-motif at adhesion sites via FRET analysis, they determined that NRP1 was required 

for a5b1-mediated endothelial adhesion on fibronectin as well as the fibrillogenesis of this matrix 

component in a VEGF-independent manner. They additionally revealed that NRP1 drove a5b1-

integrin endocytosis and subsequent recycling to newly forming adhesive sites at the plasma 

membrane. Mechanistically, NRP1 stimulated integrin internalisation via recruitment of GIPC1. 

a5b1-integrin containing Rab5-positive vesicles were then recycled quickly to the plasma 

membrane via a GIPC1/myosin VI-mediated mechanism. siRNA-mediated knockdown of each of 

the molecules, namely NRP1, GIPC1 and myosin VI, impaired the ability of endothelial cells to 

generate a fibronectin fibrillar network (179).  

 

Fantin and Lanahan et al, however, disputed the involvement of NRP1’s cytoplasmic domain in 

angiogenesis, demonstrating that its ablation caused no developmental cardiovascular defects 

(106, 198). Furthermore, Ellison and colleagues reported that depletion of NRP1’s cytoplasmic tail 

had no detrimental angiogenic effects in a pathological setting unless b3-integrin was additionally 

depleted (195). The crosstalk mechanism outlined by Valdembri et al, however, agreed with 

findings that endothelial NRP1 depletion compromised endothelial tip cell guidance (106, 198). 

Moreover, its cytoplasmic tail was linked with arteriovenous patterning (198), as mice expressing 

just NRP1’s extracellular and transmembrane domains (NRP1cytoD/D) show an abnormally high 

frequency of arterial-venous crossings in retinal vasculature, a phenomenon associated with branch 

retinal vein occlusion in humans (198). Some discrepancy therefore exists regarding the functional 

importance of NRP1’s cytoplasmic tail to angiogenesis. Nevertheless, crosstalk between NRP1 and 

a5b1-integrin influenced endothelial interactions with fibronectin matrices which, as discussed, are 

vital for the appropriate progression of angiogenesis.  
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1.10 Research aims  

 

To date, studies have overlooked the possibility that a trimeric receptor network may exist between 

a5b1-integrin, avb3-integrin and NRP1 despite considerable effort to document paired receptor 

interactions. From the aforementioned literature we inferred that such a concerted network may 

well exist. To this end, we aimed to decipher how these receptors function in tandem or as a trio, 

predicting cooperative, competitive, or compensatory mechanisms occurring between them may 

help coordinate the complex, multi-stage process of angiogenesis.        

 

More specifically, the aims of this project are to: 

 

ú Characterise the cellular and molecular consequences of genetically manipulating avb3-

integrin, a5b1-integrin and NRP1 in cultured endothelial cells. 

 

ú Examine the contribution of the three molecules to developmental angiogenesis. 

 

ú Test the individual and combined contributions of these receptors to pathological 

angiogenesis. 
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2 Methodologies 

 

2.1 Chemicals & antibodies 

 

All chemicals, unless otherwise stated, were purchased from ThermoFisher Scientific 

(Loughborough, UK). Details of all primary and conjugated secondary antibodies used in this thesis 

are listed below in tables 2.1 and 2.2.  

 

Table 2.1 List of primary antibodies.  

Antigen Conjugate Host Reactivity Supplier Cat#/Clone# Application 

b3-integrin - Rabbit Mouse CST 4702 WB 

b3-integrin - Rabbit Mouse Abcam Ab75872 IF 

a5-integrin - Rabbit Mouse CST 4705S WB 

a5-integrin - Rat Mouse Abcam Ab25251 IF  

a5-integrin - Rabbit Mouse Abcam Ab150361 IF 

Neuropilin-

1 

- Rabbit Mouse CST 3725 WB 

Endomucin - Rat Mouse SCB Sc-65495 WB/ECS 

VE-

cadherin 

- Rabbit Mouse Abcam Ab205336 WB 

PECAM-1 - Rabbit Mouse eBioscience 48-0311-80 WB 

ERG - Rabbit Mouse Abcam Ab92513 WB 

Claudin-5 - Rabbit Mouse Abcam Ab131259 WB 

Prox-1 - Rabbit Mouse Abcam Ab11941 WB 

Lyve-1 - Rabbit Mouse abcam Ab14917 WB 

VEGFR2 - Rabbit Mouse CST 2479 WB, IF 

pVEGFR2 

Y1173 

- Rabbit Mouse CST 2478 WB 
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FAK - Rabbit Mouse CST 3285 WB 

pFAK Y397 - Rabbit Mouse CST 3283 WB 

Paxillin - Rabbit Mouse CST 2542 WB 

pPaxillin 

Y118 

- Rabbit Mouse CST 2521 WB 

Akt - Rabbit Mouse CST 9272 WB 

pAkt T308 - Rabbit Mouse CST 9275 WB 

ERK1/2 - Rabbit Mouse CST 4695 WB 

pERK1/2 

T202/Y204 

- Rabbit Mouse CST 9101 WB 

HSC-70 - Mouse Mouse SCB Sc-7298 WB 

b-actin - Rabbit Mouse CST 4970 WB 

Rab7 - Rabbit Mouse CST 2094S IP 

Rab7 Alexa-555 Rabbit Mouse CST D95F2 IF 

Vasculature FITC BS1-

lectin 

- SA L9381 IF 

Collagen IV - Rabbit Mouse Abcam Ab1908 IF 

pFAK Y407 - Rabbit Mouse Abcam Ab4814 IF 

Ter-119 - Rat Mouse R&D MAB1125 IF 

Application key: WB – western blot, ECS – endothelial cell sorting, IP – immunoprecipitation, IF – 

immunofluorescence.  

Supplier key: CST – Cell Signalling Technology, SCB – Santa Cruz Biotechnology, SA – Sigma Aldrich.  
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Table 2.2 List of secondary antibodies 

Host Anti- Conjugate Supplier Cat#/Clone# Application 

Goat Rabbit HRP Dako P 0448 WB 

Rabbit Mouse HRP Dako P 0260 WB 

 Donkey Rabbit Alexa-488 Invitrogen A21206 IF 

 Rat Alexa-555 Invitrogen  IF 

Donkey Rabbit Alexa-555 Invitrogen A31572 IF 

Goat Rat Alexa-594 Invitrogen A11007 IF 

Donkey Rabbit Alexa-647 Invitrogen A31573 IF 

Sheep Rat Dynabeads Invitrogen A-21100 ECS 

Mouse Biotin - JIL 200-002-211 CSB 

Application key: WB – western blot, ECS – endothelial cell sorting, IF – immunofluorescence, CSB – 

cell surface biotinylation.  

Supplier key: JIL – Jackson ImmunoResearch Laboratories Inc 

 

2.2 Animals 

 

The animals used were on a mixed C57/BL6;129sv background. All experiments performed were 

carried out in accordance with the UK Home Office regulations and the European Legal Framework 

for the Protection of Animals used for Scientific Purposes (European Directive 86/609/EEC). The 

Animal Welfare and Ethical Review Board (AWERB) committee at the University of East Anglia, 

School of Biological Sciences approved this study.  

 

2.3 Breeding 

 

PDGFb.iCreERT2 mice, provided by Marcus Fruttiger (UCL, London, UK), were crossed with mice 

floxed at our genes of interest to achieve inducible, endothelial specific depletion of our targets 

(199). This cross was initially performed between PDGFb.iCreERT2 mice and those with a single 

floxed target, whether it be: a5-integrin floxed mice (169) (loxP sites flanking exon 1 of ITGA5) 

provided by Professor Richard Hynes (MIT), b3-integrin floxed mice (200) (loxP sites flanking exon 

1 of the ITGB3 gene) provided by Professor Kathy Weilbaecher (Washington University), or NRP1-
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floxed mice (99) (loxP sites flanking exon 2 of the NRP1 gene) purchased from The Jackson 

Laboratory (Bar Harbor, Maine, USA). These single endothelial inducible knockout mice 

(b3fl/fl.PDGFb.iCreERT2, a5fl/fl.PDGFb.iCreERT2 and NRP1fl/fl.PDGFb.iCreERT2) were then crossed to 

obtain each double and triple combinatory floxed line (b3/a5fl/fl.PDGFb.iCreERT2, 

b3/NRP1fl/fl.PDGFb.iCreERT2, a5/NRP1fl/fl.PDGFb.iCreERT2 and b3/a5/NRP1fl/fl.PDGFb.iCreERT2). 

Expression of PDGFb.iCreERT2 was limited to breeding males to ensure that both Cre-positive and 

Cre-negative littermates were obtained. This was essential as Cre-negative offspring were used as 

the littermate controls for in vivo experiments to avoid bias due to the precise age or genetic 

background of each mouse.     

 

2.4 Genotyping 

 

To confirm the genetic status of each animal line within the colony (both floxing and PDGFB.iCreERT2 

status), and to circumvent any unintentional crossbreeding between lines, all new breeding pairs 

and their first litters were subject to DNA genotyping from ear biopsies (this included genotyping 

for every allele carried in the Robinson Lab). Likewise, the genetic status of experimental animals 

was also confirmed from tail biopsies following their experimental endpoint.  

 

 DNA preparation 

 

Ear/tail biopsies from mice were digested overnight at 56°C in lysis buffer (100 µl) (Tris-HCl (50 mM, 

pH 8.5), EDTA (10 mM, pH 8.0), NaCl (100 mM) and SDS (0.2%)) containing proteinase K (100 μg/ml 

– Sigma Aldrich) in separate wells of a 96-well PCR plate (Fisher Scientific). DNA was subsequently 

precipitated by adding isopropanol (100 μl) to each well, agitating the plate, and centrifuging it at 

1400 × g for 30 minutes. Following careful removal of isopropanol by plate inversion, the DNA pellet 

was dried at 37°C. TE buffer (200 μl) (Tris-HCl (10 mM, pH 7.5) and EDTA (1 mM)) was subsequently 

added to each well to resuspend the DNA. The PCR reactions described below were later performed 

in a 96-well block thermal cycler PCR machine (Bioer Technology, Binjiang, China). 
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 PCR reactions 

  

To analyse the floxed alleles of our three receptors of interest (b3-integrin, a5-integrin and NRP1) 

and that of the PDGFB-driven Cre-recombinase allele (PDGFB.iCreERT2) via PCR, the following were 

combined and loaded into 96-well plates: DNA (0.5 μl), MegaMix-Blue (10 μl) (Microzone – Client 

Life Sciences: 1.1X reaction buffer containing Taq polymerase, 2.75 mM MgCl2, 220 µM dNTPs, and 

blue agarose loading dye), and 0.08 µl of forward (F) and reverse (R) primers at a final concentration 

of 0.8 μM from a 100 μM stock. After loading the reaction mixes into 96-well PCR plates, 96-well 

block thermal cycler PCR machines were used to perform the PCR reactions. The specific 

oligonucleotide primers, thermal cycler reaction conditions required for amplification of b3-

integrin, a5-integrin, NRP1 and PDGFB.iCreERT2 alleles as well as the PCR products of each reaction 

are detailed in table 2.3. 
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28x 

Table 2.3 Oligonucleotide primers and PCR reaction conditions used for each gene.  

Gene Oligonucleotide Primers 
Amplification 

Programme 

PCR 

Products 

b3-integrin 

 

 

 

 

F: 5’ – TTGTTGGAGGTGAGCGAGTC – 3’ 

R: 5’ – GCCCAGCGGATCTCCATCT – 3’ 

 

95°C 2mins 
95°C 30secs 

56°C 90secs 

72°C 1min 

72°C 8mins 

4°C Indefinitely 

Floxed: 
182-bp 

 
Wildtype: 

272-bp 

a5-integrin 

 

 

HT030: 5’ –GCAGGATTTTACTCTGTGGGC– 3’ 

HT0311: 5’ –TCCTCTGGCGTCCGGCCAA– 3’ 

HT032: 5’ –GAGGTTCTTCCACTGCCTCCTA– 3’ 

 

95°C 5mins 

94°C 30secs 

60°C 90secs 

72°C 1min 

72°C 10mins 

16°C Indefinitely 

Floxed: 
821-bp 

 
Wildtype: 

694-bp 
 

Excised: 
501-bp 

Neuropilin-1 
 

F: 5’ –AGGTTAGGCTTCAGGCCAAT– 3’ 

R: 5’ –GGTACCCTGGGTTTTCGATT– 3’ 

 

94°C 3mins 

94°C 30secs 

65°C 1min 

72°C 1min 

72°C 10mins 

16°C Indefinitely 

  

Floxed: 
738-bp 

 
Wildtype: 

550-bp 

Neuropilin-2 

 

 

F (WT) a: 5’ –CAGGTGACTGGGGATAGGGTA– 3’ 

R 

(common) 

a+b: 

5’ –AGCTTTTGCCTCAGGACCCA– 3’ 

F (fl/fl) b: 5’ –CCTGACTACTCCCAGTCATAGT– 3’ 

 

94°C 2mins 

94°C 20secs 

65°C (-0.5°C) 15secs 

68°C 10secs 

94°C 15secs 

60°C 
72°C 
72°C 
16°C 

15secs 
10secs 
2mins 

Indefinitely 

Floxed: 
700-bp 

 
Wildtype: 

400-bp 

PDGFb.iCreERT2 

& 

 

b2-Microglobulin 

(Internal control) 

 

 

F: 5’–GCCGCCGGGATCACTCTC–3’ 

R: 5’ –CCAGCCGCCGTCGCAACT–3’ 

F: 5’ – CACCGGAGAATGGGAAGCCGAA – 3’ 

R: 5’ – TCCACACAGATGGAGCGTCCAG – 3’ 

 

94°C        4mins 

94°C        30sec 

57.5°C        45sec 

72°C        1min 

72°C       10mins 

4°C    Indefinitely 

PDGFb 
Positive: 
443-bp 

 
b2-M: 
300-bp 

Primer key: F – Forward, R – Reverse  

 

 Agarose gel electrophoresis 

 

The PCR products for each reaction mentioned above were separated on a 1.8% agarose gel made 

via the following method: agarose (5.4g) (Fisher Scientific, Loughborough, UK) was dissolved in 

35x 

35x 

35x 

34x 

10x 
touch 
down 
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dH2O (250 ml) by microwaving for 2-3 minutes. More dH2O (44 ml) was subsequently added to the 

dissolved agarose to cool the solution. This was supplemented with 50X TAE buffer (6 ml) (Tris (0.5 

M), acetic acid (1 M) and EDTA (50 mM, pH 8.0)) and ethidium bromide (8 µl) (Fisher Scientific). 

This solution was then poured into a gel tank (Alpha Laboratories, Eastleigh, UK) containing the well 

forming combs appropriate for the number of PCR samples to be run. Once set, each PCR sample 

(~10 µl) was loaded into the wells and separated at 90V for 1 hour, or 90V for 90 minutes when 

running the a5-integrin reaction. Images of the separated DNA bands captured using a BioDoc-It 

Transiluminator (UVP, Cambridge, UK) under UV light. 

 

2.5 Tamoxifen preparation 

 

Tamoxifen (Sigma-Aldrich) to be used for in vivo administration was dissolved in ethanol (200 

mg/ml). It was subsequently mixed with corn oil (to provide a final concentration of 20 mg/ml) and 

shaken at ~180 rpm at 55oC for 6 hours. Once fully dissolved, aliquots were stored in light-blocking 

Eppendorfs at -20oC.  

 

2.6 Retinal angiogenesis assay 

 

Tamoxifen (20 mg/ml) was diluted in corn oil (2 mg/ml) and administered via one of two possible 

regimes. One entails two subcutaneous injections (50 µl) at P2 and P3 followed by two 

intraperitoneal injections (50 µl) at P4 and P5. Mice were then sacrificed at either P6 or P18. The 

second tamoxifen administration regime was delayed until P7 when the first of four daily 

intraperitoneal injections (50 µl) was administered, concluding on P10 before subsequent sacrifice 

and retina harvest on P12. The type of regime used is specified where appropriate. Under either 

regime both Cre-negative and Cre-positive littermates received tamoxifen. Following enucleation, 

eyes were fixed in 4% PFA for 1 hour at 4oC, washed in 2X PBS for 30 minutes at 4oC before retinal 

dissection. Once removed, each retina was partially cut into four leaflets, allowing it to be flattened 

before MeOH (100%) fixation for 20 minutes at -20oC. Retinas were subsequently permeabilised in 

0.25% triton X-100/PBS for 30 minutes, washed in PBLEC (1X PBS, 1% Twene-20, CaCl2 (0.1 mM), 

MgCl2 (0.1 mM), MnCl2 (0.1 mM)) for a further 30 minutes and then blocked in DAKO protein block 

(Agilent, X090930-2) for 1 hour. Retinas were then incubated overnight at 4oC in PBLEC with the 

appropriate primary antibody diluted in PBS: FITC-BS1-Lectin (Sigma Aldrich, L2895, 1:250), 
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endocan/ESM-1 (R&D, AF1999, 1:1000), collagen IV (Abcam, ab19808, 1:500), pFAK Y407 (Ab4814, 

1:200), a5-integrin (Ab25251, 1:250). Following two 20-minute washes in 0.1% triton X-100/PBS 

retinas were incubated with the appropriate Alexa® fluor secondary antibody diluted 1:500 in 

PBLEC for 2 hours at room temperature (RT). Retinas were subsequently flat mounted onto 

positively charged coloFrostTM glass slides and coated with Fluoromount-GTM. 

 

 Image acquisition & processing 

 

All retinal flat mounts were imaged with a Zeiss LSM880 Airyscan confocal microscope with ZEN 

Black software (Zeiss). FIJI-ImageJTM and AngiotoolTM (201) were used for image processing. 

 

 Retinal morphometric analysis 

2.6.2.1 Vascular extension 

 

High resolution images (1.204 pixels per micron) of FITC-BS1-lectin labelled retinal flat mounts were 

acquired at 10X magnification using ZEN Black’s tile scan function. Radial outgrowth of retinal 

vasculature at P6, P12 and P18 was quantified by measuring the distance from the optic nerve head 

to the vascular periphery thrice per leaflet. Leaflet means were then averaged to give the mean 

radial outgrowth per retina before being presented as a relative percentage of the outgrowth 

quantified from Cre-negative control littermates.  

 

2.6.2.2 Vascular density & branching 

 

Retinal vascular density at P6 was measured from FITC-BS1-lectin-stained retinal flat mounts using 

AngiotoolTM. Three 450 µm x 450 µm fields were imaged at both the vascular periphery and vascular 

interior. These images were taken between an artery and a vein and 100 µm from the vascular front 

and 400 µm from the central retinal artery respectively. Vascular quantification was subsequently 

performed using AngiotoolTM. Vascular density values (FITC-BS1-lectin-positive area/total 

measured area) and the number of branching points were averaged before being presented as a 

relative percentage of that measured from Cre-negative control littermates. Vascular branching 

values were then made relative to their respective vascular density values to account for any 
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mirrored changes between the two. At P12 and P18, 850 µm x 850 µm z-sections were taken using 

ZEN Black’s Z-stack function at 10X magnification in the centre of three leaflets per retina between 

an artery and a vein and equidistant from the vascular front and central retinal artery. Using the Z-

projection function in FIJI-ImageJTM, images of the superficial, intermediate, and deep plexuses 

were isolated from these z-sections and analysed using AngiotoolTM. Measurements from each 

respective plexus were averaged across the three z-sections to give the average vessel density of 

each plexus per retina. As before, vascular density was then presented as a relative percentage of 

Cre-negative control littermates.  

 

2.6.2.3 Vessel regression 

 

Vessel regression was measured at P6 in FITC-BS1-lectin and collagen IV co-stained retinal flat 

mounts. Regressed vessels (FITC-BS1-lectin-negative and collagen IV-positive) were enumerated 

manually from three 200 µm x 200 µm fields per retinal leaf, taken between an artery and a vein 

and 100 µm from the vascular periphery. Leaflet means were then averaged to give the average 

number of regressed vessels per retina. Vessel regression was then presented as a relative 

percentage of Cre-negative control littermates. 

 

2.6.2.4 Sprout enumeration 

 

Endothelial sprouts, defined as morphological tip/stalk cell structures protruding from the retinal 

vascular front, were enumerated across each retinal leaflet before being divided by their respective 

leaflet vascular perimeter to account for varying vascular extension between groups. Leaflet values 

were subsequently averaged to arrive at retina means before being made relative to that calculated 

in their Cre-negative control littermates.   

 

2.6.2.5 Filopodial analysis 

 

Filopodia projections from 100 sprouts across 5 retinas per group (20 sprouts per retina) were 

enumerated manually, quantified from 200 µm x 200 µm fields imaged at 40X magnification at the 

retinal vascular periphery. These values were averaged per sprout, and subsequently per retina. To 
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perform the appropriate statistical analysis these data were not relativised to Cre-negative control 

littermates, but instead visualised alongside their respective controls as raw values. Filopodia 

tortuosity was calculated using FIJI-ImageJTM by dividing the linear base-end distance of filopodia 

projections by their true length. For this analysis, 150 filopodia were measured from sprouts across 

5 retinas per group. These data, which revealed both filopodial length and tortuosity, were again 

presented as raw values.   

 

2.6.2.6 Corrected total cell fluorescence 

 

pFAK Y407 and a5-integrin intensity was calculated using FIJI-ImageJTM within protruding sprouts 

by measuring corrected total cell fluorescence (CTCF), which was calculated via the following 

formula: (IntDen-Area) x background IntDen (QBI, The University of Queensland, Australia). 

Protruding sprout CTCF values were then normalised to that of their trailing perpendicular 

vasculature. A total of 25 sprouts were analysed across 5 retinas per group.   

 

2.7 Mouse lung microvascular endothelial cell isolation 

 

Primary lung endothelial cells were isolated from mice 3 to 6 weeks of age as described previously 

(202). Mice were sacrificed by cervical dislocation before their lungs were aseptically removed and 

collected in Mouse Lung Endothelial Cell media (MLEC – 1:1 Ham’s F12:DMEM (low-glucose) 

(Invitrogen) supplemented with 20% foetal bovine serum (FBS); penicillin/streptomycin (100 

units/ml) (Invitrogen), L-glutamine (2 mM) (Sigma-Aldrich), heparin (50 µg/ml), endothelial 

mitogen (25 mg) (AbD Serotech)). Following extraction and a single rinse in 70% ethanol, lungs were 

returned to fresh MLEC media and homogenised with scalpels before digestion for 1 hour at 37°C 

in PBS supplemented with the following: Ca2+ and Mg2+ (1 mM), 0.1% Collagenase I (Gibco), 0.01% 

DNase I (Sigma-Aldrich). The digestion solution was agitated every 15 minutes. Following this the 

digests were aspirated three times through a 19G needle (Medisave) and once through a 21G 

needle (Medisave) before filtration through a 70 µm sterile strainer. Subsequent centrifugation of 

filtrates at 260 x g for three minutes generated a pellet that was resuspended in MLEC media and 

seeded into a T75 flask pre-coated with the following solution: 0.1% gelatin containing fibronectin 

(10 μg/ml) and collagen (COL I) (10 μg/ml), and incubated at 37 °C, 5% CO2, 95% humidity. Two PBS 

washes were performed the following day to remove erythrocytes and cellular debris. The cells 
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were then left in fresh MLEC media until reaching ~80% confluency before positively sorting for 

endomucin expression using Magnetic-Activated Cell Sorting (MACS) as described previously (202). 

Briefly, flasks were pre-cooled at 4°C for 20 minutes before incubation with rat-anti-mouse 

endomucin (1:1000 in PBS) (Santa Cruz) for 30 minutes at 4°C. Following a single PBS wash the cells 

underwent a further incubation in sheep-anti-rat IgG coated magnetic beads (1:1000 in MLEC) 

(Invitrogen) for 30 minutes at 4°C. After three PBS washes, the cells were detached using 0.25% 

trypsin-EDTA, resuspended in MLEC media and placed into a magnetic rack for 3 minutes. The 

supernatant was then discarded, and the endothelial cells bound to the magnetic beads were 

resuspended in MLEC media before being seeded into T25 flask pre-coated as described previously. 

Once confluent a second positive sort for endomucin was performed to ensure a pure endothelial 

isolation.  

 

2.8 Endothelial cell immortalisation 

 

Transfection of primary endothelial cells with polyoma-middle-T-antigen (PyMT) retrovirus was 

employed to override cellular senescence, thereby enabling greater cellular expansion and reduce 

the need for repeated re-isolation of primary endothelial cell cultures. As described previously by 

Robinson et al, newly isolated primary endothelial cell cultures were treated with PyMT 

conditioned media supplemented with polybrene for 6 hours at 37°C, 5% CO2 and 95% humidity 

before returning to MLEC media overnight (194). Treatment with PyMT conditioned media was 

repeated the next day, but cells were instead kept in Immortalised Mouse Lung Endothelial Cell 

media (IMMLEC – 1:1 Ham’s F12:DMEM (low glucose) supplemented with 10% FBS; 

penicillin/streptomycin (100 units/ml), L-glutamine (2 mM), heparin (50 µg/ml)). Immortalised 

endothelial cells were then expanded and frozen down for later use.    

 

2.9 TAT-Cre recombinase nucleofection 

 

To excise our target genes of interest from the immortalised lung microvascular endothelial cells 

described, 1.5x106 cells were resuspended in homemade nucleofection buffer (100 µl)  (HEPES (200 

mM), NaCl (137 mM), KCl (5 mM), D-glucose (6 mM) and Na2HPO4 (7 mM)) and nucleofected with 

TAT-Cre recombinase (70 units) (Sigma-Aldrich) using the Amaxa Nucleofector II (Amaxa 

Biosystems) according to nucleofection prgramme T-005. Nucleofected cells then entered a 10-
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minute recovery period in pre-warmed IMMLC media prior to seeding into T25 flasks pre-coated 

with 0.1% gelatin containing fibronectin (10 μg/ml) and collagen (COL I) (10 μg/ml) before being 

incubated overnight at 37°C, 5% CO2, 95% humidity. This nucleofection protocol was repeated the 

following day on the surviving cells and seeded once again into T25 flasks pre-coated as before. 

Once these cells had been successfully expanded, some cells were frozen down for later use whilst 

others were used to acquire lysate for confirmation of endothelial identity and target depletion. 

 

2.10 Routine cell culture & experimental matrix flask coating 

 

Following their isolation, immortalised, TAT-Cre nucleofected cell cultures were incubated at 37°C, 

5% CO2 and 95% humidity on plates pre-coated with 0.1% gelatin (Porcine skin type A – Sigma-

Aldrich) made up in dH2O for 20 minutes at 37°C. Flask coatings used for primary endothelial cell 

culture were additionally supplemented with PureCol (10 µg/ml – Nutacon B.V.) and human plasma 

fibronectin (10 µg/ml – Sigma-Aldrich). Human plasma fibronectin diluted in PBS (10 µg/ml) was 

used to coat experimental plates as indicated in the relevant sub-sections below unless an 

alternative concentration is otherwise stated. Coating was achieved by incubating the dishes for 1 

hour at 37°C, 5% CO2, 95% humidity. Cell detachment for routine sub-culturing was achieved using 

0.25% Tryspin-EDTA solution (Sigma-Aldrich).  

 

2.11 Western blotting 

 

To obtain lysates, cells were lysed in electrophoresis sample buffer (ESB – Tris-HCl (65 mM, pH 7.5), 

sucrose (60 mM) and SDS (3%)) using an Eppendorf tip to scrape the cells from the surface of the 

plate. Once transferred to safe-lock Eppendorf tubes containing acid-washed glass beads (Sigma) 

the lysates were homogenised in a tissue lyser (Qiagen) at 50 Hz for 2 minutes before centrifugation 

at 16,500 x g for 10 minutes. Protein concentration was quantified using the BioRad DC protein 

assay and each sample (30 µg) was then reduced by addition of appropriate volumes of NuPAGE 

10X sample reducing agent and 4X LD sample buffer (Life Technologies) to reach a final 

concentration of 1X. Prior to gel loading alongside molecular mass protein markers, samples were 

heated at 95oC for 5 minutes. Once loaded into 8% polyacrylamide gels, made in-house, they 

underwent 1.5 hours of SDS-PAGE at 100 volts in 1X running buffer (dH2O (90%), 10X running buffer 

(10%) (glycine (1.92 M), Tris-Base (250 mM) and SDS (1%) in dH2O (1 L)). Following separation, 
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proteins were transferred to a 0.45 µm Amersham Protran nitrocellulose membrane (GE 

Healthcare, Amersham) for 3 hours at 30 volts in 1X transfer buffer ((dH2O (70%), methanol (20%) 

and 10X transfer buffer (10%) (glycine (1.92 M) and Tris-Base (250 mM) in dH2O (1 L)). Following 

transfer, the membrane was blocked for 1 hour in 5% milk powder prepared in 0.1% Tween-20/PBS 

(PBST 0.1%) before incubation with the primary antibody (diluted 1:1000 in 5% milk blocking 

solution except for Heat Shock Protein-70 (HSC-70) and b-actin, which were diluted 1:2000) 

overnight at 4oC. After three 5-minute washes in PBST 0.1% the membranes were incubated in the 

appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (diluted 1:2000 in 5% 

milk blocking solution) for 2 hours at RT in the dark. Following a further three 5-minute washes in 

PBST 0.1% a 1:1 solution of Pierce ECL Western Blotting Substrates was applied to the membranes 

and chemiluminescence was detected using a ChemiDoc XRS+ (Bio-Rad). Densitometric readings 

were quantified using FIJI-ImageJTM.   

 

2.12 VEGF signalling assays 

 

To investigate endothelial responses to VEGF challenge, endothelial cells were seeded onto 10 cm 

dishes (1.5x106 cells per dish) pre-coated with fibronectin in PBS (10 µg/ml). After 24 hours, cells 

were washed once with pre-warmed PBS and incubated for 3 hours in serum-free medium (Opti-

MEMTM – Invitrogen). Following starvation, the endothelial cells were incubated with VEGF-A164 (the 

murine equivalent of VEGF-A165) (30 ng/ml), made in-house as previously described by Krilleke et al 

(203), for the specified durations. The plates were put on ice at the designated time point, the 

endothelial cells washed twice with PBS, lysed in ESB and subjected to western blotting analysis. 

 

2.13 Cell surface biotinylation assay 

 

Endothelial cells were seeded onto two 10 cm dishes (1.5x106 per dish) pre-coated with fibronectin 

in PBS (10 µg/ml). After 24 hours the endothelial cells were incubated for 3 hours in serum-free 

medium (Opti-MEMTM – Invitrogen) after which they were placed on ice for 5 minutes and moved 

to the cold storage room (4oC). Following two washes with ice-cold Soerensen buffer (SBS – KH2PO4 

(14.7 mM), Na2HPO4 (2 mM) and Sorbitol (120 mM)) pH 7.8 the endothelial cells were labelled with 

0.3 mg/ml biotin (Thermo Scientific) prepared in SBS pH 7.8 for 30 minutes at 4oC. Glycine (100 

mM) was subsequently used to quench unreacted biotin for 10 minutes at 4oC. All dishes were then 
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washed with ice-cold SBS pH 8.2 before a single control dish from each genotype was incubated 

with mercaptoethanesulfonate (100 mM) (Sigma) prepared in strip buffer (Tris-HCl (50 mM), NaCl 

(100 mM)) for 75 minutes at 4oC. Remaining dishes were left in SBS pH 8.2 on ice. Excess 

mercaptoethanesulfonate was quenched with Iodoacetamide (100 mM) (Sigma) prepared in strip 

buffer for 10 minutes at 4oC before two further washes with SBS pH 8.2. All dishes were then lysed 

in biotinylation lysis buffer (Tris-HCl pH 7.4 (25 mM), NaCl (100 mM), MgCl2 (2 mM), Na3VO4 (1 mM), 

EGTA (0.5 mM), Triton X-100 (1%), glycerol (5%), and 100X Halt protease inhibitor cocktail (1X)). 

Lysates were cleared by centrifugation at 12,000 x g for 20 minutes at 4oC and the supernatant 

protein concentration then quantified using the BioRad DC protein assay before subsequent 

immunoprecipitation with DynabeadsTM Protein G (Invitrogen) coupled to mouse anti-biotin 

antibody overnight at 4oC. The immunoprecipitated biotin-labelled cell surface proteins were then 

prepared for western blotting analysis in NuPAGE 10X sample reducing agent and 4X LD sample 

buffer at a final concentration of 1X as described previously (Methods – 2.11).  

 

2.14 Co-immunoprecipitation assays  

 

Endothelial cells were seeded onto 10cm dishes (2x106 per dish) pre-coated with fibronectin in PBS 

(10 µg/ml) and incubated for 24 hours. These dishes were then placed on ice and the endothelial 

cells were subsequently lysed with biotinylation lysis buffer described above (Methods – 2.13) 

before protein was quantified using the DC BioRad assay. 500 µg of protein per sample was 

incubated with protein-G coupled Dynabeads® (Invitrogen) resuspended in 0.02% Tween-20/PBS 

(PBST 0.02%) that had been coupled with the appropriate primary antibody. To couple Dynabeads® 

with primary antibodies, Dynabead® solution was first removed using a magnetic tube stand (20 µl 

per sample in separate Eppendorf tubes) before resuspending them in PBST 0.02% (200 µl) and 

adding the primary antibody (3 µl per Eppendorf). The solution was then gently agitated via 

continuous inversion for 10 minutes at RT. Using the magnetic tube stand to isolate the antibody 

coupled Dynabeads® they were subsequently resuspended in biotinylation lysis buffer (20 µl per 

Eppendorf) ready for incubation with each lysate. Lysates were then incubated overnight at 4oC on 

a rotator. Three washes in the aforementioned lysis buffer (0.5 ml per wash per sample) were 

performed by gentle pipetting before pelleting the magnetic beads with a magnetic tube stand. 

One wash in PBS eluted any immunoprecipitated complexes. Samples were then prepared for 

western blotting analysis in NuPAGE 10X sample reducing agent and 4X LD sample buffer at a final 

concentration of 1X as described previously (Methods – 2.11).  
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2.15 Immunocytochemistry  

 

Endothelial cells were seeded onto acid-washed, oven-sterilised coverslips (2.5x104 cells per 

coverslip) pre-coated with fibronectin in PBS (10 µg/ml) and incubated for 3 hours in serum-free 

media (Opti-MEMTM – Invitrogen). Following two PBS washes the cells were fixed in 4% PFA for 10 

minutes at RT. Two additional PBS washes were then performed to remove excess fixative. 

Coverslips were then blocked in 0.3% triton X-100/PBS supplemented with 10% goat serum for one 

hour at RT before overnight incubation at 4oC in the appropriate primary antibody diluted in PBS: 

VEGFR2 (CST, 2479, 1:100), Rab7 (CST, D59F2, 1:250). The following day three PBS washes were 

performed before incubation in the suitable secondary antibody (1:200 in PBS) for two hours at RT 

in the dark. After an additional three washes in PBS the coverslips were mounted onto cover-slides 

with Fluoromount-GTM containing DAPI (Invitrogen). DAPI was not shown in representative images 

because it can obscure peri-nuclear endosomes. For image acquisition the Zeiss AxioImager M2 

microscope (AxioCamMRm Camera) at 63X magnification with oil immersion.   

  

2.16 MG-132 treatment   

 

Endothelial cells were seeded onto 6 cm dishes (1x106 cells per dish) pre-coated with fibronectin in 

PBS (10 µg/ml). After 24 hours, cells were washed once with pre-warmed PBS and incubated for 3 

hours at 37°C, 5% CO2 and 95% humidity in serum-free medium (Opti-MEMTM – Invitrogen) 

supplemented with MG-132 (ab141003 – Abcam) (10 µmol/L). VEGF-A164 (30 ng/ml) was then 

added to the media for the indicated durations before the plates were put on ice, the endothelial 

cells washed twice with PBS, lysed in ESB and subjected to western blotting analysis as described 

previously (Methods – 2.11).  

 

2.17 Chloroquine treatment 

 

Endothelial cells were seeded onto 6 cm dishes (1x106 cells per dish) pre-coated with fibronectin 

(10 µg/ml) in PBS. After 24 hours, cells were washed once with PBS and incubated at 37°C, 5% CO2 

and 95% humidity in serum-free medium (Opti-MEMTM – Invitrogen) supplemented with 
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chloroquine diphosphate salt (Sigma – C6628-25G) (50 µmol/L) for the specified durations before 

the plates were put on ice, the endothelial cells washed twice with PBS, lysed in ESB and subjected 

to western blotting analysis as described previously (Methods – 2.11). 

 

2.18 ATN-161 treatment 

 

Endothelial cells were seeded onto 6 cm dishes (1x106 cells per dish) pre-coated with fibronectin in 

PBS (10 µg/ml). After 24 hours, cells were washed once with PBS and incubated at 37°C, 5% CO2 

and 95% humidity in serum-free medium (Opti-MEMTM – Invitrogen) supplemented with ATN-161 

at the indicated concentrations and in the prescence or absence of MnCl2 (2 mM) for 1 hour before 

the plates were put on ice, the endothelial cells washed twice with PBS, lysed in ESB and subjected 

to western blotting analysis as described previously (Methods – 2.11). 

 

2.19 Adhesion assay 

 

Endothelial cells were seeded into 96-well plates (3x104 per well) that had previously been pre-

coated with fibronectin in PBS (2 µg/ml) and blocked in 1% BSA/PBS for 1 hour. They were left to 

adhere for 3 hours in serum-free medium (Opti-MEMTM – Invitrogen) supplemented with ATN-161 

(10 mM). Three PBS washes were then performed to remove unattached cells. Adhered cells were 

then fixed used 4% PFA for 10 minutes. A single PBS wash was used to remove excess fixative before 

staining adhered cells with methylene blue (methylene blue (1%), borate (10 mM), MeOH (50%), 

pH 8.5). To remove excess methylene blue the plates were agitated under dH2O. Following an air-

drying period of 20 minutes wells were incubated for 10 minutes in de-stain solution (100 µl/well) 

(50% EtOH, 50% 0.1 M HCl). Absorbance at 630 nm was then read using the VersaMax 

spectrophotometer (Molecular Devices).    

 

2.20 CMT19T tumour growth assays 

 

Intraperitoneal injections of tamoxifen (75 mg/kg bodyweight, 20 mg/ml stock) (Jackson Laboratory 

Protocol, Bar Harbor, Maine, USA) were administered thrice weekly for the duration of each 

experiment from day (D) -4 (i.e 4 days prior to tumour cell implantation) to D 18. CMT19T lung 
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carcinoma cells (CR-UK Cell Production) were cultured in DMEM (high glucose, supplemented with 

10% FBS, pen/strep (100 unit/ml)) prepared in PBS (1x106 per 100 µl) and implanted into the flanks 

of animals subcutaneously at D0. Tumour growth was tracked using clipper measurements from 

D10 until the end for the end of the experiment on D18 when they were removed, their volume 

calculated (length x width2 x 0.52), and subsequently snap frozen in liquid nitrogen before being 

stored at -20oC for later analysis (204).    

 

2.21 Tumour section immunofluorescence & imaging 

 

Using the Cryostat HM-560 (Microm) frozen tumours were sectioned into 6 µm sections and 

mounted onto positively charged coloFrostTM glass slides. These slides were then air dried at RT for 

10 minutes before being fixed in 4% PFA for a further 10 minutes at RT and subsequently washed 

twice in 0.3% Triton X-100/PBS and twice in PBLEC (1X PBS, 1% Tween-20, CaCl2 (0.1 mM), MgCl2 

(0.1 mM), MnCl2 (0.1 mM)). Sections were then blocked in DAKO serum-free protein block (Aligent) 

for 30 minutes before overnight incubation at 4oC with the appropriate primary antibody diluted in 

PBS: Endomucin (Santa-Cruz, Sc-65495, 1:500), VEGFR2 (CST, D95F2, 1:250) Sections were washed 

in 0.3% Triton X-100/PBS and PBLEC the following day before incubation in the appropriate Alexa 

fluor secondary antibody for 2 hours at RT in the dark. Sections were then blocked using Sudan 

Black (0.1 % in 70 % EtOH) for 5 minutes to quench auto-florescence and rinsed with dH2O before 

being mounted with Fluoromount-GTM with DAPI (Invitrogen).  

 

All tumour microscopy was then performed using a Zeiss AxioImager M2 microscope 

(AxioCamMRm Camera) at 20X magnification. Blood vascular density was measured by 

enumerating endomucin-positive vessels per mm2 from three representative ROIs per section 

averaged over 2 sections per tumour. Values were then normalised to that calculated in their Cre-

negative control tumours.     

 

2.22 Statistical analysis 

 

With the exception of filopodial number, length and tortuosity as well as a5-integrin CTCF retinal 

analysis, analysis of Cre-positive mutants was performed by expressing data values relative to the 
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average value of their Cre-negative control littermates, which were normalised to 100%. The 

exceptions were presented as raw values alongside that of their respective Cre-negative control. 

Statistical significance between mutants and their respective Cre-negative controls was determined 

using a Student’s t-test. Statistical significance between each Cre-positive mutant line was achieved 

using an ordinary one-way ANOVA with post-hoc Tukey multiple comparison test. All analysis was 

performed using GraphPad Prism 9. All data is presented using ‘superplots’ (205), where individual 

technical replicates (dots) are displayed and colour correlated with their overall mean, or biological 

replicate (triangles/squares). Bars represent the mean of biological replicates, with error bars 

displayed as standard error of the mean (SEM). Asterisks represent P values as follows: *=P<0.05, 

**=P<0.002, ***=P<0.0005, ****=P<0.0001.  
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3 Developing, maintaining, and validating the tools required to investigate how 

avb3-integrin, a5b1-integrin and neuropilin-1 regulate angiogenesis. 

 

The involvement of avb3-integrin, a5b1-integrin and NRP1 in angiogenesis has been widely 

researched and revealed both cell-type and context specific angiogenic functions of each individual 

receptor (163, 206, 207). Previously we have discussed studies focussing on the pairwise receptor 

interactions which identified various crosstalk mechanisms essential to their functionality (179, 

188, 195). We believe that to fully resolve the angiogenic function of these receptors, the 

interactions occurring between them must be considered as integral to their overall angiogenic 

contribution. We hypothesise that avb3-integrin, a5b1-integrin and NRP1 interact as a trio, and 

that the interactions occurring between them can be cooperative, competitive, and compensatory 

in nature depending on the angiogenic scenario in question.  

 

To pick apart when and how these receptors interact to govern angiogenic processes we required 

suitable in vivo and in vitro model systems. We took a classical genetic approach to dissecting our 

proposed receptor network, using a spatiotemporal method of target depletion through which we 

could deplete our targets individually, in duplicate and in triplicate to assess the effects of each 

receptor combination on various aspects of sprouting angiogenesis.  
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3.1 Breeding strategy and best practise for the generation and maintenance of 

genetically engineered mouse models.  

 

Genetically engineered mice are a favoured model for investigating both human physiology and 

pathology by virtue of their genetic and physiological similarities. Amongst the catalogue of tools 

that now exist for mammalian gene editing, we have utilised the Cre-loxP system to investigate our 

proposed receptor network. In addition to its provision of efficient recombination, this system may 

deliver spatial and/or temporal control over Cre-recombinase activity (Fig 3.1). Each of our three 

receptors of interest have been targeted previously via this method using endothelial promoters of 

Cre-recombinase to confer tissue specificity (99, 161, 169). However, despite restricting target 

deletion to the endothelium, constitutive depletion of NRP1 yields mid-to-late embryonic lethality 

and as such, we and others have also temporally restricted Cre-recombinase activation using an 

oestrogen receptor fused Cre model (CreER), the PDGFB.iCreERT2 system (99, 199). Using this 

method, target depletion is dependent upon post-natal tamoxifen administration, thereby allowing 

NRP1-sensitive embryonic development to occur unimpeded. When considering non-endothelial 

specific recombination, the PDGFB promoter is expressed in both keratinocytes and 

megakaryocytes (208). Although keratinocytes have been shown to partially recombine following 

tamoxifen treatment, they are limited to the skin epithelium and therefore unlikely to influence 

any of the in vivo models used in this thesis (199). Megakaryocytes, however, likely contribute to 

angiogenic processes and further still, have been shown to express each of our candidate receptors 

(206, 209, 210). Despite this, previous studies have not detected any recombination of our target 

receptors in this population (161).   

 

Each of the genetically engineered lines used in this thesis were generated and used by previous 

members of the lab (161, 195, 211). In their generation, mice in which one of our three target genes 

was flanked by loxP sites were crossed with PDGFB.iCreERT2 expressing mice to arrive at the 

following three single inducible knockout lines: b3fl/fl;PDGFB.iCreERT2 (b3.ECKO), 

a5fl/fl;PDGFB.iCreERT2 (a5.ECKO), and NRP1fl/fl;PDGFB.iCreERT2 (NRP1.ECKO). These lines were then 

inter-crossed to establish each of the three possible double inducible knockout combinations: 

b3/a5fl/fl;PDGFB.iCreERT2 (b3/a5.ECKO), b3/NRP1fl/fl;PDGFB.iCreERT2 (b3/NRP1.ECKO), and 

a5/NRP1fl/fl;PDGFB.iCreERT2 (a5/NRP1.ECKO). The final combinatory inducible knockout 
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line, b3/a5/NRP1fl/fl;PDGFB.iCreERT2 (b3/a5/NRP1.ECKO), was generated by inter-crossing the first 

two double knockout lines to be established (Fig 3.2). This approach provided the seven possible 

permutations of our three targets in spatiotemporally controlled in vivo models, as confirmed by 

PCR analysis of each line (Fig 3.3). The progeny from each line also demonstrated normal 

male:female ratios (Fig 3.4). Notably, we have targeted just one subunit from both avb3- and a5b1-

integrin, namely b3-integrin and a5-integrin respectively, to avoid the knock-on effects of depleting 

their heterodimeric partners. Whilst b3- and a5-integrin heterodimerise exclusively with av- and 

b1-integrin, their partner integrins are promiscuous, capable of forming heterodimers with 

numerous other endothelial integrins (109). To avoid these complications b3- and a5-integrin have 

been manipulated alone, though these modifications should be thought of as a method by which 

to functionally assess these integrins in their heterodimeric state.  

 

Throughout the generation of these lines and in their maintenance thereafter, PDGFB.iCreERT2 

expression has been restricted to breeding males to ensure their progenies contained both Cre-

negative, those mice that lack PDGFB.iCreERT2 expression, and Cre-positive mice. This allowed Cre-

negative animals to be used as internal controls for their Cre-positive littermates and thereby 

account for any experimental variability caused by genetic background. In addition, confining Cre-

recombinase expression to the male germline prevented its expression and activity in oocytes 

which might otherwise enable recombination in the fertilized egg, potentially generating a global 

knockout of the floxed target(s) (212). To circumvent the accidental introduction of any unintended 

floxed sequences, Dr Johnson established a rigorous genetic profiling procedure for this colony. The 

genetic status of any mouse entering a breeding pair was verified via PCR for each genetic 

modification in use within the lab (b3-integrin (200), a5-integrin (169), NRP1 (99), and NRP2 (213)). 

This had previously been limited to the genes that were expected to be modified, thereby allowing 

unintended modifications to go unnoticed. By verifying each breeding pair, their first litter, as well 

as any animal used for in vivo experiments following their experimental endpoint, any inadvertent 

genetic modifications would be detected. Following the first litter any subsequent litters were only 

analysed for PDGFB.iCreERT2 expression, the PCR reaction of which gives a yes/no result. b2-

microglobulin was therefore used as an internal positive control for monitoring reaction success to 

exclude the possibility of false negative results.  
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Figure 3.1 The mechanism of PDGFB.iCreERT2-mediated excision of floxed targets following 
tamoxifen administration. 1) Before tamoxifen administration the oestrogen fusion protein 
CreERT2 is expressed under the PDGFB promoter at the Rosa26 (R26) locus and retained in the 
cytoplasm, sequestered by heat shock protein 90 (HSP90). 2 & 3) Once administered, tamoxifen is 
metabolized to 4-hydroxy tamoxifen (4-OHT) which then displaces HSP90 from CreERT2, enabling 
its nuclear translocation. 4) CreER is then able to recognize loxP sites and induce their 
recombination, excising and inactivating floxed sequences. Figure adapted from (214).   

 

 

 

Figure 3.2 Crossbreeding approach to the generation of each genetically engineered mouse line.  
To establish each endothelial-specific, tamoxifen-inducible floxed mouse model, the displayed 
breeding strategy was employed. PDGFB.iCreERT2 expressing mice were crossed with those 
individually floxed at ITGA5 (a5-integrin), ITGB3 (b3-integrin) and NRP1. Consecutive rounds of 
crossbreeding then enabled the generation of the double and triple inducible knockout lines.  
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Figure 3.3 Confirmatory PCR analysis of each routinely analysed genetic modification.  DNA from 
breeding pair ear biopsies (M – male, F – female) taken from each floxed line were analysed via PCR 
for each genetic modification routinely examined throughout the duration of this project (b3-
integrin, a5-intgrin, NRP1, NRP2, and PDGFB.iCreERT2). Samples were run on a 1.8% agarose gel. 
NRP2 WT and floxed PCR reactions are performed separately due to the equal height of the bands.  
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Figure 3.4 Gender ratios of progeny born in each genetically engineered mouse line.  Progeny 
born in each floxed line were born at normal gender ratios. n = 100-112 mice per genotype.   
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3.2 Validating the Cre-loxP system as a suitable method by which to excise target 

genes in the postnatal mouse retina.  

 

As discussed, the Cre-loxP system is widely used to induce targeted gene deletions and thereby 

study gene function in vivo. The spatiotemporal control it bestows is particularly useful to bypass 

developmental lethality. This relies on the CreERT2 system’s sensitivity to tamoxifen (or its 

metabolite 4-hydroxytamoxifen), which induces its nuclear translocation and the subsequent 

recombination of floxed sequences. The potential side effects associated with tamoxifen 

administration are generally recognised and accounted for using tamoxifen-treated controls. Some 

publications, however, have also called for the use of Cre-positive controls that lack any floxed 

targets to account for the toxic effects of Cre-recombinase alone.  

 

These effects have been attributed to its adulterous endonuclease activity, recognising and 

recombining pseudo- or cryptic-loxP sites within the mammalian genome. Whilst these sites are 

not exact copies of loxP sequences, they resemble them closely enough for Cre-recombinase to 

identify them and may occur as frequently as 1.2x per megabase (Mb) in the mouse genome (which 

is approximately 2588 Mb in length) (215). For example, Cre-toxicity has been associated with the 

a-myosin-heavy-chain and keratin 5 and 14 promoters of Cre, where its expression was associated 

with the development of dilated cardiomyopathy and the formation of tetraploid keratinocytes 

respectively (216, 217). More recently, this phenomenon made its way to the field of angiogenesis. 

Brash et al reported that both PDGFB and CDH5 driven CreERT2 could severely impede angiogenesis 

in the post-natal mouse retina in a tamoxifen dose-dependent manner (50-150µg) (218).  

 

The murine retina is widely used in the field of sprouting angiogenesis due to its timely and stepwise 

vascular development. Briefly, preceded by astrocyte-mediated deposition of a fibronectin matrix, 

blood vessels sprout radially from the central retinal artery at the optic nerve head and follow a 

gradient of VEGF through the avascular space towards the retinal periphery, establishing a vascular 

monolayer termed the superficial plexus (SP) by post-natal day (P) 7. During its outgrowth the SP is 

divided into two vascular regions, its proliferative vascular front and remodelling vascular interior. 

These regions present different vascular characteristics, with the vascular interior possessing a 

lower density than that of the proliferative front due to ongoing remodelling acting to prune 

superfluous vessels. The veins within the SP then sprout downwards through the underlying 
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parenchyma in response to growing VEGF bioavailability in the neuronal layer to form the deep 

plexus (DP) by P12 (219). Akin with the SP, the DP expands radially towards the retinal periphery. 

By P21, the third and final monolayer termed the intermediate plexus (IP) is formed between the 

superficial and deep plexuses. An extensive period of vascular remodelling typified by a balance of 

both vessel regression and stabilisation then concludes vascularisation in each of these parallel, 

interconnected monolayers.  In addition to its orderly vascularisation, which starkly contrasts the 

rather messy vascular systems associated with other organs, because of its transparency, the retina 

is particularly amenable to immunofluorescent imaging, establishing it as an ideal model for 

quantifying vascular growth (220, 221).  

 

This thesis heavily relies on the retinal model to investigate the individual and combined angiogenic 

contributions of our three target receptors. As such, we sought to determine whether the Cre-

toxicity reported by Brash et al could be replicated in our hands (218). Herein we aimed to provide 

a deep characterisation of retinal vascular development in PDGFB.iCreERT2 expressing mice that are 

devoid of any floxed genes. Notably, our tamoxifen administration regime differed from that used 

by Brash et al. Instead of copying their two doses at P2 and P4, we have replicated the regime used 

throughout this thesis, administering tamoxifen in corn oil (50µl, 2 mg/ml) via subcutaneous 

injection from P2 to P3 and interperitoneally from P4 to P5 before sacrificing animals on P6 (Fig 3.5 

A). Notably, animal weight remained consistent between Cre-positive and Cre-negative pups, ruling 

out any broad developmental effects as a result of Cre-recombinase activity (Fig 3.5 B). We then 

quantified the extension of the growing SP as a measure of angiogenic aptitude and found that 

CreERT2 expression alone did not impair SP vascular growth (Fig 3.5 C-D). The vascular density of 

both the vascular interior, located towards the rear of the SP where vascular remodelling is 

beginning, and the vascular front, where sprouting angiogenesis is actively extending the 

monolayer towards the retinal periphery, were also unaffected (Fig 3.5 E-F). In our analysis of 

vascular branching, we have relativised the number of branching points to vascular density to 

account for any mirrored changes between the two. This also revealed no significant changes in 

either of the vascular zones discussed (Fig 3.5 G). Taking a closer look at the vascular front, we 

enumerated the number of sprouts protruding into the avascular space and made these values 

relative to their vascular perimeter, thereby accounting for any slight changes in available vascular 

surface area for sprouts to form. Again, we detected no difference between Cre-positive and Cre-

negative littermates (Fig 3.5 H).  We were therefore unable to detect Cre-induced vascular toxicity 

at this developmental time point. 
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We have also utilised a second tamoxifen administration regime at a later stage of retinal vascular 

development, the purpose for which will be discussed in the following chapter. To determine 

whether Cre-recombinase alone may cause any deleterious effects on retinal vasculature under this 

new regime, we repeated our investigation. Again, four tamoxifen doses (50µl, 2mg/mL) were 

administered but done so from P8 to P11 and each via an intraperitoneal injection before sacrificing 

animals at P12 (Fig 3.5 J). The first observation worth noting is the lack of change in overall animal 

weight, excluding the possibility of endothelial CreERT2 causing a general developmental delay, nor 

a developmental delay directly causing any vascular impediment (Fig 3.5 K). At P12 the SP should 

have long since vascularised, reaching the retinal periphery by P7. Indeed, there were no 

differences in this monolayer’s vascular extension between Cre-negative and Cre-positive 

littermates (Fig 3.5 L-M), though a slight but significant reduction in its vascular density was 

detected (Fig 3.5 N-P). By P12 the DP should also have concluded its vascularisation meanwhile the 

IP should be just starting to form. Whilst the vascular density of the DP was unaffected, the IP saw 

slight hypervascularisation (Fig 3.5 N-P). Vascular branching in each of these three monolayers 

showed no change from their Cre-negative controls (Fig 3.5 Q), limiting Cre-induced vascular 

aberrations to the vascular density of the superficial and intermediate plexuses becoming hypo- 

and hypervascularised respectively. Where this thesis discusses retinal angiogenesis at P12 

alongside this tamoxifen administration regime, these data will be included to avoid the 

misinterpretation of any vascular phenotypes attributed to the depletion of our target receptors.  
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Figure 3.5 Characterization of vascular toxicity induced by PDGFB-driven Cre-recombinase in 
retinal vasculature at P6 and P12. A) Time-course schematic of retinal vascular development and 
tamoxifen administration.  The SP vascularises from P0-P7, the DP from P6-P12, and the IP from 
P11-P21. Tamoxifen was administered (black triangles) via subcutaneous injection from P2-P3 and 
intraperitoneally from P4-P5 before sacrificing animals at P6. B) Quantification of animal weights 
recorded at P6, with Cre-positive weights presented as a percentage of the average weight of their 
Cre-negative littermates. Error bars displayed as mean ± SEM. N = 3, n ≥ 5 mice per group. C) 
Representative images of BS1-lectin labelled P6 SP retinal vasculature. Magnified image scale bar = 
500 µm. D) Quantification of P6 vascular extension presented as a percentage of the average 
vascular extension measured in Cre-negative littermates. Error bars displayed as mean ± SEM. N = 
3, n ≥ 10 retinas per group. E) Representative images of BS1-lectin labelled P6 retinal vasculature 
at the vascular front and interior. A = artery, V = vein. Scale bar = 100 µm. F) Quantification of vessel 
density in the vascular front and interior of P6 retinal vasculature, expressed as a percentage of the 
average vessel density measured in Cre-negative littermates. Error bars displayed as mean ± SEM. 
N = 3, n ≥ 7 retinas per group. G) Quantification of vessel branching, initially measured as a 
percentage of the average vessel branching in Cre-negative littermates before being expressed as 
a ratio of vessel branching to vessel density. Error bars displayed as mean ± SEM. N = 3, n ≥ 7 retinas 
per group. H) Representative images of BS1-lectin labelled retinal vascular peripheries. White/black 
arrows show vascular sprouts. Scale bar = 150 µm. I) Quantification of vascular periphery sprouting. 
Enumerated vascular sprouts were divided by the perimeter of their leaflet’s leading vascular edge 
before being expressed as a percentage of the average vascular sprouts per leaflet perimeter in 
Cre-negative littermates. Error bars displayed as mean ± SEM. N = 3, n ≥ 10 retinas per group. J) 
Time-course schematic of retinal vascular development and tamoxifen administration. Tamoxifen 
was administered (black triangles) via intraperitoneal injection from P8-P11 before sacrificing 
animals at P12. K) Quantification of animal weights recorded at P12, presented as a percentage of 
the average weight of Cre-negative littermates. Error bars displayed as mean ± SEM. N = 3, n ≥ 5 
mice per group. L) Representative images of BS1-lectin labelled P12 SP retinal vasculature. 
Magnified image scale bar = 500 µm. M) Quantification of P6 vascular extension presented as a 
percentage of the average vascular extension measured in Cre-negative littermates. Error bars 
displayed as mean ± SEM. N = 3, n ≥ 10 retinas per group. N) Representative images of BS1-lectin 
labelled P12 retinal SP (red), IP (green) and DP (blue) vasculature. Scale bar = 200 µm. O) Colour 
depth-coded Z-stacks and scale bar. P) Quantification of vessel density in the SP, IP, and DP of P12 
retinal vasculature, expressed as a percentage of the average vessel density measured in Cre-
negative littermates. Error bars displayed as mean ± SEM. N = 3, n ≥ 10 retinas per group.  Q) 
Quantification of SP, IP and DP vessel branching, initially measured as a percentage of the average 
vessel branching in Cre-negative littermates before being expressed as a ratio of vessel branching 
to vessel density. Error bars displayed as mean ± SEM. N = 3, n ≥ 10 retinas per group. Statistical 
significance was expressed and analysed as follows: *=P<0.05, **=P<0.002, unpaired students t-
test (two-tailed)/one-way ANOVA. 
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3.3 Generation and validation of immortalised endothelial knockout cell lines 

derived from genetically engineered mouse models using TAT-Cre-

recombinase.  

 
To pick apart our proposed receptor network, we required endothelial cell lines for in vitro use. 

However, many of the assays to be performed required large numbers of endothelial cells which 

restricted our ability to use primary cultures due to their limited proliferative capacity. To overcome 

this, we have utilised a PyMT expressing retrovirus to immortalise endothelial cells isolated from 

mouse lung microvasculature and bypass their proliferative restrictions, thereby lessening the need 

for continuous primary cell line re-derivation (222). We and others have previously employed these 

cells and demonstrated their utility for modelling angiogenesis in vitro (161, 194, 223, 224, 225).   

 

Using these immortalised cells, Dr Johnson first attempted individual and combinatorial siRNA-

mediated knockdown of our three targets in each of their seven permutations, achieving ~60% 

knockdown of each receptor (211). However, this transient method of target depletion required 

endothelial nucleofection for each experiment which, across seven target combinations, was too 

laborious and costly. The transient nature of these depletions as well as the variability in the level 

of knockdown achieved was also of concern, as the angiogenic result of an experiment can be tied 

to the duration of target knockdown. In the case of b3-integrin, we have shown that it’s acute 

endothelial depletion in vivo causes an anti-angiogenic effect that can preventatively inhibit tumour 

growth. Maintaining this inducible depletion long term however loses this benefit owing to a NRP1-

dependent rescue mechanism (161, 195). Likewise, constitutive endothelial b3-integrin depletion 

has no effect on overall tumour volume, whilst its global knockout enhanced angiogenesis and 

tumour growth due to upregulated VEGFR2 expression (155, 161). Transient depletions and 

variability in the level of knockdown achieved would therefore make it extremely difficult to 

robustly compare different knockdown combinations. CRISPR-Cas9 and the Dharmacon Edit-R 

system were subsequently employed to help generate cell lines with stable, long-term depletions 

of each of our target receptor combinations. Unfortunately, these systems demonstrated poor 

knockdown efficiency and transient depletions respectively, leaving neither system as a potential 

solution (211).  
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Dr Johnson next attempted isolating endothelial cells directly from the mouse lung of constitutively 

depleted mice (a5fl/fl;Tie1.Cre), though failed to detect any target depletion in vitro. He therefore 

resorted to isolating lung endothelial cells from each floxed PDGFB.iCreERT2 mouse model and 

nucleofecting them twice with TAT-Cre recombinase following their PyMT-induced immortalisation 

to achieve target depletion. Importantly, a subpopulation of the isolated cells was not nucleofected, 

reserving a Cre-negative, principally WT, control line for each depleted line to be compared to. This 

approach delivered robust and long-lasting target depletion in each of the seven knockout 

combinations, even at later passages (Fig 3.6 A), enabling us to investigate the effects of long-lasting 

target depletion in vitro and determine whether our target receptors collectively regulate 

angiogenic processes (211). Having re-confirmed the knockout status of our cell lines, we sought 

further re-confirmation of their endothelial identity to ensure their phenotype had not drifted 

following routine passaging. Using lysates gathered at various passages we probed for a series of 

endothelial and lymphatic markers and found the endothelial expression profile of each cell line 

remained intact, expressing the endothelial markers VE-cadherin, PECAM-1, Endomucin, ERG and 

Claudin-5, whilst not expressing the lymphatic markers Prox-1 and Lyve-1 (Fig 3.6 B). Despite their 

demonstrated stability, these cell lines were not taken past P30 to avoid any potential target re-

expression or endothelial phenotypic drifting.  

 

Notably, throughout this thesis we have used 2D culture systems to model angiogenesis in vitro. 

Whilst this traditional method is widely used and has enabled reproducible, cost-effective 

investigations of vascular morphogenesis, they fail to re-capitulate the complexity of angiogenic 

micro-environments. Culture systems which allow for numerous matrix components to be 

organised as 3D supports such as hydrogels are becoming increasingly accessible. These more 

accurately mimic the native ECM scaffolding that surrounds capillaries. Furthermore, their 

composition, rigidity and incorporation of growth-factors are all tuneable. Angiogenesis is also 

directed by haemodynamic parameters such as shear stress, a further complexity that can be 

modelled in vitro through use of microfluidic models (226). The ability to co-culture endothelial 

cells with one or more cell types such as pericytes, fibroblasts and smooth muscle cells is a further 

advance that will help delineate the distinct roles of these cell types in the various phases of 

sprouting angiogenesis and, onward from this study, there would be merit in acquiring 3D- and co-

culture systems to validate our in vitro findings, and to translate them more robustly with 

observations made in vivo (227). 
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Figure 3.6 Nucleofection with TAT-Cre-recombinase was able to generate endothelial cells lines 
with long-lasting depletions of each target receptor. Endothelial cells isolated from the lung 
microvasculature of each genetically engineered mouse line were nucleofected twice with TAT-Cre-
recombinase to induce the excision of floxed targets following their PyMT-induced immortalisation. 
A) Representative western blot of cell lysates obtained from endothelial cells in culture up until P30 
for b3-integrin, a5-integrin, NRP1, and b-actin as a loading control. B) Representative western blot 
of the same cell lysates probing for endothelial and lymphatic markers. b-actin was used as a 
loading control.    
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3.4 Endothelial responsiveness to VEGF is preserved following PyMT-induced 

immortalisation.  

 

With our cell lines established and re-confirmed, we next sought to address any scepticism 

regarding our use of immortalised endothelial cells. We and others have shown that these cells are 

useful for modelling angiogenesis in vitro, though hesitance regarding the preservation of both their 

endothelial characteristics and behaviour following immortalisation has remained. To address this, 

Dr Benwell, a member of the lab investigating the role of NRP2 in angiogenesis, compared the 

expression profile of endothelial and lymphatic markers in our mLMECs before and after their 

PyMT-induced immortalisation. He found that their endothelial identity remained stable following 

transformation, maintaining strong expression of VE-cadherin, PECAM-1, ERG and claudin-5, whilst 

the lymphatic marker Prox-1 showed only limited expression (228). He went on to assess random 

migration speed and FA development on fibronectin matrices before and after transformation. FA 

size was measured using immunofluorescence for paxillin in fixed cells that were allowed to adhere 

for 90 minutes and 16 hours. Whilst no differences were detected at 90 minutes, immortalised cells 

showed significantly greater FA size at 16 hours which corresponded with their slower random 

migration speed over a 16-hour period. Dr Benwell postulated that their larger, more stable FAs 

were subject to slower turnover, limiting their disassembly at the rear of cell which would otherwise 

enable forward movement. These data contrast the aforementioned literature in which PyMT-

induced transformation did not cause disparity between transformed and primary cultures in 

motility-dependent functions such as tube formation, scratch wound migration and responses to 

shear stress, even when assessed at extremely high passages (passage 69-81) (225).   

 

Whilst some investigations therefore document the suitability of immortalised endothelial cells for 

the study of angiogenesis in vitro, we had yet to compare the VEGF-induced phosphorylation 

response of key angiogenic signalling pathways, particularly those pertinent to our target receptors, 

between primary endothelial cells and their immortalised counterparts. This seemed a necessary 

assessment considering how frequently we have utilised VEGF-challenge assays to investigate the 

signalling contributions of target molecules in immortalised cells (161, 195, 223, 229). For this 

comparison, three separate mouse endothelial lung preps were first isolated using the method 

described previously (methods – 2.7). When examining their endothelial identity, two of the three 

primary cultures demonstrated strong expression of PECAM-1, ERG and endomucin whilst showing 

no expression of the lymphatic markers Prox-1 and Lyve-1. This mirrored the endothelial profile of 
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the immortalised lines used for comparison, though low levels of Lyve-1 expression were detected. 

The third primary line had significantly weaker ERG expression and was therefore excluded from 

the following experiments (Fig 3.7 A).  

 

Both primary and immortalised cells were adhered to fibronectin matrices before being starved in 

serum-free media for three hours and finally stimulated with VEGF over a 15-minute time course. 

We then assessed the VEGF-induced, acute phosphorylation response of VEGFR2 (Y1173), ERK1/2 

(T202/Y204), Akt (T308), FAK (Y397), and Paxillin (Y118) (Fig 3.7 B). VEGFR2 Y1173 is recognised as 

a key autophosphorylation site, stimulating numerous downstream pathways including that of 

ERK1/2 at T202 and Y204 and Akt at T308 and S473. In turn, these signalling intermediaries are 

essential for endothelial migration, proliferation, and survival. The non-receptor tyrosine kinase 

FAK and its downstream substrate Paxillin are also fundamental for endothelial motility, enabling 

linkage between the plasma membrane and actin cytoskeleton following their recruitment to FAs. 

As one primary line was discounted from this analysis due to its unsatisfactory endothelial 

expression profile, only two technical replicates were performed. Statistical analysis could 

therefore not be performed, so we decided not to carry out densitometric analyses of the following 

blots but instead show a carefully chosen representative image. No obvious differences in either 

the total levels or the phosphorylation response of VEGFR2, Akt and ERK1/2 were observed 

between primary and immortalised cells. In addition, the phosphorylation response of FAK and 

Paxillin also mirrored that of PyMT-transformed cells, with VEGF treatment enhancing 

phosphorylation at the indicated residues. However, the total levels of both FAK and Paxillin 

reduced over the 15-minute VEGF exposure in primary endothelial cells, whilst remaining stable in 

their immortalised equivalents. The enhanced stability of these core focal adhesion proteins may 

help to explain why immortalised cells possess larger FAs and are less motile, but equally, this may 

also be an artefact of these larger adhesions rather than a cause. Despite this, the phosphorylation 

response of these proteins to VEGF appeared unchanged following PyMT-induced immortalisation.   
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Figure 3.7 The VEGF phosphorylation response of key angiogenic signalling pathways is 
maintained following PyMT-induced immortalisation. A) Primary and immortalized endothelial 
cells were adhered to fibronectin overnight and lysed using ESB before their protein content was 
quantified using the DC protein assay. The representative western blot above displays the 
endothelial expression profile of each primary and immortalized line used for comparison. 
Endothelial markers used ar PECAM-1 (CD31), endomucin and ERG, whilst the lymphatic markers 
are prox-1 and Lyve-1. Heat shock 70 (HSC70) was used as a loading control. N = 2. B) Primary and 
immortalized endothelial cells were adhered to fibronectin overnight, starved in serum-free media 
and then stimulated with VEGF for 0, 5 and 15 minutes. Following the allotted stimulation period, 
the cells were lysed using ESB, and protein content quantified using the DC protein assay. Samples 
were then analysed via western blot for phosphorylated and total expression of VEGFR2 (Y1173), 
FAK (Y397), Paxillin (Y118), Akt (T308), and ERK (T202/Y204). b-actin was used as a loading control. 
N = 2.    
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3.5 Discussion 

 

To my benefit, using the PDGFB.iCreERT2 system and the mouse models individually floxed at b3-

integrin, a5-integrin and neuropilin-1, Dr Johnson was able to generate each combinatorial 

knockout (b3.ECKO, a5.ECKO, NRP1.ECKO, b3/a5.ECKO, b3/NRP1.ECKO, a5/NRP1.ECKO, and 

b3/a5/NRP1.ECKO) in an endothelial specific, tamoxifen-inducible model of target depletion. 

Furthermore, he was also able to isolate each of their corresponding endothelial cell lines for in 

vitro study, the identity of which we have re-confirmed at later passages. The protocol for breeding 

best practise that was passed down has maintained not only this colony but each of the GM colonies 

currently in use within the Robinson lab by enabling the rapid identification of any unintended 

modifications, ensuring their intended genetic identity is maintained. Using these tools, we could 

continue to explore how these three receptors regulate angiogenesis.  

 

Where possible, we have validated our model systems to ensure any phenotypes observed 

throughout this thesis can be appropriately attributed to the absence or presence of our 

endothelial targets rather than the method used to induce target depletion. Whilst Brash et al 

reported tamoxifen dose-dependent Cre-toxicity in mouse retinal vasculature at P6, we were 

unable to detect any abnormal vascular phenotypes at this developmental time point despite 

doubling their frequency of tamoxifen injections in line with the administration regime used 

throughout this thesis (218). Later, at P12 however, we identified abnormal vascular density in the 

superficial and intermediate plexuses. To account for these Cre-induced effects these data will be 

included where relevant to avoid the misinterpretation of any vascular phenotypes observed. Brash 

et al also reported Cre-toxicity in the endothelial specific, tamoxifen-inducible CDH5.CreERT2 line, 

but not using Tie2.Cre, an endothelial specific but constitutively active Cre model. This begs the 

question, is the Cre-induced endothelial toxicity reported by Brash et al transient, and therefore 

able to be masked in a constitutively active model? If so, only an inducible model of Cre would 

reveal its toxicity, as any potential vascular recovery period could be circumvented by performing 

post-natal vascular analysis immediately after tamoxifen administration. Akin with the transient 

anti-angiogenic effects of acute b3-integrin depletion, constitutive Cre activity or prolonged activity 

in an inducible model may enable recovery effects to hide Cre-induced toxicity (161, 218). Given 

that, in our hands, Cre-toxicity occurs at P12 rather than P6, it would be prudent to administer 

tamoxifen from P2-P5, mirroring our P6 investigation, and sacrifice animals at P12 to allow for any 
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recovery effects to take place. If the vascular density of the SP and IP normalises, it would confirm 

the transient nature of Cre-toxicity.  

 

With regard to our immortalised knockout cell lines, we sought to further the body of evidence 

testifying to their utility in vitro by comparing the responsiveness of key angiogenic signalling 

pathways to VEGF in primary and immortalised cells. Whilst this revealed that FAK and Paxillin are 

more resistant to VEGF-induced downregulation in immortalised cells, the overall phosphorylation 

response of the receptor and signalling intermediaries shown were seemingly unchanged. As 

discussed previously, the preservation of FAK and Paxillin may help to explain why Dr Benwell saw 

elevated adhesion size and slower random migration speed in immortalised cells, though it is 

important to note that these experiments lacked VEGF stimulation and are therefore not directly 

comparable. In addition, we confirmed that the endothelial character of these endothelial cells is 

maintained post-immortalisation.  
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4 Interplay between avb3-integrin, a5b1-integrin and neuropilin-1 coordinates 

developmental angiogenesis in the postnatal mouse retina through 

autonomous and combined vascular-bed specific functions.  

 

The post-natal mouse retina is a commonly used developmental model in the field of angiogenesis. 

Its stereotypic growth pattern, ease of experimental manipulation and amenability to 

immunofluorescent imaging make it an ideal investigative tool. As discussed in the previous 

chapter, tamoxifen was administered via four successive injections, though the timing of these 

administrations as well as that of retinal harvests have varied throughout this chapter and will be 

highlighted where relevant. Dr Johnson had previously determined that this tamoxifen 

administration regime effectively induced Cre-recombinase target gene recombination using 

tdTomato reporter mice. These mice possess a stop codon flanked by loxP sequences which, 

following its excision prompted by tamoxifen-activated Cre-recombinase activity, allowed 

expression of the red-fluorescent protein tdTomato to mark endothelial cells that had undergone 

recombination. Subsequent immunofluorescent imaging confirmed successful recombination 

across the retinal SP at P6 after administration of four tamoxifen doses (50µl, 2 mg/ml) from P2-5 

by co-fluorescence of tdTomato with BS1-lectin-positive vasculature. Introducing this reporter line 

into each genetically engineered mouse model would have enabled continual confirmation of 

recombination, but we concluded that insertion of up to five transgenic genes would have been a 

time-consuming endeavour and likely have limited the overall progression of this project (211).   

 

Here we have utilised the post-natal mouse retina to examine what individual and overlapping 

functions our three endothelial receptors of interest conduct as well as the longevity of these 

functions during developmental angiogenesis – are they required only transiently, or does their 

depletion alone and in combination instigate long-term angiogenic consequences that are unable 

to be compensated for by alternative mechanisms? 
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4.1 Neuropilin-1 is the principle driving force for sprouting angiogenesis in the 

postnatal mouse retina, but candidate interactions with and between b3-

integrin and a5-integrin may be essential for the superficial plexus to fully 

vascularise.  

 

Using the established floxed mouse lines discussed, Dr Johnson began investigating the effects of 

depleting our endothelial target receptors individually, in duplicate and in triplicate on 

developmental angiogenesis in the postnatal mouse retina. This experiment continued long into 

this project and is therefore presented here as a cumulative effort. Administering tamoxifen 

between P2-P5 and sacrificing animals at P6, we quantified the extension of the SP between the 

central retinal artery and sprouting vascular front (Fig 4.1 A). Importantly, Cre-positive animals were 

compared with their Cre-negative littermates to account for any variability in precise age. Whilst 

the genetic status of each experimental animal was confirmed via PCR analysis of tail biopsies, 

confirmation of target depletion had yet to be performed. Immunofluorescent confirmation was 

not possible due to the lack of suitable antibodies against b3-integrin. Instead, lungs were taken 

upon tissue harvest for later confirmation via western blot as performed by others (230). 

 

The vascular extension measured in the triple knockout (b3/a5/NRP1.ECKO) established the 

baseline level of outgrowth capable of occurring in the absence of each of our receptors together 

(Fig 4.1 B & C). From this baseline, the individual expression of b3-integrin (a5/NRP1.ECKO) or a5-

integrin (b3/NRP1.ECKO) was unable to confer any pro-angiogenic benefit, with vascular extension 

remaining non-significantly different from the baseline established by the triple knockout (Fig 4.1 

E). Expressing NRP1 alone (b3/a5.ECKO), however, was capable of driving angiogenesis closer to WT 

levels, though notably falling short of achieving the physiologically normal outgrowth of Cre-

negative controls (Cre-neg). In agreement with literature then, NRP1 appeared to conduct discrete 

pro-angiogenic functions that are fundamental to early retinal vascularisation, backed-up here once 

more in that its individual depletion (NRP1.ECKO) conferred an angiogenic impairment analogous to 

that observed when each of our targets were depleted together (b3/a5/NRP1.ECKO) (180, 181, 231). 

Nevertheless, alone, NRP1 failed to completely normalise SP vascular outgrowth (b3/a5.ECKO).  

Before discussing these data further, it is worth noting that the depletion of b3-integrin either 

individually or together with NRP1 (b3.ECKO and b3/NRP1.ECKO) caused a slight but significant 

reduction in overall animal weight (Fig 4.1 D). As this reduction was not significantly different 
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between these two genotypes, we could deduce that this was a b3-integrin-dependent 

developmental effect. This therefore threw into question whether any retinal angiogenic defects 

observed in the absence of b3-integrin could be attributed to its endothelial depletion, or a broader 

developmental delay in these mice. In an attempt to resolve this issue we found that omitting two 

b3.ECKO experiments in which the weight of Cre-positive pups was most substantially reduced 

relative to their Cre-negative controls saw animal weight restored to WT levels, whilst omitting the 

vascular extension values of the same experiments caused no effect to the overall  vascular 

phenotype, leaving vascular extension significantly reduced relative to control retinas. 

Furthermore, if endothelial-specific depletion of b3-integrin caused systemic developmental 

impairment, then it appeared the additional depletion of a5-integrin and NRP1 individually or in 

combination (b3/a5.ECKO, a5/NRP1.ECKO, b3/a5/NRP1.ECKO) was enough to normalise animal 

weight. Considering our triple knockout displayed a more severe retinal angiogenic profile than that 

observed when b3-integrin was targeted alone (b3.ECKO), we believed the reduced weight caused 

by b3-integrin depletion was likely independent of its vascular effects in the retina. Nevertheless, 

it was impossible to rule this out, and therefore two possible receptor interactions could be 

theorised from these data.  

 

The first assumed b3-integrin depletion caused impairment to retinal vascular outgrowth 

irrespective of the reduction in overall animal weight. As stated previously, expression of b3-

integrin alone was unable to drive any angiogenic recovery from the baseline (a5/NRP1.ECKO), yet 

its individual depletion (b3.ECKO) conferred a significant impairment to vascular outgrowth (Fig 4.1 

B & C). Although this conflicted with the normal retinal vascularisation of b3-null mice, it agreed 

with therapeutic studies in which avb3-integrin antagonism inhibited choroidal and retinal 

neovascularisation, whilst additionally indicating that for b3-integrin’s pro-angiogenic contribution 

to take effect, a5-integrin and/or NRP1 must also be expressed (Cre-neg, a5.ECKO, NRP1.ECKO) (153, 

232, 233, 234). As the detriment to vascular extension when b3-integrin was depleted (b3.ECKO) 

was analogous to that when NRP1 was expressed alone (b3/a5.ECKO), and the co-expression of b3-

integrin and NRP1 was capable of driving a full angiogenic response (a5.ECKO), we hypothesized 

that b3-integrin and NRP1 likely cooperate with one another in retinal vasculature to facilitate each 

other’s full angiogenic potential (Fig 4.1 B & C). Meanwhile, lone depletion of a5-integrin conferred 

no impairment to vascular outgrowth (a5.ECKO), no pro-angiogenic benefit when expressed alone 

(b3/NRP1.ECKO), and no cooperative enhancement of either b3-integrin (NRP1.ECKO) or NRP1 

(b3.ECKO) relative to when these receptors were expressed individually (a5/NRP1.ECKO and 
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b3/a5.ECKO respectively). This concurred with literature reporting no angiogenic detriment when 

a5-integrin was conditionally depleted in endothelial cells (169).   

 

Alternatively, b3-integrin depletion may have caused a general developmental delay that was 

responsible for the impaired SP vascular outgrowth observed. Here we assumed targeting b3-

integrin individually had no effect on retinal vascular extension. Nevertheless, the changes to 

vascular extension measured in each of our six other genotypes held true: b3- and a5-integrin could 

not promote angiogenesis alone relative to our triple knockout (a5/NRP1.ECKO, b3/NRP1.ECKO), 

NRP1 depletion conferred the most significant detriment to SP outgrowth (NRP1.ECKO, 

b3/NRP1.ECKO, a5/NRP1.ECKO, b3/a5/NRP1.ECKO), and expressing NRP1 alone drove angiogenesis 

beyond the baseline but fell short of achieving WT extension (b3/a5.ECKO). NRP1 therefore still 

required the co-expression of one or both of our integrin targets (b3.ECKO, a5.ECKO, Cre-neg) to 

facilitate complete retinal vascular development. However, if we momentarily ignore NRP1, we 

noticed that whilst depleting either b3- or a5-integrin alone (b3.ECKO, a5.ECKO)  had no vascular 

effect, co-targeting them saw a significant vascular impairment (b3/a5.ECKO). To explain this 

observation, we predicted these integrins likely compensated for one another, with each capable 

of driving angiogenesis in the absence of the other. Accordingly, only in their shared absence was 

an anti-angiogenic effect observed. From these data we therefore observed two potential receptor 

interactions contributing to retinal angiogenesis – the cooperation between b3-integrin and NRP1, 

and the compensation between b3- and a5-integrin.  

 

When looking at the vascular density of the SP, we split our analysis between the proliferative 

vascular front and the remodelling vascular interior. In doing so we gained an insight into the roles 

our receptors play in distinct phases of the angiogenic cascade, with endothelial proliferation, 

migration and tubulogenesis dominating in the vascular front, and mural cell recruitment, 

tightening of inter-cellular contacts, basement membrane deposition, and pruning of surplus 

vessels occurring towards the rear.  

 

Looking first at the vascular front, changes in vascular density largely mirrored those seen in 

vascular extension, with b3-integrin and NRP1-dependent hypo-vascularisation 

(b3.ECKO, NRP1.ECKO, b3/a5.ECKO, b3/NRP1.ECKO, a5/NRP1.ECKO, b3/a5/NRP1.ECKO), and a5-

integrin appearing dispensable for normal vascular growth to proceed (a5.ECKO) (Fig 4.1 F & G). As 
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NRP1 has been shown not to influence endothelial proliferation, the hypo-vascularisation observed 

here was likely due to vascular instability causing excessive vessel regression (235). This phenotype 

was irrespective of its role as a VEGF co-receptor, as mice carrying a point mutation in its VEGF-

binding domain to prevent NRP1-VEGF complex formation show no detriment to retinal vascular 

density at P9 (207). Integrins on the other hand are widely known to regulate endothelial 

proliferation (236). Pertinent to this study, Li et al reported that brain endothelial cells derived from 

b3-null mice displayed elevated a5b1-integrin expression that reciprocally drove endothelial 

proliferation beyond that of WT endothelial cells when plated on fibronectin matrices (173). Not 

only is the central retinal vasculature that we have analysed here also part of the central nervous 

system (CNS), but its vascular development follows a fibronectin-rich ECM scaffold deposited by 

astrocytes perinatally (171). Based on this these factors, we would have predicted an a5-integrin-

dependent hyper-vascular response to b3-integrin depletion. However, in contradiction, others 

reported that b3-null endothelial cells displayed no compensatory changes to either cell surface or 

total levels of a5b1-integrin. Furthermore, as we have repeatedly stated, the method of target 

depletion used may be equally responsible for the vascular responses observed (154, 161). As we 

used a temporally controlled endothelial-specific model of target depletion, our observations may 

not necessarily concur with those previously reported in global knockout models.  

 

Looking now at the vascular interior, the hypo-vascular effect of depleting b3-integrin alone or 

alongside a5-integrin remained significantly different from Cre-negative controls, but nonetheless 

managed to progress slightly further towards WT levels such that the difference from their Cre-

negative controls was negligible (Fig 4.1 H & I). This hinted that the vascular defects attributed to 

b3-integrin depletion alone or alongside a5-integrin (b3.ECKO, b3/a5.ECKO) could be transient and 

may be accounted for over time. NRP1-depleted vascular interiors, however, remained hypo-

vascularised with little to no recovery relative to their vascular fronts.  
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Figure 4.1 Neuropilin-1 is the principle driving force for sprouting angiogenesis in the postnatal 
mouse retina, but candidate interactions with and between b3-integrin and a5-integrin may be 
essential for the superficial plexus to fully vascularise. A) Time-course schematic of retinal vascular 
development and tamoxifen administration. Tamoxifen was administered (black triangles) via 
subcutaneous injection from P2-P3 and intraperitoneally from P4-P5 before sacrificing animals at 
P6. B) Representative images of BS1-lectin labelled P6 SP retinal vasculature. Magnified image scale 
bar = 500 µm. C) Quantification of P6 vascular extension presented as a percentage of the average 
vascular extension measured in Cre-negative littermates. Error bars displayed as mean ± SEM. N ≥ 
3, n ≥ 12 retinas per group. D) Quantification of animal weights recorded at P6, with Cre-positive 
weights presented as a percentage of the average weight of their Cre-negative littermates. Error 
bars displayed as mean ± SEM. N ≥ 3, n ≥ 6 mice per group. E) One-way ANOVA heatmap summary 
of P6 vascular extension between each Cre-positive knockout combination. Colour corresponds 
with statistical significance, with increasing significance correlating with darker shades of red. F) 
Representative 20X images of BS1-lectin labelled P6 retinal vascular fronts taken between an artery 
and a vein. Scale bar = 100 µm. G) Quantification of vascular front vessel density, expressed as a 
percentage of the average vessel density measured in Cre-negative littermates. Error bars displayed 
as mean ± SEM. N ≥ 2, n ≥ 8 retinas per group. H) Representative 20X images of BS1-lectin labelled 
P6 retinal vascular interiors taken between an artery and a vein. Scale bar = 100 µm. I) 
Quantification of vascular interior vessel density, expressed as a percentage of the average vessel 
density measured in Cre-negative littermates. Error bars displayed as mean ± SEM. N ≥ 2, n ≥ 8 
retinas per group. Statistical significance was expressed and analysed as follows: *=P<0.05, 
**=P<0.002, ***=P<0.0002, ****=P<0.0001, unpaired students t-test (two-tailed)/one-way 
ANOVA.  
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4.2 Neuropilin-1 is critical to the timely vascularisation of the mouse retina.  

 

We have previously shown that the consequences of target depletion can be influenced by the 

duration over which they are genetically targeted, and that previously observed vascular defects 

could be rescued by the upregulation of alternative angiogenic pathways (161, 195). To determine 

the longevity of the phenotypes observed at P6, we extended our analysis to a later developmental 

time point whilst maintaining our administration of tamoxifen from P2-P5 (Fig 4.2 A). At P18 the DP 

should have long since vascularised and the IP should be well on the way to completion too. Not 

only would analysis at this time point help us determine whether alternative pathways could offset 

the angiogenic impairments induced by individual and combinatorial target depletion at P6, but 

also whether any of our targets, or indeed the interactions between them, were involved in the 

vascularisation of the deep and intermediate plexuses.  

 

Before looking at vascular growth in the P18 retina, we noticed that the individual or combined 

depletion of our targets had no effect on overall animal weight when compared with Cre-negative 

controls (Fig 4.2 B). The slight but significant drop in animal weight measured when b3-integrin was 

depleted alone or alongside NRP1 at P6 (Fig 4.1 D) was therefore only an acute phenotype and able 

to be rescued over time. Similarly, vascular extension of the SP at P18 had normalised in each of 

our target knockout combinations (Fig 4.2 C & D). This provided yet further credence that 

alternative pathways could compensate for the loss of our targets if provided with sufficient time. 

 

We next assessed the vascular density of the retina’s three vascular layers to gain insight into the 

role our receptors play in the complete vascularisation of this organ. This revealed that the 

depletion of NRP1 either individually or alongside our integrin targets (NRP1.ECKO, b3/NRP1.ECKO, 

a5/NRP1.ECKO, b3/a5/NRP1.ECKO) caused significant and largely analogous changes to each 

vascular plexus (Fig 4.2 E, F & G). The first observation to note is that despite its normalised vascular 

extension, the SP was hyper-vascularised relative to its Cre-negative controls in the absence of 

NRP1. This was in stark contrast with the hypo-vascularisation caused by NRP1 depletion at P6 (Fig 

4.2 F-I) and indicated that the compensatory pathways upregulated to account for the loss of NRP1, 

whilst capable of progressing retinal vascular growth, may fail to appropriately resolve 

angiogenesis. The hyper-dense vascular network left behind the sprouting retinal front should 

normally undergo a significant period of remodelling typified by the regression of superfluous 
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vessels. Without refashioning these vessels into a mature network, it is unlikely that they would be 

able to function normally. NRP1 is therefore critical to producing a balanced angiogenic response 

at later developmental stages of retinal development. Crucially, the expression of both integrins 

without NRP1 (NRP1.ECKO) conferred the same superficial hyper-vascular effect as the triple 

knockout (b3/a5/NRP1.ECKO), indicating this effect was irrespective of our integrin targets (Fig 4.2 

E, F & G). However, whilst b3-integrin did not contribute to this hyper-vascular effect when 

expressed alongside a5-integrin (NRP1.ECKO), its individual expression (a5/NRP1.ECKO) was able to 

worsen hypervascularisation relative to the individual expression of a5-integrin (b3/NRP1.ECKO). 

a5-integrin may have therefore performed an inhibitory function over b3-integrin in certain 

circumstances, acting to limit its angiogenic involvement. Notably, this speculative interaction only 

occurred in the absence of NRP1, as a5-integrin depletion alone (a5.ECKO) did not result in b3-

integrin-dependent SP hypervascularisation.   

 

In contrast to the hyper-vascularisation of the SP, the DP was severely hypo-vascularised, again in 

a NRP1-dependent fashion, reaching less than half the vascular density of Cre-negative control 

retinas (Fig 4.2 E, F & G). NRP1 alone was therefore essential for the vascular development of this 

layer as reported previously (237, 238). Meanwhile the IP, whilst also hypo-vascularized, was 

significantly closer to its intended vascular density at P18. Considering the deep and intermediate 

plexuses begin their vascular development at P7 and P12 respectively, it was curious why the DP 

was more profoundly affected by NRP1 depletion than the IP given the additional developmental 

time it had to vascularise prior to tissue harvest. In light of this, we predicted that vascular 

development of the deep and intermediate plexuses would likely proceed in the absence of NRP1, 

albeit far more slowly, but the IP would conclude its vascularisation before that of the DP. If true, 

then the dogma of the retina’s timely vascularisation appeared to be critically dependent on 

endothelial NRP1. This had already been partially answered by Fantin et al when investigating 

NRP1’s VEGF-dependent functionality, though they did not comment on this phenomenon. They 

generated knock-in mice carrying a point mutation at Y297 (NRP1Y297/Y297) such that VEGF was 

unable to bind with NRP1. Using the retinal angiogenesis model, they found that the DP remained 

more severely hypo-vascularised than the IP at P21. Unfortunately, this knock-in mouse model was 

hypomorphic for NRP1 expression, and thus these angiogenic defects could not be attributed to 

NRP1’s VEGF-dependent functionality alone (180). Nevertheless, NRP1 represents a fundamental 

angiogenic driving force and regulator of retinal angiogenesis throughout its post-natal 

development.   
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Unlike the persistent vascular defects associated with NRP1 depletion, targeting b3- or a5-integrin 

(b3.ECKO, a5.ECKO) had no effect on the vascular density of any retinal vascular bed at P18, even 

when depleted together (b3/a5.ECKO). The absence of these integrins was likely offset by 

redundancy mechanisms capable of compensating for their function to drive a full angiogenic 

response at P18. NRP1 is a probable compensatory candidate. We have previously shown that NRP1 

could coordinate endothelial migration in the long-term absence of b3-integrin by facilitating 

paxillin activity in a VEGF-dependent manner. Furthermore, pathological angiogenesis also became 

reliant on NRP1 in this scenario such that its genetic depletion alongside b3-integrin was able to 

compromise the growth of established tumours (195). We therefore hypothesized that, over time, 

NRP1 could offset the angiogenic detriment caused by integrin depletion at P6.  

 

Our investigations at P18 also revealed other vascular malformations in NRP1-deficient vasculature, 

namely haemorrhages and large endothelial tufts (Fig 4.2 H). These abnormal vessel endings usually 

hang beneath the SP, unable to sprout downwards through the underlying retinal parenchyma, but 

may also sprout away from the retina and into the vitreous. Whilst the former positioning of retinal 

tufts may compromise intermediate and deep plexus vascularisation, vitreous tufts can cause 

bleeding and even tractional retinal detachment (220). Tuft malformations have been reported 

previously upon endothelial-specific NRP1 depletion in both retinal and subventricular hindbrain 

vasculature and their formation owed to inappropriate endothelial migration compromising 

vascular sprouting and tip cell guidance (180, 181). We also observed haemorrhages when 

dissecting these retinas. These were likely caused by vitreous tufts, as they have been previously 

reported to swell and eventually rupture (231). Figure 4.2-I displays a swollen tuft and its housed 

blood contents in triple knockout retinal vasculature. We had aimed to enumerate these retinal 

tufts to compare between our knockout combinations, but their considerable variation in size made 

their identification difficult. By eye, however, we know that these malformations were absent when 

b3- and a5-integrin were targeted alone or in combination (b3.ECKO, a5.ECKO, b3/a5.ECKO) (Fig 4.2 

H).  
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Figure 4.2 Neuropilin-1 is critical to the timely vascularization of the mouse retina. A) Time-course 
schematic of retinal vascular development and tamoxifen administration. Tamoxifen was 
administered (black triangles) via subcutaneous injection from P2-P3 and intraperitoneally from P4-
P5 before sacrificing animals at P18. B) Quantification of animal weights recorded at P18, with Cre-
positive weights presented as a percentage of the average weight of their Cre-negative littermates. 
Error bars displayed as mean ± SEM. N ≥ 2, n ≥ 5 mice per group. C) Representative images of BS1-
lectin labelled P18 SP retinal vasculature. Magnified image scale bar = 500 µm. D) Quantification of 
P18 vascular extension presented as a percentage of the average vascular extension measured in 
Cre-negative littermates. Error bars displayed as mean ± SEM. N ≥ 2, n ≥ 8 retinas per group. E) 
Representative images of BS1-lectin labelled P18 retinal vascular layers. SP (red), IP (blue) and DP 
(green). Scale bar = 200 µm. F) Quantification of SP, IP, and DP vessel density in P18 retinal 
vasculature, expressed as a percentage of the average vessel density measured in Cre-negative 
littermates. Error bars displayed as mean ± SEM. ANOVAs: red = SP, green = DP, IP was omitted for 
clarity. N ≥ 2, n ≥ 8 retinas per group. G) One-way ANOVA heatmap summary of SP, IP and DP 
vascular densities at P18, comparing statistical significance values between each Cre-positive 
knockout combination. Colour corresponds with statistical significance, with increasing significance 
correlating with darker shades of red. H) Colour depth-coded Z-stacks of retinal vascular layers 
taken at the midpoint between the optic nerve head and retinal periphery between an artery and 
a vein. Colour coded scale bar provided. Displayed under each genotype is a retinal side profile and 
the same image with a 45o tilt applied to reveal vascular tufts extending into the vitreous, denoted 
by the white and black arrows. Their flattened appearance was due to the process of retinal flat 
mounting. I) Representative images of the SP taken at the midpoint between the optic nerve head 
and retinal periphery between an artery and a vein in Cre-negative and 
b3/a5/NRP1fl/fl;PDGFB.iCreERT2 P18 retinas, and co-stained for BS1-lectin and Ter-119. Magnified 
image displays a swollen vascular tuft protruding into the vitreous with housed erythrocyte 
contents. Scale bar = 50µm. Statistical significance was expressed and analysed as follows: 
*=P<0.05, **=P<0.002, ***=P<0.0002, ****=P<0.0001, unpaired students t-test (two-tailed)/one-
way ANOVA. 
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4.3 Delaying target depletion to circumvent angiogenic compensation revealed 

the involvement of a5-integrin in deep plexus vascularisation.  

 

Though our analysis of P6 vascular density hinted that the angiogenic defects resultant of b3- and 

a5-integrin depletion may only be transient, we remained surprised that the two major endothelial 

fibronectin-binding integrins, as well as the interactions between them, were unnecessary for 

retinal deep plexus formation at P18, particularly since this matrix component is essential for early 

retinal vascularisation and co-labels with deep plexus vasculature (239, 240). We hypothesised that 

alternative, NRP1-dependent angiogenic mechanisms were being employed to drive later stages of 

retinal angiogenesis in their absence. To determine whether this was the case, we delayed target 

depletion until P7 to remove any time allowance for retinal vasculature to adopt alternative 

angiogenic means for DP development and sacrificed animals at P12 (Fig 4.3 A). By this time point 

the DP should be concluding its vascular development.  

 

Throughout each knockout combination animal weights remained non-significantly different from 

their Cre-negative controls (Fig 4.3 B). Each knockout line also displayed normal extension of the SP 

with the exception of our triple knockout (b3/a5/NRP1.ECKO) (Fig 4.3 C & D). This minor detriment 

to SP outgrowth likely arose because our first administration of tamoxifen caught the final stage of 

SP development at P7. The purpose for this was to deplete our targets at the earliest stages of DP 

formation, which incidentally coincided with the final stages of SP outgrowth. Testimony to the 

importance of co-expressing these three receptors for developmental angiogenesis, only in their 

shared absence could SP extension be halted when so close to completion.  

 

Looking next at the density of the retina’s three vascular layers (Fig 4.3 E, F & G), the NRP1-

dependent effects observed at P18 held true. In the absence of NRP1 (NRP1.ECKO, b3/NRP1.ECKO, 

a5/NRP1.ECKO, b3/a5/NRP1.ECKO) and seemingly ignorant of our integrin targets, the intermediate 

and deep plexuses became hypo-vascularised, with vascular sprouts failing to descend to the DP 

(Fig 4.3 H). Furthermore, in all but one of our NRP1 knockout combinations (b3/a5/NRP1.ECKO), the 

SP had hyper-vascularised, akin with that observed at P18. We surmised that this was due to 

impaired vessel regression rather than hyper-proliferation as this phenotype was restricted to the 

NRP1 knockouts that had fully extended their superficial vasculature (NRP1.ECKO, b3/NRP1.ECKO, 

a5/NRP1.ECKO) and entered the remodelling phase of their development before tamoxifen-induced 



 112 

target depletion occurred. Once again, we observed that in the absence of NRP1 the IP was 

significantly more vascularised than the DP. Considering the IP had approximately 24 hours to 

develop prior to tissue harvest (Fig 4.3 A), NRP1 was likely less essential for the development of the 

intermediate layer, but altogether pivotal for the dogma of retinal vascular development in which 

the DP develops prior to the IP. Alternatively, this may have been an artefact of Cre-toxicity. We 

previously observed in PDGFB.iCreERT2 expressing mice that Cre-recombinase activity induced 

between P7-P10 caused slight hyper-vascularisation of the IP at P12 (Fig 4.3 E & F). This effect may 

have lessened the true angiogenic detriment caused by NRP1 depletion in this vascular bed, 

resulting in less severe hypo-vascularisation.  

 

Our hypothesis that alternative angiogenic pathways were capable of sustaining vascular 

development in the absence of b3- and a5-integrin was based on former studies from the Robinson 

lab as well as our observations at P6 and P18, where the acute angiogenic detriment conferred by 

integrin depletion could be rescued over time (161, 194, 195). We postulated that by circumventing 

time-dependent recovery pathways we would reveal the true involvement of these integrin targets 

in later stages of retinal angiogenesis. In accordance with P6 data where a5- and b3-integrin were 

unable to drive angiogenesis beyond the baseline established by the triple knockout when 

expressed alone (b3/NRP1.ECKO, a5/NRP1.ECKO) (Fig 4.1 B & C), no angiogenic recovery in any 

vascular plexus was detected in the same genotypes at P12 (Fig 4.3 E & F). However, even when 

circumventing redundancy mechanisms such as that reported by Ellison et al, where NRP1 could 

compensate for the long-term absence of b3-integrin, we detected no impairment in retinal 

vasculature at P12 when b3-integrin was acutely depleted (b3.ECKO, b3/a5.ECKO) (Fig 4.3 E & F). 

NRP1-dependent compensatory mechanisms were therefore not responsible for the angiogenic 

recovery observed in b3-integrin deficient vasculature at P18. Instead, b3-integrin’s pro-angiogenic 

contributions were restricted to superficial vasculature.  

 

Unexpectedly, we found instead that the individual ablation of a5-integrin (a5.ECKO) caused a slight 

but significant reduction in DP vascular density (Fig 4.3 E & F). This result conflicted with our findings 

at P6 where targeting a5-integrin alone conferred no angiogenic detriment to SP extension or 

vascular density. Whilst the angiogenic perturbation observed here was extremely minor, it 

suggested a5-integrin performed subtle pro-angiogenic functions exclusive to DP vasculature and, 

as this hypo-vascular effect was absent from our P18 data, was capable of being compensated for 

by other angiogenic pathways over time. We also noted that this slight angiogenic detriment 
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resultant of a5-integrin depletion was lost following b3-integrin co-depletion (b3/a5.ECKO), though 

the deep plexus vascular density of these two knockout lines were non-significantly different (Fig 

4.3 E, F & G). As the only remaining target being expressed when b3- and a5-integrin were depleted 

together was NRP1, the vascular recovery observed could be dependent on this receptor, though 

this is purely speculative due to the lack of a significant change between the two genotypes. 

Furthermore, as WT levels of DP vascularisation were only achieved when b3-integrin was depleted 

(b3.ECKO, b3/a5.ECKO), or when each of our targets were expressed together (Cre-neg), we deduced 

that b3-integrin may be performing an anti-angiogenic role in the absence of a5-integrin (a5.ECKO) 

by limiting the pro-angiogenic functionality of NRP1. When all three receptors were expressed 

together (Cre-neg), a5-integrin could restrict b3-integrin’s inhibitory capacity. When a5-integrin 

was depleted (a5.ECKO), this inhibitory function could elicit a drop in DP vascular density that was 

subsequently rescued by the additional ablation of b3-integrin (b3/a5.ECKO). Only when these 

integrins were either dually depleted (b3/a5.ECKO) or expressed together (Cre-neg) could NRP1 

engage its full angiogenic capacity in the DP.  
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Figure 4.3 Delaying target depletion to circumvent angiogenic compensation reveals the 
involvement of a5-integrin in deep plexus vascularisation.  A) Time-course schematic of retinal 
vascular development and tamoxifen administration. Tamoxifen was administered (black triangles) 
via intraperitoneal injection from P7-P10 before sacrificing animals at P12. B) Quantification of 
animal weights recorded at P12, with Cre-positive weights presented as a percentage of the 
average weight of their Cre-negative littermates. Error bars displayed as mean ± SEM. N ≥ 1, n ≥ 4 
mice per grooup. C) Representative images of BS1-lectin labelled P12 SP retinal vasculature. 
Magnified image scale bar = 500 µm. D) Quantification of P12 vascular extension presented as a 
percentage of the average vascular extension measured in Cre-negative littermates. Error bars 
displayed as mean ± SEM. N ≥ 1, n ≥ 4 retinas per group. E) Representative images of BS1-lectin 
labelled P12 retinal vascular layers. SP (red), IP (blue) and DP (green). Scale bar = 200 µm. F) 
Quantification of SP, IP and DP vessel density in P12 retinal vasculature, expressed as a percentage 
of the average vessel density measured in Cre-negative littermates. Error bars displayed as mean ± 
SEM. N ≥ 1, n ≥ 4 retinas per group. G) ANOVA heatmap summary of SP, IP and DP vascular densities 
at P18, comparing statistical significance values between each Cre-positive knockout combination, 
including the PDGFB.iCreERT2 line. Colour corresponds with statistical significance, with increasing 
significance correlating with darker shades of red. H) Colour depth-coded Z-stack side-profile of 
retinal vascular layers taken at the midpoint between the optic nerve head and retinal periphery 
between an artery and a vein. Colour coded scale bar provided. Statistical significance was 
expressed and analysed as follows: *=P<0.05, **=P<0.002, ***=P<0.0002, ****=P<0.0001, 
unpaired students t-test (two-tailed)/one-way ANOVA. 
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4.4 Crosstalk between b3-integrin, a5-integrin and NRP1 is context-dependent.  

 

We had originally predicted that the relationships between our three receptors of interest would 

be identifiable through macro analysis of retinal vasculature, a well-characterised and widely used 

model of angiogenesis. Whilst our studies thus far had revealed how individual receptors and 

certain interactions occurring between them were contributing to physiological angiogenesis, they 

appeared to be specific to the vascular plexus in question. This receptor network was therefore 

more complex than we had anticipated, with distinct and oft-times contradictory receptor 

interactions dominating at different developmental time points. Akin with that postulated by 

Robinson et al with regard to b3-integrin, this receptor network appeared to adapt according to 

the angiogenic context in which it was present, making the identification of a consistent and 

testable series of interactions difficult (206).  

 

To determine how these receptors interact with greater resolution, we would need to focus on a 

single developmental time point. This therefore bared the caveat that any findings may be transient 

and not necessarily hold true under angiogenic scenarios distinct from that in which they were 

identified. Our receptors of interest demonstrated the greatest combinatorial involvement in 

retinal angiogenesis at P6. Fortunately, at this time point the SP is still extending over its fibronectin-

rich ECM in response to a gradient of VEGF, an in vivo scenario which, to varying extents, replicated 

the conditions under which our receptors have been documented to interact (179, 183, 194, 195). 

We therefore chose P6 as the developmental time point to investigate further.    
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4.5 Endothelial b3-integrin and a5-integrin are required for angiogenic sprout 

development in vivo.  

 

The expansion of vascular networks begins with the formation of angiogenic sprouts in response to 

activating stimuli such as VEGF. Considering both b3- and a5-integrin are upregulated in activated 

endothelial cells and NRP1 is critical to the appropriate functioning of tip cells at the head of 

sprouts, these vascular protrusions seemed a likely point of functional convergence (31, 181, 241). 

Furthermore, the expression and function of VEGFR2 is a major determinant of endothelial tip cell 

selection, and each of our target receptors has been shown to interact with or modulate the 

function of this receptor (88, 147, 194, 242, 243). The forefront of the retinal SP is actively 

expanding in response to VEGF released from the surrounding hypoxic parenchyma. Following 

target depletion via tamoxifen administration between P2 and P4 and sacrificing mice at P6 (Fig 4.4 

A), as described previously, we enumerated the number of vascular sprouts extending from the 

vascular front whilst accounting for the space available for these sprouts to form (the vascular 

perimeter). This provided an insight into the independent and overlapping roles our receptors play 

in the initiation of angiogenesis.  

 

We first noted that the depletion of NRP1 either individually or in duplicate with b3- or a5-integrin 

(NRP1.ECKO, b3/NRP1.ECKO, a5/NRP1.ECKO) caused a mirrored reduction in the number of retinal 

vascular sprouts relative to their Cre-negative controls (Fig 4.4 B &C). In light of our investigations 

into vascular extension and vascular density at P6, P12 and P18, this was likely a NRP1-dependent 

phenotype and independent of our integrin targets. Once again, endothelial depletion of a5-

integrin (a5.ECKO) prompted no change relative to controls at P6. Meanwhile, b3-integrin deficient 

vasculature (b3.ECKO) demonstrated a significant decrease in sprouting. This concurred with that 

reported previously by Steri et al who documented a decrease in VEGF-dependent aortic ring 

sprouting ex vivo in the absence of endothelial b3-integrin (161). Depleting these integrins together 

(b3/a5.ECKO), however, caused a reduction in retinal sprouting more profound than that caused by 

depleting b3-integrin alone, leaving blunt-ended vasculature at the periphery of the SP. This even 

trended to be more severe than that measured in the absence of NRP1 (NRP1.ECKO). b3- and a5-

integrin were therefore collectively required for the appropriate initiation of angiogenesis in 

superficial retinal vasculature, and likely functioned synergistically to promote sprout formation. 

These data also suggested that in the absence of a5-integrin (a5.ECKO) vascular sprout development 
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becomes reliant on b3-integrin and is therefore sensitive to its co-depletion. Further still, whilst 

vascular sprouting in triple knockout retinal vasculature (b3/a5/NRP1.ECKO) was close to a 

significant reduction relative to its Cre-negative controls, generating a P value of 0.09, sprouting 

returned significantly closer to WT levels when compared with our double integrin knockout 

(b3/a5.ECKO). This suggested that the additional depletion of NRP1 may be able to partially rescue 

the compromised vascular sprouting observed when b3- and a5-integrin were co-depleted.  

 

Our observed reduction in retinal sprouting when NRP1 was depleted juxtaposed that documented 

by Ellison et al who, also using the ex vivo aortic ring assay to model vascular sprouting, detected 

no change in sprouting following NRP1 depletion (195). One obvious difference between our 

experimentation was the environment in which our murine tissues were analysed. The retinal 

vasculature analysed here developed in vivo without any external alterations to its surrounding 

environment; the fibronectin-rich ECM was lain down by astrocytes and angiogenic stimuli were 

secreted from the broader retinal parenchyma to encourage vascular growth along its usual 

trajectory. Ex vivo environments such as that of the aortic ring assay, whilst providing useful insights 

into the endothelial-specific angiogenic contributions of target molecules in response to an 

administered growth factor or matrix substrate, are less easily extrapolated to more complex in 

vivo physiological or pathological scenarios. Whilst mural cells are retained in this ex vivo model, 

the host of other hetero-cellular contacts, the intricacies of the vasculature’s ECM, and the wealth 

of soluble angiogenic cues that direct vascular growth are not recapitulated. Due to the number of 

factors at play, it was difficult to determine exactly why our observed sprouting reduction in the 

absence of NRP1 was not phenocopied ex vivo.         
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Figure 4.4 Endothelial b3-integrin and a5-integrin are required for angiogenic sprout 
development in vivo. A) Time-course schematic of retinal vascular development and tamoxifen 
administration. Tamoxifen was administered (black triangles) via subcutaneous injection from P2-
P3 and intraperitoneally from P4-P5 before sacrificing animals at P6. B) Representative images of 
BS1-lectin labelled P6 SP retinal vascular fronts. White arrows indicate vascular sprouts. Magnified 
image scale bar = 150 µm. C) Quantification of vascular sprout enumeration normalized to vascular 
perimeter and made relative to their respective Cre-negative controls. Error bars displayed as mean 
± SEM. N ≥ 2, n ≥ 5 retinas per group. Statistical significance was expressed and analysed as follows: 
*=P<0.05, **=P<0.002, ***=P<0.0002, ****=P<0.0001, unpaired students t-test (two-tailed)/one-
way ANOVA.  
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4.6 Endothelial b3-integrin contributes to retinal vessel stability during vascular 

remodelling.  

 

The effects of co-depleting b3- and a5-integrin on retinal vascular sprouting demonstrated their 

collective involvement in the appropriate initiation of angiogenesis. Generally, hyper- or hypo-

sprouting at the vascular periphery translates to hyper- and hypo-dense retinal vascular interiors 

respectively (244, 245). We therefore presumed that the blunt-ended vasculature in our double 

integrin knockout (b3/a5.ECKO) would likewise be reflected in more severe hypo-vascularisation of 

the inner plexus relative to either single integrin knockout line. This, however, was evidently not 

the case as the vascular density observed at P6 revealed a significant but analogous drop in density 

when b3-integrin was depleted individually (b3.ECKO) or in duplicate with a5-integrin (b3/a5.ECKO) 

(Fig 4.1 F-I). The significantly worsened sprouting phenotype detected upon integrin co-depletion 

was therefore restricted to the vascular periphery. The b3-integrin-dependent hypo-vascularisation 

detected could instead be the result of compromised vascular stability rather than impaired vessel 

sprouting.  

 

As previously mentioned, superfluous vessels are selectively pruned during the normal remodelling 

process that follows the initial hyper-proliferative phases of angiogenesis. Once a vessel has 

regressed, its collagen-IV enriched basement membrane sleeve is left behind. By enumerating 

empty collagen-IV-positive and BS1 lectin-negative sleeves we could determine the propensity of 

vasculature to retract in the absence of our integrin targets. This revealed that b3-integrin depletion 

either alone or alongside a5-integrin (b3.ECKO, b3/a5.ECKO) caused a mirrored increase in the 

number of collagen-IV-positive regressed vessels (Fig 4.5 A & B). Meanwhile a5-integrin depletion 

elicited no change relative to its Cre-negative controls (a5.ECKO), corresponding with normal SP 

vascular density. b3-integrin was therefore essential for maintaining retinal vascular stability and 

the formation of mature vessels during remodelling but did so independently of a5-integrin. 

Furthermore, the severe hypo-sprouting phenotype detected upon integrin co-depletion therefore 

appeared to be restricted to the vascular front. We speculated that b3- and a5-integrin may be 

preferentially expressed, and therefore most functionally relevant, at the retinal vascular front in 

angiogenic sprouts. Immunofluorescent analysis of a5-integrin in WT retinal vasculature revealed 

this to be the case, with a clear increase in expression towards the vascular periphery of the SP at 

P6 (Fig 4.5 C), and still greater expression in protruding sprouts (Fig 4.5 D). Unfortunately, we were 
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unable to analyse the retinal vascular expression profile of b3-integrin due to the lack of 

commercially available antibodies against this target.     
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Figure 4.5 Endothelial b3-integrin contributes to retinal vessel stability during vascular 
remodelling. A) Representative images of P6 retinal superficial vasculature taken 100 µm from the 
vascular periphery between an artery and a vein co-stained for BS1-lectin and collagen IV. White 
arrows indicate regressed vessels. Scale bar = 100 µm. B) Quantification of collagen IV-positive BS1-
lectin-negative vessels expressed as a fold change relative to the average number of regressed 
vessels measured in Cre-negative controls. Error bars displayed as mean ± SEM. N = 2, n ≥ 5 retinas 
per group. C) Representative images of a5-integrin-labelled retinal vascular periphery at P6 in a 
Cre-negative, WT retina. Mask image illustrates a false-coloured retinal spout and its associated 
perpendicular vasculature used for CTCF analysis. Dashed box indicates the magnified image. Scale 
bars = 100 µm. D) Quantification of a5-integrin CTCF in retinal vascular sprouts expressed as a 
percentage relative to their connected perpendicular vasculature. Error bars displayed as mean ± 
SEM. N = 1, n = 3 retinas per group (50 sprout/perpendicular vasculature measurements per group). 
Statistical significance was expressed and analysed as follows: *=P<0.05, **=P<0.002, 
***=P<0.0002, ****=P<0.0001, unpaired students t-test (two-tailed)/one-way ANOVA.         
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4.7 Endothelial b3-integrin and a5-integrin control filopodial dynamics.  

 

During sprouting angiogenesis, polarised tip cells at the forefront of growing sprouts extend 

filopodia to sense their local environment and to direct their navigation through avascular spaces. 

Inactive integrins and other adhesion components are shuttled to the filopodium’s tip during their 

development to initiate FA formation and anchorage to the ECM (246, 247). The linkage between 

the enclosed actin-filaments and extracellular substrates facilitated by these integrin-based 

macromolecular assemblies enables the translation of actin-polymerisation and retrograde flow 

into tractional, hepatotactic forward movement. Filopodial protrusions are therefore a key 

characteristic of endothelial tip cells and reliant on integrin-mediated adhesion to function 

appropriately. To determine whether b3- and a5-integrin conduct independent and/or overlapping 

filopodial functions that might cause or contribute to the sprouting defects observed previously, 

we examined several morphological parameters of filopodia extending from vascular sprouts at the 

periphery of superficial retinal vasculature at P6, once again following the same tamoxifen 

administration regime detailed previously.   

 

The depletion of b3-integrin elicited no changes in the number, length, or tortuosity of filopodia 

extensions protruding from retinal sprouts (b3.ECKO) (Fig 4.6 A-D). This integrin was therefore likely 

dispensable for these filopodial attributes. Alternatively, its function could have been compensated 

for by a5-integrin. Supporting this idea, of these two integrins a5-integrin provides far stronger 

interactions with fibronectin matrices, with b3-integrin instead mediating weaker links responsible 

for mechano-transduction (248, 249). Targeting a5-integrin significantly increased each of these 

filopodial attributes (a5.ECKO). The elevated tortuosity observed here mirrored that reported by 

Stenzel et al who documented filopodial misalignment with astrocytic fibronectin following 

endothelial-specific a5-integrin depletion (171). Increased filopodial number and length have also 

been reported previously in retinal endothelial cells upon endothelial depletion of b1-integrin – a5-

integrin’s heterodimeric partner. We inferred that the effects reported by Adams et al were likely 

attributed to specific ablation of a5b1-integrin, but as b1-integrin can heterodimerise with 

numerous endothelial a-subunits (a1, a2, a3, a4, a6, a9) we could not rule out the possibility that 

the absence of other endothelial b1-integrin containing receptors may have contributed to their 

findings (135, 245). Whilst depleting our targets together maintained the elevated filopodial 

tortuosity triggered by a5-integrin depletion, it reversed the associated increases in filopodial 

number and length, causing a marginal but significant reduction in both parameters (b3/a5.ECKO). 
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As tortuosity remained non-significantly different from that measured in the absence of a5-integrin 

alone, we concluded that this effect was independent of b3-integrin, and that a5-integrin was alone 

responsible for coordinating filopodial alignment to fibronectin-matrices in the SP. The reversal in 

filopodial number and length, however, only occurred upon co-depletion of our targets, indicating 

that the additional absence of b3-integrin could override the effect attributed to a5-integrin’s 

individual ablation. It has been recognised for some time now that av-containing integrins can 

compensate for the absence of a5b1-integrin (250). Given its ability to mediate endothelial-

fibronectin adhesion, avb3-integrin was the logical compensatory candidate. The weaker 

interactions it bestows with fibronectin likely enabled integrin co-depletion to exploit filopodial 

dependency on b3-integrin in the absence of a5-integrin, leaving their number and length 

significantly reduced (248).      

 

The non-receptor tyrosine kinase FAK is a core component of focal contacts and is activated 

downstream of growth factor receptors and activated integrins. Once activated, FAK hosts a range 

of activatable phospho-sites that are key to its signalling capabilities. It has also been widely 

recognised as a key contributor to FA development and turnover in polarised migration as, in its 

activated form, FAK is enriched in newly developing focal contacts whilst absent from those that 

are either stable or disassembling (251). FAK Y407 is one of several phosphorylation sites essential 

to endothelial migration in response to VEGF-induced integrin clustering (252). We utilised 

phospho-FAK Y407 as a measure of integrin-mediated endothelial adhesion and polarised 

migratory capacity in retinal endothelial sprouts. Corrected total cell fluorescence analysis of pFAK 

Y407 in retinal endothelial tip cells relative to their trailing stalk cells revealed markedly reduced 

phosphorylation when our integrin targets were depleted individually and in combination 

(b3.ECKO, a5.ECKO, b3/a5.ECKO) (Fig 4.6 E & F). The scale of this reduction, however, was mirrored 

across our single and double integrin knockout lines indicating that whilst both b3- and a5-integrin 

assisted in Y407 phosphorylation and FAK activation, they must do so independently of each other 

as a cumulative impairment to FAK phosphorylation was not observed following integrin co-

depletion. 

 

We also utilised the lung microvascular endothelial cell lines derived from our floxed mouse lines 

in an in vitro VEGF challenge assay to determine whether FAK’s initial autophosphorylation site, 

Y397, and its main substrate, paxillin Y118, were influenced synergistically by our integrin targets. 

Whilst depletion of b3 and a5-integrin alone (b3fl/fl.ECKO, a5fl/fl.ECKO) seemed to reduce FAK 
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phosphorylation at Y397, only through combinatorial integrin depletion (b3/a5fl/fl.ECKO) was it 

significantly reduced (Fig 4.6 G & H). Only an N of 2 was achieved for our analysis of paxillin 

phosphorylation and therefore densitometric analysis was not performed, but a response similar 

to that at pFAK Y407 was observed by eye. Whilst individual integrin depletion caused impairment 

to paxillin Y118 phosphorylation, the most significant reduction occurred upon integrin co-

depletion. Notably though, this genotype also demonstrated reduced total paxillin levels which may 

have been responsible for its reduced phosphorylation. These results only partially explain our 

previously observed filopodial defects. The cooperative reduction in both FAK and paxillin 

phosphorylation prompted by targeting both integrins together likely contributed to the measured 

reduction in filopodia length and number in this genotype, but the elevation in filopodial tortuosity 

induced by a5-integrin depletion individually was not reflected in FAK and downstream paxillin 

phosphorylation in vitro.     
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Figure 4.6 Endothelial b3-integrin and a5-integrin control filopodial dynamics. A) Representative 
BS1-lectin-labelled images of P6 retinal sprouts at the vascular front. Dashed boxes outline 
magnified images. Red dots indicate filopodial projections and red asterisks indicate tortuous 
filopodia. Scale bar = 50 µm. B) Quantification of filopodia number per sprout at P6, presented as 
raw values alongside their respective Cre-negative controls. Error bars displayed as mean ± SEM. n 
= 5 retinas per group measured across 3 technical replicates (20 sprouts per retina). C & D) 
Quantification of filopodial tortuosity index and length respectively, presented as raw values 
alongside their respective Cre-negative controls. Error bars displayed as mean ± SEM. n = 5 retinas 
per group measured across 3 technical replicates (150 filopodial measurements per group). E) 
Representative images of retinal sprouts at the vascular front of the SP in P6 retinas co-labelled for 
BS1-lectin and pFAK Y407. The fire lut from FijiImageJTM was applied to visualize pFAK Y407 
fluorescence intensity. Dashed boxes outline magnified images. Scale bars = 50 µm. F) 
Quantification of pFAK Y407 CTCF in retinal vascular sprouts normalized to their associated 
perpendicular vasculature, expressed as a percentage relative to their respective Cre-negative 
controls. Error bars displayed as mean ± SEM. n = 5 retinas per group measured across 3 technical 
replicates (5 sprouts per retina). G) Representative western blots of VEGF challenge assays in which 
Cre-negative and TAT-Cre-nucleofected endothelial cells were starved for 3 hours in serum-free 
media prior to stimulation with VEGF for 0, 5, and 15-minutes. Western blots show total levels of 
b3- and a5-integrin as well as phosphorylated and total levels of FAK (Y397) and paxillin (Y118). b-
actin was used as a loading control. H) Densitometric quantification of pFAK Y397/total FAK relative 
to Cre-negative 0-minute VEGF stimulation obtained using FijiImageJTM. Error bars displayed as 
mean ± SEM. N = 3. Statistical significance was expressed and analysed as follows: *=P<0.05, 
**=P<0.002, ***=P<0.0002, unpaired students t-test (two-tailed)/one-way ANOVA. 
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4.8 Discussion 

 

From our analysis of vascular extension at P6 we deduced that neither b3-integrin nor NRP1 could 

drive angiogenesis to physiologically normal levels without the co-expression of the other (Fig 4.1). 

Their pro-angiogenic functionality was therefore tied. This was particularly the case for b3-integrin, 

which, unlike NRP1, was unable to contribute to vascular outgrowth when expressed alone. In the 

Robinson lab we have previously reported that the cytoplasmic tail of b3-integrin performs negative 

regulatory functions over NRP1, limiting both its complexation with VEGFR2 and its activation of 

paxillin, thereby restricting its ability to drive endothelial motility (194, 195). Indeed, in the absence 

of just one allele encoding b3-integrin, pathological angiogenesis becomes sensitive to the 

additional depletion of NRP1 (195). If these interactions held true in a developmental setting, we 

would have expected the endothelial depletion of b3-integrin to release NRP1 from the 

aforementioned constraints and enable its pro-angiogenic capabilities to drive retinal vascular 

extension closer to WT levels. Instead, its failure to do so implied that this integrin was in fact 

required for NRP1 to reach its full pro-angiogenic capacity in this organ, or that b3-integrin 

conducted essential, but NRP1-independent pro-angiogenic functions in mouse retinal vasculature.       

 

Alternatively, if we consider the reduction in animal weight conferred by endothelial b3-integrin 

depletion as directly responsible for the observed impairment in retinal vascular outgrowth, then 

b3- and a5-integrin may have engaged in reciprocal compensation whereby the absence of one 

could be offset by the activity of the other (Fig 4.1). Cooperative behaviour between these integrins 

has been previously documented. Neither integrin can form normal FAs on a5b1-integrin selective 

substrates in the absence of the other, despite avb3-integrin being unable to engage with this 

extracellular substrate (169, 253). Of course, b3-integrin can engage with the retinal fibronectin 

matrix in vivo, albeit more weakly than a5-integrin, and can, to an extent, compensate for the 

absence of this integrin. These receptors may therefore control endothelial adhesion to fibronectin 

synergistically such that a significant impairment to SP outgrowth was only observed in their shared 

absence. A consistent theme to both proposed receptor interactions was the dispensability of a5-

integrin alone to SP extension. This conflicted with Stenzel et al who reported a minor impairment 

to retinal vascular outgrowth of 3-6% following this integrin’s endothelial depletion (171). Notably, 

their depletion was achieved using the constitutive Tie2.Cre model. Prior work from the Robinson 

lab revealed that the method of target depletion used could alter the angiogenic response observed 
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and as such, Stenzel et al’s findings may not have been directly comparable to our observations 

(161).  

 

Something we had yet to address in this chapter was whether the vessels formed in our various 

knockout combinations were functional. We observed that across each knockout line at P6, retinal 

arterioles maintained the appropriate avascular space in their immediate vicinity (Fig 4.1 B & H). 

These peri-arteriole capillary-free zones arise due to high blood oxygen content bestowing a vaso-

inhibitory effect that induces selective capillary pruning. Meanwhile, venioles sit in a denser, 

proximal capillary network, though they maintain a narrow peri-veniole capillary-free zone (254). 

From these observations we could somewhat crudely deduce that arteriole and veniole perfusion 

were unaffected in the absence of our targets. Others have used microvascular diameter as a 

measure of capillary function, but as the flat-mounting process we use for retinal imaging 

compromised microvascular structure, we chose not to perform this analysis. One method of 

assessing vascular perfusion would be to stain vessels via intravenous administration of endothelial 

specific conjugated antibodies. Following tissue isolation only perfused vessels would be visible and 

could then be directly quantified.  

 

Another consistent theme of this chapter was the functional dominance of NRP1 in our receptor 

network. Not only did NRP1 depletion cause the most significant impairment to SP outgrowth at P6 

(Fig 4.1 B & C), but also the greatest hypo-vascularisation of the intermediate and deep plexuses at 

P12 (Fig 4.3 E, F & H) as well as the inducement of tuft malformations at P18 (Fig 4.2 H). Whilst the 

impairment to SP vascular outgrowth induced by NRP1 depletion mirrored that attributed to its 

function as a VEGF co-receptor, the generation of these vascular tufts is reportedly independent of 

its VEGF-dependent functionality as they are absent from retinal vasculature in mice harbouring a 

point mutation that disrupts NRP1-VEGF binding (207). The generation of these tufts may instead 

rely on NRP1’s role in mediating endothelial adhesion, but considering NRP1 carries out this role by 

directing a5b1-integrin intracellular traffic to newly forming adhesive sites on fibronectin, it was 

curious why depletion of either integrin individually or in combination did not provoke tuft 

formation too (179). Instead, these tufts likely formed due to impaired endothelial receptiveness 

to semaphorin 3A or 3C, other NRP1 ligands demonstrated to prevent pathological 

neovascularisation in the retina when administered intravenously (255, 256). 
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Through our analysis of retinal angiogenesis at progressive developmental time points, we 

identified several autonomous and combined receptor functions. These functions appeared to be 

context specific, with functionality shifting depending on the precise developmental phase being 

investigated. At P6, a5-integrin was dispensable for angiogenesis to proceed normally (Fig 4.1), yet 

at P12 its depletion conferred a significant reduction in DP vascularisation (Fig 4.3). Conversely, b3-

integrin was required for SP formation but expendable for both IP and DP development at P12 and 

P18 (Fig 4.1, 4.2 & 4.3). Furthermore, the cooperative interplay between b3-integrin and NRP1 at 

P6 was reversed at P12, with b3-integrin instead appearing to limit the pro-angiogenic capacity of 

NRP1 when a5-integrin was depleted. This function of b3-integrin more closely resembled that 

reported by Robinson et al (194). Furthermore, at P6 NRP1 depletion conferred a hypo-vascular 

effect in superficial vasculature, yet at P12 and P18 its absence caused hypervascularisation of the 

same plexus. Due to its lack of involvement in endothelial proliferation, NRP1 likely aided vessel 

stabilisation at P6 to prevent inappropriate vascular regression, whilst at later time points this 

function was reversed, instead encouraging the retraction of superfluous vessels to prevent the 

formation of hyper-dense vascular networks (180). We had therefore mapped how and when these 

three receptors contributed to developmental angiogenesis in this organ and revealed a series of 

contradictory functions. To resolve mechanistic interactions occurring between them, we required 

a single time point for further investigation to omit time-dependent functional variability from our 

analysis.    

 

This revealed that b3- and a5-integrin cooperate synergistically during vascular sprout 

development in the SP at P6 (Fig 4.4). Through filopodial analysis of these sprouts we revealed that 

b3-integrin could likely compensate for the loss of a5-integrin such that integrin co-depletion 

exploited filopodial b3-integrin-dependency and reversed their enhanced number and length 

observed in the absence of a5-integrn alone (Fig 4.5). This concurred with our enumeration of 

vascular sprouts, as depletion of a5-integrin alone caused no significant defects. Furthermore, the 

only significant reduction in filopodial number and length occurred when our integrins were 

depleted together, which agrees with this genotype’s hypo-sprouting severity. However, our 

filopodial observations failed to explain the hypo-sprouting phenotype caused by b3-integrin 

ablation as no measurable defects in filopodia morphology or frequency were detected. In addition, 

the relatively minor impairment in filopodial length, number and tortuosity seemed mismatched 

with the severely blunt-ended vasculature observed in our double integrin knockout. We therefore 

postulated that the substantial reduction in vascular sprouting caused by co-depletion of our 
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integrin targets was largely independent of filopodia adhesion and pathfinding. Also of note, retinal 

vascular abnormalities do not necessarily correspond with changes in vascular extension (244). This 

observation aligned with the elevated length and number of protruding filopodia detected in the 

absence of a5-integrin, which did not elicit increased SP outgrowth relative to Cre-negative 

controls, nor did the severe hypo-sprouting phenotype detected in our double integrin knockout 

correspond with worsened vascular extension relative to the individual depletion of b3-integrin. 

Our analysis of retinal vascular extension, vascular sprouting at the retinal periphery, and the 

filopodial projections of these sprouts therefore appeared incongruent. We surmised that the 

cooperation between b3- and a5-integrin in the development of retinal vascular sprouts was largely 

irrespective of their role in filopodial adhesion and pathfinding, and that other undetermined 

mechanisms were contributing to this phenotype.   
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5 Endothelial b3-integrin, a5-integrin and NRP1 control VEGFR2 dynamics via 

distinct mechanisms in vitro.   

 

Much of our current analysis has focussed on retinal vascular development to capture the 

independent and overlapping contributions of our three endothelial receptors to angiogenesis. 

Among other vascular-bed specific functions, it revealed a critical involvement of both integrin 

targets in the appropriate development of retinal endothelial sprouts and their filopodial 

protrusions. VEGF/VEGFR signalling represents a key angiogenic driving force in the retina, 

prompting tip cell selection, filopodia-directed tip cell migration over astrocytic fibronectin as well 

as stalk cell proliferation (257, 258). Neurons also carefully titrate VEGF bioavailability beneath the 

SP to control development of deeper vascular beds in this organ (219). Akin with our endothelial 

receptors of interest then, endothelial VEGF-receptiveness is critical to angiogenic sprout 

development and the timely formation of the retina’s tri-layered vascular network.  

 

VEGF164 is the dominant VEGF isoform expressed in the post-natal mouse retina, with VEGF120, 

VEGF144 and VEGF188 being expressed to lesser degrees (257). It’s major endothelial receptor, 

VEGFR2, is equally important for retinal vascular growth such that administration of antibodies 

directed against this receptor, or its endothelial specific depletion, significantly perturbed retinal 

endothelial sprouting (230, 259). Concentrated at the vascular front, VEGFR2 is highly expressed in 

tip cells and their associated filopodial extensions (257). b3-integrin, a5-integrin and NRP1 have 

each been documented to interact with this receptor and modulate its activity (88, 147, 194, 242, 

243). We therefore sought to determine whether these receptors collectively influenced VEGFR2 

activity.  
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5.1 b3-integrin and NRP1 are essential for VEGFR2 signalling, but co-expression 

of b3-integrin and a5-integrin is required for VEGFR2 preservation.  

 

To investigate the collective involvement of our receptor network on VEGF/VEGFR2 signalling, we 

utilised the endothelial cell lines isolated from our mouse models, the endothelial identity of which 

we confirmed previously (Fig 3.6). Once seeded on a fibronectin matrix these endothelial cells were 

starved in serum-free media and subsequently stimulated for up to 15 minutes with VEGF164 before 

being lysed and analysed via western blotting for VEGFR2 phosphorylation at Y1173. Activation of 

this key autophosphorylation site induces transcriptional changes that encourage endothelial 

proliferation and migration (43). We additionally analysed Akt phosphorylation at T308, a residue 

essential to its catalytic activity. Akt is an important downstream effector of the VEGF/VEGFR2 

signalling axis, stimulating endothelial proliferation, migration, and survival (260). Akt has 

additionally been shown to regulate the recycling of avb3- and a5b1-integrins (261).  

 

Looking first at our targets individually, we found that the absence of a5-integrin (a5fl/fl.ECKO) 

prompted no change in VEGFR2 or Akt phosphorylation relative to their total levels at the indicated 

residues (Fig 5.1 A). Although Stenzel et al assessed Akt activation in total retinal lysates rather than 

autonomously in endothelial cells, in support of our findings, they detected no change in Akt 

phosphorylation in mice lacking endothelial a5-integrin relative to control retinas (171). 

Meanwhile, depletion of b3-integrin (b3fl/fl.ECKO) or NRP1 (NRP1fl/fl.ECKO) elicited a significant 

reduction in VEGF-induced VEGFR2 phosphorylation, though this impairment failed to significantly 

impact downstream Akt activation. It is worth noting however that phospho-Akt levels were very 

close to a significant reduction in the absence of b3-integrin after VEGF stimulation for 15 minutes. 

Whilst some of these effects have been reported previously, contradicting these data, siRNA-driven 

NRP1 knockdown or peptide-blockade of NRP1-VEGF binding was reported to induce a marginal 

but significant decrease in Akt activation (161, 183, 262). Furthermore, the decrease in VEGFR2 

phosphorylation measured here in the absence of NRP1 was far more substantial than that 

reported previously at Y1173 and should be borne in mind going forward.  

 

Co-targeting of either b3-integrin or a5-integrin alongside NRP1 (b3/NRP1fl/fl.ECKO, 

a5/NRP1fl/fl.ECKO) mirrored the decreased VEGFR2 phosphorylation observed when NRP1 was 

targeted alone (NRP1fl/fl.ECKO), though was nearly capable of significantly prolonging this 
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impairment to 15 minutes (Fig 5.1 A). Looking downstream of VEGFR2, co-depleting a5-integrin 

and NRP1 (a5/NRP1fl/fl.ECKO) was, akin with the individual ablation of NRP1, unable to influence 

VEGF-induced Akt activation, but targeting NRP1 alongside b3-integrin (b3/NRP1fl/fl.ECKO) 

significantly reduced Akt phosphorylation after 15 minutes. The collective expression of b3-integrin 

and NRP1 was therefore a requirement for suitable propagation of VEGF signalling to downstream 

Akt and reinforced our observations in vivo where co-expression of these two receptors was 

essential for retinal vascular growth to proceed normally (Fig 4.1 B & C). Looking now at our triple 

knockout cells (b3/a5/NRP1fl/fl.ECKO), depletion of each receptor together conferred a significant 

reduction in VEGFR2 phosphorylation analogous to that observed in the absence of NRP1 or b3-

integrin alone, but additionally reduced its activation at 15 minutes (Fig 5.1 A). Furthermore, the 

reduced Akt activation observed when b3-integrin and NRP1 were co-depleted (b3/NRP1fl/fl.ECKO) 

was lost in these triple knockout cells (b3/a5/NRP1fl/fl.ECKO). As many RTKs and G-protein coupled 

receptors (GPCRs) feed into Akt signalling pathways, and each of our receptor targets are known to 

crosstalk with growth factor receptors in addition to each other, deciphering the VEGF signalling 

responses observed proved challenging (163, 179, 194, 263, 264). Furthermore, commenting on 

the longevity of these phosphorylation impairments past the 5-minute time point through 

densitometric analysis was problematic. Though the individual depletion of b3-integrin and NRP1 

was statistically unable to prolong the impaired VEGFR2 activation detected at 5 minutes of VEGF 

stimulation, visual interpretation of the representative blots shown indicated that activation of this 

receptor remained severely impaired even after 15 minutes.  

 

The densitometry of VEGFR2 and Akt phosphorylation discussed was made relative to the total 

expression of their respective protein to account for any variance in their expression. Whilst total 

levels of Akt appeared consistent throughout each knockout line relative to their controls, that of 

VEGFR2 varied significantly. We first compared the band intensity of VEGFR2 at each VEGF-

stimulated time-point to its loading control before normalising these values to that of their 

respective Cre-negative control at 0-minutes of VEGF stimulation (Fig 5.1 A). This revealed that the 

changes in VEGFR2 expression across our knockout lines were independent of acute VEGF 

stimulation. We subsequently quantified VEGFR2 expression at 0 minutes of VEGF stimulation and 

made these values relative to that of their control cells at the same time point for comparison 

across each of our genotypes (Fig 5.1 B). This quantification revealed that the individual depletion 

of b3-integrin (b3fl/fl.ECKO) induced a slight but significant reduction in VEGFR2 total protein, a 

reduction that was substantially exaggerated by co-depletion of a5-integrin (b3/a5fl/fl.ECKO). In 
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these co-depleted endothelial cells VEGFR2 was entirely absent. As such, the observed absence of 

VEGFR2 phosphorylation was caused by its reduction in total levels. Furthermore, as the elevated 

VEGFR2 expression triggered by individual ablation of a5-integrin (a5fl/fl.ECKO) was mirrored by co-

targeting of a5-integrin and NRP1 together (a5/NRP1fl/fl.ECKO), we inferred that this effect was 

dependent on depletion of a5-integrin alone. When b3-integrin and NRP1 were co-depleted 

(b3/NRP1fl/fl.ECKO, b3/a5/NRP1fl/fl.ECKO) VEGFR2 levels were rescued to WT levels.  

 

From these data we hypothesised several possible regulatory functions of our receptor network 

over VEGFR2 expression. As discussed above, the increase in VEGFR2 abundance induced by a5-

integrin depletion was irrespective of NRP1. Furthermore, as the elevated VEGFR2 expression 

detected when targeting a5-integrin alone (a5fl/fl.ECKO) or alongside NRP1 (a5/NRP1fl/fl.ECKO) could 

be reduced to WT levels by the additional depletion of b3-integrin  (b3/a5.fl/fl.ECKO, 

b3/a5/NRP1fl/fl.ECKO), these elevations appeared b3-integrin-dependent. Both integrins therefore 

appeared to conduct distinct but inter-dependent regulatory functions over VEGFR2 abundance 

where b3-integrin drove its accumulation in the absence of a5-integrin 

(a5fl/fl.ECKO, a5/NRP1fl/fl.ECKO), and a5-integrin kept this pro-angiogenic function in check when co-

expressed with b3-integrin (Cre-neg, NRP1fl/fl.ECKO). In addition, the reduction in VEGFR2 expression 

observed in the absence of b3-integrin alone or together with a5-integrin (b3fl/fl.ECKO, 

b3/a5fl/fl.ECKO) could be reversed by the additional depletion of NRP1 (b3/NRP1fl/fl.ECKO, 

b3/a5/NRP1fl/fl.ECKO). NRP1 therefore also performed critical regulatory roles over this key 

angiogenic receptor, driving its downregulation in the absence of b3-integrin (b3fl/fl.ECKO, 

b3/a5fl/fl.ECKO).    

 

The interactions of our receptors with VEGFR2 are well studied and we found several incongruences 

with existing literature. Conflicting with our results, global b3-integrin depletion induced enhanced 

tumour vascularisation and growth as a result of their elevated VEGFR2 expression (154, 155). 

When investigating the autonomous effects of endothelial b3-integrin to VEGF-induced 

angiogenesis however, Steri et al reported no change in the expression of VEGFR2 in lung 

microvascular endothelial cells isolated from b3fl/fl.PDGFB.iCreERT2 mice, though its VEGF-induced 

phosphorylation at Y1173 was impaired in line with our observations here, a predictable response 

considering the known synergy between avb3-integrin and VEGFR2 (161). The increase in VEGFR2 

expression prompted by global b3-integrin ablation was therefore likely the result of non-
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endothelial b3-integrin expressing cell types such as megakaryocytes, bone marrow-derived cells, 

platelets and pericytes (161, 206, 265). More recently, inducible genetic depletion or inhibition of 

pericyte b3-integrin expression was found to significantly elevate both FAK and Akt 

phosphorylation. The associated increase in nuclear factor k-B (NFkB) transcriptional activity 

downstream of FAK and Akt activation enhanced the delivery of proliferative, but not migratory, 

paracrine signals to nearby tumour cells to augment their growth. Notably, unlike the increase in 

tumour angiogenesis induced by global b3-integrin depletion, this effect was independent of 

changes in tumour vascular density (154, 266). There is, therefore, considerable evidence of the 

heterogenous signalling and angiogenic outcomes resultant of targeting b3-integrin in different cell 

types (266). Nevertheless, in our hands, genetic loss of endothelial b3-integrin, a5-integrin and 

NRP1 individually and in combination prompted significant changes in VEGFR2 expression 

indicating these receptors conduct discrete and cooperative functions as principal regulators of 

endothelial VEGFR2’s lifecycle. Moving forward, we chose to focus our efforts on our two integrin 

receptors in an attempt to determine how they co-regulate VEGFR2.    
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Figure 5.1 b3-integrin and NRP1 are essential for VEGFR2 signalling, but b3-integrin and a5-
integrin are collectively required for VEGFR2 preservation. A) Representative western blots of 
VEGF challenge assays in which Cre-negative and TAT-Cre-nucleofected endothelial cells seeded on 
fibronectin (10 µg/ml) coated 10 cm dishes and left to adhere for 24 hours at 37oC were starved for 
3 hours in serum-free media prior to stimulation with VEGF for 0, 5, and 15-minutes. Following their 
designated stimulation periods all dishes were placed on ice, lysed with ESB and their protein 
content quantified using the DC protein assay before prepping for western blot analysis. Western 
blots show total levels of b3-integrin, a5-integrin and NRP1, as well as total and phosphorylated 
levels of VEGFR2 (Y1173) and AKT (T308). b-actin was used as a loading control. Densitometric 
quantification of pVEGFR2 Y1173/total VEGFR2, pAKT T308/total AKT, and VEGFR2/b-actin relative 
to Cre-negative 0-minute VEGF stimulation obtained using FijiImageJTM. Error bars displayed as 
means mean ± SEM. N = 3. B) Densitometric quantification of VEGFR2/b-actin at 0-minute VEGF 
stimulation relative to each genotype’s respective Cre-negative control at 0-minute VEGF 
stimulation. Error bars displayed as mean ± SEM. N = 3. Statistical significance was expressed and 
analysed as follows: *=P<0.05, **=P<0.002, unpaired students t-test (two-tailed)/one-way ANOVA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 149 

5.2 b3-integrin depletion enhanced VEGFR2 trafficking to degrading machinery. 

 

Following its VEGF-induced stimulation, VEGFR2 undergoes clathrin-dependent endocytosis. Now 

housed in clathrin-coated vesicles the activated receptor is transported to early endosomes before 

proceeding through one of several possible trafficking pathways. Though VEGFR2 is initially 

activated by ligand binding at the cell’s surface, its internalisation and endosomal trafficking are 

essential for the stimulation of its many downstream signalling pathways. Ultimately its journey is 

concluded via Rab4-dependent short-loop recycling back to the plasma membrane, Rab11-

dependent long-loop recycling, or a Rab7-dependent pathway destined for degradation (43). VEGF 

is also known to regulate integrin trafficking. In particular, VEGF stimulation promotes avb3-

integrin’s Rab4-dependent recycling to the plasma membrane whilst also limiting its internalisation 

(267). Considering the depletion of our integrin receptors was evidently controlling VEGFR2 

abundance, we hypothesised that b3- and a5-integrin were controlling aspects of VEGFR2 

trafficking.  

 

Firstly, to determine whether genetic targeting of b3- and a5-integrin influenced the surface 

expression of VEGFR2, we analysed its biotinylated surface levels in unstimulated target knockout 

endothelial cells (Fig 5.2 A). This revealed that changes in total VEGFR2 protein abundance 

translated to its surface expression, with b3- and a5-integrin depletion (b3fl/fl.ECKO, a5fl/fl.ECKO) 

prompting reduced and elevated VEGFR2 surface expression respectively, and their combined 

depletion (b3/a5fl/fl.ECKO) ablating VEGFR2 surface expression entirely.  

 

We postulated that these integrins could be directing VEGFR2 intracellular cargo, with b3-integrin 

depletion prompting preferential traffic through degrading pathways, and a5-integrin depletion 

protecting VEGFR2 by shuttling it away from these channels. Rab7 is the major GTPase regulating 

late endosomal traffic to lysosomes and proteasomes. We therefore performed a co-

immunoprecipitation assay between Rab7 and VEGFR2 at 0 and 30 minutes of VEGF stimulation, 

though only in single knockout cells as VEGFR2 expression was virtually non-existent in our double 

integrin knockout line (Fig 5.2 B). The 30-minute VEGF-stimulated time point was used as a control, 

as VEGFR2 signalling is eventually concluded, at least in part, by receptor poly-ubiquitinoylation and 

associated degradation. We therefore expected an increase in Rab7-VEGFR2 association in line with 

a reduction in total receptor expression at this time point in control cells. Indeed, in b3fl/fl and a5fl/fl 
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control endothelial cells VEGFR2 levels decreased following VEGF-stimulation, and this was 

additionally met by an elevated association with Rab7 relative to total VEGFR2 levels. In the absence 

of b3- or a5-integrin (b3fl/fl.ECKO, a5fl/fl.ECKO), VEGFR2 maintained a normal response to prolonged 

VEGF-stimulation, with its expression significantly reduced after 30 minutes in both conditions. At 

0 minutes however, b3-integrin depletion (b3fl/fl.ECKO) prompted an increase in VEGFR2-Rab7 

association relative to total receptor expression when compared with control cells at this time 

point. This indicated that under unstimulated conditions b3-integrin protects VEGFR2 from 

excessive Rab7-directed degradation. In our a5-integrin knockout endothelial cells (a5fl/fl.ECKO) we 

expected reduced VEGFR2-Rab7 association to account for the accumulated levels of this receptor. 

Whilst their association was relatively less than that in control cells at 0-minutes of VEGF 

stimulation, it appeared less substantial than was required to account for the observed increase in 

VEGFR2 abundance.  

 

Staining for VEGFR2 and Rab7 in permeabilised, unstimulated Cre-negative and TAT-Cre-

nucleofected endothelial cells partially confirmed these findings, with VEGFR2-Rab7 co-localisation 

increasing in b3-integrin depleted endothelial cells (b3fl/fl.ECKO) relative to their Cre-negative 

counterparts (Fig 5.2 C & D). a5-integrin depletion (a5fl/fl.ECKO), however, prompted no measurable 

change in their co-localisation, further indicating that the upregulation of VEGFR2 detected in these 

cells was likely independent of changes in its Rab7-directed trafficking in unstimulated conditions.        
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Figure 5.2 b3-integrin depletion enhanced VEGFR2 trafficking to degrading machinery. A) 
Representative western blots show biotinylated cell surface VEGFR2 across each genotype as well 
as their respective MESNA-stripped negative controls. N=1. B) Cre-negative and TAT-Cre-
nucleofected endothelial cells were seeded onto fibronectin-coated dishes (10 µg/ml) and left to 
adhere for 24 hours at 37oC. These cells were starved in serum-free media prior to stimulation with 
VEGF for 0 and 30 minutes. Following completion of their designated stimulation periods, 
endothelial protein extracts were immunoprecipitated with protein-G Dynabeads® coupled with 
anti-Rab7 primary antibodies. Immunoprecipitated lysates were then subjected to western blot 
analysis alongside total cell lysates. Representative western blots show VEGFR2-Rab7 association 
as well as confirmation of target depletion and VEGFR2 input. b-actin was used as a loading control. 
b3fl/fl;b3fl/fl.ECKO N = 2, a5fl/fl;a5fl/fl.ECKO N = 1. C) Cre-negative and TAT-Cre-nucleofected endothelial 
cells were seeded at a low density onto acid-washed, oven-sterilised coverslips pre-coated with 
fibronectin (10 µg/ml) for 3 hours after which they were fixed, blocked, permeabilized and 
incubated with anti-VEGFR2 and anti-Rab7 primary antibodies. The following day coverslips were 
incubated with the appropriate Alexa® fluor secondary antibodies diluted in PBS. The images shown 
are representative of VEGFR2 and Rab7 immuno-stained endothelial cells in the indicated 
genotypes. D) Quantification of the number of VEGFR2/Rab7-positive endosomes per cells. Error 
bars displayed as mean ± SEM. N = 1, n = 30 cells. Statistical significance was expressed and analysed 
as follows: *=P<0.05, unpaired students t-test (two-tailed). 
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5.3 Lysosomal, but not proteasomal inhibition rescued the VEGFR2 

downregulation induced by b3-integrin depletion.  

 

With VEGFR2 preferentially trafficking along Rab7-directed intracellular channels in the absence of 

b3-integrin, we next hypothesized that inhibition of lysosomal and proteasomal machinery could 

restore VEGFR2 when b3-integrin was depleted either individually or alongside a5-integrin 

(b3fl/fl.ECKO, b3/a5fl/fl.ECKO). We additionally postulated this inhibition could elevate VEGFR2 

expression further in a5-integrin knockout cells (a5fl/fl.ECKO). We and others have previously used 

MG-132 to potently inhibit the protease activity of the 26S proteasome complex (101, 268, 269, 

270). Here, we repeated our 0- and 30-minute VEGF stimulation of control and integrin-knockout 

endothelial cells but supplemented their starvation in serum free media with MG-132. Once again, 

the 30-minute time point was used as a control to determine whether MG-132 was successfully 

blocking proteasome-mediated degradation of poly-ubiquitinated VEGFR2 during the normal 

resolution of VEGF-signalling.    

 

Across our control and single-knockout cells (a5fl/fl.ECKO, b3fl/fl.ECKO), the reduction in VEGFR2 

expression prompted by prolonged VEGF exposure was successfully inhibited in their MG-132 

treated counterparts, confirming successful proteasomal inhibition (Fig 5.3 A-D). However, in the 

absence of b3-integrin (b3fl/fl.ECKO), MG-132 treatment failed to rescue VEGFR2 levels (Fig 5.3 A & 

B). Furthermore, contradicting our hypothesis, the increased VEGFR2 expression observed in our 

a5-integrin knockout cells (a5fl/fl.ECKO) returned to control levels following proteasome inhibition 

(Fig 5.3 C & D). We later discovered that MG-132 had been reported to suppress endothelial 

VEGFR2 transcription and significantly diminish the half-life of its mRNA, explaining why VEGFR2 

expression was reduced even in unstimulated control cells (271). Unsurprisingly then, we saw no 

recovery of VEGFR2 expression in the absence of both integrins together (b3/a5fl/fl.ECKO) (Fig 5.3 E).    

 

To circumvent the unintended suppression of VEGFR2 synthesis whilst still inhibiting protein 

degradation, we instead used chloroquine, a well-established lysosome inhibitor (79, 244). Over a 

period of four hours chloroquine treatment elevated VEGFR2 expression in each control cell line, 

confirming its successful lysosomal inhibition (Fig 5.3 F-I). This elevation was also extended to b3-

integrin knockout endothelial cells (b3fl/fl.ECKO), rescuing VEGFR2 to WT levels (Fig 5.3 F & G). 

Though this experiment was only performed once in a5-integrin and double integrin knockout cells, 
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chloroquine treatment was able to further amplify the increased VEGFR2 abundance detected in 

the absence of a5-integrin (a5fl/fl.ECKO) whilst no VEGFR2 restoration was detected in the absence 

of both integrins together (b3/a5fl/fl.ECKO) (Fig 5.3 H & I). In agreement with prior data, the 

chloroquine-induced increase of VEGFR2 in a5-integrin depleted cells indicated that, under 

baseline conditions, VEGFR2 intracellular cargo was still undergoing normal trafficking through 

Rab7-directed pathways to lysosomes for degradation. The elevated VEGFR2 protein levels 

detected in these cells may instead be due to enhanced VEGFR2 transcription. This could explain 

why the MG-132-induced transcriptional suppression of VEGFR2 had a greater effect on VEGFR2 

levels in a5-integrin-depleted cells relative to their Cre-negative counterparts. Likewise, the 

inability of lysosomal inhibition to prompt any VEGFR2 recovery in double integrin knockout cells 

also implied a transcriptional answer to this phenotype.       
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Figure 5.3 Lysosomal but not proteasomal inhibition rescued VEGFR2 downregulation induced by 
b3-integrin depletion. Cre-negative and TAT-Cre-nucleofected endothelial cells were seeded onto 
10 cm dishes pre-coated with fibronectin (10 µg/ml) and left to adhere for 24 hours at 37oC. These 
cells were then starved for 3 hours in serum-free media ± MG-132 (10 µM) prior to stimulation with 
VEGF for 0- and 30-minutes. Following completion of their designated stimulation periods, all 
dishes were placed on ice, lysed in ESB, their protein content quantified using the DC protein assay 
and subsequently subjected to western blot analysis. A, C & D) Representative western blots of 
VEGFR2, b3-integrin, a5-intgrin and b-actin as a loading control across each single and double 
integrin knockout cell line. B & D) Densitometric quantification of VEGFR2/b-actin relative to that 
of their Cre-negative control at 0-minute VEGF stimulation ± MG-132 obtained using FijiImageJTM. 
Error bars displayed as mean ± SEM. b3fl/fl/b3fl/fl.ECKO N = 3, a5fl/fl/a5fl/fl.ECKO N = 3, 
b3/a5fl/fl;b3/a5fl/fl.ECKO N = 1. F – I) Cre-negative and TAT-Cre-nucleofected endothelial cells were 
seeded onto 10 cm dishes pre-coated with fibronectin (10 µg/ml) and left to adhere for 24 hours at 
37oC. These cells were then starved for the indicated time points in serum-free media ± chloroquine 
(50 µM). Following completion of their designated incubation periods, all dishes were placed on 
ice, lysed in ESB, their protein content quantified using the DC protein assay and subsequently 
subjected to western blot analysis. F, H & I) Representative western blots of VEGFR2, b3-integrin, 
a5-intgrin and b-actin as a loading control across each single and double integrin knockout cell line. 
G) Densitometric quantification of VEGFR2/b-actin relative to their respective Cre-negative 0-hour 
time-point without chloroquine treatment in b3fl/fl/b3fl/fl.ECKO cells was obtained using FijiImageJTM. 
Error bars displayed as mean ± SEM. b3fl/fl;b3fl/fl.ECKO N = 3, a5fl/fl;a5fl/fl.ECKO N = 
1, b3/a5fl/fl;b3/a5fl/fl.ECKO N = 1. Statistical significance was expressed and analysed as follows: 
*=P<0.05, **=P<0.002, ***=P<0.0002, ****=P<0.0001, unpaired students t-test (two-tailed)/one-
way ANOVA. 
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5.4 Co-inhibition of avb3-integrin and a5b1-integrin reduced VEGFR2 protein 

levels without effecting its membrane shedding or endothelial adhesion to 

fibronectin.  

 

The reduction in VEGFR2 prompted by co-depletion of our integrin targets in vitro was substantial. 

This effect was unlikely the result of off-target Cre-recombinase-induced recombination events 

since the effects of individual integrin-depletion on VEGFR2 expression were entirely different and 

the genes encoding b3-integrin, a5-integrin and VEGFR2 reside on separate chromosomes. 

Nevertheless, we sought further confirmation of this observation by co-targeting b3- and a5-

integrin pharmacologically, thereby determining whether pharmacological antagonism could 

replicate the reduction in VEGFR2 produced through genetic silencing of both integrin receptors 

together. To accomplish this, we utilised ATN-161, a five amino-acid peptide (Ac-PHSCN-NH2) that 

non-competitively targets the b-subunits of both avb3-integrin and a5b1-integrin. Derived from 

the synergy region of fibronectin, ATN-161 is not an RGD-peptide mimetic and does not influence 

cell adhesion to fibronectin in vitro (272).  

 

Incubating WT, PyMT-immortalised endothelial cells in serum free media supplemented with ATN-

161 at varying concentrations revealed that this dual-integrin inhibitor significantly reduced 

VEGFR2 protein levels when administered at a high concentration (10mM) (Fig 5.4 A & B). Notably, 

this decrease was independent of any up- or down-regulation of avb3- or a5b1-integrin 

monomeric subunits (Fig 5.4 A). We also confirmed that this concentration of ATN-161 did not 

influence endothelial adhesion to fibronectin whilst re-confirming the reduction in VEGFR2 in 

concurrently seeded cells (Fig 5.4 C & D). Antagonism of our integrin targets was therefore capable 

of significantly inhibiting VEGFR2 whilst leaving integrin mediated adhesion to fibronectin 

unimpaired. As discussed previously, internalised VEGFR2 may be destined for one of several 

possible trafficking channels. Its constitutive internalisation and rapid recycling back to the plasma 

membrane via Rab4-positive vesicles is reported to protect the receptor from excessive 

ectodomain cleavage. Blocking this trafficking route allows elevated receptor shedding from the 

plasma membrane leaving a 130 kDa cytoplasmic fragment (79). By over-exposing the 

representative blot shown this fragment was clearly observed and, akin with the mature 240 kDa 

fragment, demonstrated an equivalent drop in abundance (Fig 5.4 A). The observed reduction in 

mature VEGFR2 was therefore likely irrespective of changes in this pathway. Further studies are 

required to determine whether, upon co-inhibition of these integrin targets, VEGFR2 is 
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preferentially trafficked down degrading intracellular routes like in the absence of b3-integrin 

alone, or whether its transcription is altered as suspected may be the case when a5-integrin was 

genetically targeted alone or in combination with b3-integrin.  

 

ATN-453, the biotinylated form of ATN-161, is known to possess the same binding efficacy as its 

non-biotinylated counterpart. Khalili et al, however, demonstrated that its binding affinity could be 

additionally enhanced by supplementation with Mn2+ (MnCl2) (272). Mechanistically, these ions 

induce a conformational shift towards the extended-open state of integrin heterodimers resulting 

in increased ligand affinity (273). We hypothesised that Mn2+ supplementation could enhance ATN-

161-integrin binding and result in more effective VEGFR2 downregulation. Upon incubating the 

same WT, immortalised endothelial cells with lower concentrations of ATN-161 (0-100 µM) in 

serum-free media alone or supplemented with MnCl2, we observed that Mn2+ supplementation 

resulted in the significant downregulation of mature VEGFR2 when incubated with as a little as 1 

µM ATN-161 (Fig 5.4 E). Again, this downregulation was mirrored in VEGFR2’s cytoplasmic 

fragment.  
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Figure 5.4 Co-inhibition of avb3-integrin and a5b1-integrin reduces VEGFR2 protein levels 
without effecting its membrane shedding or endothelial adhesion to fibronectin. WT endothelial 
cells were seeded onto 6 cm plates pre-coated with fibronectin and left to adhere for 24 hours at 
37oC. These cells were then incubated in serum-free media containing various concentrations of 
ATN-161 for 1 hour at 37oC. Plates were put on ice following incubation and endothelial cells were 
lysed in ESB and their protein content was quantified using the DC protein assay before prepping 
for western blot analysis. A) Representative western blot showing total levels of VEGFR2, VEGFR2’s 
C-terminal 130 kDa fragment, a5-integrin, av-integrin, b1-integrin and b3-integrin in endothelial 
cells incubated with ATN-161 (0-10 mM). b-actin was used as a loading control. B) Densitometric 
quantification of 10mM ATN-161 VEGFR2/b-actin relative to 0 mM ATN-161 control group obtained 
using FijiImageJTM. Error bars displayed as mean ± SEM. N = 4. C) WT endothelial cells were seeded 
into 96-well plates that had been pre-coated with fibronectin in PBS (2 mg/ml) and blocked in 1% 
BSA/PBS for 1 hour. These cells were left to adhere for 3 hours in serum-free media supplemented 
with ATN-161 (10 mM). Following fixation and a series of PBS washes the adhered cells were stained 
with methylene blue before absorbance was read at 630 nm. The proportion of adhered cells after 
3 hours was expressed relative to that of their non-treated controls. Error bar displayed as mean ± 
SEM. N=1, n = 15 wells. D) Representative western blot of total VEGFR2 levels in WT endothelial 
cells seeded alongside the cell adhesion assay to confirm VEGFR2 downregulation. b-actin was used 
as a loading control. N = 1. E) Representative western blot showing total levels of VEGFR2 and its 
C-terminal 130 kDa fragment in endothelial cells incubated with ATN-161 (0-100 mM) ± MnCl2 (2 
mM). b-actin was used as a loading control. N = 1. Statistical significance was expressed and 
analysed as follows: **=P<0.002, unpaired students t-test (two-tailed).    
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5.5 Investigating the contribution of b3-integrin and a5-integrin to pathological 

angiogenesis in vivo.  

 

Tumour growth is initially restricted by its ability to recruit a blood vascular supply, with the failure 

to do so limiting tumour expansion to just a few milometers in diameter. Tumour angiogenesis is 

therefore a key cancer hallmark (274). The involvement of integrins avb3 and a5b1 in tumour 

angiogenesis is well documented. Since identifying its selective upregulation on angiogenic 

vasculature, avb3-integrin had been a major focus of anti-angiogenic drug development efforts, 

with pre-clinical studies showing potential (31, 139, 142, 145). However, the failure of Cilengitide, 

which had been assessed in almost 30 clinical trials for its potential use as a cancer treatment, 

slowed further efforts to utilise this integrin as an anti-angiogenic target (275, 276). Later studies 

revealed that its use at low concentrations could unexpectedly enhance pathological angiogenesis 

and tumour growth, a phenotype that was replicated in mice possessing a global depletion of b3-

integrin (160). Steri et al later revealed that short-term endothelial-specific b3-integrin depletion 

could significantly reduce tumour angiogenesis and growth, but its depletion over longer periods 

provided no anti-angiogenic benefit (161). The recovery in tumour growth reported in the long-

term absence of b3-integrin was shown to rely on a NRP1-driven compensatory mechanism. As 

such, targeting both receptors in combination could reduce tumour growth more substantially than 

that achieved through their individual depletion (195). This therefore indicated that combinatorial 

targeting approaches could re-invigorate anti-angiogenic strategies.  

 

Like avb3-integrin, a5b1-integrin is also upregulated on angiogenic vasculature, though, in contrast 

with its fibronectin-binding counterpart, its global depletion is embryonically lethal by virtue of 

severe mesodermal and vascular defects (167, 168, 277). Nevertheless, vascular development 

proceeded normally upon its endothelial-specific depletion (169). Non-endothelial a5-integrin was 

found instead to be necessary for angiogenesis and tumour development, with antibody or peptide 

blockade of a5b1-fibronectin interactions conveying an anti-angiogenic effect in both chick and 

murine models, and Kim et al demonstrating that function-blocking antibodies directed against this 

integrin could significantly reduce tumour growth and angiogenesis (163). Once again, its 

endothelial specific depletion was unable to replicate these findings (176). Considering these 

studies, Dr Johnson hypothesised that for tumorigenesis to be successfully inhibited, our 

endothelial receptors of interest would need to be targeted in combination.  
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5.6 Co-targeting b3-integrin and a5-integrin prophylactically impaired 

tumorigenesis.   

 

To investigate the involvement of our endothelial integrin targets in tumour growth, CMT19T 

mouse lung carcinoma cells were subcutaneously administered into the flanks of adult mice by Dr 

Johnson. These animals received tamoxifen (75 mg/kg) via intraperitoneal injection thrice weekly, 

with administration beginning four days prior to tumour cell implantation to ensure efficient target 

depletion. Hypothesising that short-term impairments in tumour growth could be rescued by the 

upregulation of compensatory mechanisms if provided with sufficient time, like that reported by 

Ellison et al where NRP1 could compensate for the long-term depletion of b3-integrin, these 

tumours were allowed to grow for 18 days before tissue harvest (Fig 5.5 A & B) (195). During this 

time their progression was monitored using calliper measurements from 10 days post-implantation 

and are presented below as raw values (Fig 5.5 C). After 18 days the tumours were extracted, and 

their weight and volume were measured before being expressed as a percentage relative to that 

measured in their respective Cre-negative control littermates. Raw values of both tumour volume 

and weight at D18 are also shown for transparency (Fig 5.5 D-F).     

 

Calliper measurements revealed no changes in the progressive growth of CMT19T tumours when 

b3- or a5-integrin were depleted individually (b3.ECKO, a5.ECKO), nor any changes in their weight or 

volume at day 18 when made relative to Cre-negative control littermates or expressed as raw 

values. These data agreed with previous studies reporting individual endothelial depletion of b3- 

or a5-integrin could not significantly alter tumour growth when modelled over an extended period, 

though failed to recapitulate the acute impairment to tumour growth observed by Steri et al in the 

absence of b3-integrin at 12 days post-implantation (161, 169). One potential reason for this 

discrepancy could be the method of tamoxifen administration used. We have induced target 

deletion by a series of intraperitoneal tamoxifen injections, whilst Steri and colleagues utilised 

pellets that remain in situ, slowly releasing tamoxifen into the surrounding tissue (161). This is a 

more rigorous but also more costly method. Only in the absence of these integrins together 

(b3/a5.ECKO) was tumour growth significantly impaired. Calliper measurements recorded the first 

significant reduction in tumour volume at 17 days post-implantation, and analysis at day 18 

revealed a significant reduction in relative tumour weight and volume of approximately 30% and 

40% respectively (Fig 5.5 C, E & F). Immunofluorescent analysis of sections taken from these 

tumours revealed effective co-depletion of both integrins in BS1-lectin-positive tumour vasculature 
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(Fig 5.5 G). We had aimed to confirm target depletion in our single integrin knockout lines before 

the writing of this thesis, but this work remains to be done. We next assessed the effects of 

depleting our targets individually and in duplicate on tumour vascularity by enumerating 

endomucin-positive vessels in tumour sections and expressing these relative to their Cre-negative 

controls. Again, only when co-depleting b3- and a5-integrin could a significant reduction be 

observed, with tumour vascularity dropping by approximately 50% in their shared absence (Fig 5.5 

H & I). The reduced tumour burden detected in the absence of both endothelial integrins together 

was therefore likely due to impaired vascular growth into the tumour. We suspected this anti-

angiogenic effect was caused by downregulated endothelial VEGFR2 as shown previously through 

both genetic and pharmacological co-targeting of these integrins in vitro. By co-staining for VEGFR2 

and endomucin we compared the number of VEGFR2-positive vessels with the total number of 

vessels across our integrin knockout genotypes (Fig 5.5 H & J). This revealed that, whilst b3-integrin 

depletion (b3.ECKO) elicited a slight but significant reduction in the number of VEGFR2-positive 

vessels in line with that observed in vitro, integrin co-depletion only mirrored this effect (P=0.0545) 

(b3/a5.ECKO), failing to recapitulate the complete ablation of this receptor as observed in vitro. 

Other mechanisms must have accounted for the more severe anti-angiogenic effects observed by 

integrin co-depletion.    
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Figure 5.5 Co-targeting b3-integrin and a5-integrin could prophylactically impair tumorigenesis. 
A) Time-course schematic of tamoxifen administration. Tamoxifen (75 mg/kg, 20 mg/ml stock) was 
administered (black triangles) via intraperitoneal injection thrice weekly (Monday, Wednesday, and 
Friday) beginning 4 days prior to subcutaneous CMT19T tumour cell implantation (D0 – red triangle) 
in both Cre-negative and Cre-positive littermates. Tumours were then allowed to grow for 18 days. 
B) Representative images of CMT19T tumours removed from Cre-negative and Cre-positive 
littermates. Scale bar = 1 cm. C) Raw tumour volume (mm3) kinetics acquired via caliper 
measurements of tumour bearing mice between D10-17 and the isolated tumours on D18. Tumour 
volume was calculated using the following formula: length x width2 x 0.52. Error bars displayed as 
mean ± SEM. N = 3, n ≥ 11 tumours per group. D) Quantification of the raw tumour volume (mm3) 
and raw tumour weight (g) of CMT19T tumours isolated on D18. Error bars displayed as mean ± 
SEM. N = 3, n ≥ 11 tumours per group. E & F) Quantification of tumour volume (E) and tumour 
weight (F) expressed as a percentage of the average volume and weight of their Cre-negative 
littermate controls. Error bars displayed as mean ± SEM. N = 3, n ≥ 11 mice per group. G) CMT19T 
tumour sections co-stained for b3-integrin, a5-integrin, and BS1-lectin. Scale bars = 100 µm. H) 
Representative images of CMT19T tumour sections co-stained for VEGFR2 and endomucin. Scale 
bar = 100 µm. I) Quantification of blood vessel density as the number of endomucin-positive vessels 
per tumour (calculated from 3 ROIs per tumour section across 2 sections per tumour) expressed as 
a percentage of the average number of vessels in their Cre-negative control littermates. Error bars 
displayed as mean ± SEM. N = 2, n ≥ 8 tumours per group. J) Quantification of VEGFR2/endomucin-
positive tumour vessels relative to the total number of vessels and expressed as a percentage of 
the average VEGFR2-postive vessel density of Cre-negative controls. Error bars displayed as mean 
± SEM. N = 2, n ≥ 8 tumours per group. Statistical significance was expressed and analysed as 
follows: *=P<0.05, **=P<0.002, ****=P<0.0001, unpaired students t-test (two-tailed)/one-way 
ANOVA.  
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5.7 Discussion 

 

This chapter revealed that b3-integrin, a5-integrin and NRP1 form an endothelial regulatory 

network capable of controlling VEGFR2 dynamics in vitro. Previous studies reported that low 

concentrations of the RGD-mimetic avb3-integrin inhibitor Cilengitide could promote co-trafficking 

of avb3-integrin and VEGFR2 through Rab4A-positive vesicles. Though VEGFR2 internalisation 

remained unaffected, their preferential trafficking through this endosomal pathway carried 

VEGFR2 back to the plasma membrane and therefore limited its lysosomal degradation. avb3-

integrin inhibition therefore had the protective effect of reducing VEGFR2’s degradation. This 

mechanism also enhanced VEGF-induced angiogenesis ex vivo and the recruitment of functional 

vasculature in tumours (160). These studies further strengthened existing literature detailing the 

enhanced tumour vascularisation, VEGF-induced permeability and normal developmental 

phenotype of b3-integrin knockout mice owed to their elevated expression of VEGFR2 (153, 154, 

155, 278).  

 

In contradiction, we found that endothelial b3-integrin depletion alone induced a slight but 

significant reduction in VEGFR2 expression. Its downregulation was due to preferential trafficking 

through Rab7-positive late endosomes to degrading lysosomes. This anti-angiogenic effect 

prompted by targeting endothelial b3-integrin additionally correlated with our previous 

observations where its depletion induced a significant impairment to developmental angiogenesis 

in the retina, though confirmation of VEGFR2 downregulation in retinal vasculature upon b3-

integrin depletion remains to be performed. Our in vitro results also indicated that a5-integrin 

performed an anti-angiogenic role by limiting b3-integrin’s upregulation of VEGFR2. As such, when 

this integrin was depleted (a5fl/fl.ECKO, a5/NRP1fl/fl.ECKO) VEGFR2 saw a 2-3-fold increase in 

expression that could be ablated entirely by the additional depletion of b3-integrin (b3/a5fl/fl.ECKO). 

Alongside its anti-angiogenic role then, a5-integrin must conduct some pro-angiogenic functions to 

sustain the partial VEGFR2 expression detected in the absence of b3-integrin alone (b3fl/fl.ECKO). We 

subsequently noted that the severe VEGFR2 phenotype prompted by dual integrin depletion could 

then be rescued by depleting our targets in triplicate (b3/a5/NRP1fl/fl.ECKO). NRP1 was therefore at 

least somewhat responsible for severe reduction in VEGFR2 prompted by depleting our integrins in 

duplicate.  
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We additionally found that the changes in VEGFR2 expression observed in our integrin knockout 

lines (b3fl/fl.ECKO, a5fl/fl.ECKO, b3/a5fl/fl.ECKO) reflected their surface expression. Steri and colleagues 

reported that whilst the elevated VEGFR2 expression of b3fl/fl.Tie1.Cre-positive lung microvascular 

endothelial cells reflected in its increased surface expression, neither total nor surface levels of this 

receptor were affected in their b3fl/fl.PDGFB.Cre-positive lung microvascular counterparts. One 

notable difference between our study and that performed by Steri et al was the degree to which 

b3-integrin was depleted. Here we have completely abolished endothelial b3-integrin expression, 

whilst Steri et al reduced it by approximately 60% (161). Knowing that slight alterations in b3-

integrin expression can influence VEGFR2 expression, these differences may have accounted for 

the observed discrepancies (195).   

 

We and others have documented the angiogenic consequences of individually depleting our target 

integrins on tumorigenesis and revealed only transient beneficial effects (161, 176). Re-confirming 

this, tumour growth and vascularity was only influenced upon co-depletion of b3- and a5-integrin, 

but extending our analysis to 18 days post-implantation enabled us to determine the longevity of 

these effects. Of note, the contribution of our integrin targets to pathological and developmental 

angiogenesis differed. In pathological scenarios their shared absence was required to prompt 

measurable reductions in tumour vascularity and growth, whilst in the retina the individual 

depletion of b3-integrin was enough to significantly perturb vascular outgrowth of the superficial 

plexus. Their dual expression was instead required for angiogenic sprout development in this organ. 

It is also worth noting that not all our in vitro findings correlated with our in vivo observations. 

Should a5-integrin depletion lead to VEGFR2 upregulation we would have expected hyper-

sprouting at the retinal vascular front as well as enhanced neovascularisation and tumour growth 

in pathological models as observed following global b3-integrin depletion (155). Moreover, the 

ablation of VEGFR2 in b3/a5fl/fl.ECKO cells failed to translate to a more severe retinal angiogenic 

phenotype in line with that caused by endothelial VEGFR2 genetic depletion (230). As we know to 

be the case for a5-integrin, our integrin targets could be most highly expressed, and therefore most 

functionality relevant, in angiogenic sprouts protruding from the vascular periphery. The vascular 

effects resulting from their endothelial co-depletion could therefore be most concentrated in this 

region to cause selective inhibition of endothelial sprouting at the vascular front whilst leaving that 

occurring in the inner remodelling plexus less affected.   
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Continuing this theme of incongruencies, though ATN-161 treatment could significantly and 

reproducibly downregulate VEGFR2 in vitro, the scale of the reduction was more analogous to that 

seen in the individual absence of b3-integrin rather than both integrin targets together. 

Furthermore, another co-inhibitor of avb3- and a5b1-integrin, AXT-107, has been reported to 

reduce VEGFR2 expression in cultured endothelial cells by promoting its poly-ubiquitination and 

associated degradation, a mechanism dependent on Rab7-directed vesicular trafficking which we 

have shown here becomes enhanced in the individual absence of b3-integrin. Further studies are 

required to determine exactly how ATN-161 orchestrated the VEGFR2 downregulation observed 

(279). It would also be prudent to determine how this antagonist influences the expression of 

VEGFR2 in mural cells that co-express these integrins such as pericytes to gain a broader insight 

into the effects of dual integrin inhibition on microvascular growth (266).      
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6 Final discussion 

 

The involvement of fibronectin and its endothelial receptors in the coordination of angiogenesis 

has been the subject of continued debate, with clinical trials aiming to derive anti-angiogenic 

benefit from selective receptor targeting falling short of the promising results predicted in pre-

clinical studies (157, 158, 161, 163, 176, 195, 276). Studies have since documented crosstalk 

mechanisms linking endothelial fibronectin receptors that likely contribute to treatment resistance 

by providing compensatory angiogenic recovery pathways upon individual receptor targeting. Only 

when such pathways were additionally targeted could prolonged anti-angiogenic and anti-

tumorigenic effects be achieved (161, 195). We hypothesised that the three endothelial fibronectin 

receptors avb3-integrin, a5b1-integrin and NRP1 could engage in complex crosstalk mechanisms 

involving cooperative, competitive, and compensatory interactions to regulate angiogenesis. To 

examine these interactions, we utilised seven genetically engineered mouse lines in which the 

endothelial depletion of our target receptors was temporally controlled via tamoxifen 

administration using the PDGFB.iCreERT2 system. Crucially, each knockout line was compared to its 

own Cre-negative control line, establishing 14 lines in total. Cultured endothelial cell lines derived 

from these mice were used to continue our investigations in vitro. Using these tools, we explored 

the discrete and interlinked angiogenic functions of these endothelial fibronectin receptors.   

 

Using the post-natal mouse retina as a model of developmental angiogenesis we were able to 

determine the short- and long-term involvement of our receptors in the vascularisation of this 

organ. This revealed a series of individual, cooperative, contradictory and vascular-bed specific 

functions.    

 

From P6 through to our most prolonged analysis at P18, NRP1 was the overwhelmingly dominant 

pro-angiogenic player within our receptor network. Its depletion conferred the most substantial 

vascular impairments to each of the retina’s three vascular beds, and even appeared to control the 

well-established checkpoints that orchestrate its timely vascular growth, with angiogenic 

development of IP proceeding before that of the DP in NRP1-depleted retinas. This directly 

contradicted the dogma of retinal vascular development (280, 281). Nevertheless, retinal vascular 

growth persisted in its absence and would likely have reached completion if provided with sufficient 

time. At P6 however, NRP1 was unable to drive a full vascular response when expressed alone. Only 
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in the additional presence of one or both our integrin targets could the SP reach WT levels of 

vascular outgrowth. This cooperative effect was between b3-integrin and NRP1, meanwhile 

vascular extension at this developmental time-point was independent of a5-integrin as reported 

previously (169). Knowing that the vascular defects resultant of acute b3-integrin depletion are 

transient due to upregulation of NRP1-driven compensatory pathways, we hypothesised that the 

vascular recovery observed in the absence of b3-integrin at P18 could be overcome by delaying its 

depletion until directly prior to tissue harvest, thereby circumventing the upregulation of 

compensatory mechanisms (161, 195).  However, this revealed no vascular impediment in any 

retinal vascular bed upon b3-integrin depletion. Instead, a minor pro-angiogenic, vascular bed-

specific function of a5-integrin in DP vascularisation was revealed. This indicated that the pro-

angiogenic function of a5-integrin, and not that of b3-integrin, was being compensated for by 

alternative angiogenic pathways at P18 to shroud its true, albeit subtle, involvement in retinal DP 

development. 

 

Since these receptors showed greatest functional overlap at P6, we focussed our attention at this 

developmental time-point. We found that the depletion of a5-integrin alongside b3-integrin 

(b3/a5.ECKO) resulted in retinal hypo-sprouting at the vascular periphery that was significantly 

more severe than when either integrin was targeted alone. Their phenotype even matched and 

trended on being more severe than that measured in NRP1-depleted retinas which had consistently 

displayed the most substantial vascular impairments. Such a phenotype could theoretically be 

accounted for by the abolishment of endothelial VEGFR2 expression as detected in vitro in the 

absence of both integrin targets. However, not all of the evidence aligned. The hypo-sprouting 

prompted by integrin co-depletion did not reflect in a more stunted SP nor a more hypo-

vascularised inner plexus, with vascular extension and density in this genetic line mirroring that 

detected in the individual absence of b3-integrin. Perhaps then, given one of our integrin targets 

was preferentially expressed in sprout structures, this phenotype was localised to protruding 

angiogenic sprouts at the vascular front and irrespective of overall vascular outgrowth. After all, 

others have reported previously that retinal hyper-sprouting driven by elevated endothelial 

VEGFR2 expression at the vascular front did not correspond with any associated increase in retinal 

vascular extension relative to controls (244). However, further incongruencies kept this hyper-

sprouting phenotype in question even with the aforementioned caveat that sprouting and 

extension do not necessarily go hand-in-hand. Should downregulated VEGFR2 at the vascular front 

convey localised hypo-sprouting in the absence of both integrins, then the elevation in VEGFR2 
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expression detected in the absence of a5-integrin in vitro should have reflected in retinal hyper-

sprouting. Instead, vascular sprouting was normal. We attempted to visualise VEGFR2 in the retina, 

trialling numerous antibodies, but ultimately failed to achieve a usable stain. If our in vitro findings 

directly translated in vivo we would have expected a complete ablation of VEGFR2 following dual 

integrin depletion and with it an even more severe sprouting profile in line with that documented 

following endothelial depletion of VEGFR2 or b1-integrin (230, 245). We hypothesize that the 

remaining sprouts observed in the absence of both b3- and a5-integrin were those that failed to 

undergo tamoxifen-induced recombination and therefore still expressed VEGFR2. At the time of 

writing this thesis we had begun inserting the tdTomato reporter gene into b3/a5.PDGFB.iCreERT2 

mice to assess target recombination in retinal endothelial sprouts of b3/a5.ECKO retinas and were 

even in the final stages of its generation, but unfortunately this experiment remained unfinished. 

This hypothesis is clearly reliant on the aforementioned changes in VEGFR2 expression translating 

to retinal vasculature in our integrin knockout lines, and specifically to the retinal vascular 

periphery. Although we failed to successfully stain for VEGFR2 in the retina, a logical next step 

would be to additionally stain for VEGFR1 and VEGFR3 to determine whether these receptors were 

likewise influenced by our integrin targets.  

 

We had yet to investigate vascular function in the presence and absence of our three receptors, 

with any comments made being purely speculative. We observed that retinal arterioles and venules 

in each knockout combination retained their associated capillary free zones, a gauge of vessel 

perfusion and lumen formation, but such rudimentary analysis was clearly limited. Additional 

immunofluorescent analysis of fibrinogen in the retina, a serum protein and indicator of damaged 

inter-endothelial junctions within the blood-retinal-barrier when found extravasated from 

vasculature, would have provided a more robust indication of vascular permeability in our various 

knockout combinations (282).     

 

From a pathological perspective, when assessing how b3- and a5-integrin contribute to 

angiogenesis in tumour models, we found that tumorigenesis could be successfully inhibited only 

in their shared absence. Whilst this was an encouraging result, its therapeutic relevance was limited 

due to the method of tamoxifen administration employed in which our targets were depleted prior 

to tumour cell implantation. In the future we plan to deplete our integrin targets once the 

implanted tumour cells form a palpable mass to recapitulate a clinical scenario more accurately. 

The reduction in tumour volume induced by dual integrin depletion was associated with a 
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significant reduction in tumour vascularity that was absent when either integrin was targeted alone. 

Again, whilst promising, the contribution of these integrins to pathological and physiological 

angiogenesis differed, as lone depletion of b3-integrin was sufficient to hinder overall vascular 

expansion in the retina. The pathological observations more closely matched the hypo-sprouting 

vascular periphery of b3/a5.ECKO retinas, a phenotype we postulated may be due to selective 

VEGFR2 ablation in sprouting vessels. However, we found the number of VEGFR2-positive tumour 

vessels was significantly reduced in a b3-integrin dependent manner, with no additional 

downregulation prompted by combinatorial integrin depletion. This indicated that: 1) the dramatic 

reduction in VEGFR2 protein levels observed in vitro upon integrin co-depletion failed to translate 

to in vivo pathological vasculature, and 2) endothelial b3-integrin depletion conferred a slight 

reduction in vascular VEGFR2 levels in vivo, though this failed to provide any anti-angiogenic 

benefit. The preferential trafficking of VEGFR2 through Rab7-positive endosomal routes to 

degrading lysosomes enabled by b3-integrin depletion may therefore hold true under pathological 

and physiological settings, though the lack of any anti-angiogenic advantage brought by depleting 

this receptor and inducing VEGFR2 downregulation remains unexplained. Akin with our studies of 

retinal vasculature, endothelial cells escaping target recombination could be a plausible reason why 

our in vivo and in vitro results were not mirrored.   

  

In summary, endothelial avb3-integrin, a5b1-intgerin and NRP1 conduct discrete and overlapping 

functions to coordinate angiogenesis. Using seven genotypes in which our targets were able to be 

depleted individually and in combination, this thesis was able to identify specific angiogenic settings 

in which our receptors performed complex interactions, though the functional consequences of 

these interactions differed depending on the context in which they were present. The differences 

observed between physiological and pathological angiogenesis in vivo, as well as those between in 

vitro and in vivo settings, could have resulted from endothelial heterogeneity in which various 

redundancy mechanisms involving receptors different from those focussed on in this thesis may 

have been utilised to recover normal angiogenic processes in our different receptor knockout 

combinations, thereby muddying the water and making interpretation of gene-depletion induced 

vascular defects more difficult. Despite this, our methods have documented some of the complex 

and contradictory vascular outcomes resulting from individual and combinatorial endothelial target 

depletion.  
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Abbreviations 

 

4-OHT – 4-hydroxytamoxifen  

Ab - Antibody 

ADAM – A disintegrin and metalloproteinase  

ANG1/2 – Angiopoietin-1/2  

Anxa2 – Annexin A2 

AWERB - Animal welfare and ethical review board  

Bp – Base pair 

BP – Breeding pair 

BSA – bovine serum albumin 

Cas9 – CRISPR associated protein 9 

Cdc42 – Cell division control protein 42 

CHO – Chinese hamster ovary 

CNS – Central nervous system 

CRISPR – Clustered regularly interspaced palindromic repeat  

CSB – Cell surface biotinylation 

CTCF – Corrected total cell fluorescence  

DAG – Diacylglycerol  

DAPI – 4’6-diamidino-2-phenylindole 

DEP1 – Density enhanced phosphatase-1 

dH2O – Distilled water 

Dll4 – Delta-like ligand 4 

DP – Deep plexus 

E – Embryonic day 
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ECKO – Endothelial cell knockout 

ECL – Enhanced chemiluminescence  

ECM – Extracellular matrix 

ECS – Endothelial cell sorting 

EDTA – Ethylenediaminetetraacetic acid  

EGTA – Ethylene glycol tetra-acetic acid 

ER – Endoplasmic reticulum 

ERG – ETS related gene 

ERK – Extracellular regulated kinase 

ESB – Electrophoresis sample buffer 

EtOH – Ethanol 

FA – Focal adhesion 

FAK – Focal adhesion kinase 

FGF – Fibroblast growth factor 

Floxed – flanked by loxP sites 

Flt-1 – Fms-like tyrosine kinase-1 

FOXO1 – Forkhead box protein 01 

GIPC1 – GIAP interacting protein C-terminus, member 1 

GM – Genetically modified 

GPCR – G protein coupled receptor 

Grb2 – Growth factor receptor bound protein 2 

HCl – Hydrochloric acid 

Het - Heterozygous 

HIF – Hypoxia induible factor  

HRP – Horseradish peroxidase 
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HSC70 – Heat shock cognate 70 

HSP90 – Heat shock protein 90 

HSPG – Heparin sulphate proteoglycan 

IAC – Integrin adhesion complex 

ICAM-2 – Intracellular adhesion molecule 2 

IF – Immunofluorescence  

Ig - Immunoglobulin 

IP - Immunoprecipitation 

IP – intermediate plexus 

IP3 – Inositol 1, 4, 5-triphosphate 

MACS - Magnetically activated cell sorting  

MAPK – Mitogen-activated protein kinase 

Mb - Megabase 

MEK – Mitogen-activated protein kinase kinase  

MeOH – Methanol 

MESNA – Sodium 2-mercaptoethane sulfonate 

MMP – Matrix metalloproteinase 

NFAT – Nuclear factor of activated T-cell 

NFkB – Nuclear factor kB 

NICD – Notch intracellular domain 

NIP1 – Neuropilin-interacting protein-1 

NO – Nitric oxide 

NRP1/2 – Neuropilin-1/2 

P – Postnatal day 

p130Cas – p130 CRK-associated substrate  
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p38 MAPK – p38 mitogen0activated protein kinase 

PAGE – poly-acrylamide gel electrophoresis  

PAI-1 – Plasminogen activator inhibitor-1 

PBS – Phosphate buffered saline 

PCR – Polymerase chain reaction 

PDGFb - Platelet derived growth factor b 

PDZ – PSD-95/Dlg/ZO-1 domain 

PECAM1 – Platelet and endothelial adhesion molecule 1 

PFA – Paraformaldehyde  

PI3K – Phosphoinositide 3-kinase 

PIP2 – Phosphatidylinositol 4, 5-biphosphate  

PIP3 – Phosphatidylinositol 3, 4, 5-triphosphate  

PKA – Protein kinase A 

PKB\Akt – Protein kinase B 

PKC – Protein kinase C 

PKC – Protein kinase C 

PLCg – Phospholipase Cg 

PlGF – Platelet-like growth factor 

PTEN – Phosphatase and tensin homolog 

PTP1B – Protein tyrosine phosphatase 1B 

PyMT – Polyomavirus middle T antigen 

R26 – Rosa 26 locus 

Rac1 – Ras-related C3 botulinum toxin substrate 1 

Rcc2 – Regulator of chromosome condensation 2 

RGD – Arginine-Glycine-Aspartic acid 
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RIAM – Rap1-GTP-interacting adaptor molecule 

ROI – Region of interest 

RT – Room temperature 

RTK – Receptor tyrosine kinase 

SBS - Soerensen buffer 

SDS – Sodium dodecyl sulphate 

SEA – Serine-Glutamic acid-Alanine 

SEM – Standard error of the mean 

SH2 – Src homology domain 2 

SH3 – Src homology domain 3 

SP – Superficial plexus 

Src – Proto-oncogene tyrosine protein kinase 

sVEGFR – soluble vascular endothelial growth factor 

TE – Tris-HCl-EDTA 

TGFb – Transforming growth factor b 

Tie2 – Tyrosine protein kinase receptor 2 

TIMP – Tissue inhibitor of metalloproteinase 

TM - Transmembrane 

TNFa – Tumour necrosis factor a 

TSAd – T-cell specific adaptor protein 

VASP – Vasodilator stimulator phosphoprotein 

VE-PTP – Vascular endothelial-protein tyrosine phosphatase 

VEGF – Vascular endothelial growth factor 

VEGFR1/2/3 – Vascular endothelial growth factor receptor 1/2/3 

VSMC – Vascular smooth muscle cell 
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WB – western blot 

WT – Wild-type 
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