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Abstract
It was previously reported that VEGF stimulates prostacyclin (PGI2) production 

in human umbilical vein endothelial cells (HUVECs) via activation of the 

extracellular signal-regulated kinase (ERK) cascade. For this thesis, the 

contribution of other signalling pathways in VEGF-induced PGI2 production was 

investigated. Work carried out also intended to elucidate the signalling 

mechanisms that mediate VEGF-induced activation of ERK in HUVECs. VEGF- 

induced cytosolic phospholipase A2 (CPLA2) phosphorylation and PGI2 

production were blocked by GF109203X and Calphostin 0, two structurally 

unrelated, specific PKC inhibitors. These inhibitors also blocked VEGF-induced 

ERK and MEK (mitogen-activated protein kinase kinase) phosphorylation. 

VEGF increased PKC activity and immunoreactivity of PKCô, a and e in the 

particulate fraction of HUVECs while the C isoform was unaffected. Association 

of Raf 1 (the upstream activator of the MEK-ERK pathway) with PKCô was 

increased by VEGF, as determined by co-immunoprecipitation of Raf 1 with 

PKCô. A PKCô-selective inhibitor, rottlerin, abrogated VEGF-induced ERK 

activation and PGI2 production while a PKCa-selective inhibitor, Go6976, had 

no effect on ERK activation but partially inhibited PGI2 production in response to 

VEGF. Antisense oligonucleotides against PKCô, but not against PKCa, 

reduced VEGF-induced ERK activation. Inhibition of Ca^  ̂fluxes by BAPTA/AM 

inhibited PGI2 production but had no effect on VEGF-induced ERK activation. 

Neither inhibition nor activation of the NO/cGMP pathway had any effect on 

ERK activation and PGI2 synthesis. These findings indicate that activation of 

PKC plays a crucial role in VEGF signalling via the ERK cascade and implicate 

PKCô as a key mediator of this pathway. The role of PKC in angiogenesis was 

also addressed. Inhibitors of PKC markedly decreased VEGF-induced 

angiogenesis, as determined in an in vitro model of tube formation. PKC 

inhibitors and PKC down regulation, induced by prolonged phorbol ester 

treatment, inhibited VEGF-induced phosphorylation of Akt, the PI3K effector. 

These findings suggest that PKC mediates VEGF signalling via the PI3K/Akt 

pathway. In conclusion, the results from this thesis indicate that PKC is a crucial 

mediator of VEGF signal transduction pathways and of two biological functions 

of VEGF, namely PGI2 production and angiogenesis. These results also suggest 

that distinct PKC isoforms are utilized by VEGF in eliciting distinct biological 

effects.
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Chapter 1: Introduction

The establishment and maintenance of a vascular supply is an absolute 

requirement for the growth and survival of any tissue during embryogenesis, 

postnatal development and in the adult organism. Our odyssey towards the 

understanding of this fascinating process begun in 1508 with Leonardo da 

Vinci's description of the vasculature as a tree with sprouting roots and 

branches in his 'the anatomy of man: the cardiovascular system’. In 1628, 

William Harvey described the existence of circulatory blood and in the 1800s 

Von Reckingausen claimed that cells lined the vessels separating blood from 

tissues. In 1891, Heidenhahn was the first to conceptualise the endothelium as 

an active, secretory system. Since then, knowledge of the detailed workings of 

the endothelium as a source of factors that regulate vascular tone, permeability, 

proliferation of underlying tissues (mainly SMCs), platelet function, coagulation 

and monocyte adhesion has been gathered at a greater pace. However, one of 

the most challenging aspects of cardiovascular research has been piecing 

together a complete picture of how the vasculature comes into being during 

development and remains poised for reconfiguration should the metabolic 

needs of any tissue demand it during adult life.

The vasculature is laid down before the heart starts beating and the 

cardiovascular system is the first organ to become functional in the embryo. 

Vasculogenesis encompasses the differentiation of endothelial cells from 

mesodermally-derived precursor cells, the hemangioblasts, and their 

organisation into a primary capillary plexus within a previously avascular tissue 

(Risau and Flamme, 1995) (Figure 1.1). Angiogenesis is the subsequent 

expansion of a network of new capillaries by sprouting from pre-existing vessels 

(Risau, 1997) (Figure 1.1). Remodelling through pruning, regression or vessel 

enlargement, and maturation of the vessel walls through recruitment of smooth 

muscle cells, pericytes and extracellular matrix, are critical components of the 

angiogenic process.

During adulthood, angiogenesis has a homeostatic role and occurs during 

wound healing, menstruation, in the placenta and mammary gland during 

pregnancy, or to accommodate growing oxygen demand in tissues, for example 

after a long-term exercise regime. The occurrence of vasculogenesis in the
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adult organism however has been harder to prove and remains controversial. 

Angioblasts have been isolated from peripheral blood in the adult. These cells 

differentiated into ECs in vitro and were incorporated into sites of 

neovascularization in ischaemic animals (Asahara et al., 1997). In a different 

murine model, mobilisation of bone marrow-derived angioblasts and their 

incorporation into neovascular foci constitutes a natural response to tissue 

ischemia (Takahashi et al., 1999a), reminiscent of the way circulating 

angioblasts migrate from the site of their origin, home in avascular areas, 

differentiate into ECs and form a new vascular plexus during embryonic 

vasculogenesis (Risau et al., 1988).

The key vascular endothelium-specific growth factors are 4 members of the 

VEGF family, at least 2 members of the angiopoietin family and at least 2 

members of the ephrin family. In addition, many other non endothelium-specific 

growth factors such as FGFs, TGFp, PDGF are required for the development of 

mature, functional blood vessels. There is an exquisite temporal, spatial and 

quantitative regulation of the expression of these growth factors and their 

receptors (which will be discussed later). There is also complementarity and 

synergy in the actions of some of these molecules e.g. AngiopoietinA/EGF and 

FGFA/EGF. Long-term maintenance of the fully developed vascular system in a 

quiescent but reversible state is accomplished by a balance between positive 

and negative regulators e.g. Angl and Ang2.

Since VEGF has emerged incontestably as a major player during vascular 

development, a discussion of the VEGF family of ligands will ensue first and a 

detailed description of how vasculogenesis and angiogenesis contribute to the 

development of the vascular system will then follow.

The VEGF family of ligands

VEGF (VEGF A) is a member of a family of closely related growth factors that 

now includes VEGFs B, C, D, E and PIGF (Achen et al., 1998; Joukov et al., 

1996; Maglione et al., 1991; Ogawa et al., 1998; Olofsson et al., 1996) (Figure

1.3). Two distinct receptor tyrosine kinases (RTKs) have been identified for 

VEGF, VEGFR-1 (known as Flt-1) and VEGFR-2 (KDR/Flk-1) which share 

approximately 44% amino acid homology (Neufeld et al., 1999; Petrova et al..
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1999). VEGF C and D bind to a third receptor, VEGFR-3 (Flt-4), which does not 

recognise VEGF A. VEGF C and D also bind VEGFR-2 with lower affinity than 

VEGFR-3 (Achen et al., 1998; Joukov et al., 1996). PIGF and VEGF B bind with 

high affinity only to VEGFR-1 (Park et al., 1994). VEGF E binds with high affinity 

to VEGFR-2 (Meyer et al., 1999). A non-tyrosine kinase receptor, neuropilini 

(NP1) has been identified as a receptor for VEGF Aies, B, E and PIGF-2 

(Makinen et al., 1999; Migdal et al., 1998; Soker et al., 1996; Soker et al., 

1998).

VEGF A (VEGF)

Alternative splicing of human VEGF mRNA from a single gene containing 8 

exons gives rise to at least 5 different isoforms of 121, 145, 165, 189 and 206 

amino acid (aa) residues (Neufeld et al., 1996). Exon 6 is absent in VEGF^ji 

and VEGF^gg and exon 7 is absent from VEGF^gi ^nd VEGF^^g. Human 

VEGFi65 is glycosylated at Asn75 (Neufeld et al., 1999). All isoforms, excepting 

VEGF^2i- bind heparin to differing degrees, via a region rich in charged basic 

amino acid residues encoded by exon 6 and with a domain encoded by exon 7 

(Neufeld et al., 1999). These isoforms are therefore thought to remain 

sequestered in the pericellular matrix upon their secretion. The differing affinity 

of VEGF isoforms for heparin might permit a form of spatial regulation in which 

the more soluble isoform acts at more distant sites and the matrix-associated 

isoforms promote local expansion of vessels.

In agreement with this point are the findings of a recent study aiming to further 

elucidate the functions of VEGF splice variants. Transformed cells, nullizygous 

for VEGF, expressed the mouse VEGF isoforms 120, 164, 188 in isolation. It 

was found that the degree of tumour vascularization increased as a function of 

the heparin-binding capacity of the isoform i.e. VEGFi88-expressing tumours had 

the highest capillary density. However, these tumours failed to develop further 

due to defective perfusion. VEGFi2o-expressing tumours were successful in 

recruiting growth of systemic vessels in the periphery of the tumour but failed to 

vascularize internally and ceased to grow. VEGFi64 could fully rescue tumour 

growth but the most rapidly expanding tumours were the ones expressing all 

three isoforms (Grunstein et al., 2000).
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The central role of VEGF in embryonic blood vessel development has been 

confirmed by the finding that targeted inactivation of only a single allele of the 

VEGF gene in mice causes a lethal impairment of vasculogenesis (discussed in 

detail in the following section) (Carmeliet et al., 1996). The importance of the 

VEGFi65 isoform was demonstrated in transgenic homozygous mice expressing 

only VEGFi20 and lacking the longer heparin-binding isoforms coded by exons 6 

and 7 (Carmeliet et al., 1999b). These mice died shortly after birth due to 

bleeding and ischaemic cardiomyopathy.

Point mutational analysis of VEGFi@5 revealed a dual set of determinants that 

confer binding specificity: basic Arg82, Lys84, His86 are the residues that 

interact with VEGFR-2 and negatively charged Asp63, Glu64, Glu67 are critical 

for VEGFR-1 binding (Keyt et al., 1996). Deletions in the VEGFR-2 and 

VEGFR-1 indicate that of the 7 Ig-like extracellular domains, only domains 2 

and 3 contain VEGF binding sites (Davis-Smyth et al., 1996).

Monomeric receptors have 100-times less affinity for VEGF, which preferentially 

binds pre-dimerized receptors (Fuh et al., 1998). Heterodimeric receptors with 

one functional and one non-functional unit are unable to transduce signals and 

antagonize VEGF activity. Only dimeric VEGF can bind VEGFR-2 because the 

receptor binds residues from both subunits across their interface (Keyt et al., 

1996). Conserved among the members of the VEGF family, are 8 cysteine 

residues that are involved in intra- or interchain disulfide bonds. An 

heterodimeric VEGF/PIGF is 20-50 fold weaker in eliciting proliferation of 

HUVECs but PIGF potentiates the activity of low concentrations of VEGF in vivo 

and in vitro (Cao et al., 1996).

Hypoxia is perhaps the most critical regulator of VEGF expression which acts by 

inducing binding of the transcription factor. Hypoxia Inducible Factor 1 (HIF1) to 

a specific regulatory sequence (the hypoxia response element) in the VEGF 

gene promoter region and subsequently increasing transcription (Carmeliet et 

al., 1998; Jiang et al., 1996; Marti and Risau, 1998; Tuder et al., 1995). Hypoxia 

also increases VEGF mRNA stability (Forsythe et al., 1996). VEGF expression 

is also regulated in VSMCs, kératinocytes and other cultured cell types by 

diverse stimuli including PDGF-BB, bFGF, Tissue Factor, TGF-p and interleukin- 

ip  (Brogi et al., 1994; Li et al., 1995; Ramos et al., 1998; Stavri et al., 1995a;
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Stavri et al., 1995b). VEGF has also an autocrine mode of action since 

endothelial cells respond to hypoxia by upregulating VEGF and VEGF can 

further upregulate VEGFR-2 (Namiki et al., 1995; Shen et al., 1998).

VEGFB

VEGF B is 43% identical to VEGF and forms heterodimers with VEGF 

(Olofsson et al., 1996). VEGF B exists as two isoforms of 167 and 186 aa, 

produced by alternative splicing of exon 6. The two isoforms have identical N- 

terminal domains of 115 aa residues but differences in their C-terminal domains 

confer upon them distinct biological abilities (Makinen et al., 1999). Receptor 

binding of the short isoform is mediated by heparin whereas that of the 186 

isoform is regulated by exposure of a short proline-rich terminal peptide upon its 

proteolytic cleavage. Unlike VEGF Bise, Bie? is not glycosylated. VEGF Bie? 

binds to NP1 with higher activity than VEGF Bise- NP1 expression was 

overlapping or adjacent to VEGF B expression particularly in the developing 

heart and skeletal muscle (Olofsson et al., 1996). NP1 is also expressed on 

endothelial cells adjacent to SMCs producing VEGF B. VEGF B knockout mice 

are healthy and fertile but have smaller hearts and exhibited vascular 

dysfunction after coronary occlusion and impaired recovery following 

experimental cardiac ischaemia (Bellomo et al., 2000), findings which indicate a 

possible role for VEGF B in the function of the coronary vasculature.

The binding of VEGF B to VEGFR-1 could be competed with excess VEGF, 

indicating that the two ligands occupy overlapping sites on the first three Ig- like 

domains of the receptor (Olofsson et al., 1998). VEGF B signaling from VEGFR- 

1 increased expression and activity of the urokinase plasminogen activator 

(uPA) and its inhibitor PAM, suggesting a role in regulated extracellular matrix 

degradation (Olofsson et al., 1998), a process required during angiogenesis as 

will be discussed in the “extracellular matrix remodelling” section.

VEGFs C and D

VEGF C is produced by mesenchymal cells proximal to VEGFR-3-expressing 

endothelium lining the vessels of the heart, lung, kidney, skeletal muscle, colon 

and intestine and its mRNA is overexpressed in all lymphomas (Eichmann et 

al., 1998; Lymboussaki et al., 1999; Lymboussaki et al., 1998) as well as in a
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variety of other tumours (Salven et al., 1998). VEGF C overexpression in breast 

cancer cells potently increased intratumour lymphangiogenesis and metastasis 

in human breast cancers after orthotopic transplantation in nude mice (Skobe et 

al., 2001).

VEGF D has a similar tissue expression pattern and is overexpressed in 

osteosarcomas (Grigoriadis et al., 1995). In a mouse tumour model, staining 

with markers specific for lymphatic endothelium demonstrated the ability of 

VEGF D to induce both angiogenesis and lymphangiogenesis whereas VEGF 

could only initiate intratumour angiogenesis. Dissemination of cancerous cells 

through the lymphatic vessels was also blocked with a VEGF D-specific 

antibody (Stacker et al., 2001).

VEGF C shows 30% homology to VEGF and utilizes VEGFR-2 and -3. The 

receptor binding affinity of mature VEGF C for VEGFR-3 is 3 fold higher than for 

VEGFR-2 (Joukov et al., 1997). VEGF C, like VEGF D, is synthesized as a 

precursor, 3 times as long as the core cysteine-knot homology domain due to 

flanking N- and C-terminal domains. Stepwise proteolytic cleavage generates a 

variety of VEGF C forms with increasing affinity towards VEGFR-3 but only the 

fully processed form can bind VEGFR-2 (Joukov et al., 1997). There are 

tetrameric and trimeric VEGF 0 molecules linked by disulfide bonds, which can 

be cleaved extracellularly. Secreted VEGF 0 stays associated with the 

extracellular matrix via its G terminal extension until this is cleaved. The mature 

VEGFR-2-binding VEGF 0 forms non-covalently linked homodimers unable to 

bind heparin (Joukov et al., 1997).

The elaborate biosynthesis of VEGF 0 might reflect its proclivity for binding 

VEGFR-3, which has a distinctive expression profile (i.e. embryonic veins and 

adult lymphatic vessels) (Kukk et al., 1996) within the broad variety of tissues 

expressing VEGF 0. Thus VEGF 0 can have a specialized function in the 

differentiated vessels of adult organs. Robust lymphatic vessel development 

and weak angiogenesis was observed in response to VEGF 0 application to the 

mature chicken chorioallantoic membrane (Jeltsch et al., 1997). Likewise, 

transgenic mice overexpressing VEGF 0 in kératinocytes of the skin epidermis 

develop enlarged lymphatic vessels in their skin but mice overexpressing 

VEGFi64 in the same location showed only blood vessel hyperplasia (Jeltsch et 

al., 1997). However, ectopic application of VEGF 0  has a potent angiogenic in
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vivo effect in the mouse cornea (Cao et al., 1998) and in the rabbit ischaemic 

hindlimb model (Witzenbichler et al., 1998). The discrepancy in the response 

that ectopic VEGF C elicits might reflect the kind and number of receptors and 

the balance of inhibitors or proteolytic enzymes present in different tissues. In 

agreement with this point, the predominant VEGF 0  form present in lysates of 

VEGF C-overexpressing tumours that selectively induce lymphangiogenesis 

and not angiogenesis, is the SIkDa VEGF 0 protein that predominantly 

activates VEGFR-3 and only trace amounts of the VEGFR-2-binding 21kDa 

form was detectable (Skobe et al., 2001).

In vitro studies using transfected cells have provided further clues as to how 

receptor-binding specificity of VEGF 0 regulates the ensuing biological function. 

PAE/VEGFR-2 and PAEA/EGFR-3 migrated efficiently in a Boyden chamber 

assay in response to VEGF C (Cao et al., 1998). However, a mutant VEGF 0 

that can still bind and activate VEGFR-3 but cannot ligate VEGFR-2 was unable 

to induce vascular permeability and proliferation of bovine capillary endothelial 

cells (Joukov et al., 1998). The intracellular domain of VEGFR-3 is able to 

transduce a mitogenic signal, demonstrated by an elegant experiment, in which 

transfected cells with a chimeric VEGFR-1 A/EGFR-3 increased their DMA 

synthesis in response to VEGF and PIGF. Interestingly, NIH3T3 cells 

expressing a chimeric receptor composed of the extracellular domain of 

VEGFR-2 and the transmembrane and intracellular domains of VEGFR-3, 

proliferated in response to low concentrations of VEGF but were inhibited at 

concentrations of >1pM (Cao et al., 1996).

Expression of VEGF 0 and VEGF B are not regulated by hypoxia because their 

promoters lack binding sites for hypoxia-regulated transcription factors (Enholm 

et al., 1997). ILIa, IL1(3 and TNFa induced a concentration and time-dependent 

increase in VEGF 0  mRNA and protein which is mediated by activation of NFkB 

transcription factor (Ristimaki et al., 1998). The expression of mouse VEGF D is 

under cfos transcriptional regulation (Grigoriadis et al., 1995).

VEGFE

The genome of DMA double-stranded orf virus, which causes vascular and 

oedematous lesions, encodes a peptide with 25% sequence identity with
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mammalian VEGF. It forms a dimer with no affinity for heparin. VEGF E is as 

potent an inducer of vascular permeability and a mitogen for endothelial cells as 

VEGF 165 (Meyer et al., 1999).

Mesodermal
Precursor

Vein

Artery

Matu ration 
Remodelling

VASCULOGENESIS

H em atop o ie t ic  ►Hematopoiesis
stem cells

► Angioblasts

Embryonic Blood 
Island

Endothelial Cell Primary Vascular Plexus

ANGIOGENESIS I
EC

SMC, Pericytes

3. Recruitment of mesenchymal cells 1. Proteolysis
4. Deposition of extracellular matrix 2. EC Migration, Proliferation

Figure 1.1: Vasculogenesis and Angiogenesis

Simplified schematic representation of the key stages in the formation of the 

vasculature during vasculogenesis and angiogenesis as described in detail in 

the text (EC=endothelial cells, SMC=smooth muscle cells).

1.1. The development of the vascular system

Mechanisms of Vasculogenesis

Initial attempts to delineate the precise sequence of events leading to formation 

of the vasculature in the late 1930’s focused on observations in transparent tails 

of growing amphibian larvae using light-microscopy. Since then, manipulation of 

developing embryonic tissues especially in amphibians has provided many 

insights into processes such as cardiogenesis (Mohun and Sparrow, 1997). 

However, the most detailed information of the genetic and molecular elements 

participating in each stage of vasculogenesis and angiogenesis has come from
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studies using transgenic mice (Bellomo et al., 2000; Carmeliet et al., 1996; 

Dumont et al., 1998; Fong et al., 1995; Hiratsuka et al., 1998; Maisonpierre et 

al., 1997; Sato et al., 1995; Shalaby et al., 1995; Wang et al., 1998b). 

Mesodermal FGFs induce paraxial and lateral plate mesodermal bipotential 

precursor cells to form a yolk sac composed of two cell types: angioblasts on 

the periphery and hematopoietic stem cells in an inner cluster (Palis et al., 

1995; Risau and Flamme, 1995)(Figure1.1). Single knockout mice haven't in 

this case been very informative as FGF-2^', FGF-3FGF-5"^ mice are viable 

with no vascular defects probably due to redundancy within the FGF family 

(Done et al., 1998; Hebert et al., 1994; Mansour et al., 1993; Zhou et al., 1998) 

and targeted disruption of the FGFR-1 gene caused lethality during gastrulation 

i.e. before vasculogenesis (Yamaguchi et al., 1994). To bypass this problem, a 

dominant negative mutant of FGFR-1 was expressed in the developing 

endothelium of a mouse embryo at E9 (Lee et al., 2000). These mice then 

exhibited a disorganised yolk sac and further vascular defects, confirming the 

importance of FGF signalling not only at the stage of mesodermal induction but 

also during the stages of vascular development where VEGF signalling is 

active.

Hematopoietic stem cells and angioblasts express VEGFR-2 and the dearth of 

yolk sac blood islands and angioblasts in VEGFR-2^ mice prevented the 

formation of the most primitive vascular plexus. This phenotype was lethal at 

E8.5-9.5 (Shalaby et al., 1995). VEGF itself is produced in the endoderm and in 

a paracrine fashion drives differentiation of angioblasts into ECs which will 

eventually coalesce to form hollow tubes. Targeted inactivation of even a single 

allele of the VEGF gene in mice leads to embryonic death due to aberrant blood 

vessel formation in the yolk sac (Carmeliet et al., 1996; Ferrara et al., 1996). 

The subtle differences between VEGF""̂ " and VEGFR-2^ mice suggest that 

either maternal VEGF or a different VEGFR-2 ligand might be active prior to 

differentiation of angioblasts into ECs. Hematopoietic stem cells eventually 

downregulate VEGFR-2 and differentiate into blood cells (Porcher et al., 1996; 

Robb et al., 1996).
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Sprouting 

VEGFRs land 2
Subsequent assembly of ECs into vessels requires activation of VEGFR-1 on 

the surface of the newly differentiated cells. VEGFR-1mice formed abnormal 

blood islands with angioblasts in the interior as well as the periphery of the yolk 

sac. Although endothelial cells were differentiated, they assembled into 

disorganized atypical vessels that caused lethality at E8.5-9.5 (Fong et al., 

1995). VEGFR-1 signaling may regulate contact inhibition of cells by cell-matrix 

and cell-cell interactions, which would also account for the increased numbers 

of endothelial cells observed. Alternatively, VEGFR-1 may function as a 

negative regulator of angiogenesis. Indeed, VEGFR-1 has a 10-fold higher 

affinity for VEGF than VEGFR-2 (de Vries et al., 1992; Millauer et al., 1993) but 

the tyrosine kinase domain and signalling of this receptor has been proven to be 

dispensable for normal angiogenesis. Mice expressing a truncated membrane- 

bound VEGFR-1 receptor possessing only a functional extracellular domain 

were phenotypically normal and viable (Hiratsuka et al., 1998).

Consistent with the notion that signalling alone from VEGFR-2 mediates the 

proliferative responses of the endothelium is the observation that 

overexpression of kinase-dead VEGFR-2 acts as an inhibitor of tumour growth 

(Millauer et al., 1994). Also, overexpression of the naturally occurring soluble 

form of VEGFR-1 (truncated at exon 6 and 7) curtailed VEGF-induced migration 

and proliferation of human microvascular endothelial cells and HUVECs by 

forming a complex with VEGF and the full-length VEGFR-2 but rendering it 

signalling-incompetent (Clauss et al., 1996; Waltenberger et al., 1994). Finally, 

PAEA/EGFR-1 and VEGFR-1-transfected fibroblasts are unable to proliferate in 

response to VEGF (Waltenberger et al., 1994).

So VEGF by binding to both VEGFR-1 and -2 might strike a balance between 

positive and negative signals needed to design a finely trimmed vascular 

network. This might be just the reason why VEGF E, which utilises VEGFR-2 

alone generates only pathological angiogenesis (Ogawa et al., 1998).
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Remodelling

VEGFR-3

Further expansion of the vascular tree proceeds via sprouting angiogenesis and 

by splitting of pre-existing vessels into smaller capillaries. VEGFR-3 and Tie2 

are of vital importance for the correct progression of angiogenesis. VEGFR-3 

expression starts during E8.5 in developing blood vessels (mainly veins) but by 

E14.5-16.5 is down regulated in vascular ECs and subsequently is largely 

confined to the adult lymphatic endothelium. VEGFR-3 mice died at E9.5 of 

fluid accumulation from leaky large blood vessels (Dumont et al., 1998). 

Furthermore, hematopoiesis was profoundly suppressed in VEGFR-3-deficient 

mice embryos and the manifest severe anemia of these mice, though possibly a 

secondary effect caused by the vascular defects, contributed to the lethality of 

the phenotype.

In these knockout mice, the inappropriate vascular remodelling of the primary 

vascular plexus into large and small vessels was antecedent to the emergence 

of lymphatic vessels pointing to a dual role of this receptor in angiogenesis and 

lymphatic development. Since VEGF 0 and D bind both VEGFR-2 and 

VEGFR-3, there would be an excess signalling of these ligands from VEGFR-2 

in VEGFR-3 knockout mice and this signalling imbalance might account for the 

aberrant angiogenesis observed. Indeed, VEGF C was shown to synergize with 

VEGF in the induction of angiogenesis in collagen gels (Pepper et al., 1998). 

VEGF and VEGF C bind at different sites on VEGFR-2 (Keyt et al., 1996) 

pointing to the possibility of heterodirrieric signalling.

A recent study further consolidated the absolute requirement for VEGFR-3 in 

the development of the lymphatic system but for the first time demonstrated that 

continuous VEGFR-3 signalling is required for the survival of the lymphatic 

endothelium (Makinen et al., 2001). Expression of a soluble form of VEGFR-3 

under the keratin-14 promoter inhibited dermal lymphatic development (without 

affecting blood vessel formation) and caused the regression of existing 

lymphatic vessels in the transgenic mice leading to oedema and dermal fibrosis, 

a phenotype mimicking the symptoms of human lymphoedema. Human 

hereditary lymphoedema is associated with heterozygous missense mutations
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of VEGFR-3 which inactivate the tyrosine kinase domain of the receptor and 

interfere with its signalling (Irrthum et al., 2000; Karkkainen et al., 2000).

Angiopoietins

The VEGFR-3 ̂  phenotype is similar to the defective branching and formation of 

large and small vessels in the vasculature of the Tie2"̂ " mice, which die at E10.5 

(Sato et al., 1995). Tie2 is an endothelial receptor tyrosine kinase that binds, 

with equal affinity, angiopoietin 1 and 2, an angiogenic molecule and its natural 

antagonist (Figure 1.3), both synthesized by cells surrounding the developing 

vessels (Davis et al., 1996; Maisonpierre et al., 1997). Angl promotes EC 

survival through tyrosine phosphorylation of Tie2 receptor leading to PI3K- 

mediated Akt activation of the antiapoptotic survivin pathway in ECs (Kontos et 

al., 1998; Papapetropoulos et al., 2000). In addition, Angio1-Tie2 mediate 

recruitment of pericytes around the endothelial cells of newly formed vessels 

and their association with underlying support cells thus promoting the 

maturation of the vessel wall (Vikkula et al., 1996). Transgenic overexpression 

of Angl in skin results in modest increase in vessel number but a marked 

increase in vessel size (Suri et al., 1996). Unlike VEGF, Angl seems to 

promote circumferential growth. The vessels were also resistant to leakage 

induced by VEGF due to the Angl-induced interactions of ECs with the 

surrounding cells and matrix.

Ang2 on the other hand, destabilizes cell-matrix and cell-cell interactions of 

contact-inhibited endothelial cells to permit their migration and proliferation 

(Maisonpierre et al., 1997). Transgenic mice overexpressing Ang2, mimic the 

AngT^' and Tie2' '̂ phenotypes (Maisonpierre et ai., 1997). Hypoxia and VEGF 

upregulate Ang2 mRNA levels in vitro thus compromising vascular integrity as a 

means of facilitating neovascularization (Oh et al., 1999). In the adult ovary 

(Goede et al., 1998) and in tumours (Holash et al., 1999), Ang2 expression is 

induced by the endothelium to counteract the paracrine constitutive 

engagement of Angl with Tie2 and thus destabilize the vessel. It has been 

suggested that such destabilization in the presence of adequate VEGF levels 

primes the vessels to mount a robust angiogenic response while if VEGF is 

absent, it would instead lead to vessel regression (Maisonpierre et al., 1997).
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Unlike Angl’s continual importance for the stability and quiescence of the fully 

developed vasculature, the presence of VEGF is not essential for much of the 

adult vasculature (except in fenestrated endothelium). Cre-loxP-mediated VEGF 

inactivation is only lethal during the early postnatal development in mice. In 

older mice, lack of VEGF affects only structures that undergo prolonged 

vascular remodelling like bone growth plates and the ovarian corpus lutei 

(Ferrara et al., 1998; Gerber et al., 1999a; Gerber et al., 1999b).

Recently, a combinatorial role for Angl and the orphan receptor Tiel in 

generating the left-right asymmetry of the vascular network has been suggested 

from the phenotypic analysis of double-knockout mice lacking these genes 

(Loughna and Sato, 2001). Tiel had been generically described as a regulator 

of angiogenesis based on the embryonic lethal phenotype of the knockout mice 

(Sato et al., 1993; Sato et al., 1995). Double-knockout Angl/Tiel embryos 

exhibit specific disruption of the right-hand side venous system formation 

whereas the left-hand side network develops normally. Unlike the bilateral 

expression of Tiel and Tie2, Angl expression becomes polarized to the right 

sinus venous, preceding the formation of a discernible morphological 

asymmetry in the venous network (Loughna and Sato, 2001).

Neuropilin-1
Neuropilin-1 (NP1) and members of the Eph receptor tyrosine kinases (Figure

1.3) coordinate later stages of angiogenesis e.g. patterning of neural and 

vascular networks, distinction of arterial-venous vessels and maturation of the 

vessel wall.

NP1 was first identified as a glycoprotein, non-tyrosine kinase receptor 

expressed on the tips of growing axons. Semaphorins (collapsins are the chick 

homologues) upon NP1 ligation, repel advancing neurons and induce the 

collapse of root dorsal ganglia. Targeted disruption of Semalll resulted in 

unfitting protrusion of sensory neurons into the spinal cord (Behar et al., 1996; 

Kitsukawa et al., 1997; Luo et al., 1993). NP1 expression pattern turns out to be 

broader and includes ECs of blood vessels and the surrounding mesenchymal 

cells as well as non-neuronal endocardial cells (Partanen et al., 1999). 

Homozygous null mice died of cardiovascular failure at El 0-12, and NP1
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overexpression was also lethal due to an overgrowth of capillaries and nerve 

fibers (Kawasaki et al., 1999; Kitsukawa et al., 1995).

VEGFi65 binding to VEGFR-2 and chemotaxis were enhanced in PAE/VEGFR- 

2/NP1 in comparison to PAE/VEGFR-2 suggesting that NP1 acts synergistically 

with VEGFR-2 to augment VEGF activity (Miao et al., 1999). Collaspsini is 7 

times less effective in carrying out the demise of growth cones when lOOng/ml 

VEGFi65 was present. Thus collapsini and VEGFies occupy overlapping sites 

on NP1. Intriguingly, collapsini curtailed the motility of PAEA/EGFR-2/NP1 and 

PAE/NP1, which was restored by neutralizing NP1 antibodies. More importantly, 

collapsini abrogated (up to 90%) the sprouting of capillaries from rat aortic 

rings (Miao et al., 1999). This effect, which was reversible upon collapsin 

removal, was accomplished by depolarization of F-actin and disruption of 

lamellipodia formation without induction of apoptosis.

These experiments demonstrate that the coupling of NP1 to two disparate 

ligands, collapsin and VEGF, that have opposing activities, provides a 

mechanism that may coordinate neuronal growth with proximal angiogenesis in 

order to supply the neuronal network with blood without impinging on it. They 

also provide evidence that NP1 receptors on ECs potentially have a VEGF- 

independent function which could integrate information regarding growth or 

regression of capillaries. A secreted, soluble NP1 (sNPI) has been recently 

identified that appears to be a VEGFies antagonist with an in vivo anti-tumour 

activity. An important finding is that NP1 and sNPI gene expression does not 

overlap (Gagnon et al., 2000).

Ephrins

Another paradigm of a set of neuronal repulsive factors that have been proven 

to be mediators of angiogenesis, are the Ephrins and their receptors the Ephs 

(Flanagan and Vanderhaeghen, 1998) (Figures 1.2 and 1.3). Initially involved in 

neuronal patterning of the brain, certain Ephrins promote angiogenesis of 

specific types of ECs. Ephrin-A1 promotes chemotaxis of cultured and capillary

like assembly of HUVECs (Pandey et al., 1995). Soluble B-ephrins induce 

spouting of ECs in vitro with comparable potency to Angl and VEGF (Adams et 

al., 1999).
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Knockout mice of Ephrin-B2 or its receptors EphB3 and EphB4 suffer fatal 

vascular defects pertaining to remodelling of immature vessels (Wang et al., 

1998b). There was inappropriate intermingling of arteries and veins, no 

remodelling into small and large branches and the endothelium was poorly 

associated with underlying cells.

Ephrin-B2 marks the endothelium of embryonic arteries and EphB4 is 

expressed in embryonic veins (Figure 1.2) (Adams et al., 1999; Wang et al., 

1998b). The remarkably reciprocal expression patterns of Ephrin-B2 and 

EphB4, together with the strict specificity of EphB4 for binding to Ephrin-B2, has 

turned out so far to be a unique case of such expression pointing to a unique 

role for this set of partners, namely to prevent two adjacent and differentially- 

marked cell types from intermixing across a boundary. This seems to be 

achieved through the unusual property of the Ephrin ligands to always be 

tethered to the membrane of the cells in which they are expressed in (Davis et 

al., 1994). Membrane attachment promotes clustering of these ligands, both 

mechanisms being necessary to activate receptors on adjacent cells. While 

soluble monomeric ephrins bind to the Eph receptors, they do not induce 

receptor autophosphorylation and activation (Davis et al., 1994).

Furthermore, Eph receptors can discriminate between varying degrees of ligand 

clustering and this might determine the assembly of alternative signalling 

complexes leading to different cellular responses such as repulsion of neural 

cells or increased adhesion of ECs. For example, EphBI receptor tyrosine 

phosphorylation was stimulated by both dimeric and tetrameric Ephrin-B1 

clusters, yet only the tetramers promoted endothelial capillary-like assembly 

and cell attachment (Stein et al., 1998). The graded expression exhibited by the 

Ephs and ephrins in certain areas or the sharp borders they establish in other 

areas along with the ability of cells to sense differing degrees of ephrin 

clustering might also point to a role in providing positional information (Frisen et 

al., 1999).

Ephrin-B ligands possess highly conserved transmembrane and cytoplasmic 

domains which themselves become tyrosine phosphorylated upon Ephrin-Eph 

engagement (Holland et al., 1996). This raises the possibility of bi-directional 

signalling during which pathways are activated on both cells upon their surface 

interaction. Indeed, truncation of the cytoplasmic domain of Ephrin-B2 (Ephrin-
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mice) resulted in midgestation lethality similar to Ephrin-B2'^‘ mice (Adams 

et al., 2001). However, forward signalling from the truncated ligand to its 

receptor was sufficient to restore guidance of migrating neural crest cells to the 

head region. This alludes to the employment of uni- or bi-directional signalling 

as a mechanism for the ability of the Ephrins to elicit a variety of responses from 

different cell types. Furthermore, an elegant study using differential labelling of 

cells in adjacent animal caps from Zebrafish embryos demonstrated that bi

directional signalling from Eph/Ephrins is required to restrict cell intermingling 

whereas uni-directional signalling is only sufficient to restrict cell communication 

by inhibiting gap junction formation (Mellitzer et al., 1999).

Recently, B-ephrins were shown to promote attachment of ECs to extracellular 

matrix components by activating integrins (Huynh-Do et al., 1999). 

Mesenchymal cells also express Ephrin-B2 and EphB2 through which they 

interact with ECs of both arteries and veins (Adams et al., 1999) (Figure 1.2). In 

the Ephrin-B2^^ mice, lack of signalling from the truncated ligand resulted in 

downregulation of Angl expression in mesenchymal cells, elucidating one 

mechanism by which Ephrin-B2 and Angl cooperate in establishing EC 

communication with underlying cells (Adams et al., 2001).

Ephrin-B2, as might be the case with NP1, possibly mediates angiogenesis in 

the developing nervous system. Interestingly, angiogenic sprouting into the 

nervous system is disrupted in the Ephrin-B2'^’ embryos (Wang et al., 1998b). It 

is thus hypothesized that Ephrin-B2 expressed on the neural tube provides a 

sprout-inducing signal to EphB3/B4-expressing ECs thereby coordinating 

capillary growth and neural tube development.
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Figure 1.2: Schematic representation of interactions of members of the B 

Ephrin-Eph family on ECs and mesenchyme in arteries and veins. There are 

interactions amongst cells of a given vessel and interactions amongst cells on 

adjacent vessels. ECs associate with each other or with mesenchymal cells 

through the expression of Ephrin ligands and receptors.
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Table 1.1: Summary of the phenotypes exhibited by knockout mice of the 

VEGF/ VEGFR, Angiopoietin/Tie and Ephrin/Eph families (modified from (Gale 

and Yancopoulos, 1999)).

Gene

knockout

Time of 

death

Stage of 

development

Causes of lethality Reference

VEGF-A (+/-) E11.5 Vasculogenesis

(angiogenesis)

Defective sprouting, vessel 

connectivity

Carmeliet, 

Ferrara 1996

VEGF-A (-/-) E10.5 Vasculogenesis Defective endothelial cell 

development

VEGF-B viable Impaired recovery following 

experimental cardiac ischemia

Bellomo 2000

VEGFR-1 E8.5-9.5 vasculogenesis Excess ECs form abnormal yolk 

sacs and vessel structures

Fong 1995

VEGFR-2 E8.5-9.5 vasculogenesis Failure of angioblasts to 

differentiate into ECs

Shalaby 1995

VEGFR-3 E9.5 angiogenesis Defective organization into large 

and small vessels, leaky vessels

Dumont 1998

NP1 E10-12 angiogenesis Cardiovascular and other 

failures

Kawasaki

1999

Angl E10.5 angiogenesis Defective sprouting, vessel size 

remodelling

Davis 1996 

Suri 1996

Ang2 E12.5-P1 angiogenesis Poor vessel integrity, edema, 

hemorrhage

Maisonpierre

1997

Tie1 E13.5-P1 angiogenesis Poor vessel integrity, edema, 

hemorrhage

Puri 1995 

Sato 1995

Tie2 E10.5 angiogenesis Defective sprouting, vessel size 

remodelling

Dumont 1994

A ngl/ Tiel E11-12 angiogenesis Defective vascular polarity Loughna 2001

Ephrin-B2 E10.5 Angiogenesis Defective organization and Wang 1998

Ephrin-B2\c (vasculogenesis) sprouting, some defects in yolk 

sac structures

Adams 2001

EphB2 /B3 E10.5 Angiogenesis

(vasculogenesis)

Defective organization and 

sprouting, defects in yolk sac

Adams 1999
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Figure 1.3: Schematic representation of three families of vascular growth 

factors (VEGF, angiopoietins, Ephrins) and their receptors. All receptors except 

NP1 are receptor tyrosine kinases ( =kinase domain ). VEGF receptors have a 

similar domain structure characterised by cytoplasmic regions with an insert 

sequence within the catalytic domain, a single transmembrane domain and 

seven immunoglobulin-like ( (g ) extracellular domains. Receptor tyrosine 

kinases are activated through ligand-stimulated dimerization and 

autophosphorylation of tyrosine residues in the cytoplasmic kinase domain. 

Four autophosphorylation sites have been identified on VEGFR-2; Y951, Y996, 

Y1054 and Y1059 (Dougher-Vermazen et al., 1994).

'+’ or indicates whether the particular angiopoietin activates or blocks the Tie 

2 receptor. The ligand for Tiel receptor has not been identified. Tie receptors 

have intervening kinase inserts.

Only the members of the large Ephrin family that have been implicated in 

angiogenesis are depicted. B-ephrins possess transmembrane and conserved 

cytoplasmic domains whereas the Ephrin-A subgroup is attached to the outer 

leaflet of the plasma membrane via a glycosylphosphotidylinositol (GPI) anchor.
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Maturation
A critical component of the angiogenic process is the coordinated and reversible 

establishment of interendothelial cohesion and of EC associations with 

underlying cells and with the extracellular matrix. During angiogenesis, dynamic 

remodelling of the extracellular matrix involves both matrix degradation that 

permits ECs to proliferate at the growing tip of the sprout and deposition of 

matrix components that induce differentiation of ECs to a quiescent state. 

Remodelling of the extracellular matrix is accompanied by changes in the 

adhesive properties of the ECs, enabling them to integrate and respond to 

survival, proliferative or migratory cues.

Extracellular matrix remodelling

The vascular basement membrane is composed of type IV collagen, laminin, 

heparan sulphate proteoglycan, fibronectin and vitronectin. Extracellular matrix 

components include fibronectin, collagen types I, III, V, and VI, thrombospondin, 

elastin and various sulphate proteoglycans (Carey, 1991).

Both collagen deposition and degradation are implicated in angiogenesis. For 

example, inhibition of collagen deposition or collagen cross-linking prevents 

angiogenesis (Haralabopoulos et al., 1994; Ingber, 1991). Proteolysis of 

collagen, mediated by matrix metalloproteinases (MMPs), also contributes to 

tube formation. Angiogenic factors, e.g. bPGF and VEGF, stimulate EC and 

SMC expression of MMPs (Wang and Keiser, 1998) while MMP inhibition 

blocks proteolysis of collagen and angiogenesis (Montesano and Orci, 1985). 

MMPs can be converted from a latent form to an active form by proteolysis at 

the cell surface, a process blocked by tissue inhibitors of MMPs (TIMPs). 

Inhibition of MMPs by TIMP-1 and TIMP-2 blocked angiogenesis in the chick 

embryo yolk sac and rat cornea (Moses et al., 1990).

It seems that a regulated protease-anti protease system operates to allow for a 

localised pericellular matrix degradation that permits cell proliferation and 

migration but preserves at the same time tissue architecture by preventing 

inappropriate matrix destruction. A further example of one such system is the 

role of uPA (urokinase plasminogen activator) and its inhibitor PAH, in 

extracellular matrix degradation. uPA is a serine protease that converts
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plasminogen to plasmin (also a protease) and concerted expression of uPA, 

uPA receptor and PAH has been observed during angiogenesis in vivo 

(Chapman, 1997). VEGF-B signaling from VEGFR-1 increased expression and 

activity of the urokinase plasminogen activator (uPA) and its inhibitor PAH, 

suggesting a role for VEGF-B in regulated extracellular matrix degradation 

(Olofsson et al., 1998). VEGF-B or VEGF-induced PAH expression precedes 

that of uPA by several hours.

Animals engineered to lack either of the genes for uPA, uPA receptor, PAH and 

plasminogen have no phenotypic abnormalities at birth. However, progressive 

multiple organ failure occurs in young adult mice and seems to be the result of 

widespread extravascular accumulation of fibrin and thrombosis (Carmeliet et 

al., 1994; Ploplis et al., 1995). Plasmin mediates fibrinolysis. Fibrin is not a 

major component of the extracellular matrix during developmental angiogenesis 

and it is progressively removed and replaced by other matrix components like 

collagen, which would explain the lack of a developmental phenotype in 

knockout mice. It is however a major component of the matrix laid down during 

injury, inflammation and pathophysiological angiogenesis (Stromblad and 

Cheresh, 1996).

Endothelial cell-matrix interactions
Integrins are cell-surface membrane receptors composed of two non-covalently 

associated transmembrane glycoproteins (a and p) that bind extracellular matrix 

proteins and transduce signals to the cytoskeleton. Integrins mediate both 

tethering of cells to the matrix and transfer of information to the cell about the 

composition of the extracellular matrix thus regulating cell survival, migration 

and proliferation (Schwartz et al., 1995).

During angiogenesis, proliferating ECs challenged with antagonists of avPs 

integrin that has promiscuous binding ability, become apoptotic leading to 

regression of newly formed vessels (Brooks et al., 1994b). Ligation of â Ps 

promotes the survival of ECs by enhancing Bcl-2 expression while decreasing 

that of Bax (Stromblad et al., 1996). In addition to its antiapoptotic effect, this 

integrin mediates cell cycle progression by suppressing the activity of p53 and 

the p53-inducible cell-cycle inhibitor p2l'''^ '̂"  ̂ (Stromblad et al., 1996).
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Endothelial cells plated on vitronectin which binds to avPa integrin have a higher 

rate of proliferation than cells plated on fibronectin or collagen (ligands for asPi 

and tt2pi respectively). Inactivation of the gene for the abundant fibronectin or 

for its receptor (asPi) led to a poorly developed cardiovascular system and 

embryonic lethality (Hynes, 1996), indicating that, despite some degree of 

redundancy among the integrins, there is only partial overlap of function.

VEGF coordinates survival and proliferation of nascent capillaries by enhancing 

the expression of avPs, which is not detectable in non-proliferating ECs (Brooks 

et al., 1994a), and of collagen-binding integrins aiPi and a2Pi. The Ps but not Pi 

integrin subunit co-immunoprecipitates with VEGFR-2 upon VEGF treatment 

(Senger et al., 1997; Soldi et al., 1999).

TGFp plays multiple roles in angiogenesis. Mutations of the TGFp binding 

protein, endoglin, result in telangiectasia, a bleeding disorder featuring arterio

venous malformations (McAllister et al., 1994). TGFp knockout mice have 

defects in hematopoiesis and vascular malformations due to remodelling and 

maturation (Dickson et al., 1995). These defects perhaps correlate with the 

ability of TGFp to increase expression of both av and p3 integrin subunits in ECs 

required for survival and stability of vessels as described previously (Basson et 

al., 1992). Furthermore, TGFp reduces extracellular proteolysis, promotes 

matrix deposition and cell-cell interactions in vitro (Madri et al., 1968; Merwin et 

al., 1990), mechanisms which in vivo are involved in maturation of the nascent 

vessels. In vitro, TGFp also promotes organization of ECs plated on 3-D 

collagen gels into tube-like structures (Sankar et al., 1996).

Endothelial cell-cell interactions
During vascular development, junction formation initially involves adhesion 

complexes required for cell-cell recognition. Assembly of additional junctions is 

required as the vessel matures. Interendothelial communication is mediated 

through tight-, gap- and adherens-junctions. The latter are formed by 

transmembrane calcium-dependent proteins called cadherins. VE-cadherin is 

only found at endothelial junctions (Lampugnani et al., 1995) and in the 

presence of Câ "̂ , VE-cadherin from one cell binds to VE-cadherin expressed 

on an adjacent cell (Hynes, 1992). The cytosolic tail of VE-cadherin interacts
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directly with p eaten in and is required for interaction with the cytoskeleton 

(Gumbiner, 1996). In mice, VE-cadherin is expressed in hemangioblasts from 

E7.5 (Breier et al., 1996) and constitutively in ECs thereafter. Targeted null- 

mutation of VE-cadherin impaired the organization of ECs into vessel-like 

structures (Vittet et al., 1997). Recent evidence also shows that VE-cadherin 

mediates intracellular signalling that controls EC survival during the remodelling 

and maturation stages of angiogenesis. Targeted inactivation of VE-cadherin or 

truncation of its cytosolic domain that binds pcatenin caused lethality at E9.5 

without affecting the assembly of EC into vascular plexi (Carmeliet et al., 

1999a). In these mice, loss of VE-cadherin signalling led to EC apoptosis due to 

disruption in the formation of a VEGFR-2/pcatenin/PI3kinase complex induced 

by VEGF. Interestingly, VE-cadherin was required for the survival signal of 

VEGF but not bFGF.

Table 1.2: Endogenous activators and inhibitors of angiogenesis

Activators Function Inhibitors Function
VEGF family stimulate permeability, 

vasculo/angiogenesis

VEGFR-1, 

soluble NP1

Sink for VEGF, VEGF-B, PIGF

VEGFRs, NP1 Integrate angiogenic, 

survival signals

Ang2 Antagonist for Ang1

Ang1-Tie2 stabilize vessels, inhibit Platelet Inhibits binding of bFGF and

permeability factor4* VEGF to receptors

PDG F Recruits SMC, pericytes TIMPS Antagonists for MMPs

TGFp Upregulates expression of Thrombo Inhibits EC migration.

av and bs integrin subunits spondin* proliferation, survival

FGF Induces vasculogenesis IFN, IL-4, IL12, Inhibit EC migration.

and VEGF expression IL-18* downregulate bFGF

Integrins (aybs, avbs, Receptors for matrix Endostatin* Inhibit EC survival and

asbi) components, survival migration

VE-cadherin EC survival and 

proliferation

PAH Stabilizes nascent vessels

Ephrins-Ephs 

uPA, MMPs 

Hypoxia, shear stress

Regulate cell interactions, 

EC proliferation 

Remodel matrix, activate 

growth factors 

Upregulates VEGF-A

TGFP Stimulates matrix deposition. 

Promotes cell-cell interactions

not mentioned in the text, reviewed in (Carmeliet and Jain, 2000).
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Adaptive remodelling In adult arteries

In postembryonic and adult tissues, chronic changes in blood flow (shear 

stress) cause corresponding changes in arterial diameter whereas increases in 

blood pressure (tensile stress) cause wall thickness (Cowan and Langille, 

1996). ECs monitor shear stress through unidentified sensors probably on the 

luminal membrane. Several transduction pathways are activated in response 

including increase in cytosolic Ca "̂', Akt, PKC and ERK (Cowan and Langille, 

1996; Fulton et al., 1999). These pathways mediate production of vasoactive 

substances or affect the expression of genes for growth factors (Resnick and 

Gimbrone, 1995) or remodelling of the arterial wall. Acute vasodilation, 

predominately mediated by production of NO (discussed in detail later), or 

vasoconstriction, mediated by release of vasoconstricting substances, return 

shear stress levels within a physiological range. Increased expression of eNOS 

amplifies NO production overtime (Ranjan et al., 1995).

Shear stress upregulates the production of PDGF-BB in endothelial cells 

(Resnick et al., 1993). PDGF-BB activates receptors expressed on perivascular 

mesenchymal cells, pericytes and SMC and promotes attachment of EC to 

these underlying support cells. This in turn activates TGFp which may induce 

alterations in the extracellular matrix architecture (Antonelli-Orlidge et al., 1989). 

Shear-sensitive expression has been demonstrated for several genes regulating 

vascular tone and structural integrity such as for PDGF-BB, TGFp, tissue 

plasminogen activator, endothelin and eNOS. A sequence (5'-GAGACC-3 ) 

found in the promoters of genes called the Shear Stress Responsive Element 

(SSRE) confers sensitivity to changes in blood flow (Resnick and Gimbrone,

1995).

Structural remodelling of the vessel wall is in part mediated by elastin. Elastin, 

an important matrix constituent of adult arteries and a determinant of vessel 

diameter, can be reorganized or accumulated in response to shear stress 

(Langille et al., 1989). Accumulation of matrix and SMC proliferation (mediated 

by PDGF) is implicated in arterial wall thickening in response to increases in 

blood pressure (Heagerty et al., 1993).
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Angiogenesis as a target of therapeutic intervention
The observation that vascular development occurs around tumours was 

reported as early as 1907 (Goldman, 1907). The pioneering work of Folkman in 

the 70's, drew attention to the blight of unwanted angiogenesis, when he 

documented the extent to which tumour growth beyond a critical mass is 

dependent on an “angiogenic switch” to provide the tumour with a 

microcirculation (Folkman, 1971). The various signals that turn the switch 'on' 

include metabolic stress (glucose deprivation, hypoxia or acidosis), mechanical 

stress generated by rapidly-proliferating cells, infiltration of inflammatory cells 

generating growth factors and genetic mutations leading to uncontrolled 

production of angiogenic regulators. In 1974, Folkman proposed inhibition of 

angiogenesis as a strategy for blunting tumour growth (Folkman, 1974).

In addition to cancer, neovascularization is a prominent component of many 

other pathological conditions such as proliferative retinopathy, hemangiomas, 

rheumatoid arthritis and possibly the atherosclerotic plaque, where inhibition of 

angiogenesis might prove an effective treatment. On the other hand, induction 

or augmentation of angiogenesis is needed to alleviate vascular insufficiency in 

conditions such as myocardial, peripheral or cerebral occlusive/ischaemic 

disease, fracture repair, reconstructive surgery or transplantation.

VEGF is currently the main focus of the quest to harness the therapeutic 

potential of manipulating angiogenesis. In addition to its critical role in 

angiogenesis, VEGF is a key mediator of thrombolytic and pro-coagulatory 

pathways, vascular permeability, vasorelaxation, endothelial cell proliferation 

and survival. It has only recently been appreciated that in addition to being a 

mitogen for endothelial cells and chemoattractive for monocytes (Barleon et al., 

1996), VEGF targets a plethora of non-endothelial cell types: inhibits functional 

maturation of dendritic cells (Gabrilovich et al., 1996), its overexpression in the 

testis causes cessation of spermatogenesis and infertility (Korpelainen et al.,

1998), enhances survival and proliferation of Schwann cells in the peripheral 

nervous system (Sondell et al., 1999) and induces differentiation of cultured 

osteoclasts and coordinates cartilage remodelling and angiogenesis during 

bone formation (Gerber et al., 1999b; Midy and Plouet, 1994). Given such 

pleiotropism, interfering with VEGF signalling seems a daunting prospect with 

potentially inadvertent consequences.
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Nevertheless, VEGF antibodies and antagonistic soluble VEGF receptors have 

been reported to successfully suppress tumour growth in vivo (Kendall and 

Thomas, 1993; Kim et al., 1993). It has also been reported that VEGF

extravascular gene transfer has suppressed neointimal SMC hyperplasia (a 

common complication of balloon catheter injury) and accelerated re-

endotheliaiization and collateral vessel formation in human and animal studies 

(Asahara et al., 1995; Asahara et al., 1996; Baumgartner et al., 1998).

However, recent results from ongoing placebo-controlled phase II clinical trials

using recombinant VEGF brought home a sobering message: there is a 

discrepancy between the considerable efficacy observed with administration of 

growth factors in animal models of coronary or limb ischaemia and the poor 

responses of patients with extensive atherosclerotic disease.

Evidence has been accumulating which lends credence to the notion that 

angiogenesis in the adult follows the same blueprint as in the developing 

embryo and that the formation of new, functional and sustainable blood vessels 

requires recapitulation of the complete angiogenic program. For example, 

during diabetic retinopathy damage of healthy vessels results in retinal hypoxia 

which induces VEGF production. In this context, VEGF is sufficient to initiate 

angiogenesis but is inadequate in producing mature (non-leaky) vessels (Aiello 

et al., 1994).

Observing tumour angiogenesis has also discredited the notion that 

administration of a single angiogenic factor would somehow be enough to 

mount a complete angiogenic response. There is a correlation between VEGF 

expression and microvessel density in primary breast cancer or gastric 

carcinoma sections (Gasparini, 1997; Maeda et al., 1996). Elevated levels of 

VEGF have been detected in the plasma of patients with pulmonary, ovarian 

and uterine tumours (Kondo et al., 1994) compared with tumour-free 

individuals. However, tumour vessels are structurally and functionally abnormal. 

Tumour vasculature is highly disorganised with dilated and tortuous vessels. 

There are widened interendothelial junctions, increased number of fenestrae 

and a discontinuous basement membrane. Tumour vessels are not invested 

with perivascular cells or functionally contractile SMCs. These defects make 

tumour vessels leaky and their blood perfusion chaotic (Benjamin et al., 1999; 

Eberhard et al., 2000; Helmlinger et al., 1997; Hobbs et al., 1998). In the



42

context of tumour angiogenesis, the inappropriate temporal and spatial 

expression of regulators coordinating physiological angiogenesis and the 

imbalance of mediators such as VEGFs and Angiopoietins leads to a disordered 

vessel ultrastructure and function.

Perspectives on anti-angiogenic therapies
Given the central role of VEGF in tumour angiogenesis and the success of pre- 

clinical studies assessing the efficacy of targeting VEGF for anti-angiogenic 

therapies, clinical trials are now in progress. SU6668 (phase I), an inhibitor of 

VEGF-, FGF- and PDGF- receptor signalling, monoclonal antibodies against 

VEGF (phase II) and SU5416 (phase III), an inhibitor of VEGFR2, are amongst 

the many being evaluated. A number of other anti-angiogenic agents such as 

MMP inhibitors and integrin antagonists are also in clinical trials. However, there 

are important caveats that warrant consideration before the anti-angiogenic 

approach can be propounded as a valid treatment for cancer.

The efficacy of the anti-angiogenic agents has been assessed in animals 

growing primary tumours subcutaneously which is not a physiological model for 

most human tumours (Fidler, 1995). It has been shown that the balance of 

angiogenic inhibitors or stimulators produced depends on the site of the primary 

tumour (Gohongi et al., 1999). Although tumour cells represent the main source 

of VEGF, tumour-associated stroma cells are an important site of production of 

growth factors and extracellular proteolytic enzymes, their identity and quantity 

determined by the host organ.

The end point of these preclinical trials has been regression of tumour vessels 

leading to tumour suppression. Relapse can occur from a very small number of 

surviving cancer cells and the question of eradication of cancerous cells with 

anti-angiogenic agents has not been addressed. In certain instances, when the 

administration of the angiogenesis inhibitor was terminated, tumours entered an 

exponential phase of growth (O'Reilly et al., 1996). This paradigm illustrates that 

tumour dormancy rather than tumour eradication might be a more realistic 

expectation from using an anti-angiogenic approach as the sole treatment for 

cancer. The need for a prolonged or lifelong treatment becomes immediately 

apparent. However since the issue of whether cells lining tumour vessels are 

always non-transformed hasn’t been resolved, drug resistance to prolonged
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anti-angiogenic therapy cannot be ruled out. Furthermore, a cocktail of inhibitors 

might be more effective in counteracting the wide array of angiogenic molecules 

that are eventually employed by tumours or to avoid the possibility that if one 

molecule is blocked (e.g. VEGF), the tumour might switch to another (e.g. 

bFGF, IL-8).

Long-term inhibition of VEGF by systemically administered drugs might also 

adversely affect the female reproductive cycle or wound healing, processes 

where VEGF plays a role in adult life. Since VEGF is required for bone 

formation and longitudinal growth as mentioned earlier, the use of anti-VEGF 

treatment for childhood cancers might not be a valid option.

Perspectives on “therapeutic angiogenesis” therapies
Atherosclerosis and thrombosis are the most common underlying causes of 

strokes, coronary heart disease and peripheral artery disease. Angioplasty and 

surgical bypass, the primary treatments offered in an attempt to improve blood 

flow to the ischaemic regions, are limited by the progressive development of 

native vessel restenoses or graft occlusions. Furthermore, pharmacological 

intervention is the only option open to individuals whose vascular pathology is 

too widespread. The inadequacies of the available therapies have necessitated 

the development of an alternative/adjunct method of revascularization: the site- 

targeted administration of angiogenic growth factors aiming to augment the 

formation of new collateral vessels in the ischaemic myocardium, leg muscles 

and other tissues.

Compensatory neovascularization is a physiological process documented in 

patients with chronic cardiac ischaemia and although it is associated with better 

clinical outcomes, it never fully restores blood flow and adequate oxygen 

delivery (Sasayama and Fujita, 1992). Probable explanations for this are either 

insufficient local generation of the appropriate angiogenic molecules in 

response to tissue ischaemia or a diminished/altered responsiveness of the 

atherosclerotic endothelium to the various vasoactive substances produced. In 

the former case, supplementation of the growth factor(s) in question would be 

expected to improve the outcome. In the later case though, more growth factor 

would not necessarily translate into increased neovascularization. The 

competency of the patient's ECs to initiate an angiogenic programme or
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mediate a vasodilatory response following administration of the ligand(s) 

constitutes a potentially limiting factor for the benefit of this approach. 

Endogenous expression of VEGF and VEGFRs 1 and 2 has been documented 

in ECs and macrophages in coronary artery segments from patients with early 

or advanced atherosclerotic lesions. Intense immunostaining for the ligand and 

both receptors was also observed in cells from intraplaque microvessels in 

totally occlusive lesions (Inoue et al., 1998). The presence of VEGF receptors 

on monocytes (Shen et al., 1993) and the ability of VEGF to stimulate monocyte 

migration (Barleon et al., 1996) may add to the cytokine’s angiogenic properties 

since infiltrated macrophages subsequently release TGFp, IL-ip and IL-6, all of 

which are capable of further stimulating VEGF expression (Sunderkotter et al., 

1991). VEGF-induced vascular permeability also facilitates infiltration of 

inflammatory cells. Although the inflammatory process may therefore account in 

part for the angiogenesis observed in atherosclerotic plaques, inflammation is 

also very much part of the pathogenesis of atherosclerosis leading to the 

formation of rapture-prone plaques (discussed later). Taken together, these 

results suggest that the ability of VEGF to facilitate inflammation of 

atherosclerotic sites somewhat diminishes its value as an angiogenic agent. 

Angiogenesis aside, the therapeutic value of VEGF administration has also 

been argued in terms of the “vascular protective properties’’ of VEGF-induced 

NO production namely vasodilation, inhibition of SMC proliferation and anti

platelet actions. However, these beneficial anti-atherogenic NO-mediated 

effects following exogenous VEGF treatment have been demonstrated in non- 

atherosclerotic animals (Laitinen et al., 1997a; Laitinen et al., 1997b; Varenne et 

al., 1998). In humans, chronic ischaemia coexists with atherosclerosis-induced 

endothelial dysfunction, associated with reduced NO biosynthesis and 

bioavailability (discussed later).

Several molecules, delivered by a variety of techniques, have been tested in 

animals for their therapeutic value including VEGF isoforms, VEGF C, bFGF, 

FGF-5 and HGF (Asahara et al., 1995; Giordano et al., 1996; Pu et al., 1993; 

Takeshita et al., 1994b; Van Belle et al., 1998; Witzenbichler et al., 1998). 

Intracoronary injections of recombinant proteins are administered after induction 

of acute myocardial infarctions in dogs (Yanagisawa-Miwa et al., 1992) and pigs
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(Battler et al., 1993). In animal models of chronic ischaemia (e.g. surgical 

removal of femoral artery in rabbits, iliac artery ligation in rats) where a 

sustained and local delivery of the ligand would be advantageous, VEGF gene 

transfer using adenoviral vectors or naked DNA has been used (Takeshita et 

al., 1994a). In all of these studies one or more of the following beneficial 

outcomes were documented: reduction in infarct size, improved systolic 

function, increased coronary blood flow and an increase in vessel density in the 

ischaemic regions as demonstrated by histology.

In phase I clinical trials, direct administration of VEGF as a sole treatment for 

patients with myocardial ischaemia (Losordo et al., 1998) or with critical limb 

ischaemia (Baumgartner et al., 1998) led to reduced symptoms, new collateral 

vessels, improved myocardial perfusion or improved limb distal flow. 

Complications were limited to transient lower-extremity oedema in the majority 

of patients with limb ischaemia. Combinatorial administration of VEGF and 

Angl might limit such side effects. In a different phase I study in patients with 

coronary ischaemia, an initial intracoronary infusion of rhVEGF led to an 

improvement of perfusion and neovascularization in the majority of the subjects 

(Henry, 1998). However, these studies were not placebo-controlled and failed 

to demonstrate sustainable and functional angiogenesis for periods longer than 

3 months. A subsequent placebo-controlled phase II study, in which rhVEGF 

was delivered as a single intracoronary infusion followed by three intravenous 

infusions, failed to demonstrate clinical benefits (Henry, 1999). However in the 

future more persistent exposure to an individual growth factor or to a 

combination of growth factors may prove more effective.
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1.2 Endothelium: cells of diverse capabilities
Our current view of the endothelium as an heterogeneous, dynamic surface with 

a strategic anatomical position which carries out vital regulatory functions has 

its origins in the electron microscopic studies of the vessel wall by Palade in 

1953 and physiological studies by Gowan in 1959 describing the interaction 

between lymphocytes and the endothelium (Fishman, 1982). The seminal 

demonstration by Furchgott in 1980 of the obligatory role of the endothelium in 

the relaxation of the isolated rabbit aorta in response to acetylcholine (Furchgott 

and Zawadzki, 1980) initiated intense investigation of its role in regulating 

vascular tone. The endothelium provides a structural barrier between the 

circulation and the surrounding tissue and regulates the transport of molecules 

via transcellular or paracellular pathways. Another crucial physiologic function of 

the endothelium is to facilitate blood flow by presenting a non-adhesive, anti

thrombotic surface. However at sites of perturbations or injury, ECs have the 

ability to undergo programmed biochemical changes which transform the local 

endothelium to a pro-thrombotic surface. A dynamic equilibrium exists between 

these two states that allows the endothelium to return to its unperturbed state 

once the pro-coagulant stimulus has dissipated.

Endothelial cell heterogeneity
Detailed studies of endothelial function first became feasible with the 

development in 1970’s of techniques to isolate and culture ECs (Jaffe et al., 

1973; Lewis et al., 1973). However since the normal life span of an adult human 

endothelial cell is estimated to be 30 years (Vanhoutte, 1997) one apparent 

limitation of the in vitro approach is the conversion of ECs from a quiescent 

state to an activated phenotype (1-10% replications per day) with potential loss 

of specialised functions associated with ECs from diverse types of vessels 

supplying diverse types of organs. Furthermore, more complex ex vivo culture 

models had to be devised in order to study changes in EC properties induced 

by blood cells, by rhéologie factors and by cell-cell interactions that occur within 

the vessel wall.

There is a wealth of information showing significant EC heterogeneity among 

and within tissues. The susceptibility of arterial and venous vessels to
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atherosclerosis differs. Even when systemic risk factors are present such as is 

the case with inherited disorders of lipid metabolism or proteins regulating 

coagulation, there is marked regional variation in the occurrence of disease 

(Augustin et al., 1994). The basis for this variation may lie, in part, in the 

heterogeneity of ECs that can arise as a consequence of exposure to varying 

external stimuli e.g. mechanical forces, local concentrations of cytokines or of 

intrinsic variations in EC responsiveness (due to tissue-specific expression of 

adhesion molecules, receptors, transcription factors). For example, ECs derived 

from saphenous vein have been reported to synthesize less PGI2 than those 

from the internal mammary artery (Subramanian et al., 1986). Microvascular 

and macrovascular ECs differ in their ability to synthesize PGI2 and in the 

expression of adhesion receptors for lymphocytes (Kumar et al., 1967). 

Microvascular ECs from the lung and the brain express distinct cell-surface 

markers and protein transporters and these tissue-specific phenotypic 

differences can be maintained under identical tissue culture conditions (Grau et 

al., 1997). In the mouse, an adhesion molecule involved in cell trafficking, Lu- 

ECAM-1, is exclusively expressed by pulmonary postcapillary ECs (Zhu et al.,

1991) while Mad-CAM-1 is expressed primarily on high endothelial venules in 

Peyer’s patches of the small intestine (Butcher and Picker, 1996). Von 

Willebrand factor, although commonly used as a marker for ECs, is not 

expressed uniformly on cells from all types of vessels (Kumar et al., 1987). 

Distinct subsets of ECs also exist within a single organ. For example, in situ 

study of adult rat liver shows two distinct sinusoidal EC phenotypes: hepatic 

periportal vessels express PECAM-1 and CD-34, whereas sinusoidal 

intrahepatic ECs do not (Morin et al., 1984). Functional variation is also 

reflected in the distinct appearance of capillary endothelium from distinct 

vascular sites: the brain and retina are lined by continuous ECs connected by 

tight junctions which establish the blood-brain barrier; the liver, spleen and bone 

marrow sinusoids are lined by a discontinuous endothelium that allows cellular 

trafficking through intercellular gaps; intestinal villi and kidney ECs are 

fenestrated for selective permeability and absorption of molecules (Dejana, 

1996). There are also numerous examples of how the microenvironment can 

regulate the endothelial phenotype, a phenomenon that has been referred to as 

transdifferentiation (Augustin et al., 1994). For example, aortic ECs cultured on
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extracellular matrix derived from the lung are induced to express Lu-ECAM-1 

(Zhu et al., 1991) whereas these cells develop fenestrae when cultured on 

matrix derived from kidney (Milici et al., 1985).

In the light of this evidence, experimental results obtained should be considered 

in the context of the cell source as well as culture conditions including the type 

of growth medium, passaging, the presence/omission of shear forces, absence 

of factors released by underlying cells or blood cells. Concepts predicated 

solely on results obtained through the use of HUVECs warrant special caution 

as these cells are derived from a vessel that rarely, if ever, manifests any of the 

common human vascular disorders.

The role of the endothelium in vascular homeostasis

ECs synthesize and secrete vasodilators (NO, PGI2 , EDHF) and 

vasoconstrictors (Platelet-activating factor, endothelin-1, PGH2 , thromboxane 

A2) that influence vascular hemodynamics in the physiologic state (table 1.3). 

These chemically diverse compounds contribute to the regulation of blood 

pressure and blood flow and in the case of vasodilators, they also possess 

angiogenic and/or smooth muscle antiproliferative properties. For the purpose 

of this thesis though, only NO and PGI2 biosynthesis and functions are going to 

be discussed in detail.

The endothelium mediates relaxation in response to neurotransmitters (e.g. 

acetylcholine, norepinephrine), circulating hormones (e.g. insulin), coagulation 

derivatives and platelet products (e.g. serotonin, ADP, thrombin), shear forces 

exerted by the circulating blood, and by substances secreted by ECs and SMCs 

(e.g. bradykinin, VEGF, PDGF endothelin). Under physiological conditions, a 

precise and balanced release of relaxing and contracting factors maintains 

appropriate tissue perfusion (Figure 1.4).

Endothelin-1 causes vasodilation at lower concentrations by activating 

endothelial ETb receptors coupled to the production of NO and PGI2 , while at 

higher concentrations causes potent and sustained contraction by activating 

ETa receptors and in some vessels, ETb receptors on SMCs (Aral et al., 1990; 

Sakurai et al., 1990; Seo et al., 1994; Yanagisawa et al., 1988). In turn, release 

of NO reduces endothelin production and moderates its constrictor action on 

SMCs (Boulanger and Luscher, 1990). The circulating levels of endothelin-1 are
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low due to a low production rate in the absence of stimuli (e.g. thrombin) or the 

inhibitory effect of NO as well as due to its preferential abluminal release 

(Wagner et al., 1992).

Table 1.3: Principal regulatory substances synthesized by the endothelium.

Name Principal effect Other effects Secretion Compound Precursor

NO dilation Maintains vascular tone, Paracrine, Free radical L-arginine

inhibits leukocyte and constitutive

platelet adhesion, platelet and

activation/aggregation, SMC induced

migration/proliferation

PGI2 dilation Inhibits platelet aggregation, Paracrine, eicosanoid arachidonic

SMC migration/proliferation induced acid

PAF constriction Promotes leukocyte adhesion Juxtacrine, phospholipid arachidonic

induced acid

ET-1 constriction Mitogen for SMC Paracrine, 21 amino Prepro-

induced acid peptide endothelinl

TXA 2 constriction Promotes platelet secretion Paracrine, eicosanoid arachidonic

and aggregation induced acid
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Figure 1.4: Endothelium-derived vasoactive substances.

Ach=acetylcholine, Thr=thrombin, BK=bradykinin, AA=arachidonic acid, 02= 

oxygen reactive species, TxA2=thromboxane A2, PGH2=prostaglandin H2, 

ADP=adenosine diphosphate, EDHF=endothelium-derived hyperpolarising 

factor. Circles represent receptors: T=thrombin, V=VEGFR2, B=BK2-kininergic 

receptor, PD=PDGF receptor, S=5HTiB-serotonergic, P=P2Y-purinergic 

M=muscarinic

Nitric oxide (NO)
in 1980 Furchgott and Zawadzki discovered that the endothelium releases a 

factor that relaxes the underlying vascular smooth muscle which they called 

endothelium-derived relaxing factor (EDRF) (Furchgott and Zawadzki, 1980). 

EDRF was later identified as the heterodiatomic free radical NO (Ignarro et al., 

1987; Palmer et al., 1987), generated from the oxidation of L-arginine to L- 

citrulline by three highly homologous isoforms of NO synthase (endothelial.
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inducible and neuronal) (Bredt et al., 1991; Bredt et al., 1990; Janssens et al.,

1992).

Localization of eNOS

Endothelial NO synthase (eNOS) is a constitutively expressed 135kDa protein 

which has a C-terminal reductase domain that binds NADPH, FAD and FMN 

and an N-terminal oxygenase domain that binds a heme moiety, 

tetrahydrobiopterin (BH4) and L-arginine (Forstermann et al., 1991). eNOS is 

localized to the Golgi apparatus (Liu et al., 1997) and in caveolae following 

post-translational myristoylation and palmitoylation (Feron et al., 1996; Garcia- 

Cardena et al., 1996; Garcia-Cardena et al., 1997). The dual acylation of eNOS 

with two covalently attached lipid moieties is required for its membrane 

compartmentalization although reversible depalmitoylation of eNOS in response 

to agonists is not sufficient to determine its cellular localization (Liu et al., 1995). 

The localization of eNOS in caveolae, which are regions of the plasma 

membrane in which several transducing complexes are concentrated, has 

profound repercussions on its enzymatic activity, at least due to its accessibility 

to signal transduction cascades. Even in unstimulated ECs eNOS is part of a 

multi-molecular complex (Garcia-Cardena et al., 1996). Caveolini, a caveolar 

scaffolding protein, interacts with eNOS and attenuates its activity by binding to 

the reductase domain and slowing electron transport (Rothberg et al., 1992). 

Caveolini also forms complexes with inactive G proteins, c-src and several 

PKC isoforms (Okamoto et al., 1998). The association of eNOS and caveolini 

is likely to be regulated by tyrosine phosphorylation (Garcia-Cardena et al.,

1996). The importance of the association of eNOS with the caveolin-1 

scaffolding domain was recently also demonstrated in vivo. Systemic 

administration of the caveolin-1 domain fused to a cellular internalization 

sequence in mice, blocked NO, but not PGI2 , release from intact vessels and 

reduced inflammation and vascular leakage (Bucci et al., 2000).

Functional properties of eNOS

NO is constitutively produced by eNOS at resting levels of intracellular Câ "". A 

basal enzymatic activity, which is sensitive to the NOS inhibitor N®nitro-L- 

arginine (L-NAME) has been measured in EC lysates even at sub-physiological
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concentrations (Fleming et ai., 1997; Fleming et al., 1998). Mechanical 

stimulation of native and cultured ECs by fluid shear stress results in the 

formation of NO via a pathway that comprises Ca^'"-dependent and independent 

components (Figure 1.5) (Ayajiki et al., 1996; Kuchan and Frangos, 1994). In 

native ECs, shear stress-induced NO production consists of an initial peak 

which coincides with an increase in intracellular Ca "̂” and can be abolished by 

removal of extracellular Ca '̂", followed by a sustained plateau which is 

insensitive to chelation of extracellular Ca^  ̂and calmodulin antagonists and is 

maintained for as long as shear stress is applied (Ayajiki et al., 1996; Kuchan 

and Frangos, 1994).

The rapid, transient increase of intracellular Câ "" in response to agonists and 

acute increases in shear stress enhances short-term production of NO and 

subsequent vasodilation by promoting binding of Ca^'"/ca!modulin to and 

allosteric activation of eNOS via two different G protein-mediated pathways: a 

pertussis toxin-sensitive Gi protein and a toxin-insensitive Gq protein (Flavahan 

et al., 1989; Vanhoutte and Shimokawa, 1989). Production of NO in response to 

serotonin, endothelin and norepinephrine is mediated through Gi protein- 

coupled receptors whereas ADR and bradykinin stimulate Gq-coupled receptors 

(Flavahan et al., 1989; Vanhoutte and Shimokawa, 1989) (Figure 1.5). In 

HUVECs, shear stress-induced NO production is mediated in part by a toxin- 

insensitive G protein but the mechanoreceptor has not been identified (Kuchan 

etal., 1994).

The long-term, constitutive production of NO, which accounts for the basal 

vasomotor tone is principally determined by shear stress. Non-turbulent flow of 

blood exerts pressure on ECs and leads to eNOS phosphorylation while chaotic 

flow, which occurs at arterial bifurcations or curvatures (sites that are prone to 

atherosclerosis), causes fluctuating wall stresses and is a weak inducer of NO 

production (Busse and Fleming, 1998; Corson et al., 1996). P13K-mediated 

activation of Akt in response to shear stress leads to direct phosphorylation of 

eNOS on serine 1179, rendering its activity maximal at sub-physiological 

concentrations of intracellular Ca^  ̂ (Dimmeler et al., 1999; Fulton et al., 1999). 

Akt was able to phosphorylate palmitoylated eNOS only, so 

compartmentalization of both proteins to the membrane is a prerequisite for 

their functional interaction (Dimmeler et al., 1999). Furthermore, kinase-dead
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Akt attenuated NO production stimulated by VEGF (Fulton et al., 1999). Since 

VEGF also causes a transient increase in cytosolic Ca^  ̂in endothelial cells, it is 

thus able to trigger NO production through utilization of both Ca^'"-dependent 

and -independent pathways (Figure 1.5).

VEGF also promotes the interaction of eNOS with Hsp90, a molecular 

chaperone with a Ca^^/calmodulin binding site, which directly activates eNOS. 

Hsp90 inhibition blocked VEGF or shear stress-induced activation of eNOS 

(Garcia-Cardena et al., 1998).

An exciting new revelation concerning the mechanisms of the vascular 

protective effect of estrogen has been the discovery of the ligand-induced direct 

interaction between the estrogen receptor, ERa, with PI3K, leading to activation 

of Akt and eNOS (Simoncini et al., 2000) (Figure 1.5). Mice treated with 

estrogen showed increased eNOS activity and decreased vascular leukocyte 

accumulation after ischaemia, which were abolished in the presence of PI3K or 

eNOS inhibitors. In another study, cell-surface estrogen receptors were shown 

to mediate Ca^"'-dependent NO release in human endothelium (Stefano et al., 

2000). Parenthetically, further insights into the protective mechanisms of 

estrogen at the vascular cell level are coming to light. Estrogen signalling from 

the cell-surface membrane preserved the actin cytoskeletal architecture during 

metabolic stress, rescued ECs from hypoxia-induced apoptosis, and induced 

the migration and tube formation of aortic bovine ECs, by activating p38 MAP 

kinase leading to the activation of MAPKAP-2 and finally Hsp27 (Razandi et al., 

2000).
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Figure 1.5: Modes of biosynthesis of endothelium-derived NO 

eNOS is activated through Ca^^/ calmodulin (CaM) or phosphorylation (P)- 

mediated pathways. Circles represent receptors. Endothelial receptors for 

serotonin (S), norepinephrine (a2=adrenergic), endothelin (ETb) are coupled to 

Gi protein, while those for ADP (P2Y=purinergic), bradykinin (BK2= kininergic) 

and shear stress (?=unidentified mechanoreceptor sensing fluctuations in shear 

stress) are coupled to Gq protein. Receptors for VEGF (VEGFR2), estrogen 

(ERa) and shear stress mediate eNOS activation through an additional pathway 

involving activation of PI3K, Akt and phosphorylation of eNOS. eNOS requires 

several cofactors for activity, including nicotinamide adenine dinucleotide 

phosphate (NADPH), flavin mononucleotide/flavin adenine dinucleotide 

(FMN/FAD), 5,6,7,8,-tetrahydrobiopterin (BH4).The progressive impairment in 

the endothelial signal tansduction pathways for NO production are discussed in 

detail in the “Atherosclerosis” section.
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Transcriptional regulation of eNOS

Although generally referred to as a constitutive enzyme, eNOS expression can 

be upregulated in response to stimuli that activate transcription factors that 

utilise one of the several recognition sites in its promoter, including SP1, AP-1 , 

AP-2, CF-1 , NF-1 (Forstermann etal., 1991). Mechanical stimulation, especially 

shear stress, is a critical determinant of eNOS expression, which may account 

for the observation that the basal release of NO is significantly greater from 

native ECs continually exposed to fluid shear than from cultured ECs 

maintained under static conditions. The eNOS promoter contains a shear 

response consensus sequence, GAGACC (Venema et al., 1994). Exercise, 

hypoxia and bFGF also increase levels of eNOS (Amet et al., 1996; Sessa et 

al., 1994). Cytokines have varied effects on eNOS expression. TNFa decreases 

eNOS mRNA levels by increasing its degradation (Yoshizumi et al., 1993), but 

combination of TNFa with IFNy has the overall effect of increasing eNOS 

activity despite decreasing its mRNA levels, due to an increase in endogenous 

BH4 levels (Rosenkranz-Weiss et al., 1994).

Chronic exposure of HUVECs to VEGF leads to upregulation of eNOS mRNA 

and protein levels (Hood et al., 1998). In bovine adrenal cortex endothelial cells, 

VEGF elicited a 5-fold increase in eNOS protein levels at about 2 days of 

treatment after which increased levels of NO downregulate eNOS, VEGFR- 2  

and VEGF expression. Activated VEGFR-2 seems to be the receptor 

responsible for the effects as demonstrated by VEGFR-2-selective VEGF 

mutants (Hood et al., 1998; Shen et al., 1999). NO donors downregulate VEGF 

expression in a concentration-dependent manner by preventing the PKC- 

mediated binding of API transcription factor to the VEGF promoter (Shen et al.,

1999). Vacillation of NO below or above its physiological levels triggers positive 

and negative feedback mechanisms amongst smooth muscle and endothelial 

cells respectively to restore appropriate levels.

Lysophosphatidylcholine (LPC), generated from oxidized LDL (Quinn et al., 

1988) and inflammatory cells (Asaoka et al., 1993), attenuates its many 

proatherogenic properties (Asaoka et al., 1993; Kume and Gimbrone, 1994; 

Quinn et al., 1988) by enhancing eNOS promoter activity from the Spl site by a 

PI3K/Jak2/MEK-1/ERK-mediated pathway (Cieslik et al., 2001).
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Mechanisms of NO-induced vasodilation

Selective inhibition of NO synthesis using hydrolysis-resistant L-arginine 

analogues causes an increase in mean arterial blood pressure (Rees et al., 

1990). Recent findings have highlighted the central importance of eNOS in 

regulation of basal vascular tone and blood pressure. Knockout eNOS mice are 

hypertensive and endothelium-intact aortic rings removed from these animals 

display no relaxation to acetylcholine (Huang et al., 1995). A missense variant 

of eNOS (Glu98Asp) in exon 7 is associated with hypertension and increased 

risk of myocardial infarction (Miyamoto et al., 1998). However, the systemic 

administration of NO inhibitors to the eNOS-deficient mice resulted in a 

decrease in mean arterial blood pressure, which was prevented by L-arginine. 

Regulation of blood pressure is likely then to be under the combined control of 

more than one NOS isoforms for e.g. nNOS is present both in vasomotor 

centers of the central nervous system and in certain vascular SMCs 

(Forstermann et al., 1991).

NO mediates physiological responses in the endothelium itself as well as in 

other target cells through mechanisms that primarily involve activation of soluble 

guanylate cyclase leading to formation of cGMP. NO is a lipophilic compound 

and does not require a cell-surface receptor to mediate its actions. 

Endothelium-derived NO diffuses into the underlying SMCs and binds to the 

iron-containing heme prosthetic group of soluble guanylate cyclase (Craven and 

DeRubertis, 1978). The subsequent formation of cGMP allosterically activates 

cGMP-dependent protein kinase (PKG) (Lincoln et al., 1994) (Figure 1.6). 

Relaxation of SMCs critically depends on the removal of Ca^  ̂from the cytosol 

which has an inhibitory effect on its contractile machinery and the major action 

of cyclic nucleotides namely cGMP and cAMP, is to reduce cytosolic Ca^  ̂ by 

enhancing its sequestration into the sarcoplasmic reticulum (Twort and van 

Breemen, 1988). Phospholamban is a membrane protein of the sarcoplasmic 

reticulum which inhibits the reticulum's Ca^VATPase (Kim et al., 1990). 

Activated PKG as well as cAMP-dependent protein kinase (PKA) phosphorylate 

phospholamban and relieves its inhibition on the Ca^VATPase (Raeymaekers et 

al., 1988; Simmerman et al., 1986; Wegener et al., 1989). Studies on 

phospholamban-deficient transgenic mice demonstrated that phospholamban 

modulates receptor-mediated contractility in aortic smooth muscle (Lalli et al..
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1997). In the intact pig coronary artery, NO and PGl2-induced changes in vessel 

diameter closely correlated with the phosphorylation state of phospholamban 

(Karczewski et al., 1998).

PKG can also phosphorylate channels to induce hyperpolarization, thereby 

inhibiting vasoconstriction (Lincoln et al., 1994) but in certain arteries NO 

activates channels independently of cGMP (Bolotina et al., 1994) (Figure 

1.6). NO exerts a direct influence on the production of a second vasodilator, 

namely PGI2, both in vitro and in vivo by activating COX via a cGMP- 

independent mechanism (Davidge et al., 1995; Salvemini et al., 1993; Sautebin 

et al., 1995).

C a 2 *

Platelets

Serotonin

Pfh?1l V E G F ll  PDGF I i

Endothelial
CellrI AAAA —̂ C O X  L-arg ^ ^ e N O S

guanylate

adenylate
yclase

Relaxation  
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Figure 1.6: Paracrine effects of PGI2 and NO on SMCs 

Schematic summary of the receptor-mediated agonists which induce the 

release of NO and PGI2 from ECs and their effects on SMCs (inhibition of 

contraction and proliferation), outlining the second messengers deployed 

(cGMP, cAMP), and platelets (inhibition of aggregation and activation). 

ER=endoplasmic reticulum, L-arg=L-arginine, IP= PGI2 receptor, 

Ach=acetylcholine, BK=bradykinin, Thr=thrombin, COX=cyclooxygenase. 

Circles represent receptors (abbreviations as in figures 1.4 and 1.5).
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Mechanisms of NO-induced inhibition of VSMC proliferation

In addition to its well-established physiological role in vasodilation NO has 

several other effects on cellular components of the vascular system. Several 

studies have demonstrated that the oral administration of L-arginine or NO 

donors inhibit the in vivo proliferation of VSMCs in laboratory animals (Aji et al., 

1997; Candipan et al., 1996; Guo et al., 1995b). In eNOS-transfected pigs, 

neointimal thickening, produced by VSMC proliferation and migration, was 

reduced compared to animals treated with control vector (Varenne et al., 1998). 

Mice display arterial wall hyperplasia in response to external carotid artery 

ligation and eNOS-deficient mice show a greater increase in wall thickness 

compared to wild-type mice (Rudic et al., 1998).

VSMC proliferation is promoted by the concerted action of several signal 

transduction pathways, which are incompletely delineated. NO attenuates 

growth factor-stimulated VSMC proliferation by inhibiting full activation of ERK, 

MEK and their regulatory proteins Ras and Raf-1 (Yu et al., 1997). cGMP also 

delays cdk2 activation, inhibits cyclin D1 expression and cdk4 activation, 

resulting in a delay in G1/S transition (Fukumoto et al., 1999). Cyclin D1/cdk4 

and cyclin E/cdk2 complexes are required for Gi/S transition and DNA 

synthesis (Ohtsubo et al., 1995; Sherr, 1993; Tsai et ai., 1993). Increased 

transcription of the transcription factor c-myc (which acts late in GI phase to 

activate cdk99) is also required for VSMC proliferation (Bennett et al., 1994; 

Biro et al., 1993) and cGMP-analogues, at concentrations that caused 50% 

inhibition of rat aortic SMC proliferation, inhibited the expression of c-myc 

(Bennett et al., 1994). NO also exerts direct inhibitory effects on ribonucleotide 

reductase, an enzyme essential in DNA synthesis (Kwon et al., 1991; Lepoivre 

etal., 1991).

Effects of NO on platelets and inflammatory cells
It is well-established that NO inhibits platelet adhesion to ECs, which in turn 

inhibits platelet activation and secretion of SMC-mitogenic substances such as 

PDGF, TGFp, EGF, thromboxane A2 , PAF and fibrinogen (Mendelsohn et al., 

1990; Radomski et al., 1987). Platelets use integrin anbPa to attach to vWF or 

fibrinogen and NO, by inhibiting the agonist-dependent increase in intraplatelet
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suppresses the Ca^'"-sensitive conformational change in the 

heterodimeric integrin protein required for fibrinogen binding (Mendelsohn et al.,

1990). Furthermore, NO inhibits the expression of P selectin which is expressed 

on ECs, platelets and leukocytes and mediates adhesion of leukocytes and 

platelets to ECs as well as platelet-leukocyte interactions. Absence of P selectin 

delays fatty streak formation in mice predisposed to developing atherosclerotic 

lesions (Johnson et al., 1997) while platelet-leukocyte interactions play a key 

role in angina and the progression of atherosclerosis as will be discussed later 

(Ottetal., 1996).

A different paradigm of the expanding biological roles of NO comes from the 

recent observation that NO released from the microvascular endothelial cells of 

the liver, triggers Ca^  ̂ waves in the surrounding hepatocytes to alter their 

metabolic activity (Patel et al., 1999). NO donors or cGMP analogues activated 

cGMP-dependent protein kinase (PKG) which phosphorylated IPS receptors on 

the endoplasmic reticulum with subsequent release of Ca^  ̂ from the 

intracellular stores (Komalavilas and Lincoln, 1994). Although NO is known to 

inhibit Câ "̂  waves in VSMCs, in the intact liver, hepatocytes are irrigated by 

extensive microvessels comprised entirely of endothelial cells with no 

intervening SMCs. The close proximity of endothelial cells and astrocytes in the 

CNS also allows NO to initiate Ca^  ̂waves in astrocytes that lead to increased 

firing from the neurons they serve (Charles, 1998). In these cases, endothelium- 

derived NO acts an intermediary between the circulatory system and cells other 

than those comprising the vasculature to coordinate the metabolic activity 

between different cell types within an organ.

Prostacyclin (PGI2)
Prostanoids are a group of bioactive lipids working as paracrine mediators of 

inflammation and include D, E, F and I types of prostaglandins and 

thromboxanes (Bunting et al., 1983; Moncada and Vane, 1978). Prostaglandins, 

which are 2 0 -carbon fatty acids (called eicosanoids), were first discovered in 

1930 by Ulf van Euler and PGI2 was the first endothelial-derived vascular 

smooth muscle relaxing factor to be identified (Moncada and Vane, 1978; 

Whittle et al., 1978). PGI2 is not constitutively produced by resting human ECs
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and once formed is rapidly released although the export mechanism has not 

been defined (McIntyre et al., 1985; Weksler et al., 1977). It has a short half-life, 

one of the features that limits the magnitude of its signal and exerts control over 

its biological activities. PGI2 acts as a homeostatic regulator of platelet-vascular 

interactions and inhibits platelet aggregation in settings of ischaemia where 

PGI2 biosynthesis is induced (Fitzgerald et al., 1986; Oates et al., 1988). 

Sustained PGI2 overproduction has been documented physiologically during 

pregnancy (Goodman et al., 1982) and in severe atherosclerosis (FitzGerald et 

al., 1984). Directed overexpression of PGI2 synthase, which catalyzes the 

conversion of prostaglandin H2 to PGI2 , ameliorated pulmonary hypertension in 

rats (Nagaya et al., 2 0 0 0 ), inhibited SMC proliferation following balloon-induced 

injury in the rat carotid artery (Todaka et al., 1999) and polymorphism in the 

promoter region of this gene is associated with higher pulse pressure and an 

increased risk of systolic hypertension (iwai et al., 1999).

Unlike NO, the biological actions of PGI2 are mediated by the IP receptor, which 

has 7 transmembrane domains and is coupled to a G protein that activates 

phospholipase 0 (Boie et al., 1994; Mamba et al., 1994). The receptor is 

present on VSMCs as well as platelets consistent with observations that the 

principal actions of PGI2 target these two cell types. It is also widely expressed 

in the CNS where the function of PGI2 is still unclear but it might be involved in 

pain perception (Matsumura et al., 1995; Siegle et al., 2000). Surprisingly, the 

IP receptor is also widely expressed in SMCs, ECs and glomerular cells of the 

human kidney where it has been argued that PGI2 plays a role in the regulation 

of salt and water handling as well as renal hemodynamics (Komhoff et al.,

1998). One of the features exerting control over the biological actions of PGI2, 

albeit complicating its therapeutic administration, is the agonist-induced PKC- 

mediated desensitization of the IP receptor (Smyth et al., 1998) which is 

followed by a time-dependent loss of cell-surface IP indicating receptor 

internalization (Smyth et al., 2 0 0 0 ).

Since PGI2 biosynthesis is induced at sites of vascular perturbations, it would 

appear that it is not involved in regulating basal systemic vascular tone. Indeed, 

disruption of the IP receptor in mice by homologous recombination resulted in 

viable, reproductive and normotensive animals (Murata et al., 1997). However 

their susceptibility to thrombosis was increased and their inflammatory and pain
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responses were reduced to levels observed with wild-type mice treated with 

indomethacin, an inhibitor of prostanoid biosynthesis. Their results also 

suggested that PGI2 was not involved in the regulation of heart rate, blood 

pressure and bleeding under basal conditions, findings which contrast with 

those from eNOS-deficient mice (Huang et al., 1995). However, these findings 

provide evidence for an in vivo role for PGI2 in inflammation and pain.

PGI2 induces relaxation and inhibits proliferation of VSMCs through cAMP- 

dependent pathways (Abe and Karaki, 1992). IP receptors are coupled to 

adenylate cyclase that catalyzes the formation of cAMP, which in turn activates 

cAMP-dependent protein kinase (PKA) (Kukovetz et al., 1979). PKA 

phosphorylates Ca^^-Mg^^ ATPases (Ca^  ̂ pumps) both at the plasma 

membrane and the sarcoplasmic reticulum, which results in Câ "" being pumped 

out of the cell or being re-sequestered into the cytoplasmic reticulum (Abe and 

Karaki, 1992). Lowering cytosolic Ca^  ̂levels has an inhibitory effect both on 

proliferation and contraction of VSMCs as mentioned in the previous section 

(Figure 1.6 ).

cAMP is known to inhibit many of the signal transduction pathways involved in 

SMC proliferation, including the ERK cascade (Cook and McCormick, 1993; 

Graves et al., 1993; Wu et al., 1993) and p70S6 Kinase, which is involved in 

translation of mRNA (Graves et al., 1995; Monfar et al,, 1995). cAMP also 

inhibits PDGF-stimulated cdk2  and cdk4 activation through upregulation of cdk2 

inhibitor p27"̂ '̂  ̂ and downregulation of cyclin D1 expression, which results in a 

complete arrest of SMCs in Gi phase (Fukumoto et al., 1999; Kato et al., 1994). 

In addition to the overlap of their respective mechanisms of action in target 

tissues, the relationship between NO and PGI2 goes further than this. PGI2 

facilitates the release of NO from native coronary artery ECs and induces iNOS 

expression in mesanglial cells (Shimokawa et al., 1987; Tetsuka et al., 1994). In 

vitro, NO plays an important role in the release of prostanoids by direct 

activation of COX (Davidge et al., 1995; Salvemini and Masferrer, 1996; 

Salvemini et al., 1993; Salvemini et al., 1994). Furthermore, the increase in 

cGMP in target cells inhibits a phosphodiesterase that breaks down cAMP 

thereby NO indirectly prolongs the half-life of the second messenger of PGI2 

(Delpy and le Monnier de Gouville, 1996).
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NO or No-derived species (e.g. peroxynitrite) also modulate prostanoid 

production in vivo (Marnett et al., 2000). Mice with targeted deletion in the iNOS 

gene had a dramatically reduced ability (80% reduction) to synthesize 

prostaglandins in stimulated peritoneal macrophages and in kidney but a 

significantly enhanced ability to synthesize thromboxane in platelets (an 

indicator of C0X1 activity in platelets). Since there was no reduction in the 

expression of C0X2 in this study, the decrease in prostaglandin biosynthesis is 

probably attributed to lack of direct activation of COX by NO. NO-derived 

peroxy nitrite activates the cyclooxygenase activity of 00X1/2 by acting as a 

substrate for their peroxidase activity (Landino et al., 1996) but COX is also a 

potential target of NO because it contains an iron-heme group at its active site 

(Kalyanaraman et al., 1982).

Biosynthesis of PGI2
Cytosolic phospholipase A2 (CPLA2) initiates the formation of prostanoids by 

mobilizing arachidonic acid (AA), the rate-limiting precursor of the 

cyclooxygenase-derived prostaglandins and the 5-lipoxygenase-derived 

leukotrienes. CPLA2 specifically cleaves membrane phospholipids that contain 

AA in the sn-2 position to release AA and lysophospholipid, which is converted 

into PAF (Clark et al., 1991; Hanahan, 1986). This chain of events is verified by 

the observation that activation or increased expression of CPLA2 is linked to 

increased AA release as well as leukotriene and prostaglandin synthesis (Lin et 

al., 1992) but most importantly through the analysis of CPLA2 knockout mice, 

whose peritoneal macrophages are incapable of generating leukotrienes, 

prostaglandins or PAF (Bonventre et al., 1997; Uozumi et al., 1997).

It is becoming increasingly apparent that AA is not only the precursor of the 

eicosanoids but functions as a second messenger on its own right. For 

example, AA is involved in the regulation of ion channels (Ordway et al., 1991), 

the activation of PKC (Nishizuka, 1992) and stimulates sphingomyelin 

hydrolysis, leading to generation of ceramide (Jayadev et al., 1994).

CPLA2 is expressed in a variety of cell types, including platelets, macrophages, 

epithelial and endothelial cells, fibroblasts and glomerular mesanglial cells 

(Gronich et al., 1990; Leslie, 1991; Takayama et al., 1991; Wijkander and 

Sundler, 1991). It is activated by a variety of stimuli, including IL-1, INF, ATP,
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thrombin, bradykinin, PDGF, EGF and its transcription is enhanced by IL-1, 

TNFa and EGF (Domin and Rozengurt, 1993; Higaki et al., 1999; Hoeck et al., 

1993; Lin et al., 1992; Lin et al., 1993; Maxwell et al., 1993).

CPLA2 is an 85kDa protein composed of an N-terminal C2  domain and a C- 

terminal catalytic one (Nalefski et al., 1994). Activation of CPLA2 in intact cells 

requires direct phosphorylation by ERK on serine-505 (Lin et al., 1993) (Figure 

1.7). Full activation of CPLA2 only occurs after a submicromolar increase in 

cytosolic Câ "", a requirement for C2 -mediated translocation of CPLA2 to the 

target membrane where the substrate is localized (Clark et al., 1991; Schievella 

et al., 1995) (Figure 1.7). The 02 domain of CPLA2 , like its structural counterpart 

in PKC, is employed in an initial phospholipid tethering step, which is Ca^^- 

dependent, and optimally positions the catalytic domain through partial 

membrane embedding for substrate access. Fractionation and 

immunofluorescence studies have demonstrated that CPLA2 translocates both 

to the nuclear and ER membranes (Schievella et al., 1995). Other enzymes 

involved in AA metabolism are also found in these locations. Both COX 

isoforms reside in the ER and nuclear envelope (Reiger et al., 1993) while the 

leukotriene-biosynthesizing enzyme 5-lipoxygenase translocates from the 

cytosol to the perinuclear membrane in response to increases in cytosolic Ca '̂" 

(Peters-Golden and McNish, 1993).

CPLA2 also contains a number of potential phosphorylation sites for several 

kinases. In vitro, both PKA and PKC can phosphorylate purified CPLA2 but the 

phosphorylation did not lead to an increase in activity (Leslie, 1997). In vivo, it is 

not known whether PKC and PKA regulate CPLA2 activity by direct 

phosphorylation.
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Figure 1.7: Mechanism of the activation of CPLA2 leading to AA generation and 

production of PGl2 .The rapid activation of CPLA2 is achieved by the synergistic 

actions of Ca '̂" and phosphorylation by ERK. When a ligand binds to its cognate 

receptor, it activates phospholipase C (PLC) via a G protein-dependent or 

independent pathway leading to the formation of inositol-1 ,4,5-trisphosphate 

(IP3) which causes the mobilization of intracellular Ca^  ̂ . Alternatively, the 

increase in cytosolic Ca^  ̂ can result from activation of receptor-coupled Ca^  ̂

channels. Receptor tyrosine kinases or G protein-coupled receptors also 

mediate ERK activation. Liberation of arachidonic acid (AA) by CPLA2 initiates 

the biosynthesis of eicosanoids, and PGI2 in particular is generated from the 

sequential conversion of AA to prostaglandin G2 then to prostaglandin H2 and 

finally to PGI2 COX is also called PGH2 synthase.

Cyclooxygenase (COX) or prostaglandin H2 synthase (PGHS) is the enzyme 

that catalyzes the first two steps in the biosynthesis of eicosanoids from the 

substrate AA (DeWitt and Smith, 1988; Merlie et al., 1988). The first reaction 

entails the oxidation of AA to the hydroxy peroxy endoperoxide PGG2 and the 

subsequent reaction is the reduction of PGG2 to hydroxy endoperoxide PGH2,
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which is then converted by a range of enzymes into prostaglandins (including 

PGI2) and TXA2 . Aspirin blocks the cyclooxygenase activity of PGHS via 

irreversible acétylation, leaving the peroxidase activity of the enzyme unaffected 

(Vane, 1971).

COX exists as two isoforms, encoded by distinct genes: 00X1 is constitutively 

produced by ECs and SMCs (Habib et al., 1993), while C0X2 expression was 

initially thought to be induced mainly in macrophages and leukocytes during 

inflammation by proinflammatory cytokines and growth factors as well as by 

laminar flow in human ECs (Topper et al., 1996; Vane et al., 1994). However, it 

is now evident that C0X2, like C0X1, is constitutively expressed in several 

tissues including brain, lung, kidney and ovary where it mediates several 

physiological functions under non-inflammatory conditions. For example, COX-2 

deficient mice develop severe renal abnormalities (Dinchuk et al., 1995; 

Morham et al., 1995) and female reproductive failures (Lim et al., 1997), while 

inhibition of COX- 2  prevents ovulation (Sirois and Richards, 1992; Si rois et al.,

1992).

Several lines of evidence point to both COX isoforms contributing to the 

biosynthesis of prostaglandins that mediate inflammation (Gretzer et al., 1998). 

Transgenic mice that lack the C0X1 gene have a reduced inflammatory 

response (Langenbach et al., 1995) and C0X2 is not obligatory for 

inflammation, as evidenced by mice without the C0X2 gene that develop 

inflammation (Dinchuk et al., 1995). Both isoforms are also involved in synthesis 

of PGI2. C0 X1 gene transfer resulted in a 4-fold increase in PGI2 production 

and inhibition of thrombosis following balloon-injury in the porcine carotid artery 

(Zoldhelyi et al., 1996). In humans, it was reported that more than 80% of PGI2 

production occurs via C0X2 (McAdam et al., 1999). An increase in shear stress 

elevated PGI2 production in HUVECs by increasing expression of C0X1 and 

C0X2 as well as PGI2 synthase (Okahara et al., 1998). Parenthetically, several 

cytokines (IL-1 , IL-6 , TNFa) enhance PGI2 synthase expression (Hara et al., 

1995).

In platelets, the only isoform detectable is C0X1 and loss of AA-induced platelet 

aggregation and secretion is a well-established effect of administration of 

aspirin for the therapeutic aim of preventing thrombosis (Vane, 1971; Vane et
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al., 1994). Inhibition of platelet C0X1 leads to a decreased production of TXA2 . 

PGI2 production in ECs is also decreased but 0 0 X 1 is regenerated and PGI2 

production resumes. However, in platelets where there is no new synthesis, 

TXA2 production is irreversibly inhibited for the duration of their lifetime of 8 - 1 0  

days in circulation.

Role of the Endothelium in Atherosclerosis

Atherosclerosis, the primary cause of heart disease and stroke, is a prevalent 

disease in developed countries with a complex and heterogeneous aetiology. 

Epidemiological studies over the past 50 years have revealed numerous 

environmental and genetic risk factors associated with the disease (Franco et 

al., 2000; Glassman and Shapiro, 1998; Gordon and Rifkind, 1989; Kugiyama et 

al., 1999a; Kugiyama et al., 1999b; Tuomainen et al., 1999). For example, the 

relative abundance of certain plasma lipoproteins appears to be of primary 

importance and genetic studies in rodents have revealed dozens of loci that 

regulate levels of lipoproteins (Mehrabian et al., 1998). Polymorphisms in genes 

regulating cholesterol metabolism (ApoE, hepatic lipase, cholesteryl ester 

transfer protein, lipoprotein lipase, apolipoprotein A), coagulation (Fibrinogen B, 

Factor VIII) and blood pressure (Angiotensinogen, Angiotensin-converting 

enzyme, eNOS) are associated with increased susceptibility to cardiovascular 

disease (Cohen et al., 1994; Hingorani et al., 1999; Kronen berg et al., 1999; 

Luft et al., 1999; Samani et al., 1996; Wittrup et al., 2 0 0 0 ; Wittrup et al., 1999). 

Frequently, the effect of interactions between risk factors is synergistic: for 

example, high cholesterol levels amplify the adverse consequences of 

hypertension on coronary heart disease (Ross, 1993; Smithies and Maeda, 

1995).

Family and twin studies have revealed that within a population the fraction of 

the disease occurrence due to inherited genetic susceptibility is high (usually 

more than 50%) but population migration studies have shown that 

environmental factors (such as lifestyle habits, diet, increased lifespan, 

infectious agents) explains much of the variation in disease incidence between 

populations (Goldbourt and Neufeld, 1986; Goldbourt and Yaari, 1990).
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The development of transgenic mice (e.g. deficient in ApoE or low-density 

lipoprotein) and tissue culture studies with vascular cells and 

monocyte/macrophages have greatly succeeded in elucidating the molecular 

and cellular mechanisms that connect altered cholesterol metabolism and other 

risk factors to the development of atherosclerotic lesions that can restrict blood 

flow by encroaching on the vessel lumen or completely occlude the vessel by 

rupturing and forming a blood clot (thrombosis). Thrombosis often results in 

myocardial infarction or stroke (Falk, 1991; Fuster et al., 1992). The picture that 

has now emerged is that of atherosclerosis being a chronic inflammatory 

condition that is initiated when the numerous predisposing factors, which act as 

injurious agents, perturb EC function. In ‘response to injury’, the endothelium 

mounts a reparative, but ultimately dysfunctional, repertoire of processes (Ross,

1993). A description of these processes and the resultant atherosclerotic 

lesions formed will be given first, followed by a discussion of the mechanisms 

by which the main predisposing risk factors cause EC dysfunction or injury.

Lesion initiation
As discussed previously, fluid shear stress exerted on the endothelium by the 

flow of blood has effects on EC morphology and function through the 

expression of genes that contain shear stress response elements (SSREs) in 

their promoter regions. A number of genes relevant to the development of 

atherosclerosis expressed by ECs have SSREs that regulate their induction; 

these genes regulate vasodilation (eNOS, endothelin-1), SMC proliferation 

(bFGF, PDGF, TGFp), fibrinolysis (t-PA) and cell adhesion (MCP-1, VCAM-1, 

ICAM-1 ) (Ando and Kamiya, 1996). Because of differences in blood flow 

dynamics, there are sites with manifest proclivity for lesion formation: regions of 

arterial branching or curvature, where the flow of blood is not uniform and 

laminar (Gimbrone, 1999).

The key initiating event in atherogenesis is the accumulation of low-density 

lipoprotein (LDL) in the subendothelial matrix (Figure 1.8) (Tamminen et al., 

1999). Accumulation of LDL is greater when levels of circulating LDL are raised 

while its permeability across ECs and retention are increased at sites within 

vessels with predilection to lesion formation (Gimbrone, 1999). Retention of LDL
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in the vessel wall involves interaction of the apoB constituent of LDL with matrix 

proteoglycans (Boren et al., 1998a; Boren et al., 1998b). Once trapped, LDL 

undergoes several modifications including oxidation, lipolysis and aggregation 

giving rise to what is referred to as minimally-oxidized LDL, which triggers an 

inflammatory response. Mice lacking 12/15-lipoxygenase have considerably 

diminished atherogenesis suggesting that this enzyme is an important source of 

reactive oxygen species resulting in LDL oxidation (Cyrus et al., 1999). 

High-density lipoprotein (HDL) is strongly protective against atherosclerosis 

because of its dual role of removing excess cholesterol before it has a chance 

to associate with LDL, and its ability to inhibit lipoprotein oxidation. The 

antioxidant properties of HDL are due to an esterase, which associates with 

HDL and degrades certain biologically-active oxidized phospholipids (Hegele, 

1999; Shih et al., 2000). The ratio of LDL/HDL, rather than absolute levels of 

LDL, determine the degree of endothelial injury in patients with 

hypercholesterolemia (Gordon and Rifkind, 1989).

Inflammation

Minimally-oxidized LDL is biologically active and all of the responses it elicits 

from target cells are pro-atherogenic: it decreases the expression of eNOS 

(Liao et al., 1995), increases the expression of endothelin-1  (Boulanger et al., 

1992), induces SMC proliferation (Stiko et al., 1996), causes apoptosis of 

cultured human ECs (Escargueil-Blanc et al., 1997) and induces the expression 

of pro-inflammatory molecules e.g. PAF, macrophage colony-stimulating factor 

(M-CSF), adhesion molecules e.g. VCAM-1 and cytokines e.g. IL- 8  that 

promote adhesion of lymphocytes and monocytes to ECs (Khan et al., 1995; 

Lehr et al., 1993; Terkeltaub et al., 1994). The obligatory role of macrophages 

in lesion formation has been confirmed by studies of mice with a spontaneous 

null-mutation of M-CSF that manifest dramatically reduced atherogenesis 

(Smith et al., 1995). Recruitment of certain types of leukocytes (T lymphocytes 

and monocytes) into the vessel wall, which is mediated by selectins, cell 

adhesion molecules and chemotactic factors, are also of paramount importance 

in the development of atherosclerosis since mice deficient in either ICAM, 

monocyte chemotactic protein (MCP-1), P- and E-selectins are substantially 

protected (Collins et al., 2000; Dong et al., 1998; Gu et al., 1998). Inflammation
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also mediates the atherogenic effects of infectious agents such as Chlamydia 

pneumoniae (Hu et al., 1999).

Foam-cell formation

Once infiltration of inflammatory cells has been triggered by minimally-oxidized 

LDL, reactive oxygen species produced by ECs and macrophages, as well as 

several enzymes e.g. secretory PLA2 , contribute to further oxidation and 

enzymatic modification of LDL, which results in its binding to macrophage 

scavenger receptors, SR-A and CD36, and its subsequent uptake by 

macrophages to form foam-cells (Figure 1.8). Mice overexpressing secretory 

PLA2 show increased atherosclerosis while mice lacking macrophage receptors 

SR-A and CD36 manifest reduced atherogenesis (Febbraio et al., 2000; Ivandic 

et al., 1999; Podrez et al., 2000; Suzuki et al., 1997; Tontonoz et al., 1998).

Fibrous plaques
The death of foam-cells results in a growing mass of extracellular lipid, mostly 

cholesterol and its esters (Tamminen et al., 1999). Engagement of CD40 with 

its ligand CD40L, both expressed on lymphocytes, macrophages, ECs and 

SMCs results in the production of cytokines, matrix-degrading proteases and 

growth factors that trigger accumulation of SMCs and SMC-derived extracellular 

matrix in the intima (Schonbeck et al., 2000). In healthy arteries, SMCs are 

largely confined to the layer called ‘tunica media' (Figure 1.8), its boundary 

defined by the elastic lamina (Wolinsky and Glagov, 1967). There is suggestive 

evidence that some SMC accumulation in the intima precedes the formation of 

extensive lipid deposits. In coronary arteries, all significant stenoses show 

intimai SMC thickening, but less than 50% have a lipid core (Hangartner et al., 

1986) and in the human aorta, intimai thickening may affect the whole length of 

the vessel but atheromatous plaques are focal (Orekhov et al., 1984; Ross et 

al., 1984). There is however contrary evidence that points to lipid accumulation 

preceding SMC proliferation and migration in the intima in young individuals and 

in experimental animal models of high-cholesterol diet (Masuda and Ross, 

1990; Stary, 1990). It seems then that any pre-existing intimai SMC 

accumulation favours atherogenesis but lipid infiltration and the ensuing 

inflammation provokes further SMC proliferation and formation of a fibrous cap.
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Production of PDGF and EGF from macrophages, which has been observed in 

both human and experimental atherogenesis, recruits SMCs into the intima 

(George et a!., 1996; Higashiyama et al., 1993). Formation of the fibrous cap is 

partly mediated by homotypic binding of N-cadherin expressed on SMCs and 

ECs but not macrophages (Gilbertson-Beadling and Fisher, 1993; Yap et al., 

1997). The presence of the endothelium and PDGF is necessary for neointimal 

migration of SMCs in human saphenous veins (George et al., 1996; Soyombo 

etal., 1990).

Multiple growth factors appear to act together to stimulate neointima formation 

in balloon-injured arteries by often synergistic interactions. In the rat carotid 

artery, anti-PDGF antibodies inhibit migration of SMC into the intima while anti- 

bFGF antibodies inhibit the early proliferative response to injury but do not 

reduce final intimai thickening (Ferns et al., 1991; Lindner and Reidy, 1991). A 

combination of anti-PDGF and anti-bFGF antibodies greatly inhibits neointima 

formation (Rutherford et al., 1997). Angiotensin-converting enzyme inhibitors, 

endothelin-1  receptor antagonists and anti-thrombin agents when administered 

in isolation, all have partially inhibitory effects on intima formation (Israel et al., 

1991; Kowala etal., 1995; Prescott et al., 1991).

In addition to growth factors, remodelling of the extracellular matrix through the 

action of metalloproteinases, and loss of basement membrane components are 

also required for the release of the restrictive forces on SMC proliferation and 

migration (Hedin et al., 1988; Newby, 1997; Southgate et al., 1996). The 

basement membrane-degrading metalloproteinase MMP-2 is produced 

constitutively by SMCs and is activated by thrombin, reactive oxygen species 

and matrix metalloproteinases (Galis et al., 1997; Galis et al., 1994a; 

Rajagopalan et al., 1996; Sato et al., 1994). A second basement membrane- 

degrading metalloproteinase, MMP-9, is induced by inflammatory cytokines and 

growth factors (Fabunmi et al., 1996; Galis et al., 1994b). Activation of MMP-2 

and induction of MMP-9 have been demonstrated to occur in balloon-injured rat 

and pig carotid arteries (Bendeck et al., 1994; Southgate et al., 1996). 

Upregulation of MMP-3, MMP-1 (collagenase), MMP-12 and MMP-9 expression 

has been documented in human atherosclerotic plaques, in cholesterol-fed 

rabbits and in genetically-modified mice (Galis et al., 1995; Henney et al., 1991; 

Nikkari et al., 1995). Infection with cytomegalovirus has been linked to
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atherosclerosis and this is partly due to the ability of the virus to induce SMC 

migration (Streblow et al., 1999).

Determinants of plaque rupture

The composition rather than the size of the plaque determines the risk of plaque 

rupture. Most vulnerable are the plaques containing a thin fibrous cap of low 

collagen content (responsible for tensile strength) with fewer SMCs (collagen- 

synthesizing cells) and are highly inflamed with macrophages (collagen- 

degrading cells) (Ball et al., 1995; Bjorkerud and Bjorkerud, 1996; Loree et al., 

1992). Maintenance of the fibrous plaque reflects matrix deposition and 

degradation: T-lymphocytes produce INFy, which inhibits production of matrix by 

SMCs, and macrophages secrete various MMPs (Galis et al., 1994b). 

Parenthetically, inflammation-triggered plaque rupture may account for the 

increased incidence of myocardial infarctions and strokes during infections.

The lipid composition and size of the atheromatous core also influence stability: 

plaques rich in liquid cholesteryl esters with a core occupying more than 40% of 

the lesion area are highly prone to rupture (Small, 1988). Calcification, a 

common feature of advanced lesions, may also influence plaque vulnerability. 

Pericyte-like cells secrete a matrix scaffold, which becomes calcified, in a 

process regulated by oxysterols and cytokines (Watson et al., 1994).
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Figure 1.8: (A) Structure of a disease-free large artery. It consists of 3 

morphologically distinct layers. The intima is a very thin layer (size exaggerated 

in the figure) of extracellular connective tissue (primarily collagen and 

proteoglycans) bounded by a monolayer of ECs on the lumen side and an 

internal elastic lamina. SMCs form the ‘tunica media’ and the adventitia consists 

of connective tissue, SMCs and fibroblasts.

(B) Atherosclerotic lesion formation. At preferred sites, LDL-cholesterol enters 

the subendothelial matrix where it becomes highly oxidised as a result of 

reactive oxygen species (ROS). This induces ECs to produce adhesion 

molecules and growth factors that recruit monocytes and T lymphocytes to the 

vessel wall. Monocytes become macrophages, which bind highly-oxidised 

aggregated LDL via scavenger receptors, whose expression is induced by 

cytokines (e.g. INFy) produced partly by T lymphocytes. The death of foam cells 

leaves a growing mass of extracellular lipids and cell debris, which is referred to
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as the necrotic lipid core. Interaction of T cells with macrophages leads to 

production of SMC mitogens and further production of inflammatory cytokines 

that regulate matrix remodelling. SMCs migrate into the intima and secrete 

extracellular matrix that leads to the formation of a fibrous cap that envelops the 

lipid core.

Endothelial dysfunction
The concept of an altered functioning of the endothelium as an initiator of the 

atherosclerotic process began to gain momentum following reports that 

endothelial dysfunction can occur prior to any appreciable intimai thickening and 

that it occurs systemically rather than being confined to vessels which develop 

overt atheromatous lesions (Egashira et al., 1993a; Egashira et al., 1993b; 

Reddy et al., 1994; Zeiher et al., 1991a; Zeiher et al., 1991b). Most vascular 

diseases are characterized by a deterioration of endothelium-dependent 

vasodilation (Vanhoutte, 1996; Vanhoutte and Boulanger, 1995). Endothelial 

dysfunction exists in various degrees of severity and is manifested as an 

imbalance between the production of the vasodilators (NO or PGb) and 

vasoconstrictors or increased generation of reactive oxygen species leading to 

destruction of NO. Attenuation of NO production by the endothelium might arise 

from impaired intracellular signal transduction pathways, reduced expression of 

eNOS, inadequate availability of L-arginine or any of the cofactors required for 

eNOS function.

Mechanisms of hypercholesterolemia-induced endothelial dysfunction
In isolated large arteries, impaired endothelium-dependent relaxations due to 

hypercholesterolemia have been reported in many vessels including the rabbit 

aorta, monkey iliac artery, porcine coronary and iliac arteries (Shimokawa and 

Vanhoutte, 1989; Vanhoutte, 1997). In most studies the presence of a full 

endothelial lining was confirmed histologically, indicating that altered relaxations 

were due to EC function rather than desquamation. However the extent of 

impairment is not uniform for all agonists (Figure 1.5). In a porcine model, 

endothelium dependent relaxations to serotonin and a2-adrenergic agonists 

(whose receptors are coupled to pertussis toxin-sensitive Gi proteins) are
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impaired severely while those due to ADP, bradykinin (coupled to toxin- 

insensitive Gq proteins) or endothelium-independent vasorelaxation due to 

nitrovasodilators are preserved (Shimokawa et al., 1989). In isolated human 

arteries, hypercholesterolemia impairs relaxations induced by acetylcholine, 

which is pertussis toxin-sensitive, but does not reduce relaxations evoked by 

bradykinin (Figure 1.5) (Gilligan etal., 1994).

However, endothelium-dependent vasodilator function may be impaired in a 

progressive manner during the stages of atherosclerosis (Figure 1.5). Among 

the endothelium-dependent vasodilator agents tested, the relaxations to 

acetylcholine and serotonin are reduced before those to ADP, bradykinin or to 

increases in flow (Shimokawa et al., 1989; Zeiher et al., 1991a; Zeiher et al., 

1991b), suggesting that different mechanisms are involved in the impairment of 

those relaxations in humans.

In confirmation of the pharmacological studies, immunohistochemistry of human 

atherosclerotic coronary arteries demonstrated a reduction of expression of 

endothelial Gi proteins with ageing, hyperlipidemia and hypertension and this 

reduction correlated with the extent of atherosclerosis (Tsutsui et al., 1994). 

Other mechanisms involving signalling from Gi proteins are also involved 

including PKC activation, which phosphorylates and inhibits the function of Gi 

proteins (Flavahan et al., 1991). Furthermore, oxidized-LDL downregulates 

eNOS expression (Vidal et al., 1998). There is also a marked decrease in 

eNOS and soluble guanylate cyclase expression in the coronary vasculature of 

aged rats, genetically predisposed to hypertension (Bauersachs et al., 1998). 

Flow-mediated dilation of coronary arteries is impaired only in the more 

advanced stages of coronary disease (Zeiher et al., 1991a). The impaired basal 

release of NO in atherosclerotic arteries (Chester et al., 1990) will also favour 

enhanced vascular expression and activity of endothelin leading to 

vasoconstriction (Boulangerand Luscher, 1990; Lerman etal., 1992; Luscheret 

al., 1990); elevated circulating and tissue endothelin immunoreactivity has been 

demonstrated in patients with coronary artery disease and in asymptomatic 

patients with hypercholesterolemia (Haak et al., 1994; Lerman et al., 1991). in 

addition to its effects on eNOS expression and NO production, oxidized-LDL 

binds to receptors on ECs and increases production and secretion of endothelin
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in cultured ECs and in intact blood vessels (Boulanger et al., 1992; Sawamura 

et al., 1997) therefore tipping the balance towards vasoconstriction.

Physical exercise, mental stress and cold temperatures are associated with 

release of norepinephrine and other catecholamines. In the presence of a 

functional endothelium, norepinephrine stimulates the release of NO via 

endothelial a2 receptors, thereby counterbalancing the vasoconstrictor effect of 

norepinephrine on SMCs. In response to increased circulating levels of 

catecholamines, atherosclerotic arteries, due to attenuation of endothelium- 

derived NO production, constrict rather than dilate as disease-free arteries do 

(Gordon et al., 1989; Yeung et al., 1991; Zeiher et al., 1989). Several lines of 

evidence suggest that the paradoxical vasoconstrictory responses observed in 

atherosclerotic vessels do not arise from an increased SMC sensitivity to 

vasoconstrictors or resistance to vasodilators. Dietary treatment of 

hypercholesterolemia restores endothelial vasodilator functions despite the 

presence of thickened intima in rabbits (Harrison et al., 1987) and endothelium- 

independent relaxations to nitrovasodilators are preserved until the very 

advanced stages of atherosclerosis (Shimokawa et al., 1989).

The reduced production of endothelium-derived NO in the early stages of 

atherosclerosis, due to the various mechanisms discussed so far, results in an 

endothelial monolayer unable to resist adhesion of platelets and leukocytes and 

leukocyte trans-endothelial migration leading to further progression of the 

disease. In the subsequent phases of atherogenesis, the initial reduction in 

production of NO is compounded by its decreased bioavailability due to 

vascular oxidant stress.

Interactions between NO and reactive oxygen species: pathophysiological 
importance in atherosclerosis

Vascular oxidant stress, a condition in which cells are exposed to excessive 

levels of molecular oxygen or its chemical derivatives called reactive oxygen 

species (ROS), has been found in diverse conditions such as 

hypercholesterolemia, hypertension, diabetes and cigarette smoking 

(Kawamura et al., 1994; Ohara et al., 1993; Pieper et al., 1997; Wei et al., 1985; 

Wilson, 1990). During normal cellular metabolism, oxygen undergoes a series
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of univalent reductions, leading sequentially to the formation of superoxide (O2), 

hydrogen peroxide (H2O2) and H2O.

In mammalian cells, potential enzymatic sources of ROS include 

cyclooxygenase, lipoxygenase and NOS (Wolin, 1996). À major source of ROS 

in blood vessels is membrane-bound NADP/NADPH oxidase expressed by 

ECs, SMCs and fibroblasts (De Keulenaer et al., 1998; Griendling et al., 1994; 

Wang et al., 1998a). The activity of these oxidases is regulated by cytokines 

and physical forces critically involved in the pathogenesis of vascular disorders. 

For example, exposure of cultured VSMCs to TNFa increased the activity of 

NADP/NADPH oxidases and subsequent formation of ROS was observed (De 

Keulenaer et al., 1998). Cyclical stress has also been shown to increase the 

production of both O2' and H2O by ECs and SMCs (Hishikawa and Luscher, 

1997; Howard et al., 1997).

Another source of O2" production is eNOS. In the absence of BH4, eNOS can 

generate O2", via its heme centre and by flavins via its reductase domain 

(Vasquez-Vivar et al., 1998). Supplementation of BH4 improves endothelium- 

dependent vasodilation in patients with hypercholesterolemia (Stroes et al., 

1997) and the stimulatory effect of L-ascorbic acid on NO production is due to 

its ability to increase the half-life of BH4 by chemical stabilization and protection 

against oxidation (Heller et al., 2 0 0 1 ). Furthermore, the treatment of cultured 

ECs with native LDL increases their production of O2' via an eNOS- dependent 

pathway, which probably involves the dissociation of L-arginine from eNOS 

(Pritchard et al., 1995). Supplementation of L-arginine has repeatedly produced 

beneficial effects in hypercholesterolemic humans and animals (Cooke et al., 

1991; Drexler et al., 1991); elevated levels of L-arginine might redress the 

balance towards production of NO rather than superoxide by eNOS in the 

presence of increased LDL levels.

Although excessive production of vascular O2' during the early stages of 

atherosclerosis was abolished by endothelial denudation identifying the EC as 

the main source (Ohara et al., 1993), other sources of superoxide (such as 

activated macrophages in the intima and SMCs) are likely to be involved in later 

stages of the disease (Miller et al., 1998).
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NO is highly unstable, due to an unpaired electron in its outer orbital, with a 

half-life of seconds (Butler et al., 1995). NO reacts with many ROS, but very 

important is its interaction with O2 to form peroxynitrite (ONOO) (Goldstein and 

Czapski, 1995). This reaction is approximately three times faster than the 

dismutation of superoxide by superoxide dismutase, implying that increased 

generation of this species inhibits the physiological functions of NO. In addition, 

ONOO is a strong oxidant and is more stable than either NO or O2 (Beckman et 

al., 1990). Although ONOO activates guanylate cyclase and produces 

vasodilation, is 50-100 times less potent than NO (Tarpey et al., 1995). 

Oxydation reactions induced by ONOO such as modifications of iron-sulfur 

clusters, zinc fingers, protein thiols, and membrane lipids are involved in 

numerous pathological processes (Beckman et al., 1990). For e.g. superoxide 

results in increased levels of hydrogen peroxide promoting inflammation and 

SMC proliferation, critical processes in atherosclerosis (Alexander, 1995; 

Tarpey et al., 1995).
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1.3 Signalling mechanisms mediating biological functions of VEGF 

Endothelial cell survival

VEGF acts as a potent survival factor for the nascent capillaries by activating 

several distinct survival and anti-apoptotic signalling pathways (Figure 1.9). In 

premature babies, exposure to hyperoxia reduces VEGF expression and 

causes retinal vessel regression (Alon et al., 1995; Meeson et al., 1999). While 

the endothelial survival function of VEGF is indispensable in the embryo and 

during postnatal development, adult quiescent vessels are resistant to VEGF 

deprival.

The role of VEGF as a survival function depends on its interaction with 

VEGFR2, PI3K, p-catenin and VE-cadherin (Carmeliet et al., 1999a). Targeted 

inactivation or truncation of the cytoplasmic domain of VE-cadherin (which 

suppresses its association with p-catenin) blocked VEGF-induced activation of 

PI3K and Akt thereby preventing upregulation of the anti-apoptotic bcl-2 gene 

and abolishing VEGF-induced cell survival.

In addition to bcl-2, VEGF upregulates expression of A l, which inhibits 

activation of pro-apoptotic upstream caspases, and of two members of the lAP 

(inhibitors of apoptosis) family, survivin and X-chromosome-linked lAP, which 

inhibit terminal caspases 3, 7 and 9 (Gerber et al., 1998; Tran et al., 1999).

EC survival also depends on certain integrins to transduce signals referring to 

the extracellular matrix composition and the cell adhesion status. During 

angiogenesis, proliferating endothelial cells challenged with antagonists of avPs 

integrin that has promiscuous binding ability, become apoptotic leading to 

regression of newly formed vessels (Brooks et al., 1994b). The integrin Ps 

subunit co-immunoprecipitated with phosphorylated VEGFR-2 upon VEGF 

treatment (Senger et al., 1997; Soldi et al., 1999). Administration of avp3 

antagonists during in vivo angiogenesis caused activation of endothelial p53 

and increased expression of the p53-inducible cell cycle inhibitor p2 l'^^*"\ Thus 

ligation of EC avps promotes a critical cell adhesion-dependent survival signal 

which involves suppression of p53 activity, inhibition of p2l'^^'"^ expression and 

blockade of the bax cell death pathway (Stromblad et al., 1996). In addition to
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avp3, VEGF enhances the expression of integrins aipi and «2Pi, which bind 

collagen and permit neovascularization in collagen-rich extracellular matrix. 

Focal Adhesion Kinase (FAK), a non-receptor tyrosine kinase, plays a key role 

in integrin-dependent signalling (Zachary and Rozengurt, 1992) and is 

implicated in the maintenance of survival signals in several adherent cell types 

including endothelial cells (Frisch et al., 1996; Levkau et al., 1998; van de Water 

et al., 1999). Caspase-cleavage of FAK is an early response to apoptotic 

stimuli. VEGF increases tyrosine phosphorylation and association of FAK with 

focal adhesions and with paxillin (Abedi and Zachary, 1997). Activation of FAK 

has also been shown to inhibit apoptosis (Abedi and Zachary, 1997).

Src, a non-receptor tyrosine kinase, which is activated by engagement of 

integrins and receptor tyrosine kinases including VEGF (Schwartz et al., 1995), 

is also implicated in VEGF-induced EC survival. Overexpression of a dominant- 

negative mutant of Src in avian blood vessels induced apoptotic death of ECs 

(Eliceiri et al., 1999). The precise mechanism by which src links VEGF 

stimulation to regulation of cell survival in ECs has not yet been elucidated, but 

since src has been found to activate the PI3K /Akt pathway in other cell types 

(Wong et al., 1999), the same survival pathway might be operational in ECs.
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Figure 1.9: VEGF signalling pathways leading to EC survival and inhibition of 

apoptosis.
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Endothelial cell proliferation
VEGF is a strong activator of extracellular signal-regulated kinases 1 and 2 

(ERK1/2) leading to transcription from the cfos promoter and subsequent entry 

into S-phase in a variety of EC types (Pedram et al., 1998; Thakker et al., 

1999). One study demonstrated that VEGF-induced ERK1/2 activation was 

dependent on VEGFR2-mediated activation of RISK. A dominant negative 

mutant of p85, the regulatory subunit of RISK which is constitutively associated 

with VEGFR2, and a selective RISKinase inhibitor, wortmannin, blocked VEGF- 

induced ERK activation, transcription from cfos promoter and entry into S-phase 

in HUVECs (Thakker et al., 1999).

VEGF-induced DNA synthesis also involves the MAR kinase pathway leading to 

activation of c-Jun N-terminal protein kinase (JNK) and expression of a 

dominant negative JNK-1 mutant inhibited VEGF-induced cyclin D1 synthesis, 

cdk4 activation and proliferation (Redram et al., 1998). Interestingly, expression 

of a dominant negative ERK2 mutant also blocked JNK activation by VEGF, 

indicating that the mitogenic response to VEGF might involve cross-talk 

between the ERK and JNK pathways (Figure 1.10).

VEGF also stimulates RLC-y tyrosine phosphorylation and activation leading to 

generation of diacylglycerol and inositol 1,4,5-trisphosphate with subsequent 

activation of RKC and Ca^  ̂ mobilisation. Studies using RKC inhibitors and 

isoform-specific antisense approaches indicate that RKC activation, in particular 

RKCa, RKC<; and RKCp isoforms, plays a crucial role in VEGF mitogenic 

signalling (Takahashi et al., 1999b; Wellner et al., 1999; Xia et al., 1996). 

Intriguingly, VEGF-induced proliferation was reported to be dependent on a NO- 

mediated reduction in RKCô activity. In HUVECs, NO mediated a depression in 

RKC5 activity at 8-24h after VEGF (but not FGF) stimulation (Shizukuda et al.,

1999). In accordance, overexpression of RKCô retards cell-cycle progression of 

VEGF-treated rat microvascular endothelial cells, and NO decreases mRNA 

levels of RKCô in murine macrophages (Jun et al., 1994). These findings 

suggest that the mitogenic effects of VEGF may be mediated via a temporally- 

regulated and isoform-specific activation of RKC.

There is further suggestive evidence for the involvement of VEGF-induced NO 

in EC proliferation (Rapapetropoulos et al., 1997; Shizukuda et al., 1999).
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Inhibitors of eNOS blocked VEGF-induced angiogenesis in vivo, as well as 

proliferation of HUVECs on 3-D collagen gels. In gene inactivation studies in 

mice, eNOS expression was required for the regeneration of the endothelium 

following denudation (Murohara et al., 1998a). Findings from two studies have 

suggested a possible mechanism for the NO involvement in the mitogenic 

properties of VEGF: NO, possibly through activation of PKG, has been shown to 

activate Raf-1 leading to ERK stimulation and subsequent proliferation (Hood 

and Granger, 1998; Parenti et al., 1998).
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Figure 1.10: VEGF mitogenic signalling
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Endothelial cell migration

In HUVECs, migration and proliferation are teleologically distinct processes 

mediated by separate pathways downstream of VEGFR-2. VEGF-induced 

ERK1/2 activation leads to DNA synthesis and proliferation and ERK1/2 

inhibition bears no effect on the cytoskeletal permutations required for motility of 

cells. VEGF activates p38, which leads to F-actin phosphorylation and 

polymerization, processes essential for cell migration. Actin filaments are 

anchored on focal adhesions, which attach the cell to the extracellular matrix 

and link the cytoskeleton with the plasma membrane.

During cell migration there is turnover of focal adhesions and actin filament 

reorganizations in which FAK-associated signalling is critically implicated (Abedi 

and Zachary, 1995). VEGF induces FAK phosphorylation and vinculin 

recruitment to focal adhesions (Rousseau et al., 2000). Hsp90 facilitates FAK 

phosphorylation and inhibition of Hsp90 activity arrested VEGF induced EC 

migration. FAK phosphorylation is independent of ERK and p38 phosphorylation 

so migration of ECs is driven by the coordinated but complimentary activities of 

these two pathways (Rousseau et al., 2000) (Figure 1.11).

Controlled degradation of the basement membrane is also required for 

migration of ECs and VEGF facilitates migration by inducing the expression of 

matrix-degrading metalloproteinases (Lamoreaux et al., 1998; Unemori et al., 

1992), tissue factor (Zucker et al., 1998), plasminogen activators (Pepper et al.,

1991) and integrins (Senger et al., 1997). Furthermore, ligation of OvPs integrin 

promotes Câ "" influx, which is required for cell motility (Senger et al., 1997; 

Soldi et al., 1999).

There is growing evidence that NO production may mediate EC migration (Noiri 

et al., 1997). Akt-dependent phosphorylation of eNOS and subsequent NO 

production was shown to be required for VEGF-induced cell migration 

(Dimmeler et al., 2000). A recent study provided evidence for a possible 

mechanism by showing that VEGF upregulates the expression of intracellular 

adhesion molecule-1 (ICAM-1) through a PI3K/Akt/N0 pathway, which leads to 

brain microvessel EC migration (Radisavljevic et al., 2000). A second study 

reported that NO regulates focal adhesion integrity and FAK phosphorylation in
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ECs (Goligorsky et al., 1999), suggesting cross-talk between FAK and NO 

pathways in migration signalling (Figure 1.11).
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Figure 1.11: Signalling pathways mediating VEGF-induced EC migration

Vascular Permeability

VEGF and its receptors are highly expressed by the epithelial cells of some 

proliferatively quiescent adult tissues such as the gastrointestinal tract, the 

kidney glomerulus and the brain choroid plexus (Coomber et al., 1987). The 

endothelial cells nearby are highly fenestrated unlike the tight endothelium 

found in most other tissues (Roberts and Palade, 1997). For example, the 

blood-brain barrier is formed through tight intercellular junctions between 

endothelial cells and is characterized by absence of fenestrae (Bradbury, 1984). 

One mechanism by which VEGF regulates vascular permeability in adult tissues 

is through the maintenance of fenestrations. Fenestrae, which appear as 

clusters of discontinuities in the plasma membrane, are highly permeable 

specialized membrane regions.

In cultured porcine brain microvessel endothelial cells, VEGF-induced vascular 

permeability was accomplished by gap junction formation and appearance of
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fenestrations (Fischer et al., 1999). Furthermore, VEGF rapidly induced 

fenestrae in the continuous endothelium of skeletal muscle and skin in vivo but 

had a very weak response in cultured non-fenestrated HUVECs (Roberts and 

Palade, 1995), indicating the requirement for a permissive environment 

involving changes in the composition of the extracellular matrix. For example, 

collagen prevents the formation of fenestrations in cocultures of bovine 

endothelial/epithelial cells (Esser et al., 1998). However, the signalling 

pathways mediating VEGF-induced fenestration remain undefined. VEGF also 

induces the appearance of vesicular-vacuolar organelles, which interconnect 

upon stimulation to form channels that connect the blood vessel lumen to the 

interstitium and facilitate passage of molecules (Feng et al., 1996; Qu et al., 

1995).

VEGF-induced formation of fenestrations is associated with caveolae, small 

invaginations of the plasma membrane implicated in endocytotic and 

transcytotic transport (Esser et al., 1998; Roberts and Palade, 1995). Src, a 

kinase that localizes within caveolar structures, has been identified as an 

effector of vascular permeability in response to VEGF. In src knockout mice, 

VEGF-induced vascular permeability is severely impaired (Eliceiri et al., 1999).

A role for NO and PGI2 in mediating VEGF-induced vascular permeability is 

supported by the observations that the cyclooxygenase inhibitor indomethacin 

and the eNOS inhibitor L-NAME both inhibited permeability changes induced by 

VEGF in vivo as measured by the Miles assay (Murohara et al., 1998b). 

Vascular permeability can be augmented as the need arises by the synergistic 

effect of NO with PGI2 NO donors and PGI2 analogues when administered 

together, but not alone, mimicked VEGF-induced vascular permeability 

(Salvemini and Masferrer, 1996). Several studies also implicate 

PLCy, mobilization of intracellular Câ "" and PKC activation as effectors of 

venular permeability (Wu et al., 1999).

Paracellular permeability is also associated with the loosening of cell-cell 

contacts following tyrosine phosphorylation of components of adherens and 

tight-junctions (Barth et al., 1997; Lampugnani et al., 1995). VEGF mediates 

VE-Cadherin and p-catenin phosphorylation through VEGFR-2. In diabetic 

retinopathy and tumours, increased vascular permeability has been linked to
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VEGF-induced tyrosine phosphorylation of tight-junction proteins occludin and 

zona occluden 1 (Antonetti et al., 1999). VEGF suppresses occludin expression 

and significantly reduces the localization of these two proteins at tight-junctions 

which leads to tight-junction disassembly (Wang et al., 2001).

Some evidence exists against the involvement of VEGFR- 2  in the ability of 

VEGF to trigger vascular permeability. Mutant VEGF that has lost the ability to 

activate VEGFR-2 and induce mitogenesis retained the ability to induce 

vascular permeability as evaluated in a Miles assay in guinea pigs (Stacker et 

al., 1999). Also VEGF D, which binds VEGFR-2 but not VEGFR-1, has no effect 

on vascular permeability (Stacker et al., 1999). However, in intact perfused 

coronary venules, VEGF elicited a 2- to 3-fold increase in vascular permeability, 

which was blocked by VEGFR-2 antibodies (Wu et al., 1999).
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1.4 Cell Signalling by Receptor Tyrosine Kinases

Mechanisms of cellular multitasking

Information transfer through linear pathways that receive and process signals is 

a highly conserved means of communication of eukaryotic cells with their 

environment. However the flow of information, which is received by a variety of 

cell surface receptors and elicits a diverse array of responses, is integrated into 

larger signalling networks as these linear pathways do not operate in isolation 

but are components of the overall cell circuitry. Signals received by cells might 

be cell-type specific (partly due to cell type-specific receptor expression) as 

might be the molecular identity of the signalling components and their 

interacting partners but the overall configuration of these components tends to 

be preserved amongst the different cell types. For example, the mitogen- 

activated protein kinase (MARK) pathways are primordial eukaryotic signalling 

cascades whose basic arrangement consists of a G-protein upstream of a core 

module of three kinases: a MARK kinase kinase (MARKKK) which 

phosphorylates a MARK kinase (MARKK) which in turn phosphorylates a 

MARK. In the ERK cascade, Ras is the G-protein, Raf is the MARKKK, MEK is 

the MARKK and ERK is the MARK.

This basic motif is engaged by a variety of input signals acting on distinct cell- 

surface receptors and controls such diverse processes as proliferation, 

differentiation, survival and apoptosis. The configuration of linear cascades 

interconnected in networks provides for regulatory interfaces where information 

can be amplified or dissipated. For example, signal integration at junctions such 

as Raf can be both positive and negative. Raf-1 is inhibited by protein kinase A 

(Wu et al., 1993) while B-Raf is stimulated by the cAMR pathway (Vossler et al., 

1997). Thus the molecular identity and relative proportions of the signalling 

components at that junction will determine the nature of the signal relayed 

downstream.

A second major function of signalling networks is evaluation of the signal, such 

that a signal of sufficient amplitude and of a specified duration evokes a 

physiological response. For instance, receptors that induce transient stimulation 

of ERK e.g. EGFR, stimulate RC12 cell proliferation while receptors like FGFR
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that trigger a sustained ERK activation, promote neuronal differentiation of the 

same cell type (Marshall, 1995). The biological outcome may therefore be 

determined by quantitative modulation of signal threshold.

Interactions between protein kinases and phosphatases play an important role 

in setting the thresholds for signal output within networks. Temporal changes in 

the activity of kinases are also determined by the spatial changes undergone by 

the pathway components. Thus the subcellular distribution of activated protein 

kinases to different locations can allow the protein kinases to stay active for 

different lengths of time depending on which local regulatory proteins are 

present. Spatial resolution of signals also serves as a mechanism for 

augmenting specificity in signal transduction so that at certain junctions, splitting 

or differential routing of signals results in regulation of multiple independent 

cellular functions. Scaffolding proteins that bind simultaneously to several 

proteins are able to insulate key components of signalling cascades and by 

routing signals down specific paths, also contribute to the specificity of the final 

biological response (Whitmarsh and Davis, 1998).

A common feature of signalling networks is the assembly of multi-protein 

complexes best exemplified around receptor tyrosine kinases (RTKs) or gene 

promoters. A general view of the mechanism of action of RTKs with particular 

emphasis on the multi-protein signalling complexes assembled downstream of 

the VEGFR-2 (which will be investigated in the results chapters) will be 

described.

Receptor Tyrosine Kinases

A large family of cell surface receptors is endowed with intrinsic protein tyrosine 

kinase activity. RTKs catalyze transfer of the y phosphate of ATP to hydroxyl 

groups of tyrosines on target proteins (Hunter, 2000). All RTKs consist of an 

extracellular ligand-binding domain, which is usually glycosylated, a single 

membrane-spanning domain and a cytoplasmic domain with a conserved 

protein tyrosine kinase (PTK) core and regulatory sequences that are subjected 

to autophosphorylation or phosphorylation by heterologous kinases (Hubbard et 

al., 1998).
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With the exception of the insulin receptor family, all known RTKs (e.g. receptors 

for EGF, PDGF, FGF) are monomers. Ligand binding induces dimerization of 

these receptors resulting in the autophosphorylation of their cytoplasmic domain 

(Jiang and Hunter, 1999; Lemmon and Schlessinger, 1994; Schlessinger, 

1988). It is thought that receptor monomers are in equilibrium with receptor 

dimers. Ligand binding stabilizes the formation of active dimers and results in 

PTK stimulation. Active dimers probably exist even in the absence of ligand 

since autophosphorylation of RTKs can be enhanced by protein tyrosine 

phosphatase inhibitors or by receptor overexpression in the absence of ligand 

binding (Lemmon and Schlessinger, 1994). Structural studies have shown that 

upon tyrosine phosphorylation, the activation loop of the RTK adopts an open 

conformation that permits access to ATP and substrates and enables transfer of 

phosphate from ATP to tyrosine residues on target cellular proteins (Hubbard et 

al., 1998).

In addition, tyrosine autophosphorylation sites on RTKs function as binding sites 

for SH2 (Src homology 2) or PTB (phosphotyrosine binding) domains of a 

variety of signalling proteins, thus providing a mechanism for the assembly of 

signalling protein complexes. SH2 domains bind specifically to distinct amino 

acid sequences defined by 1 to 6 residues C-terminal to the phosphotyrosine 

residue (Songyang et al., 1993), while PTB domains bind to phosphotyrosine 

within a context of sequences 3 to 5 residues to its N-terminus (Margolis, 1999). 

A large number of SH2 domain-containing proteins possess intrinsic PTK 

activity such as Src kinase and PLCy. Another set of proteins only possess SH2 

and/or SH3 domains (protein-protein binding domains that interact specifically 

with the proline-rich sequence motif PXXP on target proteins). For example, the 

adaptor protein Grb2 interacts with activated RTKs via its SH2 domain and with 

the guanine nucleotide releasing factor 80S via its SH3 domains, bringing SOS 

close to its target protein Ras at the cell membrane (Pawson, 1995)(Figure 

1.12).

It is thought that SH2 domain-mediated binding of certain signalling proteins to 

activated RTKs induces a conformational change that releases an autoinhibition 

resulting in stimulation of the enzymatic activity of the SH2 domain-containing 

protein. For example, the PTK activity of Src is activated when its SH2 domain
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binds phosphotyrosine sites on PDGFR (Xu et al., 1999). Similarly, binding of 

the p85 regulatory subunit of PI3K to phosphotyrosines on PDGFR causes 

conformational changes in p85 that are transmitted to the catalytic subunit p l lO 

leading to enhancement of PI3K activity (Leavers et al., 1999). However for 

certain proteins, tyrosine phosphorylation is required for activation of their 

enzymatic activity. In response to RTK activation e.g. PDGFR, the SH2 

domains of PLCy bind to specific phosphotyrosines on the receptors facilitating 

efficient phosphorylation of PLCy on tyrosine by the RTK (Kim et al., 1991). 

However, in addition to tyrosine phosphorylation, complete activation of 

PLCy requires its membrane translocation, brought about by binding of the PI3- 

kinase-generated PI(3,4,5)P3 to its PH domain (Falasca et al., 1998).

The Raf/MEK/ERK signalling cascade

The serine/threonine kinase Raf-1 is an essential component of the ERK 

cascade. Mammals possess three Raf proteins: Raf-1 is ubiquitously expressed 

while A-Raf and B-Raf exhibit more restricted expression profiles (Marais et al., 

1997). Newborn A-Raf^" mice and B-Raf^’ embryos are growth retarded, 

confirming the positive role of Raf kinases in cell proliferation. Depending on the 

genetic background, elimination of A-Raf produces neurological or intestinal 

defects but the phenotype is not embryonic lethal (Pritchard et al., 1996). B-Raf 

deficient embryos have defects in neuroepithelial differentiation and EC 

survival and die at midgestation due to vascular hemorrhage (Wojnowski et al.,

1997). Finally, null mutation in the Raf-1 gene yields a recessive embryonic 

lethal phenotype with defects in the placenta and the liver (Mikula et al., 2001). 

However, MEK/ERK activation is normal in Raf-1 deficient cells and embryos, 

probably mediated by B-Raf. The divergent phenotypes of the knockout mice 

and the partially overlapping expression show that Raf isoforms cannot always 

compensate for each other and serve distinct functions. However, all isoforms 

share Ras as a common upstream activator and exhibit quantitative differences 

in their ability to activate MEK (Marais et al., 1997; Morrison and Cutler, 1997). 

Inactive Raf-1 exists in a cytoplasmic multi-protein complex of 300-500kDa 

(Wartmann and Davis, 1994). Upon stimulation of RTKs, Raf-1 becomes 

associated with membranes and undergoes a complex series of activation steps
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modulated by Ras, 14-3-3 proteins and phosphorylation (Brtva et al., 1995; 

Freed et al., 1994; Irie et al., 1994; Kolch et al., 1993; Marais et al., 1995). Ras 

is activated by the exchange of its bound GDP for GTP in a process mediated 

by guanine nucleotide exchange factors such as SOS (McCormick, 1993). GTP- 

bound Ras has an increased affinity for Raf-1 and although this interaction does 

not augment Raf-1’s catalytic activity, it brings about Raf-1 's translocation to the 

membrane where it can subsequently get activated (Leevers et al., 1994). Ras- 

GTP interacts with two domains in the N-terminus of Raf-1: the Ras-binding 

domain (RBD), which is sufficient for translocation of Raf-1, and the cysteine- 

rich domain (CRD) -mutations in this domain influence Ras binding and affect 

basal and Ras-induced kinase activity of Raf-1 (Luo et al., 1997; Winkler et al.,

1998).

Recently, new evidence has emerged that paints a somewhat different picture 

for Raf-1 activation: phosphatidic acid generated by phospholipase D is 

necessary and sufficient for Raf-1 s translocation to membranes where Ras 

plays a role in activating Raf-1 by interacting with the RBD and CRD domains 

(Rizzo et al., 2000). In support for this hypothesis, results have shown that 

activation of artificially membrane-localized Raf-1 is sensitive to regulation by 

Ras (Mineo et al., 1997) and in vitro activation of Raf-1 by Ras has finally been 

demonstrated (Inouye et al., 2000). Since Ras can spontaneously form dimers 

in the lipid bilayer and dimerization also activates Raf-1, it is possible that Ras 

dimers induce Raf-1 dimerization (Farrar et al., 1996; Inouye et al., 2000; Luo et 

al., 1996).

In any case, the physical interaction between Ras and Raf-1 seems to induce a 

conformational change in Raf-1 that relieves the inhibition which the N-terminal 

regulatory domain of Raf-1 exerts over the C-terminal catalytic domain (Cutler 

et al., 1998) and sensitizes Raf-1 to further activation (Figure 1.12). In its 

inactive state, Raf-1 is phosphorylated on serines 259 and 621, both of which 

are bound by dimerized 14-3-3, a phosphoserine-specific adapter protein 

(Tzivion et al., 1998). Activated Ras destabilizes the interaction of 14-3-3 with 

phosphoserine 259. Dephosphorylation of this site is one of the first changes in 

the phosphorylation state of Raf-1 induced by mitogens and is required for its 

activation (Abraham et al., 2000). One arm of the 14-3-3 dimer is now free to
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recruit activators while the 14-3-3 dimer is still tethered to Raf-1 through 

phosphoserine 621 (Mischak et al., 1996) (Figure 1.12).

Phosphorylation of serine 338 by the serine/threonine kinase PAK-3, which is 

under the control of PI3K and Rac, and phosphorylation of tyrosine 341, which 

is targeted by src, synergize to activate Raf-1 (Fabian et al., 1993; King et al., 

1998; Mason et al., 1999). However, other less well-defined phosphorylation 

sites contribute to full Raf-1 activation. The role of PKC as an upstream kinase 

contributing to Raf-1 activation has been investigated in several studies and will 

be discussed in chapter 7.

MEKs and ERKs

MEK1/2 contain proline-rich sequences, which are required for the interaction of 

MEK with Raf-1. However, there is evidence to suggest that the coupling of Raf- 

1 to MEK is a regulated process and requires more that just Raf-1 's catalytic 

activity. KSR (kinase suppressor of Ras) is a putative scaffolding protein for the 

Raf/MEK/ERK module that binds to MEK and ERK constitutively but to Raf-1 

only at the cell membrane (Stewart et al., 1999; Xing et al., 1997). In addition, 

KSR also binds 14-3-3 and this scaffolding complex may enhance the coupling 

of Raf-1 to its substrate MEK (Pearson et al., 2000; Stewart et al., 1999). Raf-1 

phosphorylates MEK on two serine residues, both being necessary for full 

activation (Alessi et al., 1994; Zheng and Guan, 1994). MEKs are dual

specificity kinases that catalyze the ordered phosphorylation of first the tyrosine 

and then the threonine residue within the Thr-Glu-Tyr motif in the activation loop 

of ERK1/2, which also contains additional residues determining the recognition 

of ERKs by MEKs (Zhang et al., 1994).

ERK1/2 exhibit a high degree of evolutionary conservation and are thought to 

be functionally equivalent and are usually co-expressed (Chang and Karin, 

2001). ERKT^' mice are viable and appear normal so it is likely that ERK2 can 

compensate for ERK1 functions (Pages et al., 1999). However, MEKT^' mice die 

in utero from defective placental vascularization (Giroux et al., 1999). ERK is a 

serine/threonine kinase that phosphorylates the consensus sequence Pro-X- 

Ser/Thr-Pro in more than 50 substrates (Chang and Karin, 2001). However, 

ERK-docking sites on substrate proteins increase the specificity of ERKs 

interactions (Jacobs et al., 1999). ERK has also been shown to undergo
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activation-dependent intracellular distribution to different sites where it is 

confronted with a more limited choice of substrates at any one time (Adachi et 

al., 1999; Yang et al., 1998) and anchoring proteins play a role in ERK 

localization. It has been suggested that MEK tethers inactive ERK in the cytosol 

and phosphorylation triggers release and nuclear translocation (Adachi et al., 

1999). ERK is retained in the nucleus also by an anchoring protein (Lenormand 

et al., 1998).
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Figure 1.12: Schematic representation of the salient aspects of Ras/Raf- 

1/MEK/ERK activation by RTKs

The left-hand side of the figure shows the inactive state of the signalling 

cascade components and the right-hand side summarizes the sequence of 

events (protein-protein interactions, phosphorylations and translocation of
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proteins) following ligand-binding and receptor tyrosine kinase activation as 

explained in detail in the text. S=serine, T=threonine, Y=tyrosine, 

P=phosphorylation. All other abbreviations have been specified in the text.

The role of 3-phosphoinositlde-dependent protein kinase 1 (PDK1) in 

activating AGC kinases

PI3K signalling pathways mediate a multitude of cellular responses following 

stimulation of RTKs and deregulation of PI3K-mediated signalling is associated 

with cancer and diabetes (Leevers et al., 1999). One group of enzymes that has 

emerged as a key mediator of PI3K signalling is the AGC superfamily of 

serine/threonine kinases. Most members of this family require a phosphorylation 

at their activation loop for catalytic activity, and the search for such a kinase led 

to the discovery of PDK1, itself a novel member of the AGC family (Alessi et al., 

1997; Stokoe et al., 1997). Other members of this family of proteins include Akt 

(Burgering and Coffer, 1995; Coffer and Woodgett, 1991), p70 and p90 

ribosomal S6 kinases (Frodin and Gammeltoft, 1999; Pearson et al., 1995), 

PRK (Flynn et al., 2000a) and PKC (Mellor and Parker, 1998).

PI3Ks are heterodimers, consisting of a 1 lOkDa catalytic subunit (exists in three 

isoforms) and a regulatory subunit (one of seven proteins generated by 

alternative splicing of three genes). The catalytic subunit binds Ras, which is an 

allosteric activator of PI3K (Rodriguez-Viciana et al., 1996a; Rodriguez-Viciana 

et al., 1996b). Agonist-stimulated PI3K phosphorylates the 3 -OH position of the 

inositol ring in inositol phospholipids to generate three lipid products; PI3P, 

PI(3,4)P2 and PI(3,4,5)P3 (Figure 1.13). These lipid products are recognised by 

a subset of specialised lipid-binding modules called pleckstrin homology (PH) 

domains (Bottomley et al., 1998; Leevers et al., 1999). In vivo, PI3K 

preferentially phosphorylates PI(4,5)P2 to generate PI(3,4,5)P3, which is rapidly 

metabolized by 5’-inositol phosphatases to P1(3,4)P2 and by 3’-inositol 

phosphatases to PI(4,5)P2 (Maehama and Dixon, 1999; Stephens et al., 1991; 

Woscholski et al., 1997). PDK1 and Akt contain PH domains (at the C-terminus 

and N-terminus respectively) that preferentially bind PI(3,4,5)P3 and PI(3,4)P2 

(James et al., 1996; Stephens et al., 1998). The role of PI3K lipid products and 

PDK1 in the activation of Akt is going to be discussed first and an overview of 

the mechanism of PKC activation will then follow.
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Figure 1.13: Simplified representation of phosphatidylinositols and the point of 
action of PI3K

AKT

Mammals have three Akt genes with higher than 80% sequence identity, 

encoding three isoforms namely Akt 1-3 (Coffer and Woodgett, 1991; Jones et 

al., 1991; Nakatani et al., 1999). Aktl and Akt2 have a broad tissue distribution 

while Akt3 expression is more restricted, but all tissues contain at least one Akt 

isoform (Bellacosa et al., 1993; Jones et al., 1991). All isoforms consist of an N - 

terminal PH domain, a kinase domain and a 70 aa-long C’-terminal regulatory 

region called the ‘hydrophobic motif that shows similarity to a regulatory region 

present in PKC (Bellacosa et al., 1993).

The activation of Aktl requires its phosphorylation at threonine 308 (T308), 

which is located at the activation loop in the catalytic domain, and at serine 473 

(S473) in the C’-terminal regulatory domain, both phosphorylations being 

blocked by PI3K inhibitors (Alessi et al., 1996). Akt is cytosolic in unstimulated 

cells but translocates to the membrane upon PI3K activation (Andjelkovic et al., 

1997).

PDK1 is a ubiquitously expressed 63kDa serine/threonine kinase that was first 

identified by its ability to phosphorylate T308 of Akt (Stephens et al., 1998; 

Stokoe et al., 1997). PDK1 seems to exist in an active, highly-phosphorylated
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state under basal conditions, e.g. S241 which lies at the activation loop of PDK1 

and is required for PDK1 activity is a constitutive autophosphorylation site 

(Casamayor et al., 1999; Pullen et al., 1998). The PH domain of PDK1 has a 

significantly higher affinity for Pis than the PH domain of Akt and PI3K lipid 

products recruit PDK1 to the membrane (alternatively, low but detectable levels 

of PI(3,4,5)P3 in unstimulated cells maybe sufficient to localize PDK1 

constitutively at the membrane) (Currie et al., 1999).

The phosphorylation of Akt at T308 by PDkl is regulated by the conformation of 

Akt. The engagement of Akt's PH domain on the membrane by PI3k-generated 

PI(3,4,5)P3 relieves autoinhibition of the active site, allowing PDK1 to access 

T308 in the activation loop (Stokoe et al., 1997). Consisent with this, an Akt 

mutant lacking the PH domain no longer requires PI(3,4,5)P3 for PDK1- 

mediated phosphorylation in vitro and is constitutively phosphorylated and 

active in cells (Filippa et al., 2000). Thus, the PH domain masks the activation 

loop site or alternatively, phospholipid binding not only localizes Akt at the 

membrane where PDK1 is found, but also alters the conformation of Akt to 

make the site accessible to PDK1 (Figure 1.14).

Similarly, phosphorylation and activation of PRK2 by PDK1 is conformationally 

regulated: interaction of PRK2 with the small GTPase Rho is required to induce 

a conformational change which enables PDK1 binding to PIF (PDK1-interacting 

fragment of PRK) and phosphorylation at the PRK2 activation loop (Flynn et al., 

2000a) (Figure 1.14). Lastly, p70S6K requires prior phosphorylation in its 

autoinhibitory sequence by MARK in order for PDK1 to gain access to the 

activation loop (Pullen et al., 1998). Thus, the major determinant of PDK1 

catalytic activity is the conformation of its substrates.

While the regulation of the activation loop site by PDK1 is widely accepted, that 

of the C’-terminal hydrophobic site is still the issue of considerable debate. 

Initial studies indicated that phosphorylation of this site is both mitogen- and 

PI3K-dependent, leading to the proposal that an upstream kinase, coined 

PDK2, was responsible for S473 phosphorylation. However, PDK2 has eluded 

identification. The phosphorylation state of this residue is unaffected in cells 

overexpressing PDK1 and PDK1 does not phosphorylate S473 in vitro, 

indicating that it is an autonomously regulated site (Alessi et al., 1997). In 

PDKT^ embryonic stem cells, S473 but not T308 was phosphorylated following
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IGF1 treatment (Williams et al., 2000). However, a recent study presented 

evidence that the phosphorylation of the hydrophobic motif site but not of T308 

requires a catalytically competent Akt (Toker and Newton, 2000). Furthermore, 

it was shown that phosphorylation of S473 was dependent on T308 and that in 

vitro Akt autophosphorylated at S473. In support for the concept that S473 is 

not phosphorylated by a distinct kinase, antisense oligonucleotides directed 

against PDK1 expression reduced phosphorylation of both sites, but this study 

does not provide information whether S473 is phosphorylated by PDK1 or if it is 

an autophosphorylation site (Flynn et al., 2000b).

The theory that PDK2 might be PDK1 was substantiated by the recent finding 

that inclusion of the PIF domain of PRK2 in an in vitro phosphorylation assay 

converted PDK1 from an enzyme that could only phosphorylate Akt on T308 to 

one that could phosphorylate S473 as well (Balendran et al., 1999). But again 

far from clarifying the issue of ‘PDK2’ identity, a subsequent study showed that 

the PIF-stimulated phosphorylation of S473 depended on the intrinsic catalytic 

activity of Akt (Biondi et al., 2000), suggesting that the PDK1-PIF interaction 

might be displacing PDK1 from the vicinity of the activation loop, making S473 

more accessible to autophosphorylation. To further obfuscate the physiological 

significance of these findings, a third study in contrast showed that the C’- 

terminal region of PRK2 (which included PIF but was slightly longer) was 

cleaved from the full length PRK2 during the early stages of apoptosis and 

directly interacted with Akt. The interaction between Akt and the C’-terminal 

fragment of PRK2 specifically downregulated the protein kinase activity of Akt 

and its downstream signalling in vivo by blocking phosphorylation of 

predominantly S473 and to a lesser extent of T308 (Koh et al., 2000).
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Figure 1.14: Schematic representation of the salient aspects of RTK-induced 

Akt activation

The left-hand side of the figure shows the signalling components under resting 

cell conditions and the right-hand side of the picture shows the assembly of the 

multi-protein complex in response to RTK stimulation that leads to Akt 

activation, described in detail in the text. Activation of PRK2 by PDK1 is also 

depicted. P=phosphorylation. All other abbreviations have been explained in the 

text.

PKC

The PKC family of serine/threonine kinases consists of twelve isoforms and is 

characterized by a dependency on lipids for activity (Hayashi et al., 1999; 

Jaken, 1996). The classical and novel isotypes display a requirement for 

mitogen-induced, PLCy-generated diacylglycerol (DAG) for activity, which 

recruits PKC to the membrane. Membrane binding is achieved by two separate 

modules, the 01 and 02 domains. The former domain binds DAG (or phorbol 

esters) and phoshatidylserine, and the later binds anionic phospholipids (in a
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Ca^^-dependent manner in the case of the conventional isoforms). The energy 

generated by the engagement of these domains contributes to the release of 

the pseudosubstrate sequence that occupies the substrate-binding cavity when 

PKC is inactive (Figure 1.15).

However, it has recently been appreciated that phosphorylation of PKC 

provides an amplitude control that operates in conjunction with allosteric 

activators. It has been shown that all PKC isoforms require a series of 

phosphorylations within their catalytic domains (Cazaubon et al., 1994; Pears et 

al., 1992). One of these phosphorylation sites is located in a AGC-conserved 

motif at the activation loop of PKCs, and two of them are at the C-terminal 

variable region (V5) of PKC (Bornancin and Parker, 1996; Bomancin and 

Parker, 1997; Orr and Newton, 1994). The most C’-terminal of these two 

phosphorylation sites is also located at the AGC-conserved ‘hydrophobic motif 

(Figure 1.15).

The discovery in 1997 of PDK1 as the upstream kinase for the activation loop of 

the related Akt protein begged the question as to whether PDK1 could be the 

upstream kinase for PKC. In 1998, three laboratories reported that PDK1 

phosphorylated the activation loops of conventional, novel and atypical PKCs 

(Chou et al., 1998; Dutil et al., 1998; Le Good et al., 1998). The evidence 

suggests that PDK1 and PKC need to be co-recruited to the plasma membrane 

through interaction with their respective allosteric activators (PI(3,4,5)P3 and 

DAG respectively) in order for phosphorylation to be efficient. Studies with novel 

PKCs indicate that the hydrophobic site at the C’-terminus is phosphorylated by 

an atypical PKC complex (Ziegler et al., 1999), but for conventional PKCs the 

evidence is for autophosphorylation at this site (Behn-Krappa and Newton,

1999).

In combination, these three phosphorylation sites determine the degree of PKC 

activation i.e. phosphorylated PKC has a higher specific activity than when 

unphosphorylated (in the case of conventional PKCs, there is undetectable 

activity unless phosphorylated). Thus DAG (+Ca '̂") will switch conventional and 

novel PKCs on but the amplitude control is a function of phosphorylation.

The evidence suggests that phosphorylation occurs in vivo when PKC is in a 

DAG-bound conformation. This parallels the behaviour of Akt where its 

interaction with Pis through its PH domain is permissive for its phosphorylation
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(Alessi et al., 1997; Stephens et al., 1998). However unlike Akt, when PKC 

releases its allosteric activator, its phosphorylations are not rapidly lost. The 

phosphorylated PKC adopts a closed conformation that is relatively resistant to 

phosphatases. It is the allosterically-activated form due to its open conformation 

that is targeted for dephosphorylation and degradation (Hansra et al., 1996; 

Hansra et al., 1999) (Figure 1.15). Interestingly, recent findings suggest that pi 

integrin engagement is sufficient to trigger PKCS phosphorylation in a PI3K- 

dependent manner and suppression of this signal by chronic inhibition of PI3K 

in adherent cells or by culture of cells in suspension, is under the control of 

PTEN, a PI-3-phosphatase (Parekh et al., 2000).
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Figure 1.15: Model for the phosphorylation of conventional PKCs 

PKC consists of a C1 and C2 regulatory domain, a C3/4 catalytic domain, an N - 

terminal pseudosubstrate sequence and a C'-terminal region containing a 

conserved hydrophobic motif. The unphosphoryiated primary translation product 

is predicted to have no activity. Upon RTK stimulation, the PKC allosteric 

activator DAG and Ca^  ̂are generated, and upon membrane recruitment, PKC 

becomes a substrate for kinase(s) acting upon the activation loop site (perhaps 

PDK1) and the hydrophobic motif C'-terminal site (perhaps 

autophosphorylation). Following a final autophosphorylation, the kinase domain 

is in a closed conformation that confers stability and resistance to 

phosphatases. DAG dissociation allows PKC to diffuse away from the 

membrane but to remain in a phosphorylated state. The latent kinase can then 

be recruited back to the membrane and reactivated by DAG alone. In this open 

conformation, PKC can be targeted for dephosphorylation and for degradation 

(a situation mimicked by prolonged PMA administration).

1.5 Aims of the study
The research undertaken for this thesis was directed towards understanding the 

mechanisms that underlie the regulation of endothelial PGI2 production in 

response to VEGF. At the outset of this work it was known that VEGF 

stimulated PGI2 production at least in part via activation of the ERK cascade. 

The specific questions addressed in this thesis are;

1. The contribution of other signalling pathways mediating VEGF-induced PGI2 

production.

2. The signal transduction mechanisms which mediate VEGF-induced 

activation of ERK.

3. The role of PKC in mediating VEGF-induced activation of Akt and in 

angiogenesis.
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Chapter 2: Methods

Cell Culture

HUVECs were obtained from umbilical cords by collagenase (type lA, Sigma) 

digestion (0.25mg/ml) and cultured on 1% gelatin-coated plates in Endothelial 

cell Basal Medium (EBM, Biowhittacker) supplemented with 10% v/v Foetal Calf 

Serum, lOpg/ml hEGF, SOpg/ml gentamycin sulphate, SOjug/ml amphotericin B 

and bovine brain extract. Confluent monolayers of cells were used at passage 2 

plated in either 90mm tissue culture dishes or 6-well plates.

Measurement of PGI2
HUVECs were washed twice in serum free EBM medium and after treatments, 

the PGI2 content of cell supernatants (each condition collected in duplicate) was 

quantified by enzyme immunoassay (EIA of 6-keto-PGFia, the stable 

breakdown product of PGI2 (Amersham). Briefly, the assay is based on the 

competition between unlabelled 6-keto-PGFia and a fixed quantity of 

peroxidase-labelled 6-keto-PGFia for a limited number of binding sites on a 

PGFia specific antibody. The concentration of unlabelled 6-keto-PGFia in each 

sample was determined by interpolation from a standard curve. 50pl of sample 

or standard (in duplicate) were added to each well of a microtitre plate pre

coated with a donkey anti-rabbit IgG and incubated with the rabbit anti-Sketo- 

PGFia at room temperature (RT) for 30min. Peroxidase-conjugated PGFi« was 

then added for SOmin at RT. The wells were washed 5 times and hydrogen 

peroxide substrate was added for 15min at RT. The reaction was stopped with 

1M sulphuric acid and the optical density was measured (readings were taken 

in duplicate for each sample) at 450nm.

Measurement of cGMP

Intracellular cGMP production was measured by EIA (Amersham) based on the 

same principle as the PGI2 assay. After treatments the cells were lyzed with 5% 

w/v dodecytrimethylammonium bromide solution. Then, the same procedure as 

for the PGI2 EIA was followed but incubation with the polyclonal antibody to
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cGMP required 120min at 3-5°C and incubation with the peroxidase-conjugated 

cGMP antibody took place for 60min at 3-5°C. The hydrogen peroxide substrate 

was added for 30min at RT.

Ca *̂ mobilization

HUVECs cultured in 48-well plates were washed and incubated with I 11M Fluo-3 

for 60min at RT. Cells pre-loaded with Fluo-3 were washed three times with a 

buffer containing 145mM NaCI, 5mM KCI, 1mM MgS0 4 , 1mM CaCb, 10mM 

glucose, 0.1% w/v BSA and lOmM HEPES, pH 7.4. Câ "̂  was measured 

continuously in a Fluostar 403 fluorometer (BMG labtechnologies) at an 

excitation wavelength of 485nm and an emission wavelength of 538nm.

Western Blotting

Confluent cells plated in 6-well plates were incubated for 30min in serum-free 

medium in the absence or presence of inhibitors at 37°C in a 5% CO2 incubator 

and then stimulated with 25ng/ml VEGF or bFGF or 1 unit/ml thrombin in the 

presence or absence of inhibitors for the indicated times. The cells were 

washed twice in ice-cold PBS and lyzed in lysis buffer (63.5mM Tris-HCi pH6.8, 

2% w/v SDS, 10% v/v glycerol, 200pM sodium orthovanadate, S îg/ml leupeptin, 

lOOjuM AEBSF). The lysates were clarified by centrifugation (14000xg, 20min at 

4°C). 5x sample buffer (312.5 mM Tris-HCI, pH6.8, 10% w/v SDS, 50% v/v 

glycerol, 250mM DTT, 0.5% w/v bromophenol blue) was added to a final 

concentration of 1x. The samples were then boiled for 4min, subjected to SDS- 

PAGE (Biorad) and transferred onto Immobilon-P (Millipore) membrane. The 

membranes were blocked with 7% non-fat milk in TBS-T (20mM Tris-HCI, pH 

7.5, 150mM NaCI, 0.1% v/v Tween 20) at 37°C for 60min or at 4°C overnight 

and probed with primary antibody diluted in the blocking solution for 60min at 

37°C or overnight at 4°C. The membranes were washed 5 times for 4min on a 

shaker with TBS-T. The membranes were then incubated with HRP-conjugated 

secondary antibody (1:3000 dilution in 1% non-fat milk/TBS-T, 30min at 37°C). 

Following the same washing procedure as before, the bands were visualised by 

enhanced chemiluminescence (ECL plus, Amersham). Bands were scanned 

and quantified using QuantiScan software.
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Immunoprécipitation

Confluent cells in 90mm tissue culture dishes were washed with ice cold PBS 

and lyzed with 1x lysis buffer (1% v/v Triton X-100, 150mM NaCI, 1GmM Tris- 

HCi pH 7.4, 1mM EGTA, 1mM EDTA, 0.2mM sodium orthovanadate, 0.2mM 

AEBSF, 0.5% v/v NP-40). The lysates were incubated at 4°C for 20min under 

constant agitation. Insoluble material was spun out (14000xg, 10min at 4°C) 

and the clarified lysates (containing 1mg protein/sample) were incubated with 

Spg/ml of primary antibody or agarose-conjugated primary antibody for 3h under 

constant agitation at 4°C. If no conjugated antibody was available, 30jxl/ml of 

agarose A or G beads were subsequently added to each sample for 60min at 

4°C under constant agitation. The samples were spun for 5min at TOOOxg at 

4°C, the supernatant removed and the pellet resuspended in 1ml of 1x lysis 

buffer. The immunoprecipitates were washed three times in this manner, the 

pellets were then resuspended in 2x electrophoresis sample buffer to a final 

concentration of 1x, and analysed by western blotting as described above.

In vitro kinase assay
Following treatments, cells from 90mm tissue culture dishes were lyzed with 

immunoprécipitation lysis buffer and the receptor was immunoprecipitated with 

an agarose-conjugated polyclonal VEGFR-2 antibody following the 

immunoprécipitation protocol described above. The immunoprecipitates were 

washed twice with lysis buffer and twice with SOmM HEPES pH 7.4. Assay of 

VEGFR-2 kinase activity was performed in 20^1 of kinase assay buffer (SOmM 

HEPES pH7.4, 10mM MnCb, 1mM DTT, 0.1 mM ATP) containing 10^Ci of 

[y^^PjATP (3000-5000 Ci/mmol) for 15min at 30°C. The reaction was terminated 

by the addition of ice-cold immunoprécipitation lysis buffer and the pellets were 

washed 3 times as described previously. Following SDS-PAGE, the gel was 

fixed for lOmin in a mixture of methanol, acetic acid and H2O (40:10:50) and 

dried for 120min at 80°C. The dried gel was then exposed to Kodak X-OMAT 

AR scientific imaging film for 24-48h at -70°C.
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PKC translocation and PKC activity assay

Confluent cells in 90mm tissue culture dishes were incubated in serum-free 

medium in the presence or absence of 25ng/ml VEGF at 37°C for the indicated 

time periods. The cells were then collected in ice-cold homogenization buffer 

(20mM Tris-HCI, pH 7.5, 5mM EDTA, 1GmM EGTA, 0.3% v/v p- 

mercaptoethanol, 1mM AEBSF, 10mM benzamidine) and sonicated on ice (3 

times for 5sec at 20Hz). The homogenates were spun at 100,000xg for 60min at 

4°C. The supernatants were collected and used as ‘cytosolic fractions'. The 

pellets were resuspended in homogenization buffer plus 0.5% w/v Brij 58, 

incubated for 30min at 4°C under constant agitation and spun at 100,000xg for 

60min. The supernatants were saved and used as the ‘particulate fractions’. 

Both fractions were resuspended in 5x sample buffer to a final concentration of 

1x and underwent 8% SDS-PAGE and western blotting as described previously. 

For measuring PKC total activity, a portion (20pg of protein) of the fractions was 

assayed directly using an enzyme-linked immunosorbent assay (ELISA) kit 

(Calbiochem). This assay utilises a synthetic immobilised PKC pseudosubstrate 

(peptide) and a monoclonal antibody that recognises the phosphorylated form of 

the peptide. 100pl of reaction mixture (25mM Tris-HCI pH7, 3mM MgCb, 0.1 mM 

ATP, 2mM CaCl2 , 50pg/ml phosphatidylserine, 0.5mM EDTA, ImM EGTA, 

5mM p-mercaptoethanol) was added to each sample, and the samples were 

then transferred to the pseudosubstrate-coated microtitre wells for 20min at 

25°C. The biotinylated antibody was then added for 60min at 25°C followed by 

peroxidase-conjugated streptavidin. Hydrogen peroxide/Phenylenediamine 

substrate solution was added for 5min and the reaction was stopped with 20% 

H3PO4 . The optical density was measured at 492nm.

Angiogenesis assay
In the in vitro angiogenesis model used, human endothelial cells are co-cultured 

with other human cells in a 24 well-plate. Upon arrival, the endothelial cells form 

small islands within the culture matrix. They subsequently begin to proliferate 

and then enter a migratory phase during which they form threadlike tubule 

structures. These gradually converge to form a network of anastomosing 

tubules that stain positive for CD31 (PECAM-1). Control wells that receive no
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treatment also form networks of branching tubules (due to endogenous 

production of growth factors) over a period of 10-12 days. This allows both 

angiogenic inhibitors and stimulators to be assessed.

Following treatment of cells with inhibitors or with lOng/ml VEGF with or without 

inhibitors at days 1, 4, 7 and 9, the tubules were fixed over SOmin with ice-cold 

70% ethanol for staining with CD31 antibody at day 11. The cultures were 

blocked with 1% BSA/PBS and incubated with mouse antihuman CD31 (diluted 

1:4000 in blocking solution) at 37°C for 60min. Cells were washed three times 

with blocking solution and incubated with goat antimouse IgG alkaline 

phosphatase-conjugated antibody (diluted 1:500) for 60min at 37°C. Cells were 

washed 3 times with distilled H2O and a substrate for colour development was 

added for 5-10min. Cells were finally washed with distilled H2O, air-dried and 

photographed using an inverted microscope (Zeis Axionet CFL25) fitted with a 

x4 objective lens.

Ras Activation Assay
Confluent cells in 90mm tissue culture dishes were washed with serum-free 

medium and serum-starved for 3h at 37°C/5% CO2. Cells were then treated 

with growth factor for the indicated times and lysed on ice with 1ml 1x 

Magnesium Lysis Buffer (5x MLB: 125mM HEPES, pH7.5, 750mM NaCI, 5% v/v 

Igepal CA-630, SOmM MgCl2 , 5mM EDTA, 10% v/v glycerol) containing 10 

pg/ml aprotinin, 10 pg/mlleupeptin and ImM sodium orthovanadate. 10 pg/ml of 

GST-fusion protein corresponding to the human Ras binding domain of Raf-1 

(residues 1-149) conjugated to glutathionine agarose (specifically binds to and 

precipitates Ras-GTP) was added to Img of cell lysate. The samples were 

incubated at 4°C for 60min with constant agitation. The agarose beads were 

then collected by spinning for 4min at lOOOOxg at 4°C. The supernatant was 

aspirated and the beads were washed three times with 1x MLB. The agarose 

beads were finally resuspended in 2x sample buffer. SDS-PAGE and Western 

Blotting was subsequently performed as described previously. The 

nitrocellulose membranes were probed with monoclonal anti-Ras antibody 

(Ipg/ml).
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Transfection protocol for PKC isoform-selective Antisense 

Oligonucleotides
Cells were grown to 90-95% confluence in 60mm tissue culture dishes. 

Lipofectin (Gibco) was prepared in 0.2ml Opti-MEM (Gibco) to a concentration 

of 5pg of lipofectin for 1pM oligonucleotide and equilibrated for 45min at RT. 

PKC isoform-specific or control antisense phosphorothioate oligonucleotides 

(PKCa antisense; GTTCTCGCTGGTTGAGTTTCA, PKCô antisense: 

GGACCCCGAAAGACCACCAG, control: 20-base long mixture of A, T, G and 

C) were prepared at concentrations of 10 and 2 0 |liM  in 0.2ml Opti-MEM and 

equilibrated for Imin at RT. The lipofectin and oligonucleotide solutions were 

then mixed and equilibrated at RT for 15min before being diluted to a final 

volume of 2ml Opti-MEM to give oligonucleotide concentrations of 1 and 2pM. 

The cells were washed once with Opti-MEM and incubated with the 

oligonucleotide/Lipofectin mixture for 6h before being returned to EBM medium 

with 10% foetal calf serum plus supplements. The cells were harvested 3 days 

later as this period is required for existing PKC to be degraded (Woodgett and 

Hunter, 1987). The principles of the antisense oligonucleotide technique are 

explained briefly in figure 2 1.

Statistical Analysis

Statistical analysis of the difference between means obtained from multiple 

experiments was performed using two-tailed, unpaired t-tests. P<0.05 was 

considered to be significant.
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Figure 2.1: Mechanism of action of antisense oligonucleotides 

Inhibition of gene expression by antisense oligonucleotides relies on their ability 

to bind to and prevent the translation of a complementary mRNA sequence. The 

specificity of the Watson-Crick base pairing means that a particular mRNA 

species is selectively targeted. Once the mRNA-DNA hybrid has been formed, 

the antisense effect is thought to be mediated by a ubiquitous endonuclease, 

RNAse H, which recognizes and cleaves the RNA in the duplex (as opposed to 

the "jam" model i.e. steric blockade of translation). Natural oligonucleotides 

containing a phosphodiester backbone are unstable in serum and in cells (due 

to nucleases), with a typical half-life of 20min. Phosphorothioate oligos have a 

single non-bridging oxygen in the DNA backbone replaced by a sulphur atom. 

This modification renders them more resistant to nucleases while still permitting 

RNAse H activity but have a reduced affinity for the target mRNA. A 

phoshodiester oligonucleotide needs to be -12 bases long to form a stable 

hybrid under physiological conditions. So when phosphorothioates are used, 

are usually made 20 bases long to compensate for their decreased affinity to 

mRNA. The precise nature of RNA folding in vivo cannot be predicted from its 

primary sequence. Although there maybe certain sequences that might be 

buried deep in tertiary structures and thus very inaccessible, probably any 20 

bases long oligonucleotide will have to displace some portion of internal mRNA 

structure in order to form a duplex. Hence there is a lot of trial and error in 

selecting a particular sequence that will bind the targeted mRNA with high 

efficiency and specificity (Koller et al., 2000; Wagner, 1994).
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Appendix: Solutions

Solutions for SDS-PAGE

Resolving Gel Recipes 8% 10% 12%

30% Acrylamide/Bis 8ml 10ml 12ml

1M Tris, pH 8.8 11.2ml 11.2ml 11.2ml

20% SDS 0.15ml 0.15ml 0.15ml

Distilled H2O 10.7ml 8.7ml 6.7ml

10% ammonium persulfate 0.1ml 0.1ml 0.1ml

TEMED 0.015ml 0.015ml 0.015ml

Stacking Gel Recipe 3%

30% Acrylamide/Bis 2ml

1M Tris, pH 6.8 2.5ml

20% SDS 0.1ml

Distilled H2O 15,4ml

10% ammonium persulfate 0.1ml

TEMED 0.015ml

1x Running buffer: 25 mM Tris Base 
190 mM glycine 
0.1% w/v SDS

1X Transfer buffer: 25 mM Tris Base 
190 mM glycine 
20% v/v methanol

1x TBS-T buffer: 20 mM Tris-HCI, pH7.5
150 mM NaCI
0.1 % v/v Tween 20

5x Sample buffer: 312.5 mM Tris-HCI, pH6.8 
10% w/v SDS 
50% v/v glycerol 
250mM DTT
0.5% w/v bromophenol blue
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Western Blotting Lysis Buffer:

Immunoprécipitation Lysis Buffer:

63.5 mM Tris-HCI, pH6.8
2% w/v SDS
10% v/v glycerol
200 pM sodium orthovanadate
5 |xg/ml leupeptin
100 pM AEBSF

10 mM Tris-HCI, pH7.4 
1% v/v Triton X-100 
150 mM NaCI 
1 mM EGTA 
1 mM EDTA
0.2 mM sodium orthovanadate 
0.2 mM AEBSF 
0.5% v/v NP-40

5x MLB:

Homogenization Buffer:

PKC reaction mixture:

In Vitro Kinase Assay Buffer:

125 mM HEPES, pH7.5 
750 mM NaCI 
5% v/v Igepal CA-630 
50 mM MgCb 
5 mM EDTA 
10% v/v glycerol 
10 pg/ml aprotinin 
10 pg/ml leupeptin 
1 mM sodium orthovanadate

20 mM Tris-HCI, pH7.5 
5 mM EDTA 
10 mM EGTA
0.3% v/v p-mercaptoethanol
1 mM AEBSF
10 mM benzamidine 
(0.5% w/v Brij 58)

25 mM Tris-HCI, pH7 
3 mM MgClz 
0.1 mM ATP
2 mM CaCb
50 pg/ml phoshatidylserine 
0.5 mM EDTA 
1 mM EGTA
5 mM p-mercaptoethanol

50 mM HEPES, pH7.4 
10 mM MnCb 
1 mM DTT 
0.1 mM ATP



110

Ca^* mobilization buffer: 10mM HEPES, pH7.4
145mM NaCI 
5mM KCI 
1mM MgS04 
1mM CaCb 
10mM glucose 
0.1% w/v BSA

Materials

Polyclonal antibodies to the phosphorylated forms of ERK1/2 (T202/Y204), 

MEK (S217/221), Akt (S473 and T308) and PKCô (T505) were purchased from 

New England Biolabs and used at 1:500 dilution. Polyclonal antibody to Akt was 

purchased from New England Biolabs and used at 1:500 dilution. The 

polyclonal PKCa, PKC6, PKCC, PKCe, CPLA2 , Raf-1 and Flk-1 antibodies were 

purchased from Santa Cruz and used at a concentration of Opg/ml. Raf-1 and 

Flk-1 agarose-conjugated polyclonal antibodies were also from Santa Cruz and 

used at 3pg/ml. PDK1 antibody (raised in sheep) was purchased from Upstate 

Biotechnology and used at 5pg/ml. The monoclonal anti-phosphotyrosine 

antibody 4G10, was supplied by Upstate Biotechnology and used at 1pg/ml. 

Horseradish peroxidase-linked anti-rabbit, anti-mouse and anti-sheep IgG from 

donkeys were obtained from Amersham and used at 1:3000 dilution. ECL plus 

reagent was also from Amersham. Agarose A or G beads were purchased from 

Santa Cruz. All pharmacological inhibitors and the PKC activity assay kit were 

purchased from Calbiochem. Fluo-3 was from Molecular Probes. Thrombin was 

obtained from Sigma, recombinant human VEGFies and bFGF from R&D 

Systems. The Angiogenesis Kit was purchased from TCS Biologicals. The Ras 

Activation assay kit was obtained from Upstate Biotechnology. Protein 

concentrations were determined with the Biorad DC protein assay method, [y- 

^^P]ATP, cGMP and 6-keto-PGFia enzyme immunoassay kits were purchased 

from Amersham. Antisense phosphorothioate oligonucleotides to PKCa and 

PKCô were a gift from ISIS Pharmaceuticals. Translocation peptide inhibitors to 

PKCô and PKCe were a gift from Dr Mochly-Rosen (Stanford University, CA).
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Chapter 3
Results: Signalling pathways mediating VEGF-induced PGI2 production

Work in this laboratory had previously shown that VEGF-induced PGI2 

production in HUVECs was mediated by activation of the ERK pathway and 

subsequent phosphorylation and activation of CPLA2 (Wheeler-Jones et al.,

1997). The first step in this study was to determine which other signalling 

pathways are involved in mediating VEGF-induced PGI2 synthesis in the 

expectation that this could identify transduction mechanisms operating proximal 

to ERK. The approach taken was to use specific pharmacological inhibitors of 

signalling molecules previously reported to be activated in response to VEGF.

Effects of PKC inhibitors on VEGF-induced PGI2 production
The possible involvement of PKC in the generation of PGI2 in response to 

VEGF in HUVECs was examined using selective PKC inhibitors. The bis- 

indolylmaleimide inhibitor, GF109203X (Toullec et al., 1991), and the 

structurally unrelated and mechanistically distinct, Calphostin C (Kobayashi et 

al., 1989) (Figure 5.9), both blocked PGI2 release in response to VEGF (Figure 

3.1). GF109203X and Calphostin C reduced PGI2 release, which had been 

induced by a lOmin treatment with VEGF, to 12+4% (mean+S.E.M., n=13) and 

17+7% (n=4) of the stimulated level, respectively. The respective values for 

inhibition of VEGF-stimulated production after 30min were 25+4% (n=13) and 

27+6% (n=4), compared with a basal level of PGI2 release that was 16% of the 

VEGF-stimulated level (Figure 3.1 A). The inhibitory effect of these compounds 

was concentration-dependent and half-maximal inhibition of VEGF-induced 

PGI2 generation occurred at 0.1 pM GF109203X and 0.1-0.3pM Calphostin C 

(Figure 3.IB). Neither of the inhibitors affected basal PGI2 production. The 

mean values for basal and VEGF-stimulated PGI2 release after 10 and 30min 

were 9.4+2pg/50|Lil, 71+15pg/50jnl and 68+12pg/50|nl respectively.
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Figure 3.1: Inhibition of VEGF-induced PGI2 production by PKC inhibitors

(A) Confluent HUVECs were washed twice with serum-free medium and 

incubated for SOmin in the absence or presence of SpM GF109203X (+GF) or 

SpM Calphostin C (+ Cal C) prior to addition of 25ng/ml VEGF (V) for the 

indicated times (in min). Values for PGI2 released into the medium are 

expressed as a mean percentage + S.E.M. of the maximum VEGF-stimulated 

production of 6-keto-PGFia. ***P<0.0001 for VEGF + inhibitor versus VEGF. (B) 

Cells were pretreated for SOmin with the indicated concentrations (pM) of either 

GF10920SX or Calphostin C prior to addition of 25ng/ml VEGF for SOmin in the 

presence of either inhibitor at the indicated concentrations (in pM). Results 

shown are means± S.E.M. of two independent experiments.

The striking, inhibitory effect of PKC inhibitors was selective for the PGI2 

response to VEGF. Thus, PGI2 synthesis in response to thrombin was not 

significantly affected by pretreatment with GF10920SX (Figure S.2). Basic 

Fibroblast Growth Factor (bFGF) induced a weak PGI2 response, which was 

also unaffected by GF10920SX (Figure S.2).
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Figure 3.2: Thrombin-induced PGI2 production is not inhibited by 

GF109203X. Confluent HUVECs were serum-starved for SOmin in the presence 

or absence of SpM GF109203X (GF) and then incubated for the indicated times 

(in min) with either 1 unit/ml thrombin or 25ng/ml bFGF in the absence or 

presence of SjuM GF109203X. Values for PGI2 released into the medium are 

expressed as a mean percentage + S.E.M. of the maximum stimulated 

production of 6-keto-PGFia and represent results from 3 independent 

experiments.

Effects of inhibitors of PI3K and Src on VEGF-induced PGI2 production

The PI3-Kinase inhibitor, wortmannin, did not significantly reduce PGI2 

production in response to VEGF (Figure 3.3A). The Src inhibitor, PP2, 

abrogated VEGF-stimulated PGI2 release (Figure 3.3B), in a concentration- 

dependent manner with half-maximal inhibition at 0.3-1 pM (Figure 3.3C).
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Figure 3.3: Effects of inhibitors of PI3K and Src on VEGF-induced PGI2 

production. (A) HUVECs were serum-starved for SOmin in the absence or 

presence of lOOnM wortmannin and treated for the indicated times (in min) with 

25ng/ml VEGF or VEGF plus lOOnM wortmannin (+WT). Values for PGI2 

production are expressed as in the legend to Figure 3.1 and represent results 

from three independent experiments. (B) HUVECs were serum-starved for 

SOmin with or without SpM PP2 or (C) with the indicated concentrations (in pM) 

and treated for the indicated times (in min) with 25ng/ml VEGF in the absence 

or presence of S|aM PP2 (B) or with the indicated concentrations of PP2 (in juM) 

(C). PGI2 production is expressed as mean + S.E.M. pg of 6-keto- 

PGFia released in 50pl of medium and represent results from three 

independent experiments.

Inhibition of VEGF-induced Ca^* mobilization blocks PGI2 production

VEGF induced a striking rapid increase in intracellular Ca^  ̂ as indicated after 

loading of HUVECs with Fluo-S (Figure S.4A). The cell-permeant Ca^'^-chelating 

agent BAPTA/AM markedly reduced VEGF-induced mobilization of intracellular 

Ca^  ̂ at Spg/ml without lowering the resting intracellular [Ca^ ]̂. At the same 

concentration, BAPTA/AM blocked VEGF-induced generation of PGI2 (Figure 

S.4B).
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Figure 3.4: Inhibition of VEGF-induced Ca^* mobilization blocks PGI2 

production. (A) HUVECs were loaded with Fluo-3 and intracellular Ca^  ̂ was 

monitored continuously as described in the Methods section. BAPTA/AM was 

added to the cells at the indicated concentrations (in juM) for 10min and then 

25ng/ml VEGF was added at the time indicated by the arrow. (B) HUVECs were 

serum-starved for SOmin in the absence (C) or presence of 5pg/ml BAPTA/AM 

and treated for SOmin with 25ng/ml VEGF (V) or VEGF plus Spg/ml BAPTA/AM 

(V+BA). Values for PGI2 production are expressed as in the legend to Figure 

S.1 and represent results from three independent experiments. ***P<0.0001 for 

VEGF + inhibitor versus VEGF.

Effects of inhibitors of the NO pathway on VEGF-induced PGI2 production

Given that VEGF stimulates NO production and that recent reports have 

implicated NO as a mediator of VEGF-induced ERK activation (Parenti et al.,

1998), the role of NO in VEGF-induced PGI2 generation was examined. 

Inhibition of the NO pathway with the eNOS inhibitors, L-NAME (N^-nitro-L- 

arginine methyl ester) and L-NMMA (N®-monomethyl-L-arginine) or with ODQ, a 

guanylate cyclase inhibitor, did not have any significant effect on VEGF-induced 

PGI2 production (Figure S.5A). It was verified that the eNOS inhibitors and the 

guanylate cyclase inhibitor blocked the increase in intracellular cGMP following 

VEGF treatment (Figure S.5B). Addition of the cell-permeable Ca^‘"-chelating 

agent, BAPTA/AM, or GF10920SX also decreased the VEGF-induced 

accumulation of cGMP (Figure S.5B).
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Figure 3.5: Effects of inhibitors of the NO pathway on VEGF-induced PGI2 

production. (A) HUVECs were serum-starved for SOmin in the absence (0) or 

presence of 0.2 or 2mM L-NAME, 200pM L-NMMA or 10pM ODQ. The cells 

were then treated for SOmin with 25ng/ml VEGF in the absence (V) or presence 

of 0.2 or 2mM L-NAME (+LN), 200pM L-NMMA (+LNM) or 10pM ODQ. Values 

for PGI2 released into the medium are expressed as a mean percentage + 

S.E.M. of the maximum stimulated production of 6-keto-PGFia and represent 

results from S independent experiments. (B) Cells were pretreated for SOmin in 

serum-free medium with L-NAME, 2 0 0 jliM  L-NMMA (+L-NM), 5pg/ml 

BAPTA/AM (+BA), GF10920SX and ODQ (indicated concentrations in pM), and 

then treated for SOmin with 25ng/ml VEGF with or without the inhibitors. cGMP 

was extracted and measured as described in the Methods section. Results from 

three independent experiments are represented as means + S.E.M. fold 

increase above basal production (left panel) or fmoles/ mg of protein (right 

panel).
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Discussion

It was previously reported that VEGF-induced cPLAz activation and PGI2 

production in HUVECs occurs via the ERK pathway (Wheeler-Jones et al., 

1997). However, the signal-transduction mechanisms through which VEGF 

induces ERK activation and stimulates downstream biological functions in 

endothelial cells remain largely undefined. The aim of this chapter was to 

determine the contribution of various signalling molecules in the pathways that 

lead to PGI2 production in response to VEGF.

The findings presented here indicate that VEGF activation of PGI2 biosynthesis 

occurs via a PKC-dependent pathway. GF109203X and Calphostin C, two 

structurally unrelated and mechanistically distinct PKC inhibitors (Figure 5.9), 

blocked VEGF-induced PGI2 production. GF109203X did not inhibit PGI2 

production in response to thrombin, indicating that components of the PGI2 

biosynthetic pathway downstream of CPLA2 were not affected.

Previous findings have implicated PKC in signalling pathways leading to PGI2 

production in response to other agonists in bovine aortic ECs (Patel et al., 

1996). It has been unclear how PKC mediates this response, but some findings 

have suggested that PKC acts in concert with a rise in intracellular Ca^  ̂ to 

increase the sensitivity of agonist-stimulated PGI2 release (Carter et al., 1989). 

Câ "" plays a major role in the rapid release of PGI2 and CPLA2 activation (Clark 

et al., 1991; Jaffe et al., 1987). The results presented in this chapter showed 

that inhibition of VEGF-stimulated Ca "̂‘ mobilization also blocked PGI2 

production.

The conclusion that PKC is important for biologically relevant VEGF signalling is 

supported further by the finding that GF109203X inhibits VEGF-induced 

intracellular cGMP accumulation. In agreement, it was subsequently reported 

that GF109203X inhibited VEGF-induced cGMP production in bovine aortic ECs 

(He et al., 1999) and other agonists have also been reported to increase cGMP 

in ECs via activation of PKC (Castro et al., 1998).

The relationship between NO and PGI2 production in response to VEGF in 

HUVECs was also addressed. It was shown that inhibition of NO production had 

no effect on VEGF-induced PGI2 production. Consistent with this observation, a 

recent report also found that NO production and PGI2 release occurred via 

independent pathways in bovine aortic ECs (He et al., 1999).
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The involvement of other pathways in VEGF-induced PGI2 release was also 

investigated. The PI3-kinase inhibitor wortmannin, partially inhibited VEGF- 

induced PGI2 release at 10min without affecting PGI2 production at SOmin. The 

Src inhibitor PP2 abrogated VEGF-induced PGI2 production. In agreement, src 

inhibition also blocked VEGF-induced PGI2 release in bovine aortic ECs (He et 

al., 1999).
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Chapter 4
Results: Role of PKC and other signalling pathways in mediating VEGF- 
induced ERK activation

The marked inhibition of VEGF-induced PGI2 production by PKC inhibitors 

raised the possibility that these compounds might be acting at a point in the 

signalling pathway leading to PGI2 biosynthesis proximal to ERK. In this 

chapter, it was therefore examined whether PKC played any role in activation of 

the ERK cascade by VEGF. The roles of other signalling pathways examined in 

chapter 3, were also investigated.

VEGF activates ERK1/2 via a PKC-dependent pathway
VEGF induced a transient phosphorylation of ERKs 1 and 2, which was 

maximal at 10min, declined after SOmin and was inhibited by the selective 

VEGFR-2 inhibitor SU-5614 (Figure 4.1 A). GF109203X and Calphostin C both 

markedly inhibited VEGF-induced ERK1/2 activation (Figure 4.1 B). VEGF 

transiently induced the activation of the ERK1/2 kinase, MEK, which was 

strikingly inhibited by GF109203X and Calphostin C (Figure 4.1C). These 

compounds also inhibited the VEGF-induced shift in mobility of the 85kDa 

CPLA2 from a more rapidly migrating form (inactive) to a more slowly migrating, 

phosphorylated (active) form (Figure 4.ID).
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Figure 4.1: PKC Inhibitors inhibit VEGF-induced activation of ERK1/2, 

MEK and CPLA2 (A) HUVECs were serum-starved for SOmin in the absence or 

presence of SpM SU5614 (+SU) and incubated for the indicated times (in min) 

with 25ng/ml VEGF in the absence or presence (+SU) of 5jaM SU5614. Cell 

extracts were analysed by 12% SDS-PAGE and immunoblotted with antibody to 

activated ERK1/2. The results shown are representative of two independent 

experiments. (B) HUVECs were serum-starved for SOmin in the absence or 

presence of SjuM GF10920SX or IpM Calphostin C and incubated for the
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indicated times (in min) with 25ng/ml VEGF in the absence or presence of SpM 

GF109203X (+GF) or l^iM Calphostin 0 (+Cal). Cells extracts were analysed by 

12% SDS-PAGE and immunoblotted with antibody to activated ERK1/2. 

Quantification of ERK1/2 activity was performed by scanning densitometry 

(lower panel) and is presented as means+S.E.M. from ten (GF109023X) and 

seven (Calphostin C) independent experiments. (0) Cells were treated as 

described in (B) and following SDS-PAGE, cell extracts were immunoblotted 

with antibody to activated MEK. The results shown are representative of four 

independent experiments. (D) Effects of PKC inhibitors on cPLAa 

phosphorylation. HUVECs were serum-starved for 30min (C) with or without 

3 jliM  GF109203X or IpM Calphostin C prior to treatment for lOmin with 25ng/ml 

VEGF (V) in the absence or presence of 3pM GF109230X (+GF) or IpM 

Calphostin C. Cell extracts were analysed by 8% SDS-PAGE and 

immunoblotted with a specific antibody for the BSkDa CPLA2 . Arrows indicate 

the positions of phosphorylated and unphosphoryiated forms of CPLA2 . The 

results are representative of four independent experiments.

Specificity of PKC inhibitors in blocking VEGF-induced ERK activity

The selectivity of the effects of the PKC inhibitors on VEGF-induced ERK 

activation was addressed. It was also determined whether the observed effects 

of these inhibitors were due to non-specific inhibition of VEGFR-2. GF109203X 

did not inhibit receptor activation, as judged by assay of either kinase activity in 

vitro (Figure 4.2A) or VEGFR-2 tyrosine phosphorylation (Figure 4.2B) 

determined in VEGFR-2 immunoprecipitates. Calphostin C and rottlerin, a 

PKCô-selective inhibitor (the purpose of this inhibitor's use will be discussed in 

chapter 5), also had no inhibitory effect on VEGFR-2 tyrosine phosphorylation 

(Figure 4.2B). It was noted consistently that GF109203X caused an 

enhancement of VEGFR-2 activity. The reason for this effect is unclear but it 

may be due to a direct or indirect inhibition by this compound of a protein 

involved in negative regulation of VEGR-2 activation. Furthermore, GF10203X 

had no significant effect on bFGF-induced ERK activation (Figure 4.2C).
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Figure 4.2: Inhibition of VEGF-induced ERK1/2 activation is selective and 

not due to VEGFR-2 inhibition (A) HUVECs were pretreated for SOmin with 

serum-free medium in the absence (VEGF) or presence of SpM GF109203X 

(V+GF), and treated for the indicated times (in min) with 25ng/mi VEGF. 

VEGFR-2 immunoprecipitates were prepared and used for determination of 

kinase activity. (B) HUVECs were serum-starved for SOmin in the absence (-) or 

presence (+) of SpM GF1092S0X, IpM Calphostin C or IpM rottlerin and 

treated for a further 10min with 25ng/ml VEGF in the absence (+VEGF) or 

presence of SpM GF10920SX (V+GF), IpM Calphostin C (V+Cal) or 1pM 

rottlerin (V+Rot). VEGFR-2 immunoprecipitates (IP) were then prepared and 

used for immunoblotting (WB) with 4G10 anti-phosphotyrosine antibody. Bands 

corresponding to VEGFR-2 (205 kDa) are shown in both autoradiograms. (C) 

HUVECs were serum-starved for SOmin in the absence or presence (+GF) of 

SjuM GF10920SX and treated for the indicated times (in min) with VEGF 

(25ng/ml) or bFGF (25ng/ml) with or without SpM GF10920SX. Results for 

bFGF are representative of four independent experiments and quantification of 

ERK activity is presented as means+S.E.M.
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ERK is activated by phorbol esters

The striking inhibition of VEGF-induced ERK activation by PKC inhibitors 

predicted that direct activation of PKC might be sufficient to induce ERK 

activation. This possibility was tested by examining the effect of the biologically 

active phorbol ester, PMA. As shown in figure 4.3, PMA induced a comparable 

activation of ERK1/2 to that induced by VEGF at 10min.

1 0  3 0  1 0  3 0
V E G F  P M A

Figure 4.3: ERK is activated by PMA

HUVECs were serum-starved for SOmin and incubated for the indicated times 

(in min) with either 25ng/ml VEGF or 1Q0nM PMA. ERK1/2 phosphorylation was 

determined by western blotting. The results shown are representative of three 

independent experiments.

VEGF-induced ERK activation is independent of PI3K, Src, intracellular 

Câ  ̂and NO pathways
The PI3-kinase inhibitor wortmannin had no inhibitory effect on VEGF-induced 

ERK activation (Figure 4.4A). The Src inhibitor PP2 did not affect VEGF- 

induced ERK activation (Figure 4.4A) at a concentration that caused a marked 

inhibition of the PGI2 response to VEGF (Figure 3.3B). Modulators of the NO 

pathway, such as the eNOS inhibitors L-NAME and L-NMMA or eNOS activator 

sodium nitroprusside (SNP), the guanylate cyclase inhibitor ODQ and the 

protein kinase G activator 8-Cpt-cGMP had no effect on either basal or VEGF- 

induced ERK activation (Figure 4.4B). In addition, the Ca^'"-chelator 

BAPTA/AM, which inhibits VEGF-induced PGI2 release (Figure 3.4B), did not 

block VEGF-induced ERK1/2 phosphorylation (Figure 4.4C).



124

10 30

V E G F

0 10 30

V E G F + W T

10 30

V E G F

0 10 30

V E G F + P P 2

B

10 60 0 10 60 0 10 60 
V E G F  V+L-N M 0.1 mM V + L-NM 0 . 2mM

0 10 60 
V E G F

10 60 
V E G F

10 60  
V + O D Q

0 10 60 
V + O D Q  + L - N AME

10 60 
S N P

0 10 60 
8- Cpt - cGMP

0 1 0  3 0  0 1 0  3 0
V E G F  V  + B A P T  A / A  M

Figure 4.4: VEGF-induced ERK1/2 activation is independent of PI3K, Src, 
intracellular Ca *̂ and NO production

(A) (B) (C) HUVECs were serum-starved for 30 min in the absence or presence 

of 1G0nM wortmannin (+WT), 3pM PP2, 100 or 200pM L-NAME (+L-NM), lOpM 

ODQ or IO jliM  ODQ + 200pM L-NAME or lOpg/ml BAPTA/AM and then 

incubated for the indicated times (in min) with 25ng/ml VEGF with or without 

inhibitors. Some cells were treated with lOOjuM sodium nitroprusside (SNP) or 

lOpM 8-Cpt-cGMP for the times shown (in min). ERK1/2 activation was then 

determined. Each autoradiogram shown is representative of three independent 

experiments.
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Discussion

The findings in this chapter indicate that VEGF activation of the ERK cascade 

occurs via a PKC-dependent pathway. This conclusion is based on the following 

results. VEGF induced a 5-fold activation of ERK at 10min. GF109203X and 

Calphostin C produced a 2.8- and 2.4-fold decrease respectively of VEGF- 

induced ERK activation at 10min. These compounds also strikingly inhibited 

VEGF-induced activation of the ERK kinase, MEK. GF109203X decreased 

CPLA2 phosphorylation in response to VEGF. The effects of GF109203X were 

not the result of a non-specific decrease in VEGFR-2 activation since at 

concentrations that prevented VEGF-induced ERK activation and PGI2 

production, the inhibitor had no effect either on VEGFR-2 autophosphorylation 

or on its kinase activity assayed in immunoprecipitates. In addition, since ERK 

stimulation by bFGF in HUVECs was not decreased by GF109203X, the 

findings suggest that PKC involvement in ERK activation may be selective for 

signalling downstream of VEGF receptors. The receptor is most likely to be 

VEGFR-2, given that a VEGFR-2-selective inhibitor blocked ERK activation and 

that neither VEGFR-1 nor VEG F R-1-specific ligands mediate ERK activation 

(Neufeld et al., 1999; Wheeler-Jones et al., 1997).

The PI3-kinase inhibitor wortmannin partially inhibited VEGF-induced PGI2 

release at lOmin without affecting ERK activation suggesting the existence of 

an ERK-independent component in PGI2 biosynthesis. In agreement, 

wortmannin also did not inhibit VEGF-induced ERK activation in primary 

sinusoidal ECs (Takahashi et al., 1999b) but in a different report, wortmannin 

and a dominant-negative mutant of the p85 subunit of PI3-kinase partially 

inhibited VEGF-induced ERK activation in HUVECs (Thakker et al., 1999). 

Differences between these and the findings reported here are not clear.

The findings on the role of Src in VEGF signalling also argue for the contribution 

of an ERK-independent pathway in VEGF-induced PGI2 production. The src 

inhibitor PP2 abrogated PGI2 release but had no effect on ERK activation in 

response to VEGF. In contrast to a previous report suggesting that the NO 

pathway mediates VEGF-induced ERK activation in coronary venular ECs 

(Parenti et al., 1998), results presented in this chapter indicate that neither 

stimulation nor inhibition of NO production had any effect on ERK activity.
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Chapter 5
Results: Role of specific PKC isoforms in VEGF-induced ERK activation 

and PGI2 synthesis

The results presented in chapters 3 and 4 pointed to a major role for PKC in 

mediating PGI2 synthesis and ERK activation in response to VEGF. The 

experiments in this chapter were directed towards identifying the specific PKC 

isoforms activated by VEGF and to investigate the mechanism by which these 

isoforms mediate VEGF-induced ERK activation.

VEGF induces PKC activation
PKC activity was evaluated in extracts of HUVECs by an enzyme immunoassay 

as described in the methods section. VEGF induced a time-dependent increase 

in PKC activity in the particulate fraction, which was detectable at 5min, peaked 

at 10min and declined after 30min (Figure 5.1 A).

It was next determined whether VEGF induces the translocation of specific PKC 

isoforms to the particulate fraction. It has been reported that HUVECs express 

detectable levels of PKCs a, 5, e and C (Haller et al., 1996). Immunoblot analysis 

showed that VEGF induced a significant increase in the immunoreactivity of 

PKCa and PKCÔ isoforms, which was evident at Smin, peaked at lOmin and 

declined after 30min (Figure 5.IB). The small decrease in cytosolic PKCô 

observed may reflect the translocation to the particulate fraction of only a small 

pool of total PKC6. VEGF also promoted translocation of PKCe to the particulate 

fraction with a different time-course showing a slower increase that was 

sustained at 30min. VEGF caused a modest increase in PKCÇ immunoreactivity 

in the particulate fraction, but this effect was not statistically significant.
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Figure 5.1: VEGF activates PKC and induces translocation of PKCô, a and 

8 to the particulate fraction (A) HUVECs were serum-starved for 30min, then 

treated with 25ng/ml VEGF for the indicated times (in min) and total PKC 

activity was measured in cell extracts as described in the Methods section. 

Results from four independent experiments are expressed as means+S.E.M. 

(B) Particulate and cytosolic fractions were prepared from cells treated for the 

indicated times (in min) with 25ng/ml VEGF as described in the Methods section 

and equal amounts of protein were immunoblotted with antibody to different 

PKC isoforms as indicated. The autoradiograms shown are representative of 

nine (PKCô), eight (PKCa), five (PKCQ and three (PKCs) independent 

experiments. Quantification of immunoreactivity was performed by scanning



128

densitometry and is presented as fold increase (mean+S.E.M.) relative to the 

control level. For PKCa, the 30min time point was taken as the control level in 

the cytosol.

Role of PKC5 in VEGF-induced ERK1/2 activation and PGI2 synthesis

The results from the PKC translocation experiments indicated that VEGF 

induces the activation of PKCô and PKCa with the same temporal kinetics as 

ERK activation. To investigate the role of these two PKC isoforms in VEGF 

signalling, the effects of the PKCÔ-selective inhibitor, rottlerin (IC50 3-6pM) and 

a PKC inhibitor with specificity for conventional, Ca^^-dependent PKCs (i.e. 

PKCa in HUVECs), Go6976, on ERK activation and PGI2 production were 

examined. As shown in figure 5.2B and C, rottlerin markedly inhibited VEGF- 

induced ERK activation and PGI2 production at 1pM, a concentration similar to 

the previously reported IC50 of this compound for PKCô inhibition and which had 

no inhibitory effect on VEGFR-2 tyrosine phosphorylation (Figure 4.2B). 

Inhibition of PGI2 synthesis was dose-dependent with a half-maximal effect 

between 0.1-0.3|iM rottlerin (Figure 5.2C). In contrast to the results obtained 

with rottlerin, Go6976 had no inhibitory effect on VEGF-induced MEK and 

ERK1/2 activation (Figure 5.2A and B respectively). Go6976 did partially inhibit 

PGI2 production at 10 min and caused a more marked inhibition at 30min 

(Figure 5.2C).
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Figure 5.2: PKCô mediates VEGF-induced ERK1/2 activation and PGI2 

production. HUVECs were pretreated for 30 min with serum-free medium in 

the absence (VEGF) or presence of either IpM rottlerin (+Rot), IjuM Go6976 

(+Go) or 3pM GF109203X (+GF) and then incubated with 25ng/ml VEGF with 

or without inhibitors for the indicated times (in min). Cell extracts were analysed 

for MEK activation (A) or ERK activation (B). Results for ERK activation from 

four independent experiments were quantified as before and are presented as 

fold increases (means+S.E.M., B lower panel). (0) PGI2 production was 

determined after VEGF treatments for the indicated times (in min, first 3 sets of 

data) or the indicated concentration (in pM, last set of data) in the same cells 

used for determination of ERK activation and are presented as means+S.E.M. 

P values for VEGF+ inhibitors versus VEGF.
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In order to establish whether VEGF regulated PKCÔ association with Raf1, the 

MEK kinase, immunoprecipitates of Raf1 were prepared from VEGF-treated 

HUVECs and subsequently immunoblotted with PKCS antibody. The results 

show that PKCS was detectable at a low level in Raf1 immunoprecipitates 

prepared from untreated cells, increased in immunoprecipitates from cells 

treated with VEGF for 5 and 10 min and declined after 30min (Figure 5.3). 

Similarly, when PKCS immunoprecipitates were prepared and blotted with Raf1 

antibody, the results indicated that Rafi increased markedly in PKCS 

immunoprecipitates after 10min of VEGF treatment. VEGF did not increase 

association of Rafi with PKCa, 8 or It was verified that Rafi was present at 

similar levels in all immunoprecipitates during the course of VEGF treatment 

(Figure 5.3).
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Figure 5.3: VEGF stimulates association between PKCS and Raf1

HUVECs were serum-starved for 60min and treated with 25ng/ml VEGF for the 

indicated times (in min). Rafi immunoprecipitates (IP) were prepared and after 

8% SDS-PAGE were immunoblotted (WB) with antibodies to PKCs S, a, s or 

Rafi as indicated. PKCS immunoprecipitates were also prepared and blotted 

with Rafi antibody. The arrows indicate the specific immunoreactive bands. 

Results are representative of three independent experiments. The positions of 

molecular-mass markers are indicated on the left.
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The critical role of PKCô in mediating VEGF-induced ERK1/2 activation 

indicated by the findings described so far, was further validated by results 

obtained through the use of isoform-specific peptide fragment inhibitors of PKC 

translocation that have been developed by Mochly-Rosen and co-workers (Dorn 

et al., 1999; Gray et al., 1997; Ron et al., 1995; Ron and Mochly-Rosen, 1994). 

HUVECs were treated with peptide translocation antagonists of PKCô, derived 

from its variable 1 (VI) domain and of PKCs, derived from its V I-2 domain, 

conjugated to a carrier peptide for efficient delivery into cells (Derossi et al., 

1994). The PKCô translocation inhibitor markedly inhibited VEGF-induced 

ERK1/2 activation (Figure 5.4). In stark contrast, the PKCe translocation 

inhibitor peptide or a scrambled sequence had no effect on VEGF-induced ERK 

activation (Figure 5.4).

0 10 30 0 10 30 0 10 0 10 30 0 10 30
VEGF VEGF+8V1 VEGF+scr VEGF VEGF + eV1-2

Figure 5.4: A peptide inhibitor of PKCô blocks VEGF-induced ERK 

activation HUVECs were serum-starved for 30min in the absence (VEGF) or 

presence of PKCô peptide inhibitor (+ ôVI), PKCs peptide inhibitor (+ sV1-2) or 

a scrambled sequence peptide (+ scr), and treated for the indicated times (in 

min) with 25ng/ml VEGF in the absence or presence of inhibitor as indicated. 

Results shown are representative of two independent experiments.

The effects of isoform-specific antisense oligonucleotides on VEGF-induced 

ERK1/2 activation were next determined. A PKCô antisense oligonucleotide 

sequence, which produced a 36% and a 50% reduction of total PKCÔ protein 

levels at IpM and 2|nM respectively over a period of 72h (Figure 5.5A), had a 

marked inhibitory effect on VEGF-induced ERK activation (Figure 5.5B). At 

IpM, this oligonucleotide caused a 50% reduction in VEGF-induced ERK 

activation. A small, non-specific reduction of PKCa levels was noted with the 

use of this oligonucleotide (Figure 5.5A). In contrast, an antisense sequence
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activation. A small, non-specific reduction of PKCa levels was noted with the 

use of this oligonucleotide (Figure 5.5A). In contrast, an antisense sequence 

against PKCa, which produced a 48% reduction of PKCa protein levels without 

affecting PKCô protein levels, did not significantly inhibit (10% reduction of) 

VEGF-induced ERK activation (Figure 5.5). A random oligonucleotide sequence 

had no inhibitory effect on PKCa and 5 protein levels or on VEGF-induced ERK 

activation.
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Figure 5.5: Effect of isoform-specific PKC antisense oligonucleotides on 

VEGF-induced ERK1/2 activation (A) Oligonucleotide sequences against 

PKCa, PKCô or a random control sequence (ran.) were incubated with 

Lipofectin transfection reagent to facilitate delivery into cells at the indicated 

concentrations (in pM) as described in the Methods section. HUVECs were then 

incubated for 6h with either 2.5pg/ml Lipofectin (Lipof.) or with Lipofectin I 

oligonucleotide solution. Cell extracts were collected after a period of 72h. 

Equal amounts of total protein from the cell extracts were subjected to 8% SDS- 

PAGE and then immunoblotted with antibodies to PKCÔ or PKCa. Results from
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four independent experiments were quantified by scanning densitometry and 

are presented as means+S.E.M. (B) HUVECs were transfected with either 

PKCa (a), PKCô (Ô) or random (ran.) oligonucleotide sequences or treated with 

2.5pg/ml Lipofectin (lip) as described in (A). After a period of 72h, cells were 

treated with 25ng/ml VEGF for 10min and cell extracts, equalised for protein 

content, were immunoblotted with an antibody to activated ERK1/2. Results 

shown are representative of two independent experiments.

VEGF induces PKCÔ phosphorylation

Given the findings on the central role of PKCÔ in VEGF-induced ERK activation 

and PGI2 production, the phosphorylation state of T505 in the activation loop of 

PKCô (discussed in detail in chapter 1) was also examined. VEGF induced the 

phosphorylation of this site in a time- and dose-dependent manner, which was 

blocked by the VEGFR-2-selective inhibitor SU5614 and the PI3K inhibitor 

LY294002. PMA treatment did not result in PKCô phosphorylation at T505 

(Figure 5.6).
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Figure 5.6: VEGF induces the phosphorylation of the activation loop of 

PKCô HUVECs were serum-starved for 3h and then treated for the indicated 

times (in min) with the indicated concentrations of VEGF or with 25ng/ml VEGF 

(lower panel) or lOOnM PMA. Some cells were pretreated for 30min with 5pM
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SU5614 or 10 îM LY294002 prior to a 10min treatment with 25ng/ml VEGF. Cell 

extracts were prepared and after 8% SDS-PAGE were immunoblotted with 

antibodies against phosphorylated T505 PKCô or total PKCÔ. The results shown 

are representative of two independent experiments.

Role of Src In VEGF signalling

The marked inhibition of VEGF-induced PGI2 synthesis by PP2, a Src kinase 

inhibitor, which had no inhibitory effect on VEGF-induced ERK activation, 

implicated Src as a possible mediator of an ERK-independent VEGF signalling 

pathway leading to a biologically relevant response. Next, the possibility of a 

VEGF-regulated association of Src with VEGFR-2 was addressed. When Src 

immunoprecipitates from VEGF-treated HUVECs were immunoblotted with an 

antibody to VEGFR-2, no immunoreactive bands could be detected (Figure 5.7). 

It was verified that Src was present at the same levels after all times of VEGF 

treatment by immunoblotting the immunoprecipitates with an antibody to Src. 

However, in Src immunoprecipitates blotted with isoform-specific PKC 

antibodies, VEGF produced a marked increase in the association of PKCa with 

Src, which was not detectable in untreated cells but was evident after Smin and 

was the highest at 30min of treatment (Figure 5.7). VEGF also promoted a more 

modest increase in Src association with PKCô with the same temporal kinetics 

and had no effect on Src association with PKCC or PKCe (Figure 5.7).
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Figure 5.7: VEGF stimulates association of Src with PKCa and PKCô

HUVECs were serum starved for 60min and then treated with 25ng/ml VEGF for 

the indicated times (in min). Src immunoprecipitates (IP) were prepared and 

after 8% SDS-PAGE were immunoblotted with antibodies to VEGFR-2, Src, 

PKCa, PKCô, PKCs or PKCi^ as indicated. The arrows indicate the positions of 

the specific immunoreactive bands recognised in immunoblots. Results are 

representative of two independent experiments. The positions of molecular- 

mass markers (kDa) are indicated on the left.

Role of Ras in VEGF signalling

The involvement of Ras, the upstream activator of Raf1, in VEGF signalling was 

also assessed. Active, GTP-bound Ras was precipitated from VEGF-treated cell 

extracts with an agarose-conjugated GST-fusion protein corresponding to the 

Ras-binding domain of Raf1. The results show that there was a basal level of 

Ras activity in untreated cell extracts which was not further increased in 

response to VEGF or altered with pretreatment of VEGFR-2-specific inhibitor 

SU5614 (Figure 5.8). In the same assay, bFGF markedly induced Ras
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activation at 10min in HUVECs and PDGF also induced a sustained Ras 

activation in Swiss 3T3 cells (Figure 5.8).
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Figure 5.8: VEGF does not increase Ras activation

HUVECs were serum-starved for 60min or pretreated with 5pM SU5614 (+SU) 

and then treated with 25ng/ml VEGF or 25ng/ml bFGF for the indicated times 

(in min). Swiss 3T3 cells were serum-starved for 12 hours and then treated with 

lOng/ml PDGF for the indicated times (in min) (lower right autoradiogram). Cell 

extracts were collected as before and 1 mg of protein from each cell lysate was 

incubated with 10pg/ml agarose-conjugated Ras-binding domain of Rafi as 

described in the Methods section. After 12% SDS-PAGE, the precipitates were 

immunoblotted with an antibody to Ras. Results shown are representative from 

four (VEGF), three (bFGF) and two (PDGF) independent experiments.
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Discussion

The findings discussed in chapters 3 and 4 indicated that VEGF activation of 

the ERK cascade and PGI2 biosynthesis are PKC-dependent. In this chapter, 

the mechanism by which PKC mediates VEGF-induced ERK activation in 

HUVECs was investigated. The mechanism by which src mediates ERK- 

independent PGI2 production in response to VEGF was also examined.

VEGF increased PKC activity measured in cell extracts and increased the 

immunoreactivity of 6, a and s PKC isoforms in the particulate fraction without 

significantly affecting that of PKCC- The time courses for PKC activity and 

translocation of PKCô and PKCa correlated with the time course for VEGF- 

induced ERK activation, showing a transient increase which peaked at 10 min 

and decreased to near the control level after 30 min. PKCe translocation to the 

membrane occurred more slowly and was sustained at 30min. The finding that 

the PKCô-selective inhibitor rottlerin (Figure 5.9), markedly inhibited VEGF- 

induced ERK activation and PGI2 production indicates that VEGF signalling 

through the ERK pathway is mediated at least in part by PKC6. This conclusion 

is further supported by the finding that VEGF increased the association of PKCô 

with Rafi, as determined by co-immunoprecipitation, with a very similar time 

course to that for PKC activity and PKCô translocation. Furthermore, an 

antisense oligonucleotide sequence against PKCô and a PKCô peptide 

translocation inhibitor inhibited VEGF-induced ERK activation. PKCs is unlikely 

to mediate VEGF-induced ERK activation since a specific peptide translocation 

inhibitor had no inhibitory effect and VEGF did not trigger the association of this 

isoform with Rafi.

The partial inhibition of VEGF-stimulated PGI2 production by the PKCa-selective 

inhibitor Go6976 (Figure 5.9) suggests that PKCa also plays a role in mediating 

this biological response. Although VEGF induced the translocation of this 

isoform to the membrane, it did not regulate its association with Rafi. An 

antisense oligonucleotide sequence against PKCa that significantly reduced 

protein levels, did not decrease ERK activation and Go6976 had no inhibitory 

effect on either MEK or ERK activation in response to VEGF. Furthermore, as it 

was shown in chapter 4, a Ca ‘̂"-chelating agent that blocked VEGF-induced 

PGI2 production, had no inhibitory effect on VEGF-induced ERK activation
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indicating that the Ca^^-dependent PKCa isoform does not mediate this 

pathway. Therefore, it is concluded that PKCa is not involved in VEGF-induced 

ERK activation but is a likely mediator of an ERK-independent pathway leading 

to PGI2 production in response to VEGF.

Recent reports have shown that PKC mediates the proliferative response to 

VEGF in primary ECs but PKCp is the critical isoform involved in bovine aortic 

and rat sinusoidal ECs and PKCs a and in HUVECs (Takahashi et al., 1999b; 

Wellner et al., 1999; Xia et al., 1996). Differences between these findings and 

those in the present chapter may reflect the involvement of distinct PKC 

isoforms in different biological functions and in different cell types. The findings 

described here suggest a novel role for PKCô in the mediation of ERK activation 

and subsequent PGI2 production in response to VEGF. Furthermore unlike 

bFGF, VEGF did not induce Ras activation in HUVECs. The implications of this 

finding are discussed in chapter 7.
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domain

Figure 5.9: Site of action of PKC inhibitors used

Calphostin C interacts with the Cl regulatory domain of conventional and novel 

PKCs (atypical PKCs lack the Cl domain) by competing at the binding site of 

diacylglycerol (DAG) and phorbol esters. GF109203X acts as a competitive 

inhibitor for the ATP-binding site with an approximate 30-fold selectivity for 

conventional and novel isoforms of PKC against atypical PKC^ (Martiny-Baron 

et al., 1993). Go6976 is a selective inhibitor of PKCa (IC5o= 2.3nM) and PKCPi 

(IC5o= 6.2nM) and does not affect the kinase activity of the Ca^^-independent 5,



139

8 and isoforms even at micromolar levels (Martiny-Baron et al., 1993; Qatsha 

et al., 1993). Rottlerin exhibits greater selectivity for PKC5 (iC5o= 3-6)xM). It 

inhibits the conventional isoforms with an IC5o= 30-42^M and PKCs and C with 

an 1050=1 OÔ M (Gschwendt et al., 1994).

Results presented in the previous chapters showed that a Src-specific inhibitor, 

PP2, had a profound inhibitory effect on PGb release without affecting ERK 

activation in response to VEGF. The involvement of Src in VEGF signalling was 

therefore further investigated. Src and Src family proteins (e.g. Fyn and Yes) 

have been shown to interact functionally with tyrosine kinase receptors for 

several growth factors, including PDGF (Kypta et al., 1990) and bFGF (Zhan et 

al., 1994). However, although VEGFR-2 has been shown to interact with SH2- 

domain containing proteins such as PLCyand PI3-kinase (Wu et al., 2000; Xia 

et al., 1996) its interaction with Src tyrosine kinase family members remains 

unclear. Work using sinusoidal ECs and VEGFR-2-expressing NIH3T3 

fibroblasts failed to show association of VGFR-2 with Src, Fyn or Yes 

(Takahashi et al., 1999b; Waltenberger et al., 1994) but a recent study reported 

that VEGF promoted association and subsequent activation of Src with VEGFR- 

2 in bovine aortic ECs (He et al., 1999). The findings from the co- 

immunoprecipitation experiments described in this chapter indicated the lack of 

any association between Src and VEGFR-2. It was verified that Src was 

immunoprecipitated at equal amounts throughout the course of VEGF 

treatment. However, VEGF induced a marked increase in the association of Src 

with PKCa and PKCô, which was evident at lOmin and further increased after 

30min of VEGF treatment. In agreement with these findings, several reports 

have shown functional in vivo association of PKCô with Src, which in some 

cases leads to tyrosine phosphorylation of PKCô and a subsequent increase or 

decrease of its enzymatic activity depending on the cell line used (Kronfeld et 

al., 2000; Shanmugam et al., 1998; Song et al., 1998; Zang et al., 1997). 

However to the best of my knowledge, the finding that VEGF regulates Src 

association with PKCa and ô in primary ECs represents a novel role for Src in 

the signalling of this growth factor. The kinetics of VEGF-regulated association
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between Src and PKCa correlate with the time-dependent effect of the PKCa- 

selective inhibitor Go6976 on VEGF-induced PGI2 production, thereby 

suggesting a possible functional role for this association. Whether VEGF- 

regulated Src association with PKCa and Ô results in modified enzymatic activity 

of these isoforms warrants further experimental work.
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Chapter 6
Results: Role of PKC in VEGF-induced Akt activation and angiogenesis

The results obtained so far indicate that PKC plays a central role in VEGF- 

induced ERK activation. This prompted an investigation of the role of PKC in 

another major signalling pathway through which VEGF acts, namely the 

PI3K/Akt pathway. Given that ERK is a key regulator of cell proliferation and Akt 

activation is strongly implicated in mediating the EC survival function of VEGF, 

both processes required during angiogenesis in vivo, the role of PKC in VEGF- 

induced angiogenesis was also examined in this chapter.

PKC mediates VEGF-induced Akt activation
The role of PKC in the signalling pathway leading to Akt stimulation in response 

to VEGF was investigated. VEGF induced a transient increase in Akt activation, 

measured by phosphorylation at serine 473 (S473), which was inhibited by the 

PI3K inhibitors wortmannin and LY294002 (Figure 6.1 A). Next, the effect of 

selective PKC inhibitors on VEGF-induced Akt phosphorylation was determined. 

The broad-range PKC inhibitors, GF109203X and Calphostin C, and the 

isoform-selective rottlerin and Go6976, had a marked inhibitory effect on VEGF- 

induced Akt phosphorylation at S473. VEGF did not induce an increase in Akt 

phosphorylation at threonine 308 (T308) and the PKC inhibitors did not affect 

the basal level of phosphorylation at this site (Figure 6.1 A).

Downregulation of PKC with prolonged phorbol ester treatment resulted in a 

marked inhibition of VEGF-induced Akt phosphorylation at S473, while the 

phosphorylation state of T308 was unaffected. It was verified that the level of 

Akt expression was not altered during the course of the treatment and that 

administration of the phorbol ester reduced protein levels of at least PKCa and 

PKCô (Figure 6.IB).
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Figure 6.1: VEGF-induced Akt activation is mediated by PKC

(A) HUVECs were serum-starved for 30min in the absence or presence of 

lOOnM wortmannin (+Wort) or 10 îM LY294002 (+LY) and then treated for the 

indicated times (in min) with 25ng/ml VEGF with or without the inhibitors as 

indicated. Cell extracts were analyzed by 12% SDS-PAGE and immunoblotted 

with antibody against Akt phosphorylated at S473. Results are representative of



143

three independent experiments. Some HUVECs were serum-starved for 30min 

in the absence or presence of 3pM GF109203X (GF), 1pM Calphostin C (Cal), 

IjLiM rottlerin (Rot) or IpM Go6976 (Go) and then treated for 10min or 30min 

with 25ng/ml VEGF with or without the inhibitors as indicated. Cell extracts were 

collected as before and analyzed by 12% SDS-PAGE so that a portion of cell 

extracts was immunoblotted with antibody against T308 AKT, a portion was 

immunoblotted with antibody against S473 Akt and the rest with antibody 

against total Akt. The autoradiograms show the results from a lOmin treatment 

with 25ng/ml VEGF and are representative of at least three independent 

experiments. Quantification of Ser473 Akt phosphorylation was performed by 

scanning densitometry (lower panel) and is presented as means+S.E.M. 

*P<0.01 and **P<0.003 for VEGF + inhibitor versus VEGF. (B) HUVECs were 

serum-starved for 12h in the absence or presence of lOOnM PMA and then 

treated with 25ng/ml VEGF for the indicated times. A portion of the cell extracts 

was immunoblotted with antibodies against S473 or T308 Akt, a portion was 

immunoblotted with antibody against total Akt and finally the remaining portion 

was immunoblotted with antibodies against PKCa or PKCô. Results are 

representative of three independent experiments.

PKC associates with Akt

In order to investigate the potential mechanism for the effects of PKC inhibitors 

and PKC downregulation on VEGF-induced Akt S473 phosphorylation, we 

examined whether there was a functional link between any of the PKC isoforms 

expressed in HUVECs and Akt. Immunoprecipitates of PKCa, 6, e and C were 

prepared from VEGF-treated and untreated cells and subsequently 

immunoblotted with Akt antibody. The results show that all PKC isoforms form a 

stable interaction with Akt, which remained unaltered during VEGF treatment. It 

was verified that PKC isoforms were present at similar levels after VEGF 

treatment in PKC immunoprecipitates (Figure 6.2A).

Next we examined the possibility of a physical interaction between PDK1, the 

kinase that phosphorylates Akt at T308, and PKC. PDK1 immunoprecipitates 

were prepared from untreated and VEGF-treated cells and then immunoblotted 

with isoform-specific PKC antibodies. The results indicate the lack of any
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association between PKC and PDK1 while PDK1 could be detected at similar 

levels under the same conditions in PDK1 immunoprecipitates (Figure 6.2B).
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Figure 6.2: PKC forms a stable interaction with Akt but not PDK1

(A) HUVECs were serum-starved for 60min and then treated for 10min with 

25ng/ml VEGF. PKCa, Ô, e and C, immunoprecipitates were prepared (IP) and 

after 8% SDS-PAGE were immunoblotted with antibody against Akt (WB). PKC 

immunoprecipitates were also immunoblotted with isoform-specific PKC 

antibodies as indicated. The arrows indicate the positions of molecular-mass 

markers (kDa). The 57kDa immunoreactive bands represent Akt, the 75kDa 

bands represent PKC and the immunoreactive band around 63kDa represents
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PDK1. Results are representative of four independent experiments. (B) 

HUVECs were serum-starved for 60min and then treated with 25ng/ml VEGF. 

PDK1 and PKC immunoprecipitates (IP) were prepared and then 

immunoblotted (WB) with PDK1 or isoform-specific PKC antibodies as 

indicated. Results are representative of three independent experiments.

PKC and PI3K mediate VEGF-induced angiogenesis

Since cell proliferation and cell survival are integral components of the 

angiogenic process, the role of PKC in an in vitro angiogenesis model was 

investigated. At 1|liM , GF109203X and Calphostin C reduced the number of 

microtubules formed in response to VEGF to 44.8% and 34.3% of maximum 

stimulation respectively (Figure 6.3). The PKCa-selective inhibitor, Go6976, and 

the PKCô-selective inhibitor, rottlerin, abrogated VEGF-induced angiogenesis 

(Figure 6.3). The reason for the disparity in the severity of the effects of the 

isoform-selective inhibitors and the broad range ones is not clear but might be 

related to differences in the half-life of these compounds in serum. The PI3K 

inhibitor LY294002 not only completely inhibited the formation of microtubules 

but also affected the survival of the EC islands from which ECs proliferate and 

migrate to give rise to branching tubules.
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Figure 6.3: PKC Inhibitors block VEGF-induced angiogenesis

(A) (B) As described in the methods section, human ECs co-cultured with 

support cells within a matrix in 24-well plates were treated with 25ng/ml VEGF 

as indicated, in the absence or presence of 0.3, 1 or 3^M GF109203X or 

Calphostin 0. Some cells were treated with 1G|iM LY294002, IjaM rottlerin or 

1pM Go6976 in the presence or absence of 10ng/ml VEGF. Following treatment 

at day 1, the medium (with or without inhibitors) was changed at days 4, 7 and 

9. At day 11, the tubules were fixed and stained with antibody to the EC-specific 

marker, CD31. The number of tubules formed over the 11-day period was 

quantified using the 25 point Chalkley assay method. Results are representative 

of two independent experiments and are expressed as mean 

percentage+S.E.M. of the maximum VEGF-stimulated angiogenesis (A).
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Discussion

In this chapter, evidence suggests that formation of tubules in response to 

VEGF in an in vitro angiogenesis model (which closely mimics in vivo capillary 

formation, as cells cultured within a matrix proliferate and migrate away from 

precursor ECs islands and get organized into a branching network of threadlike 

tubules) is dependent on PI3K and PKC activity. In agreement with these 

results, others have reported the involvement of PI3K and PKC pathways in an 

in vitro angiogenesis model in which HUVECs are grown in 3-D collagen gels 

(Han et al., 1998).

The PI3K/Akt pathway is a major regulator of cell proliferation and survival in 

various cell types (Leevers et al., 1999) and PI3K activation is a necessary 

signalling component of VEGF-mediated cell cycle progression in ECs (Thakker 

et al., 1999). PKC family members have also been critically implicated in 

proliferation of diverse cell types including VEGF-induced proliferation of ECs 

(Takahashi et al., 1999b; Wellner et al., 1999; Xia et al., 1996). Since all 

members of the PKC family are regulated at least in vitro by PI3K, via PI3K- 

mediated activation of PDK1 resulting in phosphorylation of the activation loop

of PKC (Chou et al., 1998; Dutil et al., 1998; Le Good et al., 1998), the

possibility of a functional link between PKC and the PI3K effector Akt was 

explored.

The results in this chapter show that VEGF induced the phosphorylation of 

8473 of Akt in a PI3K-dependent manner since the PI3K-specific inhibitors 

wortmannin and LY294002 blocked this effect. The time course for Akt 

activation correlated with the time course for PKC activity (chapter 5) in 

response to VEGF, both showing a transient increase which peaks at lOmin 

and decreases to near the control levels at 30 min. VEGF-induced Akt

phosphorylation was dependent on PKC activity since GF109203X and

Calphostin C had a pronounced inhibitory effect. The PKCa-selective inhibitor, 

Go6976, and the PKCô-selective inhibitor, rottlerin, abrogated VEGF-induced 

Akt phosphorylation indicating the involvement of both isoforms in this effect. 

Furthermore, PKC degradation induced by prolonged PMA treatment resulted in 

inhibition of VEGF-induced Akt activation while having no effect on levels of Akt 

expression. Direct activation of PKC with PMA did not induce 8473 

phosphorylation (results not shown), indicating that the effect of PKC is
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dependent on PI3K signalling, presumably due to the requirement of PI3K- 

generated phospholipids for recruitment of Akt to the cell membrane where 

activated PKC is also localized. A notable finding was that Akt phosphorylation 

at T308 is under different control from that at S473 since VEGF did not promote 

phosphorylation at this site and PKC inhibitors had no effect on the constitutive 

but weak level of T308 phosphorylation.

In the literature there is evidence for both autonomous and heterologous 

regulation of Akt phosphorylation at these sites, as discussed in chapter 1. The 

findings presented here are in agreement with those of a recent study showing 

that in human platelets, thrombin-induced Akt phosphorylation at S473 and 

T308 is independently regulated and that PKCa/p promotes phosphorylation at 

S473 (Kroner et al., 2000). Consistent with this, overexpression of PKCa 

activated endogenous Akt and suppressed the onset of apoptosis induced by 

IL-3 withdrawal (Li et al., 1999). However, in insulin-stimulated CHO cells, PKCs 

was implicated in the regulation of both S473 and T308 phosphorylation sites as 

overexpression of a kinase-deficient PKCs mutant inhibited phosphorylation of 

both sites (Matsumoto et al., 2001).

The mechanism of PKC-mediated Akt activation in response to VEGF was next 

investigated. All PKC isoforms expressed in HUVECs associate in vivo with Akt 

as determined by co-immunoprecipitation but there was no evidence that these 

associations were regulated by VEGF. Furthermore, when PDK1 

immunoprecipitates were prepared and immunoblotted with isoform-specific 

PKC antibodies, no interaction between PKCs and PDK1 could be detected. It 

was verified that PDK1 was immunoprecipitated at similar levels during the 

course of the treatment. Since PDK1 is the kinase responsible for T308 

phosphorylation (as discussed in chapter 1), the specific interaction of PKCs 

with Akt (but not with PDK1) provides a mechanism for the differential regulation 

of 8473 and T308, whereby PKC regulates phosphorylation at the former site in 

response to VEGF. The independent control of the two phosphorylation sites 

may contribute to a fine regulation of Akt activity.

PKCC and Akt have been shown to associate in vitro (Konishi et al., 1994; 

Konishi et al., 1995) and in intact cells (Doombos et al., 1999). In the later 

study, stimulation of COS-1 cells with PDGF resulted in a decrease in the 

association of exogenous Akt and PKC^and an increase in Akt activity.
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Expression of PKC^ also inhibited a constitutively-active Akt mutant. It was 

further established that the dissociation of the complex was dependent on Akt 

activity and that the interaction was mediated by the N-terminal regulatory 

domain of Akt. In agreement with a role of PKCÇ as a negative regulator of Akt 

are the findings of a second study which indicate that overexpression of PKCi  ̂

limits EGF-induced Akt phosphorylation by increasing Akt/PKCÇ association 

(Mao et al., 2000). Intriguingly then, the effect of growth factors on this 

association might be quite different, depending on the activated receptor or cell 

type. The significance of these findings need to be evaluated in a more 

physiological setting as the results from these studies could represent artifacts 

of overexpression of the signalling components. The failure of VEGF to 

modulate the association of PKCC and Akt in HUVECs may either reflect the 

fact that PKC^ was not overexpressed or that negative regulation of the 

PKCi^Akt association is not important for VEGF-induced S473 phosphorylation. 

An issue that was not addressed here is whether any of the PKC isoforms 

directly phosphorylates Akt at S473. Previous analysis of the full length Akt 

amino acid sequence for putative PKC phosphorylation sites indicated six such 

residues: T21, T65, T172, S266, T305 and S463 (Kroner et al., 2000). In 

platelet lysates, a catalytically active PKC fragment was able to phosphorylate 

S473 but there was no phosphorylation of Akt at this site when the assay was 

performed in vitro (Kroner et al., 2000). In light of this evidence, direct PKC 

phosphorylation at S473 seems an unlikely scenario and an unidentified 

component mediates regulation of Akt activation by PKC. It is plausible that 

PKC, perhaps by phosphorylating Akt on an alternative site, induces a 

conformational change on Akt that facilitates its phosphorylation at S473 by a 

different kinase. Elucidation of the molecular components and mechanisms 

mediating PKC-dependent Akt activation will be an important future goal.
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Chapter 7: Discussion

VEGF elicits an array of biological effects in vivo and in vitro including the 

proliferation and migration of ECs, increased vascular permeability and EC 

survival (discussed in chapter 1). Because of its abilities to accelerate re- 

endothelialization after vascular injury, suppress neointimal hyperplasia in 

vascular SMCs and promote angiogenesis, VEGF has recently become the 

focus of interest as a potential therapeutic agent for ischaemic heart disease 

(Asahara et al., 1995; Asahara et al., 1996; Laitinen et al., 1997a).

Recent findings have implicated increased production of the vasodilators NO 

and PGI2 in mediating some of the diverse actions of VEGF, including 

angiogenesis, cell migration, increased permeability and inhibition of vascular 

SMC proliferation (Asada et al., 1994; Laitinen et al., 1997b; Murohara et al., 

1998a; Ziche et al., 1997). PGI2 in particular has several biological effects, 

including inhibition of platelet aggregation, inhibition of vascular SMC 

proliferation and neointima formation, so PGI2 is a likely mediator of these 

functions of VEGF in vivo (Asada et al., 1994; Whittle et al., 1978). Therefore, 

the delineation of the signalling pathways that lead to PGI2 production in 

response to VEGF should contribute towards an improved understanding of the 

molecular basis for the roles of VEGF in health and disease, which could in 

future be translated into a safer use of VEGF as a therapeutic agent without the 

potential side-effects pertaining to its pleitropic mode of action.

The research undertaken for this thesis was directed towards understanding the 

mechanisms that underlie the regulation of endothelial PGI2 production induced 

by VEGF. At the outset of this work it was known that VEGF produces a strong 

and transient activation of ERK1/2. Furthermore, a role for ERK activation in 

mediating PGI2 production had been identified. Results presented in chapters 3 

and 4 of this thesis confirmed the strong and transient activation of ERK1/2 by 

VEGF and showed that VEGF induces a striking increase in PGI2 generation in 

HUVECs. Given that ERK activation has been shown to play a critical role in 

VEGF-induced proliferation, these results taken together, indicate that ERK 

plays a critical role in at least two endothelial cell functions of VEGF.

The results presented in chapters 3 and 4 indicated that PKC played an 

important role in VEGF-induced ERK activation and in the signalling pathways
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leading to PGI2 production. It was also shown that the NO/cGMP pathway was 

not involved in VEGF-induced ERK activation or PGI2 generation in HUVECs. 

Ca '̂" mobilization has been previously reported to mediate CPLA2 activation and 

PGI2 release. Results in this thesis showed that inhibition of VEGF-induced 

Ca^  ̂ mobilization blocked PGI2 production without affecting ERK activation. In 

addition, it was shown that there is an ERK-independent pathway leading to 

PGI2 production in response to VEGF and that this pathway was at least in part 

mediated by Src.

The work undertaken in chapter 5 aimed to elucidate the identity of the PKC 

isoforms and the mechanism by which they mediate VEGF-induced ERK 

activation. The results indicated that VEGF promotes interaction of PKC6  with 

Raf-1, the upstream activator of the ERK cascade. Selective inhibition of this 

isoform with a pharmacological inhibitor, an antisense oligonucleotide sequence 

or a peptide inhibitor verified its crucial role in mediating VEGF-induced ERK 

activation. Furthermore, the PKCa isoform was implicated in ERK-independent 

VEGF-induced PGI2 production.

The major pathway through which protein tyrosine kinase receptors (e.g. PDGF 

and FGF) activate ERKs involves tyrosine phosphorylation and receptor 

association of the adapter protein GRB-2, subsequent stimulation of the 

guanine-nucleotide-exchange factor SOS and activation of Ras, which in turn 

activates Raf1 and the ERK cascade (discussed in more detail in chapter 1). 

VEGF has been reported to stimulate tyrosine phosphorylation of several SH2- 

domain-containing signalling proteins (Guo et al., 1995a). Although it was 

shown recently that VEGF stimulates tyrosine phosphorylation of Sch and 

promotes formation of a complex between She and GRB-2 in porcine aortic ECs 

overexpressing VEGFR- 2  (Kroll and Waltenberger, 1997), so far VEGF-induced 

stimulation of Sch or GRB-2 have not been shown to lead to activation of Ras or 

the ERK-pathway. Results presented in chapter 5 indicate that VEGF did not 

increase a basal level of Ras activity, measured in co-precipitation of active 

Ras-GTP with Raf-1 from VEGF-treated cell extracts. In the same assay, Ras 

activity was markedly increased in response to bFGF in HUVECs and PDGF 

also produced a biphasic activation of Ras in Swiss-3T3 cells. In agreement 

with these findings, it was recently reported that VEGF induces a PKC- 

dependent and Ras-independent stimulation of the Raf-MEK-ERK pathway in
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sinusoidal ECs (Takahashi et al., 1999b). In a second study carried out in 

HUVECs, VEGF activated ERK through a PKC-dependent pathway that 

required a stable Ras-Rafi interaction but was not inhibited by expression of a 

dominant negative Ras mutant (Doanes et al., 1999). The finding presented in 

this thesis that VEGF increased association of PKCS with Rafi but had no effect 

on Ras activity provides a novel mechanism by which in response to VEGF, 

VEGFR-2 activates the ERK pathway.

The precise mechanism of PKC-mediated Rafi activation in response to VEGF 

was not addressed in this thesis. The mechanisms contributing to Rafi 

activation have been the focus of intense investigation but knowledge of the 

subject is still incomplete (discussed in chapter 1 ). The role of PKC as an 

upstream kinase contributing to Rafi activation has been previously examined. 

Transient transfection of several constitutively-active PKC mutants in C0S7 

cells resulted in all isoforms apart from PKCi ,̂ being able to activate Raf-1 

potently leading to ERK activation but their mechanism of action was 

independent of Raf-1 phosphorylation on serines 259 or 499 (Schonwasser et 

al., 1998). However, in a different study, PKCa directly phosphorylated Raf-1 in 

vitro and in vivo at several sites, including serine 499 (Kolch et al., 1993). Direct 

phosphorylation of Raf-1 by PKC in vitro and in vivo has also been 

demonstrated in murine haematopoietic cells (Carroll and May, 1994), although 

there is still considerable debate about the precise mechanism of the otherwise 

well-established role of PKC in Raf-1 activation (Arai and Escobedo, 1996; 

Cacace et al., 1996; Cai et al., 1997; Howe and Juliano, 1998; Ueffing et al., 

1997; Zou et al., 1996).

As discussed in chapter 1 , the physical interaction between Ras and Rafi 

induces a conformational change in Rafi that sensitizes Rafi to further 

activation. In the context of the previously published findings and since VEGF 

did not increase the level of Ras-GTP in HUVECs (chapter 5), it is therefore 

possible that the basal level of Ras-GTP observed in HUVECs might be 

sufficient to maintain Raf-1 in a sensitized state, perhaps in equilibrium between 

the cytosol and the vicinity of the cell membrane, poised for full activation. 

VEGF-induced activation and translocation of PKC5 to the membrane brings 

these signalling partners together and PKCS can now activate Raf-1 by direct 

phosphorylation. Alternatively PKC might indirectly activate Raf-1 through an
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intermediate target protein. A likely candidate is Src since it was shown in 

chapter 5 that Src associates with PKC and VEGF increased association of Src 

with PKCa and PKCô in HUVECs. Src phosphorylates tyrosine 341, which is 

required for Rafi activation (Mason et al., 1999).

In summary, a working hypothesis can be proposed whereby VEGF induces 

PGI2 production via at least two pathways: a PKCô-mediated activation of the 

Rafl-MEK-ERK pathway and a PKCa/Src-mediated but ERK-independent 

pathway (Figure 7.1).

/
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Figure 7.1: Proposed model for VEGF-induced PGI2 production in HUVECs

VEGFR-2 activation creates binding sites for SH2-domain containing proteins 

like phospholipase Cy (PLCy), which in turn is activated by tyrosine 

phosphorylation and catalyses the conversion of phosphatidylinositol (4,5)- 

bisphosphate (PIP2) to diacylglycerol (DAG) and inositol (1,4,5)-trisphosphate 

(IP3), which triggers an increase in cytosolic Ca^ .̂ DAG is required for allosteric 

activation and translocation of PKCô to the membrane. Activated PKCô then 

associates with Rafi and initiates activation of the ERK cascade. The 

subsequent biosynthetic pathway leading to PGI2 release has been described in 

chapter 1 . DAG and Ca^  ̂ are also required for PKCa activation, which also 

mediates PGI2 synthesis through a yet undefined substrate. Src is also involved 

in this pathway possibly through its association with PKCa but the mechanism 

of its activation remains unclear.
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The results presented in chapter 6 addressed the role of PKC in the regulation 

of VEGF-induced Akt activation. The results showed that VEGF induced a 

marked stimulation of S473, but not T308, phosphorylation. Furthermore, the 

phosphorylation state of S473 in response to VEGF was under the control of 

PKC as several PKC inhibitors and downregulation of conventional and novel 

PKC expression by prolonged PMA exposure markedly inhibited the 

phosphorylation of this site. PKC inhibitors did not affect T308 phosphorylation. 

An in vivo association of Akt with all the PKC isoforms expressed in HUVECs 

was also demonstrated while under the same conditions PKC did not associate 

with PDK1. This is in agreement with an autonomous and differential regulation 

of S473 and T308 phosphorylation of Akt in response to VEGF in HUVECs. The 

finding of an in vivo association between PKC and Akt was obtained without any 

overexpression of the components therefore is reflective of a physiological role 

for this interaction. Furthermore, the differential regulation of the two 

phosphorylation sites on Akt was also investigated in vivo. Previously published 

results obtained from reconstitution of multi-protein complexes in vitro should be 

interpreted with caution since erroneous conclusions could be drawn if 

functionality depends on the correct stoichiomentry between components as 

well as the presence of regulatory elements.

A broad role for PDK1 in PKC phosphorylation is supported by the finding that 

all PKC isoforms can form complexes with PDK1 (Le Good et al., 1998). 

Whether PDK1 is itself responsible for all PKC activation loop phosphorylations 

in vivo remains to be determined. In chapter 6, results obtained from HUVECs 

showed that there was no immunoprécipitation of endogenous PDK1 with any 

of the PKC isoforms expressed in HUVECs although VEGF increased 

phosphorylation of PKCô in its activation loop site T505 in a PI3K-dependent 

manner (chapter 5). The reason for the discrepancy about the role of PDK1 in 

PKC phosphorylation between these preliminary results and those previously 

published is not clear but suggests that the role of PDK1 maybe distinct in 

different cell types and there might be differential regulation of PKC 

phosphorylation in different cell types and/or under different cell conditions. The 

previously published findings on the role of PDK1 in PKC phosphorylation were 

derived from co-transfection experiments and therefore more experiments are
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needed in more physiological cell models to clarify beyond a reasonable doubt 

the identity of the kinase(s) involved in the regulation of PKC phosphorylation. 

The results presented in chapter 6 indicate a novel role for PKC in VEGF 

signalling via the Akt pathway. Future experiments with the use of dominant- 

negative kinase mutants of PKC isoforms overexpressed in HUVECs might 

elucidate the identity of the isoforms involved and the precise mechanism by 

which PKC regulates Akt activation. Mutational analysis of the putative PKC 

phosphorylation sites on Akt might resolve the question whether PKC directly 

phosphorylates Akt in response to VEGF and the consequence of this 

phosphorylation on Akt conformation or activity. Of course the search for the 

elusive ‘PDK 2' is probably a major goal for anyone who works in this field.

The results discussed so far indicate a key role for PKC in two major signalling 

transduction pathways activated by VEGF, namely the ERK cascade and Akt. 

Given that ERK and Akt are respectively thought to be critically involved in 

mitogenic and survival responses, two cellular functions that are essential for 

angiogenesis, these findings suggest that PKC is likely to be important for 

VEGF-induced neovascularization. In support of this conclusion, results 

presented in chapter 6 showed that PKC inhibitors markedly reduced VEGF- 

induced tubule formation in an in vitro model of angiogenesis.

Collectively, the results presented in this thesis support a major role for PKC 

activation in physiologically relevant VEGF signalling in HUVECs.
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