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ABSTRACT

The normal endothelium is in a non-activated state evidenced by its inability to support leukocyte

adhesion and its lack of angiogenesis. I present evidence in this thesis that the intracellular levels

and activity of Sphingosine Kinase (SK) regulate the inflammatory potential of the endothelium

and are also an important determinant of the ability of the endothelium to undergo angiogenesis.

Moderate (three to fivefold) elevations in SK activity in human umbilical vein endothelial cells

resulted in endothelial activation, as indicated by the heightened expression of adhesion

molecules, and further sensitized the cells to subliminal doses of inflammatory cytokines. This

corresponded with enhanced neutrophil binding in the un-stimulated and stimulated states. Over-

expression of a dominant-negative SK (G82D, containing the substitution glycine to aspartate

and which blocks agonist-induced activation of SK) inhibited the adhesion molecule response to

inflammatory cytokine and inhibited leukocyte adhesion. Over-expression of SK increased cell

survival under the stressful conditions of serum deprivation and loss of attachment with

extracellular matrix, which was associated with suppression of apoptotic mechanisms. Raised SK

activity also stimulated cell migration and cellular remodeling, additional measures of

angiogenesis. Over-expression of SK enabled activation of the phosphatidyl inositol-3kinase (PI-

3IlAkÐ pathway in response to serum deprivation, and this pathway was obligatory in mediating

SK-induced cell survival. Activation of the PI-3IlAkt pathway in cells with raised SK activity

was mediated by the cell junctional molecule platelet endothelial cell adhesion molecule-1

(PECAM-1), which was upregulated and dephosphorylated and critical in SK-induced cell

survival. Thus raised intracellular SK activity enables a PECAM-1-dependent activation of the

PI-3K/Akt pathway to augment cell survival, thus exposing a hitherto unexplored pathway of

endothelial ce1l survival which may be manipulated therapeutically. The findings suggest a

possible role for SK levels in the regulation of angiogenic phenomena as well as in the capacity

xl
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of endothelial cells to survive in suspension (circulating endothelial cells). Thus SK could be

considered as a novel target for therapeutic manipulation in diseases of aberrant inflammation

and angiogenesis.
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Chanter 1' Tntrorfircfion

Rheumatoid arthritis (RA) is a chronic systemic inflammatory disorder targeting the

diarthrodial slmovial joints, It has a worldwide distribution and affects I Yo of the world's

adult population (1). The clinical course varies greatly, from self- limited disease to

progressive destructive deforming disease with extra-articular involvement.

1.1 Svnovial natholosv Rheumatoid Arthritis

The primary inflammatory joint lesion involves the synovium, with the earliest changes

documented in the synovial microvasculature. The microvascular changes include

angiogenesis, occlusion of the lumen, and alteration of the endothelium to an activated "high

endothelial venule" phenotype, with swelling of endothelial cells (EC) and gaps between

cells. The s¡movial lining comprises two cell types; Type A synoviocytes, of bone marrow

origin thaÍ. are like macrophages, and Tlpe B s¡moviocytes of mesenchyrnal origin. In early

RA there is mild proliferation on the superficial lining layer with oedema and fibrin

exudation.

1.1.1 The role of T lymphocytes in Rheumatoid Arthritis

Cellular infiltration is an early feature of RA. T l¡rrnphocytes gather in the syrovium utilizing

specifrc adhesion molecules, and form nodular aggregates within a diffuse infiltrate. CD4+ T

cells expressing cell surface antigens characteristic of memory or activated cells are

prominent in the nodular aggregates, while CD8+ T cells dominate in the diffuse infiltrates.

Activated T cells within RA synovial tissue express a characteristic pattern of cell surface

molecules whjch allow binding to the endothelial cells and subsequent transmigration. In

2



Chapter 1 : Introduction

response to cytokines, EC in turn express specific adhesion molecules to facilitate the egress

of leukocytes from blood into synovial tissue.

Although CD4+ T cells are the major infiltrating cell and oligoclonal expansion is frequent,

there is a paucity of T-cell-derived cytokines in synovial inflammation. However it needs to

be remembered that T cells are engaged extensively in heterotypic adhesive reactions through

which signalling carr occur, including communication through release of low abundance

lymphokines at privileged sites of intercellular engagement. Factors within the local milieu in

the rheumatoid joint appear to condition the functioning of T cells. Prostaglandins, which

suppress interferon y secretion, and tumour necrosis factor-cr (TNF-o), a T cell suppressive

cytokine, are abundant in slmovial inflammation, suggesting the local environment modulates

T cell functioning. Cytokines consistent with a Th1 response (IFNy, interleukin-2 and

lymphotoxin) have however been demonstrated in inflamed synovium by

immunohistochemistry Q),Q).

l. 1. 2 Rheumøtoid Factor

While many RA patients have IgM autoantibodies (rheumatoid factor, RF) which recognize

the Fc region of IgG, these are not disease specific. Although associated with a more

aggressive disease course, it is not understood how RF contributes to the disease process.

Other autoantibodies are also seen, including antif,rlaggrin antibodies, implicating at least a

minor role for B cells (4).

1.1.3 Chronic chønges in the synovium

J
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With ongoing inflammation, follicular aggregates of lyrnphocytes develop, and plasma cells,

mast cells, and multinucleated giant cells can be seen. The synovium eventually becomes

hypertrophic from neovascularization and proliferation of synovial fibroblasts. This

hypertrophic tissue cart orgarize into areas known as pannus, which spread over and damage

articular cartilage and invade supporting structures including periarticular bone.

The consequence of ongoing synovial inflammation is destruction of articular cartllage, bone,

ligaments and tendons. Metalloproteinases (collagenases, gelatinases, and stromolysins) that

degrade the extracellular matrix are produced by synovial fibroblasts under the control of the

macrophage-derived cytokines interleukin-1 (IL-1), TNFo, and transforming growth factor-B

(rGFB).

1.2 The Pathosenesis RA: Genetic factors

Although the precise aetiology is unkrrown, it is conceivable that RA disease expression

results from the interaction of a genetically predisposed individual with an as yet undefined

environmental trigger. Substantial evidence is available for genetic factors in RA and both

HLA (human lymphocyte antigen) and non-HLA genes have been implicated. Allelic

polymorphisms occur in the HLA DRB region and these alleles in RA patients share the

sequence motif QK/RRAA in the third hlpervariable region of the p chain, from amino acids

at positions 70-14. Disease-associated alleles include DRBl*0401,*0404, *0408 alleles, and

DRBI* Ol0ll2 in the Caucasian population. The specific sequence motif forms a pocket in

the antigen binding site of the DR molecule. The pocket is large, shallow and accommodates

the side chains of the bound peptide. The RA-associated sequence favors presentation of

peptides with a net negative charge and thereby influences which peptides may be bound by

the pocket, in order to engage in T cell receptor - HLA interactions.
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Neovasculanzationin RA is an early and critical feature which sustains the developing

pannus. Angiogenesis involves the proliferation and migration of endothelial cells,

accompanied by tube formation, establishment of abasement membrane, migration of smooth

muscle cells and pericytes, along with secretion of matrix metalloproteinases by endothelial

cells.

In inflamed rheumatoid synovium, endothelial cells express c-myc and c-fos, indicating

activation (5), along with Ki-67, a marker of cell proliferation (6). The endothelium in

rheumatoid slmovium has an immature phenotype, with increased expression of matrix

metalloproteinases, E selectin, and the vitronectin ligand avp3 (7-9). Although there is

increased endothelial proliferation in inflamed s¡movium, there is also increased endothelial

celi death, as determined by terminal uridyldeoxynucleotide nick-end labeling (TLINEL),

indicating increased vascular regression (9). Thus, there is increased vascular turnover in RA

s¡movium, reflecting a complex interplay of angiogenic and anti-angiogenic factors.

1.3.1 The Bølønce of Pro-angiogenic and Anti-angiogeníc Factors

Factors known to promote or inhibit angiogenesis, relevant to rheumatoid s¡movium are

indicated in Table 1. In essence in RA there is a relative abundance of pro-angiogenic factors

and a relative deficiency of factors which suppress angiogenesis.

1.3.1.1 Vascular Endotheliøl Growth Factor (VEGF)
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Of particular importance to angiogonesis in RA is the role of VEGF. VEGF exerts its effects

by binding the tyrosine kinase linked cell surface receptors flt-1 (VEGF-Rl), and flk-1

(VEGF-R2), which are expressed exclusively on endothelial cells. VEGF levels are increased

in slmovial fluid from patients with active RA and message can be detected in synovial

macrophages (10). The protein is detectable in the microvasculature in the pannus and within

slmovial macrophages (11). VEGF exerts mitogenic effects on endothelial cells, increases

vascular permeability (72), stimulates the secretion of matrix metalloproteinase-l (MMP-l)

(an interstitial collagenase) (13), and the expression oftissue factor (14).

The use of angiogenesis inhibitors in rats with collagen-induced arthritis (CIA) lead to clinical

improvement which was accompanied by a fall in serum levels of VEGF (15). Moreover,

murine CIA was improved by the use of soluble flt-1, providing further evidence for a role of

this important angiogenic mediator in RA (16). Induction of VEGF by the hypoxic conditions

within the inflamed joint is well documented (17), and is presumably an attempt at

compensatory neovas culanzation to allow greater nutrient delivery to the growing palìnus.

However VEGF also facilitates further egress of inflammatory cells into the joint. VEGF

may thus provide a link between angiogenesis and inflammation, two processes which are

frequently but not invariably codependent.

1.3.1.2 Integrins and øngiogenesis in RA

The role of cell adhesion receptors, integrins, in angiogenesis is also established, and in

particular, ovB3 integrin is recognized as a key player. Normal endothelium expresses very

low lcvels of crvB3, which is markedly upregulated in rheumatoid slmovial microvasculature

(1S). The various angiogenic cytokines signal through distinct integrins to mediate their

biological effects. Basic FGF signals through ovB3 (19), while VEGF signals through crvp5
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in aprotein kinase C (PKc)-dependent mannel. Antagonists of øvB3 administered to rats

with adjuvant-induced arthritis reduced disease severity (20), implying a role for this integrin

in the disease process.

1. 3. 1. 3 Matrix metølloproteinases

Endothelial cell secretion of matrix metalloproteinases (MMPs) is an important feature of

angiogenesis. Normally, the activity of MMPs is regulated by specific tissue inhibitors of

metalloproteinases (TIMPs), which bind the MMPs to inhibit their effects. Lr RA secretion of

TIMp,1 by endothelial cells is reduced, thus further favouring the progress of angiogenesis

(2r).

l.4Pa of RA: role of in RA

¡a studying the pathogenesis of RA, in recent years, the attention has been diverted from the

resident and invading cells within the synovium, to the cytokines produced by these cells.

Cytokines are proteins which mediate communication between cells and are involved in

normal processes such as cell growth, differentiation, and regulation of the immune response

Cytokines act either directly, or indirectly through the induction of other cytokines and

effector proteins. Not surprisingly, some cytokines have more influence than others, and

cytokine release is highly regulated, as is the expression oftheir cell surface receptors'

h RA synovial tissue, there is a particular abundance of the pro-inflammatory cytokines

TNFø, IL-1, and IL-6 produce by macrophages, fibroblasts, and synovial endothelial celis
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IL-1 stimulates the release of metalloproteinases from chondrocles and collagenase from

s)movial cells, thereby promoting tissue damage. IL-1 can activate T cells, stimulate bone

res orption, and up -re gulates adhesion mo lecule expres sion'

IL-17 is a recently described T cell cytokine which is abundant in RA synovium and which

appears to have important effects on infiltrating monocytes and cells resident within

periarticular tissues, especially when acting in synergy with IL-l and TNFø (22)'
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1.4.1 TNFæ lts role in RA

There is now substantial evidence that TNFc is a key player in the pathogenesís of

inflammation in RA. TNFcr concentration is increased in syrovial fluid from patients with

active disease(23) ,(l;24) (i) and plasma levels have been correlated with joint paín (25).

Immunohistochemistry has revealed predominant localizatíonwithin macrophages (26;27).

Not only is the expression of TNFo increased in RA, but there is evidence from animal

models that it is directly involved in disease pathogenesis. Ir murine CIA, the elevation of

TNFcr expression in diseased synovium coincided temporally with disease onset (28-30).

Disease is aggravated by exogenous administration of TNFcr, and prevented,/ attenuated by

the use of inhibitors (antibodies to TNFa and soluble receptor constructs). An erosive

arthritis with cartilage destruction, bone erosion, synovial hyperplasia, and leukocyte

infiltration, not dissimilar to RA has been reported in transgenic mice overexpressing a human

TNFa transgene (31). Furthennore, mice without functional TNF receptor 1 (TNF-Rl) are

relatively resistant to CIA, and if they develop disease, arthritis is mild (32).

TNFg directly, and by promoting the release of other proinflammatory cytokines, stimulates

bone resorption (33;34), inhibits proteoglycan synthesis in cartilage (34), and stimulates

collagenase production by s¡movial cells (35).

It-l and TNFg share many biological functions, although it has been proposed that TNFo

may be more critically involved in propagating inflammation, while IL-1 may be more

relevant in initiatingcartllage destruction (36). The importance of TNFo in RA is underlined

by the therapeutic success of TNFo blockers (chimeric and humanized antibodies to TNFcr

(37)) and etanercept, a recombinant human TNF-RII-Fc fusion protein (38).
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1.4.2 TNFa: synthesis/ Productíon

TNFcr is a member of a family of peptide mediators comprising at least nineteen cltokines

including TxFp Qyrnphotoxin), FasJigand, nerve grornth factor and cD40ligand- Members

of the TNF superfamily, with the exception of lymphotoxin, are homotrimeric proteins which

exist primarily in a membrane-associated form (39). A variety of immune cells (B and T

lymphocytes, basophils, eosinophils, monocytes, macrophages, NK cells and dendritic cells)

and non-immune cells (smooth muscle cells, glial cells, osteoblasts, neurons) may produce

TNFa, as can various tumour cells (39). However tissue macrophages are principally

responsible for TNFo production at sites of inflammation. Macrophage production of TNFcr

is stimulatedbyischaemia,tÍatrîa,cytokines (IL-1,IL-2,IFNy, GMCSF, M-CSF, and TNFcr

itself), activated complement components, and microbial products.

Human TNFg is initially displayed on the cell membrane as pro-TNFø, a233 arrino acid,26

kDa proprotein which lacks a classic signal peptide (40). Membrane-associated TNFcr exerts

both cytotoxic and inflammatory effects by cell-cell contact (41). TNFcr converting enzlfJ'e

(TACE), a matrix metalloproteinase cleaves pro-TNFcr in the extracellular domain to release

the I57 amino acid,17.3 kDa monomeric form. The secreted protein homotrimerizes. The N-

terminus is not involved in trimeric interactions, and is trivial in terms of the biological

activities of TNFo.

1.4.3 Regulation of TNFa
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Homeostatic control of protective immunity and inflammatton demands that cytokines with

potent effects, such as TNFo, be intricately regulated and indeed, s¡mthesis of TNFc is

closely regulated at transcriptional and post-transcriptional levels. Under normal conditions,

the TNFcr gene is silenced and hence production is minimal in quiescent cells. 'When

activated by any of the aforementioned stimuli, macrophages are capable of producing

substantial amounts of TNFa, and message levels rise promptly without requirement for de

novo protein synthesis.

TNFa 6RNA is unstable by virnre of a series of AUAU sequences (common to mRNA of

inflammatory cytokines) which render it susceptible to degradation by cytosoiic RNases, once

the incitinþ stimulus is abolished (42-44). The message thus has a short halflife once

transcription is intemrpted.

Compensatory mechanisms exist to provide negative feedback for TNFa production.

Corticosteroids, and prostaglandínB} (PGE2) induced by TNFa, transcriptionally down-

regulate TNFa expression @5;aQ. IL-10, induced by TNFcr is an anti-inflammatory cytokine

which similarly provides negative feedback for TNFc¿ production (47).

1.4.4 TNFa: biological effects relevant to RA

1.4.4.1 The role of TNFg in immunit)¡

TNFg (like IL-1) plays a central role in innate (antigen independent) immunitywhich is

central to the body's defence against microbial invasion. Effects are mediated both directly
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and via induction of other proinflammatory cytokines including rL-L, 2, 4, 6, L0, 12, 18, IFNy,

and TGFp (a8;aÐ.

TNFg also plays a role in antigen-specific immunity (acquired immune response) through its

modulation of the Th1 immune response. By inducinglL-L2 and IL-18, it augments IFNy

production. This increases activation of CD4+ T cells and amplifies the Th1 response, which

in turn, stimulates TNFcr production by macrophages'

cú on

(i) Inflammation

The effects of TNFa on the vasculature are critical to its role in RA pathogenesis' The

mechanisms whereby circulating leukocytes leave the intravascular space and accumulate al

sites of inflammation has been a subject of much interest. It is noteworthy that the normal

quiescent endothelium does not bind leukocytes, and it is only the activated endothelium, (in

response to cytokines such as TNFcr), which may bind leukocytes. The activated endothelium

expresses adhesion molecules, and the selectin family of adhesion molecules plays an

important role in initial engagement of leukocytes by the endothelium, while firm adhesion is

mediated by adhesion molecules of the immunoglobulin superfamily (ICAM-I and VCAM-I)

and the integrins to which they bind (Fig 1 .1). Transmigration of the leukocyte between the

endothelial cells is coordinated by both ICAM-1 and the junctional molecule PECAM-1, and

the leukocyte then moves by chemotaxis towards an increasing gradient of chemoatfractant'

TNFa up-regulates the expression of endothelial adhesion molecules including E Selectin

(CD629),intercellular adhesion molecule (ICAM-l) (CD54), and vascular cell adhesion
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molecule VCAM-I (CD106) (50)' It also causes sulfation of CD44, another adhesion

receptor, thus increasing its binding affinity (51). These adhesion molecules facilitate

leukocyte transmigration to extravascular sites of inflammation (52).

(ii) Other effects upon the endothelium

TNFg confers upon the endothelium a procoagulant phenotlpe, by enhancing production of

tissue factor, and downregulating thrombomodulin. It stimulates angiogenesis, a

characteristic feature of rheumatoid slmovium. It increases vascular permeability, inhibits

endothelial cell proliferation and enhances production of prostacyclin by endothelial cells. In

vascular endothelial cells, TNFø stimulates the production of IL-1 ,IL-3, GCSF, and GMCSF

and induces nitric oxide synthase, all of which contribute to inflammatory reactions.

(iii) Effecx on other cell tYPes

TNFc¿ stimulates the release of MMPs from neutrophils, fibroblasts, and chondrocytes (53-

55). In polymorphonuclear leukocfes, it enhances adherence to extracellular matrix and

stimulates production of superoxide. Úr lymphocytes, TNFa activates the invasiveness of

cytotoxic T cells, and induces apoptosis in mature T cells. It induces syrthesis of reactive

oxygen species in B cells and by inducing cyclooxygenase 2, it increases the production of

prostaglandins.

1.4.5 TNFd,receptors

One of the strategies to inhibit TNFcr is to block its interaction with its receptor and the

challenge has been to identify the TNFu receptors and to elucidate the downstream signalling
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pathways they influence. Indeed, TNF receptor expresslon ls up-regulated in actively

inflamed s¡movium. In both the serum and s¡movial fluid of patients with RA, there are

increased levels of soluble forms of TNF receptor (56) and the concentration of the shed

receptor correlates with disease activity (57-59). The precise role of these endogenous

solubie receptors remains elusive (60), but they may reflect an attempt to sequester excess

TNFa. In RA this adaptive mechanism maybe insufficient to overcome the over-abundance

of TNFa, thereby allowing the inflammatory state to persist'

1.4.5.1 TNF receptor I and II

There are two ce|l surface receptors for TNFcr: TNF-RI, a 55 kDa protein (p55), and TNF-

Rtr (p75), a75 Y,Daprotein (61;62). Both are transmembrane glycoproteins and are expressed

by all cell types except erythrocytes. Endothelial cells preferentially express TNF-Rtr. TNF-

RI has a more widespread diskibution, and is constitutively expressed, in contrast to TNF-RII

which is inducible.

proteolytic cleavage by MMPs releases truncated soluble forms of the receptor, compnsmg

the extracellular ligand-binding domain (33;63). Binding of TNFa to its receptor in fact

stimulates receptor cleavage and the release of the shed receptor. Thus in inflammatory

states, these soluble truncated receptors may serve as an adaptive mechanism to modulate the

biological effects of TNFcr $a;65). The concentration of shed receptors is elevated in serum

and s¡movial fluid in RA (56;66-68), and they have been identified in synovial tissue, and at

the cartilage- pannus junction (69;70). Eventually the shed receptors are excreted by the

kidney (71-73).
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TNFcr binds both receptors with high affinity (74), however the kinetics of release from the

two receptors differs. Binding to TNF-RI is almost irreversible, in contrast to the rapid

dissociation from TNF-RII. It is TNF-RI rather than TNF-RII which mediates the

inflammatory responses to soluble TNFa(75), and it has been proposed that TNF-RII may

function as a iigand passer, passing trimeric soluble TNFa at low concentrations to TNF-zu

(76).

4.5.2

The extracellular domains of both TNFcr receptors have four cysteine-rich regions which are

conserved between the two receptors. The intracellular domains are devoid of enz¡rrnatic

activity, and differ in structure, consistent with distinct downstream signalling pathways' The

intracellular domain of TNF-RI is marked by a "death domain" (DD) at its carboxy terminus,

and this region is involved in TNF-induced apoptosis, antiviral activity, and induction of

nitric oxide synthase (77-79).

Within each TNFa trimer are three potential sites for interaction with the receptor (80).

Receptor- ligand binding causes tnmeization of the receptor, and the recruitment of a number

of downstream signalling molecules. Úr the case of TNF-RI, the intracellular death domain

recruits adaptor proteins containing cognate death domains. one such protein, TNF-receptor-

associated death domain (TRADD), a3|l<Daadaptor protein, interacts with TNF-RI via its

C-terminal death domain. TRADD in turn, when activated, recruits Fas-associated death

domain protein (FADD), and RIP (receptor interacting protein) which lead to activation of

caspases and apoptosis as shown in Fig I'2 (8I;82)'
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Alternatively, TRADD may signal through a distinct pathway, bypassing the route to

apoptosis, and leading to inflammation (Fig 1.2). TNF-receptor- associated factors (TRAFs),

are a family of proteins involved in signal transduction with six identified members' TRADD

may bind either TRAFI or TRAF2, and binding to TRAF2 initiates activation of the

transcription factor NFKB with subsequent induction of inflammatory proteins (83;84).

Signal transduction molecules downstream of TRADD thus determine whether TNF-RI

binding leads to apoptosis or an inflammatory state'

Although TNF-RII does not have a TRADD/FADD binding region, it may also mediate

apoptosis when bound by agonist (85;86). The induction of TRAF2 is thought responsible for

this effect (Fig1.2) (g6). TNF-RI may also interact with TRAF2 to activate NFKB and lead

to inflammation.

1.4.6 TRAFs

TRAFs are a family of six adaptor proteins, of which TRAF2 is the prototype' All six

identified TRAFs are characteirzedby a RING finger and azinc finger motif located at the N

terminus (87). The TRAF domain allows for self association and interaction with other

signalling proteins and is located in the C-terminal region (38;89). TRAF1 and TRAF5 are

found irì spleen, th¡rmus, and lungs, while TRAF4 is found in breast cancer cells. There is

ubiquitous expression of TRAF2, TRAF3, and TRAF6'

TRAF2 may interact with both TNF receptors, either directly with TNF-RII or indirectly with

,I,NF-RI, via TRADD (Fig 1.2) (S4). TRAF2 interacts with various downstream signalling

molecules including RlP, NIK, and subsequently activates NFKB (83)' An alternative

signalling pathway downstream of TRAF2 exists, causing activation of INK, and there is
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evidence supporting a role for apoptosis-signal-re gulating kinase 1 (ASK1), a MAPK kinase

kinase in mediating TRAF2-induced JNK activation (90). TRAF2 thus lies at the bifurcation

of signal transduction pathways to activate either NFKB or INK (Fig 1.2). Although not

absolutely essential for TNF-induced NFKB activation, TRAF2 is obligatory in TNF-induced

INK activat íon (9 I ;92).

The mechanisms involved in regulating the distinct biological fesponses elicited by TRAF2

signalling have been unclear. Recent work however, implicates a role for sphingosine kinase

(SK), a lipid kinase, in signal transduction by TRAF2, to specifically and preferentially

activateNFKB with a subsequent anti-apoptosis and pro-inflammatory effect (93).

1.s. s olism

The concept of sphingolipids as inert structures within cell membranes has been challenged

by evidence supporting a role for sphingolipid metabolites as second messengers mediating

diverse cellular firnctions including proliferation, migration and survival'

of particular interest to the biomedical research field is the sphingomyelin (SM) pathway (Fig

1.3). As shown, TNFcr activates sphingomyelinase (SMase) which catalyzes the hydrolysis of

sM to ceramide, a pro-apoptotic lipid second messenger Qa;95). Ceramide may be

metabolized by ceramidase to form sphingosine (sph). sphingosine kinase (sK) then

phosphorylates Sph to generate sphingosine-1-phosphate (SlP) (96)' TNFcr is apotent

inducer of SK activity, independent of activation of SMase, and the product, S1P, antagonizes

TNFcr-induced apoptosis (97). Thus preferential formation of ceramide or S1P, intermediates

within a single metabolic pathway, has opposing biological effects, ieading to either cell

death, or cell survival respectively. Differential activation of the enzymes responsible for
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these products, by specific stimuli thus determines the fate of celis - activation of SMase by

cytokines, versus growth factor activation of SK (98)

1.6. Sphingosine Kinase

1. 6. 1 Enzymatic ProP erties

Sphingosine kinase catalyzesthe phosphorylation of the 1-hydroxy group of Sph to generate

bioactive S1p. This reaction is the rate-limiting step in the sphingomyelin pathway and is

dependent on adenosine trþhosphate (ATP) and magnesium. sK activity has been found in a

variety of cells/ tissues including bovine brain (99) and kidney (100), rat liver (101), and

human and porcine platelets (102). Rat SK has been purified (103), and the enzyrne from

mouse and yeast has been cloned (10a;105)

only recently has human SK been purified and cloned from placenta (106). The active

purified enzqe\Ã/as expressed in HEK293T cells and Escherichia coli, and subsequently, the

purified placental enzymewas charactenzedalong with ¿' Coli-denved recombinant SK' In

terms of substrate specificity and kinetics, and catalylíc properties, the recombinant enzyme

was virhrally identical to native SK, suggesting that SK is a constitutively active enzìflrre

which does not rely on eukaryotic post-translational modifications for its activity (106)'

constitutively active sK may sorve a house-keeping function, to keep cellular levels of Sph

and ceramide in check. SK may however assume a role in cell signalling, when activated by

agonist, by catalyzing the formation of S1P'
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Sequence analysis of purified human SK reveals it shares amino acid sequence similarity with

two murine SK sequences (104) and with two Saccharomyces cerevisiae SKs (105). There

are five blocks of highly conserved regions towards the N terminus, and three putative

calcl;6¡J calmodulin binding sites. Amplification of human SK to identify signalling domains

demonstrated similar amino acid sequences in residues 16-153 with the putative

d.iacylglycerol kinase catalytic domain. There was however very little similarity to the ATP

binding site of the catalytic domain of diacylglycerol kinase (106). The purifrcation process

using anion exchange chromatography revealed two peaks of SK activity from human

placenta, suggesting the presence of two isoforms of the enzyme, SKl and SK2. Similarly in

human platelets, the majority (72%) of SK activity is associated with the membrane fraction.

The cytoplasmic and membrane-associated enzl.rnes in human platelets differ in their

response to detergents and SK inhibitors, again suggesting the existence of several enzymatic

forms (107). Human umbilical vein endothelial cells (HWEC) in contrast have a single

enzymatic isoform of SK, which eiutes at the same point as human placental SKl on anion

exchange chromatography. No other latent isoforms were revealed upon TNFa treatment of

HUVEC, rather, SK1 activity is stimulated (106).

1.6.2 Sphingosine kinase 2

1.6.2.1 Tissue distribution and enzr,'matic properties

A second tlpe of mammalian SK, SK2 has been cloned and dnaracteirzed (108). SK2 is a

larger protein than SKl with an additional 236 amino acids. Its tissue distributiori/ expression

are distinct, with abundant expression in brain, heart, kidney, testis and iiver. Histochemical

analysis of SKl in human tissues has revealed its expression in white matter in the cerebrum

and cerebellum, red. nucleus, midbrain and kidney, platelets and in the vascular endothelium
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(109). The temporal pattern of expression of the SKl and SK2 in murine develoPment

differs. The two enz)rmes differ in terms of substrate specificities; the naturally occurring D

erythrosphingosine isomer is the preferred substrate for SKl, but D-erythro

dihydrosphingosine is a better substrate for SK2'

1.6.2.2 Sphingosine kinase 2: a role in apoptosis

kr light of the above differences in tissue distribution, kinetic properties, and substrate

specificities, it is conceivable that SK2 may have a unique role, distinct from SK1' However

the physiological role of SK2 has not been addressed until recently. A recent investigation

into the role of sK2 indicates that SK2 enhances apoptosis and inhibits cellular proliferation,

despite enhancing the production of S1P(110)'

The same study addressed the mechanism underlying the pro-apoptotic effects of sK2,

revealing that this was explained by the presence of a critical sequence of nine amino acids

which resembled a sequence seen in Bcl-Zhomology 3 (BH3)-only proteins(110)' The BH3-

only proteins are a subfamily of the Bcl-2 group of proteins, which by virtue of this critical

amino acid sequence, interact with the pro-survival Bcl-Z proteins, resulting in

apoptosis(111). That it was the BH3 domain present at the N-terminal of the protein which is

responsible for apoptotic effects was confirmed by enforced expression of truncated forms of

SK2 in NIH3T3 fibroblasts and PC12 cells. Expression of the N-terminal fragment,

containing the BH3 domain, but not the C-terminal fragment, induced apoptosis in these cell

types(1 10).

At present any other biological effects of SK2 remain unknown, despite its ubiquitous

expresslon.

20



Chaote¡ 1:

fr this thesis, SK refers to SK1, unless otherwise specified'

1.6.3 Activøtíon of SK

Although constitutively active, sphingsoine kinase may be further activated by a number of

agonists including PDGF (1t2),phorbol esters (98), serum (113), nerve growth factor

(114;115), activation of PKC (116;1 l7), and cross linking of FceRl and FcyRl (118)'

Importantly, TNFg can activate SK in HWEC independently of its activation of SMase (97)

TNFcr treatment of HUVEC resuits in a prompt but transient rise in SK activity, peaking

within ten minutes.

Until recently, the enzymatic alterations which lead to activation of SK in response to agonist

binding have not been addressed. The critical role of TRAF2 in t}re activation of SK in

response to TNFa has been established (93), however the mechanisms underlying this had not

been elucidated. In an attempt to elucidate the mechanism of cataiysis of SK, in our

laboratory, the substrate-binding sites of SK have been examined. By using site-directed

mutagenesis and affinity labeling with the ATP analogue FSBA, the roie of Gly82, and

Lys103 in nucleotide binding by SK have been established (119). More recently in our

laboratory, it has been shown that activation of SK is mediated by phosphorylation of SK at

Ser225, and that this is mediated by the ERK1/2 kinases (120). Furthermore, it was shown

that this phosphorylation leads to translocation of the activated enzyme from the cytosol to the

plasma membrane. The structural changes consequent upon phosphorylation of SK leading to

enhanced catalytic activity remain unknown, in the absence of a defined crystal structure for

the enzyme to date.
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Activation of SK by TNFa is paralleled by an increase in S lP, and resistance to TNFU-

induced apoptosis. In a spontaneously transformed endothelial line (C11), SK may be

activated by pMA but not by TNFo. This cell line is susceptible to TNFcr-induced apoptosis,

but is protected by the addition of exogenous S lP or stimulation of SK by PMA. Normal

HI;VEC are rendered sensitive to TNFcr mediated apoptosis when treated with

N,N,dimethylsphingosine (DMS), a competitive inhibitor of SK. TNFo thus activates SK, an

obligatory eîzqe in protecting the cell from its own apoptotic effects (97). Over-expression

of SK1 inratphaeochromocytomaPCl2 cells (accompaniedbyincreasedintracellular S1P

and kinase activity) provided resistance to apoptosis induced by withdrawal of trophic factors

or ceramide. This was accompanied by suppression of stress-activated protein kinase c-Jun

N{erminal kinase (SAPIíJNK), and inhibition of casp ase 2,3 , and 7 activation. Unlike NGF

induced survival, SK over-expression did not influence ERK1/2 or Akt (I2l)'

1.6.4 Rote of sK in mediating signølling downstreamfrom TNFa

1.6.4. 1 Adhesion molecules

Of particular relevance to the pathogenesis of a chronic inflammatory disease such as RA, is

the up-regulation of adhesion molecules (E Selectin, VCAM-I, ICAM-1) on vascular

endothelium, which facilitates egress of leukocytes from the inkavascular space to the site of

inflammation. A critical study, investigating the mechanisms underlying these effects of

TNFcr in HLIVEC has demonstrated convincingly a role for SK in mediating this effect (122).

S1p, the product of SK activity, was shown to stimulate VCAM-1 and E Selectin expression

in a dose-dependent marìner, with prompt increase in mRNA levels in HUVEC. The effect

was specific to S1P; sphingosine or ceramide had no effect. N'N'-dimethylsphingosine
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(DMS), a competetive inhibitor of SK, reduced adhesion protein and message levels (50-

70o/"), implyng a dominant role of SK in mediating the TNFo action. Addition of exogenous

S1P reversed the effects of DMS, and moreover, DMS had no effect on SlP-induced adhesion

molecule expression. This establishes SK as an important enzyme in mediating the adhesion

protein expression induced by TNFa. Evidence that high density lipoprotein (HDL) inhibits

TNFg-induced SK activation in HLIVEC with concomitant decrease in S1P productioh and

adhesion molecule expression (1,23) provides further strength to these data.

1.6.4.2 ERK activatron

TNFcr and SlP can both activate extracellular signal related kinase (ERK), a member of the

MAPK family, which may lead to endothelial activation. SK has been shown to mediate this

effect of TNFc¿ (122).

I.6.4.3 NFKB

Adhesion protein gene transcription stimulated by TNFo is dependent on NFrB (124), and a

role for SK in mediating TNFcr-induced NFkB activation has been established by the use of

competitive inhibitors which specifically prevented NFKB activation, but spared other

transcription factors (122). NFKB activation by SK is dependent on TRAF2 (93). TRAF2

binding depends on the presence of a consensus motif (P/S/T/A)X(Q/E)E present on TRAF2

binding receptors including TNF-RII and CD40 (125;126). SK has recently been

demonstrated to contain two TRAF2 binding motiß at positions240-243 (PLEE) and379-382

(PPEE) (e3).
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1.6.4.4 with TRAF2

Over-expression of SK (in HEK2}3 cells) activated NFrB and potentiated TRAF2- induced

NFkB activation. The use of dominant negative SK (a catalytically inactive SK containing

the substitution glycine to aspartate at position 82) (127) completely abolished TNFcr and/ or

TRAF2-inducedNFrcB activation (93). Thus the interaction of TRAF2 and SK activates SK

which subsequently mediates TRAF2-induced NFrcB activation. The alternative signalling

pathway downstream of TRAF2, leading to JNK activation, was SK independent. NFKB

protects against apoptosis by the production of a famiiy of anti-apoptotic proteins, the

inhibitors of apoptosis proteins (128), however it is not an obligatory factor in TRAF2

mediated anti-apoptosis (91;92). The activation of SKby its interaction with TRAF2

mechanistically defines an anti-apoptotic pathway independent of NFrB (93).

1.6.5 An oncogenic role for SK

Over-expression of SK (in NIH3T3 fibroblasts) can confer upon the cells a transformed

phenotype, with an escape from contact inhibition and serum dependence. This is

accompanied by clustering (focus formation) by cells transfected with SK, and the ability to

form tumours in NOD/SCID mice (129). SK thus has an oncogenic role in its own right,

while in addition, it is essential in Ras-mediated transformation (129). This is in accordance

with the documented anti-apoptotic role of SK and S1P (130-132). Furthermore, SK inhibits

DEVDase and caspase-3 activation, again in keeping with the above findings (130;131)'

1.7 Sphingosine-1-phosPhate
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S1P, a bioactive polar sphingolipid metabolite, is generated by the phosphorylation of

sphingosine by SK. S1P is either cleaved at the C2-C3 bond by S1P lyase to produce

ethanolamine phosphate and fatty aldehyde (133;134), or is dephosphorylated by S1P

phosphatase. S1p lyase is absent in platelets but is otherwise ubiquitously expressed in cell

membranes within mammalian cells.

S 1p influences diverse biological processes such as ceil proliferation, survival, migration,

calcium mobilization and differentiation (135). Whether these effects are mediated

intracellularly or via cell surface receptors has been the subject of much controversy, but there

is now evidence to support a role for both intracellular and extracellular actions.

1.7.1 Extracellular effects of SIP

1.7.1.1ED G receotors

S 1p is a ligand for EDG-1 (endothelial differentiation gene 1), a member of a growing family

of G-protein-coupled receptors (GPCR) including EDGl,3,5,6,8 (131;136). EDG-1 is a 380

amino acid protein with high affinity for SlP which signals via Gi/Go (I37-I39) to mediate

downstream effects. EDG-3,5,6,8 all bind S1P with high affrnity and specificity, although

less is known about these.

EDG-I is abundantly expressed by HLIVEC (EDG-3 to a lesser degree) and maybe induced

by pMA. 'When bound by S lP, it induces cell migration (140), a process critical for wound

healing, tumour metastasis, and inflammation. Binding of SlP to EDG-1 inhibits cyclic AMP

formation, and activates ERK-2 (136) (Fig 1.4). ERK activationby SlP shows variable

sensitivity to pertussis toxin (141; I42). Calcium mobilizationby S1P has also been linked to

EDG-I receptor binding (1 3 8).
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EDG receptors have subsequently been renamed S lP receptors, for example S lP 1, S 1P2,

however in this thesis to avoid confusion with S1P, they have been referred to as EDG

receptors.

1.7.1.2 EDG receptors and angiogenesis

In endothelial cells SlP functions as an angiogenic regulator by activating EDG-1 and 3

(143), as shown in Fig 1.4. Addition of exogenous SlP (but not intracellular microir¡ection)

increased actin stress fibres and cortical actin structures, by signalling through Rac and Rho

small GTPases, and independent of the Gi inhibitory pathway. Exogenous SlP induced the

formation of adherens junctions, by translocation of VB-cadherin and catenin (ü,Þ,T)

molecules to discontinuous structures at cell-cell junctions, an effect againdependent on SlP-

induced Rho and Rac activation. The use of antisense oligonucleotides to specifically block

EDG1 and 3 expression inhibited SlP-induced VE-cadherin accumulation at cell-cell

junctions. Antisense EDG-I inhibited Rac-dependent cortical actin structure assembly,

whereas antisense EDG-3 specifically attenuated Rho-dependent stress fibre formation.

EDG-I thus signals through the Rac pathway, and EDG-3 through the Rho pathway, and both

are critical for SlP-induced adherens junctions and endothelial cell morphogenesis. The

EDG-1/Gi pathway was shown to activate ERK and thereby mediate endothelial cell survival'

Cell-cell jgnction assembly, survival, and morphogenesis are thus under the d¡mamic control

of S1P, implicating this lipid as an important modulator of angiogenesis.

FGF to induce1.7.1.3 SIP has srmersistic effects with
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S1P is known to cooperate with VEGF and FGF to induce angiogenesls Qa3;Ia$. There is

evidence that SK in endothelial cells is active constitutively and exported to the extracellular

space where it generates S1P, in quantities sufficient to achieve receptor stimulation (145)'

Cells over-expressing SKl had heightened release of the enzpe, and potentiated FGF-2

driven angiogenesis. These effects were attenuated by antisense EDG-1 and EDG-3

oligonucleotides (145). Dysregulated angiogenesis in rheumatoid synovium (and other

pathological conditions) raises the possibility of inappropriate activity of S1P-EDG-I13

pathways.

1.7.1 .4 S 1P and platelets

platelets have persistently active SK under resting conditions and lack SlP lyase activity

(146;147), and consequently have high intracellular levels of S1P in comparison with other

cell types. S1P treatment of platelets induces changes in platelet shape and mobilizes

intracellular calcium stores (1a8;1a9). SlP activated platelets; sphingosine did not despite

being promptly converted to S1P by SK, suggesting S1P activates platelets from the exterior

of the cell.

The Slp receptor on platelets is shared by lysophosphatidic acid (LPA) (150), a bioactive

lipid structurally similar to S1P. LPA can itself induce platelet aggregation (151) and is

released from activated platelets (152). Agonist activation of platelets through PKC

stimulated the release of S lP, however platelet agonists which do not signal through PKC did

not induce S1P release. Activation of PKC in platelets thus appears to be involved in S1P

release (149).

27



Chanter 1

1.5 slne

S1p can activate variogs non-receptor tyrosine kinases to mediate biological effects'

Activation of crk stimulates mitogenesis (153), whereas phosphorylation of p125 FAK (focal

adhesion kinase) causes cytoskeletal changes and stimulates the formation of focal adhesions

(13i;15a). EDG-5 and Rho are thougtrrt to be involved in SlP-stimulated pi25 FAK (131)

(154) phosphorylation. S1P activates Syk, in a PKC dependent fashion to signal downstream

to Ras and pI3 kinase (155). S1p also stimulates gene transcription of the AP-1 transcription

factors c-Jun and c-Fos (156), and EDG-3 and EDG-5 have been shown to be responsible for

these effects (157).

1.7.2 Intrøcellular effects of SIP

Agonist stimulation of SK, over-expression of SK in transfected cells, the use of SK inhibitors

(DMS) and, more recently, the generation of a dominant negative SK (127) (which lacks

kinase activity and is resistant to activation by agonists) provide evidence for an intracellular

role of Slp as a second messenger. The precise intracellular targets of S1P remain elusive at

present. As shown in Fig L4,inftacellularly, SlP has been shown to mobiiize calcium from

internal stores independently of inositol trþhosphate (96;158), stimulate FAK

phosphorylation (96;158), and activate phospholipase D (159). In EDG-1 transfected

HEK2¡3 cells stimulated with exogonoils S1P, SlP mobilized intracellular caicium, and

activated phospholipase D independently of EDG-1 expression (131). calcium mobilization

and activation of phopholipase D are critical in cellular proliferation. The same study further

revealed that the anti-apoptotic and mitogenic effects of S lP were related to intracellular

uptake of S1P and independent of EDG-1 expression'
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DMS treatment to block the formation of endogenous S1P, inhibited cellular proliferation

driven by PDGF and fetai calf serum, but did not influence S1P receptor binding or receptor

mediated reduction in cAMP levels (II2). S1P-inducedpl25 FAK phosphorylation was not

influenced by suramin, an inhibitor of receptor - ligand interactions, indicating that the

mitogenic effects of S1P are not mediated by receptor binding (154).

S1P is thus a unique lipid mediator which may function both as an intracellular second

messenger, and as a ligand for cell surface receptors.

1,.8 AIMS

The important role of TNFø in RA, and the above evidence for sphingosine kinase rn

mediating many of the biological actions of TNFu, suggest a role for this erTzpe in the

pathogenesis of RA. This then justifies a systematic enquiry into the role of sphingosine

kinase in mediating angiogenesis and inflammation in RA. It will be the intention here to

conduct such an investigation.

The specific aims of this project are:

1. To establish a system for over-expressing SK in endothelial cells.

2. To determine the phenotypic consequences of raised intracellular levels/ activity of

sphinsogine kinase in endothelial cells, with enquiry specifically directed to in vitro

measures of angiogenesis and inflammation.

3. To define intracellular signalling pathways activated by raised intracellular SK

activity.
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4. To compare and/or contlast the effects of mild-moderate inereases rn intracellular SK

activity in end.othelial cells, to those effects seen when eîzymatíc activity is markedly

raised.

L.9 Ilvpothesis

It is hypothesized that raised. intracellular SK activity in endothelial cells will result in

significant changes to the phenotlpe of these cells:

1. Endothelial cells over-expressing SK will show greater inflammatory potential.

Specifically, over-expression of SK will result in increased expression of

inflammatory proteins such as VCAM-1 and E Selectin. It is hypothesized that over-

expression of SK will augment the normal endothelial response to inflammatory

cytokines such as TNFcr (that of induction of adhesion molecule expression)' It is

- further hlpothesized that any such alterations in adhesion molecule expression seen in

cells over-expressing SK will result in functional alterations in the ability of the

endothelium to bind leukocYtes.

Z. Over-expression of SK in endothelial cells will enhance the ability of the endothelium

to undergo angiogenesis. Specifically, it is h1'pothesízedthat over-expression of SK

will enhance ce|l proliferation, cell survival, confer resistance to apoptosis, enhance

cell migration, and stimulate cellular remodeling.

3. Over-expression of SK will result in changes to cellular pathways involved in the

regulation of cell proliferation, survival, apoptosis, and migration.
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Pro-angiogenic
factors

Anti-angiogenic factors

VEGF (10;11)
bFGF (r3;ra)
rL-1 (16)
rL-8 (17)

PDGF (20)
hypoxia

Thrombospondin (12)
rrMP-l (1s)
rrMP-2 (15)

IFNy (18;19)

Table 1 shows the factors relevant to RA which act to promote angiogenesis (Pro-angiogenic

factors) and those which act to suppress angiogenesis (anti-angiogenic factors). VEGF: vascular

endothelial growth factor, bFGF: basic fibroblast growth factor, IL: interleukin, PDGF: platelet

derived growth factor, TIMP: tissue inhibitors of metalloproteinase, IFN: interferon.
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Fig L.1 shows a schematic representation of the mechanisms whereby

circulating leukocytes adhere to the activated endothelium. The initial weak

adhesion is mediated by the selectins, and firm adhesion is mediated by the

immunoglobulin superfamily. Transmigration and chemotaxis ensue.
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TNFcr

TNF-RI TNF-RII

Fig 1.2 shows a schematic representation of the downstream signalling
pathways resulting from interaction of TNFcr with either of its receptors (TNF-
RI or TNF-RII). TRAF2 thus lies at the bifurcation of pathways which may

lead to inflammation or apoptosis. (TRADD= TNF receptor associated death

domain, RIP = receptor interacting protein, FADD= Fas associated death

domain protein, SK= sphingosine kinase).

TRAF-2TRADD

FADD

RIP SK

/
JNK NFKB

caspases

Inflammation

Apoptosis



sphingomyelin

SMase

+
ceramide

TNFC¡ ceramidaseÐ

sphingosine

SK

Sphingosine L hate

ERK 1/2 NFKB AP-1

Endothelial activation / survival

Fig 1.3 shows the sphingomyelin pathway. SMase: sphingomyelinase, SK:

sphingosine kinase. TNFcr: tumour necrosis factor cr, NFrB: nuclear factor rB,
ERK: extracellular signal related kinase, AP-1: AP-1 transcription factors, +:

activation
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SIP

EDG 1/3

Fig 1.4 shows the action of SlP in endothelial cells. Binding of S1P to EDG
receptors to activate the Rho/ Rac GTPases and ERK 1 /2 is shown, along with
the intracellular actions on undefined targets to enhance cell proliferation.

Unknown targets

I

proliferation

Rho/ Rac ERK 1/2

Ca++ mobilisation
FAK phosphorylation
Phospholipase D activation



CHAPTER 2

MATERIALS AND METHODS
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2.L Culture media- Reagents

2.1.1 From JRH Biosciences

Medium 199 (L}ïIEBSS) with Earle/s Balanced Salts + 0.68mM L-Glutamine

RPMI 1640 Medium +2.05mM L-Glutamine

DMEM (Dulbecco's Modified Eagle/s Medium)

HEPES Buffer solution lM

L-Glutamine Solution 200mM in saline

Sodium bicarbonate solution (endotoxin free) 7 .5%

MEM Nonessential amino acids solution (100x)

Sodiumpynrvate 100mM

Trypsin (0.05% trypsin, 0.02% EDTA)

2. 1. 2 Growth supplements/ øntibiotics

Penicillin G 5000U/m1, Streptomycin sulphate 5000¡rg/m1 (Commonwealth Serum

Laboratories, Victoria, Australia)

G418 sulfate (Promega, V/L USA)

Heparin (Sigma, St Louis, Missouri, USA)

Endothelial cellgrowth supplement (GIBCO BRL, Life Technologies)

Recombinant human VEGF (PeproTech Inc, USA)

Recombinant human FGF (R&D Systems)

Fetal bovine serum (FCS) Multi SerrM, (Thermo Trace, Melbourne, Australia)
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2. 1. 3 Additional reagents

Fibronectin (Boehringer Mannheim) used at 5opg/ml diluted in PBS.

Gelatin (Sigma, St Louis, Missouri, USA)

EDTA (Univar, Asia Pacific Specialty chemicals LTD, Sydney, Australia)

Matrigel@ (Beckton Dickinson, MA, USA)

2.1.4 Solutions for cell culture

(Ð HIIVE Medium: M199 supplemented with 20o/oFCS,20mM HEPES, 0.225% sodium

bicarbonate, 2mM L-glutamine, TYo non-essential amino acids, lmM sodium pyruvate,1.2%o

p enicillirVgentamicin.

(iÐ H1ryE Wash: mediuml99,2o/o FCS, 1OmM Hepes, 0.225% sodium bicarbonate,2rcML'

glutamine, 1 % penicillirVgentamicin.

(iii) Complete DMEM: DMEM with 50 U/ml penicillin, 50¡,rglm1 streptomycin sulphate,

10mM Hepes, 10% v/v FCS

(iv) Endothelial cell basal medium (EBM), Clonetics, Biowhittaker

2.1.5 Culture Fløsks

Nonpyrogenic, DNAase, RNAase free 25cm2 or75 crri tissue culture flasks, CellStar@,

Germany

6,24, or 96 well trays, NunclonrM, Denmark
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96 well non pyrogenic DNAase, RNAase free suspension culture plate (Cellstar@, Germany)

Lab-Tek@ Chamber SliderM System, Nalge Nunc International, Naperville, IL

2. l. 2 Primary antibodies

primary antibodies used in'Western blotting (dilution as indicated) or flow cytometry are

indicated in Table 2.T, alongwith the diiution at which they were used in'Westem blotting,

the host, the source, as well as their characteristics.

2.1.3. Plusmids

The plasmids, pAdEasy-l and pAdTrackCMV were obtained from Dr. R. Hannan, Molecular

and Physiology Laboratory, Vic, Australia. The mammalian expression vector pRufNeo was

obtained from Dr. T Gonda, Human Immunology, Hanson Institute, Institute of Medical and

Veterinary Science.

2.1.4. Enzymes

EcoRI, Hpa I, Hind III, Bam lF-I, PmeI, Xho I were purchased from New England Biolabs,

Ontario, Canada.

2.1.5. Inhibitors

LY 29 4OOZ (Pl-3kinase inhibitor) from Calbiochem, Darmstadt, Germany.

pD98059 and UO126 (MEKI inhibitor) from Cell Signalling (Beverly, MA, USA).

pp1 (Src-family tyrosine kinase inhibitor) from Biomol Research Laboratories, PA, USA
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AG-490 (JAK-2 tyrosine kinase inhibitor) from Biomol Research Laboratories, PA, USA

PMSF þrotease inhibitor), Sigma, St Louis, Missouri, USA.

Protease inhibitor cocktail, Sigma, St Louis, Missouri, USA.

Pertussis Toxin, Sigma, St Louis, Missouri, USA

2.1.6 Dyes

Trypan blue, xylene cyanole FF, and bromophenol blue from Sigma, St Louis, MO

4'6-Diamidine-2'-phenyiindole dihydrochloride (DAPI), Roche, Manheim, Germany

2.1.7. Solutions and Buffers

Solutions and buffers are detailed ínTable 2.2

2.2 Cell culture

2.2.1 Cell Lines

Cell lines used in addition to HLIVEC were as follows:

-HEK293 cells (ATCC Number: ATCC-CRL-7573), a transformed human kidney cellline

-NIH3T3 cells (ATCC Number ATCC-CRL1658), which are contact inhibited NIH Swiss

mouse embryo-fibroblast cells.

- Bing Cells are aHEK293 packaging cell line containing the apparatus to produce a

retrovirus when transfected with plasmid DNA. They were produced by Dr. Warren Pear in

1996 according to the method in (160), given to Dr. T Gonda, Hanson Úrstitute, and

subsequently sourced to the Vascular Biology Laboratory'
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2.2.2Isotation of HUWCfrom cords

The umbilical vein was isolated, and irrigated with RPMI until the return was clear of blood.

Collagenase solution 25m1was injected into one end of the vein, whilst elevating the other

end to ensure uniform enzqe distribution. The ends of the vein were sealed with a stopcock,

and the cord placed in a beaker of saline warmed ro 37"C for 13 minutes. The cord was then

removed from the saline, and the collagenase collected into two 50ml centrifuge tubes by

injecting fresh medium into the vein. The process was then repeated with the stopcock closed

this time massaging along the length of the cord 4 times. The stopcock was then opened and

agunthe solution washed through four times. The medium was then collected into the tubes,

followed by centrifuging at 1500 rpm for 5 minutes. The cells were resuspended in 12 ml

HITVE wash, and pooled. Pelleting/ re-suspension was done a total of three times, and then

the celis resuspended in 5 mI HLIVE medium and dispensed into 25cm2 gelatin coated flasks.

2.2.3 Cell culture

HIJVEC were gïown in25cr* or 75cnf gelatin coated Costar flasks (Costar Cotp',

Cambridge, MA) in HUVEC Medium supplemented with heparin and ECGS at 150pg/m1'

A1l cells were incub ated aI37oC ina humidified atmosphere of 5o/o COz in air. Cel1s were

subcultured, each flask for 2 to 5 days, depending on the growth rate. The medium from the

cells was aspirated, and the cells washed with EDTA 0.01\4/PBS. Trlpsin was pre-warmed in

a 3ToCwater bath, and added to the cells (0.6m1 and I.2mI for 25 cm2 and 7 5 cm2 flasks

respectively). The flasks were gentiy tapped until the cells were seen to be detaching, and

then IfLIVE wash was used to neutralize the trypsin (5m1, 1Oml fot 25crrf ,7 5 crrf

respectively) (complete DMEM for HEK293 cells). The cells were pelleted by centrifugation

36



Chaoter 2: anrl Methods

for 5 minutes at 1500 rpm. IILTEC were routinelypassaged when confluent (each 3-4 days)

with 1:2 split whereas IIEK293 cells were split at 1:3 ratio when between 50-70% confluent.

Exclusion of trypanblue (0.8% w/v in saline) diluted 9/10 was used to determine cell

viabilities, and cell densities were calculated using a haemocytometer. HEK293 ce1ls and NIH

3T3 cells were cultured in complete DMEM in uncoated flasks.

2.2.4 Cryopreservøtion of Cells

Cells were harvested at log phase and re-suspended in medium supplemented with 10% FCS.

The cells were placed on ice, and an equal volume of ice-cold cryoprotectant (40o/oFCS,20o/o

dimethyt sulfoxide (MERCK Pty Ltd. Victoria, Australia) and 50o/o medium) was added drop

wise to the cells. Cells in 1 ml aliquots were placed in cryotubes (Greiner, Labortechnik,

Germany) and transferred to liquid nitrogen for long term storage.

2.3. DNA preparation

2.3. 1 Retrovirøl construct

The retroviral vector used was pRUFNeo (5661bp)(161)which comprises the neomycin

(G418) resistance gene (aminoglycoside phosphotransferase 3'(I). The oDNA of interest

(wild type flag-epitope tagged sphingosine kinase, l.zkb, cloned in our laboratory, or

dominant negative SK, G82D, generated by site directed mutagenesis in our laboratory, and

also flag epitope tagged(L}7)) was inserted into pRUFNeo by restriction digest (Fig 2.1).

Empty vector þRIIFNeo without oDNA) was used as a control. Flag tag is an 8 amino acid

structure (D\TODDDK) with turther details outlined as in (106).
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2.3.2 Transfer of pløsmids into bøcteria

Electrocompetent cells (E Coli, DH5a) were thawed on ice. These bacterial cells had been

grown in a low salt medium and desalted by washinginl}Yo glycerol in water to enhance

efficiency of DNA transfer. Plasmid DNA (1 prl, of 1Ong/pl stocþ was added to 40¡rl of cells

and incubated on ice for 30 minutes. The cells were then placed into 42"C water bath for 2

minutes, and then placed ín iced water for 1 minute. Luria Bertani broth (1m1) was added to

the cells and the cells were incubated at 37"C for 30 minutes. After centrifugation at 6000

rpm for one minute, 1ml of broth was discarded, and the remaining 100¡rl was streaked onto

an agar plate (containing 100pg/m1 ampicillin) with a sterile (heat and alcohol treated) bent

Pasteur tip. The plate was incubated overnight at37"C. The following day, a single colony

was picked with a sterile tootþick and used to contaminate2 ml LB broth containing

ampicillin 100pg/m1. The culture was grown ovemight ina37"C oven with vigorous

shaking. The culture was then diluted by inoculating into 200 ml of LB broth containing

ampicillin. This was cultured ovemight at37"C with vigorous shaking. The bacterial cells

were then harvested by centrifugation at 5000rpm for 15 minutes at 8oC. The supernatant was

discarded.

2.3.3 DNA PuriJìcøtion

The Qiagen Plasmid purifrcation system (Hilden, Germany) was used according to the

manufacturer's instructions to purify the DNA. The above bacterial pellet was resuspended in

4 ml of Buffer Pl by vortexing to ensure no clumps remained. To lyse the cells, Buffer P2

4m1 was added and a viscous appeararLce was indicative of cell lysis. The solution was

thoroughly mixed and incubated at room temperature for 5 minutes. To neutralizeBtfferP2,

ice cold Buffer P3 (a ml) was added which resulted in the formation of a precipitate
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containing genomic DNA and cell debris. A Qiagen-tip was equilibrated by the addition o

ml Buffer QBT and allowing gravtty to aid the flow. The supernatant was filtered and loaded

onto the QIAGEN-tip and allowed to enter the resin by gravity. At this stage, the DNA

should bind to the QIAGEN Resin. The QIAGEN-tip was then washed with 2xi0m1 Buffer

QC to remove contaminants. The DNA was eluted with 5mi Buffer QF and the eluate

collected in a 10 ml tube. The DNA was precipitated with 3.5m1 isopropanol at room

temperature. The precipitated DNA was immediately centrifuged at 12000rpm for 30 minutes

at 8oC. The supernatant was discarded and the DNA pellet was washed with 70o/o ethanol and

then centrifuged at 12000 rpm for 10 minutes. The supernatant was decanted, and the pellet

air-dried. The DNA was then dissolved in TE (10mM Tris, 0.1mM EDTA, pH 8.0),

transferred to Eppendorf tubes, and stored at -20"C.

2.3.4 Determínation of DNA concentration

lfV spectrophotometry was used to determine the DNA concentration. The DNA was diluted

in TE and loaded in a cuvette. Program 7 in the spectrophotometer (Beckman DU@-64) was

used to determine ttre A2601280. TE was used as ablank solution. The DNA concentration

(f.dpl) was the product of 0.05, A260 and the dilution factor. The amino acid sequence of the

SK is indicated in Fig2.2, and amap of cDNA for SK and G82D is shown in Fig 2.3.

2.3.5 Checking the puríty of plasmíd DNA

The DNA was re-dissolved in2}¡tL TE. Ohe pL of DNA was run on a lo/o agarose gel in

TAE buffer (0.04M Tris, 1mM EDTA, glacial acetic acid to pH 8.0) at 100V for 40 minutes,

stained with ethidium bromide, photographed and examined to ensure the presence of DNA.

Restriction digestion using appropriate restriction endonuleases was undertaken using 1pg of

f4
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DNA, 5 units of restriction enz)rynes (less than I0o/o of finalvolume), 10X Buffer NEB2 (l.Iew

England Biolabs, Ontario, Canada), and water to a total volume of 1OpL. This was incubated

at37"C for one hour, and then 3¡rL of the digested DNA was mixed with l¡rl- 3X urea

loading buffer (4M urea, 50olo sucrose, 50mM EDTA pIH7.0,0.1% bromophenol blue, 0.1%

xylene cyanole), and run (alongside SPPl molecular weight markers) on a Io/o agarose gel in

TAE buffer at 100V for one hour. The gel was stained with ethidium bromide and

photographed.

2.4. Generation of retroviral supernatant

2.4.1 Cølcium Phosphate Transfection of Bing Cells

Bing cells are a retroviral packaging ceil line produced by Dr. 'W. Pear (according to the

method of production of the BOSC 23 cell line(160)), with the only difference being the

generation of amphotrophic as opposed to ecotrophic retrovirus. Bing cells at low passage

were plated into 10 cm dishes at2.5xI06 cells per dish in 10 ml of complete DMEM 36 hours

prior to transfection. One dish was used per transfection, and one fol a mock transfection.

Transfection was undertaken at 8O-90Yo confluence. One hour prior to transfection, the

medium was changed to antibiotic free DMEM. For each dish, 15pg DNA was mixed with

250mM CaCIz and water to 1 ml. An equivalent volume of 2xHBSP pIJ7.I2 was added

dropwise with bubbling. The mixture was allowed to stand for 2 minutes. Chloroquine

25¡t"Mwas added per dish and subsequently the transfection mix was added dropwise to the

cell medium. For each experiment, a mock transfection without DNA was undertaken. The

formation of a dark precipitate was observed under light microscopy and the dishes were

returned to incubate at 37'C for 7 -11 hours after which the medium was replaced by fresh

complete DMEM.

40



Chanter 2: Materials Methods

After 48 hours, the viral supernatant (media) was collected using a syringe and filtered using

g.2¡¡tmfilter. The supernatant was aliquoted into Nunc vials, snap frozen in liquid nitrogen

and then stored at -80'C.

2.4.2 Determining the Efft'ciency of Bing Cell Trønsfection

At the time of collecting the viral supematant, the Bing cells were eollected bywashing with

0.01M EDTA/PBS and trypsin. Cells were divided into Eppendorf tubes at 1x106 cells per

tube in 500 pl FACS wash and the cells were collected by centrifugation at 2000 rpm for 2

minutes at 4"C. Methanol 500p1per tube was used to fix the cells on ice for 5 minutes. After

spinning and aspirating the methanol, 100p1 of 5Yo BSA/ PBS block solution was added to

each tube to reduce non specific binding of antibody and the cells left at room temperature for

t hour. The cells were then permeabilized with 100p1 of antiflag antibody ín 0.Io/o Triton X

in PBS in the presence of the blocking solution, and incubated al4"C ovemight. For the

negative control, 100p1 of 0.lo/o Triton X in PBS was added without the antibody, and a

control antibody reactive to irrelevant antigens (23-lF11) was used. The cells were then

washed with 500¡rl FACS wash and incubated with anti-mouse FITC 1 :100 in FACS wash on

ice for one hour. The cells were washed using PBS, and after centrifugation at 2000 tpmfor 2

minutes at  "Cwere resuspended in 300 ¡rl FACS Fix, transferred to FACS tubes and stored

aT.4"C in the dark until fluorescence \Mas read using a flow cytometer.

2.4.3 Determination of the optimøl viral titre
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Infection of NIH3T3 cells \¡/as used to determine the optimal viral titre. Cells were plated at

3x10s cells per 6 cm dish in 4 ml complete DMEM 24 hours before infection. The retroviral

supernatant was thawed on ice, and 1og dilutions made in complete DMEM. Polybrene

 p,glmlwas added to increase the efficiency of transfection. The medium from each dish was

replaced by 1 ml of the viral dilutions and incubated for 3 hours at37oC, after which time, a

further 3 ml of complete DMEM was added to the ceI\s.24 hours after infection, the cells

were washed twice with 0.01M EDTAÆBS and collected by the addition of trlpsin 300¡rl and

700¡rl of complete DMEM. A 1 :20 split was performed by taking 50¡11 of this cell mixture

and seeding this into a new 6cm dish with 4 ml complete DMEM. At this time, G4i8

A1Opglmlwas added for selection of cells infected with the retrovirus bearing the G418

resistance gene. The medium was changed each 72 hours and fresh complete DMEM and

G4l8 added. At approximately 10 days, colonies were visible under light microscopy,

reflecting individual clones of cells successfully infected with the retrovirus'

The colonies were stained and counted when the negative control (uninfected) cells had died.

The medium from the cells was aspirated, and the cells were fixed with 4ml4%o formaldehyde

for 20 minutes. This was aspirated and the cells washed with 2 ml PBS. Two ml Giemsa

stain was added to each dish for approximately 20 minutes or until colonies were visible. The

stain was aspirated and the dishes allowed to dry on blotting paper. The colonies were then

counted. Duplicate dishes were done for each retroviral construct. The test was considered

valid if no colonies were seen in the mock transfections, and the maximum number of

colonies seen with the lowest viral dilution.

2.4.4 Large scale Bing cell Ttansfection

a
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To concenkate the retrovirus, large scale Bing cell co-transfection with the DNA of interest

and pMDG was undertaken using six 10 cm dishes per construct. The viral supernatant was

filtered as above, and then concentrated using the Vivaspin-2Oml tubes (Vivascience,

Sartorius group, Germany). This is a conical tube with twin vertical membranes and a thin

channel concentration chamber designed to allow in the presence of a centrifugal force, solids

to move to the bottom of the tube, and macromolecules and viral particles to concentrate

between the membranes. The viral supernatant was placed in this tube, and centrifuged at

2500gfor 30 minutes. Fresh complete DMEM was then added to the tube and centrifugation

was repeated. The viral supematant was then collected in a sterile maru:ler using a pipette tip,

aliquotted and snap frozen in liquid nitrogen and stored at -80'C.

2.4.5 Infection of HUVEC with retroviral supernøtønt

HUVEC cells at passage 2 or 3 were used for infection. Cells were plated 24 hours prior to

infection in gelatin coated 6-well trays at 1.7x10s cells per well in 2 ml HIIVE medium with

heparin and growth factors at 50 ¡t"glml. Cell density was found to be critical: sparsely plated

cells were more readily infected, and for selection to occur, cells had to be dividing and thus

subconfluent at the time of initiating selection. The optimal viral dilution determined using

NIH3T3 cells was used for infection. For each well in the 6 welltray, the viral mixture was

made using HI-IVE medium,'heparin, growth factors, polybrene  p"g/mI and the retroviral

supernatant to a total volume of 750 pl. The medium from the cells was aspirated and this

viral mixture added, and the trays retumed to incubate at37"C for 3 hours. A further 2ml of

HtryE medium with heparin and ECGS was added per well. A mock infection was done per

experiment, using the reaction mix without the retroviral supematant. At 48 hours post

infection, the medium was replaced by selection medium containing 150pg/m1 G418 sulfate

(Promega, Madison, WI, USA). The medium was changed each 3 days and at approximately
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10 days post infection, colonies rvere visible. The cells were harvested when the colonies

were densely packed, and all cells in the mock infection had died

2.5 Generation of adenoviral supernatant.

The AdEasy system was used to produce recombinant adenovirus according to the

manufacturers instructions (www.qbiogene.com/products/adenovirus/adeasy.shtml)' The

initial step involves the insertion of the oDNA of interest into a transfer vector (pAdTrack-

CMV), in the supercoiled plasmid form. This plasmid contains a copy of the CMV promoter

allowing constitutive and high level expression of recombinant proteins. The plasmid is then

lineanzedwith restriction endonuclease Pme I. The second step involves the transfer of this

linear vector into E Coli strain 8J5183 and is achieved by homologous recombination with an

intact supercoiled viral DNA plasmid þAdEasy-1). The transfer vector contains a kanamycin

resistance gene, which allows for the selection of recombinants, which can be confirmed by

restriction endonuclease analyses. Recombinant adenoviruses are then produced by

transfecting the recombinant plasmid into an adenoviral packaging cell line (HEK293 cells).

2.5.1 Generation of recombinant ødenoviral plasmíds ín bøcteriøl cells

A fresh colony of 8J5183 cells was used to inoculate 10m1 LB with 30ug/m1 streptomycin.

The cells were grown overnight at37"C in a shaker. 1 ml of cells was diluted in 1000m1of

streptomycin containing LB and grown for 5 hours in eight 1 litre flasks with vigorous

shaking at37"C. The cells were collected in four conical centrifuge tubes, incubated on ice

for ten minutes and pelleted by centrifugation at 3000 rpm at 4oC for ten minutes. The cells
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were washed with 1000m1 sterile ice cold wB (10% ultrapure glycerol, 90% distilled water,

v/v). The pelleting and washing steps were repeated twice. After the latter spin, all but 20 ml

of supernatant was removed, and the cell suspension spun at 3000rpm for 10 minutes. The

pelleted cells were then left in}ml of supernatant and mixed with the remaining WB. The

cells were aliquoted (20¡rlltube) and stored at -80'C.

2.5.1.2 Linearization of the shuttle plasmid

The shuttle plasmid (300ng) was linearized with the restriction endonuclease Pmel ' The DNA

¡¡ras then phenol-chloroform extracted, precipitated with ethanol, and resuspended in 6.0¡11

HzO.

2.5.1.3 Co-transformation of the plasmid

The digested shuttle plasmid (1f.g) was co-transformed with 1.0u1 (1O0ng/ul) of pAdEasy-1.

E Coli 8J5183 cells (20p1) were added and electroporation undertaken at 2500Y ,200 Ohms

in a Bio-Rad Gene Pulser electroporator in 2.0mm cuvettes. The transformation mix was

resuspended in 500p1 LB and plated onto kanamycin containing plates and allowed to grow

overnight at37'C. The configuration of the pAdEasy-1-AdTrackCMV (pAEAT) is shown in

Fig2.4"

2.5.1.4 Mini-preps

Twenty smallest colonies were selected and grown in 2 ml LB containing kanamycinZ1¡t'glml

for 10 hours. The alkaline iysis method was used for the mini-preps, and the size of the

plasmid checked by running on a 0.8% agarose gel.
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2.5.I.5 Lineanzation of the DNA

The DNA was linearizedby Pac I restriction digest.

2.5.2. Adenovirus Production in HEK293 cells

HEK293 cells were seeded 24 hours prior to transfection into T-25 flasks at2xl06 cells per

flask to reach 90% confluence at the time of transfection. The recombinant adenoviral

plasmids were digested with Pacl (4pglflask) on the day of transfection, ethanol precipitated,

and resuspended in 20pl of sterile water. Transfection was done using Lipofectamine 2000

(GIBCO BRI) according to the manufacturers instructions. Pacl digested DNA (4¡rg) was

mixed in 500¡11 OptiMem 1 medium and incubated at RT for 30 minutes. Lipofectamine 2000

(20¡rL) was mixed with 500pL Optimem and incubated at RT for 30 minutes. The

DNA/Optimem mixture and Lipofectamine2OOO/ Optimem mixture was combined, incubated

at RT for 30 minutes. The medium from the flasks was aspirated, the cells washed with

serum free DMEM, and then 2.5 mI antibiotic free DMEM was added to each T-25 flask. The

DNA mix was added to the cells, and the flasks returned to incubate at3l"C. Forty-eight

hours later, the DNA containing medium was replaced by 6 ml complete DMEM. The

recombination of pAdEasy with pAdTrackCMV resulted in a vector with GFP (Fíg2.4) and

thus the efficiency of transfection was monitored by GFP expression using

immunofluorescent microscopy. At ten days post transfection, the cells were scraped using a

rubber cell scraper, transferred to 50 ml conical tubes, and centrifuged at 1500 rpm for 5

minutes. The cellpellet was resuspended in2.0 ml sterile PBS pH 8.0. Cells were frozen in

liquid nitrogen, thawed in37C water bath, and vortexed. This freezelthadvortex cycle was

done four times to disrupt cell membranes and allow the virus to be released from the cells.

The samples were then centrifuged, and the viral supernatant aliquoted and stored at -20'C.
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2.5.3. AmpliJication

The above transfection supernatant was used to infect two T-25 flasks of IIEK293 cells at

70Yo canf\tence. 250uL of supernatant diluted in 2.5ml complete DMEM was added to

HEK213 ce|ls, incub ated at 37"C for 2 hours and then a further 2.5mI of complete DMEM

was added to the cells. Supematants were collected as described above when 50-70% of cells

were seen to be GFP-positive and detaching. The next round of amplification was done in T-

75 flasks.

2.5.4. Generøtion of High Titre Viral Stocks

Thirty T-75 flasks containing HEK293 cells were used per construct. Cells were infected

with the adenoviral supematant at dilutions of 1:100 in 5 ml complete DMEM, ând returned

to incubate for two hours at which time a further 5 ml complete DMEM was added per flask'

The efficiency of infection was monitored by GFP expression using immunofluorescent

microscopy. When approximately 50%:o of the cells had been lysed and detached, the cells

were scraped, combined and centrifuged for 5 minutes at 1500rpm. The pellet was

resuspended in 8.0 ml PBS pH 8.0, and again four cycles of freezelthaw/vortex was

performed. The lysate was centrifuged in Sorvall HS4 rotor at 6000rpm at 4"C for 10

minutes. The supernatant was stored at20"C until purified by cesium chloride gradient'

2. 5" 5" Cesiam Chloride Purifica'tion

The double cesium chloride gradient method was used (a discontinuous gradient to remove

cellular contaminants followed by a continuous gradient to separate infectious particles from
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defective viral particles). A discontinuous gradient was prepared by placing 4ml CsCl density

1.4 (5 3 gCsCl mixed with 87m1, 1 OmM Tris pH7.9) in a 72 ml polyallomer tube (Ulha-

ClearrM Centrifuge tubes 14 x 89mm l3eckman Coulter, Palo Alto, California), and gently

overlayed with 4ml CsCl density 1.2 (26.8gCsCl mixed with 92ÍiJÙd Tris). The viral

supernatant was added to the tube. Mineral oil was used to cover the surface, and abalance

tube was prepared in a similar fashion. The tubes were centrifuged in S'W41 rotor at

32,000rpm at 10oC for 2 hours, deceleration rate :0. The tubes were then removed and

secured individually using a three pronged clamp and stand. Two bands were visualízed, and

the side of the tube was punctured using a 19G needle, and the lower band collected into a 5

ml syringe. The viral band was then placed onto a continuous CsCl gradient by mixing with

8ml CsCl density I.35 (17 .6gCsCl in 32ml 1OmM Tris) in a 12 ml pollyalomer tube. The

gradient was overlayed with mineral oil, and a balance tube was similarly prepared. The

solutions were centrifuged in SW41 rotor at 32000 rpm, 4oC for 20 hours, deceleration rate

:0. The viral band was then collected by needle puncture, and mixed with an equal volume

of 2Xstoragebuffer(lOmMTrispH:8.0, 100mMNaCl,0.1%BSA,50o/o glycerol, filter

sterilized).

2.5.6. Virus Desalting

The virus was dialysed to remove the cesium chloride. The viral band was dialysed at 4C in a

cellulose ester membrane (Slide-A- Lyzer@ Cassette, Pierce, Perstorp Life Sciences,

Rockford, IL) according to the manufacturers instructions, using 200x the volume of dialysis

buffer (10mM Tris pH:8. O,zmily'rly'rgCl2,4olo sucrose) and 3 changes of buffer ovet 24 hours'

The virus was then collected using a2IG needle and 5ml syringe, aliquoted, and stored at -

900c.
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2.5.7. Titration of Virøl Pørticles

2.5.7.1Determination of Tissue Culture Infectious Dose 50 (TCIDso)

Low passa geHEK2ì3 cells were plated in 96 well flat bottom trays at 2x104 cells per well in

100¡rl DMEM containing 2%FCS two days prior to infection. Ten wells per construct were

used, thus for three constructs, (EV, SK, G82D), three trays were used. Eight serial dilutions

of the high titre adenovirus were prepared in duplicate, in z%DM.E}l4 in sterile tubes,

commencing at 10-3 and extending to 10-10. Each of the first ten wells in the eight rov/s was

infected by dispensing 100u1 of the viral dilution to the wells, commencing at the highest

dilution for the top row, and extending to the most concentrated viral mixture for the bottom

row. The last two wells in each row were used as negative controls. The plates were then

returned to incubate in a 37"C incubator for ten days.

At Day 10, microscopy was used to determine the number of wells at each viral dilution with

cytopathic effect and plaque formation. Cytopathic effect was said to be present, if the cells

had rounded up and detached from the bottom of the weIl, and plaque formation was

evidenced by regions of cells with cytopathic effect with lysis of surrounding cells, reflecting

the killing of neighbouring cells by released virus. The test was considered valid if plaque

formation \vas seen in all the wells at the lowest dilution, and none of the wells infected with

the highest virus dilution or the negative wells. The KARBER statistical method was then

used to determine accurately the viral titre which was expressed as plaque forming units per

rnl (PFU/m1). Similarly, the tike was also determined by GFP expression using

immunofluorescent micro scopy.
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2.5.7.2 Titration on HII\rEC

Passage 3 H[JVEC were plated into gelatin coated 24 welltrays at 5x104 cells per well in

500¡rl of complete HtryE Medium 24 hours prior to infection. The medium was then

replaced. with 250¡rl HIIVE medium containing 2%FCS. Viral preparations were made in

Eppendorf tubes in 2%IIIJYE medium to allow the infection of varying PFU/cell. Eleven

wells per construct were used, to infect eachat 1, 5, 10, 15,20,25,30,35,40,45,50

PFU/cell, and allowing one well per construct. The trays were returned to the incubator for

two hours, and then 250¡t"lof HIJVE rrredium containing 38% FCS was added to each weil.

Two days post infection, the cells were harvested by washing with EDTA 0.01M /PBS,

25guVwell wann trypsin, and 1.5 mVwell FACS wash. The cells were transferred to FACS

tubes, pelleted, and resuspended in 300u1 of FACS Fix. GFP expression was determined by

flow cytomehy. The parameters were adjusted such that < l%o of the uninfected control cells

were in the area of positive fluorescence.

2.5.8. Adenoviral infection of HUVEC

HUVEC in gelatin coated flasks (T25 or T75) cultured in normal growth conditions were

infected at70-80Yo confluence. Adenoviralpreparations were adjusted for either the same

number of PFU/cell, or adjusted for the amount of GFP expression. For T75 andT25 flasks,

the viral mix was prepared in 5 or 2.5 ml of 2o/o HM respectively, which was added to the

cells, and supplemented two hours later by 5 and 2.5 mlrespectively of HI-IVE medium

containing 38% FCS.
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2.6 SK Activity Assay

2. 6. I. Sømple prepøration.

Cells were plated, into gelatin coated 6 cm dishes at density 7.5 X105 cells per dish in 3 ml

HLIVE medium with heparin and ECGS. At 48 hours, the medium was changed to HI-IVE

medium containing 2%FCS for 2 hours prior to celllysis. Cells were then washed with ice

cold PBS, and collected by scraping and centrifugation in 3 ml PBS. The cellpellet was re-

suspended in 200pl ice-cold homogenizing buffer (20%o glycerol, 25mM TRISÆ{CI, pIJ7.5,

lmM DTT, 1mM EDTA, 10mM MgCl, lOpg/ml leupeptin, lOpg/ml aprotinin, lmM PMSF).

The cells were homo genzedby passing through a26G needle 10 times and the cytosolic

fraction was isolated by centrifugation at 13000rpm for 30 minutes at 4oC. The Bradford

Reagents (BIO-RAD, Hercules, CA) were used to determine the protein concentration, and

the samples were stored at -80'C until assayed.

2.6.2. Actívíty meusurement

The sample (180¡rl) was combined with 20pJ of reaction buffer (200¡rl PBS pH 7 .4,lmM

ATP, 20¡rM sphingosinel5YoTnton complex, y-¡32P1ATP 2.5p1) and incubated in a pre-

warmed water bath at 37'C for 30 minutes with gentle shaking. After 5 seconds of

centrifugation, the reaction was stopped by the addition of 800p1 CHC13/CH3OH (1:1, v/v)

and 200¡11 0.lM HCI/PBS. The mixture was vortexed for 1 minute and cenkifugedfor 2

minutes. The CHCI3 phase was collected, transferred to a new tube, and 40pl was spotted

onto a TLC plate. The plate was run in solvent containing 1-butanol/ methanol/ acetic acid/

water (8:2:7:2 vlv), and the radioactive spots corresponding to S1P were quantified using the

phosphorimager.
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2.7 SDS polvacrvlamide sel electrophoresis (SDS-PAGEI

2.7.1. Prepøratíon of cell lysates.

Cell lysates were prepared by washing adherent confluent cells with ice cold PBS, scraping

the cells in RIPA Buffer using a rubber cell scraper, and homo geîízingthe lysate by passing

through a¡1Gneedle ten times. The homogenized lysate was centrifuged at 4"C at 13000

rpm for 25 minutes, and the supernatant collected. The lysate was stored at -20"C.

2.7.2 Determination of proteín concentration of cell lysates

The protein concentration was determined using the Bradford Reagents (BIO-RAD, Hercules,

CA) according to the manufacturers' instructions. Five pl of each sample was added per well

in a 96-well microtitre plate (in duplicate). Twenty ¡,r1of Reagent A/S mixture (z}p'IReagent

A in 1 ml Reagent S) was added to each well, and then 200 ¡rl of Reagent B was added to

each wel1. The absorbance was measured on a microplate reader (Biorad) at a wavelength of

595nm. The protein concentration was determined against a standard curve generated from

known serial dilutions of BSA using Microplate Manager software (Biorad)'

2.7. 3. Protein electrophoresis

Electrophoresis was undertaken using Biorad Protean II electrophoresis apparatus assembled

according to the manufacturers' instructions. Electrophoresis was done using 10-12% SDS

polyacrylami de (29.2:0.8 acrylamide:bisacrylamide) gels comprising 375mM Tris-HCL pH

8.8, 0.1% ammonium persulphate,0.lo/o SDS, 0.08% TEMED). The separating gel was

poured between the glass plates, and tlre gel was overlayed with mQ water. The water was

poured off when the gel had polym et'rzed, and then the stacking gel (5% polyacrylamide,
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125mM Tris-HCL pH 6.8, 0.1% SDS, O.lYo ammonium persulphate,O.lyo TEMED) was

poured over the top. The comb was inserted. After the gels had polyrnenzed (approximately

thirty minutes), the combs were removed and the wells were rinsed with lX running buffer.

Cell lysates were prepared in 5 X sample loading buffer and boiled on a 100oC heating block

for 5 minutes. The samples were loaded into the stacking gel, in a tank of lX running buffer.

Prestained protein molecular weight standards (GibcoBRL) were included in each gel.

Electrophoresis was performed at 150V for 45-60 minutes or until the dye front had run off

the gel. Proteins were then transferred to a nitrocellulose membrane (S&S Protran BA,

Schleicher &Schuell, Keene N.H, USA). The transfer cassette was assembled as follows,

from the black side towards the clear side: gauze pad, blottingpaper, gel, membrane, blotting

paper, gavze pad. Each layer was rolled using pipettes to prevent bubbles forming befween

the layers. The cassettes were placed in a transfer tank 80% filled with transfer buffer. An ice

pack and magnetic stirrer were used to prevent localised overheating. Transfer was performed

at 4"C at 100V for one hour. The membrane was then blocked using blocking buffer for one

hour at RT.

2.7.4. Detection of Proteins

The membrane was then probed with primary antibody overnight at 4"C. The membrane was

washed three times for five minutes using PBS/0.1% Tween 20 prior to the addition of

secondary antibody conjugated to horse radish peroxidase (anti-mouse-IRP, or anti-rabbit

HRP, 7112000). The membrane was againwashed as above. Ail antibodies were diluted in

PBS/0.1% Tween 20 except for anti-flag antibody for which all steps were done using

blo cking buffer. Enhanced chemiluminescence (ECL, Amersham Pharmaci a,

Buckinghamshire, UK) was used according to the manufacturers instructions and the

membrane exposed to X-Ray film. Alternatively, ECL-+Plus Amersham Pharmacia,
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Buckinghamshire, IIK) was used, and the membrane exposed to a phosphorscreen (Typhoon

Phosphorimager) and the image quantified using ImageQuant software (Molecular

Dynamics). To re-probe the membranes, the membrane was strþped using Reblot Plus

(Chemicon International, Temecula, CA) according to the manufacturer's instructions, then

washed three times in PBS 0.1% Tween 20, blocked in blocking buffer for 30 minutes and re-

probed with antibodies as above.

2.8. Flow cvtometrv

2.8.1 Støining for cell surføce/ trønsmembrane proteíns

H1IVEC were plated at 5x10s cells per well in 500¡rl complete HtryE Medium in gelatin

coated 24 welltrays. At24 hours, the cells were washed with FACS Wash (RPMI

supplemented with 10% FCS and 7o/o sodium azíde), and incubated on ice for 30 minutes with

primary antibody (I0-20þglml) diluted in FACS 'Wash (250p1/we11). This was then

aspirated, the cells washed with FACS Wash, and then the secondary antibody added (FITC-

conjugated, anti-mouse Ig (Fab2, DAF; Silenus Laboratories, Hawthorn, Australia, or for

GFP-expressing cells, goat anti-mouse IgG R-phycoerythrin conjugate at 1150, Southern

Biotech Birmingham, AI, USA). Again the cells were incubated on ice for 30 minutes. The

cells were then harvested by EDTA/ trypsin treatment, pelleted, and resuspended in 300¡rl of

FACS Fíx (2% glucose, 7o/oformaldehyde, 5mM sodium azide made in PBS). For each assay,

a non-relevant isotype matched Ig (Keyhole Limpet Hemacyanin,23-1F11) was used as a

negative control. The tubes were stored in the dark at 4'C until read using a Coulter Epics

Profile XL flow cytometer. A minimum of 1000 events per test was analysed, and the results

were expressed as median fluorescence intensity, after subtracting the accompanying value

for the negative control Ig.
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Alternatively, the cells were harvested initially, and the staining performed in suspension in

Eppendorf tubes containing 1X106 cells per tube, and atotal volume of antibody of 100¡11

Itube.

The effect of pretreatment of IftfVEC with recombinant human TNFc O.5ng/ml (R&D

Systems Inc) for four or eighteen hours, and 5pM SIP,D-erythro (Biomol Research

Laboratories trc, Pl¡'rnouth Meeting, PA, USA) for various time points was assessed.

2.8.2 DNA Flow Cytometry

Flow cytometric staining for apoptotic cells was performed using Annexin V-PE and 7-AAD.

Cells were detached by EDTA/trypsin treatment, and washed with cold PBS. The cells (1 X

106) were re-suspended in 50pl of Annexin V Binding buffer. The cells were incubated at RT

in the dark for ten minutes with 4¡rl of Annexin V-PE and lpg of 7-AAD (10¡rl of 0.1¡rg/¡rl

solution). The cells were transferred to FACS tubes and a further 400¡rl of Annexin V Binding

buffer was added to each tube. Unstained HUVEC (uninfected with virus) of the same ceii

line were used as a negative control for PE and 7-AAD. HI-ryEC stained for PECAM-I using

anti-PECAM-l antibody (51-6F6) and goat anti-mouse IgG R-phycoerythrin conjugate were

used as the positive control for PE. HfrVEC lysed in 80% ethanoi (1 minute treatment with

gentle vortexing) were used as the positive control for 7-AAD. The cytometer was calibrated

using these controls, and the samples stained with Annexin V and 7-AAD were then anaþsed

within one hour of staining. Apoptotic cells were those which stained positive for Amexin V

and negative for 7-AAD. The mean fluorescence in this apoptotic cell population was

determined. The analysis was performed using cells grown in normal culture conditions, and

those subjected to 24 hours ofserum deprivation.
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2.9 lmmun oprecipitation

Immunoprecipitation was undertaken using confluent cells in 75cr¡] flasks. Cells were treated

for 5 minutes with 100mM sodium orthovanadate and washed with cold PBS. RIPA buffer

(750 pL) to which was added 1/10 Protease inhibitor cockfail (Sigma, St Louis, Missouri,

USA), and 1/100 (v/v) 100mM sodium pervanadate was added to the monolayers. After

fifteen minutes, the cells were scraped using a rubber cell scraper, and transfered to

Eppendorf tubes. Three cycles of freezin/thawing (using liquid nitrogen and a 37oC water

bath respectively) were undertaken to lyse the cell membranes. The cell solution was

centrifuged at 13000 rpm at 4oC for 20 minutes, and the supematant taken. The relevant

antibody (l-2 pÐ was added to the supernatant, which was placed on a rotating device (Clay

Adams@ Brand) at 4"C for three hours. Twenty ¡rL of goat-anti-mouse sepharose IgG

(Zymed., San Fransisco, California, USA) together with 40pL of protein A sepharose (50%

slurry) (Amersham Pharmacia Biotech, Uppsala, Sweden) was added and the cell lysate

incubated as above for three hours. The solution was centrifuged briefly to pellet the beads,

and the supernatant discarded. The beads were washed with RIPA buffer (1mL) three times,

and then boiled together with 2x sample loading buffer, for three minutes at 100'C. The

immunoprecipitate was stored at -20"C and re-boiled prior to detection of proteins by Western

blot analysis.

2.10 Measurement of

Ceil lysates were prepared using confluent cells in a24 wellplate. The cells were detached

using 50p1 of cold caspase-3 lysis buffer. The solution was transferred to an Eppendorf tube,

homogenized by passing through a26G needle, and spun at 1300 rpm for 25 minutes at 4"C.
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The supernatant was stored at-20"C after determining the protein concentration using the

Bradford reagents. Ten ¡r1 of lysate was placed onto a 96 well tray. Lr a separate tube, 10 ml

of caspase-3 buffer was mixed with 15.45mg Dl-dithiothreitol, (Sigma Chemical Co, St

Louis, USA) and 10¡rl of 2.5mM fluorogenic substrate DEVD-aminofluoromethylcoumarine

(DEVD-AFC) sub strate (Calbiochem-Novabiochem, D armstadt, Germany). Two hundred pl

of this mixture was added to each well, and the tray left to incubate in the dark at room

temperature for five hours. The assays were done in duplicate, and for each assay, a negative

(normal HWEC) and positive control (HWEC treated for 16 hours with 10 nglml TNFo

andZp./ml cycloheximide) were used. Fluorescence was then measured with a well plate

reader using excitation and emission wavelengths of 385nm and 460nm respectively, and

filter 515nm cut off. The mean of the duplicates was calculated, and normalized for the

protein concentration.

2.LL Measurement of Cell Permeability

Endothelial cells were seeded into fibronectin coated 3.0¡rm transwells with a polycarbonate

membrane (Corning Inc, NY, USA) at 10x104 cells per well in 150pL HLIVE medium

supplemented with ECGS and heparin. Six hundred pl of HLIVE medium was added to the

bottom of the transwell and the cells incubated at 37'C for 24 hours. The medium from the

top and bottom of the transwell was then replaced with}o/o HITVE medium with growth

factors and heparin and the cells incubated for a fuilher 4 hours. Stirnulation with thrombin

(Sigma, St Louis, MO) at a concentration of O.2units/ml(in serum free HLIVE medium) was

done immediately prior to the assay whereas sphingosine I phosphate (1¡rM) was added 20

minutes earlier. FlTC-dextran (500¡rg/ml diluted in serum free HUVE medium) was added to

sach transwell and then2}¡-tLmedium collected from the bottom of each transwell at
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predetermined time points (commencing at time:0). This was dispensed into a 96 wellflat

bottom tray containing 60pL serum free medium per well. The fluorescence was then

quantified with a well plate reader using excitation and emission wavelengths of 485nm and

530nm respectively.

2.12 Meæurement of Cell Proliferation

Endothelial cells were plated into gelatin coated 96 well flat bottom trays at 3x103 cells per

well in 150pL of cuiture medium (with varying concentrations of serum and in the presence

or absence of growth factors/ heparin). A separate tray was used for Day 0 and Day 3

readings to indicate the number of cells plated, and the amount of cell proliferation

respectively, and the assays were done in triplicate. Two hours after the cells had been plated,

and were seen to be attaching, 30pL MTS @romega, 
'WI, USA) was added to the wel1s for the

Day 0 reading and the cells incubated for a further 2 hours. The optical density (reflected by

the absorbance) was determined using an ELISA plate reader using a single wavelength

(490nm), and subtracting the accompanying absorbance for a blank solution containing cell-

free medium with MTS. At day 3, the amount of proliferation was noted bymicroscopy, and

then quantified using MTS as above. The mean of the triplicate values was calculated, and

the rate of proliferation determined as the ratio of Day 3: Day 1 absorbance.

2.13 of Cell survival

Cells were plated as for proliferation, this time in the absence of serum or growth

factorslheparin. The amount of cell accumulation in serum-free conditions was determined

using MTS as above at predetermined time points.
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2.14 Cell suspension

Cell survival in suspension was determined with cells plated into non-adhesive 96well trays

and the MTS reagents as above. Cells were plated in varying concentrations of serum, at

8x103 cells per well, using time points of Day 0 and Day 1'

2.15 Cell ment

Microtitre trays (96 well flat bottom) were coated with geiatin, fibronectin (50pg/ml),

vitronectin (i0pg/m1), (Promega, Madison, WI, USA) or collagen (50pg/m1) for one hour at

37"C. Cells were seeded at 1x104 cells per well in 100pL of serum-free HUVE medium. At

the predetermined time points of 20 minutes, one hour, and three hours, the wells were

washed with serum-free HUVE medium to remove anyunattached cells. Serum-free HUVE

medium (100pL) and}}¡tL MTS was added to each well. A separate tray was used for the

three time points, and all assays were done in trþlicate. A negative control with cell free

medium and MTS was used as a blank. After the addition of the MTS, the trays were

incubated at37"C for a further two hours, and then the optical density determined using an

ELISA plate reader and single wavelength of 490nm.

2.16 CeIl misration to fTbronectin

The lower surface of a 6.5mm, transwell with a polycarbonate membrane with a pore size of

8pm (Coming Inc, NY, USA) was coated with 30 pl of fibronectin (5O¡rg/ml in HBSS with

Ca*Adg*) for 30 minutes at37"C. This was then aspirated, and the wells were blocked with

0.5% BSA in HBSS with Ca*A{g** for 15 minutes. For the negative control, the wells were

coated with HBSS with Ca+A4g** without fibronectin, and then blocked as above. At the
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same time, 12 wells in a96 well flat bottom tray were also treated with fibronectin as above,

for a standard curve. All samples were done in trþlicates. The medium from IilfVEC was

replaced \Mith fresh medium 4 hours before harvesting to ensure log phase. The cells were

resuspended in HBSS containing 0.5% BSA with Ca#AvIg**, and GFÆI, and then 1x105 cel1s

in 100pl was added to the top well. To the lower well was added 500¡rl of IIBSS with 0.5%

BSA, Ca**A4g**, GF/H. The standard curve was plated in the fibronectin coated 96 well tray,

commencing with 100 x103 cells with 6 subsequent doubling dilutions in HBSS with 0.5%

BSA, Ca*/N4g*, GFÆ{. The cells in the transwells and the standard curve were incubated

overnight at37'C. The following day, the cel1s from the transwells were aspirated, washed

with PBS, and any adherent cells were gently removed by wiping the membrane with a cotton

bud soaked in PBS. The wells were washed a further two times with PBS to ensure the

removal of any cells on the top surface. The cells that had migrated to the lower surface of

the membrane were fixed by the addition of 500pi of cold methanol to the lower wells for 15

minutes. The methanol was aspirated and the cells were stained with 0.1% crystal violet in

0.lM borate buffer, pH 9.0. The dye was aspirated, and the upper and lower wells were

washed with PBS three times. The standard curve was fixed, stained and washed in the same

way using 100 ¡^rl of methanol, crystal violet and PBS. The stained cells in the lower

transwells were eluted with 300u1 of 10% acetic acid for 30 minutes, and 300¡rl duplicate

samples were transferred to a 96 well tray. The standard curve was eluted in the same way,

and the 300¡rl volume was transfened to clean wells. The optical density was determined

using an ELISA plate reader and a single wavelength of 595nm.

2.17 Tube formation in Matrieel

Matrigel Basement Membrane Matrix (Beckfon Dickinson Labware, Bedford, MA, USA) was

thawed at 4"C and used to coat individual wells in a pre-cooled 96 well flat bottom tray (using
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cooled pipette tips). The tray was incubated at37"C for thirty minutes. Cells were prepared at

a concentration of 3x105 cells/ml in HIfVE medium and 140p1 of this cell solution was added

to each well. The assays were done in duplicates. The cells were visualised at regular

intervals by microscopy to observe for cell movement through the Matrigel and tube

formation. Photographs were taken at baseline, and at various time points.

2.1.8 Immunofluorescent staining of apoptotic cells

The DAPI dye (4'6-Diamidine-2'-phenylindole dihydrochloride, Roche, Manheim, Germany)

was used to stain apoptotic cells. Cells were seeded into fibronectin coated (5O¡rg/ml)

LabTek slides at 6X1,04 cells per well in medium comprising varying concentrations of FCS

(250¡t"Lper well). The cells were incubated at 37'C for 24 hours. The medium from the cells

was aspirated and the cells washed with 100¡rL DAPl-methanol (1¡rg/ml). This was aspirated,

and the cells incub ated at 37'C with an additional 150pL DAPI-Methanol for 15 minutes.

The solution was aspirated, and the cells washed with 150¡rL of methanol at RT. The slide

was mountedin2o/opropylgallate and stored in the dark at 4'C until visualized by fluorescent

microscopy. Apoptotic cells were visualized to stain very brightly with fragmented nuclei,

while live cells had intact nuclei and less intense staining. The percentage of apoptotic cells

in consecutive fields was calculated, and the cells photographed.

2.19 Immunolocalization of PEC:\MjL

Cells were seeded into Lab-Tek slides coated with fibronectin (50¡rg/m1) at 3 x10a cells per

well in HITVE medium supplemented with ECGS. At pre-determined time points (15 minutes

and t hour) the medium was aspirated and the cells fixed with 4o/o paraformaldehyde for 10

minutes at RT. After washing with PBS, cells were incubated for one hour at RT with an
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antibody directed to PECAM-1 (51-6F6) diluted to 10 pglmlin2Yo BSA in PBS. A non-

relevant isotype-matched antibody directed to Keyhole Limpet Hemacyanin (23-1F11) was

used as a negative control. After washing with PBS, the cells were incubated for 30 minutes

at RT with goat anti-mouse IgG Alexa Fluor (Molecular Probes, Jomar Diagnostics) diiuted

1:500 in PBS. The antibody was removed by washing, and the slide mountedínZYo

propylgallate in glycerol. Localization of PECAM-I at celi junctions was visualizedby

immunofluorescent micro scopy.

2.20 Determination of neutrophil adhesion to endothelial cells

2.20.1 Isolation of neutrophils

Neutrophils were isolated from blood as follows: citrated blood was added to lo/o dextran

T500 (Pharmacia), and incubated at RT for 25 minutes to allow erythrocyte sedimentation.

The buffy coat was placed onto an equivalent volume of cells comprising mononuclear cells

and T-cells. The neukophils were pelleted by cenkifugation for 30 minutes at 1800 rpm. The

supernatant was discarded, and the neutrophils re-suspended ín 0.2o/o cold NaCl. After 40

seconds of gentle agitation, an equal volume of cold 1.6% NaCl was added. The neutrophils

were again pelleted by cenkifugation at 1800 rpm for 5 minutes, and then counted using

crystal violet.

2.20.2 Neutrophil adhesion øssay

HUVEC were seeded into fibronectin-coated Lab-Tek slides at 3x104 cells per well in 300¡rl

HI-ryE medium with ECGS, and incubated at37"C for 24 hours. The medium from the cells

was aspirated and the cells washed in HIJVE'Wash. Neutrophils isolated as above, were
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added to each well at 1X10s cels per well, in 150p1of HTIVE medium. The cells were

incubated at37"C for 30 minutes, and then any non-adherent neutrophils were removed by

washing three times with HTIVE wash. The endothelial cells were then fixed with methanol

treatment for five minutes at RT, and then the slide mounted using 2o/opropylgallate in

giycerol. Adhesion of neutrophils to the endothelial cells was observed by microscopy, and

photographs taken. The number of adherent neutrophils in consecutive fields was determined.

The effect of endothelial cell stimulation with TNFcr on neutrophil adhesion was determined.

2.21 Statistical analvsis

2. 21.1 Normøl variables

For variables which followed a normal distribution, the Student's t-Test þaired) was used to

test the null hypothesis, that there is no real difference between the two variables. In each

instance, a two-sided significance test was employed, thus allowing for departures from the

null hypothesis in either direction. The probability that the null hypothesis is true, and that

any observed difference is due to chance variation, (the p-value derived from the Student's

paired t-Test) was indicative of the significance level of the result. A probability smaller than

5% þ<0.05) was considered significant evidence to reject the null hypothesis.

2.21.2 Non parametric variables

Ratios do not follow a normal (parametric) distribution, and thus analysis using the student's

t-Test (a parametric test) was not appropriate. Log transformation of random values however

results in a normal dishibution, and hence the approach below was utilized.
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Analyses, stratified over replicate experiments, were performed by ANOVA style regression

using Statistica Version 6.1 (Statsoft, Inc.). In general, the outcome measurements were all

log transformed which ensured the predicted values were always positive and enabled

interpretation of the analysis as the median fold change relative to a chosen baseline. ln some

cases, analysis of the untransformed outcome measurement described the data better, and the

interpretation in these instances was the mean difference from the specified baseline.

The predictor variables were all treated as categorical and included experiment identifier,

vector and depending on the experimental design, treatment, treatment dose or treatment time.

As a general rule, interaction terms involving experiment ID were set to zero but all other

interaction terms were included in the analyses. However, for some analyses (e.g. cell

proliferation assays) it was appropriate to include two-factor experiment ID*vector interaction

terms in the analysis to allow for random variation in the starting cell numbers. Sigma-

restricted coding was used for the predictor variables to enable interpretation of the regression

coefficients as mean effects, independent of other predictor variables in the analysis.

The majority of the analyses were performed by normal linear regression and the reported p-

values were determined by the t test with appropriate degrees of freedom. For the VCAM-1,

E-Selectin, TNFcr and S1P dose response curves, there was evidence of increasing error with

increasing outcome measurements in these data, therefore these analyses were performed by

Poisson regression (1og link) with adjustment for overdispersion. For these analyses, the

reported p-values were from the Type 3 Log Likelihood Ratio Test.

Mean (p) effects, relative to a specified baseline, and their associated standard errors (s.e.)

were determined by appropriate linear contrasts of the regression coefficients. For analyses of

untransformed outcome data, these were reported directly and represent the mean difference

from the specified baseline. For analyses of log transformed outcome data, approximate large
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sample 95%o confidence intewals (CI) were obtained using the formula: p+l- 1.96*s.e. The

median fold change (relative to the specified baseline) with approximate 95o/o CI,IÃ/ere then

obtained by b ack-transformation (i. e. exp onentiation).
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Table 2.1 shows primary antibodies used in either Westem blot analysis or flow cfometry, the host,

t1pe, i.e. monoclonal (M) or polyclonal (P), the dilution used in Western blotting, and the source.

Antibody directed
to

Host Type Dilution Source

Flag epitope
Shc

ERKl/2
active MAPK@
Akr

Phospho-AKT
(Ser473)
Phosphotyrosine

Cyclin D1 (DCS-6)

Cyclin E (HE12)

E Selectin (49-
1811)
vcAM-1 (s1-10C9)

VE cadherin (55-
7H1)
PECAM-1 (s1-6F6)

B1 integrin (61-2C4)

CD34, R-
phycoerythrin (R-
PE)- conjugated
Actin

HA

A1

Bim
B,cl-2
Bax

Mouse
Rabbit

Rabbit
Rabbit
Rabbit

Rabbit

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Rabbit

Rabbit
Rabbit
Rabbit

M
P

P

P

P

P

P

M

M

M

M

M

M

M

M

M

M

P

P
P
P

1:4000
1:1000

1:5000
1:5000
1:1000

1:1000

1:1000

1:1000

1:1000

1:500

1:500

1:500

1:500

1:1000

1:1000

1:1000

1:1000
1:1000
1:1000

Sigma, St Louis, MO
BD Transduction Laboratories,
Lexington, KY
Promega, V/I, USA
Promega, WI, USA
Cell Signaling Technology,
Beverly, MA
Cell Signaling Technology,
Beverly, MA
Cell Signaling Technology,
Beverly, MA
Santa Cruz Biotechnology,
California
Santa Cruz Biotechnology,
California
Hanson Institute, Adelaide,
Australia
Hanson Institute, Adelaide,
Australia
Hanson lnstitute, Adelaide,
Australia
Hanson Institute, Adelaide,
Australia
Hanson Institute, Adelaide,
Australia
BD Pharmingen, San Diego, CA

Santa Cruz Biotechnology,
California
Santa Cruz Biotechnology,
California
Santa Cruz Biotechnology,
Califomia
BD Pharmingen, San Diego, CA
BD Pharmingen, San Diego, CA
BD Pharmingen, San Diego, CA



Table 2.2 Solutions and Buffers
Solution Composition Preparation and Storage

PBS 137mM NaCl, 2.7mll4Kcl,
NazHpO+ l2Sml;l,
KH2PO4 1.5mM, pIl7.3

Filter sterilized

HBSS 400mglL KCL, 60 mglL
I<TI2PO4,8g/L NaCl,
350glL NaHCO3,
47.5mglL Na2HPO4,1gll-
D-glucose

Filter sterilized, and stored
at 4oC

RIPA buffer 50mM Tris, 150 mM NaCl,
1% NonidetP- },0.5o/o
sodium deoxycholat e, 0.lo/o
SDS

Stored at 4C.lX Protease
cocktail inhibitor added
immediately prior to use.

Caspase-3 lysis bufler 10% Nonidet P-40, 1M
Tris-HCL, lM EDTA

Stored at 4C

Caspase-3 substrate buffer I2glLHepes, l))glL
sucrose, 1gll- Chaps, pH
7.4

Stored at -20"C

5 X sample loading buffer 50mM TrisÆ{CL, pH 8.0,
5mM EDTA, 100mM DTT,
5% SDS (wlv),50Yo
glycerol,0.Io/o
bromophenol blue

Stored at4"C

10X Running Buffer 30g Tris, I44g glycine, 10g
SDS in water to make up to
1 litre

Stored at RT. To use, 100
mls was diluted with 900
mls of water

Transfer Buffer 3.03 g Tris,14.4 g glycine,
200 mL methanol, 800m1

mQ water

Stored at 4"C.

5% Blocking Buffer 59 non fat dried milk in
100mls PBS/ 0.1% Tween
20

Made immediately prior to
use.

Annexin V Binding buffer HBSS with 5mM Hepes,
2.5mM CaClz

Stored at4"C

2X sample loading buffer 20mM Tris/HCl pH 8.0,
2m]ll4 EDTA, 40mM DTT,
2% SDS, 40Yo glycerol,
0.1% bromophenol blue

Stored at4oC

LB I)glLNaCl, l0 gL
trypticasc peptone, 5 g/Litre
yeast extract

pH to 7.0, Autoclave, and
stored at RT

LB-Agar 2}gbacto-agar in lL LB pH to 7.0, Autoclave, and
stored at RT



FACS Wash RPMI with 10% FCS and
1% sodium azide

Stored at 4"C

FACS Fix 2Yo glucose, I%o

formaldehyde, 5mM
sodium azide, in PBS

Stored at4oC



s¡te

5' SD

I
Amp

SA

pRUFNeo-SK

68zs bp

SK

pMCl

Neo

Fig 2.1 shows the PrufNeo vector into which has been cloned SK, created by
Paul Moretti, Signal Transduction Laboratory, Hanson Institute, Adelaide. For
pRufNeo-G82D, the SK sequence was substituted with the G82D
sequence{427}. Neo denotes the neomycin resistance gene, Amp denotes

ampicillin resistance gene, LTR denotes long terminal repeat, bp denotes base

pairs, cap site denotes a transcription initiation site.



1

Kpnl EcoRl
M

Met Asp Pro Ala

GGTACCTGAA TTCGGCACGA GGAGCCGCGG GTCGAGGTTA TGGATCCAGC

CCATGGACTT AAGCCGTGCT CCTCGGCGCC CAGCTCCAÀT ACCTAGGTCG

51

.Ala Gly Gly Pro Arg Gly Val Leu Pro Arg Pro Cys Arg Val Leu Val Leu Leu

GGGCGGCCCC CGGGGCGTGC TCCCGCGGCC CTGCCGCGTG CTGGTGCTGC
CCCGCCGGGG GCCCCGCACG AGGGCGCCGG GACGGCGCAC GACCACGACG

101

.LeL Asn Pro Arg Gly Gly Lys Gly Lys Ala Leu Gln Leu Phe Arg Ser His

TGAACCCGCG CGGCGGCAÀG GGCAÀGGCCT TGCAGCTCTT CCGGAGTCAC

ACTTGGGCGC GCCGCCGTTC CCGTTCCGGA ACGTCGAGAA GGCCTCAGTG

151

Val Gln Pro Leu Leu Ala Glu Ala Glu lle Ser Phe Thr Leu Met Leu Thr

GTGCAGCCCC TTTTGGCTGA GGCTGAÀATC TCCTTCACGC TGATGCTCAC
CACGTCGGGG A,A.AACCGACT CCGACTTTAG AGGAAGTGCG ACTACGAGTG

20r
Thr Glu Arg Arg Asn His Ala Arg Glu Leu Val Arg Ser Glu Glu Leu Gly Arg

TGAGCGGCGG AACCACGCGC GGGAGCTGGT GCGGTCGGAG GAGCTGGGCC

ACTCGCCGCC TTGGTGCGCG CCCTCGACCA CGCCAGCCTC CTCGACCCGG

aE1

Arg Trp Asp Ala Leu Val Val Met Ser Gly Asp Gly Leu Met His Glu Val

GCTGGGACGC TCTGGTGGTC ATGTCTGGAG ACGGGCTGAT GCACGAGGTG

CGACCCTGCG AGACCACCAG TACAGACCTC TGCCCGACTA CGTGCTCCAC

301

Val Asn Gly Leu Met Glu Arg Pro Asp Trp Glu Thr Ala lle Gln Lys Pro

GTGAACGGGC TCATGGAGCG GCCTGACTGG GAGACCGCCA TCCAGAAGCC

CACTTGCCCG AGTACCTCGC CGGACTGACC CTCTGGCGGT AGGTCTTCGG

351

'Pro Leu Cys Ser Leu Pro Ala Gly Ser Gly Asn Ala Leu Ala Ala Ser Leu Asn

CCTGTGTAGC CTCCCAGCAG GCTCTGGCAÀ CGCGCTGGCA GCTTCCTTGA
GGACACATCG GAGGGTCGTC CGAGACCGTT GCGCGACCGT CGAÀGGAACT

401

'Asn His Tyr Ala Gly Tyr Glu Gln Val Thr Asn Glu Asp Leu Leu Thr Asn

ACCATTATGC TGGCTATGAG CAGGTCACCA ATGAAGACCT CCTGACCAAC
TGGTAÀTACG ACCGATACTC GTCCAGTGGT TACTTCTGGA GGACTGGTTG

45r
Cys Thr Leu Leu Leu Cys Arg Arg Leu Leu Ser Pro Met Asn Leu Leu Ser

TGCACGCTAT TGCTGTGCCG CCGGCTGCTG TCACCCATGA ACCTGCTGTC
ACGTGCGATA ACGACACGGC GGCCGACGAC AGTGGGTACT TGGACGACAG

501

.Ser Leu His Thr Ala Ser Gly Leu Arg Leu Phe Ser Val Leu Ser Leu Ala Trp

TCTGCACACG GCTTCGGGGC TGCGCCTCTT CTCTGTGCTC AGCCTGGCCT
AGACGTGTGC CGAÀGCCCCG ACGCGGAGAÀ GAGACACGAG TCGGACCGGA

551

Trt Gly Phe lle Ala Asp Val Asp Leu Glu Ser Glu Lys Tyr Arg Arg Leu

GGGGCTTCAT TGCTGATGTG GACCTAGAGA GTGAGAÀGTA TCGGCGTCTG
CCCCGAAGTA ACGACTACAC CTGGATCTCT CACTCTTCAT AGCCGCAGAC

601

Gly Glu Met Arg Phe Thr Leu Gly Thr Phe Leu Arg Leu Ala Ala Leu Arg.

GGGGAGATGC GCTTCACTCT GGGCACTTTC CTGCGTCTGG CAGCCTTGCG
CCCCTCTACG CGAAGTGAGA CCCGTGAJU\G GACGCAGACC GTCGGÀACGC

6s1

Arg Thr Tyr Arg Gly Arg Leu Ala Tyr Leu Pro Val Gly Arg Val Gly Ser Lys

CACTTACCGC GGCCGACTGG CTTACCTCCC TGTAGGAÀ,GA GTGGGTTCCA
GTGAÀTGGCG CCGGCTGACC GAATGGAGGG ACATCCTTET CACCCAÀGGT

70r
Lys Thr Pro Ala Ser Pro Val Val Val Gln Gln Gly Pro Val Asp Ala His

AGACACCTGC CTCCCCCGTT GTGGTCCAGC AGGGCCCGGT AGATGCACAC
TCTGTGGACG GAGGGGGCAA CACCAGGTCG TCCCGGGCCA TCTACGTGTG

751

Leu Val Pro Leu Glu Glu Pro Val Pro Ser His Trp Thr Val Val Pro Asp

CTTGTGCCAC TGGAGGAGCC AGTGCCCTCT CACTGGACAG TGGTGCCCGA
GAACACGGTG ACCTCCTCGG TCACGGGAGA GTGACCTGTC ACCACGGGCT

'Asp Glu Asp Phe Val Leu Val Leu Ala Leu Leu His Ser His Leu Gly Ser Glu

CGAGGACTTT GTGCTAGTCC TGGCACTGCT GCACTCGCAC CTGGGCAGTG
GCTCCTGAAA CACGATCAGG ACCGTGACGA CGTGAGCGTG GACCCGTCAC

B 0l_



851

.G[ Met Phe Ala Ala Pro Met Gly Arg Cys Ala Ala Gly Val Met His Leu

AGATGTTTGC TGCACCCATG GGCCGCTGTG CAGCTGGCGT CATGCATCTG

TCTACAÀÀCG ACGTGGGTAC CCGGCGACAC GTCGACCGCA GTACGTAGAC

901

Phe Tyr Val Arg Ala Gly Val Ser Arg Ala Met Leu Leu Arg Leu Phe Leu

TTCTACGTGC GGGCGGGAGT GTCTCGTGCC ATGCTGCTGC GCCTCTTCCT

AAGATGCACG CCCGCCCTCA CAGAGCACGG TACGACGACG CGGAGAÀGGA
.Ler. Ala Met Glu Lys Gly Arg H¡s Met Glu Tyr Glu Cys Pro Tyr Leu Val Ïyr

951 GGCCATGGAG AÀGGGCAGGC ATATGGAGTA TGAATGCCCC TACTTGGTAT

CCGGTACCTC TTCCCGTCCG TATACCTCAT ACTTACGGGG ATGAACCATA

10 01

Tyr Val Pro Val Val Ala Phe Arg Leu Glu Pro Lys Asp Gly Lys Gly Met

ATGTGCCCGT GGTCGCCTTC CGCTTGGAGC CCAAGGATGG GAAAGGTATG

TACACGGGCA CCAGCGGAAG GCGAACCTCG GGTTCCTACC CTTTCCATAC

Phe Ala Val Asp Gly Glu Leu Met Val Ser Glu Ala Val Gln Gly Gln Val

10 51 TTTGCAGTGG ATGGGGAATT GATGGTTAGC GAGGCCGTGC AGGGCCAGGT

AAACGTCACC TACCCCTTAA CTACCAÀTCG CTCCGGCACG TCCCGGTCCA

Va His Pro Asn Tyr Phe Trp Met Val Ser Gly Cys Val Glu Pro Pro Pro Ser

1101 GCACCCAAAC TACTTCTGGA TGGTCAGCGG TTGCGTGGAG CCCCCGCCCA

CGTGGGTTTG ATGAAGACCT ACCAGTCGCC AACGCACCTC GGGGGCGGGT

Ser Trp Lys Pro Gln Gln Met Pro Pro Pro Glu Glu Pro Leu Pro Glu Glu

1151 GCTGGAAGCC CCAGCAGATG CCACCGCCAG AAGAGCCCTT ACCAGAÀGAG

CGACCTTCGG GGTCGTCTAC GGTGGCGGTC TTCTCGGGÀA TGGTCTTCTC
FLAG EcoRl

Pro Leu Asp Tyr Lys Asp Asp Asp Asp Lys

CCCTTÀGACT ACAAGGACGA CGATGACAAG TGAATTCTGC AGAT

GGGAATCTGA TGTTCCTGCT GCTACTGTTC ACTTAÀGACG TCTA

w
Pst

12 01

Fig2.2 shows the nucleotide sequence (black) and corresponding amino acid

sequence (blue) of SK 5'-3' . The restriction sites Kpnl and EcoRl are indicated
along with the 3' FLAG sequence of eight amino acids.



SK

T

FLAG

SK-3'FLAG
1244bp

2.3(a)

sK(G820)

G82D

FLAG

sK(GB2D)-3'FLAG
rz44bp

2.3(b)

Fig 2.3 shows the orientation of the DNA for SK (a) and G82D (b). Both
constructs have a FLAG-tag at the 3'end. bp denotes base pairs



Lett Arm ColEl ori

¿
Kan GFP

heMVp
FLAG

t
v SK

hCttJtV¡.:

Right Arm

cap site r
cap site

pAEAT-SK-3'FLAG

3ó668 bp

Adenovirus 5 Sequence

Fig2.4 shows the configuration of the vector resulting from recombination of
pAdEasy-1 with pAdTrackCMV. The insertion of SK is indicated.
Alternatively, G82D was substituted for SKI42T\. The vector was created by
Dr. Chris Hahn and Michelle Parsons. Kan denotes kanamycin resistance gene,

GFP denotes green fluorescent protein gene, bp denotes base pairs, hCMVp
denotes the human CMV promoter gene.
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CIIAPTER 3

The phenotypic consequences of over-expression of sphingosine kinase

in HLIVEC achieved by retroviral-mediated gene transfer
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INTRODUCTION

The endothelium provides a cellu1ar lining to all blood vessels in the circulatory system, and

forms a structural barrier between the vascular space and the tissues. This cellular layer is no

longer viewed as an inert structure but rather has been recognized to be d¡mamic organ,

important in several house-keeping functions and in disease. Endothelial cells are between

25-50¡tmin length, 10-15pm in width and up to 5 pm in depth. The location of the

endothelium at the interface between the blood and the vessel endows upon it an obligatory

role in vasoregulation, the provision of an antithrombotic surface that sustains laminar blood

flow, and. selective permeability to haematopoietic cells and nutrients. These activities are

most evident in the microcirculation where the endothelial cell surface area: blood volume

ratio is maximal.

The development of in vitro endothelial cell culture techniques in1973 (162-164)has

provided a useful tool for the investigation of endothelial function in both health and disease'

The degree to which this model resembles the in vivo environment has been questioned, and

thus the extent to which results may be extrapolated to the clinical setting has been a subject

of much debate. Indeed it is now recognized that endothelial cell culture in itself activates the

cells, with an increase in replicative rate from the negligible in vivo rate of 0.1% replications

per day,to lo/"-ßo/orepiications per day(l65). Moreover certain integrins (avB3 integrin)

which are not expressed by quiescent endothelial cells in vivo become detectable in culture

systems (165). A further concem with the use of HLfVEC as a model of all endothelial ce1ls

is the extent to which these vascular cells (of venous origin) are representative of endothelial

cells from the microvessels and arteries. Certainproperties of endothelial cells however are
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uniformly displayed regardless of the vascular bed of origin, such as the response to TNFcr

up-regulation of adhesion molecules. It is more the differences in vasomotor regulation

which vary from endothelial cells from one vascular bed to another(l66). The above

limitations of endothelial cell culture systems not discounted, endothelial cell culture has

ailowed advances in the understanding of inflammatory diseases, cancer/metastases, and in

the development of gene therapy for vascular disorders such as restenosis. The use of

HIJVEC has the advantage over endothelial cells from other sources as it is human in origin,

suppiy is not generaily problematic, and complicatsd, time-consuming preparation of cells is

not required.

Aberrant angiogenesis is recognizedto be a key feature of many inflammatory diseases such

as RA, as well as diabetic retinopatþ, tumour growth/ metastasis hence much research has

been directed to the pathophysiology of the vascular endothelium. Moreover, the

endothelium is an attractive candidate tissue for gene transfer which may potentially provide

promising therapeutic strategies for vascular diseases. Delivery of gene expression constructs

into the endothelium in vitro, however, is the initial stage of development of these therapeutic

strategies, and is a useful means of delineating the function of a particular gene. Indeed the

effects of over-expression or deletion of certain genes has expanded knowledge of the normal

functions of these genes.

Traditionally, either bovine aortic endotheliai cells (BAEC), bovine retinal endothelial cells or

HLIVEC have been used for such studies. Unlike many other cell t1pes, human endothelial

cells are notoriously diffrcult targets for gene transfer and are often relatively refractory to

traditional methods of gene delivery.

in
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There are numerous methods for introducing a gene of interest into a cell (transfection) and

these are categoizedas non-viral methods or viral methods (infection or transduction)' The

method chosen depends largely on the cell t¡rpe involved, the transfection efficiency required,

and whether the cells need to be actively replicating.

There are various non-viral methods of gene transfer. Calcium phosphate transfection

involves the phagocytosis of DNA contained within a calcium phosphate precipitate' This

method is inexpensive and simple to perform, but is exquisitely dependent on pH as well as

the size of the precipitate and has variable efficiency (0.1-10%) (167;168). Efficiency is

enhanced by an osmotic insult to the ceils (15% glycerol) 4-16 hours after transfection,

however this is toxic to endothelial cells. DEAE dextran and polybrene have also been used

for many years. Both are poly-cations and thus complex with negatively charged DNA and,

due to the relative excess of positive charge, adhere to cell membranes and are taken up by

endocytosis.

Lipid-mediated gene delivery uses the principle of cationic lipid particles complexing with

negatively charged DNA, and the subsequent delivery of the lipid-DNA complex into the cell.

This method allows a gene construct of unlimited size to be delivered, requires relatively

small quantities of DNA, and requires no carrier DNA. Although transfection efficiencies for

many cells have been reported as high, the situation with HI-ryEC remains disappointing.

Indeed many groups have not been able to obtain any transfection in HWEC(I69) and others

have had limited success, for example approximately 5o/o transfection efficiency (167). The

specific liposome used influences the transfection efficiency, and the liposome found to be the

best delivery vehicle into IfLIVEC is the Perfect Lipid þFx-7) mixture(l70). The adsorption

of apolipoprotein E onto lipid particles facilitates uptake into the cells by specific cell surface

receptors and has enhanced transfection effrciency in HTIVEC to 22.6%(171)
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Electroporation involves the delivery of DNA into the cellby providing a high voltage curtent

to disrupt the plasmamembrane. This has been employed in IIUVEC, however not without

significant cytotoxicity(ITz;Il3). Microinjection of DNA into the cells is an alternative

approach, however transfection of alargenumber of cells is not generally feasible.

Viral methods for gene transfer include those utilizing adenoviral and retroviral vectors'

Retroviral gene transfer involves the insertion of the gene of interest (insert capacity is

approximately 8kb) into a replication-defective retrovirus containing a drug resistance (e.g.

neomycin, G418) gene(|¡4). The long terminal repeats intrinsic to the retrovirus may be used

as the promoter or various intemal promoters, intrinsic to the virus may be used to drive the

production of the gene of interest. The replication-defective retrovirus containing foreign

DNA is then transfected into a packaging cell line. The packaging cell line contains gag, pol,

and env proteins which allow the production of complete viral particles containing the

defective RNA of the foreign gene. The infectious retrovirus then is used to infect the cell line

of interest, eg HUVEC. The transgene randomly integrates into the host genome in a stable

and permanent fashion in a small proportion of cells, which are then amplified by selection

for drug resistance. One proviso is that the cells must be replicating actively for retroviral

infection to proceed. Using this method, viral titres of 106-108 cfi.r/ml have been obtained, and

yield can be augmented by ultrafiltration of the retrovirus. In HUVEC, transfection

efficiencie s of 57"/o using retroviral vectors have been described (175)'

AIM

The aim here is twofold, firstþ, to establish a method for the generation of stable endothelial

ceil lines over-expressing SK using a retroviral vector, and secondly, to determine the
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phenotype of these cells, and specifically determine whether they have an angiogenic and

infl ammatory phenotype as hyp othesized.

RESULTS

3.1 Development of Retroviral mediated gene transfer into HUVEC

The retroviral vector used was PRufNeo (161)into which was cloned flag-epitope tagged

sphingosine kinase or flag-epitope tagged dominant-negative (catalytically inert) sphingosine

kinase (G82DX127). This DNA vector was transfected by calcium phosphate precipitation

into Bing cells (a HEK293 packaging cell line). At the time of collection of the retroviral

supernatant (48hours) the Bing cells were permeabilised and stained with anti-flag antibody to

determine the transfection efficiency by flow cytometry.

3.1.1 Efficiency of Bing Cell Transfection

3.1.1. 1 Titration of anti-flas antibodv

Efficiency of Bing cell transfection was assessed by flow cytometry by permeabilising and

staining the cells with anti-flag antibody. The "gates" for positive and negative fluorescence

on the flow cytometer were arbitrarily assigned by calibration using unstained, un-transfected

Bing cells (negative control), and SK-HEI<293 cells þositive control). The gates for positive

fluorescence were set to encompass the region of mean fluorescence lor >95o/o of SK-HEK

cells stained with anti-flag antibody, but < 5% of unstained, un-transfected Bing cells.

Conversely, the gate for negative fluorescence was defined as the region where the mean
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fluorescenc e of >gsyounstained, untransfected Bing cells overlay the region where < 5o/o of

SK-HEK cells stained with anti-flag antibody

The optimal working dilution of anti-flag antibody (4.4mglml stock concentration) to be used

in assessing the efficiency of Bing cell transfection was determined by flow cytometry to be

1/6000. At this dilution, 7I.8% of cells transfected with SK showed positive fluorescence,

with a backgtound of non-specific staining of 4.2o/o in un-transfected Bing cells, and 5.8% in

Bing ce1ls transfected with empty vector (Fig 3'1)

3 . 1 . 1 .2 Efficienc)¡ of Bing Cell Transfection

The efficiency of Bing cell transfection as indicated (by flow cytometry) by permeabllizing

and staining with anti-flag antibody (1/6000 dilution) ranged from 40o/o to 7l.8o/o in three

separate transfections (Fig 3.2).

3.1.2 Determining Working Retroviral Titre

Viral titration of the retroviral supernatant on NIH 3T3 cells yielded best results with a

starting dilution of 1/10. At this dilution, mrmerous colonies had formed, and had merged

together (Table 3.1). At further dilutions lower colony yields were observed'

3.1.3 Retrovirøl infection of HWEC

Factors found to be critical in retroviral infection of HTIVEL

1. Cel1 density at the time of infection: HIIVEC were most readily infected at a low cell

density, however, if cells were plated too sparsely, cell death occurred. Seeding
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1.3x1 cells per wellin a six well luray 24 hours prior to infection yielded optimal

results, however it was estimated that only 1-3 in every 105 HI-IVEC became infected

by retrovirus, i.e. the efficiency of HI-IVEC transfection was exceedingly low and in

the order of 0.001%.

Z. Dose of G418 for selection: Traditional doses of G418 used for selection of resistant

colonies in NIH3T3 cells (400pg/ml) were toxic to HIJVEC. A dose of 150pg/ml

allowed the emergence of resistant clones, whilst maintaining toxicity to non-infected

cells. The window for the dose of G418 was narrow; a dose of 200pglml showed

marked reduction in colony formation, and conversely, 10Opg/ml allowed non-

infected cells to escape selection.

3. Timing of G418 selection: G418 was toxic to uninfected cells only if actively

replicating, and thus a need for selection to be initiated whilst cells were subconfluent.

Conversely, initiating selection too early, 24 hours post infection when cells were

approximately 50%o confluent, did not allow colony formation. The optimal time for

selection to proceed was 48 hours post-infection, at which time, cells were slightly

subconfÍuent, however sufficient time had elapsed for DNA integration to occur'

4. Time for harvesting: Yield was maximízedby harvesting cells when colonies were

tightiy packed, beginning to merge, and when all cells in the mock transfection had

been killed. This was generally achieved 10-14 days post infection.

5. Cell cultue: Once harvested, cell growth was most efficient in the absence of G418

however, the cells were treated with intermittent pulses of G418 15O¡rg/ml (48 hours

each weeþ to maintain selection pressrre.

3.1.4 Detection of over-expression of SK in HUVEC

1 estern b
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Expression of SK in HI-IVEC was confinned by Western blot using anti-flag antibody (Fig

3.3). Definite expression v/as confirmed in cells over-expressing SK in all cell lines used for

further experiments.

3.1.4.2 ation of SK activitv in cells SSK

Stimulation of endothelial cells with TNFcr results in approximately 1650/o increase in SK

activity above basal which is transient, returning to basal levels within thirty minutes after

stimulation (122) Irrorder to determine whether over-expression of SK confirmed by Western

blot resulted in enhanc ed enzymatic activity, SK activity was measured in cells over-

expressing SK and control.

Over-expression of SK resulted in a moderate (but significant) increase in SK activity above

control (Fig 3.3). The mean fold increase in SK activity above control was 3'5 (95%

confidence interval 1.93-6.4|)in five separate endotheiial cell lines. These SK activity assays

were performed by Dr. Stuart Pitson in the Division.

3.7.5 Conclusions

The methodology for the generation of HUVEC over-expressing SK using retroviral vectors

was thus established. This resulted in moderately enhanced SK activity (approximately

fourfold above basal) and set the scene for an investigation of the phenotype of these cells.

It is known that SlP in endothelial cells serves as an angiogenic regulator by virtue of its

actions on EDG-1 and EDG-3, as well as its actions as an intracellular second messenger' It
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was thus sought to determine whether raised intracellular levels/ activity of SK promote

angiogenesis. The cardinal features ofangiogenesis are enhanced cell survival, proliferation,

reduction in apoptosis and up-regulation of specific integrins. Hence these phenotypic

alterations were used as surrogate measures of angiogenesis in cells over-expressing SK'

3.2.1.1over-expression of sK enhances cell accumulation

The MTS colorimetric assay was used to measure cell proliferation. In this assay the

absorbance (optical density) is proportional to the number of viable cells and thus cell

accumulation over a defined period can be assessed. Relative cell accumulation was defined

as the ratio of the optical density atDay 3 and Day 0, and is recognized to reflect a sum of cell

proliferation and cell death.

Over-expression of SK did not alter cell accumulation compared with control in normal

culture conditions comprising 20%FCS (n:3, p:0'719)'

Cell accumulation was measured in medium supplemented with 2%FCS- As shown in Fig

3.4(a),although there was no difference in the numbers of cells over-expressing SK compared

with control that were seeded atDay 0 þ:0.60), atDay 3, cells over-expressing SK showed

significantly enhanced cell numbers (greater cell accumulation) compared with control'

Analysis of 18 observations derived from six separate experiments revealed the mean fold

increase in relative ceil number over three days for EV to be 1.8 (95o/o confidence interval

L44-2.2j),p<0.001, and for SK 4.4 (95o/o confrdence interval 3.54-5.58), p<0.001, as shown

in Fig 3.4(b). Cells over-expressing SK showed a2.5-lold increase in relative cell

accumulation compared with controi (1.78-3.39), p<0.001, after adjusting the value for Day 0,

as indicated in Fig 3.a(c).
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a?,12 rcssinn of SK cnahles eell nroli tn the absen nf serrm

Serum is a recognized trophic and survival factor for endothelial cells, and routine culture of

endothelial cells is thus undertaken in medium supplemented with FCS. In order to determine

whether the enhanced cel| accumulation seen in cells over-expressing SK was dependent on

serurn, cell accumulation was measured (using the MTS assay) over three days in serum-free

medium supplemented with ECGs.

Cells over-expressing SK showed significantly enhanced cell accumulation in the absence of

serum unlike control cells which did not increase in relative cell number (p:0.31) (Fig 3.5).

3.2.1.3(a) Over-expression of SK enhanced profurøtion ín response to FGF or VEGF

ølone

Cytokine growth factors are involved in the process of angiogenesis. In HIrVEC, VEGF and

FGF enhance mitogenesis and are critical to cell proliferation and angiogenesis. To delineate

whether cells over-expressing SK were dependent upon either FGF or VEGF for enhanced

cell accumulation, cell proliferation was measured over three days in the presence of either

FGF or VEGF alone (in medium containing 2%FCS). The concentration of the growth

factors used was based on prior dose-response studies undertaken in our laboratory by Dr' C'

Hahn, in which the optimum working dose for cell proiiferation had been ascertained. This

dosewas InglmIforFGF, and 10 nglmIforVEGF.
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Cells over-expressing SK maintained significantly enhanced cell accumulation over control

when cultured in the plesence of VEGF or in the pÍesence of FGF (Fig 3.6).

3.2.1.3(b) Over-expression of SK leøds to ø preferentiøl response to FGF over VEGF

Given the enhanced cell accumulation of cells over-expressing SK in the presence of either

VEGF or FGF, it was sought to determine whether these cells respond preferentially to either

trophic factor. Cells over-expressing SK showed significantly enhanced cell accumulation

when cultured in the presence of FGF compared with VEGF (p<0.001), wh-ile the EV showed

no preferential response (p:0.43), as shown in Fig 3.6(c).

3.3 Conclusions

I thus concluded that over-expression of SK enhances cell accumulation above control over

three days inZo/oFCS. This effect is independent of the trophic effects of serum, and is

maintained in the presence of either FGF alone or VEGF alone. Furthermore cells over-

expressing SK show a preferential response to FGF over VEGF in terms of cell accumulation,

and this may provide an insight into the underlying mechanisms.

3.4 The of of SK on interactions of the endothelial cells with the

extracellular matrix

3.4.1 Over-expression of SK targets speciiìc integrins

The integrin group of cell surface receptors mediate the attachment of endothelial ce1ls with

the extracellular matrix. Many (especially B1 integrins) have been linked to cell proliferation
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and regulation of angiogenesis. Hence cell surface expression of integrins in endothelial cells

over-expressing SK \Mas measured by flow cytometry to determine the median fluorescence

intensity.

Over-expression of SK resulted in a significant increase in Bi integrin expression and o2B1

integrin (Table 3.2). There was also a trend to increased crvB3 integrin which was not

statistically significant.

Over-expression of SK did not alter cr5B 1 integnn (p:0.38) or crl B 1 integrin þ:0' 12)

expression. Thus over-expression of SK targets selected integrins on endothelial cells.

3.4.2 Over-expression of SK increases ødhesíon to extracellular møtrix

To determine whether the up-regulation in pi integrin expression induced by over-expression

of SK had functional consequences, attachment of cells to various matrices was measured

using the colorimetric MTS assay. The pooled data of three separate endothelial cell lines

each measured in triplicate showed that SK increased adhesion to gelatin (n:9, p<0.05),

fibronectin (n:9, p<0.05), and collagen (n:9, p<0.0 5) at20' ,1hr, and 3hour time points

consistent with up-regulation of B1 integrin. Attachment to laminin (n:9, p<0.05) at these

time points was also increased.

The profile for attachment to fibronectin is shown in Fig 3.7. Cells over-expressing SK

significantly enhanced cell adhesion to fibronectin compared with control, at all time points

tested.
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3.5 Over-expression of sK modulates cell iunctional proteins

Endothelial cell viability depends not only on integrin-mediated attachments with the

extracellular matrix but also on cell-cell contact, which is regulated at least in part by the

junctional molecules VE cadherin and PECAM-1. Cell surface expression of VE cadherin and

PECAM-I was measured by flow cytometry.

Over-expression of SK consistently increased the cell surface expression of PECAM-1 and

VE cadherin as shown in Fig 3.8. Analysis of the pooled data from these endothelial cell lines

over-expressing SK depicted in Fig 3.8, showed the mean fold increase above control for

PECAM-I expression was 1.42 (95% U 1.05-1.91), n:3, p:0'08, and for VE cadherin

expression was 1.4 1 (95% U I.1l -I .69), r=5, p< 0.05.

The lack of a statistically significant increase in PECAM-I expression by over-expression of

SK may reflect the small sample size, and the large sample confidence intervals used, which

were not adjusted for the degrees of freedom. Despite the marginally non-significant p-value,

the consistent up-regulation of PECAM-1 by SK is likely to be of biological significance, as

will be discussed later.

3.6 ression of SK results in a resistance to anontosis

Total cell accumulation represents the sum of cell proliferation and cell death. In view of the

SK-induced enhanced cell accumulation, it was sought to determine whether this was in part

attributable to a reduction in cell death. The caspase family of proteolytic enzymes are the

executers of cell death, and in this cascade, caspase-3 plays an important role, representing the

point at which the death signal becomes irreversible and commitment to death occurs.
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Caspase-3 activity was measured (based on caspase- 3-mediated cleavage of the fluorogeruc

substrate DEVD-AFC) in cell lysates made in normal culture conditions

Over-expression of SK significantly reduced mean basal caspase-3 activity compared with

control (Fig 3.9). This indicates that the enhanced cell accumulation seen with over-

expression of SK (compared with conhol) is at least in part due to less cell death in this

population.

3.7 Three atypical cell lines in which phenotypic consequences of over-expression of sK

were not evident

There were three HTIVEC lines in which attempted over-expression of SK did not confer the

phenotlrpic change of enhanced cell accumulation. These cells were able to survive in

selection medium, but on'Western blot analysis using anti-flag antibody, showed

comparatively weak expression. Consistent with this there was no appreciable increase in SK

activity in these three lines (p:0.77).

Phenotypic ønølysis of these øtypical cell lines

Attempted over-expression of SK in these three atypical lines did not up-regulate p1 integrin

þ:0.28), VE Cadherin expression þ:0.61), or caspase-3 activity þ:0'35), as shown in Fig

3.10. Attachment to gelatin, fibronectin, collagen, and laminin was measured in one of these

atypical cell lines and there was no change in the adhesive properties of these cells' PECAM-

1 expression \¡/as measured in one of these three lines and was not altered'

phenotypic analysis of these three cell1ines served as a useful negative control for endothelial

cell lines in which enhanced SK activity was evident'
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3.8 Conclusions

I concluded, that over-expression of SK enhances cel1 accumulation, up-regulates selected

integrins, alters the cell junctional proteins and in addition, confers a resistance to apoptosis as

indicatedbyreduction in caspase-3 activity. These are all features seen in angiogenesis, and

thus I concluded that moderately raised intraceilular levels and activity of SK favour

angiogenesis.

3.9 Does over-expression of sK enhance inflammatory potential?

The cardinal features of endothelial activation, at least when induced by inflammatory

cytokines are enhanced expression of adhesion molecules such as VCAM-1 and E Selectin'

Cell surface expression of these adhesion molecules, along with the response of endothelial

cells to stimulation with TNFa was examined in order to test the hypothesis that over-

expression of SK converts the quiescent endothelium to the activated, pro-inflammatory state

The normal quiescent endothelium does not express E Selectin or VCAM-1. Stimulation of

endothelial cells with TNFa results in adhesion molecule expression (VCAM-I and E

Selectin), which has been shown to be mediated by SK. To determine whether over-

expression of SK results in changes to the endogenous phenotype of endothelial cells,

adhesion molecule expression on cells over-expressing SK was determined by flow

cytometry.
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Úr five separate endothelial cell lines, over-expresslon of SK resulted in a consistent, small,

but statistically significant increase in basal VCAM-I expression compared with control (Fig

3.11), indicating endothelial activation. There was however no consistent change in basal E

Selectin expression in four separate endothelial cell lines over-expressing SK þ:0'44) (Fig

3.11).

Th of res

3.9.2.1 Over-expression of SK øugments the magnitude of the response to TNFa

Stimulation of endothelial cells with TNFü, results in between a ten and fifteen-fold increase

in the ceii surface expression of VCAM-1 which peaks at8-24 hours and a fifteen to twenty-

fold increase in the cell surface expression of E Selectin which peaks at 4-6 hours (I22).To

delineate whether cells over-expressing SK altered the response to TNFcr, cells were

stimulated with TNFo (0.5ng/m1) for four hours, and basal and stimulated VCAM-1 and E

Selectin levels were measured by flow cytometry. As dominant-negative SK (G82D) blocks

agonist-induced SK activation, the effect of over-expression of G82D on the endotheiial

response to TNFcr was also investigated'

Cells over-expressing SK showed a significantly greater VCAM-1 response to TNFo

þ:0.016) compared with control and, over-expression of G82D resulted in significant

inhibition of this response compared with EV (p:0.023) (Fig 3.12).

There was a trend towards augmenting the magnitude of the E Selectin response to TNFü in

cells over-expressing SK, which did not reach statistical significance þ:0.08)' It is noted

however that in all four endothelial cell lines tested, over-expression of SK resulted in a

on
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consistent increase (range 15-50% above control) in the magnitude of the E Selectin response

to TNFc.. The lack of statistical significance needs to be interpreted in the context of the small

sample size (n:4), and the large sample confidence intervals used. Over-expression of G82D

caused a marked inhibition of the E Selectin response to TNFot (p:0.015).

3.9.2.2 The effect of over-expression of SK on the duration of the E Selectin response to

TNFa

TNFcr induction of E Selectin on endothelial cells peaks at 4-6 hours and declines to near

basal level sby lg-Zlhours. An alteration of this time course in cells over-expressing SK was

sought. Cells were stimulated with TNFcr for 18 hours (O.5nglml-) and E Selectin levels

measured by flow cYtometrY.

In three endothelial cell lines over-expressing SK there was a consistent but statistically

insignificant increase in the duration of the TNFcr- induced E Selectin response (p:0.09),

(which ranged from 8% to 3600/o above control) as shown in Fig 3.12. Over-expression of

Gg2D significantly inhibited the response to TNFo in two of these same ceil lines þ:9.914¡.

3.9.3 Conclusions

I concluded that over-expression of SK causes endothelial activation in its own right as

evidenced by up-regulation of VCAM-I expression. It acts to further potentiate the pro-

inflammatory effects of TNFCI by augmenting the VCAM-I response to TNFCI and with a

trend towards augmenting the magnitude and duration of the E Selectin response to TNFcr

The inhibition of the TNFcr-induced adhesion molecule response by over-expression of

dominant-negative SK confirms that the observed effects are mediated specifically by SK,
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and do not represent an abeffant response to over-expression ofanon-specific protein in

endothelial cells

DISCUSSION

HITVEC are relatively refractory to many traditional transfection techniques, and hence the

need to resort to intricate and time-consuming methods of transfection. Retrovirai- mediated

sphingosine kinase over-expression in HLIVEC allowed the development of stable cell lines

which in itself has implicit virtues. However there are several disadvantages of this system'

As the infection efficiency of HUVEC was so low (-1 in 105 cells), there was a time delay in

culture (approximately one montþ until cell numbers were sufficient for functional assays,

and thus cells of older passage were used. Prolonged cultivation allows the development of

secondary changes in endothelial cell phenotlpe, and resembles less and less the

physiological in vivo state. Secondly, the process of selection introduces a bias in selecting

for cells which may gïow under the influence of the gene. Indeed cells which had become

transfected with very high level expression of SK may not have been allowed to grow in this

system. Thirdly, the selection process with G418 may itself induce unrecognized changes in

the cells and introduce other confounding factors.

Notwithstanding these potential limitations, retroviral-mediated gene delivery of sphingosine

kinase achieved, for the first time, endothelial cell lines with stable and chronic over-

expression of sphingosine kinase. This provided a novel model which allowed the effects of

long term intracellular over-expression of sphingosine kinase in HLIVEC to be delineated.

Moreover concerns that retroviral-mediated gene delivery may unfavourably influence EC

phenotype have not been substantiated by the work by Inaba M et al which showed that
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HLIVEC transduced by retroviral vectors were not activated, had normal cell growth, and did

not show changes in inducible csil adhesion molecule expression(175)

It has been shown here that stable over-expression of SK in HI-IVEC confers upon the cel1s an

angiogenic and. inflammatory phenotype as hypothesized'

The mechanisms and intracellular regulation of cellular survival and proliferation have been

the focus of much interest, and it is clear that the integrin group of cell surface receptors play

a critical role. ¡rtegrins are heterodimeric transmembrane receptors which mediate

attachment of endothelial cells to the extracellular matrix. Furthermore, integrin ligation

triggers intracellular signals which regulate cell survival, protfération and differentiation.

pl integrin plays a critical role in cell proliferation, and disruption of B1 integrin function has

ied to reduced epithelial cell proliferation in mouse mammary gland (I76)'

SK-induced up-regulation of p1 integrin is consistent with enhanced cell accumulation, and

the induction of a1B1 integrin is novel, as this integrin is normally present on microvascular

endothelium, and absent from large vessel endothelium (such as HUVEC)' Although the

magnitude of the changes induced by SK were relatively smail, there were functional

consequences evidenced by heightened cell attachment to specific extracellular matrices'

The integrin uvB3 plays a critical role in angiogenesis, and inhibitors of this integrin have

been shown to block angiogenesis in the chorioallantoic membrane model for

angiogenesis(177). There is negligible expression of crvB3 integrin on quiescent endothelial

cells, but high levels of expression in rheumatoid synovium (178) Over-expression of SK

caused an increase in øvp3 integrin expression in each of three cell lines tested- The increase

in cwB3 integrin in cells over-expressing SK is consistent with the preferential response to
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FGF over VEGF in terms of cell accumulation, as FGF is known to signal through crvB3

integrin (whereas VEGF signals through c{,vp5 integrin (I77).

Over-expression of SK provided protection against apoptosis, as reflected by a reduction in

basal caspase-3 activity. This is consistent with the documented anti-apoptotic effects of

S1P(97;130;131), and is in keeping with the enhanced cell accumulation, a critical feature of

angiogenesis. The caspase family of proteolytic enz¡nnes constitute the cell's machinery for

executing cell death. In this sequential cascade(l79) caspase-3 plays apafüc;rtlatly important

role, being an effector caspase, and representing the point at which the death signal becomes

irreversible(1 80).

Ce|l-cell interactions are recognizedto regulate diverse cellular events including survival and

proliferation (181), and in endothelial cells such interactions also regulate the transendothelial

migration of leukocytes (182). Indeed over-expression of SK was shown to influence

positively the expression of the cell jrurction proteins VE Cadherin and PECAM-I. The

consistent upregulation of PECAM-I expression in three separate endothelial cell lines over-

expressing SK is intriguing, as PECAM-I is an otherwise stable, long- lived protein.

PECAM-1 is a 130kDa transmembrane glycoprotein of the Ig superfamily, which is

constitutively expressed, and concentrated at sites of cell-cell contact. PECAM-1 is regulated

by cell-associated mechanical forces, fluid shear stress, osmotic shock and TGFB

(183),(134),(185). Lr myeloid cells, PECAM-I is regulated by modulators of NFrB (TNFø,

PMA), as there are two consensus NFkB-binding sites in the PECAM-I promoter. PECAM-1

has a role in cell-cell adhesion (186;187), and leukocyte transmigration (188). It protects

against apoptosis induced by serum deprivation by both up-regulation of protective genes 420

and Al (189), and by virtue of homophilic PECAM-1-PECAM-1 interactions (190). The SK-
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induced induction of PECAM-I expression may thus provide a mechanism for reduction in

apoptosls

Over-expression of SK up-regulated basal VCAM-1 expression in HIIVEC, thus inducing a

pro-inflammatory phenotype in its own right. It further augmented the endothelial responses

to the pro-inflammatory effects of TNFcr. The eventual up-regulation of E Selectin with very

long term over-expression of SK in the single EC line which became immortalised is further

support for a role of SK in mediating inflammation. Clearly VCAM-1 and E Selectin are

regulated independently. Upregulation of PECAM-1 by over-expression of SK may also alter

the inflammatory potential of these cells, given the recognizedtole of PECAM-I in leukocyte

hansmigration. During leukocyte transendothelial migration, homophilic PECAM-I-

pECAM-1 interactions between adjacent EC are temporarily replaced by EC-ieukocyte

PECAM-1 interactions to allow passage of the leukoc¡'te(182)'

In summary, moderately raised intracellular SK activity induces an angiogenic phenotype

(enhanced cell accumulation, up-regulation of integrins, resistance to apoptosis), and an

inflammatory phenotlpe, as hlpothesized. The aiterations in integrin expression and

junctional molecules, along with the reduction in caspase-3 activity may provide apafüal

insight into the cellular changes responsible for the phenot¡pic changes described. Indeed

there is cross talk between integrins and PECAM-1, and integrin engagement is known to

resuit in pECAM-1 dephosphorylation in endothelial cells (191). It is hypothesized that SK-

mediated regulation of cell junctional molecules and in particular, PECAM- 1 , plays a central

role in mediating enhanced cell accumulation and resistance to apoptosis. The results

described here not only confirm the hypothesis that intracellular SK activity is involved in the

regulation of angiogenesis and inflamrnatory parameters, but raise a number of important

questions. Firstly, is the SK-mediated enhanced cell accumulation a result of increased cell
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proliferation, reduction in cell death, or a combination of the two? SecondlY, what role do the

junctional molecules play in mediating such changes and, do similar phenotypic alterations

(of enhanced cell accumulation and resistance to apoptosis) occur when signailing via the

junctional molecules is inhibited? Thirdly, does raised. SK activity alter other measures of

angiogenesis, such as cell migration and celluiar remodeling? Fourthly, as the magnitude of

the changes in endothelial adhesion molecule expression consequent upon raised intracellular

SK activity were small, do they have functional consequences in terms of enhanced leukocyte

binding?

Clearly such questions warrant further investigation. However, in light of the limitations of

retroviral-mediated gene delivery which have been discussed, and in particular, the low

transfection efficiency of HLIVEC with retrovirus, this system was not the appropriate system

for addressing the questions raised above. Thus prior to further enquiry regarding the

intracellular mechanisms and signalling pathways involved, the question can similar changes

be reproduced with alternate methods of SK gene delivery is to be addressed first.
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Viral Dilution EV SK
yr0
1/100
1/1000
1n04

Colonies merged
9,73
5,0
0,0

Colonies merged
11,20
2,1
1,0

(a)

Viral dilution
11rc
1/100
l/1000
7n04
1/105

EV SK G82D
58, 54
42,30
8,6
0,2

54,50
18,22
1.5,22
4,6
0,0

60,51
26,18
10,6

0,0,
0.00 0

(b)

Table 3.1 shows the number of infected colonies of NIH-3T3 cells formed (in duplicates trays)

when infected with varying dilutions of two different batches of retroviral supernatant (a,b)

carrying EV, SK or G82D. Colonies were manually counted after staining with Giemsa stain.



Integnn MFI and 95% CI
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Table 3.2 shows the SK-induced mean fold increase above control (MFI) in median fluorescence

intensity for integrins p1, a2B1, crvp3, alB1 and 45B1. The 95Yo confidence intervals
associated with the mean are indicated along with the corresponding p values and number of
experiments (n).
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Fig 3.1 shows the percentage of untransfected Bing cells, and Bing cells
transfected with SK, or empty vector (EV) which showed positive fluorescence
when permeabilised and stained with varying concentrations of anti-flag
antibody. Background fluorescence resulting from staining with a non-relevant
isotype matched control antibody (23-IF11) has been subtracted.



hr=I EV

SK

2

Transfection Line

Fig 3.2 shows the percentage of Bing cells transfected with SK or control (EV)
which showed positive fluorescence when permeabilised and stained with anti-

flag antibody in three separate transfection experiments. Background
fluorescence resulting from staining with a non-relevant isotype matched

control antibody (23-IF11) has been subtracted.
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Fig 3.3 Confirmation of expression of SK in endothelial cells by Western blot
(a) and by SK activity (b). The'Western blot was performed using anti-flag
antibody on cell lysates using 30pg of protein. The membrane was blotted with
anti-actin antibody to ensure equivalent protein loading. (b) shows the

composite analysis of five separate endothelial cell lines normalized to the EV,
using Statistica Version 6.1 (Statsoft, Inc.). Bars represent95Vo confidence

intervals. xp<0.05 SK versus EV.
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Fig 3.4 shows cell accumulation over three days for cells over-expressing SK
and control (EV) in medium containing ZVo FCS. (a) shows the number of cells
(reflected by the optical density) seeded at Day 0 and the number of viable cells
at Day 3. * p<0.05 SK compared with EV at Day 3, by Student's t-Test. (a)

shows the results from a single experiment performed in triplicate which is
representative of six separate experiments performed in triplicate (bars

represent SEM), (b) and (c) show the composite analysis of these six
experiments using Statistica Version 6.1 (Statsoft, Inc.). Bars represent95Vo CI.
(b) shows the fold increase in relative cell number, normalized for Day 0=1, for
cells over-expressing SK compared with EV. x p<0.001 for the conesponding
vector at Day 0. (c) shows the relative cell accumulation at Day 3 for cells over-
expressing SK, normalized to EV, *p<0.001.
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Fig 3.5 shows relative cell accumulation over three days in serum-free medium
for cells over-expressing SK and control (EV), normalized to Day 0=1.
*p<0.001 compared with SK at Day 0. Bars represent 95Vo CL The figure
shows the composite analysis of four separate experiments (each performed in
triplicate) using Statistica Version 6.1 (Statsoft, Inc.) using different isolates of
endothelial cells.
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Fig 3.6 shows relative cell accumulation over thlee days for cells over-
expressing SK and control (EV), when cultured in medium supplementedwith27o
FCS, to which was added VEGF (10 ng/ml-) (a) or FGF (1 nglml-) (b). *p<0.05

SK compared with EV, **p<0.001 SK compared with EV. The figure depicts
the composite analysis of five observations derived from two separate

experiments using Statistica Version 6.1 (Statsoft,Inc.). (c) shows a

comparison of the response of EV and SK, to VEGF and FGF. xp<0.001 SK-
FGF compared with SK-VEGF. The fîgure shows the composite analysis of
three separate experiments each performed in triplicate using Statistica Version
6. 1 (Statsoft, Inc.). Bars represent 95Vo CI.



0.6

*
0.5

*

*

0.1

0.0 EV SK EV SK EV SK

20 min thr 3hr

Fig 3.7 shows the attachment of HUVEC over-expressing SK and control (EV)
to fibronectin (SOpg/ml) at}O minutes, t hour, and 3 hours. *p<0.05 SK
compared with EV at each time point by Student's t-Test. The figure shows the
result from a single experiment performed in triplicate, which is representative
of three separate experiments. Bars represent SEM.
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Fig 3.8 shows PECAM-1 expression in three endothelial cell lines (a) and VE-
cadherin expression in five endothelial cell lines (b), as reflected by the median
fluorescence intensity (MFI) in cells over-expressing SK (dense dots) and the
corresponding values for the EV control (sparse dots). Fluorescence resulting
from staining with a non-relevant isotype matched antibody (23-lFl1) has been
subtracted.
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Fig 3.9 shows the effect of over-expressing SK on caspase-3 activity. (a) shows
caspase-3 activity (normalized for the protein concentration) in four HUVEC
lines over-expressing SK (dense dots) compared with EV control (sparse dots).
(b) shows the mean fold change in caspase-3 activity for SK normalized to
control, based on the composite analysis of four separate experiments each
performed in duplicate, using Statistica Version 6.1 (Statsoft, Inc.). *p<0.05 SK
versus EV. Bars represent 957o confidence intervals.
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Fig 3.10 shows caspase-3 activity (a), Þ1 integrin expression (b), and VE
Cadherin expression (c) in three atypical endothelial cell lines in which
attempted over-expression of SK did not result in enhanced enzymatic activity
(a) shows the composite analysis of six observations derived from these same

three cell lines (b) and (c) show the composite analysis of three observations
derived from these cell lines and normalized to the control, using Statistica
Version 6.1 (Statsoft, Inc.). Bars represent95Vo confidence intervals.
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Fig 3.11 shows adhesion molecule expression in un-stimulated endothelial cells
over-expressing SK (dense dots) and the corresponding values for the EV
control (sparse dots) as indicated by the median fluorescence intensity (MFI). (a)
shows VCAM-1 expression in five different cell lines, (b) shows E Selectin
expression in four separate endothelial cell lines, after subtracting fluorescence
resulting from staining with a non-relevant isotype matched antibody (23-lF11).
The mean fold increase above control in VCAM-1 expression (c) and E Selectin
expression (d) for cells over-expressing SK, represents the composite analysis
of the cell lines depicted in (a) and (b), normalized to EV, using Statistica
Version 6.1 (Statsoft, Inc.). *p<0.05 SK versus EV. Bars representg5%o
confidence intervals.
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Fig 3.12 shows the adhesion molecule response (as measured by the median
fluorescence intensity) of cells over-expressing SK, dominant-negative-SK
(G82D) and control (EV) to stimulation with TNFcr (0.5ng/ml-) for four hours
(a,b) or eighteen hours (c). VCAM-1 expression is shown in (a), and E Selectin
expression is shown in (b,c). (a), (b) and (c) show the composite analysis of five,
four, and three separate experiments respectively, normalized to the control,
using Statistica Version 6.I (Statsoft, Inc.). *p<0.05 SK or G82D compared
with EV, 't'+p<0.001 G82D versus EV. Bars represent 95o/o conftdence intervals.
Fluorescence resulting from staining with a non-relevant isotype matched
antibody (23-lFIl) has been subtracted.
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The phenotypic consequences of over-expression of Sphingosine Kinase

in I{uvEc achieved with adenoviral-mediated gene delivery

89



Chaoter 4: deliverv of SK HI]VEC

INTRODUCTION

The phenotype of long-terrn over-expression of SK in HUVEC achieved by retroviral-

mediated gene delivery has been described in Chapter 3. Retroviral-mediated gene delivery

provided a relatively crude tool for transfection of cells, as the gene dose was

unable to be regulated, and integration of the viral genome introduced yet another

confounding factor. Hence it was thought necessary to pursue a complementary method of

transfection of HUVEC with SK, to ensure that the phenotypic alterations described were not

artifacts of the method of transfection, but rather were mediated specifically by SK.

Adenoviruses have been used for gene transfer. The vector is created by replacing the ElA or

ElB genes from the wild type adenoviral genome (-36kb in size) with the gene of interest

(this reduces viral oncogenic and lytic properties). The helper line used for the production of

replication-defective infectious viral particles is the I{8K293 cell line (a human embryonic

kidney cell line containing 11% of Ad5 genome). Viral titres in the range of 1012-10r3 plaque

forming units (pfu)/mLmay be achieved.

There are several important differences between adenoviral and retroviral-mediated gene

delivery. Adenoviruses infect both replicating as well as non-dividing cells and a high level

of transfection of all cells can be achieved. Indeed the level of gene expression achieved is

higher than with the retroviral system, however expression is more transient and negligible

after a period of 2 weeks. Titration of the adenoviral supernatant enables regulation of the

gene dose delivered. Whilst the entire retroviral genome integrates in a stable fashion, the
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adenovirus remains essentially episomal. These difflerences make adenoviral-mediated gene

delivery a useful technique to complement retrovfual-mediated transfection of HttVEC.

The limitations of retroviral-mediated gene delivery, in particular poor transfection efftciency,

have been discussed (Chapter 3). An investigation into the signalling pathways engaged by

raised intracellular levels of SK requires a system in which accurate titration of the gene dose

is possible, and one which enables the generation of large numbers of cells over-expressing

SK. It was envisaged that adenoviral-mediated over-expression of SK in HTIVEC would

allow the generation of sufficient cells over-expressing SK for use in assays to determine the

mechanisms underþing the phenotypic consequences of moderately raised SK activþ in

HUVEC.

AIM

My aim now is to optimize the conditions for over-expressing SK in HUVEC using

adenoviral vectors and secondly, to ascertain the phenotypic properties of these cells, focusing

on factors involved in angiogenesis and inflammation. A third aim is to delineate the

mechanisms underlying the phenotypic changes resulting from moderately raised SK activity

in HUVEC.

It is hypothesized that delivery of SK using adenoviral vectors (to achieve a similar degree of

enhanced SK activity as the twofold increase in SK activity resulting from endothelial cells

stimulation with TNFcr and the 3.5-fold increase in SK activity achieved with retroviral-

mediated gene delivery) will result in similar phenotypic alterations as those seen with

retroviral-mediated gene delivery, i.e. those of enhanced angiogenesis and inflammatory

potential.
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4.1.1 Adenoviral titration on HEK293 cells

Two separate preparations of adenoviral supernatant were generated using the pAdEasy

system as described (Chapter 2.5). The viral titre as reflected by plaque forming units/ml

(pfu/ml), and GFP expression were determined on I{8K293 cells and is shown in Table

a.1(a). In respective viral supernatants, the titre for both SK and EV preparations was similar

with regard to both pfu/ml and GFP expression, while the titre for G82D preparation was one

log lower for both estimates. Thus infection of HTIVEC with equivalent pfu/cell of adenoviral

supernatant carrying SK or EV yielded a similar degree of GFP expression.

The number of infectious viral particles per mL of viral supernatant as reflected by the ODzoo

and outlined in the pAdEasy system manual for both EV and SK was one per 100'

4.1.2 Titration of adenoviral supernatont on HUVEC

The viral titre was estimated on HUVEC by harvesting the cells 48 hours after infection with

varying pfu/cell, and then determining the level of GFP expression by flow cytometry. The

median fluorescence intensity is shown in Table 4.1(b). At the level of sensitivity for which

the flow cytometer was calibrated, the saturation limit for median fluorescence intensity was

t012

For infections in HLIVEC, conditions were optimized such that cells were infected with an

equivalent number of pfu/cell of viral supernatant. This correlated with an approximately
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equivalent level of GFP expression, in favor of slightly excess GFP expression for the empty

vector (Table 4.la)

4.1.3 Detection of over-expression of SK in HUVEC

4.1.3.1 Confirmation of expression using Western blot

Expression in HUVEC was detected by immunofluorescent microscopy for GFP expression,

and was confirrned by Western blot using anti-flag antibody (Fig a.1). Definite expression

was observed in endothelial cells infected with I pfu/cell of adenoviral supernatant carrying

SK, with a much more intense band noted in endothelial cells infected with 50 pfu/cell.

4.1.3.2 of activitv

To determine whether cells over-expressing SK (as confirmed by Western blot) had enhanced

SK activity compared with control, and to delineate whether infection with greater pfu/cell of

SK caused a greater increase in SK activity, SK activify was measured in both cells infected

with 1 pfu/cell and 50 pfu/cell of adenoviral supernatant carrying SK or EV.

Over-expression of SK resulted in increased enzyme activity (Fig a.1). Infection with 1

pfu/cell of adenoviral supernatant carrying SK resulted in moderately raised SK activþ

(mean fold increase above control 5.2,95yo confidence interval4.86-5.51), which was

statistically significant. This was noted to be similar to the degree of enhanced SK activity

achieved with retroviral-mediated gene delivery. Infection with 50 pfu/cell of adenoviral

supernatant carrying SK resulted in a very large increase in SK activity (mean fold increase

above control l00,g5\o CI94.1-106.3). Infection of HUVEC with the greater EV viral load

(50 pfu/cell compared with 1 pfu/cell of EV) did not alter SK activity (p:0.18) however
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infection with the greater amounts of adenovirus calrying SK (50 pfu/cell compared with 1

pfu/cell) resultsd in a further significant increase in SK activþ (p<0.05)

4.1.4 Conclusion

A system utilizing an adenoviral vector for over-expressing SK (and G82D) in HUVEC was

thus established. This system allowed the rapid generation of cells over-expressing SK, and

unlike the retroviral system (Chapter 3), cell numbers were not limited. This system had the

additional advantage of enabling accurate titration of gene dose, and thus set the scene for an

investigation of the effects of varying gene dose.

Henceforth infection with 1 pfu/cell and 50 pfu/cell will be referred to as low levels and high

levels of over-expression of SK respectively-

accumulation

Cell proliferation was measured over three days using the colorimetric MTS assay, and cell

accumulation was defined as the mean absorbance value at Day 3 divided by the mean

absorbance value at Day 0. The effect of varying SK gene dose in HUVEC on cell

accumulation is shown in Fig a.2@). Low levels of over-expression of SK significantly

enhanced cell accumulation in2Yo FCS compared with control. In contrast, high levels of SK

in HWEC significantly inhibited cell accumulation, such that cell numbers at Day 3 were

significantly lower than EV. Importantly, infecting HUVEC with less than one viral particle

per cell (l/10 pfu/cell) did not result in an appreciable increase in SK activity, and had no

demonstrable effect on cell accumulation.
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The increase in cell number of cells over-expressing SK (infected with 1 pfu/cell) over a three

day period, compared with control cells is shown in Fig 4.2(b).It is noted that in zyoFCS,

control cells increase in cell number, although to a lesser degree than cells over-expressing

SK.

As the aim is to confirm (and extend) the phenotypic alterations resulting from retroviral-

mediated delivery of SK into HUVEC using adenovirus, the investigation will be directed to

the effects of over-expression of low levels of SK in HUVEC. This level of infection (1

pfu/cell) results in a similar degree of enhanced enzymatic activity as is achieved by

stimulation of normal endothelial cells with TNFa (97), and also corresponds to the increase

in enzymatic activity as is achieved with the retroviral system (Chapter 3 .l .4 .2).

4.3.1 Over-expression of low levels of SK confers 0 resislance to øpoptosis

Apoptosis or programmed cell death is a firndamental biological process which involves the

removal of unwanted cells in order to maintain cellular homeostasis. Apoptotic cells in

contrast with necrotic cells have reduced cell size, condensed nuclei and membrane blebbing.

In contrast to necrosis, apoptosis involves an orderly fragmentation of the cell, which is a

slow process requiring 6-48 hours. The process of apoptosis is observed during normal

physiological events such as embryogenesis, and it also plays a role in cancers. It is of

particular relevance to the autoimmune diseases, as deletion of selÊreactive T-cells in the

thy'rnus and B-cells in the bone maffow occurs by apoptosis. Hence there has been

considerable interest in understanding the cellular regulation of apoptosis, and in techniques

to detect apoptosis in vitro.
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51P is known to promote cell growth and inhibit apoptosis, and in endothelial cells is

responsible for providing protection from TNFcr-induced apoptosis (97). Cell accumulation

represents a balance between cell proliferation and cell death. In light of the enhanced cell

accumulation observed in cells over-expressing SK compared with control cells, it was sought

to determine whether this was athibutable to a reduction in cell death.

Apoptosis was visualized by DAPI staining, and also measured by the fluorogenic caspase-3

activity assay and by flow cytometric detection of Annexin V binding.

4.3.1.1 Over-expression of SK confers resßtønce lo serum deprivation induced øpoptosis as

determined by DAPI støining.

DAPI is a fluorescent dye with high affìnity for DNA and binds A-T rich sequences of DNA,

to form a complex which can be visualized by fluorescence microscopy(192).

Endothelial cells over-expressing SK or EV taken from normal culture conditions, in 2% FCS

and those subjected to 48 hours of serum deprivation were stained with DAPI. Apoptotic

cells were defined as those with intense bright nuclear staining. The percentage of apoptotic

cells in five consecutive fields was determined.

Under basal conditions there were only occasional apoptotic cells (Fig 4.3a).In2%o FCS, few

of the control cells were apoptotic, but a negligible number of those over-expressing SK were

apoptotic (Fig a.3b). The most profound differences were detected in those cells subjected to

48 hours of serum deprivation, where many of the control cells were apoptotic, but very few

of those over-expressing SK (Fig 4.3c). Quantification is shown in Table 4.2, and it is noted
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that after 48 hours of serum deprivation, there are significantly more apoptotic control cells

compared with those over-expressing SK (p<0.001).

It is acknowledged that DAPI staining is a subjective method of assessing apoptosis, and that

inter-observer error is likely to occur in quantification. Therefore an investigation into

whether the enhanced cell accumulation resulting from raised intracellular levels of SK is

attributable to reduction in apoptosis, and whether SK provides resistance to serum

deprivation-induced apoptosis was furthered by alternative, more reliable measures of

apoptosis.

4.3.1.2 Over-expression of sphingosine kinase reduces Caspøse-3 øctivity

The caspase family or proteolytic enzymes are the effectors of cell death, with caspase-3

playing a particularly important role in this cascade. In this cascade, activation of caspase-3

reflects the point at which the death signal becomes irreversible and commitment to cell death

occurs.

Caspase-3 activþ \Mas measured as an indicator of cell death under normal culture conditions

and in cells subjected to serum deprivation for 24 hours.

In the five endothelial cell lines shown (Fig a.a(a)) there was a consistent reduction in

caspase-3 activity in cells over-expressing SK when compared with control in basal

conditions and when subjected to serum deprivation (Fig a.a(b)). Analysis of the pooled data

confirmed that over-expression of SK significantly reduced basal caspase-3 activity and

conferred further resistance to caspase-3 activation induced by serum deprivation (Fig

4.4(cd)).
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4.3.1.3 Over-expression of SK cøuses a resistance to increøsed Annexin V-PE uptake in

response to serum deprivation

A critical event in apoptosis is the translocation of phosphatidylserine (a membrane

phospholipid) from the inner to the outer leaflet ofthe cell membrane. Annexin V, a

phospholipid-binding protein binds to phosphatidylserine with high affrnity in a calcium-

dependent manner. Staining for apoptotic cells using fluorophore conjugated-Annexin V takes

advantage of the accessibility for binding of phosphatidylserine that has become exposed on

the outer cell membrane (193). By contrast, the use of 7-actinomycin D (7-AAD) allows the

distinction between dead and viable cells to be made on the basis of membrane integrity (the

membrane of dead but not live cells is permeable to 7-AAD) (194).

Apoptosis in cells over-expressing SK and control (EV) was measured using Annexin V-PE

and 7-AAD under basal conditions, and in response to serum deprivation, and the mean

fluorescence intensity for Annexin V-PE staining determined by flow cytometry. Using the

coulter Epics profile flow cytometer, laser channel 2 was used to detect phycoerythrin, and

laser channel4 for detection of 7-AAD.

Although there was no significant difference between cells over-expressing SK and EV cells

in Annexin V-PE staining under basal conditions (p:0.6), with serum deprivation for 24

hours, cells over-expressing SK showed significantly lower Annexin V-PE binding (Fig 4.5)

This is consistent with the lower caspase-3 activity seen with serum deprivation in cells over-

expressing SK (above). It however does correlate with the reduction in basal caspase-3

activity (discussed below).
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4.3.1.4 Conclusion

As evidenced by less DAPI staining of DNA, significantly less caspase-3 activation, less

annexin-V binding in response to serum deprivation, I concluded that moderately raised

intracellular SK activity confers a resistance to apoptosis induced by serum deprivation. The

conjoint use ofthese three techniques to detect apoptosis provides strength to this data. The

reduction in basal caspase-3 activþ in cells over-expressing SK does not translate to

increased Annexin V binding or DAPI staining. It is possible that these assays are not as

sensitive as the caspase-3 activity assay and that reduction in caspase-3 activity may not

necessarily translate into other events associated with cell survival in unstressed cells. In

view of the lack of enhanced cell accumulation noted under basal culture conditions, I

concluded that there is no biologically significant reduction in apoptotic tendency in cells

over-expressing SK under basal conditions.

4.3.2 Over-expression of SK enhances cell survival

Endothelial cells require serum for survival, and thus normal culture conditions (HIIVEC

Medium) comprise 20% FCS. The lesser degree of apoptosis in response to serum deprivation

seen in cells over-expressing SK (Section 4.3.1) prompted an enquiry into whether this had

functional consequences and enabled these cells to survive in the absence of serum. Cell

survival was measured in serum-free medium supplemented with ECGs by the MTS

colorimetric assay.

Over-expression of SK resulted in enhanced cell survival at Day 2 (Fig a.6(a)). There was no

diflerence in the numbers of cells over-expressing SK compared with EV seeded at Day 0

(p:0.27). At Day 1 cells over-expressing SK showed enhanced cell numbers (reflecting cell

proliferation) compared with control (p< 0.001). It is possible that this reflects reduction in
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apoptosis in cells over-expressing SK, and that the differences in cell numbers compared with

control cells are not due to a difference in the rate of proliferation. At Day 2 there were

significantly more viable cells over-expressing SK than control (p< 0.001), and this was

similar in number to the time of seeding the cells (reflecting cell survival). By Day 3 however,

there was no significant difference between SK and control (p:l). Significant reduction in

cell numbers occurred at Day 2 for EV cells (p< 0.05) and at Day 3 for cells over-expressing

SK (p< 0.001).

Thus I concluded that cells over-expressing SK are able to survive in the absence of serum for

longer compared with control cells.

4.3.3 Over-expression of SK allow cells to survive in suspension

Endothelial cells have a survival requirement for attachment to extracellular matrix. The

enhanced serum-free cell survival seen in cells over-expressing SK (Section 4.3.2) prompted

an enquiry into whether these cells were able to survive the further stress of loss of attachment

to the extracellular matrix. Cell survival in suspension was measured using non-tissue

culture, non-adhesive 96 well trays coated with BSA, in serum-free conditions using the

colorimetric MTS assay.

Over-expression of SK enhanced the abilþ ofthe cells to survive unattached as shown in Fig

4.6(b). Although equivalent numbers of cells over-expressing SK and control were seeded at

Day 0 (p:0.42), by Day 1, cells over-expressing SK showed enhanced cell numbers. Control

cells were able to survive until Day 1 (p:0.68). By Day 2, while control cells had shown

significant reduction in viable cell numbers compared with the time of seeding (p<0.001),

cells over-expressing SK maintained cell numbers (cell survival). This effect was lost by Day
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3 at which time both cells over-expressing SK and control cells showed reduction in viable

cell numbers such that there was no difference between sK and EV (p:0.1)

I concluded that over-expression of SK allowed the cells to survive unattached for longer

periods.

4.3.4 Over-exnression of SK enhances attachment to extracellular matrices

A cardinal feature of endothelial cells is a survival requirement for attachment to extracellular

matrix. Attachment to extracellular matrix mediated by the integrin group of cell surface

receptors confers signals from the exterior to the interior of the cell and is known to modulate

cell survival and proliferation. Thus in light of the enhanced cell accumulation and cell

survival seen in cells over-expressing SK, the attachment profile of these cells to various

matrices was measured using the colorimetric MTS assay. This is based on the principle of

washing offany unattached cells at pre-determined time points, and quantifyi.tg by MTS the

number of residual (attached) cells.

Over-expression of SK increased adhesion to various matrices including fibronectin, gelatin,

collagen, and vitronectin. The attachment of cells to fibronectn at20 minutes, t hour, and 3

hours is shown in Fig 4.7. For the three time points tested, cells over-expressing SK showed

significantly greater adhesion to fibronectin compared with control cells (p<0.05). Cells over-

expressing SK also enhanced adhesion to gelatin, collagen, and vitronectin compared with

control cells (data not shown).
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4.3.5 The effect of over-expression of SK on permeabilitv

One of the pivotal functions of the vascular endothelium is to provide a structural barrier

which is selectively permeable to nutrients. In addition to attachment with extracellular

matrix, endothelial cell survival and endothelial integrþ is also dependent on cell-cell

contacts. The role of S 1P in endothelial cell morphogenesis and enhancing the development

of adherens junctions is well established (136). Hence the eflect of intracellular over-

expression of SK on cell-cell junctions was determined by measuring permeability of

endothelial cell monolayers to F[TC-dextran.

4.3.5.1 Basal cell permeøbility

As indicated in Fig a.S(a) cells over-expressing SK showed a significant reduction in

permeabilþ to FlTC-dextran when the average permeability across all time points was

analysed. There was ho\¡/ever no significant difference in basal permeability at any individual

time point, due to the considerable variability in measurement reflected by the large

confidence intervals.

4.3.5.2 The permeability response to thromhin stimulation

Thrombin is known to induce endothelial cell contraction (195) and disrupt cell -cell

junctions. SlP has been shown to reverse the disruptions in endothelial cell junctions induced

by thrombin(196). In view of the enhanced structural integrþ of endothelial cell monolayers

(as reflected by reduction in permeability) over-expressing SK, an enquiry into whether these

cells are resistant to the effects of thrombin was made. Cells were stimulated with thrombin

(0.2units/ml) immediately prior to measuring permeability to FlTC-dextran.
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Although low levels of SK reduced basal permeability (Fig a.8(a), in the presence of

thrombin, there was no significant diflerence between cells over-expressing SK and control

cells (p:0.37) (Fig 4.8(b). Both control cells and cells over-expressing SK responded to

thrombin with a significant increase in permeability to FlTC-dextran (Fig 4.8(c,d)).

Thus I concluded that over-expression of SK tightens cell junctions in the basal state. These

cells are not however resistant to the effects of thrombin as anticipated, and respond with an

increase in permeability to thrombin equivalent to that in control cells. The lack of resistance

to thrombin-induced increase in permeabilþ in these cells argues against the reduction in

basal permeability being mediated by SIP acting on the EDG receptor, but rather suggests the

reduction in permeability conferred by SK is mediated by other mechanisms, possibly at an

intracellular level. It is however possible that in these cells over-expressing only low levels of

SK, extracellular SlP may be in a range suffrcient to promote structural integrþ of the

monolayers in the basal state, but may be insuffrcient to overcome the opposing effects of

thrombin.

4.3.6 Over-expression of SK enhances cell miqration

Cell migration is a cardinal feature of angiogenesis and a role for SIP in stimulating

endothelial cell migration is well established (197;198). Hence it was sought to determine

whether cells with intracellular over-expression of SK also show enhanced cell migration.

Cell migration towards fibronectin was measured using a colorimetric assay in which the cells

were stained with crystal violet.

Indeed cells over-expressing SK showed significantly increased migration towards fibronectin

at 20 hours as shown in Fig 4.9. This is consistent with the recognized role of S1P in
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stimulating cell migration, and again supports a role for moderately enhanced intracellular

levels of SK in angiogenesis.

The ability of endothelial cells to arrange into capillary like networks, or tubes is an in vitro

correlate of angiogenesis, and endothelial cell stimulation with SlP is known to enhance

cellular remodeling, by virtue of its actions on Rac and Rho small GTPases. In light ofthe

enhanced cell survival, reduction in apoptosis, and enhanced cell migration seen with over-

expression of SK, it was important to determine whether raised intracellular levels of SlP/ SK

also stimulate cellular remodelling. To this end, tube formation in the complex basement

membrane matrix Matrigel, was qualitatively assessed as a measure of angiogenesis.

Results are shown in Fig 4.10. The single cell population of endothelial cells seeded at time

:0 is shown. By 15 minutes cells over-expressing SK had already commenced alignment

whereas control cells remained disorganised. There was a clear difference at 30 minutes and

at one hour, with cells over-expressing SK showing greater alignment into tube-like structures

compared with control. At24 hours when tube formation was complete in both cells over-

expressing SK and control, there was no difference in the extent of tube formation.

It was thus concluded that over-expression of SK increases the rate of cellular remodeling and

tube formation.

4.3.8 Conclusions
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I concluded that over-expression of low levels of SK (which results in moderately enhanced

SK activity) enhances cell accumulation in 2yoFCS, and cell survival not only in the absence

of serum, but also in the absence of attachment to extracellular matrix. This is consistent with

the observed resistance to stress-induced apoptosis, as evidenced by caspase-3 activity,

annexin V binding, and DAPI staining. Adhesion to extracellular matrix is also enhanced.

These results are in keeping with those of enhanced cell accumulation, resistance to apoptosis,

and increased attachment to extracellular matrix seen with retroviral-mediated delivery of SK

(Chapter 3). Thus the phenotypic alterations resulting from retroviral-mediated over-

expression of SK have been confirmed using adenoviral vectors, and have been extended to

show that cells over-expressing low levels of SK also showed evidence of increased cell

mþation, reduced permeability of cell monolayers, and enhanced tube formation, features all

consistent with an angiogenic phenotype. On this basis it is concluded that moderately raised

intracellular levels of SK stimulate angiogenesis.

4.4 Hallmarks inflammation

It was previously shown (Chapter 3.9) that stable over-expression of SK causes an

inflammatory phenotype as evidenced by induction of VCAM-l expression and augmented

responses to TNFcr. To test the hypothesis that over-expression of SK using adenoviral

vectors will also cause endothelial activation and sensitize the cells to the effects of TNFcr,

adhesion molecule expression (basal and stimulated) in cells over-expressing low levels of SK

(1 pfuicell) was me¿ßured as a marker of inflammation.

4.4.1 Over-expression of SK up-regulates basøl VCAM-I expression

Over-expression of SK resulted in a small increase in VCAM-I expression above control cells

in six separate endothelial cell lines as shown in Fig a.l1(a). The mean fold increase in

VCAM-1 expression of SK above control was ofmarginal statistical significance (p:0.052),
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based on a conservative analysis using large sample confidence intervals (Fig a.l1(c)).

Anaþing the data as a mean difference rather than as aratio, revealed a p-value of 0.041.

The consistent increase in VCAM-I expression seen across six separate endothelial cell lines

was also confirmed by non-parametric rank sum analysis (p<0.05) and was therefore

considered significant. By contrast, E Selectin expression was not consistently altered in the

five separate endothelial cell lines examined (p:0.52), as shoÌvn in Fig 4.11(b,d).

4.4.2 The effects of SK on TNFa -induced adhesion molecules

4.4.2.1 The effect ofhish do,se of TNFa

To determine whether over-expression of SK altered the pro-inflammatory responses to

TNFor, cell surface expression of VCAM-I and E Selectin was measured after endothelial cell

stimulation with TNFcr 500ng/pl for four hours.

Cells over-expressing SK showed a significant exaggeration ofthe normal TNFa-induced up-

regulation of VCAM-I (p:0.009) and E Selectin (p:0.008) (Fig a.12).

response to TNFa

In light of the exaggeration in TNFc¿-induced VCAM-I and E Selectin seen with over-

expression of SK, it was sought to determine whether these cells alter the dose-response curve

to TNFcr. Endothelial cells over-expressing SK or transfected with EV were stimulated with

TNFcr at a concentration of 500ng/þ1,100 nglpl, 20 ngl¡ú, or 4 ngl¡il for four hours, and cell

surface expression of VCAM-I and E Selectin was measured by flow cytometry.
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In three separate experiments, cells over-expressing SK consistently responded with higher

levels of VCAM-1 and E Selectin than control cells, to each of the doses of TNFcr used (Fig

4.13). There was holvever considerable variability in the degree of response between the

different cell lines, hence the wide confidence intervals for the mean. The response of

VCAM-I to the lowest (a ng/pl) and highest (500ng/Fl) dose of TNFa tested, was

significantly greater in cells over-expressing SK compared with control (p<0.05) (Fig

a.13(a)). Analysis ofthe VCAM-1 response to TNFcr across all doses of TNFc¿ revealed that

over-expression of SK caused a significant shift in the curve to the left (p:0.02).

Over-expression of SK appeared to produce a modest up-regulation of E Selectin compared

with EV across all doses of TNFo¿. This did not reach statistical significance at any individual

dose of TNFcr, or when analysed across all doses (p:0.3), as shown in Fig 4.13(b).

Both VCAM-I and E Selectin followed a sigmoidal dose-response curve in response to

stimulation with TNFc¿. A determination of the EC50 (the dose required to elicit 50% ofthe

maximal response) was not possible as data points across smaller dose increments were not

obtained, and the dose-response curve was not extended to a saturating dose (plateau). It is

however suggestive that cells over-expressing SK will peak at a higher plateau than control

cells suggesting a shift in the maximal response.

The most marked difference in induction of VCAM-I and E Selectin by cells over-expressing

SK in response to varying doses of TNFo were seen with the lowest (4ng/þl) dose of TNFoú.

This dose of TNFc¿ did not induce VCAM-I or E Selectin in control cells, however cells over-

expressing SK responded with a substantial up-regulation of both VCAM-l (in 2 of 3

experiments) and E Selectin (in each of 2 experiments) (Table 4.3). Over-expression of SK
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resulted na4.42 (95%Cll.5l-12.94)-fold increase in VCAM-I expression above EV, when

stimulated with a low dose of TNFc (p<0.05), suggesting that these cells are sensitized to the

effects of TNFc¿. Again, however, there was marked variability in the magnitude of the

response between different isolates of endothelial cells, as indicated in Table 4.3.

4.4.3 Over-expression of SK enhances leukocvte adhesion to endothelial cells and

ausments Tl\Fc-induced leukocyte adhesion

The magnitude of the changes in adhesion molecules induced by SK were modest, raising

uncertainty whether these alterations resulted in biologically-relevant sequelae. Neutrophil

adhesion to endothelial cells is the ultimate measure of inflammatory potential and therefore

neutrophil adhesion was measured under basal and stimulated conditions, in cells over-

expressing SK and in EV control cells. As over-expression of SK was shown to sensitize the

endothelium to low doses of TNFoc in terms of adhesion molecule response, it was sought to

determine whether endothelial cell stimulation with doses of TNFcr, below the threshold for

direct stimulation, would result in enhanced leukocyte binding. As dominant-negative SK

(GS2D) blocks agonist-induced activation of SK (I27) and had been shown to inhibit TNFcr-

induced VCAM-I and E Selectin expression (Section 3.9.2.1), it was to be ascertained

whether over-expression of G82D also inhibited TNFcr-induced neutrophil adhesion to

control cells. The number of neutrophils adhering to each 100 endothelial cells within a

single microscopic field of view at l20Xmagnification was determined. Consecutive fields

were photographed.

Photographs are shown in Fig 4.I4, and quantification in Fig 4.15. Under basal conditions

control cells did not bind neutrophils, consistent with the known non-adhesive surface of the

quiescent endothelium. Cells over-expressing SK however showed significantly enhanced
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neutrophil binding compared with EV in the basal state (p<0.001). In response to stimulation

with TNFo (0.04 nglml) for four hours, cells over-expressing SK showed gleater

enhancement in neutrophil binding than control cells, p<0.001. Cells over-expressing G82D

did not alter neutrophil adhesion compared with EV in the basal state (p:0.18) but

significantly reduced the number of adherent neutrophils per 100 endothelial cells in response

to stimulation with TNFc¿ compared with EV (p<0.05).

4.4.4 Conclusions

I concluded that over-expression of SK causes endothelial activation and, further potentiates

the pro-inflammatory eflects of TNFc¿ to result in enhanced neuhophil binding in the basal

and stimulated states.

4.5 Extracellular versus intracellular effects of SIP

4.5.1 Effect of pertussis toxin on bøsal levels of adhesion molecules

Stimulation of endothelial cells with exogenous SlP is known to upregulate adhesion

molecules by virtue of its interaction with the EDG receptors. Hence, it was to be determined

whether the alterations in adhesion molecule expression resulting from intracellular over-

expression of SK could be explained by secretion of SlP (and hence EDG receptor ligation).

The EDG receptor being a G protein-coupled receptor (GPCR) is pertussis toxin sensitive and

hence pertussis toxin was used as a tool to inhibit sþalling from GPCRs.

Pertussis toxin increased VCAM-1 expression in control cells (p<0.05) and cells over-

expressing SK (p:0.07) as shown in Fig aJ6@). Although the E Selectin reponse to pertussis

toxin was more variable between cell lines, both control cells and cells over-expressing SK

consistently responded with an increase in E Selectin expression (Fig a.16b).
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4.5.2 The elÍecr of pertussis toxin on TNFa-induced adhesion molecules

To determine whether the augmentation of the TNFcr-induced adhesion molecule response in

cells over-expressing SK was due to SlP signalling through EDG receptors, cells \Mere pre-

treated with perhrssis toxin (5Ong/ml) for 18 hours and then stimulated with TNFo (O.5ng/ml)

for four hours in the presence of pertussis toxin. Adhesion molecule expression was measured

in these cells.

In two separate endothelial cell lines, pre-treatment with pertussis toxin did not alter TNFa-

induced VCAM-1 expression in control cells (p:0.28), or cells over-expressing SK (p:0.23),

as indicated in Fig a.16(c). Similarly, TNFcr-induced E Selectin expression was unaltered

with pre-treatment with pertussis toxin (Fig a.16(d)).

4.5.3 Over-expression of SK: its effects on the adhesion molecule response to the

exogenous øddilion of SIP

The adhesion molecule response of cells over-expressing SK to exogenous stimulation with

SlP (5pM) was examined. There was no significant difference between cells over-expressing

SK and control, in SlP-induced VCAM-I expression in four separate experiments (p:0.31),

as shown in Fig a.fi@) indicating that the EDG receptor pathway is intact in these cells. Cells

over-expressing SK responded with a significantly greater up-regulation of E Selectin than

control cells in response to stimulation with SlP, p<0.001 (Fig 4.I7(b)).

The augmented E Selectin response to SlP stimulation in cells over-expressing SK was of

interest, and it was sought to determine whether SK alters the dose-response curve to SlP.

Cell surface expression of VCAM-I and E Selectin in response to stimulation with 0.6FM 1.2
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V¡¿.,2.5 pM, or 5.0 ¡rM SIP was measured by flow cytometry. Cells over-expressing SK

consistently showed greater VCAM-I expression across all doses of SlP tested, however

there was no significant difference at aîy individual dose (Fig aJ7@)). Overall, there was a

trend to shift of the dose response curve with over-expression of SK (p:0.08). The dose

response curve for E Selectin was significantly shifted to the left in cells over-expressing SK

compared with control (p:0.002), as indicated in Fig 4.17(d). On average, the E Selectin

response to SlP was 30olo gleater in cells over-expressing SK compared with EV.

Determination of the EC50 was not possible due to the limited data points obtained.

4.5.4 Conclusions

I concluded that the adhesion molecule response to intracellular over-expression of SK is not

GPCR-dependent. It is acknowledged however that there are other confounding factors in

measuring the adhesion molecule profile after blocking GPCR with pertussis toxin and that

pertussis toxin is a non-specific tool which blocks other GPCR as well as EDG receptors.

DISCUSSION

In this Chapter, the findings of enhanced angiogenesis and inflammatory potential resulting

from retroviral-mediated delivery of SK into HUVEC (Chapter 3) have been confirmed using

adenoviral vectors to transfect SK in relatively transient manner. In addition to demonstration

of resistance to serum deprivation-induced apoptosis and enhanced cell survival, these

observations have been extended to measure the integrity of cell junctions (permeability), cell

mþatory capacity,as well as the ability to undergo cellular remodeling. Over-expression of

SK was shown to regulate each of these additional measures of angiogenesis. In terms of

inflammation, the investigation has been extended from induction of VCAM-I expression by

SK, to demonstrating that SK shifts the dose-response curve to TNFcr, and sensitizes the cells
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to very low doses of TNFcr which do not alter the expression of adhesion molecules in control

cells. An investigation into the functional significance of these changes has shown that

modest elevation in SK activity results in a substantial increase in leukocyte adhesion to the

endothelium in the absence of cytokine, and enhancement of neutrophil adhesion to cytokine-

stimulated endothelial cells. These functional changes were seen despite the small magnitude

of the changes in adhesion molecules. Together, these results suggest that modest elevations

in SK activity in endothelial cells result in substantial flinctional changes, with endothelial

activation, amplification ofresponse to cytokine, and stimulation of angiogenesis.

Stimulation of endothelial cells with TNFcr results in approximately atwofold increase in SK

activity above basal which is transient, returning to basal levels within thirty minutes after

stimulation (122). By manipulating the dose of adenovirus, cell lines that had an

approximately five-fold increase in activity of SK were generated. These levels corresponded

to the transient increase in endogenous SK activity achieved after stimulation of normal

H[IVECs with TNFc¿, and also to the degree of enhanced SK activity achieved with

retroviral-mediated gene delivery (Chapter 3.1.4.2). Therefore, this system allowed an

investigation of the effects of chronic over-activity of SK in what is estimated to be within the

ambit of normal physiological responses.

Adenoviral vector-mediated gene delivery provided a more sophisticated method of

transfection (than retroviral methodology), enabling accurate titration of gene dose, and

allowing the rapid generation of large numbers of transfected cells. This resulted in the use in

functional assays of cells of young passage (passage 3-4), which are more representative of

normal endothelial cells and the physiological in vivo state. The dogma that retroviral-

mediated gene transfer produces a chronic over-expression of the gene, whilst adenoviral-

mediated gene transfer produces a transient over-expression of the gene is theoretical, and not
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relevant in the over-expression of SK, as both methods achieve a long-term over-expression

of SK, in comparison to the brief activation achieved with TNFc¿.

Modestly raised intracellular levels of SK in primary endothelial cells (HUVEC) resulted in a

resistance to serum deprivation-induced apoptosis, as determined by three independent

measures of apoptosis (Fig 4.3,4.4,4.5). Consistent with this, there was an alteration in the

time course of cell survival with the cellular stresses of serum deprivation, and lack of

attachment to extracellular matrix, as cells over-expressing SK were able to survive for two

days while control cells were able to survive for one day only. The degree of over-expression

of SK to achieve the phenotype was modest (approximately five-fold) in comparison to what

is seen in established cell lines such as Swiss 3T3 fibroblasts in which thousand fold over-

expression is not unusual (199). Nevertheless the phenotype seen in the endothelial cells over-

expressing SK was robust and is likely to correspond to the type of changes seen under

physiological circumstances (132). The eventual cell death in cells over-expressing SK by

Day 3 when cultured under each of these conditions may be due to declining SK activity, or it

may be that the resistance to apoptosis conferred by raised intracellular SK activity is of

insuffrcient magnitude to overcome the cellular stresses over a more prolonged time period. In

favour of the cell death being attributable to declining SK activity is the demonstration of cell

survival (and proliferation) at Day 3 in cells infected with retrovirus carrying SK (Chapter

3.3.I.2), which does produce more stable gene expression. Whether cell death after Day 2

may be aborted in cells over-expressing SK by further trophic factor stimulation, introduction

of serum, or exogenous stimulation with SlP remains to be seen. Clearly an investigation into

trophic factors which may prolong the ability of cells over-expressing SK to survive will be of

major importance, since if these cells can be rescued from cell death which ensues, it is

foreseeable that they may be used therapeutically (e.g. to seed vascular grafts).
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Survival of endothelial cells requires sustained contact both with the extracellular matrix and

with neighbouring cells. Raised intracellular levels of SK were shown to stimulate cell-matrix

attachments and strengthen cell-cell contacts. Binding to the extracellular matrix mediated by

the integrin family of cell surface receptors is known to transduce signals from the exterior to

the interior of the cell, resulting in the activation of cellular pathways involved in proliferation

and survival. A role for SK in targeting the cell junction is indicated by enhanced structural

integrity of the endothelial cell monolayers, as reflected by the reduction in basal

permeability.

Cell migration to the perivascular space is a requirement for angiogenesis to proceed, and

over-expression of SK stimulated cell migration to fibronectin. The ability of endothelial cells

to align into capillary like-tubes is an in vitro correlate of angiogenesis, and the exaggerated

induction of capillary tube formation by cells over-expressing SK suggests their sensitization

to angiogenic factors. The enhanced cell migration and stimulation of tube formation is

consistent with the recognized angiogenic actions of S1P Qa3;Ia\.

Increased attachment to extracellular matrix as seen with raised intracellular SK activity

would normally be predicted to inhibit cell migration, however it has been shown here that

over-expression of SK stimulated both adhesion to extracellular matrix and also migration.

This discrepancy is intriguing and demands an investigation into the mechanisms of SK-

mediated cell migration. ln endothelial cells, the serine threonine kinase Akt is involved not

only in preventing apoptosis, but is also recognized to regulate cell migration(200). Indeed

cell mþation mediated by exogenously added SIP is mediated by the phosphatidylinositol 3-

kinase/ Akt pathway (201;202), and the question is raised whether this pathway is also

activated by raised intracellular levels of SK/ S1P. Involvement ofthis pathway would be

consistent with the reduction in apoptosis and survival advantage conferred by raised SK
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activity. In addition to Akt, the cell junctional protein PECAM-I is known to regulate

endothelial cell chemotaxis, via stimulation of Rho activity, in a pertusis toxin-sensitive

manner (203). A role for SK in targeting the cell junction is suggested by the observed

reduction in basal permeability (Fig 4.8), and also by the upregulation of PECAM-1

expression resulting from retroviral-mediated over-expression of SK (Section 3.5). That

PECAM-I plays a role in SIP-mediated cell migration is suggested by the observation that

endothelial cells lacking PECAM-I fail to undergo chemotaxis in response to exogenous SlP

(203). Thus, it will be interesting to determine whether activation of the PI-3K/Akt pathway,

and regulation of PECAM-1 signalling are responsible for some of the phenotypic alterations

resulting from raised intracellular SK activity (Chapter 5).

The endothelium is the gateway to inflammation and is finely balanced between anti-

inflammatory and pro-inflammatory states. Hitherto, the balance has thought to be

determined principally by the cytokine microenvironment. Here it has been demonstrated that

expression of intracellular components within the cytokine signalling pathways can influence

the responsiveness of the endothelium to ambient conditions, including cytokines. This

provides a model for genetic variations ìn endothelial responsiveness to both hophic and

inflammatory stimuli.

Although small but consistent changes in the expression of basal and TNFo-stimulated

VCAM-1 and E Selectin expression were demonstrated (Fig a.11,4.12), by far the most

impressive changes were in the sensitization of the endothelium to doses of TNFcr, below the

threshold for direct stimulation (Table 4.2). These findings suggest that SK over-expression

resets the threshold of endothelial responsiveness. Although such changes in adhesion

molecule expression could be considered small, the effect when translated into neutrophil

adhesion was substantial. An approximately five to ten-fold increase in numbers of
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neutrophils adhering either to basal or TNFo-stimulated endothelium was seen in cells over-

expressing SK (Fig 4.I4, 4.15). This suggests that either the levels of adhesion molecules are

synergistic in their regulation of neutrophil adhesion and/ or that SK alters other pathways

which also act to influence neutrophil attachment to the endothelium. The role of SK as a key

regulator of inflammation is substantiated by the effects of the dominant-negative G82D

mutant, which has a single amino acid substitution in the catalytic domain of SK and which

we have previously shown to block activation of SK (127;20Ð. Over-expression of G82D

inhibited neutrophil adhesion to TNFoc-stimulated endothelial cells (Fig 4.14,4.15)'

In terms of the effects of raised intracellular levels/ activity of SK on endothelial activation,

the distinction between intracellular actions of S1P and its actions on EDG receptors was

complicated by the induction of adhesion molecules by pertussis toxin (Fig 4.l6a,b)- This is

consistent with a previously reported inhibition mediated through GPCR which are pertussis

toxin-sensitive (205). pre-treatment of the cells with pertussis toxin did not however lead to a

further increase in the cell surface expression of adhesion molecule in response to TNFo (Fig

4.l6cd),indicating that the induction of adhesion molecules by TNFcr is not under inhibitory

control through GPCR. It has been demonstrated here that the EDG receptor pathway is intact

in cells over-expressing SK, as the induction of adhesion molecules in response to exogenous

Slp was preserved (Fig 4.17a,b). In fact there was a suggestion that cells over-expressing SK

intracellularly are primed to respond to extracellular S1P, as the magnitude of the E Selectin

response to S lP was greater in these cells, and there was a shift in the E Selectin dose-

response curve to SIP stimulation (Fig 4.17d).

These findings are consistent with the previous demonstration that SK is an obligatory

enzyme in mediating the adhesion molecule up-regulation induced by TNFo. On the basis of

these results, it is hypothesized that raised levels or activity of SK may play a role in the
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pathogenesis of chronic inflammatory diseases such as RA. Thus, the determination of SK

levels or activity in tissues will be important. The work documented here, showing a number

of important and novel findings, extends our understanding ofthe function of SK in

endothelial cells. Over-expression of SK per se in endothelial cells results in the induction of

the inflammatory phenotype, as measured by changes in the basal levels of adhesion

molecules and enhanced neutrophil adhesion. Furthermore, endothelial cells over-expressing

SK display an augmented response to TNFcr, both in terms of the levels and duration of

expression of adhesion molecules and of neutrophil adhesion. Importantly, over-expression of

SK sensitizes the endothelium to the effects of TNFct. The sensitization also appears to take

place in terms of the angiogenic response as cells over-expressing SK respond more rapidly to

an angiogenic milieu. Thus enhanced expression of SK predisposes the endothelium to an

inflammatory and angiogenic phenotype and alters the threshold of response to pro-

inflammatory cytokines such as TNFa. As TNFcr, IL-l, and VEGF are all implicated in the

pathogenesis of RA, clinical interest has been directed towards targeting these cytokines.

However as each of these is known to activate SK (97;206)the possibility exists that SK

represents an alternative downstream target for therapeutic manipulation.

It is concluded that moderately enhancing SK activity (three to fivefold above basal) by either

retroviral or adenoviral-mediated gene delivery results in similar phenotypic alterations of

enhanced angiogenesis and inflammatory potential. The complementary use of the two

methods of transfection strengthens these dat4 and minimizes the possibility that the

observed consequences of over-expression of SK are attributable to artifacts of transfection.

In essence, the phenotypic alterations arising from over-expression of SK are confirmatory of

the known effects of exogenous stimulation with SlP. This lipid mediator is known to

stimulate cell proliferation, cell survival, confer resistance to apoptosis, and enhance

ll7



endothelial cell morphogenesis, as well a8 causmg endothelial activation. The question arising

is whether the underlying mechanisms are identical or distinct to the cellular pathways

engaged by endothelial cell stimulation with exogenous SlP.
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GFP X1 10PFU/ml GFP x10
Virus 1 Virus 2

PFU/ml 10

EV 3.16
sK 3.98
G82D 0.342
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2.51
0.356
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4.0

7.04
3.65

(a)

PFU/ml EV SK G82D
1

5
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20
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35

1.16
96.2
295.2
s39.9
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t0t2
1013
70t4
r0t4
10t4
t0t4
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6.46
28.4
t07.7
3r2.9
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896.8
t0t2
1013

0.724
t5.2
220.7
749.6
1011

639.9
7012
1013

10t2
t012
r012

(b)

Table 4.1 shows the titre of the adenoviral supematant carrying SK, G82D, and EV control, as

determined on (a) IJEK293 cells using plaque forming units /ml (PFU/m1) and GFP-related
fluorescence and, (b) on HUVEC estimated from the median fluorescence intensity of GFP-
related fluorescence 48 hours after infection. PFU/ml is the controlled variable and GFP
fluorescence is the experimental variable. The data show fluorescence associated with different
levels of pfu/ml, and define the range of pfu/ml for which fluorescence can be used as a measure
of the strength of the correlation. The saturation limit of GFP-related fluorescence at

approximately 1000 is a limitation of the assay.



Culture conditions

Basal (20% FCS)
2%FCS
Serum free

o//o

l.t .0.42
3.3 t0.47
22.6 !7.7t

SK p value

0.74

0.11

<0.001

cells mean
EV

1.5 r0.48
1.9 r0.53
3.5 10.50

Table 4.2 shows the percentage of apoptotic endothelial cells over-expressing SK and cells
infected with EV under culture conditions comprising different amounts of FCS, and as

determined by DAPI staining. The data reflects the pooled data of ten observations derived from
two separate experiments. Each observation comprises the number of apoptotic cells among a
total count of 100 endothelial cells. The p value derived from the Student's t-Test is indicated.



Number Treatment VCAM-I
EV SK EY

4.04
19.6

2.52
2.4
t.94
63.3

E Selectin sion
SK

I
I
)
2

3

3

nil
TNFU
nil
TNFa
ni1

TNFa

3.85
3.88

2.43
2.23

1.26
1.22

1.95

6.51

1.8

t.69

1,.69

17.2

2.31
4.69

Table 4.3 shows the adhesion molecule response of cells over-expressing SK and EV control
cells, to stimulation with subliminal doses (anglp,l) of TNFø for four hours. The effect on
VCAM-1 expression is indicated in three separate endothelial cell lines, and E Selectin from two
separate endothelial cell lines.
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Fig 4.1 shows confirmation of SK expression in HUVEC by (a) Western blot
and (b) by SK activity. Effects of HUVEC infection with lpfu/cell or 50
pfu/cell of adenoviral supernatant carrying SK or control (EV) are shown.
Western blot was performed with anti-flag antibody on whole cell lysates (20ttg
protein). (b) shows the composite analysis of two separate endothelial cell lines
assayed in duplicate, and normalized to EV using Statistica Version 6.1
(Statsoft, Inc.). t p<0.001 SK compared with EV at equivalent pfu/cell. Bars
represent 957o confidence intervals.
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fig4.2 (a) shows the relative cell accumulation in medium containing 2VoFCS
for HUVEC infected with varying pfu/ cell of adenovirus carrying SK or EV.
Results are normalizedto the optical density at Day 0, and are adjusted to EV=1
The figure shows the composite analysis of six observations from two separate

experiments (0.1pfu/cell), 31 observations derived from 7 separate experiments
(1 pfu/cell) and 15 observations from 5 separate experiments (50 pfu/cell),
using Statistica Version 6.1 (Statsoft, Inc.). *p<0.001 SK compared with EV at
equivalent pfu/cell. Bars represent 95Vo confidence intervals. (b) shows the raw
data from a single experiment performed in triplicate, in which HUVEC were
infected with 1 pfu/cell. This experiment is representative of the other six such
experiments depicted in (a). xp<0.05 SK compared with EV at Day 3. Bars
represent SEM.
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Fig 4.3 shows a DAPI stain performed on control cells (EV) and cells over-
expressing SK in culture medium supplemented with 2OVo FCS,2Vo FCS, or
serum free (SF) medium. Apoptotic cells show intense nuclear staining of
DAPI.
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ßig 4.4 shows caspase-3 activity in five separate endothelial cell lines (A-E)
over-expressing SK (dense dots) or EV control (sparse dots), measured under
basal culture conditions in HUVEC Medium (a,c), or after 24 hours of serum
deprivation (b,d). Fig (c), and (d) show the composite analysis of the same five
endothelial cell lines indicated in (a) and (b) and normalized to EV=1 (c) or
EV=10 (d), using Statistica Version 6.1 (Statsoft,Inc.). *p<0.05 compared with
EV. Bars represent 957o confidence intervals.
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Fig 4.5 shows apoptotis in cells over-expressing SK and control (EV) as

determined by staining with Annexin V-PE and reflected by the mean
fluorescence intensity. The cells were taken under basal conditions (207o FCS)
and after 24 hours of serum deprivation. *p<0.05 of SK compared with EV
under serum free conditions by Student's t-Test. The figure shows the pooled
data from two separate endothelial cell lines. Bars represent SEM.
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Fig 4.6 shows the survival of HUVEC over-expressing SK or EV as reflected
by the optical density, (a) in the absence of FCS and (b) in the absence of both
FCS and attachment to extracellular matrix. (a) shows the composite analysis of
43 observations derived from 9 separate experiments, (b) shows the composite
analysis of 10 observations from two separate experiments, normalized to Day
0=1, using Statistica Version 6.1 (Statsoft, Inc.). *p<0.001 compared with
corresponding vector at Day 0. Bars represent 957o confidence intervals.
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ßig 4.7 shows the attachment of cells over-expressing SK or EV control cells to
fibronectin (5Opg/ml) at three time points. The figure depicts the composite
analysis of two separate experiments using different endothelial cell lines and
each undertaken in replicates of three, using Statistica Version 6.1 (Statsoft,
Inc.). *p<0.05 compared with EV at each time point. Bars represent SEM.
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Fig 4.9 shows cell migration specifically towards fibronectin for cells over-
expressing SK and control (EV) (migration towards uncoated wells was
subtracted). x p<0.001 SK compared with EV by Student's t-Test. The figure
shows the pooled data from two separate experiments performed in duplicate.
Bars represent SEM.
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Fig 4.10 shows tube formation by endothelial cells transfected with EV and
cells over-expressing SK in the basement membrane matrix, Matrigel at various
time points. Cells over-expressing SK are shown in the right panel, and control
cells in the left panel. (a) reflects the time of seeding the cells, (b) =15 minutes,
(c) =30 minutes, (d) =1 hour, (e) =24 hours.
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Fig 4.11 shows cell surface expression of VCAM-1 (a) and E Selectin (b) as

indicated by the median fluorescence intensity (MFD in EV control cells and
cells over-expressing SK in six and five separate endothelial cell lines
respectively. The composite analysis of (a) and (b), normalized to EV is shown
in (c) and (d) respectively, using Statistica Version 6.1 (Statsoft, Inc.). p value
of SK compared with EV is indicated. Bars represent 95Vo confidence intervals
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ßig4.l2 shows TNFcr-induced VCAM-I expression in five endothelial cell
lines (a) and E Selectin in six endothelial cell lines (b), as indicated by the
median fluorescence intensity (MFI), for cells over-expressing SK (dense dots)

and EV control (sparse dots). Stimulation with TNFo was undertaken for four
hours using 0.5ng/ml. Fluoresecnce resulting from staining with a non-relevant
isotype matched negative control antibody (23-IFI1) has been subtracted. The
composite analysis (using Statistica Version 6.1 (Statsoft, Inc.) of the cell lines
depicted in (a) and (b) showing the mean fold increase in VCAM-1 and E
Selectin expression in cells over-expressing SK, normalized to EV is shown in
(c) and (d) respectively. Bars represent95To confidence intervals. *p<0.01 SK
compared with EV.
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Fig 4.13 shows the effect of over-expression of SK on the dose response curve
to TNFo. Endothelial cells transfected with EV and cells over-expressing SK
were stimulated with varying doses of TNFct for four hours and cell surface
expression of VCAM-I (a) and E Selectin (b) expression were measured by
flow cytometry and are indicated by the median fluorescence intensity (MFI).
The figure shows the pooled data from three separate experiments. Bars
represent 957o confidence intervals. *p<0.05 SK compared with EV at the
indicated dose of TNFcr.
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F'ig 4.14 shows neutrophil adhesion to endothelial cells over-expressing EV
control (a,d) SK (b,e), G82D (c,f) and in the basal state (a-c) and when stimulated
for four hours with 0.04nglmL TNFcr (d-Ð. The white arrow indicates an adherent
neutrophil. The figure shows results from one experiment which is representative
of two separate experiments.
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Fig 4.15 shows neutrophil adhesion per 100 endothelial cells over-expressing
SK, G82D, or EV control under basal conditions, or in response to four hours of
stimulation with TNFa 0.04ng/ml. The figure shows the pooled data of ten
separate fields of view obtained from two separate experiments. *p<0.001

untreated SK compared with untreated EV, treated SK compared with treated
EV, by Student's t-Test. *xp <0.05 treated G82D compared with treated EV by
Student's t-Test. Bars represent SEM.
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Fig 4.16 shows the effect of pertussis toxin (PTx) 5Ong/ml on basal (a,b) and
TNFcr-stimulated (c,d) adhesion molecule expression in cells over-expressing
SK and EV. (a) and (b) show the pooled data from three separate experiments,
(c) and (d) show the results from a single experiment which is representative of
three separate experiments. Bars represent SEM. *p<0.05 compared with
corresponding untreated vector.
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F'ig 4.17 shows the adhesion molecule response as indicated by the median
fluorescence intensity (MFI) to S1P stimulation in cells over-expressing SK or
EV. The VCAM-1 (a) and E Selectin (b) response to stimulation with 5pM SlP
for four hours is shown. tp<0.001 SK compared with EV in presence of S lP. (c)
and (d) show the dose-response curves for VCAM-1 and E Selectin to SlP
stimulation respectively. xp<0.05 SK compared with EV when analysed across

all doses tested. The figure shows the composite analysis of three observations
from three separate experiments using Statistica Version 6.1 (Statsoft, Inc.).
Bars represent 957o confidence intervals.
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CIIAPTER 5

Mechanisms responsible for phenotypic alterations consequent upon

moderately raised intracellular SK activity
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Chanter 5: Mechanìsms

I¡{TRODUCTION

The phenotypic consequences of over-expression of SK in HUVEC have been described.

Over-expression of SK achieved with retroviral or adenoviral-mediated gene delivery yielded

similar phenotypic changes of enhanced angiogenesis and inflammatory potential. Many of

these phenotypic changes are predictable from the known effects of stimulation of endothelial

cells with exogenous SlP, yet it remains unclear whether the cellular pathways activated by

intracellular over-expression of SK are identical or distinct to those triggered by stimulation

of endothelial cells with SlP.

Endothelial cell survival is an essential mechanism in the intricately regulated process of

angiogenesis and hence there has been much interest in elucidating the factors regulating the

survival of endothelial cells. Cell survival is the net sum of those cells that die by the

physiological process of programmed cell death, or apoptosis, and those which remain viable

Similarly, angiogenesis is dependent upon a d¡mamic balance between factors that promote

angiogenesis and factors which inhibit angiogenesis. Indeed there is considerable evidence

that suppression of apoptosis with subsequent cell survival is permissive to angiogenesis

while induction of apoptosis prevents angiogenesis.

The role of growth factors in maintaining endothelial cell survival is well established. VEGF

prevents endothelial cell apoptosis by induction of anti-apoptotic proteins Bcl-2 Q07;208),

Al (207), and survivin (209).It also activates the phosphatidylinsoditol 3-kinase (PI3K)/Akt

pathway (210;211), and the Raf-MEK-MAPK pathway both of which are critical pathways

promoting cell survival. SimilarlybFGF upregulates the expression of Bcl-z (212)and
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survivin (213), along with activating Akt to promote cell survival (214). Serum is also a

ïecognized trophic factor for endothelial cells, and human umbilical vein endothelial cells

(HWEC) have been demonstrated to undergo apoptosis after 24 hours of serum deprivation,

as indicated by enhanced caspase-3 activation, DNA fragmentation, cytochrome c release, and

enhanced DEVD ase activitY(Z1 5)'

Endothelial cell survival is für'ther dependent upon adhesion to the extracellular matrix and

also to sunounding cells. Cell-matrix attachments are mediated by the integrins and integrin

ligation triggers downstream signalling events which inhibit apoptosis. Detachment of

endothelial cells from extracellular matrix results in apoptosis(216). Cell-cell adhesion also

plays a critical role in cell survival. In addition to the cell junctional molecule PECAM-1

(CD31), which clearly has anti-apoptotic effects (217), the major structural protein involved

in adherens junctions, VE-cadherin is also involved in mediating the anti-apoptotic effects of

VEGF (214).

In addition to the aforementioned survivai factors for endothelial cells, SlP enhances cell

survival. Addition of exogenous S1P to endothelial cells rescues the celis from serum

deprivation-induced apoptosis, by virtue of its actions on the EDG-1 receptor to signal to the

G(i) protein, resulting in activation of Pl-3kinase, with subsequent Akt-mediated eNOS

phosphoryl ation (215;218). Binding of SiP to the EDG receptor activates ERK1/2 resulting in

stimulation of cell proliferation and cell survival (157;197). Hence involvement of these

pathways in mediating the phenotypic aiterations seen with over-expression of SK is

envisaged.

'With 
the acceptance that S1P may function both as an intracellular second messenger, and

also as a specific ligand for the EDG receptors, a further question raised is whether the
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ceilular effects of raised intracellular levels of SK are mediated by an intracellular site of

action of S lP, or whether they are a consequence of S lP binding the EDG receptor.

AIM

The aim is to elucidate the cellular mechanisms underlying the enhanced potential for

inflammation and angiogenesis seen with raised intracellular levels of SK in endothelial cells

RESTILTS

5.1 of SK alters the of the cell with the matrix

5.1.1 Over-expression of sphíngosine kinase up-reguløtes particular integrins

Integrins mediate the attachment of the cell to the extracellular matrix, and integrin ligation

results in the transduction of signals from the exterior to the interior of the cell. These signals

are known to regulate processes such as proliferation and migration and indeed attachment to

the extracellular matrix is critical for endothelial cell viability. In light of the SK-mediated

enhanced cell accumulation, attachment to fibronectin, and cell migration, cell surface

expression of integrins expressed on endothelial cells was measured. This was undertaken by

flow cytometry.

Over-expression of SK increased the cell surface expression of p1 integrin and ovB3 integnn

in HIJVEC (Table 5.1). The increase in B1 integrin was also confirmed by'Western blot

analysis in two separate endothelial cell lines. The effect was specific to these integrins, as

other integrins (a281) were not significantly altered (mean fold increase above EV control

2.06,95Yo CI 1.1-3.85 ,î: 4, P:0.18)'
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5.1.2 SK-induced ødhesion is mediøted by þ1 integrin

It has been established previously that over-expression of SK enhances adhesion to the

extracellular matrix protein, fibronectin (Section 4.3.4). To determine whether the alterations

in B1 integrin in cells over-expressing SK was responsible for this enhanced cell adhesion, the

effect of blockade of this integrin on cell attachment to fibronectin was determined. Cells

were pre-treated with a murine monoclonal antibody directed against Bl integrin which

blocks adhesion (6I-2C4, 2}pglml). Attactrment of the cells to fibronectin was measured in

the presence and absence of 6l-2C4.

lr the presence of 6l-2C4, both control cells and cells over-expressing SK showed significant

reduction in cell adhesion (Fig 5.1(a)). Moreover, when adhesive interactions of pi integrin

were blocked, there was no difference in attachment of cells over-expressing SK compared

with control (p:0.96). This indicates that SK-mediated enhanced cell adhesion to fibronectin

is mediated largely by Þ1 integrin.

5.1.3 Over-expression of SK cüuses activation of B1 integrin

The enhanced cell surface expression of p 1 integrin seen with over-expression of SK raises

the question of whether there is an accompanylng qualitative change in p1 integnn

(activation). Prior to measuring cell attachment to fibronectin, cells were treated for ten

minutes with an IgGl monoclonal antibody (842) (219), which induces a conformational

change in B I integrin, resulting in activation and therefore increased adhesiveness of B 1

integrin to fibronectin. Cell adhesion was measured in the presence of 842.
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Pre-treatment of cells with 8A2 significantly enhanced cell adhesion for control cells but did

not alter adhesion of cells over-expressing SK (p:0.66) as shown in Fig 5,1(b,c). This

suggests that B 1 integrin is already activated in cells over-expressing SK.

5.2 The effect of over-expression of SK on cell cvcling

The enhanced cell accumuiation over three days seen in ce1ls over-expressing low levels of

SK (Chapter 4.2) prompted an enquiry into a role for SK in increasing cell cycling. The cyclin

family of proteins regulates the cell's progression through the various stages of the cell cycle,

and comprises two groups. Cyclins A and B regulate cell division and are known as mitotic

cyclins, whilst the Gi cyclins (C, D and E) regulate the early stages of the cell cycle(220)"

Cyclins activate the cyclin-dependent kinases (cdk), a family of serine-threonine kinases,

which when activated phosphorylate some oncogenes resulting in mitogenesis(220). It is the

D-type cyclins which are essential for progression through the Gl phase of the cell cycle.

Cyclin D binds and activates Cdk4 and Cdk6, and levels of cyclin D are known to rise in early

Gl phase(221).

Cyclin D1 expression was measured under basal conditions as an indicator of cell cycling and

it was shown that over-expression of SK does not alter cyclin D1 expression (Fig 5.2).

Quantification using ImageQuant software confirmed there was no alteration in cyclin D1

expression in three separate endothelial cell lines over-expressing SK þ:0.28). Further

strength to the lack of increase in cyclin D1 levels with over-expression of SK was obtained

by measuring cyclin E expression after 24 hours of serum deprivation. There was no change

in cyclin E expression in three separate endothelial cell lines (the same three cell lines in

which cyclin Dl was measured) over-expressing SK compared with control (p:0.82).
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To address the possibility that SK may alter stimulated cyclin D1 or cyclin E expression,

(which may not have been detected in cells under basal conditions), the expression of these

proteins was measured in cells taken at log phase (24 hours culture in reduced serum medium

in the absence of mitogenic factors) and after stimulation of cell proliferation with ECGs for

variable duration. Cyclin Dl and cyclin E expression were induced by stimulationfor 24

hours with ECGs in both cells over-expressing SK and EV cells (Fig 5.2). There was however

no difference in cyclin Dl or cyclin E expression between cells over-expressing SK compared

with control.

Taken together, the lack of up-regulation of cyclin D1 and cyclin E in cells over-expressing

SK suggests that SK-induced increase in cell accumulation is not due to increased cell

cycling, but rather due to reduced cell death, consistent with the observed reduction in

apoptosis seen in these cells.

5.3 The Pl-3Kinase pathway plays a central role in mediating the phenotypic

consequences of over-expression of SK

5.3.1 The Pl-3Kinase/Akt pathway mediøtes SK-induced cell accumuløtion

The PI-3kinase/Akt pathway (PI-3IlAkt) and the Ras/ mitogen-activated protein kinase

(MAPK) pathway are the major cellular pathways involved in mediating cell survival. The

MAPK pathway is also involved in mediating cell proliferation. The reduction in caspase-3

activity in cells over-expressing SK (Chapter 4.3.1.1) together with the lack of up-regulation

of cyclin D 1 or cyclin E suggests that reduction in cell death may be the mechanism

underlying the SK-mediated enhanced cell accumulation. Thus it was sought to determine

whether cells over-expressing SK utilize the PI-3kinase/Akt pathway to enable enhanced cell

accumulation or, whether there is a true increase in cell proliferation through the MAPK
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pathway. To this end cell accumulation was measured by the colorimetric MTS assay and the

effect of inhibiting the Pl-3kinase/Akt pathway with 10 ¡t"MLY294002, and the MAPK

pathway with 20pM of either of two inhibitors of mitogen-activated protein kinase kinase

(UOI26)(222) or PD98059(223) was determined.

Results are shown in Fig 5.3(a). The SK-mediated enhanced cell accumulation at Day 3 is

shown. Control cells showed significant reduction in cell accumulation in response to

LY294002,UOI26, and PD98059 (p<0.001). When cells over-expressing SK were cultured

in the presence of LY294002,the SK-mediated enhanced cell accumulation was abolished

(p:0.87). However, cells over-expressing SK maintained enhanced cell numbers compared

with control in the presence of either UOI26 þ<0.001) or PD98059 @<0.001)

Biochemical confirmation of inhibition of MAPK pathway by the inhibitors used was

undertaken by Western blot to measure the phosphorylation of ERK1/2. Both UOI26 and

PD98059 inhibited ERK1/2 phosphorylation in oells over-expressing SK and EV as shown in

Fig 5.3(b). These results confirm that the inhibitors used can inhibit the ERKI/Zpafhway

when this is activated. It also suggests that this pathway is not activated by over-expression of

SK, and that SK-mediated enhanced cell accumulation is mediated through the PI-3K/Akt

pathway.

5.3.2 SK provides resistønce to caspøse-3 activation through the PI-3 kinase/Akt pøthwøy

As the PI-3IlAkt pathway is the major pathway mediating cell survival, a role for this

pathway in mediating the anti-apoptotic effects confened by over-expression of SK was

sought. Caspase-3 activity was measured in whole cell lysates made under basal conditions
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and after serum deprivation for 24 hours. The effect of inhibiting the Pl-3kinase/Akt pathway

w ith LY 294002 was determined.

Cells over-expressing SK showed a statistically significant reduction in caspase-3 activation

in response to 24 hours of serum deprivation compared with EV control (p<0.05), as indicated

in Fig 5.4. In the presence of LY294002 (10¡rM), cells over-expressing SK responded with a

larger increase in caspase-3 activity compared with EV control (p<0.001).

Thus, it was concluded that cells over-expressing SK atllize the Pl-3kinase/Akt pathway to

prevent caspase-3 activation in response to serum deprivation.

5.3.3 The Pl-3kinase/Akt pathwøy mediates SK-induced cell survival

The observation that cells over-expressing SK engage the Pl-3kinase/Akt pathway to prevent

caspase-3 activation prompted an enquiry into whether this was the mechanism increasing cell

survival in the absence of serum. Cell survival was measured by determining relative cell

numbers using the colorimetric MTS assay after incubation in serum-free medium for two

days. The effect on cell survival of inhibiting the PI-3 kinase/Akt pathway wÍh.LY294002,

and the MAPK pathway with UO126 and PD98059 was investigated.

Whilst LY294002,UO126 and PD98059 all significantly reduced survival of control cells

þ<0.001), cells over-expressing SK respondedtoLY294002 with reduced cell survival

(p<0.001) but did not show a significant response toUOI26 or PD98059 (Fig 5.5a). Cells

over-expressing SK maintained significantly enhanced relative cell numbers compared with

control in the presence of either UO1261p<Ò.OOt¡ or PD98059 þ<0.001), but not in the
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presence of LY294002. The presence of a vehicle control (DMSO) had no significant effect

on either control cells or cells over-expressing SK.

The role of other pathways in mediating SK-induced cell survival, namely the JAK kinase and

Src kinase pathways, which are also activated in response to growth factors, was also

examined. Cells over-expressing SK and control (EV) were incubated in serum free medium,

and the effect of 10pM 4G490 (JAK-kinase inhibitor) and 10¡rM PPl (Src-kinase inhibitor),

(as well asLY294002 as apositive control) on cell survival was examined.

Results are shown in Fig 5.5(b). Incubation of cells with 4G490 or PPl reduced survival of

control cells but not cells over-expressing SK. Cells over-expressing SK maintained survival

advantage compared with control in the presence of 4G490 (p<0.001) or PPl þ<0.001), but

not in the presence of LY294002 (p:0.348).

Thus I concluded that SK-mediated cell survival is mediated through the PI-3K pathway, and

not through the MAPK pathway, or through JAK kinase or Src kinase pathways.

5.3.4 The Pl-3Kínase/Akt pathway mediates SK-induced cell migratiort

Cells over-expressing SK show increased migratory capacity compared with control (Chapter

4.3.6). Exogenous stimulation with S1P is known to induce cell migration, and is dependent

upon Akt-mediated phosphorylation of EDG-I(224). Hence a role for the Pl-3kinase/Akt

pathway in mediating the enhanced cell migration resulting from intracellular over-expression

of SK was sought. To this end, cell migration towards fibronectin was measured in the

presence and absence of an inhibitor of the Pl-3kinase/Akt pathway (1OpM LY294002).
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Migration towards fibronectin at 20 hours was higher for cells over-expressing SK (76.8% t

1.57) compared with control ceIls (77.6Yo + 3.9i), p<0.001 (Fig 5.6). Inhibition of the PI-3

kinase/Akt pathway significantly reduced migration of cells over-expressing SK (p<0.001),

but did not alter migration of control cells þ:9.71). In the presence of LY294002 there was

no significant difference in migration between cells over-expressing SK and control cells

þ:0,13).

5.3.5. Over-expression of SK actívøtes the PI-3 kinase/Akt pathway

Inhibitor studies shown above suggest that cells over-expressing SK utllize the PI-

3kinase/Akt pathway to mediate many of the phenotypic changes, namely enhanced cell

accumulation, cell survival, resistance to serum deprivation-induced apoptosis, and cell

migration. Hence biochemical evidence for activation of this pathway by SK was sought.

This was undertaken by quantifying proportionate staining of phosphorylated Akt (p-Akt) and

total Akt on Westem blot using ImageQuant software.

Under basal conditions there was no significant difference in the percentage of

phosphorylated AKT (p-AkÐ in cells over-expressing SK compared with control þ:0.47), as

shown in Fig 5.7 (a). The normal response as demonstrated in the control cells is a reduction in

the phosphorylation of Akt in response to serum deprivation. Cells over-expressing SK

however responded to the stress of serum deprivation by an increase in phosphorylation of

Akt. Thus, in serum free conditions cells over-expressing SK had displayed significantly more

phosphorylation of Akt than the EV control. This was confirmed by quantitative analysis of

lanes using ImageQuant software in five separate endothelial cell lines (Fig 5.7(b)).
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5.3.6 Conclusions

With the above evidence, it was concluded that ce1ls over-expressing SK are able to activate

the PI-3 kinase/Akt pathway in response to the stress of serum deprivation. This has

functional consequences in terms of providing resistance to caspase-3 activation and

enhancing ce1l survival in the absence of serum. The enhanced cell accumulation observed in

cells over-expressing SK was also demonstrated to be mediated by the Pl-3kinase/Akt

pathway, and not by the MAPK pathway which is generally thought to be responsible for ce1l

proliferation. Indeed this is consistent with the lack of up-regulation of cyclin D1 and cyclin E

in cells over-expressing SK, and indicates that the enhanced cell accumulation conferred by

SK is a result of increased cell survival (and reduction in cell deatþ rather than an increase in

the rate of proliferation.

sion of SK does not activate the MAPkinase

Functional assays (cell accumulation and cel1 survival) did not support a role for the MAPK

pathway in mediating the phenotl.pic changes resulting from intracellular over-expression of

SK. It is known however that exogenous stimulation with SlP activates this pathway. Hence

direct evidence for lack of activation of this pathway by SK over-expression was sought and

furthermore, it was to be determined whether these cells maintained the ability to activate this

pathway in response to exogenous stimulation with SlP. This was undertaken by quantitative

analysis of Western blots stained for phosphorylated ERK 1/2 (p-ERK) and total ERK1/2

under basal conditions, in response to serum deprivation and in response to exogenous

stimulation with SlP for six hours (5pM).
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Over-expression of SK did not alter phosphorylation of ERK Il2 under basal conditions Fig

5.8, lane 4 versus 1) or in rssponse to serum deprivation (lane 5 versus 2) (mean fold increase

above control 0.9 +0.08, and 0.9 10.03 respectively, n:2). The normal response (as seen in

the control, lane 3) of activation of the MAPK pathway by exogenous stimulation with SlP

(5pM) for thirty minutes however was preserved in celis over-expressing SK (lane 6),

indicating that the EDG receptor pathway is intact.

5.5. Is the activation un-resulation of ß1 intesrin bv SK lved in mediatins the

phenofvpic changes of enhanced cell accumulation and cell survival?

The integrin B 1 signals through the adaptor protein Shc to activate the MAPK pathway with

resultant cell proliferation. It has however been shown that although over-expression of SK

upregulates and activates B1 integrin (Chapter 5.1.1, 5.L2), this does not lead to activation of

ERK 1/2 or induction of cyclin Dl expression, two measures of cell proliferation. Hence it

was to be determined whether activation of B 1 integnn by SK has downstream effects

relevant to the phenotype of these cells.

5.5.1.1 The effect ofover-expression ofSK on cellular levels ofShc

Integrins o1B1, o5p1, and crvp3 signal through the adaptor protein Shc to engage the MAPK

pathway. Shc comprises three isoforms; 46152 kDa isoforms which when phosphorylated

activate the MAPK pathway(225-227), and p66Shc which even when phosphorylated, fails to

activate the MAPK pathway(228).
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Irr view of the up-regulation and activation of B 1 integrin by SK, associated with a lack of

activation of ERK ll2,itwas to be determined whether SK signals through Shc. Total cellular

levels of Shc wore measured by'Western blot,

Over-expression of SK did not alter the expression of 46152 kDa Shc isoforms. However, in

four separate endothelial cell lines over-expressing SK, there \Mas a consistent increase in

p66Shc expression, and indeed in two endothelial cell lines, p66Shc expression was detected

in cells ovsr-expressing SK, but not in control (Fig 5.9a).

5.5.1.2 The effict of over-expression of SK on activatíon of Shc

Shc is regulated by phosphorylation on tyrosine residues, and an enquiry into the tyrosine

phosphorylation status of the various isoforms of Shc in cells over-expressing SK was made.

This was done by'Western blot using anti-phosphotyrosine antibody on whole cell lysates

made after growth-factor stimulation, and re-blotting with anti-Shc antibody after stripping

the membrane

On blotting with anti-phosphotyrosine antibody a 66kDa band was present and somewhat

more intense in cells over-expressing SK compared with control (Fig 5.9(b)). On re-blotting

with anti-Shc antibody, this band overlay the 66kDa Shc band. This was confirmed in three

separate cell lines and quantification is shown in Fig 5.9(c). Analysis of the pooled data

revealed over-expression of SK enhanced phosphorylation of p66Shc, although this did not

reach statistical significance (p:0.13) in the small sample studied.

Thus it was concluded that over-expression of SK may increase phosphorylation of p66Shc.

The possibility however that this band is a non-specific background band which
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coincidentally overlays with the 66kDa Shc band has not been excluded, and this issue could

be resolved by measuring phosphorylation in immunoprecipitated Shc. It was thought not to

be necessary to proceed to this step, as the chances of consistently, coincidentally detecting a

more intense band in cells over-expressing SK (with equal protein loading) are remote.

As p66 Shc is a known negative regulator of the MAPK pathway, enhanced phosphorylation

of this isoform of Shc in cells over-expressing SK is consistent with the lack of activation of

the MAPK pathway seen in these cells. It is noteworthy that over-expression of SK has no

effect on the reduction in phosphorylation of ERK1/2 in response to serum deprivation (Fig

5.8 lane I,2 compared with Tane 4,5). No phosphorylation of the 46152 kDa isoforms of Shc

could be detected in either cells over-expressing SK or control cells, even after growth-factor

stimulation.

5.5.2 SK-induced enhanced cell accumulation is independent of BI integrin

As over-expression of SK activates p 1 integnn but does not lead to enhanced phosphorylation

of 46152 kDa Shc or ERK1/2 activation, the question was raised as to the whether the

activation of p 1 integrin by SK is inconsequential in terms of cell proliferation. Hence it was

sought to determine whether the increase in relative cell number in cells over-expressing SK

is maintained when B1 integnn interactions are blocked by the non-signalling monoclonal

antibody, 6I-2C4.

Cell accumulation in medium supplemented with 2%FCS was measured over three days by

the colorimetric MTS assay. Anti-P1 integrin (61-2C4) was added to the ceils two hours after

seeding the cells in order to allow attachment to the extracellular matrix, and each day the

medium was replaced with medium containing fresh 61-2C4.
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It was found. that blocking p1 integrin using 2}pglml of il-2C4 did not inhibit cell

accumulation in either cells over-expressing SK or control. To ensure blockage of B1 integrin,

the effect on cell proliferation of a higher dose of 61-2Ca $00¡t'dm1) was assessed. Results

are shown in Fig 5.10(a). There was no difference in the numbers of cells seeded at Day 0

(p:0.34), however there were significantly more cells over-expressing SK compared with

control at Day 3 (p<0.05). Blocking B 1 integnn with 67-2C4 resulted in an increase in cell

mynber for control cells þ:9.91), and a non-significant increase in relative cell number of

cells over-expressing SK þ:0.195). It is shown that cells over-expressing SK maintained an

increase in relative cell number atDay 3 in the presence of 6I-2C4, suggesting that the SK-

mediated increase in cell accumulation is not dependent on B1 integrin.

The experimental design used is recognised not to be optimal, as it is possible that B1 integrin

is already activatedat the time of cell attachment to the extracellular matrix, and that 6l-2C4

may not be accessible to the p1 antigen once the cells have attached. Furthermore, an isotype-

matched control antibody was not used. The small but statistically significant increase in

relative cell number of control cells in the presenc e of 67-2C4 is interesting, and one possible

explanation is that the antibody is enabling these cells to detach and "round up" to facilitate

cell proliferation. In cells over-expressing SK, the SK-induced activation of B1 integrin may

mediate firmer adhesion to the extracellular matrix, and thus detachment and a further

increase in cell proliferation is not seen. As over-expression of SK may increase cell number

in other ways, cell survival ay be less dependent on B 1 integrin related events.
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5.5.3 Pl integrin does not mediøte SK-mediated cell survivøl

As SK-mediated enhanced cell accumulation was shown not to be largely mediated by 91

integrin, the effect of inhibiting signalling by this integrin (with 61-2C4) on ce1l survival in

serum free medium was assessed. This was done using the MTS assay with the addition of

67-2C4 (100¡rg/ml) two hours after seeding the cells. The medium was replaced daily with

fresh6l-2C4.

Resuits are shown in Fig 5.10(b). There was no difference in the number of cells over-

expressing SK compared with control cells seeded at Day 0 (p:0.56). At Day 2therewere

significantly more viable cells among those over-expressing SK compared to the EV control

þ<0.05). Cells over-expressing SK increased this survival advarfiage in the presence of 61-

2C4 (p<0.0s).

It is noted that it cannot be conclusively stated that SK-mediated cell survival is independent

of B 1 integrin, as it is possible that 6I-2C4 has negligible effect once B 1 integrin activation

has occured at the time of cell attachment to extracellular matrix and an isotype-matched

control antibody was not used. It is however noteworthy that although blocking p1 integrin

did not reduce survival of control cells þ:6.13), cells over-expressing SK showed a

statistically significant increase in ce1l survival in the presence of 6I-2C4 þ<0.05). The

interpretation and relevance of this is uncertain, however it at least indicates that 6I-2C4 is

having some effect in the experimental system, and is agaín consistent with SK-mediated

survival not being mediated positively through B1 integrin signalling.
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5.5.4 SK-induced pl integrin activation is independent of the PI-3 kinase/Aktpathway

The involvement of the PI-3IlAkt pathway in mediating many of the functional changes

resulting from over-expression of SK prompted an enquiry into whether this pathway is

involved in activating B1 integnn in these cells. Attachment of cells to fibronectin was

measured in the presence and absence of an antibody which activates B1 integrin (842), and

the effect of inhibiting the PI-3K pathway with LY294002 was determined.

In two separate endothelial cell lines assayed in trþlicate, it was again confirmed that pre-

treatment of cells with 8,{2 resulted in an increase in attachment of control cells þ<0.001) but

did not alter attachment of cells over-expressing SK þ:0.53), confirming that p 1 integrin is

already activated in cells over-expressing SK (Fig 5.11). Pre-incubation of the cells with

LY2}40OZ (10pM) for six hours did not alter attachment of control cells þ:9.90) or cells

over-expressing SK þ:0.66), and cells over-expressing SK maintained enhanced cell

attachment in the presence ofLY294002. Furthermore, inhibition of PI-3K pathway did not

influence the response to 842 in control ceils (p:0.27) or cells over-expressing SK (p:0.89).

Thus, I concluded that the PI-3 kinase/Akt pathway does not regulate activation of B1 integrin

in control cells or in cells over-expressing SK.

5.5.5 Conclusions

With the above evidence I concluded that although over-expression of SK activates B 1

integrin, this does not enhance 461521<Da Shc phosphorylation and thus does not lead to ERK

I 12 activation. It has previously been demonstrated that the increase in cell accumulation
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conferred by SK is not attributable to enhanced cell cycling (no up-regulation of cyclinDl or

cyclin E) or proliferation (blocking MAPK pathway does not abolish the effect), but rather

due to a reduction in cell death. This is consistent with the demonstration here that B1 integrin

activation by SK is not required to enhance cell accumulation or cell survival.

5.6 The Effect Over-exnression of SK on Cell Junction

5.6.L Over-expression of SK alters cell junctional proteins ønd up-regulates PECAM-L

Both PECAM-1 and VE cadherin have been linked to regulation of endothelial cell

permeability and to survival. As over-expression of SK reduced basal permeability (Chapter

4.3.5.D and enhanced cell survival (Chapter 4.3.2), it was sought to determine whether over-

expression of SK could regulate the levels or function of either of these junctional molecules

Over-expression of SK significantly increased cell surface expression of PECAM-1 compared

to EV control as measured by flow cytometry and shown in Fig 5.Iz(a). The mean fold

increase in PECAM-I expression in cells over-expressing SK compared with control was i.7

(I.65-1.73) in three separate endothelial cell lines (p<0.001). Western blot analysis confirmed

that over-expression of SK increased total PECAM-1 expression (Fig 5.12(b)). Quantitative

analysis of Westem blots for PECAM-I expression performed on five separate endothelial

cel| lines revealed that over-expression of SK resulted ín 2.I (95% q |.7 4-2.49)-fold increase

in PECAM-1 expression compared with control (p<0.05). In contrast to this, there was a

small decrease in the cell surface expression of VE-cadherin in cells over-expressing SK

(mean fold increase above control 0.82 (0.79-0.84)), p<0.001 (data not shown). There was no

change in B-catenin, another protein involved in the regulation of cell junctions (Fig 5.12(b)).
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Thus, I concluded that over-expression ofSK specifically up-regulates expression of

PECAM-1 among several junctional proteins tested.

5.6.2 SK reduces the phosphoryløtion of PECAM-I

In endothelial cells PECAM-1 is phosphorylated on tyrosine residues, and phosphorylation is

one method of regulation of PECAM-1 activity. Hence phosphoryiation of PECAM-I in cells

over-expressing SK was measured. This was done by probing whole cell lysates with anti-

phosphotyrosine antibody, and re-blotting (after stripping the membrane) with anti-PECAM-l

antibody. To ensure that the 130kDa band visualized on the anti-phosphotyrosine blot which

overlay the PECAM-1 band was the appropriate band, the results were confirmed measuring

phosphorylation in immunoprecipitated PECAM- 1 .

Over-expression of SK reduced the phosphorylation of PECAM- 1 , as indicated in Fig 5 .12(c)

Quantification of PECAM-I phosphorylation from three separate experiments showed that

over-expression of SK resulted in a 0.42 (95% CI 0.28-0.63)-fold change in the proportion of

PECAM-1 which was phosphorylated compared with EV control (p:0.054). This marginai

level of significance needs to be taken in the context of a very small sample size (n:3) and a

method of quantification which lacks precision. These considerations make the chance of B

error (acceptance of the null hypothesis when a difference exists) very substantial.

Thus I concluded that over-expression of SK may result in reduction in phosphorylation of

PECAM-1. This would be consistent with the observed reduction in basal permeability

(Chapter 4.3.5.1).
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5. 6.3 Immunolocølisøtion of PECAM-L

The SK-induced changes in PECAM-1 regulation, in conjunction with the reduction inbasal

permeability in cells over-expressing SK prompted a determination of whether SK alters the

time course of PECAM-1 localisation to cell junctions. The localisation of PECAM-1 at cell

junctions was assessed by immunostaining HUVEC over-expressing SK (and EV conhol

HWEC) at 15 minutes and one hour after seeding the cells.

No consistent differences in localisation of PECAM-I to the cell junctions rwas observed

between cells over-expressing SK and control (Fig 5.13). At 15 minutes the cells over-

expressing SK were noted to have aflatter appearance than control cells, which is consistent

with the greater adhesion of these cells to extracellular matrix (Chapter 4'3.4).

5.6.4 SK-induced survivøl in suspension is medíøted by PECAM-I

In view of the importance of cell-cell contacts in the survival of endothelial cells, together

with the regulation of PECAM-1 (shown above), the role of cell junctional proteins in

mediating SK-induced ability to survive in suspension was investigated. This was done by

measuring cell accumulation in suspension in the presence and absence of antibodies directed

to PECAM-I and VE cadherin over two days'

Results are shown in Fig 5.1a(a). There was no difference in cell numbers seeded at Day 0

however atDay 2, cells over-expressing SK showed signifrcantly greater numbers of viable

cells than control. Rabbit polyclonal anti-PECAM-l antibody significantly reduced the

survival of cells over- expressing SK and control cells þ<0.001) and in the presence of this

antibody, there was no significant difference in viable celi numbers of cells over-expressing
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SK compared with control (p:0.30). The effect was specifically mediated by PECAM-I

signalling, as nonnal rabbit serum had no effect on either cel1s over-expressing SK (p:0'9) or

control cells þ:9.7). Interestingly, amurine monoclonal antibody directed to PECAM-i (51-

6F6) significantly enhanced the ability of EV control cells to survive in suspension but had no

effect on cells over-expressing SK. A murine monoclonal antibody directed to VE-cadherin

(55-7H1) had no effect in altering survival of celis over-expressing SK (p:0.61) or control

(p:0.69).

Hence I concluded that SK-induced ability to survive in suspension was mediated by

PECAM-I signalling. This may be mediated by homophilic PECAM-1-PECAM-1

interactions between the cells, as indeed in suspension, cells over-expressing SK showed a

greater tendency to adhere to neighbouring cells and form spheroidal aggregates, than control

cells.

The differential effects of the monoclonal and polyclonal antibodies directed to PECAM-1 on

the ability of EV control cells and cells over-expressing SK to survive are intriguing. It was

hypothesized that incubation of cells with the monoclonal antibody under serum free

conditions enhances PECAM-1 signalling, whereas incubation with the polyclonal antibody

reduces PECAM-I signalling through recognition and therefore blockade of multiple

epitopes, or alternatively through internalisation of PECAM-1.

In an attempt to delineate the effects on the cell surface expression of PECAM-I by pre-

treatment with 51-6F 6 and,rabbit polyclonal anti-PECAM-1, normal HUVEC were subjected

to six hours of serum deprivation and treatment with 2}pglml of 51-6F6, an isotype matched

murine monoclonal antibody directed to VE Cadherin (55-7H1), rabbit polyclonal anti-
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PECAM-I, or normal rabbit serum. Cell surface expression of PECAM-I was measured by

flow cytometry.

As shown in Fig 5.14(b), in two isolates of HLIVEC tested, pre-treatment of cells with rabbit

polyclonal anti-PECAM-l resulted in a reduction in the cell surface expression of PECAM-I.

The effect was specifically mediated by anti-PECAM-1 antibody, as normal rabbit serum had

no demonstrable effect. Úrcontrastwiththepolyclonal anti-PECAM-1 antibody,5l-6F6 did

not alter the cell surface expression of PECAM-I, and similarly an isotype-matched antibody

directed to VE Cadherin (55-7H1) had no effect.

Thus it was concluded that rabbit polyclonal anti-PECAM-l results in reduction in the cell

surface expression of PECAM-1, possibly through internalisation of the protein. This is

consistent with the reduction in cell survival of both EV control cells and cells over-

expressing SK resulting from incubation with this antibody.

The effects of rabbit polyclonal anti-PECAM-l antibody and 51-6F6 on the phosphorylation

of PECAM-1 was investigated to further the understanding of the effect of these antibodies on

PECAM-I signalling. Normal HIJVEC were treated for six hours in serum free conditions

with rabbit polyclonal anti-PECAM-1 antibody and with 51-6F6 each at 2)p.glml. The cells

were lysed and phosphorylation of PECAM-I was measured by'Western blot analysis by

probing with anti-phosphotyrosine antibody. Blotting with 51-6F6 served as a loading control.

Results are shown in Fig 5.1a(c). Pre-treatment of IILfVEC with rabbit polyclonal antibody

enhanced the phosphorylation of PECAM-I, while pre-treatment with 51-6F6 resulted in a

reduction in the phosphorylation of PECAM-I. Together, the results suggest that both

antibodies cross-link PECAM-I. As monoclonal antibodies recognize a single antigenic
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epitope, this is likely to lead to less dimerization, less aggregatioî of PECAM-1, and thus no

effect on the cell surface expression of PECAM-I. The polyclonal antibody through induction

of multiple divalent interactions, may lead to substantial aggregation of PECAM-1 and thus

result in internalizationof the protein. The enhanced phosphorylation of PECAM-I resulting

with pre-treatment with the polyclonal antibody is consistent with breakage of cell-cell

junctions resulting from internalizatíon of PECAM-I.

5.6.5 SK-mediøted survival in serumfree conditions is mediated by PECAM-L

To determine whether PECAM-1 also plays a role in mediating SK-induced survival in

serum-free conditions, the effect of antibody blockade of PECAM-I on the ability of celis

over-expressing SK to survive in serum-free conditions was investigated. In this assay the

cells are seeded at lower cell number than the suspension assay, and attach to the gelatin

coated wells as isolated cells, without evidence of cell-cell contact as visualized by light

microscopy. Cells were seeded at Day 0 in serum-free medium supplemented with ECGs.

Rabbit polyclonal anti-PECAM-l antibody, normal rabbit serum, or a monoclonal antibody

directed to VE cadherin were added to the wells, each at 2}¡t"glml. The absorbance at Day 0

and Day 2was determined, and results were adjusted to Day 0:1. The cells were visualized

by light microscopy at Day 0 and atDay 2 to ensure they remained as individual, isolated

cells without contact with neighbouring cells.

The enhanced ability of cells over-expressing SK (compared with control cells) to survive in

the absence of serum at Day 2 was abolished in the presence of rabbit polyclonal anti-

PECAM-i antibody (Fig 5.15). Incubation with normal rabbit serum or an antibody against

VE cadherin had no effect on either control cells or cells over-expressing SK. These results

suggest a specific effect of the anti-PECAM-1 antibody in abrogating the increase survival of
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SK over-expressing cells relative to EV control cells. The basis for this effçct is not clear.

Candidate mechanisms include inhibition of signalling due to heterotypic interactions of

PECAM-I or a negative signal arising from engagement of PECAM-1 by the antibody, that

normalized survival of SK ceils relative to the controls. It is possible that the antibody against

PECAM-1 could exert its effects through or after internalisation of PECAM-1.

This indicates that PECAM-1 mediates SK-induced ability to survive in serum-free

conditions, in the absence of demonstrable ce1l-cell contact. This suggests that the

consequences of altered PECAM-1 signalling induced by SK and responsible for enhanced

cell survival may not be mediated by homophilic PECAM-1-PECAM-1 interactions between

cells.

5.6.6 SK signals through PECAM-I to activste the PI-3K/Akt patlmøy

Both PECAM-I and PI-3IlAkt pathways have documented roles in celi survival and

prevention of apoptosis. Both of these signalling pathways have been shown here to be

involved in mediating the phenotypic consequences of resistance to apoptosis and enhanced

cell survival seen with over-expression of SK. The suggestion that the effects of PECAM-1 to

promote cell survival may be mediated intracellularly, prompted an enquiry into whether it is

activation of the PI-3IlAkt pathway which is responsible for this effect. Thus it was sought

to determine whether the engagement of the PI-3KAkt pathway by SK is dependent upon

PECAM-1 signalling.

Phosphorylation of Akt was measured by Western blot under basal conditions and in response

to six hours of serum deprivation. The effect of inhibiting PECAM-1 signalling by incubating

the cells with rabbit polyclonal anti-PECAM-l antibody (z)p.glml) was investigated.
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Results of representative blots are shown in Fig 5.16(a), and results of quantitative analysis

shown in Fig 5.16(b). The SK-mediated increase in phosphorylation of Akt in response to

semm deprivation is demonstrated (lane 6 versus lane 5). By contrast, in control ce1ls

phosphorylation of Akt is seen in response to serum deprivation was somewhat diminished.

Rabbit polyclonai anti-PECAM-l antibody significantly reduced the stress-induced-increase

in phosphorylation of Akt for cells over-expressing SK (Iane 7 versus 6), (p<0.05), but had no

significant effect in control cells (lane 2 versus 3), (pt:O.44). Although under serum free

conditions cells over-expressing SK had greater phosphorylation of Akt than control þ<0.05),

in the presence of anti-PECAM-1 antibody, there was no significant difference in the

percentage of phosphorylated Akt between cells over-expressing SK and control (lane 7

versus 3), (p:0.69). The effect was specifically mediated by anti-PECAM-l antibody, as

incubation of the cells under senrm free conditions with normal rabbit serum (20pglml) did

not alter the phosphorylation of Akt in cells over-expressing SK (lane 8 versus 6) or control

(lane 4 versus 2).

Thus I concluded that cells over-expressing SK signal through PECAM-I to engage the PI-

3llAkt pathway.

5.6.7 SK signøls through PECAM-L to enable activøtion of BCL-2

The Bcl-2 protein ís a2íkÐaintegral membrane protein associated with smooth endoplasmic

reticulum, mitochondria, andperinuclear membrane, and is an important factor in the

suppression of apoptotic signals(2Z9). One of the critical functions ofBcl-2 is to bind and

neutralize various proapoptotic proteins, such as Bax and Bim which normally reside in the
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cytoplasm, but in response to cellular stress, undergo translocation to the mitochondria

(230;23t).

It was sought to determine by Western blot analysis, whether raised intracellular SK activity

alters the expression of Bcl-2, Bax, and Bim under basal conditions and in response to the

stress of serum deprivation.

Cells over-expressing SK showed less Bim expression, but no difference in Bax expression

under basal conditions compared with EV control cells (Fig 5.l7a,b).In response to serum

deprivation, control cells showed an increase in Elim expression, but cells over-expressing SK

did not. In two lines tested, neither control cells nor celis over-expressing SK showed an

increase in Bax expression in response to serum deprivation.

Although there was no difference in Bcl-2 expression between control cells or cells over-

expressing SK under basal conditions (Fig 5.17c, lane 1 versus 5), in response to serum

deprivation, cells over-expressing SK upregulated Bcl-2 expression (lane 6 versus 5) while

control cells did not (lane 2 versus 1). In view of the role of PECAM-1 in mediating SK-

induced cell survival (5.6.4,5.6.5) and Akt activation (5.6.6), the role of PECAM-I signalling

in activation of Bcl-2 by SK was determined. Treatment with a rabbit polyclonal antibody

against to PECAM-1 inhibited Bcl-2 expression induced in SK cells in response to serum

deprivation (lane 7 versus 6), whereas normal rabbit serum had no effect (lane 8 versus 6).

This indicates that the induction of the antiapoptotic protein Bcl-2, mediated by SK is, at least

in part, PECAM-1 dependent.
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5.6.8 A physicøl øssociøtion of SK with PECAM-I was not evident

The above evidence for the junctional molecule PECAM-I in mediating many of the

phenotypic consequences seen with over-expression of SK prompted an enquiry into a

possible physical association of PECAM-I with SK. There is recent evidence to support a

physical association of PECAM-I with SK in transfected HEK293 cells over-expressing

PECAM-I and SK(232). A similar association in HUVEC over-expressing SK was sought by

immunoprecipitating SK using anti-flag antibody, and performing a Western blot on the SK

immunoprecipitate, and blotting with a murine monoclonal antibody directed to PECAM-1

(51-6F6). Under the conditions employed, no PECAM-I expression was detected in either the

control or SK immunoprecipitate (data not shown).

To further investigate this, PECAM-I was immunoprecipitated from cells over-expressing SK

and EV control, and the immunoprecipitate was run on a gel and blotted with anti-flag

a¡tibody. Again, under the conditions employed, no flag band was detected in the

immunoprecipitate (data not shown).

It is concluded that under the conditions employed, no physical association between SK and

PECAM-I was demonstrated, however it is noted that this evidence does not exclude such an

association.

5"6.9 Conclusions

The above evidence indicates that over-expression of SK specifically up-regulates and

dephosphorylates the junctional molecule PECAM-1. This results in enhanced cell survival
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which is mediated by a PECAM-l-dependent activation of the PI-3IlAkt pathway, and

induction of Bcl-2 expression. Thus I concluded that over-expression of SK alters PECAM-I

signalling to enable activation of the major cell survival pathway, the PI-3I?Akt pathway.

5.7 Extracellular versus effects of SlP

There has been considerable controversy regarding the predominant site of action of S1P,

however it is now accepted that SlP can actboth upon the EDG receptors and also

intracellularly on as yet undefined targets. Hence it was investigated whether the phenotypic

changes resulting from intracellular over-expression of SK are explained by S1P acting back

on the EDG receptor, or as an intracellular second messenger. The effects of SK on cell

survival and migration were ascertained and it was these phenotypic changes to which an

enquiry regarding intracellular versus receptor-mediated actions was directed.

The EDG receptor being a G protein-coupled receptor (GPCR) is pertussis toxin sensitive and

hence pertussis toxin was used as a tool to inhibit signalling from GPCRs.

5.7.1 Cell Survival

The effect of perhrssis toxin on SK-induced cell survival in the absence of serum was

measured (Fig 5.1S(a)). SK-induced cell survival at Day 2 was preserved in the presence of

pertussis toxin. Hence I concluded that enhanced survival in serum free medium associated

with SK over-expression is not mediated by S1P signalling through GPCR.

5.7.2 Cell migrøtion
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Cellmigration towards fibronectin was measured in the presence and absence of pertussis

toxin (50ng/m1). Pertussis toxin significantly inhibited migration of ce1ls over-expressing SK

(by 37 .3% +4.01 %) búnot control cells þ:0.1 15) (Fig 5, 1 8(b)). However, in the presence

of pertussis toxin, cells over-expressing SK still showed enhanced migration towards

fibronectin compared with control (48.0 % t2.20% versus 30.8% t3.69% respectively,

p<0.05). Thus perhrssis toxin partially inhibited SK-induced migration.

I concluded that SK-induced cell migration was mediated at least in part through a GPCR, as

perhrssis toxin significantly reduced migration conferred by SK but did not alter migration of

control cells. However, as pertussis toxin acts on all GPCR and not on the EDG receptors

specificall¡ it was not possible to determine whether this reduction was due to an alternate

GPCR which is activated by the over-expression of SK, but is not the EDG receptor.

5.7.3 Enhanced expression of pI íntegrin and PECAM-I is mediated intrøcellulørly by SK

In order to delineate whether the SK-induced up-regulation in B1 integrin and PECAM-1 was

mediated by an intracellular S lP action, or whether it is attributable to secreted S lP acting on

EDG receptors, the ability of exogenously added S lP to induce these proteins was

determined. Normal HLIVEC were stimulated for variable duration with exogenously added

SlP (5pM), and ceil surface expression of B1 integrin and PECAM-1 was assessed by flow

cytometry.

Stimulation of HUVEC with exogenous SlP failed to up-regulate either p1 integrin (p:0.17)

or PECAM-I expression (p:Q.14) (Fig 5.19) suggesting that EDG receptor activation does not

regulate B1 integrin or PECAM-1 expression. Thus it further suggests that regulation of both
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B 1 integnn and PECAM-1 by intracellular over-expression of SK is likely to be mediated

intracellularly

5.7.4 Activation of MAPK and PI-3Ií nafhwavs Ìrv exosenous 51P in normal

HU\rEC

To further delineate whether the observed consequences of intracellular over-expression of

SK were mediated by S 1P binding the EDG receptor, the ability of variable doses of S 1P to

activate the PI-3IlAkt and MAPK pathways in normal HUVEC was determined. General

consensus is that the binding affinity of the EDG receptors is 4-8 nM. Whereas nanomolar

concentrations of S lP can actívate PI-3K/Akt pathway by EDG receptor ligation, higher

concentrations are required for activation of the MAPK pathway. It was sought to determine

the dose-response of S1P in activating each of these pathways in endothelial cells.

Endothelial cells were cultured in EBM supplemented with 0.5% FCS without ECGs

ovemight, and then stimulated for 30 minutes with SIP at the following concentrations: 5¡rM,

1¡rM, 100 nM, and 10 nM. Activation of the PI-3IlAkt and MAPK pathways was measured

by Western blot analysis under each of these conditions.

Activation of the PI-3KAkt pathway occurred even in response to the lowest dose of S1P (10

nM), as shown in Fig 5.20(a,b). Activation of the MAPK pathway as assessed by ERK1/2

phosphorylation was evident in response to stimulation with 5pM, but not in response to the

lower doses of S1P (Fig 5.20c,d). Both results were confirmed using two different endothelial

cell lines.
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The above evidence confirms that in the experimental system employed, very low doses of

SlP can activate the PI-3IlAlrt pathway, but that higher doses are required to activate the

MAPK pathway. In cells over-expressing only low leveis of SK, extracellular concentrations

of S1P are iikely to be minimal, if not negligible, and insufficient to activate the MAPK

pathway through the EDG receptor. Whether the concentrations are sufÍicient even for

activation of the PI-3IlAkt pathway remains unknown, as measurement of S lP in the

conditioned medium was not undertaken (the assay was unavailable in the laboratory at the

time of writing this thesis). The above does however demonstrate that very low doses of

exogenous SiP can actívate the PI-3IlAkt pathway, and thus EDG-receptor mediated

activation of this pathway has not been excluded definitively in cells over-expressing SK

intracellularly.

5.7.5 Conclusions

I concluded that SK-mediated cell survival is independent of GPCR and is potentially

mediated intracellularly by S 1P. Similarly both PECAM- 1 and p 1 integrin are regulated by

intracellular actions of S lP as exogenous S lP failed to regulate these proteins. The

engagement of the intracellular signalling pathway, the PI-3IlAkt pathway through PECAM-

1 signalling (Section 5.6.6) is also consistent with an intracellular site of action of SII S lP,

although the precise mechanism for this has not been elucidated. FurtheÍnore, the adhesion

molecule response to intracellular over-expression of SK has been shown not to be GPCR-

dependent (Section 4.5).ft is of interest that SK-induced cell migration is mediated in large

part by S1P action on GPCR. This provides confirmation that pertussis toxin is inhibiting

signalling fro GPCR at the doses employed and adds strength to the above data.
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5.8 Does over-expression of SK induce a stem-cell phenofype?

Stem cells are undifferentiated cells which have the ability of self-renewal and differentiation

into specializedmature celis. They are multipotent, and have proliferative capacítyQ33).

Haematopoietic stem cells are the best characterised, and offer great promise for autologous

transplantation in the treatment of haematological malignancies. Ability to survive in the

absence of serum, or in suspension, are properties consistent with a primitive cell or a

circulating endothelial cell, and hence a role for SK in inducing a stem-cell phenotype was

sought.

5.8.1 The effect of over-expression of SK on CD34 expression

One of the characteristic cell surface markers of progenitor cells is CD34. CD34 is a

glycosylated transmembrane protein which is present on haematopoietic progenitor

cells(234)but is down-regulated r¡/ith differentiation into more mature celLs(235;236). Human

CD34 is expressed on stem cells during haematopoiesis(237), but is also found on vascular

endothelial cells(238;239). The function of the CD34 antigen is largely unknown, but there is

some evidence to support a role in the adhesion of cells to the stromal

microenvironrnent(240). Indeed selection of CD34+ stem cells from the bone marow for

autologous stem oell transplantation in haematological malignancies is promisingQaD.

CD34 expression was measured in cells over-expressing SK and EV controls by flow

cytometry. Control cells showed reduction in CD34 expression over time. Cells over-

expressing SK showed a tendency to less down-regulation of CD34 expression with time (Fig

s.zI(a)).
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By Day 4-6, cells over-expressing SK from four separate endotheliai celi iines showed

consistently higher expression of CD34 than control cells (Fig 5.21(b)). Analysis of the raw

data by Student's t-Test showed that this \ /as a statistically significant difference þ:0'02).

The increase in CD34 expression in celis over-expressing SK was not mediated by SlP

binding EDG receptors, as stimulation of endothelial cells from two separate endothelial cell

lines did not affect CD34 expression (p:1), as shown in Fig 5.21(c)'

5. 8. 2 VEGF-Receptor ExPression

The VEGF-RII (KDR) is another cell surface marker used for the isolation of stem cells(242),

and thus cel| surface expression of VEGF-RI and VEGF-RII was assessed by flow cytometry

in cells over-expressing SK and EV control cells. There was no difference in cell surface

expression of VEGF-RI (p:1) or VEGF-RII O:0.81) in cells over-expressing SK compared

with control (Fig 5.22).

DISCUSSION

The results presented here reveal a novel mechanism of SK-mediated cell survival, which is

of interest as it raises new therapeutic possibilities.

The Resulation of PECAM-I bv over-expression of SK

Moderately raised intracellular levels of SK have been shown here to target the cell junction

to specifically induce the expression of PECAM-1 (Fig 5.12), an otherwise stable and long-

lived protein. In contrast, there was no effect on the levels of expression of p-catenin and no

major change in VE cadherin, the other junctional molecule that is specific to endothelial cells

and which by mediating the anti-apoptotic effects of VEGF, is also implicated in ce1l survival
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(214). The results suggest the regulation of PECAM-1 by over-expression of SK was

mediated by intracellular SII SlP, as exogenous SlP was not able to alter PECAM-1

expression (Fig 5.19).

PECAM-1 (CD31), a 130 kDa member of the immunoglobulin superfamily is constitutively

and abundantly expressed on normal endothelium (243) and plays a role in cell-cell

attachments, suppression of apoptosis (189), and leukocyte trans-endothelial migration (188).

PECAM-I can form homophilic PECAM-1-PECAM-1 interactions between adjacent cells

(186;187)to mediate cell adhesion, and can also bind glycosaminoglycans (244) and CD38

(245). Although integrin avB3 is a heterophilic ligand for PECAM-I (246), this has been

shown not to be an operational mechanism in endothelial cells (217). It is the amino-terminal

2 of the extracellular domain of PECAM-I (composed of 6 extracellular Ig-like homology

units (243)) which possesses homophilic binding properties (I87;247)and has a role in

leukocyte transmigration (188) and in angiogenesis.

The other interesting finding in cells over-expressing SK was the reduction in tyrosine

phosphorylation of PECAM-I (Fig 5.12c). The cytoplasmic domain of PECAM-I contains an

immunoreceptor tyrosine-based inhibitory motif (ITnvI) (248) which when tyrosine

phosphorylated results in the recruitment of the src homology 2 (SH2) domain-containing

protein tyrosine phosphatase, SIIP-2 in bovine aortic vascular endothelial cells (249). On this

basis, PECAM-I is classified among a family of transmembrane receptors known as the Ig-

ITIM family of inhibitory receptors (250).

The interaction of PECAM-1 with the SIISlP system is in keeping with the recent findings

relating cell motility with PECAM-1. PECAM-1 is known to undergo dephosphorylation

during endothelial cell migration both in vitro, and during the process of vasculogenesis in the
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murine embryo (251). Cell lines lacking PECAM-I, but not their PECAM-1 reconstituted

counterparts, show red.uced motility and deficient SlP responses in wound healing

assays(2O3). Enhanced cell motility has been shown to be associated with dephosphoryiation

of PECAM-l(I91;203), and the finding that over-expression of SK enhanced endothelial cell

motilíty (Chapter 4.3.6) and inhibited tyrosine phosphorylation of PECAM-I (Fig 5.12c) is

thus in keeping with its functional activation.

The regulation of PECAM-1 by SK is intriguing and the underlying mechanism remains to be

elucidated. Aithough a physical association of SK and PECAM-I was not demonstrable in the

experimental system utilized, recent evidence indicates that in transfected HEK293 cells over-

expressing PECAM-1 and SK, such a physical co-association is present (232). Moreover, the

association was dependent upon the phosphorylation status of PECAM-1, with gteater

phosphorylation resulting in a weaker association with SK. It would be of interest to

determine whether endothelial cells over-expressing both SK and PECAM-I show a co-

association of these two proteins, and further to determine whether alterations in tyrosine

phosphorylation of PECAM-1 are involved in regulating SK activity.

PECAM-1 : A critical olaver rn SK-mediated cell survival

The changes in PECAM-I regulation were intriguing, as PECAM-I has been linked to cell

survival, and thus the hlpothesis that PECAM-I mediates SK-induced cell survival was

tested. Polyclonal anti-PECAM-l antibody was very effective in totally reversing the

phenotlpe of enhanced survival either under semm free or suspension conditions suggesting

that PECAM-1 engagement was an important and perhaps even dominant factor. PECAM-I

was shown to mediate survival in suspension when the cells were in contact with each other

(Fig 5.laa), suggesting that the protection from apoptosis may be conferred by homophiiic

PECAM-i interactions between adjacent cells, as is recognized to occur in endothelial cel1s
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(i86;187;190). However PECAM-1 was also shown to mediate SK-induced survival in

serum-free conditions, when cells were relatively sparsely plated (Fig 5.15).

Antibodies have been very useful in studying PECAM-1 function, and are able to inhibit or

mimic PECAM-I interactions (189;252). It is achrowledged that the use of rabbit polyclonal

antibodies can give aberrant results due to the complex mixture of IgGs present. Such issues

may be overcome by the use of affinity purified, monovalent Fab fragments, or by the use of

murine monoclonal antibodies directed against PECAM-1. It has been shown here that a

murine monoclonal antibody directed against PECAM-I (51-6F6) enhanced survival of EV

control cells in suspension, without altering the survival of cells over-expressing SK (Fig

5.14a). This was in contrast to the inhibition of cell survival of both EV control cells and cells

over-expressing SK seen with rabbit polyclonal anti-PECAM-l (Fig 5.I4a). One possible

explanation for this discrepancy resides in the demonstration that the polyclonal anti-

PECAM-1 antibody reduced the cell surface expression of PECAM-1 (Fig 5.14b), which was

not regulated by treatment of cells with 51-6F6. Differential effects on the phosphorylation

status of PECAM- 1 (Fig 5 .I4c) are likely to play an important role, as the induction of

PECAM-I phosphorylation by the polyclonal antibody may lead to substantial PECAM-I-

PECAM-1 interactions with resultant aggregation and clearance of PECAM-I from the cell

surface. In contrast, it is not surprising that the more limited extent of PECAM-1-PECAM-1

interactions resulting from treatment with the monoclonal antibody, 51-6F6, do not result in

intemalization of the protein. Thus it is likely that polyclonal anti-PECAM-l results in

inhibition of PECAM-1 signalling through internalisation of the protein. Furthermore, as it

can often be difficult to determine whether antibodies exert their effects by activating or

inhibiting cellular responses, the use of complementary techniques such as wild{ype versus

PEcAM-i-deficient cell lines (IJF.K293, endothelial cells, or Chinese Hamster Ovary cells)

would add strength to this data.
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The findings documented here are consistent \¡/ith the known role of PECAM-1 in promoting

cell survival and suppressing apoptosis. In endothelial cells, homophilic PECAM-1

interactions between cells have been shown to abrogate the extent of serum deprivation-

induced apoptosis (2I7). Endothelial cells from PEcAM-1-deficient mice are more

susceptible than their PECAM-1-replete counterparts to the apoptotic stimuli of irradiation as

well as to the cytotoxic effects of staurosporine (253). Furthermore, in Jurkat T l5'mphocytes

lacking PECAM-I, restoration of PECAM-I expression was protective against lfV-induced

apoptosis (253). Thus PECAM-1 is recognised to provide resistance to a broad range of

apoptotic stimuli in various naturally occurring cells in which it is expressed. Treatment of

endothelial cells with anti-PECAM-1 monoclonal antibody (LCI-4) which cross links

PECAM-1 through domain 5, has led to reduction in apoptosis induced by serum deprivation

(189). Associated with this protection against apoptosis conferred by PECAM-1 were

increased message levels of the anti-apoptotic proteins A1 and 420 (189). However another

study showed that the protection against Bax-mediated apoptosis provided by PECAM-i is

not mediated by induction of A1 or A2O in HEK 293 T cel1s or Jurkat T cells but was rather

mediated through the mitochondrial-dependent pathway of apoptosis (253). In neutrophils,

PECAM-1 has been shown to be associated functionally with the major cell survival pathway,

the Pl-3Kinase pathway, as Pl-3kinase activity was detected in immuno-precipitated

PECAM-I (254). The same laboratory has demonstrated that antibody-mediated cross-linking

of PECAM-1 can lead to activation of the PI-3I?Akt pathway in a subset of CD14+, CD34+

haematopoietic precursors (255). In endothelial cells thus far, nothing has been knowñ of any

interaction between PECAM-1 and the Pl-3kinase/Akt pathway. The demonstration here that

SK signals through PECAM-I to activate the PI-3IlAkt pathway is novel, and the possibility

exists that SK may induce a co-association of PECAM-1 and PI-3IlAkt. This specific
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question was not addressed here, but would best be investigated by measuring PI-3kinase

activity in immunoprecipitated PECAM- 1 .

In the experimental system utilized here, intracellular consequences of PECAM-1 signalling

have been identified and include activation of the PI-3IlAkt pathway (Fig 5.16) and

upregulation of the antiapoptotic protein Bcl-2 (Fig 5.17). Although PECAM-I is known to

suppress Bax-mediated apoptosis (253), in the present investigation, serum deprivation

resulted in induction of Bim but not Bax expression in control cells (Fig 5.17 a,b).It was

further demonstrated that raised intracellular activity of SK enables induction of Bcl-2

expression in a PECAM-I- dependent manner and indeed, PI-3IlAk1 activity is recognised to

modulate BcI-2 expression (256).

The PI-3Ií nathwav and SK- cell survival

The PI-3 kinase/Akt cascade is the central component of survival signalling. PI-3kinase

catalyzes the phosphorylation of phosphatidylinositol lipids at the inositol ring, thus

producing phosphatidylinsoitol 3,4-biphosphate and phosphatidylinositol 3,4,5-trþhosphate

(20I). Akt is a serine/threonine kinase, which in unstimulated cells is in the cytoplasm. In

response to trophic stimulation and receptor activation, Akt binds lipid products of Pl-3kinase

via its pleckskin-homology domain and is recruited to the plasma membrane. Phosphorylation

of Akt at T308 by 3-phosphoinositide-dependent protein kinase (PDKI) and 5473 (by PDK2)

results in full activation of the kinase (257;258)'

Downstream effects of Akt activation include factors involved in cell survival, cell cycle

regulation (259), glucose metabolism (260), and protein s¡mthesis (258). Best defined are the

factors which influence cell survival. Atd is known to modulate BAD (261), the forkhead

family of transcription factors (262), as well as IKKu, a kinase which regulates the
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transcription factor NFKB (263). The factors downstream of Akt which mediate survival in

endothelial cells are poorly defined at present, but possible roles for survivin (264), MEKK3

(265), and FllCE-inhibitory protein (FLIP) (266)have been suggested. Among numerous

factors which may activate the PI-3IlAkt pathway in endothelial cells (267), is S1P(218;268)

as stimulation of cells with exogenous S1P activates the PI-3IlAkt pathway as well as the

MAPK pathway. The complexity of the system is reflected in the recent observation that Akt

may also act upstream of SlP, by phosphorylating EDG-I, to induce activation of Rac, and

subsequent stimulation of endothelial cell migration (224). The demonstration here that SK-

induced cell migration is mediated through the PI-3IlAkt pathway (Fig 5.6) is consistent with

this.

A role for the Pl-3kinase/Akt pathway in mediating SK-induced resistance to serum

deprivation-induced caspase-3 activation (Fig 5.4), and in serum free cell survival (Fig 5.5) is

shown here. FurtheÍnore, evidence for activation of this pathway by SK has been confirmed,

with an increase in phosphorylation of Akt in response to the stress of serum deprivation in

cells over-expressing SK (Fig 5.7). This is in contrast with control cells, which responded to

these conditions with a reduction in phosphorylation of Alct. Indeed SlP is known to activate

Akt through a PI-3kinase pathway in endothelial cells (201) and the results presented here are

in keeping with this. Furthermore in human hepatocytes, SIP (induced by TNFcr stimulation

of SK) is also known to inhibit apoptosis through the Pl-3kinase/Akt pathway (269).

SK and Shc

I postulate the preferential activation of the PI-3IlAkt pathway over the MAPK pathway by

intracellular over-expression of SK (although the capacíty to activate the MAPK pathway in

response to exogenous stimulation with S1P is preserved, Fig 5.3) is partly atfributable to the

increase in phosphorylation of p66 Shc (Fig 5.9). Shc is an adaptor protein which couples
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c{,1P1, c{,vp3, ü,581, and a6B4 integrins to the Ras MAPK pathway, thereby promoting cell

proliferation. There are three isoforms (66,52,46 kDa), which are functionally non-

redundant. Growth factor-stimulation leads to the binding of 46152 Shc to phosphorylated

receptors, and the tyrosine phosphorylation of these two smaller isoforms of Shc. The

phosphotyrosine residues then interact with Grb-2 SH2 domain, with subsequent Ras

activation. In this manner, the 46152 Shc isoforms link activated receptor kinases to Ras, thus

mediating mitogenic signals(225-227). On the other hand, p66Shc, although it undergoes

tyrosine phosphorylation and binds Grb-2 after growth factor stimulation, it fails to activate

Ras and is thus a negative regulator of the MAPK pathway (228;270). Furthermore, although

it is well established that Shc signalling activates the MAPK pathway, there is recent evidence

that Shc may also signal through the PI-3IlAkt pathway (27I). At present it remains

unknown whether th-is is mediated by any specific isoform of Shc.

How is the PI-3IlAkt pathway activated by raised intracellular levels of SK?

It is plausible that there are several mechanisms whereby raised intracellular levels of SK

result in activation of the PI-3I?Akt pathway. Firstly, it may be postulated that enhanced

phosphorylation of p66Shc while a negative regulator of the MAPK pathway, may perhaps by

default, lead to activation of the PI-3IlAkt pathway. This issue would best be addressed by

demonstrating a failure to activate the P.I-3IlAkt pathway with over-expression of dominant-

negative p66Shc. The dominant-negative Shc which is available is not directed to this

isoform. Time constraints made it impossible for a p66 dominant-negative Shc to be

generated in order to test this hypothesis. A second possibility that extracellular export of SK

to generate S1P activates Akt through EDG receptors is not discounted, and indeed, this work

has shown that in the experimental system utíIized, very low extracellular levels of S1P which

fail to activate the MAPK pathway may still activate the PI-3IlAkt pathway (Fig 5.20). A

third possibility is that although SK is a constitutively active enzyme, it is able to become
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further activated by a mechanism that involves phosphorylation on serine 225, altenngrts

membrane localisation and increasing its Vmax by 14 fold (120). The activation of SK is

clearly linked to its phosphorylation by ERK1/2 and in turn an increased ERK1/2

phosphorylation in the cytosol (120). Thus the possibility arises that over-expression of

unactivated SK may be preferentially linked to Akt activation, with ERK1 12 (as well as Akt)

being engaged upon more acute stimulation, such as is provided by TNFc or PMA (97)' A

fourth mechanism is the newly identified pathway described here, of signalling through

pECAM-1, induced by SK, to activate the PI-3IlAkt pathway. This is believed to be the

major mechanism of activation of the PI-3IlAkt pathway in cells oveÍ-expressing SK, as

activation of the PI-3IlAkt pathway was completely abolished when PECAM-I was

subjected to antibody blockade (Fig 5'16).

Slow and steadv wins the race

The enhanced cel] accumulation (above control) of cells over-expressing SK after three days

in culture was attributable entirely to increased cell survival, as there was no up-regulation of

cyciin D 1 or cyclin E (Fig 5 .2), no evidence of activation of the MAPK pathway (Fig 5 . 8),

and furthermore the increase in relative cell number of SK cells at Day 3 was abolished by

inhibiting the PI-3K pathway and unaffected by inhibition of the MAPK pathway (Fig 5.3)'

The enhanced cell survival resulting from over-expression of SK is in accordance with the

hrown biological effects of SI?S lP, as indeed, S 1P is recognized to induce cell survival in

endothelial cells (272) and in various other cell types. The mechanism of enhanced survival

mediated by SIIS1P appears cell-type dependent and is mediated by the PI-3IlAld or MAPK

pathways. For example, in human melanocytes MAPK activation by S1P (273)plays a

dominant role in protecting from IJV irradiation, whereas in osteoblasts, activation of PI-3K

protects from serum withdrawal (274). The reasons for differentiai usage of the PI-3IlAkt

pathway and the MAPK pathway are not clear. Ir endothelial cells over-expressing SK the
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selective use of the PI-3IlAkt pathway over the MAPK pathway under conditions of

deprivation is intriguing, and indicates a strategy for survival more suited to limiting

conditions than cell proliferation. Indeed this appears to be an example of "slow and steady

wins the race", as by enhancing survival, this achieved ultimately, an increase in ce1l number,

akin at first glance to proliferation.

SK and circulatins endothelial cells

In recent years there has been considerable interest in the therapeutic use of stem cells in

organ transplantation, augmentation of vessel growth in ischemic tissue, and cell-mediated

gene therapy. Hence research has been directed to strategies for identifying and culturing

these cells. Cell surface markers utilized for isolation of haematopoietic stem cells include the

sialomucin CD34, and VEGF-RII (233). CD133 is also recognised to be a marker of stem

cells, however it is not known whether this marker provides any additional benefit over CD34

(233). The enhanced ability of cells over-expressing SK to survive in the absence of serum

and in the absence of attachment to extracellular matrix suggested these cells have a

primordial morphology and resemble stem cells or perhaps a circulating progenitor-like

endothelial cell. The demonstration that these cells have an increase in CD34 expression (Fig

5.21) is novel, and although an increase in the other stem cell marker VEGF-Rtr was not

found (Fig 5.22), this work suggests that raised intracellular levels of SK confer upon the cells

a more primitive phenotype. The Question is raised whether a similar increase in SK activity is

present in circulating endothelial cells. Agonist-induced activation of SK is however transient,

and therefore unlikely to result in such alterations in the physiological state. The possibility

exists that targetíng SK to enhance its activity in a sustained fashion will provide a novel

source ofstem cells for therapeutic use.

76t



Chaoter : Mechanisms

Summary

Although the phenot¡.pic consequences of raised intracellular levels of SK are consistent with

those resulting from exogenous stimulation of endothelial cells with S1P, evidence provided

here indicates that the underlying mechanisms are ciearly distinct. 
'Whereas stimulation of

endothelial cells with SlP activates ERK I 12by virtue of EDG receptor activation to induce a

mitogenic response, raised intracellular levels of SII S 1P result in a PECAM- 1 -dependent

activation of the PI-3Ií Akt pathway, to enhance cell survival. Activation of this pathway

plays a critical role in mediating many of the phenotypic alterations described, including

resistance to apoptosis and augmented cell accumulation. The demonstration that intracellular

SIç/ SlP regulates PECAM-1 is novel, and indeed exogenous SlP was not able to regulate

PECAM-1 expression (Fig 5.19). PECAM-1 signalling was responsible for SK-induced cell

survival through activation of the PI-3IlAkt pathway since phosphorylation of Akt was

d.ependent on PECAM-I signalling. This exposes a hitherto un-recognizedpathway of SK-

induced endothelial cell survival.'Whereas regulation of PECAM-1 and engagement of the PI-

3llAkt pathway by SK resulted in major phenotypic alterations, the induction of B 1 integrin

was shown to be largely inconsequential in terms of effects on downstream cellular targets,

with failure to enhanc e 461521<Da Shc signalling, failure to active the MAPK pathway, and

the lack of induction of G-phase cyclins. The persistence of the stem cell marker CD34 on

cells over-expressing SK is consistent with a more primordial morphology, andraises the

question whether a similar increase in SK activity is present in stem cells. This work also

substantiates a role for S1P as an intracellular second messenger, and further defines three

downstream targets of S1P, namely PECAM-1, p1 integnn, as well as CD34. The results

presented here confirm a role for SK in regulation of blood vessel growth, and identify some

potentially useful therapeutic targets in the SK signalling pathway.
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activity

Endothelial cell survival requires integrin activation þrovided by attachment with

extracellular matrix), cell-cell contacts (mediated by cell junctional proteins PECAM-I, VE

Cadherin, and catenins), and growth factors. As would be expected of a critical and dynamic

process such as cell survival, there is interplay between these factors and it is of interest that

B1 integrins are known to influence not only growth factor signalling (210;275), but also the

signalling function of PECAM-I. PECAM-I ligation by antibody enhances p1 integrin-

induced adhesion in both CD34+ haematopoietic progenitor cells (276) and CD8+ T

lymphocytes (277). Furthermore, B1 integrin signalling can result in dephosphorylation of

PECAM-1, and thus reguiation of PECAM-1 activity which has been implicated as a

signailing pathway during cell migration (191). It is conceivable that in endothelial cells over-

expressing SK, upregulation of p 1 integrin expression is the primary event with subsequent

induction and dephosphorylation of PECAM-I. This hypothesis has not been specifically

tested here. The possibility also exists that in cells over-expressing SK, p66Shc is linked to

PECAM-I, and that PECAM-I is functioning as a growth factor, which in concert with

p66Shc and B1 integrin, leads to activation of the PI-3IlAkt pathway. The signal transduction

pathway postulated to be engaged by raised intracellular levels of SK in HLIVEC along with

hypothesized interactions is summarized in Fig 5.23.

Concluding remarks

The functional and gene expression heterogeneity of endothelial cells (fro various organs or

disease states) is just being recognised. The work reported here shows that altetation of the

intracellular levels of SK in endothelial cells results in distinct phenotypic changes, with

resetting of signalling path*ays and very likely associated alterations in gene expression. In

understanding mechanisms which disrupt the fine balance between factors that promote and
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those that prevent angiogenesis, much attention has focused on factors exterior to the ce1l,

namely cytokine growth factors, inllammatory cytokines, as well as cell surface expression of

integrins. In view of the known angiogenic effects of S 1P, it was sought to determine whether

intracellular signalling components in the sphingomyelin pathway play a role in resetting the

angiogenic rheostat. The capacity of endothelial ce1ls over-expressing SK to survive in

suspension suggests that they may have increased capacity to survive in the circulation or in

situations such as during angiogenesis where cell-matrix attachments are limited. Raised

intracellular levels of SK were shown to enhance angiogenesis (Chapter 3,4) and the

mechanisms whereby this is mediated have been partially elucidated here. Whereas

endothelial cell stimulation with exogenous SlP activates ERK 1/2 resulting in stimulation of

proliferation, raised intracellular levels of SK activate the PI-3IlAkt pathway through

induction of PECAM-1, resulting in enhancement of cell survival. These results demonstrate

a hitherto unexplored pathway of SK-induced endothelial cell survival, which is distinct from

that seen with exogenous stimulation with S lP. Furthermore raised intracellular levels of SK

confer upon the cell a phenotype resembling in some respects a circulating endothelial

progenitor cell. Taken together, this work substantiates the role of S lP as an intracellular

second messenger, identifies PECAM-1 and CD34 as important cellular targets, and raises the

possibility of therapeutic manipulation not only of intracellular levels of SK but also of its

downstream targets in diseases of aberrant angiogenesis.
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cwp3
c[5p1

MFI
r.3 (r.21-1.42)
1.3 (r.07-1.44)
t.2 (r.09-1.23)

n:5, p<0.001
n:5, p<0.05
n:4, p<0.05

Table 5.1 shows the mean fold increase (MFI) in integrin expression for endothelial cells over-
expressing SK compared with control, as determined by the median fluorescence intensity.
Fluorescence resulting from staining with a non-relevant isotype-matched negative control
antibody (z3-lFll) has been subtracted. The associated 95%o conftdence intervals, number of
separate experiments (n) and corresponding p values are indicated.
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Fig 5.1 shows the role of p1 integrin in attachment of cells over-expressing SK
and control (EV) to fibronectin (50pg/ml). (a) shows the effect of ten minutes of
pre-treatment of cells with a murine monoclonal antibody directed against B1
integrin (6I-2C4,2O ¡t"g/ml). (b) shows the effect of pre-treatment of cells with
10 pglml 8A2, a p1 integrin activating antibody on cell adhesion at 20 minutes
(c) shows the percentage change in attachment (above time =0) induced by pre-
treatment of cells with 10 pg/ml 842, across 3 different time points. x p<0.05 of
EV compared with time=O. (b) x p<0.05 compared with untreated EV, x*

p<0.001 compared with untreated SK. The figure shows the pooled data of six
observations derived from two separate experiments. Bars represent SEM.
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I, Cyclin E

Flt-1
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Fig 5.2 shows (by Western blot) cyclin Dl and cyclin E expression in cells
over-expressing SK and control (EV ) under basal conditions (24 hours in EBM
supplemented with 0.5% FCS without ECGs) and in response to 24 hours of
stimulation with ECGs). The membrane was probed with murine antibodies to
cyclin Dl and cyclin E, and the same membrane was blotted with a murine
antibody to Flt-l (VEGF-RI) to confirm equivalent protein load between the
lanes.
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Fig 5.3 shows the effect of inhibiting the PI-3 kinase pathway (10pM
LY294OO2) and the MAPK pathway with 20pM UOl26 or 20pM PD98059, on
cell accumulation of cells over-expressing SK and EV (control). (a) shows
relative cell accumulation over 3 days in HUVE medium supplementedwith2To
FCS. The figure shows the composite analysis of ten observations derived from
two separate experiments using Statistica Version 6.1 (Statsoft, Inc.), and results
are normalizedto Day 0=1. *p<0.001 SK compared with corresponding EV.
Bars represent 95Vo confidence intervals. (b) shows a 

'Western blot for active
(phosphorylated) MAPK and total ERK1/2 in cell lysates of cells cultured in
HUVE medium supplemented with 2%FCS in the presence and absence of
UOI26 and PD98059 for 24 hours.
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Fig 5.4 shows caspase-3 activity under basal conditions, serum free (SF)

conditions and in the presence of LY294002 (10pM) for 24 hours for cells over-
expressing SK and EV control. * p<0.05 of SK compared with EV in untreated
SF conditions, *xp<0.001 of SK compared with EV in the presence of
LY294002. The figure shows the pooled results from two separate experiments
done in duplicate. Bars represent SEM.
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Fig 5.5 shows the effect of inhibiting various growth-factor activated cellular
pathways on cell survival of HUVEC over-expressing SK (dark columns) or EV
(light columns). (a) shows the effect of inhibiting the PI-3K pathway with 1OpM
LY294OO2 (LY), or the MAPK pathway with 20pM UOl26 (UO) or 20pM
PD98059 (PD). The effect of 20pM PP1 (Src-family tyrosine kinase inhibitor)
and 20pM AG-490 (JAK-2 tyrosine kinase inhibitor) is shown in (b). A vehicle
control of equivalent concentration of DMSO is indicated in both (a) and (b). (a)

shows the composite analysis of 8 observations from two separate experiments
using Statistica Version 6.1 (Statsoft, Inc.), (b) shows the composite analysis of 8
observations from a separate two experiments (using two different endothelial
cell isolates compared with (a)). All results are adjusted to Day 0=1. Bars
represent 957o conftdence intervals. xp<0.001 compared with corresponding
untreated control cells containing the same vector atDay 2.
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Fig 5.6 shows cell migration towards fibronectin (5Opg/ml) under basal
conditions, and in the presence of LY294002 (10pM) for cells over-expressing
SK and control (EV). xp<0.001 SK treated with LY2940O2 compared with
untreated SK using Student's t-Test. The figure shows the pooled data of two
separate experiments each done in duplicate, and values reflect mean tSEM.
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Fig 5.7 (a) shows by Western blot the phosphorylation of Akt (p-Akt) in cells
over-expressing SK and EV control, under basal conditions (culture in HUVE
medium, HM) and in response to six hours of incubation in serum free (SF)

medium. Fig 5.7(b) shows the pooled data from five separate endothelial cell
lines, xp<0.05 SK compared with EV in serum free conditions, and EV in serum
free conditions compared with EV in basal conditions by Student's t-Test. Bars
represent SEM.
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Fig 5.8 shows a'Western blot for phosphorylated ERK 1/2 (p-ERK) and total
ERK1/2 in cells over-expressing SK and control (EV) under basal conditions
(culture in HUVE medium), incubation in serum free (SF) medium for 6 hours,
and in response to exogenous SlP (5pM) stimulation (+) for 30 minutes.
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Fig 5.9 shows Shc expression and activation in cells over-expressing SK and
control (EV). Total Shc expression as determined by Western blot using
polyclonal anti-Shc antibody is shown in (a), and phosphorylation of 66kDa Shc
as determined by Western blot using anti-phosphotyrosine antibody, and re-
blotting with anti-Shc antibody is shown in (b). (c) shows the composite
analysis derived from quantitative analysis of p66Shc phosphorylation from
three separate experiments normalised to the EV, using Statistica Version 6.1
(Statsoft, Inc.). p=Q.13 SK compared with EV. Bars represent 957o conçtdence
intervals.
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Fig 5.10 shows the effect of pl integrin on the ability of HUVEC over-
expressing SK or EV control to increase in relative cell number or survive in
serum free conditions, as reflected by the optical density. (a) shows cell
accumulati on in 27o FCS over three days and the effect of daily addition of
an antibody that blocks B1 integrin,6l-2C4 (100pgiml). xp<0.05 SK
compared with EV at Day 3, in the presence or absence of 6l-2C4. *xp-0.01
EV in the presence of 6I-2C4 compared with untreated EV at Day 3. (b)
shows cell survival in serum-free medium supplemented with ECGs and the
effect of 6l-2C4. xp<0.05 of SK compared with EV at Day 2, SK compared
with EV in the presence of 6I-2C4, and SK in the presence of 6I-2C4
compared with untreated SK at Day 2.The figure shows the data from a
single experiment undertaken in triplicate, which is representative of three
separate experiments. Bars represent SEM.



*

0.04

0.03

o.o2

0.01

.Ë
Øcoo
f
.9
CL
o

0.00
842 pretreatment + + + +

nil LY294002

Fig 5.11 shows the attachment (as reflected by the optical density) of cells over-
expressing SK (dark columns) and control (light columns) to fibronectin
(5Opg/ml) at 20 minutes. + indicates pre-treatment with 8A2 (20¡tglml for ten
inutes); - represents the absence of 842. The effect of inhibiting the PI-3K
pathway with 10pM LY294002 is shown. *p<0.001 of EV with 842 compared
with untreated EV, and EV with 842 in the presence of LY294002 compared
with EV without 842 treatment in the presence of LY294002,by Student's t-
Test. The figure represents the pooled data of six observations derived fi'om
two separate endothelial cell lines. Bars represent SEM.
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Fig 5.12 (a) shows the effect of over-expression of SK on PECAM-I expression.
(a) Cell surface expression of PECAM-1 as measured by flow cytometry using
indirect fluorescence staining with 2Ù¡tglml mouse monoclonal anti-PECAM-1
antibody (51-6F6) and indicated by the median fluorescence intensity (MFI) in
cells over-expressing SK and EV control cells. Fluorescence resulting from
staining with a non-relevant isotype-matched negative control antibody (23-
lF11) has been subtracted. The figure shows the composite analysis of three
separate experiments, normalizedto EV using Statistica Version 6.1 (Statsoft,
Inc.). *p<0.001 SK compared with EV. Bars represent 95%o confidence
intervals. (b) shows a Western blot for PECAM-1 and p-catenin expression in
these cells. (c) shows PECAM-1 phosphorylation by Western blot in cells over-
expressing SK and control (EV).
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Fig 5.13 shows PECAM-1 immunostaining in cells over-expressing SK and
control (EV) at 15 minutes (A) and t hour (B) after seeding the cells.



Fig 5.14 (a) shows the effect of antibody blockade of PECAM-1 on the survival
of cells over-expressing SK (dense dots) and EV control (sparse dots) in
suspension (unattached in serum free conditions). The figure shows the

composite analysis of two separate experiments each performed in replicates of
5, and normalized to Day 0=1 using Statistica Version 6.1 (Statsoft, Inc.). Bars

represent 95Vo confidence intervals. The effect of Z0¡tg/ml rabbit polyclonal
anti-PECAM-l (RP), ZÙ¡tglml of normal rabbit serum (NRS), 2o¡tglml of a

monoclonal antibody to PECAM-I (51-6F6) and ZÛ¡t"glml of a monoclonal
antibody to VE cadherin (55-7H1) is shown. *p<0.001 EV treated with RP

compared with untreated EV at Day 2, and SK treated with RP compared with
untreated SK at Day 2, and EV treated with 51-6F6 compared with untreated
EV at Day 2. (b) shows the effect of pre-treatment of normal HUVEC with RP,

NRS, 51-6F6 and 55-7H1 (20 pglrrìl ) for six hours in serum free conditions on

the cell surface expression of PECAM-I as measured by flow cytometry and

indicated by the mean fluorescence intensity (lvIFD. The figure shows the

pooled data from two separate endothelial isolates. (c) shows the effect of pre-

treatment of normal HUVEC with RP and 51-6F6 (20 pglml) for six hours in
serum free conditions, on the phosphorylation of PECAM-I. The membranes

were blotted with phosphotyrosine antibody and anti-PECAM-l antibody (51-

6F6).
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Fig 5.15 shows the role of cell junctional molecule PECAM-I in mediating SK-
induced cell survival in HUVEC over-expressing SK (dense dots) or EV control
(sparse dots). Cells were seeded into gelatin-coated wells at a concentration of
8X103 cels per well. At this concentration, cell-cell contact was not observed
during the time course of the experiment. The effect on cell survival of 20
pg/ml rabbit polyclonal anti-PECAM-1 antibody (RP), 2O ¡tglml normal rabbit
serum (NRS), and a monoclonal antibody directed to VE cadherin (55-7H1) at
20 ¡tg/ml is shown. The figure shows the composite analysis of ten observations
from two separate experiments, normalized to Day 0=1 using Statistica Version
6.1 (Statsoft,Inc.). Bars representg5%o confidence intervals. x p<0.001
compared with untreated SK aTDay 2.
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Fig 5.16 shows the effect of PECAM-1 signalling on the activation of the PI-
3llAkt pathway in cells over-expressing SK (dark columns) and EV (light
columns).
(a) shows a Western blot measuring phosphorylated Akt (p-Akt) and total Akt
in cells taken from basal culture conditions (culture in HUVE medium, HM)
and after 6 hours of serum incubation under serum free (SF) conditions. The
effect of 2Ù¡tglmL of rabbit polyclonal anti-PECAM antibody (RP), and
2U¡t"glmL normal rabbit serum (NS) on cells incubated under SF conditions is
shown. (b) shows the pooled data from quantitative analysis of the proportionate
intensities of staining of p-Akt and Akt from four separate experiments
performed as in (a). Bars represent SEM. xp<0.05 of untreated SK versus
untreated EV in serum free conditions, and SK treated with RP compared with
untreated SK in serum free conditions by Student's t-Test.
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Fig 5.17 shows Bax (a), Bim (b) andB,cI-2 expression (c) in cells over-
expressing sK and EV (control) under basal culture conditions in HUVE
medium GnvI) and after 6 hours of incubation under serum free (SF) conditions
The effect of 2o¡tglrnr, of rabbit polyclonal anti-PECAM antibody (Rp), and
2Ù¡tglmL normal rabbit serum (NS) on Bcl-2 expression is shown. The loading
control of VEGF-RII expression in (a,b) and Akt (c) is shown. The same
membrane used in Fig 5.16 was stripped and re-blotted with rabbit anti-Bcl-2
antibody.
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Fig 5.18 shows the effect of inhibiting GPCR with pertussis toxin (50 ng/ml) on
cell survival (a) and cell migration (b) in HUVEC over-expressing SK (dark
columns) or EV (light columns). (a) shows the composite analysis of eight
observations from two separate experiments, normalized to Day 0=1 using
Statistica Version 6.1 (Statsoft,Inc.). *p<0.05 compared with untreated SK at
Day 2. Bars represent95Vo confidence intervals. (b) shows the pooled data of
six observations from two separate experiments, bars represent SEM. xp<0.05

compared with untreated SK.
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Fig 5.19 shows the effect of stimulation of HUVEC with SlP (5pM) for
variable duration on B1 integrin (a) and PECAM-1 (b) expression as reflected
by the median fluorescence intensity (MFD. * indicates that the medium was
replaced each24 hours with medium containing fresh SlP. The figure shows
the pooled data of two observations from two different endothelial cell lines,
and bars represent SEM.
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Fig 5.20 shows by Western blot the effect of different concentrations of S lP on
the activation of (a) the PI-3IlAkt pathway and (c) the MAPK pathway in
normal endothelial cells in EBM. SlP was used at the following doses: a=5pM,
b=I ltM, c=100nM, d=1OnM for 30 minutes. (b) and (d) show the mean fold
change in the percentage of phosphorylated Akt and phosphorylated ERK1/2
respectively (above basal). (b) shows the pooled results from three separate
endothelial cell lines and (d) shows the pooled data from two separate
endothelial cell lines. Bars represent SEM.
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Fig 5.21 shows the effect of over-expression of SK on cell surface expression of
CD34 as indicated by the median fluorescence intensity (MFÐ. (a) shows the
time course of CD34 expression in cells over-expressing SK (dark columns) and
EV control cells (light columns). (b) shows CD34 expression measured at 4-6
days post-transfection in endothelial cells from four different endothelial lines
(A-D).The effect of exogenous stimulation with S1P (5pM) on CD34
expression is shown in (c) , which represents the pooled data from two separate
experiments using different isolates of endothelial cells. Bars represent SEM.
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Fig 5.22 shows the effect of over-expression of SK on the cell surface
expression of VEGF-RI (a) and VEGF-RII (b), as indicated by the median
fluorescence intensity (MFI), and measured in three separate endothelial cell
lines (A-c) over-expressing sK (dark columns) or EV control (light columns)
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Fig 5.23 shows the signalling pathways engaged by raised intracellular levels of
SK in HUVEC. Solid red arrows indicate the pathways shown in this thesis to
be regulated by SK, resulting in a survival advantage under stressful conditions.
Broken red arrows indicate hypothesized interactions. Blue arrows indicate the
recognised pathway of integrin signalling resulting in cell proliferation which
was not the dominant phenotype in HUVEC over-expressing SK.
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CHAPTER 6

The Phenofypic consequences of over-expression of high levels of

SK in Endothelial Cells
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Chapter 6: Hieh levels of SK in Endothelial Cells

INTRODUCTIOI{

The phenotypic consequences of moderately raised SK activity in endothelial cells have been

described, yet the effects ofhigher levels ofover-expression ofSKhave notbeen addressed.

The observation that high levels of over-expression of SK result in reduction in relative cel1

accumulation over three days (Chapter 4.2) was intriguing, and suggested that endothelial

cells may be more sensitive to levels of SK than other cell lines or tumor cell lines.

AIM

To investigate the phenotypic consequences of over-expression of high levels of SK in

HUVEC.

METHODS

High levels of SK in HI-IVEC was achieved using adenoviral-mediated gene delivery (50

pfir/ce11).

RESTLTS

6.1 lfieh levels of SK inhibit cell erowth

It has been shown that over-expression of high levels of SK inhibits relative cell accumulation

compared with control ceils (Chapter 4.2).It was not however clear whether cells over-

expressing high levels of SK still were able to increase in number over three days, albeit less

than control cells, or whether this was a relative reduction in cell proliferation compared with

control. Cell accumulation over three days in medium supplemented with 2% FCS was
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measured in cells over-expressing SK and cells containing EV. Irr order to confiÍn that the

observed effects were mediated specifically by SK, and not due to disruptions in the cell

resulting from high levels of over-expression of a non-specific protein, cell accumulation in

cells over-expressing equivalent pfu/cell of adenoviral supernatant carrying the catalytically

inactive SK mutant, G82D was determined in the same experiment

Ce1ls over-expressing high levels of SK showed reduction in cell number, relative to the

number of cells plated (as indicated by reduction in optical density) over three days,

indicating cell death. This is in contrast to control cells with equivalent viral load which were

able to proliferate (increase in cell number), as shown in Fig 6.1" Over-expression of G82D

did not alter cell accumulation compared with EV, indicating that the inhibition of cell

accumulation is mediated specifically by SK, and is not an artefact of high-level protein over-

expression.

As cell accumulation over a defined period of time is determined by the proliferation and

death of cells, it was postulated that over-expression of high levels of SK alters this balance to

favour cell death.

6.2 Hieh levels of SK increase Caspase-3 activity

Having established that high levels of SK in endothelial cells inhibits cell accumulation with

the possibility that the effect was mediated through enhanced cell death, it was sought to

confirm this by measurement of caspase-3 activity.

Over-expression of high levels of SK caused a consistent increase in caspase-3 activity in four

separate endothelial cell lines under basal conditions, and in two of these endothelial cell lines
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subjected to serum deprivation for 24 hours as shown in Fig 6.2(a) and (b). The mean fold

increase in caspase-3 activity in cel1s over-expressing SK compared with control under basal

conditions was 1 .63 (95% confidence interval I.42-1.87), (p<0.001) as shown in Fig 6.2(c).

There was a trend towards an exaggerated caspase-3 activation in response to serum

deprivation, which due to the small sample size Q=2) did not reach statistical significance

(p:0.1) (Fig 6.2(d)).

6.3 Hieh levels of SK reduce cell survival

6.3.1 High levels of SK reduce serum-free cell survíval

Having established that over-expression of high levels of SK increased basal caspase-3

activity and increased cell death over three days, it was sought to determine whether toxicity

was also evident over a shorter time pe,riod. The trend towards a greater caspase-3 response to

serum deprivation prompted a determination of whether this had functional consequences in

inhibiting cell survival in serum free conditions. Thus cell survival was measured with the

colorimetric MTS assay over one day in sefllm free medium.

Cells over-expressing high levels of SK showed reduced cell numbers compared with control,

in serum free conditions at 24 hours (i.e. reduced eell survival) as shown in Fig 6.3(a).

Although there was no difference in the numbers of cells seeded atDay 0, (çt:0.92), atDay 7,

there were significantly less viable cells over-expressing SK compared with EV þ<0.05).

This indicates that cells over-expressing high levels of SK have greater cell death than control

cells in the absence of serum, which is consistent with the greater caspase-3 activity seen in

these cells. Over-expression of high levels of G82D did not aiter cell survival compared with
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control celis, confirming that the effects observed are mediated specifically by SK, and are

not the result of cellular toxicity from a non specific increase in protein expression.

6.3.2 High levels of SK reduce cell survivül in suspension

Given the reduction in cell survival in serum free conditions in cells over-expressing high

levels of SK, it was sought to determine whether these ce1ls are less resistant to the stress of

loss of attachment to extracellular matrix. Cell numbers following incubation in serum free

conditions within non-tissue culture, non-adhesive 96 well trays coated with BSA was

measured using the MTS assay.

Cells over-expressing high levels of SK showed significantly reduced survival in suspension

compared with EV-bearing control cells as shown in Fig 6.3(b). There was no difference in

the numbers of cells seeded atDay 0 comparing ceils over-expressing SK with EV (p:0.92),

however atDay 1, both cells over-expressing SK and EV were less in number, with cells

over-expressing SK showing significantly fewer viable cells compared with EV (p<0.05).

Thus I concluded that cells over-expressing high levels of SK show reduction in cell survival

in serum free conditions and when unattached. This is consistent with the observed enhanced

caspase-3 activity in these cells.

6.4 The effects of over-expression of high levels of SK on cell iunctions

Given that cells over-expressing high levels of SK show reduced cell survival, and in light of

the recognized role of endothelial cell junctions and cell-cell contact in maintaining
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endothelial cell viability, permeability to FlTC-dextran was measured to assess the structural

integnty of monolayers of IilJVEC over-expressing high levels of SK.

6.4.1 The effect of over-expression of high levels of SK on bøsølpermesbility

Celis over-expressing high levels of SK showed increased basal permeability to FlTC-dextran

across all time points tested (Fig 6.a(a)). The disruption of cell-cell junctions seen under these

conditions contrasts with the tighter cell-cell junctions seen with over-expression of low

levels of SK (Chapter 4.3.5.l), and is consistent with the observed reduction in endothelial

cell viability described above.

6.4.2 High levels of over-expression of SK cause loss of thrombin response

'When treated with thrombin there was no difference in permeability assessed across all time

points, between cells over-expressing high levels of SK and EV (p:0.38), as indicated in Fig

6.4(b).

HtryEC infected with high levels of EV showed a significant response to thrombin

stimulation (Fig 6.4(c)). This effect was not seen in cells over-expressing high levels of SK

(Fig 6.+(d)).

6.4.3 Conclusions

I concluded that over-expression of high leveis of SK disrupts the integrity of the endothelial

cell monolayer resulting in enhanced basal permeability. The resistance shown by these cel1s

to the disruptive effects of thrombin on the cell junctions may be explained by high
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extracellular levels of S 1P in these cells, which are known to antagonize the effects of

thrombin. This is in contrast to cells over-expressing low levels of SK, which were not

protected from thrombin stimulation (Chapter 4.3.5.2).It is however possible that further

disruption of the cell junctions by thrombin in these cells, which are already showing

enhanced permeability, is either not possible (maximal separation of iell junctions), or not

within the limits of detection of the well plate reader. A further possibility is that the cells

over-expressing SK are dying and are unable to respond to thrombin stimulation.

6.5 Summarv

It has been demonstrated that cells over-expressing high levels of SK show a reduction in cell

accumulation, reduced cell survival and enhanced apoptosis. This is in sharp contrast to the

angiogenic phenotype resulting from over-expression of low levels of SK and suggests

differential engagement of downstream signalling pathways by different intracellular levels of

expression and activity of SK.

6.6 The cellular mechanisms

over-expression of SK

The cellular mechanisms underlying the loss of cell numbers over three days, reduction in cell

survival, and increased apoptosis seen with over-expression of high levels of SK (50 pfi-r/cell)

were investigated.
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6.6.1 Pltosphorylation of SK under basøl conditíons v)ss evident with over-expression of

high levels of SK

An investigation into the mechanisms underlying the activation of SK has revealed that

phosphorylation of SK atSer225 results in activation of the enzyme (120)(Chapter 1.6.3).

Thus it was sought to determine whether the enzyrne is in an active (phosphorylated) state

when over-expressed at low level (1 pfu/cell) or high level (50 pfu/cell) in HIIVEC.

To this end, a polyclonal antibody recognizing a phospho-peptide centred around phospho-

ser225 of human SKl was generated in rabbits (by Dr. S.M. Pitson atthe Hanson Institute).

This antibody was used to probe lysates of cell preparations over-expressing both low and

high levels of SK by'W'estern blot analysis.

In cells over-expressing high levels of SK, phosphorylation of the eîzyme was evident under

basal conditions (Fig 6.5). A band which migrated at 45kDa was evident on probing the

membrane with anti-phospho-SK peptide antibody. The size of this band was ascertained by

comparing its relative migration with that of both pre-stained molecular weight markers, and

recombinant SK. The identity of this band was confirmed by stripping the membrane and re-

probing with anti-flag antibody. This resulted in a much more intense band, which overlay the

initial band, providing further evidence that this band is SK. Thus it was concluded that over-

expression of high levels of SK is associated with a basal level of activation of the enzpe.

In contrast, in cells over-expressing low levels of SK, phosphorylation was not detected in

cell lysates, even after stimulation with TNFc for ten minutes (Fig 6.a). Definite expression

of SK was confirmed in these cells by re-blotting the membrane with anti-flag antibody
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The possibility however, that in cells over-expressing low levels of SK, the level of

expression of the enzyme is below the lower detection limit of the anti-phospho-SK peptide

antibody, was recognised. It was thus decided to immunoprecipitate SK (under basal

conditions and in response to stimulation with TNFo for ten minutes) using anti-flag

antibody, and to assess in the same manner, whether there is phosphorylation of the eîzpe.

Even with immunoprecipitation of SK (and in response to activation by TNFa), under the

conditions employed, phosphorylation of the enzpe was not detected (data not shown).

Again it is noted that this does not exclude entirely the possibility of phosphorylation of SK,

however makes it unlikely that a significant fraction of the enzyme is phosphorylated when

over-expressed at low levels in endothelial cells.

6.6.2 Over-expression of high levels of SK does not ølter BI integrin expression

Having demonstrated that over-expression of high levels of SK results in reduced cell survival

and cell number, and in view of the recognized role of the B1 integnns in the regulation of the

cell cycle and cell proliferation, alterations in the cell surface expression of B 1 integrin was

sought. Due to very high GFP expression in cells infected with 50 pfir/cell, and the possibility

of GFP emission being detected in the channel set for detection of phycoerythrin emission on

the flow cytometer, B1 integrin expression was measured by Western blot analysis rather than

flow cytometry.

Cells over-expressing high levels of SK showed no change in total B 1 integrin expression as

shown in Fig 6.6(a). The mean fold increase in Bl integrin expression above control was 0.84

(95% U0.67-L 07), (p:0.39), as shown in Fig 6.6(b). This was in contrast to the up-

regulation of B 1 integrin observed in cells over-expressing low levels of SK (Chapter 5.1.1).
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6.6.3 Over-expression of high levels of SK down-reguløtes PECAM-7 expression

Cells over-expressing high levels of SK were shown to have increased basai permeability and

reduction in cell survival. The known role of PECAM-I in regulation of cell junctions and

protection from apoptosis prompted a determination of total PECAM-1 levels in ce1ls over-

expressing SK.

By Western blot analysis, cells over-expressing high levels of SK showed a substantial

reduction in total PECAM-I expression, as indicated in Fig 6.6(c). Quantification of PECAM-

1 expression in two separate endothelial cell lines using ImageQuant software confirmed that

cells over-expressing high levels of SK reduce PECAM-I expression by 42% (95% CI0.4I-

0.42), þ<0.05) (Fig 6.6(d)). Over-expression of high levels of SK reduced PECAM-1

expression selectively, as there was no change in VE cadherin expression in four separate

endothelial cell lines (mean fold increase in VE cadherin above EY 0.92,95% CI0.76-l.Il,

p:0.45).

The reduction in total PECAM-1 levels in cells over-expressing high levels of SK is in

contrast with the increase in PECAM-1 noted in ceils over-expressing low levels of SK

(Chapter 5.6.1).

6.6.4 Over-expression of high levels of SK reduces cell cycling

Although it has been established that over-expression of high levels of SK shifts the balance

of cell survivaV proliferation and cell'death to favour cell death, it has not yet been

determined whether there is an accompanying reduction in cell cycling, or true increase in cell

proliferation which is of insufficient magnitude to overcome the enhanced apoptosis in these
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cells. Thus expression of cyclin D1 and cyclin E was measured by'Westem blot analysis in

cell lysates made under basal culture conditions.

Over-expression of high levels of SK resulted in a significant reduction in expression of both

cyclin Dl (mean fold change compared with EV 0.75 + 0.03, n:3, p<0.05) and cyclin E

(mean fold change compffed with EV 0.78 + 0.01, n:3, p<0.05) (Fig 6.7), indicating that

these cells show a reduction in cell cycling and cell proliferation.

Thus over-expression of high levels of SK not only enhances cell death, but it also inhibits

ceil cycling

6.6.5 Cells oveÍ-expressing high levels of SKfailed to engøge the Pl-3Kinase pathwøy

Having established that high levels of SK in HTIVEC enhance caspase-3 activity and reduce

cell survival, an investigation into the activation of the Pl-3kinase/Akt pathway, the main cell

survival pathway, by these cells was conducted. Phosphorylation of Akt was measured in

these cells and control cells, both under basal culture conditions and in response to the stress

of serum deprivation for six hours.

Cells over-expressing high levels of SK showed a reduction in the proportion of Akt which is

phosphorylated both under basal conditions and when stressed with serum deprivation (Fig

6.8). This was confirmed in two separate endotheiiai cell lines. Moreover, cells over-

expressing high levels of SK showed a further down-regulation in phosphorylation of Akt

with serum deprivation, as did the control cells (Fig 6.8). This is in contrast to cells over-

expressing low levels of SK which responded to serum deprivation with a fuilher increase in

the fraction of phosphorylated Akt (Chapter 5.3.5).
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The reduction in phosphorylation of Akt under basal conditions and the failure to engage this

pathway in response to serum deprivation are consistent rvith the enhanced cell death and

reduction in cell survival seen in these cells.

DISCUSSIOI\

It has been demonstrated that markedly raised intracellular levels and activity of SK in

HLIVEC result in alterations in endothelial cell phenotype, which are clearly distinct from

those seen when enzpe activity is increased more modestly. High levels of over-expression

of SK in endothelial cells result in enhanced apoptosis with corresponding loss of cell

numbers. Whereas cells over-expressing low levels of SK induced PECAM-I expression and

signalled through PECAM-1 to activate the PI-3IlAkt pathway, cells over-expressing high

levels of SK down-regulated PECAM-I and failed to engage the PI-3IlAkt pathway in

response to the stress of serum deprivation. This, together with reduction in G-phase cyclins

resulted in a phenotype of inhibited cell growth and cell survival. This cellular 'toxicity'

resulting from high levels of SK in HUVEC is distinct to HEK293 cells, NIH3T3 cells and

tumour cell lines which do not show such toxicity with high levels of SK (199). The reasons

for this difference have not been addressed specifically, but indicate a need for cellular levels

of SK to be regulated in endothelial cells. It is possible that moderately enhanced intracellular

SK activity in endothelial cells results in enhanced inflammatory potential and aberrant

angiogenesis, whilst more dramatic elevations in SK activity may result in vascular

regression. While the physiological relevance of a 5O-fold increase in SK expression is

questionable, the divergence in effects of high and low expression of SK is consistent with the

biphasic dose response curve of many active metabolites when given through a range from

zero to conditions of over-abundance.
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The reduction in cell numbers over three days seen with over-expression of high levels of SK

is a net result of both enhanced cell death (as indicated by greater caspase-3 activity, Fíg 6.2)

and reduced cell cycling (as determined by measurement of cyclin D1 and cyclin E, Fig 6.7).

This effect was mediated specifically by SK, as over-expression of a similar level of the

inactive SK mutant (G82D) did not alter cell accumulation (Fig 6.1). Similarly the inhibition

of serum-free cell survival seen with markedly raised SK activity (Fig 6.3) appeared to be

mediated specifically by SK activity, rather than the non-specific effects of increased cellular

protein synthesis, as over-expression of high levels of G82D did not alter survival compared

with control cells. The SK mutant, G82D does not alter basal catalytic activity, but rather

prevents agonist-induced activation of SK (127).

'Whereas cells over-expressing low levels of SK showed up-regulation of PECAM-I

expression (Chapter 5.6.1), and an ability to engage the PI-3IlAkt pathway (Chapter 5.3.5),

which was shown to be mediated by PECAM-I signalling (Chapter 5.6.6), cells over-

expressing high levels of SK showed reduced PECAM-1 expression, and did not activate the

PI-3K/Akt pathway. It is tempting to speculate that the failure to engage the PI-3IlAlct

pathway is due to a reduction in PECAM-1 signalling consequent upon high levels of over-

expression of SK, however this has not been specifically addressed. The differential effects on

PECAM-1 expression are also consistent with opposing effects on the structural integrity of

endothelial cell monolayers, with disruption of cell-cell junctions ssen with high levels of

over-expression of SK (Fig 6.4), and tightening of cell-cell contacts with low levels of SK

over-expression (Fig 4.8). Indeed the junctional molecule PECAM-1 is involved in anti-

apoptosis(189;217), and it is intriguingthat this protein is differentially regulated by variable

levels of SK.
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A critical difference between high and low level over-expression of SK is likely to be the

degree to which the enzyrne is phosphorylated under basal conditions. Sphingosine kinase I

was phosphorylated under basal conditions when over-expressed at high levels in endothelial

cells, however no phosphorylation was evident'with over-expression at low levels (Fig 6.5).

Although a small degree of phosphorylation of SK with over-expression of SK at low levels is

not excluded, the failure to detect phosphorylation even in immunoprecipitated SK (Fig 6.5)

makes it unlikely that this occurs to any significant degree. The fivefold elevation in SK

activity achieved with enforced expression of low levels of SK, although not substantially

dissimilar to the level of basal intrinsic activity, still produced significant functional changes

in endothelial cells. By contrast transfection with the non-phosphorylatable hSKl mutant

(containing the substitution Ser225-+Ala), while enhancing SK catalytic activity, did not

result in functional alterations when over-expressed in }JEK293 cells(120). Indeed under

basal conditions in HEK293 cells, SK is not phosphorylated (120), and it is likely that

endothelial cells are comparable in this rcgard, with absence of phosphorylation of SK in the

unstimulated state. As for other protein kinases which are activated by phosphorylation, it is

conceivable that phosphorylation of SK alters its ability to interact with downstream targets,

and indeed, activation of SK above its basal catallrtic level, is obligatory for its role in signal

transduction cascades (127) "

Another possible explanation for the observed differences in phenotype resulting from over-

expression of high or low levels of SK is the subcellular localisation of the enzyme.

Phosphorylation of SK has recently been shown to result in its translocation from the cytosol

to the plasma membrane (I20), and it is possible that over-expressed SK at high levels may

become Iocalized to a distinctive site, possibly the plasma membrane, thereby changing the

profile of its intracellular interactions. This issue has not been specifically addressed in this

thesis.
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The levels of S1P resulting from obligatory expression of SK at high or low levels have not

been measured. Normally, S lP generated by virtue of intrinsic catalytic activity of SK,

undergoes degradation by S1P lyase (278;279) and SIP phosphatases (280) These enzymes

are involved in regulating the cellular levels of S lP, and in the basal state, act to maintain low

cellular levels of S lP (135). This regulatory mechanism may be sufficient to contain the

small increase in S lP formation resulting from over-expression of low levels of SK, but may

be insufficient to counteract grossly raised intracellular levels of S lP resulting from

obligatory expression of high levels of SK. It may be postulated that chronic exposure to high

intracellular levels of S lP may result in loss of responsiveness to the stimulant, with loss of

the normal response of cell survival and protection from apoptosis.

As SK2 has recently been shown to inhibit cell proliferation and enhance apoptosis (110), the

question was raised whether markedly raised activity of SK1 induces SK2. Determination of

SK2 expression by RT-PCR however did not confirm this, and no increase in SK2 expression

was detected when SK1 activity was greatly increased (data not shown).

In summary, markedly raised intracellular levels of SK render the cell susceptible to apoptosis

and to the cellular stresses of serum deprivation. Phosphorylation of the enzyme under basal

conditions when subject to obligatory expression at high levels is postulated to be critical in

accounting for the phenotlpic differences compared with those resulting from low levels of

oùer-expression of SK. This work highlights the fact that variable levels of enzymatic activity

can result in distinct phenotypic consequences, and indicates that cellular ievels of SK are

subject to control in endothelial cells. The possibility exists that such control is lost in

diseases of enhanced cell death, and that profoundly elevated SK activity plays a pathogenic

roie in such conditions.
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Fig 6.1 shows cell numbers over three days as reflected by the optical density,
in cells over-expressing SK, G82D, or EV control. The figure shows the results
of five observations from a single experiment which is representative of at least
two separate experiments. Bars represent SEM. *p<0.001 SK compared with
EV at Day 3.
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Fig 6.2 shows the effect of over-expressing high levels of SK (dark columns)
compared with EV (light columns) on caspase-3 activity under basal conditions
or in response to serum deprivation for 24 hours. (a) shows caspase-3 activity in
four separate endothelial cell lines (A-D) under basal conditions, (b) shows the
response of two of these lines (A,B) to serum deprivation. (c) and (d) show the
composite analysis of (a) and (b) respectively, normalized to the control using
Statistica Version 6.1 (Statsoft, Inc.) thus indicating the mean fold increase in
caspase-3 activity in cells over-expressing SK compared with EV. xp<0.001

compared with EV. Bars represent95Vo confidence intervals.
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Fig 6.4 shows permeability (normalizedto time =0) of cells over-expressing
high levels of SK and EV, to FlTC-dextran, across different time points (a)
under basal conditions or (b,c,d) in response to thrombin stimulation (0.2
units/ml). (b) shows a comparison of permeability of EV and SK in response to
treatment with thrombin, (c) and (d) show the response of cells transfected with
EV and SK respectively to thrombin stimulation. *p<0.001 SK compared with
EV under basal conditions across all time points (a), or untreated EV (c)
compared with thrombin treated vector across all time points. The figure shows
the composite analysis of 7 observations from 3 separate experiments using
Statistica Version 6.1 (Statsoft, Inc.). Bars represent 95Vo confidence intervals.
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Fig 6.5 shows by'Western blot, phosphorylation of SK in HUVEC infected
with 1 pfu/cell or 50 pfu/cell of adenoviral supernatant carrying SK or EV.
Cells infected with 1 pfu/cell were analysed in the presence (+) or absence (-)
of stimulation with TNFcr (0.5ng/ml) for ten minutes. 'R' indicates
recombinant SK which is constitutively active and used as a positive control.
The membrane was immunoblotted with rabbit anti-phospho SK peptide
antibody, and then re-blotted with anti-flag antibody. The loading control of a
non-specific background band detected by the anti-FLAG antibody is included.
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Fig 6.6 shows pl integrin expression and PECAM-I expression by Western blot
in cells over-expressing high levels of SK and EV control. (a) shows a Western
blot for B1 integrin and the loading control Akt. PECAM-1 and VE cadherin
expression are shown in (c) . (b) and (d) shows the composite analysis of two
separate experiments for B1 integrin (b) and PECAM-1 expression (d),
normalized to EV using Statistica Version 6.1 (Statsoft,Inc.). Bars representg5%o
confidence intervals. xp<0.05 SK compared with EV.
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Fig6,7 shows cyclin Dl and cyclin E expression in cell lysates made from
HUVEC over-expressing high levels of SK and EV, under basal culture
conditions. A loading control of VE cadherin is indicated.
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Fig 6.8 shows a Western blot of phosphorylated Akt (phospho-Akt) and total
Akt in cells over-expressing SK and control (EV) cells, under basal conditions
(culture in HUVE medium, HM) and after incubation for six hours in serum free
(SF) medium.
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CHAPTER 7

GENERAL CONCLUSIONS AND F'UTURE DIRECTIONS
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The consequences of over-expression of SK in endothelial cells achieved with retroviral and

adenoviral-mediated gene deliveryhave been ascertained. Mild increases in SK activity were

shown to enhance the ability of the endothelial cells to undergo angiogenesis, as indicated by

resistance to apoptosis, enhanced cell survival, migration, and stimulation of the ability to

arrange into capillary like networks. lrduction and dephosphorylation of PECAM-1 was

shown to play a critical role, and a candidate signalling pathway in endothelial cells whereby,

SK may act through PECAM-1-PECAM-1 to engage the PI-3IlAkt pathway has been

identified. Whereas low levels of over-expression of SK enhanced angiogenesis, more

profound increases in SK activity were shown to inhibit cell survival and enhance apoptosis.

A factor believed to be critical in explaining the phenotypic differences between high and low

levels of over-expression of SK was phosphorylation of SK when over-expressed at high

levels. The phenotype of enhanced cell death and apoptosis resulting from high levels of over-

expression of SK also highlights the need for cellular levels of SK and S1P to be

appropriately regulated, and raises the question whether marked increases in SK activity may

be present in conditions involving tissue atrophy.

In addition to enhancing the ability of endothelial cells to undergo angiogenesis, over-

expression of low levels of SK also conferred upon the endothelium a pro-inflammatory

phenotlpe, and sensitizedthe cells to very low concentrations of TNFcr. These differences

kanslated into dramatic increases in neutrophil adhesion, suggesting that SK is an important

regulator of the inflammatory potential of endothelial cells.

This work provides substantial evidence that intracellular levels of SK regulate inflammation

and angiogenesis. Indeed the signrficance of the in vitro results will best be assessed by
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studyrng tissues, in both health and disease. These studies may be especially productive in

sites of proliferative inflammation such as synovium in rheumatoid arlhritis. To this end, it is

intended to develop polyclonal antibodies against SK1. The immunogen to be used is 100¡tg

of recombinant SKl, histidine tagged, generated by Factor X cleavage of a Nus-A fusion

protein, generated in E Coli. The ability of the antiserum generated against SK to bind to SK

protein will be analysed by enzyme-linked immunosorbent assay, and then Western blot

analysis will be used to determine whether the antisera can detect the native / denatured

protein.

Polyclonal antibodies provide a useful tool in clinical research. They generally have higher

affinity than monoclonal antibodies, and bind multiple antigenic epitopes. Antiserum being a

crude preparation, contains antibodies of multiple specificities, and thus assays such as

immunofluorescence may lead to significant non-specific antibody binding. However this

may be partially overcome by purification of the antibody. For example, ammonium sulphate

precipitation, which is suitable for IgG antibodies on1y, allows the removal of contaminating

proteins. Affinity chromatography purification by Protein A-Sepharose (elution of antibodies

that bind Staphylococcus aureus Protein A) or specific-ligand affrnity purification (elution of

antibodies which bind the specific ligand only) are two further means of purification of

polyclonal antibody.

It is intended to generate a polyclonal antibody against SK in chickens as well as the more

traditional host of the rabbit, as with the dual system (using both chicken and rabbit

antibodies) immunoprecipitation may be undertaken with one antibody, and Western blotting

with the other, thus obliterating the concern of obliterating Ig bands. In addition, IgY (the

avian homologue of IgG) has several advantages over mammalian antibodies (281). Firstly,

as chickens are phylogenetically distant from mammals, good antibody responses can be
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obtained against highly conserved mammalian proteins. Secondly, chicken antibodies show

reduced cross reactivity with IgG antibodies, and fewer false positive results in mammaiian

sera, as IgY is not bound by rheumatoid factors. Thirdly, smaller quantities of antigen

(usually 20-30 ¡rg) are required to elicit an immune response in chickens. Fourthly, large

quantities of IgY can be purified from a single egg yolk (50-150 mg), making the chicken a

very efficient host. Furtherrnore, the purification of antibodies is inexpensive, and egg

collection is non-invasive, in contrast to bleeding animals(28I;282).

As SKl and SK2 have a high degree of structural similarity, yet clearly distinct distribution,

temporal pattern of expression, and function (Chapter 1.6.2) the ability of antibodies directed

to SKl to specifically bind SK1 and not SK2 will be important.

These antibodies are intended for future use in the biochemical analysis of endogenous SK

and, to define the subcellular localization of SK. The main interest for using these antibodies

will be in immunohistochemical surveys of normal and diseased tissue and the specific

questions to be addressed relate to the levels of SK in inflamed versus normal synovium.

Collection of synovium from patients with active RA, inactive disease, osteoarthritis, as well

as control normal synovium is intended for this purpose. These antibodies will be used in

conjunction with the antibody directed against active þhosphorylated) SK (anti-phospho-SK

peptide antibody), generated in our Division (Dr. Stuart Pitson), to determine whether the

level, or activation of SK is enhanced in inflamed synovium from patients with rheumatoid

arthritis compared with normal control.

In addition to studies of tissue levels of SK in health and disease, the frrnctional significance

of the results presented may be further confirmed by the study of transgenic mice over-
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expressing SK, specifically to determine whether they develop arthritis de novo, or are more

sensitive to collagen induced-arthritis.

If the results of animal models are in keeping with the results presented in this thesis, of

enhanced angiogenesis and inflammatory potential due to increased SK activity, then this

research should prompt the development of inhibitors of SK. Potentially, the therapeutic

application of inhibitors of SK could be extensive and encompass the numerous diseases of

aberrant angiogenesis and inflammatory aetiology of which rheumatoid arthritis is but one

example.
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Typing amendments

Abstract Line 7 "subliminal" should be changed to "suboptimal".
Abstract Line 20 "Thus" should be changed to "This".
Page 7 Line l2'þroduced" is correctly spelled and not t¡ped as "produce" as
stated by the examiner.
Page 9, Line 3: (23),(1,24)(1) should read (1 :23:24).
Page 9 Line 22: (37)) should read (37).
Page 86, paragraph 3 line 10 (183),(184),(185) should read (183-185).
Page 98 Line 20 should read "It however does not correlate"
Page 99 Line 2 should read"It was the reduced number of apoptotic nuclei
stained by DAPI rather than reduced staining of DNA that provided evidence
for resistance to apoptosis."
Page I37, paragraph 3, Linc 10 (0.79-0.84)) should read (0.79-0.34).
Page 150 Line22 "fro" should read "from".
Page 163 Line 2l "fro" should read "for".
Fig 5.21egend Line3,4 "ECGs" should be changed to growth factor, (GF).

Additional comments

Page 6 Line 23: The examiner has stated that bFGF and vEGF do not signal by
binding integrins. It has not however been stated that these growth factors bind
integrins, but rather that they signal through specific integrins.

As is standard practice for publication, for Western blots, only the "relevant"
band has been depicted, rather than the entire gel. It is to be noted that the
molecular weight of all proteins (e.g. Bad 23kDa,Bax221<Da,Bcl-2261<Da,
Bim 23kDa, Akt 60kDa, PECAM-I 130 kDa) was ascertained by comparison
with the relative migration of pre-stained molecular weight standards.

Statistical analysis for Fig 6.6 although only representative of two separate data
sets, was performed by analysis of the normalized values, with estimatedg5%
confidence intervals, rather than standard error of the mean.




