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Abstract

Our group has previously demonstrated that the angiogenic factor vascular endothelial 

growth factor (VEGF) was elevated and prognostic in superficial bladder cancer. Another 

angiogenic factor, thymidine phosphorylase (TP), was particularly elevated in invasive 

bladder cancer. In this thesis I set out to identify potential therapeutic targets in bladder 

cancer by investigating the regulation of VEGF and also by determining whether TP had a 

functional role in bladder cancer invasion or was merely an incidental finding.

VEGF expression, both messenger RNA and protein, was significantly upregulated by 

hypoxia in bladder cancer cell lines in vitro, although differences existed between superficial 

and invasive bladder cancer cell lines. Key regulators in this process were two transcription 

factors, hypoxia inducible factor-la (HIF-la) and hypoxia inducible factor-2a (HIF-2a). 

A second pathway regulating hypoxic expression of VEGF was also identified, independent 

of HIF-la/HIF-2a. The potential clinical relevance of these findings was illustrated by 

demonstrating upregulation of these factors in a panel of human primary bladder cancers.

Using de-epithelialised rat bladder, a novel reproducible model of bladder cancer invasion 

was developed that allowed for tumour cell-extracellular matrix interactions. Several agents 

that specifically inhibit tumour cell-extracellular matrix interactions were tested and variably 

inhibited invasion confirming the importance of these interactions in the model and in the 

mechanism of invasion. The generation of a high TP expressing transfectant was associated 

with invasion in this model compared with its low TP expressing parental cell line or empty 

vector control. This suggested functional importance of TP in bladder cancer invasion, 

identifying a new therapeutic target. In addition the potential to utilise high TP levels, found 

in human invasive bladder cancers, to activate prodrugs is illustrated with furtulon and the 

model resulting in abolision of invasion.

Lastly the diagnostic and prognostic potential of angiogenesis is examined in prostate and 

testis malignancy, tumours where additional such information is needed.
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Summary

Angiogenesis, the growth of new blood vessels from existing vessels, is the meehanism 

by which tumours induce a blood supply necessary for growth. Analysing the angiogenic 

ability o f tumours, either by quantifying the number o f new vessels induced (the 

microvessel density) or by assessing the levels o f various stimulatory factors is now 

firmly established as a prognostic indicator in many tumour types.

Our group has previously pioneered work on angiogenesis and bladder cancer, 

demonstrating in 1994 the prognostic significance of mierovessel density in invasive 

bladder cancer (1). Following this the group demonstrated significantly elevated levels of 

2 key angiogenic factors, vascular endothelial growth factor (VEGF) and thymidine 

phosphorylase (TP) in superficial and invasive bladder cancer respectively (2). Indeed we 

demonstrated that high expression of VEGF mRNA was predictive for recurrence and 

stage progression in superficial bladder cancer (3).

These findings all ask the question; are these elevated levels merely an epiphenomenan or 

incidental markers or do they actually play an important role in the biology of these 

tumours? Demonstrating such a role and the underlying mechanisms would convert 

useful prognostie indicators into realistic therapeutic targets.
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In this thesis I have therefore followed on from our previous findings in bladder cancer, 

trying to elucidate the mechanism of VEGF upregulation (chapter 3) and also, after 

developing a novel in vitro model for bladder cancer invasion (chapter 4) investigated for a 

possible causal effect of TP on bladder cancer invasion (chapter 5). These 3 chapters form 

the bulk of my thesis but as a urologist 1 was also keen to start work on other urological 

malignancies, namely prostate (chapter 6) and testicular (chapter 7) carcinomas. Both 

these malignancies share the common feature that, whilst some patients need no further 

treatment after diagnosis (by orchidectomy in the case of testis) other patients need early 

major surgery or adjuvant therapy in order to benefit. Current prognostic indicators to 

identify these patients are inadequate and therefore 1 have utilised techniques learnt 

elsewhere in this work to investigate whether angiogenesis can provide additional 

prognostic information in these malignancies.

Tumours commonly have hypoxic areas and hypoxia is an important regulator o f vascular 

endothelial growth factor. Chapter 3 describes the expression and regulation of VECF in 4 

human bladder cancer cell lines (RT4, RT112, 253J and EJ28), showing a progression 

from well to poorly differentiated phenotypes, under varying conditions of confluence, 

hypoxia (0.1 % O2) and with chemical mimics of hypoxia. Hypoxia significantly increased 

VECF protein expression in all cell lines, although this effect was dependent upon degree 

of confluence. The superficial bladder cancer cell line RT4 lost hypoxia inducibility at 

confluence, whilst inducibility was maintained in the invasive cell lines 253J and EJ28. 

This pattern of VECF expression correlated with expression of the transcription factor,
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hypoxia inducible factor-la (H IF -la) and to some degree with hypoxia inducible factor- 

l a  (HIF-2a). Inhibition of phosphatidylinositol 3-kinase (PI 3-kinase) with the inhibitor 

LY 294002 indicated that this VEGF hypoxia inducible pathway regulated by H IF -la  

appears distinct from a PI 3-kinase dependent pathway which regulates basal amounts of 

VEGF, but does not affect inducibility.

Both H IF -la  and H IF-2a protein and mRNA were upregulated in primary human 

bladder tumours (n=12) compared with normal bladder specimens (n=4) and with 

significant intertumour variation. These results suggest that hypoxia is a major regulator of 

VEGF in bladder cancer and that components of the hypoxia response pathway, including 

H IF -la  and HIF-2a are realistic therapeutic targets.

To investigate the role of TP in bladder cancer invasion, 2 things were necessary, firstly to 

create a realistic model for bladder cancer invasion and secondly to induce overexpression 

of TP and test the effects of this in the model. There is an urgent need for a realistic model 

as it is now clear that the extracellular matrix is more than just a passive support, 

regulating key biological processes such as invasion, differentiation and angiogenesis. 

Chapter 4 describes how an in vitro model of bladder cancer invasion was developed using 

de-epithelialized rat bladder to allow for these tumour cell-extracellular matrix interactions. 

Onto this model was seeded the same panel of human bladder cancer cell lines (RT4, 

RT112, 253J and EJ28) representing a progression from well to poorly differentiated
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phenotypes and variously used as models of superficial to invasive bladder cancer. The 

better differentiated cell lines RT4 and RTl 12 reproducibly grew as stratified epithelium, 

whereas poorly differentiated EJ28 cells invaded across a broad front.

Having established the model initially with the intention of investigating the role of TP in 

invasion, it was clear that the model could also be used to analyse potential mechanisms 

of invasion, and also for testing potential therapeutic agents. Therefore this avenue was 

pursued. Invasion was not simply related to proliferation rate, measured either as 

doubling time on plastic (non invasive 253J and invasive EJ28 having the same doubling 

time) or within the model measured by Ki-67 proliferation index. Examination of the 

plasminogen activator system in our cell lines may account for lack of invasion of RT4 

cells (low urokinase plasminogen activator/high plasminogen activator inhibitor type 1) 

but cannot explain the whole picture since RTl 12, 253J and EJ28 behaved differently 

despite similar expression of components of the plasminogen activator system.

Given the importance of the tumour cell/extracellular matrix relationship, 4 compounds 

that interfere with tumour cell - extracellular matrix interactions (suramin, N- 

acetylcysteine and the urokinase plasminogen activator receptor antagonists A5 and 

monoclonal antibody Mab 3936) were tested for their ability to inhibit invasion. At non 

toxic concentrations, all significantly inhibited invasion (p<0.05), although to varying 

degrees, suramin almost completely and N-acetylcysteine the least. This model showed
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great promise for the further investigation of the mechanism of bladder cancer invasion 

and also for the testing of putative therapeutic substances.

One of these possible mechanisms is overexpression of TP. Chapter 5 describes the 

generation of a clone (2T10) of the superficial bladder cancer cell line RTl 12, that 

expressed significantly higher levels of TP than its parental cell. These levels were 

comparable to those seen in primary human invasive bladder cancers and when tested in 

the in vitro model, 2T10 invaded whereas parental RTl 12 and empty vector control 

(EVl 1) did not. The potential to exploit what should be an advantage to tumours, high TP 

expression, to our advantage is illustrated with the prodrug furtulon. Furtulon is converted 

by TP to its active metabolite 5-fluorouracil. In the in vitro model furtulon inhibited the 

invasion of 2T10. The chapter concludes by demonstrating that whilst a difference exists 

between the high TP expressing clone 2T10 and the empty vector control EVl 1 in the in 

vitro model, this difference is lost in in vivo xenografts. This may be due to in vivo 

upregulation of TP but may also reflect the need for orthotopic models.

In chapter 6 the potential role of serum VEGF in the assessment of patients with prostate 

cancer was examined. Serum from 78 male subjects was assayed. Forty eight had a 

histopathological diagnosis of prostate cancer (16 local disease, 32 metastatic). Nine 

patients had benign pro static hyperplasia (BPH) and there were 21 healthy controls. 

Mean serum VEGF was significantly higher in patients with hormone escaped prostate 

cancer than all other groups (p< 0.02). However there were no significant differences in
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serum VEGF levels between all other groups. In 18 patients with serial measurements 

there was no significant difference in serum VEGF during either response to or escape 

from hormonal therapy.

The findings presented in chapter 6 suggest that in patients with hormone escaped 

prostate cancer serum VEGF may have a role in the pathogenesis of advanced disease. 

However the lack of significant differences between all other groups and the failure to 

indicate either response to, or escape from, hormonal therapy suggests that serum VEGF 

in this setting is of limited use as either a screening, diagnostic or monitoring tool.

An investigation into whether angiogenesis can be used as an additional prognostic 

indicator in patients with stage I germ cell tumours of the testis is described in chapter 7. 

Teratoma specimens (n=23) had significantly higher microvessel density (MVD) (mean 

85, range 26-163) (p<0.01) than both seminoma (n=28, mean 37, 16-91) and normal 

specimens (n = 4, mean 26, 18-30). Teratoma specimens also had significantly higher 

VEGF expression than both seminoma and normal specimens (p<0.01). Despite these 

differences between groups, and indeed individual tumours, no significant correlation was 

found between MVD and VEGF, or between either MVD or VEGF and relapse free 

survival. TP expression was significantly greater in tumours than normal specimens (p 

<0.02) but with very little intertumour variation. Since the primary site for relapse of 

seminoma is the para-aortic lymph nodes, the presence of mRNA for the 

lymphangiogenic factor VEGF-C was examined by in situ hybridisation and its
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corresponding receptor VEGFR-3 by immunohistochemistry. Both were detected in 

between 30 - 50 % of cases. Expression was mostly around endothelial vessels, but no 

obvious prognostic significance was detected.

The marked differences between normal testis and tumours demonstrated in this chapter, 

implicate angiogenesis in the biology of germ cell tumours of the testis. In addition the 

demonstration of factors involved in lymphangiogenesis in some seminoma cases, 

indicates that although not prognostic in this study further studies are warranted in both 

these areas in the search for further prognostic indicators and therapeutic targets.
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Chapter One

Introduction
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1.1 Bladder cancer

1.1.1 Introduction

There are around 11,000 new cases of bladder cancer per year in the U.K. and bladder 

cancer is responsible for around 4,500 deaths annually (4). Males, in whom it is the 5th 

commonest cancer, outnumber females 3 : 1 (5). Incidence and mortality increase with age 

(6) and approximately two thirds of patients are older than 65 years (7).

In developed countries, between 25 - 60 % of bladder cancer cases may be caused by 

cigarette smoking (8). Other aetiological causes are exposure to aromatic amines and 

benzidine (9). In some developing countries bilharzia, caused by schistosomiasis 

haematobium, is also important.

Most patients present with frank painless haematuria. A minority present with 

symptoms and signs of advanced local or metastatic disease.

1.1.2 Pathology

In this country approximately 90 % of bladder cancer occurs as transitional cell carcinoma 

(TCC). Squamous cell carcinoma occurs in circumstances of chronic inflammation and
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infection (paraplegics in the U.K., bilharzia world-wide) and much less common is 

adenocarcinoma of the bladder.

Grade

Bladder cancers are classified into three grades (10).

Grade 1 = well differentiated 

Grade 2 = moderately differentiated 

Grade 3 = poorly differentiated

Stage

Superficial bladder tumours are those in which malignant cells are limited to above the 

lamina propria (Ta) or through the lamina propria but not through muscle (Tl). Invasive 

tumours spread into the bladder muscle wall and beyond (>T2).

1.1.3 Superficial bladder cancer

Over 75 % of patients present with superficial disease. Superficial disease however 

encompasses a very heterogeneous group. At one end of the spectrum there are almost 

'benign' tumours that can be easily treated and will not recur or progress. However
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between 50 - 75 % will develop recurrent tumours (11,12). More importantly 25 % will 

progress to muscle invasive disease.

1.1.4 Invasive bladder cancer

Invasive bladder cancer is associated with a poor prognosis. Half of the patients with 

invasive disease have demonstrable métastasés within 2 years of presentation (13), and 

the 5 year survival is less than 40 % (14-16).

Eighty percent of patients presenting with invasive bladder cancer have no history of 

previous bladder cancer (17). However since invasive tumours have such poor prognosis 

and given the large numbers of superficial tumours, only some of which will recur and 

progress, it is clearly important to be able to identify which of this heterogeneous group 

of superficial tumours will recur and progress and which will remain relatively 'benign'. 

This will allow early more aggressive treatment in poor risk superficial tumours and 

prevent unnecessary overtreatment in others (see prognostic factors).

1.1.5 Mechanisms and models of bladder cancer recurrence and invasion

The field change theory of recurrence proposes that each recurrence has arisen de novo 

from a generalised pre cancerous urothelium (14,18). The clonal origin of recurrence (19- 

21) implies that either residual cells have been left at trans-urethral resection o f bladder
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tumour (TURBT) resulting in tumour recurrence at the original site or that intraluminal 

shedding and subsequent seeding into the 'fertile soil' o f the denuded stroma occurs at the 

time o f TURBT. The role played by the extracellular matrix is crucial in this process.

In Liotta's three stage model of tumour invasion, the first 2 stages of attachment and 

extracellular matrix degradation are followed by tumour cell migration into the degraded 

extracellular matrix (22).

Current models of invasion, the Boyden chamber and the various forms o f matrigel/pores 

have provided some useful information (23,24). However they cannot reproduce the 

effects of the extracellular matrix which is clearly important. Likewise xenograft models 

are often technically difficult, with moderate levels of reproducibility and are more 

difficult to control. We have therefore developed an in vitro bladder model based on the 

human bladder model of Southgate and colleagues (25), but using de-epithelialised rat 

bladder rather than human bladder (see section 2.2 and chapter 4). This has the advantage 

that availability of rat bladder is much easier than human bladder, whilst maintaining a 

sufficiently thick bladder structure to assess invasion. The de-epithelialised stroma 

closely mimics the situation after TURBT and also allows for important tumour cell / 

extracellular matrix intreractions.

1.1.6 Prognostic factors in bladder cancer

These are divided into three main areas;
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1.1.6.1 Clinical factors

Tumour multifocality, previous recurrence and previous failure of response to intravesical 

chemotherapy are the clinical factors associated with worst prognosis (Table 1.1).

Multifocal tumours (>6) (26) Tumour morphology (Papillary or solid)(30)

Recurrence at 3 months (27) Patient's age (31)

Failure of intravesical treatment (28) Pro static urethral involvement (32)

Tumour size (29)

Table 1.1 Clinical factors associated with poor prognosis

1.1.6.2 Histopathological factors

Grade

In univariate and multivariate analysis, tumour grade is the single most important 

determinant o f tumour progression (33). It is also an important determinant of tumour 

recurrence and patient survival. Typical figures are illustrated below in table 1.2.
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G1 G2 G3 ^ Ref .

Recurrence within 1 year 25% - 55% (34)

Stage progression 10% 19% 33%

5 year mortality 9% 24% - (35)

Table 1.2. Effect of tumour grade on recurrence, progression and 5 year survival

Stage

Multivariate analyses have shown that pT category is the most important predictor of 

cancer related deaths (36) (Table 1.3).

Stage Ta T1 T2 T3a,b &T4 Ref

5 year survival (%) 95 72 64 39

Recurrence (%) 48 70 - - (33)

Stage progression (%) 3 24 - - (34)

Table 1.3. Effect of tumour stage on recurrence and 5 year survival 

Associated carcinoma in situ

Superficial tumours have a worse prognosis for progression if associated with carcinoma 

in situ in adjacent urothelium than if urothelium is normal (83% vs 4%) and carcinoma in 

situ is believed to be the forerunner of invasive rather than superficial tumours (37-39).

27



1.1.6.3 Biological behaviour markers

Several biomarkers have been found to be of prognostic value in bladder cancer. These are 

summarised in table 1.4.

Biological behaviour markers

Tumour suppresser genes p53 (40) 
p21(41)
Retinoblastoma gene (42)

Cell adhesion molecules E-Cadherin (43)
Integrins (44)
Carcinoembryonic antigen (45)

Growth factors and receptors Epidermal growth factor receptor (46) 
c-erb-B2 (47)
Autocrine motility factor (48)

Tumour associated antigens M 344, 19A211,T138 (49)

Table 1.4 Biomarkers of prognostic significance in bladder cancer

Bladder cancer is an ideal cancer in which to investigate angiogenesis. The heterogeneous 

nature of superficial bladder cancer means that any additional prognostic indicators are 

potentially of great value. The poor prognosis of invasive tumours also means that 

alternative therapeutic targets deserve investigation.
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1.2 Angiogenesis

1.2.1 Introduction

Angiogenesis is the growth of new blood vessels from existing vessels and is the 

mechanism by which tumours induce a blood supply. In its simplest form, tumour cells 

secrete angiogenic stimulators which activate endothelial cells of nearby vessels and induce 

them to degrade their basement membrane and surrounding extracellular matrix, migrate 

towards the angiogenic stimulus and form tubules (fig 1.1). Evidence for the importance 

o f angiogenesis in tumour biology includes;

1. The failure of tumours to grow beyond 2-3 mm^ without angiogenesis, as this size is 

the limit at which necessary oxygen and nutrients can be derived by diffusion alone 

(50).

2. The demonstration of increased angiogenesis, as measured by increased micro vessel 

density or angiogenic stimulators within certain tumours. Evidence that angiogenesis 

has a true biological role in these tumours rather that being just a marker has come from 

the demonstration in animal models of increased tumour growth and angiogenesis in 

tumours from cells transfected with angiogenic stimulators (51). Furthermore 

strategies to inhibit angiogenesis have resulted in less vascular, smaller tumours in 

animal models (52-54).
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3. The demonstration of clinical success in early clinical trials of anti-angiogenic agents 

(55).

Comparing reviews in the scientific literature on angiogenesis and urological malignancies 

of just a few years ago (56) with more recent ones (57) it is clear that the field has 

advanced considerably so that now angiogenesis is more than just a prognostic indicator 

but also a realistic therapeutic target. This introduction first gives an overview of 

angiogenesis in general and then specifically in urological malignancy, dealing with the 

evidence for the involvement of angiogenesis in these malignancies and then how our 

increased understanding of that involvement is being translated into potential therapeutic 

targeting.

ECM

Tumour

(2)

Tumour Tumour Tumoi

(4)

Fig 1.1 Mechanism of angiogenesis. (1) Angiogenic stimulators released by tumour 
cells activate endothelial cells of nearby vessels. (2) Degradation of extracellular 
matrix. Migration of endothelial cells towards tumour. (3) Primitive tubule 
formation. (4) Stabilisation of primitive tubules.
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1.2.2 Assays of angiogenesis

Angiogenesis can be studied directly by; (a) Looking at the new vessel growth within 

tumour specimens, the mierovessel density (MVD) or (b) utilising various in vitro and in 

vivo models of angiogenesis to investigate the ability of potential angiogenic stimulators or 

inhibitors to induce/inhibit angiogenesis (see later).

Angiogenesis can also be studied indirectly by analysing the levels o f various angiogenic 

stimulatory factors. It is now clear that in addition to stimulators there are endogenous 

inhibitors and angiogenesis is the dynamic balance between the two (Table 1.5).

1.2.3 Microvessel density

The mierovessel density o f tumours is usually determined by quantifying the number of 

new blood vessels within a vascular ‘hot spot’ having stained pathological sections with 

endothelial cell specific antibodies such as anti CD 31 or anti von Willebrand factor. 

MVD is prognostic in a number of tumours including breast (58), lung (59) and urological 

tumours (60). Raised mierovessel density will not only supply the tumour with increased 

amounts o f oxygen and nutrients but also provide a ready portal for metastatic spread 

since angiogenic vessels tend to be leaky.
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Angiogenic Stimulators Angiogenic Inhibitors»

V ascular endothelial grow th factor 

V ascular endothelial grow th factor-B 

V ascular endothelial grow th factor-C 

Vascular endothelial grow th factor-D 

Fibroblast grow th factor family 

Thym idine phosphorylase 

T um our necrosis factor-a 

Transform ing grow th  factor-a 

Transform ing grow th factor-^ 

Epiderm al grow th factor 

Angiopoietin-1 

Tissue factor

Scatter fac to r/H epatocy te  grow th factor 

M idkine

A ngiostatin ’̂

Endostatin'*'

Throm bospondin-1 

Platelet factor 4**

16 kD prolactin  fragm ent 

In te rfe ro n -a ’*”̂

Interferon-y 

Interleukin 12’*”̂

Tissue inhibitors of m etalloproteinases

A nti-integrins

Soluble VEGF receptors

D om inant negative receptors

Squalamine*

D exrazoxane

Fragm in

Anti-VEGF antibodies'^’*’

Suramin'^'*’

Linomide' '̂ '̂^
Thalidomide'^'*’

Fum agillin analogues (AGM1470)'*’'*’'*’

Angiopoietin-2

Carboxyamido-triazole'*’'*’

CM l o r *

Batim astat/M arim astaf*”*”̂

Table 1.5 Angiogenic stimulators and inhibitors. '*’ Agents in/completed 
phase I trials. '*̂ '*̂ Agents in/completed phase II trials. '*̂ '*̂ '*̂ Agents in/completed  
phase III trials. (For fuller list see refs 57 and 61)
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1.3 Angiogenic stimulators

1.3.1 Vascular endothelial growth factor

Vascular endothelial growth factor (VEGF) is a multi-functional cytokine, first identified 

in 1989 (62), that promotes endothelial cell proliferation and migration in-vitro and 

angiogenesis in various models (63). It also induces urokinase plasminogen activator, the 

urokinase plasminogen activator receptor, and interstitial collagenase (64), all leading to 

extracellular matrix degradation which facilitates endothelial cell (as well as tumour cell) 

migration and invasion.

In addition, VEGF is a potent vascular permeability factor. Extravasation from leaky 

vessels of plasminogen which is converted by urokinase plasminogen activator (also 

upregulated by VEGF) leads to the production of plasmin adding further to the 

degradative local environment. Leaky vessels themselves also provide a ready portal for 

tumour dissemination (65).

Differential splicing of the VEGF gene gives rise to 4 isoforms VEGF 206, 189, and the 2 

major isoforms, VEGF 165 which is a 45 kiloDalton homodimeric glycoprotein 

predominantly bound to the cell surface and VEGF 121 which does not bind to heparin 

and is freely diffusible (66, 67).
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There are 2 VEGF receptor tyrosine kinases, Flt-1 (VEGFR-1) and KDR (VEGFR-2) (68, 

69). Both are expressed primarily on vascular endothelial cells although Flt-1 has been 

identified on monocytes. KDR can mediate the whole spectrum of VEGF activities 

whereas Flt-1 has more limited activity. Despite this, both are essential for angiogenesis 

as has been demonstrated by the vascular abnormalities and intra-uterine death in knock 

out mice deficient for either Flt-1 or KDR (70, 71). Further knock out studies of VEGF 

confirm its critical importance in angiogenesis of embryogenesis with in-utero death at 

E l0.5. It is clear that not only the presence of, but also a critical amount of VEGF is 

necessary for angiogenesis as evidenced by the vascular abnormalities and embryonic 

death seen when VEGF levels are reduced in single allele knockouts (72, 73). These 

findings are remarkable as they suggest that whilst other factors play a role, VEGF is the 

major vascular development factor, in its absence no other gene will substitute.

In addition to elevated VEGF expression in many tumours, VEGF levels have been shown 

to have prognostic significance in breast (74) and stomach cancer (75). Stronger evidence 

that VEGF plays a role in tumour behaviour rather than merely being a marker comes 

from a series of experiments where levels of VEGF are either enhanced or reduced and the 

effect o f these manipulations tested in xenograft models. Transfection of VEGF 121 into 

MCF-7 breast cancer cells resulted in significantly increased expression compared to the 

wild-type cells. This had no effect in-vitro but when implanted subcutaneously in nude 

mice, tumours were faster growing and more vascular in the transfected cells (51).
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Opposite effects have been seen by transfection of antisense VEGF into C6 glioma cells

(53). Neutralising anti-VEGF antibodies have been used in colon (76), glioblastoma 

multiforme (65) and prostate cancer (54) cell lines studied in xenograft models with 

significant inhibitory effects on tumour growth and angiogenesis. Lastly, the use of a 

retrovirus to infect endothelial cells with a dominant negative mutant of VEGFR-2 

interfered with receptor signal transduction and inhibited glioblastoma growth in a nude 

mouse model (77). The use of anti-receptor strategies may prove more effective than 

targeting single ligands as this avoids activation of receptors by secondary ligands.

1.3.2 Vascular endothelial growth factor-C (VEGF-C)

Unlike VEGF, which is angiogenic acting directly on endothelial cells, VEGF-C is 

lymphangiogenic acting specifically on the endothelial cells of lymphatic vessels. Alitalo 

and colleagues achieved overexpression of VEGF-C in transgenic mice by linking the 

VEGF-C cDNA to a promoter which targeted gene expression to the basal cells of 

stratified squamous epithelium. This resulted in increased lymphatic endothelial cell 

proliferation and hyperplasia of the lymphatic vasculature (78). VEGF-C may have a role 

in the lymphatic dissemination of tumours and VEGF-C mRNA has recently been 

reported in half of the malignancies studied (79).
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1.3.3 Thymidine phosphorylase

Thymidine phosphorylase (TP), also known as platelet derived endothelial cell growth 

factor, (PDECGF), is an enzyme in the nucleotide salvage pathway. It is however, also 

angiogenic inducing endothelial cell migration in-vitro and blood vessel formation on the 

chick chorioallantoic membrane and rabbit sponge models (80-81). TP levels are elevated 

in many tumours including gastric and colorectal carcinoma, where it has been found to be 

prognostic (82, 83). TP has also been associated with invasion and metastasis in ovarian 

carcinomas (84), and in breast and colorectal carcinoma, infiltrating cells are an important 

source of TP (85, 86). Confirmatory evidence for the angiogenic activity comes from the 

reduction of blood vessel growth in the rodent sponge model using polyclonal antibodies 

to TP and the faster in-vivo growth of MCF-7 breast cancer cells when transfected with 

TP compared to control cells (87).

VEGF and TP are two of the major angiogenic stimulatory factors but many others exist 

and angiogenesis is undoubtedly a balance between stimulators and inhibitors (Table 1.5).
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1.4 Angiogenic inhibitors

A significant advance in angiogenesis research came with the identification of angiostatin 

and endostatin. The possibility that a primary tumour in some way suppresses its 

métastasés has been suspected from the clinical observation that occasionally patients 

who appear free of métastasés at surgery will develop extensive metastatic disease very 

soon after surgery. Folkman and colleagues have demonstrated that an angiogenesis 

inhibitor, angiostatin, released by primary Lewis lung carcinoma xenografts in mice 

inhibited the growth and angiogenesis of its own métastasés. Once the primary was 

removed the secondaries became much more vascular and grew (88). Given systemically 

to mice with a variety of established primary xenograft tumours angiostatin inhibited the 

growth of these primaries and maintained métastasés in an avascular dormant state (89).

Endostatin, purified by the same group from a mouse haemangioendothelioma, achieved 

similar results with fibrosarcoma, lung and melanoma primaries in mice (90). However, it 

has been demonstrated that whilst these primaries regrew eventually killing the mice after 

discontinuation of a single course of endostatin, repeated courses o f endostatin could be 

given each time the tumour regrew (91). Each time endostatin was repeated the tumours 

regressed and eventually (after 2-6 courses depending on tumour type) regrowth did not 

occur again. This paper has demonstrated not only complete response to an anti- 

angiogenic agent but also the failure of the tumour to develop drug resistance, a common 

problem after repeated courses of conventional chemotherapy.
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Another major angiogenic inhibitor is thrombospondin-1 (TSP-1). When levels of TSP-1 

secreted by primary fibrosarcoma are increased by transfection, métastasés can again be 

maintained in a microscopic state (92). Harnessing these powerful endogenous inhibitors 

of angiogenesis has significant therapeutic potential.

1.5 The importance of the extracellular matrix in angiogenesis

Although tumour angiogenesis principally involves interaction between endothelial cells 

and tumour cells this all takes place in the surrounding extracellular matrix (93). The 

extracellular matrix affects angiogenesis by being;

1. A physical barrier to endothelial cell (and tumour cell) invasion.

2. A producer of angiogenic factors.

3. A reservoir for inactive but protected angiogenic factors especially basic FGF.

4. A mediator of endothelial cell binding, largely through integrins (94), important for 

endothelial cell migration, signalling and apoptosis.

The physical barrier of the extracellular matrix is broken down by matrix 

metalloproteinases and urokinase plasminogen activator both of which are upregulated by 

VEGF and basic FGF. Urokinase plasminogen activator is prognostic in a number of
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tumours (95) and breakdown of the extracellular matrix will also release angiogenic factors 

from the ECM reservoir.

Macrophages, an important component of the extracellular matrix, secrete numerous 

angiogenic factors and the number of macrophages has correlated with angiogenesis and 

reduced relapse free and overall survival in breast cancer (96).

Modification of the extracellular matrix as an angiogenic therapeutic target is being 

investigated.

1.6 Hypoxia induced angiogenesis

As a mechanism to provide increased oxygen and nutrients it is not surprising that one of 

the key regulators of angiogenesis is hypoxia. Clinically this is important as enlarging 

tumours will inevitably develop ischaemic areas where metabolism exceeds supply.

Hypoxia upregulates VEGF expression (97) partly through increasing mRNA 

transcription and partly through increasing mRNA stability mediated through the RNA 

binding protein HuR (98). Within tumours VEGF co-localises with hypoxic regions (99). 

The VEGF gene, and several other genes regulated by hypoxia and involved in oxygen 

homeostasis, are under the control of the transcription factor HIF-1 (100). HIF-1
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comprises 2 subunits from the basic helix-loop-helix PAS domain (Per Amt Sim) protein 

family, HIF-1 a  and HIF-ip/ARNT (aryl hydrocarbon nuclear translocator) (101). 

Messenger RNA levels of H lF - la  are equivalent in normoxia and hypoxia (102) but in 

hypoxia there is inhibition of the 0% dependent degradation of H lF - la  protein, via the 

ubiquitin-proteasome pathway (103), recently shown to be regulated by the von Hippel- 

Lindau (VHL) tumour suppresser gene product VHL (104). There is an exponential 

increase in H lF - la  protein concentration with decreasing oxygen tension, with a half 

maximum response between 1.5 and 2.0 % O2 and a maximum response at 0.5 % O2 

(105).

Since the HlF-lp/ARNT subunit is constitutively expressed and involved in other cellular 

processes, the H lF - la  subunit is thought to be the specific regulator o f the hypoxia 

response (106). Loss of H lF - la  in embryonic stem cells significantly reduced solid 

tumour growth, correlating with decreased expression of VEGF during hypoxia (107). We 

and others have demonstrated reduced in vivo tumour growth and angiogenesis with 

functional impairment of the H lF-la/A R N T pathway, suggesting that the H lF - la  

pathway is an important component of oncogenic angiogenesis (108, 109).

Another member o f the helix-loop-helix family is EPAS-1 (endothelial PAS protein-1) 

(110-112). EPAS-1 shows 48 % homology with H lF - la  and responds to activating and 

inhibiting stimuli very similarly to HlF-1. It is now known not to be endothelial specific
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as once thought, but present in a number of cell types and is more frequently termed 

HIF-2a(113).

Hypoxia is common in all solid tumours (114) and also associated with radiation resistance 

and poor prognosis (115). Therefore the key upstream signal for VEGF regulation via

HIF-1 a  may be differentially regulated in cancer and may synergise with other

mechanisms of VEGF upregulation.

The hypoxic regulation of angiogenesis, largely by HIF-1, not only presents a therapeutic 

target but also a mechanism which can be manipulated to our advantage. By transfection 

techniques Dachs and colleagues demonstrated how hypoxia response element 

modification can be used to produce induction of bacterial cytosine deaminase to sensitize 

hypoxic cells (such as those within tumours) to the prodrug 5-fluorocytosine, whilst 

normoxic cells are not affected (116).
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Fig 1.2 Angiogenesis involves an interaction between tumour cells, endothelial 
cells and the extracellular matrix (From Jones A. and Fujiyama C. ref 61 with 
permission)

1.7 Anti-angiogenic strategies

Traditional antitumour therapy attacks tumour cells directly. Anti-angiogenic therapy is 

novel in that it is the new vessels, essential for tumour growth, that are targeted. This has 

several theoretical advantages over conventional therapy, these include;
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A. Direct access to target site

An anti-angiogenic agent given intravenously will be carried in the circulation to its target 

site, the developing new vessel. This avoids the problem of tissue penetration into the 

centre of the tumour faced by intravenous chemotherapy. Fortunately, angiogenic vessels 

display several differences over normal vessels and this area is being actively investigated 

in order to specifically target therapy to angiogenic vessels without damaging normal 

vasculature elsewhere.

B. Amplification of the effect

Destruction of a single angiogenic vessel will result in the ischaemic death of a number of 

tumour cells. The failure to successfully target all angiogenic vessels within a tumour may 

not be as important as the failure to destroy all tumour cells by chemotherapy.

C. Endothelial cells lack drug resistance

Unlike tumour cells, endothelial cells are genetically stable, they are therefore much less 

likely to undergo spontaneous mutation resulting in drug resistance (91).
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The aim of anti-angiogenic therapy is to interfere with endothelial cell activation, 

migration, proliferation and tubule formation and extracellular matrix remodelling. This is 

achieved in several ways and is summarised in Fig 1.3. Various models have been 

developed allowing the study of the critical steps in angiogenesis and the testing of 

potential anti-angiogenic agents.

( 1 ) Interference with angiogenic 
stimulators.

M onoclonal antibodies to ligands 
Suramin

Angiostatin-Endostatin com p lex

IFN-a— ► [ bPGF

Endothelial Cell
(2) Interference with receptors. 

Soluble receptor fragments 
CAI

(6) Interference with intracellular process.^  Antibodies to receptors

(3) Interference with ECM.

i

T N P  470

(4) Vascular targeting.

Antibody directed im m unotoxins  
C oaguligand

Tumour Cell
(6) Interference with 
intracellular process

ras inhibitors 
Gene therapy

(5) Interference with proteolysis. 
Marimastat 
Baiimastat

Extracellular Matrix

Fig 1.3 Anti-angiogenic strategies (From Jones A. and Fujiyama C. ref 61 with 
permission)
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1.8 Models of angiogenesis.

Many in vitro and in vivo models of angiogenesis exist. At one end of the spectrum is the 

analysis o f migration and proliferation of endothelial cells in culture. At the other end are 

in vivo experiments such as the rabbit comeal assay (117), the rodent sponge model (118) 

and xenograft experiments where tumours are analysed for mierovessel density and 

angiogenic factors. Between these extremes there is a need for models which are more 

representative than the simple in vitro assays but which are less costly in terms of finance 

and animal lives than models at the other end. This would allow the widespread testing of 

putative angiogenic stimulators or inhibitors. One such model is the chick chorioallantoic 

membrane assay (119). However this model can be technically difficult.

1.9 Bladder cancer and angiogenesis

As early as 1980 Chodak and Folkman demonstrated a positive angiogenic response in the 

rabbit iris assay in 95% of malignant and pre-malignant human bladder urothelial 

specimens compared to less that 10% of normal tissue having such a response (120). A 

similar result was seen when malignant cell lines were compared with normal cells (121). 

Furthermore Chodak also demonstrated increased stimulation of endothelial cell migration 

(an essential component of angiogenesis) by urine from patients with bladder cancer over 

non malignant specimens (122). In addition stimulatory activity fell 3-6 days after surgical
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removal of bladder tumours and increased several months later in patients who developed 

recurrent tumours.

Further evidence of the angiogenic potential of bladder cancer has been demonstrated by 

the finding of raised mierovessel density as an independent prognostic indicator in 

invasive bladder cancer (1,123,124). Abnormalities in the p53 tumour suppresser gene are 

found in a number of malignancies and predict a significant increased risk of recurrence and 

death in patients with TCC independent of stage, grade and lymph node status (125). 

When mierovessel density was analysed in association with p53 status additional 

information was provided, identifying subgroups at greatest risk. Patients whose invasive 

tumour had low mierovessel counts and no evidence of p53 alterations had only a 3% 

recurrence and an 88% survival rate 5 years after radical cystectomy. This compares with 

61% recurrence and 43% overall survival for patients with high mierovessel densities but 

still no p53 abnormalities (126).

Angiogenesis as indicated by mierovessel density has provided useful prognostic 

information in patients with invasive bladder cancer but one group of patients where such 

information would be very valuable are those with superficial bladder cancer. Superficial 

bladder cancer is a heterogeneous disease, any additional prognostic information would 

help decide which tumours are high risk and should be treated early and aggressively and 

which can be treated more conservatively. Due to the papillary structure of many 

superficial bladder tumours estimation of mierovessel density is technically difficult,
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although not impossible (127) and therefore attention has focused on angiogenic factors as 

prognostic indicators. Once again the most extensively studied are basic FGF and VEGF.

Basic FGF has been isolated from the urine of patients with bladder cancer (128). Levels 

are higher in patients with active bladder cancer than in those with a history of bladder 

cancer but a clear cystoscopy (129,130). The levels were highest in those patients with 

active metastatic disease (130). However, it must not be forgotten that urinary levels of 

angiogenic factors can be derived not only from tumours in the urogenital track but also 

from systemic tumours. Urinary basic FGF is increased in patients with a wide spectrum 

of malignancies (131) and also in patients with benign prostatic hyperplasia (129). This 

lack o f specificity would appear to rule out urinary measurement of basic FGF as a 

screening tool, however it may be useful as a surrogate marker in patients with known 

disease undergoing anti-angiogenic therapy.

We have previously demonstrated that vascular endothelial growth factor messenger RNA 

(mRNA), detected by ribonuclease protection assay, is elevated 10 fold in superficial 

bladder tumours compared with normal bladder and 4 fold in superficial tumours 

compared with invasive tumours (2). Further investigation revealed that elevated VEGF 

mRNA correlated with VEGF protein levels and that elevated mRNA was associated with 

earlier recurrence and stage progression of T1G1/T1G2 bladder tumours (3). In a study of 

261 patients urinary VEGF was significantly higher in patients with bladder tumours than 

in patients with non bladder malignancies or benign controls. Additionally, levels were
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highest in patients with a positive check cystoscopy compared to those with a negative 

check cystoscopy and a significant correlation existed between VEGF levels and 

superficial bladder tumour recurrence rates (132).

Unlike VEGF expression with the highest levels in superficial tumours, thymidine 

phosphorylase expression is greatest in invasive tumours. O ’Brien and colleagues 

reported a 33 fold higher expression of TP in invasive versus superficial bladder tumours 

and a 260 fold higher expression in invasive tumours compared with normal bladder 

specimens (2). Less dramatic, but still significant, differences have been reported in 

another study (133) which also demonstrated that high TP expression also predicted 

earlier recurrence for Ta tumours. The differences between VEGF and TP expression has 

lead to the hypothesis that 2 distinct angiogenic pathways exist in superficial and invasive 

bladder cancer consistent with the differing genetic pathways that typify this disease.

Other angiogenic stimulatory factors that are implicated in bladder cancer include midkine 

which correlates with reduced patient survival (134) and scatter factor/hepatocyte growth 

factor (135). Transforming growth factor p is elevated in the serum of patients with 

bladder cancer and acidic fibroblast growth factor is significantly elevated in the urine of 

patients with invasive TCC compared with controls (136).

It has recently been shown that EGF promotes bladder cancer cell invasion and this was 

in part due to increased expression of matrix metalloproteinases 1 and 9 (137). Given the
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pivotal role in angiogenesis played by the extracellular matrix, in particular extracellular 

matrix degradation allowing endothelial cell and tumour cell invasion, modification of 

EGF/ECM degradation may provide an important therapeutic target.

As has been demonstrated, angiogenesis is a dynamic balance of stimulatory and 

inhibitory factors. In human bladder cancer the most studied endogenous inhibitor is 

thrombospondin-1 (TSP-1). Low TSP-1 expression in patients with invasive TCC was 

significantly associated with increased recurrence rates and decreased overall survival. 

Patients with low TSP-1 levels were also significantly more likely to have high MVD 

(138). Experimentally in a mouse comeal neovascularization model, the human UBC 

(urinary bladder carcinoma) cell line, growing as a subcutaneous xenograft, inhibited basic 

FGF induced angiogenesis (139). The nature of this inhibitory compound was unknown 

but it proved the principle that bladder cancer cells can secrete endogenous inhibitors in 

much the same way as Lewis lung carcinoma cells secrete angiostatin. Subsequently Noel 

Bouck’s group has demonstrated that normal urothelial cells fail to stimulate an angiogenic 

response due to secreted TSP-1 (140). The secretion by tumour cells of TSP-1 was 

significantly reduced. Despite this, they found that expression of stimulatory factors, 

principally VEGF and basic FGF, was similar between tumour and normal cells. This 

suggested that down regulation of an inhibitor, TSP-1, is at least as important as 

upregulation of angiogenic stimulators in the development of an angiogenic phenotype in 

bladder cancer. Furthermore, in an orthotopic athymic rat model where human bladder
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cancer cells are injected directly into the bladder wall, transfection of the bladder cancer 

cells to express more TSP-1 significantly reduced tumour growth (141).

This evidence strongly suggests that as a therapeutic target we should not only attempt to 

interfere with the angiogenic stimulators but also promote the activity of angiogenic 

inhibitors.

1.10 Anti-angiogenic therapy in bladder cancer

Interferon-a (IFN-a) decreased angiogenesis and tumour growth of human bladder cancer 

253J B-V cells in an orthotopic athymic mouse model (142). An earlier clinical trial of 

intravesical IFNa-2 in patients with superficial bladder cancer obtained a greater than 

25% complete response rate including patients with recurrent disease who had had 

extensive prior therapy (143). This study did not specifically look at anti-angiogenesis as 

a mechanism, although it is possible that this contributed to the outcome.

Suramin is a sulphonated napthylurea that has been used extensively in the treatment of 

trypanosomiasis. In addition to its other actions it is also anti-angiogenic, blocking the 

receptor binding of various angiogenic factors including VEGF, basic FGF and EGF (144- 

146) and inhibiting angiogenesis in in vitro models (147). Suramin also significantly 

reduced proliferation of bladder cancer cell lines in vitro (144). Most clinical experience 

with suramin has been gained in the treatment of hormone escaped prostate cancer (see
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later) where it has had modest success. However, its wide spread use is limited due to 

significant toxicity at higher plasma concentrations. For bladder cancer, suramin has been 

tested intravesically in patients with recurrent superficial bladder cancer where higher 

local concentrations can be given without inducing toxicity due to lack o f systemic 

absorption (148).

The anti-angiogenic effects of TNP-470 have been tested by intravesical instillation in rats 

with MNU induced bladder tumours (149). This resulted in a significant reduction in 

tumour incidence when the treatment was started early and a trend toward reduction when 

started at a later time point. There was no toxicity and these data suggests that TNP-470 

may be of benefit as an intravesical treatment in man.

1.11 Angiogenesis and prostate cancer

Prostate cancer is the urological malignancy on which most angiogenesis research has been 

performed and where angiogenesis may have the most to offer as a prognostic indicator 

and therapeutic target. Firstly, given that non-clinical prevalence of prostate cancer far 

exceeds clinical prevalence, any additional prognostic indicator as to which patients to 

treat aggressively and which patients to treat conservatively will be of benefit. Secondly, 

limitations of current imaging modalities (150, 151) means that even in patients treated 

with curative intent a significant proportion would have extracapsular penetration on
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radical prostatectomy specimens and be clinically understaged. Within 4 years of radical 

prostatectomy or radical radiotherapy, 40% of patients get an increase in prostate 

specific antigen (PSA) (152).

Therapeutically, although 80% of all men can expect an initial response to antiandrogen 

therapy lasting 2-3 years (153-155), almost all will eventually relapse. Once hormone 

resistance has developed, median survival is approximately 6 months (156-158) and 

systemic chemotherapy in this setting has had only limited success as prostate cancer 

cells have low proliferation rates (159). Anti-angiogenic strategies target different areas of 

tumour biology and are also not dependent on tumour cell proliferation. Angiogenesis 

research has potentially a lot to offer in this setting.

Microvessel density is elevated and vascular networks more disorganised in malignant 

compared to normal prostate (160, 161). Siegal and colleagues quantified MVD along 5 

arcs progressing from the centre of a focus of malignant tissue to benign tissue. They 

demonstrated a step-wise increase in MVD progressing towards the tumour, with a 2-fold 

elevation in the malignant compared to the benign tissue (162).

MVD in post-prostatectomy specimens has been found to correlate with pathological 

stage, being superior to grade and pre-operative PSA in distinguishing organ confined 

versus extracapsular invasion or pelvic lymph node involvement (160). Analysing a 

mixture o f prostate cancer specimens from radical prostatectomy, TURP and autopsies,
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Wakui demonstrated increased MVD in low and intermediate grade tumours in patients 

with bone métastasés compared with patients with no bone métastasés (163). Later 

Weidner demonstrated that an increased MVD by multi-variant analysis was the most 

important predictor in radical prostatectomy specimens for patients who subsequently 

developed métastasés compared to those who did not (164). Similar findings have been 

reported in patients with Gleason sums 5-7, the very group in which additional indicators 

o f biological activity are needed (165). Furthermore, as a predictor of response to radical 

radiotherapy. Hall and colleagues correlated MVD with failure of treatment. At a cut off 

of 60 vessels per x 200 field, there was a lower pre-radiotherapy PSA, no non-diploid 

tumours and only 7% failure rate to radiotherapy. Above 60 vessels there was an 86% 

failure rate to radiotherapy (166). However, one criticism of this study was that MVD 

was measured on TUR specimens which may not be representative of the tumour as a 

whole. Likewise in the radical prostatectomy series, demonstrating after the event that 

the operation has been carried out on a poor prognostic tumour is of limited benefit. 

What is needed is prognostic information before the decision to operate is made. In this 

regard MVD has been analysed in true-cut biopsies using enhanced digital image analysis 

(167). When combined with Gleason score and serum PSA, the optimised MVD 

significantly increased the ability to predict extra pro static extension. However, this 

technique has potential limitations for wide-spread use as it relies on the accuracy of the 

biopsy. We have already seen (162) that MVD decreases with distance away fi*om the 

centre of the tumour. Likewise MVD is generally not uniform throughout tumours. 

Predictions based on raised MVD are usually calculated on vascular “hot spots” rather
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than the MVD of the entire tumour. True cut biopsy results may be misleading if the 

“hot spot” is hit or missed. Therefore whilst MVD may be of some prognostic use in 

prostate cancer, other aspects of angiogenesis may be better predictors.

The most studied angiogenic factor in prostate cancer is basic FGF. Basic FGF is 

produced by prostate cancer cell lines in vitro (168, 169) and has been related to 

metastatic ability in xenografts in androgen-independent prostate cancer cell lines (168). 

Clinically elevated basic FGF has been demonstrated in the urine in men with benign 

prostatic hyperplasia (129) but at reduced levels in prostate cancer (170). Basic FGF is 

also elevated in the serum of men with prostate cancer compared to controls and in men 

with prostate cancer and a 'normal' PSA measurement (<4 ng/ml) elevated basic FGF had a 

sensitivity of 83% and a specificity of 44% as a predictor of prostatic cancer (171). This 

may be o f benefit as up to 25% of men with prostate cancer have normal serum PSA 

(172).

Conflicting results exist for VEGF in prostate cancer. One immunohistochemical study 

reported significantly increased levels of VEGF staining in prostate cancer cells compared 

to benign prostatic hyperplasia or normal cells (173). Other studies have confirmed high 

levels of VEGF mRNA and protein in normal glands (174) and in BPH and malignant 

glands (175). VEGF may have differing roles in normal and malignant tissue but further 

evidence is needed if a prognostic role for VEGF is to be discovered in prostate cancer. 

However, a therapeutic role may still be possible as demonstrated recently by Ferrara and
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colleagues using neutralising anti-vascular endothelial grovvth factor antibody in an 

athymic mouse model injected with human prostate cancer cell line (DU145) spheroids

(54). In anti-VEGF antibody treated mice, there was complete inhibition o f neo

vascularization and complete inhibition of tumour growth after the initial pre-vascular 

angiogenesis independent growth phase. Other angiogenic factors implicated in prostate 

cancer include TGF-a (176), TGF-P (177), PDGF (178) and EGF (179).

As we have seen, extracellular matrix turnover is an important part of angiogenesis. In a 

study using a rat prostate cancer cell line, cells were transfected to either significantly over 

express or under express urokinase plasminogen activator (uPA). These cells were then 

injected into the left ventricle of Dunning rats. Rats injected with uPA over-expressing 

cells developed more widespread bone métastasés, and earlier cord compression (day 14- 

15 post inoculation) than animals with either control cells (cord compression date 20-21) 

or uPA under-expressing cells (cord compression day 25-29) (180). This study did not 

analyse whether these effects were in part due to an angiogenic effect, however this is 

possible. Indeed, a later study (181), demonstrated that PC-3 cells transfected to over 

express the plasminogen activator/inhibitor type-1 (PAI-1) resulted in smaller tumours 

with less lung and liver métastasés when tested in an athymic mouse model. Furthermore 

these tumours had significantly reduced tumour associated microvasculature implying that 

the anti-angiogenic effect o f PAI-1 over expression may have implications for tumour 

angiogenesis.
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Gately (182) demonstrated that the human prostate cancer cell line PC-3 generated active 

angiostatin from purified human plasminogen or plasmin probably via a serine protease 

enzyme. This indicates the potential of human prostate cancer to use inhibitors as well as 

stimulators to regulate angiogenesis. Most anti-angiogenic therapeutic strategies against 

prostate cancer have concentrated on antagonising stimulators but Gately’s findings 

indicate that a strategy based on up-regulation of inhibitors may have potential.

1.12 Prostate cancer and anti-angiogenic strategies

The outlook once androgen resistance has developed is poor. Anti-angiogenic therapy 

may have a role in this setting. Linomide was shown to have antitumour effects in vivo 

on prostate cancer cell lines which were not seen in vitro (183). It was therefore 

proposed that linomide was acting through a host mediated process, that was not immune 

mediated as the same results were seen in athymic rats, e.g. possibly angiogenesis. This 

was later confirmed (184, 185) when linomide treatment of rats bearing prostate cancer 

resulted in significant reductions in tumour blood flow and micro vessel density. 

Interestingly, castration has been shown to decrease vasculature in the rat prostate (186) 

and reduce the level of VEGF (187, 188). The combination of castration and linomide had 

additional synergistic antitumour effects compared to linomide alone. Such combination 

therapy may be valuable in the clinical situation and should be investigated.
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TNP-470 has shown promise against prostate cancer in pre-clinical trials inhibiting the 

growth in mouse xenograft experiments of PC-3 cells in a dose dependent manner (189). 

Although to date little clinical trial data exists for TNP-470 and prostate cancer. The 

most extensively studied anti-angiogenic agent in prostate cancer in clinical trials is 

suramin. In two phase I studies on patients with metastatic hormone refractory prostate 

cancer, suramin achieved four complete responses and eight partial responses in 29 

patients with measurable disease (190, 191). In addition around three-quarters of patients 

had a reduction in PSA by 50%. However these responses were mostly of short duration 

and dose limiting side effects were common and serious including Addisonian crises, 

severe neuropathy and death. Given a narrow therapeutic window, suramin is currently 

not a candidate for widespread use in hormone escaped prostate cancer.

1.13 Testis cancer and angiogenesis

Very little has so far been reported on testis cancer and angiogenesis. Olivarez and 

colleagues studied a series o f 65 patients with clinical stage A testicular germ cell tumours 

undergoing retroperitoneal lymph node dissection after orchidectomy. The 11 patients 

with the highest MVD all had occult metastatic disease, this was significant by univariate 

analysis (192).
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VEGF has been identified in the normal testis predominately within Leydig and Sertoli 

cells (193). In addition MVD has been found to correlate with the levels of VEGF but not 

placental derived growth factor in germ cell tumours (194). In a study comparing VEGF 

expression from stage 1 germ cell tumours with a separate group of metastatic germ cell 

tumours, VEGF was significantly higher in the metastatic group (195). However no study 

has been performed so far, on a group of patients with stage 1 disease treated 

conservatively to correlate eventual outcome with angiogenesis.
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1.14 Rationale, Aims and Objectives

There is now considerable evidence that angiogenesis is a critical process in tumour 

biology. It has been shown to be a prognostic factor in a number of tumours including 

bladder where our group has previously demonstrated the prognostic significance of raised 

microvessel density in invasive bladder cancer (1). There appear to be 2 distinct 

angiogenic pathways in bladder cancer, VEGF expression being particularly elevated in 

superficial bladder cancer and TP expression being particularly elevated in invasive 

bladder cancer (2). Identification of the mechanisms behind such expression and its 

regulation is however critical if these findings are to be translated into clinical practice and 

these factors are to become therapeutic targets rather than just prognostic indicators.

The aims of this study are therefore;

1) To determine the regulation of VEGF expression in human bladder cancer cell 

lines, focussing especially on physiologically relevant conditions of hypoxia and 

increased cell density. The pathways and factors involved in such regulation will 

be examined in an attempt to identify therapeutic targets. Lastly the relevance of 

these findings to clinical practice will be investigated by analysis of primary 

human bladder tumours (chapter 3).

59



2) To develop a model of bladder cancer invasion, representative of the clinical 

situation, allowing for tumour cell / extracellular matrix interactions (chapter 4).

3) To induce overexpression of TP in a superficial non-invasive bladder cancer cell 

line and test the effects of this on the in vitro invasion model and also in vivo 

(chapter 5).

Two areas of urological malignancy where there is a requirement for additional prognostic 

indicators in order to tailor therapy to need, are patients with prostate cancer and patients 

with clinical stage 1 germ cell tumours of the testis. Since angiogenesis is prognostic in a 

number of malignancies these patient groups were investigated in pilot studies to 

determine;

4) If there was a role for serum VEGF in the assessment of patients with prostate 

cancer (chapter 6 ).

5) Whether angiogenesis could indicate which patients with clinical stage 1 

germ cell tumours of the testis would benefit from post orchidectomy adjuvant 

therapy (chapter 7).

60



61



Chapter Two

Materials and Methods
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To facilitate finding information, the following materials and methods chapter has been 

subdivided according to the chapters that follow. "Wliere one technique is common to 

several chapters it is described fully the first time, with subsequent references only added 

where specific modifications have been made.

2.1 Expression and regulation of VEGF

2.1.1 Cell lines

Four human bladder transitional cell carcinoma cell lines were studied (gift from Dr M. 

Knowles-ICRF, Leeds). RT4 and RT112 display well and moderately differentiated 

phenotypes respectively and are routinely used as models of superficial bladder cancer 

(25, 196, 197). The other two cell lines, 253J and EJ28 display poorly differentiated 

phenotypes and are models of invasive bladder cancer (198-200).

Cell lines Original tumour Growth as xenografts

RT4 T2G1 Well differentiated

RT112 T2G2 Moderately differentiated

253J TxNl (metastatic lymph node) Poorly differentiated

EJ28 T3G3 Poorly differentiated

Table 2.1 Cell lines studied
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2.1.2 Routine cell culture

All cell lines were mycoplasma free. Cells were grown on poly-L-lysine coated tissue 

culture dishes (Falcon, Becton Dickinson, Oxford, Oxon., UK.) and maintained in an 

humidified atmosphere of 5 % CO2 and 95 % air at 37^C. For routine cell culture the 

medium used was RPMI 1 % (ICRF-Clare Hall) supplemented with 10 % foetal bovine 

serum (FBS) (Helena Biosciences, Sunderland, UK) and glutamine (final concentration 

2mM) . Antibiotics were routinely added (final concentrations Streptomycin 45 pg/ml. 

Penicillin 45 |xg/ml and Kanamycin 90 jUg/ml)

2.1.3 Subculture

For routine passage, cells were harvested using 5 -10  ml trypsin-EDTA solution (4mg/ml 

trypsin, 0.2mM EDTA in PBSA - Ca^^ and Mĝ '*' free) at 37°C for 5 minutes. The 

trypsin was then neutralised with an equivalent volume of complete medium. Cells were 

pelleted by centrifugation at 1000 rpm. for 4 minutes. The pellet was re suspended in an 

appropriate volume of complete medium and plated at the required density. Typically a 

1:4 split was used for RT4 and a 1:10 split used for RTl 12, 253J and EJ28 cells.
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2.1.4 Freezing and thawing cells

After trypsinisation and centrifugation, cell pellets were resuspended in 1 ml of DMSO 

10 % / FBS mixture per 5 x 10  ̂ cells. This was aliquoted into sterile nunc vials and 

incubated overnight at - 70^C and then transferred to liquid nitrogen.

To thaw cell stocks, vials were thawed rapidly at 37°C and transferred to a 10 cm petri 

dish with complete medium. The following day the medium was changed to remove any 

unattached cells.

2.1.5 Collection of cell culture supernatant for VEGF analysis

For all cell culture experiments where VEGF was measured, unless stated otherwise e.g. at 

confluence, experiments were carried out during the exponential growth phase at 

approximately 60 - 70 % confluence. In order to allow comparison between different cell 

lines, VEGF was quantified during a set time period, for a standard amount of medium (1 

ml) per 10  ̂cells. To achieve this, immediately prior to any experiment the medium was 

aspirated off the culture plates, cells were washed in PBSA and complete medium was 

replaced in an amount proportional to the surface area o f the plate used. After 16 hours 

this medium was collected, centrifuged at 1000 rpm. for 5 minutes to pellet any dead cells 

and the supernatant aliquoted and stored at - 70®C for subsequent VEGF analysis.
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Analysis was carried out within 1 month of collection. The remaining cells were harvested 

by trypsinisation (as above) and resuspended in an appropriate volume o f medium. Four 

hundred pi of this solution were then transferred to a coulter counter vial containing 19.6 

ml Isoton II solution (Beckman Coulter, High Wycombe, Bucks., UK.) and counted on a 

coulter counter ( Beckman Coulter) to give cell counts per ml o f resuspended cells. In this 

way VEGF expression could be measured as picograms of VEGF per ml of medium per 

16 hours culture per 1 0  ̂cells.

2.1.6 Cell culture under hypoxic conditions

For hypoxic culture, plates (both for hypoxia and control normoxia plates) were prepared 

as above with medium changed immediately prior to the experiment. Cells were then 

transferred to the adjacent hypoxic incubator (Cellhouse 170, Heto-Holten, Camberley, 

Surrey, UK.) or returned to the standard incubator. Hypoxic conditions were maintained 

in a humidified atmosphere of 0.1 % O2, 5 % CO2 and 94.9 % N 2 at 37®C. After 16 hours 

VEGF supernatant was collected and cells counted as above.

2.1.7 Protein extraction from cultured cells

For experiments where H IF -la  and H IF-2a were subsequently to be analysed the 

following protocol was used. Plates were removed from the incubator and placed on ice,
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supernatant was aspirated and cells washed twice in cold PBSA. Cells were then 

harvested by scraping with a rubber scraper in 4 ml PBSA. Cells were pelleted by 

centrifugation at 1000 rpm. for 3 minutes at 4^C. The resultant pellet was resuspended in 

500 pi of 8 M urea extraction buffer (Glycerol 10 %, Tris-HCl pH 6 .8  lOmM, DTT 5 

mM, SDS 1 %, Protease inhibitor 250 pi (see section 2.7), and 8 M Urea) and 

homogenised using an ultraturax (IKA Labortechnik, Staufen, Germany) and stored at 

minus 2 0 °C for subsequent analysis.

2.1.8 Enzyme linked immunosorbent assay (ELISA)

VEGF protein was measured in cultured cell supernatants, and serum (chapter 6 ) using 

the Quantikine ELISA (R&D Systems, Abingdon, UK). The assay employs a quantitative 

sandwich enzyme immunoassay technique utilising mierotitre wells coated with a 

monoclonal antibody specific for VEGF. On each plate standard VEGF concentrations are 

included using recombinant human VEGF in a buffered protein base with preservative. A 

curve is prepared plotting the optical density (OD) versus the VEGF concentration in the 

standard wells. Comparison of the OD for the samples and the standards allows the 

concentration in the sample to be determined.
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2.1.8.1 Estimation of cell supernatant VEGF by ELISA

The ELISA was performed as per the manufacturer's guidelines. The VEGF standard was 

reconstituted, with gentle agitation, in the manufacturer's diluent RD5K (a buffered 

protein base with preservatives) and serial dilutions made from 1 0 0 0  pg/ml to 15.6 pg/ml. 

The RD5K diluent was used as the zero standard control. Two hundred pi of cell 

supernatant were added to each well containing 50pl o f assay diluent RDI W. Following a 

two hour incubation at room temperature the solution was removed and the wells washed 

three times with the wash buffer supplied (buffered surfactant with preservatives). Two 

hundred pi of VEGF conjugate (polyclonal antibody against VEGF conjugated with 

horseradish peroxidase) were added to each well and incubated for a further two hours at 

room temperature following which the aspiration and wash steps were repeated. Two 

hundred pi of substrate solution (formed by the addition of stabilised hydrogen peroxide 

and a chromogen [tetramethylbenzidine]) were added and incubated for 25 minutes prior 

to the addition of a stop solution (2M sulphuric acid).

Within 20 minutes, the plate was read on a spectrophotometer (Titertek multiscan plus 

Mk 11, Labsystems, Finland) taking OD. readings at 450nm and 570nm. Sample values 

were determined from the standard curve using Deltasoft software (Microsoft, USA).
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2.1.9 Tumour bank

Superficial transitional cell bladder cancer (TCC) was obtained from patients undergoing 

transurethral resection of bladder tumour, and invasive TCC and normal bladder from 

patients undergoing cystectomy at the Churchill Hospital. Immediately after resection, all 

samples were snap frozen in liquid nitrogen. After patient histology confirmed the 

diagnosis, two 200-400 mg portions were removed from the stored sample on ice and used 

for mRNA and protein preparation.

2.1.10 RNA purification

Total RNA was extracted from cells and tumour samples using TRI reagent (Sigma, Poole, 

UK.). RNA purity was quantitated spectophotometrically at 260 nm and 280 nm. Only 

samples with absorption ratios (260/280) greater than 1 .6  were used for subsequent 

ribonuclease protection assay, samples with absorption ratios less than 1 .6  were 

repurified. Purity and ability to load accurately a fixed amount of total RNA was assessed 

by electrophoresing 1 pg of all samples on a 1 % agarose gel (Fig 2.1).
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28S ribosomal RNA

18S ribosomal RNA
0

Fig 2.1 Representative agarose electrophoresis gel (1 %) run at 50 V for 1 hour 
following RNA purification. Nine samples of Ipg of RNA loaded per well. The two 
bands representing 28S and 18S ribosomal RNA illustrate equal loading and 
purity of the sample.

2.1.11 Ribonuclease protection assay

Ribonuclease protection assay works on the principle that single stranded RNA is rapidly 

digested by ribonucleases whilst double stranded RNA is protected against these 

degradative effects.

Linearised DNA templates for the molecule of interest are transcribed to form 

radiolabelled riboprobes, complementary to sample RNAs of interest. Hybridisation of 

this antisense riboprobe to the RNA of interest results in double stranded RNA which is 

then resistant to exogenous ribonucleases, added to digest any unhybridised single 

stranded RNA. Only RNA corresponding to the molecule of interest will be protected and 

can be detected at the end of the experiment by virtue of its radiolabelling (Fig 2.2). The
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technique o f ribonuclease protection is described below. All steps were performed with 

RNAse free equipment and solutions.

2.1.11a Transcription of riboprobe

DNA templates for VEGF, H IF -la , H IF-2a and U6  (small nuclear DNA, used as a 

loading control, see section 2 .1 .1 0 d) had previously been prepared in the lab and were 

generous gifts (Jeremy Crew and John Moore).

Transcription of DNA templates into ^^P-labeled riboprobes was performed in 

eppendorfs, on ice with 2 0  p.1 of solution being prepared in the following order;

Ipl 10 X transcription buffer (Boehringer Mannheim)

0.5 |xl 200 mM Dithiothreitol

1 |il 3 nucleotide mix (4mM) including Cytosine triphosphate (CTP) (U6 )

1 pi 3 nucleotide mix (4mM) excluding CTP (for VEGF, H IF -la  and HIF-2a)

2.5 pi ^^P CTP (lOmCi/ml) (Amersham, lOmCi/ml, 800 Ci/mmol)

0.5 pi placental ribonuclease inhibitor (Boehringer Mannheim)

1 pg Template DNA (1 pg/ml) (4 pg for U6 ).

RNA polymerase (Boehringer Mannheim)(l pi T7 for VEGF and U6 )

(0.5 pi SPG for H IF -la , HIF-2a)

DEPC treated water 0.1% to 20 pi.

Following incubation at 37°C for 30-60 minutes, 10 units (1 pi) ribonuclease free 

Deoxyribonuclease 1 was added to digest residual DNA template and incubated at 37°C
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for 30 minutes. The solution was loaded onto the centre o f a prepared (centrifuged at 500 

rpm for 2 minutes) G-50 Sephadex spin column (Boehringer Mannheim) and centrifuged 

at 2500 rpm for 4 minutes.

Radioactivity (counts per minute) per 1 p,l o f riboprobe was measured on a scintillation 

counter. To confirm the presence of undegraded riboprobe 1 pi was run at 70W on a small 

6 % polyacrylamide sequencing gel followed by autoradiography.

The templates used thus yielded radiolabelled protected fragments as follows: 517 bp for 

VEGF121, 439 bp for both VEGF and VEGF 139 (the protected 439 bp fragments run 

further than the 517 bp fragment and hence the characteristic doublet for VEGF), 206 bp 

for H IF -la , 210 bp for HIF-2a and 106 bp for U6 .
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Sample A

VEGF

Small nuclear 
RNA
(loading control)

Probes

1) Antisense VEGF

2) Antisense small nuclear RNA 
32p

Hybridise

Sample

etc

VEGF

Loading

RNAses degrade
unprotected
single
stranded RNA

100%
Unhybridise 
free probe

Fig 2.2 Schematic representation of the ribonuclease protection assay
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2.1.11b Hybridisation of riboprobe to sample RNA

For each sample hybridisation cocktail was prepared containing;

10 pg Total RNA

30 pi Hybridisation buffer - 6  pi 5 x Stock solution

200mM PIPES, pH 6.4 

2M NaCl 

5mM EDTA

24 pi deionised formamide 

= 0.5 X 10  ̂cpm U6  riboprobe 

AND = 1 X 10  ̂cpm VEGF riboprobe 

OR = 1 X 10  ̂cpm H IF -la  riboprobe 

OR = 1 x 1 0 ^  cpm HIF-2|3 riboprobe

The resulting solution was denatured at 95 - 100°C for 3 minutes and hybridised overnight 

in a waterbath at 55°C to allow annealing of the riboprobe to the RNA.

2.1.11c Digestion of unhybridised RNA

Any unhybridised RNA or riboprobe was degraded the following morning by the addition 

of 350 pi of digestion buffer (lOmM Tris HCl pH 7.5, 300mM NaCl and 5mM EDTA) 

containing 40 pg / ml RNAse A and 1000 units / ml RNAse T1 at room temperature for 

30 minutes.

74



This ribonuclease activity was then inactivated with 2.5 |a1 20 % SDS and 10 jj.1 

proteinase K (4 pg / pi) at 37°C for 15 minutes. RNA was extracted using phenol and 

subsequently precipitated with 2.5 volumes of 100 % ethanol at -70°C for 1 hour. After 

centrifugation (14,000 rpm, at 4°C for 10 minutes) the supernatant was removed and the 

pellet washed in 70 % ethanol and repelletted. The RNA was then air dried and dissolved 

in 10 pi loading buffer. This was then heated to 95°C for 3 minutes to dissociate the 

double stranded RNA and cooled rapidly on ice to prevent reannealing. Protected samples 

were analysed by electrophoresis at lOOW on a large 6 % polyacrylamide sequencing gel.

2.1.1 Id Quantification

On all gels, a lane containing tRNA and hybridisation cocktail was run as a negative 

control. A second lane contained hybridisation cocktail only (with no ribonuclease 

treatment), to confirm intact probe and correct size of the protected fragment 

Messenger RNA quantification was performed using the ImageQuant Phosphorlmager 

(Version 3.3, Molecular Dynamics, Sunnyvale, CA. USA). Results were expressed in 

arbitrary units as signal from riboprobe of interest / signal from U 6  riboprobe to serve as a 

loading control.
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2.1.12 Western blotting for H IF -la  and HIF-2a protein

Protein levels were initially standardised using the BCA protein assay (Pierce, Illinois, 

USA). For immunoblotting, proteins were then separated in SDS 6 % poly cry lamide gels 

and transferred overnight to Immobilon P membrane (Millipore, Bedford, MA. USA). For 

the early experiments this was by wet transfer in transfer solution (25 mM Tris base, 190 

mM glycine, 15% methanol) at 27V, in later experiments transfer was achieved using a 

semi-dry blotter Imm-2 (W.E.P. company. Concord, CA. USA).

Membranes were then dried for 1 hour at 37°C and blocked with 5% fat-free milk, 0.05% 

Tween 20, in PBS prior to overnight incubation with primary antibody.

For H IF -la  detection, MoAb 28b (110) was used at 4 pg/ml and for HIF-2a MoAb 190b

(110) was used at 2 pg/ml. Membranes were then washed for a total of 1 hour in 

PBS/Tween prior to the addition of horseradish peroxidase (HRP)-conjugated goat anti

mouse immunoglobulins (Dako, Ely, UK) at 1:1000. A further 45 minute wash cycle was 

followed by detection with enhanced chemiluminescence system (ECL) (Amersham 

Corp., UK). Membranes were then exposed to Xray film for 0.5 - 10 minutes as 

appropriate. After analysis, membranes were stained with Ponceau S to verify equal 

protein loading and transfer. Protein expression detected by western blotting was 

quantified and compared by densitometry (Flurchem, Alpha Innotech Corp, San Leandro, 

CA. USA.).
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2.1.13 Culture and signalling inhibitors

Cells were grown under standard cell culture conditions. When 60 - 70 % confluent, the 

medium was changed in the normal way as for other VEGF estimation experiments, 

except the 10 % serum was omitted. (Preliminary experiments showed that this had no 

effect on cell viability or VEGF expression in our cells over a 16 hour period).

The medium was then supplemented with one of the inhibitors listed (Table 2.2). These 

inhibitors work at different sites in the signalling cascade (Fig 2.3). The cells were then 

incubated in either nonnoxic or hypoxic conditions for 16 hours after which cell 

supernatant was collected for VEGF analysis and the cells counted as above.

Inhibitors. Site of inhibition (Fig 2.3) Stock
concentration

Final
concentration

PD 098059 MEK I mM 50 pM
Laevendustin A Receptor tyrosine kinase I mM 100 pM
SB 202190 p 38 100 pM 2 pM
Calphostin C Protein kinase C 10 pM 0.2 pM
Genistein Tyrosine protein kinase 2.5 mM 25 pM
Razoxane Topoisomerase II 50 pg/ml 2 pg/ml
N-Acetylcysteine Anti-oxidant 10 mM I mM
LTT294002 Phosphatidylinositol 3-kinase 10 mM 20pM
Control (+DMSO)* - I % O.OI %

Table 2.2. Inhibitors of signalling pathways tested.
*DMSO was added to the control (serum free medium) because the inhibitors were 
made up in DMSO at a maximum final concentration of 0.01 %.
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Stimulus
Mitogens Cytokines Stress

Growth factors Hypoxia

Laevendustin A  receptor tyrosine 
kinase !

RHO
Cdc42

PKCs
Calphostin C

PI 3-kinase MEKs
PD098059

LY 294002
ERKl

Integrins

y

p38 SB 202190

Response
Phosphorylation of nuclear and cytoplasmic proteins 
Changes in gene expression and cytoskeletal structure

Fig 2.3 Key signalling pathways and inhibitors
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2.2 Development and use of in vitro model of bladder cancer invasion

2.2.1 Doubling time of human bladder cancer cell lines

The same 4 human TCC cell lines (section 2.1.1) were also used for this part of the 

project. To examine doubling times of these human bladder cancer cell lines, 5 x lO'̂  cells 

of each cell line were seeded, and the number of cells in each cell line were counted in 

triplicate over the next 7 days. The doubling time of each cell line was calculated from the 

standardised curve of proliferation rate.

2.2.2 In vitro invasion assay

Sprague-Dawley rats that had served as negative controls in other experiments were used 

for these experiments. Rats were euthanised by cervical dislocation. The urinary bladder 

was removed through a laparotomy incision and transferred to a universal container with 

sterile culture medium for washing. Bladders were then cut into halves and digested with a 

1000 units/ml bacterial neutral protease (Dispase I, Godo-Shusei Co. Ltd., Tokyo, Japan) 

for 2 hours at room temperature. The urothelium was then stripped off with dissecting 

forceps and the hemibladders were then placed (de-epithelialized surface uppermost) onto 

filter paper. The remaining stroma, with intact basement membrane was then divided

79



further to yield typically 3 sections (approximately 0.5 x 0.5 cm) from each hemibladder 

(Fig 2.4).

Three 30 mm diameter culture inserts (with a 0.4 p,m pore size nitrocellulose base - 

Millicell CM, Millipore, Bedford, MA, USA) were placed into a 10 cm culture dish. 

Onto each culture insert, 0.5 ml of a collagen gel solution was pipetted (1 volume of 10 x 

concentration RPMI [without NaHCOg], 1 volume of reconstruction buffer [2.2 g 

NaHCOg and 4.77 g HEPES in 100 ml 0.05M NaOH] and 8 volumes of type I collagen 

solution [Cellmatrix, Nitta Gelatin Co.Ltd., Osaka, Japan]). The bladder sections were 

then removed from the filter paper and placed, de-epithelialized surface uppermost, on 

the gel (up to 6  sections per insert). This was then placed in the incubator at 37 for 15 

- 30 minutes to fix the de-epithelialized stroma on the gel.

After 1 5 - 3 0  minutes, cultured cells to be applied were harvested in the standard way 

with the exception that trypsin was neutralised by mixing with 1 x cone. FBS serum and 

centrifuging (a process repeated twice) to ensure that no traces o f trypsin remained. Cells 

were then resuspended in medium and the required number (typically 1 x l O ^ -  1 xlO^ 

depending on cell line) was pipetted in 2  ml of complete medium into each 30 mm culture 

insert. Six ml of complete medium were then placed in the 10 cm culture dish outside the 

three 30 mm culture inserts to create an air-liquid interface which appears essential for 

correct functioning of the assay. At 24 hours the 2 ml of medium in the 30 mm culture
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insert was aspirated and not replaced. The medium in the 10 cm culture dish was renewed 

every 3 - 4  days.

I)e-epithelialization

Rat bladder

cut into halves 
 ►

digestion with
protease
RT, for 2 hours

urothelium layer 
stronialTayer 
muscle layer

urothelium layer was 
detached from the 
stroma ,__

Human bladder cancer cell line
Conventional monolayer culture

trypsin
resuspend seed onto the rat stroma

Assesment of invasion

H and E staining 
paraffin embedding

0 -2 mm

put the rat stroma 
on culture insert

*mm
— -8 mm?
1 8 - 1 0  mm

In vitro invasion model

Air-liquid interface
Culture insert coated with collagen gel matrix type lA

Fig 2.4. Experimental procedures of in vitro invasion assay. The left side of the figure 
demonstrates de-epithelialization of rat bladder. The centre of the figure shows 
setting up the rat stroma on culture inserts. Human bladder cancer cells are seeded 
onto this de-epithelialized rat stroma. The right side demonstrates the assessment of 
invasion. All cells are counted in 2 mm deep rows, starting from a depth of 2 mm, up 
to 10 mm (RT=room temperature, H and E=haematoxylin and eosin).

2.2.3 Assessment of invasion

Organ cultures were harvested at 3 , 7 , 1 4  and 28 days, fixed in 10 % neutralised formalin 

and embedded in paraffin-wax. Tissue sections (5 pm) were dewaxed and rehydrated
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through graded alcohols to water. For histological evaluation, sections were stained and 

examined as H and E sections. To quantify invasion, sections were viewed at high power 

(x 400) under a microscope. A 100, 1 mm x 1 mm, square graticule (Graticules Ltd, 

Tonbridge, UK) was placed with the top edge along the upper surface of the rat bladder at 

the left hand edge of the section. To exclude false invasion results due to an undulating 

upper surface of the rat section, the first 2 rows were not counted. Thereafter all cells 

were counted in 2 mm deep rows, starting from a depth of 2 mm to 10 mm. The whole 

section was counted by moving the graticule from left to right. Results for each section 

represent the average of at least 1 0  graticule counts and for each cell line/condition at least 

3 and frequently more, representative rat sections were counted.

2.2.4 Immunohistochemical staining

Immunohistochemistry was utilised in various parts of this thesis (chapters 4, 5 and 7) 

and therefore the description below is of the general techniques for all antigens followed 

by table 2.3 which records details specific to each antigen. Prior to definitive 

immunohistochemistry, conditions were optimised for each antigen and hence the variety 

of techniques used. In all cases there were 3 basic steps;

(i) Dewaxing +/- antigen unmasking.

(ii) Immunostaining.

(iii) Quantification - discussed under relevant section.
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All steps were performed at room temperature and on 5 p,m formalin fixed, paraffin 

sections. Dewaxing for 10 minutes in citroclear was followed by rehydrating in serial 

dilutions of ethanol (100%, 100%, 70% and 50%). For rat sections, non-specific 

background staining was blocked by incubation with 10 % swine serum and for TP 

staining, endogenous peroxidase was blocked by washing the sections in hydrogen 

peroxide and methanol for 30 minutes, followed by incubation in 5% normal human serum 

(NHS) for a further 30 minutes.

Antigen unmasking was not needed for TP sections. For the other antigens, blocking of 

endogenous peroxidase was not necessary but antigen unmasking was. This was achieved 

by microwaving (twice for 4 minutes each at high power in Tris-EDTA pH 9.0 buffer).

(ii) The next step was incubation of tissue sections for 2 hours with the primary antibody 

(Table 2.3) Two positive controls and one negative control (by omitting primary 

antibody) were added to each immunohistochemical staining run.

After the primary antibody, sections were washed for three minutes in TBS and then 

secondary antibodies were added (Table 2.3). Here the techniques differed, depending on 

the antigen. An avidin-biotin complex (ABC) immunoperoxidase technique was used for 

TP, cytokeratin 18, Ki-67, laminin and VEGFR-3, and an APAAP (alkaline phosphatase- 

anti alkaline phosphatase) technique was used for MVD and VEGF staining. In all cases 

the secondary antibodies were anti-mouse antibodies and incubation was for 1 hour.
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Those for the ABC technique were either biotin labelled (ABC complex - Dako, High 

Wycombe, UK.) or linked to horseradish peroxidase. After 1 hour the sections were again 

washed in TBS followed by either horseradish peroxidase-conjugated streptavidin ABC 

complex and chromogen for biotinylated secondaries or straight to chromogen for 

horseradish peroxidase -linked secondaries. The final peroxidase reaction was developed 

using either diaminobenzidine or 3-amino-9-ethyl carbazole as chromogen.

For micro vessel density and VEGF immunostaining by the APAAP technique the 

secondary antibody was followed by APAAP solution for 30 minutes. These secondary 

antibody and APAAP steps were then repeated for 10 minutes each. Again all sections 

were washed for 3 minutes in TBS between steps. Alkaline phosphatase substrate (New 

Fuchsin) was then added to each section for 20 minutes. New fuchsin substrate is made 

in two containers, the contents of which are mixed then filtered as a final step (Container 

A; 10 grains of sodium nitrate, 250 \i\ de-ionised water, 125 |Ltl New Fuchsin in HCl, 125 

|Lil levamisole, 25 ml pH8.7 Tris. Container B; 25 mg Naphthol AS-Bl Phosphate, 300 pi 

dimethyl formamide, 25 ml pH 8.7 Tris).

Sections were then washed and counterstained with haematoxylin and mounted with 

aqueous mount (Gurr, BDH, Poole, Dorset, UK.).
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Cytokeratin
18

Ki-67 Laminin TP

Dpwaxing + + + +

10 % swine serum for background 4 % H.O^for
endogenous
peroxidase

retrieval
0.1 % trypsin and microwave none

LP34 MIB-1 a-laminin P-GF 44.C (201)

1 : 10 1 : 10 1 : 10 1:5

DAKO Beckman Coulter Sigma ICRF

Bladder Ca 
Breast Ca

Bladder Ca 
Breast Ca

Bladder Ca 
Breast Ca

Nornial liver

Goat anti mouse

1 : 1000 1 : 1000 1 : 1000 1 : 1000

ABC
-

Chromogen • DAB

Antigen Von Wilie- 
hrand factor

CD 31 VEGF VEGFR-3

b e w a m n g # 4 - 4 - 4 -  4-

Blocking . - None 4%
5% horse serum

Microwave

a  VWF JC 70 (202) VGl (203) 9d9 (204)

Dilution #r Neat 1 :1 0 1 :2 0 1 : 500

ICRF ICRF ICRF Prof. Alitalo 
Helsinki

Positive ÿ Bladder Cancer, :Breast Cancer

antibody Goat anti mouse

1 : 1 0 0 0

Third stage APAAP ABC

Chromogm.» New Fuchsin 3-amino-9-ethyl
carbazole.

Table 2.3 Specific immunohistochemistry variations
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2.2.5 Assessment of toxicity of inhibitors and addition of inhibitors

Prior to assessing the ability o f the inhibitors, Suramin (Miles Pharmaceuticals, West 

Haven, CT, USA), N-acetylcysteine (Sigma-Aldrich, Poole, Dorset. UK.), Â5 (Angstrom, 

San Diego, CA. USA) and monoclonal anti-urokinase plasminogen activator receptor 

(uPAR) antibody Mab 3936 (American Diagnostica, Greenwich, CT. USA) to inhibit 

invasion in the rat bladder model, direct toxicity of these agents on the growth of EJ28 

cells in monolayer culture was examined. 3x10^  cells were seeded onto a 96-well culture 

plate in 100 |xl of conditioned medium with 10 % FBS. At 24 hours (day 1) the medium 

was changed to conditioned medium containing 0, 0.01,0.1, 1 mM of N-acetylcysteine or 

Suramin. On day 4, cell viability was measured using an MTT assay kit (Chemicon 

International, Temecula, CA, USA) according to the manufacturer's instructions.

These inhibitors, at their chosen concentration (see section 4.3) were added in 0.1ml of 

conditioned medium onto the surface of rat bladders from culture day 0  and thereafter 

every 24 hours. Control bladder sections had medium only added.

2.2.6 Assessment of components of plasminogen activator system in cell lines

Cells were grown until in the exponential growth phase. Culture medium was then 

aspirated and replaced with assay medium (serum free for uPA, uPAR and PAI-1 

experiments, and containing serum for VEGF). After a further 16 hours culture.
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supernatant was collected, centrifuged to remove cellular debris, aliquoted and stored at 

-70°C for subsequent analysis. The cells were harvested using 10 mM EDTA, washed 

twice in PB SA and counted in an automated counter (Beckman Coulter, High Wycombe, 

Bucks, UK). Aliquots of Ix 10  ̂were separated to determine cytosolic uPA, uPAR and 

PAI-1. For cytosolic uPA, these aliquots were lysed using 50mM Tris-HCl, 0.15 M 

NaCl, 1 mM CaCl], 1 mM M gC l], and 1 % Nonidet P-40 (pH 7.5). Supernatant VEGF 

and supernatant and cytosolic uPA were measured using commercially available ELISA 

kits (Quantikine, R & D Systems, Abingdon, Oxon U.K. and product # 894, American 

Diagnostica respectively). Cytosolic uPAR and PAI-1 were measured as previously 

described (205). VEGF and uPA expression in the supernatant was standardised per ml 

supernatant per 1x10^  cells in this 16 hour period. Cytosol results represent protein 

expression in ng/ml per Ix 10  ̂ (uPA) or per 1 x 10  ̂ cells (uPAR, PAI-1). Unless stated 

experiments were repeated three times and performed in triplicate.

2.3 Induction and effect of TP overexpression

The retroviral vector used to infect cells with TP DNA was linked to a puromycin 

resistance gene to allow selection. Therefore prior to these infection experiments, 

puromycin killing curves were established.
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2.3.1 Puromycin killing curves

Cells were routinely passaged and plated into medium supplemented from a puromycin 

stock solution (5mg/ml) at concentrations ranging from 0 - 5  pg/ml. This medium was 

changed every 3 days and the lowest concentration that caused 100 % cell death (usually 

achieved within 7 - 1 0  days) was the killing concentration for that cell line.

2.3.2 Cell infection with retroviral vector containing TP DNA

The retroviral vectors used were a kind gift of Mr Charlie Chan and Dr Rhys Jagger 

(ICRF Oxford). Two vectors were used, AM 12 TP 12 which had previously been 

shown to produce high expression of TP when infected into cells, and puro 1, an empty 

vector containing only the gene for puromycin resistance.

Cells were passaged routinely at day 0. At 24 hours the medium was aspirated and

replaced with serum free medium (containing glutamine and antibiotics) and 1 0  pi of virus, 

(an amount previously shown to produce 1 0  ̂ colony forming units per 1 0  ̂ cells) was

added. In addition a 1/100 volume polybrene solution (800 pg/ml - Sigma) was also added

to neutralise cell surface charge and facilitate viral infection. A mock infection was also set



up as a control, as above but with the omission of any virus. After 4 hours this medium 

was aspirated into virkon, and replaced with routine complete culture medium.

When the plate reached confluence it was passaged in the normal way but this time the 

medium was supplemented with puromycin at the killing concentration appropriate to 

that cell line instead of the routine antibiotics. Cells were refed every 3 - 4  days. After 7 - 

10 days all the cells in the mock infection group were dead. Viable cells in the true 

infection groups were allowed to grow to confluence, whereupon they were passaged and 

seeded at a density of only 1000 cells per 10 cm plate. This resulted in individual clones 

growing up. When clones were approximately 100 cells in size they were 'picked'.

2.3.3 Picking of infected clones

Plates with clones of appropriate size were washed in PBSA. A thin film of PBSA was 

left over these cells and individual clones were harvested by pipetting 2 0  |il of trypsin- 

EDTA up and down onto them. Each clone was then transferred to an individual well of a 

24 well plate and with growth gradually transferred to progressively larger plates, until 

enough cells were obtained for continued passage, freezing down of stocks and analysis of 

TP expression. Selection with puromycin was maintained on infectants throughout.
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2.3.4 Plating efficiency experiments

At routine passage 1000 cells o f each cell line were seeded onto separate 10 cm plates. 

When individual colonies were large enough to be seen by the naked eye but not so large 

as to merge with other colonies the experiment was stopped, typically around 14 days. 

At this stage the medium was aspirated and cells fixed with Camoy's fixative (3:1 

Methanol : Acetic acid) and stained with Crystal violet 1 mg/ml (Sigma). Colonies were 

counted on an automated colony counter using 'sorcerer' software (Microsoft, USA).

2.3.5 Doubling times

Five X 10  ̂ RT112, E V ll or 2T10 cells were seeded into 10 cm plates. Cells were 

trypsinised and counted at regular intervals until confluence was reached, typically around 

5 - 6  days. The doubling time of each cell line was calculated during the exponential 

growth phase.

2.3.6 Western blotting for TP expression in infectant cells

To determine TP expression in the infectant cell lines, western blotting was performed, 

according to section 2.1.11, with the following exceptions. Following harvesting, cells 

were homogenised in Hepes buffer rather than 8 M urea buffer (20mM Hepes pH 7.4, 1.5 

mM EDTA, 0.5mM PMSF, 0.5 mM Benzamidine, 10 p g / m l  ovomucoid trypsin
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inhibitor). Proteins were separated in 12% polyacrylamide gels (not 6 %). The primary 

antibody for TP was P-GF 44.C at a dilution of 1 : 200, otherwise the procedure was the

same.

2.3.7 Immunohistochemistry for TP in the in vitro model

see section 2.2.4

2.3.8 Effect of TP overexpression on tumour growth in xenografts

This work was carried out with the help of Gill Hutchinson and Julie Bee in the animal 

house at ICRF, Lincoln's Inn Fields, London.

1 X 10  ̂ cells, either E V ll (empty vector) or 2T10 (high TP expressing clone) were 

injected into the flanks of nu/nu mice. After injections mice were examined regularly to 

confirm health and assess tumour formation. Perpendicular diameters of palpable tumour 

nodules were measured every 3 - 4  days with vernier callipers. Tumour volume in mm^ 

was calculated according to the formula;

Tumour volume = length x (width^) x 0.4 (ref 206)
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Following sacrifice the tumours were snap frozen for subsequent western blotting for TP 

(section 2.1.11 and 2.3.6).

2.3.9 Assessment of toxicity and effect of Furtulon

Furtulon (5-deoxy-5-flourouridine)(5-DFUR) is a prodrug which is converted to the 

active metabolite 5-fluorouracil (5-FU) by the activity o f TP.

To investigate whether we could turn the high expression of TP in our cell transductant 

(and by extrapolation, possibly in invasive bladder cancers with their high expression of 

TP) to our advantage, we tested the effect of Furtulon on the in vitro model. Initially 

MTT assays were performed to assess toxicity in vitro. Following that the chosen 

concentration of Furtulon was added daily to in vitro model cultures in 0.1 ml H2O similar 

to other inhibitors (section 2.2.5).

2.4 Analysis of serum VEGF in patients with prostate cancer

2.4.1 Serum sample collection

Ten millilitres of venous blood was drawn and divided between a serum separator tube 

(vacutainer code 367696 Becton Dickinson) for serum VEGF samples and a serum tube 

(vacutainer code 368430 Becton Dickinson) for PSA analysis (Bayer Technicon Immuno
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1 system, Tarry town, N.Y., USA.). Serum samples for VEGF were allowed to stand at 

room temperature for 30 minutes prior to centrifugation at 1000 g for 10 minutes. 

Thereafter the serum was separated, aliquoted in 0.5 ml amounts and frozen at -70° C for 

subsequent assay.

2.4.2 Estimation of serum VEGF by ELISA

Estimation of serum VEGF was performed by ELISA (R & D Systems, Abingdon, UK.) 

as described for cell culture supernatants (section 2 .1 .8 .1) with the following 

modifications specific to serum analysis. Initially 100 p.1 of RDIW  was added to each 

well. The VEGF standard was made up in the calibrator diluent RD6 U at concentrations 

ranging from 2000 pg/ml to 31.2 pg/ml. One hundred |xl of this standard or serum sample 

were then added to each well. Thereafter the assay was performed as above.

Samples were analysed in duplicate, within 2 months of collection. Mean VEGF levels 

were compared between groups using students t-test. The difference between the 

proportion of patients in each of the groups investigated with a serum VEGF elevated 

above the 90th centile value for the control group was measured by a Chi-squared test. 

The correlation between VEGF and PSA was analysed by a simple linear regression 

model.
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2.5 Analysis of angiogenesis in testis cancer

2.5.1 Western blotting for TP protein expression in testis tissue

We have previously validated the antibody VGl for immunohistochemical detection of 

VEGF in a variety of tissues including testis (203). To validate the antibody to TP on 

testis tissue, we initially performed western blot experiments. Protein extracts were 

prepared from whole tumour and adjacent macroscopically normal testis. These were 

quantified and western blotted as described previously (section 2.3.6).

2.5.2 Immunohistochemistry

This was performed as described in section 2.2.4

2.5.3 Assessment for antigen expression and microvessel density

Microvessel density was calculated without prior knowledge of outcome by initially 

scanning under low power (x 40) to identify the 3 most vascular areas (vascular 'hot 

spots') within the section. These areas were then counted under high power (x 400). Any 

positively staining cell not in direct contact with another positively staining cell was 

counted as one vessel, as was any obvious vessel cut longitudinally where several positive 

cells were in continuity, as previously described (164).
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Tumours were assessed for antigen (VEGF and TP) expression using a standard scoring 

system based on tumour cell immunoreactivity. The intensity of staining was graded 0 (no 

staining) to 3 (abundant strong staining) for both tumour cells and surrounding stroma 

and these values added to give a total value, out of a maximum of 6 .

VEGF and TP expression was quantitated according to the following scale;

+++ Strong, clear staining with minimal background.

++ Good staining.

+ Weak staining.

No staining.

Sections were reviewed independently by a minimum of two investigators and a maximum 

of 4. (A. Jones, C. Fujiyama, H. Turley and Prof. K. Gatter).

2.5.4 In situ hybridisation

Specific localisation of VEGF-C mRNA was accomplished by in situ hybridisation using 

an antisense riboprobe synthesised with T7 RNA polymerase using ^^S-UTP (Amersham, 

UK) and plasmid pCRII (Invitrogen, San Diego, CA.) linearised to yield a 409 b.p 

(nucleotides 287-696) fragment of human VEGF-C mRNA.
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Autoradiography was at 4°C (2 exposures per section at 10 and 18 days for VEGF-C, 10 

days for p-actin mRNA-used as internal control), before developing in Kodak D19 and 

counterstaining by Giemsa's method. Sections were examined under conventional or 

reflected light dark-field conditions that allowed individual autoradiographic silver stains 

to be seen as bright objects on a dark background.

2.6 Statistical analysis

Statistical analysis was performed using Stata (Stata corp, Tx. USA.) or Excel 

(Microsoft, CA, USA). Unless otherwise stated, analysis was by Student's t-test. In 

chapter 3 correlation between VEGF and H IF -la  was analysed by Spearman's rank test.

In chapter 7 values for correlation between immunohistochemical expression of VEGF 

and micro vessel density and survival were calculated using the Marm-Whitney U test. 

Unless otherwise stated a p value of < 0.05 was deemed statistically significant.
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Chapter Three

Relation of vascular endothelial growth 
factor production to expression and 
regulation of hypoxia inducible factor-1 a  
and hypoxia inducible factor-2a in human 
bladder tumours and cell lines.
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Our group has previously demonstrated the importance o f VEGF in bladder cancer (2) 

with high levels predicting recurrence and stage progression in superficial bladder cancer 

(3). To determine whether elevated VEGF is just a marker or actually plays a role in the 

biology of these tumours we need to understand the mechanisms of regulation of VEGF 

expression. This will also identify potential therapeutic targets on this pathway.

In this chapter I investigate the regulation of VEGF expression in human bladder cancer 

cell lines, concentrating on the physiologically relevant effects of hypoxia and increasing 

cell density. Two key transcription factors that are intimately involved with other 

hypoxia regulated genes, hypoxia inducible facto r-la  (H IF -la) and hypoxia inducible 

factor-2 a  (HIF-2a) are also investigated for involvement in hypoxic regulation o f VEGF 

in these cells. In addition signalling pathways involved in this regulation are examined 

using inhibitors of cell signalling. Finally, our findings are examined for clinical relevance 

by analysis of a panel of human primary bladder tumours.
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3.1 Analysis of VEGF protein and mRNA expression by bladder cancer cell lines 

and the effect of hypoxia and confluence

The highest constitutive expression of VEGF protein under standard cell culture 

conditions (normoxia, exponential growth phase) was seen in the superficial cell line RT4 

(Fig 3.1).
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Fig 3.1 VEGF protein expression under standard cell culture conditions of 
normoxia and exponential growth phase. Results are means +/- s.d (n=3) and are 
representative of experiment repeated > 3 times. Comparison between groups by 
non paired t test.

Under normoxia. confluence had an effect on basal VEGF protein expression, significantly 

reducing it in RT4, 253J and E.I28 (p = <0.05) but not RT112. This effect was 

standardised for cell number, indicating that on average each individual cell produced less
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VECjF (Fig 3.2A). The total amount o f VEGF protein expressed however was greater by 

virtue of greater cell number (Fig 3.2B).
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Fig 3.2 Confluence reduced VEGF protein expression when standardised for cell 
number (A), but not total expression (B). Results are means +/- s.d (n=3) and are 
representative of experiment repeated > 3 times. Comparison between groups by 
non paired t-test.

101



Hypoxia upregulated VEGF protein expression in RT4, 253J and EJ28 (p=<0.01) but not 

RTl 12 (p =0.3) during exponential growth (Fig 3.3).

When the effects of confluence and hypoxia were examined together, confluence abolished 

hypoxia induced VEGF upregulation in the superficial cell line RT4, but did not affect 

hypoxic induction in the invasive cell lines (253J p<0.01, EJ28 p<0.05). Furthermore 

confluence induced hypoxic upregulation of VEGF in RTl 12 not seen during exponential 

growth (p <0.05). Thus, whilst exponentially the most superficial cell line expressed the 

most VEGF, at confluence the invasive cell lines, by virtue o f greater hypoxic induction, 

expressed more (Fig 3.3).

This suppression of VEGF induction at confluence in the superficial cell line RT4 but not 

the invasive cell line EJ28 was also seen when cultures were treated with either cobalt 

chloride (0 0 0 1 ^ ( 1 0 0  |liM final concentration) or desferrioxamine (DFO)(100 |LiM final 

concentration), chemical mimics of hypoxia that induce this pathway (Fig 3.4).
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Fig 3.3. The effect of confluence and hypoxia on VEGF protein expression. 
Significant hypoxic upregulation in 3 of 4 cell lines during exponential growth 
(RT4, 253J and EJ28) was suppressed at confluence in the superficial cell line RT4 
but maintained for 253J and EJ28. Conversely RTl 12 only had hypoxic 
upregulation of VEGE at confluence. Results are means +/- s.d (n=3) and are 
representative of experiment repeated > 3 times. Comparison between groups by 
non paired t-test.
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Fig 3.4. Induction of VEGF protein by chemical mimics of hypoxia was lost at 
confluence in superficial cell line RT4 (A), but maintained at confluence for 
invasive cell line EJ28 (B). Comparison between groups by non paired t-test. 
Results are means +/- s.d (n=3) and are representative of experiment repeated > 3 
times.
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The same relative pattern o f hypoxic induction of VEGF was reflected at the mRNA level 

(Fig 3.5 A ,B).

RT4 R T 1 1 2  2 5 3 J  E J 2 8
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p =0.033

RT112

p<0.01

Fig 3.5 VEGF mRNA is upregulated by hypoxia in 3 of 4 cell lines (A). Intensity of 
signal is quantified, and displayed graphically in (B), by dividing intensity of 
signal of interest (VEGF 121 and 165/189 by intensity of signal of loading control 
U6, small nuclear RNA. (Note mild underloading RT4 hypoxia and RTl 12 
normoxia). Data presented as means +/-s.d., (n=2). Representative experiment 
shown of experiment repeated 3 times. Comparison between groups by non paired 
t test.

To further elucidate the pathways regulating mRNA levels, we analysed expression of 

H IT -la  and HIF-2a in normoxia, hypoxia and under different degrees of confluence.
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3.2 H IF-la and HIF-2a expression under hypoxia and at confluence

All cell lines showed hypoxic upregulation of H IF -la  (Fig 3.6). H IF-2a was more variable 

with very low expression in RTl 12 (Fig 3.7). Within cell lines there were certain specific 

differences. In RT4 there was an increase in H lF - la  and H lF -2a with confluence in 

normoxia, which was not reflected in increased basal VEGF expression.

RT4 RT112
Nor Nor Hypo Hypo Nor Nor Hypo Hypo
Expo Conf Expo Conf Expo Conf Expo Conf

H IF-la

H IF-la

253J EJ28
Nor Nor Hypo Hypo Nor Nor Hypo Hypo
Expo Conf Expo Conf Expo Conf Expo Conf

Fig 3.6 Hypoxia results in increased protein expression of HIF-la. Whilst this 
induction is relatively maintained in the invasive cell lines (253J and EJ28) at 
confluence, there is marked loss of induction in superficial cell line RT4. 
Representative experiment shown of experiment repeated 3 times, (Nor = 
normoxia. Hypo = hypoxia. Expo = exponential growth phase and Conf = 
confluent).

There was strong hypoxic upregulation of H lF - la  and H lF -2a during exponential growth 

in RT4. There was much less hypoxic induction at confluence (the fold inducibility of HIF-
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l a  and HIF-2a progressing from normoxia to hypoxia at confluence was only 29 % and 

35 % respectively that of hypoxic induction seen during exponential growth.) This is 

consistent with the loss of hypoxic upregulation of VEGF protein at confluence in RT4.

RT4 RT112
Nor Nor Hypo Hypo Nor Nor Hypo Hypo
Expo Conf Expo Conf Expo Conf Expo Conf

HIF-2 a

253J EJ28
Nor Nor Hypo Hypo Nor Nor Hypo Hypo
Expo Conf Expo Conf Expo Conf Expo Conf

HIF-2 a

Fig 3.7 Hypoxia results in increased protein expression of HIF-2a (3 of 4 cell 
lines). Whilst this induction is relatively maintained in the invasive cell lines 
(253J and EJ28) at confluence, there is markedly less induction in superficial cell 
line RT4 at confluence. Representative experiment shown of experiment repeated 
3 times, (Nor = normoxia. Hypo = hypoxia. Expo = exponential growth phase and 
Conf = confluent).

In normoxia there was strong basal expression of H IF-2a in EJ28 which was unaffected 

by confluence, and some basal expression of H IF-2a in 253J. Both 253J and EJ28 

showed strong hypoxic upregulation o f both F lIF -la  and H IF-2a and the degree of 

hypoxic induction during both exponential and confluence growth phases was more 

similar than in RT4 (the fold inducibility of H IF -la  and H lF -2a progressing from
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normoxia to hypoxia at confluence was 60 % and 50 % for 253J and 74 % and 61 % for 

EJ28 respectively, that of hypoxic induction seen during exponential growth). This 

maintenance of hypoxic upregulation of H IF -la  and to some degree HIF-2a at confluence 

corresponded with VEGF inducibility in these cell lines.

RTl 12 expressed very low levels of H IF-2a both basally and under hypoxia, but there 

was strong hypoxic induction of H IF -la  which was equal under exponential or confluent 

conditions. This H IF -la  upregulation was not associated with an increase in VEGF 

expression during exponential growth but was at confluence. The findings at protein level 

for H IF -la  and H IF-2a expression were not seen at the messenger RNA level where 

there was no difference between normoxic and hypoxic levels (data not shown).

3.3 Relation of PI 3-kinase to hypoxic regulation of VEGF

Preliminary experiments analysed a number of inhibitors of key signalling pathways for 

their ability to regulate VEGF expression (Table 2.2). These initial experiments identified 

only the phosphatidylinositol 3-kinase (PI 3-kinase) inhibitor LY 294002, as having an 

effect on VEGF expression.
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Confluence altered VEGF expression, and PI 3-kinase activity can be regulated by 

confluence and proliferation. Mazure and Giaccia showed that in transient reporter 

assays, hypoxic regulation of hypoxia response element (HRE) constructs was mediated 

by PI 3-kinase (207). Therefore we used the PI 3-kinase inhibitor LY 294002 to analyse 

interactions of hypoxia and confluence with H IF -la  and VEGF. Preliminary experiments 

identified 20 pM  LY294002 as an effective concentration. Increasing the concentration 

(40 pM) was toxic to our cells and had no additional effect on VEGF expression.

During exponential growth LY 294002 caused reduction in the expression of basal and, to 

a lesser degree, hypoxia induced VEGF in all cases (Fig 3.8, Table 3.1). However despite 

reduction in expression of total VEGF, the inducibility produced by hypoxia was 

maintained, or even increased in the presence of LY 294002. Indeed at confluence, whilst 

reduction of VEGF was still seen with LY 294002 under basal conditions, those cell lines 

that at confluence previously demonstrated hypoxic inducibility (RTl 12, 253 J and EJ28) 

were still able to induce VEGF under hypoxia, and, due to a greater fold induction were 

able to return VEGF levels to those comparable to cells under hypoxia without LY 

294002 (Fig 3.9, Table 3.1).
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Fig 3.8 PI 3-kinase inhibition (LY 294002) reduced VEGF protein expression, but 
did not inhibit hypoxic inducibility. Cells were grown under routine cell culture 
conditions to exponential growth phase.
Medium was then replaced prior to 16 hours further incubation under one of the 
following conditions; normoxia/no added LY 294002, hypoxia (0.1 % 02)/no added 
LY 294002, normoxia/with LY 294002, hypoxia (0.1 % 02)/with LY 294002. VEGF 
protein expression in the supernatant (pg/ml), measured by ELISA and 
standardised per 1x10  ̂ cells, is presented as means +/- s.d., (n=3). Comparison 
between groups by non paired t-test. Representative experiment shown of 
experiment repeated 3 times.
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I I Normoxia no LY 294002 

I I Hypoxia no LY 294002 

■  Normoxia with LY 294002 

Hypoxia with LY 294002

RT112

p = 0 .4 9

p = 0 .7 5
p < 0 .01

p< 0 .01 p < 0 .0 5 p < 0 .01p = < 0 .0 1

Fig 3.9. PI 3-kinase inhibition (LY 294002) reduced VEGF protein expression, but 
did not inhibit hypoxic inducibility. Cells were grown under routine cell culture 
conditions to confluence.
Medium was then replaced prior to 16 hours further incubation under one of the 
following conditions; normoxia/no added LY 294002, hypoxia (0.1 % 02)/no added 
LY 294002, normoxia/with LY 294002, hypoxia (0.1 % 02)/with LY 294002. VEGF 
protein expression in the supernatant (pg/ml), measured by ELISA and 
standardised per 1x10  ̂ cells, is presented as means +/- s.d., (n=3). Comparison 
behveen groups by non paired t-test. Representative experiment shown of 
experiment repeated 3 times.
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Table 3.1

Exponential growth phase

% reduction in basal VEGF by LY 

% reduction in induced VEGF by LY 

Significance

Mean fold induction from normoxia to hypoxia no LY 

Mean fold induction from normoxia to hypoxia with LY 

Significance 

C onfluent

% reduction in basal VEGF by LY 

% reduction in induced VEGF by LY 

Significance

Mean fold induction from normoxia to hypoxia no LY 

Mean fold induction from normoxia to hypoxia with LY 

Significance

RT4

30.9%  (29.4)

22.6%  (26.7)

p=0.53

1.46

1.65

p= 0.32

55 (5.9)

21.3 (9.5)

p=<0.01

0.73

1.28 

p= 0.03

RTl 12

51.9 % (28.7)

27.2 % (36.2)

p=0.51

1.51

2.29

p=0.52

47.9%  (3.6)

2.6 % (4.7)

p=<0.01

1.61

3.0

p=<0.01

253J

46.4 % (7.8)

17.2 % (5.5)

p=<0.01

2.06

3.18

p=<0.01

34.4%  (3.4) 

0.9 % (3.0)

p=<0.01

2.29

3.46

p=<0.05

EJ28

51.0 % (9.4) 

2 1 0  % ^ 3 )

p=<0.02

1.39

2.19

p=<0.01

41.5 % (5.7)

16.1 % (2.3)

p=<0.01

2.03

2.91

p=<0.01

Table 3.1. PI 3-kinase inhibition with LY 294002 (LY) reduced the total amount of 
both basal and hypoxia induced VEGF protein, but did not reduce inducibility 
itself.
Percentage reductions (s.d.) (n=3) were calculated by comparing VEGF expression 
with LY 294002 to that without LY 294002 either basally or hypoxia induced 
(differences between basal and induced conditions are then compared by unpaired 
t test). Fold inductions are calculated by comparing VEGF expression under 
normoxia with that under hypoxia, either with or without LY 294002 (differences 
between LY 294002 + and LY 294002- groups are then compared by unpaired t- 
test). Representative data shown of experiment repeated 3 times.

These results demonstrate that the PI 3-kinase pathway regulates basal amounts of 

VEGF during exponential growth and at confluence but does not reduce hypoxic
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inducibility. Therefore we analysed the relation between PI 3-kinase inhibitor and HIF- 

la .  The PI 3-kinase pathway does not appear to be directly involved in phosphorylation 

o f H IF -la  as increased expression and molecular weight o f H IF - la  was unaffected by 

the presence of LY 294002 (Fig 3.10).

LY 294002 4- LY 294002 -

# #  Exponential

RT4 RT112 253J EJ28 RT4 RTl 12 253J EJ28

LY 294002 + LY 294002 -

Confluent

RT4 RT112 253J EJ28 RT4 RT112 253J EJ28

Fig 3.10 PI 3-kinase inhibition did not affect H IF-la expression under hypoxia, 
in either exponential or confluent growth phases. Cells were placed in 16 hours 
hypoxia (0.1 % O2) following a medium change with or without LY 294002 (20 
pM). 100 pg total protein of each sample was separated by SDS/PAGE (6 % gel), 
and transferred to Immobilon-P. H IF-la was detected using MoAb 28b, goat anti
mouse secondary antibody and ECL chemoluminescence. Samples were run in 
duplicates. Representative blot shown of experiment repeated 2 times.
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3.4 Analysis of H IF -la  and HIF-2a expression in primary human bladder cancers

To analyse whether in freshly collected tumour samples H IF -la  or H IF-2a was 

upregulated, and mechanism of upregulation, H IF -la  or H IF-2a protein and mRNA were 

measured in 4 normal and 12 bladder cancer cases (6 superficial, 6 invasive). There was 

increased expression of both H IF -la  and HIF-2a protein in tumour specimens compared 

to nonnal bladder (Fig 3.11). H IF - la  protein was expressed more in invasive tumours 

than superficial, although there was significant intertumour variation with the highest 

expression actually in one of the superficial tumours (S5). H IF-2a protein expression was 

greatest in superficial tumours and those tumours that had high H IF-2a expression tended 

to have high H IF -la  coexpression.

Normal Superficial tumour Invasive tumour

fi 2 3 ~ 4  fi 2 3 4 5 6 2 3 4 5 6 I

HIF-1a

HIF-2a

Fig 3.11. Variable expression of HIF-la and HIF-2a protein expression in a panel 
of normal bladder, superficial and invasive bladder cancer specimens. Samples 
were run in duplicates. Representative blot shown of experiment repeated 3 times.

High mRNA expression of one factor did not correlate with high expression o f the other 

(Fig 3.13), nor was there an obvious association between mRNA levels and protein levels 

of either H IF -la  or HIF-2a.
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These findings at mRNA level are consistent with the main regulation o f these factors 

being post translational oxygen mediated degradation. Nevertheless mRNA was much 

higher in some tumours (S4,S6,I1,I2) for either H IF -la  and/or H IF-2a (with equal 

loading), raising the possibility of oncogene induced overexpression.

There was no association between VEGF mRNA and H IF -la  or H IF-2a protein 

expression, although the tumour with the highest VEGF mRNA also had the highest HIF- 

l a  protein. However an association did exist between VEGF mRNA and H IF -la  

mRNA, (Fig 3.12) raising the possibility of an oncogene upregulating both VEGF and 

H IF -la  mRNA (208).

I
m

0.1 0.2 0.3 0.4 0.5 0.6

H IF -la  mRNA (arbitrary units)

0.7

Fig 3.12. A correlation existed between VEGF mRNA and H IF-la mRNA. 
Spearman rank correlation r = 0.68, p = 0.016 (excluding the one ’outlier’ [VEGF 
mRNA = 6] the correlation is slightly reduced r = 0.58, p = 0.062).
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Fig 3.13. H if-la  mRNA is elevated in superficial and invasive bladder cancer 
compared to normal bladder specimens. Total RNA was prepared from specimens 
using Tri reagent (Sigma-Aldrich) and mRNA was quantified by ribonuclease 
protection assay (A). Intensit) of signal is quantified, and displayed graphically in 
(B), by dividing intensit} of signal of interest by intensity of signal of loading 
control U6, small nuclear RNA.
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3.5 Discussion

In this chapter I have analysed the effect and mechanism of regulation of hypoxic 

response of VEGF in bladder cancer cell lines. The cell lines were chosen to represent a 

spectrum from superficial to invasive bladder cancer, because we previously showed 2 

pathways regulating angiogenesis, VEGF more prominent in superficial tumours, 

thymidine phosphorylase (TP) more prominent in invasive tumours (2).

Firstly the effect of confluence was examined. Contrary to other studies that have shown 

increased VEGF with increasing cell density in human glioblastoma (U87), fibrosarcoma, 

(HT 1080) and colon carcinoma cell lines (209, 210) we demonstrated decreased VEGF 

protein expression in 3 of 4 bladder cancer cell lines at confluence under both normoxic 

and hypoxic conditions, when compared to exponential growth. Cells enter a quiescent 

phase at confluence with changes in expression of various cell surface receptors, 

transcription factors and growth factors (211). Basic FGF, another key angiogenic factor, 

was also reduced at confluence in renal cancer cell lines (212), although the mechanism is 

unknown. Confluence induced upregulation of a factor inhibiting VEGF synthesis may be 

a mechanism. A decreased release of such an inhibitor at confluence, may explain the lack 

o f density dependent regulation of VEGF in RTl 12.
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Hypoxic tumours present therapeutic difficulties partly due to enhanced radioresistance 

and partly due to poor tissue penetration and activity of certain chemotherapeutic agents 

in hypoxic conditions (115). Now it is clear that hypoxia per se triggers mechanisms 

including angiogenesis which may give tumours additional survival advantages. The 

regulation of VEGF by hypoxia was variable between cell lines, but all cells showed 

inducibility under at least 1 experimental condition. This is consistent with our previous 

findings of cell specificity in hypoxic response, where in breast carcinoma cell lines there 

was a 1.4-6.9 fold range of VEGF induction (213).

Since the toxicity of hypoxia is proportional to cell density, with nutritional deprivation 

and acidosis contributing to hypoxia triggered apoptosis (214), the combination of 

hypoxia and confluence was also examined. A loss o f hypoxic inducibility of VEGF at 

confluence in the superficial cell line RT4, but not in the invasive cell lines 253J and EJ28, 

and indeed the gain in RTl 12, suggests that these latter cells may have a malignant growth 

advantage. Most superficial bladder tumours have a typical papillary structure, increasing 

the tumour surface area and this may result in less tumour cell crowding, with 

preservation of high VEGF expression in these tumours, as we have previously 

demonstrated (3). Invasive tumours are solid, with associated increased cell density and 

intratumoural hypoxia, but adaptive mechanisms that we have described in vitro may 

ensure that VEGF induction is maintained. Our results analysing protein expression of 

H IF -la  and H IF-2a can explain some, but not all o f these findings.
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Increased H IF - la  protein correlated with increased VEGF expression. For RT4, where 

hypoxic upregulation of VEGF was lost at confluence, the fold induction of H IF -la  going 

from normoxia to hypoxia was much less at confluence than during exponential growth. 

For 253J and EJ28 where this fold hypoxic induction of H IF -la  was maintained 

exponentially and at confluence, VEGF inducibility was also maintained. However, for 

RTl 12 an equal fold induction of H IF -la  under hypoxia is not translated to increased 

VEGF expression exponentially but only occurs at confluence. These results suggest that 

hypoxic and density dependent regulation of VEGF is a balance between H IF -la  

upregulation interacting with other factors regulated at confluence.

RTl 12, the only cell line to show hypoxic induction at confluence but not under 

exponential growth, was also the only cell line without detectable H IF-2a. Whether HIF- 

2 a  has a specific role in induction under exponential growth will need further 

investigation.

The increase in H IF -la  and H IF-2a at confluence in normoxia, seen most strikingly in 

RT4, but also in 253J and EJ28, may be due to mild hypoxia from cell to cell contact. 

Normoxic expression of H IF -la  has only rarely been previously reported (215). Integrins 

mediating cell/cell contact also utilise the PI 3-kinase/AKT pathway via integrin-linked 

kinase (ILK) (216). Because of these observations and ours that confluence at normoxia 

(as measured by gas input) upregulates H IF -la  and HIF-2a, but does not increase VEGF,
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kinase B (PKB)/AKT and mediates signalling for various growth factors, cytokines and 

cell adhesion molecules (217). The suggestion that at least two pathways may interact to 

regulate VEGF expression under hypoxia and confluence is supported by our results with 

the inhibitor of the PI 3-kinase signalling pathway, LY 294002. This reduced total VEGF 

expression but still allowed hypoxia inducibility. H IF -la  protein induction was also 

unaffected by PI 3-kinase inhibition implying that hypoxia inducibility of VEGF is 

conferred via HIF-lcc but is additive to a basal pathway regulated substantially by PI 3- 

kinase. This result differs from results of Mazure et al (207) who using transient 

transfection of hypoxia response elements into Ha-Ras transfected NIH3T3R cells and 

Rat-1 Ras transformed cells demonstrated significant reduction of VEGF promoter 

activity under hypoxia with another inhibitor of PI 3-kinase (Wortmannin). They found 

no effect on basal levels of VEGF promoter activity. In addition, overexpression of a 

dominant negative mutant of the p85 regulatory subunit of PI 3-kinase inhibited VEGF 

promoter induction under hypoxia. They concluded that PI 3-kinase mediated VEGF 

induction through hypoxia response elements. Our results support the findings of Arbiser 

and Folkman (218) that whilst increased expression of VEGF occurs through cellular PI 3- 

kinase activity, hypoxic regulation is independent of this. Nevertheless changes in PI 3- 

kinase activity that affect basal expression would modify the amount of VEGF inducible 

by hypoxia and be critical in tumour angiogenesis . The additional fold increase in VEGF 

at confluence in hypoxia in the presence o f LY 294002 suggests that a possible inhibitory 

pathway regulated by confluence, may be acting via the PI 3-kinase pathway.
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Analysis of human primary tumours revealed greater H IF -la  and H IF-2a protein 

expression in tumours compared Avith normal bladder specimens with one or other factor 

elevated in all tumours. This is the first demonstration of upregulation of these pathways 

in human primary tumours. However like the cell lines there was significant individual 

variation. Our data suggest that H IF -la  and H IF-2a form a key component of VEGF 

regulation interacting with other oncogenic switches controlling angiogenesis. As such, 

therapy targeting these elements may be of benefit, but variable interactions with 

apoptotic pathways, angiogenic factors and other growth factors may explain why 

experimentally some studies of antagonism of H IF -la  lead to reduced tumour growth 

(107) whilst others show increased tumour growth (219).

The use of HREs to drive expression of therapeutic genes in response to hypoxia has been 

demonstrated both in vitro and within solid tumours in vivo (116). The accessibility of 

the bladder to intravesical instillation would facilitate delivery of such agents and our 

results justify further investigation of this approach in bladder cancer.
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Chapter Four
The development of an human bladder 

cancer invasion model using rat bladder in 

vitro and its use to test mechanisms and 

therapeutic inhibitors of invasion.
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In this chapter the development of an in vitro model of bladder cancer invasion is 

presented. The most commonly used models of invasion currently, are the Boyden 

chamber and some form of matrigel assay. It is now clear that the extracellular matrix is 

more than a passive support but interacts with tumour cells regulating differentiation (2 2 0 , 

221), proliferation (222) and tumour angiogenesis (223). Therefore although these models 

have provided useful information (23, 24) they are becoming inadequate.

The model described, uses de-epithelialized rat bladder onto which human bladder cancer 

cells are seeded. This allows for tumour cell / extracellular matrix interactions and is also 

analogous to the situation of cell seeding at TURBT, where dislodged cells may implant 

into the stroma of denuded bladder.

Possible mechanisms involved in the invasion process are examined and the model is used 

to test putative inhibitors of invasion.
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4.1 The establishment of an in vitro model of bladder cancer 
invasion

4 .1 .1  Growth characteristics of cell lines in vitro as monolayer culture

The 2 superficial cell lines, RT4 and RT112 both had similar but significantly slower mean 

(+/- s.d.) doubling times than the 2 invasive cell lines, 253J and EJ28, which were similar to 

each other (RT4 56hrs +/- 3, RT112 59 hrs +/- 3 vs 253J 31 hrs +/- 1, EJ28 32 hrs +/- 1, p 

< 0.01, n=3, experiment repeated 3 times) (Fig 4.1).

o
X

c
3
oo

Ü
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RT4
RT112
253J
EJ28 253J

EJ28

100

10 - ■

0 1 2 3 4 6 95 7 8

RT4

RT112

Culture Day

Fig 4.1 The growth of cell lines as monolayer culture. The 2 superficial cell lines 
(RT4 and RT112) had significantly slower doubling times than the 2 invasive cell 
lines (253J and EJ 28). Each point represents mean +/- s.d. of 3 plates. This result 
is representative of an experiment repeated 3 times.

125



4.1.2 Superficial cell lines grow in a superficial manner

Organ cultures of rat de-epithelialized stroma have produced reproducible results and could 

be kept viable for more than 28 days, although typically there was little change between 14 

and 28 days. The 2 superficial cell lines reproducibly grew in a superficial fashion, forming a 

stratified epithelium. This pattern was progressive with time (Fig 4.2A-C RT4, D-F RT112) 

and no invasion was seen although occasionally (about once in every 1 0  sections) a 'nest' of 

cells was seen within vessels in the stroma in RT112 cultures (Fig 4.2F). Whilst interesting 

this is probably not frequent enough to provide a model of vascular invasion.

4.1.3 Differing behaviour between invasive cell lines

The 2 invasive lines showed disparate behaviour. 253J formed superficial cell layers and did 

not invade (Fig 4.3D) whereas EJ28 invaded diffusely across a broad front. This invasion 

started as early as 3 days (Fig 4.3A) and increased with time (Figs 4.3A-C). In control 

denuded bladders, not reseeded with human bladder cancer cells, there was negligible 

regrowth of normal rat urothelium (Fig 4.3E and F). (CHO cells, known to be invasive in 

other systems, would not form an epithelial layer and did not invade, demonstrating some 

specificity for urothelial tumour cell lines).
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RT4 day 7 RT112 d #  7
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- V A » '

A . \

\  V

Fig 4.2. Time course for growth on in vitro model for superficial tumour cell 
lines RT4 and RT112 (A-F). Both RT4 and RT112 formed stratified epithelium 
without invasion on the de-epithelialized rat bladder mucosa. RT112 also very 
occasionally formed a "nest" of cells, seen in the stroma (F). Representative 
views of experiment repeated > 5 times with > 3 bladder sections per time 
point. Scale bar: 20 \x m . Original magnification x 400. Inset, scale bar: 100 jum. 
Original magnification x 100.
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Fig 4.3. Time course for growth on in vitro model for invasive tumour cell lines 
253J and EJ28 (A-D). EJ28 invaded diffusely into rat stroma, starting as early 
as 3 days (A-C) whereas 253J did not invade, but formed a stratified epithelium 
(D). E demonstrates unstripped rat bladder tissue. F shows de-epithelialized 
cultured rat bladder used as control.. Representative views of experiment 
repeated >5 times with >  3 bladder sections per time point. Scale bar: 20 p̂ m. 
Original magnification x 400. Inset, scale bar: 100 |im. Original magnification x 
100 .

1 2 8



The invasive behaviour of EJ28 is contrasted with the superficial behaviour of RT112 and 

illustrated in Figure 4.4 where the depth of invasion is quantified according to our method 

(section 2.2.3). The number of cells counted in the stroma in control rat and RTl 12 sections 

represents background levels for staining of normal stromal cells, such as fibroblasts and 

smooth muscle cells. These are evenly distributed throughout the stroma. The results for 

EJ28 includes these background cells, but the higher counts are due to invading bladder 

cancer cells, hence the decrease in number the further away from the upper surface of the 

bladder. Figure 4.5C illustrates the point that for EJ28 sections, the excess cells in the 

stroma are bladder cancer cells, staining positively for the epithelial specific marker 

cytokeratin 18 whilst normal stromal cells, do not stain. For RTl 12 the positive cytokeratin 

staining is restricted to the superficial stratified layer of tumour cells (Fig 4.5B), and for 

control rat bladder there is no staining in the normal stromal cells (Fig 4.5A).

1 2 0

1 0 0
E
Eo

CM 8 0

Ô
6 0

i 2c3
O 4 0Ü
0)
Ü 2 0

0 M

E J 2 8  

R t 1 1 2  
R a t  t i s s u e

2 - 4
m m

4 - 6  6 - 8
m m  m m

Depth of Stroma

8 - 1 0
m m

Fig 4.4. Quantification of depth of invasion. The number of cells counted in the
stroma of control rat tissue and RTl 12 represent background levels for normal
cells, such as fibroblasts and smooth muscle cells. The excess counts for EJ28
includes these cells but are due to invading bladder cancer cells. Results 
demonstrate means +/- s.d. (n>3 sections, 10 fields counted at each depth per 
section). Experiment repeated > 3 times.
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Fig 4.5 Immunohlstchemlcal staining for cytokeratin 18 (A, B, C), Ki-67 (D, 
E, F) and laminin (G, H, I).
In rat tissue (A) and RT112 (B) sections, cytokeratin positive staining cells 
are restricted to the superficial stratified layer (arrow head) whereas EJ28 
cells (C) in the stroma are positive (arrow head). RT112 (E) and EJ28 (F) 
have similar proliferation rates in the in vitro model as evidenced by Ki-67 
staining (open arrow head).
The basement membrane of both rat bladder tissue (G) and RT112 (H) 
sections are positive for laminin and intact (arrow). Invading EJ28 cells (I) 
appear to have dragged a rim of basement membrane (arrow). Scale bar:
30 îm. Original magnification x 400.
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4.2 Potential mechanisms in bladder cancer cell invasion

4.2.1 Invasion is not related to proliferation rate but may involve degradation of the 
extracellular matrix

As illustrated (Fig 4.1) the doubling times for 253J and EJ28, were similar in conventional 

monolayer culture. However, invasion in the in vitro model is unlikely to be simply a 

manifestation of a faster proliferation rate, since 253J did not invade into the stroma whereas 

EJ28 did. Furthermore, in the invasion model RTl 12 and EJ28 had similar proliferation rates 

as evidenced by Ki-67 immunostaining (Fig 4.5E and F ).

4.2.2 Invasion is associated with degradation of the basement membrane

The basement membrane for control rat bladder tissue and RTl 12 sections showed positive 

staining with laminin (Fig 4.5G and H), but there was no positive staining in EJ28 sections 

indicating degradation of the basement membrane. Invading EJ28 cells appear to have some 

laminin associated with them (Fig 4.51).

4.2.3 Analysis of expression of components of the urokinase plasminogen activator 
system

These results are summarised in Table 4.1. As has been seen in Chapter 3 the highest 

basal VEGF expression was seen in RT4 cells, consistent with our previous results in 

human primary bladder tumours (3). RT4 also had significantly higher uPA expression in 

the supernatant (but not cytosol) than other cell lines, but a lower expression of its 

receptor uPAR. RT4 also had much higher expression of the uPA inhibitor PAI-1 than all 

other cell lines.
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RT4 R Tl 12 253J EJ28
Cytosol
uPA (ng/ml/1 0  ̂cells) 
uPAR (ng/ml/10^ cells) 
PAI-1 (ng/ml/10^ cells)

4.42 (0.3)
0.13
57

5.0 (0.7) 
&83 
11

4.9 (0.3) 
2 .1  

11

5.3 (0.1) 
0 .8

7.7
Supernatant
uPA (ng/ml/10^ cells) 
VEGF (ng/mPlO^ cells)

6.8 (1.5) 
728 (165)

0.68
487 (81)

2.77 (0.4) 
533 (76)

2.7 (0.3)
431 (70)

Table 4.1. Expression of VEGF protein and components of the plasminogen 
activator system in the cell lines. Values are means (s.d) (n=3) for uPA or VEGF 
protein expression in serum free (uPA) or complete medium (VEGF) over 16 hours 
with medium changed immediately before this period. Results are standardised per 
1 X 10  ̂ cells at the end of that time. RT4 has significantly higher uPA expression 
(p<0.05) and RTl 12 significantly lower uPA expression (p<0.05) compared with all 
other cell lines. Protein antigen values for cell lysates represent nanograms of 
protein per 1 x 10  ̂ (uPA) or 1 x 10  ̂ (uPAR, PAI-1) exponentially growing cells 
cultured in serum free medium for 16 hours. There was no signifîcant difference 
(P>0.05) comparing cytosolic uPA levels for all cell lines. Results are from 
representative experiments repeated 3 times except cytosolic uPAR and PAI-1 
which are mean values from one experiment.

4.3 The use of the in vitro model to test potential therapeutic inhibitors of invasion

4.3.1 Selection of putative inhibitors of invasion

The plasminogen activator system regulates extracellular matrix degradation and is 

therefore critical in tumour cell implantation, invasion and metastasis (224, 225). The most 

common plasminogen activator, urokinase plasminogen activator (uPA) functions via its 

receptor, urokinase plasminogen activator receptor (uPAR). High expression of both uPA 

and uPAR has been found to be of prognostic significance in a number of tumours 

including bladder (226-228). Using this model we have investigated the effects of the
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uPAR antagonists, monoclonal antibody Mab 3936 (American Diagnostica, Greenwich, 

CT. USA.) (224) and the cyclic peptide Â5 (Angstrom, San Diego, CA. gift of Dr T. 

Jones) (229). In addition we have also tested the effects of suramin (Miles 

Pharmaceuticals, West Haven, CT. USA.) and N-acetylcysteine (NAG) (Sigma-Aldrich, 

Poole, Dorset, England), both are compounds that also modify tumour cell / extracellular 

matrix interactions and therefore have clinical potential.

4.3.2 Determination of non toxic levels of inhibitors

The MTT assay showed no growth inhibition by N-acetylcysteine or suramin on EJ28 cells 

jp  to ImM for 4 days and no inhibition by A5 up to 5|iM or by Mab 3936 at 20 pg/ml (Fig

4.6). Following the results o f these MTT assays, the concentrations of these inhibitors to

be tested in the in vitro assay were chosen as 1 mM for NAG and suramin and 5 pM  for

45 and 20 pg/ml for Mab 3936. These concentrations were chosen because they were non

oxic to our cells in the MTT assay and also are tolerated clinically when given either

Jitravesically (suramin) (148) or systemically at much higher concentration (140 mg/kg

3ody weight - approximately 0.9 mM/kg) for the treatment of paracetomol

acetaminophen) overdose (N-acetylcysteine) (230).
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A) MTT assay of N-acetylcysteine B) MTTassay of Suramin
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Fig 4.6 MTT assay (n=8, per concentration) to assess direct toxicity of inhibitors on 
EJ28 (Y axis = % cell viability).

4.3.3 Inhibition of invasion

At the selected non toxic concentrations, all 4 inhibitors (suramin, N-acetylcysteine, Â5 

and Mab 3936) significantly reduced invasion of EJ28 cells into the stroma (p<0.05) but 

to varying degrees (Fig 4.7) Suramin had the greatest effect with almost complete 

inhibition of invasion by EJ28 cells (Figs 4.7 and 4.8). Whilst, the least inhibition was seen 

with N-acetylcysteine (Figs 4.7 and 4.8). Inhibition o f the plasminogen activator system
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blocked EJ28 invasion effectively with Â5 and Mab3936 producing inhibition equivalent 

to each other and to suramin (p=N.S, unpaired t test). Although expression of components 

o f this plasminogen activator system were seen at similar levels in RTl 12 and 253J but 

were not associated with invasion.

120 _

100  - ■

80
E
E o

CM

^  60
3
O
Ü

^  40
O

Control EJ28 

N-acetylcysteine 

Anti-uPAR antibody (Mab 3936) 

A5

Suramin 

Rat average

20 . .

2 - 4  mm 4 - 6 mm 6 - 8  mm 8 - 1 0  mm

Depth of Stroma

Fig 4.7 Quantification of invasion and effect of inhibitors. N-acetylcysteine
produced the least, although still significant, reduction in invasion. Suramin
caused the greatest inhibition of invasion of EJ28 into the rat stroma with uPAR
antibody and Â5 intermediate. (*p=0.057, all other depths for all other inhibitors
p<0.05 vs control (EJ28) at that level). Results demonstrate means -i-/- s.d. (n>3 
sections, 10 fields counted at each depth per section). Experiment repeated > 3 
times.
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Fig 4.8. Inhibition of invasion of EJ28 cells in the in 
vitro model. A, control untreated EJ28 cells show 
characteristic invasion. N-acetylcysteine (B) and 
suramin (C) inhibited the invasion of EJ28 cells into 
the rat stroma within 7 days. Scale bar: 20 |im. 
Original magnification x 400. Inset, scale bar: 100 
jLim. Original magnification x 100.
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4.4 Discussion

Although there is evidence that some bladder cancer recurrences are due to a field change 

within the bladder resulting in a generalised precancerous urothelium (14,18), undoubtedly 

some recurrences are clonal in origin, presumably due to intraluminal shedding and seeding 

(19). There are several reports supporting this shedding and seeding hypothesis (231-234) 

and the success, albeit minor, of reduction in recurrence rate following intravesical 

instillation of various agents at the time of TURBT supports this concept (235). Central 

to this seeding hypothesis is the crucial role played by the extracellular matrix. Not only 

does it mediate attachment of shed cells but degradation of the extracellular matrix is also 

essential for migration of tumour cells into the stroma and for angiogenesis to occur, which 

is essential if these cells are to grow into tumours larger than 1 -2 mm^ (50). Previous 

models of invasion such as matrigel or Boyden chambers do not incorporate the 

extracellular matrix. Our model, using de-epithelialized rat bladder to expose the underlying 

stroma allows for these tumour cell / extracellular matrix interactions and more direct 

analysis of new drugs or biochemical mechanisms.

There are now a large number of established human bladder cancer cell lines. Several 

studies showed that the in vitro characteristics of these cell lines are representative of the 

original tumours (25). We selected 4 cell lines that demonstrate phenotypes associated 

with well, moderate and poorly differentiated TCC cells. RT4 and RTl 12 have been used 

as models of superficial non invasive tumours and 253J and EJ28 are models of invasive 

bladder cancer (25,196-200).
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Sinice destruction of the basement membrane and extracellular matrix is a critical step in 

invasion (2 2 ) we analysed the ability of the cell lines in our model to degrade the basement 

membrane. There was an intact layer of basement membrane for RTl 12, but destruction of 

the basement membrane in EJ cells (Fig 4.5 H and I). Increased expression of some 

components of the urokinase plasminogen system, such as urokinase plasminogen 

activator (uPA) and urokinase plasminogen activator receptor (uPAR) increase invasion in 

some tumour cell lines whereas expression of other components, such as plasminogen 

activator inhibitor-1 (PAI-1) decrease invasiveness (236). The role of PAI-1 is complex 

since in other models it increased angiogenesis (237). Analysis of key components of this 

system (Table 4.1) may explain contributing factors for lack o f invasion of RT4 (high PAI- 

1) but there are no obvious differences in these components between the non invasive line 

253J and the invasive EJ28. A similar pattem of expression has been described in some of 

these cell lines by Hudson (224), where uPA correlated with invasion into matrigel. Our 

study differed somewhat, in that RT4 cells expressed higher rather than lower levels of 

uPA in the supernatant than 253J and EJ28, yet were non invasive. This difference in 

RT4 expression may reflect differences in experimental technique, we standardised 

expression per 1 x 1 0  ̂cells at the end of a 16 hour period, rather than at the beginning of a 

72 hour period, which would not take into account the different growth rates of these cell 

lines. Despite these differences several studies have confirmed the necessity for binding of 

uPA to uPAR for tumour cell invasion (238, 239) and RT4 has low uPAR expression.
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Thus, whilst the plasminogen activator system is a major mediator of invasion, additional 

other factors are involved.

The inhibition in our model with Mab 3936 confirmed the importance of the plasminogen 

activator system in a realistic model of bladder cancer invasion and pinpoints a potential 

therapeutic target (240) . We therefore tested Â5, a small cyclic peptide inhibitor of 

uPAR, and found it was also able to block invasion. Such strategies may be useful after 

TURBT to prevent displaced cells seeding.

Why the 'invasive cell line' 253J failed to invade in this model is hard to explain, since it 

invades matrigel (224). Our result may represent genetic changes during prolonged passage, 

or indicate that other factors are needed for stromal compared to the less complex matrigel 

invasion. The doubling time in vitro for 253J and EJ28 was very similar and this suggests 

that the invasion seen with EJ28 and lack of invasion with 253J was not simply a 

reflection of proliferation.

As a realistic model of bladder cancer invasion this system has obvious advantages over 

conventional invasion assays, such as the Boyden chamber or matrigel. These assays do 

not allow for the contribution of the extracellular matrix, and they typically assess 

invasion over a few hours rather than the more realistic days or weeks.
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Booth et al have previously reported an in vitro model using human urinary bladder (25). 

The latter is an excellent model and human tissue obviously has advantages over rat tissue 

when investigating human bladder cancer invasion, although our model also has specific 

advantages. Firstly, it is harder to maintain a regular supply of human bladder for 

experiments. Secondly, the viability of these models depends on diffusion o f culture 

medium and the maintenance of an air/liquid interface. This is relatively straightforward in 

the thinner rat bladder, which can be kept viable for more than 28 days. Human bladder 

cancer cell lines remain viable on rat de-epithelialized stroma, because there is no 

immunological rejection in vitro. Marked invasion into the rat stroma occurs within a short 

time, 7-14 days. This shorter experimental time, ease of handling and plentiful supply 

means that this model will aid the investigation of the mechanism of invasion and the 

testing of therapeutic agents.

This model shows great potential for investigation of putative anti-invasion/implantation 

therapies. We have previously shown that elevated VEGF mRNA in superficial bladder 

tumours predicts recurrence and early stage progression (3). Also (as demonstrated in 

Chapter 3), when invasive bladder cancer cell lines in vitro are hypoxic and confluent, 

analogous to a solid invasive tumour, VEGF expression is increased compared to 

superficial cells. Therefore VEGF may be a therapeutic target. The results in our model 

with suramin support the rationale for a phase I study of intravesical therapy in patients 

with bladder cancer.
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In conclusion, this study illustrates a reproducible, simple and realistic model of bladder 

cancer invasion. It allows for the study of the mechanisms involved in invasion. These 

processes and the contribution of the stroma could be further elucidated, using bladders 

from transgenic animals deficient in specific components of the extracellular matrix.
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Chapter Five

The effect of increased thymidine 

phosphorylase expression in the in vitro

model and in vivo
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In this Chapter I follow on from our previous observations that TP is especially elevated 

in invasive bladder cancer at both mRNA and protein level (2, 241), to investigate if this 

elevated expression may have a causal role in invasion.

This was achieved by inducing overexpression of TP in RTl 12, a superficial bladder 

cancer cell line that does not invade in our model (Chapter 4), and analysing the effect of 

this overexpression in our in vitro model.

Furtulon is a prodrug for 5-Fluorouracil, which is activated by TP. The potential therefore 

exists to exploit tumours that naturally express high amounts o f TP, by treatment with 

furtulon (242). Since clinically, invasive bladder cancers have high TP expression, this 

may represent a therapeutic opportunity if given intravesically. Therefore the effect of 

furtulon on a high TP expressing clone was examined in the in vitro model.

Lastly the effect of TP overexpression is examined in vivo, in standard subcutaneous 

xenograft experiments.
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5.1 Growth on plastic

The growth rate of the empty vector (EVl 1) and the high TP expressing (2T10) clones 

were similar to each other (doubling times EVl 1 - 15 . 2  hours + ! -  0.9, 2T10-  16.1 hours 

+ ! -  2.0) (p = >0.05) and similar to wild type RTl 12 (doubling time 19.4 hours +/- 1.0) 

(Fig 5.1). Cloning efficiency was also similar between cell lines EVl 1 (12.6 % ± 2.5), 

2T10 (13 % ± 2) and RTl 12 (10.7 % +/- 2.3) (p = >0.05).

c/5
c
3OU
“3
U

1 0 0

RT112

2T1010

-A- EV11

1

2 3 4 60 1 5 7

Culture days

Fig 5.1 Growth rates on standard tissue culture plates. RTl 12 (wild type), E V l l  
(empty vector) and 2T10 (high expressing clone) all have similar growth rates. Each 
point represents means (n=3) (error bars are 1 s.d. of the mean). Representative 
experiment of experiment repeated 3 times.
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5.2 TP expression of clones relative to human primary bladder tumours

Having previously demonstrated increased TP in invasive rather than superficial bladder 

tumours, TP expression of wild-type, EVl 1 and 2T10 cells were compared with a panel 

of superficial and invasive bladder tumours (Fig. 5.2). This demonstrated that the TP 

transductant 2T10 expressed significantly elevated TP comparable to invasive primary 

tumours whereas the empty vector EV11 was more comparable to superficial primary 

tumours.

TP

N
tH
H

Superficial Invasive

SI S2 S3

Fig 5.2 Western blot showing comparison of TP expression in RTl 12 (wild type), 
EVl l  (empty vector) and 2T10 (high expressing clone) with three typical superficial 
and three typical invasive primary bladder tumours.

5.3 Growth of transductants in the in vitro model

Figure 5.3 demonstrates the growth of the cell lines in the in vitro model. RTl 12 (wild- 

type cells) grew as a superficial stratified epithelium with no invasion into the stroma 

(Fig. 5.3A). EVl 1 grew in a similar manner with no invasion (Fig. 5.3B) whereas 2T10 

cells invaded into the stroma across a broad front (Fig 5.3C). The differences in TP 

expression between the cell lines is maintained within this model as can be seen in Fig 5.3 

(D-F). The degree of invasion is quantified in Fig 5.4.

146



RT112 day 7 
TP

RT112 day 7 
cqWrol

EV41 day 7 
control

%

2T10 Jay  7 
control

Fig 5.3 RT112 (wild type) and EV11 (empty vector) cells do not invade (A 
and B) whereas 2T10 cells (high TP expressing clone) do (C). Results 
illustrated are from representative experiment (n>3 sections), repeated ^  
3 times.
Within the model relative differences between the cell lines for TP 
expression is maintained (D-F).
Original magnification: x400, scale bar=20|im 
Inset; original magnification: x100, scale bar=100jLim
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Fig 5.4 Quantification of invasion. H  RTl 12, LJ EVl l ,  |  2T10 cells. Means 
(n=3, error bars =1 s.d. of mean) of representative experiment, repeated 3 times.

5.4 Effect of Furtulon on growth on in vitro model

MTT assays confirmed that 1 pM Furtulon was non toxic to our cells. However, figure

5.5 demonstrates that Furtulon inhibited the invasive capacity o f high TP expressing cells, 

whilst urowth of EVl 1 was unaltered.
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Fig 5.5 Furtulon inhibits invasion of 2T10 cells. Results illustrated are 
from representative experiment (n>3 sections), repeated 3 times. 
Original magnification: x400, scale bar=20jLim 
Inset; original magnification: x100, scale bar=100|im
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Fig 5.6 Growth of E V l l   and 2T10 cells as subcutaneous xenografts in nude
mice. Representative experiment of experiment repeated twice (n = 20 mice per cell 
line in total). There was no significant difference between groups for either tum our 
growth (p > 0.05, t test) or in tum our take rates (E V ll 65 % , 2T10 85 %) (p = 0.58, Chi- 
squared).
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5.6 TP expression within xenografts

Subsequent western blotting on these tumours confirmed maintenance of correct TP 

expression within the cell lines used for inoculation (Fig 5.7) but significantly elevated 

TP expression in the xenografts. Although 2T10 xenografts had slightly higher TP 

expression than EVl l  xenografts, levels were comparable (Fig 5.7) and much more 

sim ilar than those from the inoculated cells, suggesting that in vivo mechanisms 

upregulated TP expression.

C ells I--------------------------------------  X enografts

I------------------------------------------ 1-I--------------------------
E V l l  2T10 E V l l  2T10

Fig 5.7 W estern blot dem onstrating TP expression in innoeulating cell lines and 
subsequent tum our xenografts (equal protein loading, representative samples). 
Despite confirming maintenance of m arked differences in TP expression between 
cells used for inoculation, there was much less difference in TP expression between 
E V ll and 2T10 xenograft tum ours (three largest tum ours from each group). This 
suggested that other factors in vivo induced upregulation of TP expression.
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5.7 Discussion

In this study we have demonstrated that overexpression of TP in a superficial bladder 

cancer cell line was associated with invasion into the stroma. Local tumour cell invasion 

into the stroma at transurethral resection of bladder tumour (TURBT) probably plays a 

role in the re-implantation/seeding theory o f bladder cancer recurrence (19, 234). Our 

results may mirror this situation and the increased invasion of the high expressing clone is 

consistent with two studies where increased TP was prognostic for recurrence in 

superficial bladder cancer (133, 243). In both o f these studies, TP expression was 

correlated to stage and grade but particularly interesting was the 2-fold higher TP 

expression in T1 compared to Ta tumours. T1 tumours, traditionally termed superficial 

and included with Ta tumours, are now regarded by many as separate entities due to their 

invasive capacity (invasion through the lamina propria).

We have previously demonstrated marked elevation in TP protein and mRNA expression 

with progression to invasive bladder cancer (2, 241). Although our rat sections are thin, 

the degree of invasion in our model presented here suggests that high TP expression is 

associated with more than just re-implantation/seeding and in fact results in transition to 

full-blown invasive phenotype.

The mechanism of this invasion associated with the high TP expression is unclear but the 

failure o f any growth difference in xenografts suggests several possibilities. In many 

immunohistochemical studies of human primary tumours including bladder, a significant 

proportion, if not most, o f the TP expression comes from infiltrating cells rather than 

tumour cells (85, 8 6 , 241). In vitro, upregulation o f TP has been induced by
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inflammatory cytokines such as tumour necrosis factor-a, interleukin- 1 and interferon-y 

(244, 245) which also recruit macrophages, a rich source of TP. Thus, not only tumour 

cell expression but also host cell production o f TP is important for total tumour TP 

expression.

In the xenograft experiments this paracrine induction o f tumour TP will elevate total 

tumour TP expression. Whilst total levels still do not equate to 2T10 xenograft tumours 

(Fig 5.7), this paracrine effect may still be sufficient for E Vl l  xenografts as it has been 

suggested that a “threshold level” of TP is necessary for initial tumour growth in vivo 

(246). Although some studies have shown increased micro vessel density associated with 

raised t P  (8 6 ) others have not (85, 241) suggesting that TP may be important in vascular 

remodelling, early in tumour development, compatible with its chemotactic, non- 

mitogenic properties and that other angiogenic factors are more important for subsequent 

growth. In our xenografts, if  the initial inflammatory reaction o f tumour inoculation 

achieved this threshold level of TP, then early tumour growth would be similar and 

subsequently other angiogenic factors released by the growing tumour would be similar 

and account for comparable tumour growth later. In the isolated in vitro model, paracrine 

increases in TP from inflammatory cells would be limited (Fig 5.3 D-F) and thus growth 

differences attributable to truly different TP levels.

An alternative explanation for differing behaviour between clones in the in vitro model 

but not in xenografts may be that subcutaneous flank injection is too insensitive a model 

to discriminate for bladder cancer cells. Unlike breast carcinoma, which clinically 

metastasises to skin, bladder cancer rarely does. Ten-fold differences in tumour growth 

was seen when renal carcinoma cells were injected into the correct anatomical site (under
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the kidney capsule) compared to subcutaneously (247) and Dinney has demonstrated the 

importance o f orthotopic models (248). Our results may further highlight the need for 

orthotopic models.

Combined with our previous findings in primary bladder tumours, the results presented 

here suggest that TP could be a therapeutic target. Other angiogenic factors have been 

implicated in the process of tumour invasion. The functional inactivation of the VEGF 

receptor, VEGFR-2, disrupted angiogenesis and prevented invasion o f malignant 

kératinocytes (249). Breast carcinoma invasion into human skin on a mouse model was 

also inhibited by antagonising ocVpS integrins, key mediators in the angiogenic process 

(94). Whilst inhibitors of TP are being developed such as 6-amino-5-bromouracil (250) 

that inhibit angiogenesis in vitro, the disadvantage of such a single factor hit approach is 

that tumours may simply use alternative angiogenic/oncogenic pathways.

An exciting alternative is to utilise the high TP expression to activate pro-drugs to toxic 

metabolites. TP catalyses the conversion o f the pro-drug 5-deoxy-5-fluorouridine 

(Furtulon) to 5-fluoruracil (5-FU) (251). MCF7 breast carcinoma cells transfected to 

overexpress TP showed a 165 fold increased sensitivity to Furtulon (242). Our results 

demonstrate inhibition of invasion using Furtulon when added to high TP expressing 

2T10 cells. Translating these findings into practise in bladder cancer may be reasonable. 

Patterson demonstrated significant by-stander effects to pro-drug sensitivity when small 

proportions o f high expressing TP transfected cells were mixed with wild-type cells 

(242). This would allow for some tumour cell heterogeneity in TP expression in bladder 

tumours. The bladder is easily accessible for intravesical therapy. To enhance pro-drug 

sensitivity, it is possible by gene expression to directly increase tumour cell TP (252).
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(252). However, the increased angiogenesis induced by such a technique might be 

counter-productive. An alternative would be by gene therapy to increase expression of 

interferon-a, which not only induces TP (253) thereby allowing increased pro-drug 

activation through TP, but is also anti-angiogenic and therefore neutralises any pro- 

angiogenic activity due to increased TP expression. Such a combination of 5-FU and 

interferon-a in patients with metastatic colon cancer resulted in increased response rate 

over 5-FU alone (254).

Methotrexate sensitivity may also be enhanced by increasing TP expression, resulting in 

depletion of thymidine, which is necessary for cells to survive methotrexate attack (85, 

241). Our results confirm the importance of TP in bladder cancer invasion and suggest 

that the potential to utilise TP therapeutically should be further evaluated.
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Chapter Six

An analysis of the role of serum vascular 

endothelial growth factor in patients with

prostate cancer
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The prevalence of prostate cancer is rising, partly due to increased diagnosis and partly 

due to increased longevity of the population (255). Despite this, there is still controversy 

over who to treat, how and when. This is due to relative inadequacy of prognostic 

information and the comparable end results achieved by different extremes of treatment 

(256, 257). Additional prognostic indicators and therapeutic targets are needed.

Much attention has recently been paid to angiogenesis. In prostate cancer, MVD is 

increased in cancerous tissue compared to normal tissue (160, 162) and is predictive of 

extraorgan extension (164, 165). However, these results are on radical prostatectomy 

specimens which is too late to provide prognostic information that may influence whether 

to operate or not. Pre-operative prognostic information can be obtained from truecut 

biopsies, but analysis of MVD on such biopsies is prone to technical difficulties and relies 

on a particular specimen being representative of the whole tumour. Measurement of levels 

of various angiogenic stimulators (or inhibitors) in body fluids, such as blood and urine, 

can give an indication of the angiogenic ability of the whole tumour, not just one particular 

biopsy.

Serum basic FGF has been shown to be diagnostic in prostate cancer (171). Whilst 

elevated serum VEGF has recently been shown to be prognostic in ovarian and colon 

carcinomas (258-260), it has not been reported for prostate cancer. VEGF may play an 

important role in the biology of prostate cancer. Immunohistochemical studies have 

confirmed the presence of VEGF in prostate cancer (173) and when anti-VEGF antibodies
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were given to mice with subcutaneous prostate cancer cell line spheroids, reduced tumour 

growth and angiogenesis resulted (54). Furthermore there is now evidence that angiogenesis 

and VEGF production are at least in part under hormonal control (186, 187).

In this chapter I describe how serum was analysed for VEGF in a cross-section of patients 

with prostate cancer, benign pro static hyperplasia (BPH) and normal controls. In addition 

these patients were followed prospectively and serial samples obtained from some 

patients responding to, and others escaping from hormonal therapy (as indicated by their 

serum prostatic specific antigen [PSA] levels) to determine if serum VEGF levels are 

indicative o f disease activity.
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6.1 Patient characteristics

From November 1997 serum samples were collected from 78 male subjects. Forty eight of 

these had a histopathological diagnosis of prostate cancer, o f whom 32 had metastatic 

disease. This was confirmed by bone scan in 26, MRI 1, and attributed to 5 patients, who 

did not have bone scans on the basis of clinical history and markedly elevated PSA (mean 

159 ng/ml, range 118-212) (261). Sixteen patients had local disease. This was confirmed by 

negative imaging in 14 patients (11 bone scan, 2 MRI, 1 CT). Two patients had no routine 

imaging but were included in this group by virtue of a low maximal PSA (1 and 17 ng/ml) 

(262). There were also 9 patients with a clinical and histopathological diagnosis of benign 

prostatic hyperplasia and 21 healthy controls (Table 6.1).

During the study, 12 patients were started on hormonal therapy. Serial blood results, 

within a 3-6 month period on these patients confirmed a biochemical response in 10 of 

those patients (average PSA reduction 42 fold, min 5.5, max 92 fold). This group formed a 

'responding' cohort. In addition serial PSA measurement also identified a subgroup of 9 

patients with hormone escaping metastatic disease (either on entry into, or during the trial) 

with PSA rising ^ 2  fold on 2 successive occasions.

Twelve of the 16 patients with local prostate cancer were not on treatment for their 

cancer. This compares with 10 out of 32 patients with metastatic disease not on treatment 

at the time of their blood test.
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6.2 Serum VEGF is elevated in patients with hormone escaped prostate eaneer

The mean age of the different groups was similar with the exception o f the healthy 

controls who were significantly younger (p< 0.001)(Table 6.1).

number i mean age (range) (years) |

Metastatic prostate cancer 32 75 (57 - 89)

Local prostate cancer 16 72 (53 - 87)

Benign prostatic hyperplasia 9 74 (66 - 84)

Healthy controls 21 30 (23 - 38)*

Table 6.1. Study groups and ages (* p <0.001 vs all other groups).

The mean serum VEGF was significantly lower in this control group than all other groups 

with cancer (p<0.05). The group with hormone escaped metastatic disease had both a 

significantly higher mean serum VEGF and a significantly higher proportion of patients 

with serum VEGF > the 90th centile of the control group, than all other groups (Fig 6.1). 

There was no significant difference in serum VEGF levels between patients with benign, 

local or metastatic disease.
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Fig 6.1. Comparison of serum VEGF according to category of prostatic disease. Each 
dot represents the serum VEGF level of an individual patient. The horizontal line  
is the 90th centile value for the control group. The numbers above each group 
represents mean serum VEGF +/- s.d. (pg/ml). * indicates a p value of < 0.02 vs all 
other groups. ** indicates a p value of 0.06 vs BPH, 0.04 vs local and 0.01 vs 
metastatic group for the difference in proportion of patients with a serum VEGF > 
the 90th centile for control group (Chi-squared test). There was no significant 
difference in results between BPH, local and metastatic groups.
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6.3 Serum VEGF does not reflect either disease activity or hormonal status

A weak correlation was demonstrated between VEGF and PSA (r = 0.35, P = 0.02) (Fig

6.2) indicating that VEGF may reflect disease activity. However comparing serial serum 

VEGF results within two different groups, one with 'responding' disease and the other 

with actively escaping disease, there was no significant difference in serum VEGF 

whatever the disease activity. In the 'responding' group only 4 out of 10 patients had 

decreasing serum VEGF and in the hormone escaping group only 5 out of 8 had rising 

serum VEGF (Fig 6.3). Likewise there was no significant difference between similar groups 

of patients on and off treatment (Table 6.2).
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Fig 6.2. Correlation of PSA and serum VEGF levels in 48 patients.
Each dot represents the PSA and serum VEGF level in one patient (simple linear 
regression r = 0.35, p = 0.02).
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Local prostate cancer

No treatment (n=12)

On treatment (n=4) 

Metastatic prostate cancer*

No treatment (n=10)

On treatment (n=13)

r.
279 pg/ml (167.5)

U 53

220 pg/ml (132.3)

I |p= 0 41
227 pg/ml (143) 

290 pg/ml (200)

Table 6.2. Comparison of the effects of hormone ablative treatm ent on serum 
VEGF. (* patients with hormone escaping disease have been excluded, as at that 
stage it is assumed that treatm ent is ineffective).
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6.4 Discussion

Current prognostic indicators in prostate cancer, PSA, grade and stage (263) still result in a 

significant proportion of patients with unrecognised extracapsular extension undergoing 

radical prostatectomy with curative intent (264). Angiogenesis in general, and VEGF in 

particular has been demonstrated to be prognostic in a number of tumours (61). Serum 

levels of VEGF which are easily obtained and calculated have been shown to be elevated in 

patients with tumours compared to normal controls (260). Furthermore this elevation has 

also been shown to be proportional to stage (260, 265). Whilst serum levels of another 

major angiogenic factor, basic fibroblast growth factor have been studied in prostate cancer, 

with a sensitivity o f 83 % and a specificity of 44 % for patients with prostate cancer but a 

'normal' PSA (< 4ng/ml) (171), little data is reported on serum VEGF and prostate cancer.

Our results demonstrate a significantly elevated serum VEGF in patients with metastatic 

carcinoma of the prostate compared with normal controls. Although the mean ages of these 

groups are significantly different, it was necessary in this study to use a younger control 

group in order to avoid inclusion of any occult prostatic carcinomas. It has also been 

shown, over a wide age range that age per se does not influence serum VEGF (259). There 

were no statistical differences in serum VEGF between patients with prostate cancer and 

BPH or patients with BPH and controls. Comparing patients with local and metastatic 

prostate cancer there was no significant difference although in other tumours stage has 

been shown to be influential. In colon cancer Kumar demonstrated increased serum VEGF
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with increasing Dukes's stage (259) and similar findings were reported comparing local 

versus metastatic cancer in a number of different malignancies (265).

To determine whether treatment, rather than disease activity had an effect on serum 

VEGF, those patients with either local disease or metastatic disease on and off treatment 

were compared. This demonstrated no significant difference between serum VEGF and 

treatment status, implying that systemic VEGF expression is not regulated by androgen 

status. These findings are inconsistent with some others as there are now several pieces of 

evidence to support hormonal regulation of angiogenesis. VEGF expression is upregulated 

in pro static cells in vitro and in animal prostate models by androgens and reduced by 

androgen ablation (186-188, 266).

Furthermore in an immunohistochemical study on prostatic biopsies from 21 patients with 

prostate cancer, VEGF expression correlated with endothelial cell proliferation and was 

much greater in malignant compared to benign tissue. After hormonal therapy VEGF 

expression and endothelial cell proliferation was reduced to 10 and 3 % of previous values. 

Similarly, in colon, breast and ovarian malignancies treated by surgery, control of the 

primary (in these cases by excision), resulted in a reduction in serum VEGF (258-260).

We found no correlation between disease activity, as estimated by serial PSA 

measurements, and serial serum VEGF samples. Previously in one other study serial serum 

VEGF samples were taken on the same patients with a variety of progressive malignant
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diseases, and this demonstrated increasing VEGF with disease progression (260). 

However, Yamamoto has reported a lack of correlation with serial VEGF and another 

important marker of disease, CA 125, in ovarian malignancy (258). This may however 

reflect an inadequacy of CA 125 rather than serum VEGF, which fell after successful 

removal of ovarian tumours in this study.

In conclusion, although our results show significantly elevated serum VEGF in patients 

with hormone escaped metastatic prostate cancer, this is unlikely to be of any clinical 

benefit as PSA in this group of patients is reliable and during serial follow-up in the clinic 

this diagnosis is usually clinically obvious. Nor do we see a role for serum VEGF as an 

additional tool for assessing response to conventional anti-androgen therapy, as we have 

demonstrated no association between serum VEGF and androgen status. There may still 

however be a role for monitoring serum VEGF in patients undergoing early clinical trials 

with new anti-angiogenic agents. Response to current anti-angiogenic agents appears to be 

largely cytostatic rather than cytotoxic and therefore assessing therapeutic potential is 

difficult. Monitoring serum VEGF may act as a surrogate marker for response to these 

agents. This may be particularly useful if a two hit approach is adopted to prostate cancer 

with anti-androgens attacking the tumour cells and anti-angiogenic agents targeting the 

tumour blood supply.

Finally, platelets are a source of VEGF with marked interindividual patient variation in 

both platelet VEGF and platelet number. Measurement of plasma VEGF has recently been
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suggested as a possibly more accurate indicator of systemic VEGF than serum VEGF 

measurement by eliminating VEGF released by platelets in the sampling process (267). 

Like ours, almost all studies to date have been performed on serum VEGF but the 

significance of VEGF released from platelets may have implications not only for these 

types of studies but also for utilisation of anti-platelet drugs in anti-angiogenic therapies.
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Chapter Seven

Angiogenesis and lymphangiogenesis in 

stage 1 germ cell tumours of the testis.
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Raised MVD has been associated with poor prognosis in breast, bladder, prostate and a 

number of other tumours (1, 58, 60). Elevated MVD not only provides these tumours 

with additional oxygen and nutrients and therefore a survival advantage but also facilitates 

metastasis as angiogenic new vessels tend to be leaky (268).

For germ cell tumours of the testis thought to be confined to the testis (clinical stage 1), 

orchidectomy alone followed by surveillance results in relapse rates of approximately 15 

% for seminoma and 20 % for teratoma (269, 270) Therefore adjuvant therapy post 

orchidectomy is becoming standard treatment for all stage 1 seminomas and those stage 1 

teratomas deemed high risk (271, 272). This has resulted in cure rates approaching 100 %, 

but still some patients are treated unnecessarily as most patients are destined not to 

develop relapses (269, 270). Some stratification of risk, and therefore tailoring of therapy, 

is performed for teratomas (273) but additional prognostic indicators would help to refine 

these decisions.

Very little data exists on the importance of angiogenesis in testis tumours. In this chapter 

I present the analysis of MVD and expression of VEGF and TP by 

immunohistochemistry in a series of 51 clinical stage 1 germ cell tumours of the testis (28 

seminoma, 23 teratoma) treated by orchidectomy and surveillance only in an attempt to 

relate this to the natural history of these tumours.
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Furthermore it is known that the primary site for relapses of seminoma is the paraaortic 

lymph nodes and only rarely is this site bypassed. Recently two novel molecules have 

been described VEGF-C and its receptor VEGFR-3. Whereas VEGF is angiogenic acting 

on endothelial cells of blood vessels, VEGF-C is lymphangiogenic acting on lymphatic 

endothelium (274). It is possible that lymphangiogenesis and VEGF-C may play an 

important role in tumours that, like seminoma metastasise primarily via lymphatics. 

Therefore, the expression of VEGF-C and VEGFR-3 was also assessed in the seminoma 

cases.
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7.1 Patient characteristics

Twenty eight seminoma and 23 teratoma paraffin embedded specimens were taken from 

archival material at Northampton District Hospital, Northampton, from patients with 

stage 1 germ cell tumours of the testis, treated by orchidectomy and surveillance only. 

Patients' ages ranged from 21 to 8 6  years (mean age 37 years). The mean follow-up was 

50 months (15-134). Seven (25 %) patients with seminoma and 11 (47.8 %) patients with 

teratoma relapsed at a median time of 9 (3-18) and 4 (1-12) months respectively. Four 

normal testis specimens, obtained at orchidectomy as treatment for prostate cancer, were 

used as controls.

7.2 Analysis of angiogenic factors and angiogenic ability within tumour sections

7.2.1 Expression of TP by western blotting

Initially to validate our antibody, TP expression was assessed by performing western blot 

experiments on whole tissue protein extracts from samples of testis tumours and adjacent 

macroscopically normal testis (Fig 7.1). TP was present in normal and malignant samples
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at expected molecular weight and this experiment confirmed the ability of our antibody to 

detect this angiogenic factor and show variation between cases.

Normal Tumour

Fig 7.1. Western blot for TP in a panel of testis tumours and adjacent 
macroscopically normal testes.

7.2.2 Analysis of microvessel density

Microvessel density was highest in teratoma specimens and lowest in normal specimens 

(p < 0.01)(Table 7.1 and Fig 7.2). In all cases, MVD distribution was heterogeneous with 

areas of high MVD (vascular 'hot spots') adjacent to areas almost devoid of vessels. 

Despite the quite large variation in microvessel density between individual tumours no 

significant association was found between MVD and recurrence (seminoma p = 1.0, 

teratomas p = 0.67) (Fig 7.3).
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Teratoma Seminonm Normal
Mean MVD 85* 37 26
(range) (26 - 163) G6- 91) (18-30)
VEGF score 3.8* 1.1 1.5
(max 6) i ( 1- 6) ( 0- 4) ( 1- 2)
TP score 1.78** 1.46** 0
(max 6) ( 0- 4) ( 0- 2)

Table 7.1. Comparison of microvcssel densit), VEGF and TP 
immunohistochemistry between teratomas, seminomas and normal testes.
* p< 0.01 vs seminoma and normals. **p <0.02 vs normals.

7.2.3 VEGF expression in tumours

Tumours typically expressed more VEGF than normal specimens. However there was 

again great variation between individual tumours some expressing large amounts of VEGF 

and others expressing very little (Table 7.1 and Fig 7.2). When present, VEGF staining 

was equally distributed between the cytoplasm of tumour cells and the extracellular 

matrix, i.e. strong staining in the stroma was associated with strong staining of tumour 

cells (Table 7.2). There was no association found between either MVD and total VEGF 

expression (seminomas p =0.09, teratomas p =0.77) or between total VEGF levels and 

recurrence (seminomas p =0.8, teratomas p =0.77)(Fig 7.4).
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Fig 7.2 Comparison of microvessel density, VEGF and TP 
immunohistochemistry between teratomas, seminomas and normal testis 
(representative views). (See table 7.1 for quantification).

177



Tumour cell VEGF score

Stromal VEGF 
score

0
18
9
3

Table 7.2 Stromal and tumour VEGF staining is similar in intensity. Staining  
intensity was scored for 51 individual samples.

7.2.4 TP expression in tumours

There was significantly more staining in tumour specimens compared to normal 

specimens (p<0.02) (Table 7.1). This staining was almost exclusively in the stroma (Fig.

7.2). However there was very little variation between individual tumours and therefore no 

attempt was made to determine prognostic significance o f any variation.
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Fig 7.3. Kaplan Meier graphs for relapse free survival in teratoma (A) and 
seminoma (B) patients divided around their median values for microvessel density. 
No significant association was found between MVD and recurrence for either 
group (Mann-Whitney U test).
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immunostaining. No significant association was found between VEGF and 
recurrence for either group (Mann-Whitney U test).
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7.3 Analysis of lymphangiogenic factors within seminoma specimens

In situ hybridisation detected VEGF-C mRNA in approximately half of the cases, 

although even in positive cases, there was generally less than 5 % of cells positive. The 

signal was almost exclusively distributed around endothelial cells (Fig 7.5). Of the 6  cases 

with the most intense signal 2 patients relapsed and 4 did not.

VEGFR-3 was detected by immunohistochemistry in approximately one third of cases. 

Typically these sections were mostly negative with occasional areas of stronger staining. 

When present VEGFR-3 staining was seen in endothelial cells and tumour cells (Fig 7.6). 

Since only one third of sections were positive it was difficult to relate VEGFR-3 

immunostaining to prognosis. However, only 1 case out of the 6  most strongly stained 

sections recurred.
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Fig 7.5. In situ hybridisation for VEGF-C.
In the tumour section a positively staining vessel is clearly 
seen.
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7.4 Discussion

In stage 1 germ cell tumours of the testis a subset of patients exists for whom further 

therapy, after orchidectomy, is unnecessary. The dilemma is how to identify these 

patients. Whilst angiogenesis has been studied extensively in prostate cancer, MVD 

adding additional prognostic information to current indicators (160, 167) very little has 

been published on angiogenesis and testis tumours.

Olivarez et al analysed 65 orchidectomy specimens in patients thought to have clinical 

stage A disease who then underwent retroperitoneal lymph node dissection (RPLND). 

They found that the 11 patients with the highest MVD all had metastatic disease. 

However this series o f patients may not be typical as they had a positive RPLND rate of 

60 %, double that expected (192). When multiple regression analysis was carried out 

using MVD and other known histological prognostic features, only the absence of yolk 

sac tumour component was significantly predictive of occult métastasés (192).

Viglietto (194) found a significant correlation between VEGF expression and MVD and 

suggested that VEGF might therefore be a new prognostic factor. However long term 

follow-up data was not available in that study and therefore this suggestion was not 

demonstrated. Another Japanese study has demonstrated raised MVD in orchidectomy 

specimens from patients with metastatic disease compared to those from a different 

group with localised disease (195). However, no study has reported MVD and angiogenic
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factors in a group of patients treated by orchidectomy and surveillance only and then 

followed prospectively.

There are several possible explanations as to why our study failed to show prognostic 

significance. Firstly it may be that although tumour specimens were much more 

angiogenic than normal testis, additional factors, such as invasive potential, may 

ultimately affect metastasis. Adrenal adenomas are for example highly angiogenic and do 

not metastasise (275). Secondly it may be that angiogenic factors, other than VEGF and 

TP, are more important in testis tumour biology. Lastly although our sample size is 

comparable to other published series, it is still quite small and this may account for lack 

of prognostic significance.

The results for VEGF-C and VEGFR-3 are interesting. Although it is not possible to say 

anything conclusive about prognosis the presence of both molecules suggest that they 

may be important. VEGF-C, first identified in 1996 as a ligand for VEGFR-3 (274) 

induces lymphatic hyperplasia when overexpressed in the skin o f transgenic mice (78). 

Whilst there is still controversy over the presence and possible role of lymphatics within 

tumours (276), the finding of both these factors in a tumour type that predominantly 

meiastasises initially to the paraaortic lymph nodes may be significant. Recently VEGF- 

C messenger RNA has been demonstrated in approximately half the tumours studied in 

one series (79) and this area is being actively investigated.
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Our results suggest that angiogenesis and possibly lymphangiogenesis may have a role in 

tumour biology of stage 1 germ cell tumours of the testis. Further investigation is 

indicated and with the continued advances in anti-angiogenic therapy there may be a 

therapeutic opportunity for alternative/additional adjuvant therapy in clinical stage 1

cases.
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Chapter Eight

Final conclusions and future work
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Final conclusions and future work

The impetus for angiogenesis research is based on two basic principles. Firstly, with few 

exceptions, very small tumours (< 2-3 mm^) are clinically not significant. Secondly 

conventional anti-cancer treatment is frequently limited due to problems intrinsic to the 

tumour. Therefore as a therapeutic target, attacking the blood supply of tumours, to 

prevent oxygen and nutrient supply, thereby restricting the growth of small tumours to 

clinically insignificant sizes and decreasing the growth o f large ones, seemed an obvious 

and novel approach.

In order for the blood supply of tumours to be attacked, firstly the mechanism by which 

tumours induced their blood supply had to be understood. This mechanism called 

angiogenesis involves the induction o f new vessels from existing vessels. In a sense 

diverting a nearby blood supply to feed the growing tumour. The pioneering work by 

Judah Folkman established that tumours were dependent on this angiogenic ability (50). It 

is intuitive that tumours that are good at inducing a blood supply - or highly angiogenic - 

tend to grow faster and be more aggressive clinically. Indeed angiogenesis has been found 

to be prognostic in many tumour types. As our understanding o f its regulation has 

increased, angiogenesis is now becoming a realistic therapeutic target.

In this thesis both prognostic and therapeutic potential of angiogenesis was examined with 

respect to a variety of urological malignancies.
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Previous work from our laboratory had established the importance o f angiogenesis in 

bladder cancer with the angiogenic factor vascular endothelial gro’wth factor (VEGF) being 

prognostic in superficial bladder cancer and thymidine phosphorylase (TP) being 

especially elevated in invasive bladder cancer. In Chapter 3 the regulation of VEGF 

expression was examined in detail. Hypoxia was established as a key regulator of VEGF 

with invasive bladder cancer cell lines able to maintain this response at confluence 

compared with the superficial bladder cancer cell line RT4 which had reduced hypoxic 

induction of VEGF at confluence. This suggested a malignant advantage to these cell lines 

in vitro, since confluent cultures may be a more realistic representation of real life tumours 

than the exponential growth phase.

This hypoxic regulation of VEGF was demonstrated to be under the control o f two 

transcription factors H IF -la  and HIF-2a. Not only did these results suggest that H IF -la  

and HIF-2a might be theoretical targets to decrease VEGF expression in bladder cancer, 

but possible clinical relevance o f this was shown by demonstrating for the first time, the 

increased presence of these two factors in human primary bladder cancer specimens. 

Targeting these transcription factors to reduce induction of VEGF in hypoxic regions of 

tumours is especially exciting since conventional therapies are either less effective in 

hypoxic regions (radiotherapy), or are prone to reduced tum our penetration 

(chemotherapy) in hypoxic areas.

The greatly elevated expression of TP that we had previously demonstrated in invasive 

bladder cancer specimens over superficial tumours or normal bladder (2 ) strongly
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implicated TP in the process o f invasion. To try to confirm this we created a high TP 

expressing clone o f a superficial bladder cancer cell line to investigate whether this 

induced invasion. However it was first necessary to develop a more realistic model of 

bladder cancer invasion, than the simple Matrigel assay (Chapter 4). This is because we 

now realise the vital importance of the extracellular matrix in tumour invasion (and indeed 

angiogenesis) and also because of the importance of using as far as possible orthotopic 

models. This in vitro model gave reproducible results and was (once established) 

technically quite simple to perform. Using rat bladder had the advantage o f easy 

availability and the short (14-28 days) period o f experimentation gave rapid results. 

Having initially developed the model to investigate TP it became apparent that it could be 

used to test possible inhibitors of invasion. The ability of several agents that interfere with 

extracellular matrix to decrease invasion demonstrated not only the potential for these 

agents, but confirmed the importance of the extracellular matrix in regulating invasion. In 

this respect the model using de-epithelialised stroma closely mimicked the situation of 

intravesical chemotherapy post TURBT and may therefore be particularly relevant.

The high TP expressing clone (2T10) had much higher TP levels than the empty vector, 

expressing levels similar to primary invasive bladder cancers (Chapter 5). The invasion 

seen in the in vitro model with 2 T 1 0  but not with wild type or empty vector control cells is 

strong evidence to implicate TP in the mechanism of invasion and suggested that the very 

high levels o f TP seen in invasive bladder cancer were more than just an incidental 

finding. This suggests that TP would be a potential therapeutic target in invasive bladder 

cancer. We have not tested this yet in our model, but approaching it from the other
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direction we have demonstrated the potential o f using TP to activate a prodrug and thereby 

inhibit invasion.

The in vivo upregulation o f TP seen in the subcutaneous xenograft experiments possibly 

emphasised the importance of orthotopic models such as the in vitro invasion model.

The encouraging results from Chapters 3 -5 apparently confirming the great potential of 

angiogenesis research in cancer biology are balanced somewhat by the limited significance 

demonstrated by results in Chapter 6  (Serum VEGF in Prostate Cancer) and Chapter 7 

(Angiogenesis in Germ Cell Tumours o f the Testis). Possible reasons for the results in 

these chapters are discussed within those chapters but they serve to keep a sensible check 

on unrestrained enthusiasm for angiogenesis.

This work is continuing with a phase I trial of intravesical suramin in patients with 

superficial bladder cancer, following on from the results in chapter 4 and other peoples' 

work. Other areas of potentially useful future research suggested by the results in this 

thesis include;

1) Further investigation of the hypoxia response pathway in general, and H IF -la  

and HIF-2a in particular in urological malignancies.

2) Further investigation into the role of the extracellular matrix in bladder cancer 

invasion, possibly using transgenic techniques to generate varying stromas.

3) Antagonism of TP in the in vitro invasion model.
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4) Investigation into the potential prognostic significance of microvascular density 

(+/- angiogenic factors) in stage I germ cell tumours of the testis, deemed low 

risk by conventional prognostic indicators, but that do indeed relapse.

192



References

1. Dickinson, A.J., Fox, S., Persad, R.A., Hollyer, J., Sibley, G.N. and Harris A.L. 

Quantification o f angiogenesis as an independent predictor o f prognosis in 

invasive bladder carcinomas. Br. J. Urol. 74:762-766, 1994.

2. O'Brien, T., Cranston, D., Fuggle, S., Bicknell, R. and Harris, A.L. Different 

angiogenic pathways characterize superficial and invasive bladder cancer. Cancer 

Res. 55:510-513, 1995.

3. Crew, J.P., O'Brien, T., Bradburn, M., Fuggle, S., Cranston, D. and Harris, A.L. 

Vascular endothelial growth factor is a predictor of relapse and stage progression 

in superficial bladder cancer. Cancer Res. 57:5281-5285, 1997.

4. Silverman, D., Rothman, N. and Devesa, S.S. Epidemiology of bladder cancer. In: 

Syrogos, K.N. and Skinner, D.G. (eds.). Bladder Cancer : Biology, Diagnosis and 

Management. Oxford: Oxford University Press, pp 11-55, 1999.

5. Silverman, D., Hartge, P., Morrison, A.S. and Devesa, S.S. Epidemiology of 

bladder cancer. Haematol. Oncol. Clin. North Am. 6:1-30, 1992.

6 . Boring, C.C., Squires, T.S. and Tong T. Cancer statistics Ca: a Cancer J. for 

Clinicians. 43:7-26, 1993.

7. Benson, R.C., Jr., Tomera, K.M. and Lelalis P.P. Transitional cell carcinoma of 

the bladder in children and adolescents. J. Urol. 130:54-55, 1983.

8 . Morrison, A. Control of cigarette smoking in evaluating the association of coffee 

drinking and bladder cancer. In: MacMahon, B. and Surimura, T. ed. Coffee and 

Health, Banbury report 17. Cold Spring Harbour, NY: pp 127-136, 1984.

193



9. Case, R.A.M. and Hosker, M.E. Tumour of the urinary bladder as an occupational 

disease in the rubber industry in England and Wales. Br. J. Prev. Soc. Med. 8:39 

1954.

10. Hermanek, P. and Sobin, L.H. International Union against Cancer TNM 

classification of malignant tumours. (4th edition, 2nd revision) Berlin: Springer, 

1992.

11. Lutzeyer, W., Rubben, H. and Dahm, H. Prognostic parameters in superficial

bladder cancer: An analysis of 315 cases. J. Urol. 127:250-252, 1982.

12. Macjenzie, N., Torti, F. and Faysal, M. The natural history o f superficial bladder 

cancer. Proc. Am. Assoc. Cancer Res. 22:198, 1980.

13. Babaian, R.J., Johnson, D.E., Llamas, L. and Ayala, A.G. Métastasés from 

transitional cell carcinoma of the urinary bladder. Urology 16:142-144,1980.

14. Raghavan, D., Shipley, W. and Garnick, M. Biology and management of bladder

cancer. N. Engl. J. Med. 322:1129-1138, 1990.

15. Heney, N., Proppe, K. and Prout, G.J. Invasive bladder cancer: Tumour 

configuration, lymphatic infiltration and survival. J. Urol. 130:895-897, 1983.

16. Bloom, H., Hendry, W., Wallace, D. and Skeet, R. Treatment o f T3 bladder 

cancer: a controlled trial of preoperative radiotherapy and radical cystectomy 

versus radical radiotherapy. Br. J. Urol. 54:136-151, 1982.

17. Kaye, K.W. and Lange P.H. Mode of presentation of invasive bladder cancer: 

reassessment of the problem. J. Urol. 128:31-3, 1982.

18. Harris, A.L. and Neal, D.E. Bladder cancer - Field versus clonal origin. N. Engl. 

J. Med. 11:759-761, 1992.

194



19. Sidransky, D., Frost, P., Von Eschenbach, A., Oyasu, R., Preisinger, A.C. and 

Vogelstein, B. Clonal origin of bladder cancer. N. Engl. J. Med. 326:737-40, 

1992.

20. Habuchi, T., Takahashi, R., Yamada, H., Kakehi, Y., Sugiyama, T. and Yoshida,

0 . Metachronous multifocal development of urothelial cancers by intraluminal 

seeding. Lancet 342:1087-8, 1993.

21. Chem, H-D., Becich, M.J., Persad, R.A., Romkes, M., Smith, P., Collins, C., Li, 

Y-H. and Branch R.A. Clonal analysis of human recurrent superficial bladder 

cancer by immunohistochemistry of p53 and retinoblastoma proteins. J. Urol. 

156:1846-1849, 1996.

22. Liotta, L.A., Rao, C.N. and Barsku, S.H. Tumour invasion and the extracellular 

matrix. Lab. Invest. 49:636-649, 1983.

23. Miyake, H., Yoshimura, K., Hara, L, Eto, H., Arakawa, S. and Kamidono, S. 

Basic fibroblast growth factor regulates matrix metalloproteinase production and 

in vitro invasiveness in human bladder cancer cell lines. J. Urol. 157:2351-2355, 

1997.

24. Cook, G.P. and Hampton, J.A. Effects of ibuprofen on the in vitro invasiveness of 

a human transitional cell carcinoma. Anticancer Res. 17:365-368, 1997.

25. Booth, C., Harnden, P., Trejdosiewicz, L.K., Scriven, S., Selby, P.J. and 

Southgate, J. Stromal and vascular invasion in an human in vitro bladder cancer 

model. Lab. Invest. 76:843-857, 1997.

26. Witjes, J.A., Kiemeney, L.A., Oosterhof, G.O. and Debruyne, P.M. Prognostic 

factors in superficial bladder cancer. A review. Eur. Urol. 21:89-97, 1992.

195



27. Fitzpatrick, J.M., Wets, A.B. and Butler, M.R. Superficial bladder tumours: The 

importance of recurrence pattern following initial resection. J. Urol. 135:920-925, 

1986.

28. Lamm, D.L. Long term results of intravesical therapy for superficial bladder 

cancer. Urol. Clin. North Am. 19:573-580, 1992.

29. Raitanen, M.P., Nieminen, P. and Tammela, T.L.J. Impact o f tumour grade, stage, 

number, and size, and smoking and sex on survival in patients with transitional 

cell carcinoma of the bladder. Br. J. Urol. 76:470-476, 1995.

30. Kern, W.H. The grade and pathology stage o f bladder cancer. Cancer 53:1185- 

1189,1984.

31. Briggs, N.C., Young, T.B., Gilchrist, K.W., Vaillancourt, A.M. and Messing,

E.M. Age as a predictor of an aggressive clinical course for superficial bladder 

cancer. Cancer 69:1445-1451,1992.

32. Solsona, E., Iborra, I., Ricos, J.V., Monros, J.L., Casanova, J.L. and Almenar, S. 

Prostate involvement as a prognostic factor in patients with superficial bladder 

cancer. J. Urol. 154:1710-1713, 1995.

33. Heney, N. Ahmed, S. and Flanagan, M. Superficial bladder cancer: Progression 

and recurrence. J. Urol. 130:1083-1086, 1983.

34. Cutler, S.J., Heney, N.M. and Friedell, G.H. Longitudinal study o f patients with 

bladder cancer: factors associated with disease recurrence and progression. In: 

Bonney, W. and Brout, G. (eds.) AUA Monographs. Baltimore: The Williams 

and Wilkins Co., pp 35-41, 1982.

196



35. Flamm, J. and Havelec L. Factors affecting survival in primary superficial bladder 

cancer. Eur. Urol. 17:113-118, 1990.

36. Takashi, M., Murase, T., Mizuno, S., Hamajima, N and Ohno, Y. Multivariate 

evaluation o f prognostic determinants in bladder cancer patients. Urol. Int. 

42:368-74, 1987.

37. Althausen, A.F., Prout, G.R. Jr. and Daly, J.J. Noninvasive papillary carcinoma of 

the bladder associated with carcinoma in situ. J. Urol. 116:575-580, 1976.

38. Kubota, Y., Numasawa, K., Suzuki, H., Kakizaki, H., Ishiri, N., Kawamura, S., 

Nakada, T., and Suzuki, K. Histological analysis o f high grade superficial bladder 

tumour. Int. Urol. Nephrol. 23:237-243, 1991.

39. Solsona, E., Iborra, I., Ricos, J.V., Monros, J.L., Dumont, R., Casanova, J. and 

Calabuig, C. Carcinoma in situ associated with superficial bladder cancer. Eur. 

Urol. 19:93-96, 1991.

40. Sarkis, A.S., Dalbagni, G., Cordon, C.C., Zhang, Z.F., Sheinfeld, J., Fair, W.R., 

Herr, H.W. and Reuter, V.E. Nuclear overexpression of p53 protein in transitional 

cell bladder carcinoma: a marker for disease progression. J. Natl. Cancer Inst. 

85:53-59, 1993.

41. Stein, J.P., Ginsberg, D.A., Grossfeld, G.D., Esrig, D., Freeman, J., Dickinson, 

M.G., Groshen, S., Nichols, P.A., Jones, P.A., Skirmer, D.G. and Cote, R.J. The 

effect o f p21 expression on tumour progression in p53 altered bladder cancer. J. 

Urol. 155:628A(abstract), 1996.

197



42. Cordon, C.C., Wartinger, D., Petrylak, D., Dalbagni, G., Fair, W.R., Fuks, Z. and 

Reuter, V.E. Altered expression of the retinoblastoma gene product: prognostic 

indicator in bladder cancer. J. Natl. Cancer Inst. 84:1251-1256, 1992.

43. Otto, T., Birchmeier, W., Schmidt, U., Hinkee, A., Schipper, J., Rubben, H. and 

Raz, A. Inverse relation of E-cadherin and autocrine motility factor receptor 

expression as a prognostic factor in patients with bladder carcinomas. Cancer Res. 

54:3120-3123, 1994.

44. Liebert, M., Washington, R., Wedemeyer, G., Carey, T.E. and Grossman, H.B. 

Loss of co-localization of a6p4 integrin and collagen VII in bladder cancer. Am. 

J. Pathol. 144:787-795, 1994.

45. Jautzke, G. and A ltenaehr, E. Immunohistochemical demonstration of 

carcinoembryonic antigen (CEA) and its correlation with grading and staging on 

tissue sections of urinary bladder cancer. Cancer 50:2052-2056, 1982.

46. Berger, M.S., Greenfield, C., Gullick, W.J., Haley, J., Downward, J., Neal, D.E., 

Harris, A.L. and Waterfield, M.D. Evaluation o f epidermal growth factor receptor 

in bladder tumours. Br. J. Urol. 56:533-537, 1987.

47. Sauter, G., Moch, H., Moore, D., Carroll, P., Kerschmann, R., Chew, K., 

Mihatsch, M.J., Gudat, F. and Waldmann, F. Heterogeneity o f erbB-2 gene 

amplification in bladder cancer. Cancer Res. 53:2199-2203, 1993.

48. Guirguis, R., Schiffman, B., Liu, B., Birbeck, D., Engel, J. and Liotta, L. 

Detection of autocrine motility factor in urine as a marker o f bladder cancer. J. 

Natl. Cancer Inst. 80:1203-1211, 1988.

198



49. Stein, J.P. and Skinner, D.G. Prognostic factors in the management o f invasive 

bladder cancer. In: Syrigos K.N. and Skinner, D.G. (eds.) Bladder Cancer : 

Biology, Diagnosis and Management. Oxford: Oxford University Press, ppl81- 

212, 1999.

50. Folkman, J. What is the evidence that tumours are angiogenesis dependent? J. 

Natl. Cancer Inst. 82:4-6, 1990.

51. Zhang, H-T., Craft, P., Scott, P., Ziche, M., Welch, H., Harris, A.L. and Bicknell, 

R. Enhancement o f tumour growth and vascular density by transfection of 

vascular endothelial growth factor into MCF-7 breast carcinoma cells. J. Natl. 

Cancer. Inst. 87:213-218, 1995.

52. Kim, K.J., Li, B., Winer, J., Armanini, M., Gillett, N., Phillips, H.S. and Ferrara, 

N. Inhibition o f vascular endothelial growth factor-induced angiogenesis 

suppresses tumour growth in vivo. Nature 362:841-4, 1993.

53. Saleh, M., Stacker, S.A. and Wilks, A.F. Inhibition of growth of C6  glioma cells 

in vivo by expression of anti sense vascular endothelial growth factor sequence. 

Cancer Res. 56:393-401, 1996.

54. Borgstrom, P., Bourdon, M.A., Hillan, K.J., Sriramarao, P. and Ferrara, N. 

Neutralising anti vascular endothelial growth factor antibody completely inhibits 

angiogenesis and growth of human prostate carcinoma microtumours in vivo. 

Prostate 35:1-10, 1998.

55. Kudelka, A.P., Verschraegen C.F. and Loyer E. Complete remission of metastatic 

cervical cancer with the angiogenesis inhibitor TNP-470. N. Engl. J. Med. 

338:991-992, 1998.

199



56. O'Brien, T.S. and Harris A.L. Angiogenesis in urological malignancy. B. J. Urol. 

76:675-682, 1995.

57. Campbell, S.C. Advances in angiogenesis research: Relevance to urological 

oncology. J. Urol. 158:1663-1674, 1997.

58. Gasparini, 0 . and Harris, A.L. Clinical importance of the determination of tumor 

angiogenesis in breast carcinoma: much more than a new prognostic tool. J. Clin. 

Oncol. 13:765-82, 1995.

59. Macchiarini, P., Fontanini, G., Hardin, M.J., Squartini, F. and Angeletti, C.A. 

Relation of neovascularisation to metastasis of non-small-cell lung cancer. Lancet 

340:145-6, 1992.

60. Weidner, N. Intratumoral vascularity as a prognostic factor in cancers o f the 

urogenital tract. Eur. J. Cancer 32A:2506-2512, 1996.

61. Jones, A. and Fujiyama, C. Angiogenesis in urological malignancy. Br. J. Urol. 

International 83:535-556, 1999.

62. Leung, D.W., Cachianes, G., Kuang, W-J., Goeddel, D.V. and Ferrara N. Vascular 

endothelial growth factor is a secreted angiogenic mitogen. Science 86:1306-1309, 

1989.

63. Klagsbrun, M. and Soker, S. VEGF/VPF: the angiogenesis factor found? Current 

Biology 3:699-702,1993.

64. Pepper, M.S., Ferrara, N., Orci, L. and Montesano, R. Vascular endothelial growth 

factor induces plasminogen activators and plasminogen activator inhibitor- 1 in 

microvascular endothelial cells. Biochem. Biophys. Res. Com. 181:902-906, 

1991.

200



65. Ferrara, N. and Davis-Smyth, T.D. The biology o f vascular endothelial growth 

factor. Endocr. Rev. 10:4-25, 1997.

6 6 . Tischer, E., Mitchell, R., Hartman, T., Silva, M., Gospodarawicz, D., Fiddles, J. 

and Abraham, J. The human gene for vascular endothelial growth factor. Multiple 

protein forms are encoded through alternative splicing. J. Biol. Chem. 266:11947- 

11954,1991.

67. Ferrara, N., Houck, K., Jakeman, I. and Leung, D. Molecular and biological 

properties of the vascular endothelial growth factor group of proteins. Endocr. 

Rev. 13:18-32, 1992.

6 8 . Terman, B., Dougher-Vemazen, M., Carrion, M, Dimitrov, D., Armellino, D., 

Gospodarawicz, D. and Bohlen, P. Identification o f the KDR tyrosine kinase as a 

receptor for vascular endothelial growth factor. Biochem. Biophys. Res. Comm. 

187:1579-1586, 1992.

69. de Vries, C., Escobedo, J.A., Ueno, H., Houck, K., Ferrara, N. and Williams, L.T. 

The fins-like tyrosine kinase, a receptor for vascular endothelial growth factor. 

Science 255:989-91, 1992.

70. Fong, G.H., Rossant, J., Gertsenstein, M., and Breitman, M.L. Role o f the flt-1 

receptor tyrosine kinase in regulating the assembly o f vascular endothelium. 

Nature 376:66-70, 1995.

71. Shalaby, F., Rossant, J., Yamaguchi, T.P., Gertsenstein, M., Wu, X.F., Breitman, 

M.L. and Schuh, A.C. Failure o f blood-island formation and vasculogenesis in 

Flk-1 deficient mice. Nature 376:62-66, 1995.

201



72. Ferrara, N., Carver-Moore, K. Chen, H. Dowd, M., Lu, L., O'Shea, K.S., Powell- 

Braxton, L., Hillan, K.J. and Moore, M.W. Heterozygous embryonic lethality 

induced by targeted inactivation of the VEGF gene. Nature 380:439-442, 1996.

73. Carmeliet, P., Ferreira, V., Breier, G., Pollefeyt, S., Kieckens, L., Gertsenstein, 

M., Farlig, M., Vandenhoeck, A., Harpel, K., Ebenhardt, C., Declercq, C., 

Pauling, J., Moons, L., Collen, D., Risau, W. and Nagy, A. Abnormal blood vessel 

development and lethality in embryos lacking a single VEGF allele. Nature 

380:435-439, 1996.

74. Toi, M., Hoshima, S., Takayangi, T. and Tominaga, T. Association o f vascular 

endothelial growth factor expression with tumour angiogenesis and with early 

relapse in primary breast cancer. Jpn. J. Cancer Res. 85:1045-1049, 1994.

75. Maeda, K., Chung, Y.S., Ogawa, Y., Takatsuka, S., Kang, S.M. Ogawa, M., 

Sawada, T. and Sowa, M. Prognostic value of vascular endothelial growth factor 

expression in gastric carcinoma. Cancer 77:858-863, 1996.

76. Warren, R.S., Yuan, H., Matli,, M.R., Gillett, N.A. and Ferrara, N. Regulation by 

vascular endothelial growth factor o f human colon cancer tumourigenesis in a 

mouse model o f experimental liver metastasis. J. Clin. Invest. 95:1789-1797, 

1995.

77. Millauer, B., Longhi, M.P., Plate, K.H., Shawver, L.K., Risau W. and Ullrich, A. 

Dominant negative inhibition of Flk-1 suppresses the growth o f many tumour 

types in vivo. Cancer Res. 56:1615-1620, 1996.

202



78. Jeltsch, M., Kaipainen, A., Joukov, V., Meng, X., Lakso, M., Rauvala, H., Swartz, 

M., Fukumura, D., Jain, R.K. and Alitalo K. Hyperplasia o f lymphatic vessels in 

VEGF-C transgenic mice. Science 276:1423-1425, 1997.

79. Salven, P., Lymboussaki, A., Heikkila, P., Jaaskelasaari, H., Enholm, B., Aase, K., 

Voneuler, G., Eriksson, U., Alitalo, K. and Jaensuv, H. Vascular endothelial 

growth factors vegf-b and vegf-c are expressed in human tumours. Am. J. Pathol. 

153:103-108, 1998.

80. Folkman, J. What is the role of thymidine phosphorylase in tumour angiogenesis? 

J. Natl. Cancer Inst. 88:1091-1092, 1996.

81. Brown, N. and Bicknell, R. Thymidine phosphorylase, 2-deoxy-D-ribose and 

angiogenesis. Biochem. J. 334:1-8, 1998.

82. Takebayashi, Y., Miyadera, K., Akiyama, S., Hokita, S., Yamada, K., Akiba, S., 

Yamada, Y., Sumizawa, T and Aikou, T. Expression o f thymidine phosphorylase 

in human gastric carcinoma. Jpn. J. Cancer Res. 87:288-295, 1996.

83. Takebayashi, Y., Akiyama, S-I., Akiba, S., Yamada, K., Miyadera, K., Sumizawa, 

T., Yamada, Y., Murata, F. and Aikou, T. Clinicopathological and prognostic 

significance of an angiogenic factor, thymidine phosphorylase in human colorectal 

carcinoma. J. Natl. Cancer Inst. 88:1110-1117, 1996.

84. Reynolds, K., Farzaneh, F., Collins, W.P., Campbell, S., Bourne, T.H., Lawton,

F., Moghaddam, A., Harris, A.L. and Bicknell, R. Correlation of ovarian 

malignancy with expression of platelet-derived endothelial cell growth factor. J. 

Natl. Cancer Inst. 86:1234-1238, 1994.

203



85. Fox, S.B., Westwood, M., Moghaddam A., Comley, M., Turley, H., Whitehouse, 

R.M., Bicknell, R., Gatter, K.C. and Harris, A.L. The angiogenic factor platelet- 

derived endothelial cell growth factor/ thymidine phosphorylase is up-regulated in 

breast cancer epithelium and endothelium. Br. J. Cancer. 73:275-280, 1996.

86. Takahashi, Y., Bucana, C.D., Liu, W.B., Yoneda, J., Kitadai, Y., Cleary, K.R. and 

Ellis, L.M. Platelet-derived-endothelial-cell growth-factor in human colon cancer 

angiogenesis - role of infiltrating cells. J. Natl. Cancer Inst. 88:1146-1151, 1996.

87. Moghaddam, A., Zhang, H.-T., Fan, T-P.D., Hu, D.E., Lees, V.C., Turley, H., 

Fox, S.B., Gatter, K.C., Harris, A.L. and Bicknell, R. Thymidine phosphorylase is 

angiogenic and promotes tumor growth. Proc. Natl. Acad. Sci. USA. 92:998-1002,

1995.

88. O'Reilly, M.S., Holmgren L., Shing Y., Chen, C., Rosenthal, R., Moses, M., Lane, 

W., Cao, Y., Sage, E. and Folkman, J. Angiostatin : a novel angiogenesis 

inhibitor that mediates the suppression of metastasis by a Lewis lung carcinoma. 

Cell 79:315-328, 1994.

89. O'Reilly, M.S., Holmgren L., Chen, C.C. and Folkman, J. Angiostatin induces 

and sustains dormancy o f human primary tumours in mice. Nature Med. 2:689- 

692, 1996.

90. O'Reilly, M.S, Boehm, T., Shing, Y., Fukai, N., Vasios, G., Lane, W.S., Flynn, E., 

Birkhead, J.R., Olsen, B.R. and Folkman, J. Endostatin: An endogenous inhibitor 

of angiogenesis and tumor growth. Cell 88:277-285, 1997.

204



91. Boehm, T., Folkman, J., Browder, T. and O'Reilley, M.S. Antiangiogenic therapy 

of experimental cancer does not induce acquired drug resistance. Nature 390:404- 

407, 1997.

92. Volpert, O.V., Lawler, J. and Bouck, N.P. A human fibrosarcoma inhibits 

systemic angiogenesis and the growth o f experim ental m étastasés via 

thrombospondin-1. Proc. Natl. Acad. Sci. USA. 95:6343-6348, 1998.

93. Jones, A. and Harris, A.L. New developments in angiogenesis: a major 

mechanism for tumour growth and target for therapy. Cancer Journal from the 

Scientific American 4:209-217, 1998.

94. Brooks, P.O. Role of integrins in angiogenesis. Eur. J. Cancer 32A:2423-2429,

1996.

95. Andreasen, P.A., Kjoiler, L., Christensen, L., and Duffy, M.D. The urokinase-type 

plasminogen activator system in cancer metastasis : A review. Int. J. Cancer 72:1- 

22, 1997.

96. Leek, R.D., Lewis, C.E., Whitehouse, R., Greenall, M., Clarke J. and Harris A.L. 

Association o f macrophage infiltration with angiogenesis and prognosis in 

invasive breast carcinoma. Cancer Res. 56:4625-4629, 1996.

97. Minchenko, A., Bauer, T., Salceda, S. and Caro, J. Hypoxic stimulation of 

vascular endothelial growth factor expression in vivo and in vitro. Lab. Invest. 

71:374-379, 1994.

98. Levy, N.S., Chung, S., Furneaux, H. and Levy, A.P. Hypoxic stabilisation of 

vascular endothelial growth factor mRNA by the RNA-binding protein Hur. J. 

Biol. Chem. 273:6417-6423, 1998.

205



99. Shweiki, D., Itin, A., Soffer, D. and Keshet, E. Vascular endothelial growth factor 

induced by hypoxia may mediate hypoxia-induced angiogenesis. Nature 359:843- 

845, 1992.

100. Semenza, G. L., Jiang, B.-H., Leung, S. W., Passantino, R., Concordet, J.-P., 

Maire, P. and Giallongo, A. Hypoxia response elements in the aldolase A, enolase 

1 and lactate dehydrogenase A gene promoters contain essential binding sites for 

hypoxia inducible factor 1. J. Biol. Chem. 271.' 32529-32537, 1996.

101. Wang, G.L. and Semeza, G.L. Purification and characterisation of hypoxia- 

inducible factor-1. J. Biol. Chem. 270:1230-1237, 1995.

102. Wenger, R. H., Kvietikova, I., Rolfs, A., Gassmann, M., and Marti, H. H. 

Hypoxia-inducible facto r-la  is regulated at the post-mRNA level. Kidney Int. 51.' 

560-563, 1997.

103. Huang, L. E., Gu, J., Schau, M., and Bunn, H. F. Regulation of hypoxia-inducible 

factor 1 a  is mediated by an 0% dependent degradation domain via the ubiquitin- 

proteasome pathway. Proc. Natl. Acad. Sci. U.S.A. 95. 7987-7992, 1998.

104. Maxwell, P. H., Wiesener, M. S., Chang, G. W., Clifford, S. C., Vaux, E. C., 

Cockman, M. E., Wykoff, C. C., Pugh, C. W., Maher, E. R., and Ratcliffe, P. J. 

The tumor suppressor protein VHL targets hypoxia-inducible factors for oxygen- 

dependent proteolysis. Nature, 399.' 271-275, 1999.

105. Jiang, B.-H., Semenza, G. L., Bauer, C., and Marti, H. H. Hypoxia-inducible 

factor 1 levels vary exponentially over a physiologically relevant range of 0% 

tension. Am. J. Physiol. 271.' C1172-C1180, 1996.

106. Pugh, C. W., O'Rourke, J. P., Nagao, M., Gleadle, J. M., and Ratcliffe, P. J.

206



Activation o f hypoxia-inducible factor-1; Definition of regulatory domains within 

the a  subunit J. Biol. Chem., 112: 11205-11214, 1997.

107. Ryan, H.E., Lo, J. and Johnson, R.S. H IF -la  is required for tumour formation and 

embryonic vascularisation. EMBO 17:3005-3015, 1998.

108. Maxwell, P.H., Dachs, G.U., Gleadle, J.M., Nichols, L.G., Harris, A.L., Stratford,

I.J., Hankinson, O., Pugh, C.W. and Ratcliffe, P.J. Hypoxia-inducible factor-1 

modulates gene expression in solid tumours and influences both angiogenesis and 

tumour growth. Proc. Natl. Acad. Sci. USA. 94:8104-8109, 1997.

109. Maltepe, E., Schmidt, J. V., Baunoch, D., Bradfield, C. A., and Simon, M. C. 

Abnormal angiogenesis and responses to glucose and oxygen deprivation in mice 

lacking the protein ARNT. Nature 386. 403-407, 1997.

110. Wiesener, M. S., Turley, H., Allen, W. E., Wiliam, C., Eckartdt, K.-U., Talks, K. 

L., Wood, S. M., Gatter, K. C., Harris, A. L., Pugh, C. W., Ratcliffe, P. J., and 

Maxwell, P. H. Induction of endothelial PAS domain Protein-1 by hypoxia: 

Characterization and comparison with hypoxia-inducible factor-la . Blood, 92.- 

2260-2268, 1998.

111. Ema, M., Taya, S., Yokotani, N., Sogawa, K., Matsuda, Y., and Fujii-Kuriyama, 

Y. A novel bHLH-PAS factor with close sequence similarity to hypoxia-inducible 

factor 1 a  regulates the VEGF expression and is potentially involved in lung and 

vascular development. Proc. Natl. Acad. Sci. U.S.A. 94.' 4273-4278, 1997.

112. Tian, H., Hammer, R. E., Matsumoto, A. M., Russell, D. W., and McKnight, S. L. 

The hypoxia-responsive transcription factor EPAS-1 is essential for catecholamine

207



homeostasis and protection against heart failure during embryonic development. 

Genes Dev. 12: 3320-3324, 1998.

113. Wenger, R. H., Camenisch, G., Desbaillets, I., Chilov, D., and Gassmann, M. Up- 

regulation of hypoxia-inducible factor-la  is not sufficient for hypoxic/anoxic p53 

induction. Cancer Res. 58. 5678-5680, 1998.

114. Helmlinger, G., Yuan, F., Dellian, M., and Jain, R. K. Interstitial pH and pOz 

gradients in solid tumors in vivo: High-resolution measurements reveal a lack of 

correlation. Nat. Med. 3.' 177-182, 1997.

115. Hockel, M., Schlenger, K., Aral, B., Mitze, M., Schaffer, U., and Vaupel, P. 

Association between tumor hypoxia and malignant progression in advanced 

cancer of the uterine cervix. Cancer Res. 56. 4509-4515, 1996.

116. Dachs, G.U., Patterson, A.V., Firth, J.D., Ratcliffe, P.J., Stuart Townsend, K.M., 

Stratford, I.J. and Harris, A.L. Targeting gene expression to hypoxic tumour cells. 

Nature Med. 3:515-520, 1997.

117. Gimbrone, M., Cotran, R., Leapman, S. and Folkman J. Tumour growth and 

neovascularization: an experimental model using the rabbit cornea. J. Natl. Cancer 

Inst. 52:413-427, 1974.

118. Andrade, S.P., Fan, T.P. and Lewis, G.P. Quantitative in vivo studies on 

angiogenesis in a rat sponge model. Br. J. Exp. Pathol. 68:755-766, 1987.

119. Folkman J. Tumour angiogenesis. Adv. Cancer Res. 43:175-203, 1975.

120. Chodak, G., Haudenschild, C., Gittes, R. and Folkman, J. Angiogenic activity of a 

marker of neoplastic and preneoplastic lesions of the human bladder. Ann. Surg. 

192:762-771, 1980.

208



121. Chodak, G.W. and Summerhayes, I. Detection o f angiogenesis activity in 

malignant bladder tissue and cells. J Urol. 132:1032-1035, 1984.

122. Chodak, G., Scheiner, C., and Zetter, B. Urine from patients with transitional cell 

carcinoma stimulates migration of capillary endothelial cells. N. Engl. J. Med. 

305:869-874, 1981.

123. Bochner, B., Cote, R., Groshen, S., Esrig, D., Freeman, J.A., Weidner, N., Chen, 

S-C., Skinner, D.G. and Nichols, P.W. Angiogenesis in bladder cancer: 

relationship between microvessel density and tumour prognosis. J. Natl. Cancer 

Inst. 87:1603-1612,1995.

124. Jaeger, T., Weidner, N., Chew, K., Moore, D., Kerschmann, R., Waldman, F. and

Carroll, P. Tumour angiogenesis correlates with lymph node métastasés in

invasive bladder cancer. J. Urol. 154:69-71, 1995.

125. Esrig, D., Elmajian, D., Groshen, S., Freeman, J., Stein, J.P., Chen, S-C., Nichols,

P.W., Skinner, D.G., Jones, P. and Cote, R.J. Accumulation of nuclear p53 and 

tumour progression in bladder cancer. N. Engl. J. Med. 331:1259-1264, 1994.

126. Bochner, B.H., Esrig, D., Groshen, S., Dickinson, M., Weidner, N., Nichols, P.W., 

Skinner, D.G. and Cote, R.J.. Relationship o f tumour angiogenesis and nuclear 

p53 accumulation in invasive bladder cancer. Clin. Cancer Res. 3:1615-1622, 

1997.

127. Philp, E.A., Stephenson, T.J. and Reed, M.W.R. Prognostic significance of 

angiogenesis in transitional cell carcinoma of the human urinary bladder. Br. J. 

Urol. 77:352-357, 1996.

209



128. Chodak, G.W., Hospelhorn, V., Judge, S.M., Mayforth, R., Koeppen, H. and 

Sasse, J. Increased levels of fibroblast growth factor-like activity in urine from 

patients with bladder or kidney cancer. Cancer Res. 48:2083-8, 1988.

129. O'Brien, T., Smith, K., Cranston, D., Fuggle, S., Bicknell, R. and Harris A. L. 

Urinary basic fibroblast growth factor is elevated in patients with bladder cancer 

and benign prostatic hypertrophy. Br. J. Urol. 76:311-4, 1995.

130. Nguyen, M., Watanabe, H., Budson, A., Richie, J. and Folkman, J. Elevated levels 

o f the angiogenic peptide basic fibroblast growth factor in the urine o f bladder 

cancer patients. J. Natl. Cancer Inst. 85:241-242, 1993.

131. Nguyen, M. Watanabe, H., Budson, A.E., Richie, J.P., Hayes, D.F. and Folkman, 

J. Elevated levels of an angiogenic peptide, basic fibroblast growth factor , in the 

urine of patients with a broad spectrum of cancers. J. Natl. Cancer Inst. 86:356- 

361,1994.

132. Crew, J.P., O'Brien, T., Bicknell, R., Fuggle, S., Cranston, D. and Harris, A.L. 

Urinary vascular endothelial growth factor and its correlation with bladder cancer 

recurrence rates. J. Urol. 161:799-804, 1999.

133. Mizutani, Y., Okada, Y. and Osamu, Y. Expression of platelet-derived endothelial 

cell growth factor in bladder carcinoma. Cancer 79:1190-1194, 1997.

134. O'Brien, T., Cranston, D., Fuggle, S., Bicknell, R. and Harris, A.L. Midkine is 

expressed in bladder cancer and overexpression correlates with a poor outcome in 

patients with invasive cancers. Cancer Res. 56:2515-2518, 1996.

210



135. Joseph, A., Weiss, G.H, Jin, L., Fuchs, A., Choudhury, S., O'Shaugnessy, P., 

Goldberg, I.D. and Rosen, E.M. Expression of scatter factor in human bladder 

carcinoma. J. Natl. Cancer Inst. 87:372-377, 1995.

136. Chopin, D.K., Caruelle, J.P., Colombel, M., Paky, S., Ravery, V., Caruelle, D., 

Abbou, C.C and Barritault D. Increased immunodetection of acidic fibroblast 

growth factor in bladder cancer, detectable in urine. J. Urol. 150:1126-1130, 1993.

137. Kanno, N., Nonomura, N., Miki T., Kojima, Y., Takahari, S., Nozaki, M. and 

Okuyama, A. Effects o f epidermal growth factor on the invasion activity o f the 

bladder cancer cell line. J. Urol. 159:586-590, 1998.

138. Grossfeld, G.D., Ginsberg, D.A., Stein, J.P., Bochner, B.H., Esrig, D., Groshen, 

S., Dunn, M., Nichols, P.W., Taylor, C.R., Skinner, D.G. and Cote, R.J. 

Thrombospondin-1 expression in bladder cancer: Association with p53 alterations, 

tumour angiogenesis, and tumour progression. J. Natl. Cancer Inst. 89:219-227,

1997.

139. Chen, C., Parangi, S., Tolentino, M. and Folkman, J. A strategy to discover 

circulating angiogenesis inhibitors generated by human tumours. Cancer Res. 

55:4230-4233, 1995.

140. Campbell, S.C., Volpert, O.V., Ivanovich, M. and Bouck N.P. Molecular 

mediators of angiogenesis in bladder cancer. Cancer Res. 58:1298-1304, 1998.

141. Bochner, B.H., Windham, C.Q., Pao, M.M., Kasahara, N., Skinner, D.G. and 

Jones, P.A. Overexpression of thrombospondin-1 inhibits bladder tumor growth: 

A novel therapy for invasive bladder cancer. J. Urol. 159(5 supp):282, 1998.

211



142. Dinney, C.P.N., Bielenberg, D.R., Perrotte, P., Reich, R., Eve, B.Y., Bucana, C.D. 

and Fidler, I.J. Inhibition o f basic fibroblast factor expression, angiogenesis and 

grow th o f human bladder carcinoma in mice by systemic interferon-a 

administration. Cancer Res. 58:808-814, 1998.

143. Torti, P.M., Shortliffe, L.D., Williams, R.D., Pitts, W.C., Kempson, R.L., Ross, 

J.C., Palmer, J., Meyers, P., Ferrari, M., Hannigan, J., Spiegel, R., McWhirter, K. 

and Preiha, F. Alpha-Interferon in superficial bladder cancer: A Northern 

California Oncology Group study. J. Clin. Oncol. 6:476-483, 1988.

144. Gansler, T., Vaghmar, N., Olson, J.J. and Graham, S.D. Suramin inhibits growth 

factor binding and proliferation by urothelial carcinoma cell cultures. J. Urol. 

148:910-914, 1992.

145. Pesenti, E., Sola, P., Mongelli, N., Grandi, M. and Spreafico, P. Suramin prevents 

neovascularisation and tumour growth through blocking of basic fibroblast growth 

factor activity. Br. J. Cancer 66:367-372, 1992.

146. Bikfalvi, A., Sauzeau, C., Moukadiri, H., Maclouf, J., Busso, N., Bryckaert, M., 

Plouet, J. and Tobelem, G. Interaction of vasculotropin/vascular endothelial cell 

grow th factor with human um bilical vein endothelial cells: binding, 

internalization, degradation, and biological effects. J. Cell Physiol. 149:50-9,

1991.

147. Zhang, Y.L., Keng, Y.P., Zhao, Y., Wu, L. and Zhang, Z.Y. Suramin is an active 

site-directed, reversible, and tight-binding inhibitor o f protein-tyrosine 

phosphatases. J. Biol. Chem. 273:12281-12287, 1998.

212



148. Walther, M.M., Figg, W.D. and Lineham, W.M. Intravesical suramin: a novel 

agent for the treatment of superficial transitional-cell carcinoma of the bladder. 

World Journal of Urology 14:S8-S11, 1996.

149. Tanaka, Y., Kawamata, H., Fujimoto, K. and Osayo, R. Angiogenesis inhibitor 

TNP-470 suppresses tumourigenesis in rat urinary bladder. J. Urol. 157:683-688,

1997.

150. Rifkin, M.D., Zerhouni, E.A., Gatsonis, C.A., Quint, L.E., Paushter, D.M., 

Epstein, J.I., Hamper, U., Walsh, P.C. and McNeil, B.J. Comparison of magnetic 

resonance imaging and ultrasonography in staging early prostate cancer; results of 

a multi-institutional cooperative trial. N. Eng. J. Med. 323:621-626, 1990.

151. Bost^vick, D.G., Myers, R.P. and Oesterling, J.E. Staging of prostate cancer. 

Semin. Surg. Oncol. 10:60-72, 1994.

152. Zagars, G.K. and von Eschenbach, A.C. Prostate specific antigen. An important 

marker for prostate cancer treated by external beam radiation therapy. Cancer 

72:538-548, 1993.

153. Raghaven, D. and Lange, P.H. Endocrine effects of genito-urinary neoplasia. In: 

Shearman R, ed. Clinical Reproductive Endocrinology. London: Churchill 

Livingstone, pp 727-752, 1985

154. Scott, W.W., Menon, M. and Walsh, P.C. Hormonal therapy of prostate cancer. 

Cancer 45:1929-36, 1980.

155. Klein L. Prostatic carcinoma. N. Eng. J. Med. 300:824-833, 1979.

213



156. Stone, A.R., Hargreave, T.B. and Chisholm, G.D. The diagnosis of oestrogen 

escape and the role o f secondary orchidectomy in prostate cancer. Br. J. Urol. 

52:535-538, 1980.

157. Maatman, T.J., Gupta, M.K. and Montie, J.E. Effectiveness of castration versus 

intravenous therapy in producing rapid endocrine control of metastatic cancer of 

the prostate. J. Urol. 133:620-621, 1985.

158. Grayhack, J.T., Keeler, T.C. and Kozlowski, J.M. Carcinoma o f the prostate: 

Hormonal therapy. Cancer 60:589-601, 1987.

159. Kirby, R.S. Christmas, T. and Brawer M. Prostate cancer. London, Baltimore: 

Mosby Wolfe, Times Mirror International Publishers Limited, 1995.

160. Brawer, M.K., Deering, R.E., Brown, M., Preston, S.D and Bigler, S.A. Predictors 

of pathologic stage in pro static carcinoma. The role of neo vascularity. Cancer 

73:678-687, 1994.

161. Bigler, S., Deering, R. and Brawer, M. Comparisons o f microscopic vascularity in 

benign and malignant prostate tissue. Human Pathol. 24:220-226, 1993.

162. Siegal, J.A., Yu, E. and Brawer, M.K. Topography of neovascularity in human 

prostate carcinoma. Cancer 75:2545-2551, 1995.

163. Wakui, S., Furusato, M., Itoh, T., Sasaki, H., Akiyama, A., Kinoshita, L, Asano, 

K., Tokuda, T., Aizawa, S. and Ushigome, S. Tumour angiogenesis in prostatic 

carcinoma with and without bone marrow metastasis: a morphometric study. J. 

Pathol. 168:257-262, 1992.

214



164. Weidner, N., Carroll, P.R., Flax, J., Blumenfeld, W. and Folkman, J. Tumor 

angiogenesis correlates with metastasis in invasive prostate carcinoma. Am. J. 

Pathol. 143:401-9, 1993.

165. Silberman, M.A., Partin, A.W., Veltri, R.W. and Epstein, J.I. Tumour 

angiogenesis correlates with progression after radical prostatectomy but not with 

pathological stage in Gleason sum 5 to 7 adenocarcinoma of the prostate. Cancer 

79:772-779, 1997.

166. Hall, M.C., Troncoso, P., Pollack, A., Zhou, H.Y., Zagars, O.K., Chung, L.W. and 

von Eschenbach, A.C. Significance of tumor angiogenesis in clinically localized 

prostate carcinoma treated with external beam radiotherapy. Urology 44:869-875, 

1994.

167. Bostwick, D.G., Wheeler, T.M., Blute, M., Barrett, D.M., Maclennan, G.B., Sebo, 

T.J., Scardino, P.T., Humphrey, P.A., Hudson, M.A., Fradet, Y., Miller G.J., 

Crawford, E.D., Blumenstein, B.A., Mahran, H.E. and Miles, B.J. Optimised 

microvessel density analysis improves prediction of cancer stage from prostate 

needle biopsies. Urology 48:47-57, 1996.

168. Nakamoto, T., Chang, C., Li, A. and Chodak, G.W. Basic fibroblast growth factor 

in human prostate cancer cells. Cancer Res. 52:571-577, 1992.

169. Story, M.T., Livingston, B., Baeten, L., Swartz, S.J., Jacobs, S.C., Begun, F.P. and 

Lawson, R.K. Cultured human prostate-derived fibroblasts produce a factor that 

stimulates their growth with properties indistinguishable from basic fibroblast 

growth factor. Prostate 15:355-365, 1989.

215



170. Weingarter, K., Ben-Sasson, S.A., Stewart, R., Richie, J.P., Riedmiller, H. and 

Folkman, J. Endothelial cell proliferation activity in benign pro static hyperplasia 

and prostate cancer: An in vitro model for assessment. J. Urol. 159:465-470, 1998.

171. Meyer, G.E., Yu, E., Siegal, J.A., Petteway, J.C., Blumenstein, B.A. and Brawer, 

M.K. Serum basic fibroblast growth factor in men with and without prostate 

cancer. Cancer 76:2304-2311, 1995.

172. Ellis, W.J., Chetner, M., Preston, S. and Brawer, M.K. Diagnosis of prostatic 

cancer: the yield of serum PSA, DRE and TRUS. J. Urol. 152:1520-1525, 1994.

173. Ferrer, F.A. Miller, L.J., Andrawis, R.I., Kurtzman, S.H., Albertsen, P.C., 

Laudone, V.P. and Kreutzer, D.L. Vascular endothelial growth factor (VEGF) 

expression in human prostate cancer : In situ and in vitro expression of VEGF by 

human prostate cancer cells. J. Urol. 157:2329-2333, 1997.

174. Brown, L.F., Yeo, K.T., Berse, B., Morgentaler, A., Dvorak, H.F. and Rosen, S. 

Vascular-permeability factor (vascular endothelial growth-factor) is strongly 

expressed in the normal male genital tract and is present in substantial quantities 

in semen. J. Urol. 154:576-579, 1995.

175. Jackson, M., Bentel, J. and Tilley, W. Vascular endothelial growth factor (VEGF) 

expression in prostate cancer and benign prostatic hyperplasia. J. Urol. 157:2323- 

2328, 1997.

176. Harper, M.E., Goddard, L., Glynne-Jones E., Wilson, D.W., Price-Thomas, M., 

Peeling, W.B. and Griffiths, K. An immunocytochemical analysis of TGFa 

expression in benign and malignant prostatic tumours. Prostate 23:9-24, 1993.

216



111. Eastham, J.A., Truong, L.D., Rogers, E., Kattan, M., Flanders, K.C., Scardino, 

P.T. and Thompson, T.C. Transforming growth factor-beta 1; comparative 

immunohistochemical localisation in human primary and metastatic prostate 

cancer. Lab. Invest. 73:628-635, 1995.

178. Sitaras, N.M., Sariban, E., Bravo, M., Pantazis, P. and Antoniades, H.N. 

Constitutional production of platelet derived growth factor-like proteins by human 

prostate carcinoma cell lines. Cancer Res. 48:1930-1935, 1988.

179. Ching, K.Z., Ramsey, E., Pettigrew, N., D'Cunha, R., Jason, M. and Dodd, J.G. 

Expression of mRNA for epidermal growth factor, transforming growth factor- 

alpha and their receptor in human prostate tissue and cell lines. Mol. Cell 

Biochem. 126:151-158, 1993.

180. Achbarou, A., Kaiser, S., Tremblay, G., Ste-Marie, L-G., Brodt, P., Goltzman, D. 

and Rabbani, S.A. Urokinase overproduction results in increased skeletal 

metastasis by prostate cancer cells in vivo. Cancer Res. 54:2372-2377, 1994.

181. Soff, G.A., Sanderowitz, J., Gately, S., Verrusio, E., Weiss, I., Brem, S. and 

Kwaan, H.C. Expression o f plasminogen activator inhibitor type 1 by human 

prostate carcinoma cells inhibits primary tum or growth, tumor-associated 

angiogenesis, and metastasis to lung and liver in an athymic mouse model. J. Clin. 

Invest. 96:2593-2600, 1995.

182. Gately, S., Twardowski, P., Stack, M.S. Patrick, M., Boggio, L., Cundiff, D.L., 

Schnapper, H.W., Madison, L., Volpert, O., Bouck, N., Enghild, J., Kwaan, H.C. 

and Soff, G.A. Human prostate carcinoma cells express enzymatic activity that

217



converts human plasminogen to the angiogenesis inhibitor, angiostatin. Cancer 

Res. 56:4887-4890, 1996.

183. Ichikawa, T., Lamb, J.C., Christensson, P.I., Hartley-Asp, B. and Isaacs, J. The 

antitumour effects of the quinoline-3-carboxamide linomide on Dunning R-3327 

rat pro static cancers. Cancer Res. 52:3022-3028, 1992.

184. Vukanovic, J., Passanti, A., Hirata, T., Traystman, R.J., Hartley-Asp, B. and 

Isaacs, J. Antiangiogenic effects of the quinoIine-3-carboxamide linomide. Cancer 

Res. 53:1833-1837, 1993.

185. Vukanovic, J. and Isaacs, J. Human prostatic cancer cells are sensitive to 

programmed (apoptotic) death induced by the antiangiogenic agent Linomide. 

Cancer Res. 55:3517-3520, 1995.

186. Frank-Lissbrant, L, Haggstrom, S., Damber, J-E. and Bergh, A. Testosterone 

stimulates angiogenesis and vascular regrowth in the ventral prostate in castrated 

adult rats. Endocrinology 139:451-456, 1998.

187. Joseph, LB. and Isaacs, J. Potentiation of the antiangiogenic ability of linomide 

by androgen ablation involves down-regulation of vascular endothelial growth 

factor in human androgen-responsive prostatic cancers. Cancer Res. 57:1054- 

1057, 1997.

188. Stewart, R.J. and Folkman, J. Vascular endothelial growth factor is regulated by 

androgens in hormone responsive human prostate carcinoma. J. Urol. 157(4 

supp):4, 1997.

189 Yamaoka, M., Yamamoto, T., Ikeyama, S., Suko, K. and Fujita, T. Angiogenesis 

inhibitor TNP-470 (AGM-1470) potently inhibits the tumour growth of hormone

218



independent human breast and prostate carcinoma cell lines. Cancer Res. 53:5233- 

5236,1993.

190. Eisenberger, M., Reyno, L., Jodrell, D., Sinibaldi, V., Tkaczuk, K., Sridhara, R., 

Zukhowski, E., Lowitt, M., Jacobs, S. and Egorim, M. Suramin, an active drug for 

prostate cancer: interim observations in a phase I trial. J. Natl. Cancer Inst. 

85:611-621, 1993.

191. Myers, C., Cooper, M., Stein, Cy., La Rocca, R., Walther, M.M., Weiss, G., 

Choyke, P., Dawson, N., Steinberg, S., Uhrich, M.M., Cassidy, J., Kohler, D.R., 

Trepel, J. and Linehan W.M. Suramin: A novel growth factor antagonist with 

activity in hormone refractory metastatic prostate cancer. J. Clin. Oncol. 10:881- 

889, 1992.

192. Olivarez, D., Ulbright, T., Deriese, W., Foster, R., Reister, T., Einholm, L. and 

Sledge, G.. Neovascularization in clinical stage A testicular germ cell tumour: 

prediction of metastatic disease. Cancer Res. 54:2800-2802, 1994.

193. Ergun S., Kilic N., Fiedler, W. and Mukhopadhyay, A.K. Vascular endothelial 

growth factor and its receptors in normal human testicular tissue. Mol. Cell 

Endocrinology. 131:9-20, 1997.

194. Viglietto, G., Romano, A., Maglione, D., Rambaldi, M., Paoletti., Lago, C.T., 

Califano, D., Monaco, C., Minea, A., Santelli, G., Manzo, G., Botti, G., Chiapetta, 

G and Persico, M.G. Neovascularization in human germ cell tumors correlates 

with a marked increase in the expression of vascular endothelial growth factor but 

not placenta-derived growth factor. Oncogene 13:577-87, 1996.

219



195. Fukuda, S., Shirahama, T., Imazono, Y., Tsushima, T., Ohmori, H., Kayajima, T., 

Take, S., Nishiyama, K., Yonezawa, S., Akiba, S., Akiyama, S. and Ohi, Y. 

Expression of vascular endothelial growth factor in patients with testicular germ 

cell tumours as an indicator of metastatic disease. Cancer 85:1323-1330, 1999.

196. Theodorescu, D., Cornil, I., Fernandez, B.J. and Kerbel, R.S. Overexpression of 

normal and mutated forms of HRAS induces orthotopic bladder invasion in human 

transitional cell carcinoma. Proc. Natl. Acad. Sci. USA. 87: 9047-9051, 1990.

197 Davies, G., Jiang, W.G. and Mason, M.D. Cell-cell adhesion molecules and their 

associated proteins in bladder cancer cells and their role in mitogen induced cell

cell dissociation and invasion. Anticancer Res. 19: 547-552, 1999.

198 Redwood, S.M., Liu, B.C., Weiss, R.E., Hodge, D.E. and Droller, M.J. Abrogation 

o f the invasion of human bladder tumor cells by using protease inhibitor(s). 

Cancer 69: 1212-1219, 1992.

199 Elliot, A.Y., Cleveland, P., Cervenka, J., Castro, A.E., Stein, N., Hakala, T.R. and 

Fraley, E.E. Characterisation of a cell line from human transitional cell cancer of 

the urinary tract. J. Natl. Cancer Inst. 53: 1341-1349, 1974.

200 Theodorescu, D., Laderoute, K.R. and Guiding, K.M. Epidermal growth factor 

receptor-regulated human bladder cancer motility is in part a phosphatidylinositol 

3-kinase-mediated process. Cell Growth Differ. 9: 919-928, 1998.

201. Fox, S., Moghaddam, A., Westwood, M., Turley, H., Bicknell, R., Gatter, K.C.

and Harris, A.L. Platelet-derived endothelial cell growth factor / thymidine 

phosphorylase expression in normal tissues: an immunohistochemical study. J. 

Pathol. 176:183-190, 1995.

220



202. Parums, D.V., Cordell, J.L., Micklem, K., Heryat, A.R., Gatter, K.C. and Mason, 

D.V. JC70: A new monoclonal antibody that detects vascular endothelium 

associated antigen on routinely processed tissue sections J. Clin. Pathol. 43:752- 

757, 1990.

203. Turley, H., Scott, P.A.E., Watts, V.M., Bicknell, R., Harris, A.L. and Gatter, K.C. 

Expression of VEGF in routinely fixed material using a new monoclonal antibody 

V G l.J . Pathol. 186:313-318, 1998.

204. Jussila, L., Valtola, R., Partanen, T.A., Salven, P., Heikkila, P., Matikainen, M.T., 

Penkonen, R., Kaipainen, A., Detmar, M., Tshachler, E., Alitalo, R. and Alitalo, 

K. Lymphatic endothelium and Kaposi's sarcoma spindle cells detected by 

antibodies against the vascular endothelial growth factor receptor-3. Cancer Res. 

58:1599-1604, 1998.

205. Grondahl-Hansen, J,, Christensen, I.J., Briand, P., Pappot, H., Mouridsen, H.T., 

Blichert-Toft, M., Dano, K. and Brunner, N. Plasminogen activator inhibitor type 

1 in cytosolic tumour extracts predicts prognosis in low-risk breast cancer patients. 

Clin. Cancer Res. 3: 233-239, 1997.

206. Attia, M.A.M. and Weiss, D.W. Immunology o f spontaneous mammary 

carcinoma in mice. V. Acquired tumour resistance and enhancement in strain A 

mice infected with mammary tumour virus. Cancer Res. 26:1787-1800, 1966.

207. Mazure, N. M., Chen, E. Y., Laderoute, K. R., and Giaccia, A. J. Induction of 

vascular endothelial growth factor by hypoxia is m odulated by a 

phosphatidylinositol 3-Kinase/Akt signalling pathway in Ha-ras-transformed cells

221



through a hypoxia inducible factor-1 transcriptional element. Blood 90: 3322- 

3331, 1997.

208. Jiang, B.H., Agani, F., Passaniti, A., and Semenza, G. L. V-SRC induces 

expression of hypoxia-inducible factor 1 (HIF-1) and transcription of genes 

encoding vascular endothelial growth factor and enolase 1: involvement of HIF-1 

in tumor progression. Cancer Res. 57: 5328-5335, 1997.

209. Mukhopadhyay, D., Tsiokas, L., and Sukhatme, V. P. High cell density induces 

vascular endothelial grow th factor expression  via p ro te in  tyrosine 

phosphorylation. Gene. Expr. 7: 53-60, 1998.

210. Koura, A. N., Liu, W., Kitadai, Y., Singh, R. K., Radinsky, R., and Ellis, L. M. 

Regulation of vascular endothelial growth factor expression in human colon 

carcinoma cells by cell density. Cancer Res. 56: 3891-3894, 1996.

211. Williams, J. G. and Penman, S. The messenger RNA sequences in growing and 

resting mouse fibroblasts. Cell 6: 197-206, 1975.

212. Singh, R. K., Llansa, N., Bucana, C. D., Sanchey, R., Koura, A. K., and Fidler, I. 

J. Cell density dependent regulation of basic fibroblast growth factor expression in 

human renal cell carcinomas. Cell Growth Differ. 7: 397-404, 1996.

213. Scott, P. A. E., Gleadle, J. M., Bicknell, R., and Harris, A. L. Role of the hypoxia 

sensing system, acidity and reproductive hormones in the variability of vascular 

endothelial growth factor induction in human breast carcinoma cell lines. Int. J. 

Cancer 75: 706-712, 1998.

214. Schmaltz, C., Hardenbergh, P. H., Wells, A., and Fisher, D. E. Regulation of

222



proliferation-survival decisions during tumor cell hypoxia. Mol. Cell Biol. 18: 

2845-2854, 1998.

215. Zhong, H., Agani, F., Baccala, A. A., Laughner, E., Rioseco-Camacho, N., Isaacs, 

W. B., Simons, J. W., and Semenza, G. L. Increased expression o f hypoxia 

inducible factor-1 a  in rat and human prostate cancer. Cancer Res. 58: 5280-5284,

1998.

216. Delcommenne, M., Tan, C., Gray, V., Rue, L., Woodgett, J., and Dedhar, S. 

Phosphoinositide-3-OH kinase-dependent regulation of glycogen synthase kinase 

3 and protein kinase B/AKT by the integrin-linked kinase. Proc. Natl. Acad. Sci. 

U.S.A. 95: 11211-11216, 1998.

217. Gerber, H.-P., McMurtrey, A., Kowalski, J., Yan, M., Keyt, B. A., Dixit, V., and 

Ferrara, N. Vascular endothelial growth factor regulates endothelial cell survival 

through the phosphatidylinositol 3-kinase/Akt signal transduction pathway. J. 

Biol. Chem. 273: 30336-30343, 1998.

218. Arbiser, J. L., Moses, M. A., Fernandez, C. A., Ghiso, N., Cao, Y., Klaubner, N., 

Frank, D., Browlee, M., Flynn, E., Parangi, S., Byers, H. R., and Folkman, J. 

Oncogenic H-ras stimulates tumor angiogenesis by two distinct pathways. Proc. 

Natl. Acad. Sci. U.S.A. 94: 861-866, 1997.

219. Carmeliet, P., Dor, Y., Herbert, J.-M., Fukumara, D., Brusselmans, K., 

Dewerchin, M., Neeman, M., Bono, F., Abramovitch, R., Maxwell, P., Koch, C. 

J., Ratcliffe, P., Moons, L., Jain, R. K., Collen, D., and Keshet, E. Role of H IF -la  

in hypoxia-mediated apoptosis, cell proliferation and tumor angiogenesis. Nature 

394: 485-490, 1998.

223



.220. Scriven, S., Booth, C., Thomas, D.F.M., Trejdosiewicz, L.K. and Southgate J. 

Reconstitution of human urothelium from monolayer cultures, J. Urol. 158:1147- 

1152, 1997.

221. Fujiyama, C., Masaki, Z. and Sugihara, H. Reconstruction of the urinary bladder 

mucosa in three dimensional collagen gel culture: Fibroblast-extracellular matrix 

interactions on the differentiation of transitional epithelial cells. J. Urol. 153:2060- 

2067, 1995.

222. Southgate, J., Hutton, K.A.R., Thomas, D.F.M. and Trejdosiewicz, L.K. Normal 

human urothelial cells in vitro: proliferation and induction of stratification. Lab 

Invest. 71:583-594, 1994.

223. Vladovski, L, Miao, H-Q., Benezra, M., Lider, O., Bar-Shavit, R., Schmidt, A. and 

Peretz T. Involvement of the extracellular matrix, heparan sulphate proteoglycans, 

and heparan sulphate degrading enzymes in angiogenesis and metastasis. In: 

Bicknell, R., Lewis, C.E. and Ferrara, N. (eds). Tumor Angiogenesis, pp 125-140. 

Oxford, UK: Oxford University Press, 1997.

224. Hudson, M.L. and McReynolds, L.M. Urokinase and the urokinase receptor: 

Association with in vitro invasiveness of human bladder cancer cell lines. J. Natl. 

Cancer Inst. 89: 709-717, 1997.

225. Conese, M. and Blasi, F. The urokinase/urokinase-receptor system and cancer 

invasion. Baillieres Clin. Haematol. 8: 365-389, 1995.

226. Hasui, Y., Marutsuka, K., Nishi, S., Kitada, S., Osada, Y. and Sumiyoshi, A. The 

content o f urokinase-type plasminogen activator and tumor recurrence in 

superficial bladder cancer. J. Urol. 151: 16-20, 1994.

224



227. Dickinson, A.J., Savage, P.B., Newcomb, P.V., Lodge, R. and Sibley, G.N. The 

expression of urokinase, its receptor and plasminogen activator inhibitor-1 in 

bladder cancer (abstract). J. Urol. 153: 406A, 1995.

228. Pedersen, H., Brunner, N., Francis, D., Osterlind, K., Ronne, E., Hansen, H.H., 

Dano, K. and Grondahl-Hansen, J. Prognostic impact o f urokinase, urokinase 

receptor, and type 1 plasminogen activator inhibitor in squamous and large cell 

lung cancer tissue. Cancer Res. 54: 4671-4675. 1994.

229. Bhat, G.J., Gunaje, J.J. and Idell, S. Urokinase-type plasminogen activator induces 

tyrosine phosphorylation of a 78-kDa protein in H -157 cells. Am. J. Physiol. 277: 

L301-309, 1999.

230. Yip, L., Dart, R.C. and Hurlbut, K.M. Intravenous administration o f oral N- 

acetylcysteine. Grit. Care Med. 26: 40-43, 1998.

231. Soloway, M.S and Masters S. Urothelial susceptibility to tumor cell implantation 

- influence of cauterization. Cancer 46:1158-1163, 1980.

232. See, W.A., Miller, J.S. and Williams, R.D. Pathophysiology of transitional tumor 

cell adherence to sites o f urothelial injury in rats: mechanisms mediating 

intravesical recurrence due to implantation. Cancer Res. 49: 5414-5418, 1989.

233. Rebel, J.M., Thijssen, C., Vermey, M., Delouvee, A., Zwarthoff, B.C. and Van der 

Kwast, T.H. E-cadherin expression determines the mode of replacement of normal 

urothelium by human bladder carcinoma cells. Cancer Res. 54: 5488-5492, 1994.

234. Fadl-Elmula, I., Gorunova, L., Mandahl, N., Elfving, P., Lundgren, R., Mitelman, 

F and Heim S. Cytogenetic monoclonality in multifocal uroepithelial carcinomas: 

evidence of intraluminal tumour seeding. Br. J. Cancer 81:6-12, 1999.

225



235. Lamm, D.L and Griffith, J.G. Intravesical therapy: Does it affect the natural 

history of superficial bladder cancer? Semin Urol. 10:39-44, 1992

236. Ma, D., Gerard, R.D., Li, X.Y., Alizadeh, H. and Niederkorn, J.Y. Inhibition of 

metastasis of intraocular melanomas by adenovirus-mediated gene transfer of 

plasminogen activator inhibitor type 1 (PAI-1) in an athymic mouse model. Blood 

90: 2738-2746, 1997.

237. Bajou, K., Noel, A., Gerard, R.D., Masson, V., Brunner, N., Holst-Hansen, C., 

Skobe, M., Fusenig, N.E., Carmeliet, P., Collen, D. and Foidart, J.M. Absence of 

host plasm inogen activator inhibitor 1 prevents cancer invasion and 

vascularisation. Nature Med. 4: 923-928, 1998.

238. Pyke, C., Kristensen, P., Ralfkiaer, E., Grondahl-Hansen, J., Eriksen, J., Blasi, F. 

and Dano, K. Urokinase-type plasminogen activator is expressed in stromal cells 

and its receptor in cancer cells at invasive foci in human colon adenocarcinomas. 

Am. J. Pathol. 138: 1059-1067, 1991.

239. Ossowski, L. Invasion of connective tissue by human carcinoma cell lines: 

requirement for urokinase, urokinase receptor, and interstitial collagenase. Cancer 

Res. 52: 6754-6760, 1992.

240. Ossowski, L., Russo-Payne, H. and Wilson, E.L. Inhibition o f urokinase-type 

plasminogen activator by antibodies: the effect on dissemination of a human 

tumor in the nude mouse. Cancer Res. 51: 274-281, 1991.

241. O'Brien, T., Fox, S.B., Dickinson, A.J., Turley, H., Westwood, M., Moghaddam,

A., Gatter, K.C., Bicknell, R. and Harris, A.L. Expression of the angiogenic factor

226



thymidine phosphorylase/platelet derived endothelial cell growth factor in primary 

bladder cancers. Cancer Res. 56:4799-4804, 1996.

242. Patterson, A.V., Zhang, H., Moghaddam A., Bicknell, R., Talbot, D.C., Stratford 

I.J. and Harris, A.L. Increased sensitivity to the prodrug 5'-deoxy-5-fluorouridine 

and modulation of 5-fluoro-2'-deoxyuridine sensitivity in MCF-7 cells transfected 

with thymidine phosphorylase. Br. J. Cancer 72:669-675, 1995.

243. Sawase, K., Nomata, K., Kanetake, H. and Saito Y. The expression of platelet 

derived endothelial cell growth factor in human bladder cancer. Cancer Lett. 

130:35-41, 1998.

244. Ho, C.K., Ou, B.R., Hsu, M.L., Su, S.N., Yung, C.H. and Wang, S.Y. Induction of 

thymidine kinase activity and clonal growth of certain leukaemic cell lines by a 

granulocyte derived factor. Blood 75:2438-2444, 1990.

245. Eda, H., Fujimoto, K., Watanabe, S., Ura, M., Hino, A., Tanaka, Y., Wada, K. and 

Ishitsuka, H. Cytokines induce thymidine phosphorylase expression in tumour 

cells and make them more susceptible to 5'-deoxy-5-fluorouridine. Cancer 

Chemother. Pharmacol. 32:333-338, 1993.

246. Griffiths, L. and Stratford, I.J. The influence of elevated levels of platelet-derived 

endothelial cell growth factor/thymidine phosphorylase on tumourigenicity, 

tumour growth and oxygenation. Int. J. Radiation Oncology Biol. Phys. 42:877- 

883, 1998.

247. Singh, R.K., Bucana, C.D., Gutman, M., Fan, D., Wilson, M.R. and Fidler I.J. 

Organ site-dependent expression of basic fibroblast growth factor in human renal 

cell carcinoma cells. Am. J. Pathol. 145:365-74, 1994.

227



248. Dinney C.P.N., Fishbeck R., Singh R.K., Eve, B., Pathak, S., Brown., Xie, B., 

Fan, D., Bucana, C.D., Fidler, I.J. and Killion, J.J. Isolation and characterisation of 

metastatic variants from human transitional cell carcinoma passaged by orthotopic 

implantation in athymic nude mice. J. Urol. 154:1532-1538, 1995.

249. Skobe, M., Rockwell, P., Goldstein, N., Vosseler, S. and Fusenig, N.B. Halting 

angiogenesis suppresses carcinoma cell invasion. Nature Med. 3:1222-1227, 1997.

250 Miyadera, K., Sumizawa, T., Haraguchi, M., Yoshida, H., Konstanty, W.,

Yamada, Y. and Akiyama, S. Role of thymidine phosphorylase activity in the 

angiogenic effect of platelet-derived endothelial cell growth factor/thymidine 

phosphorylase. Cancer Res. 55:1687-1690, 1995.

251. Fujimoto, S., Wang, Y., Inoue, K. and Ogawa, M. Antitumour activity of a new 

fluoropyrimidine derivative, 5'-deoxy-5-fluorouridine, against murine and human 

experimental tumours. Jpn. J. Cancer Res. 76:644-650, 1985.

252. Vile, R.G. and Hart, l.R. In vitro and in vivo targeting o f gene expression to 

melanoma cells. Cancer Res. 53:962-967, 1993.

253. Tevaerai, H.T., Laurent, P.L., Suardet, L., Eliason, J.F., Givel, J-C. and 

Odartchenko, N. Interactions of interferon-a2a with 5'-deoxy-5-fluorouridine in 

colorectal cancer cells in vitro. Eur. J. Cancer 28:368, 1992.

254. Wadler, S., Schwartz, E.L., Goldman, M., Lyver, A., Rader, M., Zimmerman, M., 

Itri, L., Weinberg V. and Weirnik, P.H. Fluorouracil and recombinant alpha-2a- 

interferon - an active regimen against advanced colorectal carcinoma. J. Clin. 

Oncol. 7:1769-1775, 1989.

228



255. Office for National Statistics. Mortality statistics: Cause, England and Wales 1993 

(revised) and 1994 Series DHZ, No 21 London: HMSO 1996.

256. Chodak, G.W., Thisted, R.A., Gerber, G.S., Johannson, J.E., Adolfsson, J., Jones, 

G.W., Chisholm, G.D., Moskovitz, B., Livne, P.M. and Warner, J. Results of 

conservative management of clinically localised prostate cancer. N. Engl. J. Med. 

330:242-248, 1994.

257. Walsh P.C., Partin, A.W. and Epstein, J.I. Cancer control and quality of life 

following anatomical radical retropubic prostatectomy: results at 10 years. J. Urol. 

152:1831-1836, 1994.

258. Yamamoto, S., Konishi, I., Mandai, M., Kuroda, H., Nambu, K., Sakahara, H. and 

Mori, T. Expression of vascular endothelial growth factor (VEGF) in epithelial 

ovarian neoplasms: correlation with clinicopathology and patient survival, and 

analysis of serum VEGF levels. B. J. Cancer 76:1221-1227, 1997.

259. Kumar, H., Heer, K., Lee, P.W.R., Duttie, G.S., MacDonald, A.W., Greenman, J., 

Kerin, M.J. and Monson, J.R.T. Preoperative serum vascular endothelial growth 

factor can predict stage in colorectal cancer. Clin. Cancer Res. 4:1279-1285, 1998.

260. Dirix, L.Y., Vermeulen, P.B., Pawinski, A., Prove, A., Benoy, L, de Pooter, C., 

Martin, M. and van Oosterom, A.T. Elevated levels o f the angiogenic cytokines 

basic fibroblast growth factor and vascular endothelial growth factor in sera of 

cancer patients. B. J. Cancer 76:238-243, 1997.

261. Pantelides, M.L., Bowman, S.P. and George, N.J.R. Levels o f prostate specific 

antigen that predict skeletal spread in prostate cancer. Br. J. Urol. 70:299-303,

1992.

229



262. Oesterling, J.E., Martin, S.K., Bergstralh, E.J. and Lowe, F.C. The use of prostate 

specific antigen in staging patients with newly diagnosed prostate cancer. JAMA 

269:57-60, 1993.

263. Partin, A.W., Kattan, M.W., Subong, E.N.P., Walsh, P.C., Wojno, K.J., 

Oesterling, J.E., Scardino, P.T. and Pearson, J.D. Combination of prostate-specific 

antigen, clinical stage and Gleason score to predict pathological stage of localised 

prostate cancer. JAMA 277:1445-1451, 1997.

264. Obek, C., Louis, P., Civantos, F. and Soloway, M.S. Comparison of digital rectal 

examination and biopsy results with the radical prostatectomy specimen. J. Urol. 

161:494-498, 1999.

265. Salven, P., Maenpaa, H., Orpana, A., Alitalo, K. and Joensuu, H. Serum vascular 

endothelial growth factor is often elevated in disseminated cancer. Clin. Cancer 

Res. 3:647-651, 1997.

266. Wang, Y.Z. and Wong, Y.C. Sex hormone-induced prostatic carcinogenesis in the 

Noble rat: The role of insulin-like growth factor-1 (IGF-1) and vascular 

endothelial growth factor (VEGF) in the development o f prostate cancer. The 

prostate 35:165-177, 1998.

267. Banks, R.E., Forbes, M.A., Kinsey, S.E., Stanley, A., Ingham, E., Walters, C. and 

Selby, P.J. Release of the angiogenic cytokine vascular endothelial growth factor 

(VEGF) from platelets: significance for VEGF measurements and cancer biology.

B.J. Cancer 77:956-964, 1998.

230



268. Dvorak, H.F., Brown, L.F., Detmar, M. and Dvorak, A.M. Vascular permeability 

factor/vascular endothelial growth factor, microvascular hyperpermeability and 

angiogenesis. Am. J. Path. 146:1029-1039, 1995.

269. Horwich, A., Alsanjari, N., A'Hem, R., Nicholls, J., Deamaley, D.P. and Fisher C. 

Surveillance following orchidectomy for stage 1 testicular seminoma. Br. J. 

Cancer 65:775-778, 1992.

270. Read, G., Stenning, S.P., Cullen, M.H., Parkinson, M.C., Horwich, A., Kaye, S.B. 

and Cook, P.A. Medical Research Council prospective study of surveillance for 

stage 1 testicular teratoma. J. Clin. Oncol. 10:1762-1768, 1992.

271. Cullen, M.H., Stenning, S.P., Parkinson, M.C., Fossa, S.D., Horwich, A., Harland, 

S.J., Williams, M.V. and Jakes, R. Short-course adjuvant chemotherapy in high 

risk stage 1 non seminomatous germ cell tumours o f the testis: a Medical Research 

Council report. J. Clin. Oncol. 14:1106-1113, 1996.

272. Fossa, S.D., Horwich, A., Russell, J.M., Roberts, J.P., Jakes, R. and Stenning, S. 

Optimal field size in adjuvant radiotherapy (XRT) o f stage 1 seminoma - a 

randomised trial. Proc. of ASCO 15:239, 1996.

273. Freedman. L.S., Jones, W.G., Peckham, M.J., Newlands, E.S., Parkinson, M.C, 

Oliver, R.T.D., Read, G. and Williams, C.J. Histopathology in the prediction of 

relapse o f patients with stage 1 testicular teratoma treated by orchidectomy alone. 

Lancet. 8:294-298, 1987.

274. Joukov, V., Pajusola, K., Kaipainen, A., Chilov, D., Lahtinen, I., Kukk, E., 

Saksela, O., Kalkkinen, N. and Alitalo, K. A novel vascular endothelial growth-

231



factor, VEGF-C, is a ligand for the fit-4 (VEGFR-3) and kdr (VEGFR-2) receptor 

tyrosine kinases. EMBO J. 15:290-298, 1996.

275. Folkman, J. New perspectives in clinical oncology from angiogenesis research. 

Eur. J. Cancer 32A:2534-2539, 1996.

276. Jain, R. Delivery o f novel therapeutic agents in tumours. Physiological barriers 

and strategies. J. Natl. Cancer Inst. 81:570-576, 1989.

232



Acknowledgements

233



Like all basic science research, there have been highs and lows during the last two years. 

What is certain however, is that it would not have been half as enjoyable without the 

encouragement and support given to me by many people at the Department of Urology, 

the Nuffield Department o f Surgery and the Institute of Molecular Medicine, Oxford. I 

would like to thank everyone who helped me but a few people in particular.

Within the Department o f Urology I would like to thank the staff of Ward 15 including 

Janet and Jenny, the secretaries Diane, Esther, Janet and Rose and lastly the out-patient 

staff.

All the staff within the Nuffield Department of Surgery were extremely helpful and I 

thank Professor Sir Peter Morris for providing me with the opportunity to work in the 

intellectually stimulating environment of his department. I would also like to thank Dr 

Sue Fuggle for her excellent advice and Lucy and Dicken for their cheerful support.

Most of the work was performed at the Institute of Molecular Medicine in Oxford and I 

would especially like to thank the people in our lab, Kerrie, Christine, John, Ken, Nick, 

Lukash, Kelvin, Ute and HuaTang. Also from other labs Kate Talks, Helen Turley, and 

Simon Biddolph deserve special thanks. My thanks also go to the support staff at the 

IMM, especially Connie and Jenny.

I would like to thank Dr Richard Poulsom at the Imperial Cancer Research Fund ,London 

for providing the in situ hybridisation results in chapter seven. Also from chapter seven I

234



would like to thank our collaborators in Finland, Dr Reija Valtola and Professor Kari 

Alitalo for help with the immunohistochemistry.

I am very grateful to the Royal College of Surgeons of England for providing me with the 

Osman Hill Research Fellowship and also to the British Urological Foundation and the 

Imperial Cancer Research Fund for the financial support that made this work possible.

Jeremy Crew, Kevin Turner, Sue Fuggle, Roy Bicknell and my London supervisor 

Professor Jeremy Pearson have all been a tremendous help, not just with advice but also 

for their continued encouragement throughout my work.

Three people however, I am particularly indebted to. They are Mr David Cranston, 

Professor Adrian Harris and Dr Chisato Fujiyama. David Cranston was responsible for 

getting me into this research in the first place and has been a solid rock of support 

throughout. Adrian Harris has been a constant source o f intellectual input and his 

boundless enthusiasm was like a shining light during several dark periods. I am extremely 

grateful to him. Finally, I thank Chisato Fujiyama, who is now back home in Japan as an 

assistant professor of urology. This work would not have been possible, and certainly not 

as enjoyable without him. Of all the things that have come out of this research, the best is 

gaining an excellent, loyal friend.

235



Appendix

236



Supervision and place of work

The work presented in this thesis was performed mainly at three centres in Oxford, with 

additional supervision from London.

1) Molecular Oncology Group, Room 418, Institute o f Molecular Medicine, The John 

Radcliffe Hospital, Headley Way, Oxford, 0X3 9DS.

Supervisor: Professor Adrian Harris BSc, MA, DPhil, FRCP. Professor o f Clinical 

Oncology and Clinical Director, The Imperial Cancer Research Fund Medical Oncology 

U nit, O xford . Tel: (01865) 222457, Fax: (01865) 222431, E-m ail: 

aharris.lab@icrf.icnet.uk

2) The Department of Urology, The Churchill Hospital, Headington, Oxford, 0X3 7LJ. 

Supervisor: Mr David Cranston DPhil, FRCS. Head of Urology. Tel: 01865 225941 

Fax: 01865 (226086).

3) The Nuffield Department of Surgery, 5̂  ̂Floor, The John Radcliffe Hospital, Headley 

Way, Oxford, 0X3 9DS.

Supervisor: Dr Sue Fuggle DPhil, Senior Clinical Scientist. Tel: (01865) 221302

London supervisor: Professor Jeremy Pearson, Centre for Cardiovascular Biology and 

M edicine. New Hunts House, Guys Campus, London SE l 1 UL. E-mail: 

jeremy.pearson@kcl.ac.uk

237

mailto:aharris.lab@icrf.icnet.uk
mailto:jeremy.pearson@kcl.ac.uk


B/U  International ( 1 9 9 9 ) ,  8 3 ,  5 3 5 - 5 5 6

Angiogenesis in urological malignancy: prognostic indicator 
and therapeutic target
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Introduction

Angiogenesis is the growth of new blood vessels from 
existing vessels. It is important in physiological situations 
where new blood vessel growth is needed, e.g. the 
cyclical changes within the ovary and endometrium in 
the menstrual cycle [1,2]. It is also important in wound 
healing and embryogenesis; indeed, it has been postu
lated that the devastating teratogenicity of thalidomide 
was due to an anti-angiogenic effect on the developing 
limb bud vasculature [3].

Angiogenesis is also the mechanism by which tumours 
induce a blood supply. In its simplest form, tumour cells 
secrete angiogenic stimulators which activate endothelial 
cells (ECs) of nearby vessels, and induce them to degrade 
their basement membrane and surrounding extracellular 
matrix (ECM), migrate towards the angiogenic stimulus 
and form tubules (Fig. 1). Early evidence for the impor
tance of angiogenesis in tumour biology, summarized in 
the often cited review by Folkman [4], includes: (i) The 
failure of tumours to grow beyond 2 -3  mm  ̂ without 
angiogenesis, as this is the limit at which necessary 
oxygen and nutrients can be derived by diffusion alone;

(ii) the demonstration of increased angiogenesis, as meas
ured by increased microvessel density (MVD) or angiog
enic stimulators within certain tumours; (iii) since then, 
stronger evidence that angiogenesis has a true biological 
role in tumours, rather that being just a marker, has 
come from several sources. These include the demon
stration in animal models of increased tumour growth 
and angiogenesis in tumours from cells transfected with 
angiogenic stimulators [5]. Furthermore, strategies to 
inhibit angiogenesis have resulted in less vascular, 
smaller tumours experimentally [6-8] and some success 
in early clinical trials of anti-angiogenic agents [9].

Since angiogenesis and urological malignancies were 
last reviewed in the BJU  [10], the field has advanced 
considerably [11] such that currently angiogenesis is 
more than just a prognostic indicator, being also a 
realistic therapeutic target. This article first gives an 
overview of angiogenesis in general and then specifically 
in urological malignancy, dealing with the evidence for 
the involvement of angiogenesis in these malignancies 
and then how increased understanding of that involve
ment is being translated into potential therapeutic 
targeting.

Part 1: Diagnostic potential and therapeutic 
targets

A ssa ys o f  angiogenesis

Angiogenesis can be studied directly by: (i) examining 
new vessel growth within tumour specimens, i.e. the 
MVD; or (ii) using models such as the chick chorioallan
toic membrane [12], the rodent sponge model [13] or 
the rabbit corneal model [14] to investigate the ability 
of potential angiogenic stimulators or inhibitors to 
induce/inhibit angiogenesis (Fig. 2). Angiogenesis can 
also be studied by analysing the levels of various angiog
enic stimulatory factors. It is now clear that in addition
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to stimulators there are endogenous inhibitors and angi
ogenesis is a dynamic balance between them (Fig. 3).

M icrovessel density

The MVD of tumoms is usually determined by count
ing the number of new blood vessels within a vascular 
‘hotspot’, having stained pathological sections with 
EC-specific antibodies such as anti-CD 31 or anti-von 
Willebrand factor (Fig. 4). MVD is prognostic in several 
tumours, including breast [15], limg [16] and urological 
tumours [17]. An increased MVD will not only supply 
the tumour with more oxygen and nutrients, but also 
provide a ready portal for metastatic spread, as angio
genic vessels tend to be leaky.

Fortunately, angiogenic vessels show several differ
ences over established vessels, including increased

535



BJL' Intcnuaioiuil (2(U)0). 2 7 ( i -2 S ( )

Elevated serum vascular endothelial growth factor in 
patients with hormone-escaped prostate cancer
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A.L. HARRIS
*Molecular Oticoluijy Unit, ICRF, Institute of Molecular Medicine, and fNuJJield Department of Surgery, University of Oxford, 
John Radcliffe Hospital, and fDepartment of Urology, Churchill Hospital, Oxford. UK

Objective To investigate the role of serum vascular 
endothelial growth factor (VEGF) in the assessment of 
patients with prostate cancer.

Patients, subjects and methods Serum from 78 men was 
assayed for VEGF using a commercially available 
enzyme-linked immunosorbent assay kit. Forty-eight 
patients had a histopathological diagnosis of prostate 
cancer (16 local disease, 32 metastatic), nine had 
benign prostatic hyperplasia (BPH) and 21 were 
healthy controls.

Results The mean serum VEGF level was significantly 
higher in patients with hormone-escaped prostate 
cancer than in all other groups (P ^0.02). There were 
no significant differences in serum VEGF levels among

the other groups. In 18 patients with serial measure
ments there was no significant difference in serum 
VEGF level during either response to or escape from 
hormonal therapy.

Conclusions The signilicantly higher serum VEGF level 
in patients with hormone-escaped prostate cancer 
suggests a role in the pathogenesis of advanced 
disease. However, the lack of significant differences 
among the other groups and the failure to indicate 
either response to or escape from hormonal therapy 
suggests that serum VEGF in this setting is of limited 
use.

Keywords vascular endothelial growth factor, serum, 
prostate cancer, angiogenesis

Introduction

The prevalence of prostate cancer is rising, partly 
through increased diagnosis and partly from increased 
longevity of the population [1]. Despite this, there 
remains controversy over who to treat, how and when, 
because there is a relative inadequacy of prognostic 
information and the end results achieved by different 
extremes of treatment are comparable [2,3]. Additional 
prognostic indicators and therapeutic targets are needed.

Much attention has recently been paid to angiogenesis, 
the mechanism by which tumours induce the blood 
supply necessary for their growth [4]. The micro vessel 
density (MVD) within a tumour, indicative of the degree 
of angiogenesis, has been shown to be prognostic in 
several tumours including breast, gastric and urological 
carcinomas [5-7]. In prostate cancer, the MVD is greater 
in cancerous tissue than in normal tissue [8,9] and is 
predictive of extraprostatic extension [10,11].

The measurement of MVD is prone to technical 
difficulties and relies on a particular specimen being 
representative of the whole tumour. An alternative is to 
measure levels of various angiogenic stimulators (or

Accepted for publication 28 September 1999

inhibitors). These factors can be measured in body fluids, 
such as blood and urine and give an indication of the 
angiogenic ability of the whole tumour, not just one 
particular biopsy.

Vascular endothelial growth factor (VEGF) is one of 
the most important angiogenic factors [12,13]. Tumour 
and urinary VEGF is prognostic in bladder cancer [14,15] 
and experimental manipulation to up-regulate or down- 
regulate VEGF expression has confirmed its critical 
importance in cancer biology [16—18]. Elevated serum 
VEGF has recently been shown to be prognostic in 
ovarian and colon carcinomas [19—21]. Immuno- 
histochemical studies have confirmed the presence of 
VEGF in prostate cancer [22] and when anti-VEGF 
antibodies were given to mice with subcutaneous 
prostate cancer cell line spheroids, reduced tumour 
growth and angiogenesis resulted [23]. Furthermore, 
there is now evidence that angiogenesis and VEGF 
production are at least in part under hormonal control 
[24,25].

We therefore analysed serum for VEGF in a cross- 
section of patients with prostate cancer or BPH and in 
normal controls. In addition we prospectively followed 
the patients and obtained serial samples from some 
responding to and others escaping from hormonal
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A NEW PERSPECTIVE

New Developments in Angiogenesis: 
A Major Mechanism for Tumor Growth 
and Target for Therapy

Adam Jones, FRCS, Adrian L. Harris, MD, PhD. Oxford, England

Tumor cells cannot grow as a mass above 2 to 3 
mm), because diffusion is insufficient for oxygen 

and glucose requirements, unless the tumor induces a 
blood supply. This process of inducdon of a new blood 
supply from existing vessels is called angiogenesis.

In the late 1960s, Folkman̂  was the first to describe 
the critical role of angiogenesis in tumor growth, and 
since then, abundant evidence has been produced and 
reviewed-̂  Angiogenesis involves endothelial cell (EC) 
proliferation, migration and tubule formation with asso
ciated changes in the extracellular matrix (ECM), allow
ing subsequent new vessel growth toward the tumor. 
Much of the early work concentrated on what stimulates 
angiogenesis and how the d^ee of angiogenesis relates 
to prognosis. It is now becoming clear that angiogene
sis is a balance of stimulators and inhibitors and that 
there are reciprocal interactions between ECs, tumor 
cells, and the ECM.

This article provides an overview of more recent 
understanding of these mechanisms and how they may 
be advantageous in the development of anti-angiogene- 
sis therapy (Fig. 1).

■  NEW ANGIOGENIC PATHWAYS

Multiple Ligands for Multiple Receptors In the Vascular 
Endothelial Growth Factor (VEGF) Family

Angiogenesis can be studied direcdy, by quantifying the 
vasculature, or indirectly, by measuring the factors in
volved. Elevated levels of many angiogenic factors in 
tumors, blood, or urine and raised microvessel density 
have been found to be associated vith worse prognosis 
in a number of tumors (Table I). The role of angio
genic factors has been emphasized by numerous studies
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showing increased tumorigenicity when levels are in
creased by transfection and reduced tumorigenicity 
when levels are decreased by specific antibodies or anti
sense techniques.̂ *)

The blood vessels, when stimulated to grow, show 
many differences from quiescent vessels that provide 
new targets for therapy. Tlicse include up-regulation of 
receptors for angiogenic factors, urokinase receptors, 
int̂ ins, and proteases. Angiogenic ECs proliferate up 
to 50 times more than normal ECs.̂

VEGF, basic fibroblast growth factor (bFGF), and 
placket-derived EC growth fiictor/thymidine phosphory
lase are among the most important or most differentially 
up-r̂ l̂ated angiogenic stimulatory fiictors in tumor an
giogenesis. VEGF is an endothelial-specific mitogen, and 
its importance in angiogenesis has been confirmed by 
gene knockout studies in mice for VEGF and its recep
tors Flt-1 and KDR (VEGFR-1 and VEGFR-2), which 
are transmembrane tyrosine Idnases (Table 2).

Newer angiogenic agonists of interest include VEGF 
B, C, and D and angopoietin 1 (Ang-1). VEGF C is ho
mologous to the VEGF family, but in addition to bind
ing VEGFR-2, it also binds to Ht-4. Flt-4 (also known 
as VEGFR-3) is, like VEGFR-1 and VEGFR-2, also a 
receptor tyrosine kinase, but it is expressed primarily on 
lymphatic endothelium.̂  VEGF D is related to VEGF C 
and appears to bind to die same receptors.® VEGF B 
binds to VEGFR-I selectively The role of VEGF D and 
that of VEGF B have yet to be elucidated, but these ago
nists may show tissue or developmental specificity:

As recendy described, neuropilin-I is an isoform- 
specific VEGF receptor that modulates the bindiî  of 
VEGF to VEGFR-2. It may function as a natural regu
lator of VEGF-induced angiogenesis.’

Tie-I andTîe-2/Tek are related to the VEGF recep
tor family in that they are receptor tyrosine kinases and 
are also endothelial specific, (jene knockout studies in 
mice demonstrate a requirement for both to allow an
giogenesis.'® Ang-1 is ^e ligand for Tie-2, but unlike 
VEGF, it frils to stimulate ECs in vitro. Ang-1 works in 
a novel way and stabilizes new vessels by promoting 
EC-matrix interactions." Thus, VEGF may act first to 
stimulate growth, and Ang-1 acts sequentially to stabi
lize the new vessels. (Consistent with this interaction
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1. Introduction__________________________________
In the absence of a blood supply, tumour growth is restricted to 2 - 3 mm^ 
because oxygen and glucose requirements can only be met by simple dif
fusion from the surrounding milieu. To grow, the tumour must induce a 
blood supply from existing vessels, a process called angiogenesis.

Angiogenesis is important in physiological processes such as wound 
healing and endometrial growth and regression in the female menstrual 
cycle and in pathological processes such as diabetic retinopathy, psoria
sis and tumour growth. Folkman first highlighted the role of angiogene
sis in tumour biology [1]. Abundant evidence has since been produced to 
substantiate this [2]. Angiogenesis involves the activation of endothelial 
cells (EC) by angiogenic stimulators. This leads to a multi-step cascade in
volving degradation of the extracellular matrix (ECM), EC proliferation 
and migration towards the angiogenic focus, e.g., tumour cells releasing 
angiogenic stimulatory factors. Stimulated EC then form primitive tu
bules which fuse to form new vessels. These new vessels not only supply 
the tumour with its nutritional requirements for growth but also, because 
they are leaky, provide a ready channel for metastasis.

Our increased understanding of angiogenesis has identified this as a 
promising new therapeutic target. Rather than attacking the tumour cells 
directly, anti-angiogenesis strategies aim to destroy the growth of the 
new blood vessels supplying the tumour and therefore deprive it of its re
quirements for growth.

This article will focus initially on the critical processes involved in angio
genesis and then how these relate to strategies of anti-angiogenesis. Fi
nally the more promising agents in clinical trials are reviewed as are the 
prospects for the future.

2. Angiogenic factors
2.1 Angiogenic stimulators
A number of angiogenic factors have now been identified (Table 1). 
Raised levels of many of these are found within tumours at both mRNA 
and protein levels and also in bodily fluids such as blood and urine.
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