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Abstract

The hypoxia inducible transcription factors HIF-1 and HIF-2 mediate the 

hypoxic regulation of a number of genes important in embryogenesis, 

physiological adaptation to hypoxia, angiogenesis and tumourogenesis. The 

level of the respective a-subunits of the HIF-1 and 2 heterodimers determines 

the level of protein and transcriptional activity.

Angiogenesis is both an important process in tumour development and 

provides a new therapeutic target. A greater understanding of its role at 

different stages of tumourogenesis and the identification of biological markers 

of hypoxia are required to optimise the clinical use of antiangiogenic agents 

and objectively monitor response.

The characterisation of monoclonal antibodies (MoAb), which recognise HIF-la 

and HIF-2 epitopes in formalin fixed, paraffin embedded material and the 

human tissue distribution of these proteins is presented. HIF-la and HIF-2a 

protein was detected in a subset of most common types of cancers. In contrast 

staining was negative in normal tissue, except in a subset of macrophages, 

indicating differential activation of HIFs within tumours. A perinecrotic 

distribution of HIF protein was found in some tumours, consistent with local 

microenviromental factors influencing expression. In-situ hybridisation studies 

demonstrated co-localisation of vascular endothelial growth factor (VEGF) 

mRNA and HIF-a protein within a series of necrotic breast carcinomas, 

indicating functional activity. An unexpected finding was strong HIF-2a 

expression in a subset of tumour associated macrophages (TAM). The
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specificity of the TAM reactivity was confirmed using a polyclonal antiserum 

against HIF-2a.

The interaction between tumour and stromal cell components of tumours is 

important in determining angiogenesis activity. The expression of HIF-la by 

both tumour and stromal cell components of cases of breast carcinoma was 

positively associated. Within Hodgkin's disease (HD) and non-Hodgkins 

lymphoma (NHL) both neoplastic and reactive TAM expressed VEGF.

Overall this work adds to the knowledge of HIF expression and presents new 

information on the role of TAM.

(300 words)
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CHAPTER ONE INTRODUCTION

This thesis is concerned principally with investigating hypoxia signalling 

pathways in human tumours with the aim of identifying biological pathways of 

tumourogenesis, prognostic factors and new therapy targets. The role of 

angiogenesis in breast carcinoma is widely accepted and has been an area of 

long standing research within the group I joined. In contrast the concept that 

angiogenesis may be of equal relevance in the development of haematopoietic 

malignancies, lymphomas and leukaemias, as solid tumours was entirely new 

at the time I started my research. Judah Folkman's group reported evidence of 

angiogenesis in a series of children with acute lymphoblastic lymphoma, 

observing increased microvessel density in the diagnostic bone marrow 

trephines and high urinary levels of a potent angiogenic factor, basic fibroblast 

growth factor (Perez-Atayde, et a! 1997). The architecture of the blood supply 

to a normal lymph node or the bone marrow is quite different to that of the 

breast, with a much greater number of cells in close proximity to vasculature in 

the former. Most lymphocytes enter a lymph node from the blood stream 

across a specialised vascular endothelium in post capillary venules termed high 

endothelial venules (HEV). These HEV are found at the junction of the cortical 

and paracortical regions, other regions of the node have relatively few vessels.

Studies comparing the angiogenic phenotype of primary tumours with in

synchronous nodal métastasés have suggested that lymph node is a site in

which tumour growth occurs independently of angiogenic phenotype. The

preferential localisation of metastatic cells in the paracortex, the most highly

vascularised area of the lymph node, rather than the poorly vascularised
21



follicles supports this contention (Pezzella 2000, Naresh, ef a/2001). In a study 

of cases of squamous carcinoma involving the oral cavity and their lymph node 

métastasés lower vessel counts were found in both primary tumour and 

metastatic nodes than non-metastatic nodes (Naresh, et a! 2001). The 

incidence of proliferating blood vessels was greater in primary tumours than in 

either involved or uninvolved nodes. The authors suggested that the rich native 

vascularity of lymph nodes make neoangiogenesis redundant for the growth of 

metastatic tumour. In three studies examining microvessels in breast cancer, 

by a variety of techniques, the microvessel density (MVD) in the nodal 

métastasés was found to be less than that in the primary tumour (Miliaras, et 

a! 1995, Guidi, et a! 2000, Pezzella 2000). However, this was statistically 

significant in only one study (Miliaras, et a! 1995). These findings have led 

people to dispute the theory that early regional node métastasés arise from the 

selection of highly angiogenic clones (Pezzella, ef a/2001). The number of cells 

able to leave the primary inside lymphatics, rather than blood vessels may be 

more important in dictating the establishment of nodal métastasés. Studying 

the angiogenesis pattern of lymphomas in lymph nodes and its relationship to 

activation of the hypoxia-signalling pathway may help resolve some of the 

current uncertainties regarding epithelial tumour métastasés. The number of 

malignant cells in some forms of lymphoma, such as Hodgkin's disease, is very 

small raising intriguing questions as to their contribution versus the stromal 

reaction to disease progression. Examining for similarities and differences in 

the stromal response of contrasting tumours may give further insights into their 

pathogenesis and identify new common therapeutic targets.
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I have used clinical material from a series of invasive ductal breast carcinomas 

to investigate the role of hypoxia signalling pathways in tumourogenesis. In 

addition I have looked to see if some of these pathways are activated in 

lymphoma. In this introduction breast carcinoma and lymphoma are reviewed 

briefly and then gene regulation by hypoxia and angiogenesis and its control by 

hypoxia discussed.

1.1 Breast carcinoma and Lymphoma

Breast carcinoma is the most common cancer in women in England and Wales 

and since 1951 has been the most common cause of cancer death. Annually 

over 25 000 cases occur and over 10 000 women die from the cancer 

(Swerdlow, et a! 2001). It accounts for 29% of all cancer cases and 19% of 

cancer deaths in women. Although there have been many recent improvements 

in the management of breast cancer leading to improved survival, it is still the 

major cause of death in young women and the commonest cancer causing 

death in women.

Lymphomas form a group of malignant diseases in which there is replacement 

of normal lymphoid structure by collections of malignant cells, these are 

divided into Hodgkin's disease (HD) and non-Hodgkin's lymphoma (NHL). NHL 

has an incidence in the UK of 10.9/100 000 per annum, which increases 

considerably with age up to 1/1000 in the ninth decade. In histologically 

aggressive, stages II-IV disease, with existing combination chemotherapy 

regimes only about one third of patients are cured. The age-related incidence 

means a large number of individuals are at presentation unable to tolerate the
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more intensive chemotherapy regimes and have a very poor outcome. In 

contrast in HD current combination chemotherapy regimes are associated with 

very high remission rates and five-year survival rates >80%. However, long 

term follow up of treated individuals has identified late treatment complications 

associated with significant morbidity and mortality from second malignancies 

(Tucker, et a! 1988) (Swerdlow, at a! 1992) and coronary artery disease 

(Hancock, at a! 1993). The incidence of second cancers is related to both the 

type of treatment and the age at treatment (van Leeuwen, at a! 2000). In the 

period of 10 or more years after first treatment the greatest absolute excess 

risk is seen for lung cancer, NHL and in women, breast cancer. Within HD a 

current management dilemma is achieving the balance of enough treatment to 

achieve remission, against unacceptable treatment-related toxicities. There is 

thus a need to understand more about the function of new and existing 

biological markers in tumours to enable the stratification of patients at 

diagnosis to different treatment protocols and identify new therapeutic targets. 

Angiogenesis has been identified as a new therapeutic target in breast 

carcinoma and many other solid tumours and may also have an important role 

in haematopoietic malignancies.

1.1.1 Classification of breast carcinoma and staging

Breast carcinomas arise from the glandular and ductal structures of the breast. 

Invasive ductal carcinoma forms the largest group of malignant mammary 

tumours, constituting 65% to 80% (Rosen 1979) and the following comments 

will be restricted to this. Histological grading of carcinomas describes the 

microscopic growth patterns of invasive ductal carcinomas as well as
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cytological features of differentiation. The most widely used systems are based 

on criteria established by Bloom and Richardson (Bloom 1950, Bloom and 

Richardson 1957) and involve the assessment of tubule formation, nuclear 

pleomorphism and mitotic activity. Modifications to this system defining 

numerical limits to some of the criteria were made to improve its reproducibility 

in 1991 (Elston and Ellis 1991). These have become known as the Nottingham 

histological grade and have a similar predictive value to the Bloom Richardson 

grading, providing independent prognostic information for patients stratified by 

stage of disease (Le Doussal, efa/1989).

As with other tumours staging is important as it forms the basis for prognosis 

and for assessing response to treatment and may be used to select therapeutic 

options for patients. Staging is also essential for the comparison of results from 

different forms of therapy or between different centres. The TNM system, first 

published in 1978 by the American Joint Committee on cancer (AJC), is the 

most widely used with the most recent version published in 1997 in conjunction 

with the International Union against cancer. The prefix symbol "p" refers to the 

pathological classification of the TNM as opposed to the clinical classification 

(cTNM). The major deficiencies of clinical staging are a tendency to 

overestimate the size of the primary tumour and inaccurate assessment of the 

axillary lymph nodes (Fitzgibbons, et a! 2000). Details of the TNM system for 

carcinoma of the breast are given in Table 1.1.

The College of American Pathologists produced a consensus statement in 1999 

in which prognostic and predictive factors in breast cancer were considered and
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stratified into categories reflecting the strength of published evidence 

(Fitzgibbons, et a! 2000). Category I factors were those proven to be of 

prognostic importance and useful in clinical patient management and included; 

TNM staging information, histological grade, histological type, mitotic figure 

counts and hormone receptor status. Category II factors were those that have 

been extensively studied biologically and clinically but whose import remains to 

be validated in statistically robust studies and included c-erbB-2, proliferation 

markers, lymphatic and vascular channel invasion and p53. Category III factors 

included DNA ploidy analysis, microvessel density, epidermal growth factor 

receptor (EGFR), transforming growth factor-alpha, bcl-2, pS2 and cathepsin D 

and were felt to be not sufficiently studied to demonstrate their prognostic 

value.

1.1.2 Epidemiology and pathogenesis of breast carcinoma

Breast carcinoma is the commonest cancer in women with six to seven women 

in every 100 developing it. It is rarely found before the age of 25, but may 

occur at any age thereafter with the incidence curve rising steeply around the 

age of 50 and then increasing again at a slower rate after the age of 55. In the 

USA the incidence rate is currently 110 per 100 000 women with "115 000 

new cases of invasive breast cancer a year and "  37 000 deaths/year from 

breast cancer. The incidence and death rate from breast cancer in Japan and 

Taiwan is "  one fifth that of the USA.

A number of factors have been shown to be important in the development of 

breast cancer with some differences existing between breast cancers occurring
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before and after the menopause. The role of genetic factors, hormones and 

environmental factors will be briefly discussed. Specific chromosomal 

alterations in the BRCAl gene on the long arm of chromosome 17 (Friedman, 

efa/1994, Hall, ef a/1990) and the BRCA2 gene on chromosome 13 (Wooster, 

et a! 1995) have been related to breast carcinoma risk. The lifetime risk for 

developing breast carcinoma as a result of a BRCAl mutation has been 

reported to be 56% to nearly 90% in various studies (Struewing, at a! 1997, 

Ford, at a! 1998). BRCA2 mutations have been associated with a slightly lower 

risk of breast carcinoma (Struewing, at a! 1997, Thorlacius, at a! 1998) 

reported to be 37% to 84%. BRCAl may account for up to 45% of cases of 

hereditary breast carcinoma as well as nearly 90% of patients with combined 

breast and ovarian cancer (Easton, at a! 1995). The risks associated with 

BRCAl and BRCA2 mutations appear to be modified by other genes eg. 

polymorphisms within the androgen receptor (Rebbeck, at a! 1999) as well as 

reproductive factors such as age (Andrieu, at a! 1998) and exogenous
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Table 1.1 TNM system for staging of breast carcinoma.

Primary Tumour (T)

Stage

TX Primary tumour cannot be assessed
TO No evidence of primary tumour

Tis Carcinoma in situ: intraductal carcinoma, lobular carcinoma
in situ, or Paget disease of the nipple with no tumour.

(Paget's disease of the nipple associated with a tumour is
classified according to the size of the tumour)

T1 Tumour 2cm or less in greatest dimension
Tlmic: Microinvasion 0.1cm or less in greatest dimension 
Tla: Tumour >0.1cm but not >0.5cm in greatest dimension 
Tib: Tumour >0.5cm but not >lcm in greatest dimension
Tic: Tumour >lcm but not >2cm in greatest dimension

T2 Tumour >2cm but not >5cm in greatest dimension

T3 Tumour >5cm in greatest dimension

T4 Tumour of any size with direct extension to chest wall or skin
T4a: Extension to chest wall

T4b: Oedema (including peau d'orange) or ulceration of

the skin of the breast or satellite skin nodules confined to the 

same breast

T4c: Both (T4a and T4b)
T4d: Inflammatory carcinoma
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Regional Lymph Nodes (pN)

Stage

NX Regional lymph nodes cannot be assessed (eg, previously 

removed or not removed for pathological study)

NO No regional lymph node metastasis

N1 Metastasis to moveable ipsilateral axillary lymph node(s)

Nla: Only micrometastasis (none>0.2cm in greatest

dimension)
Nib: Metastasis to lymph node(s), any >0.2cm in greatest 

dimension
Nlbi: Metastasis in 1 to 3 lymph nodes, any >0.2cm and all 

<2cm in greatest dimension
Nlbii: Metastasis to 4 or more lymph nodes, any >0.2cm 

and all <2cm in greatest dimension 
Nlbiii: Extension of tumour beyond the capsule of a lymph 

node, metastasis >2cm in greatest dimension 
Nliv: Metastasis to a lymph node >2cm in greatest 

dimension

N2 Metastasis to ipsilateral axillary lymph node(s) fixed to one 
another or to other structures

N3 Metastasis to ipsilateral internal mammary lymph node(s)

Distant metastasis (M)

Stage

MX Presence of distant metastasis cannot be assessed

MO No distant metastasis

Ml Distant metastasis (includes metastasis to ipsilateral 

supraclavicular lymph node(s))
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factors such as cigarette smoking and oral contraceptive hormones (Brunet, et 

a /1998, Ursin, efa/1997).

Estrogens induce proliferative changes in the ducts and unopposed estrogen 

activity over a long reproductive life span is thought to play a significant role in 

the pathogenesis of breast cancer and explain the epidemiological association 

of several reproductive factors with an increased risk of breast cancer 

(Swerdlow, at a! 2001). Risk of breast cancer is raised in women who remain 

childless or first give birth relatively late in life and by older age at menopause. 

Lactation has been reported to reduce the risk of breast cancer. Oral 

contraceptive use has a small effect on breast cancer risk increasing it in 

current and recent users (Swerdlow, at a! 2001). Treatment with 

diethylstilbesterol in pregnancy can increase the risk of subsequent breast 

cancer. In contrast the use of tamoxifen decreases the risk of contralateral 

breast cancer. At postmenopausal ages obesity is a risk factor for breast 

cancer, probably because adipose tissue is the main source of oestrogens in 

women after the menopause. Vigorous physical activity is also associated with 

a reduced risk of breast cancer at least in young women. Young age at 

menarche and tall adult height, which it is thought may be indicators of growth 

and nutrition during childhood, are risk factors for breast cancer. Several 

studies have shown a relation of raised risk of breast cancer to high birth 

weight suggesting prenatal factors may be aetiologically important. Of 

environmental factors irradiation is the only one well established with an 

increased incidence seen in survivors of atomic bomb exposure and following 

radiation therapy (Swerdlow, ef a/2001). Careful study of women who received
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mantle field irradiation for HD has demonstrated that the risk is inversely 

related to age, suggesting that the breast epithelium is sensitive to the 

carcinogenic effect of radiation during a "window" of risk before terminal 

differentiation (Clemons, et a! 2000). Recent studies have used DNA 

microarray analysis to provide gene expression profiles of tumours (Pérou, eta! 

2000, Lakhani, at a! 2001). These might both supplement existing prognostic 

and predictive factors and provide further insights into the pathogenesis of 

different subgroups of tumours (Sorlie, ef^/2001. West, efa/2001).

1.1.3 Clinical presentation and management of breast carcinoma

Breast carcinoma is usually detected either because a palpable lump has been 

found in the breast, or as a result of screening mammography programmes, 

when the individual is usually asymptomatic. Local extension of the tumour 

may cause other abnormalities such as nipple retraction or dimpling of the skin, 

secondary to involvement of the main excretory ducts or skin.

The histological features of the primary breast tumour and the clinical stage 

determine management. The standard practice within the ICRF Medical 

Oncology Unit in Oxford is to perform axillary node sampling at diagnosis. 

Treatment of the clinical case series examined is detailed in chapter six.

Recent improvements in survival from breast carcinoma in the UK have been 

mainly been attributed to the use of tamoxifen (Fisher, at a! 1999, Overmoyer 

1999). Mammography screening programmes are also thought to have 

contributed (Blanks, at a! 2000), although the full impact of early case
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detection will only become apparent as cohorts of screened women 55-69 are 

followed over the next 10 years. Newer therapeutic agents have more recently 

become available including taxol and the humanised MoAb to the Her-2 

receptor, Herceptin (Pegram, et a! 1998, Baselga 2000) as well as new 

steroidal and non-steroidal aromatase inhibitors. These currently are used as 

second or third line therapies or in advanced post-menopausal breast cancer, 

but may develop a role earlier in subgroups of patients if efficacy is proven and 

funding is available.

1.1.4 Classification of lymphoma and staging

Lymphomas include a very diverse group of diseases varying from highly 

proliferative and rapidly fatal diseases to very indolent forms. Recently the 

revised European American ciassification of lymphoid neoplasms (REAL) 

(Harris, ef j/1994) tried to define lymphoproliferative conditions according to a 

set of five properties, morphology, immunophenotype, genotype, normal cell 

counterpart and clinical features. This has been clinically evaluated and has 

recently been updated and refined by a multinational committee of experts 

under the auspices of the World Health Organisation (WHO) (Harris, ef a/2000, 

Isaacson 2000). The details of the WHO classification are given in Table 1.2 

with the changes from the REAL classification marked.

Within both the REAL and WHO classification HD and NHL are considered as 

separate disease entities. Further detaiis on the classification and staging of HD 

and two of the commonest forms of mature B-cell neoplasms, diffuse large B 

cell lymphoma (DLBCL) and follicular lymphoma (FL) will now be considered.
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Table 1.2 The World Health Organisation classification of lymphoid 

malignancies

B-cell neoplasms

Precursor B<ell neoplasm
B-cell lymphoblastic lymphoma/leukaemia 

Mature B-ceii neoplasm
Chronic lymphocytic leukaemia/small lymphocytic lymphoma 

Prolymphocytic leukaemia*
Lymphoplasmacytic lymphoma 
Mantle cell lymphoma 
Follicular lymphoma

Marginal zone lymphoma of mucosa-associated lymphoid tissue 
(MALT) type
Nodal marginal zone lymphoma with/without monocytoid B cells** 
Splenic marginal zone lymphoma**
Hairy cell leukaemia 
Diffuse large-cell lymphoma
Mediastinal (thymic), intravascular*, primary effusion*

Burkitt's lymphoma

Endemic*, sporadic*, immunodeficiency associated*, atypical* 

Plasmacytoma 
Plasma cell myeloma 

* Provisional in REAL classification, ** new entity
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T and putative NK cell neoplasms

Precursor T-cell neoplasms
T-lymphoblastic lymphoma/leukaemia 

Mature T-ceii neoplasms
T-cell prolymphocytic leukaemia**

T-cell large granular lymphocytic leukaemia

Aggressive NK cell leukaemia

T/NK-cell lymphoma, nasal and nasal type***
Mycosis fungoides 

Sezary syndrome

Angioimmunoblastic T-cell lymphoma 
Peripheral T-cell lymphoma unspecified 
Adult T-cell lymphoma/leukaemia (HTLV-1+)
Anaplastic large-cell lymphoma, T- and null cell primary systemic type 
Primary cutaneous anaplastic large cell lymphoma**
Subcutaneous panniculitis-like T-cell lymphoma*
Enteropathy-type T-cell lymphoma 
Hepatosplenic yô T-cell lymphoma*
* Provisional in REAL classification, ** new entity, ***angiocentric lymphoma in 
REAL classification.

Hodgkin’s disease

Nodular lymphocyte predominant 
Classical

Nodular sclerosis 

Lymphocyte rich (nodular)* 

Mixed cellularity 

Lymphocyte depletion
* Provisional in REAL classification
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The natural history of these conditions is very different creating different 

management dilemmas. B-cell lymphomas account for ~ 85% of all 

lymphomas with DLBCL being the commonest accounting for 30.6% and FL 

accounting for 22.1% of all lymphomas. Within the DLBCL category there are 

probably several more distinct entities that might benefit from different 

therapies. How to recognise these remains a challenge. Follicular lymphoma is 

characterised by the presence of follicular aggregates within the lymph node. 

HD is subdivided into nodular lymphocyte predominant and 4 classical types, 

nodular sclerosis, mixed cellularity, lymphocyte rich (nodular) and lymphocyte 

depletion. In classical HD scattered binucleate or multi-nucleate Reed- 

Sternberg cells (R-S) and mononuclear Hodgkin's cells are seen associated with 

a reactive cellular infiltrate of lymphoid cells, eosinophils and other 

inflammatory cells. The nodular sclerosis subtype is characterised by prominent 

fibrotic bands running through the diseased tissue, a thickened lymph node 

capsule and a variant of R-S cells known as lacunar cells. These features are 

absent in mixed cellularity HD in which the cardinal feature is the heterogenous 

cellular infiltrate. When this is sparse and the R-S more numerous and often 

bizarre the disease falls into the lymphocyte rich category. The lymphocyte 

depletion category is rare and can resemble anaplastic large cell lymphoma. 

Lymphocyte predominance HD shares some histological features with those of 

classical types with scattered neoplastic cells against the background of an 

abnormal cellular infiltrate. However, most of the neoplastic cells, known as 

L&H (lymphocytic and histiocytic) cells, lie within large nodular areas made up 

of small lymphoid cells. The immunophenotype of L&H cells is different from
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that of classical Reed-Stern berg cells with expression of a variety of B cell 

antigens and CD30 and CD15 negativity (Tabie 1.3).

Table 1.3 The immunophenotype of neoplastic cells in classical and 

lymphocyte predominance HD

Antigen Classical R-S cells L&H ceils

CD15 Usually positive Negative

CD30 Positive Negative

CD45 Usually negative Often positive
EMA Usually negative Often positive
J chain Negative Positive
CD 20 Occasionally positive Usually positive
Other B-ceil antigens Rarely positive Frequentiy positive

In contrast although B-cell antigens can be found in R-S ceils in some cases of 

classical HD they are usually present only on a minority. Lymphocyte 

predominance HD is also distinctive at the clinical level with a striking male 

predominance and a different pattern of spread to other forms of HD. It tends 

to be an indolent, slowly progressive disorder although occasional cases can 

transform after a period of time into large cell lymphoma, usually of B-cell type. 

HD arises in lymph nodes and generally spreads contiguously from one group 

to another; it is staged in terms of the number of sites of tumour in relation to 

whether they are above or below the diaphragm using the Ann Arbour staging 

classification. This has been used as the basis of treatment for over twenty 

years and can be used to separate those who benefit from radiation therapy 

from those requiring combination chemotherapy. In 1989 the staging
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classification was updated at an international meeting held in the Cotswolds. 

These changes are known as the Cotswold classification and include the 

recognition of the importance of tumour bulk (Crowther and Lister 1990). 

Details of both classifications are given in table 1.4.

Recommendations for clinical imaging criteria have also been made which have 

assisted in the standardisation of staging. The Ann Arbour staging system can 

also used in adults with NHL

1.1.5 Epidemiology and pathogenesis of lymphoma

Hodgkin's Disease

Mortality from HD has decreased by over two-thirds in each sex and age group 

in the UK since the late 1960's whilst incidence has not decreased comparably, 

which has been attributed to better treatment regimes. The incidence of HD for 

all ages in the UK is 3.0/100 000 for males and 1.8/100 000 for females. The 

incidence rises abruptly in adolescence and peaks in the third decade, a 

marginally lower incidence level then persists in males whereas the incidence 

drops to about half the peak incidence in females. In developing countries the 

peak incidence is in childhood a pattern that suggests a link to an infectious 

agent.

In the mid 1990's the development of new microdissection techniques led to 

the analysis of single R-S cells from classical HD and the demonstration that in 

the majority of cases these are clonal and of B cell origin. The R-S cells appear 

to represent monoclonal outgrowths of late germinal centre B cells that have
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Table 1.4 The Ann Arbour staging system with later amendments (Cotswold 

classification shown in italics).

Stage Definition

I Disease in one lymph node only
II Disease in two or more lymph node areas on the same

side of the diaphragm
III Disease in lymph node areas on both sides of the

diaphragm (the spleen is considered to be nodal)
nil Involvement of splenic, celiac or portal nodes
III2 Involvement of para-aortic, iliac or mesenteric nodes
IV Extensive disease in liver, bone marrow or other

extranodal sites
Substage Localized extranodal disease
E
Symptom Absence of fevers, sweats or weight loss
status A
Symptom Unexplained fever >38°c

status B Drenching night sweats
Weight loss >10% in the preceding 6 months 

Definition Mediastinal mass > one-third the maximum diameter of 
ofbuik the chest

Nodai mass >10cm

lost their ability to express immunoglobulin (Ig). Under physiological conditions 

B cells that are unable to express Ig are eliminated by apoptosis, therefore 

blockade of the apoptotic pathway may be a major event in the pathogenesis 

of B cell related classical HD. The Epstein-Barr virus (EBV) genome has been 

detected in about 20-50% of cases although the frequency of EBV infection of
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R-S cells varies between the different types being greatest in mixed cellularity 

HD. It is possible that EBV might be involved in the transformation of R-S cells, 

but as it is absent from half the published cases it cannot be the sole 

transforming agent in all cases of classical HD. The role of EBV and other viral 

infections acquired later in life than usual, underlying the condition is supported 

by the increased frequency of HD in individuals with higher social status, less 

density of housing and smaller number of siblings. P53 mutations have also 

been demonstrated in some HD cases. Human immunodeficiency virus (AIDS) 

confers a five-fold elevated risk of HD. Abnormal T-cell function is characteristic 

of active HD and may not just be a consequence, but also an underlying 

component of the cause of the disease. Against this T-cell function recovers 

quickly when HD is treated. (References for above within Hoffbrand, et a! 

1999).

Non-Hodgkin's Lymphoma

The large number of diverse classification systems for NHLs that have until 

recently been in use have made the collection of accurate epidemiological data 

impossible. If the new WHO classification system is widely accepted new 

information on the epidemiology of the different subtypes of NHL wiil become 

avaiiable. DLBCL is the commonest B-cell lymphoma constituting about 40% of 

adult NHL with most patients presenting over the age of 40 years. FL, a low 

grade lymphoma, has a peak incidence in the fifth and sixth decades of life and 

is rareiy seen in young individuals.
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With the advent of AIDS and an increase in the number of organ transplants an 

increase in lymphomas have been reported. Between 4-10% of AIDS patients 

develop a lymphoma, nearly always of a histologically aggressive type with 

DLBCL accounting for about half of these. The pathogenesis is almost certainly 

multifactorial. Immunosuppressed individuals are at increased risk of infections 

with viruses such as EBV in addition and chronic antigen exposure and cytokine 

stimulation arising from repeated infections results in polyclonal B-cell 

activation and a greater chance of mutations developing randomly during 

mitosis. Inherited disorders affecting DNA damage/repair (e.g. ataxia 

telangiectasia, xeroderma pigmentosum and Bloom's syndrome) and 

autoimmune diseases, especially rheumatoid arthritis and systemic lupus 

erythematosis, are all associated with an increased incidence of lymphomas. 

Although cytogenetic analysis can be difficult from tissue biopsy samples 

several large studies have shown abnormalities in the majority of cases. No 

single cytogenetic abnormality has been associated with DLBCL, but FL is 

associated with a t(14:18)(q32;q21), in which the oncogene BCL-2 is moved 

from chromosome 18 into the heavy chain immunoglobulin locus on 

chromosome 14 and expressed excessively, in 80-90% of all follicular 

lymphomas regardless of histological grade. BCL-2 protein is an inhibitor of 

apoptosis and its overexpression leads to prolongation of cell survival through 

the inhibition of apoptosis. The same t(14:18) is also present in 30% of DLBCL 

and has been observed in non-malignant cells in normal individuals and 

patients with lymphoid hyperplasia. The latter suggests that the translocation 

alone is not sufficient for cellular transformation, but the prolonged cell survival 

increases the chance of subsequent genetic changes. DNA microarray analysis
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techniques have been used to profile gene expression in different types of 

lymphoma and have reported disparate overall survival rates in patient groups 

with different patterns of gene expression (Alizadeh, et a! 2000). These 

techniques may identify previously unrecognised but clinically significant 

subtypes of DLBCL. More recently the expression profile of >6000 genes in the 

diagnostic samples of patients with DLBCL, receiving standard chemotherapy, 

and their relation with clinical response has been reported (Shipp, et a! 2002). 

Examining the differences identified further may be useful in both predicting 

clinical outcome and lead to a greater understanding of the pathogenesis of 

these subtypes.

1.1.6 Clinical presentation and management of lymphoma

Most patients with HD present with painless, non-tender asymmetrical, firm 

enlargement of the superficial lymph nodes. In some cases the nodes may 

spontaneously decrease and increase in size. The cervical lymph nodes are 

involved in 60-70% of patients. Constitutional symptoms are prominent in 

patients with widespread disease (table 1.4). Widespread painless 

lymphadenopathy is commoner at presentation in NHL than HD and contiguous 

spread is not so apparent. Hepatosplenomegaly is frequent at diagnosis. 

Patients with indolent disease are less likely to have B symptoms than those 

with an aggressive histology. In FL the bone marrow is involved in about 

~50% at diagnosis.

The histological subtype and clinical staging and patient age are essential to 

determine optimum management in both HD and NHL. In supradiaphragmatic
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stage lA and IIA disease HD fewer than 15% of patients die as a direct result 

of the disease. Traditionally such patients have usually been treated by 

radiotherapy to a mantle field, but overall at least one third of clinically staged 

patients will relapse, although the majority can be then salvaged by 

chemotherapy. Currently ways of improving outcome, in terms of late morbidity 

and mortality, in certain categories of patients, by increasing the use of 

chemotherapy and reducing the extent of radiotherapy are being explored. At 

the other end of the disease spectrum patients who relapse from 

chemotherapy within one year have a survival probability of only 20% at 5 

years and 11% at 10 years. Prognostic scoring systems have been developed 

to help identify patients with aggressive disease who may require more 

aggressive first line therapy (Hasenclever and Diehl 1998, Proctor, et a! 1992). 

In patients with more extensive disease combination chemotherapy is used and 

ABVD remains the gold standard with radiotherapy to any sites of bulk disease. 

More aggressive schedules are used in patients with aggressive HD or relapsed 

progressive HD such as PVACEBOP proceeding to peripheral blood stem cell 

transplantation.

The majority of patients with FL present with extensive disease and single 

agent chemotherapy, such as chlorambucil, is used for symptomatic disease 

with the aim of achieving a durable complete remission (CR), but with the 

expectation that disease will relapse. Just over half of these patients will obtain 

a CR, but nearly half of these will have relapsed within 5 years. Using 

anthracycline containing regimes, such as cyclophosphamide, doxorubicin, 

vincristine and prednisolone (CHOP) (Fisher, at a! 1993), higher CR rates can
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be achieved, but there is an increased rate of relapse and no survival 

advantage. Rarely patients present with localised stage lA/IIA FL in this group 

involved field radiotherapy can be curative. Radiotherapy also has a role in 

stage IIB-IV disease at sites of residual disease following chemotherapy or to 

control localised relapse. A plethora of treatment approaches are used for 

relapsed disease, alone or in combination, from chlorambucil to high dose 

therapy with peripheral stem cell support or purine analogues, combination 

chemotherapy, CHOP and anti-CD20 MoAb. Thus although considered an 

indolent disease that can respond to chemotherapy and Irradiation, it remains 

incurable with current therapeutic modalities and death occurs as a 

consequence of the disease regardless of whether or not transformation to 

high-grade histology has occurred. The median survival is 9-10 years.

In contrast in DLBCL the aim of first line therapy is to cure disease. For early 

stage lA/IIA disease combined modality treatment, rather than radiotherapy 

alone, gives improved long-term disease free survival (DFS). For stage II-IV 

disease combination chemotherapy is the treatment of choice and with the 

CHOP regimen about 55-60% of patients will attain a CR, with only about 60% 

remaining disease free. Attempts to improve these results have focused upon 

increasing the intensity of the therapy and the number of cytotoxic agents, but 

have shown no difference in CR or survival. Some studies have suggested an 

advantage in more advanced stage IV disease highlighting the need to be 

better able to identify poor-risk subgroups of patients. The International 

prognostic index (IPI) identified five pretreatment characteristics that were 

independently significantly associated with outcome in a cohort of 1385
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patients (Anonymous 1993). A score of 1 is allocated for each of the following 

features age >60years, abnormal LDH, performance status >2, tumour stage 

III/IV, the presence of >1 site of extranodal disease. The cumulative score can 

be used to stratify patients into four groups with different survival curves and 

death rates (Table 1.5).

1.1.7 Tumour hypoxia in breast carcinoma and lymphoma

Tumour hypoxia can be defined as a state of reduced O2 availability or 

decreased O2 partial pressure (PO2) that restricts or abolishes functions of 

organs, tissues, or cells. It occurs as a consequence of abnormal 

microcirculation and diffusion conditions. Invasive techniques using 

microsensors have provided information on the oxygenation status of a variety 

of accessible solid tumours; uterine cervix, head and neck tumours and soft 

tissue sarcomas. These have demonstrated substantial differences in the PO2 in 

tumours and a relationship of this with the response to radiotherapy. Cellular 

responses to chemotherapy and cytokines are also modified by the occurrence 

of hypoxia. Interest in the association between hypoxic tumours and poor 

treatment outcome and the potential to exploit this therapeutically is driving 

the development of new techniques. A variety of non-invasive methods for the 

detection of tumour hypoxia have been reported, including nuclear magnetic 

resonance spectroscopy and the non-invasive detection of sensitizer adducts 

such as [̂ ®F] Fluoromisonidazole. In addition techniques are under 

development that can be applied to biopsy material such as 

cryospectrophotometrical measurement of blood oxygen saturation and 

immunohistochemical detection of hypoxia markers (Hockel and Vaupel 2001).
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Table 1.5 Predicted outcome In high grade NHL by International prognostic 

index.

Category Score CR rate 5 year OS

Low risk 0,1 87% 73%

Low intermediate 2 67% 51%

High intermediate 3 55% 43%

High risk 4,5 44% 26%

Within breast cancer it has demonstrated that the median pOz, at all stages of 

the disease, is reduced at '̂ ZSmmHg, compared with 65mmHg for normal 

breast tissue with areas of severe hypoxia, p02<2.5mmHg, in ^  one third of 

cases (Vaupel, 1994). Within lymphomas hypoxia has not been formally 

quantified by a needle electrode system, but further characterisation of the 

hypoxic profile of a greater range of tumours is likely to occur with further 

development of the above techniques.

1.2 Hypoxia signalling pathways

The ability to maintain oxygen homeostasis is essential in all organisms from 

bacteria to mammals. Hypoxia can result in failure to generate sufficient ATP to 

maintain essential cellular functions whereas hyperoxia through the generation 

of reactive oxygen intermediates can lead to potentially lethal damage to 

membranes and DNA. Analysis of the molecular mechanisms by which 

erythropoietin (EPO) gene transcription was activated in response to hypoxia
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lead to the discovery that, within mammalian cells, the expression of a diverse 

group of genes Is regulated through a common hypoxia signalling pathway 

(Bunn and Poyton 1996, Gulllemln and Krasnow 1997). This response Is 

mediated by a transcriptional complex termed hypoxia Inducible factor-1 (HIF-

1). This binds within a base pair sequence that functions as the hypoxic 

response element (HRE) of target genes and leads to their transcription.

1.2.1 Composition of the HIF-1 compiex

The HIF-1 complex consists of a heterodimer of HIF-la and HIF-ip. Both are 

members of a family of transcription factors termed baslc-hellx-loop-hellx 

bHLH/PAS proteins, which control a variety of critical embryogénie and 

physiological events. In common with other members these both contain a 

bHLH loop necessary for DNA binding and a PAS (Per, ARNT, Sim) domain, 

which Is, used for dimérisation between PAS proteins. The PAS domain Is 

named after the first three proteins found with this motif: the Drosophila 

transcription factors period (Per) and single-minded (Sim) and the human aryl 

hydrocarbon nuclear translocator (ARNT). HIF-ip Is Identical to the previously 

Identified ARNT, which dimerlses with the aryl hydrocarbon receptor (AMR), 

after activation of AMR by binding of xenoblotic ligands such as dioxin and 

other aryl hydrocarbons (Hoffman, et a! 1991). This complex binds to 

xenoblotic response elements and controls expression of genes Involved In 

xenoblotic metabolism. ARNT Is a dimérisation partner common to a number of 

transcription factors whereas HIF-la Is unique to HIF-1. HIF-la Is an 826 

amino add protein previously Identified by Semenza (Wang and Semenza 

1995). HIF-la cDNAs from human, mouse and rat show >90% amino add
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sequence identity and there is a striking degree of evolutionary conservation 

(Wang and Semenza 1995, Wenger, ef j/1996).

1.2.2 HIF-1 target genes

The role of HIF-1 in regulating gene expression in response to oxygen tension 

was discovered initially in studies on the erythropoietin gene (EPO). More 

recently it has been appreciated that factors other than hypoxia may alter the 

levels of HIF-1 including oncogene activation, insulin, insulin-like growth factors 

I and II (IGF-1 and IGF-2) and p42/p44 MARK activation. The number of genes 

that are known to be subject to regulation by HIF is expanding; the current 

state of knowledge is summarised in Table 1.6. The products of many of these 

genes either increase oxygen (e.g. erythropoietin, tyrosine hydroxylase) or 

have a role in cellular adaptation to hypoxia (e.g. upregulation of glucose 

transporters/glycolytic enzymes) (Guillemin and Krasnow 1997). Recently 

hypoxic regulation of previously identified genes, carbonic anhydrase 9 and 12 

{CA9 and CA12) (Wycoff 2001a) and Bcl2/adenovirus EIB 19 kD-interacting 

protein 3 (BNIP3) (Bruick 2000) has been identified.

1.2.3 Models of oxygen sensing

The molecular mechanisms by which reduced cellular O2 concentration leads to 

increased HIF-1 levels is central to the understanding of the regulation of 

hypoxia-inducible genes. Early in vitro experiments defined a number of 

different reagents that could induce EPO mRNA, HIF-1 DNA -binding activity 

and expression of reporter genes containing the EPO gene HRE (Wang and 

Semenza 1993c, Wang and Semenza 1993a). These included the divalent
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Table 1.6 Genes regulated by HIF-1 (Semenza 1999).

Gene product HRE= HIF-1**
Adenylate kinase 3 ND +
a,-adrenergic receptor + ND
Adrenomedullin + ND
Aldolase A (ALDA) -F -F

Aldolase C ND -F

Endothelin-1 + ND

Enolase 1 + +

Erythropoietin (EPO) 4- ND

Glucose transporter 1 -F +

Glucose transporter 3 ND -F

Glyceryl phosphate dehydrogenase ND +

Heme oxygenase-1 (H)l) +

Hexokinase 1 ND -F

Hexokinase 2 ND -F

Insulin-like growth factor 2 ND -F

Insulin-like growth factor binding protein 1 -F ND

Insulin-like growth factor binding protein 2 ND -F

Insulin-like growth factor binding protein 3 ND +
Lactate dehydrogenase A + +
Nitric oxide synthase II -F ND
P21 ND +
P35sr) + ND
Phosphofructokinase L -F +
Phosphoglycerate kinase 1 (PGKl) + -F

Pyruvate kinase M ND -F

Transferrin + ND
Vascular endothelial growth factor (VEGF) -F -F

VEGF receptor FLT-1 -F ND
indicates that the gene contains a hypoxic response eiement with a binding site for HIF-1.

Mutation of the HIF-1 binding site resulted in loss of hypoxia-induced reporter gene expression

indicates that gene expression is markedly reduced in HIF-la deficient ceils 

conditions. ND indicates not determined.

under hypoxic
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cation, cobalt(Co), the iron chelator, desferrioxamine (DFO) (Wang and 

Semenza 1993b) and carbon monoxide (CO) and have been used as evidence 

to support a number of alternative models of O2 sensing.

One model proposed a haemprotein capabable of reversible binding of O2 

(Goldberg, et a! 1988) in which only the deoxy-state permits hypoxia signal 

transduction, leading to EPO gene expression. In this model Co and DFO 

substitute for, or chelate iron in the haem ring of the sensor, resulting in a loss 

of O2 binding. CO is proposed to bind to the sensor and stabilise the oxy- 

conformation inhibiting hypoxia induced EPO expression. Alternatively it has 

been suggested that the level of reactive O2 intermediates, (ROI) such as 

superoxide ion, H2O2 or hydroxyl ion, rather than the O2 level itself determines 

the magnitude of hypoxia signal transduction. However, diphenyl iodonium 

(DPI), an inhibitor of candidate molecules for ROI generation such as the 

NADPH oxidoreductases blocks rather than amplifies the induction of EPO 

mRNA expression by hypoxia (Gleadle, efa/1995).

A third model proposes that ROI production by mitochondria may be necessary 

for hypoxia signalling transduction and that the mitochondrial complex IV, 

which catalyses the reduction of O2 to H2O, is the key pathway. In hypoxia this 

reaction is inhibited and electrons are released upstream at complex III with 

the generation of O2. DPI's inhibitory effect may be due to Its inhibition of 

mitochondrial electron transport chain complex I activity. Rotenone another 

complex I inhibitor and myxothiazol (a complex III inhibitor) blocks the 

induction of HIF-la protein in HepBB cells exposed to hypoxia (Chandel, at a!
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1998). These compounds have no effect on HIF-1 expression induced by Co CI2 

or DFO, indicating their effect is not due to non-specific inhibition of cellular 

metabolism. It also suggests that Co CI2 and DFO do not act via the same 

mechanism as hypoxia (Fandrey, et a! 1997, Chandel, at a! 199 ,̂ Maxwell, eta!

1999).

In addition, changes in cellular redox and changes in HIF-la protein 

phosphorylation may affect HIF-1 directly. Both NO and CO inhibit hypoxia- 

inducibie gene expression by interfering with HIF-1 DNA binding activity 

without affecting HIF-la protein expression (Liu, at a! 1998, Sogawa, at a!

1998).

Recently prolyl hydroxylases have been identified which modify the interaction 

of HIF-la with the ubiquitin ligase pVHL (Ivan, at a! 2001, Jaakkola, at a! 

2001), thus linking directly the availability of oxygen with the regulation of HIF. 

These are discussed further in the next section.

1.2.4 Regulation of H IF-la expression

ARNT /  HIF-ip is ubiquitously expressed in all cells and protein levels are 

unchanged by exposure to hypoxia. In contrast HIF-la protein is present at 

very low levels in cells under normoxic conditions. When cultured cells are 

subjected to hypoxia HIF-la protein levels increase dramatically, in the 

absence of any change in the mRNA level, suggesting regulation at the level of 

protein synthesis or degradation. Induction of HIF-la mRNA expression has, 

however, been demonstrated in a number of in vivo models in response to
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hypoxia (Wiener, et al 1996, Yu, et ai 1998). This induction may occur at the 

level of mRNA stabilisation since no alteration in the HIFIA promoter activity 

has been demonstrated in response to hypoxia (Iyer, et a! 1998b). HIF-la 

levels are increased in non-hypoxic cells lacking normal activity of the 

ubiquitin-proteasome pathway suggesting that hypoxia may lead to decreased 

degradation of HIF-la (Salceda and Caro 1997). It thus appears that under 

hypoxic conditions reduced ubiquitination and proteasomal degradation of HIF- 

1 occurs leading to increased stability of HIF-la and increased levels of HIF-1 

(Huang, efa/1998). In common with many other cellular regulators the activity 

of HIF-a subunits is determined by tightly controlled proteasomal proteolysis.

The VHL tumour suppressor protein (pVHL) plays a crucial role in regulating 

HIF-a levels (Maxwell, et a! 1999). pVHL forms part of a multiprotein ubiquitin 

E3 ligase complex, VHLE3, which can interact directly with HIF-a subunits and 

target them for VHLE3-dependent ubiquitylation. Residues 556-574 of HIF-la 

have been shown to constitute a minimal pVHL-binding domain within its 

oxygen dependent degradation domain (ODDD) (Cockman, et a! 2000). 

Interaction of this region with pVHL is promoted by enzymatic hydroxylation of 

a conserved proline residue, Pro564 (Ivan, et a! 2001, Jaakkola, et a! 2001); 

other enzymes of this class are dioxygenases that utilise molecular oxygen as 

co-substrate (Kivirikko and Myllyharju 1998). This provides a mechanism to link 

the availability of oxygen with the regulation of HIF. More recently further 

complexity in the pVHL-HIF-a interaction has been shown with the 

demonstration that two independent regions within the HIF-la ODDD are 

targeted by VHLE3 for ubiquitylation (Masson, et a! 2001). Furthermore the
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hypoxic induction of transactivation can be uncoupled from hypoxic induction 

of HIF-la stability. Posttranslational modification of the C-terminal 

transactivation domain (CTAD), which influences the binding of HIF-la to 

CBP/p300, has very recently been discovered as a mechanism for oxygen- 

dependent regulation of HIF-la transactivation (Lando, ef a/2002b). A specific 

asparagine residue, Asn-803, in the CTAD of HIF-la is hydroxylated only under 

normoxic conditions, the Asn-803-hydroxylated CTAD does not bind or recruit 

CBP/p300. Under hypoxic conditions the hydroxylation is cancelled, allowing 

CTAD to recruit CBP/p300 and activate HIF-responsive genes. A novel protein 

that interacts with HIF-la and VHL to mediate repression of HIF-1 

transcriptional activity was recently described and termed factor inhibiting HIF- 

1 (FIH-1) (Mahon, ef a/2001). This has now been identified as an asparaginyl 

hydroxylase and shown to be an Fe (Il)-dependent enzyme, that uses 

molecular O2 to modify its substrate (Lando, ef a/2002a).

A recent study has examined the time course of HIF-la protein accumulation in 

the nucleus after anoxic/hypoxic exposure by western blot analysis of nuclear 

extracts, detectable HIF-la was found within 2 minutes in HeLa cells exposed 

to 0%, 0.02%, 0.1%, 0.5% and 5% oxygen (Jewell, et a/ 2001). HIF-la 

continued to accumulate rapidly for 30 minutes at all the oxygen 

concentrations and then proceeded more gradually until a maximum level was 

reached 60 minutes after anoxic/hypoxic exposure began. An additional slower 

migrating HIF-la protein band was observed to appear between 10 and 30 

minutes of anoxic/hypoxic exposure suggesting further protein modification 

around the time when the accumulation was more gradual. The half-life of HIF-

52



la  proteins were 2.5 fold longer when cells were reoxygenated from anoxia 

than from 0.5% O2 Indicating that the kinetics of HIF-la degradation, In 

response to reoxygenation, are dependent on the severity of the foregoing 

hypoxic Insult.

1.2.5 HIF-2a and HIF-3a

An alternative dimérisation partner for ARNT, which also transactlvates genes

via HIF DNA recognition sites, has been Identified and termed alternatively

endothelial PAS domain protein 1 (EPAS-1) (TIan, et a! 1997), HIF-la like

factor (HLF) (Ema, at a! 1997) and mouse HIF-related factor (HRF) (Flamme,

et a! 1997). In keeping with Its functional homology with HIF-la we have used

the term HIF-2a to describe this protein as suggested by Wenger (Wenger and

Gassmann 1997). HIF-2a Is a bHLH-PAS protein with 48% sequence Identity to

HIF-la. Initial studies looked at Its mRNA distribution and reported

predominant endothelial expression In developing rodent embryos with some

additional expression In renal mesanglal cells and pulmonary epithelium (Ema,

et a! 1997, Flamme, et al 1997). A much wider distribution of HIF-2a mRNA

across a range of human cell lines has subsequently been reported (WIesener,

et a! 1998), with differences In the abundance In different cell types and this

data will be returned to later In chapter three. Another family member with

sequence homology to HIF-la and able to act as a dimérisation partner of

ARNT, has been Identified and named HIF-3a (Gu, et a! 1998). Recent

sequence analysis has revealed that HIF-3a has high similarity with HIF-la and

HIF-2a In the bHLH and PAS domains, but lacks structures for transactivation

found In the C-termlnus of HIF-la and HIF-2a (Hara, ef j /  2001). HIF-3a was
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found to be stable under normoxic conditions and have different transactivation 

activity. Transfected HIF-3a protein suppressed HRE driven gene expression 

when the level of ARNT was limited. The authors proposed that HIF-3a might 

act as a negative regulator of hypoxia inducible gene expression in the human 

kidney. As no other details are published on HIF-3a it will not be discussed 

further in the course of the thesis.

1.2.6 HIF regulation by stimuli other than hypoxia

A variety of mechanisms other than hypoxia can contribute to the upregulation 

of HIF's in tumour cells. Genetic mutations such as those occurring in the 

hereditary cancer syndrome von-Hippel-Lindau (VHL) disease, can lead to up

regulation of the HIF system. The VHL tumour suppressor protein targets HIF- 

a subunits for ubiquitin mediated proteolysis. In cells with inactivating 

mutations of both VHL alleles HIF-a subunits are stabilised and accumulate at 

high levels irrespective of cellular hypoxia (Maxwell, et a/1999).

In vitro cell culture experiments have defined many different stimuli, affecting 

cell growth, which amplify the induction of HIF-la by hypoxia. These include 

oncogenic transformation with v-src (Jiang, ef j/1997) or H-ras, inactivation of 

p53 (Ravi, et a! 2000), stimulation with serum, insulin (Zelzer, et a! 1998) or 

insulin like growth factors (Punglia, et a! 1997, Feldser, et a! 1999) and 

activation of p44/42 MAP kinase (Conrad, et a! 1999, Richard, et a! 1999). The 

HIF-la response to some non-hypoxic stimuli appears to be cell specific. VEGF 

is strongly induced at both the mRNA and protein level in vascular smooth 

muscle cells (VSMC) by a number of hormones and growth factors. HIF-la
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levels have been shown to Increase in VSMC in response to angiotensin II (Ang

II), thrombin, platelet derived growth factor (PDGF) and other hormones, 

substantially more than in response to hypoxia (Richard, et a! 2000). These 

responses seem cell specific in that Ang II, thrombin and PDGF do not induce 

HIF-la expression in adrenal glomerulosa or endothelial cells known to express 

the necessary receptors. The induction of HIF-la by these factors mediated 

through the production of ROI since it can be inhibited by DPI and catalse 

(Richard, et a! 2000). HIF-1 and HIF-2 may act as a final common pathway 

through which gene regulation is achieved allowing cellular adaptation to a 

number of different adverse environmental conditions.

1.2.7 HIFs in development

The role of HIFs in development has been investigated through gene knockout 

studies in which the H ifla  or Hif2a gene was inactivated in embryonic stem 

cells (ES) (Ryan, et a! 1998) (Iyer, et a! 1998a). These ES were injected into 

mouse blastocysts allowing the mutant allele to be transmitted through the 

germline. No homozygote H ifld '' offspring were found and in further studies it 

was observed that the development of H ifld '' embryos arrests by day 9 (E9.0) 

and the mice die by E10.5. The gross morphology and vascular development of 

Hifld^' and Hiflot^^ embryos was indistinguishable at E8.5-E8.75 but by E9.25 

there was a marked regression of blood vessels in the cephalic region and 

replacement by a smaller number of enlarged vascular structures in the mutant 

embryos (Iyer, et a! 1998a). Concomitantly massive cell death was observed 

within the cephalic mesenchyme. Within the Hiflct̂ ^ embryos, HIF-la protein 

expression increases, between E8.5 and E9.5, during the period malformations

55



become apparent in the Hifld'' embryos. Although similar vascular defects are 

observed in VEGF-defldent embryos the vascular defects in the Hifld'' 

embryos are spatially and temporally correlated with cell death and the VEGF 

mRNA expression Is Increased compared with the wild type embryos. Glucose 

deprivation occurring as a consequence of Inadequate tissue perfusion Induces 

VEGF mRNA expression Independently of HIF-la (Iyer, 1998a, Kotch, eta!

1999). Heterozygote Hifld^^ mice develop normally and are Indistinguishable 

from llttermates when maintained under normoxic conditions. When

exposed to chronic hypoxia, 10% O2 for 1-6 weeks, Hifld'̂  mice had delayed 

development of polycythaemla, right ventricular hypertrophy and pulmonary 

hypertension compared to their wild type llttermates (Yu, efa/1999).

Homozygous HIF-2a deficiency Is also Incompatible with life, although differing 

effects on development have been observed. TIan reported no major vascular 

abnormality In Hif2d '̂ embryos, with death occurring between E12.5 and E16.5 

from heart failure as a result of bradycardia associated with deficient 

catecholamine production (TIan, et a! 1998). MId-gestatlonal lethality was 

rescued by the administration of a catecholamine precursor to the pregnant 

females. In contrast Peng reported Hif2d '̂ embryos developing severe vascular 

defects, with a failure of remodeling of the primary vascular network, prior to 

death between E9.5 and E13.5 (Peng, at a! 2000). Different mouse strains 

were used In the above experiments and this as well as differences In the ES 

cells may account for the discrepant results.

56



1.2.8 HIFs in cancer

A role for HIF-1 in tumourogenesis was Initially confirmed in a series of 

experiments using a set of mouse hepatoma (Hepa 1) cell lines that are wild 

type (wt), deficient (C4) cells or revertant (Rc4) for HIF-ip (ARNT). In vitro 

culture experiments found that under hypoxic conditions the C4 cells 

demonstrated a marked reduction in VEGF mRNA induction compared to the wt 

cells (Salceda, efa/1996, Wood, ef a/1996). When injected into nude mice C4 

cells formed tumours at a reduced rate relative to wt cells, with Rc4 cells 

demonstrating a similar rate of tumour growth to wt cells (Maxwell, et a! 

1997). Microvessel density was reduced in the C4 derived tumours compared to 

the wt derived tumours and necrotic areas of wt tumours were found to be 

surrounded by high levels of VEGF and Glut-1 mRNA, which wasn't found in 

corresponding areas of the C4 tumours (Maxwell, et a! 1997). HIF-1 activation 

in tumours was thus demonstrated to have an influence on gene expression, 

tumour angiogenesis and growth. In subsequent studies teratomas formed by 

the injection of a line of Hifld^' ES cells into nude mice were also found to 

have reduced vascularization and VEGF expression compared to wt ES cell 

derived teratomas (Carmeliet, et a! 1998, Ryan, et a! 1998). However, 

differences in the relative growth rate of these Hifld^' ES cell derived tumours 

were also reported. Growth of the Hifld'' tumours was accelerated relative to 

Hifld '̂̂  tumours owing to decreased hypoxia-induced apoptosis and increased 

stress-induced proliferation. Two different adaptive responses to being 

deprived of oxygen and nutrients were defined with hypoxia/hypoglycaemia- 

regulated genes involved in controlling cell cycle found to be either HIF-la

57



dependent (those encoding p53, p21, Bcl-2) or HIF-la independent (p27, 

GADD153) (Carmeliet, ef j/1998).

1.3 Angiogenesis

Angiogenesis is a multistep process in which new blood vessels grow from 

existing vessels. It occurs both as part of the normal menstrual cycle in the 

ovary and endometrium and in pathophysiological conditions; wound healing, 

proliferative retinopathy, rheumatoid arthritis, paediatric haemangioma and 

within tumours (Semenza, 2000). It has been proposed that a tumour is 

growth limited to l-2mm3 by the diffusion of nutrients unless it recruits 

additional blood vessels and hence an "angiogenic switch" is a critical step in 

tumourogenesis (Folkman 1990).

The sequential steps required for angiogenesis are extracellular matrix 

remodelling, endothelial cell migration and proliferation and capillary 

differentiation and anastomosis (Risau 1997). This process can be triggered by 

the secretion of angiogenic factors, either directly by the tumour cells, or by 

accessory cells in the tumour stroma (Figure 1.1). Localised destruction of the 

ECM, sufficient to allow invasion and migration depends on upregulation of 

proteolytic pathways. Two key protease families in this process are the matrix 

metalloproteinases (MMPs) and urokinase plasminogen activator (uPA). The 

ECM is a reservoir for angiogenic stimulators such as acidic and basic fibroblast 

growth factors (aFGF and bFGF), which are sequestered In the ECM by binding 

to heparin. These factors are released as the ECM undergoes proteolytic 

degradation. The cell-cell and cell-matrix interactions required for successful
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angiogenesis involve many classes of molecules including integrins, selectins 

members of the immunoglobulin superfamily, VE-cadherin and Notch (Gale & 

Yancopoulos, 1999, Lawson, et a! 2002). The integrin avk is required for 

endothelial matrix adhesion, signaling, cell survival and migration. The integrins 

expressed by an endothelial cell determine the nature of its interactions with 

the ECM and thus modulate its angiogenic activity (Eliceiri & Chereshi, 1999).

Maturation and stabilisation of these new vessels occurs through the 

recruitment of pericytes and involves platelet-derived growth factor (PDGF), 

basic fibroblast growth factor (bFGF), transforming growth factor (TGF-p), 

vascular endothelial growth factor (VEGF) and angiopoietins (Darland and 

D'Amore 1999, Hirschi and D'Amore 1996).

1.3.1 Angiogenic factors

A large number of angiogenic factors have been identified (Table 1.7) by 

looking for the development of new vessels in a variety of in vivo assays: 

chorioallantoic membrane assay (CAM) (Folkman 1974), rabbit corneal implant 

assay (Gimbrone, at a! 1974), hamster cheek pouch assay and rodent 

subcutaneous sponge model (Andrade, at a! 1987). Their effects on the 

different component steps of angiogenesis have then been dissected out using 

a variety of in vitro models. Thymidine uptake or cell counts to study 

endothelial cell proliferation; the Boyden chamber or wound healing models to 

study cell migration and tube formation in 3-D substrates such as collagen or 

matrigel. More recently gene knockout data and xenograft studies have 

expanded the understanding of the role of individual cytokines. Further
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complexity exists with one endothelial cell receptor, tyrosine kinase that 

contains immunoglobulin-like loops and EGF homology domains (Tie-2), 

mediating either pro or anti-angiogenic activity depending on the ligand 

binding, angiopoietin 1 (Ang-1) (Davis, et a! 1996, Suri, et al 1996) or 

angiopoietin 2 (Ang-2) (Maisonpierre, et a! 1997). Ang-1 activates the Tie2 

receptor and is associated with developing blood vessels, its absence leading to 

defects in vessel remodelling. Ang-2 antagonises the actions of Ang-1 and 

plays a role in the destabilisation of existing vessels dependent on local 

concentrations of angiogenic cytokines. VEGF has emerged as a central 

regulator of angiogenesis in both physiological and pathological conditions and 

it will be considered in further detail. It belongs to a family of growth factors 

which includes placental growth factor (PIGF), VEGF-B, VEGF-C and VEGF-D 

which have homologous amino acid sequences and bind to the same class of 

tyrosine kinase receptor. VEGF's potent stimulatory effect on the permeability 

of tumour microvasculature was initially discovered and led to it being termed 

vascular permeability factor (Senger, et a! 1983). Subsequently a factor 

selectively mitogenic for endothelial cells, stimulating vascular proliferation was 

identified and termed VEGF (Leung, et a! 1989) and sequence analysis of 

cDNA's demonstrated these were the same molecule.

Human VEGF comprises four main isoforms produced by alternative splicing of 

mRNA: VEGF121, VEGFies, VEGFigg, VEGF206 (Ferrara and Davis-Smyth 1997). 

The major isoform is the VEGFies homodimer, which has a molecular weight of 

~45kd. VEGF189 and VEGF206 are the most basic isoforms and are almost
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Table 1.7 Endogenous angiogenic factors

Angiogenic factor Abbreviation Reference

Basic and acidic fibroblast bFGF and (Folkman and Klagsbrun
growth factor aFGF 1987)

Vascular endothelial VEGF (Ferrara and Davis-

growth factor Smyth 1997)
Thymidine phosphorylase TP (Moghaddam, eta!

(platelet derived EC 1995)
growth factor)

Hepatocyte growth HGF/SF (Montesano, et a! 1991)
factor/Scatter factor (Furlong, at a! 1991)
Transforming growth TGF-p (Roberts, ef j/1986)

factor p

Tumour necrosis factor a TNF-a (Fraterschroder, eta! 
1987)

Epidermal growth factor EGF (Stewart, at a! 1989)
Granulocyte colony GCSF (Bikfaivi and Han 1994)
stimulating factor

Tissue factor TF (Carmeliet, efa/1996)
Nitric oxide (Ziche, at a! 1997b)
Erucamide (Mitchell, at a! 199 )̂

Urokinase plasmingen (Hildenbrand, at a!
activator 1995)

Platelet activating factor PAF (Camussi, efa/1995)
Angiopoietin-1 Angl (Suri, ef a/1996)

Prostaglandins El & E2 (Ben-Av, at a! 1995)
Placental growth factor (Ziche, at a! 1997a)

Interleukin 8 IL- 8 (Toi, at a! 1991)
Angiogenin (Moenner, at a! 199 )̂
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Figure 1.1 Process of angiogenesis.
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The interplay between tumour and stromal macrophages in producing angiogenic 

cytokines and ECM modulators is illustrated.

completely sequestered in the ECM, VEGF121 is the most soluble isoform, 

lacking the basic amino acids responsible for heparin binding. In the 

extracellular compartment, plasmin can cleave a portion of the VEGF molecule 

generating a 34kd bioactive protein, suggesting VEGF may become available to 

EC by at least two mechanisms as freely diffusible protein (VEGF121 and 

VEGFies) or after protease activation or cleavage of longer isoforms (VEGFigg 

and VEGF206). VEGF binds with high affinity to two tyrosine kinase receptors;

VEGF receptor (VEGFR)-l /Flt-1 and VEGFR-2/ KDR (mouse homologue Flk-1).
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Binding of VEGF causes receptor dimérisation, followed by autophosphorylation 

of the receptor and signal transduction. There are differences between VEGFR- 

1 and VEGFR-2 although gene knockout experiments have confirmed a critical 

role for both in angiogenesis, with knockouts of either receptor leading to 

death in utero. Transfection studies suggest that VEGFR-2 is essential for both 

migration and proliferation in EC in response to VEGF. VEGF also promotes the 

balanced degradation of the ECM around the sprouting endothelium by 

inducing the expression of urokinase-type plasminogen activator, tissue-type 

plasminogen activator, plasminogen activator inhibitor- 1  and interstitial 

coilegenase. In vivo experiments in which VEGF levels are enhanced show that 

it is associated with tumourogenicity (Zhang, ef a /1995). Tumour growth can 

be inhibited with anti-VEGF antibodies in a number of different animal models 

(Borgstrom, efa/1998, Ferrara and Davis-Smyth 1997).

PIGF binds to VEGR-1, but not to VEGFR-2 and its expression is restricted to 

the placenta. It can form heterodimers with VEGF, which are less potent than 

VEGF homodimers and thus reduce the bioavailability of active VEGF molecules. 

VEGFR-1 is capable of mediating PIGF-induced EC proliferation although this 

activity appears restricted to certain EC types. VEGF-B stimulates EC 

proliferation, but doesn't bind to VEGFR-2 and is particularly abundant in heart 

and skeletal muscle. VEGF-C is produced as a propeptide that is proteolytically 

cleaved to a 21kd molecule. It does not bind to heparin and can increase 

vascular permeability and stimulate migration and proliferation of EC, but at a 

significantly higher concentration than VEGF. VEGF-C binds to the tyrosine 

kinase receptor Flt-4, which has been renamed VEGFR-3, it also activates
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VEGFR-2 but not VEGFR-1 (Kukk, et a! 1996). VEGF-C is postulated to play a 

role in the maintenance of lymphatic differentiation and lymphangiogenesis. 

VEGF-D shares 48% homology with VEGF-C, it is strongly expressed in the fetal 

lung and is a ligand for VEGFR-2 and VEGFR-3 but not VEGFR-1 (Nicosia 1998). 

The VEGFR are found on bone-marrrow derived cells (Ferrara, 1997) in 

addition to EC.

1.3.2 Inhibitors of angiogenesis

The phenomenon of concomitant tumour resistance, the ability of a large 

primary tumour to hold smaller tumours in check, led to the discovery of 

thrombospondin (TSP-1) (Good, at a! 1990), an inhibitor of angiogenesis. More 

recently TSP-l has been shown to inhibit angiogenesis by inducing apoptosis in 

activated endothelial cells. This requires the sequential activation of the 

transmembrane receptor CD36, the Src family kinase p59^, caspase 3-like

proteases and the stress activated p38 mitogen-activated kinases (MAPKs) 

(Jimenez, at a! 2000). Many more endogenous inhibitors of angiogenesis have 

now been identified, many of which are fragments of larger proteins (Sage 

1997), themselves devoid of any antiangiogenic activity (Table 1.8). These 

include angiostatin (O'Reilly, at a! 1994), which is a cleavage product of 

plasminogen, and endostatin, a cleavage product of type XVIII collagen 

(O'Reilly, at a! 1997). Most recently described is vasostatin (Pike, at a! 1998). 

Angiostatin was initially isolated from the concentrated urine of mice bearing a 

subcutaneous Lewis lung tumour and provided a mechanism to account for 

tumour dormancy. The tumour cells produce enzymes that can 

cleavecirculating plasminogen, leading to the formation of angiostatin. In the
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Table 1.8 Endogenous inhibitors of angiogenesis

Inhibitor Parent molecule

Angiostatin Plasminogen (O'Reiliy, efa/1994)
Endostatin Type XVIII (O'Reilly, efa/1997)

Platelet factor 4 (N-

collagen 

Platelet factor 4 (Maione, efa/1990)

terminal processed form)

16 kDA prolactin Prolactin (Clapp, efa/1993)
fragment

Thrombospondin (TSP-1) (Good, ef j/1990)
Vasostatin Calreticulin (Pike, efa/1998)

Interferon-a (Ezekowitz, at a! 1991)
Interferon-p (Singh, ef a/1995)

2  methoxyoestradiol metabolite of (Fotsis, ef a/1994)

Interleukin 12
oestrogen

(Voest, at a/199S)
Tissue inhibitors of (Wojtowicz-Praga, at a!
metalloproteinases 1997)

(TIMPS)

presence of the primary tumour these mice have no métastasés, but when the 

tumour is removed develop lung métastasés (Holmgren, et a! 1995). Through 

the administration of such angiogenic inhibitors it is hoped that tumour growth 

and metastasis may be prevented and a dormant state induced. It may thus be 

possible to achieve a long lasting clinical remission without eradicating all 

tumour cells. It has become apparent that angiogenesis is the result of a 

complex, dynamic balance of positive and negative regulators and over the
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time course of any tumour's development the relative importance of different 

angiogenic factors and inhibitors will fluctuate.

1.3.3 Oncogenic stimulation of angiogenesis

Activation of oncogenes and inactivation of tumour suppressor genes provides 

a mechanism by which tumours may switch on and sustain angiogenesis, by 

gain and loss of function, by increasing angiogenic factors and reducing 

endogenous inhibitors respectively. Inhibition of overexpressed proto

oncogenes or mutant oncogenes could thus provide a therapeutic target 

(Kerbel, et a! 1998). The role of tumour suppressor genes in angiogenesis was 

first established for p53. Wild type p53 is a positive regulator of TSP-1 

expression, an endogenous inhibitor of angiogenesis; inactivation of p53 by 

mutation or deletional events results in loss of TSP-1 expression (Dameron, at 

a! 1994). Recently, loss of the von Hippel-Lindau (VHL) tumour suppressor 

gene has been shown to interfere with the proteasomal degradation of HIFs 

leading to high normoxic expression (Maxwell, et a! 1999). This provides a 

mechanism for the previously reported upregulation of VEGF within tumours 

with VHL mutations (Siemeister, et a! 1996). Mutations of the PTEN tumour 

suppressor gene are found in 25-60% of glioblastoma multiformes (GBMs) and 

are associated with an aggressive phenotype. PTEN mutations have also been 

found in prostate and breast cancer. Loss of /7F/V allows hyperactivation of the 

PI3K/Akt survival pathway and leads to increased apoptotic resistance. Akt 

activation has been shown to lead to HIF-la stabilisation and HIF-1 regulated 

gene expression and it has been proposed that this contributes to tumour 

expansion and angiogenesis (Zundel, efa/2000Wen, ef a/2001).
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Expression of a variety of oncogenes has been reported to be associated with 

upregulation of angiogenic factors. Mutant ras is associated with upregulated 

VEGF (Rak, efa/1995). In addition to VEGF has been shown to stimulate 

angiogenesis by upregulation of matrix metalloproteinases 2 and 9 (MMP) 

activity and downregulation of tissue inhibitor of MMP (Arbiser, efa/1997). The 

v-5 / r  oncogene has also been found to increase expression of VEGF and HIF- 

la  under both normoxia and hypoxia (Jiang, et a! 1997). PI3K/Akt appears to 

be one of the key signalling systems used by oncogenes to regulate HIF-1 

expression independently of pVHL expression (Blancher, et a! 2001). In this 

study of breast cancer cell lines a selective PI3K inhibitor, LY294002, inhibited 

HIF-la induction and phosphorylation under hypoxia, but did not affect 

expression of HIF-2a. Basal and inducible VEGF expression were reduced at 

both protein and mRNA levels by 50%. Overexpression of mutant ras, V12-ras, 

resulted in an increase in both HIF-la and HIF-2a expression which was 

blocked by the PI3K inhibitor. V12-ras upregulation of HIF-la has been shown 

to involve both the PI3K/Akt and the MAPK pathway acting cooperatively, but 

independently (Sodhi, et a! 2001). GSK-3, a downstream target of Akt, has 

been shown to directly phosphorylate the HIF-la ODD whereas MAPK appears 

to upregulate the transactivation of HIF-la through direct phosphorylation of 

its regulatory /inhibitory domain. Recently another protein, Jun activation 

domain-binding-protein-1 (Jabl) has been identified that interacts directly with 

HIF-1 and leads to enhanced transcriptional activity of HIF-1 under hypoxia 

(Bae, et a!2002).
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1.3.4 Antiangiogenesis as a therapeutic strategy

Understanding the sequential processes Involved has facilitated both the 

development of targeting strategies for new agents and the screening of 

potential therapeutic agents. Figure 1.2 Illustrates the different mechanisms of 

action of antiangiogenic agents. There have been a number of very exciting 

publications of Inhibition of angiogenesis In a range of animal models by both 

gene therapy (Goldman, et a! 1998, Lin, et a! 1998) and the new agents 

endostatin and angiostatin (Boehm, et a! 1997). These provide further proof of 

principle that tumours are dependent on angiogenesis. The majority of 

antiangiogenic agents are still at an early stage of development In phase I, II 

or III clinical trials and work through a variety of different mechanisms. 

Difficulties In designing clinical trials for antl-anglogenic factors are related to 

means of selecting and stratifying patients to different treatment arms and the 

lack of objective assays for assessing response. Since the majority of agents 

may have no direct anti-tumour effect they will need to be used In conjunction 

with conventional chemotherapy or after standard treatment, when tumour 

burden Is low, to Induce further tumour regression or as maintenance 

treatment. In a transgenic mouse model of pancreatic Islet cell carcinogenesis 

four different antl-anglogenic factors produced distinct efficacy profiles when 

tested at three distinct stages of disease progression (Bergers, et a! 1999). 

Even endostatin, one of the most widely Investigated agents, was not the most 

effective at each stage. Thus, different drugs may need to be targeted to 

specific stages of cancer to be most efficacious. To date the results of the 

clinical trials of antl-anglogenic agents have been disappointing although 

recently an antl-VEGF MoAb, Bevaclzumab, In combination with a conventional
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cytotoxic regime of fluorouradl, as shown both increased response rates and 

survival in metastatic colorectal carcinoma (Kabbinavar, 2003).

1.3.5 Methods of assessing angiogenesis

Methods of assessing tumour angiogenesis in tissue sections 

A number of different methods, based upon that first described by Weidner 

(Weidner, et a! 1991), have been used in studies of a wide range of solid and 

haemopoietic tumour types. Tumour blood vessels, within the section, are 

highlighted using tinctorial stains, or the immunohistochemical detection of 

endothelial cell expressed antigens such as CD31 or von Willebrand factor 

(VWF), and the MVD is then assessed in the most vascular region. The choice 

of endothelial specific antibody and method used to assess the tumour 

vascularity eg. microvessel density, chalkley count, manual or computerised 

image analysis techniques are Important and may influence the results. Earlier 

work by our research group has directly compared the quantitation methods 

(Fox, 1995) and reviewed the importance of these variables (Fox and Harris

1997). On the basis of this work I selected Chalkley counting and the cut off 

levels they had validated, to be related to survival in breast cancer, in the work 

within chapter six. Increased MVD as a measure of angiogenesis has been 

found to be a powerful prognostic tool in many solid tumour types; breast 

(Horalç et al 1992), colon, lung (Giatromanolaki, et a! 1996), bladder 

(Dickinson, et a! 1994) and head & neck. The majority of studies have also 

found an association between high MVD and lymph node metastasis and a 

significant reduction in relapse free and overall survival (Zetter 1998). These
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Figure 1.2 Mechanisms of action of antiangiogenic factors.
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The different therapeutic targets for antiangiogenic agents are highlighted above (bold 
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results and some of the methodological problems will be considered further In 

the following section on angiogenesis In breast cancer.

Despite Its Importance as a prognostic Indicator, In untreated tumours,

assessing MVD provides only a snapshot of the dynamic process of

angiogenesis and has some Important limitations. These have been highlighted
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in a review by Folkman (Hlatky, 2002). MVD reflects intercapillary distance, 

which is determined by, the oxygen and nutrient consumption rates of the 

tumour cells, as well as the net balannce between pro and ant-angiogenic 

factors, not the angiogenic dependence of a tumour. Thus MVD should not be 

used to predict tumour response to anti-angiogenics or to stratify patients for 

clinical trials or to assess the efficacy of anti-angiogenics. Although metabolic 

demand determines the minimum MVD, the MVD in tumours can exceed this 

and the tumour microvessels are often functionally impaired.

Other markers of angiogenesis

As surrogate markers of angiogenesis, measurement of a number of angiogenic 

factors and/or their receptors is now possible in tumour tissue or patient body 

fluids; such factors include VEGF, bFGF, VEGFR-1 and urokinase receptor. It is 

not clear, however, that these markers will rise and fall in proportion to 

microvessel density or extent of tumour vascular mass. Upregulation of several 

angiogenic factors and their receptors, at the mRNA and protein level within 

tissue from different tumour types, has shown a relationship to 

clinicopathological parameters, including survival (Anandappa, et a! 1994, 

Brown, et a! 1995, Ferrara and Davis-Smyth 1997, Moghaddam, et a! 1995, 

Relf, et a! 1997, Takahashi, et a! 1995). The measurement of serum vascular 

endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) 

have found them to be elevated in many cancer patients (Dirix, et at 1997). A 

raised serum VEGF related to poor outcome in some patient case series, 

including one of non Hodgkin's lymphoma (NHL) (Salven, et at 1997). Although 

serum VEGF is the most widely studied marker, recent studies have shown that
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the major source of serum VEGF is platelets (Banks, et a! 1998). Thus plasma 

VEGF may be a better marker, although platelets may have a key role in 

delivering VEGF locally to tumours (Salgado, et a! 1999). The role of In-vivo 

techniques, to assess tumour hypoxia, are currently being evaluated (Hockel 

and Vaupel 2001): positron emission tomography (PET] can measure tumour 

perfusion rates and metabolism, pre-biopsy infusion of the nitroimidazole 

derivative, pimonidazole, as a hypoxic marker (Raleigh, et a! 1998), and the 

use of an eppendorf oximeter to obtain tumour oxygen measurements 

(Kallinowski, et a! 1990). The latter technique has been found to be of 

prognostic use in cervical cancer (Hockel, et a! 1998), but is invasive and 

limited to easily accessible tumour sites and intrinsic heterogeneity of tumour 

tissue (different proportions of normal and malignant cells and necrosis) can 

confound the accurate interpretation of tumour oxygenation profiles.

1.4 Angiogenesis in Breast carcinoma

The prognostic value of vascularity in breast cancer was first shown in 1992 

(Horak, et a! 1992, Weidner, et a! 1992). Subsequently the degree of 

vascularization of the primary tumour has been shown to correlate directly with 

the presence of bone marrow micrometastases at diagnosis (Fox, et a! 1997). 

The presence of vascular hot spots in axillary lymph nodes has also been 

shown to be associated with outcome in a study of 1 1 0  women with a median 

of 16 years follow-up (Guidi, et a! 2000). A large number of studies have 

examined the association between intratumoural vascularisation and clinical 

outcome retrospectively in series of women with breast cancer, these have 

been reviewed and methodological differences highlighted (Fox, 2001). Not all
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have confirmed Its prognostic value, although differences In the sizes of the 

study groups, length of follow-up and other methodological considerations may 

account for this. A College of American Pathologists consensus statement on 

prognostic factors In breast cancer (FItzglbbons, et a! 2000), categorised 

microvessel density as a category III factor, requiring further research. Since 

then a large Danish study has been published re-examlning the prognostic 

value of angiogenesis. Angiogenesis was examined by Chalkley counting In a 

population-based group of 836 patients with operated primary, unilateral 

Invasive breast carcinoma and the estimation of angiogenesis was confirmed to 

have Independent prognostic value (Hansen, et a! 2000). A review of the 

literature up to June 2000 found a total of 46 studies In peer-reviewed journals 

(Fox, et a! 2001). Microvessel density was evaluated In these by 

Immunostalning with antibodies to CD31, CD34 or VWF antigen and scoring the 

vessels, mainly using either the Weidner (Weidner, et a! 1991) or Chalkley 

methods (Fox, et a! 1995a). For relapse free survival (RFS) 31 of 41 studies 

and for overall survival (OS) 23 of 30 studies, that evaluated the prognostic 

value of tumour vascularity, found a statistically significant association between 

microvessel counts and prognosis. In multivariate analysis 23 of 29 and 20 of 

23 found Intratumoural vascularization to be a significant and Independent 

prognostic Indicator for RFS and OS respectively. Differences were seen 

between the studies using different endothelial markers with CD31 emerging as 

the panendothellal marker of choice for prognostic purposes (Fox, et a! 2001). 

Microvessel density has also recently been assessed using a new monoclonal

antibody (MoAb), which recognises the Integrin ayPs and was found to be the

single, most significant prognostic Indicator for RFS In both node negative and
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node positive patients (Gasparini, et a! 1998). Although inhibition of avPs and

avPs integrin function with monoclonal antibodies or low molecular weight

antagonists has been reported to inhibit tumour angiogenesis a recent study of

mice lacking P3 or P3 and P5 integrins found evidence of enhanced

pathological angiogenesis mice (Reynolds, at a! 2002). Integrin-deficient mice 

developed tumours with enhanced angiogenesis without any detectable 

upregulated expression of any other integrins, demonstrating that the precise 

function of these integrins is both complex and not currently fully understood.

More recently a number of groups have published methods of differentiating 

newly formed and mature vasculature, which may become complementary to 

assessing MVD. Using double immunostalning with a MoAb to CD31 and LH39, 

a MoAb to an epitope in the lamina lucida of mature small veins and capillaries, 

the vascular maturation index (VMI= %fraction of LH39+ mature vessels / 

total number of CD31+ vessels) has been examined in a series of 50 breast 

carcinomas (Kakolyris, at a! 2000). VMI was found to provide new information 

on tumour angiogenesis, independently from microvessel quantitation. A MoAb, 

11B5 (Brekken, ef a/1998), that recognises only VEGF bound to the VEGFR2 or 

KDR receptor on endothelial cells has been used to assess the activated 

microvessel density (aMVD) and compared with the standard MVD in a series of 

non-small cell lung cancers (Koukourakis, at a! 2000). The aMVD was found to 

be most potent independent prognostic factor on multivariate analysis. The 

clinical significance of determination of these and other surrogate markers of
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angiogensis in breast cancer has recently been extensively reviewed by 

Gasparini (Gasparini 2001).

1.5 Angiogenesis in lymphoma

Relatively few studies have been published in this area compared to 

angiogenesis in solid tumours and none have assessed the prognostic value of 

MVD. Both T and B lymphoblastic leukaemia and Burkitt's lymphoma cell lines 

have been shown to produce both angiogenic factors, VEGF and bFGF, and 

matrix metalloproteinases (Vacca, et a! 1998). High mRNA expression of VEGF 

and its receptors have also been reported in a wide range of haemopoietic 

malignancies (Bellamy, at a! 1999). In NHL increased angiogenesis has been 

found to be associated with tumour progression (Ribatti, at a! 1996, Vacca, at 

a /1995). Both macrophage (Vacca, ef a/1999) and mast cell numbers (Ribatti, 

at a! 1998a) in NHL are also positively correlated with MVD. A raised serum 

VEGF was found to be related to poor outcome in a patient case series of NHL 

(Salven, efa/1997).

1.6 Rationale and Objectives

The above introduction has emphasised how the hypoxia-signalling pathway, 

through its effect on gene expression, plays an important role in angiogenesis 

and tumourogenesis, in addition to its involvement in normal embryogenesis 

and physiological processes. Angiogenesis appears to be a fundamental 

process in tumourogenesis, important in the development of both solid and 

haematopoietic tumours. As new anti-angiogenic agents are entering clinical 

trials there is a need for a greater understanding of this process in different
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human tumours in order to maximise their benefit. Information on biological 

markers of angiogenesis and hypoxia is needed to assist in stratifying patients 

at diagnosis to the most appropriate treatment protocol as well as to improve 

monitoring of their response.

The aims of this study were therefore to

1. Characterise new MoAb, which recognise and differentiate between HIF-la 

and HIF-2a epitopes following formalin fixation and paraffin embedding.

2. To use these MoAb to examine the expression of HIF-la and HIF-2a in 

normal human tissues and tumours at the protein level.

3. To determine If there was evidence of differential expression of HIFa mRNA 

contributing to HIFa protein upregulation and to examine the interaction of p53 

with hypoxic HIFa protein upregulation.

4. To examine the prognostic significance of the expression of HIFs, 

microvessel density and the hypoxically regulated gene carbonic anhydrases IX 

(CA9) within a series of breast carcinoma cases.

5. To investigate the role of angiogenesis in lymphoma by assessing VEGF 

expression and microvessel density, and looking for similarities and differences 

with breast carcinoma.
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CHAPTER TWO MATERIAL AND METHODS 

2.1 Monoclonal and polyclonal antibody production

2.1.1 Production of immunogens

Immunogens encoding amino acids 329 to 530 of human HIF-la and 535 to 

631 of human HIF-2a were prepared by Dr Christopher Pugh and Dr Patrick 

Maxwell as part of a collaborative project before I started this research using 

the method outlined below. The restriction fragments were cloned in frame into 

pGEX-4t-l (Amersham Pharmacia Biotech, Little Chalfont, UK) with a modified 
polylinker. Expression of glutathione-S-transferase (GST) fusion protein was 

induced by exposure of transformed Escherichia 07//BL21 or DH5a cells to 0.1 

mmol/L isopropyl b-D-thiogalactopyranoside. After ultrasonic bacterial lysis, 
protein was affinity-purified with glutathione Sepharose 4B (Amersham 
Pharmacia Biotech). In addition pGN/HIFla28-826 and pGN/EPAS19-870 

constructs were generated based on pcDNA3 (Invitrogen, Carlsbad, CA), and 

contained an SV40 origin of replication, the cytomegalovirus promoter, and a 
bovine growth hormone poly A signal resulting in expression of in-frame 
fusions of sequence encoding amino acids 1-147 of Gal4 and polymeraae chain 
reaaction products encoding the specified amino acids of HIF-1 or HIF-2a. 

These were used for cell transfection studies as detailed in 2.3.

2.1.2 Immunisation scheduie and fusion
Polyclonal antisera (PC) were generated by the ICRF service at Clare Hall using 
the human HIFa immunogens generated above and additional fragments of 

mouse HIF-la and HIF-2a, these are detailed further in chapter three. Rabbits 

were immunised with 200 pg of protein in Complete Freund's Adjuvant (Difco, 

Detroit, MI) followed by six immunisations at 14-day intervals with 100 îg of 

protein in Incomplete Freund's Adjuvant.

Helen Turley, the senior scientific officer in Prof Gatter's research group, 

generated the mouse monoclonal antibodies (MoAb) using standard techniques 
(Harlow and Lane 1988) briefly detailed below. Balb/c mice were immunised
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with SÔ ig protein in complete Freund's Adjuvant followed by three further 

immunisations of 50pg in phosphate buffered saline (PBS) at 10-day intervals. 

Fusion of mouse splenocytes with NSl, myeloma cells was performed 4 days 

after the last immunisation. The splenic cells were teased from the dissected 

spleen into Hepes buffered RPMI, centrifuged and counted, and then combined 

1:1 with NSl cells in 40-50mls of Hepes medium containing no foetal bovine 

serum (FBS, Helena Biosciences, Sunderland, UK) and spun at 300g for 

lOminutes. The medium was removed and the tube containing the cell pellet 
placed in a 37°c water bath. Over 1 minute 1.0 ml of polyethylene glycol (PEG 

1500, Boehringer Mannheim) was added with constant stirring and then 1 ml of 
serum free medium was slowly added, over the next minute, and over the next 

3 minutes a further 3 ml of serum-free medium and then a further 10 mis 
added slowly. The suspension was incubated for 5 minutes at 37°c and then 

spun down and resuspended in RPMI, prewarmed to 37°c. The fusion cell 

suspension was then plated in 1 ml aliquots into 8x24 well plates and left 
overnight at 37°c. The next day RPMI medium containing HAT, which would kill 

any unfused NSl cells was added and the plates left in the incubator for 7-10 
days and then supernatant screened for reactivity. Hybridomas were 
subsequently cloned and aliquots frozen down.

2.1.3 Screening of clones by enzyme-linked immunosorbent assay 
(ELISA)

ELISA plates were coated with O.Sng of GST alone or the GST fusion protein by 

incubating at 4°c overnight. Plates were then washed with PBS/0.1% Tween 20 

three times and then blocked with PBS/0.1% Tween 20/1% bovine serum 
albumin (BSA) for 1 hour at room temperature (RT). The plates were then 

washed three times as before and 50p1 of the test supernatants added and 

incubated at RT for 1 hour and then the plate washed three times as before. 

50|il of a peroxidase labelled secondary goat anti-mouse antibody (DAKO, Ely, 

UK) diluted 1/1000 in PBS was added and incubated for 1 hour at RT. The 

plate was then washed as before three times and then developed by the 

addition of 250|il /well of substrate solution. The substrate solution was made
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by the addition of 12.5pl of diluted H2O2 (lOOpI of H2O2 in 1ml distilled H2O) to 

lOmIs of 2,2-azinobis (3-ethylbenzthiazoline sulfonic acid) (ABTS, Boehringer 
Mannheim) solution (Img/ml ABTS in O.IM citrate buffer pH4.0). Positive wells 
were recorded after incubation at RT for̂ ^2 hours.

2.1.4 Isotying of monoclonal antibodies
A mouse-hybridoma subtying kit (Boehringer Mannheim) was used to 

determine the class, subclass and light chain type isotype of the new MoAb to 

HIF-la and HIF-2a following the manufacturer's instructions. Briefly an 

antigen-independent assay principle was used in which an anti-mouse-Ig 

antibody is used to coat the wells of an ELISA plate. The plate is then 
incubated with the hybridoma supernatants and then subclass-specific anti

mouse Igs added, which are conjugated to a developing reagent, and ABTS is 
then added as a substrate.

2.1.5 Expression and cloning of HIF-2a plasmids
Dr Christopher Pugh supervised this work. Six constructs overlapping the 
region of HIF-2a were made available to me, but insufficient DNA was present 

for transfection experiments, necessitating the cloning and expression of the 

plasmids. One |il of each of the stock DNA solutions (Ijiig /jil) was mixed with 

an equal volume of distilled water and placed in a 12ml falcon tube. To this 

25|liI of competent bacteria and 2 mis of prewarmed LBIO medium was added 

and the tubes placed in a water bath for Sminutes at 39°c and then placed on 

a shaker for 1 hour at 37°c to recover. 50 pi of the solution was then spread 

onto agar plates containing ampicillin and left overnight in a 37°c incubator and 

then placed in a cold room the next morning. Two colonies were picked from 

each plate and placed in separate 20ml universal tubes each in 2ml of LIO 

medium and placed on a shaker at 37°c for 8  hours. Each tube was then 

diluted 1/100 into 25mls of LIO broth (200pl sample into 25mls of broth) and 

placed on a shaker overnight at 37 °c. The next morning the contents of the 

flasks were poured into falcon tubes and spun at 3500 rpm for 15 minutes at 4 
°c and the supernatant discarded and the pellets frozen at -  20 °c. Plasmid
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DNA was then prepared from the pellets using a commercial kit (Quiafilter midi 

prep protocol, QIAGEN, Chatsworth, CA) following the manufacturer's 

instructions. The final DNA was quantified using optical density readings at 260 
and 280 nm and a DNA digest performed on an aliquot of each construct to 

confirm the product size.

2.2 Cell Culture
2.2.1 Routine cell culture
Cell lines were cultured as recommended by the European Collection of Animal 

Cell Cultures (ECACC). Medium was obtained from Clare Hall where available or 

purchased as specified for specific cell lines. This was supplemented with 10% 
FBS (final volume 10%) and glutamine (final concentration 2mM) unless 

otherwise specified.

Cell lines were tested prior to use to ensure they were mycoplasma free using 
an ELISA mycoplasma detection kit (category no. 1296 744, Boehringer 
Mannheim). Cells were grown on poly-L-lysine coated tissue culture dishes 150 
X 25mm or flasks (Falcon, Becton Dickinson, Oxford, UK) and maintained in a 
humidified atmosphere of 5% carbon dioxide (CO2) and 95% air at 37° c. For 

hypoxic exposure cells were transferred to one of two hypoxic incubators 
(Napco and Cellhouse 170, Heton-Holten, Camberley, Surrey, UK) at 0.1% or 
1.0% O2, 5% CO2 and balance nitrogen. Periods of either 4hours or 16hours 
hypoxia were used as indicated in different experiments. The hypoxic 

incubators were regularly calibrated by, a manufacturer approved, service 

company and additional internal quality control was the responsibility of a Dr 

R.Leek, and included the regular recording of the PO2 with an O2 sensor across 

the range of pÛ2 in use by research group members.

2.2.2 COS-1 cells
COS-1 cells were a gift from Dr Chris Pugh. COS-1 cells are derived from 

monkey fetal kidney cells and were grown in E4 with 10% FBS and 1% 

glutamine.
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2.2.3 HT1080 cell lines
HT1080 cells were originally derived from a human fibrosarcoma. Dr Christine 
Blancher, a postdoctoral research fellow in Prof Harris' research group, stably 
transfected HT1080 cells with the membrane expressed, human T cell antigen, 

CD2 to produce a selectable cell line she termed STK (Dachs, et a! 1997). 

These cells were then stably transfected with human HIF-2a. Two of these STK 

derived cell lines, STK2A2 and STK2A4, were used with the parental STK cells 

to develop positive control cell pellets for HIF-a immunostaining. Dr Christine 

Blancher provided these cell lines as a gift. Both STK2A2 and STK2A4 cells 
express HIF-2a under normoxic culture conditions; the level of expression is 

further induced by hypoxic culture. HIF-la is not present in either cell line 

under normoxic culture and is expressed at higher levels in the STK2A2 cells 
following hypoxic incubation than in the STK2A4 cells. The cells were cultured 

in minimum Eagles medium, (Sigma-Aldrich, Poole, UK) with 10% FBS, 1% 
glutamine, 1% non-essential amino acids and neomycin (0.5mg/ml) and 

puromycin (2 |ig/ml).

2.2.4 Lung carcinoma cell lines
NCI-H1299 cells are derived from a human, non-small cell, lung cancer. Wt 
cells do not express p53. A set of cells that had been stably transfected with 
pCMVtsp53, a plasmid containing a temperature-sensitive p53 driven by the 

human cytomegalovirus immediate early promoter, were used to examine the 
interaction of p53 on HIFa expression. At 37-39°c the p53 adopts a 

transcriptionally inactive mutant conformation, but at 32°c is transcriptionally 

activate. Cells transfected with an empty pCMVNeo vector were used as 

controls. These cells were a gift from Dr Zoe Winters, Institute of Molecular 

Medicine, Oxford. Cells were grown in RPMI-1640 supplemented with 10% 

FBS, lOOunits/l penicillin, 50|ig/ml streptomycin, and 800|ag/ml G418 sulphate 

(Life technologies). For time course experiments comparing the effect of 

normoxia and 0.1% O2 on the induction of HIF-a cells were grown in 15cm 

culture dishes and used when 80-90% confluent. Culture medium was changed 
at the start of each experiment, immediately prior to the period of normoxic 

temperature acclimatisation (26mls/ 15cm dish).
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2.2.5 U937 cells
U937 cells are a human cell line initially derived from a histiocytic lymphoma 

and were a gift from Dr Karen Pulford, Nuffield Department of Laboratory and 
Clinical Sciences, Oxford. They were cultured in 2% RPMI with the addition of 

10% FBS and 1% glutamine. Following phorbol 12-myristate 13-acetate (PMA) 

treatment these cells become adherent and adopt the morphological phenotype 
of macrophages, including CDllc surface antigen expression (Hass, et a! 
1989). U937 cells were grown in culture flasks in parallel with and without the 

addition of PMA. Img of PMA was reconstituted in 1ml of acetone to form a 

stock solution of PMA, which was stored at -20°c in the dark. l| i l of a 1/100 

dilution of the PMA stock solution in absolute alcohol was added to each ml of 

U937 cell suspension at the beginning of each experiment.

2.2.6 Human monocyte culture
25mls of blood was taken from a volunteer and placed in a sterile universal 
container with lOOU of preservative free heparin. This was diluted 1:1 with 
sterile PBS to a final volume of SOmls. 12.5mls of Lymphoprep (Nycomed) were 
layered into the bottom of two 50ml falcon tubes and 25mls of the diluted 
blood layered on top. The tubes were centrifuged for 20minutes at 2000rpm 
with the centrifuge brake turned off. About Smis of buff/ coat was carefully 
removed from the interface of mononuclear cells and plasma from each tube 
and placed in fresh tubes and washed with 40mls of 2% RPMI. Centrifuging for 

ISminutes at ISOOrpm pelleted cells and then the medium was discarded. Each 
cell pellet was then resuspended in 4mls of 2% RPMI medium (complete with 

FBS and glutamine) and ISOjil aliquots were placed in each well of sterile 

multiwell slides. Monocyte cells present adhere within 4-4.5 hours and at this 
time point the non-adherent cells were removed and fresh medium added.

2.2.7 Hodgkin's ceil lines
Two human cell lines derived from Reed-Sternberg (R-S) cells, L428 and KM-H2 
(Drexler, 1993), were kindly given to me by Dr Karen Pulford. Both cell lines 

grow in suspension and were cultured in 2% RPMI with 10% FBS and 1% 

glutamine.

82



2.2.8 HMEC-1
HMEC-1 cells are an immortalised human microvascular endothelial cell line 
derived from human dermal microvascular endothelium (Ades, et a! 1992) and 

were a gift from Patrick Maxwell. They were used as part of a panel of cell lines 

to examine the differential expression of HIFa in cells grown on slides.

2.2.9 Culture on slides
In order to examine the intracellular localisation of a number of different 

antigens cells were grown directly on either glass multiwell slides or chamber 
slides (Labtek, Nunc). After different durations of normoxic or hypoxic 

incubation the medium was tapped off the slides and the slides fixed in either 

acetone or formaldehyde (3.7% in PBS) as detailed below. Acetone fixed slides 
were air-dried for 1 - 1 2  hours and used or stored at - 2 0 °c until use. 

Formaldehyde fixed slides were placed in PBS until used.

2.2.10 Freezing and thawing ceii iines
Prior to lifting, adherent cells were washed with PBS to remove any culture 
medium. 5-lOmls of trypsin-EDTA solution (4mg/ml trypsin, 0.2mMEDTA in PBS 

(Câ  ̂ and Mĝ  ̂ free)) was added and the cells incubated at 37°c for 3-5 

minutes. The trypsin was then neutralised by the addition of lOmIs of medium 
with FBS and the cells pelleted by centrifuging the suspension at lOOOrpm for 4 

minutes. The medium was discarded and the pellet resuspended in medium 
and the cells counted using a haemocytometer. The pellet was then 

resuspended in freezing mixture (90% FBS with 10% dimethyl sulphoxide 
(DMSO) 1.5 mis per IxlO^cells). This was aliquoted into sterile 

cryopreservation tubes and slowly frozen down to -70°c before being stored in 

liquid nitrogen. To thaw cells the cryopreservation tubes were rapidly defrosted 

in a 37°c water bath and the contents added to 10ml of culture medium in a 

falcon tube. After mixing this was centrifuged at lOOOrpm for 4 minutes and 

the medium discarded and the cell pellet resuspended in fresh medium and 
transferred to a small culture flask (1 0 ml) and subsequently observed and 

divided as necessary.
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2.3 Transient transfection of ceiis
2.3.1 Eiectroporation
The electrodes on the electroporation unit (Ratcliffe laboratory, Room 425, 

IMM) were cleaned with 70% alcohol (EtOH) and 2% RPMI. Dr Christopher 

Pugh kindly provided plasmids pGN/HIF-la28-826 and pGN/HIF-2al9-870, 

lOpg aliquots of these were placed in labelled cuvettes and stood on ice. The 

COS-1 cells to be transfected were lifted using trypsin (37®c) and washed with 

RPMI and then pelleted by centrifugation at lOOOrpm for 5 minutes. The pellet 

was resuspended and aliquots (1 xlO^ cells in 0.95 mis of RPMI) placed in the 

cuvettes containing plasmid and left on ice for 5-lOminutes.

Each cuvette was placed on the electrodes and a current of 2.0mA discharged. 
The cuvette was then removed and left to stand for 10 minutes at RT before 
resuspending the cells in complete E4 medium and placing in a culture 
flask/dish. The electrodes were then cleaned and a blank cuvette containing 
only 0.95 ml RPMI placed on the electrodes between each electroporation. 
After 48 hours the cells were removed with EDTA, washed with PBS and either 
pelleted and fixed in 1 0 % neutral buffered formalin overnight and then 
embedded in paraffin or snap frozen in liquid nitrogen. The frozen cell pellets 

were later embedded in Bright Cryo-M-Bed (Bright Instument Co. Ltd., UK) and 
8 pm sections cut onto multiwell slides. A variety of fixatives were tested on 
these: acetone, methanol, acetone/methanol and 4% formalin/PBS.

2.3.2 DEAE Dextran
This method has low transfection efficiency and was used to create some of 

the positive control cell pellets for immunostaining when the electroporation 

equipment was unavailable. 300pj sterile PBS containing 15pg DNA (up to 1 

kB) was mixed with 300pl of lOmg/ml DEAE-Dextran and 3p,l of a lOOmM 

chloroquine solution (a lysosomal acidifying agent to promote DNA stability of 

the transfected DNA in the lysosome compartment). The DNA mix was left for 

Sminutes to allow complexing of the DNA to DEAE-Dextran. COS-1 cells were 
used for the transfection at ~75% confluence in a medium flask. The medium
was removed from the cells and 2ml of E4 medium and the DNA mix added
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and mixed by swirling. This was incubated for 2-4 hours until vacuolation and 

lifting of the cells was observed and then the E4/DNA mix was aspirated off. 

2ml of PBS /10% DMSO was added to create an osmotic shock and left for 2 
minutes and then aspirated and 10 ml of fresh complete E4 medium added. At 

24hours the cells were lifted with trypsin/EDTA but not centrifuged, and placed 

into a new flask with new medium. After 48-72 hours the cells were lifted and 

cell pellets prepared.

2.3.3 FuGENE 6
To achieve high level of plasmid expression COS-1 cells were transfected using 
FuGENE 6  (Boehringer Mannheim) according to the manufacturers instructions. 

Cells in 6 cm dishes at 70-80% confluence cultured in 5 mis of medium were 

used for each transfection. 8 pl of FuGENE 6  reagent was added to 300|il of 

serum free medium and incubated for Sminutes at RT. 4pg of DNA was added 

to a second sterile tube and the diluted FuGENE reagent added dropwise to the 
concentrated DNA, mixed and incubated for ISminutes at RT. This mixture was 
then added dropwise to the cells and dispersed evenly by swirling and the cells 
incubated for 24-48 hours.

2.4 Protein extraction and Western Blotting
2.4.1 Protein extraction from cultured ceiis
For whole cell extracts, adherent cells were washed with ice-cold PBS and 
removed by scraping and prepared as previously described (Wiesener, et a!
1998). Cell pellets were homogenised in extraction buffer ( 8  M urea, 10% 
glycerol, 10 mM Tris-HCI (pH 6 .8 ), 1% SDS, S mM phenylmethylsuIphonyl 

fluoride, 1 |ig/ml aprotonin, 1 0  |ig/ml pepstatin and 1 0  pg/ml leupeptin) using 

an IKA Ultra-Turrax T8  homogeniser (Janke and Kunkel, Staufen, Germany) for 

ISseconds at full speed. Protein levels in the extracts were quantified using the 

BioRad DC protein assay (BioRad, Hemel Hempstead, UK) or Pierce protein 

assay reagents (Pierce, Rockford, IL) using BSA standards and samples 
standardized. The cell lysates were aliquoted into two eppendorf tubes and 

stored at - 2 0 °c until use.
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2.4.2 Protein extraction from tumour samples
Frozen tumour samples (200-400 mg) were finely chopped on a sterile petri 

dish, placed on ice and then homogenized in 8 M urea extraction buffer using 

an IKA Ultra-Turrax T8  for 15 seconds at full speed as above.

2.4.3 Western blotting for HIFa proteins
Proteins were resolved by SDS-PAGE in 6 % gels under reducing conditions and 

transferred to Immobilon PVDF membrane (Millipore, Bedford, MA) overnight in 

20mM Tris/O.IM glycine/10%methanol/0.05% SDS. Full Range molecular 

weight markers (Amersham) were used in one lane of each gel. The membrane 
was blocked with PBS/5% fat-free dried milk/0.1% Tween 20. For HIF-la 

detection purified MoAbs 28b and 122 were used at 4pg/ml and for HIF-2a the 

MoAb 190b was used at 4pg/ml. For detection of the Gal4 DNA binding domain 
in fusion proteins RK5C1 (Santa Cruz Biotechnology, Santa Cruz, CA) was used 
at O.lpg/ml. Detection was with MRP conjugated goat anti-mouse antibody 
diluted 1/1000 followed by chemiluminescence with ECL reagents (Amersham). 
After exposure, membranes were stained with Ponceau S to verify equal 
protein loading and transfer.

2.5 Analysis of VEGF
Cells were grown in either 100 or 150 mm culture dishes. Immediately prior to 
each experiment the medium was aspirated from the culture plates and 

replaced either 11.5 or 26mls of medium (final depth medium the same). After 
the normoxic / hypoxic incubation 2  x 1 ml aliquots of medium were placed in 

an eppendorf tube on dry ice and stored at -  20 °c until quantification of VEGF. 

The amount of VEGF in the supernatant was determined with an ELISA kit 
(VEGF-ELISA, R&D Systems, Abingdon, UK) according to the manufacturer's 

instructions. The assay employs a quantitative sandwich enzyme immunoassay 

technique utilizing microtitre wells coated with a monoclonal antibody specific 

for human VEGFies- On each plate, standard VEGF concentrations are included 
using recombinant human VEGF in a buffered protein base with preservative. A 

standard curve is prepared by plotting the optical density (CD) versus the VEGF 
concentration in the standard wells. Comparison of the OD for the samples and
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the standards allows the concentration In the sample to be determined. VEGF 

was expressed pg of VEGF/mg cells/ml of medium or pg of VEGF/ 1x10̂  

cells/ml of medium, the former depending on the availability of access to a cell 

counter.

2.6 Immunohistochemistry
2.6.1 Antigen Retrieval techniques
A wide variety of antigen retrieval techniques were tried with different buffers 

detailed below. Prior to antigen retrieval slides were dewaxed and rehydrated. 

Slides were preheated for lOminutes at 60°c in an oven and then placed in 

citroclear for 2 x 5 minutes. They were then passed through graded alcohol 

baths (2 X Sminutes 100% alcohol, 2 x 5  minutes 50% alcohol) and washed 
briefly in tap water before being placed in TBS/PBS buffer for 3 minutes prior 
to antigen retrieval or the addition of primary MoAb. Sections that were going 
to be developed with peroxidase were quenched either in methanol/ hydrogen 
peroxidase (ISmls H2O2 +180mls methanol) for 30 minutes or using the 
endogenous peroxidase blocking solution provided in the EnVision kit (DAKO) 
directly on the slide prior to the addition of the primary antibody.

2.6.1.1 Pressure cooking
1.5 litres of buffer were placed in an aluminium pressure cooker on a hob. As 
the buffer began to boil the slides were added in a metal or glass rack and the 
lid placed on. When full pressure was reached the heat was turned down and 

the timer started (range 90-180 sec used), upon completion the pressure 

cooker was removed from the hob and plunged into a sink of cold water, and 

the lid removed when the pressure released. The slides were placed into 
TBS/PBS for a minimum of three minutes prior to applying primary antibody. If 

>lhour delay was anticipated slides were stored in TBS/PBS at 4°c.

2.6.1.2 Microwaving
Slides were placed in a glass rack in a glass trough and with enough buffer to 
cover the slides. The dish was partially covered with cling film and placed in 
the microwave with another slide dish or a conical flask of water and
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microwaved for 4 minutes on power level 9 (SOOwatt microwave). The volume 

of buffer in the dish was checked and more added if required to cover the 
slides and the microwave turned on for another 4 minutes on power level 9. 

The dish was removed from the microwave and the slides placed into TBS as 

soon as possible, for a minimum of three minutes before applying the primary 

antibody.

2.6.1.3 Prolonged Heat dénaturation
Slides were placed in a covered, glass trough, containing buffer in a 
thermostatically controlled water bath at 60°c for 18 hours. Slides were then 

placed into TBS/PBS for a minimum of 3 minutes prior to the application of 

primary antibody. It is essential that the sections be placed onto adherent glass 

slides if this method is used and we found that X-Tra slides (Surgipath Europe 
Ltd, Peterborough, UK) were the best at retaining material.

2.6.1.4 Protease digestion
200mls of PBS was placed in a covered, glass trough in a water bath at 37°c 

and allowed to warm for 10 minutes. 25mg of protease (Sigma, type XXIV, P- 
8038) was dissolved in this, incubated for 2-3 minutes and then the slides 
added and incubated for up to 20 minutes. The slides were then placed in TBS 
for 3 minutes prior to the application of primary antibody.

2.6.1.5 Buffers
0.01 M Citrate buffer was prepared by mixing 2.94 g of trisodium citrate in 1 

litre of deionised water and the pH adjusted to 6.0 with MCI.

50 mM Tris 2mM EDTA (Tris EDTA) buffer pH 9.0 was prepared by mixing 

12.12g of Tris base with 1.48g of EDTA in nearly 2 litres of deionised water and 
then adding HCI dropwise until a pH of 9.0 is reached. The buffer was then 

placed into a 2  litre-measuring cylinder and deionised water added to make up 

the final volume to 2  litres.
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2.6.2 Immunostaining methods
In a two-stage horseradish peroxidase (HRP) method an unconjugated primary 
mouse MoAb binds the antigen. An HRP-labelled secondary antibody directed 
against the primary antibody is then applied, usually HRP labelled goat anti

mouse, followed by DAB as the substrate-chromogen solution. A three stage 

HRP involves a second HRP conjugated antibody layer added sequentially after 

the secondary antibody specific to the species of the secondary antibody, 
usually HRP labelled rabbit anti-goat. The addition of a third layer of antibody 

serves to amplify the signal further. Fresh substrate was prepared by placing 6  

\ig of 3-3 diaminobenzidine (DAB) into a 20ml plastic universal tube, adding 

10ml of PBS/TBS and mixing. 15 \x\ of 6 % H2O2 was added and the solution 

used immediately or stored at 4°c in the dark, for a maximum of 1 hour before 

use. The solution was added to the slides and incubated at RT for 6 - 8  minutes 
and then washed off with TBS/PBS, the same buffer was used throughout on 
each staining run.

The alkaline phosphatase anti-alkaline phosphatase (APAAP) method in which a 
preformed soluble enzyme-antienzyme immune complex is added is very 
sensitive. After the addition of a primary antibody a secondary rabbit anti
mouse is added and then APAAP complex and to enhance the signal further 

application of the link/ secondary antibody and APAAP may be repeated. New 
Fuchsin was used as the substrate-chromogen. APAAP was prepared by adding 

8 mg per ml of phospatase to a 40ml tube of pre-prepared AP7 (mouse 
antialkaline phosphatase). This was allowed to conjugate overnight at 4°c 

before use. To prepare fresh new Fuchsin substrate 0.25 mis of a 4% sodium 

nitrite solution (0.2g in 5 mis) was mixed with 0.1 ml 5% New Fuchsin and 

agitated for 30-60 seconds. To this 50 mis of 0.05M Tris buffer pH 8.7 was 

added and 50 \i\ of IM levamisole. In a separate glass universal 25mg of 

Napthol AS-Bl phosphate and 0.3ml of dimethyl formamide was mixed and 

then the two solutions mixed and the solution filtered onto the slides and 

incubated for 15-20 minutes and then rinsed off with TBS and rinsed in cold 
water before counterstaining with haematoxylin and mounting.
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Avidin-biotin methods utilise the high affinity of avidin or streptavidin for biotin. 

The primary antibody is applied and then a biotinylated secondary antibody 
(rabbit anti-mouse or swine anti-rabbit for rabbit polyclonal and mouse MoAb 
respectively). A preformed avidin-biotin-enzyme complex (HRP or alkaline 

phosphatase) is then added followed by an appropriate substrate-chromogen. 

To form the ABComplex the solutions of avidin and biotinylated enzyme must 

be added in an optimal ratio at least 30 minutes before use.

In addition a variety of kits, which amplify signal, were used following the 

manufacturer's instructions including EnVision kit (DAKO), Catalysed signal 
amplification system (CSA kit, DAKO) and TSA-Indirect kit (MEN Life science 

products). The EnVision kit utilises a secondary goat anti-mouse or anti-rabbit 
conjugated to a polymer containing multiple enzymes (HRP or ALK). The CSA 
kit is based on a streptavidin-biotin-HRP complex formation with biotinylated 
tyramide steps to amplify signal.

2.6.3 Immunostaining for HIFa protein
The HIF-la and HIF-2a proteins were detected using the monoclonal 

antibodies (MoAb) ESEE 122 (IgGl; dilution 1:40) and EP190b (IgGl; neat) 
(Wiesener, et a! 1998) and a peroxidase based method. An EnVlsion-HRP kit 
(DAKO) or a three stage HRP method was used to immunostain the sections. 
Antigen retrieval was by incubating at 60°c for 16hrs in ImM EDTA pH 8.0. 

Endogenous peroxidase was blocked following the kit method and then 0.1% 

Triton applied to the sections for 5 minutes, tapped off and the primary 

antibodies applied and left to incubate at RT for BOminutes. The secondary 
polymer was applied for 30 minutes at RT and the slides developed with DAB. 

Substitution of primary antibody with PBS was used as a negative control for 

both antibodies.

2.6.4 Immunostaining for VEGF
Antigen retrieval was by pressure-cooking in SOmM Tris /0.2 mM EDTA pH 9.0 
buffer for 180 seconds. Slides were incubated with MoAb VGl (1/5), which 
recognizes the 121, 165 and 189 VEGF isoforms (Turley, ef j/1998), for 1 hour
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at RT. The APAAP technique was used with 30 minute incubations with a goat 

anti-mouse IgG (DAKO) and APAAP and then 10-minute repeat incubations. 
New Fuchsin Red (Sigma) was applied as the substrate for 15 minutes and 
slides were counterstained with haematoxylin before mounting. A section of 

proliferating endometrium was used as a positive control in which moderate 

cytoplasmic VEGF expression was observed in the glands with some additional 

weaker endothelial expression.

2.6.5 Immunostaining for p53
Cells grown on slides were immunostained for p53 expression using MoAbs 

DOl and D07 (DAKO) at a dilution of 1:10 and a two-stage HRP method. 
Antigen retrieval of paraffin sections was by pressure-cooking in SOmM Tris 

/0.2 mM EDTA pH 9.0 buffer for 180 seconds. Slides were then immunostained 
using a two-stage HRP method, incubating with the primary MoAb for one 

hour.

2.6.6 Immunostaining for endothelial cells
Microvessels were assessed by immunostaining serial sections of the same 
cases using MoAb that recognise the endothelial markers CD34 (Q Bend 10: 
dilution 1:100, DAKO) and CD31 (JC70: dilution 1:10, DAKO) using an 
EnVision-AP kit (DAKO). Slides were dewaxed and rehydrated before antigen 
retrieval by pressure-cooking in SOmM Tris /0.2 mM EDTA pH 9.0 buffer for 
180 seconds. Slides were then incubated with the primary MoAb for one hour. 

Slides were incubated with goat anti-mouse IgG and then APAAP for 30 

minutes and then these two steps repeated twice with 1 0 -minute incubations. 

New Fuchsin Red (Sigma) was applied as the substrate for 15 minutes and 

slides were counterstained with haematoxylin before mounting (Aquamount). 
MVD was determined by by two observers performing a Chalkley vascular 

count (Fox, et a! 1995a) (CVC) simultaneously using a double-headed light 

microscope. After scanning the section at low power (x40 and xlOO) three 
areas with the highest vascular density were identified. In these areas, 

individual microvessels were counted on a x250 field using a 25 point Chalkley 
point eyepiece graticule (Chalkley 1943). The mean of the three Chalkley
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counts was then calculated to give the MVD score. The cut-off points, to define 

tumour vascular grade that have been shown to be associated with a 
significant difference in survival, in both univariate and multivariate analysis 
(Fox, 1995), the 33% and 67% tertiles, were used for analysis of the MVD 

within the breast cancer series in chapter six.

2.6.7 Immunostaining for macrophages
Macrophages were assessed by immunostaining serial sections of the same 

cases using MoAb that recognise CD6 8  (PGMl 1/10 and KPl). The CD6 8  

antigen belongs to a family of acidic, highly glycosylated lysosomal 
glycoproteins and is present in the cytoplasmic granules of monocytes, 

macrophages, neutrophils, basophils and large lymphocytes (Pulford, et a! 
1990). KP-1 and PG-Ml recognise formalin resistant epitopes, some differences 
in their patterns of reactivity have been reported which is thought to reflect 
tissue-specific CD6 8  glycosylation, with PG-Ml showing the most macrophage 
restricted reactivity (Pulford, et al 1989, Falini, et al 1993). Antigen retrieval 
was by pressure-cooking in SOmM Tris /0.2 mM EDTA pH 9.0 buffer for 180 
seconds. Slides were incubated with the primary MoAb at RT for 1 hour. A 
variety of alternative staining methods were used including biotinylated goat 
anti-mouse serum at 1/400 (DAKO) as the secondary followed by 
streptABComplex/AP (DAKO) and New Fuchsin as the substrate and a three 

stage HRP method and an EnVision kit.

2.6.8 Immunostaining for CA IX
CA IX expression was assessed with the MoAb M75 (Pastorekova, et a! 1992) 
using an EnVision-HRP kit. After dewaxing and rehydrating the sections M75 

(IgG; dilution 1:50) was applied directly without any antigen retrieval and left 

for 30 minutes at RT. A case of necrotic squamous cell head and neck 

carcinoma with strong membranous CA IX expression was stained in parallel as 

a positive control (Wykoff, et a! 2001). Secondary polymer from the EnVision 
Kit was applied for 30 minutes at RT. Visualization of CA IX staining was by 

DAB substrate made as detailed above in section 2.6.2. Slides were 
counterstained with haematoxylin before mounting in Aquamount. Substitution
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of primary antibody with PBS was used as a negative control. Two observers 

(Kate Talks and Dr Francesco Pezzella/Prof Kevin Gatter) assessed slides and 
reached a consensus. The cellular localization of any immunostaining and the 

percentage of cells staining for CA IX were scored for both the tumour and 

stroma compartment.

2.6.9 Fluorescent immunostaining
Slides underwent antigen retrieval as above; the primary antibodies VGl (IgGl, 

detects VEGF) and PGMl (IgG3, detects CD6 8 ) were added sequentially 

(lOOjil) to each section and incubated for 30minutes at RT. The slides were 

then washed for three minutes in TBS/PBS. The secondary antibodies were 
diluted together in TBS buffer, (final concentration of 1:25 for the FITC 

conjugated IgGl (Southern Biotechnology Associates Inc.) and 1:50 for the 
Texas red conjugated IgG3 (Southern Biotechnology Associates Inc.)), and 

100|il added to each section and incubated for one hour at RT. Slides were 

then washed in TBS/PBS for 3 minutes. Nuclei were counterstained blue by the 

addition of 100|il of DAPI (diluted 1:1000 in 100% absolute alcohol) for 10-30 

sec and then washed in water and mounted with fluorescent medium (DAKO). 
During the incubation with secondaries and DAPI a metal lid was kept on the 
slide staining tray and the slides were kept in trays wrapped in foil following 

mounting before examining on a fluorescent microscope.

2.7 In-situ hybridisation of RNA
Sense and antisense probes were labelled with (Foss, et a! 1997) ^̂ S uridine

triphosphate, (UTP), using cDNA fragments of human HIF-la 255 base pairs

(nucleotides 764-1018, accession no. U22431), human HIF-2a (nucleotides

2542 to 2762, U81984) and human VEGF 121 (590 nucleotides) (Zhang, et a!
1995) were used as templates. 8 pm frozen sections and 4pm paraffin sections
were cut onto Superfrost Plus slides, airdried for 45 minutes and then fixed in

4% paraformaldehyde in PBS for 20 minutes, washed in PBS and dehydrated

through graded ethanols, allowed to air dry and then stored at - 2 0 ®c with silica
gel in a sealed box. The paraffin sections were dried at 37®C overnight,
dewaxed and then fixed in in the same manner as the frozen sections. Serial
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sections were also cut and stored for conventional immunostaining. 

Subsequent slide preparation and hybridisation was by standard techniques as 

previously described (Maxwell, et a! 1997). Slides were coated with emulsion 
(Kodak NTB-2, Eastman Kodak) and exposed at 4®c for 7 or 14 days.

2.8 RNAse Protection assay
2.8.1 Extraction of RNA from ceii iines
Dishes containing adherent cells were washed with PBS at 4°c and then placed 

onto ice. Cells were scraped and suspended in 5 ml PBS and centrifuged at 
lOOOrpm for 3 minutes at 4°c and the supernatant discarded. TRI reagent 

(Sigma) was added and the manufacturer's protocol followed. RNA purity was 
quantified using a spectrophotometer at 260 and 280 nm. Only samples with 

absorption ratios (260/280) greater than 1 . 6  were used for subsequent 
ribonuclease protection assays. Samples with ratios less than this were 

repurified. The purity of the RNA was assessed by electrophoresis of 1 |ig of all 

samples on a 1 % agarose gel.

2.8.2 Extraction of RNA from human tumour and normai tissue 

samples
Total RNA was extracted from about 200mg of snap frozen tumour tissue and 
400-600mg of normal breast tissue. The tissue was placed in a pestle and 
mortar with liquid N2 and ground to a fine powder. This was transferred to a 

falcon tube and TRI reagent added as above. Total RNA was extracted from 
about 200mg of tissue using TRI reagent (Sigma). RNA purity was quantified 

using a spectrophotometer at 260 and 280 nm. Only samples with absorption 

ratios (260/280) greater than 1 .6  were used for subsequent ribonuclease 

protection assays. Samples with ratios less than this were repurified. The purity 

of the RNA was assessed by electrophoresis of 1 |ig of all samples on a 1% 

agarose gel.

2.8.3 RNAse protection assay
Ribonuclease protection assays, (RPA), were performed by Dr John Moore, a 
scientist in the Cancer Research UK Molecular Oncology Laboratory and
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Angiogenesis Group, essentially by the method described previously by 

Petersen et a! (Petersen, et a! 1995). Assays were carried out in duplicate on 

10-30 |ig of total RNA. ^̂ P CTP labeled riboprobes for VEGF, HIF-la (accession 

no X95580) and HIF-2a (U81984) had been prepared previously by Dr John 

Moore, to the highest specific activity possible. To attenuate the signal strength 

of the highly abundant loading control U6 small nuclear RNA (accession no 
X0136), a riboprobe of significantly lower specific activity was prepared. The 

protected fragment size for VEGF121 was 517 nucleotides and for VEGFies and 

VEGFi89 439 nucleotides, thus giving 2 bands on autoradiographs. Those for 

HIF-la, HIF-2a and the loading control were 206, 210 and 106 nucleotides 

respectively. For each sample, a hybridisation cocktail was prepared containing 

the following 
10 |xg total RNA
30 (il hybridisation buffer: ( 6  pil 5x stock solution)
200 mM PIPES, pH 6.4 
2M NaCI 
5mM EDTA
24 îl 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 10® cpm HIF-2a riboprobe

The resulting solution was denatured at 95 - 100 °c for 3 minutes and then 

hybridised overnight in a waterbath at 55 °c to allow annealing of the riboprobe 

to the RNA. Any unhybridised RNA or riboprobe was degraded the following 

morning by the addition of 350)0,1 of digestion buffer (lOmM Tris HCI pH 7.5, 

300mM NaCI and 5 mM EDTA) containing 40 pg / ml RNAse A and 1000 

units/ml RNAse T1 at RT for 30 minutes. The ribonuclease activity was then 

inactivated with 2.5 |o,l 20 % SDS and 10 |ol proteinase K (4|o,g /|o,l) at 37 °c for 

15 minutes. RNA was extracted using phenol and was 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
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removed and the pellet washed in 70 % ethanol and re-pelleted. The RNA was 

then air dried and dissolved in lOjil loading buffer. The dissolved RNA 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 on a 6  % poly-acrylamide sequencing gel.

On each gel a positive and negative (tRNA only) control and undigested 
riboprobes were run. Intensity of signal, quantified on a phosphorimager 

(Molecular Dynamics), was calculated as the ratio of signal of interest to U6  

signal to account for minor loading differences by John Moore and myself. The 

fold induction was determined by calculating the ratio of signal intensity in the 

tumour to signal intensity in normal tissue.

2.9 Statistical anaiysis
Comparative statistical analyses were performed using Stata 7 statistical 
analysis software (Stata Corporation, 4905 Lakeway Drive, College Station, TX 
77845, USA). Relationships between categorical tumour variables were 
examined using Chi square tests. Man-Whitney non-parametric tests were used 
to compare categorical with continuous tumour variables. Spearman rank 
correlations were used to examine the relationships between continuous 
variables. Survival curves were plotted using the method of Kaplan and Meier 

(Kaplan & Meier, 1958). Univariable analyses of survival times were performed 
using the log-rank test. A Cox multivariate proportional hazard model was used 

to investigate the overall effect of patient. Cheng Han, in the Cancer Research 
UK Molecular Oncology Laboratory and Angiogenesis group in the Institute of 

Molecular Medicine, Oxford, kindly provided assistance with the survival 

analysis. Unless otherwise stated, a p value of p < 0.05 was deemed 

statistically significant.

2.10 Flow Cytometry (FACS) analysis
Fresh wash buffer, 0.1% BSA in PBS, was made at the beginning of each 

experiment and kept on ice. At the end of the normoxic/hypoxic incubation the 
cells for FACS analysis were pelleted by spinning at lOOOrpm for 4 minutes and
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then washed twice In wash buffer and then counted In a haemocytometer. The 

cells were resuspended In sufficient wash buffer to form a suspension of 5x10® 

cells/ml. The cells were permeablllsed using a Fix and Perm kit (Caltag 

Laboratories, South San Francisco, CA) following the manufacturer's 

Instructions. 50 1̂ aliquots of the cell suspension were placed In labelled, small, 

polystyrene, round bottom, tubes (12x75 mm. Falcon) and Incubated with 100 

[l\ of reagent A at RT for 15 minutes. 5 mis of wash buffer was then added to 

each tube, mixed and then spun at 1500 rpm for 5 minutes. The supernatant 

was tipped off the cell pellet and lOOjil of reagent B and 50 pi of the primary 

MoAb or PBS added and mixed by vortexing and then Incubated at 4°c for 30 

minutes. Each cell suspension was then washed by the addition of 5 mis of 

wash buffer and centrifuged at ISOOrpm for 5 minutes and the buffer discarded 

and the tube tapped dry and the wash repeated. 50pl of a FITC labelled goat 

anti-mouse Immunoglobulin antibody (DAKO) diluted 1/30 In PBS/5% normal 
human serum was then added to each cell pellet and mixed by vortexing and 
then Incubated at 4°c for 30 minutes In the dark. The cell suspensions were 

then washed twice In wash buffer, spun and tapped dry as before and the final 

cell pellet resuspended In 200pl of fixative buffer and mixed on a vortex. The 

tubes were then covered with foil and stored at 4°c prior to analysis. The 

fixative buffer was made by adding 7.5mls of 40% formaldehyde to 200mls of 

0.1% BSA In PBS.
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CHAPTER THREE CHARACTERISATION OF ANTIBODIES THAT 

RECOGNISE HIF-1 a AND HIF-2a AND THE EXPRESSION OF H IF-la  

AND HIF-2a IN HUMAN TISSUE

3.1 Introduction

The transcription factors HIF-1 and HIF-2 regulate the expression of a diverse 

group of genes. The a-subunit is targeted for rapid proteasomal degradation, 

but a number of different cellular stresses, including hypoxia and 

hypoglycaemia, reduce this allowing it to accumulate intracellularly. In vitro 

experiments examining HIF-la protein expression in cell lines by 

immunoblotting lysates have defined some of the conditions controlling 

expression. Xenograft experiments in both HIF-la and HIF-ip deficient cell 

lines have indicated that HIF-1 has a vital role in tumourogenesis.

Assessing the extent of expression of HIFs and their cellular localisation within 

both normal human tissue and tumours might provide further insights into their 

role in tumourogenesis. The preservation of cellular architecture is best in 

formalin fixed, paraffin embedded material although antigen retrieval 

techniques are often necessary to permit the immunohistochemical detection of 

antigens. In this chapter the identification and characterisation of monoclonal 

antibodies that recognise HIF-la and HIF-2a antigens and the optimum 

antigen retrieval conditions for their use on wax sections are described.

3.2 Materials and Methods
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3.2.1 Antibody production

The immunogens were selected from regions of human HIF-la and human or 

mouse HIF-2a shown in figure 3.1 that shared little sequence homology and 

prepared by Dr Chris Pugh and Dr Patrick Maxwell as detailed in section 2.1.1. 

Helen Turley generated the mouse MoAbs by standard techniques detailed in 

section 2.1.2. The rabbit polyclonal antisera were generated at Clare Hall by 

the ICRF service. Hybridoma supernatants were affinity purified using protein A 

Sepharose (Pharmacia). The absorbed protein was eluted using O.IM Citrate 

buffer pH3.0 and neutralised using lOmM NaOH and desalted into PBS.

3.2.2 Screening and selection of controls

Hybridoma supernatants and antisera were initially screened by ELISA, against 

the GST fusion protein and GST alone as described in 2.1.3. Those found to be 

positive by ELISA were tested for immunoreactivity on frozen and paraffin 

embedded pellets of transfected COS cells expressing HIF fusion proteins, 

consisting of HIF-la or HIF-2a fused to a portion of the DNA binding domain of 

Gal4 yeast transcription factor (Wang, e/-a/1995), described in section 2.1.1. 

Both the electroporation and the DEAE dextran methods for transient 

transfection used have <5% transfection rates. This created cell pellets with 

plasmid expression in only a small subset of the cells. The level of expression 

ofeither HIF-la or HIF-2a in transfected cells after episomal plasmid 

amplification is many fold greater than the endogenous level induced by 

hypoxia. The transfected COS cell pellets although useful for screening 

purposes were thus not ideal for comparative studies of different antigen 

retrieval methods as the high levels could be detected by all the methods used,
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Figure 3.1 Immunogens used to generate HIF-la and HIF-2a antibodies.

HIF-1a
DNA binding and dimérisation Modulation and transactivation

bHLH PAS A PAS B ODD TAD-N TAD-C

( ■  ■  ■  m  w
17 70 106 156 249 299 549 582 775 826

329 530 7 ~
MoAb 28b CBP/p300-CHi
MoAb122 domain binding

HIF-2a
DNA binding and dimérisation Modulation and transactivation

bHLH PAS A PASS TAD-N TAD-C

QÊUÊLJêL
14 67 105 157 251 301 517 682 828 870

T535 631
MoAb 190b CBP/p300-CHi
MoAb 13a domain binding

The cartoon illustrates the different functional domains o f the HIF-la and HIF-2a 

genes and the regions used to generate immunogens for monoclonal antibody 

production. Homologous functional regions are illustrated by use o f the same colour.

but tumour sections stained in parallel were negative.

In vitro experiments using immunoblotting to identify expression of HIF-la

have established both DFO and hypoxia as strong inducers and defined the

optimum conditions in many cell lines (Wang, et a! 1995, Jiang, at a! 1997).

Paired cell pellets were prepared from a number of different human cell lines
1 0 0



cultured in parallel in normoxia or 0.1% O2 for 4 hours. These cell pellets were 

either snap frozen or formalin fixed for 24 hours and then paraffin embedded 

and processed in an analogous manner to routine diagnostic material. The 

frozen cell pellets were embedded and 8 pm sections cut onto multiwell slides. 

Comparisons between a variety of fixatives were made on the frozen cell 

pellets: acetone, methanol, acetone/methanol and 4% formalin/PBS and a two- 

stage peroxidase immunostaining technique used. In addition some of these 

cells were grown directly on glass slides and left in normoxia or 0.1% O2 for 4 

hours prior to fixation. Immunostaining of these allowed assessment of the 

intracellular localisation of the HIF-a protein. The effect of the duration of 

formalin fixation on antigen retrieval was examined by preparing hypoxic cell 

pellets in parallel and leaving them in formalin for 24, 72 and 168 hours before 

processing and comparing their immunostaining. Those MoAb with positive 

immunoreactivity were then independently immunoblotted by Dr Patrick 

Maxwell and myself.

3.2.3 Optimisation of immunohistochemistiy methods

Using the normoxic and hypoxic cell pellet sections as negative and positive 

controls different antigen retrieval methods, antibody dilutions and incubations 

and immunostaining methods were systematically compared. Details of the 

different antigen retrieval techniques, staining methods and kits examined are 

given in section 2 .6 .2 .
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3.2.4 Selection of tissue

Tissues were obtained from the Cellular Pathology Department at the John 

Radcliffe Hospital, Oxford. Formalin fixed, paraffin wax embedded sections 

were cut at approximately 5^m and floated on to X-Tra slides. Tumour sections

were obtained from cases of carcinoma of the bladder, brain, breast, kidney, 

liver, lung, ovary, pancreas and prostate (numbers of cases examined detailed 

in table 3.2). Normal tissue examined included skin, bladder, thymus, spleen, 

tonsil, lymph node, thyroid, adrenal, pancreas, salivary gland, liver, kidney, 

heart, oesophagus, colon, lung, ovary, testis, uterus, placenta, umbilical cord, 

brain, prostate, and breast. Sources were diagnostic samples identified from 

reports as histologically normal, samples originating from healthy individuals 

(wedge biopsies from living donor kidneys and bone marrow trephines from 

allogeneic bone marrow donors) and also blocks of tissue reported as normal, 

but located adjacent to resected tumours.

3.2.5 VEGF in situ hybridisation

Serial sections of four case of breast carcinoma, from paraffin embedded 

blocks containing large areas of intratumoural necrosis, were cut and prepared 

for in situ hybridisation as detailed in section 2.7.

3.3 Results

3.3.1 Expression of H IF -la  and HIF-2a In control cell pellets

Immunostaining of the frozen, transiently transfected COS cell pellets identified

a number of positive hybridoma supernatants. As anticipated only a few of

these antibodies also showed immunoreactivity in the paraffin embedded
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transfected COS cell pellets, these are described in Table 3.1. Five hybridoma 

were positive on screening on ELISA for HIF-2a and also gave staining of 

acetone fixed frozen and formalin fixed, paraffin embedded, HIF-2a transfected 

COS cell pellets. The predominant staining was nuclear with 10-20% of the 

cells showing strong positivity. Immunostaining with an antibody specific for 

the Gal-4 DNA binding domain in the fusion protein was used to confirm the 

number of transfected cells was equivalent to the number of HIF-a positive 

cells identified. Only three of the MoAbs gave nuclear staining on 

immunostaining of formalin fixed hypoxic HT1080 cell pellets and of these 

EP190b was the strongest and was selected for studying the tissue samples. 

COS cells transfected with vector only or the cDNA for HIF-la were unstained 

with EP190b.

Likewise two separate fusions were performed to obtain MoAbs against HIF- 

la ; the first produced two hybridoma that were positive on screening on ELISA 

and transfected COS cell pellets; of these 28b was best and also worked well 

on immunoblotting. On immunostaining of formalin fixed hypoxic cell pellets 

only 28b gave weak staining. A second fusion produced MoAbl22, which gave 

nuclear staining on immunostaining of formalin fixed hypoxic cell pellets and 

was subsequently used for studying the tissue distribution of HIF-la. 

Immunoblotting of extracts of COS cells transfected with either pGN/HIF-la 

28-826 or pGN/HIF-2a 19-870 demonstrated that each antibody recognised a 

single species with no cross reactivity, which co-migrated with the anti- GAL4 

signal. Furthermore, in HeLa cell extracts, known to express both HIF-la and 

HIF-2a, a single inducible species of the expected mobility was detected by
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Table 3.1 Immunostaining properties and isotype of the HIF-la and HIF-2a

antibodies generated.

MoAb Immun
ogen

Reactivity 
frozen COS 

GAL4- 
H IF-la

Reactivity 
paraffin 

embedded 
COS GAL4 

H IF -la

Reactivity 
frozen COS 

GAL4- 
HIF-2a

Reactivity 
paraffin 

embedded 
COS GAL4 

HIF-2a

Iso
type

HIF 28b H IF la

329-530

V V X X IgGl

ESEE 122 H IFla

329-530

V V X X IgGl

111 H IF la

329-530

V X X X IgGl

ESEE 70 H IF la

329-530

V V X X IgGl

HIF 116 H IF-la

329-530

V X X X

AHAl Mouse
H IF-la

V V X X PC

EP190b HIF2a

535-631

X X V V IgGl

EP13a HIF2a

535-631

X X V V IgGl

EP192C HIF2a

535-631

X X V V IgGl

PM8 Mouse
HIF2a

357-439

X X V V PC

237 HIF2a

631-699

X X V V IgGl
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each antibody, illustrated in Figure 3.2. Figure 3.3 illustrates positive nuclear 

immunostaining in cells expressing GAL4-HIF-la and GAL4-HIF-2a fusion 

proteins detected by MoAbs 122 and 190b respectively.

Examining the paired normoxic / hypoxic cell pellets with the same panel of 

antibodies revealed nuclear positivity only after hypoxic exposure. Antibodies 

122 and 190b were the best reagents for immunostaining HIF-la and HIF-2a 

respectively in formalin fixed paraffin embedded material. The number of 

positive cells and the intensity of nuclear staining detectable varied between 

cell lines, in addition some cytoplasmic positivity was also seen in the cells with 

nuclear positivity. Results for HT1080 cells are illustrated in Figure 3.3 (C, D, G 

and H). Examining the cells grown directly on slides subjected to hypoxia 

confirmed the heterogeneity in nuclear immunoreactivity and the presence of 

some cytoplasmic positivity (Figure 3.4).

Assessment of the effects of duration of fixation on pellets of hypoxic cells 

indicated that long periods of fixation (168 hours) substantially reduced antigen 

detection. No difference in expression levels could be detected between the 

pellets fixed for 12 or 24 hours. The duration of fixation for diagnostic material 

is not routinely documented but is usually between 12-24 hours.

3.3.2 Stability of H IF -la  expression in xenografts

Before beginning to examine any diagnostic human material a number of 

variables were considered that might impact on the level of detectable 

a-subunit to cause both false positive and false negative results. In vitro
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Figure 3.2. Western Blots showing specificity of MoAbs used for 

immunostaining.

N H 1 2

Gal-4 HIF-1a 
HIF-1a

122 

N H 1 2

Gal-4 HIF-2a 
HIF-2a P

190b 

1 2

Gal-4 HIF-la 
Gal-4 HIF-2a

RK5C1

Whole cell extracts were prepared from HeLa cells cultured in parallel for 4 hours in normoxia 

(N) and 0.1% O2 (H) and COS-1 cells transfected with either pGN/HIF-la28-826 (lane 1) or 

pGN/HIF2al9-870 (lane 2). These extracts were separated by SDS-PAGE, transferred to 

PVDF membrane and analysed in parallel using MoAb 122 (HIF-la), 190b (HIF-2a) and RK5C1 

(Gal4). MoAb 122 detects a single band in extracts from COS cells transfected with pGN/HIF- 

la28-826 and no bands in extracts of COS cells transfected with pGN/HIF-2al9-870, whereas 

the opposite pattern is seen with MoAb 190b. Detection of comigrating bands with RK5C1 

confirms the identity of these bands as the respective fusion proteins. The antibodies to HIF-la 

and HIF-2a recognise hypoxically inducible proteins of 135 kd and 110 kd, respectively, in the 

HeLa cell extracts, compatible with the known migration of endogenous HIF-la and HIF-2a on 

SDS-PAGE.
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immunoblotting experiments have shown that both HIF-la and HIF-2a have 

very short half-lives of the order of minutes (Wang, et a! 1995, Wiesener, at a! 

1998) under normoxic conditions. Once resected diagnostic material may not 

be placed immediately into formalin and degradation of HIF a-subunits may 

occur leading to false negative results. This aspect of sample collection is not 

documented and thus beyond control when immunostaining retrospective case 

series.

To address concerns over ex-vivo degradation of HIF-la immunoblotting was 

compared on lysates from an earlier HeLa xenograft experiment initiated by 

Patrick Maxwell. No difference in the intensity of the signal was found between 

lysates prepared from a tumour snap frozen immediately and aliquots of 

tumour left at room temperature for 30 mins or 1 hour prior to freezing. A 

portion of the same HeLa xenograft had also been formalin fixed and paraffin- 

embedded. Sections of this were immunostained using rabbit polyclonal 

reagents to HIF-la (section 2.1.2) and FTTC conjugated MoAb 28b, prepared 

by Helen Turley using affinity purified 28b (MoAb 122 had not been generated 

at this time point) using a two stage HRP method. With the FITC-28b a HRP 

labelled rabbit anti FITC was used and with the polyclonals a HRP goat anti

rabbit as the secondaries. The generation of FITC-28b and use of polyclonal 

reagents circumvented the problems of non-specific staining from using a 

mouse MoAb on mouse tissue. Nuclear expression of HIF-la was observed in a 

perinecrotic distribution consistent with a hypoxic gradient inducing expression. 

During the resection of some tumours the arterial vessels will be clamped some 

time prior to its removal and this may induce hypoxic changes and increase HIF
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Figure 3.3 H IF -la  and HIF-2a protein detection by peroxidase 

immunohistochemistry on paraffin embedded material used as positive and 

negative controls.

cos-1 cells were transfected with either pGN/HIF-la28-826 (A and E) or pGN/HIF-2al9-870 

(B and F) resulting in the expression of fusion proteins in a subset of the cells. Cells were then 

fixed in formalin and processed into paraffin embedded blocks in a manner analogous to the 

handling of diagnostic pathological specimens. Likewise HT1080 cells were cultured in parallel 

for 4 hours in normoxia or 0.1% O2 and processed to produce a normoxic cell pellet (C and G) 

and a hypoxic cell pellet (D and H). Nuclear staining was observed with MoAb 122 (A-D) only 

in the HIF-la transfectants (A) and the hypoxic cell pellet (D). MoAb 190 detected only the 

HIF-2a fusion protein (F) and HIF-2a was absent in the normoxic cell pellet (G), but 

hypoxically inducible (H). The intensity of nuclear staining observed, within the hypoxic cell 

pellet, was heterogenous for both antigens. Original magnifications, xlOO (A, B, E and F) and 

x400 (C, D, G and H).
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Figure 3.4 Expression of HIF-la or HIF-2a in normoxic and hypoxic cells

grown directly on slides.

Normoxia _________ Hypoxia
HIF-2a HlF-2a

HT1080 ' ' r
H F-1 a

HeLa

k

H-MEC1

' f v

Cells were exposed to either 4 hours normoxia (21% O2) or hypoxia (0.1%  O2) and 

two stage HRP immunostaining performed using MoAb 190b (HIF-2a) and 122 (HIF- 

la ) .  Under normoxic culture neither a-subunit was detectable (only HIF-2a 

illustrated). However, on hypoxic culture strong predominantly nuclear expression of 

H IF -la  is observed in the HT1080 cells w ith weaker nuclear expression o f HIF-2a. The 

converse is present in the H-MECl cells w ith stronger HIF-2a than H IF -la  expression. 

In contrast in the HeLa cells H IF -la  and HIF-2a are both strongly hypoxically 

inducible. Original magnifications HT1080 x40, HeLa and H-MECl xlOO.
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a-subunit expression The xenograft results were helpful in reassuring us that 

concerns over ex-vivo degradation or induction may be unfounded. Figure 3.5 

illustrates expression of HIF-1 within HeLa xenografts.

3.3.3 Immunoblotting of H IF -la  and HIF-2a in human tumours

Initial paraffin immunohistochemistry of tumour revealed no staining. At this 

point in order to confirm that HIF-la and HIF-2a were detectable in human 

tumours lysates were prepared from snap frozen aliquots of 5 different tumour 

cases (breast, lung, renal) and immunoblotted for HIF-la and HIF-2a using 

MoAb 28 and MoAb 190b respectively. Hypoxic and normoxic cell extracts were 

used as controls. HIF-la was detected, as previously, as several bands that 

migrated more slowly than its predicted MW at "120 kd. HIF-2a was detected 

as a single species of MW "llS kd . Encouragingly detectable signals could be 

found of either one or both of the a-subunits in the majority of the cases 

(Figure 3.6).

3.3.4 Immunohistochemical detection of HIF-a

The optimal antigen retrieval conditions were identified to be heat dénaturation 

in 50mM Tris /0.2 mM EDTA pH 9.0 buffer. Either pressure cooking slides for 

180 seconds or incubating slides at 60®c for IGhours in this buffer produced 

equivalent results. To detect HIF-la and HIF-2a monoclonal antibodies 122 

and 190b were applied at 15 pg/ml to the section and incubated at room 

temperature for 90 minutes. Substitution of the primary antibody with PBS was 

used as a negative control. Very similar results were obtained using either a 

three-stage indirect HRP method or an Envision-HRP kit (DAKO). In the former
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Figure 3.5 Expression of HIF-la in HeLa xenografts.

m
$

Immunostaining demonstrated nuclear HIF-la expression in a perinecrotic distribution 

within sections from a HeLa xenograft using a rabbit polyclonal to HIF-la (A and B, 

areas o f necrosis (N)) and FITC conjugated 28b (C, positive nuclei marked by arrows). 

Original magnifications, XlOO (A and C) and X400 (B).
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Figure 3.6 Expression of HIF-la and HIF-2a in western blots of human

tumour lysates.

C 1 2 3 4 5 6
HIF-la . m  ^  ^  -120

28b
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190b

Lysates were prepared from archived snap frozen human tumours; breast 

adenocarcinomas (lane 1 -3 ), lung adenocarcinomas (lane 6 ) and renal cell carcinoma 

(lane 4  and 5) and hypoxic HT1080 cells (lane C). These were separated by SDS- 

PAGE and transferred to PVDF membrane and analysed in parallel w ith MoAb 28b 

(H IF-la) and 190b (HIF-2a) as primary antibodies. The antibodies to HIF-1 and HIF-2 

recognised proteins o f 135 kd and 110 kd respectively in the hypoxic HT1080 cell 

extract and the tum our lysates. The relative amount o f the two proteins varied 

between the different samples, with no consistent pattern in any tum our type.
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HRP conjugated goat anti-mouse serum was used at 1/200 (DAKO A/S, 

Denmark) for 30 minutes as the secondary and as the tertiary a HRP 

conjugated rabbit anti-goat antiserum 1/100 (DAKO) for 30 minutes. The 

Envision-HRP kit is both quicker and was found to be subject to less variability 

and became the preferred method for subsequent studies. The peroxidase 

reaction m both methods was developed using diaminobenzidine and slides 

were washed and mounted in aqueous mountant.

3.3.5 Expression of H IF -la  and HIF-2a in tumours

HIF-la and HIF-2a protein was detected in most types of human tumours 

examined, including bladder, breast, colon, glial, hepatocellular, ovarian, 

pancreatic, prostate and renal tumours. However, not all tumours stained with 

both antibodies and some stained with neither (Table 3.2).

Within positive tumours the extent, intensity, intracellular location and 

distribution of staining seen with both antibodies was heterogeneous. The 

number of positive tumour nuclei did not correlate with the intensity of staining 

and ranged between <1% to 95% of tumour cells. Considering all the tumour 

types examined together HIF-la and HIF-2a nuclear staining, respectively, was 

found in <10% of the tumour nuclei in 54% (18) and 59% (20) of the cases, in 

between 10-50% of tumour nuclei in 9% (3) and 12% (4) of cases and in 

>50% of the nuclei in 36% (12) and 29% (10) of the tumours.

To illustrate these points examples of immunostaining are shown in Figure 3.7. 

Sections from a breast adenocarcinoma show predominantly nuclear
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Table 3.2 Expression of HIF-la and HIF-2a within human tumour cell nuclei. 

In addition HIF-2a expression was detected in all cases within subsets of TAM.

Tumour type No.
of
cases

H IF -la  &

HIF-2a

positive

HIF la

positive
only

HIF-2a

positive
only

H IF -la  &

HIF-2a

negative
Bladder

adenocarcinoma

5 2 0 0 3

Glioblastoma

multiforme

5 2 0 0 3

Breast

adenocarcinoma

1 2 1 0 0 1 1

Colon

adenocarcinoma

5 4 0 0 1

Hepatocellular
carcinoma

5 2 0 0 3

Hypernephroma 5 2 2 0 1

Lung tumours 
(squamous cell, 

adenocarcinoma)

5 0 0 0 5

Ovarian

adenocarcinoma

5 5 0 0 0

Pancreatic

adenocarcinoma

3 2 0 1 0

Prostatic

adenocarcinoma

5 2 0 1 2

Buffy coat Chronic 

Myeloid leukaemia

2 0 0 0 2

Totals 57 31 2 3 2 1
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immunostaining that is of comparable frequency for both HIF-la and HIF-2a 

(3.7 panels A and B). However, the intensity of nuclear immunoreactivity for 

each antigen in different tumour cells was variable. A hepatocellular carcinoma 

is used to demonstrate nuclear and cytoplasmic immunoreactivity for both 

proteins. Interestingly, in this example the number of nuclei immunostaining 

for HIF-2a outnumber those staining for HIF-la (Figure 3.7 panels C and D). 

In the renal cell carcinoma illustrated nuclear and cytoplasmic immunoreactivity 

for HIF-la is shown (Figure 3.7 panel E) whereas HIF-2a immunoreactivity was 

nuclear (Figure 3.7 panel F).

To examine these differences further tissue from a series of breast 

adenocarcinomas was analysed. In cases of breast carcinoma with large areas 

of intratumoural necrosis strong expression of both proteins was observed at 

the hypoxic necrotic/viable tumour margin (Figure 3.8 A-D). However, protein 

was also demonstrable in other areas including the tumour/stromal margin 

(Figure 3.8 B-D). When serial sections of the same case were examined HIF-la 

and HIF-2a expression was generally, but not exclusively, found in overlapping 

regions of the tumour. HIF-la protein distribution tended to be more restricted 

to the perinecrotic regions than HIF-2a protein.

VEGF has been demonstrated to play an important role in cancer biology and 

its expression is known to be upregulated by hypoxia. In situ hybridisation 

experiments were performed to see whether the pattern of HIF alpha chain 

expression observed correlated with the distribution of VEGF mRNA. Signal was 

predominantly seen at necrotic/viable tumour margins (Figure 3.8 F) as has
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Figure 3.7 HIF-la and HIF-2a expression in common cancers.
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Immunostaining demonstrated heterogenous patterns o f HIF-la (A,C and E) and HIF- 

2a (B,D and F) expression within subsets o f tum our cells in many common cancers. 

Panels illustrated are from a breast cancer (A and B), a hepatocellular cancer (C, and 

D), and a hypernephroma (E and F). Original magnifications, X200 (A-D) and X400 (E 

and F).
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been previously reported. These areas of high VEGF mRNA corresponded to 

the areas where HIF-la and HIF-2a proteins were localised by immunostaining 

(Figure 3.9 A and C/D).

A number of the tumour blocks examined were from the margins of tumours 

and included adjacent dysplastic and morphologically normal tissue. Variable 

amounts of nuclear expression of HIF-la and HIF-2a were observed in both 

the dysplastic and normal cells, perhaps reflecting perturbations of oxygenation 

(or other influences) emanating from the tumour microenvironment (Figure 3.9 

C-D).

3.3.6 Expression of HIF-2a in tumour associated macrophages

An unexpected finding in several tumour types was abundant cytoplasmic 190b 

immunoreactivity within a subset of cells morphologically identified as tumour 

associated macrophages (TAM) (Figure 3.10 A-B in breast carcinoma). 

Immunostaining serial sections with MoAb to CD68 and HIF-2a showed 

colocalisation of positive cells confirming the cells as TAM (Figure 3.10 C-F in 

breast carcinoma). The intensity of the TAM HIF2a staining was usually 

greater than that within tumour cells and In some cases was observed in the 

absence of any intratumoural HIF-2a expression. For example no tumour 

nuclear positivity was observed for either HIF-la or HIF-2a in the 5 cases of 

lung carcinoma examined (Table 3.2), but strong HIF-2a expression was seen 

within TAM in all these cases (not shown).
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Figure 3.8 H IF -la  and HIF-2a expression in breast carcinoma 
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HIF-la and HIF-2a protein expression was observed In breast tumour cells adjacent to areas of tumour 

necrosis. In some cases nuclear expression of HIF-la was found exclusively at the necrotlc/vlable tumour 

margin (A: original magnification, XlOO, inset; X200; N, necrosis; S, stroma), but In other cases 

throughout the tumour (B; original magnification, X200, Inset; X300). Nuclear expression of HIF-2a was 

observed throughout most tumours (C; original magnification, X200, D; X400 high power view of the 

marked section of the field Illustrated In C) though like HIF-la can also be perinecrotic. Representative 

serial sections of the case of breast carcinoma Illustrated In A, C and D above were hybridised with ^̂ S- 

labeled VEGF antisense RNA probe (E, bright field Illumination; F, dark field view; original magnification, 

XlOO) and ^^S-labeled sense control probe (G, dark field view; original magnification, XlOO). VEGF mRNA 

Is strongly expressed around the large area of Intratumoural necrosis where HIF-la and HIF-2a protein 

was present.
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3.3.7 Expression of H IF-la and HIF-2a in normal tissue

Normal tissues examined included skin, bladder, thymus, spleen, tonsil, lymph 

node, thyroid, adrenal, pancreas, salivary gland, liver, kidney, heart, 

oesophagus, colon, lung, ovary, testis, uterus, placenta, umbilical cord, brain, 

prostate, and breast Very little expression of either protein was found in any 

normal tissue, with the exception of bone marrow where large numbers of 

cells, morphologically identifiable as macrophages, expressed HIF-2a (Figure

3.9 A-B). The positive cells were confirmed to be macrophages by 

demonstrating co localisation of CD6 8  and HIF-2a positive cells on 

immunostaining of serial sections (not illustrated). The staining was 

predominantly within the cytoplasm with additional nuclear positivity in some 

macrophages. A more extensive examination was undertaken of HIF-2a 

expression in other populations of normal tissue macrophages; lung, liver, 

lymph node, spleen and brain. Some normal Kupffer cells were also found to 

express HIF-2a.

3.4 Discussion

A major finding of this survey of normal and malignant tissue was that both 

HIF-a proteins are upregulated in a range of common human malignancies. In 

contrast staining was negative in normal tissue with one exception.

Since HIF-a subunits are labile in oxygenated cells we cannot be sure that 

these findings in fixed tissue will represent the position in vivo in every detail. 

Nevertheless tumour and normal tissues were fixed and processed in the same 

way, providing security that the overall contrast in HIF-a expression represents
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Figure 3.9 HIF-la and HIF-2a expression in normal tissue.
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Within normal bone marrow HIF-2a was demonstrated within macrophages (A and B). 

In addition expression o f both HIF-la and HIF-2a was observed in normal tissue 

adjacent to tum our tissue. Panels illustrate heterogenous nuclear HIF-la expression 

(arrows) in a renal proximal collecting tubule (C) and HIF-2a within a breast duct 

(D). Original magnifications; XlOO (A), X400 (B and C) and X200 (D).
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Figure 3.10 HIF-2a expression in tumour associated macrophages.
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In a variety o f tum our types two overlapping distribution patterns were observed with 

MoAb 190b: nuclear staining within subsets o f the tum our cells and predominantly 

cytoplasmic staining within subsets o f stromal cells. These features are illustrated in 

sections taken from breast carcinoma. In A, nuclear staining within tum our cells is 

indicated by arrows and cytoplasmic staining o f stromal cells by arrowheads. A 

further example o f stromal staining is shown in B. In serial sections o f breast 

carcinoma colocalisation o f CD68, using MoAb PGMl (C and D) and MoAb 190b (E and 

F) confirms that the cells staining with 190b within the stroma are macrophages. 

Original magnifications, X200 (A, D, and F) and XlOO (B, C, and E).
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an important biological difference between the two types of tissue. These 

findings raise questions both about the mechanism of HIF-a up-regulation and 

about its consequences for the tumour. Altered patterns of gene expression 

within tumours could arise because of genetic alterations in the tumour cells or 

because of stimulation by an abnormal microenvironment. It is likely that both 

processes contribute to the observed up-regulation of HIF-a subunits.

These proteins are strongly induced by hypoxia, and tumour tissues are 

commonly hypoxic. Perinecrotic patterns of expression for HIF target genes or 

HRE driven reporter genes in experimental studies of tumour xenografts have 

provided strong indirect evidence for induction of HIF activity by the hypoxic 

tumour microenvironment (Maxwell, et at 1997). The immunostaining of HeLa 

xenografts found a similar perinecrotic expression of HIF-la. In tumours 

expression of both HIF-la and HIF-2a was observed in perinecrotic regions, 

providing direct support for microenviromental mechanisms of HIF activation in 

diverse types of human tumours.

Nevertheless by no means all positively staining cells were in perinecrotic 

regions. Measurements of p02 gradients and blood flow within tumours have 

shown complex and dynamic patterns (Helmlinger, et a! 1997). Varying zones 

of tumour hypoxia could well exist outside the perinecrotic regions possibly 

accounting for some of these signals. In the normal tissue at some tumour 

margins expression of both HIF-la and 2a was observed which would be 

consistent with low pH and hypoxia being present (Gatenby and Gawlinski 

1996). However, large differences in the staining pattern between apparently
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similar tumours, and incompletely overlapping patterns of expression for each 

HIF-a subunit, suggest that mechanisms other than microenviromental hypoxia 

contribute to the upregulation of these proteins in cancers. Consistent with this 

marked heterogeneity of nuclear staining was observed in the cells grown on 

slides and in the hypoxic cell pellets despite a constant hypoxic stimulus.

Though HIF-a subunits were commonly upregulated in cancers positive 

staining was not universal. Most tumours stained positively for both a subunits, 

though some were negative for one, and some were apparently negative for 

both. At present we have no certain explanation for these findings. Assessment 

of the effects of duration of fixation on pellets of hypoxic cells indicated that 

long periods of fixation substantially reduced antigen detection so that failure 

to stain some tumours might have been artefactual. In surveys of tissue culture 

cells by immunoblot analysis we have found that under maximal hypoxic 

stimulation all cells had detectable levels of at least one subunit though the 

levels were quite variable (Wiesener, et at 1998). It is possible that relatively 

low levels of induced expression were still below the detection threshold in this 

immunohistochemical analysis, or that some tumours were relatively well 

oxygenated and that HIF was uninduced in the sections examined.

A clear example of genetic up-regulation of this system is seen in the 

hereditary cancer syndrome von Hippel-Lindau (VHL) disease (Maxwell, at a! 

1999). The VHL tumour suppressor protein targets HIF-a subunits for ubiquitin 

mediated proteolysis. In cells with inactivating mutations of both VHL alleles, 

HIF-a subunits are stabilised and accumulate at high levels irrespective of
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cellular hypoxia. VHL mutations are common in both inherited and sporadic 

renal cell carcinoma (RCC) and consistent with this the frequency of tumour 

cell nuclear HIF-la expression was higher in RCC than in other tumours and 

positive tumour cells were distributed homogeneously. VHL mutations are 

uncommon in other sporadic cancers and therefore unlikely to account for HIF 

upregulation.

Recent studies in tissue culture monolayers have defined a variety of trophic 

stimuli that amplify the induction of HIF by hypoxia rather than activate the 

pathway constitutively. In different settings these include transformation with 

v-src (Jiang, et a! 1997), stimulation with serum, Insulin, or insulin-like growth 

factors (Punglia, at a! 1997, Feldser, et a! 1999) and activation of p44/42 MAP 

kinase (Conrad, et a! 1999, Richard, et a! 1999). Though the precise 

mechanism of these interfaces with the hypoxia sensitive pathway is still not 

clear, the findings suggests a more general influence of growth promoting 

stimuli on HIF activity which could be relevant to the observed upregulation of 

HIF in many different types of cancer.

Our findings are overall rather similar to those of a survey of HIF-la expression 

in human tumour samples (Zhong, et a! 1999), which was published whilst our 

manuscript (Talks, et a! 2000) was in the process of revision. That analysis 

concerned expression patterns for HIF-la rather than both HIF-a subunits, but 

also showed that up-regulation was a common, though not universal finding in 

human tumours.
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Despite some negative staining, the overall contrast in HIF-a expression 

between normal and tumour tissues suggests that the pathway could provide 

opportunities for diagnostic or therapeutic exploitation. Studies in wild type and 

HIF deficient cells have indicated a major role for HIF activation in the 

promotion of tumour angiogenesis (Maxwell, et a! 1997, Carmeliet, at a! 1998, 

Ryan, at a! 1998). Thus the assessment of HIF activity in human tumours 

might provide a guide to angiogenic potential, or to other phenotypes which 

have been associated with hypoxia such as resistance to radio- or 

chemotherapy. The differential activity between tumour and normal tissues 

also suggests that antagonism of the HIF pathway could provide a new 

approach to treatment (Dachs, at a! 1997).

An unexpected finding was dense staining of a population of stromal cells both 

within and close to the tumours with the anti-HIF-2a MoAb 190b. 

Morphological identification of these cells as macrophages was confirmed by 

CD6 8  expression. Within normal bone marrrow HIF-2a was expressed in a 

subset of macrophages. Studies of pÛ2 have demonstrated that the average 

oxygen tensions within bone marrow are low, similar to that in the jugular vein 

(Grant & Root, 1947). It has been proposed that hypoxic areas within the bone 

marrow have an important physiological role and that within these areas stem 

cells are restrained from commitment to proliferation and differentiation (Dello 

Sbarba, at a! 1987, Cipolleschi, at a! 1993). Studies in aplastic anaemia have 

established the important interaction between stroma and stem cells (Clark & 

Keating, 1995), It is possible that the observed HIF-2a expression within the
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macrophages reflects local hypoxia and plays a role In the longterm malntenace 

of stem cells.

The Interplay between tumour and stromal cells has been highlighted In a 

recent study of transgenic mice expressing green fluorescent protein (GFP) 

under the control of the human VEGF promoter (Fukumura, et a! 1998). 

Implanted tumours were able to Induce the transgene strongly Indicating the 

potential for the tumour environment to Induce this HIF responsive promoter In 

stromal cells of host origin. The potential Importance of gene expression 

patterns In tumour associated stromal cells Is supported by the association of 

high levels of macrophage Infiltration with high vascular grade and reduced 

relapse free survival In breast cancer (Leek, efa/1996).

In this chapter we characterise a new MoAb that detects HIF-la In paraffin 

embedded material. Our data (Talks, at a! 2000) Independently confirms the 

first report of HIF-la expression within human tumours (Zhong, at a! 1999) 

and extends knowledge with the first report of HIF-2a expression. We have 

demonstrated that HIF-la and HIF-2a can be detected at the protein level In 

routinely processed material from a subset of most, If not all, common types of 

cancers. Tumour cells showed nuclear expression of one or both molecules, 

with or without cytoplasmic staining. In addition the novel finding of HIF-2a 

expression has been shown In a subset of tumour associated macrophages.

In the next chapter the specificity of the Immunoreactlvlty of TAM with the 

MoAb 190b and the role of hypoxia In Inducing HIF-2a expression In
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macrophages will be explored. Other mechanisms regulating the level of HIF-a 

expression within tumours will be explored In chapter five. In chapter six the 

relationship of these expression patterns to tumour prognosis and response to 

therapy will be examined.
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CHAPTER FOUR HIF-2a EXPRESSION IN MACROPHAGES 

4.1 Introduction

An unexpected finding in several tumour types was abundant cytoplasmic 190b 

immunoreactlvlty within a subset of cells morphologically identified as TAM. 

The cells expressing HIF-2a were confirmed as TAM, by immunostaining serial 

sections, with MoAb to CD6 8  and HIF-2a, and showing the co-localisation of 

expression of both antigens within positive cells. Non-specific immunoreactlvlty 

can occur within macrophages with a number of different antibodies. Evidence 

supporting the specificity of the observed TAM HIF-2a expression was sought 

through a number of different experiments presented in this chapter. In 

addition the role of hypoxia in inducing HIF-a expression within macrophages 

is examined.

4.2 Materials and Methods

4.2.1 Macrophage cell lines

Following phorbol 12-myristate 13-acetate (PMA) treatment U937 cells become 

adherent and adopt the morphological phenotype of macrophages, developing 

pseudopodia, and undergo changes in their cell surface antigen profile, 

including expression of CDllc, CD14 and CD18 antigens, consistent with a 

transition from a promonocytic to a macrophage state (Hass, et a! 1989). 

Experiments with untreated and PMA differentiated U937 cells were undertaken 

to explore further the HIF-2a immunostaining observed in subsets of 

macrophages.
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U937 cells were grown In culture flasks in parallel with and without the addition 

of PMA, which induces maximal differentiation by 72 hours. After 72 hours 

flasks were placed in parallel in normoxia or 0.1% O2 for 4 hours and whole 

cell lysates prepared for immunoblotting of HIF-la and HIF-2a. Parallel flasks 

were cultured under the same conditions and used for RNA extraction and RPA 

analysis of HIF-la and HIF-2a mRNA expression. After the addition of PMA 

some U937 cells were aliquoted directly onto sterile multiwell glass slides and 

allowed to differentiate for 72 hours. These slides were then placed in parallel 

in normoxia or 0.1% O2 for 4 hours before immediately fixing in acetone for 3 

minutes, airdried for lOminutes and stored at -20°c prior to immunostaining.

Macrophages were also cultured from peripheral blood monocytes following the 

method outlined in section 2.2.6. Monocytes after adhering to a surface will 

differentiate morphologically and phenotypically into macrophages over a 

period of 48-96 hours (Wintergerst, et a! 1998). Pairs of slides were removed, 

after adherence of the monocyte cells, on day 0, 2 and 5 and placed in parallel 

in normoxia or 0.1% O2 for 4 hours. Slides were then fixed and stored as 

above prior to immunostaining. Differentiation into macrophages was 

confirmed by examining parallel H&E stained slides and by immunostaining 

with CDllc (Hass, ef a/1989).

4.2.2 Epitope mapping of MoAb 190b and 13a

A number of MoAbs were produced using the immunogen 535-631 of which 

EP190b was felt to be the best on the basis of its immunoblotting and 

immunostaining properties. EP13a gave similar immunostaining results in tissue
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sections and control cell pellets, but a cross-reactive band was detectable on 

immunoblotting. If these two MoAb recognise different HIF-2a epitopes their 

similar immunostaining profile could be used to confirm the specificity of the 

macrophage reactivity. In order to determine this limited epitope mapping was 

undertaken using a set of six constructs that overlapped the region of HIF-2a 

used as the immunogen, detailed in figure 4.1. Dr Chris Pugh kindly made the 

series of constructs available to me. Initially 4 of the constructs were amplified 

using standard techniques outlined in section 2.1.5. The DNA was purified 

using a Qiafilter Midi Prep protocol and quantified by measuring OD at 260 and 

280 of a 1/200 sample. A DNA digest using the DNAse Xhol was performed to 

check the constructs. Figure 4.2 shows the products run on a 2% agarose gel. 

The smaller product should vary between constructs with its size determined 

by the size of the plasmid insert.

Transient transfections of COS-1 cells were performed using FuGENE reagent 

(Boehringer) with each of the constructs and lysates prepared 48hours later as 

detailed in section 2.4.1. Immunoblots were performed for HIF-2a on 

identically prepared membranes using MoAb 13a or 190b as previously 

described.

4.3 Results

4.3.1 Specificity of TAM HIF-2a immunoreactivity

Serial sections of a number of different tumours (breast, pancreas and ovary)
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Figure 4.1 Relationship of constructs used to epitope MoAb 190b and 13a to 

the immunogens used for their generation.
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A restriction fragm ent encoding aminoacids 535-631 o f HIF-2a was used to create the 

immunogen used for production o f both 13a and 190b. Six overlapping constructs 

were used fo r epitope mapping detailed above.
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Figure 4.2 DNA digest of HIF-2a containing plasmids demonstrating different 

size constructs.
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A DNAse digest was performed using X ho l producing two products from each 

construct, the smaller reflecting the insert size (MW markers in outer lanes). A faster 

moving product is present in each o f the construct lanes confirming expression o f the 

plasmids.
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were found to have identical HIF-2a expression patterns when immunostained 

with MoAb 190b and the rabbit polyclonal PM8 . Different HIF-2a sequences 

were used as the immunogens to produce these antibodies; EP190b was raised 

against human HIF-2a 535-631, whereas a sequence of mouse HIF-2a 357- 

439 was used as the immunogen for PM8  (Figure 4.3).

4.3.2 Epitope mapping of MoAb 190b and 13a

Immunoblotting of lysates of COS-1 cells transiently transfected with different 

HIF-2a constructs overlapping the region of HIF-2a used as the immunogen 

was performed using either MoAb 13a or 190b. An identical pattern of 

reactivity was observed for the different constructs with both MoAb (Figure 

4.4). The epitope for both MoAb lies within the region of aminoacids 599-627. 

It is therefore not possible with the constructs available to determine if they 

have different epitopes.

4.3.3 Expression of HIF-2a is hypoxicaiiy inducibie in macrophage ceii 

iines

Immunoblots of whole cell extracts show that HIF-2a was expressed and 

hypoxicaiiy inducible in U937 cells. Greater expression was seen following 

differentiation into macrophages, such that normoxic levels were comparable 

with those seen in hypoxia in undifferentiated cells. Hypoxic induction was 

retained following differentiation, resulting in even higher levels of expression 

(Figure 4.5a). In parallel immunoblots were performed using MoAb 28b, which 

confirmed HIF-la is expressed and hypoxicaiiy induced in differentiated U937 

cells (Figure 4.5b). HIF-2a localisation and its hypoxic inducibility was also
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examined Immunohlstochemically in PMA differentiated U937. HIF-2a protein 

was undetectable in normoxia (Figure 4.6 A). Hypoxic incubation resulted in 

both nuclear and strong cytoplasmic staining (Figure 4.6 B). Similar 

immunostaining results were obtained when peripheral blood monocytes were 

cultured directly on glass slides and placed 0.1% O2 or normoxia for 4hours.

RPA analysis of paired normoxic/hypoxic RNA samples of both differentiated 

and undifferentiated U937 cells (Figure 4.7) found no significant hypoxic 

induction of either HIF-la or HIF-2a mRNA.

4.3.4 HIF-2a mRNA is upregulated in some tumours

In-situ hybridisation confirmed that in tumour cases where there was strong 

immunostaining of stromal macrophages with 190b, HIF-2a mRNA signal was 

present over the same areas (Fig 4.8 A-C), further supporting our 

interpretation that macrophage immunoreactivity with 190b represents HIF-2a 

protein. In contrast, HIF-la mRNA signal was distributed equally over stromal 

and tumour areas (Figure 4.8 D-F), consistent with previous in-situ descriptions 

(Flamme, et a! 1997).

4.4 Discussion

The presence of dense staining of a subset of macrophages with the anti-HIF- 

2a MoAb 190b both within and close to the tumours was an unexpected finding 

in our initial tissue survey. The specificity of the HIF-2a immunoreactivity is 

confirmed by the finding of similar positive staining with a polyclonal antiserum 

raised against a non-overlapping portion of the HIF-2a immunogen. In situ
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Figure 4.3 HIF-2a expression in tumour associated macrophages confirmed 

with polyclonal and monoclonal antibodies.
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In serial sections o f pancreatic carcinoma, cells shown to be macrophages by their 

expression o f CD68 (detected using MoAb PGMl, A) are also labelled by polyclonal 

antibody PM8 (B) and MoAb 190b (C). Because PM8 and 190b recognise d ifferent HIF- 

l a  epitopes, this confirms tha t these macrophages are indeed expressing HIF-2a. 

Original magnifications, X200.
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Figure 4.4 Western blot of HIF-2a constructs.
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Immunoblots of COS cells transientiently transfected with different pGN/HIF-2a constructs were stained in 

membrane A using a MoAb to the Gal-4 DNA binding domain (RK5C1). The presence of different bands 

corresponding in mobility to the size of the construct confirmed transfection. Multiple bands are detected 

with construct 551-870 suggesting some degradation, but the main band is of the correct size. In the 

lower membrane B, MoAb 13a and 190b were used to detect HIF-2a in the same COS lysates. The same 

two constructs, 517-627 and 517-870 were identified by both MoAbs and HIF-2a in the hypoxic HeLa cell 

lysate (Cl) but not the normoxic HeLa cell lysate (C2), narrowing the region of their epitope to 

aminoacids 599-627.
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Figure 4.5 Western blot analysis of normoxic and hypoxic PMA 

undifferentiated and differentiated U937 cell extracts for HIF-2a and HIF-la.
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U937 cells were cultured with or w ithout PMA (1.6 x 10"® M) and incubated in 

normoxia (N ) or 0.1% O2 (H ) fo r 4 hours and whole cell extracts prepared. 

Immunoblotting was performed using MoAbs 190b (HIF-2a) and 28b (HIF-la). For 

comparison a hypoxic cell extract o f HIF-2a transfected HT1080 cells, prepared after 

culture fo r 4hours in 0.1% O2 , was run in parallel (lane C). The dominant bands 

detected comigrated at the mobilities predicted for HIF-2a and HIF-la. In both 

differentiated and undifferentiated U937 cells hypoxic induction was detected for HIF- 

2a, (4.5a) however, this was only demonstrated in differentiated U937 cells for HIF- 

la  (4.5b).
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Figure 4.6 Immunostaining of PMA differentiated U937 cells.

B e

U937 cells were cultured with PMA (1.6 x 10 ® M) to allow differentiation into macrophages, 

incubated in normoxia or placed in 0.1% O2 for 4 hours, and immunostained with MoAb to HIF- 

2a (190b) and C D llc  (KB90). HIF-2a expression was absent after normoxic culture (A) but 

detectable after hypoxic culture (B). C D llc  expression (C, shown in normoxia), confirming 

macrophage differentiation was unaffected by normoxic/hypoxic culture. Original 

magnifications X300.
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Figure 4.7 HIF-la and HIF-2a mRNA expression in U937 cells.
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Undifferentiated and differentiated U937 cells (cultured with PMA (1.6 xlO ® M)) were 

exposed to  either normoxia (N) or 0.1% O2 (H) for 16 hours and RNA extracted. This 

was analysed by RPA. The signal from the constitutively expressed U6 small nuclear 

RNA (not shown) was used as an internal control and the fold induction with hypoxia 

is expressed beneath each pair o f samples. No significant hypoxic induction o f HIF-la  

or HIF-2a mRNA was observed.
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Figure 4.8 HIF-2a and HIF-la mRNA expression in tumours.
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Serial sections o f breast carcinoma demonstrated to have abundant stromal HIF-2a by 

Immunostaining were hybridised with ^^S-labeled HIF-2a antisense RNA probe (A, 

bright field illumination; T, tum our; S, stroma; B, dark field view), ^^S-labeled HIF-2a 

sense control probe (C, dark field illumination). HIF-2a mRNA is strongly expressed in 

the stroma around the tum our corresponding to  the strong HIF-2a protein expression 

within TAM. In contrast HIF-la mRNA signal was distributed equally over stromal and 

tum our areas (D, bright field view; E, dark field view), ^^S-labeled HIF-la sense 

control probe (F, dark field view). Original magnifications, XIOO.
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hybridisation studies demonstrated high levels of HIF-2a mRNA in the regions 

of strong HIF-2a immunoreactivity suggesting that, in part, the mechanism of 

up-regulation might be at the mRNA level. The role played by hypoxia in this 

expression pattern is unclear though some tumour-associated property is 

presumably responsible for the localisation.

Though HIF-2a positive cells were much less frequent outside the tumour 

environment similar HIF-2a expression was observed in some Kupffer cells and 

some normal bone marrow macrophages, suggesting that it is a feature of 

some stages of differentiation, or activation, in this cell lineage. Within normal 

bone marrow areas of hypoxia may have a role in determining stem cell 

differentiation (Cipolleschi, et a! 1993). Comparison of the levels of HIF-2a 

protein detected in U937 cells before and after treatment with PMA supports 

this concept. Interestingly HIF-2a staining patterns in TAM, bone marrow 

macrophages, and PMA treated U937 cells were unusual in being distributed 

more uniformly throughout the cell, as has been reported in cultured cells lines 

treated with proteasomal inhibitors (Chiloy, at a! 1999). A recent report has 

described a macrophage-derived peptide (Li, at a! 2000), PR39 to be a potent 

inducer of angiogenesis in an in vitro Matrigel assay. In addition, in a 

transgenic mouse model, expression of this peptide increased myocardial 

vasculature. Ubiquitinated forms of HIF-la accumulated in cells exposed to 

PR39 indicating it increases cellular HIF-la protein levels by inhibiting the 

ubiquitin-proteasome system. Whether a similar mechanism could account for 

the current findings is unclear.
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Initial in vitro studies examining the expression and regulation of HIF-la and 

HIF-2a panels of cell lines suggested broadly similar oxygen sensing and signal 

transduction mechanisms. Some differences in target gene specificity was 

suggested by studies comparing the relative activities of the two molecules on 

the LDH-A and VEGF promoters with HIF-2a showing more activity on the 

VEGF promoter (Wiesener, efa/1998). Large differences were, however, noted 

between different cell lines in the expression levels of the two proteins. 

Recently studies have suggested that cell type specific mechanisms may exist 

in the hypoxic regulation of HIF-a subunits. In human osteoblast-like MG63 

cells hypoxia leads to increased VEGF expression through the specific induction 

of HIF-2a (Akeno, et a! 2001). Distinct roles in responses to environmental 

stress may also exist for HIF-la and HIF-2a. Studies in ES with targeted HIF-a 

inactivation showed differences between HIF-la ̂  and HIF-2a^ in the 

apoptotic response to hypoxia and hypoglycaemia. Both were resistant to 

apoptosis in response to hypoglycaemia, but in contrast to HIF-la deficiency, 

HIF-2a deficiency did not protect against apoptosis in response to hypoxia 

(Brusselmans, ef a/2001).

Following the confirmation of the specificity of the immunoreactivity for HIF-2a 

within subsets of TAM we correiated this expression with tumour microvessel 

density, as a marker of angiogenesis, in a series of human primary invasive 

breast carcinomas (Leek, et a! 2002). Increased focal infiltration of 

macrophages into human breast tumours has previously been shown to be 

directly associated with angiogenesis and poor relapse free survival (RFS) and 

overall survival (OS) (Leek, et a! 1996). A strong correlation was found
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between high TAM HIF-2a expression and high tumour vascularity as was high 

tumour grade. An inverse relationship was also found between tumour 

thymidine phosphorylase (TP) and TAM HIF-2a expression. TP is an angiogenic 

factor commonly expressed by breast tumours (Relf, et a! 1997) that is induced 

by TAM-derived cytokines such as tumour necrosis factor-a (Leek, at a! 1998). 

The 77̂  gene contains no HRE and hypoxia does not appear to be important in 

its regulation. These findings suggest the possibility of two alternative TAM- 

mediated angiogenic pathways. One pathway involving TAM HIF-2a induction 

in hypoxic or hypoglycaemic tumours and one in oxygenated tumours in which 

cytokines from TAM induce TP expression. TP generates ROS which upregulate 

angiogenesis related factors VEGF, IL- 8  and matrix metalloprotease-1. 

Blockading the interaction of HIF-1 with its transcriptional coactivators has 

been shown to inhibit hypoxia-inducible gene expression and retard tumour 

growth (Kung, at a! 2000). HIF-2a signalling might also be a useful target for 

future antiangiogenic strategies, but for effective inhibition of angiogenesis it 

may be necessary to combine with inhibitors of the TAM pathway such 

antiangiogenic inhibitors of TP. A subset of tissue macrophages have also been 

shown to be associated with angiogenesis in models of chronic airway 

inflammation (Dahlqvist, at a! 1999). The number of ED2-immunoreactive 

tissue macrophages increased rapidly, in the tracheal mucosa of rats, following 

infection with Mycoplasma pulmonalls and became closely associated with 

angiogenic blood vessels. The initial influx of ED2-positive macrophages 

preceded the onset of angiogenesis, which suggests this event may contribute 

to the development of the angiogenesis.
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The relative contribution of HIF-1 and HIF-2 to the regulation of gene 

expression in macrophages is still under debate. Occasional HIF-la 

immunoreactivity was observed, in a number of the tumour cases examined 

within chapter three, in a variety of stromal cells including some cells with 

morphological features of macrophages. However, the extent of the stromal 

immunoreactivity for HIF-2a was far greater and a feature of the majority of 

the cases. Exploring the HIF-2a expression of TAM was the primary focus of 

the experiments contained within this chapter, which confirmed the specificity 

of the TAM immunoreactivity with MoAb 190b through comparisons with a 

polyclonal antibody to HIF-2a. The immunoblotting data from PMA 

differentiated and undifferentiated U937 cells presented in this chapter 

confirms the presence and hypoxic inducibility of both HIF-la and HIF-2a. RPA 

found no hypoxic induction of either HIF-la or HIF-2a mRNA in differentiated 

or undifferentiated U937 cells consistent with regulation at the protein level.

A recent report has suggested that HIF-1 may be the major hypoxia inducible 

factor expressed in macrophages (Burke, et a! 2002). We observed HIF-la 

protein to be hypoxicaiiy inducible in differentiated U937 cells. A number of 

investigators have explored different aspects of this. HRE-regulated reporter 

gene expression can be induced in U937 cells (Maxwell, et a! 1993) and 

immunoblotting studies in the mouse alveolar macrophage cell line MH-S (Yu, 

et at 1998) have observed that HIF-la is hypoxicaiiy inducible. Burke et al 

report, mainly cytoplasmic, HIF-la immunostaining of macrophages, in human 

tumour sections and hypoxicaiiy incubated human monocyte derived 

macrophages, using two MoAb, raised to peptides from different regions of
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HIF-la to MoAb 122, and also to each other, clone 54, (Transduction Labs 

Inc.,) and clone Hla67 (Novus Biological Inc., Littleton, CO). The Hla67 

MoAb's immunostaining properties have previously been characterised in a 

series of 179 tumour specimens, including 52 breast carcinomas and 153 

normal tissue specimens (Zhong, et a! 1999). In this extensive survey it was 

reported that HIF-la expression was not detected in non-malignant stromal 

cells under the assay conditions used for the study. Burke et al also compared 

the pattern of reporter gene inducibility in a human macrophage-like cell line, 

MM6 , transiently transfected with a hypoxia response element-luciferase (LUC) 

reporter construct (PGK-1 HRE trimer) with that of HIF-la or HIF-2a protein 

levels at the same oxygen tension. The hypoxic induction of HIF-la in hypoxic 

MM6  cells mirrored LUC induction suggesting to them that HIF-la was mainly 

responsible for the hypoxic induction of PGK 1 HRE driven reporter gene 

expression. However, the functional significance of PGK 1 induction is uncertain 

as the target gene specificities for HIF-2a and HIF-la have been previously 

shown to differ (Wiesener, at a! 1998). Thus the response on PGK 1 in 

macrophages cannot be extrapolated to all HRE containing genes. In 

conclusion it appears both HIF-a pathways are active in macrophages and 

further work is needed to determine their specific and overlapping roles.

Our in situ hybridisation results in keeping with a number of other reports (Yu, 

at a! 1998, Flamme, at a! 1998) indicate that mRNA upregulation may 

contribute in-vivo to HIF-a protein upregulation in tumours. Within a subset of 

TAM it appears that HIF-2a mRNA is upregulated in addition to HIF-2a protein, 

even though this was not demonstrable in the RPA analysis of U937 cells. In
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the next chapter the role of HIF-a mRNA upregulation in tumours will be 

explored further together with the role of p53.
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CHAPTER FIVE ROLE OF mRNA REGULATION AND p53 ON HIF-a 

PROTEIN EXPRESSION

5.1 Introduction

Although the level of expression of HIF-a subunits is tightly regulated by the 

rate of proteasomal degradation a number of in vivo studies have confirmed 

increased levels of HIF-la mRNA in response to hypoxia (Weiner, et a! 1996, 

Yu, at a! 1998). The in-situ studies I undertook, detailed in the preceding 

chapter, demonstrated regions of upregulated HIF-2a mRNA in the stroma 

around areas of tumours that corresponded with areas of HIF-2a expressing 

TAM. In addition VEGF mRNA was upregulated in serial sections of breast 

carcinoma in areas of intratumoural necrosis, where HIF-2a protein was 

present, providing evidence that the HIF-2a was functionally active and may be 

inducing its downstream target gene VEGF. In a number of the breast tumour 

cases multiple blocks were examined, including some containing the resection 

margins of the tumour. These contained both normal ducts and stromal tissue 

and areas of invasive ductal carcinoma and both HIF-la and HIF-2a expression 

was noted in some of the normal ductal cell nuclei. In addition in a number of 

renal clear cell tumours, in blocks from the resection margins, both HIF-la and 

HIF-2a expression was observed in normal collecting tubules and ducts. 

Microenviromental changes induced by the tumour (hypoxia, acidosis, 

hypoglycaemia) will extend into a zone of normal tissue around the tumour and 

the ability of this tissue to adapt may be critical in determining the rate of local 

extension of the tumour. In the resection of primary invasive breast carcinomas 

normal breast tissue is routinely resected, either in the form of a margin of a
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normal breast tissue following a lumpectomy, or in greater quantities following 

a simple mastectomy. In order to look for evidence of heterogeneity in the 

tumour/normal tissue HIF-a response mRNA from a series of paired 

normal/tumour breast tissue samples was examined. If mRNA regulation is not 

involved in determining protein expression no difference would be anticipated 

in the expression levels of HIF-la and HIF-2a mRNA between tumour and 

normal tissue from the same case. Tumour samplesi also contain varying 

amounts of stroma comprising of blood vessels, inflammatory cells and 

connective tissue.

Another potential factor modulating HIF-la and HIF-2a protein expression 

within tumours is the presence of p53 mutations. The p53 gene was initially 

described in 1979 and thought to be an oncogene; subsequently it was 

identified as the first tumour suppressor gene. Its structure and function and 

role in signalling pathways have been extensively reviewed (Levine 1997, 

Vousden 2000, Vogelstein, et a! 2000, Vousden 2002). A brief overview of its 

functional role and control mechanisms including the role of hypoxia and HIF-1 

will be given.

More than 50% of human cancers have mutations in the p53 gene and in many 

other tumours it is inactivated indirectly, through binding to viral proteins or as 

a result of alteration in genes whose products interact with p53 or transmit 

information to or from p53 (Vogelstein, et a! 2000). Human p53 protein is a 

transcription factor that enhances the rate of transcription of several dozen 

genes whose functions fall into four broad categories, cell-cycle inhibition,
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apoptosis, genetic stability and inhibition of blood vessel formation. Some of 

these gene products and their function are further detailed in table 5.1. In 

most normally proliferating cells p53 protein is kept at a low concentration by 

controlling its rate of degradation. In a manner analogous to that of HIF-la 

and HIF-2a p53 is ubiquitinated and then rapidly degraded in the proteasome 

(Blagosklonny 2001) by the E3 ligase MDM2. MDM2 is also a transcriptional 

target of p53 and acts to negatively regulate the level of p53.

The most extensively investigated pathway that leads to activation of p53 is 

that initiated by DNA damage, which is sensed by the checkpoint proteins, 

DNA-dependent kinase ATM, Chkl and Chk2. These phosphoryiate the p53 

protein at an amino-terminal site and thereby block its interactions with MDM2, 

leading to stabilisation of p53. Oncogenes can also activate p53 by stimulating 

expression of the pl4^ *̂  ̂gene or stabilising the pl4^^*" protein, this then binds 

to MDM2 and inhibits its activity. A wide range of chemotherapeutic drugs, 

ultraviolet light and other stress signals can also lead to p53 activation. An 

increased level of cellular p53 protein alone is not sufficient for it to become a 

transcriptional activator, conformational changes in the p53 protein are 

required. These are achieved through post-transiational modifications such as 

the addition or removal of phosphate, acetyl, glycosyl, ribose, ubiquitin or 

sumo chemical groups. In addition interactions with other cellular proteins and 

regulation of MDM2 stability contribute to the regulation of p53 stability, 

location and activity. The ability to induce cell cycle arrest or apoptosis appear 

to be different separable functions of p53. The cellular response to p53 being

dependent on many factors, including ceil type and cell environment and the
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interaction of p53 with specific transcriptional cofactors such as p300/CBP, 

ASPP and AMFl. CREB-binding protein (CBP) and adenovirus ElA-binding p300 

are homologous transcriptional adapter proteins that participate in numerous 

biological processes. They act as signalling conduits between specific DNA- 

bound transcription factors and the basal transcriptional machinery.

Using oncogenically transformed cells derived from wt and p53-deficient 

transgenic mice, Graeber demonstrated that loss of expression of p53 was 

associated with reduced hypoxia-induced (0.02% O2) cell death (Graeber, et a! 

1996). Highly apoptotic regions in transplanted tumours expressing wt p53 

correlated with hypoxic regions, whereas in p53 deficient tumours little 

apoptosis was observed in hypoxic regions. This led to the proposal that 

hypoxia provides a selective pressure in tumours for the expansion of variants 

that have lost their apoptotic potential. HIF-la was identified as a p300 

associated protein and p300/CBP and HIF-la were found to exist in a hypoxia- 

induced DNA-bound complex that participated in the induction of hypoxia- 

responsive genes (Arany, et a! 1996). Subsequently it was shown that HIF-la 

dependent stabilisation of wt p53 protein occurred when the hypoxic state was 

mimicked using cobalt chloride and desferrioxamine (An, et a! 1998). 

Immunoprécipitation experiments indicated this stabilisation occurred as a 

consequence of direct association of the two proteins, HIF-la and p53. 

Subsequent experiments demonstrated that p53 could repress HIF-1 stimulated 

transcription at higher levels than those necessary to transcriptionally activate 

p53 target genes (Blagosklonny, et a! 1998). These authors proposed a model 

in which stoichiometric binding of p53 to a HIF/p300 transcriptional complex
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Table 5.1 Products of genes transcriptionally activated by p53.

Gene Function

P21 (=WAF1, Inhibits several cyclin-dependent kinases (CDKs); arrest

Cipl) the cell cycle inhibiting Gl-to-S and G2-to-mitosis

transitions

14-3-3(7 Sequesters cyclin Bl-CDKl complexes outside the
nucleus maintaining a G2 block

GADD45 Can arrest the cell cycle; involved in DNA nucleotide
excision repair

Reprimo Arrests cells in G2 phase

Bax, NOXA, Proteins located in the mitochondria that induce
P53AIP1 apoptosis when over expressed
TSP-1, BAIl, Prevent new blood vessel formation
Maspin, GD-AIF

mediates inhibition of HIF activity. The mechanism of HIF-la activation has 

been demonstrated to be a multi-step process, which includes hypoxia- 

dependent nuclear import and activation of the transactivation domain, 

resulting in recruitment of CBP/p300 (Kallio, et a! 1998). Mechanisms other 

than HIF-la activation can contribute to hypoxic induction of p53. Results

obtained from HIF-la ES cells indicate that DFO-mediated p53 induction is

not HIF-la dependent (Wenger, at a! 1998). This group also found hypoxic 

conditions (1% O2) that strongly induced HIF-l-dependent endogenous gene 

expression as well as HIF-la protein that neither induced p53-dependent gene 

expression nor p53 protein. The severity of the hypoxia is very important in 

dissecting the way the HIF-1 and p53 signalling pathways integrate and may

151



account for some of the discrepancy in both results and conclusions drawn by 

different groups, with anoxia perhaps being necessary for oxygen-dependent 

p53 regulation. More recently a group has created two HeLa Tet-Off cell lines, 

which inducibly over express high levels of HIF-la under normoxic conditions, 

allowing hypoxia-dependent and hypoxia-independent activation mechanisms 

of HIF-la to be differentiated (Hofer, et a! 2001). The level of p53 remained 

unaffected by both endogenous (24hours of 1 % O2) and over expressed (5 

days of normoxic Tet-Off induction) HIF-la indicating that overexpression of 

HIF-la is not sufficient to stabilise p53.

Mitochondrial ROS generation is increased by hypoxia (1.5% O2) and this 

appears to be the mechanism through which hypoxia regulates p53 protein 

levels (Chandel, at a! 2000). However, despite p53 induction this level of 

hypoxia alone is not sufficient to cause either growth arrest or cell death. Thus 

multiple factors may be required for p53 initiation of apoptosis during hypoxia. 

Under hypoxic conditions HIF-la is stabilised and may bind to HIF-lp and 

transactivate a range of genes to promote cell survival or through competition 

with the transcriptional co activator p300/CBP lead to increased p53 expression 

and apoptosis. The opposing functions of HIF-la appear to be dependent on 

its phosphorylation status. The major form bound to HIF-ip is the 

phosphorylated one, whereas dephosphorylated HIF-1 was the major form 

bound to p53 (Suzuki, ef a/2001). A recent paper has proposed that regulation 

of tumour angiogenesis is a major function of p53 and that amplification of 

normal HIF-l-dependent responses to hypoxia via loss of p53 function 

contributes to the angiogenic switch during tumourogenesis (Ravi, ef a/2000).
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P53 promoted MDM2-mediated ubiquitination and proteasomal degradation of 

HIF-la.

Another research group, In Oxford, was working with a human cell line 

expressing temperature sensitive p53 and kindly made them available. This 

provided a simple model system to explore the interacting roles of p53 

expression and hypoxia on HIF-la and HIF-2a expression and activity. The 

aims of the experiments were to determine if the levels of HIF-la and HIF-2a 

protein or expression of a HIF target gene VEGF mRNA or protein were 

affected by the expression of either wt or mutant p53 under normoxic and 

hypoxic conditions.

5.2 Materials and Methods

5.2.1 Paired tumour normal mRNA extraction

Total RNA was extracted from a series of 20 case-paired, archived tumour and 

normal breast tissue samples, stored at -70®c, using Tri Reagent and analysed 

by RNAse protection assay (RPA). Frozen sections were made from a piece of 

each sample and a slide stained with H&E and examined to confirm the 

presence or absence of tumour cells. Tumour samples contained an admixture 

of tumour cells and stromal cells, whereas the normal breast tissue consisted of 

normal host cells. Large amounts of normal breast tissue were required to 

extract sufficient RNA and cases were prospectively collected. The series used 

for the immunohistochemical studies was selected on the basis of clinical 

follow-up being available and unfortunately normal RNA was not available. For

HIF-la and HIF-2a RPAs were performed on 25|ig of total RNA using specific
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32p-|abelled riboprobes generated as previously described in chapter two by Dr 

John Moore, section 2.8.3. The fold induction for each tumour was calculated 

and expressed with the induction in non-neoplastic tissue normalised to 1. A 

two-fold difference between tumour and normal tissue was considered 

significant based on reproducibility of the assays.

5.2.2 H1299 cell culture

H1299 cells stably transfected with a temperature sensitive p53 were used to 

explore the modulating effect of either absent p53, wild type or mutant p53 on 

HIF-a induction in normoxia and hypoxia. NCI-H1299 cells do not express any 

p53, stable transfectants have been created that express a temperature- 

sensitive (Alal38>Val) human p53 (H1299tsp53), which adopts the 

transcriptionally inactive, mutant conformation at 37-39° c, but behaves as wild 

type at 32°c (Yamato, et a! 1995). The control transfectant H1299neo 

completely lacks p53. Culture conditions are detailed in section 2.2.4. The 

temperature dependent p53 conformational change is complete after 4 hours 

(Yamato, et a! 1995) and prior to hypoxic or normoxic exposure cells were left 

at the selected temperature under normoxic conditions for 6  hours before the 

start of each experiment. Medium was changed immediately prior to the start 

of the 6 -hour period of temperature acclimatisation. To confirm that the 

predicted forms of p53 were being expressed some preliminary experiments 

were done on cells grown directly on slides and on cell lysates to look for 

expression of p53 and p21, a p53 target gene. MoAb DO-7 and DO-1 were used 

to detect p53 immunohistochemically as hybridoma supernatants, at a dilution 

of 1/10 for both immunoblotting and immunohistochemistry. Both DO-1 and
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D07 detect both wt and mutant p53 protein under denaturing and non

denaturing conditions and recognise epitopes sited at the N-terminus of p53 at 

amino acids 20-25. The epitope recognised by D07 can be destroyed by 

prolonged fixation in buffered formalin and for immunohistochemistry DOl was 

used to detect p53. Lysates were run on a 10% acrylamide gel and transferred 

using a semi-dry blotter at 9v for 45minutes. An anti-p21^^^^^^ monoclonal

mixture (Upstate Biotechnology) was used at Ipg/ml for immunoblotting and 

immunohistochemistry. The effects of 4 hours of 0.1% O2 in the absence of 

p53 and with expression of either wt or mutant p53 were examined by 

immunoblotting for HIF-la and HIF-2a in cell lysates collected as described in 

chapter two. Each set of conditions was repeated on at least three separate 

occasions. To examine the functional activity of the HIF-a, VEGF mRNA and 

protein production was assessed using the methods described in section 2.5 

and 2.8. VEGF production in the culture supernatant was quantified after 4 and 

16 hours of 0.1% O2 or normoxia and mRNA extracted from the same cells. 

The protein concentration of the cell lysates was quantified using Pierce 

reagent (Pierce) and BSA standards to standardise loading of the western blots 

and to allow expression of the VEGF as pg/mg cells/ml. The same amount of 

total protein was loaded from each of the test lysates within each immunoblot 

(lOO îg) and 5|ig of the positive control lysate (hypoxic HeLA cells). Dr John

Moore performed the RPA as before loading 25p,g of total RNA from each

sample. Two samples of RNA, from independent experiments, were used for 

each set of culture conditions. The VEGF mRNA expression was quantified and 

adjusted using an internal control as before. The relative induction observed
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with hypoxia was calculated for each cell type at 32°c and 37®c and expressed 

with the induction in the normoxic cell normalised to 1. A two-fold difference 

between hypoxia and normoxia was considered significant based on 

reproducibility of the assays.

5.3 Results

5.3.1 HIF-a mRNA regulation within breast tumour components

Using probes for HIF-la and HIF-2a the RPA revealed contrasting levels of 

expression of the two subunits that had not been anticipated from the in-situ 

results. HIF-la was upregulated in the tumour tissue compared to normal 

tissue in 37% (7/19) of the cases whilst HIF-2a was upregulated in the tumour 

tissue compared to normal tissue in only one of the twenty cases,(5%). The 

difference between the relative tumour/normal HIF-la and HIF-2a response 

did not reach statistical significance (p=0.063 paired t-test). Upregulation of 

HIF-2a in normal tissue compared to tumour was detected in 40% of the cases 

(8/20). The comparative results are detailed in Table 5.2 and Figure 5.1.

5.3.2 Role of P53 in modulating HIF-a expression

Preliminary immunostaining experiments were conducted on cells grown on 

slides to confirm the predicted forms of p53 were present and activation of a 

target gene, p2 1  occurred after appropriate temperature manipulations. 

H1299neo and H1299tsp53 cells were cultured at 32°c for 4.5, 6  and lOhours 

and then immunostained for the presence of p53 and p21. H1299neo cells 

failed to express any detectable p53, the H1299tsp53 cells expressed nuclear
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Table 5.2 Comparative expression of HIF-la  and HIF-2a mRNA in normal and 

neoplastic breast tissue analysed by RPA. Cases with significant induction (>2 

fold) in red text.

Patient
HIF-la 
induction T/N

fold HIF-2a
induction T/N

fold HIF-2a fold 
induction N/T

1 1.5 0.45 2.2
2 0.1 0.3 3.3
3 3.1 0.36 2.78
4 2.5 1.4 0.7
5 1.3 0.77 1.3
6 1.5 0.73 1.37
7 0.91 0.36 2.78
8 1.0 0.82 1.2
9 0.7 0.12 8.3
10 4.1 1.25 0.8
11 31 0.39 2.6
12 3.5 0.87 1.15
13 1.2 1.2 0.8
14 6.66 4.2 0.2
15 1.85 1.43 0.7
16 3.76 1.36 0.7
17 0.6 0.5 2
18 0.46 0.5 2
19 23.8 0.86 1.16
20 1.5 0.67

p53 in a time dependent manner such that after 4.5 hours at 32°c ~75% of 

the cells had detectable p53. The proportion of positive cells increased to 

~95% after 6  hours with no further increase after 10 hours. Likewise nuclear 

p2 1  expression was observed in ^̂ 50% of cells after 6  hours and the 

percentage of cells expressing p2 1  did not increase after longer periods of 

incubation. Six hours was hence chosen for all the subsequent experiments as 

sufficient to allow full p53 to adopt a transcriptionally active wild-type 

conformation.
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Figure 5.1 Comparative HIF-la  and HIF-2a mRNA expression in paired

normal/ tumour breast tissue.

-------11-------11------- II------- II-------11------- 11------- II------- II------- 11-------1
N T N T N T N T N T N T N T N T N T N T

HIF-1a r m
 ■

T/N 1.5 0.1 3.1 2.5 1.3 1.5 0.91 1.0 0.7 4.1

UGsnRNA

I II 11 II I I  I I  11 II II II 1

N T N T N T N T N T N T N T N T N T N T

HIF-2a

T/N 0.45 0.3 0.36 1.4 0.77 0.73 0.36 0.82 0.12 '•■25

UesnRNA

HIF-la and HIF-2a mRNA was examined by RPA in case paired RNA extracts from 

breast tum our (T) and normal tissue (N) and representative examples fo r 10 different 

T/N pairs are illustrated above (patients 1-10, left to right, from table 5.2). The signal 

from the constitutively expressed U6 small nuclear RNA (U6snRNA) was used as an 

internal loading control. The fold induction fo r each tum our (T /N ) was calculated and 

expressed with the induction in non-neoplastic tissue normalised to  1.
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p53 in a time dependent manner such that after 4.5 hours at 32®c ~75% of 

the cells had detectable p53. The proportion of positive cells increased to 

^95% after 6  hours with no further increase after 10 hours. Likewise nuclear 

p2 1  expression was observed in ^50% of cells after 6  hours and the 

percentage of cells expressing p2 1  did not increase after longer periods of 

incubation. Six hours was hence chosen for all the subsequent experiments as 

sufficient to allow full p53 to adopt a transcriptionally active wild-type 

conformation.

H IF -la  and HIF-2a protein induction: HIF-la was found to be detectable 

at very low levels in the H1299neo cells under normoxic conditions. On 

exposure to 0.1% oxygen for 4 hours induction of HIF-la was seen at both 

32°c and 37% greater than at 1.4% O2, in the H1299Neo paired lysates. 

Normoxic/hypoxic paired H1299tsp53 cell lysates, cultured at 32°c expressing 

wt p53, and at 37% expressing mutant p53, showed a higher constitutive level 

of HIF-la expression after normoxic culture. 0.1% O2 was associated with 

further induction in the cells expressing mutant p53, but not those expressing 

wt p53. A representative blot is shown in figure 5.2. To confirm that the wt p53 

induced at 32®c was transcriptionally active the membranes were also probed 

for p21 expression. Strong p21 expression was observed in the lysates from 

H1299tsp53 cells cultured at 32°c following both normoxic and hypoxic culture 

conditions (Figure 5.3). Interestingly weak p21 expression was also present in 

the other lysates including those from the null p53 control H1299neo cells. In a 

preliminary western blot (not shown) greater hypoxic induction of HIF-la was 

observed in H1299neo cells cultured at 37®c compared to 32®c. However, on
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Figure 5.2 The effect of null/wt/mutant p53 phenotype on HIF-la expression

and its hypoxic induction in H I299 cells.
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Western blots o f whole cell extracts o f H1299tsp53 and H1299Neo cells using the HIF- 

la  MoAb 28b are shown. A hypoxic HeLa cell extract was used as the positive control 

(C). Cells were cultured in normoxia at either 32°c or 37°c for 6 hours to allow 

temperature dependent conformational change in p53 in the H1299tsp53 cells and 

then exposed to hypoxia (H; 0.1% or 1.4% 0%) or normoxia (N) fo r 4 hours. Hypoxic 

induction o f HIF-la is demonstrated in the H1299Neo paired lysates, greater at 0.1% 

than 1.4% O2 . The H1299tsp53 paired lysates show a higher constitutive level o f HIF- 

la  expression tha t is hypoxically induced in the presence o f mutant p53 (37°c), but 

not the presence o f w t p53 (32°c).
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reviewing the details of the conditions of the experiments the possibility that 

the confluence of the cells may have contributed to this was raised. The cells 

cultured at 37°c had been at a greater confluence at the start of the 

experiment (100%) than those used for the 32®c incubation (80%). The effect 

of confluence on HIF-la hypoxic induction was confirmed by comparing 

hypoxic lysates from cells at differing degrees of confluence at the start of the 

hypoxic exposure. This effect of confluence on HIF-a expression has previously 

reported (Wiesener, et a! 1998). Greatest hypoxic induction was observed in 

the lysates made from confluent cells. In an attempt to standardise for this 

effect cells were subsequently only used at a confluence of 95-100% at the 

start of the experiment. As an internal control of protein loading the same 

membrane was probed for CDC2 expression a constitutively expressed 34kd 

cyclin. Dr Christopher Norbury kindly provided a purified MoAb A17 to detect 

CDC2, used at 1/200 for immunoblotting. The protein quantification of the 

lysates was relatively consistent, with no trend to suggest an increase in cell 

death occurring in the time course of any of the experiments.

Immunoblots for HIF-2a showed lower levels of expression compared to HIF- 

la  with hypoxic induction after 4 hours of 0.1% O2. No discernible difference in 

the degree of hypoxic induction was observed in the presence of either wt, 

mutant or absent p53 expression. Figure 5.4 illustrates a representative 

immunoblot.
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Figure 5.3 Relation of temperature induced conformational changes in p53 to 

p53 transcriptional activity in transfected H I299 cells.
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Western blots o f whole cell extracts o f H1299tsp53 and H1299Neo using the anti-p53 

MoAb DO-1 and an anti-p21 monoclonal mixture. Cells were cultured at either 32°c or 

37°c fo r 6 hours to allow temperature dependent conformational change in p53 in the 

H1299tsp53 cells and then exposed to hypoxia (H; 0.1% ) or normoxia (N) fo r 4 hours. 

Extracts o f normoxic (Cl) and hypoxic (C2) HeLa cells, which express mutant p53, 

were run as controls. A band o f the correct size fo r p53 is seen in the upper blot only 

in the HeLa and H1299tsp53 lanes. The presence o f w t/m utan t p53 cannot be 

distinguished. In the lower blot a signal consistent w ith p21 is present in all the lanes 

although strongest in the H1299tsp53 cultured at 32%  which express transcriptionally 

active w t p53.
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VEGF secretion : Analysis of VEGF in the cell medium after culture for a 

period of 1 0  hours, consisting of a 6  hour period of acclimatisation to either 

32°c or 37®c and then a 4 hour period of hypoxic or normoxic stimulation, 

revealed no significant difference between the cell types with the different 

culture conditions. Low levels of VEGF were detectable under all conditions 

with no hypoxic induction. This was felt to reflect the short duration of the 

hypoxic stimulus and further aliquots of medium were collected from cells 

cultured for a total period of 2 2  hours (16 hours of hypoxic/normoxic 

stimulation). The normoxic baseline level of VEGF production level was low in 

both the H1299neo and H1299tsp53 cells cultured at 32°c in the absence of 

p53 or in the presence of wtp53. A period of 16 hours of 0.1% O2 led to a 

comparable 2 fold induction of VEGF in both cell lines. When the H1299neo 

cells were cultured at 37°c hypoxic induction of VEGF was again demonstrated 

in the absence of p53 of a similar magnitude (2-3 fold). In contrast the 

H1299tsp53 cells, with transcriptionally inactive p53 at 37°c, had a higher 

normoxic baseline level of VEGF production that wasn't increased further by 

hypoxic exposure. The protein concentration of the cell lysates from the 

normoxic and hypoxic experiments were very similar indicating no increase in 

cell death under hypoxic conditions to account for the changes in VEGF. The 

results are summarised in table 5.3.

VEGF mRNA induction : In view of the ELISA results only the mRNA from 

the experiments involving 16 hours of hypoxic or normoxic stimulation was 

assessed by RPA. No hypoxic induction of VEGF or HIF-la mRNA was 

demonstrable for

163



Figure 5.4 The effect of null/wt/mutant p53 phenotype on HIF-2a expression

and its hypoxic induction in H I299 cells.
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Western blot o f whole cell extracts o f H1299tsp53 and H1299Neo cells using the HIF- 

2a MoAb 190b are shown. A hypoxic HeLa cell extract was used as the positive control 

(C). Cells were cultured in normoxia at either 32°c or 37°c for 6 hours to  allow 

temperature dependent conformational change in p53 in the H1299tsp53 cells and 

then exposed to hypoxia (H; 0.1% or 1.4% O2) or normoxia (N) fo r 4 hours. Hypoxic 

induction o f HIF-2a is present in all the paired lysates, greater at 0.1% than 1.4% O2 . 

The presence o f w t/m utant/absent p53 is not observed to have an effect on this.
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Table 5.3 VEGF production by H1299neo and H1299p53 cells under different 

culture conditions.

Cell line Culture conditions P53 status Mean VEGF 

Pg/mg/ml

H1299neo 32°c normoxia Absent 65.6

H1299neo 32°c, 0.1% hypoxia Absent 142

H1299tsp53 32®c normoxia Wild-type 68.5

H1299tsp53 32®c, 0.1% hypoxia Wild-type 166

H1299neo 37®c normoxia Absent 108

H1299neo 37°c, 0.1% hypoxia Absent 303

H1299tsp53 37®c normoxia Mutant 219
H1299tsp53 37®c, 0.1% hypoxia Mutant 281

either cell type at either temperature. The p53 status of the cell therefore does 

not appear to influence VEGF production through increased transcription under 

the culture conditions examined. The results are detailed in Table 5.4 and 

representative lanes from the RPA are illustrated in figure 5.5.

5.4 Discussion

The RPA results suggest that HIF-la mRNA upregulation may contribute to HIF

expression patterns within some tumours. The frequent overexpression in

cancer may reflect the many oncogene pathways now known to feed in to the

HIF pathway and demonstrate upregulation of HIF-la selectively (Jiang, et a!

1997, Blancher, at a! 2001, Sodhi, at a! 2001). In most studies in cell lines

there is no evidence for upregulation of HIF-a mRNA by hypoxia, yet our in

vivo data, from the paired normal/tumour samples, show this occurs in breast
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Figure 5.5 HIF-la and VEGF mRNA expression In H1299 cells, re la tionsh ip  to  

hypoxia and p53 expression.
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Cells were exposed to either normoxia (N) or hypoxia (H ; 0.1% O2 ) for 16 hours. HIF- 

la  and VEGF mRNA was examined by RPA. Signal from the constitutively expressed 

U6 small nuclear RNA was used as an Internal control (not shown). No Induction o f 

either mRNA was observed, Indicating tha t the p53 status o f the cell does not 

Influence VEGF production through Increased transcription under the culture conditions 

examined.
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Table 5.4 Effect of p53 expression on induction of VEGF mRNA by hypoxia.

Cell culture condition P53 status Mean VEGF/ internal control N/H
induction

H1299neo, Absent 0.043

37°c Normoxia (N)
H1299neo, Absent 0.0625 N/H

37°c Hypoxia (H) 1.45x

H1299tsp53 Mutant 0.036

37®c. Normoxia (N)

H1299tsp53 Mutant 0.065 N/H

37®c, Hypoxia (H) 1.8x

H1299Neo Absent 0.029
32°c, Normoxia (N)
H1299Neo Absent 0.032 N/H
32°c, Hypoxia (H) l. lx

H1299tsp53 Wild-type 0.027
32°c, Normoxia (N)
H1299tsp53 Wild-type 0.037 N/H
32°c, Hypoxia (H) 1.4x

cancer and has been demonstrated in other in vivo studies (Wiener, ef a/1996, 

Yu, ef a/1998, Palmer, ef a/1998). There are obvious caveats on interpretation 

because of non-malignant tissue in the tumour, but is precisely this type of 

sample that is being subjected to gene array analysis to evaluate biological 

pathways (Pérou, ef a/2000, West, af a/2001, Shipp, af a/2002). This analysis 

cannot show which cellular component is expressing the RNA, but it is 

standardised against total RNA and an internal control. The data indicate
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additional levels of regulation of HIF-la particularly and complement the 

upregulation observed immunohistochemically.

The importance of the interaction between stromal and tumour cells is 

underscored by the differential upregulation of HIF-2a mRNA observed in the 

normal tissue relative to the tumour tissue sample in a subset of the cases. The 

tumour samples obviously also contained a varying numbers of inflammatory 

cells, fibroblasts and endothelial cells. The stromal response, through the 

expression of adhesion molecules and production of growth factors, plays an 

important role in tumour growth and angiogenesis. Over 15 years ago Dvorak 

documented the similarities between tumour stroma and wound stroma and 

made the analogy that tumours behave like wounds that don't heal (Dvorak 

1986). The extravasation of plasma proteins leads to the formation of a fibrin- 

fibronectin clot, which then triggers the normal wound-healing response. 

However, in tumours this signal is not self-limited and further stroma can be 

generated to support tumour growth. The high HIF-la expression in tumour 

relative to normal tissue observed in a subset of the cases may represent 

induction of HIF-la mRNA in either tumour cells and/or stromal cells.

Overexpression of wt p53 has been reported to lead to transcriptional 

repression of HIF-la. A recent study examined the relationship between 

repression of wt p53 and transrepression of HIF-la in a panel of p53 mutant 

cell lines (Blagosklonny, efa/2001). They propose that transrepression and the 

dominant negative effect have similar mechanisms and may involve
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competition with transcription factors (wild-type p53, HIF-1, etc.) for cofactors 

such as p300.

HIF-la protein was hypoxically regulated in the absence of p53. However, in 

the presence of wt and mutant p53 a greater baseline level of HIF-la 

expression was found which further increased after exposure to 0.1% hypoxia 

in the presence of mutant p53. This would be consistent with the loss of a 

negative influence, however, if wt p53 normally acts to inhibit levels of HIF-la 

the cells with absent p53 would be predicted to respond in a similar manner 

and this was not the case. The degree of both HIF-la and particularly HIF-2a 

expression was relatively low in all the culture conditions, 20x the quantity of 

positive control used was loaded for each of the H1299 lysates in order to 

detect a signal that was still less intense than the control. HIF-2a was present 

at a lower level and although hypoxically induced no discernible differences 

were found with the p53 status. Greatly differing levels of expression of these 

two factors has previously been reported within different cell lines (Wiesener, 

ef a/1998). The low levels of expression and poor hypoxic induction of HIF-la 

and VEGF in the presence of wt p53 meant the transfected H1299 cells were 

not an ideal model system to examine the interaction of p53. Future 

experiments would need to use cell lines with higher levels of expression of 

these proteins. Immunoblots confirmed strong expression of p21 only in the 

lysates from H1299tsp53 cells cultured at 32®c in which the transfected p53 

adopts a wt conformation, this was unaffected by hypoxic incubation. However, 

low levels of p21 protein were detectable in lysates from all the other culture 

conditions including the control H1299neo cells in which p53 is absent. P21 can
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be produced by p53 Independent routes, but at a much lower level. P53 

Integrates numerous signals and examining Isolated components of this 

pathway In different cell lines In which other Interrelated networks are different 

may generate conflicting results. It would be helpful to look at the activation of 

other survival pathways In the transfected H1299 cell pair and to assess more 

globally the effect of the p53 mutations on cell survival and tumourogenlclty.

Interestingly the effect of confluence on HIF-a Induction was as great as p53 

status In this cell line, the stress stimuli that lead to Increased HIF-la 

expression with Increasing confluence are still unknown. In prostate cell lines 

an Inverse relation has been reported between confluence and HIF-la protein 

expression (Zhong, et a! 1998). A recent study examined the expression of 

HIF-la and HIF-2a, their effects on survival under hypoxia and the basal and 

Inducible expression of two hypoxically regulated genes VEGF and LDH-A In a 

panel of six breast cancer cell lines (Blancher, et a! 2000). These Included four 

cell lines with mutant p53, one with a single mutant p53 allele and one with 

wild type p53. All of the cell lines expressed HIF-la at various levels, but HIF- 

2a was absent or low In the more aggressive cell lines. There was an Inverse 

correlation between HIF-la and HIF-2a Induction and clonogenic survival 

under hypoxia. Cell lines with reduced HIF Induction showed high basal levels 

of VEGF and Improved survival under hypoxia. In contrast the H1299 cells had 

relatively poor Induction of HIF-la and low basal levels of VEGF.

An Immunohistochemical study found HIF-la protein expression and p53 

mutations to be positively associated In a number of human tumours (Zhong,
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et al 1999). However, a number of tumours lacking detectable p53 mutations 

had increased levels of HIF-la consistent with other factors interacting. 

Expression of HIF-la protein and VEGF mRNA have been reported to be

increased in p53 knockout colon carcinoma cells as compared with the 

parental p53^^^ cells (Hanahan and Folkman 1996).

VEGF production was hypoxically induced in the absence of p53, in the 

H1299neo cells cultured at both 32°c and 37®c. In the presence of wt p53 

VEGF showed a similar degree of hypoxic induction, however, in the presence 

of mutant p53 a higher baseline normoxic expression was observed without 

any hypoxic induction. The degree of hypoxic VEGF induction observed is 

relatively low compared to that seen in other cell lines, but in the main 

consistent with the changes in HIF-la also observed. Although 16 hours of 

hypoxia is optimal in many breast cell lines for VEGF production (Blancher, eta!

2000) further time course experiments using longer periods of hypoxia would 

be helpful to confirm these observations. Stresses other than hypoxia may lead 

to the induction of HIF and VEGF production and may contribute to the 

expression we observed (Richard, ef a/2000). The induction of VEGF in H1299 

cells may also occur predominantly through HIF-a independent pathways, 

which could obscure any interaction between HIF-la/p53. The ELISA results 

are consistent with the RPA results, which fail to show any significant hypoxic 

induction of VEGF mRNA. Several mechanisms have been shown to participate 

in the regulation of VEGF gene expression (Ferrara and Davis-Smyth 1997). Of 

these hypoxia plays a major role through increased transcriptional activation, in
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addition increased mRNA stability in hypoxia, mediated by a RNA binding 

protein HuR (Levy, et a! 1998), is an important component in some cells. In 

addition a post-transcriptional mechanism of VEGF regulation involving a 

protein synthesis initiation factor, eIF-4E, has been identified in many tumours 

(De Benedetti and Harris 1999). A study of VEGF mRNA and protein isoform 

expression in human breast cancer found an increase in eIF-4E expression 

correlated with VEGF mRNA in the tumours (Scott, at a! 1998). Eight fold more 

VEGF protein was generated per mRNA unit in tumours compared to normal 

breast tissue, suggesting both enhanced transcription and translation 

contribute to VEGF protein production. Evidence that p53 negatively regulates 

VEGF expression has previously been reported. In an adenovirus transformed 

foetal kidney cell line wt p53 has been demonstrated to have a suppressive 

effect on VEGF gene expression (Mukhopadhyay, at a! 1995). An 

immunohistochemical study of non-small cell lung cancers (NSCLC) a significant 

association was found between p53 expression and MVD and p53 and VEGF 

expression (Fontanini, ef j/1998). The authors suggested that mutation of p53 

leads to the upregulation of VEGF. Recently it has been shown that wt p53 

inhibits VEGF transcriptional activation by forming a complex with the 

transcription factor Spl, which inhibits its binding to the VEGF promoter under 

both normoxic and hypoxic conditions (Pal, at a! 2001). p53 may also inhibit 

transcriptional expression of VEGF through its role in down-regulating hypoxia- 

induced Src kinase activity.

In conclusion the study of paired breast tumour/ normal tissue samples found 

that differential regulation of both HIF-la and HIF-2a mRNA occurs within
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some tumours. The technique used does not allow the Identification of the 

specific cell types Involved and further studies using more discriminatory 

techniques, such as microdissection and RT-PCR, would allow this to examined 

further. The differential upregulation of HIF-2a in normal breast tissue 

observed in ^  half the cases was unexpected. Examining differences between 

the host stromal response, within a series of breast carcinoma cases, and the 

association with other known prognostic factors and clinical outcome will be 

Important to characterise this further. The model system selected to examine 

the Interaction of p53 expression on HIF-a expression failed to provide further 

Information. The H1299 cell line was found to have low levels of HIF-a 

expression under both normoxia and hypoxia. A higher level of normoxic 

expression of HIF-la was observed In cells with wt or mutant p53 than absent 

p53, additional hypoxic Induction of HIF-la was observed In the cells with 

mutant or absent p53. No differences were seen In HIF-2a expression with 

p53. Both the normoxic and hypoxic levels of VEGF protein expression were 

low and the p53 status of the cells had no effect on this.
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CHAPTER SIX RELATIONSHIP OF HIF-a AND CA IX EXPRESSION 

TO PROGNOSIS IN BREAST CARCINOMA

6.1 Introduction

Tumour hypoxia has been correlated with poor prognosis in a number of 

tumour types (Hockel, et a! 1993, Stabler, at a! 1999, Hockel and Vaupel

2001), being associated with aggressive growth, metastasis (Zetter 1998) and 

poor response to treatment. Cells exposed to hypoxia and low pH have been 

found to have a diminished capacity for DNA repair and elevated levels of 

induced mutagenesis compared with control cells grown under standard culture 

conditions (Yuan, ef j/2000).

Increased levels of both HIF-la ( Zhong, at a! 1999, Talks, at a! 2000) and 

HIF-2a (Talks, at a! 2000) have been found in a wide range of tumours with 

very little normal tissue expression. This differential activity in HIFs between 

tumours and normal tissue could be exploited as a new therapeutic target. A 

recent study has shown an increase in the level of HIF-la expression with 

pathological stage in breast carcinoma (Bos, at a! 2001) suggesting antagonism 

of the HIF pathway would be of use in preventing malignant progression in 

early breast cancer. Assessment of HIF activity might also be of use in 

predicting the tumour phenotype and response to treatment.

The full range of genes activated by HIF is still unclear; using RNA differential 

display the tumour associated transmembrane carbonic anhydrases 9 and 12, 

(G4Pand CA XII), have recently been identified as genes which are controlled
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by this system; down regulated by pVHL40 and strongly Induced by hypoxia 

(Wykoff, ef a/2000a). Carbonic anhydrases catalyse the reversible hydration of 

carbon dioxide to carbonic add providing a potential link between metabolism 

and pH regulation. Local Intratumoural pH has been shown to be decreased 

with mean pH correlated with p02 measurements (Helmllnger, et a! 1997) and 

It has been proposed that this may be Important for tumour growth and 

metastasis (Gatenby and GawllnskI 1996). The CA9 promoter Is tightly 

regulated by a HIF responsive HRE close to Its transcriptional start site. Its 

gene product Is expressed In a striking perlnecrotic manner In many types of 

human cancer and demonstrated different patterns of overlap with VEGF 

mRNA, and the bloreductlve marker pimonldazole (Wykoff, ef a/2000a). CA IX 

expression within the tumour cells of cases of Invasive breast carcinoma has 

recently been found to be associated with a worse relapse free and overall 

survival (Chia, et a! 2001). A significant association with necrosis was also 

noted suggesting that CA IX may be of potential use as a marker of tumour 

hypoxia.

Despite recent Improvements In survival from breast carcinoma It remains the 

commonest cause of cancer death In women In England and Wales (Swerdlow, 

et a! 2001). Anglogenesis Inhibitors offer a new therapeutic modality that can 

be used In conjunction with existing chemotherapy and radiotherapy regimes. 

Understanding more about the angiogenic behaviour of different tumour types 

(Bergers, et a! 1999) will help both In the selection of drug combinations and 

the subgroups of patients most likely to benefit from such therapy.
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In order to explore the relationship of the hypoxia inducible factors, HIF-la  

and 2a, with angiogenesis further we examined the expression of the hypoxia 

inducible factors, HIF-la  and 2a, CA IX and microvessels within diagnostic 

blocks from a series of consecutively presenting women with breast carcinoma. 

Expression in both the stromal and tumour component of each case was 

separately assessed and their relationship to outcome and other known 

prognostic factors was then analysed. The results of this study have been 

submitted for publication.

6.2 Materials and Methods

6.2.1 Tissues

Archival formalin fixed paraffin wax-embedded biopsy material was obtained 

from the Cellular Pathology department at the John Radcliffe Hospital (Oxford, 

UK) from a series of 96 breast carcinomas cases which presented between 

1989 and 1993. The series was formed from consecutively presenting women 

with a new diagnosis of breast cancer, treated at the ICRF Medical Oncology 

Unit at the John Radcliffe Hospital unit for whom biopsy material and follow-up 

data was available. The clinical and pathological details for the series are 

summarised in table 6.1. Axillary node sampling was performed on every 

patient to detect the presence of nodal metastasis. All patients received simple 

mastectomy or lumpectomy and radiotherapy; adjuvant radiotherapy was 

administered to the ipsilateral axilla if histological evidence of nodal metastasis 

was found. Adjuvant therapy was given according to the indications at that 

time, tamoxifen for estrogen receptor positive patients and intravenous CM F 

(cyclophospamide, methotrexate and 5-fluorouracil for 6 courses) for node
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positive premenopausal or ER negative postmenopausal patients. Patients were 

followed up every 3 months for the first 18 months and every 6 months 

thereafter. Patients with confirmed recurrent disease were treated by endocrine 

manipulation for soft tissue relapse (tamoxifen) or by combination 

chemotherapy for visceral disease or failed endocrine therapy. Patients with 

isolated soft tissue relapse received radiotherapy.

6.2.1 HIF-a Immunostaining

The HIF-la and HIF-2a proteins were detected using the MoAb ESEE 122 

(IgGl; dilution 1:40) and EP190b (IgGl; neat) as detailed in chapter two. The 

localisation and extent of any cellular staining was assessed by two observers, 

myself with either Dr F.Pezzella or Prof K.Gatter, using a conference 

microscope. Disagreement was resolved by consensus with a third observer.

The intensity of nuclear staining was compared to that seen in parallel stained 

control sections. Substitution of primary antibody with PBS was also used as a 

negative control for both antibodies. Evaluation was based on the intensity 

and extent of cytoplasmic and nuclear reactivity within the different tissue 

components represented, including ductal carcinoma in-situ (DCIS) and 

residual normal breast tissue elements; in all cases tumour cells and stromal 

cells were assessed and scored independently. Cases with absent or weak 

cytoplasmic expression of HIF's were considered as negative. Cases with 

nuclear expression or strong cytoplasmic expression were considered as 

positive. For cut point analysis of both HIF-1 a and HIF-2 a tumour and stromal 

expression just two categories, negative and positive were used.
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Table 6.1 Patient cllnicopathological data.

Patient characteristics Number

Age- median (range) years 53 (33 - 83)

<50 24

>50 72

Menopausal status Post/Pre 72/24

Lymph node status Neg/Pos 39/57

Tumour size

<2cm 34

> 2cm 62

Histology
Ductal 83
Lobular 13
ER fmolmg"  ̂protein

<5 20

>5 76
EGFR fmolmg'̂  protein

<20 45
>20 51
Adjuvant therapy
Chemotherapy 23
Hormonal therapy (tamoxifen) 7

Median follow up (range) years 6.2 (0.4 -10.1)

Deaths, Recurrences 31, 39

6.2.3 Assessment of microvessel density, necrosis and CA IX  staining

Microvessels were assessed by immunostaining serial sections of the same 

cases using MoAb that recognise the endothelial markers CD34 and CD31 and 

assessing CVC as detailed in chapter 2, section 2.6.6. A CVC of greater than or
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equal to 7, which has previously been to be associated with OS in a cohort of 

women with breast cancer (Fox, et a! 1995), was used to define high and low 

groups for cut point analysis. It was necessary to use both MoAbs as the CD31 

epitope recognised by JC70 can be affected by fixation and it was not possible 

to obtain staining with it in sections of all the cases.

Prof Peter Watson who had joined our research group as part of a sabbatical 

had previously scored tumour necrosis within the case series and these scores 

were used in the subsequent analysis. Necrosis was scored, independent from 

the immunohistochemical analysis and blinded to the cohort's clinical detail and 

outcome, on serial haematoxylin and eosin (H&E) stained sections as 

previously described (Leek, at a! 1999). Necrosis was graded into three 

categories, 0= no necrosis, 1= focal areas of necrosis (<25% of tumour), 2= 

widespread areas of necrosis (25-75% of tumour) and 3= virtually all necrosis 

(75-100 of tumour). For cut-off point analyses the presence of any necrosis 

was considered positive.

CA IX immunostaining was performed as detailed in section 2.6.8. A case of 

necrotic squamous cell head and neck carcinoma was stained in parallel as a 

positive control (Wykoff, et a/20Q1). Evaluation was based on the distribution 

and extent of immunoreactivity in both the tumour and stromal components of 

each case. When normal breast tissue or DCIS was present any staining within 

these elements was noted. Tumour cell membrane CA IX expression had 

previously been semi-quantitatively scored for the series by Professor 

P.Watson, as previously described (Chia, et a! 2001). Additional scoring of the
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stromal compartment and a more detailed semi-quantitative score of the 

tumour CA IX expression was undertaken, detailing both the percentage of 

tumour cells with membrane staining and the presence of nuclear staining. For 

statistical analysis tumour CA IX was evaluated as both a continuous and 

discontinuous variable, whilst for the stromal staining cases were placed into 

two categories, negative or positive. Negative cases had no staining.

6.2.4 Statistical analysis

Comparative statistical analyses were performed using Stata software, with the 

assistance of Cheng Han as detailed in chapter 2, section 2.9.

6.3 Results

6.3.1 Hypoxia inducible factor expression

HIF-la: Jun\ouv cell cytoplasmic or nuclear positivity, was observed in 78.1% 

(75/96) of the cases (range <1% to 100% of the tumour cells). Nuclear 

positivity, with or without accompanying cytoplasmic positivity, was present in 

78.7% (59/75) of these cases (Figure 6.1 A). HIF-la expression was present in 

>10% of the tumour cells in 29.6% (22/75) of these positive cases. In the 

remaining 21.9% (21/96) of the cases no HIF-la expression was found within 

the tumour cell component.

Within the stroma cytoplasmic positivity was often observed in a subset of the 

endothelial cells adjacent to tumour cells (Figure 6.1 B). Blood vessels within 

the same section distant from tumour cells were negative. Additional stromal 

HIF-la was observed in fibroblasts and very occasionally in tumour associated
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macrophages. Stromal cell positivity was present in 49% (47/96) of the cases. 

Both cytoplasmic and nuclear HIF-la positivity was observed in residual normal 

breast ducts and within areas of DCIS in 30.2% (29/96) of the cases. The 

presence of HIF-la expression in both the tumour and stromal cell component 

of a case was found to be positively associated (X2 =9.62, p= 0.0019). This is 

in keeping with microenviromental hypoxia within the tumour and stroma 

contributing to the stabilisation and overexpression of HIF-la.

H IF -la  : HIF-2a expression was greater in the stroma than the tumour with 

8.3% (8/96) of the cases demonstrating tumour nuclear positivity (range <1% 

-5% of tumour cells). Stromal HIF-2a expression was found in 70.8% (68/96) 

of the cases (Figure 6.1 C) with nuclear and cytoplasmic positivity of varying 

numbers of TAM. On the basis of the numbers of HIF-2a positive TAM present 

the stromal expression was high (HIF-2a positive TAM constituting>10% of 

the case) in 32.4% (22/68) of these cases. Additional cytoplasmic and or 

nuclear positivity was observed in 15.6% (15/96) of the cases within normal 

breast ducts or DCIS adjacent to the tumour cells (Figure 6.1 D). Stromal HIF- 

2a positive TAM were present in 93.3% (14/15) of these. However, tumour 

HIF-2a expression was present in only 26.7% (4/15).

6.3.2 CA IX  expression, microvessei density and necrosis

Tumour cell positivity was observed in 52.1% (50/96) of the cases. Two

distinct distributions of tumour cell CA IX expression, membranous and nuclear

were seen. These occurred either alone or in non-overlapping subsets of the

tumour cell population. Membranous expression, often around areas of
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necrosis (Figure 6.2 A) was more common. This focal perlnecrotic distribution 

of membranous CA IX expression has been described by us in both breast 

carcinoma (Chia, et a! 2001) and other solid tumour types (Wykoff, et a! 

2000a) and is in keeping with the hypoxic induction of CA IX expression across 

an oxygen gradient. Nuclear expression of CA IX was observed in 19.8% 

(19/96) of the cases (Figure 6.2 B). In 14/19 cases this was in the absence of 

any membranous CA IX expression within tumour cells. The positive tumour 

nuclei varied in number within a case (range <l%-50%) and showed no 

consistent relationship to necrosis or the distribution of any CA IX membrane 

staining present.

Stromal cell membranous and cytoplasmic positivity was seen in 40.6% (39/96) 

of the cases (Figure 6.2 C). In 17.9% (7/39) of these cases stromal CA IX 

expression was found in the absence of any tumour cell CA IX expression. The 

presence of CA IX expression in both the tumour and stromal cell component 

of a case was found to be positively associated (chi-square p= 0 .0 0 1 )

Expression of CA IX in normal ducts or DCIS elements was found in 11/96 of 

the cases, with co-expression in stromal cells in 5/11 of the same cases. Table

6.2 summarises the HIF-la, HIF-2a and CA IX immunostaining results. 

Chalkley counts were available on 83 cases. Using the cut off levels previously 

validated (Fox, et a! 1995a) 34.9% (29/83) of the cases were of high vascular 

count and 65.1% (54/83) low. Necrosis was present in 48% (46/96) of the 

cases and was positively associated with high CVC (p<0.001), high tumour 

grade (p=0.001) and negative ER status (p=0.001).
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Figure 6.1 HIF-la and HIF-2a protein expression within breast tumours.

Heterogenous nuclear and cytoplasmic expression o f HIF-la (A and B) was observed 

within some breast tum our cells (arrows in A). Within the stroma cytoplasmic HIF-la  

expression was present in a subset o f the endothelial cells adjacent to  tum our cells (B, 

arrows). In contrast HIF-2a expression was predominantly cytoplasmic within stromal 

TAM (C; tum our,T). Both nuclear and cytoplasmic HIF-2a (D, arrows) and HIF-la  

expression was present in a proportion o f normal breast ducts adjacent to tumour. 

Original magnifications; X400 (A); X200 (B-D).
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Table 6.2 Expression and distribution of HIF-a and CA IX immunostaining.

Tumour positive Tumour negative

HIF-1 (X 78.1%  (75/96) 21.9%  (21/96)
Stroma positive 85.3% Stroma positive 19% (4/21)

(64/75)
Stroma negative 14.7% Stroma negative 81% (17/21)

(11/75)

HIF-2 a  8.3%  (8 /96) 91.7%  (88/96)

Stroma positive 62.5% (5/8) Stroma positive 71.6% (63/88)

Stroma negative 37.5% (3/8) Stroma negative 28.4%
(25/88)

CA IX 52.1% (50/96) 47.9%  (46/96)
Stroma positive 64% (32/50) Stroma positive 15.2% (7/46)

Stroma negative 36% Stroma negative 84.8% 
(18/50) (39/46)

6.3.3 Relationship of H IF -la  and HIF-2a to other variables

No significant associations were found between H IF -la  expression and HIF- 

2a, CA IX and the other tumour variables.

Tumour HIF-2a expression was negatively associated with tumour size (X2 = 

4.05, p=0.04), but no other significant associations were found. In contrast 

stromal HIF-2a expression was positively associated with the expression of CA
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Figure 6.2 Expression of CA IX protein within tumour and stromal components

of breast tumours.
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Sections o f breast carcinoma were stained with MoAb M75. A focal perlnecrotic pattern 

o f predominantly membranous staining was often observed (A; necrosis (N), tum our 

(T), stroma (S)). In some cases (B) nuclear CA IX expression was observed within 

tum our cells (arrows). Scattered areas o f focal stromal CA IX reactivity were present 

(C) in a proportion of cases both with and w ithout concomitant tum our CA IX 

expression. Original magnifications; XlOO (A); X400 (B); X200 (C).
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IX within the tumour cells (p = 0.03) and the presence of necrosis (p = 0.02) 

and with high CVC (X2 = 4.96, p=0.026).

Both tumour and stromal CA IX expression were found to show an inverse 

relationship to tumour ER expression, p=<0.001 and p=0.003, respectively. 

Necrosis was positively associated with both CA IX tumour cell expression 

(p=<0.001) and stromal CA IX (p=0.01) and HIF-2a (p=0.02) expression. In 

addition it was positively associated with high CVC (p<0.001) and negative ER 

status (p=0 .0 0 1 ).

6.3.4 Analysis of factors related to relapse free and overall survival

The presence of HIF-la expression in both tumour and stromal compartments 

was compared to relapse free and overall survival. Expression of HIF-la by the 

stromal cell component showed a significant effect on overall survival (OS) but 

not relapse free survival (RFS) by multivariate analysis (HR 0.46, p=0.05), with 

improved survival in the positive cases. HIF-la expression within the tumour 

cells had a borderline significant effect on OS (HR 0.44, p= 0.055). Table 6.3 

gives details of the survival analysis. The expression of HIF-2a within either the 

tumour or stroma had no effect on survival.

Cases with CA IX expression in the tumour had both a significantly worse OS 

(HR 2.79, p=0.01) and RFS (HR 2.33, p=0.01) by univariate analysis and also 

by multivariate analysis a reduced OS (HR 2.97, p=0.02) and RFS (HR 2.69, 

p=0.005). Table 6.4 gives details of the survival analysis. The presence of
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necrosis was associated with reduced OS (p=0.02) on univariate analysis, but 

showed no significant effect on survival on multivariate analysis.

Table 6.3 Multivariate analysis of the effect of tumour and stromal HIF-1 a  expression 

on survival adjusted for CA IX tumour expression.

Overall survival
Variable HR 95% Cl P

Age 1.05 1.02 - 1.10 0.004

Nodes 1.12 1.20 - 1.45 <0.001

CA IX (tumour) 3.34 1.46 -  7.61 0.004

H IF-la  (tumour) 0.39 0 .1 6 -0 .9 3 0.03

Overall survival
Variable HR 95% Cl P

Age 1.05 1.02 - 1.10 0.006

Nodes 1.35 1.23 - 1.49 <0.001

CA IX (tumour) 3.96 1.76 - 8.89 0.001

HIF-1 a  (stroma) 0.46 0 .2 1 -1 .0 1 0.05

Table 6.4 Multivariate analysis of the effect of tumour CA IX expression on survival.
Overall survival

Variable HR 95% Cl P

Age 1.05 1.01 - 1.09 0.02

Nodes 1.35 1.22 - 1.47 <0.001

ER 0.56 0.25 - 1.25 0.16

CA IX (tumour) 2.72 1.20 - 6.17 0.02

Relapse free survival
Variable HR 95% Cl P

Age 1.04 1.01 -  1.08 0.01

Nodes 1.30 1 .19 -1 .42 <0.001

ER 0.77 0.38 - 1.56 0.47

CA IX (tumour) 2.41 1 .1 5 -5 .3 0 0.02
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6.4 Discussion

The association of CA IX expression within breast carcinoma with a worse 

relapse free and overall survival has recently been reported by members of our 

research group (Chia, et a! 2001). In this extended study of the same case 

series we have looked further at the interactions between stromal and tumour 

elements in tumourogenesis by examining the hypoxically induced transcription 

factor, HIF a-subunits, CA IX, a HIF regulated gene, CVC and necrosis.

Increased expression of HIF-la and HIF-2a was observed both within tumour 

cells and in adjacent stromal cells compared to that in normal breast tissue. 

Within the case series diverse patterns of HIF-la expression were observed, 

with both the cellular location and extent of staining varying. The presence of 

HIF-la expression in both the tumour and stromal cell component of a case 

was found to be positively associated. The stromal HIF-la staining observed 

was mainly within endothelial cells adjacent to areas of tumour. This is in 

keeping with hypoxia affecting both the tumour and stroma and contributing to 

the stabilisation and overexpression of HIF-la.

Expression of HIF-la and HIF-2a in normal breast ducts and in areas of DCIS

is consistent with the recently published observations of HIF-la being present

in early breast lesions and that expression may play an important role in breast

carcinogenesis (Bos, at a! 2001). However, we did not observe such an

absolute gradation in HIF-la expression with some normal ducts adjacent to

tumour cells showing equivalent levels of HIF-la to areas of DCIS. This is

consistent with a microenviromental influence stimulating HIF-la expression
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e.g. shunts or high oxygen consumption by the tumour. As with positive 

tumours the intensity, quantity and pattern of distribution of HIF-la expression 

was heterogeneous.

For HIF-2a stromal expression dominated. Stromal cells have an important role 

in tumour angiogenesis (Fukumura, et a! 1998) although the relative 

contribution of tumour versus stroma to the production of angiogenic cytokines 

is not yet fully quantifiable. The relative contribution to VEGF production of 

host versus tumour cells and the resulting vascular response has been 

examined in a study in which ES were differentially modulated by targeted 

deletions of three members of the hypoxia -►VEGF cascade: HIF-la, HRE of 

the VEGF and VEGF (Tsuzuki, ef a/2000). Tumours were generated from Wt ES 

and the deficient ES in transparent dorsal skin windows in immunodeficient 

mice. VEGF production in culture was assessed and non-invasive monitoring of 

vascular parameters was undertaken in tumours derived from them using

intravital microscopy. VEGF ES cell derived tumours produced ^50% of VEGF

compared to Wt tumours suggesting host stromal cells make a significant

contribution to VEGF production. The VEGF protein level in HIF-a ES

tumours was intermediate between VEGF and Wt ES cell tumours.

Surprisingly HRE ES tumours produced the same level of VEGF as the VEGF

ES tumours suggesting a critical role of HRE in tumour cell VEGF production.

Angiogenesis was proportional to their VEGF level (VEGF  ̂ = HRE  ̂ <HIF-la

 ̂ <Wt). In contrast vascular permeability and tumour growth were reduced in
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VEGF  ̂ and HRE  ̂ but comparable in HIF-la’ '̂and wt suggesting that

different intracellular pathways may be involved in each of these functions of 

VEGF (Tsuzuki, ef a/2000). A limitation of this study is that posttranscriptional 

regulation of VEGF, which is known to occur, may not be addressed by 

targeted gene deletion.

High levels of macrophage infiltration in breast cancer are associated with high

vascular grade and reduced relapse free survival (Leek, et a! 1996). Stromal

HIF-2a expression within TAM was positively associated with CVC. We have

previously reported high levels of HIF-2a protein within subsets of the TAM

population (Talks, ef a/2000). The role of hypoxia in this expression pattern is

unclear, but transcription of HIF target genes including VEGF, within stromal

cells would be one of anticipated consequences. Production of VEGF could lead

to increased angiogenesis through direct mitogenic stimulation of endothelial

cells and indirectly by stimulating the migration of macrophages into tumours.

TAM also produces a number of other important angiogenic factors. A recent

study examining the localisation of VEGF protein in relation to focal

macrophage infiltration identified two types of macrophage infiltrates in breast

carcinomas (Leek, et a! 2000). One associated with the presence of EGFR and

low VEGF expression in tumours and one associated with high VEGF expression

in EGFR-negative tumours. Although we found little HIF-la in stromal

macrophages a recent report using different antibodies to HIF-la reported

frequent macrophage positivity (Burke, et a! 2002) in a study of a small

number of breast carcinoma cases. It is clear from both studies that the stroma

upregulates the HIF pathway and therefore could contribute substantially to
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angiogenesis. The importance of the interaction between stromal and tumour 

cells is underscored by the differential upregulation of HIF-2a mRNA observed 

in the normal tissue relative to the tumour tissue sample in a subset of the 

cases examined and discussed in chapter five.

The stromal tissue response to hypoxia or other stimuli in these patients may 

result in HIF-2a expression within TAMs; the resulting microenviromental 

changes may then provide a growth advantage to the tumour and a worse 

survival outcome. In this series CVC did not reach statistical significance 

although it has previously been shown to be an independent prognostic 

indicator (Fox, et a! 2001) in breast cancer. This may be explained by the 

relatively short follow up currently available on this series. As the number of 

adverse events within this case series is still relatively small some caution does 

need to be attached to the findings. A recent study has prospectively assessed 

the degree of intramural microvessei heterogeneity in 2 1  invasive breast 

cancers and found the variation in MVD in 3 hotspots between 6  serial sections 

contributed more to the total variance than variation between different 

tumours did and questioned the utility of this method for assessing 

angiogenesis (Ahlgren, et a! 2002). However, a number of studies have 

highlighted experience of those scoring and use of a graticule as important in 

reducing observer variation and improving reproducibility of MVD assessment 

and these factors are likely to have contributed to Ahlgren's findings (Fox, et a! 

1997, Hansen, et a! 1998). Tumour heterogeneity does occur and the use of 

serial sections or double immunostaining can be useful in the assessment of 

the interrelationship of different variables.
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Computerised Image analysis systems have been proposed as a more objective 

method of assessing Intra-tumoural microvessei density and have been shown 

to Improve the reproducibility and reduce Inter-observer variability (Wakul, eta! 

1992). The software available at the time these studies were conducted was 

limited and only seml-automated and time-consuming to use. An earlier 

comparison by members of Prof Harris' research group had validated CVC 

against an automated method (Fox, et a! 1995). The main advantages of 

automated methods are that both additional morphometric parameters can be 

quantified eg. the vessel luminal area and the number of vessels within a 

particular dimension range, and that the spatial relationship between different 

antigens and their distribution In relation to tumour blood vessels can be 

analysed In detail (Vukovic, at a! 2001). Both methods are limited by 

Immunohistochemical considerations such as choice of endothelial specific 

MoAb as discussed In sections 1.4 and 8.4. and do not differentiate between 

functional and non-functlonal blood vessels. The goal Is to develop techniques 

that provide high resolution of the microcirculation In-vlvo and provide 

dynamic, functional Information to allow assessment of angiogenesis, this area 

has recently been reviewed (McDonald & Chokye, 2003) and won't be 

discussed further.

CA IX, a membrane bound carbonic anhydrase, recently Identified to be 

hypoxically regulated by HIFs, was likewise upregulated within both tumour 

and stromal cells. The Intratumoural staining was predominantly membranous. 

However, In some cases either Instead of or In addition to this had cytoplasmic 

and or nuclear expression. Although CA IX Is a transmembranous protein It has
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nuclear localisation signal and parent or modified protein could thus account 

for the distribution observed. Our results suggest that the non-malignant 

stroma may also become adapted to hypoxia and contribute to survival of the 

tumour. The functional consequences of nuclear CA IX expression are 

unknown. This phenomenon was reported in the initial characterisation of 

MoAb 75 (Pastorekova, et a! 1992). CA IX expression by tumour cells was 

predictive for reduced OS and RFS in univariate analysis and was an 

independent factor for OS in multivariate analysis. We have recently reported 

these findings in invasive breast carcinoma (Chia, at a! 2001) and suggested 

that this association might be explained by a putative role for CA IX in 

protecting cells from the more acidic extracellular pH within the tumour 

(Gatenby and Gawlinski 1996). The efficacy of some chemotherapeutic drugs 

may also be influenced by cellular pH changes (Raghunand, et a! 1999). CA IX 

overexpression has been reported in a number of other tumour types (Saarnio, 

et a! 1998) and it appears that in renal cell carcinoma it may provide a 

therapeutic target (Parkkila, et a! 2000). A recent study has examined the 

expression of tumour associated CA IX and CA XII in relation to necrosis and 

early breast tumour progression in 6 8  cases of DCIS (Wykoff, et a! 2001). In 

DCIS, CA IX was associated with necrosis (P= 0.0053) and high grade (P= 

0.012). In contrast, CA XII was associated with the absence of necrosis (P= 

0.036) and low grade (P= 0.012). Neither CA IX nor CA XII expression was 

associated with regional or overall proliferation as determined by MIBl 

staining. These results suggest selective CA inhibitors may also be of use in 

DCIS. An earlier study by our research group assessed patterns of vascularity 

in DCIS and observed two distinct vascular patterns present either alone or in
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combination (Engels, et al 1997). In pattern I there was a diffuse increase of 

stromal vascularity between duct lesions and in pattern II a dense rim of 

microvessels was observed adjacent to the basement membrane of individual 

ducts. It was proposed that this is consistent with two angiogenic pathways: 

one pathway mediated by angiogenic factors released directly by the tumour 

cells producing a rim of vessels (pattern II) and another generated indirectly 

via recruitment of accessory cells which release other angiogenic factors and 

increase stromal vascularity. It would be very interesting to examine the 

relationship of the CA IX expression to these vascular patterns.

Analysis of the survival data found that expression of tumoural or stromal HIF- 

la  was associated with improved survival. This surprising result is In keeping 

with experiments using ES deficient in HIF-la (Carmeliet, at a! 1998) in which 

the consequence on tumour growth of HIF inactivation was complex. Hypoxia 

and hypoglycaemia reduced proliferation and increased apoptosis in wt ES, but 

not in ES cells with inactivated HIF-la. Xenografts of these HIF-la deficient ES 

cells formed tumours of equivalent size to wild type ES owing to increased 

stress proliferation and decreased hypoxia-induced apoptosis. The vascularity 

of these tumours, however, was reduced. Stress-damaged cells in tumours can 

be destroyed through the hypoxic induction of apoptosis; however, persistent 

hypoxia is associated with an increased mutation rate (Reynolds, et a! 1996) 

and may result in the selection of cells more resistant to apoptosis and less 

responsive to anticancer therapy. Recently it has been reported that genes 

regulating cell death can be hypoxically induced and are over expressed in 

some tumours. Bcl-2/adenovirus ElB 19kd-interacting protein 3 (BNIP3) is a
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proapoptotic mitochondrial protein that was initially isolated through its 

interaction with ElB 19K and Bcl-2 (Boyd, ef j/1994). It and its homologue Nip 

3-like protein X (NIX) have been shown by Northern blotting to be expressed 

ubiquitously in most human tissues and to induce necrosis rather than 

apoptosis (Yasuda, et a! 1999). HIF-la has been shown to mediate an 

increase in BNIP3 mRNA in response to hypoxia in a CHO cell line (Bruick 

2000). Within a panel of human cancer, endothelial and macrophages cell lines 

hypoxia has also been shown to upregulate BNIP3 and NIX protein (15/18 cell 

lines, including 7/8 different tumour types) and mRNA (Sowter, ef a/2001). In 

situ hybridisation revealed detectable BNIP3 mRNA in a perinecrotic distribution 

in 5/9 tumours. High levels of BNIP3 protein were found in RCC4 under both 

normoxic and hypoxic conditions. Réintroduction of pVHL reduced BNIP3 

expression under normoxic conditions, consistent with HIF-la mediating the 

response to hypoxia. Overexpression of HIF-la, but not p53, has been 

demonstrated to induce the expression of BNIP3 in various cell types including 

rat neonatal cardiomyocytes (Guo, at a! 2001). Thus high HIF-a expression 

may predispose to reduced cell survival by this pathway in both malignant and 

non-malignant cells.

Heterogeneity within tumour cell populations in the response to hypoxic stress 

and vascular dependence has recently been demonstrated (Yu, at a! 2001). 

The analysis of tumours established from mixtures of wild type and HIF-la 

deficient ES cells found cells expressing HIF-la showing increased perivascular 

localisation and HIF-la -/- cells had better hypoxic survival. Heterogeneity in 

angiogenesis dependence was also observed in cell subpopulations derived
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from a human melanoma xenograft. Whether HIF-la signalling played a role in 

developing a hypoxia resistant cellular phenotype in this model is still unknown. 

However, no differences in HIF-la protein expression were detected, following 

culture with cobalt chloride, between the sublines.

No association between HIF-la expression and CVC was found in our series 

although stromal HIF-2a and CVC were positively correlated suggesting HIF-2a 

may in be more important in inducing angiogenesis. The cases with endothelial 

cell HIF-la expression may represent a group in which there is substantial 

stromal hypoxia as well as tumour hypoxia.

Differential mRNA expression profiling has identified a number of other new 

VHL target genes in addition to the carbonic anhydrases (Wykoff, ef a/2000b). 

The expression of the majority, but not all, of these is regulated by oxygen 

indicating that whilst dysregulation of the HIF system makes a dominant 

contribution to alterations in transcription, VHL has other influences on patterns 

of gene expression. Genes newly defined as targets of the VHL/hypoxia 

pathway (conditionally downregulated by VHL in normoxic cells) include 

aminopeptidase A, collagen type V, alpha 1, cyclin G2, DEC1/Stral3, endothelin 

1, low density lipoprotein receptor-related protein 1, MIC2/CD99, and 

transglutaminase 2. These have a variety of functions, but are not all 

connected with the promotion of tumour growth, some being pro-apoptotic or 

growth inhibitory leading to the proposal that anti-apoptotic pathways may be 

required for tumour growth under VHL-dysregulation. Thus rather than 

considering the functional consequences of differences in expression of single
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genes on tumourogenesis in isolation, greater insight is likely to be gained by 

considering the overall expression patterns in synergistic or opposing

regulatory pathways.

In conclusion the data presented within this chapter confirms both our (Talks, 

et a! 2000) and others (Zhong, at a! 1999, Bos, at a! 2001) earlier reports of 

increased HIF-la expression in breast cancer. The presence of HIF-la 

expression in both tumour and stromal cell components of a case was 

positively associated in keeping with microenviromental stimuli contributing to 

the stabilisation and overexpression of HIF-la. The hypoxia of tumour

epithelium distant from vessels is well recognised, but this study show stroma 

carrying vessels can often express hypoxia markers. Surprisingly increased 

expression of stromal HIF-la was associated with a better overall survival. In 

contrast tumour expression of CA IX was associated with a greater reduction in 

overall survival. These results highlight the importance of the interplay

between tumour and normal stromal cell components in determining

angiogenesis. In addition other aspects of tumour behaviour affecting response 

to treatment may be affected. A greater period of follow-up in this series and 

studies within other tumour types will help clarify these interactions and how 

prospective assessment of these factors may be of use in stratifying patients to 

new anti-angiogenic therapies or assessing response.
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CHAPTER SEVEN EXPRESSION OF VEGF IN HODGKINS DISEASE 

AND NON-HODGKINS LYMPHOMA

7.1 Introduction

In contrast to solid tumours, limited information exists in the literature about 

angiogenesis in lymphoid malignancies. VEGF has been shown to be an 

important angiogenic factor through a variety of different actions and its 

upregulation has been widely demonstrated in many different solid tumours 

(Ferrara and Davis-Smyth 1997). VEGF mRNA upregulation is found in some 

premalignant lesions, such as comedo-type intraductal carcinoma of the breast 

(Brown, efa/1995), or high grade dysplasia and carcinoma in situ of the cervix 

(Guidi, et a! 1995), suggesting a role of angiogenesis in the progression of 

these lesions.

Few reports exist studying angiogenesis in lymphoproliterative disease. An 

early study examined the in vitro effect of extracts from three cases of HD, 

previously shown to induce angiogenesis in vivo, on bovine aortic endothelial 

cell monolayers. Endothelial proliferation was induced only by co-culture with 

macrophages or supernatant derived from these cells implying that tumour 

extracts act indirectiy to induce angiogenesis in vivo via their effect on host 

macrophages (Mostafa, et a! 1980). B cell non-Hodgkin's lymphoma (NHL) 

cells, but not normal B cells, were subsequently shown to induce angiogenesis 

in chick embryo chorioallantoic membrane; in this model the angiogenesis did 

not correlate with either the malignancy grade or the immunological phenotype 

of the tumours (Ribatti, et a! 1990). Later the same group found increased
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microvessei density, indicating ongoing angiogenesis, in active multiple 

myeloma, intermediate grade diffuse-type and high-grade non-Hodgkin's 

lymphomas (Vacca, et a/199S). Samples of lymph nodes from 8 8  patients with 

B-cell NHL and 15 patients with benign lymphadenopathies were then 

examined for changes in angiogenesis, using factor VIII staining and the 

stromal distribution of two subendothelial basement membrane components, 

laminin and type IV collagen. Higher microvessei counts were found in the B- 

NHL compared to the benign lymphadenopathies, with a rise in angiogenesis 

with an increasing Working Formulation (WF) malignancy grade (Ribatti, et a! 

1996). Likewise the ultrastructural analysis found increasing numbers of 

immature vessels and reduced stromal collagen IV expression in the high-grade 

NHL cases.

Analysis of VEGF in stored serum from 82, randomly selected, adult patients 

with NHL, diagnosed and treated in a single centre, found a high pretreatment 

serum VEGF level was associated with poor outcome (Salven, et a! 1997). A 

higher than medium serum VEGF was associated with a high IPI and poor 

WHO performance status, a high serum lactate dehydrogenase and large cell 

histology. These results indicate that VEGF measurements may be of clinical 

importance in haemopoietic malignancies as they are in solid tumours (Dirix, et 

a! 1997). Much of the VEGF quantified in serum samples has been shown to be 

released from platelets upon activation after venepuncture. To measure 

circulating levels of VEGF, which may better reflect circulating VEGF released 

by tumours rapidly processed citrate samples have been shown to be more 

suitable (Banks, et a! 1998). A recent study examined both plasma and serum
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VEGF in samples from pre and postmenopausal controls, patients with benign 

breast disease, localised breast cancer, breast cancer in remission and 

metastatic breast cancer and related the results to the immunohistochemical 

expression of VEGF by the tumour (Adams, ef a/2000). Plasma VEGF, but not 

serum VEGF levels were significantly elevated compared to controls in localised 

disease. However, the highest plasma and serum concentrations of VEGF were 

seen in patients in remission compared to normal controls. Tamoxifen 

treatment was significantly associated with higher circulating and platelet 

derived VEGF levels. Circulating VEGF did not correlate with any 

clinicopathological factor, including MVD or VEGF expression.

Using reverse transcription PGR (RT-PCR) and Northern blot techniques VEGF 

expression has been shown in a series of haemopoietic cell lines (Bellamy, et a! 

1999). Co-expression of the VEGF receptor, Flt-1, was also found in some cell 

lines suggesting the possibility of an autocrine pathway of tumour cell growth. 

The cells were also demonstrated to synthesize and secrete VEGF at 

biologically active levels. In addition to neoplastic lesions, increased serum 

levels (Nishi, at a! 1999) and upregulation of VEGF expression have been 

demonstrated in Castleman's disease (Foss, at a! 1997), suggesting that VEGF 

may be involved in the pathogenesis of this highly vascular lesion.

The secretion of extracellular matrix-degrading enzymes and the stimulation of 

angiogenesis are thought to be important processes involved in determining 

the local and distant invasive potential of solid tumours. Evidence that similar 

mechanisms are also involved in lymphoproliferative diseases has been
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published. Cell lines derived from a range of lymphoproliferative tumours have 

been shown to contain the mRNA for one or more matrix metalloproteinases 

and to secrete VEGF and/or bPGF (Vacca, et a! 1998). In in vitro models of 

angiogenesis these cells induced angiogenesis and mononuclear cell 

recruitment. Angiogenesis has been reported to be positively correlated with 

the density of the mast cell infiltrate, indicating that the recruitment of host 

inflammatory cells is important in contributing to angiogenesis (Ribatti, et a! 

1998).

The aim of the studies presented in this chapter was to investigate the extent 

of angiogenesis in different subtypes of HD and NHL and to assess the role of 

VEGF in this, using a new well-characterized anti-VEGF monoclonal antibody 

VGl (Turley, ef a/1998). In addition the in W&ro production of VEGF, by two R- 

S derived cell lines (L428 and KM-H2), was assessed by FACS and ELISA of cell 

culture supernatant. This work was undertaken as two separate projects with 

different members of Professor Gatter's research group and it has recently 

been published within two separate journal articles (Stewart, et a! 2002) 

(Doussis-Anagnostopoulou, ef a/2002). The methodological details and results 

included within this chapter are restricted to the work I directly performed and 

collaborative aspects of this work have been indicated. In the discussion the 

additional work included in these publications, is referred to.

Dr Ipatia Doussis-Anagnostopoulou selected the Hodgkin's disease cases 

examined and performed the majority of the VEGF immunostaining. I evaluated 

and scored all the cases with her and performed all the cell culture work for
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VEGF analysis by ELISA and FACS. I selected the cases of NHL studied and 

performed the VEGF and microvessel Immunostaining and scored these jointly 

with Dr Melissa Stewart and Dr Leek. Dr Stewart performed HIF-la, HIF-2a 

and CA IX Immunostaining on the cases and scored these. The other authors 

then reviewed the scoring of a subset of the cases and any disagreements 

were resolved by consensus.

7.2 Materials and Methods

7.2.1 Tissue selection

Tissues were obtained from the Cellular Pathology Department at the John 

Radcllffe Hospital, Oxford. Formalin fixed, paraffin wax embedded sections 

were cut at approximately 4 ^m and floated on to X-Tra slides. 61 cases of 

Hodgkin's disease were obtained Including 58 cases of classical HD and 3 cases 

of nodular lymphocyte predominance HD. The cases of classical HD were 

classified as nodular sclerosis (35 cases: 20 grade I; 15 grade II), mixed 

cellularlty (18 cases) and lymphocyte rich (3 cases). Two cases were classified 

as classical HD without sub classification Into a specific subtype, as one was a 

recurrent case, while the other was a trucut biopsy with limited material. 85 

cases of NHL's and 25 cases of reactive lymphoid tissue were selected for 

Investigation Including 48 cases of high-grade lymphoma, (32 DLBCL, 5 mantle 

cell, 1 adult T-cell leukaemia, 3 anglolmmunoblastic T-cell lymphoma (AILD) 

and 7 peripheral T-cell lymphoma unspecified) and 37 case of low-grade 

lymphoma (30 follicular lymphoma, 6  chronic lymphocytic lymphoma and 1 

hairy cell leukaemia). The reactive lymphoid tissue consisted of 12 reactive 

lymph nodes ( 8  reactive, 2 dermatopathic and 2 sinus histiocytosis) and 13
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reactive tonsils. In addition VEGF expression was examined in the staging bone 

marrow trephines from 16 of the cases of DLBCL, 8  of which had DLBCL 

involvement and 8  of which were normal.

7.2.2 VEGF Immunostaining

Immunohistochemical staining for VEGF was performed using MoAb VGl and 

the APAAP technique (Cordell, et a! 1984) as described in chapter two, 2.6.2. 

The enzyme reaction was developed using New Fuchsin, as the substrate. 

Proliferative endometrium was used as the positive control and replacement of 

the primary antibody with PBS was used as the negative control. In all the 

cases neoplastic cells, reactive cells and endothelial cells were evaluated for 

cytoplasmic positivity using a two-headed light microscope. In both the NHL 

and HD cases when more than 10% of the neoplastic cells were found to be 

reactive with the VGl antibody the case was considered positive. To clarify the 

cellular localisation of VEGF in the HD cases, double immunofluoresence 

staining was performed on paraffin sections of two cases as described in 

section 2.6.9.

7.2.3 Microvessel density assessment

The MVD was evaluated using a Chalkley point counting method by two 

observers (for the HD cases Dr Ipatia Doussis-Anagnostopoulou and myself 

and for the NHL cases Dr Stewart and Dr Russell Leek or myself) using a 

double-headed light microscope as detailed in chapter two, 2.6.6. The sum of 

the Chalkley counts from the three most vascular fields represented the 

microvessel score of the case. For the HD cases the median MVD, 14, was used
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to divide the cases into two categories, high and low vascular density. For the 

NHL an x200 objective was used to score the areas of highest vascularity and 

these were used to categorise cases as high (>30 microvessels per x200 field), 

medium (15-30 per x200 field) or (low <15 per x200 field). The relationship 

between the disease categories, VEGF expression and vascular density were 

analysed by non-parametric tests (Chi-squared tests).

7.2.4 Cell culture

VEGF production was assessed in two cell lines derived from R-S cells, L428 

and KM-H2, under both normoxic and hypoxic culture conditions by both 

quantification of VEGF in the cell culture supernatant and flow cytometry 

(FACS). Cells were cultured as detailed in chapter two. At the beginning of 

each experiment cells were counted and aliquots placed in fresh culture 

medium at densities of 0.15 and 0.25 xlO^ cells/ml and then incubated in 

parallel for 18 hours under conditions of either normoxia or 0.1% O2. Cells 

were then pelleted by centrifugation at 1500rpm for 3 minutes and the cell 

supernatants collected, and stored at -20°c. VEGF was quantified in the 

medium using an ELISA assay kit as detailed in section 2.5. The cell pellets 

were processed for FACS analysis as detailed in the next section. All 

experiments were serially repeated two or three times. In addition a set of 

paired normoxic/hypoxic cultured paraffin embedded cell pellets were prepared 

for each cell line. Following the removal of the cell supernatant for VEGF 

analysis the cell pellets were washed of medium by resuspending them in PBS 

and spun at 2000rpm for 5 minutes and the supernatant discarded; the cells 

were then fixed in 1 0 % neutral buffered formalin for 1 2  hours and embedded
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In paraffin. VEGF expression was subsequently examined by 

Immunohlstochemlstry on 4pm sections of these cell pellets using MoAb VGl 

following the methodology detailed in section 2.6.5.

7.2.5 FACS

The cell pellets were prepared for flow cytometry analysis by washing In 

0.1%BSA/PBS and then permeablllsed using a Fix and Perm cell 

permeablllsatlon kit as detailed In chapter two. Cells were either Incubated with 

MoAbs directed against the membrane antigens CD30 (Ber-H2, DAKO) and 

GDIS, which are expressed on both L428 and KM-H2 cells or a MoAb to VEGF 

(VGl), which Is an Intracellular protein. Cells were also Incubated with a MoAb 

to the Intracellular, structural protein, vimentin (V9, DAKO) as a positive control 

for the permeablllsatlon process. In addition an Isotype matched Irrelevant 

MoAb to rabbit Immunoglobulins (MR12, DAKO) and PBS were used as negative 

controls. Cells were then washed and Incubated with a FTTC labelled secondary 

antibody and fixed as detailed In chapter two and then analysed In a Becton- 

Dlcklnson FACS machine with assistance from Dr Karen Pulford.

7.3 Results

7.3.1 VEGF expression in Hodgkin's disease

In 41 cases (70.6%) of classical Hodgkin's disease, the neoplastic Reed- 

Sternberg and Hodgkin cells expressed detectable levels of VEGF. The staining 

observed was either diffuse cytoplasmic (Figure 7.1 A), or with a focal 

paranuclear distribution or «dot-Ilke» staining (Figure 7.1 B). In most cases, 

the neoplastic population expressed both types of staining. The number of
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positive neopiastic celis varied greatly; in a few cases only 1 0 % of the 

neoplastic population showed positivity, whilst in others most of the Reed- 

Sternberg ceils and variants were positive. A mixture of positive and negative 

neoplastic cells was seen in most of the cases (Figure 7.1 C) and the intensity 

of the staining was also variable with some of the cases showing a weak 

staining, while in others the staining was strong. The positive neopiastic cells 

showed no preferential distribution within the lymph node. Furthermore, there 

was no association of positive ceils with areas of necrosis. The distribution of 

positive and negative cases (according to the neopiastic ceils) was studied in 

relationship to the subtype of Hodgkin's disease.

Out of the 35 cases of the nodular sclerosis subtype, 25 cases (12 grade I and 

13 grade II) were positive (71.4%), compared to 13 cases (72.2%) of mixed 

ceiiularity. Of the three cases of nodular lymphocyte predominance Hodgkin's 

disease studied, in one the neoplastic celis showed VEGF expression. The 

differences were not statistically significant (Table 7.1).

Double immunofluorescent staining performed on two cases showed a co- 

iocalisation of VEGF signal in subsets of both CD30 and CD6 8  positive ceils (not 

shown). The reactive cell population also expressed VEGF in all cases and this 

was the predominant staining in most of them. Reactive macrophages were 

always positive; the intensity of the staining ranging from weak in a few cases 

to strong in most of them (Figure 7.2 D). Diffuse cytoplasmic staining was 

observed focaliy in small and medium sized lymphocytes from the background 

population. In three cases of nodular sclerosis cytoplasmic staining was also
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Figure 7.1 VEGF expression within R-S cells.
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Immunostaining w ith MoAb VG l. Within R-S cells two patterns o f VEGF expression 

were observed, diffuse cytoplasmic (A and B; arrows) and a paranuclear dot like 

accumulation (C and D; arrow). Original magnifications X400.
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Table 7,1 Results of VEGF expression in neoplastic cells in the different 

subtypes of Hodgkin's disease.

Hodgkin's disease (HD) No of cases VEGF results 
+

Classical HD 58 17 41
- Nodular Sclerosis 35 1 0 25
Grade I 2 0 8 1 2

Grade II 15 2 13
- Mixed ceiiularity 18 5 13
- HD, lymphocyte rich 3 - 3

- HD, nos 2 2 -

Nodular lymphocyte predominance 

HD
3 2 1

Total 61 19 42

observed in the fibroblasts of the fibrous stroma. Endothelial cells were 

negative, with the exception of three cases where some small vessels showed 

cytoplasmic staining (Figure 7.2 B). Plasma staining within the lumen of vessels 

was prominent in all cases and served as an internal positive control (Figure

7.2 C). In 32 cases variable amounts of strong extracellular staining were 

observed in the tissue stroma (Figure 7.2 E). In 12 of these cases the 

neoplastic cells were negative. Necrotic areas also showed large amounts of 

extracellular interstitial staining, often associated and closely surrounding 

negative neoplastic cells.
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7.3.2 Relationship of VEGF expression to MVD in Hodgkin's disease

Microvessel density was assessable In 43 of our cases (Figure 7.2 A). In 

contrast to two cases of reactive lymph nodes, where small vessels were 

mainly In the paracortlcal and medullary area, In the cases of Hodgkin's disease 

the hot spots were spread In the neoplastic field. Microvessel density ranged 

from 8  to 25, with a median of 14. The cases were categorised Into the four 

disease subtypes: nodular sclerosis, mixed cellularlty, lymphocyte rich and 

nodular lymphocyte predominance Hodgkin's disease and the relationship 

between microvessel density and the two more numerous subtypes (nodular 

sclerosis and mixed cellularlty) was examined using MANOVA. The median 

microvessel density was used to divide the cases Into two categories, high and 

low vascular density. No significant difference was found between the vessel 

counts between the different disease subtypes. Analysis of VEGF expression 

and vessel density showed a positive trend between VEGF positivity and high 

vessel density, which did not reach significance (Chi-square p 0.0923).

7.3.3 VEGF expression is hypoxicaily regulated in Reed Sternberg cell 

lines

Both cell lines had the phenotype of CD30 positivity typical of R-S cells, which 

was unaffected by hypoxic Incubation. The detection of vimentin was used as a 

control for the efficiency of cell permeablllsatlon. Figure 7.3 Is a representative 

FACS histogram Illustrating CD30 and vimentin expression In normoxia In L428 

cells. FACS analysis showed that a subset of the cell lines examined expressed 

VEGF in normoxia (Table 7.2). Figure 7.3 A Illustrates VEGF positivity In a 

subset of L428 cells: Ml Isotype matched negative control antibody 4.9%, VGl
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Figure 7.2 VEGF expression and microvessel staining in HD.
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Immunostaining with MoAb to CD31 and VGl allowed microvessels to be identified (A; arrows) and 

counted and VEGF expression assessed. Cytoplasmic VEGF expression was observed in a few endothelial 

cells (B, arrow) more commonly strong plasma VEGF expression within the lumen of vessels (C, arrow) 

was found. Heterogenous cytoplasmic VEGF expression was found, within reactive macrophages and 

some background lymphocytes (D, arrows). In other cases R-S cells were negative, but strong 

extracellular VEGF expression present (E). Original magnifications; A X200; B -  E X400.
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50.3%. Analysis of secreted VEGF (pg/ml/lxlO^ cells) in cell culture 

supernatant confirmed normoxic production of VEGF in both ceil lines (Table 

7.3) and significant hypoxic induction (p<0.005 students paired t-test).

Table 7.2 Normoxic VEGF expression by R-S derived cell lines assessed by 

FACS analysis as % positivity with VGl compared to that with an isotype 

matched control antibody.

Cell line Cell density % Expression with MR12 % Expression with VGl

KM-H2 0.25xl0Vml 6.5 8 6 . 0 2

KM-H2 O.lSxloVml 5.28 31.6

L428 0.25xl0Vml 4.9 50.3

L428 O.lSxloVml 4.2 52.6

Table 7.3 VEGF production in R-S derived cell lines.

Cell line Secreted VEGF* Secreted VEGF* Fold Induction of VEGF by

in normoxia in hypoxia hypoxia

L428 512 928 1 .8

L428 423 872 2 . 1

KM-H2 536 1040 1.9

KM-H2 276 600 2 . 2

KM-H2 353 498 1 .6

*(pg/ml) per 1 x1 0 ® cells
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Figure 7.3 Expression of CD30, vimentin and VEGF in L428 cells in normoxia 
and hypoxia.
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Expression of CD30, vimentin and VEGF was examined by FACS analysis in L428 cells 

after 4 hours of normoxic or hypoxic (0.1% O2) culture. CD30, a membrane expressed 

antigen found on R-S cells, and vimentin, an intracellular protein, were strongly 

expressed (A) in normoxia, the latter confirming efficient cell permeabilisation. No 

difference was found in either after hypoxic culture (not shown). VEGF was expressed 

by a subset of cells in normoxia (B); Ml of isotype matched MoAb, MR12 (negative), 

4.9%, VGl 50.3%. After hypoxic culture (C) the proportion of cells expressing VEGF 

increased; Ml negative control (4.9%), VGl (70.3%).
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Immunostaining of sections of the paraffin embedded L428 and KM-H2 cell 

pellets with BerH2, MR12 and VGl demonstrated membranous CD30 positivity 

typical of R-S cells, which was unaffected by hypoxic incubation, no staining 

with MR12 and cytoplasmic positivity with VGl. In the KM-H2 pellets 

generalised VGl expression was observed, which increased in intensity on the 

paired hypoxic pellet. In In contrast in the L428 pellets the number of VGl 

positive cells was greater in the hypoxic pellet and additional paranuclear 

staining was present in some of the positive cells.

7.3.4 VEGF expression In Non-Hodgkin's Lymphoma
In 96% (82/85) of the cases of NHL there was cytoplasmic staining within the

neoplastic cells with VGl consistent with the expression of VEGF. The 

immunostaining for VEGF within the neoplastic cells ranged from weak to 

strong in intensity and focal to diffuse in distribution (Figure 7.4 D-H). The 

three cases that were negative for VEGF comprised one mantle cell lymphoma 

and two follicular lymphomas. The AILD showed strong VEGF expression within 

the neoplastic cell and macrophage population (Figure 7.4 G). Occasional 

endothelial cells stained and numerous TAMS showed strong cytoplasmic VEGF 

expression (Figure 7.4 F). Very strong cytoplasmic staining was observed in 

plasma cells and was used as an internal positive control. All the reactive 

lymphoid tissue cases showed staining of macrophages, mostly in germinal 

centres, ranging in intensity from weak to strong, but no staining of 

lymphocytes. Double immunofluorescent immunostaining was undertaken in 

two cases and confirmed that a proportion of CD6 8  positive macrophages 

within NHL nodes also strongly co-expressed VEGF (figure 7.4 J).
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Figure 7.4 MVD and VEGF expression in NHL.

B

MVD was assessed after immunostaining sections with a MoAb to CD31 and the NHL cases 

were divided into three categories low (A), medium (B) and high (C). VEGF expression was 

assessed using MoAb VGl, both focal (E) and diffuse (G) cytoplasmic staining of the neoplastic 

cells was observed, in both low-grade (D) and high-grade (E, H) cases. Within AILD diffuse 

VEGF expression was also found in some endothelial cells (G). Subsets of TAM also expressed 

VEGF (F). Strong extracellular staining (I) and plasma staining (K) was present in some cases. 

Double immunostaining for CD68 and VEGF confirmed VEGF expression in a subset of 

macrophages (]). Within the staging bone marrow trephines examined strong VEGF expression 

was found in megakaryocytes (L). Original magnifications; X200 A D, F, G, I, K; X400 E, H, J, 

L.
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7.3.5 Relationship of VEGF expression to MVD in Non-Hodgkin's 

lymphoma

Of the high-grade NHL 52.1% (25/48 cases) had high microvessel counts, 

whilst only 8.3% (4/48) had low microvessel counts. Of the low grade 

lymphomas 64.9% (24/37 cases) had high microvessel densities and 8.1% 

(3/37 cases) low microvessel densities, no statistically significant difference was 

found between any of the subgroups (Table 7.4). There were wide variations 

within most tumour types, especially the FL. The vasculature of reactive 

lymphoid tissues appeared to have a distinct pattern. The paracortical areas 

were relatively vascular compared to the germinal centres. This pattern 

seemed to be retained in the low-grade NHL, especially clearly in the FL. 

However, this pattern was lost in the high-grade lymphomas, which had a 

diffuse pattern of distribution.

Diffuse weak VEGF expression was present within the neoplastic cell infiltrate in 

6 / 8  trephines involved by DLBCL and 3/8 uninvolved trephines. VEGF staining 

of megakaryocytes and plasma was also observed. No relationship was found 

between the vascular grade of the nodal lymphoma and the presence of bone 

marrow involvement (Table 7.5). Immunostaining for CD31 with the MoAb 

JC70 was successful in demonstrating endothelial cells in only 7/16 cases.

7.4 Discussion

Our findings show a significant expression of VEGF in 70.6% of the cases of 

classical Hodgkin's disease, both by the neoplastic population and by the 

reactive cells. Within NHL and reactive lymphoid tissue VEGF was expressed in
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Table 7.4 MVD of the NHL and reactive lymphoid cases.

Microvessel density High grade 

N=48

Low grade 

N=37

Reactive lymphoid 

N=25

High (>30 x200 field) 25 24 19
Medium (15-30 x200 field) 19 1 0 6

Low (< 15 x200 field) 4 3 0

Table 7.5 Relationship of vascular category of nodal DLBCL to the presence of 

lymphoma involvement in the staging bone marrow.

MVD category nodal biopsy BM involved NHL BM normal

Low 3 3
Medium 5 4

High 0 1

the neoplastic cells in the majority of cases (97.9% of high-grade and 94.6% of 

low grade cases) examined, with little difference in the staining patterns of the 

low-grade and high-grade NHL's. The positivity was diffuse cytoplasmic, similar 

to that reported in solid tumours (Mattern, a /1996). Additionally, within R-S 

and Hodgkin's cells, a paranuclear accumulation of staining was observed in 

most of the cases, a finding not reported in any other tumours to the best of 

our knowledge. The strong VEGF staining seen in the AILD cases correlates 

with the high vessel counts in these cases and supports the idea that VEGF 

contributes to the vascular phenotype of these lymphomas. TAM and plasma
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cells were found to express VEGF in both the reactive lymphoid cases and the 

NHL and HD cases, the Intensity of the VEGF expression within these cells was 

often greater than that within the neoplastic cells. This Is In contrast to 

numerous solid tumours such as NSCLC, where VEGF staining Is strongest 

within the neoplastic cells themselves (O'Byrne, ef a/2000). Thus It appears In 

HD, NHL and reactive lymphoid tissue much of the VEGF Is produced by TAM. 

The double Immunofluorescent staining confirmed the morphological findings 

showing that subsets of the neoplastic cells. In both HD and NHL, express 

VEGF and In addition that In these cases and reactive lymphoid tissue subsets 

of CD- 6 8  positive macrophages also express VEGF.

The only other study to examine VEGF expression In lymphomas did so by 

examining VEGF mRNA transcript expression by In-situ hybridisation (Foss, et a!

1997) and used sequential Immunohlstology to characterise the cytokine- 

expressing cells further. Microvessel density was assessed by counting vessels, 

after Immunostaining with an antl-CD-31 MoAb, and expressed per O.Smm̂ . 7 

cases of T-cell lymphoma unspecified and 5 cases of T-cell AILD, 5 chronic 

lymphocytic lymphoma and 3 FL, 20 cases of classical HD, 8  cases of 

Castleman's disease and 14 reactive lymph nodes were examined. VEGF 

transcripts were present In all the T-cell NHL cases, reactivity being most 

prominent In AILD, but not In the neoplastic cells, macrophages or 

lymphocytes. In this study very little VEGF mRNA expression was observed In 

the low-grade NHL cases, but was widely expressed In the HD cases. However, 

this was within the neoplastic cells In only 1/20 HD cases; the majority of the
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VEGF positive cells were negative for lymphold-markers and CD-6 8 , and 

thought to correspond to fibroblasts or myofibroblasts.

To confirm the specificity of the VEGF expression observed within the 

neoplastic cells in HD a series of further experiments were undertaken. We 

showed in two different R-S derived cell lines, both intracellular and secreted 

VEGF protein. The secreted VEGF assayed in the cell culture supernatant was 

hypoxicaily inducible in both cell lines. The degree of induction was not as 

great as that reported in some epithelial tumour cell lines (Blancher, et a! 

2 0 0 0 ), however, the culture conditions were not systematically optimised and it 

is possible that either different durations of hypoxic exposure or starting cell 

density might have led to greater induction. In addition one of the co-authors 

in the study Vassilis Gorgoulis (Doussis-Anagnostopoulou, at a! 2002), 

demonstrated the presence of VEGF mRNA in the same two R-S cell lines by 

RT-PCR.

Our findings show significant expression of VEGF in HD, both by the neoplastic 

cell population and by the reactive cells, including TAM. We demonstrate that 

VEGF expression in neoplastic R-S may be upregulated by hypoxia. It would be 

of great interest to assess serum levels in HD patients prospectively, in parallel 

with immunohistological analysis of diagnostic biopsy material and relate these 

to other clinicopathological features.

Tumour cells attract mononuclear phagocytes and sustain their survival and in 

turn mononuclear phagocytes produce growth factors, which can induce
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angiogenesis (Mantovani 1994). In addition TAM also may be stimulated by 

hypoxia (Lewis, et a! 1999). A membrane-bound form of macrophage colony- 

stimulating factor (M-CSF) is expressed on the neoplastic cells in lymph nodes 

from patients with HD (Zheng, at a! 1999), although the role this plays in the 

development of HD is still uncertain. We have previously shown that 

macrophages are, among other reactive cells, responsible for the upregulated 

expression of the angiogenic factor thymidine phosphorylase (TP) in HD and 

NHL (Doussis-Anagnostopoulou, ef a/1997). The prominent expression of both 

VEGF and TP by tumour-associated macrophages in HD further supports the 

role of these cells in facilitating tumour progression akin to their role in solid 

tumours. The series of NHL cases examined for VEGF expression were also 

immunostained for TP (Stewart, at a! 2002) and the results were consistent 

with the previous study (Doussis-Anagnostopoulou, at a! 1997). The tumour 

cells were almost invariably negative with the exception of one case of FL. 

Macrophages and follicular dendritic cells were universally stained in the 

lymphomas and the reactive cases. In the high-grade lymphomas in particular 

a distinct pattern of staining was observed, in which individual TP-negative 

neoplastic cells were surrounded by a meshwork of TP-positive non-neoplastic 

cells. Recently it has been shown that the production of 2-Deoxy-D-ribose-l- 

phosphate, a product of thymidine catabolism by TP, generates oxygen radicals 

inducing oxidative stress, which promotes the secretion of VEGF and other 

angiogenic factors (Brown, at a! 2000). Endothelial TP staining was nuclear 

when present and was expressed in some of the high-grade and low-grade 

lymphomas, but was present in all reactive cases.
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In some of the cases, weak cytoplasmic VEGF staining was observed in 

endothelial cells, which could correspond to accumulation of the protein rather 

than synthesis. Variable amounts of extracellular Interstitial staining were 

present both In the stroma and in necrotic foci of our cases, similar to reports 

of ovarian carcinoma (Boocock, et a! 1995) and both normal liver and 

hepatocellular carcinoma (Chow, ef a/1997). VEGF may associate with heparan 

sulphate In the extracellular matrix and be released In bloactlve form by 

extracellular proteases (Houck, at a! 1992). Alterations In extracellular 

proteolysis, controlling the release of angiogenic factors, are known to be an 

Important component of control In the angiogenic process (Pepper, at a! 1994). 

The presence of abundant extracellular VEGF suggests that the extracellular 

matrix may have an important role as a storage area, providing quick access to 

angiogenic factors. The functions of VEGF are not only limited to angiogenesis 

and It may play a role In facilitating tumour growth by Interfering In the 

Induction of an Immune host reaction through Inhibitory effect on the 

maturation of dendritic cells (Gabrilovich, gfa/1996).

In contrast to previous studies we found no Increase In MVD In low grade B- 

NHL versus lymphadenopathles or In high-grade NHL compared to low-grade 

NHL. Previous studies have reported microvessel counts Increasing in parallel 

with pathological progression. In a recent study of 72 B-NHL nodes and 16 

benign lymphadenopathles, tryptase reactive mast cell density was found to be 

correlated with microvessel counts, suggesting that mast cells might be 

Involved In the Induction of angiogenesis (RIbattI, ef a/2000). The same group 

reported that microvessel and macrophage counts, within nodal biopsies of 71
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B-NHL and 30 benign lymphadenopathles, both increased with pathological 

progression (Vacca, efa/1999) and proposed that macrophages are involved in 

promoting angiogenesis. In this and other studies by the same Italian group 

microvessel counts were assessed by a different method to ours. Endothelial 

cells were highlighted by immunostaining with a MoAb against factor VIII and 

microvessels counted, using a modified planimetric point-count method, in 

which only transversally sectioned microvessels, of both blood and lymphatic 

origin, were counted (Ribatti, ef a/ 1998b). Three sections were assessed/case 

and all the microvessels counted in 4-6 200x fields, using a 144-intersection- 

point graticule. The authors commented on the non-homogenous distribution 

of microvessels in benign lymphadenopathles and FL similar to our own 

observations. These methodological differences in assessing microvessels could 

account for the different results.

The same series of NHL cases were also immunostained to assess HIF-la, HIF- 

2a and CA IX expression by Dr Melissa Stewart (Stewart, et a! 2002). HIF-la 

was expressed in 70.6% (60/85) of the NHL cases mainly within the neoplastic 

cells, in a diffuse pattern with single scattered weakly positive cells. Reactive 

lymphoid tissue showed nuclear staining in 84% (21/25) of the cases 

predominantly within germinal centres. In contrast HIF-2a expression was 

present in 85.9% (73/85) of the NHL cases, confined to macrophages and 

increased with increasing grade (p=0.013). The intensity of the HIF-la 

expression within NHL was weaker than that seen in other tumour types and 

expression was unaffected by the presence of necrosis. Membranous CA IX
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staining was present In only 8.2% (7/85) of the NHL cases, all of which were 

DLBCL tumours, and none of the reactive lymphoid cases.

P53 gene mutations have been shown to be associated with poor survival In 

low and low-lntermedlate risk DLBCL (Leroy, et a! 2002). 69 patients with 

DLBCL with low IPI were studied for p53 mutations using denaturing gradient 

gel electrophoresis. These were found In 23% (16/69) of the cases and the 

presence of a p53 gene mutation was found to adversely affect survival with a 

6 year survival of 44% versus 79% In mutated versus non-mutated patients. 

The same series was also examined Immunohlstochemlcally for p53 and 

p21/WAFI expression and the findings found to correlate with the mutation 

analysis results. In a study of 57 different histological types of NHL p53 

mutations were found In 26% (15/57) of the cases (Vllluendas, et a! 1997), 

missense mutations failed to express significant levels of the p53 transactivated 

proteins, MDM2 and p21, meaning that Immunohistochemical analysis alone 

would miss these cases. As discussed In chapter five, loss of wt p53 leads to 

loss of p53's Inhibitory action on VEGF transcriptional expression. It would be 

Interesting to relate differences In the markers of angiogenesis to the p53 

status of the lymphoma cases.

In conclusion some parallels do appear to exist between angiogenesis In 

epithelial tumours and lymphomas. Within both HD and NHL the neoplastic 

cells and reactive TAM express VEGF. Within epithelial tumours the stroma has 

been shown to contribute significantly to VEGF production (Fukumura, et a!

1998) and TAM are known to be a major source of the VEGF. It appears In
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NHL, HD and reactive lymphadenopathles subsets of the stromal macrophages 

are also a major source of VEGF. In contrast to other authors no progressive 

relationship between MVD and malignant phenotype in NHL was found. A 

Chalkley point counting method in vascular hot spots was used as opposed to a 

planimetric method. Extrapolating from the published experience of microvessel 

assessment in solid tumours it is probable that these methodological 

differences account for the differences (Fox, et a! 2001). Further studies are 

needed to assess both MVD and other markers of angiogenesis and to correlate 

these with established clinicopathological variables in lymphoma. The 

development of methods to distinguish new from old vessels and vascular from 

lymphatic endothelium might provide more sensitive tools with which to assess 

angiogenesis. It may then be possible to determine features that would identify 

cases appropriate for inclusion in trials of antiangiogenic therapy.
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CHAPTER EIGHT GENERAL DISCUSSION, CONCLUSIONS AND 

FUTURE WORK

The work presented in this thesis was initiated with the aims of exploring the 

activation of hypoxia signalling pathways in human tumours, to enhance 

understanding of its role in angiogenesis and tumourogenesis, and to assess 

different components of these as possible biological markers. In this chapter 

the extent to which these aims have been achieved is reviewed and areas for 

future research highlighted.

During the course of my research work the determinants of HIF 1 and 2 activity 

have been demonstrated to extend beyond oxygen tension alone and include a 

variety of both genetic factors (tumour suppressor gene mutations and tumour 

oncogenes) and microenviromental signals (hypoglycaemia and growth 

factors). Increased expression of HIF 1 and 2 leads to enhanced transcription 

and activation of a number of different genes including VEGF, which has an 

established role in angiogenesis and tumourogenesis. Angiogenesis is a 

complex dynamic process with the roles of different angiogenic factors varying 

throughout the development of any given tumour. Studying activation of the 

HIF pathway in human breast carcinoma and lymphoma might be useful for 

both stratifying patients at presentation for more intensive conventional 

treatment and in the future for selecting the most appropriate antiangiogenic 

agents for adjuvant use.
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8.1 HIF la  and HIF-2a

In chapter three the characterisation of MoAbs that detect HIF-la and HIF-2a 

protein in paraffin embedded, formalin fixed material is detailed. Differential 

upregulation of both HIF-la and HIF-2a was observed in a wide range of 

human tumours, compared to expression in their normal tissue counterparts, 

suggesting that this pathway could provide targets for diagnostic use or 

therapeutic exploitation. Whilst this work was in preparation for submission 

another group published a paper detailing the distribution of HIF-la in 

common human cancers using a different MoAb raised to a different, non- 

overiapping region of HIF-la (amino acids 432-528) (Zhong, et a! 1999). Our 

findings were broadly concordant with theirs and extended the level of 

knowledge with a description of HIF-2a and in-situ studies.

The pattern of HIF-a expression within neoplastic ceils had a striking 

perinecrotic distribution in some cases, which is consistent with a hypoxic 

gradient inducing expression. In addition some nuclear expression of both HIF- 

a was observed in the normal tissue tumour counterpart in sections from the 

resection margins of tumours consistent with a common microenviromental 

signal triggering expression. However, in many tumours scattered positivity of 

the tumour nuclei was noted that bore no relationship to the proximity of 

microvessels. This reflects the variety of intrinsic and extrinsic signals that 

operate through different cellular signalling pathways to alter the level of HIF-1 

and HIF-2. Within some cases of RCC HIF-la and HIF-2a expression was found 

in virtually all the tumour cell population consistent with the influence of an 

intrinsic signal. Between 70-80% of all spontaneously arising RCC are known to
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have mutations of VHL. As a consequence of this ubiquitination and 

proteasomal degradation of HIF-a subunits doesn't occur and both HIF-1 and 

HIF-2 are expressed constitutively (Maxwell, et a! 1999). Two groups have 

recently performed mutational analysis in parallel with examining HIF-a 

expression in RCC cases and confirmed that the increased HIF-a expression is 

VHL-dependent (Wiesener, ef a/2001, Turner, ef a/2002). Expression of HIF-a 

proteins were associated significantly with up-regulation of VEGF mRNA and 

protein and increased microvessel density in both studies, but increased mRNA, 

as well as protein expression, was only found in the later study (Turner, at a! 

2002), suggesting that VHL-independent mechanisms may also be involved. It 

is very likely that the ensuing alterations in gene expression patterns are 

functionally important in RCC development. Recently a Tet-Off human fetal 

kidney cell line has been transfected with HIF-2a (Xia, et a! 2001), leading to 

up regulation of endogenous VEGF at both the mRNA and protein level. 

Haemangioblastomas (HBs) are another common tumour type found in 

patients with VHL disease, as in spontaneous RCC there is a high incidence of 

VHL mutations in spontaneous HBs. VEGF is up regulated in the stromal cells of 

HBs (Wizigmann-Voos, et a! 1995). In-situ hybridization studies have 

demonstrated that HIF-2a and VEGF mRNA are coexpressed topographically in 

breast tumours (Talks, ef a/2000), HBs (Flamme, ef a/1998) and in RCC tissue 

(Xia, af a/2001), suggesting that HIF-2a is involved in VEGF regulation. HIF-la 

protein is also homogeneously expressed in HBs stromal cells consistent with 

the presence of VHL mutations stabilising HIF-la levels, although mutational 

analysis of the cases was not performed to confirm this (Zagzag, et a! 2000). 

The same study found that within GBMs HIF-la was primarily localised in areas
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adjacent to necrotic areas and within Infiltrating tumour cells at the tumour 

margin consistent with hypoxic gradients. Low-grade gliomas were found to 

express lower levels of HIF-la. Using a polyclonal antibody against HIF-2a a 

series of bladder tumours were examined, 58.3% (14/24) of the cases were 

found to have either focal or extensive tumour cell positivity, particularly In the 

Invasive compartment (Xia, ef a/2002). In addition strong cytoplasmic HIF-2a 

expression within macrophages and neutrophils was demonstrated. Another 

immunohistochemlcal study has examined HIF-2a expression In a cohort of 67 

bladder cancer cases and found overexpression of HIF-2a In the stroma around 

cancer cells and In perinecrotic regions within TAM and fibroblasts, but not In 

cancer cells (Onlta, af a/2002). In this study VEGF expression was also found 

to positively correlate with tumour grade, stage and HIF-2a overexpression. 

The HIF-2a positive cases were found to have lower MVD than the HIF-2a 

negative cases, but across the whole case series no significant correlation was 

found between HIF-2a and MVD.

Within lymphomas anglogenesis was assessed by examining MVD and VEGF 

expression. In contrast to previous work (Foss, et a! 1997) we demonstrated 

that a subset of the neoplastic cells within HD and DLBCL express VEGF. 

Moreover the expression of VEGF by R-S cells Is hypoxically Inducible. No 

Increase In MVD was found with pathological progression using our method of 

Chalkley counting hot spots. As discussed In the next section the Importance of 

the stroma In lymphoid malignancies and reactive conditions, with strong VEGF 

expression by TAM, emerged as a common theme shared with epithelial 

tumours.
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The work presented In chapter five to examine the mechanisms of HIFa protein 

upregulation found evidence that both HIF-la and HIF-2a mRNA can be 

upreguiated in breast carcinomas. In situ hybridisation demonstrated 

heterogeneous upregulation of HIF-2a across tumour sections, in a distribution 

that matched the upregulation of VEGF mRNA and TAM. HIF-la mRNA was 

homogeneously distributed in the same cases. Further evidence that 

upregulation at the mRNA level occurs and contributes to the protein 

expression was examined in a series of paired tumour/normai breast tissue 

RNA samples. In just over a third of the cases (8/19) HIF-la mRNA was 

expressed >2x that in the case matched sample of normal breast tissue RNA. It 

is not possible from the lysates to attribute the upregulation to either tumour 

cells or any particular stromal ceil component; the tumour samples contained 

variable amounts of stroma, which was not quantified in any way. In contrast 

induction of HIF-2a mRNA within the normal breast tissue RNA was found in 

the same number (8 / 2 0 ) with only a single case demonstrating a significant 

induction in tumour over normal. These interesting results require further 

studies, the inclusion of cases was limited by the availability of adequate 

amounts of normal breast tissue, the prospective collection of adequate 

material would allow both mRNA and protein expression to be studied in 

parallel. TTie issue of tumour versus stroma effect and their interplay could be 

addressed using microdissection techniques and RT-PCR.

Recently HIF-2a mRNA and protein expression have been demonstrated in 

human bladder cancer ceil lines under normoxia, by RT-PCR and western blot 

analysis (Xia, et a! 2002). In RCC upregulation of both HIF-la and HIF-2a
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within tumour samples has also been reported to involve increased mRNA as 

well as protein expression (Turner, et a! 2002). Recently human HIF-la has 

been shown to exist in a number of splice variants although the significance of 

this in the expression of HIF-la protein is not yet determined (Gothie, at a!

2000).

The role of p53 in regulating HIF-a expression under normoxic and hypoxic 

conditions was also investigated in a series of in vitro experiments presented in 

chapter five. These demonstrated no discernible difference in the degree of 

hypoxic induction of either HIF-la or HIF-2a protein in the presence of either 

wt, mutant and absent p53 expression. No hypoxic induction of VEGF mRNA 

was observed under any of the experimental conditions. The cells with mutant 

p53 had a normoxic level of secreted VEGF equivalent to the hypoxically 

induced level in the wt p53 cells that wasn't hypoxically inducible. The 

experiments were limited in part by the poor hypoxic induction of VEGF, which 

had been selected as one of the endpoints monitored; reexamining the issue in 

a different cell background may be helpful. However, the interactions between 

cell survival pathways and HIF-la continue to grow in number and rather than 

considering one cell cycle regulator in isolation it may be more informative to 

consider a wider profile of genes.

8.2 Stromal Involvement

A very striking feature of the immunostaining studies was HIF-2a expression 

within tumour associated macrophages. This was specific to a subset of the 

TAM and absent in other tissue macrophages with the exception of those in the
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bone marrow. The work presented in chapter four confirmed the specificity of 

the TAM immunoreactivity demonstrating both colocalisation with CD6 8  

expression and an identical pattern of immunostaining with a rabbit polyclonal, 

PM8 . In-situ hybridisation confirmed that in tumour cases where there was 

strong immunostaining of stromal macrophages with 190b, HIF-2a mRNA 

signal was present over the same areas. Within the lymphomas examined VEGF 

expression was a prominent feature in subsets of the macrophages present in 

the nodes, consistent with the stroma making an important contribution to 

angiogenesis in lymphomas as well as epithelial tumours. The functional 

significance of the bone marrow macrophage expression of HIF-2a is unclear. 

The stromal cells are known to play an important role in regulating 

haemopoiesis (Morrison, et a! 1997). Recently a study has examined changes 

in HIF-la expression in hypoxia-reoxygenated bone marrow stroma and shown 

substance P negatively regulates induction of HIF-la and activation of caspase- 

3 (Qian, ef a/2001). The HIF-2a within TAM is predominantly cytoplasmic in its 

distribution, VEGF mRNA expression within TAM observed in in-situ studies 

suggests it is transcriptionally active. Recently it has been shown that nuclear 

translocation is not a key event controlling the stability of HIF-la and that the 

half-life of HIF-la is the same within both the nuclear and cytoplasmic 

compartments (Berra, ef a/2001), it is likely that the same is true of HIF-2a.

This work has provided new insights into TAM and confirmed the important 

role of the stroma in contributing to angiogenesis. Other members of Prof 

Harris's research group are currently exploring the role of TAM further. 

Understanding more about the mechanisms controlling their function might
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provide new therapeutic targets or a means of delivering treatment. The 

possibility of using macrophages to deliver gene therapy to hypoxic areas of 

tumours has shown some promising results. A recent study demonstrated 

induction of a therapeutic gene's expression by the HIF/HRE pathway in 

transfected macrophages (Griffiths, et a! 2000). In addition to TAM we 

identified other host cells within tumours expressing HIF-a, CA IX and VEGF 

including plasma cells, lymphocytes, fibroblasts and endothelial cells. The 

intercase variations in stromal CA DC expression in breast carcinoma were 

particularly striking and it would be of interest to examine further. The 

prospective collection of paired frozen and paraffin embedded material from 

different areas of individual cases would allow parallel examination of mRNA 

and protein expression and insights into the spatial distribution of activation 

within tumours. Examining the differential gene expression profile in paired 

samples of tumour stromal cells versus normal breast stromal tissue or 

between different populations of macrophages/TAM would yield further 

insights. It is important to determine if similar or different pathways are 

activated within normal bone marrow macrophages expressing HIF-2a 

compared to TAM's.

8.3 Prognostic value of the hypoxia signalling pathway

In chapter six the results of a study examining the expression of HIF-a 

subunits, CA IX and MVD within a series of invasive ductal breast carcinoma 

cases and the correlation of these with clinicopathological features and 

outcome are presented. Concurrent expression of factors, from different levels 

of the hypoxia signalling cascade, in both the tumour and stromal component
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of the breast cancer cases emphasises the Importance of the stroma In 

angiogenesis. In keeping with microenviromental stimuli contributing to the 

stabilisation and overexpression of HIF-la the expression of HIF-la within the 

neoplastic cells of a case was positively associated with stromal cell HIF-la 

expression. Somewhat surprisingly Increased expression of stromal HIF-la was 

associated with a better overall survival. Whether this reflects differences In the 

host response to hypoxia Is uncertain and warrants further Investigation. 

Another untested hypothesis Is that Increased stromal HIF-la expression could 

reflect a stressed stroma unable to adequately support tumour growth. This 

reveals a potential pitfall In using analysis of tumour lysates, which have a 

heterogeneous composition, to examine levels of expression and relating this 

to clinicopathological outcome.

The expression of CA IX within the neoplastic cells In this series of Invasive 

breast carcinoma and Its association with necrosis, a higher relapse rate and 

worse overall survival and that It Is an Independent factor for OS In multivariate 

analysis has previously been reported (Chia, et a! 2001). However, this earlier 

study of the series did not consider CA IX expression within the tumour stroma 

or its interrelation with other activation markers of the hypoxla-signalling 

pathway. A greater period of follow-up In our series Is required to confirm the 

associations and perhaps reveal new associations. Evidence now exists from 

two different publications, supporting our observations of HIF-la and HIF-2a 

and CA IX expression In DCIS, that activation of this pathway occurs early In 

breast lesions and may contribute to breast tumour progression. The level of 

HIF-la has been shown to Increase, In parallel, with Increases In the pathologic
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stage of breast tumourogenesis and to be higher in poorly differentiated lesions 

than In the corresponding type of well-differentiated lesions (Bos, ef a/2001). 

Increased levels of HIF-la were also associated with Increased proliferation 

and Increased expression of ER and VEGF. In a study of 6 8  DCIS cases CA IX 

was found to be associated with necrosis and high grade (Wykoff, ef a/2001). 

The paper defining C4 Pas a hypoxla-lnduclble gene from our research group 

compared the relationship of CA IX expression within tumour sections with that 

of the bloreductlve hypoxia marker pimonldazole (Wykoff, et a! 2000a). In 

most tumours pimonldazole staining was more extensive across tumour 

sections than the CA IX, being primarily banded around necrotic areas and the 

periphery of papillary structures In bladder carcinomas. The large majority of 

CA IX Immunostaining localised within regions of pimonldazole adduct. In 4/20 

cases the CA IX staining was more extensive than pimonldazole staining, In 

these cases In addition to the perinecrotic and peripheral papillary expression, 

a proportion of CA IX expression was not obviously associated with such 

regions. This finding Is not that surprising as In addition to hypoxia many other 

signals can upregulate HIF-la expression and thus could Induce CAP 

transcription. CA IX Inhibitors have already been shown to Inhibit the Invasion 

of RCC cell lines (Parkklla, at a! 2000) and may have a therapeutic role In all 

tumours overexpressing CA IX. Stratification of patients undergoing radical 

radiotherapy using the CA DC/MVD model may be useful for the 

Individualisation of therapeutic strategies combining antlanglogenesis and 

hypoxia targeting with radiotherapy.
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A number of other studies have now been published in which the prognostic 

value of different components of the hypoxia signalling pathway are examined 

in other tumour types including head and neck tumours, cervical cancer and 

NSCLC. The common themes and discrepancies that have emerged will be 

reviewed.

In squamous cell head and neck carcinoma (SCHNC) the three studies to date 

have drawn some opposing conclusions (Aebersold, ef a/2001, Beasley, et a! 

2002a, Koukourakis, ef a/2002). In all the studies the majority of tumour cells 

overexpressed HIF-la. In Aebersold's study of 98 patients who had undergone 

curative radiotherapy, with squamous cell cancer of the oropharynx, 94% of 

the primary tumours over-expressed HIF-la. The degree of HIF-la 

immunoreactivity correlated inversely with both the rate of CR of the primary 

tumour and lymph node métastasés as well as with local failure-free survival 

(P=0.006), DFS (P=0.008) and OS (P=0.02) (Aebersold, et a/ 2001). The 

predictive power of HIF-la was independent of other covariables on 

multivariate analysis. Simultaneous assessment of HIF-la expression and 

tumour oxygenation would clarify the extent to which hypoxia accounts for 

these associations. Beasley's study examined 79 patients with SCHNC, including 

23 tumours of the oropharynx, whose initial treatment was surgery. HIF-la 

was overexpressed in 64% of the assessable slides (44/69 cases). HIF-2a 

expression was also examined and found to be present In 51% of the 

assessable slides (36/70 cases), within tumour nuclei and within TAM in 84% 

(59/70) of the cases. Both HIF-la and HIF-2a (TAM) expression were 

associated with the presence of tumour necrosis. Tumour expression of HIF-la
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was associated with a significantly better DFS (P=0.016) and OS (P=0.027). 

These conflicting results as to the predictive value of HIF-la expression may in 

part be reconciled by differences in case selection. Hypoxia was initially 

demonstrated to interfere with the response of tumours to radiation by work in 

the 1930's (Mottram 1936). Locoregional control is crucial for OS of SCHNC 

patients treated with radiation and the prognostic power of the HIF-la staining 

in the two radiation treated case series lay mainly in its association with local 

tumour control. Unlike radiotherapy the presence of intratumoural hypoxia per 

se would not be predicted to be associated with an increased failure of 

treatment with surgery. Although increased HIF-la expression has been 

related to tumour progression in breast cancer the activation of non-HIF 

dependent cell cycle pathways can compensate and lead to equivalent or more 

aggressive phenotype (Carmeliet, et a! 1998). Interestingly low, rather than 

high, expression of HIF-la and HIF-2a has been demonstrated to be 

associated with better clonogenic survival in breast cancer cell lines (Blancher, 

et a! 2000). The prognostic value of HIF-a expression within a series of 37 

cases of early oespophageal cancers treated with photodynamic therapy (PDT), 

the efficacy of which is dependent on the presence of oxygen, has been 

reported (Koukourakis, et a! 2001b). Strong expression of the HIF-la and of 

HIF-2a was noted in 51% and in 13% of cases, respectively. High expression 

was associated with a low CR rate and with the absence of bcl-2 protein 

expression. On the contrary, bcl-2 expression was associated with a high CR 

rate. Bivariate analysis showed that HIF-la expression was independently 

related to response to PDT (P = 0.04; t ratio = 2.8), whereas bcl-2 approached
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significance (P = 0.07; t-ratio = 1.8) suggesting that assessment of HIF may 

be an Important predictor of In vivo sensitivity to PDT.

CA IX expression and Its relationship to MVD was also examined In the series of 

surgically treated SCHNC, but not related to clinical outcome (Beasley, et a!

2001). CA IX overexpression was localised to the perinecrotic area of the 

tumour and found to be positively associated with tumour necrosis, a high MVD 

and advanced stage. Koukourakis has also examined CA IX expression within a 

series of 75 SCHNC, treated with concurrent chemoradlotherapy with 

carboplatin, and found expression In 26.6% (20/75) of the cases, mainly In 

tumours with very poor vascularisation, located around areas of focal necrosis. 

CA IX expression was associated with poor CR (40% versus 70%; P = 0.02) 

(Koukourakis, et a! 2001a). Combining the CA IX staining and the MVD, the 

authors Identified three groups of patients: (a) hypoxic tumours; (b) euoxic 

highly angiogenic tumours; and (c) euoxic non-hlghly angiogenic tumours. 

Group's (a) and (b) had a very poor local relapse-free survival (P < 0.0001).

Cervical tumours are also accessible for polographic oxygen electrode studies 

and pre-treatment oxygenation levels have been shown to be predictive of 

radiation response and survival (Hockel, et a! 1993). Two recent studies have 

examined the predictive power of different components of the hypoxla- 

slgnalllng pathway, HIF-la and CA IX. In a prospective study of 6 8  patients 

with cervical tumours. In whom direct measurements of tumour oxygenation 

levels were taken with needle electrodes, CA IX expression was evaluated 

(Loncaster, et a! 2001). A significant positive correlation was found between
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the level of tumour hypoxia (HP5= % of values <5mm Hg) and the extent of 

CA IX expression. A retrospective study of 130 squamous cell cervical 

carcinomas demonstrated that a semlquantltatlve Immunohistochemlcal 

analysis of CA IX expression In tumour biopsies Is a significant and independent 

prognostic Indicator of OS and metastasis-free survival after radiation therapy. 

The authors conclude that CA IX may act as an intrinsic marker of tumour 

hypoxia and poor outcome after radiation therapy. The spatial relationship 

between HIF-la and the nitrolmldazole hypoxia marker EF5 and their spatial 

relationship to tumour blood vessels has been reported in cervical carcinoma 

xenografts (Vukovic, ef a/2001). Xenografts derived from two cervical cancer 

cell lines were examined using triple immunostaining for HIF-la, CD34 and EF5 

and digital image analysis. In both the EF5-HIF-la overlap was statistically 

significant confirming their spatial and temporal colocalisation. Greater 

expression of EF5 was observed consistent with the fact In represents a 

cumulative record of hypoxia as opposed to HIF-la, which undergoes rapid 

accumulation and degradation as hypoxia and reoxygenation occur. In addition 

differences In the distance of blood vessels to HIF-la or EF5 expressing cells 

suggested that different pÛ2 value thresholds might trigger EF5 binding and 

HIF-la expression. Interestingly the overlap between EF5 and HIF-la 

expression differed between the two cell lines. The same group have found a 

positive correlation between HIF-la expression and the pre-treatment 

oxygenation status of human cervical carcinomas (Spearman correlation 

coefficient = 0.4, p <0.01) (Haugland, et a! 2002). No correlation was found 

between the level of HIF-la expression and patient outcome, using DFS as the 

end point. In their series of 42 biopsies HIF-la expression levels ranged from
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<0.1% to 10.7% of the total tumour area. Three distinct arrangement patterns 

of HIF-la positive cells in relation to blood vessels were identified using spatial 

image mapping: (1 ) most HIF-la positive cells were located within the typical 

oxygen diffusion distance in tissue (< or =150 microm to the nearest blood 

vessel); (2) most HIF-la positive cells were located in the vicinity (< or =60 

microm) of the blood vessels; and (3) no apparent spatial relationship was 

found between HIF-la positive cells and blood vessels.

The predictive value of both HIF-a and CA IX expression have been assessed 

by members of Prof Harris' group in NSCLC (Giatromanolaki, et a! 2001b) 

(Giatromanolaki, et a! 2001a). Positive HIF-la and HIF-2a expression was 

noted in 68/108 (62%) and in 54/108 (50%) of cases respectively, and 

coexpression was positively associated (P< 0.0001, r = 0.44). A strong 

association of the expression of both proteins with the angiogenic factors VEGF 

(P< 0.004), PDGF (P< 0.003) and bFGF (P< 0.04) was noted. Analysis of 

overall survival showed that HIF-2a expression was related to poor outcome (P 

= 0.008), even in the group of patients with low MVD (P = 0.009). HIF-la 

expression was marginally associated with poor prognosis (P = 0.08). In 

multivariate analysis HIF-2a expression was an independent prognostic 

indicator (P = 0.006, t-ratio 2.7). Of 107 cases analyzed, 39 (36.4%) had 

strong membrane/cytoplasmic expression of CA IX around areas of necrosis. 

However, 38/74 of the cases with focal or extensive necrosis did not express 

CA IX. CA IX expression was more frequent in the squamous cell histology (P = 

0.001) and with advanced T stage (P = 0.009). The areas expressing CA IX 

were also found to have a higher MVD than the negative areas. Survival
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analysis showed that CA IX expression was related to poor prognosis and that 

on multivariate analysis CA IX expression was a significant prognostic factor 

Independent of angiogenesis.

In summary the prognostic value of HIF-a expression appears to be dependent 

upon the subtype of tumour examined and the prevailing stimuli for HIF-a 

expression. Within a given tumour type the selection of the case cohort for 

examination Is also Important as Illustrated In the studies on SCHNC, where 

HIF-la provided useful Information In patients whose treatment response was 

Influenced by hypoxia, but not In surgically treated patients. A number of 

studies were able to categorise tumours on the basis of the spatial distribution 

of HIF-a to microvessels and such subgroup analysis of tumours with different 

angiogenic phenotypes is likely to yield further information. Recent gene 

profiiing studies within tumours have shown that the pattern of activation of 

groups of genes can be used to both classify and predict the status of the 

tumours (Allzadeh, ef a/2000, West, ef a/2001, Khan, af a/2001, Shipp, et a!

2002). Angiogenesis Is only one of the functional consequences of HIF-a 

activation and understanding of Its Influence on prollferatlon/apoptosis and 

cellular metabolism and their role in tumourogenesis is continuing to expand 

(Griffiths, et a/ 2002, Hammond and Giaccia 2002). Further studies are 

warranted within different patient populations and consideration given to the 

use of examining expression patterns of a number of different cell signalling 

pathways. Further understanding of these functional Interactions may reveal 

different expression patterns of prognostic value. Given the dynamic nature of 

angiogenesis and the large number of factors that can Influence this It Is
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perhaps not surprising that assessment of a single component has yielded 

differing results in small case series of different tumours.

8.4 Alternatives to angiogenesis

Tumours require a blood supply to support continuing growth and 

haematogenous métastasés. Evidence has accumulated over the period of my 

research that not all tumours are angiogenic and that other mechanisms such 

as vessel co-option and vasculogenic mimicry (VM) can circumvent the need for 

angiogenesis. The use of antiangiogenic agents in these patients is unlikely to 

be of benefit and such tumours need to be recognised. Tumour cell populations 

have also been demonstrated to be heterogeneous in their dependence on 

tumour vasculature (Yu, et a! 2^01). This raises the possibility that selection of 

less vascular-dependent tumour cell variants may occur throughout the course 

of disease progression, leading to loss of efficacy of anti-angiogenic therapy. 

Further details on the biology and significance of non-angiogenic tumours have 

evolved over the last five years and will be reviewed.

A study of the vascularisation in a series of 500 primary stage I NSCLC 

revealed four distinct patterns of endothelial staining (Pezzeila, et a! 1997). 

Three had in common features consistent with angiogenesis, destruction of the 

normal lung and the production of newly formed vessels and stroma. However, 

a fourth pattern, termed alveolar, was observed in 16% (80/500) of the cases, 

characterised by a lack of parenchyma destruction and the absence of both 

tumour associated stroma and new vessels. In this putative non-angiogenic 

pattern the only vessels present were those in the alveolar septa and
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neoplastic cells filled the lung alveoli. A clinicopathological study found that In 

NSCLC patients an alveolar pattern of microvessels was associated with poorer 

survival (Pastorino, efa/1997). A later study examining a rat glioma model and 

GBMs provided evidence that some tumours rapidly coopt existing host vessels 

to form a well vascularlsed tumour (Holash, et a! 1999). Later widespread 

regression of these vessels occurs leading to a secondarily avascular tumour 

and massive tumour cell loss. The remaining tumour Is then rescued by the 

development of angiogenesis at the tumour margins. The expression patterns 

of VEGF and Ang-2 suggest that these proteins regulate this balance between 

vascular regression and growth. A number of studies have demonstrated 

differences between the angiogenic status of primary tumours and their 

métastasés, a non-anglogenic phenotype being consistent with the cooption of 

an existing vascular bed (Pezzeila 2000, Naresh, ef a /2001). As discussed In 

chapter six tumour cell populations have been demonstrated to be 

heterogeneous In their dependence on tumour vasculature (Yu, et a! 2001). 

This raises the possibility that selection of less vascular-dependent tumour cell 

variants may occur throughout the course of disease progression leading to 

loss of efficacy of antl-anglogenic therapy.

Matrix associated vascular channels containing red cells have been 

demonstrated In aggressive human uveal and cutaneous melanomas. Further 

study has confirmed that these vascular channels are not lined by endothelial 

cells, but delimited by a thin basal lamina and lined externally by tumour cells 

(Manlotls, ef a/1999). In vitro culture melanoma cell lines can reconstitute the 

same patterns of vascular channels. In the absence of endothelial cells and
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fibroblasts. Thus aggressive melanoma cells may generate vascular channels 

that facilitate tumour perfusion independent of tumour angiogenesis providing 

an example of VM. Further details of the evidence for VM in melanoma have 

recently been reviewed (Folberg, et a! 2000). VM has also been reported In 

inflammatory breast cancer (Shirakawa, et a! 2001). The haemodynamics In 

both areas of VM and angiogenesis were examined in an Inflammatory breast 

cancer xenograft model using a newly developed intravascular macromolecule 

magnetic resonance imaging (MRI) contrast agent, which doesn't leak through 

the vascular wall (Shirakawa, et a! 20G1). Blood flow was greater in the tumour 

margins, in areas of angiogenesis, but within the central area of VM blood flow 

was present suggesting that VM have a functional role supplying tumour cells 

and providing evidence of a connection between VM and angiogenesis.

The discovery of VEGF-C and its role in developmental lymphangiogenesis has 

raised the question that VEGF-C dysregulation may occur in tumours and be 

involved in tumour dissemination via the lymphatics. Expression of VEGF-C and 

its main receptor VEGFR-3 has been reported in a variety of human tumours 

including breast carcinoma (Salven, et a! 1998). The lack of an endothelial 

marker that distinguishes between vascular and lymphatic endothelium has 

previously hindered studies in this area. Recently a MoAb to a lymphatic 

endothelial marker, LYVE-1, has been described (Banerji, et a! 1999). A newly 

derived antibody specific for the mouse LYVE-1 hyaluron 1 receptor has also 

been developed and used to demonstrate the occurrence of intratumoural 

lymphangiogenesis within human breast cancers after orthotopic 

transplantation onto nude mice (Skobe, ef a/2001b). In a series of xenograft

242



experiments with a breast cell line transfected to constitutively overexpress 

GFP the effect of coexpression of VEGF-C on lymphangiogenesis and 

métastasés was examined. VEGF-C Increased Intratumoural lymphangiogenesis 

and Increased the Incidence of lymph node and lung métastasés. No difference 

In angiogenesis was noted. In contrast In melanoma xenografts VEGF-C has 

been demonstrated to stimulate angiogenesis and Induce chemotaxis of 

macrophages In addition to lymphangiogenesis (Skobe, et a! 2001a). VEGF-D 

can activate both VEGFR-2 and VEGFR-3 and VEGF-D has been shown to both 

Induce the formation of lymphatics within a mouse tumour model and tumour 

angiogenesis and growth. Moreover VEGF-D expression by the tumour cells 

Induced metastatic spread of tumour cells via the lymphatics, which could be 

blocked by an antibody specific for VEGF-D (Stacker, ef a/2001).

LYVE-1 has been used to Immunostain and quantify tumour lymph vessels In a 

series of head and neck cancers (Beasley, ef a/2002b). Discrete "hotspots" of 

Intratumoural small proliferating lymphatics were observed In all carcinomas, 

and a high Intratumoural lymph vessel density was associated with neck node 

métastasés (n=23; P=0.027) and an Infiltrating margin of tumour Invasion 

(P=0.046) In the oropharyngeal subgroup. Quantitation of the lymphanglogenic 

growth factor vascular endothelial growth factor C by RT-PCR and 

Immunohlstochemlstry revealed higher levels of mRNA In tumour tissue than In 

normal samples (n=8 ; P=0.017), but no obvious correlation with Intratumoural 

lymphatics. These results suggest that proliferation of lymphatics does occur In 

some tumours and Is associated with an increased Incidence of nodal
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metastasis. It would be of great Interest to compare lymphangiogenesis and 

vascuiogenesis within different subtypes of lymphoma.

8.4 Future directions

The ability to objectively evaluate the response to antiangiogenic drugs within 

patients is essential for phase two and three trials of new agents to be 

conducted and identifying new means of doing so was an aim of this work. An 

inherent problem is that many produce disease stabilization rather than tumour 

regression, recently it has been demonstrated that markers of endothelial mass 

may be of value in monitoring therapy (Harris, et a! 1001). Soluble domains of 

the endothelial angiopoietin receptor tyrosine kinase, (sTie2), and the VEGF 

receptor-1 (sFltl) were analyzed by ELISA in serum samples from 43 patients 

with advanced renal cancer before and 1 month after antiangiogenic therapy 

with razoxane. Pretreatment sFltl levels above the median were associated 

with a lesser chance of stable disease (P = 0.04) and poorer survival (P = 

0.01). Fall of sTie2 on treatment was associated with stable disease (P = 0.05) 

and improved survival (P = 0.04). These markers need studying prospectively 

in parallel with HIF-a and CA IX expression in a range of different tumour 

types. Undoubtedly the complexity of the interactions between the different 

signals controlling angiogenesis will continue to grow. Delayed wound healing, 

delayed ischaemic revascularisation and reduced tumour angiogenesis have 

been observed with ageing suggesting that age modulates endothelial cell 

function and angiogenesis. Recently it has been shown that telomere length is 

a key molecular determinant of angiogenic potential and could provide a new 

therapeutic target for antiangiogenic therapy (Franco, et a! 1002).
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As detailed in chapter one a number of new methods have been described to 

help distinguish mature "old" vessels from "new" vessels. Preliminary data in 

abstract form, from a study in which double immunostaining with MoAb's to 

KDR and smooth muscle actin (SMA) was performed, suggested that high- 

grade NHL and HD are associated with increased density of KDR+SMA(-) 

immature microvessels in contrast to reactive lymph nodes and FL (Hyjek, eta! 

1999). More recently immature vascular phenotype has been assessed using 

loss of reactivity of the LH39 laminin epitope of the basement membrane and 

aVp3 expression in reactive lymphoid tissue and NHL (Passalidou, ef a/2003). 

The number of immature vessels was found to be higher in reactive lymph 

nodes and FL suggesting a switch to an angiogenic pathway. The ability to 

reliably assess the maturity of vessels as an index of angiogenesis and to relate 

this to other markers of angiogenesis and clinicopathological data will be of 

value in both epithelial tumours and lymphomas and warrants further studies.

Other members of Prof Harris's research group are currently exploring the role 

of TAM further. Understanding more about the mechanisms controlling their 

function might provide new therapeutic targets or a means of delivering 

treatment. The possibility of using macrophages to deliver gene therapy to 

hypoxic areas of tumours has shown some promising results. A recent study 

demonstrated induction of a therapeutic gene's expression by the HIF/HRE 

pathway in transfected macrophages (Griffiths, ef a/2000).

In conclusion, it is my belief that the work presented here has contributed to 

the knowledge of hypoxia signaling pathways in tumours. The development
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and characterization of new MoAb's that can recognize HIF-la and HIF-2a in 

formaiin fixed, paraffin embedded materiai has allowed routine pathological 

tissue blocks to be examined. We have demonstrated that the expression of 

these proteins' is upreguiated in a wide range of human tumours and in 

addition within stromal cells. Within TAM predominantly HIF-2a is expressed 

and is hypoxically inducible. TAM and neoplastic cells have been shown to be 

an important source of VEGF in lymphomas. The clinicopathological studies of 

these factors have demonstrated that activation within the stroma as well as 

the tumour can play an important role. The use of these factors to provide 

prognostic information requires further work, but might become of value in 

some settings to assist in selecting the most appropriate treatment, monitoring 

response and as therapeutic targets.
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