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ABSTRACT

Tumour hypoxia and cell proliferation are two factors which greatly influence cancer 
therapy. In this thesis the cell biology of tumours whose internal micro-environment was 
perturbed by therapeutically-relevant radiation doses or an oxygenation modifier 
(carbogen) was investigated. A well-defined murine experimental tumour, CaNT, and a 
widely used human tumour xenograft, HT29 were used in vivo and in vitro to study the 
relationship between hypoxia, proliferation and apoptosis. Hypoxia was assessed by 
measuring the incorporation of 7-(4'-(2-nitroimidazole-l-yl)-butyl)-theophylline 
(NITP), an immunologically identifiable hypoxia marker that binds bioreductively to 
cells under low-oxygen conditions.

Experiments investigating the influence of various oxygen levels on NITP binding 
in separate phases of the cell cycle showed that aneuploid G2 cells disaggregated from 
CaNT tumours bind more NITP at all oxygen tensions than cells in other phases. The 
NITP binding in G1 and S phase cells was similar which could suggest that this 
phenomenon may be independent of cell size. HT29 xenografts showed a similar pattern 
of NITP binding, but with a lower overall nitroreductase activity compared with that 
seen in the murine tumours. CaNT and HT29 cells grown in vitro for several cell 
generations showed a different pattern of NITP binding.

Simultaneous fluorescent staining of cells for hypoxia (NITP), proliferation (BrdUrd) 
and DNA content showed that treatment with a single fraction of carbogen induced a G2 
phase delay in CaNT tumours. A 2-hour exposure of CaNT tumours to carbogen 
induced apoptosis, measured with the TdT assay, which could reflect re-perfusion injury 
to previously hypoxic cells. The experiments exploring the influence of carbogen 
breathing on proliferation in HT29 xenografts showed marked changes to the cell cycle. 
In HT29 xenografts carbogen treatment did not alter the cell cycle progression of oxic 
cells, whereas hypoxic cells completely halted progression through the cell cycle.

The apoptotic response of CaNT and HT29 cell lines to radiation-induced DNA damage 
was investigated both in vivo and in vitro. CaNT and HT29 cell lines showed little or no 
radiation-induced apoptosis in vitro respectively. In contrast, in vivo doses as small as 
0.5 Gy caused marked apoptosis. In CaNT tumours, the number of apoptotic cells 
increased from 10% in the controls to 33% 2 hours post treatment with 0.5 Gy. The 
percentage of apoptosis remained at an elevated level (22%) even 24 hours after 
irradiation. HT29 xenografts treated with 0.5 and 5 Gy X-rays showed 24 and 26% 
apoptosis respectively. The influence of micro-environmental factors such as hypoxia, 
nutrient deprivation and cell density on the induction of apoptosis was tested in vitro. 
However none of these factors could explain the differences between the apoptotic 
response to ionising radiation in vivo and in vitro.
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panels) tumours with a paired t-test comparison of data, using IMF.

Table 4.3 Comparison of NITF binding in HT29 xenografts grown in both nude and 
SCID mice. NITF was administered by oral gavage or intra-peritoneal injection. 
Numbers are means ± SEM, and the range is shown in brackets.

Table 4.4 Statistical analysis of NITF binding in aneuploid cells from HT29 
xenografts grown in both nude and SCID mice. A t-test was performed using the JMF 
statistical package, SAS Institute.

Table 4.5 Analysis of cell cycle distribution of hypoxia for HT29 xenografts (Fig.
4.17, upper panels). A paired t-test was performed using JMF.

Table 4.6 Analysis of cell cycle phase-specific hypoxia for HT29 xenografts (Fig.
4.17, lower panels) analysed with a paired t-test comparison of data, using JMF.

Table 4.7 Analysis of cell cycle distribution of hypoxia for CaNT (Fig. 4.11, upper 
panels) tumours and HT29 xenografts (Fig. 4.17, upper panels). A paired t-test was 
performed using JMF.

Table 4.8 Analysis of cell cycle phase-specific hypoxia for CaNT (Fig. 4.11, lower 
panels) tumours and HT29 xenografts (Fig. 4.17, lower panels) analysed with a paired 
t-test comparison of data, using JMF.
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ABBREVIATIONS

7AAD 7-aminoactinomycin D
ABC avidin biotinylated horseradish peroxidase complex
AIF apoptosis-inducing factor
ARS autonomous replicating sequence
ATP adenosine triphosphate
BALB/c/nu nude mice
B H l Bcl-2 homology region
BOG British Oxygen Company
BrdUrd 5-bromo-2'-deoxyuridine
CAD caspase activated deoxyribonuclease
CAK cdk-activating kinase
CAM camptothecin
CaNT poorly differentiated murine mammary carcinoma cell line
DAB diaminobenzidine tetrahydrochloride
DMSO dimethylsulphoxide
DPX mounting medium
DNA deoxyribonucleic acid
dsDNA double-stranded DNA
dUTP deoxyuridine ^'-triphosphate
EDTA ethylenediaminetetraacetic acid
ELISA enzyme-linked immunosorbent assay
EPR electron paramagnetic resonance spectroscopy
ESR electron spin resonance spectroscopy
FACScan fluorescence activated cell scanner
FADD Fas-associated death domain
FAK focal adhesion kinase
FHV fractional hypoxic volumes
FITC fluorescein isothiocyanate
GO quiescent or resting phase of the cell cycle
G1 first gap phase of the cell cycle
G2 second gap phase of the cell cycle

Gy Gray
h hours
Hb haemoglobin
B B S S Hanks' salts solution
H IF -la hypoxia-inducible factor
HL60 human promyelocytic leukemia cell line
HMPAO hexamethylpropylenamine oxime
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HT29
HVL
lAP
lAZA
lAZG
lAZP
lAZR
IgG
IR
kb
1
LQ
M
M(phase)
MEM
mg
min
ml
MPF
mRNA
MRS
NADH
NHIK 3025
NITP
NO
OER
OH
ONOO
ORC
p53BP-2
PAK2
PBS
PCNA
Per
PE
PET
PEC
PI

Pi
PNT

human colon adenocarcinoma cell line 
half value layer
inhibitor of apoptosis protein family
l-(5-iodo-5-deoxy-beta-D-arabinofuranosyl)-2-nitroimidazole
l-(6-iodo-6-deoxy-beta-D-galactopyranosyl)-2-nitroimidazole
l-(4-iodo-4-deoxy-beta-L-xylopyranosyl)-2-nitroimidazole
iodoazomycin riboside
immunoglobulin G
ionising radiation
kilobase
litre
linear quadratic model
molar
mitosis
minimum essential medium
milligram
minute
millilitre
maturation promoting factor 
messenger ribonucleic acid 
nuclear magnetic resonance spectroscopy 
adenosine 5'-(trihydrogen diphosphate) 
human cervical carcinoma cell line 
7-(4'-(2-nitroimidazol-l-yl)-butyl) theophylline 
nitric oxide
oxygen enhancement ratio 
hydroxyl radical 
oxidant peroxynitrite 
origin recognition complex 
p53-binding protein 
p21-activated kinase 2 
phosphate buffered saline 
proliferating cell nuclear antigen 
phosphocreatine 
phycoerythrin
positron emission tomography 
perfluorchemical 
propidium iodide 
inorganic phosphate
PBS containing 0.5% normal goat serum and 0.5% Tween 20
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pRb retinoblastoma protein
R restriction point
Rb retinoblastoma gene
RFC replication factor C
Rh murine cell line
rhEPO erythropoietin
Rn region
RNAse ribonuclease
ROO organic radical peroxide
ROOH hydroperoxide
RFA replication protein A
R* free radical
S synthesis phase of the cell cycle
SaF murine sarcoma cell line
SCID severe combined immune deficiency
SDS sodium dodecyl sulphate
SEM standard error of the mean
SPECT single-photon emission computed tomography
T-47D breast cancer cell line
TB tris buffer
TBE buffer containing Tris-base, boric acid and EDTA
TBS tris buffer saline
TdT terminal deoxynucleotidyl transferase
TENED N,N,N',N'-tetramethylethylenediantine
TG Fb transforming growth factor beta
TN F tumour necrosis factor
TRADD TNF-Rl-associated death domain
TUNEL TdT-mediated dUTP-biotin nick end-labelling
VEGF vascular endothelial growth factor
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Chapter 1: Introduction

1.1 Tumour micro-environments

Cancer may originate from a mutation in a single cell of any type and any tissue. Its 
descendants, proliferating over many years, produce a large population of cells which 
constitutes a tumour mass. As the tumour develops, the initial monoclonal population of 
cells becomes more heterogeneous and new mutations acquired during tumour 
progression allow it to grow more rapidly and compete more effectively with normal 
cells. Uncontrolled growth of tumour results in appearance of disorganised tissues that 
expand without limit, compromising the function of organs and threatening the life of 
the organism.

A characteristic feature of human tumours is variability in both their biology and 
response to treatment. Many factors are responsible for tumour response to 
radiotherapy, chemotherapy and other nonsurgical treatment modalities. These include 
intrinsic genetic factors and micro-environmental (physiological) factors. Genetic 
heterogeneity determines tumour intrinsic radiosensitivity, drug resistance, rate of 
cellular proliferation, karyotype, surface markers and metastatic behaviour. Micro
environmental factors including nutritional status, pH and oxygenation are primarily 
created by inadequate and heterogeneous vascular networks. They can modulate gene 
expression that may alter tumour cell phenotype and are responsible for creating 
different populations of cells namely proliferating, non-proliferating, hypoxic and oxic 
within one tumour. The response of these cell populations to treatment can vary which 
limits the cytotoxic effect of radiotherapy and chemotherapeutic agents on the tumour.

Hypoxia and proliferation are two of the factors which greatly influence tumour 
response to treatment. Tumours are dynamic structures and both proliferation and 
hypoxia are influenced by changing levels of oxygen and nutrients. These processes 
may potentially be manipulated to make treatment more effective whilst intrinsic 
resistance presents a more fundamental problem. Little is known about the relationship 
between proliferation and hypoxia in solid tumours, the influence of radiation treatment 
and its modification on these parameters or the fate of cells as function of these 
parameters. Better knowledge of relationships between these processes in vivo might 
help to rationalise improvements of conventional radiation treatment.

In this thesis the response of tumours whose environment was perturbed by 
therapeutically relevant radiation doses or oxygenation modifier (carbogen) was 
investigated. A well-defined murine experimental tumour, CaNT, and a widely-used 
human tumour xenograft, HT29 were used in vivo and in vitro to study hypoxia, 
proliferation and apoptosis.

21



1.1.1 Determinants of tumour micro-environments

1.1.1.1 Tumour vasculature

In the evolution of a tumour from a single cell, nutrition is initially derived by diffusion 
from the surrounding tissues. However a growing tumour needs to develop a system of 
blood vessels to provide nutrients for cellular proliferation and remove cellular waste 
products. It has been shown that tumour growth beyond 1-2 cubic millimetres 
stimulates neovascularisation (Folkman 1976) and a large number of substances 
influencing angiogenesis have been identified (Folkman and Klagsbum 1987, Folkman 
e ta l  1971, Folkman gr a/. 1989).

Under normal circumstances such as wound healing, the growth of new vessels begins 
with mitosis and migration of the endothelium of adjacent post-capillary venules to form 
vascular sprouts. As the new vessels mature, they produce an endothelium with 
associated pericytes, smooth muscle cells, basement membrane, and neurovascular 
structures. Normal angiogenesis stops once sufficient perfusion has been achieved.

The vessels supplying tumours initially derive from the normal tissues surrounding the 
developing tumour mass, but angiogenesis within the tumour has several critical 
differences from the normal situation that affect vessel structure and function. Tumour- 
induced angiogenesis requires an activation of endothelial cells from neighbouring tissue 
blood vessels. These stimulated endothelial cells dissolve their surrounding extracellular 
matrix, migrate toward the tumour, proliferate, and form a new vascular network. 
Rapidly growing tumours require a rapid growth of tumour blood vessels. Thus, they 
tend to be abnormal and poorly developed. These abnormalities include incomplete 
endothelial surface, incomplete or absent basement membrane, lack of smooth muscle, 
tumour cell invasion, and missing structural components of the cell wall (Hammersen et 
al. 1985, Konerding gf a/. 1989, Steinberg gf a/. 1990).

The number of blood vessels is also affected by a rapid tumour growth and is estimated 
to be 25% of that of normal subcutaneous tissues (Dewhirst 1993). A low vascular 
density means that any substance from the vascular lumen, including oxygen, must 
diffuse over a longer distance in order to reach distant tumour cells, and this is one 
reason for poorly oxygenated regions in tumours.

The low intra-arteriolar concentration of oxygen found in tumours (Dewhirst 1996) 
means that a significant proportion of oxygen is being unloaded even before blood 
enters the capillary bed. This decreases the concentration of oxygen diffusing from
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tumour blood vessels, which already must diffuse greater distances to reach tumour 
cells because of the decreased vascular density.

Many solid tumours lack a lymphatic system, resulting in a low rate of interstitial fluid 
drainage and increased interstitial pressure (Boucher et ai 1990, Less et ai 1992). The 
combination of decreased intravascular and increased interstitial pressure causes the 
collapse of vascular beds, intermittent flow stasis and flow reversal in tumours (Chaplin 
et ai 1987), further decreasing the effective functional vascular density.

The presence of a large number of arteriovenous shunts in tumour vascular network 
means that at least 30% of the arterial blood can pass through experimental tumours 
without taking part in microcirculatory exchange processes. This can decrease the 
effective tumour blood flow by as much as 40% (Jain 1988) and significantly increase 
oxygen deprivation.

Structural abnormalities and the disordered and heterogeneous organisation of tumour 
vessels leave some areas without blood supply creating regions of severe hypoperfusion 
leading to hypoxia and local necrosis.

1.1.1.2 Tum our metabolism

Tumour perfusion rate affecting the oxygen availability is the main factor responsible for 
hypoxia. However there is evidence that malignant proliferation and aberrant 
metabolism both elevate the metabolic rate of tumours and thus oxygen utilisation. 
Measurement of spectra using nuclear magnetic resonance spectroscopy (MRS) and 
fluoro-deoxyglucose with positron emission tomography (PET) both showed a higher 
rate of tumours metabolism compared to normal tissues (Vaupel et a i 1989). The 
oxygen consumption rate of proliferating cells is higher than that of cells not actively 
dividing (Walenta and Mueller-Klieser 1987). This results in a rapid decrease in oxygen 
availability for cells distant from the blood supply.

High rate aerobic glycolysis and lactate release is a recognised biochemical feature of 
malignancies. This was demonstrated by investigating glucose turnover using tumour 
slices incubated under aerobic conditions showed high rates of lactic acid production. 
Tumour cells are also capable of oxidative phosphorylation and anaerobic glycolysis 
(Vaupel et ai 1989). The use of the less efficient anaerobic glycolytic pathway results in 
an excessive production of lactate which cannot be efficiently removed due to a poorly 
developed vasculature and lack of a lymphatic system in many tumours.
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Hydrogen ions formed during glycolysis, glutaminolysis, and ATP hydrolysis are 
actively transported outside the cell. In normal tissues, H+ are removed via interstitial 
space to the blood vessels. In tumours where the lactic acid production is high and 
drainage system insufficient, H+ tend to accumulate creating an acidic environment 
(Kallinowski et al. 1989). CO2 production from cellular respiration may also be a 
contributing factor (Newell et al. 1993). As the tumour vascular system tends to be 
chaotic and heterogeneous, pH variability is a common feature both within and between 
tumours.

Acidic conditions present in tumours can affect cell proliferation, cell cycle phase 
distribution, DNA synthesis, and glycolysis. Low pH can enhance metastasis, influence 
radiosensitivity, and the cytotoxicity of certain anticancer drugs (Wike Hooley et al. 
1984). It also affects the normal deformability of red blood cells, which further 
decreases microvascular flow rates and causes a rightward shift of the oxygen- 
haemoglobin dissociation curve that favours unloading of oxygen.

1.2 Tumour hypoxia

Thomlinson and Gray first identified hypoxic regions on histological sections from 
fresh specimens of human carcinoma of the bronchus (Thomlinson and Gray 1955). 
They observed a corded structure with vascular stroma surrounding viable tumour cells 
and a central region of necrosis. The thickness of the layer of viable cells was 100-180 
pm and never exceeded 180 pm. This correlated with the calculated diffusion distance 
of oxygen in respiring tissues. They suggested that cells situated next to the region of 
necrosis may be viable, but hypoxic.

Similar observations were made in mouse tumours (Tannock 1968). A mouse mammary 
adenocarcinoma CaNT studied also showed a corded structure although the viable 
tumour cells were situated around a single blood vessel. Large areas of necrosis were 
found at the periphery of each tumour cord. Tannock showed that hypoxic cells at the 
edge of tumour cords have a short lifespan and are continually replaced by cells being 
moved away from the blood vessel due to proliferation of better oxygenated cells.

New staining technologies using the bioreductive properties of nitroimidazoles have 
allowed biochemically active hypoxic cells to be identified at the boundary between the 
viable tissue and necrosis (Hodgkiss etal. 1991b).

In very early studies, the presence of hypoxia in tumours was hypothesised to result 
from the diffusion limitations of oxygen. In 1979 Brown suggested that transient 
regions of hypoxia can exist in tumours due to temporary cessation of blood flow in 
individual tumour vessels and named it acute hypoxia (Brown 1979).
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A first direct indication that acute or perfusion limited hypoxia may occur in tumours 
was provided by Chaplin and colleagues using cell sorting and dye mismatch techniques 
(Chaplin et a l 1986). Fluctuation in blood flow have since been then shown in both 
experimental and human tumours using laser Doppler flowmetry (Chaplin and Hill 
1995, Hill et a l 1996). A red blood flux, oxygenation flux and temporal changes in 
blood vessel diameter were positively correlated using a window chamber preparation of 
a rat mammary carcinoma giving convincing evidence of perfusion-limited hypoxia 
(Dewhirst 1996).

It has been shown that oxygen-deficient cells are present in most animal solid tumours 
(Guichard et a l 1980, Moulder and Rockwell 1984) and can also be found in many 
human tumours (Overgaard 1989).

1.2.1 Influence of tumour oxygenation on cancer therapy

The effects of hypoxia within tumours are as varied as the causes of the hypoxia. They 
include reduced sensitivity to ionising radiation and some chemotherapeutic agents, as 
well as modification of gene expression that may alter tumour phenotype.

The effect of oxygenation on the radiation response has been studied since the beginning 
of the century. In 1909 Schwarz showed that the radiation response of skin was 
markedly decreased when the blood flow of the irradiated area was reduced by 
compression. He did not attribute the phenomenon to the lack of oxygen, but this was 
probably the first study showing that changes in environmental parameters could 
influence the outcome of radiotherapy (Schwarz 1909). Subsequently a number of 
studies demonstrated indirectly that oxygen was an important factor in radiation 
response (Jolly 1924, Mottram 1924, Mottram and Eidinow 1932).

The first direct indication that oxygen could influence the radiation response was given 
by Crabtree and Cramer (Crabtree and Cramer 1934). They exposed sections of mouse 
carcinoma to radium under aerobic and anaerobic conditions. Sections were then 
transplanted into animals and the tumour growth rate measured. It was shown that cells 
under aerobic conditions were more sensitive to radium. Based on these findings 
Mottram explored the role of oxygen in detail and provided further confirmation that 
anaerobic conditions caused radioresistance (Mottram 1935a, Mottram 1935b, Mottram 
1936).
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Fig. 1.1 Diffusion-limited chronic hypoxia and perfusion-limited acute hypoxia within 
tumour cords (redrawn from Horsman and Overgaard 1992).
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Fig. 1.2 CaNT tumour section stained for bioreductively bound adducts o f the 
hypoxia marker NITP (staining protocol from section 2.5.3.1), illustrating the corded 
structure o f this tumour. Immunoperoxidase stained NITP adducts are seen in cells at 
the edge o f tumour cords.

26



In the mid-1950s Gray and co-workers postulated the role of hypoxia as a major cause 
of radiation resistance. They examined normal and tumour cells irradiated with X-rays. 
The sensitivity of mouse tumour cells irradiated in well oxygenated medium was shown 
to be approximately three times greater than under anoxic conditions. They defined the 
oxygen enhancement ratio (OER) which is the ratio of the radiation dose in hypoxia to 
the dose in air needed to achieve the same biological effect (Gray et a l 1953).

For sparsely ionising radiations, such as X- and gamma-rays, the OER at high doses 
has been shown to have value of between 2.5 and 3. However, some studies suggest 
that the ratio is reduced at radiation doses of 3 Gy and below (Palcic and Skarsgard 
1984). For densely ionising radiations such as low-energy alpha-particles there is no 
oxygen effect and the OER is unity. The OER for fast neutrons with an intermediate 
ionising value is about 1.6 (Hall 1994).

It has been shown that the sensitization only occurs if oxygen is present either during 
irradiation or within a few millisecond thereafter. Some sensitization still occurred with 
oxygen added as late as 5 milliseconds after irradiation (Howard-Flanders and Moor 
1958, Michael et a i 1973). These findings and the realisation that oxygen could alter the 
induction of recessive lethal mutations, thereby changing the extent of DNA damage 
during irradiation (Baker and Sgourakis 1950) partially explained the mechanism of the 
oxygen effect, which is still not fully understood.

It is known that the absorption of radiation energy by cellular material leads to the 
production of ions, free radicals and other excited molecules. Free radicals are highly 
reactive molecules that can break chemical bonds, produce chemical changes and initiate 
events leading to biological damage. They can be produced directly in the target 
molecule which is usually DNA, but most of damage is induced by free radicals derived 
from the radiolysis of water, since it makes up to 70-80% of mammalian cells. 
Irradiation of tissue can result in the formation of species such as hydroxyl radical 
(OH*), oxygen ion (O2") and hydrogen peroxide (H2 O2 ) The hydroxyl radical is 
responsible for over 80% of radiation-induced cell death in both prokaryotic and 
eukaryotic cells. It can react with DNA and other cellular targets namely thiol-containing 
amino acids, proteins, carbohydrates, unsaturated lipids, cofactors and 
neurotransmitters (Freeman and Crapo 1982) producing free radicals in critical targets 
(R*). In the presence of oxygen, organic radical peroxide (ROO*) is formed, which then 
undergoes further reactions to produce hydroperoxide (ROOH) in target molecules. This 
introduces non-restorable changes in the chemical composition of the material exposed 
to the radiation leading to biological damage (Steel 1997).
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Many investigations focused on establishing the concentration of oxygen required for 
the oxygen effect to occur. By comparing slopes of mammalian cell survival curves 
irradiated at different oxygen conditions, the concentration of oxygen needed to 
potentiate the effect of radiation can be calculated. A typical "K" curve, in which relative 
radiosensitivity is plotted against oxygen tension, shows that greatest changes occur 
between 0 and 20 mmHg and further increases in oxygen concentration up to 100% 
produce only small increases in radiosensitivity. Halfway radiosensitivity occurs at 
about 3 mmHg (0.5%) and cells existing below this value are recognised as 
radiobiologically hypoxic (Hall 1994). Measurements of oxygen concentrations (p02) in 
normal and tumour tissues have demonstrated that most normal tissues can be 
considered to be well oxygenated, whereas both animal and human tumours show a 
significant proportion of cells with p02 values below 3 mmHg (Kallinowski et a l 1990, 
Vaupelera/. 1989, Vaupel gf a/. 1991).

The presence of cells existing at oxygen tensions considered to be as radiobiologically 
hypoxic in tumours not only has a significant impact on radiation therapy but also 
contributes to chemotherapeutic resistance. Animal studies have shown that drugs such 
as bleomycin, 5-fluorouracil, methotrexate and cw-platinum are less effective at killing 
hypoxic than well oxygenated tumour cells (Grau and Overgaard 1992). It is not known 
whether oxygen is required for these drugs to be maximally effective or simply if there 
is a problem with the drug delivery to cells distant from the blood vessels. Other factors 
such as low pH in hypoxic areas and the fact that hypoxic cell are typically non-cycling 
may also contribute to this phenomenon.

Recent studies have shown that hypoxia may also contribute to malignant progression. 
Hypoxic stress induces transcription of various genes involved in cellular metabolism, 
apoptosis and angiogenesis which influence the growth and development of tumours 
(Giaccia 1996, Sutherland et a l 1996) and changes cell adhesion properties (Adams et 
a l 1997). Hypoxia may be a predictive factor for the occurrence of metastatic disease 
(Brizel et a l 1996) and act as a selective pressure for a more aggressive cancer 
phenotype (Graeber et a l 1996, Hockel et a l  1996b).

1.2.2 Measurement of tumour hypoxia

Hypoxia is clearly an important problem in cancer therapy and a number of techniques 
have been developed to measure or assess tumour oxygen levels (Table 1.1). These 
measurements have been made using various technologies including biological, 
chemical and physical methods (Hodgkiss and Wardman 1992, Stone et a l 1993).

28



Assay Measurement
Routine
clinical
use

Invasive References

paired survival curve radiosensitivity no yes Van Putten and 
Kallman 1968

clamped tumour growth 
delay

tumour growth no yes Moulder and Rockwell 
1984

clamped tumour control 
(TCD50)

radiosensitivity no yes Moulder and Rockwell 
1984

dye diffusion relative tumour 
perfusion

no yes Chaplin gf a/. 1987

intercapillary distance vascular density yes yes
(biopsy)

Awwadeta/. 1986, 
Revesz et a l  1989, 
Siracka ef a/. 1988

cryospectrophotometry intercapillary
oxyhaemoglobin
saturation

yes yes
(biopsy)

Mueller-Klieser et a l 
1990, Rofstad et a l 
1989

bioluminescence imaging ATP yes yes
(biopsy)

Mueller-Klieser et a l 
1990

comet assay radiosensitivity yes yes
(biopsy)

Olive and Durand 1992

alkaline elution radiosensitivity yes yes
(biopsy)

Zhang and Wheeler 
1993

intrinsic markers e.g. lactate, 
dehydrogenase, 
heme oxygenase, 
VEGF

yes yes
(biopsy)

Anderson and Farkas
1988, Anderson et a l
1989, Murphy et a l 
1991

immunochemical detection 
of bioreductive hypoxic 
markers

nitroimidazole binding yes yes
(biopsy)

Arteel et a l  1995, 
Evans et a/. 1996, 
Hodgkiss et a l  1991b

polarographic electrode extracellular p02 yes yes Kallinowski er a/. 1990
oxygen-quenched
luminescence

extracellular p02 yes yes Peterson et a l 1984, 
Young et a/. 1996

MRS phosphate metabolites yes no Eu et a l  1990, Vaupel 
et a l  1989

MRS (lactate) lactate's methyl group yes no Stone et a/. 1993
GRE MRI water protons yes no Robinson et fl/. 1995
MRI e.g. fluorinated 

nitroimidazoles, 
perfluorocarbon 
emulsions

yes no Mason et a l 1994

ISp PET fluorinated
nitroimidazoles
e.g.f 1 ̂ F]-misonidazole

yes no Koh et a l 1992, Rasey 
et a l  1989

near-inffared spectroscopy deoxyhaemoglobin, 
oxyhaemoglobin, 
cytochrome aa3

yes no Wahreta/. 1996

123i ia z A misonidazole analogue 
binding

yes no Parliament et a l  1992

ESR p02 paramagnetic 
probe molecules

yes no Halpemeta/. 1996, 
Swartz et a/. 1992

Table 1.1 Some methods for the identification and measurement o f tumour hypoxia.
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In experimental animal studies hypoxia can be identified and quantified by comparing 
the radiosensitivity of tumours irradiated in animals under normal air breathing 
conditions with tumours artificially made fully hypoxic (Moulder and Rockwell 1984, 
Van Putten and Kallman 1968). Using such techniques hypoxia has been directly 
identified in most animal solid tumours, with values of hypoxia ranging from < 1% up 
to 80% (Guichard et a l 1980, Moulder and Rockwell 1984). Such studies require 
several matched tumours and cannot be applied to the clinical situation, but measurement 
of radiobiological hypoxia in experimental tumours is of great importance in the 
development of clinical assays.

There are a number of approaches to overcome the problem of hypoxia in human 
tumours. As chronic hypoxia is related to the poor vascularisation of tumours, several 
studies have focused on tumour vascularity. Measurement of intercapillary distance 
(Awwad et a l 1986, Kolstad 1968), vascular density (Delides et a l 1988, Revesz et a l
1989), and the distance from tumour cell to the nearest vessel (Lauk et a l 1989) can 
provide some indication of the oxygen status of tumours. A positive correlation has 
been observed between tumour vascularity and response to radiotherapy (Awwad et a l 
1986, Delides et a l 1988, Kolstad 1968, Revesz et a l 1989).

Spectral differences between oxygenated and deoxygenated haemoglobin provide the 
basis for both cryospectroscopy and near-infrared spectroscopy. Both methods measure 
the oxyhaemoglobin saturation in the blood vessels. It has been shown that tumour 
Hb0 2  values agree well with oxygen partial pressure measurements obtained with 
microelectrodes (Vaupel et a l 1979). However the oxyhaemoglobin saturation values 
may not correlate with therapy outcome because of inter- and intratumour heterogeneity 
in oxygen consumption and vascular geometry (Mueller-Klieser et a l 1981).

Measurement of oxygen partial pressure (p02) distributions using microelectrodes is 
probably one of the most direct ways of identifying hypoxia in human tumours. It 
involves insertion of a microelectrode probe into the tissue and then oxygen 
measurements are made after each stepwise movement through the tissue. A frequency 
distribution of intratumour p02 values is obtained. Using this technique the proportion 
of tumour cells at low oxygen tension has been estimated in a number of human 
tumours including breast cancer (Vaupel et a l  1991), cervical cancer (Hockel et a l  
1993), head and neck cancer (Terris and Dunphy 1994) and soft tissue sarcomas (Brizel 
et a l 1994, Nordsmark et a l  1996). The p02 measurements were correlated with the 
tumour response to radiotherapy (Gatenby et a l 1988, Hockel et a l 1993, Kolstad 
1968) proving that measurement of tumour oxygenation can be used as a prognostic 
indicator. Although microelectrode techniques appear to be an excellent way to identify
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hypoxia in tumours, they are invasive and can only be used on tumours which are 
readily accessible to the electrodes.

Nuclear magnetic resonance spectroscopy (MRS) is a non-invasive method that can be 
used for assessing tumour oxygenation indirectly from changes in tumour metabolic 
activity. The distribution of cellular energy metabolism between oxidative and glycolytic 
pathways is dependent on the availability of oxygen (Tozer and Griffiths 1992). 
MRS is used to monitor metabolites such as ATP, phosphocreatine (Per), and inorganic 
phosphate (Pi). A low ratio of Pi/ATP is indicative of hypoxia in tumours. Lactate, an 
end product of the anaerobic metabolism of glucose, can also be used as an indicator of 
hypoxia and measured with MRS (Stone et al. 1993). Currently the main use of both 
techniques is to observe changes within a single tumour, especially as a patient breathes 
different gas mixtures. MRS may also be used to monitor bioreductive binding of 
fluorinated nitroimidazoles in hypoxic tumour cells (section 1.2.3).

Electron spin (paramagnetic) resonance (ESR or EPR) spectroscopy measures the 
magnetic moment of unpaired electrons. Molecular oxygen alters the ESR spectrum of a 
probe (e.g., fusinite and lithium thalocyanine crystals or nitroxides) placed into tissue. 
Oxygen concentration as low as 0.1 mmHg can be measured and repeated 
measurements can be made (Swartz et a l 1992).

Positron emission tomography (PET) employs positron-emitting radionuclides that have 
a nuclear imbalance characterised by an excess of protons. An emitted positron 
combines with an electron and then quickly decays by annihilation which completely 
converts the positron and electron mass into energy in the form of two 511 keV photons 
travelling in the opposite directions. PET images are spatial maps of radioactivity 
distribution within tissue slices. Biological substrates and drugs labelled with positron- 
emitting isotopes can be used to study tumour perfusion, pH and substrate metabolism 
(Laubenbacher and Schwaiger 1998). PET with ^^02 (Sadato et al. 1993) or 
[18p]fluoromisonidazole (Koh et a l 1992) may provide a noninvasive technique for 
demonstrating tumour hypoxia. PET imaging allows sampling of the whole tumour 
volume. However the maximum resolution is 7 mm which is equivalent to 15-20 
tumour cord diameters (Thomlinson and Gray 1955).

Intrinsic markers of hypoxia are also under investigation. Cells exposed to hypoxic 
environment express increased levels of specific proteins such as heme oxygenase, 
lactate dehydrogenase or heat shock proteins (Anderson and Farkas 1988, Anderson et 
al. 1989, Heacock and Sutherland 1990, Murphy et a l  1991). A variety of metabolic 
changes occur in hypoxic cells. The most obvious is shift from oxidative to glycolytic 
energy metabolism leading to changes in levels of certain enzymes involved in energy
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metabolism. These include cytochrome oxidase and pyruvate kinase levels (Ptashne et 
al. 1985) and changes in the ratio of endogenous xanthine oxidase to xanthine 
dehydrogenase (Anderson et at. 1989). The detection of hypoxia induced changes in 
proteins or mRNA would eliminate the need for chemical probes to be administered in 
patients and may be a promising approach for the future.

1.2.3 Use of 2-nitroimidazoles as hypoxia markers

Another approach to identify hypoxia in human tumours is the use of 2-nitroimidazoles 
(reviewed by Hodgkiss 1998). The observation that the nitroimidazole compound 
misonidazole (Miso) was preferentially metabolised in hypoxic cells and then covalently 
bound to macromolecules in these cells suggested that such agents might be used as 
hypoxia markers (Chapman et at. 1979, Varghese and Whitmore 1980). Using 
autoradiography, misonidazole was found to label cell zones of spheroids and 
experimental tumours that would be predicted to be hypoxic from the oxygen diffusion 
and consumption distance (Franko and Chapman 1982).

1.2.3.1 Bioreductive metabolism of 2-nitroimidazoles

Naturally occurring nitro-aromatic compounds are rare, but they can metabolised using 
nitroreductases. In most organisms nitroreduction is carried out by widely distributed 
constitutive flavo-enzymes that are able to use nitro-aromatic compounds as alternative 
electron acceptors (Clarke et al. 1982). In mammals nitroreduction can be achieved by 
enzymes such as aldehyde oxidase, DT-diaphorase and xanthine oxidase present in the 
cytoplasm, NADPH-cytochrome reductase and cytochrome P-450 in the microsomes 
and the mitochondrial enzymes dihydrolipoamide dehydrogenase, cytochrome bg 
reductase, NADH-dehydrogenase and succinate dehydrogenase (Joseph et al. 1994, 
Prekeges fl/. 1991).

In either normoxic or hypoxic cells the nitro group of 2-nitroimidazoles and other 
nitroheterocycles can be reduced to the radical anion (Mason 1982). In the presence of 
oxygen the radical anion is rapidly converted back to the intact nitro group and the 
superoxide is produced (Mason and Holztman 1975). Under hypoxic conditions, 
further one-electron reductions can occur (Rauth 1984) via nitroso (2 e"), 
hydroxylamine (4 e") and amine (6 e") intermediate (Fig. 1.3). The nitroso and 
hydroxylamine moieties are thought to be reactive and are available for binding 
nonprotein sulfhydryls (Smith and Bom 1984) or protein thiols (Raleigh and Koch
1990). Finally, the imidazole ring is fragmented and the reactive fragments of the 
molecule such as glyoxal (Heimbrook and Sartorelli 1985) bind to macromolecular 
components of cells (Varghese and Whitmore 1980, Varghese and Whitmore 1983).
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The nitroimidazole side-chain binds as efficiently as ring fragments (Raleigh et al. 1985) 
and can be used as a marker for hypoxic cells. Reactive derivatives responsible for side- 
chain binding are probably formed via amine fragmentation as the guanidino fragment 
formed during the hydroxylamnie disintegration has little binding capacity.

RNO
r e a c t iv e  o x y g e n  

s p e c i e s

f
nitro r a d ic a l  a n i o n  

n i tr o s o

RNHOH h y d r o x y l a m i n e

i
RNH a m i n e

ring fragmentation

Fig. 1.3 Bioreductive metabolism o f 2-nitroimidazoles.

1.2.3.2 Nitroimidazoles used in the clinic

Clinical studies using a long-lived [^H]misonidazole (Urtasun et al. 1986a, Urtasun et 
al. 1986b) showed that relatively large doses of nitroimidazole (ca. 30 mCi) were 
required to obtain adequate labelling. The estimated hypoxic area fractions varied from 
<1% in most soft tissue sarcomas to 20-40% in a small cell lung carcinoma metastasis. 
Localised zones of intense labelling were observed in biopsies of three melanomas, 8/12 
small cell lung cancers and 1/10 sarcomas. Despite such large amounts of radioactivity, 
identification of hypoxic regions within tumour sections needed prolonged (4-8 weeks) 
autoradiography, which is incompatible with a predictive assay time-scale. The fact that 
[^HJMiso was bound in metabolically active tissues such as liver (Smith and Born
1984) rather than in the hypoxic tumour cells and that elimination of isotopic label from 
tissues was prolonged were further disadvantages of this approach.
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The use of long-lived (Raleigh et al. 1985) and (Chapman et a l 1981, Franko 
and Chapman 1982, Garrecht and Chapman 1983) labels for nitroimidazoles/labelled 
nitroimidazoles is probably unsuitable for clinical application. Thus various other 
radioactive labels have been proposed. These include ^^Br, ^^Br, ^^Br (Rasey et a l
1985), (Rasey et a l 1987, Rasey et a l 1989), (Raleigh et a l  1986), I23i 
(Biskupiak et a l 1991, Mannan et a l 1992a, Mannan et a l 1992b, Mannan et a l 
1991), (Cherif et a l 1996) and 99m'pc (Linder et a l 1994, Rumsey et a l 1995).

The misonidazole analogue fluoromisonidazole (F-Miso, Ro-07-0741) labelled with 
l^F, a positron emitter, is being investigated using PET (section 1.2.2). [l^F]F-Miso 
has been used to image human tumours (Koh et a l 1995, Rasey et a l 1996). A group 
of 37 tumours was evaluated and hypoxia was observed in almost all (97%) cases. Pre
treatment fractional hypoxic volumes (FHV) varied markedly between tumours at the 
same site and of the same histology and between different regions of the same tumour. 
In non-small cell lung cancers, FHV ranged from 1.3 to 94.7% (median 47.6%), while 
in head and neck carcinomas FHVs ranged from 0.2 to 18.9% (median 8.8%), and in 
prostate cancers, from 0 to 93.9% (median 18.2%) (Rasey et a l 1996). Monitoring of 
changes in tumour hypoxia before, during and after treatment showed that in only 3 out 
of 7 patients, a progressive reduction was observed (Koh et a l 1995).

^^F-labelled nitroimidazoles have the advantage of relatively high sensitivity and low 
endogenous background. The hexafluoromisonidazole (CCI-103F; (Jin et a l 1990, 
Maxwell et a l  1989, Raleigh et a l 1989, Raleigh et a l  1991, Kwock et a l 1992) and 
the monofluorinated nitroimidazole (Ro 07-0741; (Maxwell et a l 1989) have been 
shown to be useful for MRS detection. In animal studies ^^F magnetic resonance 
spectra were obtained for liver, brain and tumours. Maxwell et a l (1989) described a 
progressive reduction in signal intensity in normal tissues. However tumour levels 
remained constant or decreased more slowly suggesting a tumour-specific retention. 
Similar MRS signals were obtained from both CCI-103F and Ro-07-0741 compounds. 
Two other compounds with three (SR-4554) and five (EF5) fluorine atoms have been 
developed (Aboagye et a l 1996, Aboagye et a l 1995, Li et a l 1991) for ^^F MRS. SR- 
4554 has been approved for clinical development (Aboagye et a l 1998).

Radioactive bromine is a potentially useful label for nitroimidazoles. Both gamma- 
and positron-emitting isotopes of Br exist (^^Br, ^6Br, 77g].) which may be useful 
for detecting hypoxic cells using nuclear imaging techniques. In developing this 
approach 4- [^^Brjbromomisonidazole was synthesised. It was found to be too toxic as a 
clinical radiosensitizer (Rasey et a l 1982, Rasey et a l  1985). However, the 
bromomisonidazole concentrations used in hypoxic cell binding studies were much less

34



and thus toxicity was not likely to be a limiting factor. Although spheroid data were 
encouraging this compound has not been brought to clinical studies.

A number of radioiodinated azomycin nucleosides have been synthesised 
and characterised namely iodoazomycin riboside (lAZR) (Jette et al. 1986), 
1 -(6-iodo-6-deoxy-beta-D-galactopyranosyl)-2-nitroimidazole (lAZG), 1 -(4-iodo-4- 
deoxy-beta-L-xylopyranosyl)-2-nitroimidazole (lAZP) and l-(5-iodo-5-deoxy-beta-D- 
arabinofuranosyl)-2-nitroimidazole (IAZA) (Mannan et al. 1992a, Mannan et al. 1991). 
These agents were hypoxia specific and showed hypoxic cytotoxicity in vitro. One of 
them, [^23i]iodoazomycin arabinoside ([l^^I]IAZA) has been studied in patients using 
single-photon emission computed tomography (SPECT) (Groshar et al. 1993, 
Parliament et al. 1992). The combined use of a perfusion marker 99mTc-labelled 
hexamethylpropylenamine oxime (HMPAO) (Moore et al. 1992, Rowell et al. 1989) 
and IAZA showed an inverse correlation between perfusion and hypoxia in 62% 
tumours (8 of 13). Only in patients with glioblastoma multiforme was there no 
[123i]iazA uptake, despite evidence for reduced perfusion. Currently the prognostic 
importance of [^^^I]IAZA uptake in tumours prior to radiotherapy is being investigated 
in patients with squamous cell neck node métastasés and small cell lung carcinomas 
(Parliament and Urtasun 1998).

Use of the short half-lived radionuclides such as ^^^I and requires an expensive 
cyclotron or reactor, which limits the use of these isotopes to a small number of research 
institutes. Short-lived (6 h) technetium (^^"'Tc) is the most commonly used radionuclide 
isotope in clinical nuclear medicine. It is produced by decay of the longer-lived (66 h) 
9^Mo and can be generated locally. A number of 99mxc complexes have been 
synthesised for detection of hypoxic tissues (Linder et al. 1994, Linder et al. 1993). 
One of them, a 2-nitroimidazole derivative propylene amine oxime (BMS-181321) has 
been shown to be selectively retained in a rat stroke model (Di Rocco et al. 1993) and in 
an isolated rat heart ischaemia model (Kusuoka et al. 1994, Rumsey et al. 1993). 
Currently a new bioreductive hypoxia marker (9^^Tc-HL91) which does not contain a 
2-nitroimidazole moiety is under investigation (Johnson et al. 1995a, Johnson et al. 
1995b).

1.2.3.3 Immunologically detectable 2-nitroimidazoles - NITP

A number of immunologically detectable 2-nitroimidazoles (Arteel et al. 1995, 
Cline et al. 1990, Cline et al. 1994, Evans et al. 1996, Hodgkiss et al. 1991a, Hodgkiss 
et al. 1991b, Hodgkiss et al. 1994, Koch et al. 1995, Lord et al. 1993, Raleigh et al. 
1987) can be used to assess hypoxia in histological sections (frozen or paraffin- 
embedded), by flow cytometry or in an enzyme-linked inununosorbent assay (ELISA)
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(Raleigh et a l 1994). Although this approach requires administration of a nitroimidazole 
prior to biopsy (usually a second biopsy, after malignancy has been confirmed), it 
allows the exact location of the bound hypoxia marker to be detected with respect to 
functional vessels and necrosis (histology) and correlation it with cell cycle parameters 
(flow cytometry). This information is not available in volume-averaging techniques. 
Despite intra-tumoural heterogeneity, as little as four stained sections can provide 
a representative view of hypoxia within each tumour (Cline et a l 1997).

Compounds such as CCI-103F or EF5 have incorporated the high immunogenicity of 
fluoro-substituents. Histological detection of bound marker (CCI-103F) has been used 
to demonstrate hypoxia in spheroids (Miller et a l 1989) and in spontaneous canine 
tumours (Cline et a l 1994). ELISA allowed the assessment of CCI-103F binding 
before and after radiotherapy in spontaneous canine tumours (Raleigh et a l 1994). EF5 
hypoxia marker has been used to correlate hypoxia and VEGF mRNA in sections of 
human tumour spheroids (Waleh et a l 1995), and has shown the relationship between 
hypoxia and perfusion in tumours treated with photodynamic therapy (van Geel et a l
1996).

Another 2-nitroimidazole (pimonidazole) containing a immunologically-detectable 
piperidine side-chain has been developed by Raleigh's group (Stone et a l  1993). The 
piperidine side-chain of pimonidazole is positively charged resulting in 3-fold 
intracellular accumulation of the drug at physiological pH (7.3), falling as the 
extracellular environment becomes more acidic (Dennis et a l 1985). A decrease in 
extracellular pH in hypoxic regions could decrease pimonidazole binding. However, 
this effect is small compared with the 10 - 12-fold difference in binding intensity 
between anoxic and oxic cells (Arteel et a l 1995). This marker has been used in patients 
with cervical carcinoma (Parliament and Urtasun 1998).

A one-step procedure for the detection of bound biotinylated 2-nitroimidazoles has been 
proposed by Hodgkiss (Hodgkiss et a l 1994). Bound metabolites can be detected using 
fluorescein-labelled avidin or streptavidin. The presence of biotin on the surface of the 
invading stromal cells limits the use of this method in histological sections. However, 
using flow cytometric assessment of cell nuclei instead of whole cells could solve this 
problem.

Hodgkiss et a l  (Hodgkiss et a l 1991a) have synthesised a new 2-nitroimidazole 
compound (NITP) with an immunologically detectable side-chain, theophylline (Fig. 
1.4). Initially this nitroimidazole was administered in a solution of peanut oil and 10% 
DMSG, because of its very poor water solubility. Using this formulation, hypoxic cells 
in CaNT, CaRH and SaF tumours were labelled and analysed by flow cytometry.
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Hypoxic fractions of 19% (SaF), 23% (CaNT) and 29% (CaRH) were reported. In all 
three tumours, NITP binding was significantly reduced following carbogen breathing 
(Hodgkiss et al. 1991b). A reduction in NITP binding has also been observed following 
oxygen breathing or nicotinamide administration in CaNT tumours (Hodgkiss and 
Wardman 1992, Rojas et al. 1992).

NO.

CH3 \

CH
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2 - n i t r o im i d a z o le
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t h e o p h y l l i n e

Fig, 1.4 The structure of hypoxia marker 7-(4'-(2-nitroimidazol-l-yl))-theophylline 
(NITP).

Although the peanut oil and DMSO formulation was approved for mouse tumour 
models, it was unsuitable for clinical administration. An aqueous preparation of NITP 
has been proposed (Hodgkiss et al. 1995), using a modified derivative of a 6- 
cyclodextrin, 2-hydroxy-propyl-B-cyclodextrin (Molecusol). It was found to be equally 
effective at marking bound NITP adducts in the murine CaNT tumours. Both the 
aqueous formulation of NITP and the possibility of oral administration suggest that this 
drug could be used in clinical studies.

1.2.4 Overcoming problem of hypoxia in therapy

Numerous attempts have been made to try to eliminate resistant hypoxic cells in 
tumours. One way of overcoming the problem of tumour hypoxia is increasing delivery 
of oxygen or oxygen mimicking agents, thus improving tumour oxygenation.

Retrospective analysis of clinical studies showed that anaemic patients had a poorer 
prognosis than patients with normal Hb levels (Bush 1986, Overgaard 1989). 
Transfusions of red blood cells before therapy were used to increase tumour
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oxygenation. Results of preclinical and clinical trials showed a reduction in the fraction 
of hypoxic tumour cells (Hill et a l 1971, Hirst and Wood 1987) and the number of 
local recurrences (Bush 1986). Other studies to increase the O2  blood transport capacity 

involved the use of artificial blood substitutes such as perfluorchemical (PFC) 
emulsions (Rockwell et a i  1986, Song et a l  1985, Teicher and Rose 1984), 
erythropoietin (rhEPO) administration (Kelleher et a l 1995) and altering the O2  binding 

capacity of Hb (Hirst and Wood 1987, Siemann et a l 1989).

Low-dose hyperthermia has been proposed to improve tumour oxygenation. At mild 
hyperthermia levels (^1°C ; <30 min) there is a transient increase in tumour blood flow 
and changes in the Hb02 curve occur (Vaupel and Kallinowski 1987). Experimental 
data show that this can improve the oxygenation of certain animal tumours (Richer et a l 
1980, Vaupel and Kallinowski 1987), some tumour xenografts (Roszinski e ta l  1991) 
and human tumours in patients (Richer et a l 1980, Richer et a l 1984, Richer et a l
1986).

Another potential approach of overcoming tumour hypoxia is increase the amount of 
oxygen delivered to the blood. It was suggested that breathing oxygen under 
normobaric or hyperbaric conditions, which increases the arterial O2 tension, could 
increase the oxygen diffusion distance in tumours (Churchill-Davidson et a l 1955). 
Experimental data showed good evidence that hyperbaric oxygen breathing could 
improve Hb02 saturations (Mueller-Klieser et a l  1983) and reduce the amount of 
radiobiologically hypoxic cells in animal tumours (Milne et a l 1973, Suit et a l 1981). 
However a number of clinical trials with hyperbaric oxygen did not give improved 
results (Dische 1991). A vasoconstrictive action of oxygen which reduces the blood 
flow may be a potential explanation for the failure of clinical trials (Johnson 1971, Milne 
e ta l  1973, Mueller-Klieser gf a/. 1983).

1.2.4.1 Carbogen

Carbogen (95% oxygen, 5% carbon dioxide) has been considered as an alternative to 
hyperbaric oxygen, as the presence of a relatively high proportion of carbon dioxide in 
this gas mixture solves the problem of vasoconstriction (Johnson 1971).

Early experiments with carbogen showed that it could significantly increase the effect of 
radium exposure (Crabtree and Cramer 1934) and enhance the level of cell kill after X- 
irradiation compared to normal aerobic conditions (Hollcroft et a l 1952).

Initial clinical studies with carbogen were disappointing (Rubin et a l 1979). Soon it 
was realised that the administration time of carbogen before treatment was a critical 
factor in achieving maximal radiosensitisation (Inch et a l 1970, Siemann et a l 1977,
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Suit et a l 1972). Later studies proved that carbogen breathing resulted in the same level 
of sensitisation as hyperbaric oxygen (Falk et a l 1992, Martin et a l 1993).

In an effort to target both chronic and acute hypoxic cell subpopulations, the 
combination of carbogen breathing with the vitamin B3 analogue, nicotinamide, has 
been proposed. While carbogen breathing is expected to increase the oxygen diffusion 
distances, nicotinamide has been shown to reduce tumour blood flow intermittencies 
(Chaplin et a l  1990, Horsman et a l  1990). Several studies have shown that 
nicotinamide with carbogen breathing leads to an improvement in tumour oxygenation 
and an increase of tumour response to treatment (Chaplin et a l 1991, Chaplin et a l 
1993, Horsman era/. 1990, Horsman era/. 1994, Kjellen er a/. 1991, Rojas 1991, 
Siemann et a l 1994). Improvements in the tumour radiation response have been shown 
in clinically relevant multifraction treatments (Kjellen et a l 1991, Rojas 1991) with 
clinically relevant nicotinamide doses (Horsman et a l  1994). The combination of 
carbogen breathing with nicotinamide is undergoing preliminary clinical studies. 
However first clinical experience with nicotinamine has shown that the drug doses used 
caused side-effects (Saunders and Dische 1996).

1.3 Tumour Proliferation

Precise regulation of the cell number is critical for the development and maintenance of 
a multi-cellular organism. The cell number is controlled by induction of cell proliferation 
and/or programmed cell death (apoptosis). These two processes are linked by cell cycle- 
regulatory pathways. Normal tissues display a balance between cell proliferation and 
apoptosis to maintain an equilibrium. They rarely exhibit a rapid increase in cell number 
except during embryonal development or regeneration.

A common feature of cancer cells is loss of proliferation control. Therefore cancer can 
be basically defined as the uncontrolled proliferation of normal cells. Investigating the 
mechanisms of proliferation deregulation is crucial in the understanding of cancer 
evolution. The rate of tumour cell proliferation has important clinical implications. It is 
generally accepted that rapidly proliferating tumours with fast doubling time are likely to 
be more aggressive and less responsive to a conventional treatment (reviewed by Begg
1997).

1.3.1 Cell cycle control

The cell cycle was first described in detail by Howard and Pelc (1951) using the roots of 
Vicia faba. Four distinct compartments have been identified namely G l, S, G2 and M 
phases (Howard and Pelc 1953). Proliferating cells go through a series of processes in 
order to divide. Thus, growth in mass (Gl phase) is followed by DNA replication (S

39



phase), synthesis of proteins required for mitosis (G2 phase), mitosis and cell division 
(M phase) and return to Gl (Nasmyth 1996, Nurse 1994). Cells that are not actively 
dividing may be either permanently removed from the cell cycle by terminal 
differentiation or be temporarily arrested in a noncycling state referred to as GO (Pardee 
1989).

cyclin D/cdk4
anti-mitogenic signal 
cell-cell contact 
differentiation

cyclins B and A/cdkl 
cyclin H/cdk7 

cyclin G2/cdk1

cyclin A/cdk1

M
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mitogens 
nutrients 
growth factors

cyclin D/cdk6

cyclin G1/cdk1

cyclin A/cdk2 cyclin E/cdk2

c o m m i t m e n t

Fig. 1.5 Schematic representation o f the mammalian cell cycle phases indicating the 
major cyclin/cdk complexes which regulate transitions through the specific cell cycle 
phases. Mitogens can drive quiescent (GO) cells back into the cell cycle. Once a cell 
passes the restriction point (R), it is committed to progress through S phase.

Progression through the cell cycle is coordinated by a series of changes in the activity of 
intracellular enzymes known as cyclin dependent kinases (cdks). Cdks allow 
progression through the different phases of the cell cycle by phosphorylating substrates. 
Their kinase activity is dependant on the presence of cell-cycle stage-specific proteins 
called cyclins (Fig. 1.5). Cyclins function as positive regulatory subunits of cdks. The 
concentration of specific cyclins increases during the phase of the cell cycle in which 
they are required and decreases during phases in which they are not needed (Weinstein 
and Zhou 1997). Thirteen different cyclins have been identified in mammalian cells to 
date. Cyclins maximally expressed during the Gl phase include cyclin C, Dl-3, E, F
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and G l. Cyclin E2, a new cyclin closely related to cyclin E peaks at the G 1/S transition 
(Gudas et al. 1999). Cyclin A is expressed in late G l and in S-phase, whereas B1 and 
B2 during G2/M. Cyclin A also functions during G2/M transition. Cyclin H is 
constitutively expressed throughout the cell cycle. Cyclin G2 is thought to function 
during late S phase (Home et al. 1997, Home et al. 1996).

Cyclins can bind and activate at least eight different cdks (cdkl-8). Each cdk can interact 
with several different cyclins and vice versa. However, some interactions are 
preferential (for reviews on cdk regulation see Fisher 1997, Hunter and Pines 1994, 
Morgan 1995, Weinstein and Zhou 1997). The regulation of cyclin/cdk complex activity 
is mediated by cdk phosphorylation at a conserved threonine residue, by a cdk- 
activating kinase (CAK), whose two major subunits include Cdk7 (a cdk related protein; 
catalytic subunit), and cyclin H. CAK phosphorylates a conserved threonine (Thr) 
residue (160, 161, or 172, depending on the specific cdk) on its substrates which 
include cdkl, cdk2, and cdk4. Therefore it can activate all the major cyclin/cdk 
complexes involved in the mammalian cell cycle control. Cdk phosphatase (CAP) is 
responsible for inactivating the cyclin/cdk complex by dephosphorylating these 
threonine residues (Morgan 1995).
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Fig. 1.6 Schematic diagram of the multiple mechanisms regulating cyclin/cdk complex 
activity.
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Mammalian cdk2 activity can also be regulated by phosphorylation of an other threonine 
residue (Thr 14) and tyrosine residue (Tyr 15). Mammalian homologues of yeast Wee 
and Myt kinases phosphorylate these residues and therefore inactivate cyclin/cdk 
complexes. The cdc25 phosphatases re-activate them by removing these phosphate 
groups on cdks (Morgan 1995).

Cyclin/cdk complex activity is also regulated by two families of cdk inhibitory proteins 
(GDIs). Members of the INK4 family namely plb^"^^^ (Serrano et a l 1993), pl5^” '̂̂  ̂
(Hannon and Beach 1994), plglnk4c (Guan et al. 1994), pl9l*̂ *̂ 4̂  (Hirai et al. 1995), 
inhibit cdk4 and cdk6 by binding to the cdk subunit itself. The Cip/Kip family includes 
p21^*P^(Harper et al. 1993), p27^^P  ̂ (Toyoshima and Hunter 1994) and p57^*p2 (Lee 
et al. 1995). These proteins can inhibit the cyclin/cdk complexes required for Gl 
progression and S phase entry causing Gl arrest (Morgan 1995, Sherr and Roberts 
1995, Weinstein and Zhou 1997).

1.3.1.1 G 1/S transition

Molecular events in the Gl phase prepare a cycling cell for DNA synthesis. The major 
function of Gl phase is to ensure the fidelity of cellular DNA before it is replicated 
during S phase (Paulovich et al. 1997). Before progressing into S phase, mammalian 
cells must first pass through a stage known as the restriction point (R). After this point, 
cells are irreversibly committed to progression into S phase and mitogenic growth 
factors are no longer required for cells to complete DNA synthesis (Pardee 1989).

Under sub-optimal conditions such as nutrient deprivation, most of the cells exit the cell 
cycle at Gl into a GO quiescent state. GO and Gl cells both have the same DNA content, 
but GO cells tend to be smaller in size due to the degradation of RNA and protein 
molecules. GO cells have reduced transmembrane transport and their ribosomes are 
monosomal rather than polysomal (Pardee 1989).

When mitogenic signals stimulate a cell to enter the cycle, the expression of D-type 
(cyclin D l, D2 and D3) cyclins increases and continues through G l (Matsushime et al.
1991). They form a holoenzyme complex with either cdk4 or cdk6. Another key 
regulator of Gl progression, cyclin E, peaks in late G l and forms a complex with cdk2 
(reviewed by Sherr 1996). Cyclin D/cdk4 or 6 and cyclin E/cdk2 complexes are 
activated by CAK and become active kinases.

One of the major targets of the activated cyclin/cdk complexes in Gl phase is the 
retinoblastoma (pRb) protein. In its hypophosphorylated active state, pRb is bound to 
the E2F family of transcription factors, which have been shown to be important
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transcription factors for activation of several genes critical for the progression though 
the cell cycle. The association of hypophosphorylated pRb with E2F represses the 
transcription of E2F-responsive genes that are required for the progression through the 
G 1/S transition and S phase (Weintraub et a i 1992). The E2F family consists of at least 
five different transcription factors (E2F1-5). These proteins are active when they are in 
heterodimeric complexes with one of E2F-related transcription factors, the DP proteins 
(DP-1, 2 or 3) (Wu et al. 1995). A heterodimeric complex of an E2F protein and a DP 
protein is capable of binding to specific DNA sequences and activating the transcription 
of genes. However, the interaction of E2F/DP heterodimers with pRb antagonises the 
transcriptional activity of E2F/DP complexes (reviewed by Bernards 1997, Helin 1998, 
Lavia and Jansen-Durr 1999).

As cells progress through the G l phase, the Rb protein becomes progressively more 
phosphorylated. This leads to the release of free E2F/DP heterodimers and transcription 
of several genes. E2F/DP activate two major groups of genes. The first group includes 
genes encoding essential enzymes in the nucleotide and DNA biosynthetic pathways. 
The second group consists of genes encoding regulators of cell cycle progression 
including c-myc, B-myb, cdc2 and the E2F itself (DeGregori et al. 1995, Lavia and 
Jansen-Durr 1999, Nevins 1992).

Another level of regulation of G 1/S transition is due to both families of cdk inhibitory 
proteins (section 1.3.1). The Cip/Kip family members appear to inhibit the kinase 
activities of cyclin D/cdk4, cyclin D/cdk6, cyclin E/cdk2 and cyclin A/cdk2 complexes 
(Fig. 1.7). They also prevent cdk activation by CAK (El-Deiry et al. 1993, Harper et al. 
1993, Matsuoka et al. 1995, Polyak et al. 1994b, Xiong et al. 1993). Binding of these 
inhibitors to cdks prevents cdk-dependent phosphorylation of the Rb protein which 
leads to G l delay. After DNA damage, the increase of p21 leads to an inhibition of 
cyclin E/cdk2 activity and therefore the arrest of cells in G l. p27 blocks cells late in Gl 
after TGFb (transforming growth factor beta) treatment and cell-cell contact inhibition 
(Polyak et al. 1994a, Polyak et al. 1994b). p57 contributes to the cell-cycle arrest 
associated with terminal differentiation of certain cell types (Grana and Reddy 1995, 
Sherr and Roberts 1995).

The INK4 family of inhibitors (section 1.3.1) specifically bind to cyclin D/cdk4 and 
cyclin D/cdk6 and inhibit the catalytic activity of the assembled, activated complexes. 
However they also can compete with D cyclins for cdk4 and cdk6 (Fig. 1.7) to form 
independent complexes (Hirai et al. 1995, Sherr and Roberts 1995).
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1.3.1.2 S phase

Once a cell has committed to entering S phase, it starts replicating its DNA and 
continues until all of its DNA is copied. The replication must be done precisely and 
completely in just a few hours. However the length of this phase can vary between 
species and between individual developmental stages within a species (Edenberg and 
Huberman 1975, Hand 1978).

The replication is carried out by enzymes called DNA polymerases. In eukaryotic cells, 
three different DNA polymerases (a, d, e) are involved in the process of DNA 
replication which can be divided into two stages. The first stage, the initiation stage 
involves the binding of a DNA recognition protein which triggers DNA unwinding and 
the assembly of a replication fork. These sites of initiation of DNA replication are called 
origins and are distributed along chromosomal DNA. It still is not known whether all 
the origins are activated at the same time or sequentially. In yeast, a chromosomal DNA 
replication origin sequence, ARS (autonomous replicating sequence) is bound by a 
multiprotein complex, known as the origin recognition complex (ORC), which initiates 
DNA synthesis (Newlon 1993). However little is known about triggering DNA 
synthesis by this protein complex. Less is known about this process in higher 
eukaryotes.

The initiation stage is followed by the fork elongation stage. Both strands of the DNA 
helix are copied simultaneously. The biochemistry of the process leads to asymmetric 
DNA synthesis, with one strand being copied continuously (leading strand) and another 
discontinuously (lagging strand) (Alberts 1994). A number of proteins appear to be 
required for DNA synthesis at the replication forks of eukaryotic cells. These include 
proliferating cell nuclear antigen (PCNA), replication protein A (RPA), replication factor 
C (RFC), DNA polymerases, DNA primase, and RNaseH (Stillman 1994).

RPA is involved in both the initiation and elongation stages of DNA replication (Wold 
and Kelly 1988). Regulation of this protein through normal cell-cycle progression is 
maintained by phosphorylation of its p32 sub-unit at the G 1/S boundary. During the 
initiation stage, RPA binds to single-stranded DNA (ssDNA) at the origin. The binding 
of RPA to ssDNA marks the time in the cell cycle when origin unwinding first occurs 
(Fotedar and Roberts 1992). Another key protein in the DNA synthesis is PCNA. It has 
been identified as an auxiliary protein of DNA polymerase d (Bravo et a l 1987, Prelich 
et a l 1987). The level of PCNA increases at the onset of S phase and remains relatively 
constant through S and G2/M phases, suggesting that its synthesis is essential for 
initiation of DNA replication (Liu et a l 1989).
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The expression of cyclin A (section 1.3.1) occurs just before the beginning of S phase. 
In early S phase, cyclin A is associated with cdk2 and later in S phase with cdc2 (cdkl; 
reviewed by Roberts 1993, Stillman 1996). The protein targets of the cyclin A/cdk2 or 
cdc2 complexes are unknown. However they may play a role in initiation of replication 
forks and promoting unwinding of origin DNA within initiation complexes (Heichman 
and Roberts 1994). Inhibition of cyclin A action by injection of antibodies or anti-sense 
oligonucleotides prevents the completion of S phase, indicating that cyclin A is 
necessary for DNA synthesis (Girard et al. 1991, Pagano et a l 1992). It has been 
shown that cyclin A and cdk2 localise at sites of DNA replication in S-phase nuclei, 
suggesting a role in the assembly or regulation of replication structures (Cardoso et al.
1993). Cyclin A may also play a role in transcription of protein involved in DNA 
replication as it associates with a sequence specific transcription factor DRTFl in 
conjunction with pRb (Bandara et a l 1993).

1.3.1.3 G2/M transition

After a cell has copied its entire genome, it progresses through another gap phase in the 
cell cycle known as 02. During this phase the integrity of DNA is believed to be 
checked before mitosis. The transition from the completion of DNA synthesis to mitosis 
is regulated by B-type cyclins (cyclin B 1 and B2) which associate with a 34 kDa kinase 
partner, cdc2 (cdkl). The levels of cdc2 remain constant throughout the cell cycle. 
However its activity rises sharply at the G2/M transition, when it binds to cyclin B 
(reviewed by (Nasmyth 1996)). Cyclin B/cdc2 complex is known as the maturation 
promoting factor (MPF; King et al. 1994). The activity of this cyclin/kinase complex is 
regulated at multiple levels. Cyclin B synthesis is initiated during late S phase and early 
G2. Synthesised cyclin B binds to unphosphorylated cdc2.

In Saccharomyces pombe the cyclin B/cdc2 complex is formed during S phase but is 
phosphorylated by the weel kinase at the tyrosine (Tyr 15) residue. This 
phosphorylation inactivates this complex. After the DNA replication is finished at the 
S/G2 boundary, phosphatase cdc25 dephosphorylates Tyr 15 and restores the activity of 
cyclin B/cdc2 complex (Fig. 1.6; Morgan 1995). It is likely that higher eukaryotes have 
analogous activities and similar control mechanisms, in human cells three cdc25 (cdc25 
A, B, C) homologues have been identified (Datta et al. 1992). The kinase responsible 
for the activation of the MPF is CAK (section 1.3.1), which phosphorylates cdc2 on 
threonine 160 residue (Fig. 1.6).

The targets of the active cyclin B/cdc2 kinase complex that are critical for the entry into 
mitosis are not clear. However it has been shown that both MAP and MPM2 kinases 
appear to be phosphorylated by this complex (King et al. 1994). active MPF helps to 
initiate mitosis in part by breaking up the nuclear envelope. It phosphorylates proteins
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called lamins, which causes them to dissociate. Active MPF also controls many other 
processes such as the assembly of the mitotic spindle (Murray and Kirschner 1991).

1.3.1.4 M /Gl transition

During mitosis, the chromosomes condense, segregate, and then décondense after 
separation. Together with these chromosomal changes, the spindle poles duplicate, 
separate, and migrate to opposite ends of the nucleus to participate in the segregation of 
chromosomes. Finally, the nuclear membrane is disassembled and then reassembled, 
the spindle is disassembled, and the cell membrane invaginates to complete cytokinesis. 
Mitosis can be subdivided into four major, sequential stages (reviewed by McIntosh and 
Koonce 1989):
1. Prophase - involves condensation of chromosomes.
2. Prometaphase - involves disruption of nuclear envelope and positioning of the 

chromosomes in the centre of the cell.
3. Anaphase - involves separation of the chromosomes into two identical 

chromatids and movement towards opposite poles of the cell.
4. Telophase - involves reformation of two nuclei, the gradual decondensation of

chromosomes, and re-establishment of the interphase condition in the two new 
daughter cells.

After the active MPF drives the cell into the first stage of mitosis, the prophase, a 
proteolytic process causes degradation of cyclin B. Mitosis ends when cyclin levels fall 
below a certain threshold. Falling levels of cyclins A and B lead to inactivation of cdc2 
kinase. The nuclear lamins are no longer phosphorylated which permits reformation of 
nuclear envelope. Phosphatases switch off enzymes activated by MPF. These also 
include enzymes that degrade the cyclins. This leads to graduate restoration of the cyclin 
levels (McIntosh and Koonce 1989).

1.3.2 Cell cycle checkpoints

The progression through the cell cycle appear to be highly ordered and the initiation of 
late events depends on the completion of earlier events. The initiation of mitosis depends 
on completion of DNA synthesis, and DNA replication during S phase is dependent on 
the completion of a prior mitosis. The control mechanisms that regulate this ordered 
dependency are called cell cycle checkpoints (Hartwell and Weinert 1989). Many 
different extracellular or intracellular events can initiate the cell cycle arrest at these 
checkpoints. These include nutrient deprivation, hypoxia, temperature changes or other 
stress, nucleotide depletion, or DNA damage. The function of these checkpoints is to 
allow time for the repair for any DNA damage or induction of apoptosis.
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The G 1/S and G2/M boundaries have been identified as the most common arrest points 
in the cell cycle. A cell with damaged DNA avoids DNA replication by arresting in G 1/S 
boundary. If a cell has already passed the restriction point in G 1, it will transiently arrest 
in S phase. Post-replication cells with damaged DNA avoid progressing into mitosis by 
arresting in G2. These cell cycle delays are regulated by certain gene products involved 
in cell cycle progression. A critical gene involved in G l arrest after DNA damage is the 
tumour supressor gene, p53 (Kastan et al. 1991, Kastan et al. 1992, Kuerbitz et al.
1992). It is normally maintained at low levels through interaction with the Mdm-2 
protein that signals its degradation. DNA damage induces phosphorylation of either p53 
or Mdm-2, preventing the two proteins from interacting (Mayo et al. 1997). This leads 
to stabilisation and activation of p53. An increase in p53 protein levels activates the 
p2 iCIPl gene which results in an inhibition of cyclin E/cdk2 activity. This prevents 

phosphorylation of pRb and therefore progression from G l into S phase (Dulic et al. 
1994, El-Deiry et al. 1994, Slebos et al. 1994).
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Fig. 1.8 Diagram of radiation-induced, p53-dependent Gl checkpoint.
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However, the specificity of p21 is quite broad and it is likely that several cdks are 
inhibited simultaneously. Therefore activated p53 can cause cell cycle arrest in both Gl 
and 02  (Agarwal et a l 1995). The induction of p53 in response to DNA damage has 
also been strongly linked to the regulation of the repair pathway by increased expression 
of GADD45 protein (El-Deiry et a l 1992, Kastan et a l 1992) (Smith et a l 1994). In 
some cell types, increased levels of p53 lead to the induction of apoptosis (section
1.4.3.3).

The mechanisms of S phase and G2 delays after DNA damage in mammalian cells are 
less understood. ATM gene, mutated in ataxia-telangiectasia patients, appears to be 
involved in the control of both S and G2 checkpoints. Cells from these cancer-prone 
patients are defective in these irradiation-induced checkpoints (Beamish et a l 1994).

1.3.3 Abnormalities in cell cycle regulation in cancer

A common feature of all cancer cell types is dysfunctional cell cycle control 
mechanisms. A transformation of a normal cell to a tumour cell seems to be dependent 
on mutations in genes that normally control cell cycle progression. Cancer cells loose 
the control signals that normally cause the cell to stop going through the cell cycle and 
thus stop growing.

The most common aberrations in cell cycle control that have been observed in cancer 
cells relate to the G l phase. A number of mutations in the expression of cyclins and 
cyclin-related genes have been found in different cancer types (MacLachlan et a l 1995, 
Weinstein and Zhou 1997). Cyclin A overexpression has been reported for human 
breast cancers, both primary and cancer cell lines (Buckley et a l 1993, Dutta et a l 
1995, Keyomarsi and Pardee 1993) and has been shown to correlate with decreased 
survival in patients with non-small cell lung carcinomas (Volm et a l  1997). 
Overexpression of cyclin D l has been observed in head and neck, esophagus, gastric, 
liver, colon, breast and other cancers (Bartkova et a l  1994a, Bartkova et a l  1994b, 
Jiang et a l 1992, Keyomarsi and Pardee 1993, Leach et a l 1993, Zhang et a l 1993). 
Data from in vitro and in vivo studies have shown that cyclin D l is involved in the 
process of neoplastic transformation. Fibroblasts overexpressing cyclin D l displayed a 
decrease in the duration of G l phase, increased growth, decreased cell size, and they 
induced tumours when injected into nude mice (Jiang et a l 1993a).

Overexpression of cyclin D l may be associated with the loss of expression of the Rb 
protein (Bartkova et a l 1994a, Jiang et a l 1993b). The Rb gene is mutated in a number 
of different tumour types, but tumours may also have mutations elsewhere in the cell 
cycle pathways that involve pRb. For example, mutations in pl5, pl6 and p i8 proteins,
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which are inhibitors of cyclin D/ cdk4 complex are found in a number of tumour types 
(Guan et al. 1994, Herman et al. 1996). In contrast, the p21 and p27 cdk inhibitors are 
rarely mutated (Hirama and Koeffler 1995, Kawamata et al. 1995, Shiohara et al.
1994). Mutations of cdk inhibitors in the pRb pathway lead to loss of normal inhibitory 
controls of the cell cycle.

Changes in the expression of other cyclins such as cyclin E have been found in several 
types of human cancers (Buckley et al. 1993, Keyomarsi and Pardee 1993). In breast 
cancer for example, alterations in cyclin E have been associated with the stage and grade 
of the tumours (Keyomarsi et al. 1994).

Cyclin-dependent kinases are normally expressed at relatively high levels through the 
cell cycle and their activities are mainly dependant on the availability of their related 
cyclins. However a high level of cdk expression can also alter cell cycle regulation. 
Overexpression of cdks have been observed in certain types of tumours. Amplification 
and increased expression of cdk4 and cdk6 has been found in soft tissue sarcomas and 
in gliomas but not in other types of tumours (Costello et al. 1997, Khatib et al. 1993, 
Schmidt et al. 1994). Amplification of cdk2 has also been reported in colon carcinomas 
(Kitahara gf oZ. 1995).

E2F family members have not been found to be mutated in human cancers. However the 
factors that control the activity of E2F proteins are mutated in a large number of different 
human tumour types. The loss of Rb and/or the increased cdk activity result in the 
conversion of the E2F/Rb complex to the E2F transcriptional activator leading to the 
increase in E2F activity. Several studies have shown increased E2F activity in tumours 
with mutated Rb (Li et al. 1995, Parr et al. 1997, Boyd and Famham 1999).

Mutations in the p53 gene are very common in human cancers, and it is estimated that 
40-50% of human tumours contain mutated p53 (Hollstein et al. 1991). Some tumours 
overexpress the p53 binding protein, Mdm2 (Oliner et al. 1992), which also causes 
inactivation of p53 protein. Many studies have demonstrated a direct relationship 
between status of p53 and radiosensitivity (reviewed by Bristow et al. 1996). However 
p53 appears to be involved in regulation of various genes and biological pathways and 
therefore the status of this gene alone would not universally describe the radiation 
response of mammalian cells.

The cell cycle control may also be altered by activation of genes such as c-myc (section
1.4.3.4) or ras, which has been found to be deregulated in many human cancers 
(reviewed by Filers 1999, Boyd and Famham 1999, Bos 1989, Lowy and Willumsen 
1993, Spencer and Groudine 1991). Mutations in the ras gene are most frequent in
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pancreas, colorectal and thyroid carcinomas, and myeloid leukemia (Bos 1989). 
Changes in c-myc gene are found in carcinomas of the colon, lung, breast, and ovary, 
as well as other tumour types (reviewed by Boyd and Famham 1999).

1.4 Apoptosis

1.4.1 Mechanisms of cell death

Cell death culminates with cessation of biological activity. The precise point at which 
changes in the death process become irreversible is often difficult to define 
(Darzynkiewicz et a l 1997).

It has generally been accepted that apoptosis and necrosis are distinct modes of cell 
death (Kerr et al. 1972, Majno and Joris 1995, Wyllie 1992). Necrosis is most often 
observed when cells die from severe sudden injury such as ischaemia, sustained 
hyperthermia, or physical or chemical trauma. In necrosis there are early changes in 
mitochondrial shape and function, and the cell rapidly becomes unable to regulate 
osmotic pressure, swells and ruptures. Its contents are released into the surrounding 
tissue space provoking an inflammatory response (Raff et al. 1993).

Apoptosis, or programmed cell death, is a distinct mode of cell death that is responsible 
for the deletion of cells in tissues. Morphologically, it involves a rapid condensation and 
budding of the cell, with the formation of membrane-enclosed apoptotic bodies 
containing well-preserved organelles, which are phagocytosed and digested by nearby 
resident cells. There is no associated inflammation. A characteristic biochemical feature 
of the process is double-strand cleavage of nuclear DNA at the linker regions between 
nucleosomes leading to the production of oligonucleosomal fragments (Wyllie 1992).

1.4.1.1 Biological significance of apoptosis in normal tissues

Apoptosis plays an essential role in the normal development of vertebrates. It is 
responsible for the removal of cells during embryonic and early post-embryonic 
development.

In adult mammals, apoptosis occurs continually in slowly proliferating populations such 
as the epithelium of liver, prostate and the adrenal cortex and in rapidly proliferating cell 
populations, such as the epithelium of intestinal crypts and differentiating spermatogonia 
(Kerr et al. 1994). In most epithelia, apoptosis is a normal and continual process and 
billions of cells are removed each day (Metcalfe and Streuli 1997).
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7.9 Apoptotic cell in a section o f CaNT tumour stained with the TdT-mediated 
dUTP-hiotin nick end-labelling (TUNEL) method (section 2.53.2).

In the immune system, apoptosis has several special physiological roles. It is involved 
in the elimination of autoreactive T-cells in the thymus and the selection of B-cells in 
lymphoid germinal centres during humoral immune responses. Another specialised 
function of apoptosis in normal animals is the deletion of nonviable cells, such as ageing 
neutrophil leukocytes and megakaryocytes that have shed much of their cytoplasm 
during the formation of platelets (Smith et al. 1989).

1.4.1.2 Program m ed cell death in tum ours

Apoptosis is also a common feature of tumours. It is known from kinetic studies that 
tumour cells may die surrounded by viable neighbours and the morphological features 
of these dying cells are characteristic of apoptosis (Kerr et al. 1972). Undoubtedly, 
there are many factors that are responsible for spontaneous apoptosis in tumours. It is 
often prominent near foci of confluent necrosis, where mild ischaemia is likely to be 
involved in its initiation (Kerr 1971). Tumour necrosis factor (TNF) has been shown to 
induce apoptosis in tumour cell lines in vitro (Bellomo et al. 1992, Kerr 1971), and 
some of the apoptosis observed in tumours in vivo may be the result of infiltrating 
macrophages releasing this cytokine. It has been also shown that apoptosis can be 
induced by radiation, chemotherapy and hormone therapy (Dyson et al. 1986, Searle et 
al. 1975, Szende et al. 1989, Waiters 1992).
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1.4.2 Mechanism of apoptosis

Most cells within a multicellular organism are programmed to die unless they receive 
external survival signals (Raff 1992). A default pathway will commit a cell to apoptosis 
unless suppressed by input from extracellular survival ligands. Such survival signals 
include hormones and cytokines (Raff et al. 1993) provided by blood or through direct 
cell contacts with the extracellular matrix and neighbouring cells (Frisch and Francis 
1994, Pullan et at. 1996). Some ligands can directly induce apoptosis. In Fas ligand- 
and TNFa-mediated apoptosis, two cytoplasmic proteins, Fas-associated death domain 
(FADD) and TNF-Rl-associated death domain (TRADD) proteins can directly and 
rapidly trigger cell death (Nagata 1997). Apoptosis may also be triggered by a cellular 
insult such as DNA or membrane damage, a mitotic defect or reactive oxygen species.

Although the triggers of apoptosis may vary, the mechanism of death itself is thought 
to be the same. There are sequential phases of nuclear changes characteristic of 
apoptosis; precondensation, condensation, fragmentation and degradation (Tenniswood 
et al. 1992). One model of programmed cell death recognises four major stages 
(Metcalfe and Streuli 1997). Priming is triggered either by the removal of survival 
factors or cell damage followed by a conunitment step. The cell activates the apoptotic 
programme and renders the process within an individual cell irreversible. Then the cell 
enters the execution phase when the morphological changes characteristic of apoptosis 
occur. During this stage, the nuclear chromatin condenses and the endoplasmic 
reticulum swells, but the cytoplasmic organelles and cell membrane remain intact. The 
cell loses desmosomal contact with neighbouring cells and cell membrane blebbing 
begins. Then, apoptotic bodies containing intact cytoplasmic organelles and nuclear 
chromatin form. Neighbouring epithelial cells and macrophages recognise the apoptotic 
bodies by their surface epitopes and phagocytise them (removal stage). Degradation 
occurs intracellularly and there is no inflanunatory response. If a large number of cells 
undergo apoptosis simultaneously, which may occur after a single large dose of gamma 
radiation or bolus infusion of chemotherapy, an inflammatory reaction can occur that 
leads to a process known as secondary necrosis (Bursch et al. 1990).
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Fig. 1.10 Major stages in the apoptosis programme.

1.4.3 M olecular control of apoptosis

A multistep mechanism regulating apoptosis involves the presence of at least two distinct 
checkpoints, one controlled by the bcl-2 family of proteins, another by the cysteine- and 
possibly serine- proteases. Through several oncogenes and tumour suppressor genes 
such as p53, this system interacts with the machinery regulating cell proliferation and 
DNA repair.

1.4.3.1 Bcl-2 family

Bcl-2 was originally cloned from the breakpoint of a t(14;18) translocation present in 
many human B lymphomas (Cleary et al. 1986) which resulted in the overexpression of 
bcl-2 protein. The bcl-2 protein has been localised to the inner mitochondrial membrane 
(Hockenbery et al. 1990) although further studies have shown its presence in the outer 
mitochondrial membrane, endoplasmic reticulum and nuclear membranes (Jacobson et 
al. 1993, Krajewski et al. 1993). Bcl-2 shows high sequence homology with the C. 
elegans ced-9 gene, which protects cells from death (Hengartner and Horvitz 1994a).

Further analysis of this oncogene revealed a family of highly conserved homologues 
(Rao and White 1997). Members of this family have been shown to form two functional
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groups, one that inhibit and another that promote apoptosis. Bcl-2 and the related 
molecules Bcl-xL and Bcl-w act as suppressors of cell death, whereas Bax, Bak and 
BID promote death. The family members act as homo- and heterodimers. Dimérisation is 
dependent on three highly conserved genetic regions, BHl and BH2 and BH3 (Boyd et 
al 1995, Yin et a l 1994) (Bcl-2 homology 1, 2 and 3) identified within the Bcl-2 family 
proteins. Bax, Bak or BID homodimers promote cell death whereas heterodimerisation 
of these protein with Bcl-2 or Bcl-xL inhibits apoptosis (Farrow and Brown 1996). The 
ratio of these proteins is critical and small changes in the activity or levels of the family 
members may regulate the balance between survival and death.

It is not known how regulation takes place, but both Raf-1 (Blagosklonny et a l 1996) 
and phosphorylation (Haidar et a l 1996) may be involved. Bcl-2 and Bcl-xL have been 
shown to bind to many proteins (Fig. 1.11), including protein kinase Raf-1, the protein 
phosphatase calcineurin, the GTPases R-Ras and H-Ras, CED-4, Nip-1, Nip-2 and 
Nip-3 (Hacker and Vaux 1995). The interaction of Bcl-2 with Raf-1 induces a 
phosphorylation of BAD, a pro-apoptotic protein. Once phosphorylated, BAD is unable 
to heterodimerise with Bcl-2 or Bcl-xL which suppresses apoptosis. The Bcl-2 binding 
protein, BAG-1 probably interacts with Bcl-2 to activate Raf-1 (Wang et a l 1996). The 
Ca2+-dependent protein phosphatase calcineurin may induce apoptosis in a Bcl-2- 
suppresible manner (Shibasaki and McKeon 1995). Bcl-2 moves calcineurin from the 
cytosol to intercellular membranes, preventing its interaction with phosphorylated NF- 
AT (Linette et a l 1996, Pietenpol et a l 1994) or other substrates, one of which may be 
phosphorylated BAD. Bcl-2 is associated with the nuclear pore complexes (Krajewski et 
al 1993) and therefore can also interfere through a p53-binding protein (p53BP-2) with 
translocation of p53 from the cytosol into the nucleus (Naumovski and Cleary 1996, 
Ryan era/. 1994).

The three-dimensional structure of Bcl-xL has revealed a similarity with the pore- 
forming domains of certain bacterial toxins that act as channels for either ions or proteins 
(Muchmore and al. 1996) suggesting that Bcl-2 family proteins may function in such a 
manner. Direct evidence of ion-channel activity of recombinant Bcl-2 and Bcl-xL has 
been obtained from experiments using synthetic membranes (Minn et a l 1997, Schendel 
et a l 1997). There are also data suggesting that Bax, a pro-apoptotic group member, 
may have channel activity in vitro (Reed 1997, Schendel et a l 1998). Although there is 
no direct evidence for in vivo channel formation, in vitro experiments suggest that Bcl-2 
family proteins may participate in mitochondrial permeability transition and release of 
caspases activators namely cytochrome c (an essential part of the vertebrate 
"apoptosome" (Li et a l 1997) and apoptosis-inducing factor (AIF) from mitochondria 
(Reed 1997).
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1.4.3.2 Caspases

Executors of apoptosis, the caspases, are a family of cysteine proteases, containing the 
amino acid cysteine in their active sites and cleave their protein targets next to the amino 
acid asparate (Alnemri et at. 1996). The prototype of the family is CED-3, which was 
identified as a gene required for cell death in the nematode C. elegans (Hengartner and 
Horvitz 1994a). At least 10 mammalian proteases with homology to the nematode CED- 
3 gene product are activated during apoptosis (Alnemri et al. 1996, Chinnaiyan et al. 
1996, Enari et al. 1995, Feamhead et al. 1995).

Caspases normally exist in a cell as inactive proteins called zymogens that must be 
cleaved to become fully active. The simplest way to activate caspase zymogens is to 
expose them to a previously activated caspase molecule (the so-called "caspase 
cascade") used by cells for the activation of the downstream caspases: caspase-3, 
caspase-6, caspase-7 (Thornberry and Lazebnik 1998). Another mechanism known as 
proximity-induced activation is involved in the activation of caspase zymogens that link 
to surface receptors such as procaspase-8 (Muzio et al. 1998, Steller 1998, Thornberry 
and Lazebnik 1998, Yang et al. 1998). The same mechanism is also used to activate at 
least two other caspases: caspase-9 and the nematode caspase homologue CED-3 
(Srinivasula er a/. 1998).
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The regulation of caspase activation is not fully understood. In C. elegans three genes 
are responsible for the control of apoptosis. Two genes, ced-3 and ced-4 are required 
for the apoptotic programme (Yuan and Horvitz 1990). Ced-9 functioning upstream of 
the above genes, negatively regulates the apoptotic programme by preventing activation 
of ced-4 and ced-3 (Hengartner et al. 1992). Biochemical data have suggested that CED- 
4 can interact with both CED-9 and proCED-3. Free CED-4 promotes CED-3 
autoprocessing, whereas CED-9-bound CED-4 can still bind to pro-CED-3, but not 
activate it (Conradt and Horvitz 1998). In vivo these three proteins may form an inactive 
complex, the apoptosome. During apoptosis the CED-3-CED-4 complex is dissociated 
from CED-9 resulting in oligomerization of CED-4 molecule and finally activation of 
CED-3 (Yang et al. 1998). This dissociation is possibly mediated by the recently 
identified BH3 domain protein, EGL-1 (Conradt and Horvitz 1998). CED-4 is normally 
located in the cytosol, but when co-expressed with CED-9, it moves to the intracellular 
membranes where CED-9 is located (Wu et a l 1997), suggesting that anti-apoptotic 
proteins remove CED-4 from the cytosol preventing apoptosis.

The same apoptotic programme is conserved in mammalian cells, which contain 
homologues of CED-9 (Bcl-2 family; section 1.4.3.1) (Hengartner and Horvitz 1994b) 
and CED-3 (caspase-3) (Alnemri et a l 1996, Fernandes-Alnemri et a l 1994, Xue et a l
1996, Yuan et a l  1993). Apaf-1, the mammalian homologue of CED-4 (Zou et a l
1997), promotes caspase-3 activation and has been reported to interact with both bcl-xL 
and procaspase-9 (Pan et a l  1998, Hu et a l  1998). Apaf-1 needs a cofactor, 
cytochrome c (Apaf-2) (Liu et a l 1996), in order to bind and activate caspase-9, an 
initiator caspase, which then activates caspase-3. Similarly to CED-4, Apaf-1 can 
oligomerize and bring together multiple procaspase-9 molecules (Srinivasula et a l
1998). Thus induced proximity is likely to participate in the activation of caspase-9.

Caspase inhibitors have been shown to be involved in the regulation of cell death. 
Identification of these proteins has come from work on viruses. Three classes of viral 
inhibitors have been described: CrmA (Ray et a l 1992), p35 (Bump et a l 1995, Xue 
and Horvitz 1995), and an inhibitor of apoptosis protein (LAP) family (Deveraux et a l
1997, Deveraux et a l 1998, Roy et a l 1997) the only one known to have mammalian 
members. The XIAP, c-IAP-1, and c-IAP-2 proteins, all members of lAP have been 
shown to function by inhibiting the distal cell death proteases, caspase-3 and caspase-7 
(Deveraux et a l 1997, Roy et a l 1997). However, the mechanism by which these 
proteins interact is not known.

57



Fas ligand

Fas

DISC

FADD type
pro-caspase

Bcl-2 Bcl-xl

type

caspase 8 caspase 9

iro-caspase 3

laspase 3lAP
DFFl CAD

Other c a s p a s e s
CAD J

Other substrates; 
nuclear lamins,

D N A  f r a g m e n t a t i o n

a c t in ,  P A R P

Fig. 1.12 Summary o f the main events following initiation o f apoptosis in 
mammalian cells, illustrating two Fas signalling pathways. In most cells (type I), Fas 
triggering leads to strong caspase-8 activation at the DISC and then direct activation of 
other caspases. In type II cells little DISC is formed leading to the activation of 
mitochondria. Both caspase-8 and caspase-3 are activated downstream of mitochondria.

Activation of one member of the cysteine protease family results in proteolytic activation 
of additional components through an amplification cascade. Multiple members of the 
family may be involved in cleaving the final substrates, which are responsible for the 
cellular changes that occur during apoptosis (reviewed by Cryns and Yuan 1998, Porter
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et al. 1997). One role of caspases is inactivating proteins that protect living cells from 
apoptosis. Caspase activated deoxyribonuclease (CAD) is responsible for DNA 
fragmentation. In non-apoptotic cells, CAD is present in an inactive complex with an 
inhibitor jCAD (DFF45). During apoptosis, caspases inactivate jCAD resulting in DNA 
fragmentation (Enari et at. 1998, Liu et at. 1997). Potential targets of executors of 
apoptosis also include nuclear lamins (Orth et at. 1996, Takahashi et al. 1996), focal 
adhesion kinase (FAK) (Wen et al. 1997), p21-activated kinase 2 (PAK2) (Rudel and 
Bokoch 1997) and proteins involved in cytoskeleton regulation, namely gelsolin 
(Kothakota et al. 1997). Caspases inactivate or deregulate proteins involved in DNA 
repair (such as DNA-PKcs), mRNA splicing (such as U1-70K) and DNA replication 
(such as replication factor C) (Cryns and Yuan 1998, Rheaume et al. 1997).

1.4.3.3 p53

It has been demonstrated that p53 is necessary for apoptosis in some cells. For example, 
wild-type p53 thymocytes undergo apoptosis following small doses of radiation (less 
than 1 Gy), whereas cells from p53 null mice fail to show significant apoptosis even 
after doses as high as 20 Gy (Clarke et al. 1993, Lowe et al. 1993). Treatment of mouse 
embryonic fibroblasts with chemotheraupetic compounds has shown that p53 is 
required to induce apoptosis. The introduction of wild-type p53 into human cancer cells 
with deleted p53 increased apoptosis induced by chemotherapy (Fujiwara et al. 1994, 
Lowe et al. 1993).

These findings provide evidence that p53-dependent apoptosis occurs in many cells in 
response to DNA damaging stimuli such as radiation and many chemotherapeutic 
medications. However, p53-independent apoptosis also occurs. Although apoptosis is 
critical for normal embryogenesis, p53 knockout mice develop normally (Donehower et 
al. 1992). p53 is also not required for apoptosis induced by steroids (Schwartzman and 
Cidlowski 1994).

p53 regulates both cell proliferation (section 1.3.2) and apoptosis, depending on 
circumstances and cellular background (Oren 1992). Activated p53 induces transcription 
of p21 and G ADD 45 resulting in G1 arrest (El-Deiry et al. 1992, Kastan et al. 1992, 
Smith et al. 1994). Studies investigating the influence of p21 on apoptosis have shown 
that increased levels of this protein have no effect on apoptosis (Kobayashi et al. 1996). 
Using p21 knockout cells, in which G 1/S block is absent, it has been shown that 
apoptosis may be induced after treatment with DNA damaging agents such as nitrogen 
mustard, irradiation, etoposide and camptothecin (Deng et al. 1995, Fan et al. 1997). 
This suggests that the molecular functions of p53 responsible for G1 arrest and 
apoptosis are distinct and that G1 arrest may not be necessary for apoptosis to occur.
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This is consistent with the finding that Bcl-2 inhibits p53-triggered apoptosis but not G1 
arrest (Wang e ta l 1995).

The molecular mechanisms of p53-dependent apoptosis are unclear. Data from studies 
using M l myeloid leukaemia cell lines showed that both Bax and Bcl-2 levels may be 
regulated transcriptionally by p53 after genotoxic damage (Selvakumaran et a l 1994). 
Zhan et al. found that Bax was rapidly induced in cells expressing wild type p53 but not 
in cells lacking functional p53. They also found that Bcl-2 mRNA levels were decreased 
in p53 wild type cells after irradiation (Zhan et al. 1994).

p53 is also involved in cellular responses to a variety of insults that do not cause 
obvious DNA damage, namely nutrient deprivation, physical damage, heat shock, 
hypoxia, and gene expression such as Myc and E l A (Debbas and White 1993, Graeber 
et al. 1996, Linke et al. 1996, Nitta et al. 1997, Renzing and Lane 1995, Wagner et al. 
1994). The signalling pathways by which such insults activate p53 are mostly 
unknown.

1.4.3.4 c-myc

The c-myc proto-oncogene is one of a family of related mammalian genes that encode the 
Myc proteins, transcription factors of the bHLH-zip family. It has been found to be 
deregulated in many human cancers (Spencer and Groudine 1991).

Myc forms an active complex by heterologous dimerization with a partner protein Max. 
This complex acts as a transcriptional regulator (Amati and Land 1994, Evan and 
Littlewood 1993). Myc expression has been shown to drive cells towards two 
contradictory pathways: proliferation and apoptosis (Harrington et al. 1994a, Harrington 
et al. 1994b). For proliferation to occur, a second signal such as a growth factor must 
also be present. In the absence of such a signal, Myc induces apoptosis (Evan et al. 
1992, Sakamuro et al. 1995, Shi et al. 1992). Myc-induced apoptosis can be blocked by 
Bcl-2 (Wagner et al. 1993) and survival signalling pathways triggered by IGF-I in 
fibroblasts or interleukin-3 in myeloid cells (Harrington et al. 1994a, Kauffmann et al. 
1997). Suppression of Myc-induced apoptosis by IGF-I involves activation of Ras, PI 
3-kinase, and serine-threonine kinase Akt/protein kinase B (Dudek et al. 1997, 
Kauffmann et al. 1997) that influences Bad, a key modulator of Bcl-2 family (Datta et al. 
1997, Del Peso et al. 1997).

Expression of Myc leads to activation of p53 and pl9^*^^, the protein encoded by the 
alternative reading frame of the pl6INK4 gene that has been shown to be involved in 
this activation (Zindy et al. 1998). However a role for p53 in Myc-induced apoptosis is
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not clear. Fibroblasts derived from p53 knockout mouse embryos do not undergo 
apoptosis (Hermeking and Eick 1994, Wagner et al. 1994), but réintroduction of p53 
into p53-negative cells expressing c-myc rapidly triggers apoptosis (Wang et al. 1993). 
Myc transgenes induce tumours in mice more effectively in a p53-null background 
(Blyth et al. 1995, Bison et al. 1995), suggesting that Myc induced apoptosis is p53- 
dependent. However, there is evidence for p53-independent Myc-induced apoptosis in 
lymphocytes and kidney epithelium (Hsu et al. 1995, Sakamuro et al. 1995, Trudel et 
al. 1997). Even in fibroblasts, loss of p53 may only delay, but not prevent apoptosis 
(Han et al. 1997).

1.4.4 Apoptosis and cancer therapy

It is clear that well-established treatment modalities, such as radiotherapy, cytotoxic 
chemotherapy, heating and hormone deprivation therapy increase the amount of 
apoptosis in tumours (Kerr et al. 1994). Anti-cancer drugs have been shown to induce 
extensive apoptosis in rapidly proliferating normal cell populations, lymphoid tissues, 
and tumours. Enhanced apoptosis is responsible for many of the adverse effects of 
chemotherapy and for tumour regression (Hickman 1992).

There is an increasing in vitro and in vivo evidence suggesting that apoptotic resistance 
provides a mechanism for a cell to escape the toxicity of radiation and chemotherapy. In 
gastric, lung and bladder tumours, for example, mutation of p53 and therefore of p53- 
dependent apoptosis correlates with a poor prognosis (Esrig et al. 1994, Martin et al. 
1992, Mitsudomi et al. 1993). Furthermore, curable cancers such as Wilms tumous, 
testicular carcinoma and acute lymphoblastic leukaemia express wild type p53 in a large 
majority of cases (Bardeesy et al. 1994, Heimdal et al. 1993, Wada et al. 1993).

Changing the amount of apoptosis in a tumour may have significant clinical 
implications. Upregulating apoptosis in tumour cells in response to chemotherapy or 
radiation may increase the effectiveness of these treatments. Studies on increasing 
expression of genes that induce apoptosis (p53) and blocking the effects of anti- 
apoptotic genes (Bcl-2) give promising results. Bcl-2, which increases the viability of 
cells by overriding apoptosis, has been reported to be over-expressed in 70% of human 
breast, 30-60% of human prostate, and 90% of human colo-rectal cancers (McDonnell 
et al. 1993). It is involved in the development of tumour drug resistance. Using an anti
sense to bcl-2, drug resistance in a lymphoma cell line has been reversed (Kitada et al. 
1994). Gene transfer of wild type p53 into head and neck squamous cell carcinoma cell 
lines lacking wild type p53 function, suppressed tumour growth both in vitro and in 
vivo (daym an et al. 1995, Liu et al. 1994). Apoptosis appeared to be responsible for 
this effect (Liu et al. 1995).
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Discovery that monoclonal antibodies can induce apoptosis in lymphoid tumour cells via 
the APO-1 or Fas receptor may have implications for the development of novel 
approaches to therapy (Debatin et al. 1990, Ogasawara et al. 1993). Thus, apoptosis- 
triggering antibodies and immunocytotoxins bearing apoptosis-inducing ligands may 
offer another potential therapy, which could further improve clinical outcome in some 
tumours.

Modulation of apoptosis may also be beneficial in the protection of normal, non- 
malignant cells from apoptosis induced by treatment. Dosing of chemotherapy and 
radiation is limited by the toxicity seen in normal tissues, which in some cases is 
mediated by apoptosis.

Although better cytotoxic chemo- and radiotherapy regimens, coupled with the 
discovery of new chemotherapeutics, will continue to improve the effectiveness of 
anticancer treatments, understanding of mechanisms underlying apoptosis in response to 
treatment may provide important prognostic information that can help to plan treatment.

1.5 Relationship between hypoxia, proliferation and cell death 
in tumours

1.5.1 Hypoxia and the cell cycle

A few studies have investigated the relationship between hypoxia and proliferation in 
vivo. Although some studies have found evidence that hypoxic tumours contain fewer 
cycling cells (Kennedy et al. 1997, Webster et al. 1995), other studies have not found 
such relationship (Zeman et al. 1993). There is also some evidence showing that 
hypoxic tumours such as soft tissue sarcomas proliferate faster (Nordsmark et al. 
1996). Analysis of spontaneous canine tumours and human cervical carcinomas using 
fluorescence microscopy of tumour biopsy specimens has shown that proliferating cells 
are located near blood vessels, whereas hypoxic cells are distal to the vessels. Little 
overlap between the two populations has been observed (Kennedy et al. 1997, Raleigh 
et al. 1995, Zeman et al. 1993). Flow cytometric analysis of transplanted tumours has 
shown that hypoxic cells are twice less likely to proliferate in comparison to well 
oxygenated cells (Webster et al. 1995).

Data from in vitro experiments have shown that hypoxia is capable of arresting cells in 
the cell cycle (Amellem and Pettersen 1991, Bedford and Mitchell 1976, Pettersen and 
Lindmo 1983). Studies using the Ehrlich ascites tumour cell line have shown that 
exposure to hypoxia (< 0.02% oxygen) inhibits DNA synthesis. Hypoxia specifically 
inhibits replicon initiation in early S phase, whereas the elongation stage of S phase is
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unaffected (Probst et al. 1988). Cells in other phases of the cell cycle progress to late 
G1 phase and arrest (Loffler 1985, Probst et al. 1988). The induction of G 1/S phase 
arrest by hypoxia has been hypothesised to protect cells from entering the S phase and 
duplicating their genetic material under conditions that could lead to genomic instability 
or errors in chromosome duplication (Amellem and Pettersen 1991, Amellem and 
Pettersen 1993).

Inhibition of DNA synthesis and accumulation of cells in G1 under hypoxia have been 
shown in a variety of transformed and untransformed human and rodent cell types 
(Amellem et al. 1998, Graeber et al. 1994). Human NHIK 3025 cervical carcinoma 
cells exposed to extreme hypoxia (<0.0004% oxygen) completely stopped synthesising 
DNA and remained arrested during the hypoxic treatment (Amellem and Pettersen 1991, 
Amellem and Pettersen 1993). However later investigations showed that even oxygen 
concentrations of 0.13% caused the growth inhibition in these cells (Amellem et al. 
1994). Even at oxygen levels as high as 1%, a substantial inhibition of DNA synthesis 
have been observed in ovarian carcinoma cell lines. Two out of three of cell lines 
analysed showed G1 accumulation, whereas the cell cycle profile of the third one 
remained unchanged (Krtolica and Ludow 1996).

Several investigators have studied the mechanisms of cell cycle arrest induced by 
low oxygen conditions. These investigations have been mostly focused on the G1 
to S transition. Hypoxia treatment has been shown to induce reversible 
hypophosphorylation of pRb in all phases of the cell cycle. Ludlow et al. have found 
that pRb (section 1.3.1.1) in CV-IP monkey kidney cells becomes hypophosphrylated 
within 6 to 12 hours of hypoxia treatment (<0.01% oxygen). A decrease in levels of 
cyclin A has also been observed. These effects have been found to be reversible by 
reoxygenation of the hypoxic cultures (Ludlow et al. 1993). An extreme hypoxia 
(<0.0004% oxygen) also induces pRb dephosphorylation in T-47D breast cancer cells. 
The dephosphry 1 ation of pRb takes more than 4 hours, whereas the DNA synthesis 
inhibition is instantaneous, suggesting that pRb dephosphorylation cannot be 
responsible for immediate arrest observed under these conditions (Amellem et al. 1996). 
More recent study has shown that pRb, a key member of the cell cycle checkpoint 
network, seems to play a major role by inducing growth arrest under moderate hypoxia. 
pRb is dephosphorylated and re-bound in the nucleus in approximately 90% of T-47D 
cells located in S and G2 phases under moderately hypoxic conditions. Under these 
conditions, T-47D cells have not entered S-phase, and no progression through S-phase 
was observed. Progression of cells through G2 and mitosis seems to be independent of 
their functional pRb status (Amellem et al. 1998).
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Hypoxia has been shown to induce accumulation of p53 protein in the nucleus of most 
cell lines that are wild type p53, but not in cells with mutant p53 (Amellem et a l 1997, 
Graeber et al. 1994). However accumulation of p53 does not appear to be involved in 
cell cycle arrest induced by low oxygen conditions (Danielsen et al. 1998, Graeber et al. 
1994). Therefore factors others than p53 are essential for the hypoxia-induced cell cycle 
arrest. Studies investigating the role of cdk inhibitors (section 1.3.1) in hypoxia-induced 
cell cycle arrest have revealed that in human NHIK 3025 and T-47D cell lines, p l6  
levels are unchanged and p21 levels decrease (Amellem et al. 1998). However hypoxia 
has been found to induce an other cyclin kinase inhibitor, namely p27, in some cell lines 
(Carmeliet a/. 1998).

1.5.2 Hypoxia and apoptosis

It has been generally believed that hypoxia induces cell death by necrosis based on 
various ultrastructural findings (Jozsa et al. 1981). However, later observations have 
shown that induction of apoptosis contributes to hypoxia-induced cell death in some cell 
lines (Graeber et al. 1996, Muschel et al. 1995, Rofstad et al. 1996, Shimizu et al. 
1996, Yao et al. 1995). Graeber et al. have suggested a relationship between the 
accumulation of p53 during hypoxia and hypoxia-induced apoptosis. Cells with wild 
type p53 were more susceptible to hypoxia-induced apoptosis than cells lacking p53 
(Graeber et al. 1996). Nonetheless some apoptosis occurred in p 5 3 c e l ls ,  indicating 
the existence of a less sensitive p53-independent apoptotic pathway (Harrington et al. 
1994b).

Contrary results were found in melanoma cells in which hypoxia-induced p53 
accumulation in S phase did not induce apoptosis (Danielsen et al. 1998). All melanoma 
cell lines investigated showed a significant increase in p53 level after 16 h of hypoxia 
treatment, but none of them showed a significant increase in apoptotic fraction 
(Danielsen et al. 1998). This suggest that induction of p53 by hypoxia does not 
necessarily lead to apoptosis in tumour cells with wild type p53. However bcl-2 and 
bcl-x proteins have been shown to prevent hypoxia-induced apoptosis (Shimizu et al. 
1996). Hence a possible overexpression of these antiapoptotic proteins might explain 
the lack of hypoxia-induced apoptosis in melanoma cell lines.

The mechanism of hypoxia-induced apoptosis is not completely clarified. Some data 
indicate that hypoxia-inducible factor (HIF)-la may be a general mediator of hypoxia- 
driven apoptosis. In stressed HIF-la+/+ cells the levels of p53 and p21 were 
significantly increased, whereas the amount of bcl-2 was reduced. This was not 
observed in HIF-la'^‘ cells. However the hypoxia-induced levels of the pro-apoptotic 
and growth arrest gene product GADDI53 and of cdk inhibitor p27 were independent of 
HIF-la (Carmeliet fl/. 1998).
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1.6 Aims of the Study

The presence of hypoxic cells in human tumours has been correlated with poor 
prognosis (Hockel et al. 1996b). There are three potential explanations for this 

phenomenon. Firstly, hypoxia may act as a selective agent. The deprivation of oxygen 
causes the death of apoptotically sensitive cells and the expansion of cell variants that 
have lost their apoptotic potential and are therapy resistant (Graeber et al. 1996). 
Secondly, hypoxia may induce genomic instability and introduce changes in gene 
expression and macromolecular synthesis that increase aggressiveness. Finally, hypoxic 
cells are more resistant to non-surgical therapies (section 1.2.1). Radiotherapy is three 
times less effective against hypoxic cells than well-oxygenated cells. Chemotherapy is 
also less effective because hypoxic cells are distal to blood vessels, resulting in poor 
drug delivery. Moreover, hypoxic cells are slowly or non-proliferating which leads to 
poor drug action, as most chemotherapeutic drugs target rapidly dividing cells (Gatenby 
etal. 1988, Teicher 1994, Teicher era/. 1981).

Much experimental effort has been afforded to evaluating therapies that will overcome 
the radiobiological problem of tumour hypoxia. These include breathing high oxygen 
content gases during radiation treatment under normobaric or hyperbaric conditions, 
using oxygen-mimicking agents or agents that exercise their toxicity under hypoxic 
conditions, or using high LET radiation. However relatively little attention has focused 
on how the complex microenvironmental features of tumours influence the treatment 
efficiency.

Understanding the cell cycle state of hypoxic cells and the relationship between hypoxia, 
proliferation and apoptosis in tumours may help in determining appropriate therapy. In 
this thesis two widely used experimental tumours, CaNT and HT29, were used in vivo 
and in vitro to answer following questions:

1. What is the influence of various oxygen levels on binding of a hypoxia 
marker, NITP in separate cell cycle phases in CaNT and HT29 cells?

2. What is the relationship between hypoxia, proliferation and apoptosis in vivo 
in response to the manipulation of oxygenation using carbogen?

3. Are there any differences in the induction of cell death in vivo and in vitro 
after irradiation?

4. If so, what is the reason for these differences?
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Chapter 2: Materials and methods

2.1 In vivo techniques

All in vivo procedures were approved by the Home Office and carried out under project 
(Project Licence No. PPL 70/03390) and personal licence (Personal Licence No. PIL 
70/12116) according to the Animals (Scientific Procedures) Act, 1986. All mice were 
kept under specific pathogen-free conditions at a designated establishment.

2.1.1 Animals and tumour transplantation

2.1.1.1 CaNT tumours

Carcinoma NT (CaNT) arose spontaneously on a female CBA/Ht mouse in 1968 
(Hewitt et al. 1973). The carcinoma CaNT is a poorly differentiated mammary 
carcinoma with a mean volume doubling time of 2.6 days, and was maintained by serial 
passage in CBA/Ht mice.

Transplantation
Tumours from donor animals were excised and minced finely with scissors and 
resuspended in 0.9% saline. The tumour cell suspension was syringed through a 25g 
needle several times and kept on ice. Prior to treatment the site of injection was shaved 
and wiped with alcohol. 0.05 ml aliquots of tumour cell suspension (approximately 10  ̂
cells) were injected subcutaneously onto the backs of female mice anaesthetised by 
metofane inhalation. Tumours were used at a mean diameter of 8-10 mm calculated from 
three orthogonal measurements.

2.1.1.2 HT29 xenografts

The human colon adenocarcinoma cell line HT29 (Fogh and Trempe 1975) was 
maintained in vitro as single cell monolayers (section 2.2.2).

T ransplantation
Cell cultures were trypsinised as described in section 2.2.1.2 and were resuspended in 
phosphate buffered saline (PBS) at a concentration of 10  ̂ cells/ml. HT29 xenografts 
were produced by subcutaneous injection of 0.05 ml of single cell suspension into the 
backs of female BALB/c/nu nude or SCID mice. Mice were regularly checked for 
incidental infections and abscesses. Animals were selected for treatment when tumours
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reached a geometric mean diameter of 8-10 mm calculated from three orthogonal 
measurements.

2.1.2 Preparation and administration of drugs

2.1.2.1 5-bromo-2'-deoxyuridine (BrdUrd)

Proliferating cells were identified by administering 0.33 pmol (0.1 mg/g) of the 
DNA precursor bromodeoxyuridine (BrdUrd). BrdUrd was dissolved at 10 mg/ml 
(0.033 M) in sterile PBS and injected intra-peritoneally.

2.1.2.2 7-(4’-(2-nitroimidazol-l-yl)-butyl) theophylline (NITP)

A novel 2-nitroimidazole, 7-(4'-(2-nitroimidazol-l-yl)-butyl) theophylline (NITP), (for 
structure see Fig. 1.4 in section 1.2.3.3), with an immunologically-identifiable side- 
chain (theophylline) was synthesised by Lancaster Synthesis using similar methods to 
those previously described (Long et a i 1991).

2.1.2.2.1 Intra-peritoneal administration of NITP

For the intra-peritoneal administration, 7 mg of NITP powder was dissolved as fully as 
possible by heating at 50°C in 50 pi of dimethylsulphoxide (DMSO, 10% of final 
volume) and then 0.45 ml of warm peanut oil was added. The NITP mixture was kept at 
37°C in a waterbath and wrapped in foil to protect the drug from light. It was 
administered by intra-peritoneal injection of 0.45 ml for a 40 g mouse giving a final 
dose of drug of 0.45 pmol g‘l.

2.1.2.2.2 Administration by oral gavage

Aqueous Molecusol was prepared by dissolving 10 g of modified Molecusol 6- 
cyclodextrin (Bioquote Ltd) in 7.2 ml of distilled water at 50°C overnight giving the 
final volume of 14.4 ml. Then 7 mg of NITP was dissolved with 1 ml vehicle by 
heating to over 50“C. The Molecusol formulation was administered orally using a 
syringe and a metal oral dosing 20G needle with a rounded tip. The feeding needle was 
gently slid through the mouth, down to oesophagus and into the stomach. The syringe 
plunger was slowly depressed to eject the dose into the stomach. The total volume given 
was 0.9 ml for a 40 g mouse. The final dose was 0.45 pmol g‘L
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2.1.2.3 Simultaneous NITP and BrdUrd administration

Both NITP and BrdUrd powders were dissolved as fully as possible in DMSO (10%) at 
50°C and then warm peanut oil was added. The mixture was administered by intra- 
peritoneal injection and the total volume injected was 0.45 ml for a 40 g mouse giving 
final doses of NITP (0.45 pmol g 'l) and BrdUrd (0.33 fimol g’ )̂ respectively.

2.1.3 Oxygen-breathing conditions

Unanaesthetised mice in groups of 5 were placed into large (26 x 26 x 13 cm) plastic 
boxes with a gas inlet and outlet at opposite comers, through which air or carbogen 
(95% Ü2 , 5% CO2 ) was flushed at a rate of at least 0.2 1 min i for 2 hours. The gas 
flow rate was checked using a flow meter on the exhaust gas. Boxes were pregassed for 
at least 20 minutes prior to start of the experiment.

2.1.4 Tumour irradiation procedure

X rays were generated using a Pantak set operating at 240 kVp and 15 mA, filtered with
0.25 mm Cu and 1 mm Al to give an HVL of 1.3 mm Cu. Unanaesthetised air-breathing 
mice were placed into specially designed lead jigs which allow tumour irradiation. 
Dorsal tumours were projected through a hole in the jig whilst the rest of the body was 
protected from irradiation. Each dose was split into two fractions and the irradiated 
animals were rotated at the second fraction to minimise dose variation. The dose rate 
was 3.2 Gy min f  During irradiation the air was flowing freely through the jigs.

2.1.5 Tumour excision and disaggregation

Animals were sacrificed by cervical dislocation, the tumours excised, weighed, and 
minced finely with scissors. The suspension was disaggregated into single cells by 
enzyme digestion with 5 ml of 0.02% DNAase I, 0.2% collagenase lA in Hanks' salt 
solution (HBSS) in a 25 ml universal container on a rotating wheel for 30 min at 37“C. 
The cell suspension was first washed in medium with serum and then in PBS and 
finally resuspended in 1 ml of PBS and fixed as required.
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2.2 In vitro techniques

2.2.1 Cell maintenance

All cell lines were maintained in culture in a 5% O2 , 5% CO2 balance N2 incubator at 
37°C in 75 cm^ (T-75) tissue culture flasks. Glass roller bottles were used for growing 
cells in large numbers in a 37°C warm room.

2.2.1.1 Cell culture media

Cells were grown in Minimum Essential Medium (MEM) supplemented with sodium 
bicarbonate solution (18 mM), non-essential amino acids (10 ml of lOOx concentrate 
solution/1), L-glutamine (2 mM), streptomycin sulphate (50 mg/1), benzylpenicillin 
sodium (50,000 units) and 10% (v/v) foetal calf serum (PCS).

2.2.1.2 Passaging

Cell passages were performed twice weekly. The culture medium was removed and 
cells were washed with sterile PBS. Then 5 ml of trypsin (0.05%)/EDTA (0.02%) was 
added and flasks with cells were placed back in the 37°C incubator for 5 min. After that 
time detached cells were washed with MEM and centrifuged at 1000 rpm for 5 min. The 
supernatant was then removed and the cells were resuspended in fresh medium and re
seeded at a density of approximately 2x10^ cells/flask. Cell lines were passaged for no 
longer than six months to avoid cell line mutation. Every six months fresh cells were 
taken from frozen stocks.

2.2.1.3 Storage in liquid nitrogen

Cells were stored frozen in liquid nitrogen at a concentration of 1 x 10^ cells/ml in a 
mixture of MEM with 10% ECS and DMSO (10% of final volume) in 2 ml aliquots in 
cryovials (Nagle Nunc International). The vials were frozen slowly (1°C min  ̂ freezing 
rate) overnight and then stored in liquid nitrogen until required.

2.2.1.4 Recovery of cells from liquid nitrogen

Frozen vials were removed from liquid nitrogen and thawed rapidly using a 37°C 
waterbath. 25 ml of MEM was added to the cells to dilute DMSO derived from the 
frozen aliquot and centrifuged at 1000 rpm for 5 minutes. Cells were placed in fresh 
medium and plated in flasks.
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2.2.1.5 Mycoplasma screening

Cell cultures were checked regularly for mycoplasma infection using the method of 
(Chen 1977). Cells were grown on sterile coverslips in a 6 cm petri dish in antibiotic 
free medium for 48-72 h and then fixed in situ using methanol and acetic acid (3:1). The 
10 minute fixation process was repeated three times and finally slides were air dried and 
stained with Hoechst for 5 minutes. Stock concentration of Hoechst (1 mg/ml) was 
dissolved in PBS and then diluted 1:5(X)0 in distilled water giving the final concentration 
of 0.0(X)2 mg/ml. Slides were washed with distilled water and mounted in 50% glycerol 
in PBS and then examined under a fluorescent microscope (Nikon Inverted Microscope 
Diaphot-TMD) using excitation wavelengths 330-380 nm (excitation filter UV-2A Ex 
330-380).

2.2.2 Cell lines

CaNT and HT29 cell lines were grown as monolayers, whereas HL60 (section 2.2.2.3) 
cells were cultured in suspension as they do not form monolayers. Details about the 
maintenance of cell lines are described in section 2.2.1 above.

2.2.2.1 CaNT

CaNT cell lines were derived from CaNT tumours (section 2.1.1.1) by plating cells 
from disaggregated tumours into tissue culture flasks. After 5 passages, cells were 
checked for mycoplasma (2.2.1.5) and used for experiments or stored in liquid nitrogen 
(2.2.1.3).

2.2.2.2 HT29

HT29 cells were derived from a human colon adenocarcinoma which was moderately 
well-differentiated, grade 11. This cell line was isolated from a primary tumour of a 44- 
year old white female in 1964 (Fogh and Trempe 1975). HT29 calls have an epithelial- 
like morphology.

2.2.2.3 HL60

HL60 human promyelocytic leukemia (Collins et a i 1977) cells were grown as 
suspensions in MEM (2.2.1.1). The cells grew exponentially at densities below 10^ 
cells/ml. HL60 cells were used as a positive control in experiments using flow 
cytometric assessment of apoptosis, as they undergo apoptosis very readily and rapidly 
when exposed to a variety of stimuli (Kaufmann 1989).
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2.2.3 Drug concentrations

2.2.3.1 NITP

NITP (section 2.1.2.2) was initially dissolved at a concentration of 10 mM in DMSO. 
Small volumes of stock solution were added to cell suspensions in growth medium, so 
that the concentration of DMSO was less than 1% (v/v) and the final drug concentration 
100 \lM.

2.23 ,2  Camptothecin (CAM)

Camptothecin is a DNA topoisomerase inhibitor which has been shown to induced 
apoptosis in HL60 cells (Kaufmann 1989). It affects cells progressing through the S 
phase of the cell cycle (Del Bino et a i 1992, Del Bino et a i 1991).

Fresh stock solutions of CAM were prepared at a drug concentration of 5.2 mg/ml in 
DMSO. Further dilutions were made by addition of the stock solution to MEM medium. 
To induce apoptosis, cells were incubated in the presence of 0.15 |iM CAM for 3 hours.

2.2.4 Oxygen levels

Gas mixtures containing a range of oxygen concentrations (0.002, 0.02, 0.06, 0.1, 0.3,
0.6, 1, 20% O2) all with 5% CO2 , balance N2 , were supplied by BOC.

Cell suspensions (25 ml) were stirred at 37°C in a warm room in Dreschel gas washing 
bottles modified with a side arm. Cells were kept in suspension with a magnetic stirrer. 
Cell monolayers were grown in flat glass 300 ml bottles, sealed with rubber stoppers 
and gassed through steel needles. The appropriate gas concentration was obtained by 
connecting the bottles via butyl rubber tubing (impermeable to oxygen) and a distilled 
water bubble trap to gas cylinders. The gas flow rate was checked using a flowmeter on 
the exhaust gas. The flow rate was at least 0.4 1/min. Where drugs were added, cells 
were pre-equilibrated with the appropriate gas for 1 hour.

2.2.5 Cell irradiation

240 kVp X-rays were generated using a Pantak X-ray machine (250 kVp, 15 mA, 
HVL= 1.46 mm Cu). Cells were irradiated under aerobic conditions in 25 cm (T-25) 
tissue culture flasks at room temperature. The dose rate used was 0.48 Gy/min. Prior to 
irradiation, cells were maintained in an incubator at 37°C and they were returned to the 
incubator immediately following irradiation.
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2.3 Flow cytometry

Flow cytometry is a technique which allows several measurements to be made 
simultaneously on particles such as single cells or nuclei. Laser light is used as a source 
of excitation and the scattered and fluorescent light generated by particles passing 
through the illuminating beam is collected by photodetectors which convert the photon 
pulses into electronic signals. The ability of flow cytometers to make several 
measurements simultaneously and identify different subpopulations of cells has 
numerous applications and is widely used in biology and medicine.

2.3.1 FACScan

The flow cytometry experiments described in this thesis were acquired and analysed 
using a Becton-Dickinson FACScan. The FACScan is an automated cell analyser 
attached to a computer. It is capable of measuring five optical parameters 
simultaneously, forward scatter, side scatter and three spectral regions of fluorescence. 
Fluorescence is measured using three high performance photomultipliers with band-pass 
filters with peak light transmissions at 530 nm, 585 nm and >650 nm. The FACScan 
has an air-cooled 15 milliwatt Argon-ion laser with a single excitation wavelength of 
488 nm.

The fluidics system of the FACScan delivers a laminar, one by one procession of cells 
through the optical sensing region generating five signal pulses simultaneously. These 
pulses are first converted to analog electronic pulses, then to digital data which can be 
stored and processed by the computer system.

2.3.1.1 Fluorochromes

In the flow cytometry experiments, probes for hypoxia (NITP) and proliferation 
(BrdUrd) were labelled indirectly with a primary antibody followed by secondary 
antibodies conjugated to fluorochromes, and then counterstained with a DNA stain. The 
biotin-avidin system was used to stain apoptotic cells. In this system a biotinylated 
primary reagent is recognised by fluorochrome-conjugated avidin.

In two colour flow cytometry the most commonly used DNA stain propidium iodide 
(PI) was combined with the green-emitting fluorescein isothiocyanate (FITC). PI and 
FITC have their emission maximum of 639 nm and 520 nm respectively and thus there 
is minimal spectral overlap between the fluorescence signals produced by the two 
fluorochromes.
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Triple staining procedure required three fluorochromes, FITC (green), R-phycoerythrin 
(PE) (orange/red) and the DNA stain 7-aminoactinomycin D (7AAD). 7AAD was used 
to stain DNA in preference to as there is a large degree of overlap between emissions of 
PE and PI (Table 2.1).

Fluorochrome Ex (nm) Em (nm)

Fluorescein isothiocyanate (FITC) 495 519

R-phycoerythrin (PE) 480, 565 578

Propidium iodide (PI) 536 617

7-Aminoactinomycin D (7AAD) 546 647

Table 2.1 The excitation (Ex) and emission (Em) peak wavelengths o f four  
fluorochromes.

2.3.1.2 Lysys Il-data acquisition and analysis system

The Lysys II software package was used to collect and analyse the flow cytometry data 
from the FACScan.

In acquisition mode, specific regions of the data can be selected by gating procedures 
and collected for storage on discs. The data can be analysed at a later date as the specific 
pulses recorded for each event are stored. In the analysis mode, any combination of the 
collected data may be displayed as histograms or dot plots and statistical analysis carried 
out.

Lysys II was used to analyse samples stained with either double or triple staining 
methods. Data for at least 10,(XX) single cells was collected for analysis of each sample. 
A double discrimination module was used to process the DNA signal into height, area 
and width to allow the separation of cell doublets from the single cell population. 
Doublets were removed by gating around a singlet population on an area versus width 
plot of the DNA channel. Statistical analysis was carried out by analysis of computer 
generated regions of the data.

2.3.1.3 CellQuest analysis software

CellQuest (Becton-Dickinson) was used to analyse data from the flow cytometer on an 
Apple Macintosh computer (Power Macintosh 75(X)/100). It permits any combination of
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collected data to be displayed as several types of dot plots, including multicolour 
contour plots and histograms and generate statistics. Created plots, statistics, 
annotations, regions, gates, markers, and colour palette can be saved and restored later. 
CellQuest was used to analyse data from experiments stained by either double or triple 
staining methods.

2.3.2 FACS Vantage

The FACS Vantage (Becton Dickinson) is a more advanced flow cytometer with wider 
range of research applications. It can employ three lasers to measure several optical 
parameters simultaneously, side scatter, forward scatter and up to five spectral regions 
of fluorescence. The FACS Vantage is also capable of cell sorting. Flow sorting enables 
separation of cell subpopulations from the sample suspension with a high degree of 
purity. A sort decision is based on whether the signal values fall within sort gates that 
have been set up on the computer display. These sort gates determine if a cell is eligible 
to be sorted and, if so, in what direction. Any combination of parameters can be applied 
as criteria to decide whether a cell is or is not sorted.

Particles exit the flow chamber in a jet which breaks up into regularly spaced droplets. 
Application of a voltage pulse to the sheath stream for the period while a droplet is 
forming results in a net charge as each droplet breaks away. The stream of droplets then 
pass through an electrostatic field formed between high-voltage plates. Charged droplets 
are deflected by the electrical field and become separated from uncharged or oppositely 
charged droplets.

For this study the FACS Vantage was used to sort cells stained with terminal transferase 
(section 2.3.6.3) to validate the measurement of apoptosis by this method. Stained and 
unstained cell populations were sorted and used for further analysis using DNA gel 
electrophoresis (section 2.4.5).

2.3.3 Hypoxic Probe NITP

Bound adducts of the hypoxic probe can be identified in fixed cells or nuclei using two 
step immunochemical staining procedure. The first antibody raised against theophylline 
(Sigma) and is followed by a secondary antibody that can be conjugated to a 
fluorochrome (flow cytometry) or to an immunoperoxidase or alkaline phosphatase 
(immunohistochemistry; section 2.5.3.1).

For flow cytometric analysis propidium iodide (PI) was used to stain DNA content, as it 
intercalates between the bases in double stranded nucleic acids and its binding is
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proportional to the nucleic acid content. This allows discrimination of single cells in the 
sample and rejection of cell clumps and debris. These methods have been reported 
previously by Hodgkiss (Hodgkiss et a i 1991b).

2.3.3.1 Fixation of cells and tissues

Single cell suspensions were obtained from tumours or tissue cultures by enzymatic 
digestion (sections 2.1.5 and 2.2.1.2). Cells were washed with PBS, centrifuged for 10 
minutes at 1000 rpm and the pellet resuspended in 1 ml PBS. Finally 9 ml of 70% 
ethanol was added and the sample was mixed. Samples were stored at 4°C until ready 
for analysis.

2.3.3.2 Double Staining Procedure for Hypoxia and DNA Content

1. Fixed cells were counted using a haemocytometer and 1 x 10  ̂cells (of each sample) 
were aliquoted into 10 ml conical centrifuge tubes.

2. Cells were washed twice with 5 ml of PBS and centrifuged for 5 minutes at 2000 
rpm.

3. 0.25 ml of PBS containing 0.5% Tween 20 and 0.1% normal goat serum was added 
and samples were vortexed and incubated for 15 minutes. Samples were centrifuged and 
the supernatant discarded.

4. Polyclonal theophylline antiserum was prepared by addition of 10 ml of PBS to a 100 
test vial of lyophilised powder.

5. The pellet was resuspended in 0.25 ml of neat rabbit antiserum to theophylline-8- 
KLH, mixed and then incubated for 1 hour at room temperature. The sample was 
vortexed occasionally.

6. 5 ml of PBS was added, the sample centrifuged, and the supernatant discarded.

7. Cells were resuspended in 0.5 ml PBS containing 0.5% Tween 20, 0.1% normal 
goat serum and 25 |il FITC conjugated goat anti-rabbit serum. The sample was 
incubated for 1 hour at room temperature with occasional vortexing.

8. 5 ml of PBS was added, the cells centrifuged, and the supernatant discarded.

9. The pellet was resuspended in 2 ml of PBS containing 1 mg/ml RNAase and 10 
pg/ml propidium iodide.

10. The stained cell suspension was analysed on the FACScan using Lysys II software.
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2.3.4 Proliferation marker BrdUrd

BrdUrd (5-bromo-2'-deoxyuridine) is a thymidine analogue which is incorporated into 
DNA during synthesis (S-phase). Administration of BrdUrd in an in vivo system is 
described in section 2.1.2.1. Incorporated BrdUrd can be detected using monoclonal 
antibodies raised against it, thus allowing proliferating cells to be identified. This 
method was originally developed by Dolbeare (Dolbeare et a l 1983). The DNA has to 
be partly denatured to allow the antibody to recognise incorporated BrdUrd, but not to 
such extent that quantitative staining with PI is compromised.

2.3.4.1 Fixation

Single cell suspensions were fixed in 70% ethanol as described in section 2.3.3.1.

2.3.4.2 Procedure for BrdUrd/PI Staining of Ceils

1. 1-2 X 10^ cells of each sample were aliquoted into 10 ml centrifuge tubes and 
centrifuged for 5 minutes at 2000 rpm.

2. As the antibody to BrdUrd needs a single strand of DNA, cells were denatured using
2.5 ml of 2 M HCL containing 0.2 mg/ml of pepsin solution. The suspension was 
incubated for 20 minutes at room temperature with occasional mixing.

3. The cell pellet was washed three times with 5 ml of PBS. Each time the cells were 
centrifuged at 2000 rpm for 5 minutes and the supernatant discarded.

4. Cells were resuspended in 0.25 ml PBS containing 0.5% normal goat serum and
0.5% Tween 20 (PNT). 20 pi rat anti-BrdUrd monoclonal antibody was added, mixed 
and incubated for 1.5 hour at room temperature. The sample was vortexed occasionally.

5. 5 ml of PBS were added, the tube centrifuged for 5 minutes at 2000 rpm, and the 
supernatant discarded.

6. 0.25 ml PNT solution and 10 pi of anti-rat IgG fluorescein isothiocyanate (FITC) 
conjugate were added and cells were incubated for a further 1 hour at room temperature 
with occasional mixing.

7. Cells were washed with 5 ml of PBS, centrifuged and then resuspended in 2 ml PBS 
and 20 pi of 1 mg/ml propidium iodide.

8. Stained cells were analysed on the FACScan using Lysys II software.
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2.3.5 Triple staining method for hypoxia, proliferation and DNA content

A novel three-colour staining flow cytometry method was used to measure BrdUrd, 
NITP and DNA content of tumour cells simultaneously and asses the interaction of these 
parameters (Webster et a l 1995). Both double staining protocols for NITP (2.3.3.2) or 
BrdUrd (2.3.4.2) used propidium iodide for measuring relative DNA content and FITC 
as the fluorochrome to attach to the particular probe. The triple staining method employs 
three fluorochromes of different emission wavelengths, 7-aminoactinomycin D for 
quantitative DNA staining, R-phycoerythrin for BrdUrd and FITC for NITP.

2.3.5.1 Fixation

Single cell suspensions were washed in PBS and prefixed in 1% paraformaldehyde in 
PBS, at pH 7.4, for 15 min on ice. Cells were then rinsed in PBS, and transferred to 
70% ethanol at -20“C.

2.3.5.2 Triple staining method

1. 1 X 10  ̂ cells from each sample were aliquoted into 10 ml centrifuge tubes and 
centrifuged for 5 minutes at 2000 rpm.

2. The pellet was resuspended in 2.5 ml 0.2 mg/ml pepsin in 2 M HCl for 20 minutes.

3. 5 ml of PBS was added, the tubes centrifuged at 2000 rpm for 5 min and the 
supernatant decanted. This was repeated three times.

4. The pellet was resuspended in 0.1 ml of PBS containing 0.1% normal goat serum 
and 0.5% Tween 20 (PNT) with 4 pi of mouse anti-human IU-4 antibody to BrdUrd 
(C ALT AG) and incubated at room temperature for 1 hour.

5. 5 ml of PBS was added, the sample centrifuged at 2000 rpm for 5 minutes and the 
supernatant decanted.

6. The pellet was resuspended in 0.1 ml of PNT adding 20 pi of R-phycoerythrin 
conjugated anti-mouse antibody (DAKO) and incubated in the dark at room temperature 
for 1 hour. The samples were kept in the dark for the rest of protocol.

7. The sample was washed as in step 5.

8. The pellet was resuspended in 250 pi of rabbit anti-theophylline antibody for 1 hour.
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9. The sample was washed as above.

10. The pellet was resuspended in 0.20 ml PNT with 20 pi FITC conjugated anti-rabbit 
antibody for 1 hour.

11. The sample was washed as above.

12. The pellet was resuspended in 1 ml of PBS and 10 pi of 1 mg/ml 7- 
aminoactinomycin D added.

13. The stained suspension were analysed on the FACScan using Lysys II software.

2.3.6 TdT assay

The TdT assay is a method for identifying apoptotic cells based on detection of the 
extensive cleavage of nuclear DNA.

Terminal deoxynucleotidyl transferase (TdT) is an enzyme which catalyses the addition 
of deoxyribonucleotide triphosphate to the 3'-OH ends of double- or single-stranded 
DNA, produced during apoptosis by Ca^+ and Mg^+ dependent endonuclease activity. 
The use of labelled deoxyribonucleotide triphosphate marks apoptotic cells which can be 
identified by flow cytometry.

Initially a commercial ApopTag Kit (Oncor) was used to label apoptotic cells using 
terminal transferase, digoxigenin-11-dUTP and anti-digoxigenin antibody. A more 
efficient and economical method for the detection of apoptosis by flow cytometry was 
then optimised and validated. Apoptotic cells were stained with biotin-dUTP and 
fluorescein avidin instead of digoxigenin-ll-dUTP and anti-digoxigenin antibody.

The method was described by Hotz (Hotz et al. 1994). Cells were fixed in 1% 
formaldehyde in HESS, at pH 7.4, on ice for 15 minutes. The cells were then 
centrifuged, rinsed once in HESS and postfixed in 70% ethanol, at -20°C for 24-48 h. 
Briefly, cells were then centrifuged, washed twice with HESS, and incubated with 50 
pi of buffer containing potassium cacodylate (0.2 M), Tris-HCl (2.5 mM, pH 6.6), 
C 0 CI2 (2.5 mM), bovine serum albumin (0.25 mg/ml), 5 units of terminal 
deoxynucleotidyl transferase, and 0.5 nmole of biotinylated dUTP. After 30 min 
incubation (37°C), the cells were washed in HESS and resuspended in 100 pi of a 
solution containing 4x concentrated saline-sodium citrate buffer (pH 7.0), 
fluoresceinated avidin (2.5 pg/ml), Triton X-100 (0.1%, v/v), and 10% non-fat dry
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milk. The cells were incubated in this solution for 30 min at room temperature in the 
dark, and then rinsed in HBSS containing Triton X-100 (0.1%, v/v), and resuspended 
in 1 ml of HBSS containing PI (5 mg/ml) and RNAase A (0.1%).

2.3.6.1 Optimisation of staining technique

In the present study, the method by Hotz (1994) has been modified. In the buffer 
solution used for TdT reaction, potassium cacodylate was replaced with sodium 
cacodylate. PBS was used for all washes between subsequent steps of the staining 
procedure instead of HBSS. An additional wash in sodium cacodylate buffer was added 
before the terminal transferase reaction as it was found to improve the intensity of 
staining.

2.3.6.2 Fixation

Single cell suspensions were washed in PBS and prefixed in 1% paraformaldehyde in 
PBS, at pH 7.4, for 15 min on ice. Cells were then rinsed in PBS, and transferred to 
70% ethanol at -20°C.

2.3.Ô.3 Final staining procedure

1. 1 X 10^ cells from each sample were aliquoted into 10 ml centrifuge tubes and 
centrifuged for 5 minutes at 2000 rpm.

2. 4 ml of PBS was added, the tubes centrifuged at 2000 rpm for 5 minutes and the 
supernatant decanted.

3. The cells were resuspended in 100 pi sodium cacodylate buffer solution containing:
0.2 M sodium cacodylate, 2.5 mM Tris HCL, 2.5 mM C0 CI2 and 0.25 mg/ml bovine 
serum albumin, and then vortexed and centrifuged. This washing step was repeated.

3. The pellet was resuspended in 50 pi sodium cacodylate buffer with 5 units of 
terminal transferase and 0.5 nmol of biotin-16-dUTP. The cells were incubated in this 
solution for 1 hour at 37°C with occasional mixing.

4. Cells were washed twice in 1 ml of PBS, and then centrifuged.

5. 100 pi of a solution containing 4x concentrated saline-sodium citrate buffer (pH 7.0), 
5 pg/ml avidin-FITC, 0.1% TRITON X-100, 10% non-fat dry milk was added and the 
sample was incubated for 1 hour at room temperature in the dark.
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6. The sample was rinsed twice with 1 ml PBS containing 0.1% TRITON X-100.

7. Finally the pellet was resuspended in 1 ml PBS with 5 pg/ml of PI and 0.05 mg/ml 
RNAase.

2.4 DNA gel electrophoresis - validation of TdT assay

A characteristic feature of apoptosis is the multistage process of DNA fragmentation. 
Large fragments of 300 kb and 50 kb are produced by endonucleolytic degradation of 
higher-order chromatin structure. Then, the activation of Ca^+ and Mg^+ dependent 
endonuclease activity further cuts the chromatin by cleavage at hnker DNA sites between 
nucleosomes. The DNA fragments are multimers of about 180 bp nucleosomal units, 
resulting in the appearance of laddering in gels of DNA extracted from many kinds of 
apoptotic cells.

DNA gel electrophoresis was used to validate terminal transferase staining of apoptotic 
cell. Cells stained with terminal transferase (section 2.3.6.B) were sorted using a FACS 
Vantage (section 2.3.2). DNA was extracted from fluorescein labelled (apoptotic) and 
unlabelled (non-apoptotic) cell populations.

2.4.1 Agarose and polyacrylamide gels

Two concentrations of agarose (1% and 2%) and two concentrations of polyacrylamide 
(7% and 8%) gels were tested. 7% polyacrylamide gel was found to be the most 
sensitive.

7% polyacrylamide gel was prepared by mixing 11.7 ml of 30% polyacrylamide,
27.3 ml of double distilled water, 10 ml of 5x concentrated TBE buffer (446 mM Tris- 
base, 445mM boric acid, 16 mM EDTA) and 1 ml of 3% (NH4 )2 SOg. The 
polymerisation reaction was started by addition of 35 jil of TEMED (N,N,N',N- 
tetramethylethylenediamine. National Diagnostics). The solution was mixed and 
immediately poured between two glass plates. 30 minutes later, the gel was ready to 
use.
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2.4.2 SYBR Green I nucleic acid gel stain

SYBR Green I (Molecular Probes, Inc.) is a nucleic acid gel stain found to be four to 
eight times more sensitive for detecting double-stranded DNA (dsDNA) in 
polyacrylamide gels compared with ethidium bromide. SYBR Green I has a sensitivity 
of detection of about 60 pg DNA per band.

In this study SYBR Green I was used to stain DNA ladders in 7% polyacrylamide gels 
using DNA extracted from only 100,000 cells per sample.

2.4.3 DNA laddering procedure

1. Sorted cells were centrifuged, resuspended in 30pl of lysis buffer containing 200 
mM Tris (pH 8.5), 100 mM EDTA, 1% SDS, 50 pg/ml proteinase K and digested 
overnight at 37°C.

2. 2.4 pi of 5 mg/ml RNAase were added and samples incubated for an additional 1 
hour at 37°C.

3. After incubation, 5 pi of sample buffer containing 0.25% (w/v) bromophenol blue 
and 25% (w/v) Ficoll (400) in Ix TAE buffer (22.8 mM Tris-base, 19.8 mM acetic acid 
(glacial), 1 mM EDTA) was added and the whole volume (35 pi) of the sample content 
was transferred to the gel.

4. Horizontal 7% polyacrylamide gel was run at lOOV for 3 h.

5. DNA was visualised under UV light after staining with SYBR Green I nucleic acid 
gel stain (10,000x concentrate in DMSO) diluted 1:10 in distilled water for 20 min.

2.5 Immunohistochemistry

2.5.1 Fixation of tumour samples

Specimens were fixed for 24 hours in 10% neutral buffered formalin and then placed in 
Tissue Tek cassettes (BDH).
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2.5.2 Paraffin embedding

Fixed tumours were sent to the histology department of Mount Vernon Hospital, where 
cassettes were loaded into a Miles Scientific Tissue Tek VIP processing system, in 
which they progressed through alcohol (50%, 75%, 90% ethanol for 2 hours each, and 
4 changes of 100% ethanol for 2 hours each), xylene (2 changes for 2 hours each) and 
into wax (2 changes for 2 hours each at 60°C). Wax embedded specimens were allowed 
to solidify and then 4 |xm sections were cut using a rotary microtome. Sections were 
picked up onto poly-L-Lysine coated microscope slides (BDH) and dried overnight at 
3TC.

2.5.3 Immunohistochemical staining procedures

2.5.3.1 NITP staining for hypoxia

1. Sections were deparaffinized in xylene for 5 minutes, washed in acetone, rehydrated 
through graded alcohols (100%, 90%, 80%, 70%) for 3 minutes each, and washed in 
distilled water.

2. Endogenous peroxidase was blocked with 0.3% H2O2 in methanol for 30 minutes.

3. Slides were washed in tap water, drained to remove surplus water and sections 
encircled with a resin pen.

4. Slides were washed three times in TBS.

5. Non-specific binding sites were blocked with 1% normal swine serum in TBS for 20 
minutes.

6. Serum was removed and neat rabbit anti-theophylline antibody was added for 1.5 
hours.

7. Sections were washed three times in Tris Buffer Saline (TBS), pH 7.6.

8. Secondary antibody, biotinylated swine anti-rabbit IgG diluted in TBS (1:350) was 
added for 1 hour.

9. ABC (avidin biotinylated horseradish peroxidase complex) reagent was made up at 
this time, as it required to stand for at least 30 minutes before use.
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10. Sections were washed three times in TBS.

11. ABC reagent was added for 1 hour.

12. Sections were washed three times in TBS and once in Tris buffer (TB), pH 7.6.

12. Sections were incubated for 10 minutes in DAB solution containing 0.75 mg/ml 
diaminobenzidine tetrahydrochloride in Tris buffer (pH 7.6) and 0.03% hydrogen 
peroxide, and then washed for a minute in tap water.

13. Sections were counterstained with Mayers hematoxylin and blued in running tap 
water for a minute.

14. Slides were dehydrated in graded ethanol (70%, 80%, 90%, 100%) for 3 minutes 
each, cleared in xylene for 5 minutes and mounted in DPX mountant (BDH).

2.53.2  Terminal transferase staining for apoptosis

The TdT-mediated dUTP-biotin nick end-labelling (TUNEL) method was originally 
described by Gavrieli (Gavrieli et al. 1992). It labels the apoptotic cells in formalin- 
fixed, paraffin embedded sections.

2.5.3.2.2 TUNEL method

1. Sections on poly-L-Lysine slides were taken through xylene (5 minutes), acetone, 
100%, 90%, 80% and 70% ethanol (3 minutes each), distilled water to deparaffinize 
and rehydrate.

2. After washing with PBS, each section was pretreated with 100 pi of proteinase K at 
a concentration of 20 pg/ml in PBS (pH 7.2) for 15 minutes at room temperature.

3. Slides were washed 3 times in distilled water.

4. Endogenous peroxidase was blocked with 0.3% H2O2 in methanol for 30 minutes.

5. Slides were washed in tap water, wiped around sections and sections encircled with 
resin pen.

6. Slides were washed with TBS, and then 100 pi of a sodium cacodylate buffer 
solution (TdT buffer, pH 7.2) containing: Trizma base (30 mM), sodium cacodylate
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(140 mM) and cobalt chloride (1 mM) were placed on each section. After 10 minutes 
incubation the buffer was tipped off.

7. 50 p-l of TdT buffer containing 8.3 units of terminal transferase and 0.83 nmol of 
biotin-16-dUTP were added and sections incubated for 1 hour in a 37°C water bath.

8. The reaction was stopped by washing sections in 2x saline-sodium citrate buffer (300 
mM sodium chloride, 30 mM sodium citrate) followed by rinsing in PBS at room 
temperature for 15 minutes.

9. Sections were incubated with 100 p.1 of horseradish peroxidase-conjugated avidin 
(dilution 1:1000) for 1 hour at room temperature.

10. Sections were washed three times in PBS, 5 minutes for each time.

11. The peroxidase colouring reaction was performed by incubating sections for 10 
minutes in DAB solution containing 0.75 mg/ml diaminobenzidine tetrahydrochloride in 
Tris buffer (pH 7.6) and 0.03% hydrogen peroxide.

12. Sections were washed for a minute in tap water.

13. Sections were counterstained with Mayers hematoxylin and blued in running tap 
water for a minute.

14. Slides were cleared by immersing in graded ethanol (70%, 80%, 90%, 100%, 3 
minutes by step), then xylene for 5 minutes and mounted in DPX.

2.6 Suppliers of reagents and materials

Most general reagents and antibodies were purchased from Sigma unless otherwise 
specified below.

Tissue culture:

Benzylpenicillin sodium BP Britannia
Foetal Calf Semm Biological Industries
L-Glutamine 200 mM Integra Biosciences
HEPES IM HyClone
MEM Eagle's concentrate lOx Integra Biosciences
PBS Oxoid
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Sodium Bicarbonate solution 7.5% 
Streptomycin Sulphate BP 
Trypsin/EDTA

Integra Biosciences 
Evans
Integra Biosciences

Drugs:

NITP
Modified Molecusol 6-cyclodextrin 
Metofane

Lancaster Synthesis 
Bioquote Ltd.
C-Vet

Immunohistochemistry and flow cytometry:

Mouse monoclonal to bromodeoxyuridine (IU-4)
Rat monoclonal to bromodeoxyuridine
R-phycoerythrin conjugated anti-mouse IgG
Biotinylated anti-rabbit IgG developed in swine
Biotin-16-dUTP
Terminal transferase
Avidin biotin complex (ABC)
Avidin-FITC 
ApopTag Kit 
DPX 
Xylene
Tissue Tek cassettes 
Poly-L-Lysine coated microscope slides 
Swinnex filters 
35 pm nylon mesh

Caltag
Sutton
Dako
Dako

Boehringer Mannheim Biochemica 
Boehringer Mannheim Biochemica 

Dako 
Vector 
Oncor 
BDH 
BDH 
BDH 
BDH 
Millipore
John Staniar & Co.

M iscellaneous:

Absolute ethanol 
TEMED 
Sybr Green I 
Gas mixtures 
Cryovials

BDH
National Diagnostics 
Molecular Probes Inc. 
BOC
Nagle Nunc International
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2.7 Graphics and statistical analysis softwares

The Lysys II (section 2.3.1.2) and CellQuest (section 2.3.1.3) data analysis softwares 
were used to analyse flow cytometry data from the FACScan.

Two other graphics and data analysis softwares were used to analyse and present data 
shown in this thesis. KaleidaGraph™ version 3.08 for Macintosh was used to create 
most of data figures. Microcal™ Origin version 6.0 graphics software for Windows 
95, 98 or NT was used to calculate K values in section 3.2.5 of Chapter 3.

The statistical analysis was performed using the IMP version 3.0 statistical package, 
SAS Institute. The Student's t test was used to compare two sets of data. The null 
hypothesis tested was that the population mean for one set of data was equal to the 
population mean for the second set of data. The p-value was calculated to test the null 
hypothesis. If the p-value was less than 0.05, the null hypothesis was rejected at the 5% 
significance level.
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Chapter 3: Binding of hypoxia marker (NITP) to 
experimental tumours

3.1 Introduction

Hypoxic cells in tumours can be identified with an immunologically-detectable 2- 
nitroimidazole, NITP (section 1.2.3.3). 2-nitroimidazoles are metabolised by reduction 
in low oxygen concentrations which results in binding to cellular macromolecules 
(Raleigh et a l 1987) (section 1.2.3.1). Local cellular oxygen concentration is the most 
important determinant of nitroimidazole binding rate (Chapman 1991). However the rate 
of binding can vary in different cell types (Chapman et a l 1989).

The theophylline side-chain of NITP can be identified by a two step antibody staining 
procedure and analysed by flow cytometry. Bound theophylline groups can be detected 
immunochemically in hypoxic cells in mouse tumours within 45-60 minutes following 
treatment in vivo with NITP, rising to a maximum after 2 hours (Hodgkiss et al. 
1991b). Analysis of bound NITP distribution throughout the cell cycle in three murine 
tumours, CaNT, SaF and Rh, has shown that hypoxia was present within all stages. G1 
phase contained the greatest number of hypoxic cells and it has been shown to be 
significantly different from S and G2 phases. However the highest proportion of 
hypoxic cells was in G2 (Webster et al. 1998). Preliminary data have shown that lower 
levels of hypoxia may be found in the G1 diploid normal host cells (Hodgkiss et al. 
1991b), which infiltrate solid tumours (macrophages, lymphocytes and stromal cells).

In order to better understand these differences, an in vitro system has been used. 
Previous studies have shown that NITP binding to cells in vitro is dependent on oxygen 
tension (Hodgkiss et al. 1991b). However the influence of various oxygen levels on 
NITP binding in separate phases of the cell cycle has not been addressed.

3.2 Experimental design

3.2.1 Tumours

A well-defined murine experimental tumour, CaNT, and widely-used human xenograft, 
HT29 were grown as described in sections 2.1.1.1 and 2.1.1.2. BALB/c/nu nude mice 
were used to produce HT29 xenografts. Tumours were excised and disaggregated 
(section 2.1.5) and the resulting suspension was filtered through 35 pm nylon mesh to 
achieve a single cell suspension. Cells were washed in fresh culture medium (section
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2.2.1.1), centrifuged at 1000 rpm for 10 minutes and the cell pellet resuspended in fresh 
medium. Cells were counted using haemocytometer.

3.2.2 Cell cultures

CaNT and HT29 cell lines were maintained in culture as described in section 2.2.1 in 
MEM medium (2.2.1.1). Glass roller bottles were used to produce large numbers of 
cells. Cells were plated and the air in the roller bottles replaced with 5% O2 , 5% CO2 , 
balance N2 gas mixture. Bottles were then placed on a roller in a 37°C warm room. 
Medium changes were performed twice weekly. Cells were harvested when the cell 
cultures were approximately 80% confluent as described in section 2.2.1.2. Cells were 
resuspended in fresh medium and counted.

3.2.3 Oxygen levels

Cell suspensions at a density of 0.5 x 10^ cells/ml (total volume of 25 ml per bottle) 
were stirred at 37°C in a warm room under a range of oxygen concentrations (0.002, 
0.02, 0.06, 0.1, 0.3, 0.6, 1, 20% O2 ), all with 5% CO2 , balance N2 . The flow rate 
was at least 0.4 1/min (section 2.2.4). Cells were equilibrated with the appropriate gas 
for 1 hour and then dissolved NITP was added to give a final drug concentration of 100 
fiM (section 2.2.3.1). Cells were stirred with NITP for a further 4 hours. Following the 
incubation cells were washed with PBS and resuspended in 1 ml of PBS before fixation 
with 9 ml of 70% ethanol. Fixed cell suspensions were stored at -20°C.

3.2.4 Analysis

Cell suspensions were stained for flow cytometric analysis (section 2.3.3) using the 
FACScan. The single cell population was separated from cell doublets by gating around 
a singlet population on an area versus width dot plot of the DNA fluorescence. Analysis 
was carried out by analysis of computer generated regions of data. Figure 3.1 illustrates 
the regions set on bivariate distributions of NITP binding (y axis) versus DNA content 
(x axis). Region 1 (Rl) and region 2 (R2) were set to include diploid and aneuploid cell 
populations respectively. The aneuploid cell population was divided into three regions 
namely R3, R4 and R5 which define cells in G l, S and G2 cell cycle phases 
respectively. The mean green fluorescence in these regions was recorded as a measure 
of NITP binding in both diploid and aneuploid cell populations, and in separate cell 
cycle phases of aneuploid cells.
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Fig. 3.1 Regions used for the analysis o f NITP binding in cells from freshly 
disaggregated CaNT tumours and HT29 xenografts. Region I (Rl) and region 2 (R2) 
were set to include diploid and aneuploid cell populations respectively. The aneuploid 
cell population was divided into three regions namely R3, R4 and R5 which define cells 
in Gl, S and 02 cell cycle phases respectively.
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Fig. 3.2 Bivariate distributions of NITP binding (y axis) versus DNA content (x axis) 
showing changes in NITP binding in cells from freshly disaggregated CaNT tumours 
under different oxygen concentrations (0.002, 0.02, 0.06, 0.1, 0.3, 0.6, 1, 20% O2 ), 
all with 5% CO2 , balance N2 . Control cell suspension without NITP was exposed to the 
oxygen concentration o f0.002%.
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3.2.5 Calculation of "K " value

The "K" value was originally applied to describe the oxygen concentration that produced 
half the maximum O2 sensitisation of irradiated cells (Alper 1976, Alper and Howard- 
Flanders 1956). The Alper-Howard-Flanders relationship was subsequently used to 
describe the levels of sensitisation after different doses of misonidazole (Hendry and 
Sutton 1984) and other nitroaromatic bioreductive drugs (Wilson et al 1994).

In this study the "K" value was calculated to measure the oxygen concentration that 
produced half the maximum NITP binding. The mid-way NITP binding (M) was 
calculated as shown below.

( F n2 - F air )
M - -------------------------+  F a ir

FN2
Fa ir

fluorescence observed in nitrogen 
fluorescence observed in air

CDo
c
CDÜtn
CD
o3

CD
>
CD
CD

1.2

1

0.8

0.6

0.4
F a i r

0.2 K’V a lu e

,41 0 100 1000 1 0

o x y g e n  c o n c e n t r a t i o n  [ p p m ]

Fig. 3.3 Diagram illustrating the calculation o f "K” value. This value corresponds to 
the oxygen concentration at which cells show NITP binding half way between that 
observed in nitrogen and air.
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K values were calculated using M icrocaF^ Origin version 6.0 graphics software. 
Exponential Decay Fit was used to fit a curve to the active data plot, using the equation:

y=yO+Ae-(x-xO)/t
where,
xO X offset
yO Y offset
A amplitude
t decay constant

This fit allowed the automatic calculation of x value for given y value. Using this model 
the K values were calculated automatically for each curve analysed (Fig. 3.4). 
Normalised sets of data were used for this analysis (Fig. 3.7 and Fig. 3.10).

CaNT aneuploid cells

normalised
green
fluorescence

1 .2 -,

y=0.635
0 .6 _

0 .4 -

0 .2 -

x=3222.9
0 .0 ,

100 1000 10000 100000

oxygen [ppm]

X Y
02 [ppm] normalised mean

green fluorescence

M value calculated oxygen 
concentration

20 1
200 0.94
600 0.89
1000 0.87
3000 0.71
6000 0.42
10000 0.34
200000 0.27

0.635 3222.9

Fig. 3.4 A curve generated using Exponential Decay Fit o f M icrocaF^ Origin 
graphics software. X value (oxygen concentration - K) was calculated automatically for 
given Y value (mid-way NITP binding - M).
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The calculation of K values using Origin Exponential Decay Fit was compared to a 
conventional manual method. Data points were connected using a ruler and the K value 
was read from the X axis for each separate graph. The results of this comparison are 
shown in Tables 3.1 and 3.6.

3.3 Results

3.3.1 NITP-binding in cells disaggregated from CaNT tumours and HT29 
xenografts

Incubation of cells from disaggregated CaNT tumours under different oxygen 
concentrations has shown that NITP binding differs in diploid and aneuploid cell 
populations and is dependent on cell-cycle phase (Fig. 3.6, left panels). These data 
indicate that diploid cells in murine tumours bind less NITP than aneuploid cells. G2 
cells bind more NITP at all oxygen tensions than cells in other cell cycle phases. 
However there is no difference between NITP binding in G I and S phases.

Cells from HT29 xenografts show a similar pattern of NITP binding, but with lower 
overall NITP binding to that in the murine tumours (Fig. 3.6, right panels). The 
difference in NITP binding between diploid and aneuploid cell populations is less 
pronounced. However cell cycle analysis indicates that G2 cells bind more NITP that 
GI and S cells.

Normalisation of the data to the fluorescence observed in nitrogen and calculation of 
"K" values allowed the comparison of oxygen-dependence of NITP binding in different 
tumour subpopulations within and between both CaNT tumours and HT29 xenografts. 
"K" values were calculated using two methods as described in section 3.2.5. Results 
obtained using both methods showed a good correlation (Fig. 3.5). Data obtained with 
Microcal™Origin Exponential Decay Fit were used for further analysis.

Despite differences in absolute levels of NITP binding, the oxygen-dependence of NITP 
binding is similar in both diploid and aneuploid cells and is independent of cell cycle 
position (Fig. 3.7). However there is a difference in the oxygen-dependence of NITP 
binding between CaNT tumours and HT29 xenografts. Table 3.3 shows statistical 
analysis comparing "K" values of CaNT tumours and HT29 xenografts. This analysis 
indicates that the oxygen-dependence of NITP binding is similar in diploid cell 
populations of both tumours. However there is a statistically significant difference 
between aneuploid cell populations of these tumours. Comparison of aneuploid cell 
populations in separate cell cycle phases is also shown in Table 3.3.
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Fig. 3.5 Correlation between ”K" values calculated using two methods namely manual 
method and Origin Exponential Decay Fit. Pearson correlation coefficient, r, was 
calculated using Microsoft Excel 98.

Cells

CaNT HT29
M

MeaniSEM

K (Origin) 

[ppm] 

MeaniSEM

K (manual) 

[ppm] 

MeaniSEM

M

MeaniSEM

K (Origin) 

[ppm] 

Mean±SEM

K  (manual) 

[ppm] 

Mean±SEM
diploid 0.645±0.02 4363.9±953.6 4380.0±895.2 0.606±0.023 3097.8^702.3 3037.4^767 4

aneuploid 0.667±o.oi 5164.6±722.9 5630.0±602.4 0.670±o.oi5 2547.4±386.4 2350.0±361.i

Gl 0.684±o.oi 4724.2±575.o 4620.0±5435 O.664±o.015 2497.4^368 8 2375.0^4352

S 0.691±ooi 6646.0^1797 3 7030.0±2 109.1 0.676±o.G21 2922.6±614.3 2587.5^495.1

02 0.711±o.02 6606.0±io25 9 6050.0^7994 0.697±o.oo8 2372.1±340.6 2225.0^2634

Table 3.1 "K" values for NITP binding in cells from freshly disaggregated CaNT 

tumours and ITT29 xenografts. Calculated from normalised data (Fig. 3.7).
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Comparison 
"K” values

Cells from CaNT 
tumours 

t-test P(t)

Cells from HT29 
xenografts 

t-test P(t)

aneuploid vs. diploid 0.669 0.522 0.687 0.518

G l vs. S 1.018 0.338 0.593 0.575

S vs. 02 0.019 0.985 0.784 0.463

G l vs. G2 1.600 0.148 0.250 0.811

Table 3.2 Comparison o f "K” values fo r  oxygen-dependence o f NITP binding in 
different cell populations within both CaNT tumours and HT29 xenografts. A t-test was 
performed using the JMP statistical package, SAS Institute (section 2.7).

Comparison 
"K" values

Cells from CaNT tumour 
vs. cells from HT29 xenograft

t-test Pf t)
diploid 1.017 0.343

aneuploid 2.950 0.021

Gl 3.059 0.018

S 1.766 0.079
G2 3.525 0.0097

Table 3.3 Comparison o f ”K" values fo r  oxygen-dependence o f NITP binding 
between different cell populations o f CaNT tumours and HT29 xenografts. A t-test was 
performed using the JMP statistical package, SAS Institute (section 2.7).
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Fig. 3.6 Cells from freshly disaggregated CaNT tumours (left panels) and HT29 
xenografts (right panels) incubated with 100 jjM NITP in vitro under different oxygen 
tensions (in the range of 0.002-20%) for 4 hours. Upper panels show differences in 
NITP binding in diploid and aneuploid cell populations whereas lower panels indicate 
NITP binding in separate cell cycle phases o f aneuploid cells. Points and error bars 
represent means and SEMs of five (CaNT) or four (HT29) replicated experiments. 
Where no error bar is indicated SEMs were smaller than the size o f the point plotted.
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Fig. 3.7 Cells from freshly disaggregated CaNT tumours (left panels) and HT29 
xenografts (right panels) incubated with 100 pM NITP in vitro under different oxygen 
tensions (in the range o f 0.002-20%). All data were normalised to the fluorescence 
observed in nitrogen.
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3.3.2 NITP-binding in cells from in vitro cultures compared with cells 
from disaggregated tumours

CaNT and HT29 cells grown in vitro for several generations show a different pattern of 
NITP binding. Overall NITP binding in CaNT cells maintained in tissue culture is lower 
compared with cells freshly disaggregated from CaNT tumours (Fig. 3.8, upper 
panels). HT29 cells from both cell culture and disaggregated xenografts bind similar 
amounts of NITP (Fig. 3.8, lower panels).

Cell cycle analysis of NITP binding reveals that G2 cells cultured in vitro bind more 
NITP than cells in other phases. However there is a difference between NITP binding in 
S and G2 phases which has not been observed in cells from disaggregated tumours 
(Fig. 3.9).

Normalisation of the data to the fluorescence observed in nitrogen (Fig. 3.10, left 
panels) revealed that the oxygen-dependence of NITP binding is independent of the cell 
cycle which was confirmed by the comparison of "K" values in separate cell cycle 
phases (Table 3.5). Although "K" values for HT29 cells in separate compartments of 
the cell cycle were smaller compared to CaNT cells (Table 3.4), there was no 
statistically significant difference between them (Table 3.6).

Figure 3.10 shows a comparison of oxygen-dependence of NITP binding in separate 
cell cycle phases of aneuploid cell populations between freshly disaggregated tumours 
and cells maintained in tissue culture for several generations. The "K" values for 
individual data sets were compared and the results of this comparison are shown in 
Tables 3.7 and 3.8. This data show that there is no statistically significant difference in 
oxygen-dependence of NITP binding between cells grown in vivo and in vitro.

Cells

CaNT HT29
M

Mean ±SEM

K (Origin) 

[ppm] 

Mean ±SEM

K (Manual) 

[ppm] 

Mean ±SEM

M

Mean ±SEM

K (Origin) 

[ppm] 

Mean ±SEM

K (Manual) 

[ppm] 

Mean ±SEM

aneuploid 0.757+0.019 S294.1±3093.3 8573.3+3462.3 0.712±0.003 4490.9+1907.1 3916.7+1544.4
G1 0.748+0.009 10896.0+4455.7 11150+4667.2 0.713+0.002 4924.4+2109.8 4400.0+1819.3
S 0.713±0.004 6692.6+1279.5 6466.7±12719 0.705±0.001 3923.5±1780.2 2783.3+1858.8

G2 0.723+0.017 8194.0±1524.9 8433.3+1785.4 0.702+0.003 4123.7+1917.5 3650.0+1603.9

Table 3.4 "K" values for NITP binding in CaNT and HT29 cells grown in vitro for  
several generations. Calculated from normalised data (Fig. 3.10).
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C om parison 
"K ” values

Cultured CaNT cells 
^-test F(t)

Cultured
^-test

HT29 cells 
F(t)

G1 vs. S 0.907 0.416 0.363 0.735

S vs. G2 0.754 0.493 0.077 0.943

G1 vs. G2 0.574 0.597 0.281 0.793

Table 3.5 Comparison o f "K" values for oxygen-dependence o f NITP binding in 
different cell cycle phases o f cultured CaNT and HT29 cells. A t-test was performed 
using the JMP statistical package, SAS Institute (section 2.7).

Com parison 
”K ” values

Cultured CaNT cells 
vs. cultured HT29 cells
r-test F(t)

aneuploid 1.046 0.354

G1 1.211 0.294

S 1.263 0.275

G2 1.661 0.172

Table 3.6 Comparison o f "K" values fo r  oxygen-dependence o f NITP binding 
between different cell cycle compartments o f cultured CaNT and HT29 cells. A t-test 
was performed using the JMP statistical package, SAS Institute (section 2.7).
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Comparison 
"K” values

Cells from CaNT tumour 
vs. cultured CaNT cells
Mest Pf t)

aneuploid 1.274 0.249
G1 1.846 0.114

S 0.018 0.986

0 2 0.900 0.403

Table 3.7 Comparison o f "K" values for oxygen-dependence o f NITP binding 
between different cell cycle compartments o f freshly disaggregated CaNT tumours and 
cultured CaNT cells. A t-test was performed using the JMP statistical package, SAS 
Institute (section 2.7).

Comparison 
"K” values

Cells from HT29 xenografts 
vs. cultured HT29 cells
Mest P( t)

aneuploid 1.171 0.294
G1 1.335 0.239
S 0.604 0.572

G2 1.059 0.338

Table 3.8 Comparison o f "K" values fo r  oxygen-dependence o f NITP binding 
between different cell cycle compartments o f freshly disaggregated HT29 xenografts 
and cultured HT29 cells. A t-test was performed using the JMP statistical package, SAS 
Institute (section 2.7).
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Fig. 3.8 Comparison o f NITP binding in cells from freshly disaggregated tumours 
(left panels) with cells cultured in vitro under 5% O2 (5% CO2 , nitrogen balanced). All 
cells were incubated with 100 pM NITP in vitro under different oxygen tensions (in the 
range o f 0.002-20%) for 4 hours. Points and error bars for cells cultured in vitro 
represent means and SEMs o f three replicated experiments. Where no error bar is 
indicated SEMs were smaller than the size of the point plotted.
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3.4 Discussion

These in vitro studies clearly demonstrate the dependence of NITP binding on oxygen 
concentration in freshly disaggregated cells and in established cell lines from the CaNT 
and HT29 tumours.

Diploid cells from both freshly disaggregated CaNT tumours and HT29 xenografts have 
been found to bind less NITP than aneuploid. This probably reflects a difference in 
nitroreductase levels between these two cell populations within a tumour. These 
differences were more pronounced in CaNT tumours (Fig. 3.11 upper panel), which 
have been shown to be hypoxic and contain from less than 1% up to 38% aneuploid 
hypoxic cells (mean 9.9%) (Webster et al. 1998). In contrast HT29 xenografts (Fig. 
3.11 lower panel) grown in BALB/c/nu nude mice appeared to be less hypoxic 
(aneuploid hypoxia ranging from less than 1% up to 24%; mean around 6%) (Chapter 
4, Table 4.3). The overall NITP binding in cells from these xenografts was lower than 
in cells from the more hypoxic CaNT tumours. Diploid cell populations in both CaNT 
tumours and HT29 xenografts contained similar numbers of hypoxic cells in vivo (2.7% 
(Webster et al. 1998) and around 3% (Chapter 4, table 4.3) respectively, and bound 
similar amounts of NITP in vitro (Fig. 3.6 upper panels). CaNT and HT29 cells 
cultured in vitro for several generations in the same oxygen and nutrient conditions 
bound similar amounts of NITP (Fig. 3.8 right panels). These data may suggest that the 
more hypoxic environment present in CaNT tumours was responsible for both a higher 
level and/or activity of enzymes involved in the bioreductive metabolism resulting in 
higher NITP binding in aneuploid cells from these tumours.

The cell cycle analysis of NITP binding revealed that G2 cells disaggregated from both 
CaNT tumours and HT29 xenografts bound more NITP than cells in other cell cycle 
phases. The NITP binding in G1 and S phase cells was similar (Fig. 3.6 lower panels) 
which could suggest that this phenomenon may be independent of cell size. This may be 
explained by different nitroreductase activity levels in separate cell cycle phases. G2 
cells, apparently have a higher nitroreductase activity at all oxygen tensions than other 
cell-cycle phases.

107



- v / ' i , * : ' i t

• ■ a ?

i*-

? . " ■

. ; '"j

# ? % .  ; : '

M - 0 ' ' - ' ^ ^ ‘‘- ' -'T:-;

Fig. 3 . / /  Low magnification sections o f a CaNT tumour (upper panel) and HT29 
xenograft (lower panel) stained for bioreductively bound adducts o f the hypoxia marker 
NITP using a staining protocol from section 2.5.3.1. Differences in structure and 
hypoxia distribution between CaNT tumours and HT29 xenografts are seen.
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The reduction of 2-nitroimidazoles in mammals can be catalysed by a number of 
enzymes: aldehyde oxidase, DT-diaphorase and xanthine oxidase present in the 
cytoplasm; NADPH-cytochrome reductase and cytochrome P450 in the microsomes and 
the mitochondrial enzymes dihydrolipoamide dehydrogenase, cytochrome bg reductase, 
NADH-dehydrogenase and succinate dehydrogenase (Joseph et a l 1994, Prekeges et 
al 1991). Cytochrome P450 reductase has been found to be the most important enzyme 
responsible for reducing 2-nitroimidazoles to intermediates which can covalently bind to 
cellular macromolecules. The 2-nitroimidazole binding rate has been shown to be 
relatively insensitive to cytochrome P450 reductase concentration (Joseph et a l 1994).

Studies have been performed to determine the effects of acute and chronic hypoxia on 
various enzymes including cytochrome P450 (Proulx and Du-Souich 1995, Shan et a l 
1992). Proulx and Du-Souich (1995) have investigated whether acute moderate hypoxia 
modifies the amount and activity of hepatic cytochrome P450 in rabbits. They found that 
exposure to a low partial pressure (12% 0%) for 8 hours reduced the total amount but not 
the activity of cytochrome P450. After 24 hour hypoxia exposure, both the amount and 
the activity of cytochrome P450 were decreased. Similar effects of hypoxia on 
cytochrome P450 activity were found in rats exposed to 10.5% O2 for 10 days (Shan et 
a l  1992). Therefore it is unlikely that more hypoxic environment present in CaNT 
tumours is responsible for a higher NITP binding in aneuploid cells isolated from these 
tumours.

Another potential explanation could be stimulation of nitroreductases by enzymes used 
for disaggregation of tumours. However there are no reports on studies investigating the 
influence of enzymatic treatment of tissues on activities and/or levels of nitroreductases. 
It is unlikely that long (30 minutes) enzymatic disaggregation would stimulate 
nitroreductases only in aneuploid cells of CaNT tumours.

However long enzymatic disaggregation may explain the increased incubation period 
needed for bioreductive metabolism to occur. Although bound theophylline groups can 
be detected in hypoxic cells within 45-60 minutes following treatment in vivo with 
NITP (Patel et a l 1995), in this study cells freshly isolated from CaNT tumours and 
HT29 xenografts were treated in vitro with NITP for 4 hours in order to obtain optimum 
staining. Shorter incubation times gave unsatisfactory results. Damage caused by 
enzymatic disaggregation may explain this phenomenon. During the 4 hour incubation 
some cell cycle progression could occur, so cells were not necessarily in the same phase 
as in the original tumour at the start of the procedures.

Despite differences in absolute levels of NITP binding, the oxygen-dependence of NITP 
binding is similar in both diploid and aneuploid cells and was independent of cell cycle
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position (Fig. 3.7). However there was a difference in the oxygen-dependence of NITP 
binding between CaNT tumours and HT29 xenografts. Statistical analysis comparing 
"K" values of CaNT tumours and HT29 xenografts showed that there was a significant 
difference between aneuploid cells from both CaNT tumours and HT29 xenografts. The 
oxygen-dependence of NITP binding in diploid cell populations was similar in both 
tumours (Table 3.3).

CaNT and HT29 cells grown in vitro for several generations showed a different pattern 
of NITP binding compared with cells from freshly disaggregated tumours. Overall NITP 
binding in CaNT cells maintained in tissue culture was lower compared with cells 
freshly disaggregated from CaNT tumours (Fig. 3.8, upper panels). HT29 cells from 
both cell culture and disaggregated xenografts were binding similar amounts of NITP 
(Fig. 3.8, lower panels). Although G2 cells seemed to bind more NITP than cells in 
other phases, there was a difference between NITP binding in S and G2 phases which 
was not observed in cells from freshly disaggregated tumours (Fig. 3.9). Several factors 
may be responsible for the difference.

Bioreductive metabolism of 2-nitroimidazoles is a balance between forward and reverse 
first-step reactions. Bioreductive markers can be reduced to the radical anion by 
reductases in either aerobic or anaerobic cells. However, in the presence of oxygen the 
radical anion rapidly reacts with O2 , yielding the superoxide ion and intact bioreductive 
drug (reviewed in section 1.2.3). The reduction of nitro-compounds may be affected by 
levels of glucose. The role of glucose in activation of nitro-compounds has been 
attributed to the reduction of pyridine nucleotides, which are necessary substrates for 
nitro reduction (Biaglow et al. 1986). In the absence of oxygen, further reductions occur 
and the reactive moieties are formed, namely nitroso and hydroxylamine. These moieties 
are available for binding non-protein sulfhydryls or protein thiols. It has been shown 
that much of the bioreductive binding of misonidazole is to acid-soluble components of 
the cell such as glutathione (GSH) (Miller et al. 1982, Smith and Bom 1984). 
Glutathione adduct has been found to form from the reaction of hydroxylamine and 
glutathione (Varghese 1983).

NITP is likely to behave similarly to misonidazole. Therefore it will also bind to 
glutathione. Glutathione is thought to be both a storage and a transport form of cysteine. 
The major determinants of GSH synthesis are the availability of cysteine and the activity 
of the enzyme gamma-glutamylcysteine sythetase. The cysteine availability is dependant 
on the presence of cystine and methionine (reviewed by Lu 1999). Many conditions may 
alter GSH levels and therefore the levels of GSH in vitro and in vivo may vary 
significantly. Thus the ratio of GSH-bound NITP adducts to macromolecule-bound 
NITP adducts may be different in vitro and in vivo.
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In the present study the information about GSH-bound adducts has been lost as the 
staining procedure used required fixation and permeabilisation of the cells. This 
presumably extracted such low molecular weight conjugates. The immunochemical 
procedure used here was sensitive enough to detect the remaining adducts to high 
molecular weight components of the cell. It has been reported that 90% (Miller et al. 
1982) and 41% (Smith 1984, Smith and Born 1984) of the total and ^H-labelled 
misonidazole binding to the macromolecular fraction of cells is associated with the RNA. 
In the present study, the RNA-bound adducts were lost during staining procedure as it 
required treatment with RNAase to enable specific staining of the DNA with propidium 
iodide (Hodgkiss e ta l  1991b).

The differences in NITP binding observed between cells from freshly disaggregated 
tumours and cells from cell culture may reflect the conditions to which these cells were 
exposed. The amount of cysteine available for cells in tissue culture is much greater than 
in vivo. Cells grown in cell culture conditions for several generations are also exposed 
to higher tensions of oxygen. Both of these factors increase the GSH formation and 
therefore more NITP adducts are bound to GSH and then lost during staining procedure 
(Fig. 3.12).

The oxygen-dependence of NITP binding in cells grown for several generations in vitro 
was found to be independent of the cell cycle which was confirmed by the comparison 
of "K" values in separate cell cycle phases (Table 3.5). Although "K" values for HT29 
cells in separate compartments of the cell cycle were much smaller compared to CaNT 
cells (Table 3.4), statistical analysis using t-test did not indicate significant difference 
between them (Table 3.6).

The oxygen-dependence of NITP binding in separate cell cycle phases of aneuploid cell 
populations was similar in both freshly disaggregated tumours and cells maintained in 
tissue culture for several generations (Tables 3.7 and 3.8).
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Fig. 3.12 The immunochemical staining detects NITP adducts bound to high 
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Chapter 4: Influence of carbogen breathing on 
hypoxia, proliferation and apoptosis in tumours

4.1 Introduction

Several studies have investigated hypoxia and proliferation in tumours as isolated 
factors (section 1.5.1) and similarly numerous studies have examined hypoxia-induced 
apoptosis in tumour cells (section 1.5.2). However, there has been little investigation of 
these parameters in combination.

A novel three-colour flow cytometry method developed by Webster et al. (1998) allows 
the measurement of proliferation (BrdUrd), hypoxia (NITP) and DNA content of 
tumour cells simultaneously. Using this method the interaction of these parameters in 
three murine tumour models (CaNT, SaF and Rh) has been investigated (Webster et al. 
1995). Simultaneous measurement of hypoxia, proliferation and DNA content has 
shown that although hypoxic cells can progress through the cell cycle, their rate of 
progression is slower than that of better oxygenated cells. Hypoxic S-phase cells from 
CaNT and SaF tumours show a delayed progression through G2 into mitosis, 
suggesting a possible G2 arrest (Webster et al. 1998).

In the present study CaNT tumours and HT29 xenografts were used to study changes in 
cell cycle progression in response to the manipulation of oxygenation. Carbogen- 
induced changes in the cell cycle progression of both hypoxic and oxic cell populations 
in CaNT tumours and HT29 xenografts were studied using the three-colour flow 
cytometry method mentioned above. In CaNT tumours, changes in the induction of 
apoptosis after carbogen breathing have also been investigated.

4.2 Effect of carbogen breathing on hypoxia, cell cycle 
progression and apoptosis in CaNT tumours

4.2.1 Experimental design

A well-defined murine experimental tumour, CaNT was grown as described in section 
2.1.1.1. CaNT tumours with a mean diameter of 8-10 mm (calculated from three 
orthogonal measurements) were labelled in vivo with both NITP and BrdUrd 
simultaneously (section 2.1.2.3) at the start of the time course. After drug 
administration, tumour oxygenation was altered by placing the tumour-bearing animals 
in boxes through which air or carbogen was flushed for 2 hours (section 2.1.3). A 
range of sacrifice times was used so that progression of labelled cells through the cell 
cycle could be observed (Fig. 4.1).
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Fig. 4.1 Schematic representation o f experimental design used for CaNT tumours.

At each time point tumours were excised and disaggregated (section 2.1.5) and the 
resulting cell suspension was filtered through 35 pm nylon mesh to achieve a single cell 
suspension. Cells were washed in fresh culture medium (section 2.2.1.1) and then in 
PBS. Washed cell pellets were resuspended in 1 ml of PBS and then fixed in 1% 
paraformaldehyde and 70% ethanol (section 2.3.5.1).

Cell suspensions were stained to allow the simultaneous measurement of hypoxia, 
proliferation and DNA content as described in section 2.3.5.2. Changes in the induction 
of apoptosis were measured using the TdT assay (section 2.3.6).

4.2.2 Analysis

All samples were run on a Becton Dickinson FACScan (section 2.3.1). Light scatter and 
fluorescence data were collected for 10  ̂single cells. Apoptotic cells or cells with bound 
NITP (hypoxia) were represented by green fluorescence (FITC), cells with incorporated 
BrdUrd (proliferation) by orange/red fluorescence (phycoerythrin) and DNA by red 
fluorescence (either propidium iodide or 7-aminoactinomycin D). Compensation was 
applied for the triple-stained samples to allow for overlap in the fluorochrome emission 
spectra. Collected data were analysed using either Lysys II (section 2.3.1.2) or 
CellQuest (section 2.3.1.3) software.

4.2.2.1 Cell cycle progression

In the present study, the cell cycle progression in CaNT tumours labelled with NITP 
and BrdUrd was similar to that published by Webster et al. (Webster et al. 1998).
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The single cell population was separated from cell doublets by gating around a singlet 
population on an area versus width dot plot of the DNA fluorescence (Fig. 4.3, upper 
panel). Analysis was carried out by analysis of computer generated regions of data. 
Two middle dot plots of Fig. 4.3 illustrate the regions set on bivariate distributions of 
hypoxia or proliferation versus DNA content. Region 1 (Rl) set on the left dot plot 
includes the whole cell population analysed. Region 2 (R2) was set to include only 
NITP-labelled cells. Region 3 (R3) on the right dot plot shows the BrdUrd-labelled 
cells. Regions R2 and R3 were set so that only 1% of cells from a tumour not treated 
with NITP or BrdUrd were included within these regions (Fig. 4.2). DNA histograms 
(Fig. 4.3, lower panels) were created from these dot plots to include:

Total cell population Rl
Total NITP-labelled cell population R2
Total NITP and BrdUrd-labelled cell population R2 and R3
Total BrdUrd-labelled cell population Rl and R3

This allowed to analyse either BrdUrd-labelled hypoxic cells (R2 and R3) or BrdUrd- 
labelled oxic cells (Rl and R3 -  R2 and R3). Markers set on these DNA histograms 
enabled the number of cells within each phase of the aneuploid cell cycle to be calculated 
for both oxic and hypoxic subgroups. Markers set on the DNA histograms were created 
to represent:

Diploid cells Ml
Aneuploid cells M2
Tumour G1 phase cells M3
Tumour S phase cells M4
Tumour G2 phase cells M5

Diploid host cells were not included in this analysis.
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Fig. 4.2 A sample and control specimen demonstrating triple staining for BrdUrd, 
NITP and DNA content in a CaNT tumour. Regions R2 and R3 were set so that only 
1% of cells from a control tumour (right panels) not treated with NITP or BrdUrd were 
included within these regions.
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Fig. 4.3 Analysis o f cell cycle progression in CaNT tumour labelled with NITP and 
BrdUrd (described in section 4.2.2.1). The regions set on bivariate distributions 
(middle panels) represent the following cell populations: Rl, total cell population; R2, 
hypoxic cells; R3, BrdUrd-labelled cells. Markers set on the DNA histograms (lower 
panels) represent: MI, diploid cells; M2, aneuploid cells; M3, tumour GI phase cells; 
M4, tumour S phase cells; M5, tumour 02 phase cells. The table represents an example 
of the numbers and percentages of events falling into each of created regions.
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4.2.2.2 Hypoxia regions

Arbitrary regions 1 to 6 (R1-R6) arranged in ascending degree of NITP binding, were 
set on bivariate distributions of hypoxia versus DNA content (Fig. 4.4). Regions Rl 
and R2 were set to include the NITP-binding levels characteristic for the background 
NITP binding. The percentage of BrdUrd-labelled cells in each hypoxia region was 
calculated. To facilitate this dot plots showing bivariate distribution of BrdUrd-labelling 
versus DNA content were created for each hypoxia region (R1-R6) (Fig. 4.5). Regions 
7 (R7) and 8 (R8) were set to include BrdUrd-unlabelled and BrdUrd-labelled 
populations respectively. The percentage of BrdUrd-labelled cells was calculated if the 
total number of cells in regions R7 and R8 was greater than 20. If the number of cells 
was smaller, the percentage of BrdUrd-labelled cells was taken as zero. Both diploid 
and aneuploid cell populations were analysed. The same regions were used to analyse 
the whole set of samples.

This type of analysis divides each sample into subpopulations with relatively small cell 
numbers. However the variability in the number of cells assigned to each region is likely 
to be dominated by the Poisson error. This error, expressed as a standard deviation, is 
defined as the square root of the number of cells in each region:

Standard deviation = Vn

N - number of cells

If the number of cells in region is 1000, the sampling error will be 32 cells (3%). The 
error for cell populations as small as 20 is 4.5 (22%).
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Fig. 4.5 Differences in the number of BrdUrd labelled aneuploid cells (Y axis) in 
various hypoxia regions (R1-R6) after air (left) or carbogen (right) treatment.
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4.2.2.3 A poptosis

Figure 4.6 shows bivariate distributions of apoptosis versus DNA content. Region 1 
(Ri) was set around the whole aneuploid cell population whereas region 2 (R2) 
included only apoptotic cells. Background control samples, stained without the 
inclusion of terminal transferase (TdT) were used to set the regions so that less than 
0.6% of cells fell in R2. The same regions were used for the analysis of the whole set of 
samples. The percentage of apoptosis within the aneuploid cell population was 
calculated.
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Fig. 4.6 Regions used for the analysis o f apoptosis in aneuploid cells from CaNT 
tumours. Regions R l and R2 were set on bivariate distributions o f apoptosis versus 
DNA content to include total aneuploid and apoptotic cell populations respectively. 
Markers set on the DNA histograms represent: M l, aneuploid cells; M2, tumour G1 
phase cells; M3, tumour S phase cells; M4, tumour G2 phase cells.
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Two lower panels of Fig. 4.6 show DNA histograms created from R l cells (left) and 
apoptotic R2 cells (right). Markers (M1-M4) set on DNA histogram of total aneuploid 
cell population were used to study the cell cycle phase dependence of apoptosis.

4.2.3 Results

4.2.3.1 Cell cycle progression studies

The analysis of cell cycle progression in CaNT tumours labelled with NITP and BrdUrd 
is described and illustrated in section 4.2.2.1. CaNT tumours were labelled with both 
BrdUrd and NITP prior to changing the level of oxygenation with a 2 hour exposure of 
tumour bearing animals to carbogen. Control animals were exposed to air under the 
same conditions. The effect of 2-hour carbogen breathing on total level of NITP-binding 
in aneuploid cells from CaNT tumours is shown in Fig. 4.7. CaNT tumours treated 
with carbogen seem to bind less NITP compared with air treated controls.

The BrdUrd-labelled cells within each phase of the cell cycle were classified as hypoxic 
(NITP binding) or oxic (no NITP binding). Each cell cycle phase was expressed as a 
percentage of the total BrdUrd-labelled cells. Figure 4.8 shows the cell cycle 
progression of BrdUrd-labelled hypoxic and oxic cell populations. In control tumours, 
movement of BrdUrd-labelled cells through all phases of the cell cycle occurs more 
rapidly in the oxic (or rather normoxic) cell population compared with the hypoxic cells. 
The progression of hypoxic cells through mitosis into G1 appears to be slightly delayed 
compared with that of normoxic cells (Fig. 4.8, upper panels).

The cell cycle progression of hypoxic cells in carbogen treated tumours seems to be very 
slow and the cells may not be cycling at all. During the carbogen treatment some of the 
hypoxic cells (possibly acutely hypoxic cells) became reoxygenated and were therefore 
included in the oxic cell population which did not bind NITP. The progression of oxic 
cells appeared to be delayed in G2 phase (Fig. 4.8, lower panels).

The movement of BrdUrd-labelled cells through G2 in both control (air) and carbogen 
treated tumours is shown in Fig. 4.9 (upper panel). Changes in apoptosis induced by 
carbogen are shown in Fig. 4.9 (lower panel). Apoptosis levels were higher in carbogen 
treated tumours compared with controls. At 2 hours, the percentage of apoptotic cells in 
both control and carbogen treated tumours was quite high (14% and 16% respectively). 
Then it decreased and remained at a lower level for about 8 hours which corresponds to 
a G2 block of the cell cycle. The number of apoptotic cells was seen to increase again.
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Figure 4.10 presents the analysis of apoptosis as a function of cell cycle. Top panels 
show changes in the proportion of apoptotic cells in separate cell cycle phases following 
carbogen treatment. In all cell cycle phases carbogen seemed to increase the number of 
apoptotic cells compared with air treated controls. The analysis of cell cycle distribution 
of total aneuploid apoptosis is shown in lower panels of Fig. 4.10. Carbogen breathing 
did not change the proportion of aneuploid apoptosis in S phase. The proportion of 
apoptotic G2 cells was lower after two hour carbogen breathing compared with air 
treated control. Carbogen treatment increased however the proportion of apoptotic cells 
in G1 phase of the cell cycle.
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Fig. 4.7 Changes in hypoxia in aneuploid cells from CaNT tumours after 2 hour 
carbogen treatment (red symbols) compared with air treated controls (black symbols).
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Fig. 4.8 Cell cycle progression of BrdUrd-labelled cells in CaNT tumours following a 
2 hour exposure to air (upper panels) or carbogen (lower panels). Oxic cells (black) are 
expressed as oxic BrdUrd-labelled cells in a particular cell cycle phase over total oxic 
BrdUrd-labelled cells. Hypoxic cells (red) are expressed as hypoxic BrdUrd-labelled 
cells in a particular phase over total BrdUrd-labelled cells. Points and error bars 
represent means and SEMs of three or four (air treated group), or six (carbogen treated 
group) tumours. Where no error bar is indicated, SEMs were smaller than the size of the 
point plotted.
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4.2.3.2 Cell cycle distribution of hypoxia

Analysis of the distribution of hypoxia within the cell cycle was performed using 
markers (M2-M5) set on DNA histograms gated on regions R1 and R2 which were in 
turn set on bivariate distributions of hypoxia versus DNA (Fig. 4.3). Hypoxia was 
present throughout the cell cycle, and the G 1/GO phase contained a greater number of 
hypoxic cells compared with other phases. However S and G2 phases contained 
significant numbers of hypoxic cells. The differences between proportion of hypoxic 
G 1/GO and S and G2 cells were statistically significant (Table 4.1). Carbogen treatment 
did not change this pattern of cell cycle distribution (Fig. 4.11, upper panels).

Tumour Comparison

Pairec ^-test

Air
Mean P(t) 

difference

Carbogen
Mean P( t) 

difference

CaNT G1 vsS 
G1 vs G2 

S vs G2

1.293 0.0232 
2.921 0.0001 
1.628 0.0001

0.687 0.0029 
2.010 < 0.0001 
1.323 <0.0001

Table 4.1 Analysis o f cell cycle distribution o f hypoxia for CaNT (Fig. 4.11, upper 
panels) tumours. A paired t-test was performed using JMP to determine the differences 
in the proportion o f aneuploid hypoxia in separate cell cycle phases.

Calculation of the proportion of hypoxic cells within each individual cell cycle phase 
showed that G2 phase contained the highest proportion of hypoxia. This was not altered 
following carbogen treatment (Fig. 4.11, lower panels). Statistical analysis is shown in 
Table 4.2.

Tumour Comparison

Pairec /-test

Air
Mean P(t) 

difference

Carbogen
Mean P( /) 

difference

CaNT S v s G l
G2 vs G1 
G2 vsS

4.321 < 0.0001 
5.678 < 0.0001 
1.357 0.0320

4.653 < 0.0001 
7.150 < 0.0001 
2.498 0.0004

Table 4.2 Analysis o f cell cycle phase-specific hypoxia fo r  CaNT (Fig. 4.11, lower 
panels) tumours with a paired t-test comparison o f data, using JMP.
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4.2.3.3 BrdUrd binding at different levels of hypoxia

Figure 4.12 shows BrdUrd labelling at different levels of NITP-binding in diploid and 
aneuploid cells from CaNT tumours. Arbitrary regions 1 to 6 (R1-R6) arranged in 
ascending degree of NITP binding, were set on bivariate distributions of hypoxia versus 
DNA content as described and illustrated in section 4.2.2.2. Regions R1 and R2 were 
set to include the NITP-binding levels characteristic for the background binding, 
therefore they really represent the oxic cell populations.

Upper panel of Fig. 4.12 shows the analysis of diploid cell population of CaNT 
tumours. The majority of diploid cells bound only small amounts of NITP. Exposure to 
a single fraction of carbogen increased the percentage of BrdUrd-labelled cells in 
hypoxia region R3. It also markedly decreased the number of cells in regions R5-R6 
(Fig. 4.12 upper panel).

Lower panel of Fig. 4.12 presents the aneuploid cell population of CaNT tumours. In 
tumour cell populations, BrdUrd was incorporated by cells at all levels of hypoxia. 
Treatment with carbogen increased BrdUrd-binding in hypoxic regions R3-R6.
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4.3 Effect of carbogen breathing on cell cycle progression in 
HT29 xenografts

4.3.1 Experim ental design

HT29 xenografts were grown as described in section 2.1.1.2. HT29 tumours of a mean 
diameter of 8-10 nun (calculated from three orthogonal measurements) were labelled in 
vivo with both NITP and BrdUrd. The administration of NITP was performed by oral 
gavage (section 2.1.2.2.2) followed by intra-peritoneal injection of BrdUrd (section 
2.1.2.1). In the experiment comparing two methods of NITP administration, the 
simultaneous method was also used (section 2.1.2.3). The oxygenation status of 
tumours was altered by placing tumour bearing animals in boxes through which air or 
carbogen was flushed for 2 hours (section 2.1.3).

The labelling of hypoxic and proliferating cells was performed according to two 
different time schedules (Fig. 4.13). The first schedule was designed to follow the fate 
of a cohort of hypoxic cells prior to carbogen or air treatment. For the first schedule, 
HT29 xenografts were labelled in vivo with NITP (oral gavage) 2 hours prior to 
BrdUrd administration. BrdUrd was injected just before carbogen or air treatment. The 
second schedule investigated the dynamic changes in the hypoxic population after 
carbogen or air breathing. For the second schedule, BrdUrd was also administered just 
before carbogen or air breathing, and then animals were treated with NITP (oral gavage) 
2 hours prior to each sacrifice time.

At each time point tumours were excised and disaggregated (section 2.1.5) and the 
resulting cell suspension was filtered through a 35 pm nylon mesh to achieve a single 
cell suspension. Cells were washed in fresh culture medium (section 2.2.1.1) and then 
in PBS. Washed cell pellets were resuspended in 1 ml of PBS and then fixed in 1% 
paraformaldehyde and 70% ethanol (section 2.3.5.1).

Cell suspensions were stained with the method for the simultaneous measurement of 
hypoxia, proliferation and DNA content described in section 2.3.5.2.
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Fig. 4.13 Schematic representation o f the experimental design used for HT29 
xenografts. For the first schedule {upper panel), hypoxic cells were labelled with NITP 
2 hours before BrdUrd administration and the start o f carbogen/air treatment. For the 
second schedule (lower panel), BrdUrd was administered before the start o f 
carbogen/air treatment and NITP 2 hours before sacrifice.

4.3.2 Analysis

All samples were run on a Bee ton Dickinson FACScan (section 2.3.1). Light scatter and 
fluorescence data were collected for 10^ single cells. Cells with bound NITP (hypoxia) 
were represented by green fluorescence (FITC), cells with incorporated BrdUrd 
(proliferation) by orange/red fluorescence (phycoerythrin) and DNA by red fluorescence 
(either propidium iodide or 7-aminoactinomycin D). Compensation was applied for the 
triple-stained samples to allow for overlap in the fluorochrome emission spectra. 
Collected data were analysed using either Lysis II (section 2.3.1.2) or CellQuest 
(section 2.3.1.3) softwares.
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4.3.2.1 Cell cycle progression

In the present study, the analysis of cell cycle progression in HT29 xenografts labelled 
with NITP and BrdUrd was similar to that published by Webster et a l (Webster et a l 
1998). The gating strategy is described in detail in section 4.2.2.1.

4.3.3 Results

4.3.3.1 NITP binding in HT29 xenografts

Table 4.3 shows a comparison of two methods of NITP administration namely intra- 
peritoneal injection and oral gavage in HT29 xenografts grown in two mouse strains. 
Administration of NITP using both methods resulted in similar NITP binding by both 
diploid and aneuploid cell populations from HT29 xenografts. This was apparent for 
both mouse strains.

Mouse strain INJECTION GAVAGE

BALB/c/nu nude
number of animals 
tumour mean size (mm) 
tumour mean weight (g) 
diploid hypoxia (% ) 
aneuploid hypoxia (% )

19
7.60+0.23 (5.74-9.37) 
0.22+0.02 (0.10-0.39) 
2.80+0.31 (0.50-5.18) 
5.80+0.79 (0.80-14.68)

18
8.49+0.26 (5.97-10.97) 
0.28+0.02 (0.11-0.47) 
3.27+0.79 (0.64-14.64) 
6.15±1.28 (1.12-24.01)

SCID
number of animals 
tumour mean size (mm) 
tumour mean weight (g) 
diploid hypoxia (% ) 
aneuploid hypoxia (% )

12
9.05+0.23 (7.67-10.07) 
0.42+0.03 (0.22-0.52) 
6.99+1.47 (1.47-18.16) 
12.65±3.32 (2.7-39.04)

13
8.71+0.19 (7.77-9.87) 
0.36+0.02 (0.26-0.49) 
7.03+1.16 (1.13-15.73) 
17.0+2.70 (4.04-39.31)

Table 4.3 Comparison o f NITP binding in HT29 xenografts grown in both nude and 
SCID mice. NITP was administered by oral gavage or intra-peritoneal injection. 
Numbers are means ±  SEM, and the range is shown in brackets.
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HT29 xenografts grown in SCID mice appeared to be more hypoxic than those from 
nude mice. The percentage of hypoxic cells in diploid cell population from nude mice 
was around 3%, whereas in SCID mice the number of hypoxic diploid cells reached 
around 7%. Mean aneuploid hypoxia was around 6% and up to 17% in nude and SCID 
mice respectively. Statistical analysis has shown that differences observed in NITP 
binding between HT29 cells grown in nude and SCID mice were significant (Table
4.4).

Mouse strain and 
NITP administration 

method

BALB/c/nu
INJECTION

r- test P(t)

SCID
GAVAGE

f- test P(t)

BALB/c/nu
GAVAGE 0.2280 0.8207 4.4310 0.0001

SCID
INJECTION 2.4450 0.0208 1.0250 0.3160

Table 4,4 Statistical analysis o f NITP binding in aneuploid cells from HT29 
xenografts grown in both nude and SCID mice. A t-test was performed using the JMP 
statistical package, SAS Institute.

4.3.3.2 Cell cycle progression in HT29 xenografts

HT29 xenografts were labelled with both BrdUrd and NITP according to two different 
time schedules (Fig. 4.13) and the cell cycle progression was analysed as described in 
section 4.2.2.1. The first schedule was designed to follow the fate of a cohort of 
hypoxic cells prior to carbogen or air treatment. The second schedule investigated the 
dynamic changes in the hypoxic population after carbogen or air breathing.

The effect of 2-hour carbogen breathing on total level of NITP-binding in aneuploid 
cells from HT29 xenografts is shown in Fig. 4.14. Upper panel presents results 
obtained for the first schedule of NITP labelling. HT29 xenografts treated with 
carbogen seemed to bind less NITP compared with air treated controls. However in 
Schedule 1 hypoxic cells were labelled with NITP 2 hours before the carbogen 
treatment. This suggests that some NITP binding occurred during the treatment and 
therefore there is a difference between carbogen and air treated xenografts. In Schedule 
2, investigating the dynamic changes in the hypoxic population after carbogen or air
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breathing, the carbogen treatment did not influence the proportion of NITP-labelled cells 
in aneuploid cell population (Fig. 4.14, lower panel).

Figure 4.15 shows the cell cycle progression of BrdUrd-labelled hypoxic and oxic cell 
populations from HT29 xenografts which were labelled with NITP prior to BrdUrd 
administration and treatment with carbogen (Schedule 1). In control tumours (air treated 
group), the movement of BrdUrd-labelled cells through all phases of the cell cycle 
occurred more rapidly in the oxic cell population compared with hypoxic cells (Fig.
4.15, upper panels). Carbogen treatment did not alter the cell cycle progression of oxic 
cells whereas hypoxic cells completely halted progression through the cell cycle (Fig.
4.15, lower panels).

In Schedule 2, the degree of hypoxia of BrdUrd-labelled cells was assessed at time 
intervals. The hypoxic status was determined at the time of labelling (NITP administered 
2 hours before each time point). In both control and carbogen treated tumours, the 
hypoxic cell population did not progress through the cell cycle (Fig. 4.16).
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Fig. 4.14 Changes in hypoxia in aneuploid cells from HT29 xenografts after 2 hour 
carbogen treatment (red symbols) compared with air treated controls (black symbols). 
For the first schedule (upper panel), hypoxic cells were labelled with NITP 2 hours 
before BrdUrd administration and the start o f carbogen/air treatment. For the second 
schedule (lower panel), BrdUrd was administered before the start o f carbogen/air 
treatment and NITP 2 hours before sacrifice.
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Fig. 4.15 Cell cycle progression o f BrdUrd-labelled cells in HT29 xenografts 
following a 2 hour exposure to air (upper panels) or carbogen (lower panels). Hypoxic 
cells were labelled with NITP 2 hours before BrdUrd administration and the start of 
carbogen/air treatment. Oxic cells (black) are expressed as oxic BrdUrd-labelled cells in 
a particular cell cycle phase over total oxic BrdUrd-labelled cells. Hypoxic cells (red) are 
expressed as hypoxic BrdUrd-labelled cells in a particular cell cycle phase over total 
BrdUrd-labelled cells. Points and error bars represent means and SEMs o f five 
tumours. Where no error bar is indicated, SEMs were smaller than the size of the point 
plotted.
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Fig. 4.16 Cell cycle progression o f BrdUrd-labelled cells in HT29 xenografts 
following a 2-hour exposure to air (upper panels) or carbogen (lower panels). BrdUrd 
was administered before the start o f carbogen/air treatment whereas NITP 2 hours 
before sacrifice. Oxic cells (black) are expressed as oxic BrdUrd-labelled cells in a 
particular cell cycle phase over total oxic BrdUrd-labelled cells. Hypoxic cells (red) are 
expressed as hypoxic BrdUrd-labelled cells in a particular cell cycle phase over total 
BrdUrd-labelled cells. Points and error bars represent means and SEMs o f five 
tumours. Where no error bar is indicated SEMs were smaller than the size o f the point 
plotted.
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4.3.3.2 Cell cycle distribution of hypoxia in HT29 xenografts

Analysis of the distribution of hypoxia within the cell cycle was performed as described 
in sections 4.2.2.1 and 4.2.3.2 for CaNT tumours. Hypoxia was present throughout 
the cell cycle, and the G 1/GO phase contained a greater number of hypoxic cells 
compared with S and G2 phases. Statistical analysis has shown that there was a 
significant difference between the proportion of hypoxic G 1/GO, S and G2 cells (Table
4.5). Carbogen treatment did not change this pattern of cell cycle distribution (Fig. 4.17 
upper panels).

Tumour Comparison

Pairec /-test

Air
Mean P( t) 

difference

Carbogen
Mean P( t) 

difference

HT29 G1 vs S 
G1 vs G2 

S vs G2

0.541 0.0011 
1.415 <0.0001 
0.874 < 0.0001

0.206 0.0115 
1.022 <0.0001 
0.815 <0.0001

Table 4.5 Analysis o f cell cycle distribution o f hypoxia fo r  HT29 xenografts (Fig. 
4.17, upper panels). A paired t-test was performed using JMP.

Calculation of the proportion of hypoxic cells within each individual cell cycle phase 
showed that the G2 phase contained the highest proportion of hypoxia compared with 
G1 and S cells. The difference between G2 and S phases were statistically significant 
(Table 4.6). The pattern of the proportion of hypoxic cells within each individual cell 
cycle phase was not altered following carbogen treatment (Fig. 4.17, lower panels).

Tumour Comparison

Pairec /-test

Air
Mean P( t) 

difference

Carbogen
Mean Pf /) 

difference

HT29 S v s G l
G2 vs G1 
G2 vsS

4.057 < 0.0001 
6.254 < 0.0001 
2.198 < 0.0001

3.778 < 0.0001 
5.060 < 0.0001 
1.282 0.0004

Table 4.6 Analysis o f cell cycle phase-specific hypoxia fo r  HT29 xenografts (Fig. 
4.17, lower panels) analysed with a paired t-test comparison o f data, using JMP.
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NITP was administered 2 hours before sacrifice. The data represent individual tumours 
arranged in ascending degree of hypoxia.
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4.4 Discussion

Tumours contain gradients of oxygen and other nutrients and the cell population defined 
as hypoxic is heterogeneous in both the level and duration of low oxygen tensions. 
Therefore hypoxic and oxic cells from CaNT tumours and HT29 xenografts analysed in 
this study represent complex and dynamic cell populations. Using NITP as a hypoxia 
marker and BrdUrd as a proliferation marker it is possible to follow the cell cycle 
progression of proliferating cells from both hypoxic and oxic populations, and to study 
changes introduced by an oxygenation modifier such as carbogen (section 1.2.4.1).

4.4.1 Carbogen and cell cycle progression

Through the labelling of CaNT tumours simultaneously with markers of proliferation 
(BrdUrd) and hypoxia (NITP) and studying the progress of BrdUrd-labelled cell 
population through the cell cycle it was seen that hypoxic cells in CaNT tumours can 
actively synthesise DNA and that some progression was possible whilst hypoxic. 
Progression of hypoxic cells was slower than for the oxic cell population. The 
movement of hypoxic cells through mitosis into G1 phase seemed to be slightly delayed 
compared with that of normoxic cells (Fig. 4.8, upper panels). This is consistent with 
previous studies investigating the cell cycle progression of hypoxic cells in CaNT 
tumours (Webster et a l 1998). Hypoxic cells were exiting G2 phase more slowly than 
oxic cell, but the G2 block observed by Webster et a l in hypoxic cells from CaNT 
tumours was not as clearly pronounced (Fig. 4.8, upper panels).

A short (2 h) treatment of CaNT tumours with carbogen following NITP and BrdUrd 
administration caused the decrease in NITP-labelling compared with air treated controls 
(Fig. 4.7). Carbogen treatment caused reoxygenation of some hypoxic cells which then 
were included in the oxic cell population. Cells which did not become reoxygenated 
after exposure to carbogen probably represented chronically hypoxic cells whose 
progression during the cell cycle was very slow if it occurred at all (Fig. 4.8, lower 
panels). Carbogen treatment induced a G2 delay of oxic/reoxygenated cells and 
induction of apoptosis in comparison with untreated controls (Fig. 4.8, lower panels 
and Fig. 4.9).

The analysis of apoptosis as a function of cell cycle revealed that in all cell cycle phases 
carbogen increased the number of apoptotic cells compared with air treated controls 
(Fig. 4.10, upper panels). The analysis of cell cycle distribution of total aneuploid 
apoptosis showed that carbogen breathing did not change the proportion of aneuploid 
apoptosis in S phase. The proportion of apoptotic G2 cells was lower after two hour 
carbogen breathing compared with air treated control. Carbogen treatment increased
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however the proportion of apoptotic cells in G1 phase of the cell cycle (Fig. 4.10, lower 
panels). These findings seem to indicate a G2 delay of carbogen treated cells followed 
by the induction of apoptosis in G1 phase of the cell cycle.

It is known that oxidative stress during reoxygenation can contribute to apoptosis 
(Buttke and Sandstorm 1994). Oxidative stress leads to the production of superoxide 
(O2 *”), which in turn is converted to hydrogen peroxide (H2 O2 ) and the hydroxyl 
radical (*OH). Alternatively, mitochondrial superoxide may react with nitric oxide (NO) 
to form the potent oxidant peroxynitrite (ONOO"), which has been shown to induce 
apoptosis (Lin et al. 1995). Furthermore, NO has been found to inhibit antioxidant 
enzymes, including glutathione peroxidase and catalase responsible for the breakdown 
of intracellular peroxides. This has also been suggested to contribute to NO-induced 
apoptosis in cells (Asahi et al. 1996, Brown 1995). NO-induced apoptosis in 
macrophages is accompanied by poly(adenosine diphosphate)-ribose polymerase 
cleavage (Cui et a l 1994), accumulation of p53 and overexpression of Bcl-2, which is 
often indicative of cellular oxidative stress (Hockenbery et a l 1993).

There is substantial evidence to support a role for NO as an initiator of stress responses 
in cells when present at high concentrations. However the absolute levels of NO 
required to induce these effects in vivo have not been determined and it is not known 
whether NO has a growth inhibitory effects in tumours.

Studies investigating the mechanisms of cell death during hypoxia/reoxygenation have 
shown that the translocation of Bax from cytosol to mitochondria during hypoxia is a 
molecular trigger for cell death during reoxygenation. If ATP is available during 
reoxygenation, apoptosis occurs, alternatively cells die by necrosis. Bcl-2 
overexpression can prevent the reoxygenation injury and both forms of cell death 
(Saikumar gr a/. 1998).

Carbogen has been used in clinical trials as a hypoxic radiosensitiser and several studies 
have shown that carbogen alone or in combination with nicotinamide causes a drastic 
reduction of hypoxia (section 1.2.4.1). There are also studies indicating that carbogen 
reduces tumour cell proliferation (Bussink et al. 1999). The induction of a G2 block in 
reoxygenated cells from CaNT tumours is consistent with these findings. In HT29 
xenografts carbogen treatment did not alter the cell cycle progression of oxic cells, 
whereas hypoxic cells completely halted progression through the cell cycle (Schedule 1, 
Fig. 4.15). The second schedule investigated the dynamic changes in the hypoxic 
population after carbogen or air breathing. Carbogen treatment had no effect on cell 
cycle progression of oxic cells. The hypoxic cell population did not progress through 
the cell cycle and carbogen had no effect on these cells (Fig. 4.16).

143



In HT29 xenografts, carbogen treatment had only small or no effect on total levels of 
NITP-binding in aneuploid cells (Fig. 4.14). The effect of 2-hour carbogen breathing 
on HT29 xenografts was studied in nude mice, in which HT29 xenografts were found 
to be less hypoxic than those from SCID mice (6.2% versus 17.0% of aneuploid 
hypoxia; Table 4.3). In nude mice, hypoxic HT29 cells formed a narrow rim around a 
central necrotic area (Fig. 4.18, upper panel). HT29 xenografts from SCID mice 
showed a different pattern of hypoxia. Hypoxic cells were located in groups within the 
tumour mass (Fig. 4.18, lower panel). It is possible that the two hour carbogen 
treatment was not of sufficient duration to induce changes in the oxygenation of less 
hypoxic HT29 xenograft from the nude mice used in the present study. In contrast, in 
the more hypoxic CaNT tumours containing from 2% up to 32% aneuploid hypoxic 
cells (mean 10.5%), and showing a corded pattern of hypoxia (Fig. 3.11, upper panel), 
carbogen treatment induced cell cycle arrest and apoptosis.

4.4.2 Cell proliferation at different levels of hypoxia

The triple staining method used in this study enabled investigation of both cell cycle 
progression of different tumour cell populations, and proliferation at different levels of 
hypoxia. Cell populations at different levels of NITP-binding in CaNT tumours were 
separated according to the intensity of fluorescent staining (gating strategy described in 
section 4.2.2.2). Analysis of BrdUrd binding in these cell populations showed that both 
diploid and aneuploid cells from CaNT tumours bound BrdUrd. Aneuploid cells 
synthesised DNA at all levels of hypoxia (Fig. 4.12).

Exposure to a single fraction of carbogen increased BrdUrd-binding in aneuploid cells at 
all hypoxia levels (Fig. 4.12, lower panel). Hypoxic diploid cells which consist of 
macrophages, lymphocytes and stromal cells became oxygenated during carbogen 
treatment as the number of cells in hypoxia regions R4-R6 decreased (Fig. 4.12, upper 
panel).

These findings suggest that 2-hour exposure to carbogen treatment stimulates DNA 
synthesis in both diploid and aneuploid cell populations from CaNT tumours. Whereas 
cell cycle progression studies discussed in section 4.4.1 revealed that carbogen had an 
anti-proliferative effect in CaNT tumours. However studies investigating changes in 
BrdUrd-labelling at different levels of hypoxia included tumours which were excised 
directly after carbogen/air treatment. Therefore the information regarding changes in 
levels of BrdUrd-labelling in cells at different hypoxia levels at later time points is 
lacking. The cell cycle progression studies (section 4.4.1) showed that carbogen 
treatment increased the level of apoptosis compared with air treated controls (Fig. 4.10, 
upper panel). It is possible that the stimulation of proliferation in the previously hypoxic 
sub-compartments could be followed by an induction of apoptosis at later time points as

144



these two processes are linked by cell cycle-regulatory pathways. This seems to be 
confirmed by the analysis of cell cycle distribution of total aneuploid apoptosis. 
Carbogen breathing did not change the proportion of aneuploid apoptosis in S phase. 
The proportion of apoptotic G2 cells was lower compared with air treated controls, 
whereas the proportion of apoptotic G1 cells was higher after carbogen treatment (Fig. 
4.10, lower panel).
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Fig. 4.18 Low magnification sections o f HT29 xenografts grown in nude (upper 
panel) and SCID (lower panel) mice stained for bioreductively bound adducts o f the 
hypoxia marker NITP (section 2.5.3.1).
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4.4.3 Cell cycle distribution of hypoxia

Cell cycle analysis of NITP binding showed that in both CaNT tumours and HT29 
xenografts, hypoxia was present throughout the cell cycle. Most of the hypoxic cells 
seemed to be present in the Gl/GO population (Fig. 4.11 and Fig. 4.17, upper left 
panel), which is supported by other investigators (Webster et al. 1998). This increased 
number of G1 cells in the hypoxic population probably reflects the fact that most tumour 
cells are in Gl/GO phase. During tumour growth, cells move away from the blood 
vessels and become deprived of oxygen and nutrients. This leads to G1 arrest and 
subsequently cells enter the quiescent GO phase (Hirst and Denekamp 1979, Tannock 
1968). Statistical analysis has shown that there was a significant difference between the 
proportion of hypoxic Gl/GO and S cells (Table 4.7). G2/M phases also contained 
significant numbers of hypoxic cells, which is consistent with other studies (Pallavicini 
et a l 1979, Siemann and Keng 1988). A short carbogen treatment did not change this 
pattern of cell cycle distribution (Fig. 4.11 and Fig. 4.17, upper right panel).

Tumour Comparison

Pairec /-test

Air
Mean P(t) 

difference

Carbogen
Mean Pf /) 

difference

CaNT G1 vsS  
G1 vs G2 

S vs G2

1.293 0.0232 
2.921 0.0001 
1.628 0.0001

0.687 0.0029 
2.010 < 0.0001 
1.323 < 0.0001

HT29 G1 vsS 
G1 vs G2 

S vs G2

0.541 0.0011 
1.415 <0.0001 
0.874 < 0.0001

0.206 0.0115 
1.022 < 0.0001 
0.815 < 0.0001

Table 4.7 Analysis o f cell cycle distribution o f hypoxia (% aneuploid hypoxia in 
phase) for CaNT (Fig. 4.11, upper panels) tumours and HT29 xenografts (Fig. 4.17, 
upper panels). A paired t-test was performed using JMP.

Calculation of the proportion of hypoxic cells within each cell cycle phase in CaNT 
tumours and HT29 xenografts has revealed, that the highest proportion of hypoxic cells 
was located within G2 phase (Fig. 4.11 and Fig. 4.17, lower panel). Hypoxia has been 
shown to induce either a total or cell cycle-specific arrest (Amellem and Pettersen 1991, 
Pettersen and Lindmo 1983, Shrieve and Begg 1985). In vitro studies have shown, 
that S-phase cells are the most sensitive to hypoxic treatment. They may either undergo 
a total arrest such that no DNA synthesis occurs or progress through S phase with slow
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DNA synthesis (Pettersen and Lindmo 1983). G2/M cells have been reported to be 
insensitive to hypoxia (Spiro et a l 1984). After hypoxic treatment they have been found 
to progress through mitosis to G l, where arrest may occur.

In vivo studies by Webster et a l (1998) have shown that in SaF, CaNT and Rh tumours 
the highest proportion of hypoxic cells was located within G2 phase. The authors 
concluded that a high proportion of hypoxic cells in G2 might have completed a hypoxic 
S phase and then progressed slowly or were unable to continue through mitosis because 
of DNA synthesis infidelity. A G2 arrest in the first cycle has also been observed in 
untreated SaF and Rh tumours labelled with BrdUrd by Wilson et a l  (1994). The 
present study seemed to confirm these observations. The difference between G2, S and 
G l phases were statistically significant (Table 4.8). Carbogen treatment did not 
influence the proportions of hypoxic cells within each cell cycle phase (Fig. 4.11 and 
4.17, lower right panel).

Tum our C om parison

Pairec M est

Air
Mean P( t) 

difference

Carbogen
Mean P( t) 

difference

CaNT S v sG l 
G2 vs Gl 
G2 vsS

4.321 < 0.0001 
5.678 < 0.0001 
1.357 0.0320

4.653 < 0.0001 
7.150 < 0.0001 
2.498 0.0004

HT29 S v sG l 
G2 v sG l 
G2 vs S

4.057 < 0.0001 
6.254 < 0.0001 
2.198 < 0.0001

3.778 < 0.0001 
5.060 < 0.0001 
1.282 0.0004

Table 4.8 Analysis o f cell cycle phase-specific hypoxia (% o f phase hypoxia) for  
CaNT (Fig. 4.11, lower panels) tumours and HT29 xenografts (Fig. 4.17, lower 
panels) analysed with a paired t-test comparison o f data, using JMP.
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Chapter 5: Micro-environmental factors and 
apoptotic response to ionising radiation

5.1 Introduction

Most mammalian cells contain the intrinsic machinery necessary to carry out 
programmed cell death, which occurs during morphogenesis, in embryonic 
development, and which maintains homeostasis in adult tissues. There is also much 
evidence suggesting that apoptosis occurs spontaneously in tumours, although the 
degree to which it occurs varies between tumours of the same type (Kerr 1971, Kerr et 
al. 1994, Kerr et at. 1972, Thompson 1995).

Apoptosis in mammalian cells can be induced in vitro by a variety of treatments 
including chemotherapeutic drugs, growth factor deprivation, hyperthermia, hormone 
therapy, serum withdrawal, and ionising radiation (IR), (Dyson et at. 1986, Evan et al. 
1992, Hendry and Potten 1992, Hickman 1992, Searle et al. 1975, Sellins and Cohen 
1991, Szende et al. 1989, Warters 1992). When given in moderate doses, IR greatly 
enhances apoptosis in certain normal tissues without producing necrosis. Rapidly 
proliferating populations such as gut crypts, differentiating spermatogonia, rapidly 
proliferating cells in the foetus and lymphocytes are particularly susceptible (Smith et al. 
1989). Hendry and Potten (1982) have shown that in normal human tissues, the levels 
of spontaneous apoptosis are indicative of the degree of apoptosis induced by radiation.

In irradiated tumours, the extent of apoptosis induced by radiation varies enormously 
between tumours. Meyn et al. (1993) have reported the ability of IR to cause cell death 
in vivo in several types of murine solid tumours. In particular, they have found a 1:1 
correlation between the spontaneous background apoptotic rate in vivo and apoptosis 
caused by a fixed dose of ionising radiation. It was suggested that spontaneous 
apoptosis is a mechanism of cell loss in untreated tumours with radiation enhancing the 
process. This phenomenon has also been noted in normal tissues (Hendry and Potten 
1982). A number of clinical studies have investigated the relationship between the level 
of spontaneous apoptosis in cells and their radiosensitivity, with conflicting results 
reported. Tumours with high spontaneous apoptosis levels have been found to be either 
more responsive (Sirzen et al. 1998, Wheeler et al. 1995) or more resistant (Dubray et 
al. 1997, Levine et al. 1995) to ionising radiation. However, tumours which respond to 
radiotherapy are known to undergo radiation-induced apoptosis in vitro more readily in 
comparison to tumours which do not respond. Therefore the degree of radiation-induced 
apoptosis in vitro has been proposed as a predictive assay for intrinsic radiosensitivity in 
several tumours types (Aldridge and Radford 1998, Dubray et al. 1997, Olive and 
Durand 1997).
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In the present study the extent of radiation-induced apoptosis was investigated in vitro 
and in vivo in both CaNT and HT29 tumour cell lines. Cells from cultures grown in 
vitro and tumours in situ were irradiated with various doses of ionising radiation and the 
percentage of apoptotic cells was measured at several time points post irradiation using 
the TdT assay (section 2.3.6).

The induction of apoptosis following irradiation with small doses of IR was studied to 
investigate the hypothesis that radiation-induced apoptosis could be responsible for the 
cell loss at X-rays doses lower than 0.5 Gy. It has been shown that in the low radiation 
dose range (< 1 Gy) the clonogenic survival of some mammalian cell lines is different 
compared with that predicted from the linear quadratic model (LQ). Doses of 0-0.4 Gy 
have been found to be more effective in cell killing resulting in less survival than that 
predicted by the LQ model. At higher doses (0.5-1 Gy), the survival curve appears to 
recover to levels represented by the LQ model (Lambin et al. 1996, Marples and Joiner 
1993, W outers et al. 1996). This enhanced sensitivity, termed low-dose 
hypersensitivity (HRS) has been extensively investigated in order to explain the 
mechanism of this biphasic response. Induction of apoptosis may play a role in this 
response.

The differences in the induction of cell death in vivo and in vitro were studied by 
investigating the influence of micro-environmental factors such as hypoxia, nutrient 
deprivation, and cell culture confluence on the induction of apoptosis.

5.2 Radiation-induced apoptosis in vitro and in vivo

5.2.1 Experim ental design in vivo

CaNT tumours were maintained by serial passage in male CBA mice as described in 
section 2.1.1.1. HT29 xenografts were prepared by injecting single cell suspensions 
from in vitro cultures into SCID mice (section 2.1.1.2). Tumours were used when they 
reached a geometric mean diameter of 8-10 mm calculated from three orthogonal 
measurements.

Tumour irradiation was performed as described in section 2.1.4. Two X-rays doses of 
0.5 and 5 Gy were used. Control tumours were sham irradiated, that is, they were 
placed into lead jigs and left in the front of X-ray head (switched off) for the length of 
time required for irradiation with 5 Gy.
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A range of sacrifice times after irradiation (0-24 h) were used. At each time point 
tumours were excised and disaggregated (section 2.1.5) and the resulting cell 
suspension was filtered through a 35 |xm nylon mesh to achieve a single cell 
suspension. Cells were washed in fresh culture medium (section 2.2.1.1) and then in 
PBS. Washed cell pellets were resuspended in 1 ml of PBS and fixed in 1% 
paraformaldehyde and 70% ethanol (section 2.3.5.1).

5.2.2 Experimental design in vitro

In vitro experiments were performed using approximately 50% confluent monolayer 
cultures in 25 cm^ (T-25) tissue culture flasks as described in section 2.2.1. The 
irradiation protocol is described in section 2.2.5. CaNT cells were irradiated with 0.25 
and 0.5 Gy, and HT29 cells with 0.2 and 4 Gy. After irradiation, flasks were returned 
to the incubator and then cells were harvested at several time points (0-24 h). At each 
time point cells were scraped, washed with cold PBS, centrifuged, resuspended in 1 ml 
of cold PBS and then passed several times through a 23G needle. Finally cell 
suspensions were fixed in 1% paraformaldehyde and 70% ethanol (section 2.3.5.1).

5.2.3 Staining and analysis

Cell suspensions were stained for apoptosis using the TdT assay (section 2.3.6). HL60 
cells (section 2.2.2.3) treated with camptothecin (section 2.2.3.2) were used as a 
positive control for each staining. Figure 5.1 shows bivariate distributions of apoptosis 
versus DNA content. Region 1 (Rl) was set around the whole aneuploid cell population 
whereas region 2 (R2) included only apoptotic cells. The diploid cell population was 
analysed similarly using regions R3 and R4 respectively. Background control samples, 
stained in the absence of terminal transferase (TdT) were used to set the regions so that 
less than 0.6% of cells fell in R2. These regions were not altered from one sample to the 
next within an experiment. The percentage of apoptosis in both the diploid and 
aneuploid cell populations was calculated.
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Fig. 5.1 The upper dot plots show the magnitude o f apoptosis induced in HL60 cells 
after treatment with camptothecin (CAM) in comparison to the background staining (left 
panel). HL60 cells treated with 0.15 jlM CAM for 3 hours were used as a positive 
control. The lower dot plots show the regions set on a bivariate distribution of apoptosis 
versus DNA content which were used to study radiation-induced apoptosis in CaNT 
tumours and HT29 xenografts. The regions represent the following cell populations: 
Rl, total aneuploid cell population; R2, apoptotic cells within aneuploid cell population; 
R3, total diploid cell population; R4, apoptotic cells within diploid cell population.

5.2.4 Validation of TdT assay

Apoptotic cells from regions R2 and R4 and non-apoptotic cells (Rl and R3) were 
sorted using the FACS Vantage (section 2.3.2) and were further analysed using DNA 
gel electrophoresis (section 2.4).
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5.2.5 Results

5.2.5.1 Validation of TdT assay

A characteristic feature associated with apoptosis is the multistage process of DNA 
fragmentation. The activation of endonucleases cleaves the chromatin at linker DNA sites 
between nucleosomes generating 3’-OH DNA ends. In the reaction catalysed by terminal 
deoxynucleotidyl transferase, these DNA ends were labelled with biotin-dUTP and 
fluorescein avidin, enabling the identification of apoptotic cells by flow cytometry.

This method was validated by DNA electrophoresis using a 7% polyacrylamide gel, 
which was found to be the most sensitive of several polyacrylamide and agarose gels 
tested (section 2.4.1). Cells stained with terminal transferase were sorted using a FACS 
Vantage as described in section 5.2.4. DNA extracted from positively-labelled cells 
showed laddering characteristic of apoptosis, which was absent in DNA from unlabelled 
cells (Fig. 5.2). The use of SYBR Green I nucleic acid gel stain rather than ethidium 
bromide was found to be a more sensitive method for the detection of dsDNA in 
polyacrylamide gels.

5.2.5.2 Induction of apoptosis in vitro and in vivo by ionising radiation

Tumour cells were irradiated in vivo and in vitro with several doses of ionising radiation 
(0.2-5 Gy) and the percentage of apoptotic cells was measured at various time points 
post irradiation (0-25 h). In CaNT tumours (Fig. 5.3, upper panel, red symbols), the 
number of apoptotic cells increased from 10% in the controls to 33% at 2 hours 
following 0.5 Gy irradiation. The percentage of apoptosis remained elevated (22%) even 
at 24 hours post irradiation. In HT29 xenografts, the largest induction of apoptosis 
following irradiation with 0.2 Gy and 4 Gy was seen at 8 hours (Fig. 5.3, lower panel, 
red symbols). In contrast, CaNT and HT29 cell lines showed little or no radiation- 
induced apoptosis in vitro respectively (Fig. 5.3, black symbols).

Figures 5.4 and 5.5 show the comparison of radiation-induced apoptosis in both 
aneuploid and diploid cell populations from CaNT tumours and HT29 xenografts 
respectively. In both tumour models the pattern of apoptosis induction in diploid cell 
populations after irradiation was similar to that for aneuploid cells. However the levels 
of apoptosis in diploid cell populations were lower compared with aneuploid cells.
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Fig. 5.2 A 7% polyacrylamide gel stained with SYBR Green I nucleic acid gel stain 
following DNA electrophoresis. CaNT cells were stained using TdT assay and then 
positive and negative stained cells were sorted using a FACS Vantage. DNA was 
extracted from various numbers o f cells (0.2 x 1(P, 0.1 x 1(P, and 0.05 x 10^ (from left 
to right)). The 123bp DNA marker is shown on the extreme right.

154



(/)
m
ü
ü

5 0

40

30

O
Q .
o  2 0
05

V)

Q
Ü
O 30

O

Q .
O
Q _ 20
05

CaNT in vivo: □

In vitro □
O

î

0 Gy 
0.5 Gy 
5 Gy 
0 Gy 
0.25 Gy 
0.5 Gy 
5 Gy

t

I

$

40

10

0

HT29 in vivo: □

in vitro: □

0 Gy 
0.5 Gy 
5 Gy 
0 Gy 
0.2 Gy 
4 Gy

4  ▲

0 10 15
time (h)

20

i

[]

A

i

25

Fig. 5.3 Radiation-induced apoptosis in vivo (red symbols) and in vitro (black 
symbols) in two experimental tumours: CaNT (upper panel) and HT29 (lower panel). 
Points and error bars represent means and SEMs o f three tumours (in vivo) or an 
experiment with three repeats (in vitro). Where no error bar is indicated SEMs were 
smaller than the size o f the point plotted.

155



50

4 0

(f)

0
Ü 3 0o

4— "

o
Q -
O 2 0
Q -
03

10

0

0
Ü

3 0
4—*
o
o_
o
Q . 2 0
0

4 0  -

10

0
0

aneuploid cells from CaNT tumours
□  0 Gy
▲ 0.5 Gy
•  5 Gy

t
_  CD

$

diploid cells from CaNT tumours
□  0 Gy
▲ 0.5 Gy
•  5 Gy

é i i
I*

[] ? []

10  1 5

time (h)
20

i
[]

2 5

Fig. 5.4 Comparison o f radiation-induced apoptosis in aneuploid (upper panel) and 
diploid (lower panel) cell populations from CaNT tumours. Where no error bar is 
indicated SEMs were smaller than the size of the point plotted.

156



50

40
(/)
0  
ü
ü
O
Q -

g_ 20
03

30

10

0

40
if)
0  
ü
ü  
O

4— »

o_
0  20
0

30

10

1 1 1 1 
aneuploid cells from 

HT29 xenografts
À

I

!
>

-1 4  m
4 ▲

.. 1 . . 1 1 ... 1

0
0 10 15

time (h)
20

I I 1 1

diploid cells from HT29 xenografts

□  0 Gy 
A 0.5 Gy

I t

•  5 Gy

,+  , à .! 1  *

1 1

t

1 1

25

Fig. 5.5 Comparison of radiation-induced apoptosis in aneuploid (upper panel) and 
diploid (lower panel) cell populations from HT29 xenografts. Where no error bar is 
indicated SEMs were smaller than the size of the point plotted.

157



5.3 Effect of severe hypoxia and/or nutrient deprivation on apoptosis 
in vitro

CaNT and HT29 cell lines showed little or no radiation induced apoptosis in vitro 
respectively. In contrast, in vivo doses as small as 0.5 Gy caused marked apoptosis 
(Fig. 5.3). The hypothesis that hypoxia and/or nutrient deprivation may be responsible 
for such a big effect in vivo, was investigated. The in vitro system was used to test this 
hypothesis.

5.3.1 Experimental design

CaNT, HT29 and HL60 cell lines were maintained in cell culture as described in section 
2.2.2. At the start of the experiment, cells were plated into flat glass 300 ml bottles. 0.3 
or 0.5 X 10  ̂cells per bottle was plated (in 25 ml of medium) for CaNT and HT29 cells 
respectively. Five (CaNT) or three (HT29) days after plating bottles were placed in a 
warm room and gassed with N% for various lengths of time (0-60 h) as described in 
section 2.2.4. Prior to the start of experiments investigating the influence of severe 
hypoxia and medium depletion on the induction of apoptosis, the medium was replaced 
with medium from 5 day old cultures.

HL60 cells were grown in suspension. Prior to the start of the experiment 1 million of 
cells was plated into each bottle containing 25 ml of medium. Cells were gassed in a 
warm room as described above for various lengths of time (0-24 h).

At each time point cells were scraped, washed with cold PBS, centrifuged, resuspended 
in 1 ml of cold PBS and then passed several times through a 230 needle. Finally cell 
suspensions were fixed in 1% paraformaldehyde and 70% ethanol (section 2.3.5.1).

Cell suspension were stained and analysed as described in section 5.2.3.

5.3.2 Results

The influence of micro-environmental factors such as hypoxia and nutrient deprivation 
on the induction of apoptosis is shown in Fig. 5.6 and 5.7 for the CaNT, HT29 and 
HL60 cell lines. In HT29 cells a small increase in apoptosis was detected only after 48 h 
incubation under hypoxic or both hypoxic and depleted medium conditions (Fig. 5.7), 
by which time all cells were found to be detached. In CaNT cells there was no induction 
of apoptosis under hypoxic conditions. HL60 cell line showed an approximate 3-fold 
increase in apoptosis after 24 h incubation.
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5.4 Effect of nutrient deprivation and culture confluence on apoptosis in  
vitro

Severe hypoxia and/or nutrient deprivation had little effect on apoptosis induction in 
vitro. Therefore the influence of other micro-environmental factors such as nutrient 
deprivation and cell to cell contact was tested. To answer the question whether cell to cell 
contact is important in the in vivo response, the level of apoptosis was measured daily in 
exponential cell cultures through confluence. Cells were cultured in either replenished or 
depleted medium and in addition, the influence of ionising radiation was assessed.
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5.4.1 Experim ental design

CaNT and HT29 cells were plated at densities of 0.1 x 10^ cells per flask in 5 ml of 
medium. In the replenished medium group, medium was changed every day and 24 h 
before irradiation. In the depleted medium group, cells were grown in the same medium 
for the duration of the experiment (1-11 days). At each time point (every day) cells were 
irradiated with 0.5 Gy of X-rays as described in section 2.2.5. Control flasks (0 Gy) 
were sham irradiated. Two hours post irradiation, cells were scraped and placed on ice, 
passed through a needle (23G) and finally fixed in 1% paraformaldehyde and 70% 
ethanol (section 2.3.5.1). After fixation cells were counted and the total number of cells 
per flask calculated. Fixed cell suspensions were stored at -20°C. Cell suspensions were 
then stained for apoptosis and analysed as described in section 5.2.3.

5.4.2 Results

Figure 5.8 shows the results of the experiment investigating the influence of culture 
confluence and medium conditions on radiation-induced apoptosis in CaNT and HT29 
cell lines. The upper panels show the influence of the duration of cell culture and 
medium conditions on cell number in CaNT (left) and HT29 (right) cell lines. CaNT 
cells grown in the same medium for the duration of the experiment reached a plateau at 4 
days (black symbols). However when the medium was replenished daily, cells reached a 
plateau at five days at a higher level (red symbols). In HT29 cells the difference in the 
cell number in both depleted and replenished groups was less pronounced. The highest 
cell number reached at 6 days was larger compared with CaNT cells.

In CaNT cells grown in depleted medium, the number of apoptotic cell started to 
increase at 7 days and continued after this. However cells cultured in replenished 
medium did not show a marked increase in apoptosis. Irradiation of CaNT cells with 0.5 
Gy of X-rays did not cause any changes to this pattern of apoptosis induction (Fig. 5.8, 
left lower panel). The same result was seen in HT29 cells, although increase in 
apoptosis in the depleted medium group was observed at a later time (8 days). As was 
seen in CaNT cells, irradiation with 0.5 Gy had no effect on apoptosis induction (Fig. 
5.8, right lower panel).

Figures 5.7 and 5.8 show the results obtained in mycoplasma infected cells (right 
panels) compared with healthy cells (left panels) for both CaNT and HT29 cell lines 
respectively. Infected cells were found to divide and undergo apoptosis more rapidly 
than healthy cells.
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Fig. 5.8 The influence of cell culture conditions on radiation-induced apoptosis in 
CaNT (left panels) and HT29 (right panels) cell lines. Upper panels show the changes 
in the cell number with increasing duration of culture under different medium 
conditions. Lower panels show the changes in apoptosis induction in cells cultured 
under different medium conditions and irradiated with a small dose o f ionising radiation. 
Points and error bars represent means and SEMs of one experiment with three repeats at 
each point. Where no error bar is indicated SEMs were smaller than the size of the point 
plotted.
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5.5 Comparison of radiation induced apoptosis in clonogenic and non- 
clonogenic cell populations

In CaNT tumours, a dose as small as 0.5 Gy induced a 3-fold increase in apoptosis 2 
hours post irradiation (Fig. 5.3, upper panel). Working on the hypothesis that the 
apoptosis induction in non-clonogenic cells is responsible for this, tumours were 
irradiated in vivo with low (0.5 Gy) and therapeutic (2 Gy) doses, disaggregated and 
plated in Petri dishes. Apoptosis was measured in both the adherent (potentially 
clonogenic) and non-adherent (non-clonogenic) cell populations.

5.5.1 Experimental design

CaNT tumours (section 2.1.1.1) were irradiated in vivo with two doses, 0.5 Gy and 2 
Gy of X rays (section 2.1.4). Control tumours were sham irradiated as described earlier 
(section 5.2.1). Two hours after irradiation tumours were excised and digested (section 
2.1.5). The resulting cell suspension was plated in 9 cm Petri dishes. Approximately 20 
X 10  ̂cells per dish was plated in 20 ml of medium (section 2.2.1.1). After plating, Petri 
dishes were placed into a 37°C incubator for 4 hours. Non-attached cells floating in the 
medium were harvested and fixed separately from attached cells, which were trypsinised 
(section 2.2.1.2) prior to fixation (section 2.3.5.1). Fixed cell suspensions were stored 
at -20°C. The staining and analysis procedures used are described in section 5.2.3.

5.5.2 Results

The levels of apoptosis in both the adherent and non-adherent cell populations from 
disaggregated CaNT tumours are shown in Fig. 5.11. Up to 60% of the non-attached 
aneuploid cell population was apoptotic. Apoptosis was also observed in attached 
aneuploid cells, but at a much lower level (up to 20%). The irradiation of tumours in 
vivo with two doses, 0.5 and 2 Gy, did not influence the degree of apoptosis in either 
populations (Fig. 5.11, upper panel).

Diploid cells from CaNT tumours showed lower levels of apoptosis in both attached and 
non-attached cell populations. As was seen with aneuploid cells, the percentage of 
apoptotic cells was not altered by ionising radiation (Fig. 5.11, lower panel).
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5.6 Discussion

The elimination of tumour cells by exposure to lethal doses of drugs or radiation is a 
well-established strategy in anti-cancer therapy. Tumour sensitivity to therapy may be 
determined by the ability of anti-cancer agents to induce an injury that signals the cell to 
undergo apoptosis. If radiation induces apoptosis, the impact of this type of cell death 
on radiation sensitivity may be substantial. Many studies have investigated radiation- 
induced apoptosis in vitro. Several cell lines, such as lymphoma lines, containing wild 
type p53, have been shown to be very sensitive to radiation-induced apoptosis. In these 
cells apoptosis has been observed to occur within 4-8 hours post radiation. The 
elimination of wt p53 function or overexpression of bcl-2 increases clonogenic survival 
post radiation (Lowe et a l 1993, Meyn et a l 1996, Strasser et a l 1994). However 
many tumour cell lines appear unable to undergo apoptosis or apoptosis is delayed for 
many hours following irradiation (reviewed by Olive and Durand 1997). In these cell 
lines apoptosis does not affect clonogenic survival suggesting that apoptosis may be 
only one of a number of mechanisms by which cells undergo death in response to 
radiation. Therefore its overall effect on clonogenic survival is minimal.

There is some evidence that in the low radiation dose range (< 1 Gy) the clonogenic 
survival of some mammalian cell lines is different compared with that predicted from the 
linear quadratic model (LQ). Doses of 0-0.4 Gy have been found to be more effective in 
cell killing resulting in less survival than that predicted by the LQ model. At higher 
doses (0.5-1 Gy), the survival curve appears to recover to levels represented by the LQ 
model (Lambin et a l  1996, Marples and Joiner 1993, Wouters et a l  1996). This 
enhanced sensitivity, termed low-dose hypersensitivity (HRS) has been extensively 
investigated in order to explain the mechanism of this biphasic response. Induction of 
apoptosis may play a role in this response.

This study investigated the in vivo and in vitro induction of apoptosis in CaNT and 
HT29 cell lines treated with various doses of X-rays including doses as small as 0.2 and
0.5 Gy. Apoptosis was measured using flow cytometric analysis of terminal transferase 
end labelled cells (Hotz et a l  1994). This technique was validated using gel 
electrophoresis, which showed that DNA from cells positively labelled in the TdT assay 
were separated into a characteristic DNA ladder (Fig. 5.2). The apoptotic response of 
irradiated cells was analysed at regular intervals up to 8 hours in an attempt to identify 
early apoptotic events. The late induction of apoptosis was examined at 24 hour post 
irradiation. This time course was chosen as it has been suggested that radiation induced 
apoptosis responses in mammalian cells occur shortly after treatment (0.5-1 h) with 
peak levels at approximately 4-6 hours (Meyn et a l  1993, Mirkovic et a l 1994, 
Stephens et a l 1993).
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CaNT and HT29 cell lines showed little or no radiation-induced apoptosis in vitro 
respectively. In contrast, in vivo doses as small as 0.5 Gy caused marked apoptosis. 
Treatment with 0.5 Gy induced a 3-fold increase in apoptosis in CaNT tumours as early 
as 2 hours after irradiation. A marked increase in apoptosis at two hours was also seen 
in HT29 xenografts. The spontaneous levels of in vivo apoptosis in these tumours were 
also higher compared with cells in vitro (Fig. 5.3). These data posed two important 
questions:
1. Why is there such a great difference between apoptosis induction in vivo and in vitro?
2. Why is the magnitude of the in vivo apoptotic response to low doses greater than the 
level of expected cell kill?
The hypothesis that differences in the in vitro and in vivo response probably reflect the 
influence of micro-environmental factors has been tested. There is some evidence 
showing that hypoxia induces apoptosis in tumour cells (Revesz and Siracka 1984). 
Although it has been hypothesised that hypoxia may be responsible, in this study 
extreme hypoxia had little effect on apoptosis levels (Fig. 5.6). It has been shown that 
loss of the p53 tumour-suppressor gene or over-expression of the apoptosis-inhibitor 
bcl-2, reduces hypoxia-induced cell death (Graeber et al. 1996). Mutant p53 status or 
overexpression of bcl-2 may explain the resistance of HT29 cells to apoptosis induction 
in vitro.

Other micro-environmental factors such as acidity and nutrient deprivation also failed to 
induce apoptosis in vitro (Fig. 5.7). This suggested that other factors such as cell to cell 
contact and signalling factors may act to induce apoptosis synergistically. However 
experiments investigating the role of cell to cell contact and nutrient deprivation in vitro 
showed that these factors had no effect on the induction of apoptosis following 0.5 Gy 
of X-rays (Fig. 5.8). During routine testing for mycoplasma infection (section 2.2.1.5) 
it was found that cells used in two experiments were infected. However the experiments 
were continued to examine the influence of mycoplasma infection on apoptosis induction 
in exponential through to confluent cultures. Infected cells were found to undergo 
apoptosis more rapidly compared with healthy cells (Fig. 5.9 and 5.10). This is 
consistent with studies showing that mycoplasma infection of lymphocyte and epithelial 
tumour cell lines can sensitise host cells to undergo apoptosis (Komada et al. 1997, 
Rawadi et al. 1996, Sokolova et al. 1998). Sokolova et al. (1998) have shown that 
mycoplasma infection increases the sensitivity of cells to various inducers of apoptosis 
including gamma-irradiation and leads to the inhibition of proliferation. In the present 
study, there was no difference in apoptosis induction between irradiated and non
irradiated cells. The number of cells harvested from mycoplasma infected flasks was the 
same (HT29) or even higher (CaNT) compared with uninfected ones. However this may 
reflect the fact that cells infected with mycoplasma were easier to harvest as
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a gentle tap was sufficient to detach cells from the flask. Uninfected cells had to be 
scraped and therefore it is likely that some cells remained in the flasks which probably 
influenced the cell counts.

As mentioned earlier, small doses of ionising radiation had little effect on apoptosis 
induction in vitro. However in vivo, a dose as small as 0.5 Gy caused a marked increase 
in apoptosis. In CaNT tumours, it induced a 3-fold increase in apoptosis 2 hours post 
irradiation. In contrast, this dose of ionising radiation is expected to produce only a 
modest decrease in clonogenic cell survival. The question whether this effect is a 
consequence of the induction of apoptosis in non-clonogenic populations (as the plating 
efficiency of these cells is only 30%) is unanswered. In a pilot study, CaNT tumours 
were irradiated in vivo with low (0.5 Gy) and therapeutic (2 Gy) doses and cells from 
these tumours were then disaggregated and plated in vitro. Once cells had attached, 
apoptosis was measured in both the adherent (potentially clonogenic) and non-adherent 
(non-clonogenic) cell populations. Irradiation did not influence the proportion of 
apoptosis in these cell populations (Fig.5.11).

Data presented in this chapter did not explain why a small dose of ionising radiation 
induced such a large apoptotic response in vivo, and what was responsible for 
differences in radiation-induced apoptosis in vivo and in vitro. It is possible that these 
differences were related to the dose rates used in vivo (3.2 Gy/min) and in vitro (0.45 
Gy/min). Cell survival following radiation has been shown to increase as the dose rate 
decreases (reviewed in Hall 1994). Ling et al. (1994) used transfected rat embryo cells 
to investigate apoptosis as a function of dose rate (3-60 Gy/h) in vitro, and found no 
correlation (Ling et at. 1994). Similar results were obtained for human peripheral blood 
lymphocytes in which radiation-induced apoptosis was found to be independent of dose 
rate (Vral et al. 1998). In vivo studies have shown that there is no dose-rate effect on the 
induction of apoptosis in the cerebellum of 14-day-old rats in the 1.3 -  10.8 Gy/h range 
(Fritsch et al. 1994). However there are no reports comparing the effect of dose rate on 
apoptosis induction in vivo and in vitro in the same cells.

The differences between the in vivo and in vitro response may also reflect the various 
sample preparation techniques used in the present study. Cells from in vitro experiments 
were scraped from flasks whereas CaNT tumours and HT29 xenografts had to be treated 
with enzymes in order to obtain single cell suspensions. Cells from irradiated tumours 
could be more fragile to this treatment. Moreover the TdT assay used for the detection of 
apoptotic cells is unable to distinguish clearly between apoptotic, false apoptotic, and 
necrotic cells. This may be responsible for the increased levels of apoptosis in vivo, 
including spontaneous levels of apoptosis in non-irradiated tumours.

169



Chapter 6: Discussion

6.1 2-nitroimidazoles as tumour hypoxia diagnostics........................ 171

6.2 Modelling of tumour microenvironments in vitro ........................ 177

6.3 C onclusions........................................................................................... 1 7 9

170



Chapter 6: Discussion

6.1 2-nitroimidazoles as tumour hypoxia diagnostics

A characteristic feature of most tumours is presence of regions of low glucose 
concentration (Gullino 1975, Schwickert et al. 1995), high lactate concetrations 
(Gullino 1975, Walenta et a l 1997), low extracellular pH (Wike-Hooley et al. 1984) 
and low oxygen tensions (Vaupel et al. 1991). Energy deprivation, areas of necrosis 
and hypoxic regions are characteristic for advanced tumours (Vaupel et al. 1989). The 
presence of hypoxic cells in tumours has been associated with tumour resistance to 
radio- and chemotherapy, malignant progression and formation of metastasis (Brizel et 
al. 1996, Hockel et a l 1993, Hockel et al. 1996b, Overgaard and Horsman 1996). The 
deprivation of oxygen has also been shown to cause the death of cells sensitive to 
apoptosis and therefore it may be responsible for the expansion of cell variants that have 
lost their apoptotic potential and are therapy resistant (Graeber et al. 1996). 
Measurement of tumour hypoxia as a prognostic indicator has become an important 
issue in clinical oncology. Identification of hypoxic cells in human tumours would have 
important clinical applications. Namely it would allow the selection of patients for:
a) bioreductive agents therapy
b) modified radiotherapy regimes
c) anti-angiogenic/anti-vascular therapies
d) hypoxia-targeted therapy.

A number of approaches have been used to demonstrate or measure hypoxia in tumours 
(reviewed in sections 1.2.2 and 1.2.3). So far only results obtained using the 
polarographic needle electrode have provided prognostic information (Hockel et al. 
1996a). Measurement of oxygen partial pressure (p02) distributions using 
microelectrodes is probably one of the most direct ways of identifying hypoxia in 
human tumours. It involves insertion of a microelectrode probe into the tissue and then 
oxygen measurement are made after each stepwise movement through the tissue. A 
frequency distribution of intratumour p02 values is obtained. Using this technique the 
proportion of tumour cells at low oxygen tension has been estimated in a number of 
human tumours including breast cancer (Vaupel et al. 1991), cervical cancer (Hockel et 
al. 1993), head and neck cancer (Terris and Dunphy 1994) and soft tissue sarcomas 
(Brizel et a l 1994, Nordsmark et a l 1996). The p02 measurements were correlated 
with the tumour response to radiotherapy (Gatenby et al. 1988, Hockel et a l 1993, 
Kolstad 1968) proving that measurement of tumour oxygenation can be used as a 
prognostic indicator.
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Although microelectrode techniques appear to be an excellent way to identify hypoxia in 
tumours, they do have some limitations. The main limitation of this method is that it 
requires the insertion of the electrode into tumour. Therefore this limits its application 
only to superficial lesions. The size of needle micro-electrodes is still large compared 
with individual tumour cells therefore they measure an average O2 tension of a 
multicellular sample, which may contain not only tumour but also normal or necrotic 
cells.

Several other methods have also been studied including nitroaromatic compounds which 
have been investigated as a potential chemical markers of hypoxia. Bioreductive markers 
are currently in various stages of clinical and preclinical evaluation. Among various 
bioreductive markers, labelled 2-nitroimidazoles have been particularly investigated as 
hypoxia diagnostics (Hodgkiss 1998, Hodgkiss and Wardman 1992, Stone et a l 
1993). Some of these were specifically designed as non-invasive clinical imaging 
agents. Fluorinated nitroimidazoles such as SR-4554 have been particularly promising 
as they have been shown to be useful for MRS detection (Aboagye et a l 1998, 
Aboagye et a l 1998).

Nitroimidazoles and all other bioreductive drugs or markers need to be activated in order 
to be functional. The activation process occurs only in oxygen deprived cells in the 
presence of appropriate reductase enzymes. In mammals, nitroreduction can be achieved 
by a number of enzymes including aldehyde oxidase, DT-diaphorase and xanthine 
oxidase present in the cytoplasm, NADPH-cytochrome reductase and cytochrome P-450 
in the microsomes and the mitochondrial enzymes dihydrolipoamide dehydrogenase, 
cytochrome bg reductase, NADH-dehydrogenase and succinate dehydrogenase. 
Cytochrome P-450 reductase has been found to be the most important enzyme 
responsible for reducing 2-nitroimidazoles to intermediates which can covalently bind to 
cellular macromolecules (Joseph et a l 1994).

Data presented in this thesis (Chapter 3) have shown that the levels of reductase 
enzymes may vary depending on cell type. In this study a 2-nitroimidazole NITP was 
used to investigate hypoxia in two experimental tumours namely murine CaNT tumours 
and human HT29 xenografts. Diploid cells from both CaNT tumours and HT29 
xenografts have been found to bind less NITP than aneuploid cells. These differences 
were more pronounced in murine CaNT tumours whereas in human HT29 xenografts 
diploid cells bound slightly less NITP than aneuploid cells. The cell cycle analysis of 
NITP binding revealed that aneuploid G2 cells disaggregated from both tumours bound 
more NITP than cells in other cell cycle phases. These differences may be explained by 
various nitroreductase activity levels in separate cell populations within a tumour. The 
activity may also change depending on the cell cycle phase.
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It has been reported that 2-nitroimidazole binding is relatively insensitive to 
nitroreductase levels. Data from transfection studies have shown that a 1000-fold over
expression of DT-diaphorase produced a very small increase in the rate of 2- 
nitroimidazole binding in monkey cells in vitro (Joseph et al. 1994). However, an 80- 
fold over-expression of cytochrome P450 reductase produced a 5- to 7-fold increase in 
the rate of 2-nitroimidazole binding (Joseph et a i 1994). This suggests that differences 
in the levels of nitroreductases between tumour and normal cells may be much less 
important than oxygenation status in determining the rate of binding 2-nitroimidazoles.

The oxygenation status seems to be the most important déterminât of nitroimdazole 
binding (Chapman 1991). Therefore in this thesis the oxygen-dependence of NITP 
binding in CaNT tumours and HT29 xenografts was investigated (Chapter 3). In this 
study the "K" value was used as a measure of the oxygen concentration that produced 
half the maximum NITP binding. The "K" value was originally applied to describe the 
oxygen concentration that produced half the maximum O2 sensitisation of irradiated cells 
(Alper 1976, Alper and Howard-Flanders 1956). The Alper-Howard-Flanders 
relationship was subsequently used to describe the levels of sensitisation after different 
doses of misonidazole (Hendry and Sutton 1984) and other nitroaromatic bioreductive 
drugs (Wilson gr a/. 1994).

The oxygen-dependence of NITP binding was similar in both diploid and aneuploid 
cells and was independent of cell cycle position (Fig. 3.7). However there was a 
difference in the oxygen-dependence of NITP binding between CaNT tumours and 
HT29 xenografts. The "K" values for NITP binding in cells from CaNT tumours were 
higher than in cells from HT29 xenografts. Statistical analysis comparing "K" values of 
CaNT tumours and HT29 xenografts showed that there was a significant difference 
between aneuploid cells from both CaNT tumours and HT29 xenografts.

These findings are important, especially when 2-nitroimidazoles are used for the 
detection of tumour hypoxia by methods with limited resolution such as MRS/MRI. 
Tumours may contain various proportions of non-neoplastic host cells. Some 
experimental tumour models used in radiobiological studies have been found to contain 
30-60% of host cells (Siemann et a i  1981). In human tumours, changing subsets of 
tumour infiltrating cells have been found to be a complex phenomenon associated with 
growth and progression of a tumour (Zeromski et a i 1988). These non-neoplastic host 
cells in human tumours may have different capabilities for nitroimidazole binding and 
can contaminate the assay. When non-invasive assays are used for the detection of 
hypoxia it will be impossible to confirm whether the signal obtained originates from 
normal or tumour cells. The intensity of the signal of nitroimidazole binding may not 
represent levels of hypoxia but nitroreductase activity levels, which may vary in
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different cell populations within one tumour. Moreover, differences in the intensity of 
nitroimidazole binding between individual tumours may not reflect levels of hypoxia, 
but differences in the oxygen-dependence of 2-nitroimidazole binding between these 
tumours.

The morphological examination of 2-nitroimidazole binding in tumour biopsy sections 
provides a more sensitive method for the detection of hypoxia. Although it is invasive, it 
gives information about the tumour architecture and content of the non-neoplastic cell 
component. This enables the comparison of immunohistochemical data on tumour 
hypoxia with other histological data such as cell type and degree of differentiation. The 
immunohistochemical approach may complement non-invasive techniques such as MRS 
or PET and be useful at low levels of hypoxia fractions where the non-invasive 
techniques are relatively insensitive. One of the 2-nitroimidazoles, pimonidazole, has 
already been successfully used in the clinic for the detection of hypoxia in 
immunostained sections from human tumours (Raleigh et a l 1998). Immunostaining for 
pimonidazole binding allows the comparison of tumour hypoxia with other 
physiological factors such as Ki67, PCNA (Kennedy et a l 1997, Varia et a l 1998), 
and VEGF staining (Raleigh et a l 1998).

Biopsy-based methods are however prone to sampling errors. The intratumoral 
distribution of hypoxia and other prognostic factors is heterogeneous. Therefore a single 
biopsy may not be representative of the whole tumour. Multiple biopsies may be 
required to estimate overall tumour hypoxia (Cline et a l 1997, Cline et a l 1994). Thrall 
et a l (1997) have investigated the binding of 2-nitroimidazole compound, CCI-103F, in 
canine solid tumours to asses the source of variation within and between tumours. 
Variations in nitroimidazole binding have been found to occur even within a single 
biopsy. The biopsy sampling criteria required to obtain a meaningful information on 2- 
nitroimidazole binding have been investigated. It has been shown that it is possible to 
obtain a meaningful estimate of intrabiopsy nitroimidazole binding by counting at least 4 
randomly selected sections of an individual biopsy sample (Thrall et a l 1997).

Another approach is the flow cytometric detection of tumour hypoxia which requires a 
single cell suspension. Although no information about tissue architecture is available, it 
is possible to gain information which would not be available with any other techniques. 
Flow cytometry allows measurements to be made on individual cells and up to seven 
parameters might be measured simultaneously on tens of thousands of cells in a few 
minutes. Using multicolour staining protocols it is possible to combine the measurement 
of hypoxia with other markers such as, for example, the proliferation marker BrdUrd. 
Tumours are heterogeneous in regard to the types of cell present, the differences in 
position within the cell cycle, and the variability in the level of expression of measured
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markers. Using flow cytometry, measurements can be made on selected cells and even 
small subpopulations can be studied. The advantage of flow cytometric measurements is 
that large numbers of cells can be processed giving a good statistical analysis of 
populations.

Flow cytometry analysis was used in the studies described in Chapter 4 to investigate 
the relationship between several parameters in CaNT tumours and HT29 xenografts. 
The analysis of NITP binding in both CaNT tumours and HT29 xenografts showed that 
most of the hypoxic cells were in the Gl/GO population (Fig. 4.11 and Fig. 4.17, upper 
left panel).Statistical analysis has shown that there was a significant difference between 
the proportion of hypoxic Gl/GO and S cells (Table 4.7). Webster et a l (1998) showed 
that in SaF, CaNT and Rh tumours most of the cells tended to be in Gl/GO phase. The 
increased number of G1 cells in the hypoxic population probably reflects the fact that 
most tumour cells are in Gl/GO phase. During tumour growth, cells move away from 
the blood vessels and become deprived of oxygen and nutrients. This leads to G1 arrest 
and subsequently cells enter the quiescent GO phase (Hirst and Denekamp 1979, 
Tannock 1968). In the present study S and G2/M phases contained significant numbers 
of hypoxic cells, which is consistent with other studies (Pallavicini et al. 1979, Siemann 
and Keng 1988).

Calculation of the proportion of hypoxic cells within each cell cycle phase in CaNT 
tumours and HT29 xenografts has revealed that the highest proportion of hypoxic cells 
was located within G2 phase (Fig. 4.11 and Fig. 4.17, lower panel). The difference 
between G2, S and G1 phases were statistically significant (Table 4.8). Hypoxia has 
been shown to induce either a total or cell cycle specific arrest (Amellem and Pettersen 
1991, Pettersen and Lindmo 1983, Shrieve and Begg 1985). In vitro studies have 
shown, that S phase cells are the most sensitive to hypoxic treatment. They may either 
undergo a total arrest such that no DNA synthesis occurs or progress through S phase 
with slow DNA synthesis (Pettersen and Lindmo 1983). G2/M cells have been reported 
to be insensitive to hypoxia (Spiro et at. 1984). After hypoxic treatment they have been 
found to progress through mitosis to G l, where arrest may occur.

In vivo studies by Webster et al. (1998) have shown that in SaF, CaNT and Rh tumours 
the highest proportion of hypoxic cells was located within G2 phase. The authors 
concluded that a high proportion of hypoxic cells in G2 might have completed a hypoxic 
S phase and then progressed slowly or were unable to continue through mitosis because 
of DNA synthesis infidelity. A G2 arrest in the first cycle has also been observed in 
untreated SaF and Rh tumours labelled with BrdUrd by Wilson et al. (1994). In the 
present study the pattern of distribution of hypoxia within separate cell cycle phases in 
CaNT tumours and HT29 xenografts was similar to these observations.

175



A novel three-colour staining flow cytometry method enabled the simultaneous 
measurement of proliferation (BrdUrd), hypoxia (NITP) and DNA content in cells from 
disaggregated tumours (Webster et al. 1998). In this thesis it was used to follow the cell 
cycle progression of different cell populations within individual CaNT tumours and 
HT29 xenografts, namely proliferating, non-proliferating, hypoxic and normoxic. This 
study has been a continuation of earlier work by Webster et al. (1998), who investigated 
these parameters in three murine tumour models and seems to confirm their 
observations.

In the present study, labelling of CaNT tumours simultaneously with markers of 
proliferation (BrdUrd) and hypoxia (NITP) and studying the progress of BrdUrd- 
labelled cell populations through the cell cycle have revealed that hypoxic cells in CaNT 
tumours can actively synthesise DNA and that some progression was possible under 
hypoxic conditions. Progression of hypoxic cells was slower compared with the oxic 
cell population. The movement of hypoxic cells through mitosis into G l phase seemed 
to be slightly delayed compared with that of normoxic cells. Hypoxic cells exited 02  
phase more slowly than oxic cells, but the 0 2  block observed by Webster et al. (1998) 
in hypoxic cells from CaNT tumours was not as clearly pronounced. However the 
hypoxic cell population from the less hypoxic HT29 xenografts showed little or no 
progression through the cell cycle.

The present study has been extended to investigate the influence of the oxygenation 
modifier, carbogen on proliferation and hypoxia in these tumours. Carbogen has been 
used in clinical trials as a hypoxic radiosensitiser and several studies have shown that 
carbogen alone or in combination with nicotinamide causes a drastic reduction of 
hypoxia (section 1.2.4.1). There are also studies indicating that carbogen reduces 
tumour cell proliferation (Bussink et al. 1999). In CaNT tumours a short (2 h) 
treatment with carbogen caused reoxygenation of some hypoxic cells. Cells which did 
not become reoxygenated after exposure to carbogen probably represented chronically 
hypoxic cells whose progression during the cell cycle was very slow, if it occurred at 
all. Carbogen treatment induced a 0 2  delay of oxic/reoxygenated cells and an induction 
of apoptosis in comparison with untreated controls. The oxidative stress during 
reoxygenation was probably responsible for the induction of apoptosis in these cells as 
it has been shown that oxidative stress can contribute to apoptosis (Buttke and 
Sandstorm 1994). Carbogen treatment did not alter the cell cycle progression of oxic 
cells from HT29 xenografts whereas hypoxic cells completely halted progression 
through the cell cycle (Fig. 4.15, lower panels).
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The same three-colour staining flow cytometry method was used to study proliferation 
(BrdUrd labelling) at different levels of hypoxia (NITP binding) in both diploid and 
aneuploid cell populations from CaNT tumours (section 4.2.3.3, Fig. 4.12). Cell 
populations at different levels of hypoxia were separated according to the intensity of 
fluorescent staining. Analysis of these cell populations revealed that BrdUrd was 
incorporated by cells at all levels of NITP binding indicating that hypoxic tumour cells 
can synthesise DNA at all levels of hypoxia. Exposure to a single fraction of carbogen 
treatment increased BrdUrd binding in tumour cells from all hypoxia regions. These 
findings could suggest that 2-hour exposure to carbogen treatment stimulated 
proliferation in both diploid and aneuploid cell populations from CaNT tumours. 
Whereas cell cycle progression studies revealed that carbogen had an anti-proliferative 
effect in CaNT tumours. However the cell cycle progression studies (section 4.4.1) also 
showed that carbogen treatment increased the level of apoptosis compared with air- 
treated controls (Fig. 4.10, upper panel). It is possible that the stimulation of 
proliferation in the previously hypoxic sub-compartments could be followed by an 
induction of apoptosis at later time points as these two processes are linked by cell 
cycle-regulatory pathways. This seems to be confirmed by the analysis of cell cycle 
distribution of total aneuploid apoptosis (Fig. 4.10).

In summary, a flow cytometric method for studying 2-nitroimidazole binding as a 
hypoxia marker may therefore be a useful approach towards elucidating the complex 
interactions between the hypoxic and proliferating compartments in tumours. However 
none of the techniques for 2-nitroimidazole detection described here have the potential to 
yield all the information desirable, and they all will have a role to play in overcoming the 
problem of tumour hypoxia in the clinical treatment of cancer.

6.2 Modelling of tumour microenvironments in vitro

Chapter 5 presents data from studies investigating the influence of a single dose of 
ionising radiation on the induction of apoptosis. This study concentrated on comparing 
the in vivo and in vitro response of CaNT and HT29 cells. A flow cytometric approach 
was used to detect the percentage of apoptotic cells within a test population. This 
technique is widely used for the quantitation of apoptotic indices (reviewed by Ormerod 
1998). The terminal transferase assay was used to labelled DNA ends present in 
apoptotic cells (Hotz et al. 1994).

CaNT and HT29 cells irradiated in vitro showed little or no radiation-induced apoptosis 
respectively. In contrast, in vivo doses as small as 0.5 Gy caused marked apoptosis. 
A hypothesis that hypoxia may be responsible for the difference was tested by 
investigating the influence of hypoxia on the induction of apoptosis in vitro. However

177



extreme hypoxia had little effect. Other micro-environmental factors such as acidity and 
nutrient deprivation also failed to induce apoptosis in vitro. This suggested that other 
factors such as cell to cell contact and signalling factors may act to induce apoptosis 
synergistically. To address the question of whether cell to cell contact was important in 
the in vivo response, the level of apoptosis was measured daily after passaging in cell 
cultures growing exponentially through to confluence. Cells were cultured in both 
replenished and depleted medium. In addition, the influence of ionising radiation on cells 
cultured under above conditions was assessed. However the results from these 
experiments did not explain why small doses of ionising radiation induced such a large 
apoptotic response in vivo. Attempts to mimic tumour microenvironments in vitro were 
therefore not very conclusive, indicating that tumours in situ are complex structures and 
their response to treatment is influenced by many factors.

Working on the hypothesis that apoptosis induction in non-clonogenic cells is 
responsible for a large effect of small doses of ionising radiation in vivo, cells were 
irradiated in vivo with low (0.5 Gy) and therapeutic doses (2 Gy) and plated two hours 
after treatment. Once cells had attached, apoptosis was measured in both the adherent 
(potentially clonogenic) and non-adherent (non-clonogenic) cell populations. Data from 
a pilot study presented in this thesis did not show any changes in the percentage of 
apoptotic cells in these cell populations post irradiation.

Several studies have investigated radiation-induced apoptosis in tumours (Stephens et 
al. 1993, Meyn et al. 1993). A number of clinical studies have investigated the 
relationship between the level of spontaneous apoptosis in cells and their radiosensitivity 
giving conflicting results (Dubray et al. 1997, Levine et al. 1995, Sirzen et al. 1998, 
Wheeler et al. 1995). It has been reported that the degree of spontaneous apoptosis may 
vary even within tumours of the same type (Meyn et al. 1993). Moreover, tumour cells 
display different abilities to undergo apoptosis after irradiation (Olive and Durand 
1997).

The apoptotic response of tumours cells in vivo may vary in different cell 
subpopulations within one tumour. It is likely that even a small dose of ionising 
radiation may induce apoptosis in cells which are about to die, but this may not be seen 
in other cells. The same tumour cells grown in vitro are exposed to even conditions and 
therefore may respond differently in comparison to tumour cells in situ. Cells grown in 
tissue culture medium are not influenced by all the factors present in vivo which create 
different tumour microenvironments. Cell culture technique may also select for certain 
types of cells which are not representative of the tumour they are derived from. 
Therefore it remains unknown which tumour cell subpopulation is tested in vitro. The
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differences between radiation induced apoptosis in vivo and in vitro observed in the 
present study may therefore reflect these aspects.

In the last few years evidence has accumulated that certain conditions of radiation can 
induce a delayed cell death. This effect termed "bystander effect" refers to the induction 
of genetic alterations in cells that are not themselves irradiated but are neighbouring to 
irradiated cells. Mothersill and Seymour (1997) have shown that the delayed cell killing 
effect observed in carcinoma and normal epithelial cells was mainly due to the induction 
of apoptosis. In vitro experiments revealed that irradiated cells release a signal or 
substance into medium which is toxic to unirradiated cells. Neither the cell contact nor 
irradiation dose had effect on the toxicity of the signal. The dose of 0.5 Gy reduced the 
clonogenic survival to the same extent as 5 Gy, which suggested that the so called 
"bystander factor" may be released by cells in response to radiation at any dose. It has 
been also shown that after second dose of ionising irradiation there was no cell killing as 
a result of the "bystander effect". This suggest that a first dose of ionising radiation can 
induce a protection against a subsequent dose (Mothersill and Seymour 1998).

A phenomenon of "bystander effect" may therefore be a potential explanation of the 
massive induction of apoptosis observed in CaNT tumours and HT29 xenografts which 
were irradiated with single doses of ionising irradiation, 0.5 Gy or 5 Gy.

6.3 Conclusions

The present studies investigated cell cycle progression, hypoxia and apoptosis in order 
to improve the understanding of cellular interactions in solid tumours. A subcutaneous 
tumour system was used as a in vivo model to study the relationship between these 
parameters in two experimental tumours namely murine CaNT tumours and human 
HT29 xenografts. The influence of a single fraction of carbogen on the interaction 
between these parameters was also investigated. The in vitro system was used to study 
the influence of microenvironmental factors on the induction of apoptosis after a single 
dose of ionising radiation. The following conclusions can be drawn from these studies:

1. The hypoxia marker used in these studies, 2-nitroimidazole NITP, was found to be a 
rapid and convenient method of assessing the occurrence of hypoxia in tumours and 
normal tissues. Using NITP it was found that diploid cells in both tumours tested bound 
less NITP compared with aneuploid cell. Cell cycle analysis revealed that G2 cells bind 
more NITP than cells in other cell cycle phases. These differences probably reflected 
variable nitroreductase activity levels in these cells. Cells from cultures showed different 
patterns of NITP binding. Despite differences in absolute levels of NITP metabolism 
and binding, the oxygen-dependence of NITP metabolism and binding was similar in
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both diploid and aneuploid cells and was independent of cell cycle position within 
tumours. However the "K" values for aneuploid cells from CaNT tumours and HT29 
xenografts were found to be significantly different, suggesting that different tumours 
may have different oxygen-dependence of 2-nitroimidazole binding. Therefore the 
differences in the intensity of 2-nitroimidazole binding between individual tumours may 
not reflect levels of hypoxia, but differences in nitroreductase levels and/or variability in 
the oxygen-dependence of 2-nitroimidazole binding between these tumours.

Further research could be applied to study whether the differences in nitroreductase 
levels and/or the oxygen-dependence of 2-nitroimidazole binding are present in other 
tumour cell lines.

2. Simultaneous staining for hypoxia, proliferation and DNA content allowed the 
relationship between different subcompartments of the tumour to be evaluated. Hypoxia 
was present in both the normal diploid cells and in all cell cycle phases of the aneuploid 
tumour cells. G2 phase was found to be more hypoxic in comparison to G l and S 
phases. Cell cycle progression occurred in both the hypoxic and well oxygenated 
compartments of tumours. However the cell cycle progression of hypoxic cells was 
slower than better oxygenated cells. Re-perfusion injury from a single fraction of 
carbogen induced a G2 delay and apoptosis in more hypoxic CaNT tumours. Carbogen 
treatment did not alter the cell cycle progression of oxic cells from HT29 xenografts 
whereas hypoxic cells completely halted progression through the cell cycle.

Although a triple staining used in this study allowed the evaluation of the relationship 
between hypoxia, proliferation and cell cycle position in CaNT tumours and HT29 
xenografts, development of a new multicolour staining flow cytometric method enabling 
a simultaneous measurement of apoptosis, hypoxia, proliferation and DNA content 
would be of great benefit. It would help to study the relationship between these 
parameters in tumours and investigate reoxygenation after carbogen treatment. In 
particular it would allow to specify the cell subpopulation which undergoes apoptosis on 
reoxygenation. Using an alternative labelling strategy with NITP first, then carbogen 
and then pulsing with BrdUrd could also be of benefit in reoxygenation studies. The 
research could be extended to investigate these parameters in a number different tumours 
with defined genetic background, which would allow the correlation of changes in 
proliferation, hypoxia and apoptosis with expression of genes involved in these 
processes.

3. A single dose of ionising radiation induced a big apoptotic response in vivo but 
not in vitro in both tumours investigated. The attempts to study the influence of
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microenvironmental factors on the induction of apoptosis using in vitro system were not 
conclusive.

In a pilot study presented in this thesis the hypothesis that apoptosis induction in non- 
clonogenic cells is responsible for a large effect of small doses of ionising radiation in 
vivo was tested. Cells were irradiated in vivo with low (0.5 Gy) and therapeutic doses 
(2 Gy) and plated two hours after treatment. Once cells had attached, apoptosis was 
measured in both the adherent (potentially clonogenic) and non-adherent (non- 
clonogenic) cell populations. Data from this study did not show any changes in the 
percentage of apoptotic cells in these cell populations post irradiation. The analysis of 
the apoptosis induction in non-clonogenic (non-adherent) and clonogenic (adherent) cell 
population plated at various time points post irradiation could be more informative.

However the massive induction of apoptosis observed in CaNT tumours and HT29 
xenografts after irradiation with single doses of 0.5 Gy or 5 Gy, may be the result of a 
"bystander effect". Therefore further research could be applied to investigate whether 
cell-killing effect can be detected in CaNT and HT29 cells. A series of in vitro 
experiments investigating the influence of medium from irradiated CaNT and HT29 cell 
cultures on unirradiated cells, could explain the effects of ionising radiation on apoptosis 
induction observed in vivo.
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