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Abstract

Chemotherapeutic drugs and radiotherapy have a limited specificity for
cancerous cells over normal, healthy tissues and thus produce significant toxic side
effects. A reason for this is the requirement of oxygen for these therapies to be
maximally cytotoxic. Therefore properties such as tumour blood flow, tissue oxygen and
nutrient supply, pH distributuion and bioenergetic status can seriously alter the

therapeutic response (Vaupel et al., 1989).

For a tumour to expand it must recruit its own vasculature from the existing host
blood vessels. However, the growth of the tumour usually outstrips that of the recruited
endothelial cells resulting in an inadequate and heterogenous vascular network and

regions of hypoxia.

Tumour progression under conditions of hypoxic stress results in the over-
expression of a number of specific genetic regulatory sequences, known as hypoxia
response elements (HREs). HREs have been identified in a number of genes, such as
those involved in angiogenesis, oxygen and glucose transport, and glucose metabolism,
leading to increased protein synthesis, compared to aerobic cells. As these sequences are
differentially expressed in tumour cells over healthy cells, they provide a mechanism by

which treatment can be specifically targeted to cancerous cells.

The expression of these genes is regulated by the transcription factor, hypoxia-
inducible factor-1 (HIF-1; Semenza et al., 1996). However, in a number of these genes
there are multiple regulatory cis-acting elements. Evidence exists for the binding of
trans-acting factors at adjacent sites and their cooperative interaction with HIF-1, to

produce optimal transcriptional activation in response to hypoxia.

This study aims to optimise the functional amplitude of a number of HREs for

use in gene therapy strategies. Constructs were made that contained synthetic hypoxia-
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responsive enhancers, derived from Epo, VEGF, PGK, LDH-A and Glut-1. The HREs
were driven by a heterologous SV40 promoter, linked to a luciferase transcription unit.
Using Promega’s Dual Luciferase Assay system, oxygen regulated transcription of each
HRE was investigated in a panel of human carcinoma cell lines. From these results the

LDH-A HRE was dissected and manipulated to allow further optimisation.

There is thought to be a level of integration between the PKA and oxygen
sensing pathways. This was investigated by exposing carcinoma cells transiently
transfected with HRE constructs to hypoxia and cAMP analogs. A marginal cooperative

induction in response was observed.

Finally there have been attempts to make radiotherapy more specific by
combining with gene therapy strategies to produce ‘genetic radiotherapy’. This idea was
expanded from previous studies to determine the combined effect of radiation and
hypoxia on the Egr-1 gene, CArG elements and HREs in a wide range of human

carcinoma cell lines.
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Chapter 1

Introduction

1.1 _Treatment and Survival of Malignant Disease

Cancer is caused by a series of accumulated, acquired genetic mutations within
somatic cells. These mutations are predominantly located in oncogenes and tumour
suppressor genes, the consequences of which are disregulated cell division and
uncoupled apoptotic signalling pathways. These genetic mutations are reproduced until a
malignant clone arises, that ultimately proliferates outside normal tightly regulated
controls, eventually killing its host. Cancer is rare as the body has evolved multiple
mechanisms to check for and repair damaged DNA, e.g. immune-mediated or induced
programmed cell death (apoptosis) of abnormal cells. Problems arise when these
multiple checkpoints fail, and cells proliferate to form tumour foci. Eventually cells may
infiltrate surrounding tissues and travel (metastasise), via the lymphatic or blood system,

to other locations within the body to initiate secondary tumours.

Cancer is one of the biggest killers in the developed world, second only to heart
disease. As imaging techniques improve, early detection of localised disease is
becoming possible. At diagnosis, 70% of patients have no detectable distant metastasis
and over half are cured by loco-regional treatment (Brady et al., 1990). However, of the
patients treated for localised disease in Western Europe and the USA 22% are cured by
surgery, 18% by radiotherapy and 5% by chemotherapy (DeVita, et al., 1983). These
figures, in part, are a reflection of the fact that surgery and radiotherapy are largely
employed to treat localised disease while chemotherapy is often utilised in the context of
systemic disease, where prognosis is poor. Nevertheless, a critical limitation of
conventional chemotherapy is the relative sensitivity of certain normal tissues with high

proliferation rates.
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It is becoming more widely accepted in the field of oncology that a contributory
cause for these disappointing cure rates is the abnormal vasculature of tumours that can
give rise to severe metabolite gradients e.g. oxygen, glucose, growth factors and other
nutrients. Tumours, unlike normal tissues, often contain regions of low oxygen partial
pressure (low pQO,; hypoxia) and extracellular acidity, particularly in areas with poor
vascularisation. This is predominantly the result of the heterogenous and disorganised
tumour blood flow, which can also result in poor chemotherapeutic drug penetration
(figure 1.1a). In many cases, unless delivered by direct injection, reduced concentrations
of chemotherapeutic drugs are possible in avascular regions of solid tumours.
Furthermore, cells within this stressful microenvironment may be cycling very slowly or
become quiescent (yet remain viable), and consequently are insensitive to conventional
chemotherapeutics, which act predominantly on populations of proliferating cells. Thus
the therapeutic index of chemotherapy is largely reliant upon differences in tumour

versus normal tissue proliferation rates, a distinction that can be modest.

Moreover neoplastic cells often exist within a microenvironment that precludes
optimal drug exposure and are sufficiently heterogeneous to allow adaptive survival of
drug-resistant subpopulations. Despite a wealth of new agents there has been few
examples of significant progress in the treatment of epithelial cancers. One approach has
been to focus on developing “targeted” chemotherapy. It has been proposed that
therapeutics could be made more specific by exploiting genetic or physiological

differences between normal and cancerous tissues. Hypoxia is one such difference.
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Figure 1.1a: Illustration of the principle differences between the vasculature of

normal and malignant tissues.

(Taken from Brown 2000.)
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Figure 1.1b: Diagrammatic representation of tumour tissue surrounding a

capillary showing regions of chronic hypoxia.

(Taken from Brown 2000.) Part of a tumour cord surrounding a capillary, (a) As the
oxygen concentration decreases with increasing distance from the capillary, both cell
proliferation rates and drug concentration decrease, (b) The level of cell kill in response
to radiation, and to many other anticancer drugs, decreases with increasing distance from
the capillary.
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1.2 Hyvpoxia and cancer therapy

1.2.1 Hypexia

Oxygen is rapidly metabolised in cells limiting its diffusion range. This results in
cell populations within solid tumours that exist at intermediate and very low oxygen
tensions (Gatenby et al., 1988) causing altered cellular metabolism. Thomlinson and
Gray (1955), were the first to propose and model the existence of hypoxic cells,
approximately 150-200pum (diffusion distance for oxygen) from a blood supply. Cells
beyond 200um from the circulatory network will have an oxygen concentration of zero
leading to chronic, diffusion-limited hypoxia (figure 1.1b). For a tumour to grow and
expand beyond a few mm® it must have an effective vasculature network to receive a
supply of nutrients and oxygen and as well the removal of waste products. Initially a
growing malignancy can exploit pre-existing host vasculature. However the host vessels
per unit tumour mass do not increase in number leading to a reduction in the area
available for the exchange of nutrients (Vaupel et al., 1989). As a tumour continues to
proliferate it has to recruit its own blood supply. Angiogenic growth factors, e.g.
vascular endothelial growth factor (VEGF), stimulate the growth of tumour vasculature
via neovascularisation from venules within the tumour mass or from venules of the host
tissue adjacent to the tumour front (Vaupel et al., 1989). This process is highly
disorganised and the newly formed vessels lack any heirarcical structure. This results in
tortuous, elongated and dilated venules, which can be obstructed or compressed (Vaupel
et al., 1989). Tumour vessels are prone to occlusion or spontanaeous haemorrhage
(Gatenby et al., 1988) resulting in hypoxic stress and regions of acute, transient

perfusion-limited hypoxia.

Polarographic oxygen electrodes can be used to demonstrate the presence of
hypoxic regions within tumours. The measuring device is a needle electrode with a
membranised polarographic, microcathode tip in the form of gold wire. The electrode is
calibrated in sterile phosphate-buffered saline (pH 7.4) prior to and immediately after
pO, measurements (Vaupel et al., 1991).
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Vaupel et al., (1993) measured oxygen concentrations in normal tissue to be in
the range of 3.1% to 8.7% (pO,; oxygen partial pressure of 24 to 66mmHg), whereas
concentrations measured in human tumours showed a range of median oxygen from
1.3% to 3.9% (10 to 30mmHg). Readings of less than 0.3% (2.5mmHg) were frequent in
over 80% of measurements taken. At 0.3% tissue O, cells are half-maximally resistant to
radiotherapy (Hall, 1994). Regions of radioresistant hypoxic cells have been shown to
exist within human solid tumours in a number of studies. 41 of 46 solid tumours studied
were found to contain significant numbers of hypoxic cells (Moulder and Rockwell,
1987). In 6 out of 7 experimental model systems tested the hypoxic fraction was shown
to increase with size; doubling the hypoxic fraction required an increase in the tumour
diameter of about 1.5-fold. This increase in diameter corresponded to a volume increase
of a factor of 3-fold. In broad agreement, tumour blood flow, tumour oxygenation, tissue
pH distribution and high energy phosphates all decline as tumours enlarge. In each case
the steepest decline occurs at a size range in which gross necrosis is rarely observed and
in which a steep increase in the radiobiologically hypoxic fraction is also apparent
(Vaupel et al., 1989). Vaupel et al. (1989), concluded that energy metabolism in the cell
type tested (murine mammary adenocarcinomas) was limited by an inadequate O,
supply which was manifest with tumour growth. However the strong correlation seen
between tumour volume and hypoxic fraction is not observed in the clinical setting. The
extent of hypoxia within a tumour cannot be predicted by tumour stage. For example
there is no correlation between tumour stage and pO, frequency for carcinoma of the
breast and cervix (figure 1.2). This makes it difficult to predict pO, within and between
tumours and normal tissues. (Jiang et al., 1996),(figure 1.3), (figure 1.3; Hall, et al.,

1998).
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Figure 1.2: Frequency distributions of measured oxygen partial pressures (p02
histograms) for malignant tissues of the breast and cervix, at either stage 1-2 or 3-4.

Data adapted from various sources: Breast, Hoeckel et al. (1992); cervix, Schlenger et
al. (1991).
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Figure 1.3: Frequency distributions of measured oxygen partial pressures (p02
histograms) for normal vs. malignant tissues of the breast, and cervix.
Pooled data from various sources: Breast, Hoeckel et al. (1992); cervix, Schlenger et al.

(1991); normal brain, Cooper et al. (1966), Roberts and Owens (1972) and Silver
(1979).
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Hockel and colleagues (1996a), used the polarographic electrode assay to take up
to 35 direct pO, measurements in at least two tumour tracks in cervical cancers of at
least 3cm diameter in over 100 patients. They showed that a pre-therapeutic
determination of tumour oxygenation status provides important information regarding
malignant progression in terms of extra-cervical spread and radioresistance of locally
advanced cancer of the uterine cervix. Patients with hypoxic tumours had significantly
worse disease-free and overall survival probabilities compared to patients with non-

hypoxic tumours, making tumour oxygen status a powerful pre-treatment prognostic
indicator (Hockel, et al., 1996a).

There is significant hypoxic heterogeneity within solid tumours due to the
chaotic vasculature and fluctuating blood flow, causing both chronic and acute hypoxia.
Tissue pO, measurements don’t necessarily reflect the temporal changes in oxygen flow
that occur within the tumour microenvironment. Conflicting results obtained with
differing hypoxic fraction measuring techniques may be explained by the presence of
both chronic and acute hypoxia within the same tumour at the same time (Moulder and
Rockwell, 1987). Thus it is difficult to predict oxygen levels within solid neoplasia, as

there is no apparent relationship between oxygen concentrations in tumours of the same

tissue type or with tumour grade.
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1.2.2 Radiotherapy

Radiotherapy is almost exclusively a localised treatment. Tumour response to
radiation is heterogenous, the response can be modified by intrinsic radiation sensitivity,
rate of repopulation, and tumour size (Okunieff et al., 1994). Oxygen tension is possibly
the most powerful predictor of radiation response in animal tumours as hypoxic cells are
protected from the effects of radiation (figure 1.4; Suit et al,, 1988). Many researchers
have shown that ionising radiation, delivered as a single fraction, leads to the survival of
hypoxic cells which can then repopulate the primary site (Review: Teicher, 1994). It is
recognised that tumour hypoxia impacts less on treatment outcome if fractionated
radiation is administered, allowing reoxygenation to occur between treatments (Suit et
al., 1994, Kallman et al., 1972). Cells that were previously hypoxic may become aerobic
and hence radiosensitised (Teicher, 1994). Fractionated radiation may partially
overcome the effects of hypoxia, however, different tumours reoxygenate at different
rates and reoxygenation between fractions is rarely complete. It has been suggested that
both the initial ratios of acute and chronically hypoxic cells, and switching between
these two states, may cause treatment failure (Okunieff et al., 1994; Stern and Guichard,
1996). This intrinsic heterogeneity of response within tumours and between patients
remains a problem (Okunieff et al.,, 1994, Teicher, 1994). It has been proposed that
tumour response is highly dependent on cells at intermediate levels of oxygen (0.5-
20mmHg) and in most cases these cells are more important than the radiobiologically
hypoxic fraction (Wouters and Brown, 1997), Wouters and Brown (1997) demonstrated
that reoxygenation between radiation doses was much less than predicted, and hence had

little impact on response.




Figure 1.4: Schematic representation of the relative radiosensitivity as a function of

02 partial pressure (p02) in the cellular environment.

The range in values usually found in blood, normal tissues, and malignant tissues is
illustrated. The p02 at which the sensitizing effect is half-maximal is indicated.

(Adapted from Vaupel, 1989a).
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1.2.3 Chemotherapy

In contrast to surgery and radiation, chemotherapy can be used systemically to
treat metastatic spread. Like radiation, chemotherapeutic drugs act by either inflicting
genetic damage sufficient to kill cells directly, or by inducing apoptosis. (Heilman,
1996). However, the vast majority of these agents target DNA replication and are thus
selective for proliferating cells. Consequently, chemotherapy is unable to distinguish

between normal and cancerous cells as it has no inherent specifity for tumour cells. This
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lack of selectivity means that these drugs are dose limited due to the array of toxic side

effects.

1.2.4 Chemo- and Radio-Resistance

Hypoxic cells cycle at reduced rates (Durand, 1997) therefore, tend to be
resistant to radiation and many chemotherapeutic drugs that act on rapidly dividing cells.
Therapeutic responses are influenced by cellular heterogeneity due to genetic differences
and physiological factors created by inadequate and heterogeneous vascular networks
including tumour blood flow, tissue oxygenation, pH distribution and energy
metabolism (Okunieff et al., 1994). Cells in the hypoxic state have been shown to
remain viable for prolonged periods (Durand et al., 1997), and under conditions of
reoxygenation may re-enter the cell cycle so repopulating a tumour, which had
previously shown no responsiveness to therapy. Gatenby et al. (1988), demonstrated that
response to radiation therapy was increased with increased oxygen concentration in
squamous cell carcinomas of the head and neck. Tumours that recurred tended to have
oxygen concentrations less than 10mmHg compared to those with over 10mmHg
(Hoeckel et al., 1996). If tuamours were hypoxic prior to treatment then the probability of

developing distant metastasises was doubled (Brizel et al., 1996).

Alterations in gene expression, including oncogenes and tumour suppressor
genes, can increase resistance to both radiation and chemotherapy. Under normal
physiological conditions, apoptosis prevents the survival of mutated and transformed
cells. A normal diploid copy of the tumour suppressor gene, p53, can facilitate apoptosis
under low oxygen tensions such as those found within tamours (Graeber et al., 1996).
Tumours that have no functional p53 have a significant reduction in hypoxia-mediated
apoptosis, such that repeated hypoxia and repurfusion insult can favour the survival of
p53-/- cells (Graeber et al., 1996; Giaccia et al., 1996). These data suggest hypoxia can
provide a powerful selective pressure for cells that have mutated p53, an event that

destabilises cells and encourages malignant progression. In addition, hypoxia results in
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an increased mutation rate (Reynolds et. al.,, 1996) and a reduced DNA repair rate
(Glazer et al., 2000). This genetic instability may contribute to the intrinsic and/or
acquired drug resistance phenotype (Reynolds and Glazer, 1996). Since hypoxia can be
an early event in the pathophysiological history of a solid neoplasia (Folkman, 1996), it
is postulated that a clinically detectable tumour mass may have undergone durable
clonal selection for many years. Thus tumour hypoxia may have an important role in the
genotypic evolution of a growing tumour mass and suggests that hypoxia provides a

physiological environment that is selective for malignant progression.

1.2.5 _Exploiting tumour hypoxia

A number of strategies have been developed to overcome tumour hypoxia in
vivo. The utility of fractionated radiation has already been discussed; others methods for
overcoming radioresistance include breathing carbogen (95% O,, 5% CO,) concurrent to
a regime of fractionated radiation (Review: Teicher, 1995), the combination of radiation
with either nicotinamide and carbogen or carbogen and tirapazamine, (Stern and
Guichard, 1996), or the use of hypoxic cell radiosensitisers. Radiosensitisers from the
nitroimidazole class (eg. Nimorazole) are small freely diffusible compounds that are
sufficiently lipophilic that they can distribute evenly within tumours, implying that they
should be effective against both acutely and chronically hypoxic cells (Chaplin et al.,
1987; Sutherland et ai., 1996). This is in contrast to chemotherapeutic drugs that can
have poor tissue diffusion properties i.e. if they are DNA-affinic or undergo metabolic

consumption.

The presence of oxygen greatly increases the therapeutic response of solid
neoplasms to radiotherapy and chemotherapy. A variety of techniques have been
developed to increase oxygen delivery to tumours. For example the administration of an
oxygen-carrying perfluorochemical emulsion prior to injection of bleomycin or
etoposide produced significant tumour growth delays (Teicher, 1994). However, Chaplin

and Hill (1995), suggest that if temporal changes in red blood cell flux and thus tumour
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cell oxygenation, are a common feature of solid tumours, then procedures which
improve the oxygen-carrying capacity of the blood will not be effective in reoxygenating

all the hypoxic cell population.

A high percentage of tumour cells cycle through the hypoxic state (Wilson,
1996). The development of bioreductive prodrugs, or hypoxia selective cytotoxins
(HSC), can be used to exploit hypoxia. HSC undergo metabolic reduction to generate
cytotoxic metabolites. This bioactivation is suppressed in oxygenated cells providing a
selective method of cytotoxicity to hypoxic tumour cell populations that are resistant to
radiotherapy (Workman and Stratford, 1993; Denny et al., 1996). The bioreductive
drugs that have been, or are currently, under investigation include; EOQ9, Porfiromycin,
AQ4N and Tirapazamine. In general these agents tend to be DNA alkylating or DNA
strand-breaking agents as their cytotoxic effects are not highly dependent on cell cycle

status.

Vasoactive agents modify the blood flow so altering the perfusion of oxygenated
blood to the tumour and thus the potential for bioreductive drug activation. An example
is hydralazine, which preferentially causes arterial vascular smooth muscle to relax
leading to vasodilation, a decrease in blood pressure and reduced blood flow to the
tumour (Review: Teicher, 1995). Other antivascular agents include flavone acetic acid
(FAA), a synthetic flavanoid, it causes a rapid and significant decrease in tumour blood
flow ir vivo and thus oxygen and nutrient delivery (Bibby et al., 1989; Edwards et al.,
1989; Hill et al., 1989; Murray et al., 1989; Zwi et al., 1989). Combretastatin induces
vascular shutdown in murine models, in vivo, (Chaplin et al., 1999) mediated by an

induction in endothelial cell apoptois (Iyer et al., 1998).
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1.3 Regulation of gene expression

Gene therapy is a novel method of therapeutic intervention against cancer
targeted at the level of cellular gene expression. Gene therapy strategies offer the
potential to achieve a much higher level of specificity than conventional therapeutics by
virtue of the highly specific regulatory mechanism of gene expression that are targeted.
This requires the identification of genetic regulatory sequences that are differentially
expressed in cancerous cells over healthy cells providing a treatment that is more
specifically targeted to neoplastic cells. By exploiting the tumour hypoxia that arises as a
consequence of abnormal tumour physiology, regardless of tissue type, stage, or origin,
a near universal transcriptionally selective strategy could be achieved. One promising
application of gene therapy is gene directed enzyme-prodrug therapy (GDEPT). GDEPT
involves the delivery and expression of a gene(s) to tumour cells that will confer
conditional sensitivity to an inert prodrug (Connors 1995;). One possible level of
specificity employs an integrated promoter (hypoxia responsive element; HRE) to drive
the expression of the therapeutic enzyme in hypoxic cells (Connors, 1995; Springer et

al., 2000).

The first hypoxia-targeted GDEPT strategy, in vitro, was described by Dachs et
al. (1997); They transiently transfected a plasmid encoding a trimer of the hypoxia
responsive element (HRE) from the phosphoglycerate kinase-1 (PGK-1) promoter, fused
to a 9-27 promoter, linked to a gene encoding the enzyme cytosine deaminase, into the
9-3C (HT1080) human carcinoma cell line. On exposure to 16 hours anoxia, a 6.8-fold
increase in cytosine deaminase activity was observed compared to normoxia and the
parental (untransfected) cell line. On addition of the inactive prodrug, 5-fluorocytosine
(5-FC), cytosine deaminase converts it to the active metabolite 5-fluorouracil (5-FU),

which has demonstrated effectiveness in the treatment of colorectal carcinomas.

Prodrugs must distribute efficiently within hypoxic tumours and undergo
selective metabolism, ideally producing a bystander effect by releasing a diffusible

cytotoxin on activation (Denny et al., 1996). The metabolite produced should possess a
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half-life sufficiently long to permit them to diffuse significant distances from the cell of
origin. This would make a small proportion of hypoxic cells foci for the catalytic
production of cytotoxic species, which can kill surrounding oxic tumour cells (Denny et
al., 1996). The diffusion range of the cytotoxic species would not exceed that of oxygen
(200um) so limited localised cell killing occurs, It is unlikely that all cells in a tumour
will be transfected thus a bystander effect is an essential property of any gene therapy

strategy.

1.4 _Cellular responses to hypoxia

Individual cells sense hypoxia and respond by altering the expression of specific
genes, the products of which are involved in the maintenance of oxygen homeostasis
under hypoxic conditions (Semenza, 1996). Responses to hypoxia can be systemic
(including increased erythropoiesis, increased ventilation and cardiac output), or local
(changes in vascular tone and neovascularisation; Semenza, 1996). Adaption is also
achieved at the cellular level by cells switching from oxidative phosphorylation to the
less efficient anaerobic glycolysis (Dang and Semenza, 1999). Molecular oxygen is the
final electron acceptor in the respiratory electron transfer pathway through which
mitochondrial redox potential is utilised to generate adenosine 5-triphosphate (ATP;
Review: Wang and Semenza, 1996). Therefore, oxygen influences the pathway for
glucose utilisation and thus the generation of ATP. Anaerobic glycolysis is 18-fold less
efficient at producing ATP than the Krebs cycle, resulting in a higher rate of glucose
utilisation (Pasteur effect) that is reliant on an increase in glucose transport.
Consequently genes encoding enzymes involved in glucose transport (Glut-1, Glut-3)

and glycolytic metabolism (PGK, ALDA, ENO-1, LDH-A) are upregulated.

The DNA regulatory elements controlling the expression of oxygen-responsive
genes have been implicated or defined in most cases, and involve the specific binding
and transactivation by various inducible, phosphorylation-dependent and/or redox

sensitive transcription factors. Published evidence indicates that only hypoxia inducible
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factor-1 o/f (HIF-1; Wang and Semenza, 1993a; 1993b), is specifically oxygen-
responsive; HIF-1 operates at physiologically relevant oxygen tensions, in comparison,
NF-kf and the tumour suppressor p53, are induced by either near anoxic stress (0.02%

O,) or reoxygenation-dependent processes (Wenger and Gassman, 1997; An et al.,

1998).

1.4.1 Hypoxia-Inducible Factor-1 (HIF-1)

HIF-1 is a heterodimeric transcription factor consisting of two polypeptides, a
120-kDa HIF-1c subunit complexed with a 91 to 94-kDa HIF-1f (ARNT) isoform
(Wang and Semenza 1995). The amino terminal of each subunit contains basic helix-
loop-helix (bHLH) and PER-ARNT-SIM (PAS) homology domains; the conserved PAS
(Per-AHR-ARNT-Sim) domain has similarities to the Drosophila proteins period (Per)
and single-minded (Sim) involved in circadian regulation and neurogenesis, respectively
(Review: Littlewood and Evan, 1995; Wang et al., 1995). In mammals, the PAS domain
is thought to be involved in heterodimerization, DNA binding and transactivation
(Wenger and Gassman, 1997). In contrast, the HLLH domain mediates dimerisation
whilst the basic domain contacts the DNA of a large family of dimeric eukaryotic

transcription factors (Review: Semenza, 2000).

HIF-1a is an 826 amino acid protein novel to HIF-1, its only known function is
in hypoxia-specific gene regulation (Huang, 1996). HIF-1ao mRNA is constitutively
present in normoxic cells, but under hypoxic conditions, HIF-la protein rapidly
accumulates. HIF-1 levels are usually tightly regulated by cellular oxygen (Wang et al.,
1995) as both hypoxia-induced HIF-1 binding, and HIF-1a protein levels rapidly and
drastically decrease in response to reoxygenation (half life of less than 5 minutes in
normoxia; Huang et al., 1996). However, HIF-1a is also expressed in normoxic human
prostate (Zhong et al., 1999) and lung (Volm and Koomagi 2000) cancer cells in vitro,
suggesting that mutations exist that bypass the normal HIF-1 degredative pathways in

the presence of oxygen. HIF-la protein levels are regulated, in part, through

32




posttranslational alterations in stability (Huang et al. 1996). Removal of PEST-like
domains (proline, glutamic acid, serine, threonine; Rogers et al., 1986; Wang et al.,
1995; Huang et al., 1996; Rechsteiner et al., 1997; Salceda et al., 1997), in the C-
terminal portion of the protein (Wang et al.,, 1995) results in an oxygen insensitive,
stable protein (Richard et al., 2000). A recent study by Salceda and Caro, 1997,
suggested that the lack of HIF-1a protein under normoxic conditions was a result of
rapid degradation by the ubiquitin-proteasome system, a mechanism involving PEST-
like domains in other proteins. HIF-1o and thus the HIF-1 complex could be stabilised
(even under normoxia) by blocking this pathway with proteosome inhibitors (Salceda
and Caro 1997; Huang et al., 1998; Richard et al., 1999). This and previous data (Huang
et al,, 1996) suggest that the hypoxia induced changes in HIF-lo stability and

subsequent gene activation are mediated by redox-induced changes.

In contrast, HIF-1, has been shown to encode 774 and 789 amino acid isoforms.
As well as dimerising with HIF-1a, HIF-1B, also known as aryl hydrocarbon nuclear
translocator (ARNT) in the xXenobotic response, can heterodimerise with the aryl
hydrocarbon receptor (AHR) in cells exposed to xenobiotic ligands such as dioxin and
other aryl hydrocarbons to form the AHR complex (Huang, 1996; Semenza et al., 1997,
Wenger and Gassman, 1997). The AHR complex binds to the xenobiotic response
element and regulates expression of genes involved in xenobiotic metabolism (figure
1.5; Wenger and Gassman, 1997). HIF-1 protein is constitutively expressed in
normoxic cells and its level is not affected by changes in oxygen concentrations
(Semenza et al., 1996; Wood et al., 1996). The N-terminal region of HIF-1p is vital for
DNA binding and heterodimerisation, in contrast the C-terminal region mediates
transactivation (Li et al., 1996). HIF-1§ deficient Hepa-1 cells transiently transfected
with a hypoxia responsive gene (HRE from PGK-1) showed no response to reduced
oxygen (Li et al.,, 1996) demonstrating that HIF-1p is an essential component of
hypoxia-inducible HIF-1 DNA binding and oxygen-regulated reporter activity (Li et al.,
1996; Gassman et al., 1997; Maxwell et al., 1997).
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There is evidence that HIF-1oo and HIF-1p steady state mRNA levels remain
constant at varying oxygen concentrations (between 20 and 0.5% in a variety of human
carcinoma cell lines tested in vitro) suggesting that the induction of HIF-1 DNA binding
is regulated at the post-transcriptional level (Wenger et al., 1997). The prevalent mode
of HIF-1a induction seems to be translational up-regulation and/or protein stability
(Wenger et al. 1997). HIF-1 is induced by hypoxia, cobalt chloride (CoCl,) and
desferrioxamine and inhibited by cyclohexamide, a protein synthesis inhibitor known to
block induction of Epo mRNA (Goldberg et al., 1988) and actinomycin D, a protein
kinase inhibitor (Wang and Semenza, 1993a) in hypoxic Epo (Hep3B) and non-Epo
producing cells. This suggests a general role for HIF-1 in hypoxia signal transduction
and transcriptional regulation (Semenza, et al., 1994). This suggests that both de novo
transcription and translation is required for the induction of HIF-1 activity in hypoxic

cells (Wang and Semenza, 1993a).

A study by Gradin et al. (1996), found HIF-la stably associated with the
molecular chaperone heat shock protein 90 (hsp90), suggesting that HIF-1a may be
regulated by hsp90 in a manner similar to the dioxin receptor (figure 1.5). HIF-1a and
AHR both contain ligand and hsp90 binding sites in the C-terminal half of the PAS
domain (Wenger and Gassman, 1997). Prior to heterodimerisation with ARNT, the AHR
transcription factor is located in the cell cytoplasm complexed with two molecules of
hsp90. Ligand binding (by dioxins) causes activation of the AHR, it is then released
from the hsp90, a mechanism possibly associated with ARNT, and translocates to the
nucleus to heterodimerise with ARNT a HLH protein essential for both dioxin and HIF-
Lo mediated pathways (Gradin et al. 1996). Minet and colleagues (1999), demonstrated
that hsp90 was essential for HIF-1 activation in hypoxia, as with AHR, hsp90 was not
co-translocated with HIF-1a into the nucleus. Hsp90, as well as acting as a molecular
chaperone, prevents the aggregation of unfolded proteins subjected to heat, oxidative or
ischaemic stress, and also binds to zinc finger proteins so may have a role in oxygen

sensing (Scandurro et al., 1997; Minet et al., 1999).




It has been demonstrated that HIF-1o. and § subunits can independently co-
transactivate the Epo enhancer, but binding of both subunits and a hypoxic environment
was necessary for maximal transactivation (Madan et al., 1997). However this does
suggest the presence of transcription factor(s) that may possess some homology to either
HIF-1a or HIF-1B. Recently a HIF-1a-like bHLH factor was identified in independent
studies (HIF-1a-like factor, HLF, Ema et al., 1997; HIF-related factor, HRF, Flamme et
al., 1997; endothelial PAS domain protein 1, EPAS-1, Tian et al., 1997) with 48%
similarity to HIF-1a (Wenger and Gassman, 1997). For the purpose of this thesis, we
will refer to this factor as EPAS-1 and the EPAS-1/HIF-1§ complex, as HIF-2. EPAS-1
is activated by hypoxia and can heterodimerise with HIF-1B to activate genes via the
same HIF-1 binding sites as HIF-1, such as VEGF (Wenger and Gassman, 1997,
Wiesener et al., 1998). The inducible responses of EPAS-1 to hypoxia are similar to that
seen in HIF-1o, however EPAS-1 was slightly more abundant in normoxic and mildly
hypoxic cells (Wiesener et al., 1998). EPAS-1 mRNA expression has been identified in
highly vascularised tissues in adults and endothelial cells during embryogenesis, mouse
embryonic stem cells lacking EPAS-1 developed severe vascular defects and die early in
development (Peng et al., 2000). EPAS-1 has a high target specificity for VEGF,
upregulaiing gene expression through its HIF-1 binding site (Maemura et al., 1999)
compared to other HREs tested (Wiesener et al., 1998), demonstrating the important role

of EPAS-1 in vascular development.

The C-terminal region of HIF-loo has been shown to associate to the
transcriptional co-activator protein, p300 in a hypoxia-induced DNA-bound complex
leading to the transcriptional activation of Epo and VEGF (Arany, et al., 1996). p300 is
a general transcriptional activator with close homology to CREB binding protein (CBP),
it interacts with transcription factors, such as HIF-1, cyclic AMP-responsive element
binding-1 (CREB) and activating transcription factor-1 (ATF-1), as an adaptor protein
rather than binding to DNA directly (Goldberg et al., 1988). p300/CBP may act by
signalling between DNA-bound transcription factors and the basic transcriptional
machinery (Arany et al., 1996) which may play a critical role in regulating HIF-1a

activity, e.g. it may have activity with HIF-1 accessing its binding site (Arany et al.,
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1996; Huang et al., 1997; Wenger and Gassman, 1997). If activity of p300/CBP was
blocked by the adenovirus E1A oncoproteins, hypoxic Epo and VEGF gene activation
was prevented in Hep3B cells, in contrast, enhanced expression of p300/CBP increased
hypoxia-induced transcription (Arany et al., 1996; Wenger and Gassman 1997; Huang et
al., 1997). This process may occur in other HREs, such as the LDH-A gene, which relies
on the cooperative interaction of HIF-1 and CRE binding sites for function (Firth et al.,
1995). If cells were exposed to cyclicAMP the transcription factor, CREB, is stimulated
to bind to the cyclic AMP responsive element (CRE) DNA sequence and recruits the
transcriptional adaptor CBP (Review: Arany et al., 1996).




Figure 1.5: Hypoxia and dioxin activated signal transduction pathways.

(Taken from Gassman et al., 1997) As a result of hypoxia, HIF-1a is released from
hsp90 and translocates to the nucleus where it rapidly accumulates (Wang et al, 1995),
and binds with HIF-1f to form the HIF-1 complex. Other co-activators may bind to
HIF-1, prior to HIF-1 binding the core DNA sequence 5’-ACGTG-3’, eg. CREB-1/ATF-
1, or may compete for binding of the HIF-1 site. Binding of the HIF-1 complex to its
DNA regulatory sequence leads to the transcriptional activation of a number of hypoxia

responsive genes.
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1.4.2 Clinical evidence for HIF-1 expression

Overexpression of HIF-lo protein can occur early in carcinogenesis, eg. in
premalignant lesions of colon adenoma and breast carcinoma in situ, in comparison,
benign tumours so far analysed do not overexpress HIF-1a (Zhong et al., 1999). Zhong
and colleagues (1999), are continuing their studies to discover whether HIF-1a could
become a novel biomarker of pre-cancerous lesions, thus allowing early therapeutic

intervention.

Hypoxia causes the upregulation of a number of genes through HIF-1 activity,
such as lactate dehydrogenase A (LDH-A) or thymidine phosphorylase (TP; Matsushita
et al., 1999) both of which have long been used as markers of neoplasia (Wang et al.,

1995) which lead to a poor prognosis.

The mutation of tumour suppressor genes and oncogenes, leading to their
inactivation or activation respectively, results in increased expression of HIF-1a protein
and HIF-1 DNA binding activity ultimately causing increased transcription of genes
encoding, among others, VEGF and glycolytic enzymes (Review; Semenza et al., 2000).
Accumulation of the tumour suppressor gene, p53, occurs in the hypoxic state where it
can bind directly to HIF-1a through an interaction with p300 (An et al., 1998; Richard et
al., 2000). Tumours lacking a second tumour suppressor gene, Von Hippel Lindau
(VHL), over-express HIF-1 induced genes such as VEGF and Glut-1 in an oxygen-
independent fashion resulting in highly vascularised tumours (Iliopoulos et al., 1996;

Maxwell et al., 1999; Richard et al., 2000).

HIF-1a, at low oxygen tensions, is involved in maintaining oxygen homeostasis
by increasing glycolysis, erythropoeisis and angiogenesis (Carmeliet et al., 1998),
tumours lacking HIF-1 expression have a slower growth rate and are poorly vascularised
(Maxwell et al., 1997; Jiang et al., 1997). Carmeliet and colieagues (1998) demonstrated
that a lack of oxygen and glucose (hypoxia and hypoglycaemia respectively) reduced

cellular proliferation and increased apoptosis, this was not seen in cells deficient in HIF-
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la, suggesting HIF-1o. as a mediator of hypoxia and hypoglycaemia induced apoptosis.
Thus a lack of HIF-1a would promote tumour regression by reducing hypoxia-induced
expression of growth factors that allow the formation of new blood vessels, leading to a
reduced vasculature (Carmeliet et al., 1998). Mice embryos lacking HIF-1a die at
embryonic day 10.5; inadequate vascularisation, cardiac and neuronal abnormalities
were observed in HIF-1o deficient mice, both these data indicate that HIF-1a plays a

critical role in embryogenesis and neovascularisation (Carmeliet et al., 1998; Richard et

al., 1999).

1.4.3 Oxygen sensing and signal transduction

Biological signalling involves a ligand binding to a cognate receptor in a
stereospecific manner, this allows transduction of a signal that impacts on cellular
function either directly or by altering gene expression (Bunn and Poynton, 1996).
Nuclear receptors bind to their ligands in the cytosol, travel to the nucleus and bind to

target genes, so functioning directly as transcription factors (Bunn and Poynton, 1996).

It was Goldberg et al. (1988), who originally demonstrated that a ligand-
dependent conformational change in a heme-protein was likely to account for the
mechanism by which hypoxia stimulates a signal transduction pathway leading to the
induction of HIF-1a and the production of Epo. Oxygen is known to bind to and react
with heme proteins, Goldberg and colleagues (1988), hypothsised that the oxygen sensor
was a high turn-over heme-protein. Evidence to support this came from studies showing
that Epo production was inhibited at low partial pressures of oxygen by carbon
monoxide (the only known targets for carbon monoxide are reduced heme proteins).
Secondly, Epo was induced by transition metals, namely iron; a heme protein acted as an
oxygen sensor for Epo expression. Cobalt, nickel and manganese atoms can substitute
for the iron atom in the heme moiety by changing their redox state (Bunn and Poynton,

1996; Ehleben et al., 1997; Huang et al., 1997; Salnikow et al., 2000). Blocking heme




synthesis in Hep3B cells, impaired the oxygen sensing mechanism and markedly

reduced hypoxia-, cobalt-, and nickel-induced Epo production (Goldberg et al., 1988).

This response was also seen in non Epo-producing cells (Bunn and Poynton,
1996). It is hypothesised that the sensor is a cytochrome-b type oxidase, probably
cytosolic and membrane-bound, that binds oxygen and reduces it to superoxide so
producing reactive oxygen intermediates (ROI) (Bunn and Poynton et al., 1996; Wang
and Semenza, 1996; Fandrey et al., 1997). The formation of ROl may be catalysed by
iron (Iwai et al.,, 1998) and ROI may act as chemical signals which impact on
transcription factors such as HIF-1 (possibly to stabilise and activate HIF-1 complex) to

alter oxygen-responsive gene expression (Reviewed in Bunn and Poynton, 1996).

Cells may transduce signals through conformational changes, enzyme activities
or by interacting with other molecules, all of which require free energy. This free
energy, may be provided by the transfer of phosphate groups to a protein, or via redox
regulation (Wang and Semenza 1996). The signals transduced by hypoxia are likely to
involve both protein phosphorylation and redox chemistry (Bunn and Poynton, 1996).
HIF-1 DNA binding activity and the steady-state level of Epo RNA induced by hypoxia
was reduced significantly when Hep3B cells were incubated with cyclohexamide or 2-
aminopurine (2-AP; protein kinase inhibitors), under hypoxia, indicating that protein
synthesis and phosphorylation was essential prior to an increase in mRNA (Goldberg et
al., 1988; Wang and Semenza, 1993). Therefore, phosphorylation of HIF-1 may be
required for DNA binding. It is thought that HIF-la may be phosphorylated before
translocating to the nucleus (figure 1.5; Richard et al., 1999). Wang and Semenza
(1996), suggested that both pathways may act co-operatively to transduce cell signals
and regulate gene transcription. Evidence supporting this demonstrates that HIF-1 must
be in the reduced state (Wang et al., 1995) and undergo phosphorylation (Wang and
Semenza, 1993a) for DNA binding to occur (Bunn and Poynton).
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1.4.4 _Analysis of Hypoxia responsive elements (HRESs)

Erythropoietin (Epo): The molecular mechanisms that mediate genetic responses
to hypoxia were first studied in erythropoietin (Epo) gene regulation (Wang and
Semenza 1995). Oxygen dependent Epo gene expression has been observed in the tissue
culture hepatoma cell lines Hep3B and HepG2 (Goldberg et al., 1988). Epo is a
glycoprotein growth factor that stimulates proliferation and differentiation of erythroid
progenitor cells (Wang and Semenza 1995; Wenger and Gassman, 1997). The primary
stimulus of Epo production is a decrease in blood oxygen levels, for example the
hepatoma cell line, Hep3B, produces higher levels of Epo mRNA under hypoxia (1%
oxygen) than at 20% oxygen (ie. decreased O, leads to increased Epo production). Epo
mRNA levels are determined by both the rate of gene transcription and
posttranscriptional events (Goldberg et al., 1991). A functionally tripartite SO nucleotide
(nt), cis-acting hypoxia-inducible enhancer was identified in the 3’-flanking region of
the Epo enhancer (Pugh et al., 1991; Semenza and Wang 1992). The enhancer element
contains a hypoxia responsive site (nt 1-24; Blanchard et al., 1992; Galson et al., 1992;
Semenza and Wang 1992). By studying hypoxic extracts, this site alone was shown to
bind a nuclear protein in both Epo-producing and non-Epo-producing cells (Beck et al.,
1993) identified as the HIF-1 complex (Semenza and Wang 1992). Wang and Semenza
(1993), demonstrated that HIF-1 recognises an 8 base pair (bp) DNA sequence, (nt 5-12)
5’-TACGTGCT-3’, of the Epo enhancer. An essential second element, (nt 20-24) 5°-
CACAG-3’ was identified 5’ to the HIF-1 binding site (Wang and Semenza, 1993). A
highly conserved third element was found in the 3’ portion of the enhancer (nt 26-48)
which binds the tissue-specific transcription factor, hepatic nuclear factor-4 (HNF-4;
Blanchard et al., 1992; Galson et al., 1992; Semenza and Wang 1992). HNF-4 consists
of two direct repeats of a hexonucleotide putative thyroid-steroid hormone receptor
superfamily binding site, (HNF-4), evidence suggests it may be involved in transducing
a signal to the Epo promoter to amplify the hypoxic response (Galson et al., 1995;
Zhang et al., 1999), allowing an increased rate of transcription as well as tissue
specificity (its expression is limited to sites of renal cortex and liver Epo production;

Goldberg et al., 1988). Mutation of any of the three sites ablated the hypoxic response
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(Semenza and Wang 1992; Galson et al., 1995). Whilst the transcriptional response of
the human Epo gene to hypoxia is mediated in part by the HNF-4 binding site, a
minimal 24bp cis-acting enhancer element (nt 1-24) the hypoxia responsive element
(HRE), located in the enhancer region, was shown to be essential and sufficient for

transcriptional activation in response to hypoxia (Madan and Curtin, 1993; Pugh et al.,
1994).

Maxwell et al. (1993) used transient transfection experiments, to show that the
Epo 3° enhancer previously described, could produce similar oxygen related responses
in a wide variety of cell types which do not express the erythropoietin gene and were not
derived from tissues that make the hormone, e.g. lung, ovary and skin. Transcriptional
activation, in response to hypoxia is mimicked by cobalt (Schuster et al., 1989) and
desferrioxamine (Wang and Semenza 1993) and blocked by cyclohexamide and 2-
aminopurine, implying new protein synthesis and phosphorylation was essential (Wang
et al., 1995; Ratcliffe et al., 1997). However respiratory chain (mitochondrial) inhibitors,
eg. cyanide, do not stimulate the hypoxic response suggesting that the sensing system is
specific to hypoxia and not responsive to the metabolic consequences of interrupting
mitochondrial electron transport (Maxwell et al., 1993). These and other results suggest
that a similar oxygen sensing and signal transduction mechanism, identical to that
controlling Epo expression, was widespread in mammalian cells (Maxwell et al., 1993;
Pugh et al., 1994) and it could interact with sequences within the Epo 3’ enhancer
(Ratcliffe et al., 1997). It is likely that the system was operating on other genes in non-
erythropoietin producing systems (Ratcliffe et al., 1997). The evidence strongly suggests
that HIF-1 has an essential role in the modulation of other oxygen dependent genes. A
number of other genes have been identified which show hypoxic inducibility similar to
that seen by the Epo gene (Firth et al., 1994; Ratcliffe et al., 1997). These genes are
found in pathways involved in angiogenesis, vascular endothelial growth factor, VEGF;
increased glucose transport, glucose transporter-1, Glut-1; and anaerobic glycolysis,
glycolytic enzymes. Detailed examination of their cis-acting control elements showed
the presence of HREs containing HIF-1 binding site(s), suggesting that oxygen sensing,

signal transduction and gene activation mechanisms very similar, if not identical, to




those present in Epo-producing cells must be widespread (figure 1.6; Firth et al., 1994).
Studies by Wang et al., (1993) suggest that HIF-1 and its cognate recognition sequences

are components of a universal mammalian cellular response to hypoxia.
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Figure 1.6: Comparative sequence homology of HIF-1 binding sites in HREs from

various hypoxia-inducible genes.

Gene Species HIF binding site
Erythropoetin human GCCCTACGTGCTGTCTCA
Erythropoietin mouse GCCCTACGTGCTGCCTCG
PFK-L mouse GGCGTACGTGCTGCAG
Aldolase A human CTCGGACGTGACTCGGAC
PGK-1 human GTGAGACGTGCGGCTTCC
PGK-1 mouse TTGTCACGTCCTGCACGA
Enolase 1 human TGAGTGCGTGCGGGACTC
Enolase 1 human GGAGTACGTGACGGAGCC
LDH-A mouse AGCGGACGTGCGGGAACC
Glut-1 mouse CACAGGCGTGCCGTCTGA
VEGF human TGCATACGTGGGCTCCAA
VEGF Rat TGCATACGTGCTGCCTAG
iNOS human TGACTACGTGCTGCCTAG
Heme Oxygenase-1 mouse AGCGGACGTGCTGGCGTG
Heme Oxygenase-1 mouse AGAGGACGTGCCACGCCA




Vascular endothelial growth factor (VEGF): HIF-1 also targets angiogenic
growth factors the most important being VEGF. VEGF is a secreted 34-43 kD dimeric
glycoprotein, it is a potent inducer of angiogenesis in vivo. This is an adaptive process
leading to increased blood capillary density and delivery of oxygen and nutrients to the
tumour tissue and removal of waste products, thus promoting tumour progression
(Shweiki et al., 1992; Berkman et al., 1993; Plate et al., 1993; Wenger and Gassman,
1997). Expression of VEGF mRNA was originally identified in cells surrounding
expanding vasculature in a number of angiogenic processes, the highest expression was
noted in tissues aquiring new capillary networks as well as adjacent to areas of necrosis
(Shweiki et al., 1992; Brown et al., 1993a/b; Plate et al., 1993). VEGF mRNA and
protein expression has been demonstrated in a variety of tumours in situ, by in situ
hybridisation and immunohistochemistry, in accordance with the degree of hypoxia, eg.
human gliomas (Plate et al., 1992; Samoto et al., 1995), neoplasms of the central
nervous system (CNS; Berkman et al., 1993), kidney (Brown et al., 1993a; Takahashi et
al., 1994), colon (Brown et al., 1993b), mammary fibroblasts (Hlatky et al., 1994) and
ovary (Olson et al., 1994).

VEGF-binding activity has been seen on endothelial cells of both quiescent and
proliferating blood vessels (Shweiki et al., 1992). When expressed, VEGF binds to and
upregulates specific tyrosine kinase receptor proteins, Fli-/ and KDR, whose mRNA has
been shown to be upregulated in hypoxic endothelial cells in situ (Plate et al., 1992;
Brown et al., 1993a/b; Brown et al., 1994). Increased expression of VEGF and its
receptor, KDR, may correlate directly with the extent of neovascularisation and the
degree of proliferation therefore may enhance tumour angiogenesis and may promote
metastasis (Takahashi et al., 1995; Rofstad and Danielson, 1999). High levels of VEGF
expression may be associated with bulky tumours and poor prognosis, if VEGF function
was inhibited with a specific monocional antibody, then angiogenesis and vessel density
was reduced and this in turn decreased tumour growth (Kim et al., 1993). The evidence

suggests tumour angiogenesis may be regulated by paracrine mechanisms within

hypoxic tumour regions (Hlatky et al., 1994).




In contrast to Epo, VEGF expression, was also induced by low glucose and
inhibitors of oxidative phosphorylation (Shweiki et al.,, 1994; Levy et al.,, 1995).
Evidence suggests that stimulation of VEGE may require the binding of trans-factors to
co-operative cis-acting elements; AP-1 and SP-1, both redox sensitive transcription
factors, which have binding sites within the VEGF promoter in close proximity to the
HIF-1 binding site (Levy et al., 1995). A 35bp sequence has been identified as a
hypoxia-inducible enhancer within VEGF (Levy et al., 1995; Liu et al., 1995). VEGF
contains a critical HIF-1 binding site and a 5bp element (5’-CACAG-3’), also seen in
the Epo enhancer in the same orientation and position to the HIF-1 site (Levy et al.,
1995).

Hypoxia also stimulates the expression of other proteins involved in tissue
perfusion, such as nitric oxide synthase (iNOS) (Reviewed in Semenza, 1996). iNOS
contains a HIF-1 binding site in its 5’-flanking region, under low oxygen increased
transcription of iNOS was responsible for the synthesis of the vasoactive mediator, nitric
oxide (NO) (Reviewed in Semenza, 1996). NO itself can bind to the HIF-1 site of the
VEGF promoter so regulating transcription (Kimura et al., 2000). Another example is
heme oxygenase-1 (HO-1), HO-1 catalyses the synthesis of the vasoactive mediator
carbon monoxide (CO) through increased transcription via a HIF-1 site in its 5’-flanking
region (Review: Semenza, 1996). Carbon monoxide therefore inhibits the hypoxic

induction of both Epo and VEGF (Goldberg et al., 1994).

Glucose transporter-1 (Glut-1) and the glycolytic enzymes: Oxygen is the final
electron acceptor in respiratory redox reactions in mammalian cells, hence hypoxia
provokes acute as well as long term physiological responses (Wang et al., 1995).
Oxidative phosphorylation is the major metabolic pathway for ATP synthesis, an
intracellular process that consumes oxygen in mammalian cell types. In situations of low
oxygen tension there is an inhibition of mitochondrial respiration and cells switch from
oxidative phosphorylation to obligate anaerobic glycolysis to generate ATP in an
oxygen independent manner, thus genes encoding glucose transporter 1 (GLUT-1) and

enzymes in the glycolytic pathway are upregulated (Pasteur Effect; figure 1.7; Stein et
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al., 1995; Webster et al., 1990) thus allowing ATP synthesis to continue (Semenza,
1996). Glucose uptake in vivo has been demonstrated to be much higher in tumours than
normal tissues, and correlates with tumour aggressiveness and prognosis (Dang and
Semenza, 1999). The ATP yield is 18-fold lower in the glycolytic pathway compared to
the oxidative Krebs pathway, the rate of glucose consumption must therefore increase,
as must glucose transport for cellular adaption to hypoxia (Bunn and Poynton, 1996).
Expression of glucose transporter-1 (Glut-1) mRNA was increased in response to
hypoxia (Loike et al., 1992) in a HIF-1 dependent manner, similar to Epo (Ebert et al.,
1996). Glut-1 was found in most cells, its expression was regulated by a variety of
ligands thus its regulation depends on the cooperative interaction of a variety of cis-
acting transcription factors (phorbol ester response elements, TRE; cAMP response
element, CRE; serum response element, SRE; and HIF-1; see section 1.5) (Reviewed in

Bunn and Poynton, 1996).
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Figure 1.7; Transcriptional regulation of genes encoding glycolytic enzymes by

HIF-1. (Firth et al., 1994, 1995; Semenza et al., 1996; Semenza et al., unpublished).
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Similar cis-acting control sequences, containing HIF-1 binding sites, responsible
for hypoxia-inducible expression, were identified in the 5’ flanking sequences of PGK-
i, LDH-A (Firth et el., 1994), aldolase A (ALDA), enolase 1 (ENO1) and
phosphofructokinase L. (PFKL; Semenza et al, 1994). All responded to cobalt,
desferrioxamine, cyanide and cyclohexamide in a manner similar to Epo, VEGF and
Glut-1 (Firth et al., 1994). An 18bp element was shown to be the crucial element in the
PGK-1 enhancer and sufficient to confer hypoxic inducibility (Firth et al., 1994). Firth
and colleagues (1994), demonstrated sequence homology between this 18bp PGK
element and the 24bp Epo 3’ enhancer (figure 1.6); the PGK-1 element has a 9bp region
overlapped with 7 of the 8bp in the Epo enhancer except for a G-C substitution (Firth et
al., 1994; Wang and Semenza, 1993). Three repeats of this single 18bp sequence was
sufficient to confer hypoxic inducibility on a heterologous promotor (Firth et al., 1994).
Semenza and colleagues (1994), showed that dimerisation of a 24bp sequence,
containing a second domain similar to that of the Epo enhancer, also displayed hypoxic

function.

Data suggests that HREs from these genes consist of at least one HIF-1 binding
site, core sequence 5’-RCGTG-3’, as well as possible additional cooperative
transcription binding sites. The PGK, LDH-A and ENO1 promoters, contain
functionally essential HIF-1 sites arranged as direct and inverted repeats separated by 4-
10 bp (Semenza et al.,, 1996). Mutations within the core HIF-1 binding sites of these
genes, not only eliminates HIF-1 binding but also transcriptional activation (Semenza et
al., 1996). The VEGF, LDH-A and ADLA HRESs contain a DNA sequence, similar to
the Epo sequence 5°-CACAG-3’°, 4-6 nt 3’ to the HIF-1 site, mutation of which results in
a loss of HRE function (Semenza and Wang 1992; Firth et al., 1995). Co-operative cis-
acting elements may be inducible by stimuli other than hypoxia and are likely to be
required for maximal hypoxic induction, eg., CRE, AP-1, SRE, ChoRE (Semenza et al.,
1996, 1997). Factors that recognise multiple sites within the HRE may function
cooperatively either at the level of DNA binding or transactivation (Semenza et al.,

1996). The evidence suggests that HIF-1 regulates the induction of glycolytic enzymes,

in hypoxic cells, at the transcriptional level (Semenza et al., 1996).




Lactate dehydrogenase-A catalyses the interconversion of pyruvate and lactate.
The LDH-A gene encodes the M-subunit of the enzyme, the isoform that is adapted for
anaerobic function (Firth et al., 1995). Each LDH isoform (A,B,C) predominates in
different regions (A in skeletal muscle and liver; B in the heart; and C in testes and
spermatozoa) and is encoded by genes located on different chromosomes, all suggesting
isoform-specific functions (Review: Jungmann et al., 1998). Increased expression of
LDH under low oxygen tensions is specific to the LDH-A isoform (Ebert et al., 1996;
Jungmann et al., 1998). Expression of LDH-A is also regulated at the transcriptional
level by the protein kinase A (PKA) and C (PKC) pathways via the CRE and AP-1 cis-
acting promoter elements respectively. Other elements identified in the LDH-A
promoter region include two Sp-1 sites (involved in basal transcription level activity), a
negative regulatory element (NRE) and two functional E-box sites implying LDH-A is

transactivated by the oncoprotein, c-Myc (Review: Jungmann et al., 1998).

Mutational analysis of the LDH-A promoter in HeLa cells identified a 56bp
region, as being necessary for hypoxic inducibility (Firth et al., 1995). Within this
region, three domains were identified, each with distinct functionality, but all crucial for
hypoxic regulation (Firth et al., 1995). One of these sites was a HIF-1 binding site,
mutation of which completely abolished oxygen-regulated expression. The other two
domains were located either side of the HIF-1 motif (Firth et al., 1995). Lying 5’ to the
HIF-1 site, Firth and colleagues (1995), defined a functionally critical 4bp domain at the
same position (7 and 11bp 3° to the HIF-1 site, LDH-A in reverse orientation) of
sequence homology, between the mouse LDH-A and mouse Epo enhancers (Firth et al.,
1995). In LDH-A, but not Epo, this sequence is the conserved consensus E-Box,
Myc/Max binding site (5’-CACGTG-3’; Aunthony et al., 1992), also defined as a
carbohydrate response element (ChoRE; Towle et al., 1995; Grandori et al., 1997). The
E-box interacts with bHLH proteins, primarily c-Myc, which functions in cellular
transformation, mitogenesis and is an inducer of apoptosis, suggesting a role in tumour
progression (Amati et al., 1993; Jungmann et al., 1998). The oncogenic activity of c-
Myc in rodent fibroblasts means they continually cycle, unable to exit the cell cycle,

ultimately undergoing apoptosis (Evans et al., 1992; Amati et al., 1993). Myc is unable




to bind DNA directly, Myc either forms a heterodimer with its partner, Max, or
alternatively Max-Max homodimers are formed via their leucine zipper regions, both of
which bind to 5’-CACGTG-3’ DNA sequences (Review: Amati et al., 1993). However,
Max-Max homodimers are much weaker activators of transcription than Myc-Max

heterodimers (Fisher et al., 1993).

The third domain was an 8bp region that lies 3’ to the HIF-1 site and is
characteristic of a cyclicAMP response element (CRE, 5’-TGACGTCA-3") (Roesler et
al., 1988). The CRE is recognised by the CRE-binding protein (CREB). Forskolin, a
cAMP analogue has been shown to modulate the cAMP system by interacting with the
CREB via the protein kinase A (PKA) pathway (see 1.5.1) and has been shown to
further upregulate LDH-A mRNA under hypoxic, but not normoxic conditions (Firth et
al., 1995). Mutations of the CRE abolish cAMP-mediated induction and hypoxic
function of LDH-A is reduced if either the CRE or E-box motifs are mutated (Firth et
al., 1995). In contrast combination of the HIF-1 domain accompanied by either of the
other two domains could convey inducible function (Firth et al., 1995). This and the fact
that the HIF-1 site alone, even when multimerised, could not confer a hypoxic response,
indicated that a cooperative interaction between factors binding at these sites was

necessary for hypoxic function.

These hypoxically responsive genes are all functionally dissimilar but yet linked
by what appears to be a common control system (Ratcliffe et al., 1997). There is cross-
competition for binding of hypoxia-inducible factor(s) between these sequences, which
is lost when the HIF-1 binding site is mutated (Firth et al., 1995). The cooperative HRE
sites appear to convey little hypoxic inducibility alone but mutation abolishes or severly
reduces function of the enhancers (Ratcliffe et al., 1997). However, synthetic enhancers
containing multimers of the respective HIF-1 binding sites alone retain enhancer
inducibility (Semenza and Wang, 1992; Pugh et al., 1994; Firth et al., 1995). LDH-A
seems to have a broader range of inducing stimuli, this phenomena is apparent to a
greater extent in the Glut-1 enhancer. As shown in figure 1.8, different cis-acting

elements, within the HRE of Glut-1, responded to different stimuli; The HIF-1 site




mediated the hypoxic response, a serum response element (SRE) was sensitive to
mitochondrial inhibitors, CRE to PKA agonists and may involve the co-activators
p300/CBP, and the AP-1 site was involved in the protein kinase C (PKC) pathway
(Ebert et al., 1995). This evidence suggests that other pathways may be stimulated in

combination with hypoxia to obtain a super-induction of the HRE thus producing a

synergistic response.

Figure 1.8: Regulation of the GLUT-1 enhancer, pG[1-610]a,, by various stimuli,
either in combination with or without hypoxia (1% O,) in the human breast

adenocarcinoma cell line MDA 468.

(Taken from Patterson 1998)
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1.5 Combination Therapy
1.5.1 Cyelic AMP

cAMP is present in all cells and tissues, from bacteria to humans (Robinson,
1973). It is a mediator of hormonal signals, being involved in processes such as
glycogen metabolism, regulation of glycolysis, amino acid breakdown, and regulation of
gene expression to name just a few (Sporn et al., 1994). The primary mediator of cAMP
action in eukaryotic cells is cAMP-dependent protein kinase (PKA; Kuo et al., 1969;
Krebs et al., 1983). All the actions of cAMP that are implicated in a variety of cellular
functions are related to protein phophorylation of CREB, prior to DNA binding, through
the activation of PKA (Nichols et al., 1992; Rohlff et al., 1995).

PKA is composed of two genetically distinct catalytic (C) and regulatory (R)
subunits; two C subunits bound to a R subunit dimer (C,R,; Rohlff et al., 1995). The
PKA holoenzyme is enzymatically inactive in the absence of cAMP, activation occurs at
cAMP concentrations of 10°® to 10°M (Adams et al., 1991). As shown in figure 1.9, the
activating ligand, cAMP, binds to the R subunit, inducing conformational changes and
dissociates the holoenzyme R,C, into an R, (cAMP), dimer and two free C subunits that
are catalytically active (Bramson et al., 1983; Beebe et al., 1986). The C subunit
translocates to the nucleus and appears to be essential for the induction of cAMP-
regulated genes (Roesler et al., 1988). An induction in CRE gene transcription is thought
to result from changes in the ratio of type I to type II PKA holoenzymes, rather than a
change in the level of the catalytic subunit. PKA stimulates the transcription of multiple

genes containing CREs via phosphorylation of serine-133 residue of CREB.

!
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Figure 1.9: Mode of action of protein kinase A (PKA)
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There are two isoforms of PKA, type I and II, which contain distinct R subunits,
RI and RII respectively, that interact with common C subunits, Ca, Cp, and Cy (Beebe
et al., 1986). The two PKA isoforms have different affinities for cAMP and different
turnover rates indicating functional differences between type I and type II PKA isoforms
(Cadd et al., 1990). This may relate to transient versus sustained responses, respectively,
to hormones and other modulators of enzymatic activity (Weber, 1986). Expression of
type I PKA predominates in normal cells, in malignant, non-dividing cells, type II is
down-regulated and type I PKA is over-expressed. The functional balance can be
restored by addition of cAMP analogues such as 8-cl-cAMP which down-regulates type
I and upregulates type II (Cho-Chung, 1990).

The CRE recognition site shows sequence homology with the core 8bp HIF-1
binding site (figure 1.10). The HIF-1 site has been shown to be responsive to cAMP
analogues (8-cl-cAMP, forslokin) under hypoxic but not normoxic conditions in a dose

dependent manner (Kvietikova, et al., 1995). Results by Kvietikova et al. (1995) suggest
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that oxygen-dependent gene expression is enhanced by the PKA pathway, mediated via
the HRE. They demonstrated that a CREB and ATF-1 efficiently competed for binding
of a HIF-1 probe either as homo- or heterodimers in hypoxic nuclear extracts. However,
this competition for binding did not affect HIF-1 activity. A luciferase plasmid
containing three copies of an PGKI18bp HIF-1 oligonucieotide was transiently
transfected into HeL.a cells and incubated under normoxia and hypoxia in combination
with the cAMP analogue, 8Br-cAMP. A 6.3-fold increase in luciferase expression was
seen under hypoxia alone, however, the combination of hypoxia and 8Br-cAMP
produced a further 64% increase in luciferase expression. This data suggests that HIF-1
is cAMP responsive through the activation of the protein kinase A (PKA) pathway
(Kvietikova et al., 1995). This indicates cAMP is not a crucial element of the hypoxia
signal transduction pathway and its effects may be mediated by the HRE itself, thus
HREs other than those which contain the CRE site may be responsive to cAMP

stimulation.

Figure 1.10: Consensus HIF-1 and CRE DNA binding sites.

HIF-1 (G/A)CGT(C/IG)C
CRE TGACGTCA
Human PGK AGACGTGC
Mouse PGK TCACGTCC
Mouse LDH-A GGACGTGC
Mouse Glut-1 AGGCGTGC
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1.5.2 Radiation

The Glut-1 enhancer was shown to be responsive to a number of stimuli
including ionising radiation. Evidence suggests that it may be possible to combine the
gene therapy techniques described with ionising radiation to provide “genetic

radiotherapy”.

In a variety of cell types, the early response genes c-Jun, c-Fos and Egr-1 are
transcriptionally activated in response to ionising radiation, the products of these genes
are important in the adaption of cells to radiation-induced stress (Weichselbaum et al.,
1994), 1t is thought that c-fos and Egr-1 are involved in normal development, they have
similar patterns of expression and are often co-regulated in vivo, therefore may share cis-
acting 5’ regulatory elements however, they are structurally unrelated (Sukhatme 1991).
c-fos and Egr-1 are activated in a range of cell types (fibroblast, epithelial, lymphocyte)
during cardiac and neural cell differentiation (Tsai-Morris et al., 1988) and by mutagens
and changes in intracellular redox levels. Egr-1 is a nuclear intermediatary in signal
transduction and initiates a cascade leading to increased DNA sythesis and cellular
proliferation (Joannidid 1997) mediated by serum response elements (SRE); regulatory
elements found in many growth factor regulated promoters that directs the rapid

induction of gene expression (Treismann 1990).

The Egr-1 gene encodes a phosphoprotein with a zinc finger motif and binds to a
single, high affinity Egr-1 binding site (EBS), 5’-CGCCCCCGC-3’ (Christy et al., 1989;
Weichselbaum et al., 1994) through which it is thought to have a suppressive effect on
tumour cell growth in a variety of human tumour cell lines (fibroblast, epithelial,
lymphocyte; Huang et al., 1995). Transcriptional activation of Egr-1 by ionising
radiation is a direct consequence of the production of reactive oxygen intermediates
(ROI; Datta et al., 1993) which activates early response genes (including Egr-1),
possibly via the PKC pathway, initiating a cascade of cytoplasmic signalling events,
providing an adaptive response to radiation-induced damage (Hallanhan et al., 1991). As

shown in fiure 1.11, the Egr-1 upstream region contains 5 domains of 10 nucleotides,




which form the inner core of the serum response elements (SREs) CC(A/T)6GG, referred
to as CArG boxes, which bind the serum response factor (SRF). The ability of ionising
radiation, and serum, to induce Egr-1 transcription is mediated through the five CArG
domains (Datta et al., 1992), both the PKC and PKA pathways converge on this element
(Sukhatme 1990). The presence of multiple CArG elements may account for the 5-10
fold greater serum induction of Egr-1 compared to c-fos, which has a SRE of 22
nucleotides which displays dyad symmetry (Tsai-Morris et al., 1988; Sukhatme 1990).
Also identified within the Egr-1 promoter were 4 SP-1, 2 AP-1, and 2 CRE sequences,
bound by the transcription factors SP-1, fos/jun heterodimers, and CREB respectively
suggesting that Egr-1 gene expression is also modulated by a number of other ligand

receptors interactions (Tsai-Morris et al., 1988; Sakamoto et al., 1991).

Figure 1.11: Diagramatic representation of the the Egr-1 promoter (-935 to -65bp)

showing co-operative m-acting elements.

(Adapted from Yan et al., 1999)
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Manome et al. (1998), used an adenoviral vector to deliver the radiation
inducible Egr-1 promoter driving the b-galactosidase reporter gene in glioma cells. As
little as 2Gy was sufficient to demonstrate Egr-1 induction, evidenced by up to a 3-fold
increase in b-galactosidase expression in 9L rat glioma cells in vitro. In a separate study,
a vector containing a 425bp radiation inducible sequences from the Egr-1 gene
(containing the five CArG elements), driving the cDNA for TNFa (Egr-TNF named
pE425-TNF; Weichselbaum et al., 1994) was delivered, using an adenoviral vector or

liposomes, to either a human prostate cancer PC3 xenograft or the murine fibrosarcoma
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cell line, P4L., respectively, followed by exposure to radiation. The cytokine, TNF-a, is
directly toxic to some tumour cells and can potentiate the cytotoxic effects of radiation
in vivo. In both studies, the combination of the two strategies produced a marked

reduction in tumour growth (Seung et al., 1995; Chung et al., 1997).

Egr-1 gene activation in the perfused rat kidney came during reperfusion after
periods of ischeamia, it is unclear whether activation of immediate early genes (IEG) is
a result of hypoxia or reperfusion (Bonventre et al., 1991). Hypoxia causes increased
expression of the tissue factor gene mediated by activation of the transcription factor
Egr-1 (Yan, 1998) and an increase in the DNA-binding activity of the Egr-1 protein
(Bae et al., 1999). Signalling pathways activated by serum (PKC-independent) target the
SRF-SRE binary complex. PKC-dependent pathways necessitate Elk-1 and SRF forming
a ternary complex. The SRF binds to the SRE, whilst the C-terminal domain of Elk-1, a
ternary complex factor, ts phosphoryated at low oxygen tensions, by mitogen-activated
protein kinases (MAPK) and Raf-1 kinase, prior to DNA binding. The N-terminal region
mediates DNA contact and ternary formation leading to a conformational change and
increased transcription (Hipskind et al., 1994; Muller et al., 1997). This suggests a dual
function of the ternary complex that may allow the activation of two sets of genes
(Janknecht et al., 1993). The Elk-1 ternary complex is hypoxically responsive. Yan et al.
(1999), localised the region responsible for hypoxia-induced expression to the EBS-
SRE-EBS (Elk-1 binding sites) and SRE-EBS-SRE elements, the former of which are

critical for gene expression under hypoxia.




1.5.2.1 Egr-1 and hypoxia

In the Glut-1 enhancer a SRE cooperates with HIF-1 binding sequences (Ebert et
al., 1995). Muller et al. (1997), suggested that the SRF and/or ternary complex factor,
Elk-1 may be able to cooperate with HIF-1 to activate hypoxia inducible genes. In a
more recent study by Saunders et al. (2000), a pentimer of the 24bp Epo HRE was
inserted into the Egr-TNF vector (pE425-TNF) 5’ to the Egr-1 gene (Epo-Egr-TNF).
Therefore, transcription of TNF-o was modulated by both hypoxia and ionising
radiation. When this construct was transiently transfected into the HCT116 human colon
carcinoma cell line and exposed to both stimuli a 10-fold increase in TNF-a activity was

seen compared to a 3-fold increase with either hypoxia or radiation alone (figure 1.12).




Figure 1.12: TNFa activity after transient transfection of the Epo-Egr-TNFa
vector and treatment with hypoxia and radiation in combination and alone (TNFa :

pg / million cells; error bars = sd).
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It is known that both the PKC and PKA pathways can converge on the CArG
element (Sukhatme 1990) and that CREB competes with HIF-1 for binding of the HIF-1
site. The synergistic response produced by both hypoxia and radiation may be via the
co-operative binding of HIF-1 and the SRF to their corresponding sites, not only by
hypoxia responsive pathways but maybe also via PKC and PKA signalling. Similar co-
operative interactions have previously been demonstrated between the c/s-acting

elements of the LDH-A and Glut-1enhancer sequences.
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1.6 Aims of this Study

During the course of this work several attempts have been made by other
investigators to ‘optimise’ synthetic hypoxia responsive elements (HREs) for use in
therapeutic vectors. However in each case copy, number, orientation and spacing have
not always remained constant between the HREs tested and evaluation has been limited
to only a single cell line. The effect of reduced oxygen tensions on hypoxia responsive
genes varies among cell types, hence it is important that the HRE sequences tested are

optimised in a panel of human carcinoma cell lines.

The overall aim of this work was to find the HRE with the most robust hypoxic
(1% oxygen) and anoxic (less than 0.002% oxygen) response across a panel of human
carcinoma cell lines, producing targeted gene expression that confers both low basal
expression under normoxia and a high level of activated expression under hypoxia and
anoxia. This will allow the unambigous optimisation of the context and functional
amplitude of HREs, which can be exploited using gene therapy strategies in the

treatment of oxygen deprived tumours.

Evidence indicates that the HIF-1 site may require the interaction of other cis-
acting elements to function optimally. A number co-operative elements have been
identified (CRE, SRE, AP-1, ChoRE) located in close proximity to the HIF-1 site in
certain enhancers which can be activated by stimuli other than hypoxia, e.g. cAMP and
ionising radiation. This suggested that the HIF-1 site, although absolutely necessary may
not be sufficient for optimal inducible activity in response to low oxygen levels.
Through the combination of specific transcriptional target sites it is possible to integrate
the responses of a number of pathways, e.g. LDH-A contains a HIF-1 site and a CRE
(activated by hypoxia and PKA agonists); Glut-1 has numerous cis-acting elements
inducible by hypoxia (HIF-1) cAMP (CRE) and ionising radiation (SRE). A further
purpose of this thesis was to investigate the integration of the hypoxia and cAMP
signalling pathways on each of the HREs (PGK, Epo, LDH-A, VEGF, Glut-1) in an

attempt to amplify their response to reduced oxygen. Finally it has been demonstrated
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previously in our laboratory that it is possible to produce a dual radiation and hypoxia
responsive promoter (Epo.Egr-1) allowing the development of ‘targeted radiotherapy’.
This work aimed at expanding initial observations to a wider panel of cell lines and

combining the radiation responsive gene with the optimal HRE as identified in this

work.

Specific Objectives

* Determination of optimal experimental parameters pertaining to all work in this
thesis (chapter 3).

* Optimisation of previously identified HREs across a human carcinoma cell line
panel (chapter 4).

* Dissection of the functional elements of the LDH-A HRE to determine their
importance in the transcriptional response to reduced oxygen tensions (chapter
5).

* Integration of the hypoxia and cAMP response pathways in a attempt to obtain a
super-induction of the HREs under hypoxic conditions (chapter 6).

* Further analysis of the functionality of the Epo.Egr-1, hypoxia and radiation

responsive promoter in a broader cell line panel (chapter 7).
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Chapter 2

Materials and Methods

2.1 General Techniques

All cell culture work was performed in category II laminar flow hoods. Standard
laboratory clothing was worn at all times when handling cell lines, DNA, bacteria and
all reagents. Solutions required were prepared using millipore grade water and sterilised
by autoclaving (121°C /15 p.s.i. / 20 min) or filtering using Nalgene disposable filters
(0.2um). All centrifugation steps were carried out at 10000g unless otherwise stated. All
waste was soaked in chloros for 24 hours prior to disposal. Glassware was soaked in
lipsol (LIP) overnight, rinsed in distilled water and sterilised in a drying over (160°C)

for 6-12 hours before use.

2.1.1 _Cell Culture

The human head and neck carcinoma cells lines (SQ20B and SQD9) were kindly
donated by Conchita Vens, The Netherlands Cancer Institute and the Kal3.5 chinese
hampster ovary, HIF-1a deficient cell line by Professor Peter Ratcliffe. All cell lines
were maintained in 1X Dulbeccos Modification of Eagles Media (DMEM),
supplemented with 2mM glutamine and 10% foetal calf serum. All media was
purchased, already reconstituted, in a 10X DMEM form (Gibco BRL). Cells were
subcultured in antibiotic-free media and routinely screened for mycoplasma (Mycotect
Kit (Gibco BRL)).

Established cell lines were grown as monolayers in y-irradiated, vented, tissue

culture grade flasks and plates supplied by Nunc and Falcon respectively. All cells were




routinely passaged every three to four days. To subculture, cell monolayers were washed
twice with phosphate buffered saline (PBS), then 5ml trypsin / EDTA (TE) was added
and the culture vessel was incubated at 37°C for approximately 5 minutes (depending on
cell line). The TE caused disruption of cell surface adhesion proteins leading to cell
detachment. The cells were decanted into a sterile, plastic bijou vessel containing 20ml
of pre-warmed culture media to inactivate the trypsin. Cells were then reseeded by
splitting either one in three or one in six, depending on the cell line, into 75 or 175cm’

tissue culture flasks and placed in a 37°C humidified air / 5% CO, incubator.

Samples of cells were frozen down to produce stocks for later work thus
allowing identical or similar passages to be used for related experiments. Cells were
harvested and a cell pellet produced. The pellet was resuspended in 10% DMSO
(dimethyl sulphoxide, Sigma chemical company Ltd) and culture media containing 15%
FCS. 1ml aliquots were pipetted into sterile cryotubes (Nalgene), and placed into a
freezing tub containing isopropanol (cryotub™). The isopropanol ensures that the
temprature change was 1°C / min preventing the formation of ice crystals during
freezing. Similarly cells were thawed rapidly to prevent damage by transiently formed
ice crystals. Cryotubes (Nunc) were incubated in a 37°C waterbath for 1 to 2 minutes.
Before decanting the contents into a 75cm” flask containing equilibriated media, the
cryotubes were sterilised by wiping with 70% ethanol. The media in the flask was

replaced after 24 hours to remove traces of DMSO.

All anoxic work was carried out in an anoxic cabinet, which contained an
internal 37°C incubator for cell culture work. Within this unit there were two palladium
catalysts, two silica gel, and two activated charcoal containers. One set of each were
reactivated, every second day, by heating to 160°C overnight, and returned to the cabinet
to cool. This catalyst-induced anoxia was expected to be below 0.002% O,. For hypoxic
work, cells were exposed to pre-humidified 1% O,. 24 well tissue culture plates were

placed in airtight containers and flushed with 1% O,, 5% carbon dioxide and balance

nitrogen (BOC) in a 37°C incubator.




Table 2.1: Description of human carcinoma cell lines used in this thesis.

Cell Line | Tissue Type Growth Media | Morphology Karyotype

A549 Lung DMEM Epithelial 2n=46
CNS-1 Glioblastoma DMEM Epithelial 2n=46
DU145 Prostate DMEM Epithelial 2n=46
HCT116 Colon DMEM Epithelial 2n=46
HT1080 Fibrosarcoma DMEM Epithelial 2n=46
MDA 468 | Breast DMEM Epithelial 2n=46
Head and neck
*SQ20B DMEM Epithelial
sarcoma
Head and neck
SQD9 DMEM Epithelial 2n=46
sarcoma
T47D Breast DMEM Epithelial 2n=46
WiDr Colon DMEM Epithelial 2n=46

*This cell line consisted of two cell populations, diploid and tetraploid. The

SQD9 cell line contains only the diploid population.

2.1.2 Cell Counts

Cell counts were performed using an Improved Neuberger Haemocytometer.
Cells were harvested and centrifuged to produce a cell pellet. The supernatent was
discarded and the cell pellet was resuspended in 1ml of culture media. A coverslip was
pressed onto the haemocytometer slide until Newton’s rings were visible. 10ul of the
cell suspension were pipetted onto the haemocytometer and viewed under the

microscope. The number of cells in the 16 square (4x4) grid were counted, each square
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has a total volume of 0.1mm? (10™%cm®), hence the cell concentration per ml equalled the

cell count x 10", After use the haemocytometer was cleaned and stored in 70% ethanol.

2.1.3  Irradiation

Cells were irradiated in 24 well tissue culture plates (Falcon) using a 250 kV
orthovoltage tube at a dose of 5Gy, administered over a period of 6.8 minutes, at an

ambient temperature of 37°C.

2.2 DNA Handling
2.2.1 _Digestion of DNA with Restriction Endonucleases

Type II restriction endonucleases (RE, New England Biolabs) were used to cut
DNA at specific recognition sequences, either to linearise plasmid DNA or to generate
defined fragments for quantification or ligation reactions. The RE’s were stored in
glycerol; hence the total volume of RE never exceeded one tenth of the digestion
reaction. Plasmid DNA was routinely digested for 16 hours in a 37°C waterbath with
1:10 of 10X manufacturers recommended buffer, 1:100 100X bovine serum albumin
(BSA; if required for RE being used), and 1 - 2ul {(as recommended by manufacturer)
RE. This was made up to a final volume with sterile, distilled water. RE’s were
inactivated by heating to 65°C for 20 minutes or by ethanol precipitation of the DNA.
An aliquot of the digested DNA was electrophoresed against undigested DNA and an
appropriate DNA double-strand (ds) ladder on an agarose gel to ensure the digest was
complete. If the DNA had been cleaved at the correct points discrete bands of DNA
fragments equivalent to the number of restriction sites were seen on the gel at

corresponding points according to their known ds-base-pair markers.
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2.2.2 _Agarose Gel Electrophoresis

Agarose gel electrophoresis was used for the sizing and separation of DNA
fragments produced by the action of restriction endonucleases. Gels were made by
heating standard electrophoresis grade agarose (Gibco BRL) in 1 X Tris-EDTA (TAE)
buffer. After cooling to 50°C, 0.5ng/ml ethidium bromide (EtBr) was added, and the
melted agarose was cast into a horizontal tray. Once set, the gel was submerged in 1 X
TAE buffer in a flatbed apparatus (Pharmacia). 1:6 of 6x gel loading buffer (New
England Biolabs) was added to the DNA samples prior to loading into individual wells.
Samples were run alongside an appropriate ds-DNA marker to allow calibration of
unknown fragments (100bp, 1kb, or Lambda Hind III from NEB) according to their
known ds-base-pair markers, at an optimum voltage of 5V / cm / gel length. At higher
voltage, larger molecules moved proportionately faster than smaller molecules, thus
better resolution was seen at lower voltages. EtBr dye binds to the DNA fragments by
intercalating between the bases, and fluoresces in the visible red-orange range when
stimulated by UV light. The position of the DNA fragments on the gel were visualised
using an UV transilluminator. A permanent record of all gels were obtained by

photographing the gel using a polaroid camera and film.

2.2.3 Extraction and Elution of DNA Fragments from Agarose Gels

DNA of 70bp to 5kb was extracted from standard agarose gels in 1 x TAE buffer
using the QIAquick II kit (Qiagen). The procedure was as described below.

The DNA band was excised from the gel and placed into a pre-weighed tube and
re-weighed. The gel was dissolved in three volumes of solubilisation and binding buffer
(QG) e.g. 300pl buffer QG to every 100mg gel, by incubating in a 50°C waterbath for
10 minutes. The buffer contained a pH indicator as DNA adsorption is only efficient at
<pH7.5, if the indicator changed from yellow to an orange or violet colour, then 10zl of

sodium acetate (NaAc), pH 5 was added and the solution gently mixed. One gel volume
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of isopropano! was added to the solution to increase the yield of DNA and mixed. After
pipetting into a QIAquick spin column, the sample was microcentrifuged for 1 minute.
The DNA bound to the column and the flow-through was discarded. A further volume of
buffer QG was added to remove residual agarose. After centrifugation, 0.5ml buffer PE,
containing ethanol, was added to the column to remove any remaining salts. The
QIAquick spin column was placed in a clean, 1.5ml microcentrifuge tube and the DNA
was eluted by adding 50u1 of low salt elution buffer (10mM Tris.Cl, pH 8.5) or water to
the centre of the column. The column was left to stand for I minute to increase the DNA
concentration eluted and then centrifuged for 1 minute. The average eluate was 48ul
from 50pl elution buffer volume. A 2 to 5 ul aliquot was electrophoresed on an agarose
gel to ensure the presence of DNA in the sample. The DNA was stored at -20°C to

prevent degradation.

2.2.4__Ligation of DNA

The same procedure for ligation was carried out in all cases. All HRE constructs
used in this thesis were inserted into the luciferase pGL3.promoter / basic vectors
supplied by Promega (figure 2.1) for details of the restriction sites each HRE was
inserted see individual chapters. Using REs the vector (V; pGL3.promoter or
pGL3.basic) was linearised and the insert (I; a HRE derived from an oxygen-regulated
gene) was either cleaved from its original plasmid or an oligonucleotide (oligo) was
constructed (Sigma Genosys) with BamHI/Bglll ends, to produce compatible cohesive
ends. The DNA was run on an appropriate density agarose gel to ensure complete
cleavage of restriction sites had occurred; Fragments smaller than 1kb were run on a
2.5% gel against a 100bp marker, those over 1kb were isolated on a 0.8% gel against a
1kb marker. The DNA fragments were then isolated from the gel and cleaned. To
determine the concentration of each DNA sample a known aliquot (usually 1ul) of each
was electrophoresed against lul of the A Hind III molecular weight marker. By
comparing their relative intensities under UV light, an approximation of the relative

amounts of V and I were derived. Whilst keeping the vector concentration constant,
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ligation reactions were set up at varying vectoninsert (V:I) ratios, Ipl of T4 DNA ligase
and 10% 10X ligase buffer were added to each ligation reaction and made up to a final
concentration with sterile distilled water. The mixture was incubated in a 16°C

waterbath for 12-16 hours.

Figure 2.1: Structure of pGL3.promoter plasmid supplied by Promega.

Sac 112
lullé
Nhe 122
Sma 129
ho 133
Bgl 137
Not 14844,
HinD Il 246
Nco 1279
SV40 prom
pGL3prom
5010 bp
SV40LpA
ColE1 ori Xba 11935
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Sal 12203
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2.3 _Transformation of Competent Bacteria

Transformation occurs when circular plasmid DNA was inserted into competent
cells allowing large quantities of plasmid DNA to be obtained. The DNA plasmid must
contain an origin of replication and an antibiotic resistance gene to yield a transformed
colony capable of growing on a selective media. The bacterial cells used in these
experiments were E. coli DH5a. DH5-a are a recombiation deficient strain used for
plating and growth of plasmids and cosmids. They contain the recA/ mutation, reducing
the frequency of homologous recombination that might rearrange the structure of cloned

DNA inserts and the deoR mutation facilitates the uptake of large DNA fragments.

Preparation of Competent Bacteria.

L broth (ILB) plates were streaked with E. coli strain DH5-o to obtain a stock of
single colonies and incubated at 37°C for 16 hours, usually overnight. 24 hours prior to
competent cell preparation, 2ml of LB broth was inoculated with a single E. coli strain
DHS5-a colony from an agar plate using a sterile inoculating loop. The tube was capped
and incubated in a shaker at 250rpm / 37°C overnight. 500ml LB medium was
inoculated with the overnight culture and grown until it reached an OD,, of between
0.25 and 0.4. Bacterial cells were transferred to two sterile 500ml polypropylene bottles
and incubated on ice for 5 minutes. Cells were gently resuspended in 40ml ice-cold
calcium / glycerol (Ca/Gly) buffer by repeated pipetting. The last two steps were
repeated, then the cell suspension was incubated in Ca/Gly buffer on ice for 30 minutes.
Cells were pelleted by centrifugation in a Sorval GSA at 6000g for five minutes, at 4°C.
The supernatant was discarded and the pellet resuspended in 6ml Ca/Gly buffer. 24 x
0.5ml aliquots of competent cells were dispensed into individual microcentrifuge or
Nunc tubes prechilled on powdered dry ice. Aliquots were stored at -80°C until required

for transformation. Cells were stable for several months.

Procedure for Transformation
An aliquot of competent cells was thawed slowly on ice. Approximately 20-250ng of

the plasmid vector, or a ligation reaction, to be transformed, was placed into a sterile
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tube (Falcon, 15ml). 100ul of thawed, competent DH5a cells were pipetted into each
tube. When transforming a modified plasmid a minimum of four controls were set up in
parallel:

* Qriginal, uncut vector

¢ Linearised vector, plus ligase

* Linearised vector, minus ligase

¢ Insert only

Each of the tubes were incubated on ice for 10-20 minutes, mixing every 4-5
minutes. Cells were heat shocked at 42°C for exactly 45 seconds; this increased the
transformation efficiency. Timing was important as prolonged exposure to heat in
calcium/glycerol buffer kills competent cells. The reaction tubes were returned to ice for
2 minutes. 900ul of 37°C SOC buffer (Gibco BRL) was aliquoted into each tube; they
were then shaken at 37°C, 250rpm, for 45-60 minutes. During this time competent cells
recover and transformed cells express the antibiotic resistance gene needed to replicate
on selective plates. Using a sterile glass spreader, 10041 of each sample was spread onto
the surface of separate LB agar plates supplemented with the antibiotic, ampicllin
(100ug/ml). The spreader was sterilised between samples by immersion in 95% ethanol,
flaming and cooling for 30-60 seconds. Plates were incubated facing up for several
minutes while inoculum of cells was completely absorbed into the agar, then inverted, so

that the agar faced down, and incubated at 37°C in the plate incubator for 16 hours,

Materials

LB media: 500ml distilled water, plus 10g LB broth powder. Autoclaved at 121°C for 15
minutes or filter sterilised.

LB agar plates: 500ml distilled water, 10g LB broth powder, and 7.5g agar noble.
Autoclaved at 121°C for 15 minutes. The agar was microwaved to liquefy and left to
cool In a 55°C waterbath. Where required (for transformation of ligation reactions)
ampicillin (100pg/ml) was added to S00ml agar when the temperature was below 55°C.
20ml of LB agar was poured into 10cm plates in laminar flow hoods to exclude other

micro-organisms and left to set with lids half removed. Once set the lids were replaced
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and the plates transferred to a 37°C incubator to remove excess moisture. Plates were
stored at 4°C until required (max. 10-days).
Calcium/glycerol buffer: Combine 100ml 0.6M CaCl,

20ml! 0.5M Pipes pH 7.0

150ml glycerol

730ml water

Sterilise by autoclaving or filtering.

2.4 Preparation of Plasmid DNA
2.4.1 Small Scale: Mini-Prep

The QIAprep miniprep kit (QIAGEN) was used for high through-put purification
of up to 20ug of plasmid DNA. It is based on alkaline lysis of the E. coli, followed by
adsorption of the DNA onto a silica-gel resin in high salt concentrations. A single
transformed E. coli colony was shaken in S5ml of LB, containing antibiotic selection, at
37°C for 14 to 16 hours. 4ml of this culture was used in the mini-prep protocol. The
remaining 1ml was mixed with 1ml of 100% sterile glycerol (Gibco BRL), 1ml of this
mixture was snap frozen in Nunc cryotubes. Those minis containing the pGL3.promoter
plus Insert ligated in the correct (desired) manner, were stored at -80°C. The plasmid
DNA was removed from the E. coli host by alkaline-SDS lysis followed by adsorption
of DNA onto a silica-gel resin in the presence of a high salt concentration. The larger
chromosomal DNA, with the lysed debris, was cleared by centrifugation. Incubation
with RNase A, digested contaminating E. coli RNA. The plasmid DNA was purified

from proteins by SS-phenol/chloroform extraction and concentrated by ethanol

precipitation.




Procedure

The bacterial culture was centrifuged to pellet the bacterial cells. The supernatent
was discarded. The pellet was resuspended in 2501 buffer P1 containing RNaseA and
pipetted into a 1.5ml eppendorf tube. The bacteria were lysed by addition of 250ul of
alkaline-SDS lysis buffer (P2). The tubes were incubated at room temperature for 5
minutes. 350p! of buffer N3 was added and mixed by inverting 4 to 6 times to stop the
lysis reaction and prevent shearing of the DNA. The sample was centrifuged for 10
minutes to remove cell debris and unwanted chromosomal DNA. Buffer N3 has a high
salt concentration to allow optimum adsorption to the silica-gel column. The supernatent
was decanted into a QIAprep spin column and microcentrifuged at full speed for 30 to
60 seconds. The DNA bound to the resin and the flow through was discarded. The
column was washed by adding 500ul of buffer PB and centrifuging for 30-60 seconds
the flow through was discarded. The QIAprep spin column was washed again by
addition of 750ul of buffer PE and centrifuging for 30-60 seconds. The flow through
was discarded and the column was centrifuged for a further minute at full speed to
remove residual wash buffer. The DNA was eluted into a clean, 1.5ml microcentrifuge
tube by applying 50pul of buffer EB (10mM Tris.Cl, pH 8.5} or sterile distilled water to
the centre of the QIAprep column. It was left to stand for 1 minute and then centrifuged
for 1 minute at full speed. The eluate was collected in a sterile 1.5ml eppendorf tube and

stored at -20°C.

The Qiaprep miniprep procedure was analysed via agarose gel electrophoresis.

2.4.2 Large Scale: Maxi-Prep.

The EndoFree Plasmid Maxi Kit supplied by QLAGEN can be used to isolate and
purify plasmids of up to approximately 150kb. The protocol was used to purify up to
500umg of plasmid DNA. The principles are similar to that of the mini-prep protocol.
100ml of LB broth containing ampicillin (100pg/ml) was inoculated with 20-50ul of a




mini-prep culture and shaken for 12 to 16 hours at 37°C. The QIAGEN protocol

described below was then followed.

Procedure

The bacterial culture was centrifuged in a Sorvall GSA at 6000g for 15 minutes
at 4°C. The supernatent was discarded and the bacterial pellet was resuspended in 10ml
of buffer (P1) containing RNase A. The culture was transferred to a 50ml screw cap tube
and incubated with 10ml of lysis buffer (P2) at room temperature for a maximum of 5
minutes. The lysis reaction was stopped by addition of 10ml of chilled neutralisation
buffer (N3), which increased the salt concentration of the sample to allow optimum
binding to the silica-gel column. The lysate was centrifuged at 6000g for 20 minutes.
The supernatant / lysate was decanted/ pipetted into the barrel of a QIAfilter cartridge
and incubated at room temperature for 10 minutes so that a precipitate of proteins,
genomic DNA and detergent formed a layer on top of the solution. The cell lysate was
filtered into a 50ml tube, approximately 25ml of lysate was recovered. 2.5ml of
endotoxin removal buffer (ER) was added to the filtered lysate and incubated on ice for
30 minutes. The cleared lysate was decanted into a QIAGEN-tip 500, previously
equilibriated with 10ml equilibriation buffer (QBT). 2 x 30ml of wash buffer (QC) was
applied to the column to remove any contaminants. The DNA was eluted by applying
15ml of elution buffer (QN) to the column. The flow-through was collected in a 30ml
sterile tube. 10.5ml (0.7 volumes) room temperature isopropanol was added to
precipitate the DNA and the solution was immediately centrifuged in a Sorvall SS-34
rotor at 15000g for 30 minutes at 4°C. The DNA pellet was washed with 2.5ml
endotoxin-free, room temperature 70% ethanol (40ml of 96-100% ethanol was added to
the endotoxin-free water supplied) and centrifuged for 10 minutes at 15000g. The
supernatent was decanted. The pellet was air-dried for 5-10 minutes dissolved in 300ul

of buffer TE and stored in a sterile 1.5ml eppendorf tube at -20°C.

Buffers
Bujfer P1 (Resuspension Buffer): 50mM Tris.Cl, pH 8.0; 10mM EDTA; 100ug/ml
RNase A. Store at 4°C after addition of RNase A.
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Bufffer P2 (Lysis Buffer): 200mM NaOH, 1% SDS.

Buffer P3/N3 (Neutralization Buffer): 3.0M potassium acetate, pH 5.5.

Bujfer OBT (Equilibration Buffer): 750mM NaCl; 50mM MOPS, pH 7.0; 15%
isopropranol; 0.15% Triton X-100.

Buffer QC (Wash Buffer): 1.0M NaCl; 50mM MOPS, pH 7.0; 15% isopropanol.

Buffer QF (Elution Buffer): 1.25M NaCl; 50mM Tris, Tris.Cl, pH 8.5; 15% isopropanol.
Buffer ON (Elution Buffer): 1.6M NaCl; 50mM MOPS, pH 7.0; 15% isopropanol.

TE: 10mM Tris.Cl, pH 8.0; 1mM EDTA.

All buffers were stored at room temperature unless stated otherwise.

2.4.3 Analysis of Plasmid DNA.

A 10ul aliquot of the TE/DNA mix was pipetted into an eppendorf containing
490ul of distilled water. Quartz cuvettes were used to read both the blank (distilled
water) and test samples. The optical density (OD) was read at 260nm and 280nm. The
OD’s were applied to the equations below to determine the purity and quantity of

plasmid DNA recovered.

Purity of DNA: OD 260nm

OD 280nm

0D260/280 < 1.7 indicated the plasmid preparation was free of protein contamination

Quantity of DNA (ug/ul):  OD, x Dilution x 50

OD of 1 = 50ug/ul of DNA




2.5 Transfection of Mammalian Cells.

All the methods described below were used for co-transfection of two
recombinant plasmids. Each novel HRE sequence was attached to a luciferase reporter
gene and independently co-transfected, with a control CMV-driven reporter plasmid,
into a panel of human carcinoma cell lines. The capacity of each vector construct to
regulate gene expression in response to low oxygen was quantified relative to an SV40

early gene promoter/enhancer.

2.5.1 Electroporation

Human cell lines were electroporated using cytomix prepared as described in
Van Den Hoff et al. (1992). Exponentially growing cells were harvested to produce a
cell pellet, which was resuspended in 20ml of PBS at room temperature. The cells were
counted using an improved Neuberger haemocytometer to obtain aliquots of 5 x 10°
cells, centrifuged to produce a cell pellet and the supernatent was discarded. The
electroporation medium was prepared and made up to a final volume with millipore
water. An appropriate amount of ATP and glutathione were added to the cytomix just
before use. The solution was pH adjusted to 7.6 using 1M KOH and then filter sterilised.
Each aliquot of 5 x 10° cells were resuspended in Iml cytomix and pipetted into an
electroporation cuvette containing 20ug of purified plasmid DNA and incubated at room
temperature for a maximim of 3 minutes. An electrical pulse (1500uF @ 280V, 320V
for MDA 468, C4.5 and Kai3) was applied to each cuvette. Immediately after the
electrical pulse, the cell / cytomix solution was transferred to a 75cm” flask containing
20ml complete, pre-warmed media. The flasks were placed in a 37°C, 5%CO,

humidified incubator overnight.

Materials
120mM Potassium Chloride (KC1) MW 74.55
0.15mM Calcium Chloride (CaCl,) MW 147.0
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10mM Potassium Hydrogen Phosphate (K,HPO,), MW 174.18, pH 7.6

25mM Hepes, MW 238.3, pH 7.6

2mM Ethyleneglycol-bis-(b-aminoethyl ether)N,N,N’,N’ -tetraacetic acid (EGTA), MW
380.4, pH 7.6

5mM Magnesium Chloride (MgCl,) MW 203.3

pH 7.6 with 1M Potassium Hydroxide (KOH) MW 56.11

All solutions were made at a 10X stock, filter sterilised (0.2um) and stored at room

temperature.

2mM Adenosine Triphosphate (ATP), MW 551.1, pH 7.6
S5mM Glutathione, MW 307.3

Solutions were prepared fresh each time.

All reagents were purchased from Sigma.

2.5.2 _Calcium Phosphate

24 hours before transfection, adherent cells were harvested, pelleted and counted
using an improved Neuberger haemocytometer. 2 X 10° cells were seeded into an
individual well of a 6 well plate with 2ml of complete DMEM. The plate was incubated
overnight by which time the cells should be no more than 80% confluent. 10ug of DNA
were pipetted into a sterile bijou tube containing 250ul of 0.25M CaCl,. The CaCl, /
DNA mix was slowly and gently, pipetted dropwise down the side of a pasteur pipette
into a fresh 5ml bijou containing 250ul of BES, the solution turned milky, it was
incubated at room temperature for 10-20 minutes. Fresh media was added to the cells
and the calcium chloride / DNA solution pipetted dropwise onto the cells whilst swirling
the plate in a circular manner to ensure an even distribution of the plasmid DNA. The
plate was incubated in a humidified 95% air, 3% CO, atmosphere for 12-18 hours at

35°C. The plate was examined under the microscope for an even precipitate. A fine
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precipitate indicated too much DNA was added, whilst a clumpy precipitate suggested
too little. The plate washed twice with 5ml PBS and fresh complete media was added.

Materials

2.5M CaCl, (Sigma Chemicals Co. Ltd).
36.75g in 100ml distilled water.
Filter sterilised and stored at -20°C in 5ml aliquots.
Diluted to 0.25M for transfection.

2 X BES: Buffered solution (BBS): 50mM BES (MW 213.25), 10.663g/L.
280mM NaCl (MW 58.44), 16.363g/L.
1.5mM Na,HPO, (MW 141.96), a 15mM stock
was made (0.426g in 200ml), pH adjusted to 6.95
with HCL. 100ml was added to 1L to give a 1.5mM

solution.

BES and NaCl were added to a 1L flask, to this was added 700ul distilled water,
100ml 1.5mM Na,HPQO,, pH to 6.95-6.98 with 1M NaOH and made up to a total

volume of 1L. The solution was filter sterilised and stored in 50ml aliquots at -
20°C.

24 hours after transfection, each flask of transfected cells was harvested,
pelletted and resuspended in Iml of pre-warmed culture media. A cell count was
performed on each sample and 3 x 10" cells were reseeded into duplicate wells of a 24
well plate (Monaghan, 2000). The cells were allowed 4-6 hours to attach and then
triplicate plates were exposed to 16 hours air (37°C, 5% CO, humidified incubator),
hypoxia (1% O,, 5% CO,, 94% N, humidified), or anoxia (= 0.002% O,). Following
exposure, cells were returned to normoxia for 3 hours and subsequently were lysed and

assayed for firefly and renilla luciferase activities.
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2.6 __Assays
2.6.1 Dual-Luciferase Reporter Assay (DLR) System

The DLR system was used to study the transcriptional response of a variety of
genes to both aeorobic and hypoxic conditions. A modified version of the recommended
procedure was used. Cells were seeded into 24 well plates for all experiments, for more
details see section 2.5. The culture media was apirated from the cells and they were
washed with 200ul of PBS. 100ul of 1 X passive lysis buffer PLB (supplied by
Promega) was then applied to each well of a 24-well plate. The plate was placed on a
plate shaker (Heidolph, Titramax 1000) for 15 minutes at room temperature to ensure
complete coverage and lysis of the cells. The Luciferase Assay Reagent II (LAR II) was
prepared by resuspending the lyophilized Luciferase Assay Substrate in 10ml of
Luciferase Assay Buffer. A 50X stock of the Stop and Glo Solvent was prepared by
adding 200ul of Stop and Glo Substrate Solvent to the dried Stop and Glo Substrate.
Both of these reagents were stable at —20°C (for one month), or =70°C for long term
storage (up to one year). The Stop and Glo Reagent was prepared fresh by adding 50
volumes of Stop and Glo Buffer to one volume of Stop and Glo Substrate in an amber
vial. To ensure minimal background activity a lysate of untransfected control cells and
cells expressing high levels of firefly luciferase were prepared. 10ul of each lysate (test
and control) were dispensed into duplicate wells of a 96 well luminometer plate
(Dynex). **Luminescence was determined by measuring the luminescence activity
produced by addition of 50ul LARII followed by 50ul Stop & Glo; A reagent injector
dispensed 50ul of LARII into a single well, the luminometer performed a two-second
pre-measurement delay followed by a ten-second measurement period for each reporter
assay. A second injector then dispensed 50ul of Stop and Glo into the same well and
performed a ten-second measurement. A mean of each value was calculated per sample

and normalised against the aerobic control to give luciferase expression (see 3.3.1).
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2.6.2 DNA Sequencing

All plasmids generated for this study were sequenced using the the ABI PRISM
BigDye™ Terminator Cycle Sequencing Ready Reaction Kit supplied by PE Applied
Biosystems. The kit consists a single reagent containing four dye-labelled dideoxy
nucleotides. This was added to the primer and vector template and prepared for the
automatic DNA sequencer using a modified method to the suppliers recommended
procedure, Modified pGL3 vectors were sequenced clockwise form the upstream
cloning site using the Rvprimer3 and counterclockwise upstream of luc+ with the

Glprimer2.

Figure 2.2: pGL3 vector showing upstream and downstream cloning sites and the

locations of the sequencing primers, Rvprimer3 and Glprimer2.
(Taken from pGL3 Luciferase Repoter Vectors, technical manual, Promega.)

Rvprimer3

»>
5 CTAGCAAAATAGGCTGTCCCCAGTGCAAGTGCAGGTGCCAG

AACATTTCTCTATCGATAGGTACCGAGCTCTTACGCGTGCTAGCCCGGGT
Multiple Cloning Site

SV40 Luc+ Coding
Promoter Region Start

—>
CGAGATCTGCGAT E! TAAGTAAGCTTGGCATTCCGGTACTGTTGGTAAAGC

N/

ACCATGGAAGACGCCAAAAACATAAAG......covvvinennn 3’
<

Glprimer2




Procedure

1ul of each vector to be sequenced was run on an agarose gel against 1ul of the
Lambda (1) HindIII (NEB) molecular weight DNA marker to accurately determine its
concentration. For each sequencing reaction 200 to 500ng of double stranded DNA were
dispensed into a 0.5ml thin-walled PCR reaction tube (Eppendorf). Added to this were
S5pmol primer (Promega), 1ul DMSO, 8ul Terminator Ready Reaction mix (Applied
Biosystems) and made up to a final volume of 20ul with millipore grade water and
mixed well. The tube(s) was placed in a Techne thermal cyler. The solution was exposed
to 96°C for four minutes followed by 30 cylces of:
* Rapid thermal ramp to 96°C
*  96°C for 30 seconds
* Rapid thermal ramp to 50°C
*  50°C for 10 seconds
* Rapid thermal ramp to 60°C
*  60°C for 4 minutes

After the 30 cycles there was a rapid thermal ramp to 4°C, this temperature was held
until the sample was ready to be purified.

The tubes were briefly spun and the contents were pipetted into individual, clean
1.5ml eppendorf tubes containing 2ul of 3M sodium acetate (NaOAc) pH 4.6 and 50ul
of 95% ethanol (EtOH). The tubes were vortexed then left at room temperature for 15
minutes to precipitate the DNA. The tubes were spun in a microcentrifuge for 20
minutes at maximum speed. The supernatent containing unbound dye terminators was
removed and the pellet rinsed by addition of 250ul of 70% ethanol. After vortexing the
tube was centrifuged again and supernatent discarded. The tube was then placed in a
heated block (90°C) with its lid open for one minute to dry the pellet. Each sample was
kindly electrophoresed by Dr. Lawrence Hall, at the Medical School, University of

Manchester.
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2.7 Solutions and Reagents
Dulbeccos modification of eagles media (DMEM)

Reagents
10X DMEM (Gibco BRL)
Foetal calf serum (FCS; Labtech)
7.5% sodium bicarbonate (NaHCO,; Sigma)
L-glutamine (200mM; Imperial Labs)
1M sodium bicarbonate (NaOH; Sigma)
IM hydrochloric acid (HCL,; Sigma)

Sterile distilled water

390ml of distilled water were aliquoted into 500ml bottles and autoclaved. Using
aseptic techniques, 50ml 10X DMEM, 50ml FCS, 27.5ml 7.5% NaHCO,, Sml of
200mM L-glutamine and 7ml 1M NaOH were added to each bottle and gently mixed.
The bottles of 1X DMEM were dated and stored at 4°C until required.

Phosphate Buffered saline (PBS)

Individual tablets (Oxoid) were dissolved in 500ml distilled water and
autoclaved. The sterile PBS was a pH of 7.4.

Trypsin—-EDTA

Trypsin was supplied in 100ml bottles by Gibco BRL as a 10X stock which was
stored at -20°C. 1ml of 500mM EDTA was added to each thawed bottle of trypsin,

which was aliqoted and stored at -20°C. Prior to use the trypsin-EDTA mix was diluted
10-fold in sterile PBS.
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0.5M EDTA (pH 8.0)*

186.1g of disodium ethylenediaminetetra-acetate.2H,O were added to 800ml of
distilted water and pH adjusted to pH 8.0 with 1M NaOH. The solution was sterilised by
autoclaving.
50 x Tris-EDTA*

121g tris base (Sigma), 28.55ml glacial acetic acid (Gibco BRL), 50ml EDTA

(0.5M, pH 8.0) were dissolved in 400ml of distilled water. The solution was made up to

a total volume of 500ml with distilled water and vigorously stirred on a magnetic stirrer.

Ethidium bromide (EtBr)*

1g of EtBr was added to 100ml of distilled water and placed on a magnetic stirrer
to ensure the dye fully dissolves. The solution was transferred to a dark bottle and stored

at room temperature.

* Recipes from Maniatas




Chapter 3

Optimisation of Transfection Efficiency.
Orientation, and Reoxvgenation Phenomena of
Hvpoxia-Responsive Element Enhancer
Sequences in a Panel of Human Carcinoma Cell
Lines.

3.1 Introduction

Prior to beginning the main set of experiments for this thesis, it was important to
validate that the expression of the chosen HRE sequences under hypoxic and aerobic
conditions was as a direct result of the binding and transactivation of the HRE and not

artifacts inherent in the experimental procedures.

Since the PGK 18bp HRE is relatively well characterised in the published
literature (Firth et al., 1994; Dachs et al., 1997; Boost et al., 1999), it was used to
determine multiple experimental parameters such as quantity and ratio of DNA
transfected and length of reoxygenation time after hypoxic and anoxic exposure. 16 hr
(overnight) was nominally selected as the exposure time for all experiments as this
appears to be the most common schedule used in the majority of HRE studies published

to date and was logistically straightforward

It was considered important that the respective HREs were optimised under both
intermediate hypoxia and anoxic conditions. 1% 02 (1% 02 5% CO02 94% N2
humidified), referred to hereafter as “hypoxia"’, and palladium catalyst-induced anoxia
(>0.002% 0 2) referred to as “anoxia” were employed to represent these conditions.
Ambient p02 (20.9% 02) was used to represent normoxia. 1% 02 represents the

concentration of molecular oxygen that discriminates most clearly between tumour and
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normal tissues (see chapter 1) and is known to evoke a HIF-1-dependent response.
Anoxia was considered representative of the severe oxygen deprivation that occurs in
tumour tissues following complete vascular occlusion. Initial experiments to determine
optimisation of reporter: control plasmid ratios were performed under normoxia and
anoxia only. Following this initial optimisation, experiments comparing the
effectiveness of the phosphoglycerate kinase HRE in the homologous (positive)
orientation (PGK*™), reverse of homologous (negative) orientation (PGK™), and in the
homologous orientation but with a mutated HIF-1 binding site (PGK™") were performed.
Further experiments to optimise reoxygenation times were carried out under normoxia,

hypoxia and complete anoxia.

3.2 Methods.

The pGL3.PGK™ and pGL3.PGK™ orientation were kindly donated by Oxford
Biomedica, both contained an 18-bp trimer HRE. A pGL3.PGK™ vector was
constructed; an oligo of three copies of the PGK™ sequence (SigmaGenosys), mutated
at the core HIF-1 binding site, ACGT, and ligated into the pGL3.promoter expression
vector (Promega) at the Bgl II site in the multiple cloning region, 5’ to the SV40

enhancer (figure 3.1).




Figure 3.1: Sequence comparison of PGK***, PGK', PGKmt

PGK* ek

5-TGTCALGICCTGCACGAC-if’

PGL3.PGK ~was identical to pGL3.PGK*** except the PGK was inserted in the reverse

orientation with respect to its homologous promoter context (Dachs et al., 1997).

pGL3.PGKmi.

5-TGTCCATTCCTGCACGAC-3°

The pGL3.PGK HRE construct encoding the SV40 minimal promoter and the
firefly luciferase reporter gene was used to optimise transfection conditions. The
pGL3.control plasmid containing the SV40 enhancer and promoter, both unresponsive to
changes in 02 was used to normalise HRE activity. pGL3.Control, pGL3.PGK***,
pGL3.PGK~, were transiently co-transfected with the control CMV-driven renilla
reporter plasmid, pRL.CMV as described in section 2.5, into the MDA 468, HT1080 and
SQ20B human carcinoma cell lines with different total quantities of plasmid DNA (5,
10, or 15pg), at varying ratios (10:1 or 40:1). In each case the quantity of the pRL.CMV
remained at a constant ratio, whilst the absolute amount of pGL3.PGK was titrated.
Cells were allowed 24hr to recover from transfection, whereupon they were reseeded
into duplicate 24 well plates and exposed to 16 hours oxia (37°C, 5% C02 humidified
incubator), or complete anoxia (s0.002% 0 2). Following exposure, cells were lysed and

assayed for firefly and renilla luciferase activities using a Berthold model luminometer.

Using the optimal quantity and ratio of DNA the HT1080 cell line was
transiently co-transfected with pGL3.PGK*** and either pRL.CMV or pRL.TK
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(thymidine kinase promoter) under identical experimental conditions to determine the
most appropriate internal control promoter to drive the transcription of the renilla cDNA

for use in this study.

Follow up experiments were performed using the preferred renilla (pRL.CMYV as
determined by experiments in section 3.3.2) to determine the optimal reoxygenation
period. Cells were exposed to 16 hours oxia, hypoxia or anoxia after which they were
given varying periods of reoxygenation (0, 1, 2, 3, 4, and 6 hours), lysed and assayed for

firefly and renilla activities.

Finally, to demonstrate the importance of the core HIF-1 binding site

pGL3.PGK*™"~ expression was compared with pGL3.PGK™.

3.3 Results

3.3.1 Optimisation of DNA quantity and ratio

The dual-luciferase assay involves the co-transfection of two plasmids. The first
contains the HRE under evaluation, placed in the heterologous context of a minimal
SV40 promoter with a firefly luciferase reporter gene readout (firefly: pGL3.HRE). The
second was a renilla plasmid (pRL), a chimeric vector composed of a promoter that was
found to be constant under all experimental conditions under investigation in this study,
linked to a renilla luciferase reporter gene. The renilla vector allowed the transfection
efficiency of each independent experiment to be accounted for, allowing normalisation
of intra and inter experimental variations. There are currently two possible promoters
used in the renilla plasmid, cytomegalovirus (CMV) or thymidine kinase (TK), denoted
either pRL.CMV or pRL.TK respectively. Preliminary experiments were performed
using the more robust pRL.CMV vector.
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The table overleaf (3.1) shows the expression of pGL3.PGK*™ versus pGL3.PGK™

in the human carcinoma cell line MDA 468. Normalised values for the expression of

each vector under air and complete anoxia were obtained as described below.

a)

b)
c)

d)

e)

b

Firefly and renilla luciferase readings were taken from untransfected, wild-type,
cells to account for any background noise registered by the luminometer.

This was subtracted from the sample values.

Duplicate readings of firefly and renilla activity were made for each sample, as
described in 2.6 and the mean was calculated.

Mean firefly activity was divided by mean renilla activity (control of transfection
efficiency) to internally normalise every independent cell lysate sample, thus
accounting for transfection differences between both reporter plasmids and
repeat experiments. This normalised value is nominally referred to as Relative
Light Units (RLLU).

In order to compare RLUs across multiple cancer cell lines this value was then
normalised for each cell line by nominally assigning the aerobic pGL3.Control
(full SV40 promoter/enhancer) RLU a value of 1.00. This value was
unresponsive to changes in oxygen tension. All experiments were performed in
triplicate and normalised intra-cell line values were averaged. Thus all variable
parameters, both intra- and inter-experimental, were accounted for. Standard
deviation and standard error values were determined from the mean. To calculate
the amplitude of each HRE RLUs were normalised to that of normoxic
expression in the pGL3.Control cells (RLU = 1.00).

Fold-induction ratios were calculated by dividing the normalised anoxic (or

hypoxic) value by the corresponding acrobic value for each HRE.
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Table 3.1: Representative raw data set for MDA468 transfected with either 15, 10
or 5 ug of total plasmid DNA (pGL3.Control, pGL3.PGK™ and pGL3.PGK™) at a

reporter:control ratio (firefly:renilla) of 10:1 and 40:1.

10;1
15ug 4 a b b ¢ d e ¥

MEAN MEAN
SAMPLE FIREFLY| FIREFLY | FIREFLY |BCKGRDIMEAN _|RENILLA| RENILLA| RENILLA|RENILLA| RENILLA | FIR/REN | NORMALISEINNDUCTION
CONTROL/AI 93737 | 119251 106494 80 B5] 196177 | 279764 | 196092 | 279679 § 237886 { 0.4477 1.0000 0.9686
AnG, 66080 563562 64821 83 164493 | 134654 | 164408 | 134569 149489 | 04336 0.9686
PGK++AIR 872 3793 5832.5 92 638934 | 408051 | 638849 | 407966 { 523408 | 0.0111 0.0249 244784
AnO, 127118 130778 128048 81 511131 | 434506 | 511046 | 434421 472734 0.2728 0.6093
PGK---/ATR 2034 7535 47845 92 448268 | 378628 | 448183 | 378543 | 413363 | 0.0116 0.0259 16.3341
AnG, 77382 56872 67127 82 349223 | 361060 | 349138 | 360075 | 355057 | 0.1891 0.4223
10ug

MEAN MEAN
SAMPLE FIREFLY}|FIREFLY | FIREFLY |BCKGRD|MEAN | RENILLA} RENILLAJRENILLA{ RENILLA| RENILLA | EIR/REN | NORMALISEINNDUCTION
CONTROL/ATH 66450 58397 § 62423.5 135351 | 139776 | 135266 { 139691 1374719 | 0454 1.0000 0.8888
AnG; 66194 54741 | 60467.5 168065 | 131780 §{ 167980 { 131695 149838 | 0.4036 0.8888
PGK++HAIR 3272 2535 2903.5 327818 | 276342 1 327733 | 276257 301995 0.0096 0.0212 22.0338
AnG, 65123 57252 | 61187.5 326825 1 251018 | 326740 | 250933 | 288837 | 0.2118 0.4665
PGK---/AIR 1499 1491 1495 169669 | 209659 | 169584 | 209574 189579 0.0079 0.0174 35.7205
AnO; 46480 26211 | 363455 131030 | 127130 | 130945 | 127045 128995 0.2818 0.6205
Sug

MEAN MEAN
SAMPLE FIREFLY]FIREFLY | FIREFLY [BCKGRDJMEAN | RENILLA| RENILLA| RENILLA| RENILLA| RENILLA | FIR/REN | NORMALISEINDUCTION
CONTROL/AIH 85308 83066 84187 87513 92438 $7428 92353 | 89800.5 | 0.9346 18000 0.7471
AnG: 78736 87845 | $3290.5 98563 | 139691 98478 | 139606 119042 | 0.6997 0.7471
PGK+++AIR 7142 8011 7576.5 263581 | 283261 { 263496 | 283176 | 273336 | 0.0277 0.0296 16.5017
AnQ» 77009 82738 | 79873.5 177685 { 171731 177600 | 171646 174623 0.4574 0.4884
PGK--—-/AIR 4630 2087 | 3358.5 99211 | 120352 99126 | 120267 109697 | 0.0306 0,0327 18.1397
AnQs 29634 42516 36075 72747 57336 72662 57251 | 649565 | 0.55%4 0.5930
40;1
15ug

MEAN MEAN
SAMPLE | FIREFLY|FIREFLY | FIREFLY |BCKGRD) MEAN | RENILLA RENILLAJRENILLA] RENILLA| RENILLA | FIR/REN NORMALISEIINDUCTION
CONTROL/AI] 188670 | 141034 164852 80 85 2790 1682 2705 1597 2151 | 76.6397 1.0000 0.8784
AnQ, 140072 | 177933 159003 83 1910 2984 1825 2899 2362 | 67.3169 0.8784
PGK-+-+HAIR 14001 12667 13334 92 8661 13216 8576 13131 | 1G853.5 1.2285 0.0160 22.9455
AnQs 150319 | 120583 135451 81 5353 4427 5268 4342 4805 | 28.1896 0.3678
PGK--~/AIR 9983 17609 13796 92 8450 16764 8365 16679 12522 1.1017 0.0144 16.2041
AnG, 120288 74307 | 97297.5 82 5112 5958 5027 5873 5450 | 17.8528 0.2329
10ug

MEAN MEAN
SAMPLE | FIREFLY|FIREFLY]FIREFLY |BCKGRD|MEAN _ | RENTLLA| RENTLLA]RENILLA| RENILLA| RENILLA | FIR/REN | NORMALISEQINDUCTION
CONTROL/AI} 45806 54856 50331 1140 876 1055 791 923 | 54.5298 1.0000 0.5451
AnQ, 29459 25642 | 27570.5 1176 849 1091 764 927.5 | 29.7256 0.5451
PGK+++HAIR 11350 10375 | 10862.5 9410 4587 9325 4502 6913.5 1.5712. 0.0288 21.5910
AnQ, 119741 ‘15965 7853 3995 1944 3910 1859 2884.5 | 33.9237 0.6221
PGK-—-/AIR 7902 8470 3186 4923 6310 4838 6225 55318 1.4799 0.0271 20.2123
AnO, 84498 | 117760 101128 2921 2463 2836 2378 2607 | 38.7913 0.7114
Sug

MEAN MEAN
SAMPLE FIREFLY| FIREFLY | FIREFLY | BCKGRD|MEAN | RENILLA| RENILLA| RENILLA] RENILLA] RENILLA | FIR/REN | NORMALISEIINDUGTION
CONTROL/AI{ 11923 17730 | 14826.5 1027 1508 942 1423 1182.5 | 12.5383 1.0000 0.6413
AunOs 8538 8837 8687.5 1507 824 1422 739 1080.5 | 8.0403 0.6413
PGK+++AIR 4616 1635 3125.5 5408 10806 5323 10721 8022 | 0.3895 0.0311 11.0910
Ang, 14715 34763 24739 3096 8524 3011 8439 5725 | 43212 0.3440
PGK~-/ATR 455 529 492 4391 5471 4306 5386 4846 | 0.1015 0.0081 32.6848
AnQ, 6909 3972 5440.5 2356 1093 2271 1008 1639.5 | 3.3184 0.2647
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Within the tables and figures in this study, aerobic values (37°C, 5% CO,) are
denoted by AIR, hypoxic values (1% O,, 5% CO,, 94% N,) by 1%0, and anoxic values
(=0.002% 0O,) by AnO,.

The experiment was performed in triplicate. The mean of the normalised values

was calculated and plotted as normalised expression of RLU of luciferase at normoxia

and anoxia. The final normalised values can be seen in table 3.2.
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Table 3.2: Normalised expression of pGL3.Control, pGL3.PGK"" and pGL3.PGK"

" in the human breast carcinoma cell line MDA 468, exposed to 16 hours air or

anoxia.

(Mean values are shown in italics.)

10;1
15ug
AIR AIR AIR AlIR Sdev SE
Control 1.0000 1.0000 1.0000 | 1.0000 0.0000 0.0000
PGK+++ | 0.0249 0.0399 0.0230 | 0.0292 0.0092 0.0054
PGK--- 0.0259 0.0232 0.0227 | 0.0239 0.0017 0.0010
AnO, AnG, AnQ, AnO , Sdev SE
Control 0.9686 1.1668 1.0377 | 1.0577 0.1006 0.0588
PGK+++ | 0.6093 1.2160 2.0970 | 1.3074 0.7480 0.4374
PGK--- 0.4223 0.7159 1.1388 | 0.7590 0.3602 0.2106
10ug
AIR AIR AIR AIR Sdev SE
Control 1.0000 1.0000 1.0000 { 1.0000 0.0000 0.0000
PGK+++ | 0.0212 0.0433 0.0183 0.0276 0.0136 0.0080
PGK--- 0.0174 0.0125 0.0286 | 0.0195 0.0082 0.0048
AnO, AnO; AnQ, AnG , Sdev SE
Control 0.8888 1.1018 0.9440 | 0.9782 0.1106 0.0647
PGK+++ | 0.4665 1.3895 1.5472 |} 1.1344 0.5837 0.3414
PGK--- 0.6205 0.8925 1.2074 | 0.9068 0.2937 0.1718
Sug
AIR AIR AIR AIR Sdev SE
Control 1.0000 1.0000 1.0000 | 1.0000 0.0000 0.0000
PGK+++ | 0.0296 0.0679 0.0213 0.0396 0.0249 0.0145
PGK--- 0.0327 0.0088 0.0168 | 0.0194 0.0122 0.0071
AnQ, AnQO, AnQO, AnO , Sdev SE
Control 0.7471 0.9951 0.9425 | 0.8949 0.1307 0.0764
PGK+++ | 0.4884 1.3597 2.1671 1.3384 0.8395 0.4910
PGK--- 0.5930 (.3571 1.4082 | 0.7861 0.5515 0.3225
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40;1

15ug

AIR AIR AJR AIR Sdev SE

Control 1.0000 1.0000 1.0000 | 1.0000 0.0000 0.0000
PGK+++ | 0.0160 0.0297 0.0140 | 0.0199 0.0086 0.0050
PGK--- 0.0144 0.0240 0.0094 | 0.0159 0.0074 0.0044

AnQO, AnO, AnG, AnQO ; Sdev SE

Control 0.8784 1.2497 1.0091 1.0457 0.1884 0.1102
PGK+++ 0.3678 1.0521 1.2494 | 0.8898 0.4627 0.2706
PGK--- 0.2329 0.9954 0.6189 0.6157 0.3812 0.2229

10ug

AIR AlIR AIR AIR Sdev SE

Control 1.0000 1.6000 1.0000 | 1.0000 0.0000 0.0000
PGEK+++ | 0.0288 0.0263 0.0181 0.0244 0.0056 0.0033
PGK--- 0.0271 0.0129 0.0104 | 0.0168 0.0090 0.0053

AnQO, AnQO, AnQ, AnQ . Sdev SE

Control 0.5451 1.2149 1.2112 | 0.9904 0.3856 0.2255
PGK+++ | 0.6221 0.6264 1.2194 | 0.8226 0.3436 0.2009
PGK--- 0.7114 0.3380 07127 | 0.5874 0.2160 0.1263

Sug

AIR AIR AIR AIR Sdev SE

Control 1.0000 1.0000 1.0000 | 1.0000 0.0000 0.0000
PGK+++ | 0.0311 0.0256 0.0346 | 0.0304 0.0046 0.0027
PGK--- 0.0081 0.0100 0.0558 | 0.0246 0.0270 0.0158

AnO, AnQO, AnQ, AnQ ; Sdev SE

Control 0.6413 0.8991 0.8349 | 0.7918 0.1342 0.0785
PGK+++ | 0.3446 0.9587 2.1226 | 1.1420 0.9030 0.5281
PGK--- 0.2647 0.5952 1.3335 | 0.7311 0.5472 0.3200

The mean normalised values from triplicate experiments, shown in iralics, are
plotted graphically overleaf (figure 3.2). Normalised HRE ampliude (relative light units
(RLU)) is shown on the y-axis. In future data will only be shown graphically, all
corresponding tables can be found in the appendices. For convenience data will be
presented as the mean of the normalised expression for each set of experiments
throughout this thesis. All plots are the average of at least three independent experiments

performed on different days.
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Figure 3.2: Normalised expression of pGL3.Control, pGL3.PGK++ and
pGL3.PGK ' amplitude in the human carcinoma cell line MDA 468, exposed to 16

hours air or anoxia, n=3.
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Table 3.3: Induction of pGL3.Control, pGI*".PGK*** and pGL3.PGK®' in the

human carcinoma cell line MDA 468, exposed to 16 hours air or anoxia (n=3).

DNA Ratio Total DNA Induction
(ug) Control PGK+++ PGK—
15 1.1 44.7 31.7
1051 10 1.0 41.1 46.5
5 0.9 33.8 40.4
m i.; 1 !i.......ou\
15 1.0 44.7 38.7
401 10 1.0 33.7 35.0
5 0.8 37.5 29.7

The above experiment was repeated in the HT1080 (figure 3.3) and SQD9

(figure 3.4), human fibrosarcoma and head and neck cell lines respectively.

Figure 3.3: Normalised expression of pGL3.Control, pGL3.PGK++ and
pGL3.PGK mamplitude in the human fibrosarcoma cell line HT1080, exposed to 16

hours air or anoxia (n=3).

(See appendix 1 for data)
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Table 3.4: Induction of pGL3.Control, pGL3.PGK++ and pGL3.PGK " in the

human fibrosarcoma cell line HT1080, exposed to 16 hours air or anoxia (n=3).

DNA Ratio Total DNA Induction
(UQ) Control PGK+++ PGK—

14 11.6
1051 10.8 15.7

0.9 13.2
8.2 5.8
40;1 1.2 5.2 5.4
9.8 9.7
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Figure 3.4: Normalised expression of pGL3.Control, PGL3.PGK*** amplitude in
the human head and neck carcinoma cell line SQ20B, exposed to 16 hours air or
anoxia (n=2).

(See appendix 2)
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Table 3.5: Induction of pGL3.Control, PGL3.PGK*** and pGL3.PGK ' in the
human head and neck carcinoma cell line SQ20B, exposed to 16 hours air or anoxia

(n=2).

DNA Ratio Total DNA Induction
- . (ug) Control PGK+++
15 1.5 17.4
10;1 10 1.8 15.6
5 1.2 18.2

Experiments were begun with the human head and neck carcinoma cell line
SQ20B. It was noted subsequently that this was a mixed diploid and tetraploid cell line,
so the diploid SQD9 cell line was used in all further studies.
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The figures (3.2-4) show the amplification of the PGK HRE (positive and
negative orientations) gene expression under two experimental conditions (air and
anoxia), normalised against the aerobic pGL3.Control vector which was non-responsive.
The mean induction ratio, ie. (02/ An02) for PGK++and PGK'~ in each cell line is
displayed in the tables. Data suggests that the anoxic inducibility of pGL3.PGK-++was
consistently higher in cells transfected with DNA at a 10:1 ratio compared to 40:1.
However, there were no significant differences in the results. Collectively these
observations imply that within the experimental parameters tested; 5 - 15 pg of vector at
reporter/control ratios from 10:1 to 40:1, no artefacts are present. Early additional
experiments (data not shown) suggested that extreme reporter/control ratios (e.g. < 60:1)
or very low total vector (* 2pg) resulted in abnormally high induction ratios and RLUs,
respectively. Conversely, excess vector (<60 pg) resulted in a saturation of the

transcriptional response to hypoxia.

3.3.2 pRL.TK versus pRL.CMV

Prior to optimising experimental conditions further, pRL.CMV was studied to
ensure it was equal to, or superior in function to the pRL.TK. Experiments were

performed as described.

Table 3.6: pGL3.PGK++hypoxic and anoxic expression when co-transfected with
either pRL.TK or pRL.CMYV in the HT1080 cell line.

MEAN
AIR AIR AIR Sdev
PGK + TK 0.39 0.37 0.38 0.01
PGK + CMV 0.10 0.09 0.10 0.01
MEAN
1%02 1%0z \%Ch Sdev Induction
PGK + TK 0.53 0.90 0.71 0.26 1.88
PGK + CMV 1.06 0.42 0.74 0.46 7.47
MEAN 3§ ji
AnC2 AnO: AnC» Sdev Induction
PGK + TK 0.83 0.67 0.75 0.11 1.97
PGK + CMV 1.18 0.56 0.87 0.44 8.82
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Cells were exposed to 16 hours normoxia, hypoxia or complete anoxia, then
assayed for firefly and renilla activities. Results were normalised against the aerobic

control as described.

Figure 3.5: Expression of pGL3.PGK++ co-transfected with either pRL.TK or
pRL.CMYV in the HT1080 cell line. (n=2)

HT1080

m AIR
W\%02
m An(2

PGK + TK PGK + CMV

From table 3.6 and the graph above (figure 3.5), it can be seen that the choice of
promoter to drive renilla expression has little effect on the hypoxic and anoxic PGK
HRE expression. However, the 100-fold lower absolute level of renilla expression with
pRL.TK compared to pRL.CMV, artificially elevated the aerobic baseline readings of
pGL3.PGK++as shown in table 3.7 and figure 3.6 overleaf. Thus cells co-transfected
with pRL.CMV have a much greater level of induction compared to those co-transfected
with pRL.TK. While no internal transfection control existed in these experimental

comparisons, cells were derived from single transfection events.
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Table 3.7: Expression of pRL.TK and pRL.CMV.

Raw data at varying oxygen concentrations n=2.

MEAN
AIR Sdev
TK 250.5 111.0
CMV 26843.2 11324.5
MEAN
1%Qz Sdev
TK 223.7 92.6
CMV 35485.8 212529
MEAN
AnC» Sdev
TK 380.0 151.3
CMV 22922.5 14570.6

Figure 3.6: Amplitude of pRL.TK and pRL.CMYV at different oxygen tensions, n=2.
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3.3.3 Determination of optimal reoxvgenation time

Following the determination of optimal vector ratio, quantity and choice of
internal control it was necessary to determine the most appropriate reoxygenation time
for all subsequent studies, in order to obtain the optimal hypoxic and anoxic responses.
This was intended to minimise any influence oxygen-deprivation may have upon the
post-transcriptional processing of the luciferase mRNAs and polypeptide chains. Thus
the experiment was repeated using the ratio of 10:1 and 10pg of plasmid DNA with
pRL.CMYV in two of the cell lines.

Figure 3.7: Normalised expression of pGL3.PGK++and pGL3.PGK" amplitude in
the human fibrosarcoma cell line HT1080, exposed to 16 hours air or anoxia and

various periods of reoxygenation (n=3). (See appendix 3)
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Table 3.8: Induction of pGL3.Control, pGL3.PGK++ and pGL3.PGKin

human fibrosarcoma cell line HT1080, exposed to 16 hours air or anoxia (n=3).

PGK+++
1% Oi AnC=
No reox 1.1 1.6
1 hr reox 12.1 8.7
2 hr reox 11.9 4.9
3 hr reox 9.3 10.3
4 hr reox 11.4 9.0
6 hr reox 11.2 10.5

PGK—

1%Qz AnOz
1.5 1.6
12.4 9.7
17.8 11.9
10.4 6.0
8.6 8.3
8.9 7.0

the

Figure 3.8: Normalised expression of pGLS.PGK*** and pGL3.PGK " amplitude in

the human head and neck carcinoma cell line SQD9, exposed to 16 hours air or

anoxia and various periods of reoxygenation (n=3). (See appendix 4)
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Table 3.9: Induction of pGL3.Control, pGL3.PGK™ and pGL3.PGK™ in the

human head and neck carcinoma cell line SQD9, exposed to 16 hours air or anoxia

(n=3),

PG4+ PGK---

1% ANO2 1% ANO2
No reox 6.1 3.0 57 4.1
1 hr reox 5.3 1.4 4.4 2.1
2 hr reox 5.5 2.0 53 33
3 hr reox 7.0 3.1 13.7 12.3
4 hr reox 5.9 2.3 5.8 6.3
6 hr reox 73 1.9 52 2.7

There were no significant differences in PGK expression at varying reoxygenation

times. However, there appeared to be a peak at one and three hours post-hypoxia in the

HT 1080 cells and three hours in the SQD9 cells.

3.3.4 Importance of the core HIF-1 binding site for HRE function

For further proof that it was the PGK HRE producing the oxygen related

induction in luciferase expression, the PGK'™" was mutated at the core HIF-1 binding

site (figure 3.1) to produce PGK™". The PGK constructs were transiently co-transfected,

as previously described into the HT1080 and SQD9 cells and exposed to 16 hours air,

hypoxia, or anoxia and three hours reoxygenation prior to assaying for firefly and renilla

activities,
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Figure 3.9: Normalised expression of pGLJ.PGK***, pGL3.PGK" and
pGL3.PGKmf in two human carcinoma cell lines, SQD9 and HT1080, exposed to 16

hours air or anoxia and three hours reoxygenation (n=3).
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3.3.5 Calcium phosphate versus electroporation as a method for transfection

It was noted that some of the absolute luciferase values produced by the
luminometer for certain cell lines were considerably lower than others. This suggested a
reduced transfection efficiency, which hampered experimental reproducibility. Using the
already optimised protocol, ie 10:1 ratio and three hours reoxygenation, two of the cell
lines were transfected by electroporation to determine if this increased efficiency. They
were electroporated at 280 or 320V (1500/*F), depending on the cell line (See table 2.1)
with various total quantities (/*g) of DNA and the protocol was followed as previously

described.

Figure 3.10: Normalised expression of pGL3.PGK++ transiently transfected into
the human carcinoma cell lines MDA 468 and HT1080, at 40:1 and 10:1 ratios

respectively, by electroporation. (n=2).
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Table 3.9: Comparitive inducibility of the PGL3.PGK*** vector transfected by

either calcium phosphate (at chosen parameter, see earlier) or electroporation.

PGK++
Calcium Electroporation
Phosphate 20ug 40ug
HT1080 5.2 13.5 17.9
MDA468 41.1 48.8 31.9

3.4 Discussion

There was little difference in the amplitude of pGL3.PGK luciferase gene
expression with the different quantities and ratios of total DNA used, irrespective of
HRE orientation. It was considered that 5pg might encourage inaccuracies when
aliquoting DNA and 15pg might possibly begin to saturate the transcriptional response
in other cell lines that will be added to the panel later. Inducibility of the HRE appeared
marginally higher at the 10:1 versus the 40:1 ratio. Using the 10:1 ratio could account
for lower transfection efficiencies in the expanded cell line panel where it was possible
that the pRL.CMV may become low enough to limit experimental accuracy at a ratio of
40:1. Therefore experiments were performed with 10pg of total DNA at a 10:1 ratio
(firefly:renilla).
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The pGL3.Control plasmid was minimally affected by changes in oxygen
concentration in each of the cell lines tested. The level of expression produced by this
construct was consistent between experiments within individual cell lines, thus
providing a reproducible internal constant. All values were normalised against the
aerobic pGL3.Control value (see 3.3.1), therefore inter-experimental and inter-cell line

comparisons could be made.

A comparative evaluation of the pRL.CMV and pRL.TK plasmids, as internal
transfection controls, clearly suggested the pRL.CMV vector was superior and would
provide more reproducible values. CMV is one of the most efficient eukaryotic
promoters in most cell types (Boshart et al., 1985). The amplitude of pRL.TK was
exceptionally low, (ca. 250-400 light units; figure 3.6), and once background readings of
wild-type cells were subtracted (in the range of 80-200 light units) this reading became
highly inconsistent. One option would be to increase the pRL.TK values by altering the
ratio from 10:1 to 3:1, for example. However, the protocol supplied by Promega
recommends a ratio in the range of 10:1 to 60:1 and excessive renilla vector may
compete for essential factors required for assembly of the transcription initiation
complex. As more pRL.TK is introduced into the system there will be less HRE reporter
for total DNA to remain constant. The data presented here demonstrates that the
normalised ratios of pGL3.PGK when using either pRL.CMV or pRL.TK as the internal
control are very similar irrespective of promoter usage (figure 3.5). This suggests that no
promoter cross-talk (squelching) was occuring at these ratios. The greater amplitude of
pRL.CMYV (figure 3.6) introduces fewer issues of variability, ie 10 000-fold rather than
3-fold above background. To further support the use of renilla-CMV (pRL-CMYV),
published data by Boast et al., 1999, demonstrates no variation in CMV luciferase
expression (CMV was inserted into the pGL3.basic vector, Promega) at a range of
oxygen tensions and at 0.1% oxygen their PGK (18bp™) HRE expression was greater
than that of CMV in the human breast carcinoma cell line, T47D (figure 3.11). Thus
collective experimental and published evidence supported the use of pRL.CMV in
preference to pRL.TK.
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Figure 3.11: Induction of the CMV immediate early promoter under levels of
hypoxia.

Results are of triplicate experiments in the T47D human breast carcinoma cell line.
Firefly luciferase activity was normalised to the renilla luciferase activity and these

values were plotted below. (Taken from Boast et al., 1999)

CMV CMV CMV CMV CMV
normoxia 0.1 %02 0.5%02 3%02 5% 02

Oxygen Concentration

Due to the inter-experimental variability there were no significant differences in
luciferase gene expression with varying length of reoxygenation (P<0.05). However,
there may be a slight exception with a peak in both pGL3.PGK~ amplitude and

induction at three hours reoxygenation, in the SQD9 cell line.

By changing the method of transfection from calcium phosphate to
electroporation it was possible to increase the transfection efficiency of all three cell
lines. This meant that in some cases (MDA 468) the raw data produced by the
luminometer was significantly higher than background readings and in the case of the
HT1080 cell line there was a greater HRE amplitude and induction with electroporation,

compared to calcium phosphate transfection.
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The induction ratio of pGL3.PGK™" versus pGL3.PGK™ appeared to be cell line

specific. Boast et al., 1999, indicated that the negative orientation of PGK had a far

superior response. However, this result was only reported in a single cell line, the human

breast carcinoma T47D. The data presented here suggests that the orientation

phenomena of PGK is cell line specific. The mutation in the HIF-1 binding site in the

PGK sequence severely reduced transcriptional activation of the luciferase reporter and

probably eliminated this mutation has been shown to prevent HIF-1 binding in the

hypoxic cells (Ebert et al., 1995).

In summary, the preliminary evaluation of the 18-bp trimer of PGK HRE allowed

the determination and optimisation of:

. enhancer orientation in the heterologus SV40 basal promoter context

total plasmid quantity per transfection (CaPQO, and electroporation)

. reporter : control vector ratios

1
2
3
4,
5
6

control vector promoter usage

. lack of reporter and control promoter “squelching”

. reoxygenation phenomenon
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Chapter 4

Optimisation of hypoxia responsive elements
(HREs) for gene therapy

This chapter has been divided into three sections. Initial work compared the
hypoxic and anoxic inducibility of a number of HREs (previously optimised by other
investigators) in a panel of human carcinoma cell lines. Following on from this two of
the HREs were selected for dissection of their functional elements and further
optimisation in the same cell line panel. Finally, the fransactivation of each HRE by
either HIF-1a or EPAS-1 was studied in a modified cell line, Kal3, which does not

express either of these transcription factors.

Part 1: Comparitive hypoxia-inducible expression of previously

‘optimised’ HREs

4.1.1 Introduction

A number of genes are upregulated in response to tissue hypoxia, including
erythropoeitin (Epo), vascular endothelial growth factor (VEGF), phoshogycerate kinase
1 (PGK), lactate dehydrogenase A (LDH-A) and glucose transporter 1 (Glut-1). The
transcriptional response of these genes to hypoxia is predominantly regulated by the
transcription factor HIF-1, previously described in chapter 1. The HIF-1 binding site
contained within each promoter is absolutely necessary but not always sufficient for
hypoxia inducible activity. It is likely that there is a cooperative interaction between
factors binding at adjacent cis-acting sites that are required for optimal hypoxic function.
So far this study has only examined the PGK 18bp HRE, composed of a minimal HIF-1

binding region (site 1; figure 4.1), which has been shown to be ‘optimal’ for hypoxic
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function in a heterologous SV40 or CMV promoter context (Boast et al., 1999). A
number of independent studies have identified hypoxia responsive enhancer sequences
within the gene regulatory sequences for; Epo (Pugh et al., 1993; Firth et al., 1994),
VEGF (Liu et al., 1995), PGK (Firth et al., 1994; Boast et al., 1999 [18bp]; Semenza et
al., 1994 [24bp and 26bp]), Glut-1 (Ebert et al., 1995), and LDH-A (Firth et al., 1995).
However, these investigations were usually restricted to a single cell line. In this chapter
the optimised sequences, described in earlier studies, were compared side-by-side for
their response to low oxygen tensions in a panel of human carcinoma cell lines (MDA
468, HT1080, and SQD9). For ease, each site has been given a simple nomenclature to

which it will be referred to for the remainder of this thesis (figure 4.1).

Figure 4.1: Hypoxia Response Elements and their co-operative cis-acting sequences

LDH-A | TGACGTCA | —] GCGGACGTGCGGGAACC | caceroTA |

Glut-1 | AGGCGTGCCGTCTGA | CACGCA |

PGK | TGTCACGTCCTGCACGA | coceacta ]

Epo | GCCCTACGTGCTGTCTCA |  cacacca |

VEGF | CACAGTGCATACGTGGGCTCCCAA | GAGGTCCICTT |
SITE 3 SITE 1 SITE 2

The HREs from each hypoxically regulated gene all contain core HIF-1 binding
sites. However, they differ in their natural sequence context and their cis-acting co-
activated enhancer sequences. Site 1 contains the core HIF-1 binding site, essential for
oxygen-regulated gene transcription. The conserved sequence is shown in bold.

Nucleotides ACGT have been shown to be essential for oxygen-regulated transcription
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of the Epo gene by DNAse I protection assays (Wang and Semenza, 1993; Pugh et al.,
1994).

Site 2 has been shown to be an essential second binding site within the 26bp Epo
HRE and has been termed a carbohydrate response element (ChoRE) in the LDH-A
HRE. As shown in figure 4.2, mutations at either site 1 (nucleotides 5-12) or 2 (nt 21-
24) of the Epo HRE ablated the hypoxic response in HepG2 and CHO cells, as did
increasing the natural spacing between these two sites from 4 to 8bp (Wang and
Semenza, 1993; Pugh et al., 1994). This evidence suggests a cooperation between site 1

and 2 is essential, at least in the Epo HRE.

Figure 4.2: Mutations of the Epo HRE define the two functional regions required

for hypoxic gene activation.

Mutations were made in the 26bp Epo HRE, sites of nucleotide substitutions are
indicated. Plasmids containing the enhancer mutations were transiently transfected into
HepG2 cells and exposed to either hypoxia or normoxia. Hypoxia inducible activity of
the mutant enhancers is expressed as a percentage of that of the unmutated enhancer.

Data shown is the mean of three independent experiments (Pugh et al., 1994).

1 2 3 4 5 6
GGGCCCTACGTGCTGTCTCACACAGC

R

Nucleotide Substitutions
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A similar interaction has been demonstrated for the LDH-A HRE. Mutation of
site 1, 2 or 3 severly reduces or ablates the hypoxic response, however, constructs
containing site 1 with either of the other two sites could confer a hypoxic response,
although significantly reduced compared to the full HRE containing all three sites (Firth
et al., 1995). Site 1 of the PGK HRE has been shown to function independently of site 2
if the sequence is multimerised, with a trimer of site 1 providing the optimal response in
either orientation. The 24bp PGK HRE did not improve on the hypoxic response of PGK
18bp (Firth et al., 1994).

Site 3 is a cAMP response element (CRE). It should be noted that Glut-1 also
contains CRE (site 3), but it is approximately 300bp downstream (3’) of the HIF-1

binding site, as well as a number of other cooperative transcription sites (Figure 4.3).

Optimisation of each hypoxically regulated HRE, shown in figure 4.1, was
determined to dissect out the importance of the different HIF-1 and co-activated
enhancer sequences. Both the amplitude of response and the level of induction was

determined under hypoxia and anoxia in relation to normoxia, in a panel of human

carcinoma cell lines.

Figure 4.3: A schematic representation of the functional cis-acting elements within

the Glut-1 enhancer sequence.

Glut-1
— TRE HSRE HTRE —GC — HIF-1 1 CRE — GC —
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4.1.2 Methods

The pGL3 luciferase vector containing the HRE from LDH-A, was kindly
donated by Oxford Biomedica. Oligonucleotides containing HREs from the genes
encoding Epo, PGK and VEGF were synthesized by SigmaGenosys. They were
designed with Bgl IT and Bam HI sites at their ends so that they could be cloned into the
Bgl II site, 5° of the minimal SV40 promoter in the pGL3.promoter vector (Promega).
The 610bp HRE from the Glut-1 gene was isolated from Sp72 at Xba I (5”) and Xba I
(37) and cloned into the Nhe I site upstream of the minimal SV40 promoter in the
pGL3.promoter vector. Each HRE sequence was inserted as a trimer, into the pGL3
vector in its homologous orientation (positive), the only exception to this was Glut-1,
already 610bp long, as it proved impossible to construct multimers due to in sifu
bacterial rearrangement and was therefore tested as a monomer. The structure of each
construct was confirmed by digestion with restriction endonucleases and dideoxy
sequencing. The pGL3.control plasmid (Promega) that contains the SV40 enhancer and
promoter was employed as an expression control (RLU = 1.00) to allow normalisation of

all RLU values.

A trimer of each HRE sequence in the positive orientation, attached to a firefly
luciferase reporter gene (reporter vector) was independently co-transfected, by
electroporation, with a CMV-driven Renilla luciferase expression plasmid, into a panel
of human carcinoma cell lines (20png plasmid DNA at a 10:1 ratio (firefly:renilla), as
optimised in chapter 3). The capacity of each vector construct to regulate gene
expression in response to low oxygen was quantified relative to the pGL3.control vector
(SV40 early gene promoter). After 24 hours recovery, cells were reseeded into a 24 well
plate and exposed to 16 hours air (37°C, 5% CO, humidified incubator), hypoxia (1%
0,, 5% CO,, 94% N,, humidified) or anoxia (> 0.002%0,). Following exposure, cells
were returned to normoxia for three hours and subsequently were lysed and assayed for

firefly and renilla luciferase activities (Promega Dual Luciferase assay system).
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4.1.3 Results

Here we refer to the HREs contained within the pGL3 vectors as enhancers and
to the region containing the transcriptional start site and the minimal SV40 promoter as a
minimal promoter. To optimise oxygen regulated gene expression, each pGL3 vector
contains three copies of the HRE each of which was in its homologous orientation
denoted by ‘+\ (reverse of homologous / negative orientation denoted by °-‘)with
identical synthetic linkers between each HRE repeat to maintain a constant spacing
phenomenon. The numbers in brackets, eg. PGK (1+2), denote the sites which compose
each HRE from the respective gene (figure 4.1). The number displayed outside the
brackets indicates HRE copy number. All experiments were performed in triplicate and
results were calculated as previously described in section 3.3. The mean of the
normalised values and the stanadard deviation (Sdev) and standard error (SE) of the
mean were determined for each experiment. The amplitudes were plotted for each HRE

under air, hypoxia and anoxia, for each cell line tested.

Figure 4.4: Amplitude of HRE-luciferase constructs exposed to 16 hours air,
hypoxia or anoxia and three hours reoxygenation in the MDA 468 human breast

carcinoma cell line. (n=3).

(See appendix 5)
MDA 468

1.6 = AIR
b 1-4 m 1%02
on 12 m An02

- 06 "

0.0 sflH . r— . 1 — - J i

IX)H-A Epo PGK VEGF Glut-1
(1+243)3+  (142)3+  (1+2)3+ (142)3+  (1+2+3)1+
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Figure 4.5: Amplitude of HRE-luciferase constructs exposed to 16 hours air,

hypoxia or anoxia and three hours reoxygenation in the HT1080 human

fibrosarcoma cell line. (n=3).

(See appendix 6)

ui l.o

a 0.8

z 04

HT1080
m AIR
W 1%02
An02
LDH-A Epo PGK VEGF Glut-1
(14243)3+  (1+2)3+ (1+2)3+ 1+2)3+  (142+43)1-

Figure 4.6: Amplitude of HRE-luciferase constructs exposed to 16 hours air,

hypoxia or anoxia and three hours reoxygenation in the SQD9 human head and

neck sarcoma cell line. (n=3).

(See appendix 7)
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Table 4.1: Relative induction of 5 “optimal” HREs in 3 human carcinoma cell lines.

(n=3).

HRE Induction
MDA 468 HT1080 SQD9
Gas-phase O, 190, |AnO, |1%0, |AnO, |1%0, |AnQ,
LDH-A (1+2+3)* | 2.0 4.0 22.7 9.1 32 22
Epo (1+2)™ 2.8 59 33 7.3 9.2 5.9
PGK (1+2)** 17.0 33.8 9.7 14.6 12.1 8.4
VEGF (1+2)** 1.1 1.1 2.0 29 44 56
Glut-1 (14243)" |20 2.8 32 5.5 4.1 1.9

The data above shows the amplification of HRE expression under the three

experimental conditions (air, hypoxia and anoxia), normalised against the aerobic

pGL3.Control vector which was non-responsive (data not show). In each cell line tested,

PGK (1+2) gave the most robust response to both hypoxia and anoxia compared to the

other HREs tested. The amplitude of the remaining four HREs, in relation to one

another, appeared to be cell line specific.

The inducibility of each HRE, i.e. the expression under either hypoxia or anoxia

relative to the basal (oxic) expression, between cell lines is shown in the table above

(4.1). The most inducible being PGK (1+2) both within and between the cell lines tested.

116




4.1.4 Discussion

All HREs tested induced firefly luciferase expression, to varying degrees, by
exposure to either hypoxia (1%0,) or complete anoxia (= 0.002% O,). The basal (oxic)
expression of each HRE was significantly lower than the hypoxic and anoxic. The
normoxic expression of Epo was lower than PGK in all cases and in two out of three
cases the LDH-A baseline was higher than Epo. PGK demonstrated a far superior
hypoxic and anoxic (amplitude and induction) activity compared to the other HREs
tested. This is supported by data from Boast et al. (1999), they showed a trimer of PGK,
inserted into the pGL3.promoter expression vector (containing the minimal SV40
promoter), to be the most inducible to 0.1% O, when compared to the Epo, ENO1 and
LDH-A HREs. The PGK (1+2)*" HRE had the lowest basal expression and greatest
amplitude under hypoxia and anoxia in the MDA 468 cell line. This was not seen in the
HT1080 and SQD®9 cell lines; PGK had a lower inducibility, but it was still superior to
the induction of the other HREs. Boast and colleagues (1999), concluded that the
PGK(1) construct has a superior response to both the fuller PGK(1+2)** and the positive
orientation i.e. PGK(1)* and PGK(1+2)*" and was thus their ‘optimised’ HRE of choice.
However, their data was derived from a single cell line, T47D. The results presented
here and in Chapter 3, corroberate the general conclusion that the PGK HRE is the most
robust HRE tested, however, the most active PGK variation appears to be cell line

dependent.

The reduced oxygen tension had little effect on VEGF in all three cell lines
tested, with inductions of 1.12 and 1.05 fold in the MDA 468’s; 1.96 and 2.87 fold in the
HT1080’s; 4.43 and 5.62 fold in the SQD9’s, at 1%0, and anoxia respectively. This is in
contrast to recently published data by Shibata et al., 2000. Using a pentimer of the same
VEGF sequence linked to a CMV minimal promoter, Shibata and colleagues (2000),
demonstrated over a 500-fold induction in VEGF under hypoxia in the HT1080 cell line.
From the data presented later in this chapter it is unlikely that increasing the copy
number would alter the inducibility of VEGF from 1.96 to 500-fold. The work presented

above uses the minimal SV40 promoter, which has a similar basal activity to the
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minimal CMV promoter and yet in the same cell line only a 1.96-fold induction was
seen under hypoxia. Results appear to have been normalised in the same way and
experimental conditions were similar with the exception of the choice of the renilla
control plasmid. Shibata and colleagues (2000), used the HRE and CMV promoter
together in the pGL3 vector as well as pRL.CMYV as the transfection control. It may be
that there was cross-talk between the two promoters. The study by Lui et al. (1995), has
shown the 35bp VEGF sequence described here to be optimal for oxygen-related gene
expression. The work presented here and by Shibata et al. (2000) used the optimised
35bp sequence but there is significant discrepancy in the data. The results produced by
Shibata and colleagues (2000), would suggest that VEGF has a greater activity than all
other HREs tested in the HT 1080 cell line. This could be investigated by independently
transiently transfecting the HT1080 cells with each HRE, exposing to air or hypoxia and
measuring changes in mRNA and protein levels of each HRE, as well as HIF-1a and

EPAS-1 (see section 4.3).

VEGF gene induction in response to tissue hypoxia may be tissue specific in vivo
(Sandner et al.,1996). Blancher et al. (2000), showed significant variation in VEGF and
LDH-A mRNA levels across a panel of human breast carcinoma cell lines exposed to 16
hours hypoxia. The least aggressive cell lines (defined by clonogenic survival assays)
had the lowest basal expression and the greatest inducibility (T47D; see chapter 5),
whereas the more aggressive cell lines (MDA 468) had a higher normoxic expression
and thus a lower level of induction. When the protein levels of HIF-1a and EPAS-1 were
measured in these normoxic and hypoxic cell extracts it was observed that there was an
inverse correlation between clonogenic survival and the induction of HIF-1a and EPAS-
1 after hypoxic exposure. This implies cells with the greatest survival under hypoxia

have the smallest induction in HIF-1a and EPAS-1 proteins (Blancher et al., 2000).

The results for LDH-A and Glut-1 activity correlate with those produced by Firth
et al. (1995) and Ebert et al. (1995); they demonstrated a 1.67-fold +0.26 (n=4)
induction in LDH-A and a 3 to 5-fold induction in Glut-1 activity by exposure to 1%Q,

in the human cervical (HelLa) and fibrosarcoma (HT1080) cell lines, respectively. A
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similar level of induction is shown in the data above (Table 4.1), the exception being the
HT1080 cell line where LDH-A expression was much higher. The LDH-A and Glut-1
HRE:s also had very low levels of induction and a much higher baseline in the MDA 468
and SQD?9 cell lines. The firefly values were not significantly low suggesting that this
was not an artifact of transfection efficiency. It is more likely that they have a more
modest inducibility compared to PGK and Epo because there is considerable constitutive
activity. Oligonucleotides of the LDH-A and Glut-1 HREs have been shown to compete
with PGK and EPO for binding at the HIF-1 site, with Glut-1 displaying the lowest
affinity (Ebert et al., 1995). This competition was reduced if any of the HIF-1 sites were
mutated, rendering them non-functional (Ebert et al., 1995; Firth et al., 1995). Another
reason for their low amplitude could be attributed to the presence of a CRE binding site
(site 3) in both LDH-A and Glut-1. This element is not contained within the PGK and
Epo HREs. It may be possible that the CRE has a regulatory control over adjacent cis-

acting elements, eg HIF-1 binding site, this will be explored in part 2 of this chapter.

HRE expression was slightly higher at 1%0, compared to anoxia in the SQD9
cell line, the opposite was seen in the HT1080 and MDA 468 cell lines. This
demonstrates the importance of testing HRE expression at a range of low oxygen
tensions and in a variety of human carcinomas originating from different tissues. In this
section, the full sequences shown above, were tested for their ability to evoke both a
hypoxic and anoxic response. The data presented not only demonstrates PGK (1+2) to
be the superior HRE within the series tested, but also the importance for HRE

optimisation across a panel of human carcinoma cell lines.
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Part 2: Dissection of the LDH-A and Glut-1 enhancer sequences

4.2.1 Introduction

The molecular response to hypoxia involves a complex integration of signalling
cascades that are triggered by diverse but related changes in tissue pO,, cellular redox
and metabolic status. Sequence conservation exists not only at HIF-1 binding sites, but
also at adjacent sites shown to be of functional relevance. This interrelationship of cis-
acting sequences suggests that the other factors which bind at these adjacent motifs are
important for both the operation of HIF-1, and the co-operative induction of gene
expression in response to low oxygen tension. For example the lactate dehydrogenase A
gene (LDH A) is regulated by a tripartite enhancer element containing a central HIF-1
binding sequence, a cAMP-response element (CRE) and a carbohydrate-response
element (ChoRE; figure 4.7). It has been reported that each element must be present for

an intact hypoxic-response (Firth et al., 1994).

Figure 4.7: Functional domains of LDH-A

5’- GCTGACGTCAGAGTGGGAGCCCAGCGGACGTGCGGGAACCCACGTGTA -3°
CRE HRE ChoRE

In part 1, it was observed that the complete hypoxia-responsive sequence from
the LDH-A (1+2+3), and Glut-1 (1+2+3) enhancers, were less effective than the
‘optimised’ HREs derived from either that of Epo, or PGK-1. It was hypothesised that
the CRE contained within the LDH-A and Glut-1 sequences might modulate the
amplitude of the adjacent elements. Reporter constructs were made containing the
distinct elements of the LIDH-A enhancer, and the Glut-1 enhancer lacking the CRE (site
3), in multimerised form. These were compared to the original HRE sequences to

determine if any improvement in hypoxic and anoxic activity could be achieved.
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4.2.2 Methods

Oligonucleotides consisting of trimers of the individual domains of the LDH-A
HRE were made (SigmaGenosys) with Bgl II and Bam HI ends and cloned into the Bgl
I site of pGL3.promoter vector (Promega). The short, 326bp, Glut-1 sequence (Sites
1+2 only) was excised from Sp72 at Xba I (5’) and Xba I (3°; Ebert et al., 1995) and
cloned into the pGL.3.promoter, as a dimer, at the Nhe 1 site. Both cloning sites were

located upstream of the minimal SV40 promoter.

The DNA constructs encoding the firefly luciferase reporter gene, under the
transcriptional control of the individual LDH-A functional domains or Glut (1+2) were
transiently co-transfected with pRL.CMV, by electroporation, into a panel of human
carcinoma cell lines (HT1080, MDA468, SQD9) as previously described. 24 hours after
transfection, cells were reseeded into a 24 well plate and exposed to 16 hours air,
hypoxia, or complete anoxia. Following exposure, cells were returned to normoxia for 3

hours and subsequently were lysed and assayed for firefly and renilla luciferase

activities.

4.2.3 Results

The copy number of HREs is known to affect hypoxic inducibility (see later). An
initial experiment was performed to ensure that the LDH-A (1+2+3) trimer was not
saturating the hypoxic response. The results shown overleaf indicated that the LDH-A
trimer had a far greater amplitude and inducibility, despite a slight increase in basal
activity, than the corresponding monomer or dimer. It may be possible to make further
improvements by increasing the copy number. However, the aim of this study was to
compare HREs taking into account their natural co-activated enhancer elements rather
than copy number. The experiment was repeated under both hypoxia and anoxia to test

the activity of each of the functional elements of the LDH-A and Glut-1 enhancers.
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Figure 4.8: Comparative expression of LDH-A (1+2+3) monomer, dimer and

trimer, exposed to 16 hours air or anoxia in the HT1080 cell line, n=3.

(See appendix 8)

HT1080

m AIR
Ano02

LDH (142+3)1+ LDH (142+3)2+  LDH(+2+3)3+

Table 4.2: Comparative inducibility of LDH-A (1+2+3) monomer, dimer and

trimer, exposed to 16 hours air or anoxia in the HT1080 cell line, n=3.

Induction ratio

LDH (1+2+3) 9.6
LDH (1+2+3r 16.6
LDH (1+2+3)3u 28.7
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Figure 4.9: Dissection of the functional elements of the LDH-A and Glut-1

enhancers in the MDA 468 human carcinoma cell line (n=3).

Cells were exposed to 16 hours air, hypoxia or anoxia followed by 3 hours

reoxygenation. (See appendix 9)
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Figure 4.10: Dissection of the functional elements of the LDH-A and Glut-1

enhancers in the HT1080 human carcinoma cell line (n=3).

(See appendix 10)
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Figure 4.11: Dissection of the functional elements of the LDH-A and Glut-1

enhancers in the SQD9 human carcinoma cell line (n=3).

(See appendix 11)
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Table 4.3: Inducibility of the functional elements of the LDH-A and Glut-1

enhancers under hypoxia or anoxia in three human carcinoma cell lines.

HRE Induction

MDA468 HT1080 SQD9
Gas-phase 02 i%02 An02 1%02 An02 i%02 An02
LDH (1+2+3)3+ 2.0 4.0 22.7 9.1 3.2 2.2
LDH (1+2)3 75.2 77.7 8.1 116 61 53
LDH(1)3+ 3.9 23 0.7 13 2.0 1.7
LDH (2)3+ 10 12 0.6 10 10 0.7
LDH(3)3+ 26 0.8 0.8 0.9 1.1 10
Glut-1 (1+2+3)k 2.4 28 3.2 5.5 4.1 1.9
Glut-1 (1+2)3 22 8.1 2.0 3.5 28 2.9
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In each of the three cell lines tested, both LDH (1+2) and Glut (1+2) had a more
robust hypoxic and anoxic activity compared to their corresponding HREs containing
the CRE (site 3). Despite the improvement in Glut-1 activity it remains inferior to the
PGK, Epo and LDH (1+2) HREs examined. Each of the three distinct elements from the
LDH-A enhancer were essentially non-functionally when stimulated independently. The
combination of LDH-A sites 1 and 2 produced an activity which was far greater than the
full LDH-A (1+2+3) sequence and a maximal response under both hypoxia and anoxia
in all three cell lines. In the HT 1080 and SQD9 cell lines there were also an increase in

LDH (1+2) basal expression, which is reflected in the poor induction ratios.

The data above employed the LDH (1+2) in the reverse (negative) orientation.
As previously shown in chapter 3, it is important to investigate if any orientation
phenomenon is apparent in this oxygen-regulated expression. Thus, both copy number
and orientation were investigated for the three most robust HREs in this investigation,
LDH (1+2)*, PGK (1+2)*, Epo (1+2)*. Cells were exposed to 16 hours air, hypoxia or
anoxia, followed by 3 hours reoxygenation then lysed and assayed for firefly and renilla

luciferase activities.




Figure 4.12: Expression of LDH (1+2)3 in the forward and reverse orientation
versus LDH (1+2)6in the negative orientation, in three human carcinoma cell lines,

n=3. (See appendix 12)

Wil%02
AnQ2

LDH LDH LDH LDH LDH LDH LDH LDH
(1+2)3+  (142)6-  (1+2)3-  (1+2)3+ (142)6- (1+2)3- (142)3+ (1+2)6-
MDA468 HT1080 SQD9

Figure 4.13: Expression of PGK (1+2)3 in the forward orientation versus PGK

(1+2)6in the positive orientation in three human carcinoma cell lines, n=3.

(See appendix 13)

4.0 = AIR
m 1%02
3.5 = Ano02
PGK PGK PGK PGK PGK PGK
(]+2)3+ (]+2)6+ (l+2)3+ (]+2)6+ (1+2)3+ (1+2)6+
MDA468 HT1080 SQDY
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Figure 4.14: Expression of Epo (1+2)3in the forward orientation versus Epo (1+2)5

in the positive orientation in three human carcinoma cell lines, n=3.

(See appendix 14)
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H1%02
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% 1.5
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Epo (1+2)3+ Epo (1+2)5+ Epo (1+2)3+ Epo (1+2)5+ Epo (1+2)3+ Epo (1+2)5+

MDA468 HT1080 SQDY

Table 4.4: Induction of LDH, PGK and Epo multimers in the three human

carcinoma cell lines.

HRE
Induction
MDA468 HT1080 SQD9

Gas-phase 02 1%02 An02 i%02 AnO, i%02 An02
LDH-A (1+2)3 75.2 77.7 8.1 11.6 6.1 53
LDH-A (1+2)3+ 7.9 14.7 12.2 12.5 7.6 6.8
LDH-A (1+2)6t+ 38.7 79.5 8.6 8.4 2.6 2.9
PGK (1+-2)3+ 17.0 33.8 9.8 14.6 12.1 8.4
PGK (1+2)* 11.6 20.2 7.9 14.1 4.5 3.9
Epo (1+2)3+ 2.8 3.3 9.2
Epo(1+2)5- 14.1 20.4 3.9
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There was significant variation in the basal (oxic) activity between the three cell
lines. Each variation of the LDH-A HRE had the greatest absolute activity in the SQD9
cell line, regardless of experimental conditions. This is reflected in low levels of
induction (Table 4.4). The lowest basal expression (oxic) was observed in the MDA 468
cell line, which consequently produced the greatest induction ratios (Table 4.4).
However, LDH (1+2)* has a superior amplitude to LDH (1+2)*" in each of the three cell
lines, demonstrating that orientation is important in the context of the LDH-A HRE. The
LDH (1+2)" has a higher basal activity in each cell line and an overall amplitude similar
to that of LDH (14+2)*, therefore increasing the copy number had no significant
advantage. The pattern of expression displayed by the three LDH HRE variants was
consistent across the cell line panel, implying that the expression pattern was a property

specific to the LDH HRE, not the activity of the cell line.

In contrast this correlation of increasing expression with increased HRE copy
number was not observed with the PGK HRE. Increasing the copy number of the PGK
HRE suppressed oxic (basal) expression but produced no further improvement in

activity. A significantly poorer response was observed in each cell line tested.

In two out of three cell lines, an increase in the Epo HRE copy number produced
an improved response under 1%0,, with a minimal change in the basal activity. This
was not seen in the SQD9 cell line. However, the S.D. for the 1%0, determination was

large.

The results presented in figure 4.13 and 4.14 are supported by data published by
Boast et al. (1999). They demonstrated that increasing PGK copy number from three to
six resulted in a decrease in activity, whereas an increase in Epo copy number elevated

expression.

The graphs overleaf compare the activities of the optimal LDH-A, Epo and PGK HREs

in the three cell lines.
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Figure 4.15: Comparison of the amplitude of the ‘optimal’ HREs in the MDA 468

human carcinoma cell line, n=3.

MDA 468
AIR
m %62
AnOZ
a s
LDH-A PGK PGK
(1+2)3- (1+2)3+ 13+ (1+2)3+

Figure 4.16: Comparison of the amplitude of the ‘optimal’ HREs in the HT1080

human carcinoma cell line, n=3.
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Figure 4.17: Comparison of the amplitude of the ‘optimal’ HREs in the SQD9

human carcinoma cell line, n=3.
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Epo and PGK site 1 only are also included to illustrate the importance of site 2 in
these HREs. The data presented in figure 4.15-17 illustrates that site 2 is essential to the
hypoxic response of the Epo HRE in each cell line tested, as previously demonstrated by
Pugh et al. (1994) in HepG2 cells and Firth et al. (1994) in HeLa cells. In contrast, PGK
site 1 can function independently of its site 2 when multimerised. Extension of the 18bp
element to 24bp did not lead to a significant increase in activity in the data presented
here or that by Firth and colleagues (1994). Site 2 appears to play a more significant role
in inducibility in the Epo and LDH-A HREs compared to the PGK HRE in all three cell
lines. In two of three cell lines LDH (1+2)3 has a greater amplitude under both hypoxia

and anoxia compared to Epo and PGK.

130



4.2.4 Discussion

The Glut (1+2) 326bp and the LDH (1+2) 26bp sequences, both lacking the CRE
site (site 3), had a significantly magnified hypoxic and anoxic activity resulting from an
increase in the amplitude of expression rather than a decrease in basal (oxic) activity.
This suggests that the CRE had a negative regulatory effect on the hypoxic expression of
these enhancers. Ebert et al. (1995) also demonstrated the superior hypoxic response of
the shorter Glut sequence, lacking site 3. However, in the HT 1080 and SQD®9 cells there
appeared to be a poor level of induction due to a corresponding increase in normoxic
expression (Table 4.2). Despite the increase in Glut (1+2) activity it remained inferior to
that displayed by PGK (1+2) and LDH (1+2). Both the Glut-1 enhancer variations are
significantly larger than any of the other HREs being examined and contain an increased
number of cis-acting elements adjacent to the hypoxia responsive enhancer. It is
probable that considerably more transcription factors are bound at adjacent sites,

resulting in a more complex interaction between HIF-1 and its cognate HRE.

A significant improvement was made to the hypoxia regulated activity of LDH-
A trimer by removal of site 3. The negative orientation of this construct, LDH (1+2) had
the most robust hypoxic and anoxic response compared to LDH (1+2+3), PGK (1+2)
and Epo (1+2) in two out of the three cell lines tested. No improvement in oxic/anoxic
induction was made to the LDH (1+2) or PGK (1+2) HREs by increasing the copy
number. In contrast, an Epo pentimer produced a response similar to that observed by
the PGK trimer in the three cell lines and has been reported to be orientation
independent (Beck et al., 1991).

Firth et al. (1995), produced evidence to show that none of the three domains
found within the LDH-A HRE, either as monomers or as dimers, could independently
drive hypoxic expression through a heterologous minimal promoter when compared to
the full LDH-A HRE sequence containing all three sites. However, the combination of
the HIF-1 binding site (site 1) with either of the other two sites conferred a marginal

hypoxic response. The data presented in figures 4.9-11 supports these findings.
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However, Firth et al. (1995), demonstrated the best response from the full LDH-A
sequence containing all three domains. In contrast, results here indicate that the
combination of site 1 and site 2 only produces an oxygen-regulated response far superior
to that of LDH (1+2+3). To determine why this is, the different sequences used must be
analysed (figure 4.18). There is only a single base difference between the sequences,
highlighted in red. The single base, ‘A’ forms part of the ChoRE which resembles a
Myc/Max responsive element (E-box) so it may be possible that the loss of this single
base led to the reduced response seen by Firth et al. (1995) compared to data presented
here. This discrepancy in the data resulting from a single base suggests that it may be
possible to increase the oxygen regulated response of LDH (1+2) HRE by altering a

single base within the ChoRE or even altering it to produce an optimized E-box.

Figure 4.18: Comparison of LDH (1+2) sequences.

LDH (1+2)

SR (2001)
GCGGACGTGCGGGAACCCACGTGTA

Firth (1995)

GCGGACGTGCGGGAACCCACGTGT

Core HIF-1 and ChoRE binding sites shown in bold.
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Part 3: Preferential hypoxia response element transactivation by HIF-

1o and EPAS-1 oxygen-responsive signalling pathways.

4.3.1 Introduction

Hypoxia responsive genes have been shown to function in a HIF-1a dependent,
eg. Glut-1 (Wood et al., 1995) or independent manner, eg. VEGF (Weisener et al.,
1998). FPAS-1 is expressed across a variety of cell types (Talks et al., 2000) and
induced by hypoxia at the protein but not mRNA level (Wiesener et al., 1998). A bHLH
factor, EPAS-1 shows 48% homology to HIF-1a and can dimerise with HIF-1§. Studies
in a mutant CHO cell line, Kal3, which does not express either HIF-1a or EPAS-1
demonstrated the ability of both HIF-1a and EPAS-1 to interact with HREs (Wood et
al., 1995; Weisener et al., 1998) and led to the observation that each transcription factor
may have different target specificities; VEGF is significantly more responsive to

transactivation via EPAS-1 in comparison to HIF-1a (Wiesener et al., 1998).

To determine whether each of the HREs (Epo, PGK, LDH-A, VEGF and Glut-1)
are preferentially transactivated by HIF-1a or EPAS-1 the pGL3.HRE plasmids were
transiently transfected into the Chinese hampster ovary (CHO-K1) cell lines, C4.5 and
Kal3. The former (parental, wild-type) expresses both HIF-lo. and EPAS-1, and
displays a functional hypoxic response. In contrast, the Kal3 cell line has a defect in
HIF-1o expression, possibly due to a frame-shift mutation in the HIF-1a open reading
frame. It is not defective in the oxygen sensing mechanism that stabilises and
transactivates HIF-lo since transient transfections with HIF-la restored hypoxia-
inducible expression in a dose-dependent manner; the more HIF-lo that was
transfected, the greater the HRE response leading to a progressive increase in HRE
activity under normoxia. Transfection of EPAS-1 into Kal3 cells produced a similar
pattern of results to transfection of HIF-1a., indicating that HIF-1o. and EPAS-1 can
independently produce hypoxia-inducible HRE expression, even under normoxia

(Blancher et al., 2000). Using the Kal3 cell line it will be possible to determine the




comparative roles of HIF-la and EPAS-1 dependent and independent pathways of

hypoxia inducible expression.

4.3.2 Methods

HIF-1a and EPAS-1 ¢cDNAs were ligated into the multiple cloning region of
pcDNA3™ vector, prepared by Dr Karen King in our laboratory (a gift from Prof. Peter
Ratciffe). The Chinese hamster ovary, C4.5 and Kal3 carcinoma cell lines (CHO-K1)
were co-transfected with a total of 20ug of plasmid DNA consisting of a pGL3.HRE
construct and pRL.CMYV at a 20:1 respectively, by electroporation at 320V as described
in section 2.5. In addition, either S5ug (determined by prior titration experiments, figure
4.19) of HIF-1a or EPAS-1 were co-tranfected in combination with the pGL3 and pRL

vectors into the Kal3 cells.

4.3.3 Results

Previous results in section 1 of this chapter suggest that LDH (1+2) would
likely have the greatest activity in the CHO-K1 cell line, therefore optimisation
experiments were carried out using this HRE. Both the C4.5 and Kal3 cell lines were
transiently co-transfected with pGL3.LDH (1+2)* and pRL.CMV. In addition the Kal3
cell line was also transfected with either 2, 3.5 or 5ug of pcDNA3//HIF-1q, in an

attempt to recapitulate the hypoxic response of LDH (1+2)* seen in the C4.5 cell line, in
the Kal3, HIF-1a deficient cell line.
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Table 4.5: Amplitude and Induction of C4.5 and Kal3 cell lines transfected with
pGL3.LDH (I1+2)rev plus varying quantities of HIF-la.

AIR AnC>2 Induction
C4.5 0.2164 1.8643 8.6152
Kal3 0.1218 0.1424 1.1695
Kal3 + 2ug 0.5525 1.3616 2.4643
Kal3 + 3.5ug 0.2795 0.8788 3.1439
Kal3 + 5ug 0.6914 1.8329 2.6511

Figure 4.19: Expression of LDH (1+2)3'in the C4.5 (wt) versus the Kal3 murine
carcinoma cell line co-transfected with either none, or varying quantities of HIF-
la, n=1 (except C4.5, n=3).

m AIR
m An02
3 14
0.8
o 0.6
C4.5 Kal3 Kal3 + 2ug Kal3 +3.5ug Kal3 + 5ug

An 8-fold induction in the LDH (1+2) HRE was observed in the C4.5 cell line.
There was an increase in the basal (oxic) activity of the Kal3 cells, when compared to
the C4.5 cells, regardless of the quantity of pcDNA3/NoHIF-la co-transfected into the
Kal3 cell line. The transfection of 5pg of pcDNA3/NoHIF-la DNA into the Kal3 cell

line produced an anoxic LDH activity similar to that seen in the wild-type, C4.5 line.
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However, the level of induction was significantly lower due to the increase in normoxic

expression, suggesting that some level of oxic HIF-1a regulation has been lost.

The experiment was repeated for the range of HREs (PGK, Epo, VEGF, Glut-1,
LDH-A) co-transfecting the pGL3 and pRL vectors with Sug of either pcDNA3/M/HIF-
1o or pcDNA3//EPAS-1. Identical amounts of EPAS-1 and HIF-1a, expression vector

were used so as to compare their fransactivation potentials for each HRE construct.
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Figure 4.20: HRE expression in the parental, C4.5 cell line, n=3 (except at 1% 02
n=2) (See appendix 15)
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A similar pattern of HRE expression was seen in the C4.5 wild type cell line, as
that previously described in parts 1 and 2. As expected LDH (14+2)3 is the most
responsive and the short Glut-1 sequence has a marginally higher activity than the full
Glut-1 HRE containing site 3. An induction in VEGF was measured under anoxia but
not hypoxia, Wood et al. (1995), saw little or no induction of VEGF in the C4.5 cells at
1%02
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Figure 4.21: Kal3 cell line transiently co-transfected with pGL3.HREs plus
pRL.CMYV and S5pg pcDNA/NoHIF-la, n=3.

(See appendix 16)
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The data suggests that LDH (I+2)3~has the greatest transcriptional response to
HIF-la compared to all other HREs tested in the Kal3 CHO-KI1 cell line. The
amplitude of HRE expression is greater under anoxia compared to hypoxia in each
system. There was a reduction in the VEGF and Glut (1+2+3) HRE activities under

hypoxia when compared to normoxia.
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Figure 4.22: Kal3 cell line transiently co-transfected with pGL3.HREs plus
pRL.CMYV and 5pg pcDNA/NVEPAS-1, n=3.

(See appendix 17)
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Expression of EPAS-1 in the Kal3 cells resulted in a significantly lower
amplitude of HRE gene expression and less tightly controlled oxic expression than seen
for HIF-la. Results indicate that the Epo and VEGF HREs have the greatest response to
EPAS-1 expression in the Kal3 CHO-K1 cell line. However, the reduction in HIF-la

mediated HRE performance at 1%02 is not seen when co-transfected with EPAS-1.
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Both the short and full-length Glut-1 sequences show similar responses to HIF-
lo and EPAS-1, whilst there is approximately a 2-fold loss in Epo, PGK and LDH
(1+2+43) activities and almost a 12-fold reduction in LDH (1+2) expression under anoxia
with the notable exception of VEGF HRE. The hypoxic expression of most HREs at

1%0, is equal to or greater than the anoxic expression.

4.3.4 Discussion

The results presented here support previous experiments (Wood et al., 1995)
suggesting that both HIF-la and EPAS-1 can independently participate in hypoxia

induced gene transcription.

The data in figure 4.19 demonstrates a progressive increase in normoxic LDH
HRE activity as more HIF-1a was transfected into the Kal3 cells. This was also
observed by Wood et al. (1995), with a similar pattern of EPAS-1 induced HRE
expression. At high HIF-1a or EPAS-1 plasmid doses, HRE expression in the Kal3 cell
line exceeded that of the wild type C4.5 cells (Wood et al., 1995).

Wiesener et al. (1998), showed EPAS-1 protein to be marginally more abundant
in normoxic and mildly hypoxic cells than HIF-lo. When Kal3 cells were co-
transfected with EPAS-1 (figure 4.22) there was a sharp increase in HRE expression at
1%0,, in many cases in excess of that seen under anoxia. Co-tranfection with HIF-1a

produced a marginally more pronounced response to anoxia compared to hypoxia for
each HRE.

Wood et al. (1995), showed that Glut-1 expression was critically dependent on
HIF-1a., in contrast the hypoxia-inducible expression of some other genes was HIF-1a
independent. The activities of HIF-1a and EPAS-1 were distinct with respect to the
transactivation of the VEGF HRE. EPAS-1 appeared to cause an increase in the

transactivation of VEGF at 1%0, compared to anoxia. This was not seen when VEGF
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was co-transfected with HIF-1o. From the results it seems that each of the HREs are
minimally activated by EPAS-1, but are preferentially transactivated by HIF-1a, with
the exception of VEGF. The presence of EPAS-1 has the potential to produce a hypoxic
response at higher O, tensions. It would be interesting to examine HRE activity when

co-transfected with both HIF-1o and EPAS-1 in the Kal3 cell line.

The abundance of EPAS-1 mRNA varies widely across a range of cell lines from
identical and different tissues, in contrast, the level of HIF-1oo mRNA is less variable
(Blancher et al., 2000). HIF-1o., like EPAS-1 is a bHILH protein, hypoxic activation of
HIF-1a results in altered protein levels independent of mRNA. Weisener et al. (1998),
and Blancher et al. (2000) examined the pattern of normoxic and hypoxic expression of
HIF-1a and EPAS-1 in a range of cell lines. Increases in both EPAS-1 and HIF-1a
protein were detectable after 4 hours hypoxia compared to normoxic extracts. However,
EPAS-1 is more responsive to mild hypoxia, being detected in some extracts at 5% and
3% O,. EPAS-1 is detectable in endothelial and epithelial cells and fibroblast (Weisener
et al., 1998). However, expression of HIF-1a is more prominent in human carcinoma
cell lines than EPAS-1. This implies that the ratio of HIF-1a to EPAS-1 expression is
cell line specific; e.g. the MDA 468 cell line expresses significantly higher levels of
HIF-1o. compared to EPAS-1, whereas, SKBr3 expresses similar levels of both
(Blancher et al., 2000). Data presented in figure 4.20 shows the LDH (1+2) HRE to be
selectively responsive to transactivation by HIF-1a compared to the other HREs tested.
The MDA 468 breast carcinoma cell line expresses high levels of HIF-1a. (compared to
EPAS-1) protein thus may imply why the LDH (1+2) HRE is so responsive in this cell
line compared to PGK, Epo, VEGF and Glut-1. In contrast the HT1080 cell line
expresses moderately more HIF-lo protein than EPAS-1 in response to hypoxia,
although the difference is not large (Wiesener et al., 1998). This may partly explain the
poorer induction ratios in the HT1080 cell line, since EPAS-1 expression will tend to

increase oxic HRE activity more readily.

The apparent selectivity of the LDH HRE for HIF-1a in preference to EPAS-1 is

of therapeutic significance. Immunohistochemical analysis of human tumours of diverse
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origin indicate that HIF-1a is expressed in 70% of all solid tumours, whereas EPAS-1
expression is much more sparodic. Furthermore evidence suggests that HIF-la is
expressed predominantly in epithelial tumour tissues, where as EPAS-1 is often confined
to endothelial and stromal tissues (Semenza, 2000a,b,c). These observations have
implications for the use of HREs to target gene expression in human solid tumours. It
would suggest that, unless the intention is to deliberately target the tumour vasculature,
HREs such as VEGF would be inappropriate and may lead to sparodic, heterogenous
and inconsistent HRE activity. The induction of EPAS-1 by slightly less severe hypoxia
compared to HIF-1a, suggests that EPAS-1 functions as a modulator of gene expression
under normoxia and less severe hypoxia in contrast to HIF-1a (Weisener et al., 1998).
Results show that all components of either HIF-1 or HIF-2 are required for the hypoxic

response, but the ratios to which they occur may be HRE or cell line dependent.
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Chapter S

Optimisation of the novel .LDH-A hypoxia
responsive enhancer.

5.1 Introduction

The ChoRE binding site (site 2) of LDH-A HRE appears to play a critical role in
the hypoxic inducibility of the LDH-A HRE as demonstrated in chapter 4. Similar
binding sites have been found in each of the other HREs tested at almost identical
positions, with respect to the HIF-1 binding site. However, the site 2 of PGK, Epo, and
VEGF HREs seems to have a weaker activity than that found in LDH-A. The ChoRE
(site 2) within the LDH-A HRE is identical to the core Myc/Max binding sequence
(CACGTG). The Myc family of proteins are basic helix-loop-helix leucine zipper
transeriptional factors, including C-Myc, N-Myc and L-Myc that form heterodimeric
complexes with the Max protein (Max; Blackwell et al., 1990; Blackwood et al., 1991;
Kretzner et al., 1992; Amati et al., 1992). Myc specifically binds the core nucleotide
sequence CACGTG as Myc-Max heterodimers, rather than either Myc or Max

homodimers, resulting in sequence-specific transcriptional activation.

To explore the underlying reasons for the superiority of the LDH (1+2) enhancer
over that of PGK-1 and Epo, the ChoRE (site 2) was taken from the LDH HRE and
interchanged with the minimal functional elements of Epo, VEGF and PGK-1 (figure
5.1a and b). Further, site 2 of Epo HRE was placed in the context of LDH site 1, since
like LDH HRE, Epo HRE function is dependent upon the presence of site 2.
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Figure 5.1: HRE sequence exchanges.

a)
LDH-A HRE +/-| ChoRE
Epo HRE +/- | SITE2
PGK-1 HRE +/- SITE 2
VEGF HRE SITE 2
b)
LDH site 1 + LDH site 2
| CGGACGTGCGGGAACC | CACGTGTA |
PGK site 1 + LDH site 2
| TGTCACGTCCTGCACGA | CACGTGTA |
Epo site 1 + LDH site 2
| GCCCTACGTGCTGTCTCA | CACGTGTA [

VEGF site 1 + LDH site 2

| CACAGTGCATACGTGGGCTOCCAAI CACGTGTA |

LDH site 1 + Epo site 2

| CGGACGTGCGGGAACT | cacacca |

SITE 1 SITE2
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In an attempt to improve the existing LDH (142) HRE the ChoRE or E-box (an
apparent consensus Myc/Max binding site, site 2) was altered. Transcriptional activation
by Myc-Max is significantly reduced by specific base changes flanking the core
sequence, CACGTG, possibly by altering the DNA binding activity (figure 5.2; Fisher et
al., 1993). Fisher et al. {(1993) showed that a T residue 5’ of the CACGTG motif
severely reduced gene activation by Myc-Max, whereas a G residue proved optimal. By
substituting the C residue 5’ of the CACGTG motif in the LDH ChoRE, or by altering
the sequence to produce an optimised E-box motif, it may be possible to amplify or

inhibit LDH-A gene transcription.

Figure 5.2: Optimisation of the ChoRE from the LDH-A enhancer

LDH (1+2)
CGGACGTGCGGGAACCCACGTGTA

LDH (1+2; Dest)
CGGACGTGCGGGAACTCACGTGTA

LDH (1+2; Opt)
CGGACGTGCGGGAACGCACGTGTA

LDH (1+2; A)
CGGACGTGCGGGAACACACGTGTA

LDH (1+ B-box)
CGGACGTGCGGGCCACCACGTGGTGCCTA

Finally, the activity of the optimal HREs as determined in this study were tested
for their hypoxia induced expression in an extended cell line panel. It was important to
include cell lines from different tissue origins, therefore the A549 (lung), HCT 116
(colon), T47D (breast) and WiDr (colon) were selected.,




5.2 Methods

Oligonucleotides were constructed containing trimers of the modified HRE
sequences (Sigmagenosys) with Bgl II and Bam HI ends and were cloned into the
pGL3.promoter vector (Promega) at the Bgl II site, upstream of the minimal SV40

promoter. All vectors were sequenced to ensure integrity and orientation of the trimers.

Experiments were performed as previously described in Chapter 2 using the

optimised conditions. All cell lines were transfected by electroporation.

5.3 Results

Statistics

Means of data sets were compared for the significance of the difference between
them using a two-tailed two-sample T-test. p values < 0.05 are shown with single

asterisks over the relevant data sets.

Sequence Exchanges

The three human carcinoma cell lines MDA 468, HT1080 and SQD9 were
independently co-transfected with PGK, Epo, and VEGF each of which had their natural
site 2 replaced with the putative E-box from LDH-A. Cells were transfected in the usual
way and exposed to 16 hours air, hypoxia and anoxia, followed by three hours
reoxygenation and then lysed and assayed for firefly and renilla activities. The

amplitude of HRE expression is plotted below for each cell line.
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Figure 5.2: Comparative expression of HREs containing either their natural site 2

or that from LDH-A in the MDA 468 cell line, n=3.

* P<0.05 vs air (See appendix 18)
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Figure 5.3: Comparative expression of HREs containing either their natural site 2

or that from LDH-A in the HT1080 cell line, n=3.
* P~0.05 vs air (See appendix 19)
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Figure 5.4: Comparative expression of HREs containing either their natural site 2

or that from LDH-A in the SQD9 cell line, n=3.

* P~0.05 vs air (See appendix 20)
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A similar pattern of HRE activity was observed across the three cell lines.
Replacing site 2 of Epo and VEGF with that from the LDH-A HRE caused a significant
increase in both hypoxic and anoxic regulated expression. Despite an increase in the
basal activity, there was a marked increase in the inducibility of the modified Epo and
VEGF HREs. This perhaps suggests that a constitutive /ra/rsacting factor binds site 2 of
LDH HRE modestly stimulating oxic transcription. However under hypoxia it functions
to efficiently recruit the now stabilised HIF-1 complex to the adjacent HRE, irrespective
of the exact core sequence of site 1. In contrast, the PGK HRE appears to function
optimally when the HIF-1 binding site (site 1) is combined with its homologous site 2
rather than the E-box from LDH-A. Interestingly, PGK HRE is the only known HRE
that is functional in the absence of site 2 (Firth et al., 1994).
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Site 2 from the Epo HRE functions to magnify the response to hypoxia and
anoxia when found in its natural context (figures 4.15-17). The LDH (1+2) HRE was
modified to exchange its natural site 2 for that of Epo. The experiment was performed as
described previously. The data presented in figure 5.5 indicates that in striking contrast
to LDH-A site 2, the Epo site 2 does not function outside its natural context in the LDH-

A enhancer.

Figure 5.5: Comparative expression of the LDH HREs containing either its natural

site 2 or that from Epo in the 3 human carcinoma cell lines, n=3.

* P~0.05 vs air (See appendix 21)
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Table 5.1: Inducible expression of HREs containing site 2 sequence exchanges

HRE Induction
MDA 468 HT1080 SQD9
Gas-phase O, 1%0, | AnQ, 1%0, | AnO, 1%0, | AnO,
LDH-A (1+2)* 75.2 777 7.2 7.8 6.1 5.3
Epo (1+2)* 2.8 5.9 34 73 9.2 59
[Epo 1 + LDH 2J** 10.2 13.2 9.3 9.6 12.3 7.6
PGK (1+2)* 17.0 33.8 9.8 14.6 13.5 8.4
[PGK 1 + LDH 2J* 3.8 12.5 152 19.9 11.2 12.9
VEGF (1+2)* 1.1 1.1 2.2 2.7 4.4 5.6
[VEGF 1 + LDH 2)** 2.7 5.5 11.4 18.4 8.9 4.3
[LDH 1 + Epo 2J** 1.3 2.1 14 6.2 4.6 2.7
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Optimisation ofthe LDH-A site 2 motif

Figure 5.6: Expression of LDH (1+2), with site 2 modifications in the MDA468 cell
line, n=2.

(See appendix 22)
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Figure 5.7: Expression of LDH (1+2), with site 2 modifications in the SQD9 cell

line, n=2.

(See appendix 23)
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Table 5.2: Induction of LDH (1+2), with site 2 modifications

HRE Induction
MDA 468 SQD9S
Gas-phase O, 1%0, AnO, 1%0, AnO,
LDH (1+2)* 33.7 79.0 5.1 4.6
LDH (1+2’A™)* 11.5 25.1 6.8 39
LDH (1+2 Opt)* 24.2 383 4.1 3.5
LDH (142 Dest)™ 82 154 5.0 3.5
LDH (1+E-Box)* 87 10.9 5.1 4.5

Modification of the critical single nucleotide, identified as essential for Myc/Max
binding, dramatically altered the functionality of LDH(1+2)*. Most strikingly,
disruption of the E-box by a C—T mutation which is known to markedly reduce affinity
for Myc/Max heterodimers (Fisher et al., 1995), also suppressed the hypoxic response 8-
fold and 5-fold in the MDA468 and SQD9 cell lines respectively. However, neither
replacing the C residue with an A or G nor optimising the E-box, improved the activity
beyond that of LDH (1+2) containing the unaltered motif. In most cases there was an
increase in the basal activity in the SQD9 cells. In contrast to the MDA 468 cell line
there was a slight decrease in basal activity. For each of the novel LDH HREs,
nucleotide spacing between site 1 and site 2 was preserved (see figure 5.2). The
nucleotide spacing between site 1 and 2 has been shown to be important for the function
of Epo HRE, where substitution of the ‘natural’ 4-bp spacer with an 8-bp
oligonucleotide disrupted oxygen-regulated transcription (Pugh et al., 1994). Since
spacing is preserved this might suggest that the intervening sequence contributes to
functionality, perhaps by appropriating the correct secondary tortial DNA structure of

the HRE to facilitate transcription factor interaction and cooperativity.
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Expression ofpreferred HREs in an extended cell line panel

Expression of the three PGK and LDH-A HREs was investigated in an extended
cell line panel composed of a human lung (A549), two colon (HCT116 and WiDr) and a

second breast (T47D) human carcinoma cell line.

Figure 5.8: Expression of HREs exposed to 16 hours air, hypoxia or anoxia and 3

hours reoxygenation in the A549 lung carcinoma cell line, n=3.

* P<0.05 vs air (See appendix 24)
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Figure 5.9: Expression of HREs exposed to 16 hours air, hypoxia or anoxia and 3

hours reoxygenation in the HCT116 colon carcinoma cell line, n=2.

(See appendix 25)
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Figure 5.10: Expression of HREs exposed to 16 hours air, hypoxia or anoxia and 3

hours reoxygenation in the T47D breast carcinoma cell line, n=3.

* P70.05 vs air (See appendix 26)
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Figure 5.11: Expression of HREs exposed to 16 hours air, hypoxia or anoxia and 3

hours reoxygenation in the WiDr colon carcinoma cell line, n=3.

* P<0.05 vs air (See appendix 27)
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Table 5.3: Induction of HREs exposed to 16 hours air, hypoxia or anoxia and 3

hours reoxygenation.

HRE
Induction
A549 HCT116 T47D WiDr

Gas-phase 0 2 %02 AnOz i%02 AnOz %02 AnOz %02 Ano02
PGK(1)3+ 24.5 17.3 63.7 70.5 20.7 32.2
PGK (1)3 24.3 28.8 28.6 81.3 47.0 31.5
PGK(1+2)3+ 22.2 26.4 11.1 13.1 27.6 63.1 42.9 25.7
LDH (1+2)3 32.9 34.9 4.9 17.2 129.4 172.0 48.2 41.8
LDH (1+2)3+ 22.7 13.7 1.5 6.6 50.3 77.5 30.0 40.0
LDH((1+2)6+ 27.7 14.0 94.3 158.6 26.3 29.5
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In agreement with all the data generated for MDA468, SQD9 and HT1080
during the earlier HRE studies (chapter 4), LDH (1+2)* is consistently the most active
and inducible HRE trimer so far identified. Moreover, the absolute amplitude of gene
expression under 1% O, and anoxia is consistently superior when viewed across the
extented cell line panel (n=7). Thus it is predicably active in all cell lines, whereas both

PGK and Epo demonstrated considerable cell line selectivity.

5.4 Discussion

As shown in chapter 4.2, site 2 of the Epo, VEGF, and LDH-A HREs are
essential to the hypoxic and anoxic response. The short LDH-A (26bp) sequence
comprising the HIF-1 (site 1) and ChoRE (site 2) binding sites appear to give the most
robust and consistent response across a broad range of tissue carcinoma cells when
compared to the other HRE sequences tested. Dissecting the HRE and ChoRE did not
improve performance, as neither domain appears to function independently. Replacing
site 2 of each promoter with the 7bp ChoRE sequence found in LDH-A, demonstrated
that it can function outside its natural context. When combined with the HIF-1 binding
sites (site 1) from Epo and VEGF, both were dramatically “improved”, showing
significantly higher activity under hypoxia and anoxia. However, when LLDH site 2 was
placed in the context of the PGK enhancer a modest reduction in both the anoxic and
hypoxic response was observed. Therefore, it appears that while the LDH-A ChoRE
(site 2) can function outside its homologous context, it functions optimally in
combination with its natural LDH-A core HIF-1 binding site. This sharply contrasted the

site 2 of Epo HRE, which ablated all transcriptional activity outside its homologous
HRE context.

Altering the LDH ChoRE (site 2) did not improve the hypoxic activity of the
LDH HRE in either the MDA 468 or SQD9 human carcinoma cell lines, despite
“optimising” the putative Myc/Max response element. However, the C—T mutation

significantly reduced hypoxic function of the enhancer, possibly via a change in the
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DNA binding activity of frans-acting factors, including Myc/Max, as previously
described by Fisher et al. (1993). Results indicate that the natural ChoRE motif is

optimal for function in the context of the LDH HRE enhancer sequence.

It has been demonstrated throughout this study that the expression of HREs may
be consistent in relation to the ratio of expression between one another. However, the
amplitude and induction of expression varies between cell lines. One contributing factor
may be the tumourigenicity of individual cell lines. As suggested by Blancher et al.
(2000), the more aggressive cell lines may have a greater normoxic gene expression than
the less aggressive cell lines, which will have the greatest inducibility, eg. T47D. By
expanding the characterisation of the optimal HREs into a larger cell line panel it was
possible to demonstrate that hypoxia-inducible expression varies not only between
human carcinoma cell lines from different tissues but also between cell lines from the
same tissue origin, eg. T47D and MDA 468 are both breast carcinomas and HCT 116 and
WiDr originate from colon tissue. In each cell line tested, the activity of the LDH (14+2)*
HRE is superior to any of the PGK variations, which have previously been “optimised”
in the early stages of commercial development (Binley et al., 1999; Boast et al., 1999;
Griffith et al., 2000).

Results presented in this study suggest the LDH (1+2) HRE to have a superior
activity compared with any of the PGK HRE variations in most cell lines tested. The
following two chapters (6 and 7) aim to increase the hypoxic and anoxic activity further,
hopefully without increasing the basal expression, resulting in higher HRE induction
ratios. There are two ways in which this will be investigated. Firstly (chapter 6), by
exploring the involvement of the PKA pathway in the hypoxic response. Secondly
(chapter 7), previous research has indicated that it may be possible to develop a
synthetic X-ray and hypoxia responsive promoter to transcriptionally target “genetic”

radiotherapy.
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Chapter 6

Co-operative interaction between the hypoxia and
PKA response pathways

6.1 __ Introduction

A number of genes are upregulated in response to tissue hypoxia. The
transcription of these genes is modulated by a universal transcription factor, HIF-1,
which is post-transationally stabilised in hypoxic regions. HIF-1 is known to recognise a
core 8bp sequence, which is essential for oxygen-regulated gene transcription. A cAMP-
responsive element (CRE, site 3) overlaps the consensus HIF-1 site, with the core CRE
motif overlapping the core HIF-1 motif, ACGT (figure 6.1; Kvietikova et al., 1995).
This suggests that the HIF-1-mediated induction of gene expression may occur in

concert with other transcription factors that serve to modulate.

HRE function may enhance the response to oxygen deprivation. A CRE
oligonucleotide has been demonstrated to compete efficiently with a HRE
oligonucleotide for binding at the HIF-1 site; CREB-1/ATF-1 homo- and heterodimers
constitutively bind the HIF-1 recognition site, suggesting that the PKA-dependent
phosphorylation of CREB may modulate HRE function. Both the human and mouse
PGK HREs contain a variant of the asymmetrical CREB-binding site (figure 6.1),
methylation interference assays suggest that HIF-1 and the constitutive bound species
(CREB-1/ATF-1) contact the same G-residues (Wang and Semenza, 1993). This may
suggest the exchange of factors upon hypoxic induction rather than co-occupancy

(Kvietikova et al., 1995).

Specific co-operativity has been demonstrated between distinct HIF-1 and CRE
binding sites in the LDH-A (Firth et al., 1995) and Glut-1 genes (Ebert et al., 1995).




Present observations suggest a level of integration between the secondary messenger
cAMP and the oxygen sensor, via co-operative transcriptional activation (Firth et al.,
1995; Kvietikova et al., 1995).

Figure 6.1: Comparative sequence homology of HIF-1 and CRE binding sites in

various hypoxia-inducible genes.

(G/A)CGT(G/IO)C Consensus HRE
TGACGTCA Consensus CRE
AGACGTGC Human PGK
TCACGTCC Mouse PGK
GGACGTGC Mouse LDH-A
AGGCGTGC Mouse GLLUT-1
TACGTGCT Human Epo
TACGTGCT Mouse Epo
ATACGTGG Rat VEGF

LDH-A and Glut-1 were co-stimulated by hypoxia and a PKA activator
(forskolin or 8-Cl-cAMP) in order to evaluate the potential for co-operative gene

induction across a panel of human carcinoma cell lines (breast, fibrosarcoma and colon).
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6.2 Methods

DNA constructs encoding the firefly luciferase reporter gene under the
transcriptional control of HRE chimeras, derived from either the Epo, PGK-1, LDH-A,
Glut-1 or VEGF genes, were transiently transfected into a panel of human carcinoma
cell lines (HT1080, MDA 468, SQD9). The capacity of each HRE sequence to regulate
gene expression in response to hypoxia, +/- cAMP analogues, was quantified relative to
the SV40 early gene promoter. Cells were all transfected by electroporation and the
experimental procedure was as described in 2.6. However, transfected cells were
incubated in normoxia for 8 hours in the presence or absence of either 8-cl-cAMP or
forskolin (activators of the PKA pathway) prior to 16 hours exposure to anoxia. Control
cells were incubated for 24 hours in normoxia, +/- the PKA analog. Those cells primed

with either 8-cl-cAMP or forskolin were incubated for the full experiment with the drug.

6.3 Results

It was important to determine a dose of 8-cl-cAMP that would stimulate the
cells, via the PKA pathway, but was non-toxic. Previous data suggest a dose between 10
and 30uM (Firth et al., 1995). The experiment described was initially performed with
varying concentrations of 8-cl-cAMP, ranging from 0.3 to 100uM, in two cell lines,
HT1080 and MDA 468. The results were calculated as previously described and the
amplitudes plotted on the graphs below after normalisation to the aerobic pGL3.control

value.
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Figure 6.2: Effect of 8-cl-cAMP on the expression of a variety on PGL3 HRE

vectors in the MDA 468 breast carcinoma cell line, n=3. (See appendix 28)
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Figure 6.3: Effect of 8-cl-cAMP on the expression of a variety on PGL3 HRE

vectors in the HT1080 fibrosarcoma carcinoma cell line, n=3. (See Appendix 29)
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There was a minimal increase in anoxic HRE activity of cells primed with 8-ci-
cAMP. A dose around 30uM appeared to have the greatest stimulatory effect although

this was still small and was selected and applied to all cell lines as was in line with

published data (Firth et al., 1995).

Any effect of the cAMP analogues on luciferase itself, was accounted for

through the use of the pGL3.control vector being exposed to identical conditions as the

test vectors and used for normalisation.

All experiments were performed in triplicate.
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Figure 6.4: HRE activity after 8 hours +/- a PKA analog followed by 16 hours air

or anoxia and 3 hours reoxygenation in the MDA 468 cell line, n=3.

(See appendix 30)
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Figure 6.5: HRE activity after 8 hours +/- a PKA analog followed by 16 hours air

or anoxia and 3 hours reoxygenation in the HT1080 cell line, n=3.

(See appendix 31)
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Figure 6.6: HRE activity after 8 hours +/- a PKA analog followed by 16 hours air

or anoxia and 3 hours reoxygenation in the SQDO cell line, n=3.

(See appendix 32)
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Table 6.1: HRE induction after 8 hours +/- a PKA analog followed by 16 hours air

or anoxia and 3 hours reoxygenation

HRE Induction

MDA 468 HT 1080 SQD9

| C 8-Cl F C 3-Cl F C 8-Cl F

Epo (1+2)* 6.1 3.2 1.8 7.9 6.3 6.1 6.7 7.1 6.6

PGK (1+2)** 462 | 108 | 2.3 432 | 11.6 | 27.7 | 165 | 163 | 149

LDH-A (1+2+3)y* 4.3 3.7 2.3 171 | 124 | 106 | 26 3.7 2.6

LDH-A (142 695 | 584 | 533 | 9.0 | 74 5.0 53 6.9 4.2
VEGF (1+2)* 1.1 1.4 1.0 2.7 4.1 3.1 0.9 1.5 1.4
Glut-1 (1+2)* 8.1 5.6 1.9 2.6 3.6 4.6 29 6.0 3.4

Glut-1 (1+2+3)™ 2.8 3.8 53 2.4 3.1 3.5 1.9 3.3 2.8

C= Control, 8-Cl= 8-cl-cAMP, F= Forskolin

The LDH (1+2) HRE containing constructs showed the greatest induction under
anoxia alone. Gene expression was upregulated 9-fold in the HT 1080 cell line, 5-fold in
SQDS and 70-fold in the MDA 468. Addition of 8-cl-cAMP or foskolin prior to the 16
hours normoxic / anoxic incubation increased the amplitude of gene expression
minimally in all cases, The greatest increases in activity were seen for LDH (1+2) plus
8-cl-cAMP in the MDA 468 cells and Epo and LDH (1+2) plus forskolin in the HT 1080
cells. The oxic expression, +/- 8-cl-cAMP or forskolin, varied depending on the cell line.
Therefore, the oxic / anoxic induction ratio was reduced due to an increased HRE
stimulation under aerobic conditions, indicative of cross-talk between the cAMP-
dependent signalling pathway and hypoxia-dependent signal transduction. The effect of

8-cl-cAMP and forskolin on the individual domain of LDH-A was then investigated,

however, neither had any effect on their expression.




Figure 6.7: Expression of the dissected LDH-A elements 8 hours +/- a PKA analog
followed by 16 hours air or anoxia and 3 hours reoxygenation in the HT1080 cell

line, n=3. (See appendix 33)
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Figure 6.8: Expression of the dissected LDH-A elements 8 hours +/- a PKA analog
followed by 16 hours air or anoxia and 3 hours reoxygenation in the SQD9 cell line,

n=3. (See appendix 34)
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6.4 Discussion

The cAMP analogs, 8-cl-cAMP and forskolin, have been shown to increase
LDH-A and Gtut-1 HRE activity in Hela cells (Firth et al., 1995) These expertmerits
tried to recpitulate these results, however, the cAMP PKA activators, 8-cI-cAMP and
forskolin produced a minimal increase in HRE expression. The greatest effect was
observed for the LDH (1+2) HRE. Firih et ai. (1995), saw a decrease in HRE expression
under normoxia when exposed to forskolin in the Hel.a human cervical carcinoma cell
line, Results appeared to be cell line specific with both positive and negative fluctuations
in the oxic expression. The cAMP agonist, 8-Br-cAMP and forskolin have been shown
to increase binding of CREB and ATF-1 to the constitutive HIF-1 binding site in a dose-
dependent manner (Kvietikova et al., 1997). The PKA-dependent phsophoryiation of
CREB may enhance HRE function via the core CRE site which overlaps with the HIF-1
binding site. However, CREB does not appear to be essential to the hypoxia signal
transduction pathway itself, with the CRE having a negative effect on the hypoxic
inductbility of both the LDH-A and Glit-1 enharncers.

The cAMP analogues, 8-cl-cAMP and forskolin, bind to receptors on the
regulatory subunits of PKA I and II with differing affinities. 8-cl-cAMP substitutes for
endogenous cAMP. It has a high selectivity for PKA type Il and preserves it in the
holoenzyme form so preventing proteolysis, whilst downregulating PKA type 1. 8-cl-
cAMP restores a non-malignant pattern of PKA Il i cancer cells, leading to
differentiation and growth arrest in a wide variety of human cancer cell lines. In
contrast, forskolin maximally stimulates both PKA types I and II non-specifically. Both

of these analogs increase total CRE binding in vitro.

Each HRE vector contained a different set of response elements potentially
involved in the hypoxia signal transduction pathway. By manipulating the levels of PKA
types I and II {Table 6.2) it may be possible to manipulate the interplay between these
distinet signalling pathways. However, these data suggest the influence of PKA pathway

modulation on HRE function is too modest to be therapeutically useful.
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Table 6.2: Pairs of cAMP analogs that preferentially activate PKAI/PKAII

Analog |Rel Affinity |Rel Affinity |Rel Affinity |RelAffinity | Selectivity

Pairs for site A of |forsite B of |forsite A of |forsite B of |PKAIL PKA
PKAI PKAI PKATL PKA T 1

8-P1P- 23 0.065 0.046 32

¢AMP 5:1

8-AHA- 0.11 1.6 0.021 0.29

cAMP

6-Phe- i8.0 0.48 40.0 0.44

cAMP 1:4

5,6-Cl- 0.11 5.1 0.38 42.0

cBIMP

6-MBC- 048 0.068 16.0 0.13

cAMP 1:60

Sp-5,6- 0.022 G.13 0.034 14.0

Cl-

cBIMPS B

§&-Cl- 2.7 2.0 0.051 4.6 1:3.3

clAMP




Chapter 7

Integrating the Transcriptional Response to
Hypoxia and Ionising Radiation

7.1 Introduction

Efforts have been made to optimise synthetic HRE chimeric promoters to
generate robust and efficient vectors for gene therapeutics (Boast et al., 1999; Shibata et
al., 2000). Rather than soley optimising the hypoxic response of chimeric HRE
promoters, it may be possible to develop dual hypoxia and X-ray inducible promoters,
such that the combination of both stimuli might provide a greater-than-additive effect

upon transcriptional output.

A number of early response genes are induced in response to ionising irradiation
(e.g. c-fos, Egr-1). This respouse is thought to be dependent upon the presence of seruim
response elements (SREs or CArGs; CC{A/T], GG) within the promoter regions (Datta
et al.,, 1992). A natural example of the potential transcriptional relationship between
HREs and SREs exists in the 5’ enhancer of the glucose transporter-1 (Glut-1), where
co-stimulation of the hypoxic-signalling pathway and the PKC signal transduction
pathway result in significant transcriptional cooperativity (Ebert e al,, 1995). In an
attempt to recapitulate these observations using a chimeric promoter, a construct was
generated, composed of the truncated X-ray responsive Egr-1 promoter (425bp) fused to
a pentimer of the Epo gene minimal HRE (24bp) and a TNFa reporter gene (figure 7.1).
This construct was responsive to both hypoxia (3.4-fold) and X-rays (3.3-fold), and the
combination of both stimuli resulted in a synergistic output (11.7-fold) in the human
colon carcinoma cell lines, HCT 116 and WiDr (Salloum et al., 1999; Saunders et al.,
2000). Employing the now standardised reporter gene expression techniques, these initial

observations were extended to a larger cell line panel.

172




Figure 7.1: Schematic representation of pGL3.Epo.Egr-1

pGL3.Epo.Egr-1: Epo[HRE]x3 Egr-1 (425bp) Luciferase
EBS SRE EBS SRE SRE SRE SRE

b - - - — -

GCCCTACGTGCTGTCTCACACAGCG  GGAAACGCCATATAAGGAGCAGGAAGGAT CCTITATTTGG CCTTATATGG

Further improvements to the chimeric promoter, Egr-1, have been explored by
utilising the minimal CArG elements (figure 7.2). Marples et al. (2000), utilised the
mininial CArG elements in the 5°’-distal ‘enhancer’ region. They attached four directly
repeated CArG elements to a green fluorescent protein (GFP) reporter and transiently
transfected the construct into U87-MG glioma and MCF-7 breast human carcinoma cell
lines. The CArG elements were able to function as radio-responsive transcriptional
enhancers with an optimal dose of 3Gy, and were significantly more radiation inducible
than the 425bp Egr-1 promoter in MCF-7 cells. This suggested that the CArG elements
were able to function independently of other cis-acting element binding sites in the Egr-1
promoter regulated by various transcription factors e.g. SP-1, AP-1 and CREB. This was
the first evidence demonstrating CArG elements functioning outside their natural context
(Marples et al., 2000). The responsiveness of the 3’-proximal CArG elements alone and
in combination with the Epo HRE used in the study by Salloum et al., (1999) were
examined using the luciferase assay system. The final aim was to produce a novel

combination of the best radiation-inducible enhancer with an optimal HRE.
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Figure 7.2: Schematie representation of pGL3.CArG and pGL3.Epo.CArG

pGL3.CArG: [CAIGT]™ Luciferase
CCATATTAGG
pGL3.Epo.CArG: Epo[HRE] [CArG] Luciferase

GCCCTACGTGCTGTCTCACACAGCGCCATATTAGG

7.2  Methods

An oligonucleotide of the Epo 24bp HRE (chapter 4) containing the core HIF-1
binding site, had been muitimerised to produce a pentimer (120bp; Pugh et al., 1993)
and was kindly donated by Dr Peter Radclitfe, Institute of Molecular Medicine, Oxford.
An Epo/Egr-TNFa vector (6.1 kb) was constructed by Dr Mark Saunders, which
contained the five Epo HREs located 5’ of the truncated Egr-1 promoter. The Egr-1 and
Epo.Egr-1 fragments were isolated and cloned into the pGL3.basic vector (Promega). To
facilitate this process, the multiple cloning region of the Sp72 (contaning the Glut-1
610bp sequence) vector was isolated Xho (5’) and Xho (3’) and subcloned into the Xho
site in the muliple cloning region of pGL3.basic to provide a greater range of restriction
sites into which Egr-1 and Epo.Egr-1 could be cloned (figure 7.3a). Egr-1 was isolated
from Epo.Egr-1.TNFo at Sph I (5%) and Bgl II (3”) and ligated into pGL3.basic/Sp72
(Sph 1I/Bgl II) (figure 7.3b). Epo.Egr-1 was cut out of the same vector at Xho (5’) and
Bgl II (3°) and cloned into pGL3 .basic/sp72 at the respective sites (figure 7.3¢). The Epo
pentimer was isolated from the same plasmid Xho (5°) and Xba (3°) and cloned into the

pGL3.promoter vector (Promega) at the corresponding sites (figure 7.3d).
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Figure 7.3: Construction of pGL3.Egr-1 and pGL3.Epo.Egr-1 plasmids

a) Sp72: Xho/BamHI/Apal/Xbal/Notl/Sphl/Nsil/Hindlil/Pvulil/Xhol-

pGL3.Basic: -Kpnl/Sact/MIul/Nhel/Smal/Xhol/BgllI/HindIII-

pGL3.Basic/Sp72:

-Smal/Xhol/Pvull/HindIl/Nsil/Sphl/Notl/Xbal/Apal/BamHI/Xhol/BgllI/HindII-

b) pGL3.Egr-1
Xba

\

Eer-1

Bglll

|

v

-Smal/Xhol/Pvull/HindIl/Nsil/Sphl/Notl/Xbal/A pal/BamHI/Xhol/Bglll/HindI1-
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¢) pGE3.Epo.Egr-1

Xho Epo Xba/Sph Eert Belli

Smal/Xhol/Pvull/Hindll/Nsil/Sphl/Notl/Xbal/Apal/BamHI/Xhol/Bglll/HindlI-

d) pGL3.Epo5
Xho 1 Epo Xba I

-Smal/Xhol/Pvull/Hindll/Nsil/Sphl/Notl/Xbal/Apal/BamHI1/Xhol/Bglll/Hindll-

Oligonucleotides consisting of an Epo-CArG monomer or a CArG pentimer
(figure 7.2) were made (SigmaGenosys) with Bgl Il and Bam HI ends and cloned into
the Bgl II site of pGL3.basic vector (Promega). The structure of all constructs was

confirmed by restriction digests and sequencing (2.6).

The response of each vector in a panel of cell lines to either hypoxia (1% 0 2), X-
rays (5 Gy), or both stimuli, was tested. The experimental vectors were independently
co-transfeeted with a CMV-driven renilla reporter plasmid by electroporation. 24 hours
after transfection, cells were re-seeded into duplicate 24-well plates and exposed to air or
1% 0 2 for 16 hours. Following the hypoxic exposure cells were irradiated with 5 Gy

(250 kV X-ray source) under aerobic conditions and returned to normoxia for 1 to 6
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hours reoxygenation. Subsequently cells were lysed and assayed for firefly and renilla

luciferase activities (see section 2.6).

9.3 Results

All HREs used in this chapier were trimers as previously described. The
exception being Epo, which was a pentimer (Pugh et al., 1993), identical to that used in
the pGL3.Epo.Egr-1 vector in earlier studies (Salloum et .al., 1999; Saunders et al.,
2000).

7.3.1 pGL3.Epo.Fer-1: Transcriptional response to hypoxia and ionising

radiation.

The effect of hypoxia, ionising radiation (5Gy) or the combination of both
stimuli on Egr-1, Epo.Egr-1 and Epo[HRE]® was measured via the luciferase reporter
system. Experiments were performed in human carcinoma cell line lines; fibrosarcoma
(HT1080), breast (MDA 468), prostate (DU145), hepatocellular (HepG2) and colon
(HCT 116 and WiDr) using the protocol described by Salloum et al. (1999). There have
been a number of different reports as to the optimal length of reoxygenation after
exposure to ionising radiation, therefore, cells were exposed to 1, 3 and 6 hours

reoxygenation.
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Figure 7.3: Expression of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or
hypoxia, +/- 5Gy and 1 to 6 hours reoxygenation in the HT1080 cell line, n=3.

(See appendix 35)

1 hour
4.0
m Egr-1
b 3.5
m Epo.Egr-1
3.0
7 m Epo
ﬁf 2.5
2.0

: i
¥ |
0.0 .]la.-

AIR 5Gy 1%02 1% Q2 + 5Gy
3 hours
w 3.0
n2.5
Z 0.5
AIR 5Gy 1%Q2 1%Q2 + 5Gy
6 hours
K 3.0
Z 0.5
AIR 5Gy 1%Q2 1%02 + 5Gy
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Table 7.1: Induction of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or
hypoxia, +/- 5Gy and 1 to 6 hours reoxygenation in the HT1080 cell line, n=3.

1 hour 3 hours 6 hours
Egr-1 Epo.Egr-1 Epo Epr-1 Epo.Egr-1 Epo Egr-1 Epo.Egr-1 Epo
5Gy 1.13 0.97 1.15 272 1.46 1.84 1.09 0.63 0.65
1%0, 0.55 2.91 15.96 0.97 2.24 20.05 Q.60 2.44 19.36
1%, + 5GY 0.56 2.98 21.34 2.25 4.71 43.40 0.84 1.71 12,11

Optimal activity for each construct in the HT1080 cell line occurred at three
hours reoxygenation. A modest Egr-1 promoter activity was observed in response to
5GY +/- 1%0,, relative to air or 1%0O, alone. A 1.5-fold and 11-fold increase was
observed for Epo.Egr-1 and Epo respectively at 1%0Q, which rose by a further 2-fold for
each plasmid when both stimuli were applied. However the Epo HRE was partially

muted in the context of the Egr-1 promoter relative to the SV40 basal promoter.
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Figure 7.4: Expression of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or
hypoxia, +/- 5Gy and 1 to 6 hours reoxygenation in the MDA 468 cell line, n=3.

(See appendix 36)
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Table 7.2: Induction of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or
hypoxia, +/- 5Gy and 1 to 6 hours reoxygenation in the MDA 468cell line, n=3.

1 hour 3 hours 6 hours
Egr-1 Epo.Egr-1 Epo Egr-1 Epo.Egr-1 Epo Egr-1 Epo.Egr-1 Epo
5Gy 1.35 0.82 2.18 0.46 0.39 0.51 0.42 0.59 0,71
1%0, 0.76 4.06 52.04 0.54 172 14.04 0.43 1.92 27.15
1%0, + 5Gy 1.43 4.05 47,29 0.38 1.61 17.09 0.27 0.75 25.49

Both the Epo.Egr-1 and Epo constructs were responsive to hypoxia at the three
time points examined. Egr-1 showed a marginal increase in activity in response to 5Gy
radiation after one hour reoxygenation however, the activity had diminished by three
hours. Niether Epo.Egr-1 nor Epo were responsive to radiation, instead a reduction in

gene expression was noted. Thus the independent response elements within this chimeric

promoter appeared not to cooperate in this cell line.

181




Figure 7.5: Expression of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or
hypoxia, +/- 5Gy and 1 to 6 hours reoxygenation in the DU145 cell line, n=3.

(See appendix 37)
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Table 7.3: Induction of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or
hypoxia, +/- 5Gy and 1 to 6 hours reoxygenation in the DU145 cell line, n=3.

1 hour 3 hours 6 hours
Egr-1 Epo.Egr-1 Epo Egr-1 Epo.Egr-1 Epo Egr-1 Epo.Egr-1 Epo
5Gy 291 2.89 1.18 0.87 0.36 0.39 0.95 1.02 0.10
1%02 0.71 1.99 18.17 0.40 1.66 30.31 0.85 2.02 3.49
1940 + 5Gy 1.25 3.00 19.60 0.42 0.89 9.61 0.82 2.00 2.18

The Egr-1 plasmid was responsive to 5 Gy after one hour reoxygenation, the
activity of Egr-1 had diminished by three hours. The Epo HRE was responsive to
hypoxia at each time point but not radiation. Only Epo.Egr-1 was marginally responsive
to both independent stimuli, but this activity was not strictly additive upon co-
stimulation. These data suggest that the the X-ray inducibility of the Egr-1 promoter in

vitro is strongly cell line dependent.

Prelimary data of other cell lines tested with optimal reoxygenation times is

shown below shown.

Figure 7.6: Expression of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or
hypoxia, +/- 5Gy and 6 hours reoxygenation in the HepG2 cell line, n=1.

(See appendix 38)

AIR 5Gy 1%02 1%02+5Gy
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The Epo HRE-driven construct showed an increase in activity in response to
hypoxia and, surprisingly, the combination of hypoxia and X-rays. In contrast Egr-1
displayed no hypoxic response and no increase in expression in response to radiation. In
the HepG2 cell line the results of the Epo.Egr-1 construct suggested that the
transcriptional response of the co-stimuli was additive. However the weak inducibility of

the vector prevented any conclusions from being drawn.

Figure 7.7: Expression of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or
hypoxia, +/- 5Gy and 3 hours reoxygenation in the HCT116 ceil line, n=1.

(See appendix 39)

AIR 5Gy 1%02 1%02+5Gy

In the HCT-116 cell line, the Egr-1 promoter, in isolation, showed both a
radiation and hypoxia inducible response, the combination of which was apparently
additive. Luciferase activity peaked at three hours reoxygenation. Similarly, the Epo.Egr
was responsive to the combination of hypoxia and X-rays, but the induction ratio to all
stimuli was greater than that seen for Egr-1 due to a significant suppression of the non-
irradiated oxic baseline. Thus the Epo HRE has a negative influence on the Egr-1
promoter activity under oxic conditions and consequently improved the 5Gy induction
ratio from 1.2-fold to 5-fold. The Epo-driven reporter responded weakly to hypoxia, but
again demonstrated a robust induction by co-stimulation. This appears to be the first cell

line in which a cooperative response to both stimuli has been observed. However,
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considering the cooperative nature of the co-stimuli upon the independent Egr-1 and
Epo-driven reporter plasmids, it appears that the synergistic nature of the Epo.Egr-1
driven response to co-stimulation is unlikely to be due to any strict transcriptional

cooperativity.

Figure 7.8: Expression of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or

hypoxia, +/- 5Gy and 3 hours reoxygenation in the WiDr cell line, n=1.

(See appendix 40)
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Both the Epo HRE, and to a lesser extent Egr-1 driven reporter plasmids, had an
increased activity in response to hypoxia alone. Conversely Egr-1, and to a lesser extent
Epo, had an additive response to the combination of hypoxia and 5Gy. The Epo.Egr-1
construct displays a hypoxia and X-ray responsiveness but it is distinctly muted,
particularly when compared to the expression of the distinct elements. This further
supports the suggestion that no specific cooperativity exists between the cognate
transcription factors that bind the HREs and the Egr-1 promoter, but rather both
components of the chimera are displaying an independently cooperative response to co-
stimulation. Indeed, the weak nature of the Epo.Egr-1 chimeric promoter would suggest
that the transcription factor interactions on this transcriptional control sequence are

complex.

185



7.3.2 pGL3.Epo.CArG: Transcriptional response to hypoxia and ionising

radiation.

Epo.CArG was made as an oligo containing a single copy of Epo and CArG.
Attempts were made to multimerise the oligo but were unsuccessful. However, any
response produced to hypoxia or X-rays should be visible with a single copy.
Experiments in previous chapters indicate that multiple copies would increase the
amplitude and induction of response rather than ablating it. The CArG oligonucleotide

was prepared as a pentimer (CArG5), when multimerised a single dimer was produced

(CArG 0.

In each cell line tested, the CArG.Epo construct, despite being a single copy, was
responsive to hypoxia and the combination of hypoxia and X-rays, with similar

activities. The two CArG constructs appeared unresponsive to either stimulus.

Figure 7.9: Expression of CArG.Epo versus CArG multimers exposed to 16 hours

air or hypoxia and 3 hours reoxygenation in the HT1080 cell line, n=2.

(See appendix 41)
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Figure 7.10: Expression of CArG.Epo versus CArG multimers exposed to 16 hours

air or hypoxia and 1 hour reoxygenation in the MDA 468 cell line, n=2.

(See appendix 42)
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Figure 7.11: Expression of CArG.Epo versus CArG multimers exposed to 16 hours

air or hypoxia and 3 hours reoxygenation in the DU 145 cell line, n=2.

(See appendix 43)
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7.3.3 _Synergistic response of HREs to hypoxia and ionising radiation

The observation that the Epo HRE pentimer, independent of the Egr-1 promoter,
was responsive in an apparently cooperative fashion to the co-stimuli of 1% O, and 5
Gy, raised the question as to whether this was a property unique to the Epo construct, or
common to HREs. Consequently a selection of the most robust HREs previously
identified in this study, were examined for their response to the combined stimuli of
hypoxia and radiation. Results were compared to that of the Epo pentimer. The
experimental procedure was identical to that throughout this chapter: 16 hours air or

hypoxia followed by exposure to 5Gy and 1 to 6 hours reoxygenation (only the optimal

time points are show).
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Figure 7.12: HRE activity when exposed to hypoxia and radiation with 3 hours
reoxygenation, in the HT1080 cell line, =3 (except Epo n=4).

9.0
m AIR
8.0 - U5SGy
m 1%02

70 m 1%02+5Gy

Epo (1+2) 5+ PGK (1+2)3+  LI3H(1+2+3)3+  LDH (1+2)3-

Table 7.14: Induction of HREs exposed to hypoxia and radiation in the HT1080 cell

line.

Epo (1+2) ~  PGK (1+2)3 LDH (1+2+3)% LDH (1+2)3'

5Gy 1.84 3.06 2.52 2.07
Io%Q* 20.09 20.79 10.46 16.33
o2 + 5Gy 43.40 52.02 26.34 36.52

The HT1080 response was sustained at the time points measured, up to six hours
post-reoxygentaion, with a peak in the combined response to hypoxia and X-rays at
three hours reoxygenation, in a manner similar to hypoxia alone. There was a 10 to 20
fold increase in HRE activity when cells were exposed to /% 02 The combination of
hypoxia and X-rays produced a 250% upregulation when compared to hypoxia alone for
each HRE. This was not observed when the HT1080 cell line was irradiated but did not

experience pre-hypoxia.

189



Figure 7.13: HRE activity when exposed to hypoxia and radiation with 1 hour
reoxygenation in the MDA 468 cell line, n=3

1%02
ri>02 +5G\

(EPO 1+2)5+ PGK (1+2)3+  LDH(I+2+3)3+  LDH (1+2)3-

Table 7.15: Induction of HREs exposed to hypoxia and radiation in the MDA 468

cell line.

Epo (1+2) s+ PGK (1+2)3 LDH (1+2+3)3% LDH (1+2)3

5Gy 0.91 0.64 0.67 0.71
1% 0z 58.36 41.22 3.26 72.32
1%0i + 5Gy 29.96 20.65 1.55 36.80

At 3 hours reoxygenation the amplitude of response of each HRE at 19%02
equated to that seen at 1%02+ 5Gy, and at six hours reoxygenation the 1%02amplitude
had dropped below that of 19%02+ 5Gy. Therefore in this cell line the combination of
hypoxia and X-rays produces a more durable response compared to 1%02 alone, when
total light units were considered over all time points measured. This implies an extended
HRE activity post-reoxygenation that is unrelated to hypoxic stabilisation of HIF-I.
However, this response does not exceed that of the HRE activity to hypoxia alone, with

radiation causing at least a 2-fold reduction in expression at one hour reoxygenation.
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Figure 7.14: HRE activity when exposed to hypoxia and radiation with 1 hour
reoxygenation in the DU145 cell line, n=2 (LDH (1+2); Epo9d, n=1 (PGK (1+2);
LDH (1+2+3)).

50 m 0 —
= AIR
45 05Gy

0 - 2ad + sey

0.5

0.0
Epo (1+2)5+ PGK (1+2)3+ LDH (142+3)3+  LDH (1+2)3-

Table 7.17: Induction of HREs exposed to hypoxia and radiation in the DU145 cell

line.

Epo (1+2)5+ PGK (1+2)3+ LDH (1+2+3)3-i LDH (1+2)3

5Gy 1.18 4.28 1.44 2.49
1942 18.17 25.56 9.17 33.05
1%0z + 5Gy 19.60 89.45 19.45 91.45

In the DU 145 cell line the radiation inducibility of each HRE disappears by 3
hours reoxygenation. This suggests it is a transient response similar to that seen with
Egr-1 and Epo.Egr-1 at one hour but not three hours post-hypoxia. All HREs respond to
hypoxia, with a further 2-3-fold increase in activity on exposure to both stimuli, except

for the Epo HRE.



Figure 7.15: HRE activity when exposed to hypoxia and radiation with 6 hours

reoxygenation in the HepG?2 cell line, n=1
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Table 7.19: Induction of HREs exposed to hypoxia and radiation in the HepG2 cell

line.

Epo (1+2) *  PGK (I+2)3+ LDH (1+2+3)3+ LDH (1+2)3'

5Gy 0.94 0.99 1.30 1.38
1%C>2 2.00 6.28 2.71 7.23
1%0z + 5Gy 4.79 6.05 7.27 10.93

All of the HREs respond to hypoxia, and three of four (no PGK response)

showed a further increase in activity on exposure to hypoxia and X-rays.
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7.4  Discussion

As shown in Chapter 3, neither the CMV nor SV40 promoters are affected by
changes in oxygen tension. These results are consistent with other published reports
(Cheng and Iliakis, 1995; Boast et al., 1999). Cheng and lliakis (1995), demonstrated
that expression of the CMV and SV40 promoters also remained unchanged when
exposed to 20Gy ionising radiation. In agreement no change in activity was observed for
the pGL3.control vector, containing the SV40 promoter, or the pRL.CMV transfection
control vector, containing the CMV promoter, in this set of experiments. Therefore, not
only are both promoters used in the luciferase assay (SV40-Firefly and CMV-Renilla)
unresponsive to hypoxia and radiation, but the post-transcriptional and post-translational
activities of the reporter genes are not measurably influenced. Thus it is reasonable to
conclude that all the changes in expression are a direct result of each enhancer element,

rather than changes in promoter expression.

In four of the six cell lines (WiDr, HCT-116, HepG2, HT1080, but not DU145
and MDAA468) there appears to be a combined response to hypoxia and radiation, which
resulted in an additive or apparently super-additive increase in the activity of the
Epo.Egr-1 chimeric promoter. However, in each case, there was a comparable or greater
increase in the activity of Epo to the combined stimuli. The Egr-1 promoter only
displayed this additive response to co-stimulation in the WiDr and HCT-116 cell lines.
This implies that the increase in Epo.Egr-1 activity is as a result of the radiation
responsiveness of Epo rather than Egr-1 For example there is 2—fold rise in Epo and
Epo.Egr-1 expression in the HT1080 cell line exposed to both stimuli compared to
hypoxia alone at three hours reoxygenation (figure7.3). A similar response was not

observed for the Egr-1 construct.

The HCT116 colon carcinoma cell line appears to be the only cell line in this
panel where an apparently synergistic response to hypoxia and X-rays was observed.
However, the results are of a single preliminary experiment, so should be interpreted

with caution. Egr-1 responded marginally to X-rays alone (1.2-fold), but not hypoxia,
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yet produced a 2-fold increase in activity in response to hypoxia and X-rays. Epo
responded 3-fold to hypoxia but had a dramatic 8-fold response to both stimuli. It
appears that Epo.Egr-1 was responsive to the combination of both hypoxia and X-rays,
producing a 4.5-fold response to X-rays alone but a 9-fold response to both stimuli.
Even so, the absolute amplitude of reporter gene expression was less than that of Egr-1
alone (figure 7.7). This suggests that both the HREs and proximal Egr-1 promoter
respond independently to co-stimulation and that the enhancement in induction ratios is
not the result of any cooperativity between these regulatory elements, but rather a co-
repression phenomenon. Thus both components of the chimeric promoter has a negative
influence upon the other such that neither is able to drive transcription if the other is not
occupied by appropriate inducible transcription factor(s). Indeed in the WiDr cell line
the data would suggest that the combination of the Epo HRE with the Egr-1 promoter is
antagonistic, whereby each component is inducible when utilised independently, but as a
chimera the amplitude of co-induction is poor. This is predominantly a consequence of

the negative influence of the Epo HRESs on constitutive Egr-1 promoter activity.

Results suggest that the Egr-1 promoter may be hypoxia-responsive in the
HepG2, HCT116 and WiDr cell lines. A number of studies (Soo-Kyung et al., 1999)
have demonstrated an increased rate of Egr-1 transcription and protein, as well as DNA-
binding activity in response to hypoxia. The mechanism for this response may be
mediated by the Elk-1 binding sites in the 3’-proximal region of the Egr-1 promoter (see
figure 7.1; Yan et al., 1999).

The HREs appeared to be radiation responsive in each of the cell lines tested
(except the MDA 468s). It may be possible that the radiation response could be, in part,
attributed to the status of other elements intrinsically expressed in each cell line, such as
estrogen receptor or p53 status. The additional oxidative stress initiated by irradiating
the cells immediately upon reoxygenation may contribute to the reperfusion insult.
However proof that these observations are not artefacts of the reporter system will
require more experimentation, including the analysis of HIF-1a protein levels and HRE

binding affinity. In addition reporter gene (luciferase) protein and mRNA levels will




require analysis in order to establish that the phenomenon is genuinely the result of HRE

transcriptional activation.

The synthetic CArG elements appeared to be unresponsive to both 1%0, and
radiation in each of the cell lines tested and may even be having a negative regulatory
effect on the activity of Epo. Combined with the data presented here and that of Datta et
al. (1992) and Marples et al. (2000), it appears that only the 5’-distal CArG elements

function independently of the Egr-1 promoter in response to X-rays and hypoxia.

The results presented here suggest that the Egr-1 promoter response to both
hypoxia and X-rays is rapid and transient with optimal Egr-1 expression occurring in
both a cell line and reoxygenation dependent manner. Bonventre et al. (1991), reported
that reperfusion / reoxygenation was required for Egr-1 mRNA and protein
accumulation to occur in the ischaemic rat kidney. Expression peaked at 1 hour
following reperfusion, had decreased by 3 hours and was undetectable by 24 hours.
Using the CArG enhancer element described by Marples et al. (2000), Scott et al. (2000)
has developed a strategy utilising the cre/loxP recombination system of the
bacteriophage PI to produce a more sustained response at lower radiation doses. It would
be interesting to combine LDH (1+2) with the CArG elements optimised by Marples et
al. (2000), combined with the natural Elk-1 binding sites of the 3’-proximal CArG
elements. Along with the cre-LoxP site, this may produce a more prolonged response

and increase the differential between basal and induced expression.
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Chapter 8

Discussion

The disorganised and inadequate vasculature typical of most solid tumours
results in regions of chronic (spatial) and acute (temporal) hypoxia. Cells in these
hypoxic regions are considered to be resistant to radio- and chemotherapy. Beyond the
diffusion distance of molecular oxygen, there are multiple indirect consequences of poor
tissue perfusion. Since many antineoplastic agents act on the DNA of proliferating cells,
the poor cell cycle kinetics of hypoxic cells affords some protection (Durand et al.,
1999). In addition, hypoxia itself may induce multiple stress-related proteins that confer
transient resistance to chemotherapeutic agents (Dachs et al., 1998). Further, these cells
are often distal from functional tumour vasculature and may escape exposure to
cytotoxic concentrations of agents, particularly if the tissue diffusion characteristics of
the therapeutic agent are limited (e.g. DNA intercalators). Despite the multiple
resistance mechanisms manifest by inadequate tumour perfusion, it represents a
universal and exploitable difference between tumour and normal tissue. A major
approach to exploiting this altered physiology of the tumour microenvironment is the
use of bioreductive drugs, several of which are currently in clinical trials (tirapazamine,

AQA4N; Brown and Giaccia, 1998).

As a consequence of reduced oxygen and nutrients, e.g. glucose, hypoxic cells
alter the expression of multiple genes involved in cellular and physiological homeostasis
in order to adapt and survive under these adverse conditions. There is an increase in the
expression of genes involved in diverse functions such as angiogenesis, vascular
homeostasis, pH regulation, glucose transport and glycolytic metabolism. Hypoxia
responsive elements (HREs) regulate the expression of these genes and consequently
they are over-expressed in hypoxic tumour cells compared to adequately oxygenated

tissues. These HREs could be exploited in gene therapy strategies, to selectively drive
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the expression of (various) therapeutic gene products within the hypoxic regions of
tumour tissues. Putting aside the issue of which gene products are most appropriate in
such an application, a key question that arises is which HRE(s), (in an optimised
configuration), would provide the most robust, consistent and selective transcriptional

response to hypoxia in multiple tumour cells of epithelial origin?

Thus the aim of this thesis was to evaluate the hypoxia-inducible transcription
and amplitude of a variety of HRE sequences across a panel of human carcinoma cell
lines of diverse tissue origin. The intention was to identify the most robust and
consistently active HRE at physiologically relevant oxygen tensions (1% O,) for use in
gene therapeutic applications. A set of HREs derived from angiogenic, glucose
transporter and glycolytic genes have been dissected and evaluated in order to obtain the
maximal level of gene induction under hypoxia. A HRE involved in lactate metabolism
was identified which, by these criteria, produced a superior response under hypoxia.
This optimisation was found to involve the sequence identity of a constitutive

transcription factor binding site adjacent to the well recognised core HIF-1 binding site.

Previously the HREs contained within the Epo, PGK, VEGF, Glut-1 and LDH-A
HREs have been dissected and optimised for their hypoxic response by a variety of
investigators (Maxwell et al., 1993; Firth et al., 1994; Semenza et al., 1994; Liu et al.,
1995; Ebert et al., 1995; Firth et al., 1995; Boast et al., 1999; Shibata et al., 2000)
However, the activities of each HRE have not been compared to one another under
identical experimental conditions. Some studies were restricted to a single cell line,
whilst in others, HREs with differing copy numbers were compared. This work began by
comparing the previously optimised HRE sequences from the Epo, PGK, VEGF, Glut-1,
and LDH-A oxygen-responsive genes. Each HRE was studied as a trimer using the now
widely accepted Dual Luciferase Assay system designed by Promega, across a panel of

three human carcinoma cell lines.

Each HRE was either isolated from its existing plasmid or constructed as an

oligonucleotide and cloned into the pGL3.promoter vector (Promega) as a trimer in the
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homologous (positive) orientation, 5° of the SV40 promoter. Using a standardised
protocol, each HRE construct was independently co-transfected with a pRL.CMV
reporter plasmid (to control for transfection efficieny) into a panel of human carcinoma
cell lines (MDA 468, HT1080, SQD9) by electroporation. 24 hours after transfection,
the cells were reseeded into triplicate 24-well plates and exposed to either 16 hours air,
1%0,, or =0.002%0,, followed by 3 hours reoxygention. The cells were then lysed and

assayed for firefly and renilla luciferase activities.

Results (chapter 4) demonstrated that the PGK HRE (either 18 or 24bp sequence)
had the greatest hypoxic and anoxic activity compared to other HREs tested. The low
inducibility of the LDH-A and Glut-1 HREs was noted. Transcription of these HREs is
governed by an array of transcription factor binding sites. Within each oxygen-regulated
gene there is sequence conservation at the HIF-1 binding site, as well as precise spacings
between adjacent sites, thought to have a co-operative role with HIF-1 in the hypoxic
response. Adjacent transcription factors bound to promoters and enhancers and may
form nucleoprotein complexes which are capable of integrating responses from multiple

signal transduction pathways (Tjian and Maniatis, 1994).

Firth et al. (1995) and Ebert et al. (1995) both demonstrated the functional
importance of HIF-1 and its co-operative enhancer sequences; specifically the CRE, in
producing a synergistic interaction in response to hypoxia in the LDH-A enhancer and
the SRE in facilitating a synergistic response to hypoxia and PKC co-activation in a
truncated Glut-1 enhancer lacking its natural CRE, respectively. By dissecting the
functional cis-acting enhancer sequences contained within the LDH-A and Glut-1 HREs
it was demonstrated that the CRE had a negative regulatory effect on HRE-regulated
transcription across the cell line panel. The activity of the modified LDH-A HRE
lacking the CRE (site 3) was compared to each of the three PGK HRE variants. LDH
(1+2) had a hypoxic and anoxic expression equalled to, or superior than, PGK across a
panel of seven human carcinoma cell lines from various tissue origins (breast, colon,
lung, head and neck, prostate). Further, maximal induction was nearly always observed

at 1%0,, whereas the PGK variants showed 40-90% activity when compared to
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20.002% O,. This observation is relevant to the application of hypoxia-directed gene
therapy, with respect to the magnitude and therapeutic relevance of the target cell

population.

Whilst hypoxic response of the PGK HRE in either the forward or reverse
orientation appeared to be cell line specific, the LDH (1+2) had a consistent superior
response in the negative orientation in all cell lines tested. Increasing the copy number
of either PGK or I.LDH-A had no positive effect on inducibility, however, increasing the
copy number of Epo produced a much greater level of transcription, but it was not

superior to that of PGK or LDH-A.

The data (chapter 4) demonstrated that in the Epo, PGK and LDH-A HREs site 2
played an integral role in the hypoxic response. It did not function independently but
rather appeared to function co-operatively with the core HIF-1 binding site in the
context of LDH-A. In an attempt to achieve greater levels of oxygen-regulated gene
transcription site 2 of each HRE was replaced with site 2 of LDH-A (chapter 5). In the
context of Epo and VEGF this site dramatically improved the hypoxic response.
However, the modified PGK HRE had a reduced activity, but a marginally greater
induction in two of the cell lines (HT 1080 and SQD9) caused by a reduction in the basal
activity. The equivalent sequence motif (site 2) from the Epo HRE could not confer any
transcriptional regulation when combined with the HIF-1 binding site from LDH-A.
Thus the LDH-A ChoRE (site 2) seemed to function optimally in its natural context but
was able to co-operatively increase gene transcription in other HREs. This observation
has not previously been reported and suggests a new aspect to the functional

optimisation of HREs for therapeutic applications.

The LDH-A ChoRE (site 2) is identical to the core sequence motif, CACGTG,
for the Myc/Max response element. It was shown by Fisher et al., (1993), that altering
the base immediately 5’ to this sequence could increase or ablate functionality of this
enhancer. The data (chapter 5) demonstrated a significant reduction in the LDH-A

response when the critical cytosine residue, 5° of the core E-box motif was exchanged
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for thymidine (C—T). However, the responses were significantly lower than that of the
original LDH (1+2) sequence, when the ‘C’ was exchanged for an ‘A’, ‘G’ or the site
altered to produce a consensus E-box binding site. Therefore the original ChoRE motif
contained in the LDH-A proved to have the best co-operative transcriptional (hypoxic
and anoxic) response with the HIF-1 binding site, suggesting that the sequence
requirements for cooperative interactions of their cognate transcription factors are

precise.

LDH (1+2) showed the most specific inducible response to HIF-1a expression
compared to Epo, PGK, VEGF or Glut-1 in the Kal3 and C4.5 (wt) cells, suggesting it
has the strongest affinity for binding HIF-1a. With the exception of VEGF, each HRE
appears to respond in a HIF-1a-dependent manner. In contrast, VEGF appeared equally
responsive to either HIF-1a or EPAS-1 with similar induction ratios. Whilst the pattern
of expression of the HRE panel was similar in each cell line, the amplitude of response
may be dependent, in part at least, on the aggressiveness of each carcinoma cell line to

proliferate after exposure to hypoxia (Blancher et al., 2000).

The transcriptional co-activators p300/CBP have been demonstrated to interact
with HIF-1a and CREB (Arany et al., 1996) suggesting a level of integration between
the secondary messanger cAMP and the oxygen sensor via co-operative transcriptional
activation. Most of the actions of cAMP are implicated in a variety of cellular functions
related to protein phosphorylation through PKA activation. CREB has been shown to
compete for binding at the HIF-1 site. Each of the HREs contain a variant of the
asymmetrical CREB site. A number of studies have shown a level of integration
between the HIF-1 and CRE binding sites contained within the LDH-A and Gilut-1
enhancers (Ebert et al., 1995; Firth et al., 1995). Firth et al. (1995) showed it was
possible to co-stimulate the LDH-A HRE with hypoxia and forskolin to produce a
synergistic response. These observations were re-evaluated in the original cell line and
HRE panel, with the addition of LDH (1+2)* (MDA 468, HT1080, SQD9). The
experiments were performed in a similar manner to those previously but with the

addition of an 8 hour incubation of cells with either 8-cl-cAMP or forskolin prior to (and
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during) aerobic and anoxic exposure. The synergistic response observed was not as great
as that reported by Firth et al. (1995) and affected both the anoxic and basal HRE
activities (chapter 6). Each of the HREs appeared marginally responsive to 8-cl-cAMP
and forskolin, the combined response of either of these cAMP analogs with anoxia was
similar to anoxia alone. The results suggested that the PKA-dependent phosphorylation
of CREB may enhance HRE function but is not an essential component of the hypoxia
signal transduction pathway. This is evidenced by results in chapter 4 showing the CRE

to have a negative regulatory effect on HIF-1 activity.

Ebert et al. (1995), showed a synergistic interaction between the PKC-activated
serum response element (SRE) and the HRE of the Glut-1 326bp enhancer. This SRE is
identical to that believed to confer the X-ray responsive properties of the Egr-1 promoter
(Datta et al., 1992). When cells are exposed to ionising radiation, reactive oxygen
intermediates are generated which activate a number of early response genes, including
Egr-1, by activation of CArG elements within the SRE of these genes (Datta et al.,
1992). Salloum et al. (1999), showed it was possible to combine both ionising radiation
and hypoxia as transcriptional stimuli on a hypoxia and X-ray responsive promoter
(Epo.Egr-1.TNFa) to produce a synergistic output, which was greater than that
produced from either hypoxia or irradiation alone in the HCT 116 colon carcinoma cell
line. In an attempt to recapitulate these resuits we cloned the Epo.Egr-1 construct, as
well as the Epo pentimer and Egr-1 alone, into the pGL3.basic vector (Promega) and
expanded the cell line panel. Results in chapter 7 indicate that, in isolation, the Epo
pentimer is not only transcriptionally activated by low pO,, but is responsive to X-rays
post-hypoxia, Similarly, the Egr-1 promoter in isolation was responsive to X-rays and
hypoxia in 5 of 7 cell lines. This implies that the “synergistic” output seen by the
Epo.Egr-1 promoter is a result of an Epo HRE -dependent response to both hypoxia and
radiation, rather than any interactive response of the Epo HRE to hypoxia and the Egr-1
promoter to radiation. The PGK and LDH-A HREs were also shown to be stimulated by
both hypoxia and X-rays, with the X-ray response being more marked post-hypoxia.
Interestingly the induction of VEGF has been reported in both cell lines and xenograft

models of diverse tumour cell types following ionising irradiation (Gorski et al., 1999),
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This phenomenon that confers a survival advantage to tumour vasculature and
combining anti-VEGFEF antibody and ionising radiation prevented endothelial cell
preservation within the tumour and dramatically enhanced the therapeutic index of the

therapy.

Marples, et al. (2000), demonstrated the CArG elements in the 5’-distal enhancer
region of the Egr-1 gene to confer the radiation inducibility. We examined the response
of the 3’-proximal CArG elements to radiation alone and in combination with the Epo
pentimer. Only the Epo.CArG construct was responsive to either stimuli implying that it
is only the 5° CArG elements that confer the radiation inducibility of the Egr-1
promoter. It would be interesting to see the response of the LDH (1+2)* HRE optimised
in this work in combination with the CArG elements isolated by Marples et al. (2000). It
is possible to make a dual X-ray and hypoxia responsive promoter to utilise in

transcriptionally targeted ‘genetic radiotherapy’.

In conclusion, the inducible response of certain HREs, especially VEGF, is
transcription factor and cell line specific. This observed variability may be the result of
interactions between cooperative cis-acting enhancer sequences confained within

particular genes (Ratcliffe et al., 1997).

The CRE (site 3) from the LDH-A does not appear to convey an inducible
response to hypoxia. Removal of this site from the 52bp LDH-A HRE (homologous
enhancer) is reported to abolish or severely reduce activity (Firth et al., 1995). However,
multimers of the shorter 26bp sequence, omitting either site 2 or 3, but retaining the
HIF-1 site produced a response (Firth et al.,, 1995; Ratcliffe et al., 1997). Thus a
minimalised LDH HRE element that appear to have no functional activity could be
restored by iteration. Similarly, the minimal PGK HRE (site 1 only) was inactive as a
monomer but could be restored by multimerisation (Firth et al., 1994). This study
demonstrates that the short LDH-A HRE sequence (site 1 and 2) has an activity greater
than (or occasionally equal to) the PGK HRE and that the CRE has a negative regulatory
effect on LDH-A activity. Thus while CREB phosphorylation may marginally enhance
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HRE function if stimulated by a cAMP analog, the CRE has a negative regulatory effect

on the hypoxia signal transduction pathway.

The ChoRE (site 2) from the LDH-A enhancer strongly modulates the HIF-1
binding site to produce a robust hypoxic and anoxic response. The ChoRE may be
having a regulatory effect on the aerobic level of gene transcription as well as increasing

hypoxic inducibility.

In my opinion, gene therapy strategies are providing promising new advances in
the treatment of cancer by the design of drugs that are selective to the resistant hypoxic
tumour cell population. The primary advantage of hypoxia-targeted gene therapy is that
it exploits a physiological characteristic of most solid tumours irrespective of tissue

type.

Bioreductive prodrugs are designed so that they are non-toxic to oxygenated
cells but can be converted, intracellularly, to highly cytotoxic species as a result of
reductive metabolism by a specific enzyme. Many prodrugs designed are activated by a
one-electron reduction, which is inactivated or rapidly cycled back to parent / inactive
metabolite in oxygenated cells. However, a number of these agents are activated by a
two-electron reduction, a reaction that cannot be reversed by the presence of oxygen. By
placing the gene for the enzyme under the transcriptional control of a HRE a second

level of specificity is added.

There are a number of GDEPT models that have been tested however development
is an ongoing process, as a number of factors must be considered when designing these
compounds:

¢ The prodrug should have a high aqueous solubility.

¢ High differential toxicity between the parent compound and the active

metabolite.

* If the enzyme is endogenous it should be expressed at very low levels in normal

tissues compared to tumours.




* The active metabolite should be diffusible with a half-life sufficient for local
killing, but short enough to prevent distant spread into potential healthy tissue.
* The activity of the metabolite should not be reliant on the proliferative state of

the cells.

A significant advantage of GDEPT is the bystander effect produced by a number of
compounds. The enzyme nitroreductase activates the prodrug CB1954, the active
metabolite produced has been demonstrated to have a diffusible bystander effect. The
bystander effect means that the prodrug does not need to be activated in all tumour cells
within a population. This is a major advantage owing to the fact that individual cells
within a tumour mass have been shown to continually flux between the aerobic and

hypoxic state.

There are a number of different vector delivery systems currently under
investigation, including retro- and adeno-viral vectors, encapsulation in liposomes or
macrophages and electroporation. There are a number of issues pertaining to the use of
delivering viral vectors, even though attenuated, into humans. Adenoviral delivery
systems entered phase I clinical trials, which were subsequently aborted due to death of
patients. Delivery appears to be the major obstacle in making GDEPT a successful

strategy for the treatment of cancer.

It is important not to assume that GDEPT alone will be sufficient to eradicate
tumour cells as this therapy is only effective against cells at low oxygen tensions and
those within approximately a 200pm radius. There are always going to be populations of
aerobic cells, particularly early in tumour growth and in vascularised regions. It will be
the combination of GDEPT with existing strategies such as fractionated radiation and

antivascular agents for example, that will increase the curability of all solid tumours.




Future Objectives

A key objective in the future evaluation of the optimised LDH HRE would be to
demonstrate whether Myc heterodimers are specifically involved in the superior activity
of this HRE relative to the others. Two constructs pMyc.luciferase and pCMV.Myc are
commercially available from Clontech. It would be interesting to perform co-
transfection experiments with each of these construct independently, ie. pGL.3.HRE and
pRL.CMV plus pCMV.Myc and pMyec.luciferase plus pRL.CMV. pMyec.luciferase
would establish whether Myc itself is modulated in response to hypoxia and pCMV.Myc
would demonstrate if Myc can influence the transcription of LDH HRE and its site 2
modified chimeric HREs.

Both the Epo and VEGF enhancers contain other sequences that do not convey a
hypoxic response alone but have been shown to contribute to the overall activity of the
response. The Epo enhancer has been shown to be functionally dependent on a steroid
response element, HNF-4 (Blanchard et al., 1992; Galson et al., 1995), whilst an AP-1
site has been demonstrated to be essential for HRE function in the VEGF promoter
(Levy et al, 1995). In addition, hypoxia can modulate mRNA stability. For example the
3” UTR of the VEGF enhancer contains an AU-rich element, hypoxia stability region
(HSR), thought to mediate the posttranscriptional response through mRNA stability
(Claffey et al., 1998). Boast et al. (1999) and Shibata et al. (2000) have demonstrated
that if the HSR region from VEGF is combined with HRE-regulated transcription there

was a 2-fold improvement in the inducible hypoxic response.

The successful application of hypoxia-directed gene therapeutics will neccesitate
the efficient delivery of therapeutic constructs to hypoxic tumour cells. Dachs et al.
(2000) have demonstrated the feasability of successfully transfecting hypoxic tumour
cells using electroporation and lipofectin in vitro and in vivo. It would be worthwhile to

determine HRE expression when cells are transfected under anoxic conditions.
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Appendices

In each of the tables shown, mean values are in italics. It is these values which are

shown graphically in the appropriate chapters.

Appendix 1
Normalised expression of pGL3.Control, pGL3.PGK*" and pGL3.PGK™ in the

human fibrosarcoma cell line HT 1080, exposed to 16 hours air or anoxia.

10;1

15ug

AIR AIR AIR AIR sdev SE

Control 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000
PGK+++ 0.1024 0.0321 0.0667 0.0671 0.0351 0.0203
PGK--—- 0.1087 0.0479 0.0942 0.0836 0.0317 0.0183

AnO, AnQ;, AnG, AnQ , sdev SE

Control 1.0807 0.8301 22187 | 1.3765 0.7400 0.4278
PGK+++ 1.2737 0.6402 0.4292 | 0.7810 0.4395 0.2540
PGK--- 1.0562 0.9610 1.0451 1.0208 0.0520 0.0301

10ug

AIR AIR AIR AIR sdev SE

Control 1.0000 1.0000 1.0000 | 1.0000 0.0000 0.0000
PGR+++ | 0.0728 0.0329 0.1579 | 0.0879 0.0638 0.0369
PGK--- 0.0705 0.0225 0.0621 | 0.0517 0.0257 0.0148

AnG, AnQO, AnG; AnO sdev SE

Control 1.0099 1.2231 0.9493 1.0608 0.1438 0.0831
PGK+++ | 0.6209 1.4033 0.8113 0.9452 0.4080 0.2358
PGK--- 0.6462 1.2239 0.5672 0.8124 0.3585 0.2072

Sug

AIR AIR AIR AIR sdev SE

Control 1.0000 1.0000 1,0000 | 1.0000 0.0000 0.0000
PGK+++ | 0.0132 0.0743 0.0500 | 0.0488 0.0318 0.0184
PGK--- 0.0141 0.0756 0.0045 | 0.0614 0.0420 0.0243

AnQO, AnO; AnQ; AnO , sdev SE

Control 0.5280 1.2262 0.9396 0.8979 0.3510 0.2029
PGK+++ | 03160 0.7535 0.8595 | 0.6430 0.2882 0.1666
PGK--- 0.2816 0.6613 1.1193 0.6874 0.4194 0.2425




40;1

15ug
AIR AIR AIR AIR sdev SE
Control 1.0000 1.0000 1.0000 | 1.0000 0.0000 0.0000
PGK+++ | 0.0766 0.0100 0.1580 | 0.0816 0.0741 0.0428
PGK--- 0.0809 0.0234 0.2805 | 0.1313 0.1400 0.0809
AnQ, AnQO, AnQ, AnQ , sdev SE
Control 1.8396 1.2086 02056 | {.1146 0.7763 0.4487
PGK+++ 1.2636 0.2801 04579 | 0.6672 0.5241 0.3029
PGK--- 1.4954 0.7590 0.0445 | 0.7663 0.7255 0.4194
10ug
AIR AIR AIR AIR sdev SE
Control 1.0000 1.0000 1.0000 | 1.0000 0.0000 0.0000
PGK+++ | 0.9040 0.0368 0.0206 | 0.3204 0.5054 0.2922
PGK--- 1.4961 0.0465 0.0320 | 0.5249 0.8411 0.4862
AnQ, AnQ, AnQO, AnQ , sdev SE
Control 0.8248 1.4509 1.2302 | 1.1687 0.3175 0.1835
PGK+++ | 2.7039 1.3340 0.9876 | 1.6752 0.9076 0.5246
PGK--- 2.4458 0.6568 5.3681 2.8236 2.3783 1.3747
Sug
AIR AIR AIR AIR sdev SE
Control 1.0000 1.0000 1.0000 | 1.0000 0.0000 0.0000
PGK+++ | 0.0099 0.0266 03796 | 0.1387 0.2088 0.1207
PGK--- 0.0209 0.0501 03578 | 0.1429 0.1867 0.1079
AnO, AnO, AnQO, AnQC , sdev SE
Control 1.0211 1.4374 09380 | 1.1325 0.2673 0.1545
PGK+++ | 0.6164 1.2491 2.2269 1.3641 0.8114 0.4690
PGK--- 0.8014 1.5320 1.7203 1.3813 0.4345 0.2512




Appendix 2
Normalised expression of pGL3.Control, pGL3.PGK"" in the human head and

neck carcinoma cell line, SQ20B, exposed to 16 hours air or anoxia.

10;1
15ug

AIR AIR AIR sdev
Control 1.0000 1.0000 1.0000 0

PGKH 0.1532 0.0724 | 0.1128 0.0571

AnQO, AnO, AnQO ; sdev
Control 1.0039 2.0488 1.5264 0.7389
PG 1.2694 2.6504 { 1.9599 0.9765

10ug

AIR AIR AIR sdev
Control 1.0000 1.0000 1.0000 0.0000
PGKH 0,2328 0.1050 0.1689 0.0904

AnQG, AnQ, AnQ , sdev
Control 0.9628 2.6471 1.8050 1.1910
PGK™ 1.7306 3.5358 2.6332 1.2764

Sug

AIR AIR AIR sdev
Control 1.0000 1.0000 1.0000 0.0000
PGK** 0.1689 0.0922 0.1305 0.0542

AnO, AnO; AnO , sdev
Control 0.4877 1.8276 1.1576 0.9475

PGK 1.7041 3.0501 | 2.3771 0.9517




Appendix 3
Table 3.8: Normalised expression of pGL3.PGK™" and pGL3.PGK™ in the human fibrosarcoma cell line HT1080, exposed to

16 hours air or anoxia.

PGEA-++ MEAN MEAN MEAN
AIR AIR AIR AIR Sdev SE 1%02 1%02 1%02 1%02 sdev SE AnO2 AnC2 AnQ2 AnQO2 sdev SE ,,
0 hr 0.0125 | 09532 | 0.0682 || 03446 || 0.5278 | 0.3051 06310 | 0.0904 | 03678 || 03631 0.2704 | 0.1563 | 0.2231 13125 | 0.1690 §| 0.5682 || 0.6451 0.3729 |
1hbr 0.0126 | 0.1859 { 0.0409
2hr 0.0060 | 0.0687 { 0.0481
3 hr 0.0191 0.2262 { 0.0361
4 hr 0.0070 | 0.0947 { 0.0390
6 br 0.0025 | 0.0992 | 0.029%

PGK---

AIR AIR AIR

0hr 0.0156 ] 0.8601 0.0564
1 hr 0.0145 | 0.1225 | 0.0488
2 hr 0.0055 | 0.0194 | 0.0501
3 hr 0.0192 | 02660 | 0.0331
4 hr 0.0081 | 0.1142 | 0.0392
6 hr 0.0024 | 0.1710 |} 0.0342




Appendix 4
Normalised expression of pGL3.PGK"™ and pGL3.PGK™ in the human head and neck carcinoma cell line SQD9, exposed to

16 hours air or anoxia.

PGKA+++ MEAN MEAN MEAN
AIR AIR AIR AIR Sdey SE 1%0, 1%0; 1%0, 1%0; sdev SE AnQ: AnQ; AnG, AnOy sdev SE

0 hr 0.3536 0.4740 0.3456 0.3924 0.0707 0.0408 23452 2.2098 2.5961 2.3837 0.1960 0.1133 2.7786 1.7566 3.1486 2.5613 0.7210 0.4168
1hr (.3942 0.2794 0.1987 0.2908 0.0982 0.0568 2.1116 1.5324 10215 1.5552 0.5454 0.3153 1.027% 1.0706 1.1489 1.0824 0.0614 0.0355
2 hr 0.3659 0.3392 0.4208 0.3753 0.0416 0.0240 2.5426 1,6419 2.0532 2.0793 0.4509 0.2606 2.5715 0.9177 1.3731 1.6208 0.8543 0.4938
3 hr 0.3195 0.2818 0.2878 0.2964 0.0202 0.0117 2.6958 19111 1.6167 2.0746 0.5578 0.3224 1.1048 3.5627 3.5947 2.7540 1.4284 0.8257
4 hr 0.3331 0.2842 0.3692 0.3288 0.0427 0.0247 2.2200 14702 2.0929 1.9277 04013 0.2319 1.4463 1.5897 2.8516 1.9625 0.7733 0.4470
6 hr 0.2415 0.3128 0.3125 0.2889 0.0411 0.0237 1.8645 1.6647 2.7557 2.0950 0.5808 0.3357 1.0031 1.159% 2.5745 15792 0.8656 0.5003

PGK-— MEAN MEAN MEAN
AIR AIR AIR AR Sdev SE 1%0, 1%0; 1%0; 1%0; sdev SE AnG, AnQ, AnO, AnG, sdev SE
0 br 0.0723 0.1515 0.0850 0.1029 0.0425 9.0246 0.4701 0.7684 0.5230 0.5872 0.1591 0.0920 0.4000 0.3814 0.4749 0.4188 0.0495 0.0286
1 hr 0,0578 0.0700 0.0739 0.0672 0.0084 0.0049 0.3008 03142 0.2824 0.2991 0.0160 0.0092 0.1137 0.1447 0.1661 0.1415 0.0263 0.0152
2 hr 0.0529 0.0787 0.1482 0.0933 0.0493 0.0285 04509 0.3534 0.6724 0.4922 0.1635 0.0945 0.5570 0.1087 0.2497 0.3051 0.2293 0.1325
3 hr 0.0685 0.0906 0.0872 9.0821 0.0119 0.0069 1.6781 0.9439 0.7568 1.1263 0.4870 0.2815 0.0829 1.5317 1.4067 1.0071 0.8028 0.4641
4 hr 0.0478 0.0702 0.1147 0.0776 0.0340 0.0197 0.4063 0.3661 0.5685 0.4469 0.1072 0.0619 0.1604 0.4457 0,8593 0.4885 0.3514 0.2031

6 hr 00631 0.0570 0.1498 0.1040 0.0428 0.0247 04500 04236 0.7362 0.5366 0.1734 0.1002 0.0610 0.2606 0.5082 0.2766 0.2240 0.1295
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Appendix 5

Normalised expression of HRE-luciferase vectors exposed to 16 hours air, hypoxia

or anoxia and three hours reoxygenation in the MDA 468 human breast carcinoma

cell line.
MEAN

AIR AIR AIR AIR Sdev SE
LDII-A (14243) > 0.0178 0.1021 0.0316 0.0505 0.0452 0.0261
Epo (1+2) * 0.0301 0.0456 0.0237 0.0332 0.0113 0.0065
| PGK (142 * 0.0339 0.0522 0.0127 0.0329 0.0197 0.0114
| VEGF  (142) > 0.0210 0.0655 0.0128 0.0331 0.0283 0.0164
i Glut-1 (1+2+3) ™ 0.0503 0.0194 0.0229 0.0309 0.0169 0.0098

1%0, 1%0;, 1%O, 1%0; Sdev SE
LDH-A (1+243) 3 0.1524 0.0858 0.0681 0.1021 0.04444 0.0257
Epo (i42) * 0.0913 0.1043 0.0784 0.0913 0.0129 0.0075
PGK (142) > 0.5911 0.7666 .3220 0.5599 0.2240 0.1295
VEGF (1+2) * 0.0265 0.0629 0.0219 0.0371 0.0225 0.0130
Glui-1 (14+243) ™ 0.0176 0.0668 0.0967 0.0604 0.0400 0.0231

An» AnO2 AnO2 AnQ?2 Sdev SE
LDH-A (14243) > 0.0598 0.2712 0.2787 0.2032 0.1243 0.0718
Epo (14+2) * 0.1591 0.2826 0.1470 0.1962 0.0750 0.0434
PGK (1+2) * 1.2301 1,6793 0.4263 1.1119 0.6348 0.3669
VEGF  (1+2) * 0.0536 0.0229 0.0274 0.0346 0.0166 0.0096
Glut-1 (14243) 0.1545 0.0714 0.0341 0.0866 0.0617 0.0356




Appendix 6

Normalised expression of HRE-luciferase vectors exposed to 16 hours air, hypoxia

or anoxia and three hours reoxygenation in the HT1080 human fibrosarcoma cell

line.
MEAN
AIR AIR AIR AIR Sdev SE
LDII-A (1+2+3) ¥ 0.0250 0.0343 0.0310 0.0301 0.0047 0.0027
Epo (1+2) > 0.0336 0.0663 0.0494 0.0498 0.0163 0.0095
PGK (1+2) * 0.1392 0.1039 0.0864 0.1098 0.0249 0.0144
VEGE  (142) * 0.0075 0.0070 0.0063 0,0069 0.0005 0.0003
Glut-1 (14+2+3) 0.1133 0.0388 0.0570 0.0697 0.0388 0.0225
MEAN
1%0: 1%0, 1%0, 1%, Sdev SE
LDH-A (1+2+3) ¥ 0.7098 0.7552 0.5840 0.6830 0.0887 0.0513
Epo (142) > 0.1766 0.1641 0.1586 0.1664 0.0093 0.0054
PGK (1+2) > 1.2980 1.0609 0.88192 1.0802 0.1677 0.0965
VEGF  (1+2) ™ 0.0197 0.0130 0.0120 0.0149 Q.0057 0.0033
Glut-1 (14243) 0.0997 0.2550 0.3120 0.2222 0.1099 0.0635
MEAN
AnOy AnO2 AnO2 AnO2 Sdev SE
LDH-A (14243) 0.3150 0.2250 0.2808 0.2736 0.0454 0.0263
Epo (1+2) * 0.2170 0.4072 0.4641 0.3628 0.1294 0.0748
PG (1+2) 17111 1.6827 1.3987 1.5975 0.0201 0.0116
VEGE  (142) 0.0258 0.0154 0.0143 0.0185 0.0081 0.0047
Glut-1 (1+243) 0.5324 0.2819 0.3438 0.3860 0.1305 0.0754




Appendix 7

Normalised expression of HRE-luciferase vectors exposed to 16 hours air, hypoxia
or anoxia and three hours reoxygenation in the SQD9 human head and neck

sarcoma cell line.

MECAN
AIR AIR AIR AIR Sdev SE
LDH-A (14243) > 0.3567 0.3079 0.5482 0.4043 0.1270 0.0734
Epo 142) > 0.3087 0.1580 0.0514 0.1727 0.1293 0.0748
PGK  (142) > 0.2168 0.3671 0.1433 0.2424 0.1141 0.0660
VEGF (+2) > 0.0291 0.0428 0.0164 0.0294 0.0132 0.0076
Glut-1 (14243) ™ 0.0715 0.0481 0.2702, 0.1299 0.1220 0.0705
MEAN
1%0, 1%0, 1%0, 1%0, Sdev SE
LDH-A (14+243) * 1.6206 0.7475 1.4611 1.2764 0.4649 0.2687
Epo (1+2) * 2.7667 1.3472 0.6276 1.5805 1.0885 0.6292
PCK  (1+2) * 4.7031 1.8790 2.2137 2.9319 1.5430 0.8919
VEGF (142 * 0.0393 0.3297 0.0226 0,1305 0.1727 0.0998
Glut-1 (14243 ™ 0.4172 0.1273 1.0634 0.5360 0.4792 0.2770
MEAN
AnO, AnO2 AnO2 AnO2 Sdev SE
LDH-A (1+243) * 1.0407 0.6015 1.0744 0.9055 0.2638 0.1525
Epo 142) > 1.7068 0.7834 0.5516 1.0140 0.6111 0.3533
PGK  (1+2) * 1.7347 3.0201 1.3460 2.0336 0.8762 0.5065
VEGF (1+) * 0.0209 0.4548 0.0208 0.1655 0.2506 0.1448
Glut-1 (1+243) * 0.2901 0.0690 0.3983 0.2525 0.1678 0.0970

Appendix 8
Comparative inducibility of LDH-A 1 v 2 v 3 in the HT 1080 cell line exposed to 16

howrs air or anoxia.

MEAN
AIR AIR AIR AIR Sdev SE
LDH (1+2+3) Y 0.0061 0.0343 0.0310 0.0238 0.0154 0.0089
LDH (1+2+3)% 0.0025 0.0027 0.0040 0.0031 0.0008 0.0005
LDH (1+2+3)* 0.0351 0.0493 0.0487 0.0443 0.0080 0.0046
MEAN
AnQ, AnO, AnO, AnO, Sdev SE
LDH (142+3)" 0.1780 0.2250 0.2808 0.2279 0.0514 0.0297
T.DH (14243)% 0.03%94 0.0327 0.0810 0.0510 0.0261 0.0151
LDH (142+3)* 1.1141 13281 13782 1.2734 0.1403 0.0811




Appendix 9

Dissection of the fanctional elements of the LDH-A and Glut-1 enhancers in the

MDA 468 human cancer cell line(n=3).

MEAN
AIR AIR AIR AIR Sdev SE
LDH-A (1+2+3) 3 0.0178 0.1021 0.0316 0.0505 0.0452 0.0261
LDII-A (1+2) * 0.0190 0.0245 0.0239 0.0225 0.0030 0.0017
LDH-A > 0.0257 0.0474 0.0344 0,0358 0.0110 0.0063
LDH-A @)™ 0.0593 0.0815 0.0067 0.0492 0.0384 0.0222
LDH-A 3) * 0.0168 0.14443 0.0393 0.0668 0.0680 0.0393
Glut-1 (1+243) » 0.0503 0.0194 0.0229 0.0309 0.0169 0.0098
Glat-1 (1+2) * 0.0627 0.0268 0.0166 0.0354 0.0242 0.0140
MEAN
1%0; 1%, 19%0, 1%0, Sdev SE
LDH-A (1+243) H 0.1524 0.0858 0.0681 0.1021 0.0444 0.0257
LDH-A (142) > 1.6459 1.9978 1.4228 1.6888 0.2899 0.1675
LDH-A [ 0.1440 0.1400 0.1308 0.1383 0.0067 0.0039
LDH-A () * 0.0564 0.0787 0.0104 0.0485 0.0349 0.0201
LDH-A 3) * 0.2179 0.1125 0.1901 0.1735 0.0546 0.0316
Glut-1 (14243) * 0.0476 0.0768 0.0967 0.0737 0.0247 0.0143
Glut-1 (1+2) * 0.0681 0.0715 0.0944 0.0780 0.0143 0.0082
MECAN
AnG, AnQ; AnQ, AnO, Sdev SE
LDH-A (1+2+3) 3 0.0598 0.2712 0.2787 0.2032 0.1243 0.0718
LDH-A (1+2) & 1.1956 2.2447 1.7939 1.7447 (.5262 0.3042
LDH-A - 0.1069 0.1097 0.0338 0.0835 0.0430 0.0249
LDH-A 2) > 0.0620 0.0917 0.0224 0.0587 0.0348 0.0201
LDH-A 3)* 0.0153 0.1329 0.0159 0.0547 0.0678 0.0392
Glut-1 (1+2+3) ™ 0.1545 0.0714 0.0341 0.0B66 0.0617 0.0356
Glut-1 (1+2) ® 0.3754 0.1512 0.3289 0.2852 0.1183 0.0684
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Appendix 10

Dissection of the functional elements of the LDH-A and Glut-1 enhancers in the

HT1080 human cancer cell line (n=3).

MEAN
AIR AlR AIR AIR Sdev SE
LDH-A (1+2+3) 3 0.0250 0.0343 0.0310 0.0301 0.0047 0.0027
LDH-A (1+2) > 0.0314 0.1583 0.1169 0.1022 0.0647 0.0374
LDH-A > 0.0029 0.0074 0.0064 0.0056 0.0023 0.0014
LDH-A 2> 0.0028 0.0079 0.0044 0.0050 0.0026 0.0015
LDH-A 3) > 0.0084 0.0059 0.0089 0.0077 0.0016 0.0009
Glut-1 (14+2+3) 0.1133 0.0388 0.0570 0.0697 0.0388 0.0225
Glut-1 (14+2) * 0.25%90 0.2014 0.1275 0.1960 0.0659 0.0381
MEAN
1%02 1%02 1%02 1%0, Sdev SE
LDIH-A (1+2+3) 3 0.7098 0.7552 0.5840 0.6830 0.0887 0.0513
LDH-A (1+2) * 0.6951 0.9044 0.8937 0.8311 0.1179 0.0682
LDH-A [0S 0.0026 0.0048 0.0045 0.0040 0.0012 0.0007
LDH-A @) * 0.0021 0.0032 0.0029 0.0027 0.0006 0.0003
LDH-A 3) * 0.0082 0.0039 0.0052 0.0058 0.0022 0.0013
Glut-1 (1+2+43) ™ 0.0997 0.2550 0.3120 0.2222 0.1099 0.0635
Glut-1 (1+2) B 0.1882 0.5124 0.5001 0.4002 0.1837 0.1062
MEAN
AnQ2 AnQ2 AnQ2 AnO, Sdev SE
LDH-A (1+2+3) * 0.3150 0.22350 0.2808 0.2736 0.0454 0.0263
LDH-A 1+2) > 1.3820 0.9897 1.1920 1.1879 0.1962 0.1134
LDH-A m* 0.0055 0.0090 0.0073 0.0073 0.0018 0.0010
LDH-A 2) > 0.0021 0.0073 0.0050 0.0048 0.0026 0.0015
LDH-A 3> 0.0092 0.0051 0.0073 0.0072 0.0020 0.0012
Glut-1 (14243) 0.5324 0.2819 0.3438 0.3860 0.1305 0.0754
Glut-1 (1+2) ¥ 0.8030 0.6286 0.6056 0.6791 0.1079 0.0624
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Appendix 11

Dissection of the functional elements of the LDH-A and Glut-1 enhancers in the

SQDY human cancer cell line (n=3).

MEAN
AIR AIR AIR AIR Sdev SE
LDH-A (14243) 3 0.3079 0.3567 0.5482 0.4043 0.1270 0.0734
LDII-A (1+2) > 1.0817 0.6052 0.5538 0.7469 0.2911 0.1682
LDH-A (1) > 0.0472 0.0380 0.0144 0.0332 0.0169 0.0098
LDH-A @) > 0.0452 0.0648 0.0183 0.0427 0.0233 0.0135
LDH-A 3) ¥ 0.0425 0.0220 0.0172 0.0272 0.0134 0.0077
Glut-1 (14+243) ® 0.0715 0.0481 0.2702 0.1299 0.1220 0.0705
Glut-1 (1+2) * 0.2209 0.3485 0.1312 0.2335 0.1092 0.0631
MEAN
1%0, 1%0, 1%0, 1%0,; Sdev SE
LDH-A (142+3) 3 0.7475 1.6206 1.4611 1.2764 0.4649 0.2687
L.DH-A 1+2) * 40672 4.6064 5.0160 4.5632 0.4759 0.2751
LDH-A (1) > 0.0957 0.0691 0.0308 0,0652 0.0326 0.0189
LDH-A @) * 0.0534 0.0638 0.0168 0.0446 0.0247 0.0143
LDH-A 3)* 0.0344 0.0386 0.0188 0.0306 0.0104 0.0060
Glut-1 Q+2+3) 04172 0.1273 1.0634 0.5360 0.4792 0.2770
Glut-1 (1+2) * 0.5847 0.7273 0.6754 0.6625 0.0722 0.0417
MEAN
AnO; AnCh AnO, AnQO; Sdev SE
LDH-A (14+2+3) 3 0.6015 1.0407 1.0744 0.9055 ().2638 0.1525
LDH-A (1+2) * 3.1646 4.6193 4.1510 3.9783 0.7426 0.4292
LDH-A (1) 3 0.0761 0.0657 0.0224 0.0547 0.0284 0.0164
LDH-A (2) > 0.0431 0.0260 0.0191 0.0294 0.0123 0.0071
LDH-A 3) > 0.0373 0.0238 0.0197 0,0269 0.0092 0.0053
Glut-1 (1+243) ™ 0.2901 0.0690 0.3983 0.2525 0.1678 0.0970
Glut-1 142) > 0.7585 0.9398 0.5545 0.7509 0.1927 0.1114
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Appendix 12

Expression of LDH (1+2)* in the forward and reverse orientation versus LDH

(1+2)° in the reverse orientation in three human carcinoma cell lines, n=3.

MDA468 MEAN
AlIR AIR AIR AIR Sdev SE
LDH(1+2)*> 0.0190 0.0245 0.0239 0.0225 0.0030 0.0017
LDH-A (1.+2)* 0.0152 0.0442 0.0563 0.0386 0.0211 0.0122
LDH (1+2)* 0.0128 0.0408 0.0555 0.0363 0.0217 0.0125
MEAN
1%0, 1%0, 1%0, 1%0, Sdev SE
LDH(1+2)* 1.6459 1.9978 1.4228 1.6888 0.2899 0.1675
LDH-A (1+2)" 0.2260 0.2168 0.4761 0.3063 0.1471 0.0850
LDH (1+2)% 1.1749 1.3517 1.6883 1.4050 0.2608 0.1508
MEAN
AnO, AnQ, AnQ; AnQO, Sdev SE
LDH(1+2)* 1.1956 2.2447 1.7939 1.7447 0.5262 0.3042
LDH-A (1+2)* 0.2277 0.7155 0.7516 0.5649 0.2926 0.1692
LDH (1-+2)* 1.3417 48142 2.5170 2.8910 1.7662 1.0209
HT1080 MEAN
AIR AIR AIR AIR Sdev SE
LDH (1+2)* 0.0314 0.1583 0.1169 0.1022 0.0647 0.0374
LDH-A (1+2)* 0.0986 0.0606 0.0645 0.0746 0.0209 0.0121
LDH (1+2)¢ 0.1816 0.1971 0.1736 0.1841 0.0119 0.0069
MEAN
1%0O, 1%0, 1%0, 19%0, Sdev SE
LDH(1+2)* 0.6951 0.9044 0.8937 0.8311 0.1179 0.0682
LDH-A (1+2)* 0.7371 0.9547 1.0201 0.9070 0.1518 0.0877
LDH (1+2)* 1.1991 1.9106 1.6107 1.5734 0.3572 0.2065
MEAN
AnQ, An(Q, AnO, AnO, Sdev SE
LDH(1+2)* 1.3820 (.9897 1.1920 1.1879 0.1962 0.1134
LDH-A (1427 1.1619 0.8200 0.8059 0.9293 0.2016 0.1165
I.DH (1 +2)5’ 1.6475 1.6026 1.3756 1.5419 0.1457 (1.0842
SQD9 MEAN
AIR AIR AIR AIR Sdev SE
LDH (1+2)* 0.6052 0.5538 1.0817 0.7469 0.2911 0.1682
LDH-A (1+2)* 0.3209 0.2235 0.2483 0.2642 0.0507 0.0293
LDH (14+2)% 1.0379 24921 1.0233 1.5178 0.8438 0.4878
MEAN
1%0, 1%0; 1%0; 1%0, Sdev SE
LDH(1+2)* 4.6064 5.0160 40672 4.5632 0.4759 0.2751
LDH-A (1+27* 2.4289 1.4506 2.1509 2.0101 0.5041 0.2914
LDH (1+2)% 2.0280 5.0640 4.9391 4.0104 1.7179 0.9930
MEAN
ADO} AIlO:J, AIIO::, AHO), Sdev SE
LDH (1+2)* 4.6193 4.1510 3.1646 3.9783 0."7426 0.4292
LDH-A (1+2)* 24277 0.9765 2.0114 1.8052 0.7473 0.4320
LDH ($+2)* 2.9544 4.8846 53104 4.3831 1.2555 0.7257




Appendix 13

Expression of PGK (1+2)° in the forward orientation versus PGK (1+2)° in the

positive orientation in three human carcinoma cell lines, n=3.

MDA 468 MEAN
AIR AIR AIR AIR Sdev SE
PGK (1+2)™ 0.0339 0.0522 0.0127 0.0329 0.0197 0.0114
PGK (1+2)% 0.0152 0.0108 0.0160 0.0140 0.0028 0.0016
MEAN
1%0, 1%0; 1%0, 1%0; Sdev SE
PGK (1+2)** 0.5911 0.7666 0.3220 0.5599 0.2240 0.1295
PGK (1+2)%* 0.1292 0.0865 0.2705 0.1621 0.0963 0.0557
MEAN
AnQ, AnQ, AnQ, AnQ, Sdev SE
PGK (1+2)* 1.2301 1.6793 0.4263 1.1119 0.6348 0.3669
PGK (1+2)% 0.4678 0.0892 0.2937 0.2836 0.1895 0.1095
HT1080 MEAN
AIR AIR AIR AIR Sdev SE
PGK (1+2)%* 0.0864 0,1392 0.1039 0.1098 0.0269 0.0155
PGK (1+2)% 0.0011 0.0337 0.0216 0.0488 0.0371 0.0215
MEAN
19%Q0: 1%0, 1%0; 1%0; Sdev SE
PGK (1+2)* 0.8819 1.2980 1.0609 1.0802 0.2088 0.1207
PGK (1+2)® 0.7200 0.2667 0.1644 0.3837 0.2957 0.1709
MEAN
AnQ, AnQ, AnQ, AnQ, SDEV SE
PGK (1+2)* 13987 L7111 1.6827 1.5975 0.1727 0.0998
PGK (1+2)% 0.9141 0.4596 0.6840 0.6859 0.2273 0.1314
SQD9 MEAN
AIR AIR AIR AIR Sdev SE
PGK (1+2)* 0.2168 0.3671 0.1433 0.2424 0.1141 0.0660
POK (1+2)% 0.1907 0.0864 0.0764 0.1179 0.0633 0.0366
MEAN
1%0, 1%0, 1%0, 1%0, Sdev SE
PGK (1+2)* 4.7031 1.8790 2.2137 29319 1.5430 0.8919
PGK (1+2)% 04221 0.6324 0.5304 0.5283 0.1052 0.0608
MEAN
AnO, AnQO, AnQ, AnO, Sdev SE
PGK (1+2)%* 1.7347 3.0201 1.3460 2.0336 0.8762 0.5065
PGK (1+2)* 0.4785 04733 0.4378 0.4632 0.0222 0.0128
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Appendix 14

Expression of Epo (1+2)° in the forward orientation versus Epo (1+2)° in the

positive orientation in three human carcinoma cell lines, n=3.

MDA 468 MEAN
AIR AIR AIR ATR Sdev SE
Epo (1+2)° 0.0301 0.0456 0.0237 0.0332 0.0113 0.0065
Epo (1+2)° 0.0092 0.0436 0.0119 0.0216 0.0192 0.0111
MEAN
1%0, 1%0, 1%0, 1%0, Sdev SE
Epo (142)* 0.0013 0.1043 0.0784 0.0013 0.0129 0.0075
Epo (1+2)™ 0.1836 0.0869 0.6394 03033 0.2951 0.1706
HT 1080 MEAN
AIR AIR AIR AIR Sdcv SE
Epo (1+2)*" 0.0336 0.0663 0.0494 0.0498 0.0163 0.0095
Epo (1+2)° 0.0155 0.0483 0.0574 0.0404 0.0220 0.0127
MEAN
19%0, 1%0, 1%0, 1%0, Sdev SE
Epo (1+2)* 0.1766 0.1641 0.1586 0.1664 0.0093 0.0054
Epo (142)* 0.5743 14335 0.4691 0.8256 0.5291 03058
SQD9 MEAN
AIR AIR AIR AIR Sdev SE
Epo (1+2)* 0.3087 0.1580 0.0514 0.1727 0.1293 0.0748
Epo (1+2)° 0.0683 0.0510 0.0397 00122 0.0070
MEAN
1%0; 1%0, 1%0, 1%0, Sdev SE
Epo (1+2)* 27667 13472 0.6276 1.5805 1.0885 0.6292
Epo (1+2)* 1.1230 1.5968 0.2354 0.0760 0.0440




Appendix 15
HRE expression transiently transfected into the C4.5 CHO cell line, exposed to 16

hours air, hypoxia or anoxia and 3 hours reoxygenation, n=3 (except @ 1%0, n=2)

C4.5 Sdev SE
Epo (1+2)/AIR 0.2819 03919 0.0995 0.2578 1.48E-01 8.54E-02
1% O, 1.2272 0.4289 0.8280 5.64E-01 3.26E-01
AnQ, 0.5891 1.2674 0.4028 0.7531 4.55E-01 2.63E-01
PGK (1+2)/AIR 0.1387 0.1150 0.0667 0.1068 3.67E-02 2.12E-02
1% O» 1.3254 1.3085 1.3170 1.19E-02 6.90E-03
AnQa 1.2729 1.4926 1.2343 1.3332 1.39E-01 8.05E-02
LDH (1+243)/AIR 0.2103 0.1995 0.0955 0.1684 6.34E-02 3.67E-02
1% O, 0.7449 0.7410 0.7430 2.72EB-03 1.57E-03
AnQO, 0.8458 0.5625 0.6601 0.6895 1.44E-01 8.32E-02
LDH Site (1+2)/AIR 0.2164 0.1539 0.0765 0.1489 7.01E-02 4.05E-02
1% O, 1.9401 2.6801 2.3101 523E-01 3.02E-01
An(), 1.8643 2.3089 2.4856 2.2196 3.20E-01 1.85E-01
(G326 (1+2)/AIR 0.1501 0.1516 0.0561 0.1193 5.47E-02 3.16E-02
1% Oz 0.4928 0.2548 0.3738 1.68E5-01 9.73E-02
AnQ; 0.5399 0.4415 0.2425 0.4079 1.51E-01 8.76E-02
G610 (1+2+3)/ AIR 0.2338 0.2036 0.0726 0.1700 8.57E-02 4.95E-02
1% Os 0.3951 0.2571 0.3261 9.76E-02 5.64E-02
AnQ; 0.4474 0.1683 0.1607 0.2588 1.63E-01 9.44E-02
VEGFE (1+2)/AIR 0.4994 0.1944 0.0591 0.2510 2.26E-01 1.30E-01
1% O 0.2624 0.1818 0.2221 5.70E-02 3.29E-02
AnO, 0.6600 0.5000 0.1097 0.4232 2.83E-01 1.64E-01
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Appendix 16
HRE expression transiently transfected into the Kal3 CHO cell line plus Sug HIF-

1a, exposed to 16 hours air, hypoxia or anoxia and 3 hours reoxygenation, n=3.

HIF-1a Sdev SE
Epo (1+2)/AIR 0.3540 0.1726 0.2121 0.2462 9.54E-02 5.51E-02
1% O, 0.1974 0.4872 0.2896 0.3248 1.48E-01 8.56E-02
AnQ, 0.6745 0.4466 0.9651 0.6954 2.60E-01 1.50E-01
PGK (1+2)/AIR 0.4550 0.1930 0.1288 0.2589 1.73E-01 9,99E-02
1% O, 0.2762 0.5126 0.3621 0.3836 1.20E-01 6.92E-02
AnQ; 1.0390 0.5048 0.4082 0.6507 3.40E-01 1.96E-01
LDH (1+2+3)/AIR 0.3790 0.1709 0.3032 0.2843 1.05E-01 6.09E-02
1% O, 0,2008 0.5176 0.3753 0.3645 1.59E-01 9.17E-02
AnQ, 0.8824 0.3986 1.0988 0.7933 3.59E-01 2.07E-01
LDH Site {(1+2)/AIR 0.6914 0.5136 0.8305 0.6785 1.59E-01 9.18E-02
1% O, 0.7523 1.0657 1.2504 1.0228 2.52E-01 1.46E-01
AnQ, 1.8329 0.9867 2.6352 1.8183 8.24E-01 4.76E-01
G326 (1+2)/AIR 0.1478 0.1123 0.0397 0.0999 5.51E-02 3.18E-02
1% O, 0.0876 0.2946 0.1006 0.1609 1.16E-01 6.70E-02
AnQ, 0.3271 0.2211 0.1171 0.2218 1.05E-01 6.07H-02
G610 (1+243)AIR 0.2153 0.1009 0.0275 0.1145 9. 46E-02 547E-02
1% O, 0.0449 0.2099 0.0565 0.1038 9.21E-02 532E-02
AnOs 0.3181 0.1132 0.0501 0.1605 1.40E-01 8,10E-02
VEGF (1+2)/AIR 0.1392 0.0694 0.2706 0.1597 1.02E-01 5.90E-02
1% O, 0.0279 0.1041 0.0431 0.0584 4.04E-02 2.33E-02
AnQ, 0.4431 0.0748 0.4505 0.3228 2.15E-01 1.24E-01
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Appendix 17
HRE expression transiently transfected into the Kal3 CHO cell line plus 5pug

EPAS-1, exposed to 16 hours air, hypoxia or anoxia and 3 hours reoxygenation,

n=3.

EPAS-1 Sdev SE
Epo (1+2)/AIR 0.0312 0.1316 0.1363 0.0997 5.94E-02 3.43E-02
1% O 0.1640 03110 0.2071 0.2274 7.56E-02 4.37E-02
AnG, 0.0316 0.2497 0.3814 0.2209 1.77E-01 1.02E-01
PGK (1+2)/AIR 0.0384 0.1149 0.0491 0.0675 4.14E-02 2.39E-02
1% O» 0.1101 0.2606 0.0810 0.1506 9.64E-02 5.57B-02
AnQ; 0.0335 0.2228 0.1839 0.1467 1.00E-01 5.78E-02
LDH (1+2+3)/AIR 0.0436 0.1337 0.0900 0.0891 4.51E-02 2.60E-02
1% O, 0.1560 0.2399 0.1575 0.1845 4.80E-02 2.77E-02
AnQ, 0.0465 0.1600 0.2414 0.1493 9.79E-02 5.66E-02
LDH Site (1+2)/AIR 0.0289 0.1509 0.0569 0.0789 6.39E-02 3.69E-02
1% Oy 0.0908 0.1967 0.0751 0.1209 6.61E-02 3.82E-02
AnQO, 0.0215 0.2504 0.0803 0.1174 1.19E-01 6.87E-02
G326 (1+2)AIR 0.0366 0.1198 0.0541 0.0702 4.39E-02 2.54E8-02
1% O 0.1168 0.1879 0.0982 0.1343 4.74E-02 2.74E-02
AnQ, 0.0375 0.1955 0.0877 0.1069 8.07E-02 4.67E-02
G610 (1+2+3)/AIR 0.0492 0.1609 0.0891 0.0997 S.66E-02 3.27E-02
1% O 0.1309 0.2712 0.1109 0.1710 8.73E-02 5.05E-02
AnQ, 0.0492 0.1833 0.1559 0.1295 7.09E-02 4.10E-02
VEGEF (1+2}/AIR 0.0250 0.0541 0.0927 0.0573 3.40E-02 1.96E-02
1% O 0.0974 0.2584 0.1716 0.1758 8.06E-02 4.66E-02
AnQO, 0.2924 0.1545 0.2834 0.2434 7.72E-02 4.46E-02
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Appendix 18

Comparitive expression of HREs containing either their natural site 2 or that from
LDH-A in the MDA 468 cell line, n=3.

MEAN
AIR ATR AIR AIR Sdev SF,
LDH (1+2) > 0.0150 0.0245 0.0239 0.0225 0.0030 0.0017
Epo (1+2) > 0.0301 0.0436 0.0237 0.0332 0.0113 0.0065
[Epoi+ LDH 2] * 0.0406 0.0342 0.0347 0.0365 0.0036 0.0021
PGK (1+2) > 0.0339 0.0522 0.0127 0.0329 0.0197 0.0114
[PGK 1+ LDH 2] * 0.0566 0.0753 0.0212 0.0510 0.0275 0.0159
VEGF (1+42) * 0.0210 0.0655 0.0128 0.0331 0.0283 0.0164
[VEGF 1 + LDH 21> 0.0371 0.0576 0.0233 0,0393 0.0172 0.0100
MEAN
1%0, 1%0, 1%0, 1%0, Sdev SE
LDH (1+2) > 1.6459 1,9978 1.4228 1.6888 0.2899 0.1675
Epo (1+2) > 0.0913 0.1043 0.0784 0.0913 0.0129 0.0075
[Epol+ LDH 2] % 0.3428 0.5269 0.2440 03712 0.1436 0.0830
PGK. (1+2) 0.5911 0.7666 0.3220 0.5599 0.2240 0.1295
{PGK.1+ LDH 21> 0.2586 0.2683 0.0562 0.1943 0.1197 0.0692
VEGF (1+2) * 0,0265 0.0629 0.0219 0.0371 0.0225 0.0130
[VEGF 1 + LDH 2]* 0.1070 0.1445 0.0680 0.1065 0.0382 0.0221
MEAN
And, AnO; AnO: AnOz Sdev SE
LDH 1+ * 1.1956 22447 1.7939 1.7447 0.5262 0.3042
Epo (1+2) ** 0.1591 0.2826 0.1470 0.1962 0.0750 0.0434
[Epol+ LDH 2] ™ 0.3076 0.7276 0.4096 0.4816 0.2191 0.1266
PGK (1+2) 3 1.2301 1.6793 0.4263 11119 0.6348 0.3669
[PGK.1+ LDH 2] ** 0.7245 1.0298 0.1575 0.6373 0.4426 0.2559
VEGF (1+2) 3* 0.0536 0.0229 0.0274 0.0346 0.0166 0.0096
[VEGF 1 + LDH 2] 0.1691 0.4294 0.0480 0.2155 0.1949 0.1126
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Appendix 19

Comparitive expression of HREs containing either their natural site 2 or that from

LDH-A in the HT1080 cell line, n=3.

MEAN
AIR AIR AIR AIR Sdev SE
1.DH (1+2) ¥ 0.0583 0.1583 0.1169 0.1112 0.0303 0.0291
Epo (1+2) > 0.0336 0.0663 0.0494 0.0498 0.0163 0.0095
[Bpol+ LDH 2] * 0.0216 0.0478 0.0410 0.0368 0.0136 0.0079
PGK. (1+2) > 0.0864 0.1392 0.1039 0.1098 0.0269 0.0155
[PFGK1+ LDH 2] * 0.0117 0.0777 0.0501 0.0465 0.0332 0.0192
| VEGF (1+2) > 0.0075 0.0070 0.0063 0.0069 0.0006 0.0003
[VEGF 1 + LDH 2] ** 00127 | 0055 | 00415 0.0379 0.0236 0.0137
MEAN
1%0, 1%0, 1%0, 1%0; Sdev SE
LDH (1+2) * 0.5972 0.9044, 0.8937 0,7985 0.1744 0.1008
Epo (1+2) * 0.1766 0.1641 0.1586 0.1664 0.0093 0.0054
[Epol+ LDH 2] % 0.3232 0.3280 0.3732 0.3415 0.0276 0,0159
PGK (1+2) * 0.8819 1.2080 1.0609 1.0802 0.2088 0.1207
[PGK 1+ LDH 2] > 0.4247 0.8360 0.8560 0.7055 0.2434 0.1407
VEGF (1+2) > 0.0197 0.0130 0.0120 0.0149 0.0042 0.0024
[VEGF 1 + LDH 2] > 02033 | 05799 | 05108 0.4313 0.2005 0.1159
MEAN
AnOa AnO, AnO, AnQ, Sdev SL
LDH (1+2) > 0.3955 0.9897 1.1920 0.8591 0.4140 0.2393
Epo (1+2) 0.2170 0.4072 0.4641 0.3628 0.1294 0.0748
[Epol+ LDH 2] 0.2325 0.4872 0.3414 0.3537 0.1278 0.0739
PGK. (1+2) > 1.3987 1.7111 1.6827 1.5975 0.1727 0.0998
[PGK 1+ LDH 2] > 0.1925 1.2391 1.3396 0.9237 0.6353 0.3672
VEGF (1+2) 0.0258 0.0154 0.0143 0.0185 0.0063 0.0037
[VEGF 1 + LDH 2]* 01150 | 09323 [ Lodld 0.6962 0.5063 0.2927
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Appendix 20

Comparitive expression of HREs containing either their natural site 2 or that from

LDH-A in the SQD9 cell line, n=3.

MEAN
AIR AIR AIR AIR Sdev SE
LDH (1+2) > 1.0817 0.6052 0.5538 0.7469 0.2911 0.1682
Epo (1+2) * 0.3087 0.1580 0.0514 0.1727 0.1293 0.0748
[Epol+ LDH 21 0.5762 0.2166 0.2865 0.3598 0.1907 0.1102
PGK (142) ¥ 0.2168 0.3671 0.1433 {.2424 0.1141 0.0660
[PGK 1+ LDH 2} * 0.1439 0.0755 0.1439 0.1211 0.0395 0.0228
VEGF (1+2) * 0.0291 0.0428 0.0164 0.0294 0.0132 0.0076
[VEGF 1+ LDH 2]* 0.1625 0.0845 0.67136 0.3061 0.3187 0.1842
MEAN
1%0; 1%0, 1 %0, 1%0, Sdev SE
LDH (1+2) > 4.0672 4.6064 5.0160 4.5632 0.4759 0.2751
Epo (1+2) > 2.7667 1.3472 0.6276 1.5805 1.0885 0.6292
[Epol+ LDH 2] * 6.6345 4.0329 2.5943 4.4206 2.0478 1.1837
PGK (1+2) ** 4.7031 2.8790 2.2137 3.2653 1.2889 0.7450
[PCR1+ LDH 2] ¥ 1.0888 1.8975 1.0888 1.3584 0.4669 0.2699
VEGF (1+2) k& 0.0393 0.3297 0.0226 0.1305 0.1727 0.0998
[VEGF t + LDH 2] 4.3661 2.0971 1.74536 2.7362 1.4225 0.8222
MEAN
AnO; AnQ, AnO, AnQ, Sdev SE
LDH (142) > 3.1646 4.6193 4.1510 3.9783 0.7426 0.4292
Epo {1+2) 3 1.7068 0.7834 0.5516 1.0140 0.6111 0.3533
[Epol1+ LDH 2] * 3.5763 2.8437 1.7656 2.7285 0.9108 0.5265
PGK (1+2) > 1.7347 3.0201 1.3460 2.0336 0.8762 0.5065
[PGK. 1+ LDH 21> 1.6493 1.3785 1.6493 1.5590 0.1564 0.0904
VEGF (1+2) ¥ 0.0209 0.4548 0.0208 0.1655 0.2506 0,1448
[VEGF 1+ LDH 2]% 1.9605 1.0911 0.93083 1.3275 0.5541 0.3203




Appendix 21

Comparitive expression of the LDH HREs containing either its natural site 2 or

that from Epo in the 3 human carcinoma cell lines, n=3.

MDA 468 MEAN
AR AIR AlIR AIR Sdev SE
LDH (1+2)* 0.0190 0.0245 0.0239 0.0225 0.0030 0.0017
[LDH 1 + Epo 21 0.0205 0.0107 0.0127 0.0146 0.0052 0.0030
MEAN
1%, 1% 190, 1%, Sdev SE
LDH (1+2)* 1.6459 1.9978 1.4228 1.6888 0.2899 0.1675
[LDH 1 + Epo 2]* 0.0203 0.0206 0.0147 0.0186 0.0033 0.0019
MEAN
AnQ, AnQO, AnO, AnO, Sdev SE
LDH (1+2) > 1.1956 2.2447 1.7939 1.7447 0.5262 0.3042
{LDH 1 + Epo 21> 0.0294 0.0460 0.0172 0.0309 0.0145 0.0084
HT1080 MEAN
AIR AIR AIR AIR Sdev SE
LIDII (1+2) > 0.0583 0.1583 0.1169 0.1112 0.0503 0.0291
[LDH 1 + Epo 21 0.0102 0.0073 0.0103 0.0093 0.0017 0.0010
MEAN
1%, 19%0, 1%0, 1%0, Sdev SE
LDH (1+2) * 0.5972 0.9044 0.8937 0.7985 0.1744 0.1008
[LDH 1 + Epo 2 0.0102 0.0114 0.0175 0.0130 0.0039 0.0023
MEAN
And, AnO, AnO, AnQ, Sdev SE
LDH (1+2) * 0.3955 0.9897 1.1920 0.8591 0.4140 0.2393
[1.13H 1 + Fpo 2] 0.0367 0.0830 0.0520 0.0572 0.0236 0.0136
SQD9 MEAN
AIR AIR AIR AIR Sdev SE
LDH {(1+2) ¥ 1.0817 0.6052 0.5538 0.7469 0.2911 0.1682
[LDH 1 + Epo 2J* 0.0626 0.0346 0.0176 0.0382 0.0227 0.0131
MEAN
1%0, 1%0, 1%, 1 %O, Sdev SE
LDH (142) + 4.0672 4.6064 5.0160 4.5632 0.4759 0.2751
[LDH 1 + Epo 2] 0.3142 0.1545 0.0572 0.1753 0.1298 0.0750
MEAN
AnO, AnO, Andy AnQ, Sdev SE
LDH (1+2) * 3.1646 4.6193 4.1510 3.9783 0.7426 0.4292
[LDH 1 + Epo 21** 0.1600 0.0982 0.0463 0.1015 0.0569 0.0329




Appendix 22
Expression of LDH (1+2), with site 2 modifications in the MDA468 cell line, n

MEAN
AIR AIR AIR Sdev
LDH (1+2)3 0.0190 0.0245 0.0218 3.877E-03
LDH (1+2'A")3 0.0214 0.0146 0.0180 4.846E-03
LDH (1+2 Opt)3 0.0325 0.0546 0.0435 1.566E-02
LDH (1+2 Dest)3 0.0250 0.0254 0.0252 2.817E-04
LDH (1+E-Boxf 0.0565 0.0511 0.0538 3.790E-03
MEAN
1% Oi 1% Oi 1%0 2 Sdev
LDH (1+2)3 1.6459 1.9978 1.8218 2.488E-01
LDH (1+2'A")3" 0.2555 0.1583 0.2069 6.871E-02
LDH (1+2 Opt)3' 1.1499 0.9595 1.0547 1.347E-01
LDH (1+2 Dest)3 0.2377 0.1778 0.2078 4.237E-02
LDH (1+E-Boxf 0.5634 0.3682 0.4658 1.380E-01
MEAN
An02 AnC>2 AnO 2 Sdev
LDH (1+2)3" 1.1956 2.2447 1.7201 7.418E-01
LDH(1+2°A")3 0.6745 0.2289 0.4517 3.151E-01
LDH (1+2 Opt)3 2.0346 1.3033 1.6689 5.170E-01
LDH (1+2 Dest)3" 0.5858 0.1954 0.3906 2.761E-01
LDH(+E-Boxf 0.9112 0.2678 0.5895 4.549E-01
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Appendix 23
Expression of LDH (1+2), with site 2 modifications in the SQD9 cell line, n=2.

MEAN
AIR AIR AIR Sdev
LDH (1+2)* 1.0817 0.6052 0.8435 3.360E-01
LDH (1+2'A" 0.2470 0.2953 0.2711 3.413E-02
LDH (1+2 Opt)* 0.5100 0.3092 .4096 1.420E-01
LDH (1+2 Dest)* 0.2117 0.2094 0.2105 1.666E-03
LDH (1+E-Box} 0.3863 0.3079 0.3471 5.541E-02
MEAN
| 1%0, 1%0, 1%0 , Sdev
| LDH (1+2)* 4.0672 4,6064 4.3368 3.813E-01
LDH (142'A%* 1.5473 2.1182 1.8327 4.037E-01
LDH (1+2 Opt)* 1.4691 1.8717 1.6704 2.847E-01
LDH (112 Dest)* 0.6129 1.4797 1.0463 6.129E-01
LDH (1+E-Box} 1.3080 2.2615 1.7847 6.742E-01
MEAN
AnQ, AnQO, AnO , Sdev
LDH (1+2)* 3.1646 4.6193 3.8919 1.029E+00
LDH (1+2'A%* 1.0063 1.1100 1.0582 7.330E-02
LDH (1+2 Opt)* 1.7519 1.0970 1.4244 4.630E-01
LDH (142 Dest)* 0.7927 0.6794 0.7360 8.012E-02
LDH (1+E-Box)" 1.0623 2.0823 1.5723 7.213E-01




Appendix 24

Expression of HREs exposed to 16 hours air, hypoxia or anoxia and 3 hours

reoxygenation in the A549 lung carcinoma cell line, n=3.

MEAN
AIR AIR AIR AIR Sdev SE
PGK (1)* 0.0473 0.0485 0.0655 0.0538 1.02E-02 5.87E-03
PGK (1)* 0.0225 0.0130 0.0173 0.0176 4.76E-03 2.75E-03
PGK ( 1+2)% 0.0738 0.0302 0.0167 0.0402 2.98E-02 1.72E-02
LDH (14+2)* 0.0603 0.0582 0.0547 0.0577 2.83E-03 1.63E-03
LDH (1+2)* 0.0557 0.0474 0.0354 0.0462 1.02E-02 5.89E-03
LDH (14+2)* 0.0357 0.0661 0.0540 0.0520 1.53L-02 8.85E-03
MEAN
1%0, 1%0, 1%0, 1%0; Sdev SE
PGK (1)* 1.1857 0.9062 1.8573 13164 4.8913-01 2.836-01
PGK (1)* 0.5047 0.2297 0.5452 0.4265 1.72E-01 9.92E-02
PGK (1+2)* 1.0226 0.8009 0.8517 0.8917 1.16E-01 6.71E-02
LDH (1+2)* 1.2390 2.7851 1.6792 10011 7.97E-01 4.60E-01
LDH (1+2)*" 1.1885 0.8404 1.1130 1.0473 1.83E-01 1.06E-01
LDH (14-2)° 1.6115 0.9812 1.7286 1.4405 4.02E-01 2.32E-01
MEAN
AnQ; AnO, AnO, AnQ, Sdev SE
PGK (1)* 0.9023 0.8182 1.0725 0.9310 1.30E-01 7.49E-02
PGK (1)* 0.8581 03150 0.3440 0.5057 3.05E-01 1.77E-01
PGK (1+2)** 1.2464 1.0176 0.9181 1.0607 1.68E-01 9.73E-02
LDH (1+2)* 1.2753 1.0749 3.6977 2.0160 1.46E+00 8.44E-01
LDH (1+2)* 0.9135 0.5846 0.3965 0.6315 2.62E-01 1.51E-01
LDH (1+2)* 0.7566 0.8857 0.5352 0.7258 1.77E-01 1.02E-01

Appendix 25

Expression of HREs exposed to 16 hours air, hypoxia or anoxia and 3 hours

reoxygenation in the HCT116 lung carcinoma cell line, n=2.

Epo (1+2)** | PGK (1+2)** |LDH (1+2+3)*| LDH (14+2)*
AIR 0.0678 0.0384 0.0620 0.1572
1%0, 0.4314 0.4266 0.0947 0.7715
AnO, 1.1521 0.5047 04116 2.65976




Appendix 26

Expression of HREs exposed to 16 hours air, hypoxia or amnoxia and 3 hours

reoxygenation in the T47D breast carcinoma cell line, n=3,

MEAN
AIR AIR AIR AIR SDEV SE
PGK (17" 0.0490 0.2032 0.1046 0.1189 0.0781 0.0451
PGK (1) 0.0367 0.0501 0.0600 0.0489 0.0117 0.0068
PGK (1+2)* 0.2197 0.1681 0.0481 0.1453 0.0881 0.0509
LDH(1+2)> 0.0949 0.0446 0.0197 0.0531 0.0383 0.022]
LDH-A (1+2]" 0.1009 0.0326 0.0149 0.0495 0.0454 0.0263
LDH (1+2) 0.0333 0.0392 0.0223 0.0316 0.0086 0.0049
MEAN
1% O, 1% O, 1% O 1% O, SDEV SE
PGK (17" 6.1095 10.9300 5.6738 7.5714 2.9176 1.6865
PGK (1) 1.1633 0.9630 2.0672 1.3978 0.5883 0.3401
PGK (1+2)° 43233 4.6637 3.0591 4.0154 0.8455 0.4887
LDH(1+2)™ 7.9604 6.5871 6.0558 6.8677 0.0828 0.5681
LDH-A (1+2)" 2.7323 3.1546 1.5881 24917 0.8105 0,4685
LDH (1+2)¢ 2.7006 2.6049 3.6285 2.9780 0.5654 0.3268
MEAN
AnO, AnO, AnQ, AnO; SDEV SE
PGK (17" 11.2185 53939 8.5280 8.3801 2.9151 1.6850
PGK (17 28164 4.5616 4.5575 3.9785 1.0064 0.5817
PGK (1+2)™ 8.3183 10.6633 R.5356 0.1724 1.2957 0.7490
LDH(1+2)% 9.7853 8.2028 93087 9.1303 0.7640 0.4416
LDH-A (142} 352870 3.5641 2.6612 3.8374 1.3341 0.7712
LDH (1+2f 3.4208 5.6884 5.9270 5.0121 13832 0.7996
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Appendix 27

Expression of HREs exposed to 16 hours air, hypoxia or anoxia and 3 hours

reoxygenation in the WiDr colon carcinoma cell line, n=3.

MEAN
AIR AIR AIR AIR Sdev SE
PGK (1) 0.1428 0.1982 0.0988 (0.1466 4.98E-02 2.88E-02
PGK (1)* 0.1326 0.1027 0.0869 0.1074 232E-02 1.34E-02
PGK (1+2)** 0.0708 0.0869 0.0860 0.0812 9.06E-03 5.24E-03
LDH (1+2)*" 0.1520 0.0921 0.0860 0.1100 3.65E-02 2.11E-02
LDII (1+2)* 0.1046 0.0489 0.0574 0.0703 3.00L-02 1.736-02
LDH (1+2)* 0.0837 0.1042, 0.0807 0.0895 1.28E-02 7.39E-03
MEAN
1%0, 1%0, | 1%0, 1%0, Sdev SE
PGK (1) 1.9825 2.3981 4.7199 3.0335 1.48E+00 8.53E-01
PGK (1) 5.8576 4.6303 4.6544 5.0474 7.02E-01 4.06E-01
PGK (1+2)** 1.1014 4.6544 4.7065 3.4874 2.07E+00 1.19E+00
LDH (1+2)* 6.5913 4.5976 4.7065 5.2985 1.12E+00 6.48E-01
LDH (1+2)* 2.4594 1.9264 1.9397 2.1085 3.04E-01 1.76E-01
LDII (1+2)% 0.8892 2.7203 3.4545 23547 1.3213+00 7.6413-01
MEAN
AnQ, AnQO, AnQ; AnQ, Sdev SE
PGK (1YY 47265 3.8493 5.6102 4.7287 8.80E-01 5.09E-01
PGK (1)* 4.3877 3.5568 2.1931 3.3792 1.11E+00 6.40E-01
PGK (1+2)* 2.2891 2.1931 1.7888 2.0903 2.66E-01 1.53E-01
LDH (1+2)* 5.1581 4.3640 4.2861 4.6027 4.83E-01 2.79E-01
LDH (1+2)* 2.6489 3.0543 2.7462 2.8165 2.12E-01 1.22E-01
LDH (1+2)* 2.4902 3.8353 1.6067 2.6440 1.12E+00 6.49E-01
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Appendix 28
Effect of 8-cl-cAMP on the expression of a variety on PGL3 HRE vectors in the

MDA468 cell line, n=3.

OulMiol MEAN
AIR AIR AIR AIR Sdev SE
PGK (D) * 0.0098 0.0099 0.0085 0.0094 0.0007 0.0004
PGK (1 * 0.0041 0.0025 0.0029 0.0032 0.0008 0.0005
LDH (1+2+3)* 0.0274 0.0128 0.0105 0.0169 0.0092 0.0053
Glat  (1+2) & 0.0627 (.0268 0.0166 0.0354 0.0242 0.0140
Glut  (1+243) ™ 0.0503 0.0194 0.0229 0.0309 0.0169 0.0098
MEAN
AnO; AnO, AnO, AnQ , Sdev SE
PGK (1) 3 1.0135 0.5988 0.4791 0.6971 0.2804 0.1621
PG (1) %> 0.0747 0.1020 0.0529 0.0766 0.0246 0.0142
LDH (1+2+3)3" 0.2787 0.0858 0.0452 0.1366 0.1248 0.0721
Glut  (1+2) ** 0.3754 0.1512 0.0556 0.1941 0.1642 0.0949
Glut  (1+2+3) " 0.1545 0.0714 0.0341 0.0866 0.0617 0.0356
0.3uM MEAN
AIR AIR AIR AIR Sdev SE
PGK (1) * 0.0128 0.0164 0.0107 0.0133 0.0029 0.0017
PGK (1) * 0.0023 0.0023 0.0030 0.0025 0.0004 0.0002
LDH (14+243)% 0.0115 0.0217 (.0233 0.0188 0.0064 0.0037
Glut  (1+42) ™ 0.0238 0.0345 0.0226 0.0270 0.0065 0.0038
Glut  (1+243) 0.0213 0.0354 0.0234 0.0267 0.0076 0.0044
MEAN
AnQO, And, AnQ, AnQ ; Sdev SE
PCGK (1) * 1.5523 0.6731 0.5256 0.9170 0.5551 0.3209
PGK () * 0.1877 0.1207 0.0757 0.1280 0.0564 0.0326
LDH (3+2+3)°% 0.1888 0.1450 0.1209 0.1516 0.0344 0.0199
Glut  (14+2) 2 0.1679 0.2205 0.1075 0.1653 0.0565 0.0327
Glut  (1+2+3) ] 0.0769 0.0993 0.0569 0.0777 0.0212 0.0123
1uM MEAN
AIR AIR AIR AIR Sdev SE
PGK (D ** 0.0138 0.0140 0.0088 0.0122 0.0030 0.0017
PCGK (1) * 0.0021 0.0033 0.0025 0.0026 0.0006 0.0003
LDH (1+243)% 0.0240 0.0223 0.0229 00231 0.0009 0.0005
Glut  (1+2) * 0.0251 0.0534 0.0294 0.0360 0.0153 0.0088
Glut (142+3) 7 0.0196 0.0285 0.0192 0.0224 0.0053 0.0030
MEAN
AnO, AnQ, AnQ, AnQ , Sdev SE
PGK (1) % 1.1896 0.7265 0.3499 0.5382 0.2663 0.1539
PGK ()™ 0.0947 0.1983 0.0679 0.1331 0.0922 0.0533
LDH (1+2+3)* 0.1305 0.1504 0.1132 0.1318 0.0263 0.0152
Glut  (1+2) ™ 0.1614 0.3901 0.1235 0.2568 0.1885 0.1090
Glul  (1+243) ¥ 0.0726 0.1515 0.0626 0.1071 0.0629 0.0363




3uM MEAN
AlR AlR AR AIR Sdey SE
PGK (1) ** 0.0138 0.0126 0.0099 0.0121 0.0020 0.0012
PGK > (0.0032 0.0036 0.0030 0.0033 0.0003 0.0002
LDH (1+2+3)* 0.0152 0.0204 0.0167 0.0174 0.0027 0.0016
Glut  (1+2) ** 0.0240 0.0431 0.0216 0.0296 0.0118 0.0068
Glut (1+2+3) 0.0216 0.0453 0.0256 0.0309 0.0127 0.0073
MEAN
AnQ, AnO, AnQ, AnQO Sdev SE
PGEK (1) * 1.2201 0.7052 0.3233 0.7495 0.4501 0.2601
PGK > 0.1622 0.1510 0.0512 0.1214 0.0611 0.0353
LDH (1+2+3)°* {.1209 0.0940 0.1049 0.1066 0.0135 0.0078
Glut  (1+2) > 0.1828 0.1842 0.1054 0.1575 0.0451 0.0261
Glut  (1+2+3) 1] 0.0686 0.0981 0.0442 0.0703 0.0270 (0.0156
10uM MEAN
AIR AIR AIR AIR Sdev SE
PGK (1) 3 0.0163 0.0167 0.0131 0.0154 0.0019 0.0011
PGK [ 0.0034 0.0036 0.0036 0.0035 0.0001 0.0000
LDH (1+2+3)> 0.0169 0.0247 0.0206 0.0207 0.0039 0.0023
Glut _ (1+2) * 0.0359 0.0538 0.0283 0.0394 0.0131 0.0076
Glut  (1+2+3) ] 0.0282 0.0304 0.0223 0.0270 0.0042 0.0024
MEAN
AIIOz AIlOz AIlOz AnQ , Sdev SE
PGK (1) ¥ 1.6818 0.7419 0.4594 0.9610 0.6400 0.3699
PGK [ 0.1736 0.1429 0.0625 0.1263 0.0574 0.0332
1L.DH (1:2+3)% 0.1406 (0.1873 0.1617 0.1632 0.0234 0.0135
Glat  (1+2) * 0.2111 (.3395 0.1046 0.2184 0.1176 0.0680
Gl (132+3) 1 0.0907 0.1465 0.0717 0.1030 0.0389 0.0225
30uM MEAN
AIR AIR AIR AIR Sdev SE
PGK  (* 0.0252 0.0135 0.0145 0.0178 0.0065 0.0038
PGK (1) * (.0042 0.0061 0.0036 0.0047 0.0013 0.0007
LDH (1+2+3)% 0.0251 0.0248 0.0205 0.0235 0.0026 0.0015
Glut  (1+2) ¥ 0.0493 0.0456 0.0363 0.0437 0.0067 0.0039
Glut  (1+2+3) ¥ 0.0358 0.0382 0.0302 0.0347 0.0041 0.0024
MEAN
AnQ; AnQ, AnQ, AnO , Sdey SE
PGK (1) 3 24832 0.5662 0.6736 1.2410 1.0771 0.6226
PGK (1> 0.1347 0.1702 0.1261 0.1437 0.0234 0.0135
LDH (1+2+3)°%" 0.2076 0.1795 0.1450 0.1774 0.0314 0.0181
Glut  (1+2) ** 0,2953 0.2436 0.1089 0.2159 0.0963 0.0556
Glut  (1+2+3) 0.1154 0.1613 0.0641 0.1136 0.0486 0.0281
100uM MEAN
AIR AIR AIR AIR Sdev SE
PGK (1) 3 0.0467 0.0264 0.0174 0.0302 0.0150 0.0086
PGK  (1O)* 0.0070 0.0068 0.0049 0.0062 0.0011 0.0007
LDH (1+2+3)3* 0.0440 0.0366 0.0403 0.0052 0.0037
Glut  (14+2) * 0.0826 0.0730 0.0510 0.0689 0.0162 0.0094
Glut  (1+2+3) 1 0.0605 0.0511 0.0553 0.0556 0.0047 0.0027
MEAN
AnQ, AnQ, AnQ, AnQ , Sdev SE
PGK (> 2.8892 1.0485 0.6455 1.5277 1.1961 0.6914
PGK () * 0.1598 0.1576 0.1275 0.1483 0.0181 0.0104
LDH (1+2+3)% 04111 0.2190 0.1540 0.2614 0.1337 0.0773
Glut  (1+2) ™ 0.3101 0.3175 0.1357 0.2545 0.1028 0.0595
Glut  (1+2+3) 1] 0.1314 0.1354 0.0946 0.1205 0.0225 0.0130

258




Appendix 29
Effect of 8-cl-cAMP on the expression of a variety on PGL3 HRE vectors in the

HT1080 cell line, n=3.

0uMol MEAN
AIR AIR AIR AIR Sdev SE
PGK (1) w 0.0510 0.1130 0.1191 0.0944 0.0377 0.0218
PGK (1) 3 0.1310 0.1457 0.1383 0.0i04 0.0074
LDH (1+2+3)% 0.0250 0.0343 0.0310 0.0301 0.0047 0.0027
Glut (1+2) % 0.2590 0.2014 0.0983 0.1862 0.0814 0.0471
Glut  (1+2+3) ' 0.1133 0.3153 0.0570 0.1619 0.1358 0.0785
MEAN
AnQ;, AnQ; AnCs An0Q , Sdev SE
PGK (3 1.1080 1.0089 1.6168 1.2446 0.3261 0.1885
PGK > 1.4710 1.1346 1.3028 0.2379 0.1687
LDH (1+2+3)* 0.3150 0.2250 0.2808 0.2736 0.0454 0.0263
Glut  (1+2) & 0.8030 0.6286 0.6108 0.6808 0.1062 0.0614
Glut (1+2+3) 0.5324 0.2819 0.3438 0.3860 0.1305 0.0754
0.3uMol MEAN
AIR AIR AIR AIR Sdev SE
PGK > 0.0760 0.0510 0.1196 0.0822 0.0347 0.0201
PGK ¥ 0.1100 0.1000 0.1050 0.0071 0.0050
TDH (1+2+3)3 0.0215 0.0247 0.0288 0.0250 0.0037 0.0021
Glut  (1+2) > 0.1939 0.2381 0.0897 0.1739 0.0762 0.0440
Glut (1+2+3) " 0.1517 0.1379 0.0541 0.1146 0.0528
MEAN
AnO, AnQ, AnQO, An0O , Sdev SE
PGK > 0.6874 0.8690 1.3261 0.9608 0.3291 0.1902
PGK (1) 3> 0.7920 0.9270 0.8595 ).0955 0.0677
LDH (1+2+3) i 0.2069 0.3612 0.2655 0.2779 0.0779 0.0450
Glut (1+2)* 0.7370 1.0630 0.6327 0.8109 0.2244 0.1297
Glut  (1+2+3) * 0.4386 0.5110 0.3642 0.4379 0.0734 0.0424
1uMol MEAN
AIR AIR AIR AIR Sdev SE
PGK (1 > 0.0547 0.0740 0.1126 0.0804 0.0205 0.0171
PGK > 0,1120 0.0909 0.1015 0.0149 0.0106
LDH (1+2+3)> 0.0249 0.0321 0.0283 0.0285 0.0036 0.0021
Glut (1+2) ¥ 0.2308 0.1936 0.0999 0.1748 0.0675 0.0390
Glat  (1+2+3) ** 0.2007 0.1203 0.0755 0.1322 0.0635 0.0367
MEAN
An(), An() An(, AnQ - Sdev SE
PGK [O% 0.9037 0.6916 1.1703 0.9218 0.2399 0.1386
PGK (€] > 0.7697 0.9070 0.8384 0.0971 0.0689
LDH (1+2+3)% 0.3209 (.2034 0.2602 0.2615 0.0587 0.0340
Glut  (1+2) > 0.8663 0.6457 0.4545 0.6356 0.2062 0,1192
Glut  (1+2+3) b 0.3356 0.3724 0.3843 0.3641 0.0254 0.0147




3uMol MIZAN
AIR AIR AIR AIR Sdev SE
PGK ) > 0.1117 0.0812 0.0965 0.0215 0.0153
PGK (> 0.1026 0.1026 0.0000
LDH (1+2+3)% 0.0275 0.0221 0.0248 0.0038 0.0027
Glut  (1+2) ** 0.0890 0.1964 0.1427 0.0760 0.0539
Glut (1+2+3) ™ 0.1831 0.0992 0.0745 0.1189 0.0569 0.0329
MEAN
AnQ, AnO, AnQ, AnO Sdev SE
PGK 1> 1.2391 0.7877 1.0134 0.3192 0.2264
PGK > 0.9064 0.9064 0.0000
LDII (1+2+3)3 0.2466 0.1964 0.2215 0,0355 0.0252
Glut  (1+2) > 0.4145 0.6612 0.5378 0.1744 0.1237
Glat  (1+2+3) ™ 0.4584 0.4009 0.5076 04556 0.0534 0.0309
10uMol MEAN
AIR AIR AIR AlIR Sdev SE
PGK [0 0.0646 0.0876 0.0859 0.0794 0.0128 0.0074
PGK [ 0.1289 0.1266 0.1277 0.0017 0.0012
LDH (1+2+3)% 0.0261 0.0248 0.0221 0.0243 0.0021 0.0012
Glut  (1+2) # 0.2402 0.1883 0.0689 0.1658 0.0878 0.0508
Glut  (1+2+3) 0.1112 0.1185 0.0886 0.1061 0.0156 0.0090
MEAN
AnQ, AnO, AnO, AnQ » Sdev SE
PGK (1) > 0.8948 0.8254 0.8471 0.8558 0.0355 0.0205
PGK > 0.7786 1.0371 0.9078 0.1828 0.1296
LDH (1+2+3)> 0.3148 0.2727 0.2351 0.2742 0.0399 0.0230
Glut  (1+2) * 0.8999 0.6582 0.5006 0.6862 0.2011 0.1163
Glut (142+3) * 0.3470 0.3501 04715 0.3895 0.0710 0.0410
J0uMol MEAN
AIR AIR AIR AIR Sdey SE
PGK (1) % 0.1513 0.0840 0.0607 0.0987 0.0471 0.0272
PGK O 0.1248 0.1194 0.1221 0.0038 0.0027
LDH (1+243)%" 0.0436 0.0242 0.0277 0.0318 0.0103 0.0060
Glut (1+2)* 0.1334 0.1828 0.2490 0.1884 0.0580 0.0335
Glut  (1+2+3) ™* 0.2182 0.0813 0.0838 0.1277 0.0783 0.0453
MEAN
AnQO» AnQO; AnO, AnQ , Sdev SE
PGK ¥ 1.6173 0.7193 1.1062 1.1476 0.4504 0.2604
PGK 1) > 0.9913 1.7520 1.3716 0.5379 0.3815
LDH (1+2+3)% 0.4520 0.2540 0.3201 0.3421 0.1008 0.0583
Glut (1+2) ¥ 0.8440 0.7521 0.9226 0.8396 0.0854 0.0493
Glut (1+2+3) " 0.6076 0.2727 0.5329 04711 0.1758 0.1016
100uMol MEAN
AIR AIR AIR AIR Sdev SE
PGK 1) 3 0.0602 0.0643 0.1497 0.0914 0.0505 0.0292
PGK. [O% 0.1787 0.0938 0.1362 0.0601 0.0426
LDH (1+243)% 0.0369 0.0216 0.0549 0.0378 0.0167 0.0096
Glut  (1+2) > 0.2788 0,1391 0.1250 0.1809 0.0850 0.0491
Glut (1+2+3) ™ 0.1688 0.1082 0.0725 0.1165 0.0487 0.0281
MEAN
AnQ; AnQ, AnOs AnQO » Sdev SE
PGK (1) * 1.4425 0.7966 1.4583 1.2325 0.3776 0.2182
PGK (1) > 2.1914 0.8589 1.5252 0.9422 0.6682
LDH (1+2+3)> 0.4570 0.2781 0.3792 0.3714 0.0897 0.0518
Ghut  (1+2) * 1.0160 0.7702 0.6443 0.8102 0.1890 0.1093
Glut  (1+2+3) 0.5664 0.5273 0.4309 0.5082 0.0697 0.0403
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Appendix 30
HRE activity after 8 hours +/- a PKA analog followed by 16 hours air or anoxia

and 3 hours reoxygenation in the MDA 468 cell line, n=3.

Control MEAN
AIR AIR AIR AlIR Sdev SE
Epo (1+2) ** 0.0249 0.0796 0.0456 0.0500 0.0276 0.0160
PGK (14+2) 3 0.0339 0.0158 0.0181 0.0226 0.0099 0.0057
1.DH-A (1+2+3) * 0.0178 0.0393 0.0495 0.0355 0.0162 0.0093
LDH (1+2) 3 0.0146 0.0198 0.0239 0.0194 0.0047 0.0027
VEGF  (1+2) i 0.0210 0.0655 0.0128 0.0331 0.0283 0.0164
Glut-1 (1+2) * 0.0627 0.0268 0.0166 0.0354 0.0242 0.0140
Glut-1 (1+2+43) ™ 0.0503 0.0194 0.0229 0.0309 0.0169 0.0098
MFEAN
AnQ; AnO, AnQ, AnQO , Sdev SE
Epo (1+2) 0.1104 0.5248 (0.2826 0.3059 0.2082 0.1203
PGK (1+2) 3+ 1.2301 0.9287 0.9722 1.0437 0.1629 0.0942
LDH-A (1+2+3) ** 0.0598 0.1476 0.2478 Q.1517 0.0941 0.0544
LDH 1+2) > 0.5268 1.7318 1.7939 1.3508 0.7143 04129
VEGE (1+2) >* 0.0536 0.0229 0.0274 0.0346 0.0166 0.0096
Glut-1 (1+2) * 0.3754 0.1512 0.3289 0.2852 0.1183 0.0684
Glut-1 (1+2+3) ™ 0.1545 0.0714 0.0341 0.0866 0.0617 0.0356
10uM 8-cl-cAMP MEAN
AIR AIR AIR AIR Sdev SE
Epo (1+2) > 0.0191 0.1857 0.1935 0.1328 0.0985 0.0570
PGK (1+2) 3 0.1479 0.0372 0.0369 0.0740 0.0640 0.0370
LDH-A (1+2+3) ** 0.0196 0.0734 0.1533 0.0821 0.0673 0.0389
L.LDH 1+2) * 0.0185 0.0378 0.0667 0.0410 0.0242 0.0140
VEGF  (1+2) > 0.0112 0.0320 0.0700 0.0377 0.0298 0.0172
Glut-1 (1+2) > 0.0359 0.0538 0.0283 0.0394 0.0131 0.0076
Giut-1 (1+2+3) 0.0282 0.0304 0.0223 0.0270 0.0042 0.0024
MEAN
AnO;, AnO; AnQO, AnQ , Sdev SE
Epo (1+2) > 0.1089 0.6450 0.5033 04191 0.2778 0.1606
PGK (1+2) > 0.7155 0.8774 0.7952 0.7961 0.0809 0.0468
LDII-A (1+2+3) 3 0.1095 0.2663 0.5238 0.2999 0.2092 0.1209
LDH 1+2) > 0.8827 3.0451 3.2575 2.3951 13141 0.7596
VEGF @1+2) * 0.0259 0.0369 0.0977 0.0535 0.0387 0.0224
Glut-1 (1+2) ¥ 0.2111 0.3395 0.1046 0.2184 0.1176 0.0680
Glut-1 (1+2+3) = 0.0907 0.1465 0.0717 0.1030 0.0389 0.0225
10uM Forskolin MEAN
AIR AIR AIR AIR Sdev SE
Epo (1+2) > 0.0346 0.2110 0.3021 0.1825 0.1360 0.0786
PGK  (14+2) * 0.8861 0.0315 0.0609 0.3262 0.4851 0.2804
LDH-A (1+2+3) **| 0.0748 0.1032 0.2200 0.1327 0.0769 0.0445
IL.DH (1+2) * 0.0417 0.0144 0.0500 0.0354 0.0186 0.0107
VEGF (1+2) 3+ 0.0163 0.0353 0.0818 0.0445 0.0337 0.0195
Glut-1 1+2) * 0.0166 0.0112 0.0104 0.0128 0.0034 0.0019
Glut-1 (1+2+43) U 0.0185 0.0653 0.0112 0.0317 0.0293 0.0170
MEAN
AnO, AnQO, AnQ, AnQ , Sdev SE
Epo (142) °F 0.0873 0.4699 0.4139 0.3237 0.2066 0.1194
PGK (1+2) 3+ 0.9507 0.4970 0.7978 0.7485 0.2308 0.1334
LDH-A (14+-2+3) 3 0.2618 0.2409 0.4023 0.3017 0.0878 0.0507
LDH (1+2) * 1.4180 0.6747 3.5607 1.8845 1.4985 0.8662
VEGF (1+2) > 0.0269 0.0417 0.0672 0.0453 0.0204 0.0118
Glut-1 1+2) * 0.0231 0.0228 0.0282 0.0247 0.0030 0.0018
Glut-1 (1+2+3) 0.0865 01707 0.2463 0.1678 0.0799 0.0462
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Appendix 31
HRE activity after 8 hours +/- a PKA analog followed by 16 hours air or anoxia

and 3 hours reoxygenation in the HT1080 cell line, n=3.

Control MEAN
AIR AIR AIR AIR Sdev SE
Epo  (1+2)>* 0.0336 0.1426 0.0459 0.0740 0.0597 0.0345
PCK (142)* 0.0246 0.0154 0.0393 0.0264 0.0120 0.0070
LDH (1+2+3]  0.0250 0.0273 0.0343 0.0289 0.0048 0.0028
LDH (1+2)° 0.0888 0.1899 0.0878 0.1222 0.0587 0.0339
VEGE (1+2)* 0.0075 0.0070 0.0063 0.0069 0.0006 0.0003
Glut  (1+2)* 0.4634 0.2014 0.3021 0.3223 0.1322 0.0764
Ghit  (1+2+3)]  0.2200 0.1664 0.0388 0.1417 0.0931 0.0538
MEAN
AnOs AnQ, AnO, AnO Sdev SE
Epo  (1+2)%* 0.2170 1.0011 0.5431 0.5871 0.3939 0.2277
PGK_ (1+2)* 1.4039 0.8163 1.2018 1.1407 0.2985 0.1726
LDH (1+2+3]  0.5121 0.7453 0.2250 0.4941 0.2606 0.1507
LDH (1+2)* 1.2992 1.1933 0.8008 1,0978 0.2625 0.1518
VEGE_(1+2)%* 0.0258 0.0154 0.0143 0.0185 0.0063 0.0037
Glut  (1+2)* 1.1346 0.6286 0.7649 0.8427 0.2618 0.1513
Glut  (1+2+3)] _ 0.5008 0.3758 0.1239 0.3335 0.1920 0.1110
10uM 8-cl-cAMP MEAN
AIR AIR AIR AIR Sdev SE
Epo  (1+2)* 0.0184 0.0626 0.0823 0.0544 0.0327 0.0189
PGK  (1+2)°* 0.0646 0.0353 0.0876 0.0625 0.0262 0.0151
LDH (1+2+3]  0.0261 0.0228 0,0248 0.0246 0.0017 0.0010
LDH (1+2)* 0.0327 0.1300 0.0950 0.0859 0.0493 0.0285
VEGFE (1+2Y*]  0.0183 0.0120 0.0155 0.0153 0.0031 0.0018
Glut  (1+2)* 0.1883 0.1207 0.2402 0.1831 0.0599 0.0346
Glut  (1+2+3)  0.2409 0.0491 0.0716 0.1206 0.1049 0.0606
MEAN
AnO; AnO;, AnQ, AnQ Sdev SE
Epo  (1+2)%* 0.1585 0.4079 0.4564 0.3410 0.1305 0.0754
PGK_(1+2)* 0.8948 0.4584 0.8254 0.7262 0.1915 0.1107
LDH  (1+2+3 0.3143 0.3252 0.2727 0,3042 0.0227 0.0131
LDH (1+2)* 0.6164 0.6930 0.5852 0.6318 0.0457 0.0264
VEGE (1+2)*]  0.0279 0.1339 0.0248 0.0622 0.0507 0.0203
Glut  (1+2)* 0.6582 0.4124 0.8999 0.6568 0.1990 0.1150
Glut  (1+2+3)]  0.6957 0.0979 0.3252 0.3729 0.2464 0.1424
10uM Forskolin MEAN
AIR AIR AIR AIR Sdev SE
Epo_ (1+2)* 0.1585 0.0913 0.2411 0.1637 0.0750 0.0434
PGK. (132)* 0.0333 0.0775 0.0305 0.0471 0.0263 0.0152
LDIT (1+2+3 0.1363 0.0260 0.0354 0.0659 0.0611 0.0353
LDH _(1+2)* 0.0495 0.2400 0.5266 0.2721 0.2402 0.1388
VEGE (1+2)*]  0.0233 0.0162 0.0418 0.0271 0.0132 0.0077
Glut  (1+2)* 0.2258 0.1242 0.1607 0.1702 0.0515 0.0298
Glut  (1+2+3)  0.0741 0.0934 0.0528 0.0734 0.0203 0.0117
MEAN
AnO, AnO, And, AnQ » Sdev SE
Epo  (1+2)* 0.5032 0.7575 1.7280 0.9962 0.5278 0.3051
PGK  (1+2)* 2.4150 0.5939 0.9109 1.3066 0.7944 0.4552
TDH  (1+2+3 0.8852 0.6850 0.5237 0.6980 0.1479 0.0855
LDH _(1+2)* 2.3375 0.5628 1.2045 1.3683 0.7337 0.4241
VEGE (1+2)°**]  0.0418 0.0477 0.1585 0.0826 0.0537 0.0310
Glut  (1+2)% 1.2503 0.6919 0.3879 0.7767 0.3571 0.2064
Glut  (1+2+3)]  0.1330 0.3489 0.2806 0.2542 0.0901 0.0521
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Appendix 32
HRE activity after 8 hours +/- a PKA analog followed by 16 hours air or anoxia

and 3 hours reoxygenation in the SQD9 cell line, n=3.

Control MEAN
AIR AIR AIR AIR Sdev SE
Epo (1+2)** 0.1485 0.1580 0.0514 0.1193 0.0590 0.0341
PGK (1+2)* 0.2402 0.0720 0.0901 0.1341 0.0923 0.0534
LDH (1+2+3)* 0.3567 0.3079 0.1738 0.2795 0.0947 0.0547
LDH (1+2)3‘ 0.6052 0.5538 1.0817 0.7469 0.2911 0.1682
VEGF (1+2)* 0.0164 0.0291 0.0120 0.0192 0.0089 0.0052
Glut (1+2)** 0.2209 0.3485 0.0682 0.2125 0.1403 0.0811
Glut (1+2+3)* 0.0715 0.2702 0.0481 0.1289 0.1220 0.0705
MEAN
AnG, AnO, AnQ, AnQ , Sdev SE
Epo (1+2)** 1.0473 0.7834 0.5516 0.7941 0.2480 0.1434
PGR (1+2)%* 2.4075 2.5952 1.6155 2.2061 0.5200 0.3006
1.DH (14+2+3)% 1.0407 0.6015 0.5293 0.7238 0.2768 0.1600
LDH (1+2% 4.6193 4,1510 3.1646 3.9783 0.7426 0.4292
VEGF (1+2)* 0.0208 0.0209 0.0128 0.0182 0.0046 0.0027
Glut (1+2)*' 0.7585 0.9398 0.1601 0.6195 0.4080 0.2358
Glut (142+3)> 0.2901 0.3983 0.0690 0.2525 0.1678 0.0970
10uM 8-cl-cAMP MEAN
AIR AIR AIR AIR Sdev SE
Epo (1+2)** 0.0395 0.0782 0.0514 0.0564 0.0198 0.0114
PGK (1+42)%* 0.0785 0.2058 0.0901 0.1248 0.0704 0.0407
LDH (1+2+3)*] 0.0288 0.1738 0.3739 0.1922 0.1733 0.1001
LDH (1+2) 0.4689 0.3678 0.5106 0.4491 0.0735 0.0425
VEGFE (1+2)** 0.0102 0.0289 0.0164 0.0185 0.0095 0.0055
Glut (142)*" 0.0245 0.0297 0.0759 0.0434 0.0283 0.0163
Glut (1+2+3)2‘“ 0.0218 0.0181 0.0530 0.0310 0.0192 0.0111
MEAN
AnQ, AnQ, AnOy AnQ Sdev SE
Epo (1+2)** 0.3754 0.2720 0.5516 0.3996 0.1414 0.0817
PGK  (1+2)* 1.0955 3.4238 1.6155 2.0449 1.2221 0.7064
LDH (1+2+3)* 0.1548 0.5293 1.4272 0.7037 0.6539 0.3780
LDH (1+2Y" 23177 3.3826 3.6187 3.1063 0.6931 0.4006
VEGF (1+2)* 0.0116 0.0497 0.0208 0.0274 0.0199 0.0115
Glut (1+2)* 0.1370 0.0173 0.62006 0.2583 0.3194 0.1846
Glut (1+2+3)* 0.0374 0.0408 0.2240 0.1007 0.1068 0.0617
10uM Forskolin MEAN
AIR AlIR AIR AIR Sdev SE
Epo (1+2)™ 0.2364 0.1452 0.0619 0.1478 0.0873 0.0504
PGK (1+2)** 0.1553 0.2261 0.1209 0.1674 0.0537 0.0310
LDH (i+2+3)*] 0.2981 0.1249 04011 0.2747 0.1395 0.0807
LDH (1+2) 0.5161 0.9946 0.3609 0.6238 0.3303 0.1909
VEGE (1+2)* 0.0175 0.0307 0.0125 0.0203 0.0094 0.0054
Glut (1+2)*" 0.2357 0.0371 0.0417 0.1048 0.1133 0.0655
Glut (1+243)* 0.0802 0.0272 0.0264 0.0446 0.0308 0.0178
MEAN
AnQ, AnQO, AnO, AnO , Sdev SE
Epo (1+2)** 1.8716 (.6580 0.3984 0.9760 0.7864 0.4546
PGK. (1+2)* 3.3423 2.4287 1.7055 2.4922 0.8203 0.4742
LDH (1+2+3)™ 1.1680 0.6302 0.3155 0.7045 0.4311 0.2492
LDH (1+2)" 2.6251 3.1452 2.0649 2.6117 0.5402 0.3123
VEGF (1+2)*" 0.0207 0.0466 0.0171 0.0281 0.0161 0.0093
Glut (1+2)** 0.7166 0.1335 0,2010 0.3504 0.3190 0.1844
Glut (1+2-+3)* 0.2420 0.0507 0.0796 0.1241 0.1031 0.0596
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Appendix 33
Expression of the dissected LDH-A elements 8 hours +/- a PKA analog followed by

16 hours air or anoxia and 3 hours reoxygenation in the HT1080 cell line, n=3.

Control MEAN
AIR AIR AIR AIR Sdev SE
LDH (1+2)* 0.0888 0.1899 0.0878 0.1222 0.0587 0.0339
LDH (1)* 0.0027 0.0048 0.0074 0.0049 0.0023 0.0013
LDH (2)** 0.0032 0.0036 0.0044 0.0037 0.0006 0.0003
LDH 3y 0.0059 0.0055 0.0086 0.0067 0.0017 0.0010
MEAN
AnO, AnQ, AnQs AnO Sdev SE
LDH (1+2)* 1.2992 1.1933 0.8008 1.0978 0.2625 0.1518
LDH (1)* 0.0047 0.0064 0.0090 0.0067 0.0022 0.0013
LDH (2! 0.0029 0.0050 0.0050 0.0043 0.0012 0.0007
LDH 3)* 0.0051 0.0040 0.0103 0.0045 0.0008 0.0005
10uM 8-cl-cAMP MEAN
AIR AIR AIR AIR Sdev SE
LDH (1+2)* 0.0327 0.1300 0.0950 0.0859 0.0493 0.0285
LDH (1)** 0.0037 0.0057 0.0022 0.0039 0.0018 0.0010
LDH (2)* 0.0023 0.0026 0.0036 0.0029 0.0007 0.0004
LDH (3)* 0.0041 0.0027 0.0053 0.0041 0.0013 0.0008
MEAN
AnO, AnQ, AnQ, An0O , Sdey SE
LDH (1+2)* 0.3148 0.3252 0.2727 0.3042 0.0227 0.0131
LDH (1)** 0.0083 0.0078 0.0048 0.0069 0.0015 0.0009
LDH (2)* 0.0044 0.0035 0.0049 0.0043 0.0006 0.0003
LDH (3)* 0.0049 0.0043 0.0052 0.0048 0.0004 0.0002
10uM Forskolin MEAN
AIR AIR AIR AIR Sdev SE
LDH (1+2)* 0.0495 0.2400 0.5266 0.2721 0.2402 0.1388
LDH ()™ 0.0070 0.0093 0.0023 0.0062 0.0036 0.0021
LDH (2)** 0.0035 0.0039 0.0039 0.0037 0.0002 0.0001
LDH (3)** 0.0141 0.0081 0.0086 .0102 0.0033 0.0019
MEAN
AnQ, AnQ, AnQ, AnQ , Sdev SE
LDH (1+2)* 2.3375 0.5628 1.2045 1.3683 0.7337 0.4241
LDH (1y* 0.0126 0.0145 0.0060 0.0110 0.0036 0.0021
LDH (2)* 0.0030 0.0046 0.0048 0.0041 0.0008 0.0005
LDH (3 0.0190 0.0067 0.0103 0.0120 0.0051 0.0030
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Appendix 34
Expression of the dissected LDH-A elements 8 hours +/- a PKA analog followed by

16 hours air or anoxia and 3 hours reoxygenation in the SQD9 cell line, n=3.

Control MEAN
AIR AIR AIR AIR Sdev SE
LDH (1+2)* 0.6052 0.5538 1.0817 0.7469 0.2911 0.1682
LDH (1)* 0.0472 0.0557 0.0380 0.0470 0.0089 0.0051
LDH (2)** 0.0648 0.0499 0.0452 0.0533 0.0102 0.0059
LDH 3)* 0.0425 0.0220 0.0600 0.0415 0.0190 0.0110
MEAN
AnO, AnO; AnQ, AnO , Sdev SE
LDH (1+2)* 4.6193 4,1510 3.1646 3.9783 0.7426 0.4292
1LDH (1) 0.0761 0.0560 0.0657 0.0659 0.0100 0.0058
LDH (2)* 0.0260 0.0606 0.0431 0.0432 0.0173 0.0100
LDH (3)* 0.0373 0.0238 0.0619 0.0410 0.0193 0.0111
10uM 8-cl-cAMP MEAN
‘ AIR AIR AIR AIR Sdev SE
‘ LDH (1+2)* 0.4689 0.3678 0.5106 0.4491 0.0735 0.0425
LDH (1)** 0.0091 0.0188 0.0160 0.0146 0.0050 0.0029
‘ LDH (2)* 0.0382 0.0103 0.0332 0.0273 0.0149 0.0086
LDH (3)* 0.0155 0.0118 0.0362 0.0212 0.0132 0.0076
MEAN
AnQ, AnO; An(), AnQ , Sdev SE
LDH (1+2)* 23177 3.3826 3.6187 3.1063 0.6931 0.4006
LDH (1)* 0.0153 0.0361 0.0263 0.0259 0.0104 0.0060
LDII (2)* 0.0264 0.0159 0.0467 0.0296 0.0157 0.0091
LDH (3)* 0.0178 0.0133 0.0375 0.0229 0.0128 0.0074
10uM Forskolin MEAN
AIR AIR AIR AIR Sdev SE
LDH (1+2)* 0.5161 0.9946 0.3609 0.6238 0.3303 0.1909
LDH (1)* 0.0126 0.0225 0.0129 0.0160 0.0056 0.0033
LDH (2)** 0.0616 0.0150 0.0102 0.0289 0.0284 0.0164
LDH (3)* 0.0291 0.0171 0.0164 0.0209 0.0071 0.0041
MEAN
AnO, AnQO, AnO, AnO , Sdev SE
LDH (1+2)* 2.6251 3.1452 2.0649 2.6117 0.5402 03123
LDH (1)** 0.0182 0.0327 0.0262 0.0257 0.0072 0.0042
LDH (2)** 0.0320 0.0155 0.0155 0.0210 0.0095 0.0055
LDH (3)* 0.0296 0.0181 0.0272 0.0250 0.0060 0.0035
|
|
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Appendix 35
Expression of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or hypoxia, +/-

5Gy and 1 to 6 hours reoxygenation in the HT1080 cell line, n=3.

1 hour reoxygenation Mean
Egr-1 Sdev SE
AIR 0.1463 0.1057 0.1371 0.1928 0.1455 0.0360 0.0180
5Gy 0.0804 0.0875 0.0379 0.4546 0.1651 0.1942 0.0971
1%0; 0.0379 0.0368 0.0947 0.1480 0.0794 0.0532 0.0266
1%0; + SGy 0.0290 0.0388 0.0250 0.2353 0.0820 0.1023 0.0512
Mean
Epo.Egr-1 Sdev SE
AIR 0.2712 0.1863 0.2139 0.2518 0.2316 0.0369 0.0184
5Gy 0.1600 0.1568 0.0257 0.5517 0.2246 0.2264 0.1132
1%0; 0.8093 0.7000 0.7117 0.4738 0.6737 0.1420 0.0710
1%0,; + 5Gy 0.6285 0.5600 0.1582 1.4180 0.6912 0.5271 0.2635
Mean
Epo Sdev SE
AIR 0.0411 0.0588 0.0712 0.1424 0.0784 0.0444 0.6222
5Gy 0.0400 0.0344 0.0112 0.2751 0.0902 0.1239 0.0620
1%0; 1.0944 2.2497 0.6942 0.9675 1.2515 0.6861 0.3431
1%0O; + 5Gy 1.5323 1.0854 0.1703 3.9057 1.6734 1.5925 0.7963
3 hours reoxygenation Mean
Egr-1 Sdev SE
AIR 0.0510 0.045% 0.0876 0.1533 0.0845 0.0495 0.0248
5Gy 0.0784 0.1128 0.4582 0.2684 0.2295 0.1735 0.0867
1%0, 0.0265 0.0334 0.1242 0.1450 0.0823 0.0611 0.0305
1% + 5Gy 0.0482 0.1450 0.3855 0.1788 0.1904 0.14i6 0.0708
Mean
ipo.Fgr-1 Sdev SE
AIR 0.1121 0.6313 0.0361 0.0963 0.2314 0.3017 0.1508
5Gy 0.1693 0.3548 0.4689 0.3552 0.3370 0.1241 0.0620
1%0: 0.2570 0.6480 0.2246 0.9480 0.5194 0.3445 0.1722
1%C, + SGy 0.3926 0.6760 2.2822 1.0130 1.0909 0.8336 0.4168
Mean
Epo Sdev SE
AIR 0.0155 0.0483 0.0574 0.1615 0.0707 0.0632 0.0316
5Gy 0.0403 0.093% 0.1560 0.2316 0.1304 0.0824 0.0412
1%0; 0.5743 1.4335 0.4691 3.2054 1.4206 1.2659 0.6329
1%, + 5Gy 0.9771 3.2093 5.6815 2.4063 3.0685 1.9715 0.9857
6 hours reoxygenation Mean
Egr-1 Sdev SE
AIR 0.0572 0.0443 0.0899 0.1654 0.0892 0.0543 0.0272
5Gy 0.1232 0.0143 0.0366 0.2163 0.0976 0.0920 0.0460
190, 0.0480 0.0335 0.0530 0.0803 0.0537 0.0196 0.0098
1%0; + 5Gy 0.0902 0.0053 0.0432 0.1597 0.0746 0.0665 0.0333
Mean
Epo.Egr-1 Sdev SE
AIR 0.0823 0.2534 0.1392 0.4381 0.2283 0.1570 0.0785
5Gy 0.1955 0.0243 0.0478 0.3046 0.1431 0.1317 0.0658
1%y 0.2268 0.5692 0.2631 1.1685 0.5569 0.4357 0.2178
1% + SGy 0.6768 0.0666 0.1655 0.6482 0.3893 0.3183 0.1591
Mean
Epo Sdey SE
AIR 0.0419 0.0474 0.0338 0.2081 0.0828 0.0837 0.0419
5Gy 0.0181 0.0114 0.0204 0.1665 0.0541 0.0750 0.0375
1%0, 0.6315 1.4913 0.8696 3.4182 1.6027 1.2635 0.6317
1%, -+ 3Gy 0.5577 1.5571 0.3251 1.5699 1.0025 0.6548 0.3274
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Appendix 36
Expression of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or hypoxia, +/-

5Gy and 1 to 6 hours reoxygenation in the MDA 468 cell line, n=3.

1 hour reoxygenation Mean
Egr-1 Sdev SE
AIR 0.07080 0.75687 0.34751 0.3917 0.3452 0.1993
5Gy 0.91511 0.33743 0.33308 0.5285 0.3348 0.1933
1%0, 0.05534 0.53589 0.30766 0.2996 0.2404 0.1388
1%02+ 5Gy 1.10242 0.31854 0.25841 0.5598 0.4709 0.2719
Mean
_E'mg}wl Sdev SE
AIR 0.0251 0.3127 0.2093 0.1823 0.1457 0.0841
5Gy 0.1925 0.1035 0.1505 0.1488 0.0445 0.0257
1%0; 0.0638 0.8291 1.3302 0.7410 0.6378 0.3682
1%0, + 5Gy 0.6355 0.7278 0.8494 0.7376 0.1073 0.0620
Mean
Epo Sdev SE
AIR 0.0018 0.0460 0.0176 0.0218 0.0224 0.0129
SGy 0.0992 0.0276 0.0159 0.0476 0.0451 0.0260
1%0; 0.1642 2.2119 1.0272 1.1344 1.0280 0.5936
1%0, + 5Gy 0.6547 1.9105 0.5273 1.0309 0.7645 0.4414
3 hours reoxygenation Mean
Egr-1 Sdev SE
AIR 0.20690 0.74131 0.22780 0.3920 0.3027 0.1748
5Gy 0.18643 0.13297 0.22241 0.1806 0.04:50 0.0260
1%0, 0.40707 0.07834 0.14911 0.2115 0.1730 0.0999
1%0, + 5Gy 0.15469 0.09652 0.19065 0.1473 0.0475 0.0274
Mean
Epo.Egr-1 Sdev SE
AIR 0.0731 0.1886 0.4129 0.2249 0.1728 0.0998
5Gy 0.0769 0.0358 0.1481 0.0870 0.0568 0.0328
1%0; 0.2501 0.0889 0.8230 0.3873 0.3858 0.2227
1%O, + 5Gy 0.2234 0.0758 0.7864 0.3619 0.3749 0.2165
Mean
Epo Sdev SE
AIR 0.0092 0.0436 0.0119 0.0216 0.0192 0.0111
5Gy 0.0061 0.0147 0.0126 0.0111 0.0045 0.0026
1%0; 0.1836 0.0869 0.6394 0.3033 0.2951 0.1704
1%0, + 5Gy 0.1505 0.2588 0.6982 0.3692 0.2900 0.1675
6 hours reoxygenation Mean
Egr-1 Sdey SE
AIR 1.23632 0.35278 0.18544 0.5915 0.5647 0.3260
5Gy 0.06359 0.26599 0.41937 0.2497 0.1785 0.1030
1%0; 0.45375 0.26313 0.04221 0.2530 0.2060 0.1189
1%0, + 5Gy 0.02889 0.26763 0.18637 0.1610 0.1214 0.0701
Mean
mgr-l Sdev SE
AIR 0.3198 0.1072 0.1174 0.1815 0.1199 0.0692
5Gy 0.0273 0.0765 0.2193 0.1077 0.0997 0.0576
1960, 0.6162 0.3734 0.0546 0.3480 0.2817 0.1626
1%0, + 5Gy 0.0250 0.2221 0.1617 0.1363 0.1010 0.0583
Mean
Epo Sdev SE
AIR 0.0056 0.0425 0.0113 0.0198 0.0198 0.0115
5Gy 0.0068 0.0249 0.0105 0.0141 0.0096 0.0055
1%0, 0.1380 1.3238 0.1507 0.5375 0.6810 0.3932
1%0; + 5Gy 0.1554 1.0362 0.3224 0.5047 0.4679 0.2701
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Appendix 37
Expression of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or hypoxia, +/-

5Gy and 1 to 6 hours reoxygenation in the DU145 cell line, n=3.

1 hour reoxygenation Mean
Egr-1
AIR 0.5083 1.2205 0.8644
5Gy 3.0042 2.0243 2.5142
1%0, 0.1513 1.0702 0.6107
1%0; + 5Gy 0.6481 1.5205 1.0843
Mean
| EpoLgr1
AIR 0.2932 0.4581 0.3756
S5Gy 1.5432 0.6306 1.0869
1%0, 0.4488 1.0426 0.7457
1%, + 5Gy 0.8398 1.4122 1.1260
Mean
Epo
AIR 0.0829 0.0617 0.0723
5Gy 0.1161 0.0542 0.0852
1%, 1,2426 1.3846 1.3136
1%0; + 5Gy 1.0723 1.7624 14173
3 hours reoxygenation Mean
Egr-1
AIR 0.7312 1.6016 1.1664
SGy 0.8417 1.1791 1.0104
1%0; 0.4520 0.4770 0.4645
1%0; + 5Gy 0.4402 0.5286 0.4844
Mean
Epo.Egr-1
AIR 0.1072 0.6466 0.3769
5Gy 0.0381 0.2308 0.1345
1%0Q, 0.6537 0.6000 0.6268
1%0O; + 5Gy 0.0982 0.5733 0.3357
Mean
Iipo
AIR 0.1030 0.0456 0.0743
5Gy 0.0262 0.0315 0.0288
1%0, 4.0903 0.4132 2.2518
1%0; + 5Gy 0.5912 0.8374 0.7143
6 hours reoxygenation Mean
Egr-1
AIR 0.4864 1.0006 0.7435
5Gy 0.4651 0.9442 0.7046
1%0; 0.3798 0.8800 0.6299
1%0: + 5Gy 0.3532 0.8684 0.6108
Mean
Epo.Egr-1
AIR 0.2295 0.3136 0.2715
5Gy 0.2424 0.3092 0.2758
1%0; 0.4526 0.6428 0.5477
1%0: + 5Gy Q.5072 0.5777 0.5424
Mean
Epo
AIR 0.0953 0.0365 0.0659
5Gy 0.0863 0.0414 0.0639
1%0: 3.2840 1.3180 2.3010
1%0: + SGy 1.7409 1.1367 1.4388
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Appendix 38
Expression of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or hypoxia, +/-

5Gy and 6 hours reoxygenation in the HepG2 cell line, n=1.

6 hours reoxygenation

Egr-1 Epo.Egr-1 Epo
AIR 0.7789 0.1531 0.2098
5Gy 0.6751 0.2472 0.1963
1%0, 0.8553 0.3415 0.4200
1%0, +5Gy 0.6505 0.4002 1.0042
Appendix 39

Expression of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or hypoxia, +/-
5Gy and 3 hours reoxygenation in the HCT116 cell line, n=1.

3 hours reoxygenation

Egr-1 Epo.Egr-1 Epo
AIR 0.7667 0.1301 0.0410
5Gy 0.9488 0.5940 0.0611
1%0, 0.6642 0.2734 0.1261
1%0, +5Gy 1.6096 1.1890 0.8282
Appendix 40

Expression of Egr-1, Epo.Egr-1 and Epo exposed to 16 hours air or hypoxia, -+/-
5Gy and 1 to 6 hours reoxygenation in the WiDr cell line, n=1.

3 hours reoxygenation

Egr-1 Epo.Egr-1 Epo
AIR 53162 0.3933 0.3098
5Gy 4.3274 0.7734 0.2872
1%0;, 5.8863 1.6046 8.5924
1%0, +5Gy 9.7263 2.3431 10.3657
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Appendix 41
Expression of CArG.Epo versus CArG multimers exposed to 16 hours air or

hypoxia and 3 hours reoxygenation in the HT 1080 cell line, n=2.

3 hours reoxygenation

MEAN
CArG.Epo CAIG.Epo || CArG.Epo

AIR 0.0638 0.1756 0.1197
5GY 0.0624 0.1255 0.0939
1%, 0.4935 1.4253 0.9594
1% O;+5GY 0.7495 1.0729 0.9112
MEAN

CAIG’ CAIG® CArG ’
AIR 0.0118 0.0300 0.0209
5GY 0.0096 0.0237 0.0167
1%, 0.0054 0.0257 0.0155
1% O+5GY 0.0122 0.0114 0.0118
MEAN

CArG" CArG" CArG
ATR 0.00%0 0.0311 0.0201
5GY 0.0139 0.0141 0.0140
1%0, 0.0103 0.0182 0.0/43
1% O45GY 0.0116 0.0091 0.0103
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Appendix 42

Expression of CArG.Epo versus CArG multimers exposed to 16 hours air or

hypoxia and 1 hour reoxygenation in the MDA 468 cell line, n=2.

1 hour reoxygenation

MEAN
CArG.Epo CArG.Epo || CArG.Epo
AIR 0.0148 0.0239 0.0193
5GY 0.0128 0.0231 0.0180
1%0, 0.8111 0.9561 0.8836
1% O+5GY 0.8042 0.8056 0.8049
MEAN
CArG® CAIG® CArG °
AIR 0.0297 0.0276 0.0286
5GY 0.0232 0.0269 0.0250
1%0, 0.0278 0.0260 0.0269
1% O+5GY 0.0248 0.0312 0.0280
MEAN
CArG* CArGY CArG 1
AIR 0.0232 0.0273 0.0253
5GY 0.0250 0.0315 0.0283
1%0, 0.0262 0.0356 0.0309
1% O4+5GY 0.0233 0.0298 0.0266
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Appendix 43

Expression of CArG.Epo versus CArG multimers exposed to 16 hours air or

hypoxia and 3 hours reoxygenation in the DU145 cell line, n=2.

1 hour reoxygenation

MEAN
CArG.Epo CArG.Epo CArG.Epo

AIR 0.0819 0.1081 0.0950
5GY 0.0783 0.0744 0.0763
1%0, 1.9144 2.5929 2.2537
1% O0+5GY 1.5296 13550 1.4443
MEAN

CAIG® CAIG® CArG ’
AIR 0.0616 0.0643 0.0629
5GY 0.0396 0.0693 0.0544
1%0; 0.1098 0.0643 0.0870
1% O»+5GY 0.0341 0.0511 0.0426
MEAN

CArG" CArG" CArG "
AIR 0.0941 0.0862 0.0902
5GY 0.0847 0.0561 0.0704
1%0, 0.0795 0.0841 0.0818
1% Ox+-5GY 0.0595 0.0446 0.0520
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Appendix 44

HRE activity when exposed to hypoxia and radiation with 3 hours reoxygenation,

in the HT1080 cell line, n=3 (except Epo n=4)

3 hours reoxygenation Mean
Epo (1+2) * Sdev SE
AlIR 0.0155 0.0483 0.0574 0.1615 0.0707 0.0632 0.0316
5Gy 0.0403 0.0939 0.1560 0.2316 0.1304 0.0824 0.0412
19%0, 0.5743 1.4335 0.4691 3.2054 1.4206 1.265% 0.6329
1%0O; + SGy 0.9771 3.2093 5.6815 2.4063 3.0685 1.9715 0.9857
Mean
PGK (1+2)* Sdev
AIR 0.0497 0.1790 0.1143 0.0914
5Gy 0.3634 0.3367 0.3501 0.0189
1%0; 1.1920 3.5608 2.3764 1.6750
1%0; + 5Gy 6.1536 5.7383 5.9460 0.2937
Mean
LDH (1+2+3)* Sdev
AIR 0.0563 0.1224 0.0894 0.0467
5Gy 0.2360 0.2140 0.2250 0.0156
15%0, 0.7314 1.1385 0.9349 0.2879
1%0; + 5Gy 3.3382 1.3716 2.3549 1.3906
Mean
LDH (1+2)* Sdev
AIR 0.0889 0.3673 0.2281 0.1969
5Gy 0.4963 0.4503 0.4733 0.0326
1%0, 1.8598 5.5887 3.7243 2.6367
1%0; + 5Gy 12.2372 4.4226 8.3299 5.5257
*
Appendix 45

HRE activity when exposed to hypoxia and radiation with 1 hour reoxygenation in
the MDA 468 cell line, n=3

1 hour reoxygenation

(EPO 1+2)°" | PGK (1+2)* |LDH (1+2+3)*] LDH (1+2f"
AIR 0.0176 0.0168 0.0467 0.0330
5Gy 0.0159 0.0108 0.0312 0.0236
1%0, 1.0272 0.6925 0.1524 2.3865
1%0, +5Gy 0.5273 0.3470 0.0723 1.2143

273




Appendix 46

HRE activity when exposed to hypoxia and radiation with 1 hour reoxygenation in

the DU145 cell line, n=2 (LDH (1+2); Epo®), n=1 (PGK (1+2); LDH (1+2+3)).

1 hour reoxygenation

Epo (1+2)% | PGK (142)* LDH (1+2+3)34 LDH (1+2)*
AIR 0.0723 0.0529 0.0506 0.0321
5Gy 0.0852 02265 0.0727 0.0801
1%0, 1.3136 1.3523 0.4642 1.0610
1%Q; + 5Gy 1.4173 4.7317 0.9843 2.9356
Appendix 47

HRE activity when exposed to hypoxia and radiation with 6 hours reoxygenation in
the HepG2 cell line, n=1

6 hours reoxygenation

Epo (1+2)°* | PGK (1+2)°" |LDH (1+2+3)*'| LDH (1+2)*
AIR 0.2098 0.3603 0.3590 0.3373
5Gy 0.1963 0.3562 0.4665 0.4671
190, 0.4200 2.2628 0.9728 2.4385
1%0; +5Gy 1.0042 2.1784 2.6100 3.6868

274 SO f01 0




