Targeting tumour metabolism through HIF-1 inhibition enhances radiation

response in cervix and head and neck xenograft tumours

By

Eric Leung

A thesis submitted in conformity with the requirements for the degree of

Master of Science

Graduate Department of Medical Biophysics

University of Toronto

© Copyright by Eric Leung 2011



Targeting tumour metabolism through HIF-1 inhibition enhances radiation
response in cervix and head and neck xenograft tumours

Master of Science 2011, Eric Leung, Department of Medical Biophysics,
University of Toronto

Abstract

Increased glucose metabolism may occur in malignant tumours due to
altered gene expression or a response to hypoxia. It has been shown that
tumours with high levels of glycolysis, indicated by elevated lactate, are less
responsive to radiotherapy. It is not clear whether this effect is caused by lactate
itself or rather that high lactate is a surrogate for a radioresistant property such
as hypoxia. Furthermore, we are not aware of studies that examine the
manipulation of lactate production in tumours to alter radiation response. We
propose a novel approach of metabolic targeting of HIF-1 to address these
issues. HIF-1 is a major regulator of glycolysis and its inhibition would decrease
malignant cell metabolism and could lead to a decrease in lactate production.
The goal of this pre-clinical study was to evaluate metabolic targeting as a
strategy of enhancing radiation response by inhibiting the HIF-1 transcription

factor.
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1 Introduction



1.1 Hypoxia and Radiation

Hypoxia, an intrinsic property of solid tumours’ is characterized by low
partial pressure of oxygen, often below 5 mm Hg. This situation arises from
abnormal vasculature that is formed within and around the tumour that limits the
access of cancer cells to adequate oxygen supply due to their distance from
blood flowing vessels. The connection between oxygen supply, vasculature and
radiation has been published as early as 1936. However, Gray and Thomlinson
in 1955 were first to postulate that hypoxic cells were resistant to radiotherapy
based on findings in radiobiological studies [1]. This important finding has led to
vast research and advances in the field of radiobiology.

Radiation causes damage to target tissue through free radical production
in DNA (Figure 1-1) [2]. In the presence of oxygen these free radicals will react
with an oxygen molecule which creates a stable permanent change to the DNA
and requires enzymatic repair. In the setting of hypoxia, there is less oxygen for
stabilization and this allows for a longer half-life and opportunity for chemical
repair [3]. This has shown to be of biological and clinical importance. Studies of
cervix and head neck cancers treated with definitive radiotherapy have shown
significantly inferior survival and outcome in patients with more hypoxic tumours
[4]. From these findings, there has been great interest in improving radiation
response by increasing the oxygenation of tumours or rather decreasing hypoxic

fraction [5].
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Figure 1-1: DNA Damage from Radiation

DNA damage as a result of free radical production. Free radicals are produced via a direct
or indirect mechanism. From Hall and Giaccia, Radiobiology for the Radiology, Lippincott
Wilkin and Williams 2006
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Different strategies have been studied to address the issue of hypoxia. These
include raising oxygen levels in blood through changes in inspired air or
transfusions and also hypoxic cell sensitizers [6, 7]. These strategies have been
found to yield improvements in outcome on meta-analysis [7]. Despite the
promising results of hypoxic radiosensitization, there has been a general
hesitation at adopting these methods into standard patient care. There are likely
numerous reasons for this, among them is the fact that although clinically
relevant in many large scale studies and meta-analysis, there are still conflicting
results regarding the efficacy of hypoxia targeting [8]. Also, many of the above-
mentioned strategies do not involve a new technology or novel drug that can be
commercialized which can often lead to a slow adoption of evidence-based care.

Newer strategies in hypoxia modification is the application of hypoxic
cytoxins, bioreductive agents and hypoxia-gene targeted therapies [9]. Hypoxic
cell cytotoxins are chemical agents that are reduced in the hypoxic environment
to cytotoxic drugs. They consist of three classes: quinones, nitroimidazoles and
N-oxides. Tirapazamine, an N-oxide was the first drug to be widely tested as a
hypoxic cytotoxin and it has been found to be effective at selectively killing
hypoxic cells [10] . Currently, because of its efficacy and relatively tolerability in
its prodrug form, tirapazamine has been involved in a number of clinical trials
that also examine its synergistic effects with radiotherapy and chemotherapy [11-
13]. However, a large scale clinical study of head and neck cancers has shown

that there is no benefit of adding tirapazamine to chemoradiotherapy for a large
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group of patients not selected for hypoxia [13]. This shows a need to better
target patients with hypoxic tumours. One strategy is to target hypoxia-specific

genes such as HIF-1, a major regulator of metabolism in the setting of hypoxia.

1.2 HIF-1 Activation

HIF-1 is a transcription factor that is composed of two subunits: a HIF-1a
subunit that is actively controlled by oxygen levels and a HIF-13 subunit that is
constitutively activated [14]. HIF-1a is degraded because the presence of oxygen
allows for prolyl hydroxylation and this targets the protein towards ubiquitylation
(Figure 1-2) [15]. In the setting of hypoxia, this degradation process is reduced
and HIF-1 initiates transcription of hypoxia genes through binding with HRE’s in
the promoter region of such genes. Under hypoxic conditions, this is facilitated
through the decrease in hydroxylation of asparagine residue 803 in HIF-1a. This
allows p300 and CBP binding to HIF-1a and increases transcriptional activity of
HIF-1 driven genes.

It has also been seen that HIF-1 mRNA levels increase in response to
hypoxia, as studied in vivo [16]. However, in vitro studies have shown also that
transcription of HIF-1 mRNA itself seems to be less affected in varying oxygen
conditions as compared to protein levels of HIF-1 [17, 18]. Regulation of HIF-1 is
therefore a complex process and is most likely affected by multiple factors

including oxygen-independent mechanisms. Studies have found that in



malignant cells, HIF-1 may be upregulated as a result of oncogenic activation

and loss of tumour suppressors [19].
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Figure 1-2: HIF-1 Mechanism

HIF-1x protein is degraded in oxygenated conditions via proline hydoxylation, allowing
for the binding to von Hippel-Lindau (VHL) and ubiquitiniylation. Under hypoxic
conditions, transcriptional activity of hypoxic genes are increased via binding of
p300/CBP with HIF-1x, which occurs from a decreased hydroxylation of the asparagine
residue 803. From Semenza, Nat Rev Cancer 2003 Oct; 3(10):721-32



One HIF-1 related genetic alteration is the loss of p53 tumour suppressor. Cells
that have mutations to p53 are found to have reduced hypoxia-induced cell death
and p53 stabilization has been shown to be related to HIF-1 levels [20, 21].
Studies have also shown that mitochondrial enzymes such as succinate
dehydrogenase (SDH) are also tumour suppressors and can have an effect on
metabolic mechanisms  [19]. With loss of tumour suppressor function,
accumulation of end-products of the TCA cycle, succinate or fumurate, can lead
to increase in HIF-1 protein regardless of oxygenation condition. For example,
this can occur due to downregulation of SDH leading to succinate accumulation
in the mitochondria and cytosol. This will send signals to inhibit HIF-1a prolyl
hydroxylases thereby stabilizing HIF-1 in normoxic conditions [22].

Another Oz-independent regulator of HIF-1 in cancer cells is through PI3K
pathway. PI3K is a major regulator of metabolism with downstream control of
protein translation and glycolysis. As tumours are often limited in oxygen
availability, the PI3K pathway increases HIF-1 protein through mTOR control
protein translation through activation of Akt [23]. Direct activation of PI3K through
PTEN loss has also shown an increase in HIF-1 protein levels under conditions

of normoxia [24].



1.3 HIF-1 Inhibition

In tumours, HIF-1 is a major regulator of angiogenesis, apoptosis,
proliferation and metabolism. These processes are essential and vital to
malignant cell growth and progression and show the importance of HIF-1 in
malignancy. In angiogenesis, tumours that outgrow their nutrient and oxygen
supply compensate by releasing signals for new blood vessel growth [25].
Studies have shown that hepatoma cells that are deficient for HIF-1 had reduced
VEGF expression, vascularity and tumour growth [26]. Apoptotic cell death
signalling is also induced by HIF-1. The pro-apoptotic gene BNIP3 is found to be
upregulated in hypoxic conditions in various cell lines and it is thought that this
gene plays a large role in hypoxic cell death [27, 28]. Another pathway towards
apoptosis is a HIF-1 dependent stabilization of p53 found in MCF7 cells [21].
HIF-1 has also been shown to induce cell cycle arrest in conditions of hypoxia
thereby decreasing proliferation rates of cells. This allows cells growing in harsh
microenvironmental conditions to slow their growth and conserve essential
nutrients for survival [29]. As these downstream pathways from HIF-1 are
important aspects of tumour survival, inhibiting HIF-1 is an attractive strategy in

cancer therapy.

Different strategies have been used to study the effects of HIF-1 inhibition
in vivo [15]. In most HIF-1 targeting studies in animals, tumour growth was the
primary endpoint however the underlying mechanisms have been found to be

variable and dependent on different factors. A study of HIF-1a loss of function in
8



transformed fibroblasts found that tumours that were deficient in HIF-1 had
reduced tumour growth. However angiogenesis was not affected, implying that
another downstream pathway of HIF-1 could be contributing to the antitumour
effects [30]. These tumours also showed increased rates of apoptosis and
decreased glycolysis in tissue culture. This seemed to agree with a study of
pancreatic cancer xenograft tumours that showed a significant decrease in
growth without changes in vessel density [31]. However in another study of
human colorectal cancer cells, HIF-1-directed neovascularisation seemed to play
a prominent role [32]. Overexpression of HIF-1 in HCT116 led to a significant
increase in VEGF expression, angiogenesis and tumour growth. Although
inhibiting HIF-1 is an attractive cancer treatment strategy there is still the

question of the underlying mechanisms that lead to decreased tumour growth.

1.4 HIF-1 and Radiation Sensitivity

The various genes that are transcriptionally activated by HIF-1 can play a
role in radiation response. There is interest in targeting HIF-1 to increase the
effectiveness of radiation therapy through multiple pathways.

The strategy of anti-angiogenic therapy has been an attractive strategy to
alter radiation response [33]. The VEGF stress response is thought to be
protective for vessels in radiation therapy, and it has been shown that increased

levels of VEGF are associated with decreased radiation sensitivity in lung



carcinoma cells in vitro [34]. Also, abnormal tumour vasculature can result in
elevated interstitial pressure which has been clinically shown to be a marker of
radiation resistance [35]. Therefore inhibiting HIF-1 can decrease transcription of

VEGF and may improve response to radiation therapy.

HIF-1 is a major regulator of metabolism, responsible for the upregulation
of many glycolytic enzymes. These include HK-lIl and GLUT-1, the enzymes
responsible for phosphorylation and glucose transport — steps thought to be the
most important in an increased glycolytic state [36, 37]. Other glycolytic enzymes
controlled by HIF-1 include LDH, PDK-1 and GAPDH (Figure 1-3) [38]. The
relationship between glycolysis and radiation is still not clear, as research is
somewhat limited on this subject. One study examining the multiple effects of
HIF-1 inhibition on radiation observed that ATP content in viable tumour
decreased after HIF-1 inhibition and this was associated with a decreased
response to radiation [39]. It was concluded that HIF-1 maintains glucose
metabolism and ATP production necessary for high ‘bioenergetics’ required for a
good radiation response. A mechanism was not determined for this effect and
other end-products of metabolism were not studied such as lactate. Therefore
the effect of HIF-1 inhibition on metabolism and radiation response needs further
clarification. To examine these relationships, the process of cancer cell glycolysis

must be further understood.
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Figure 1-3: Glycolytic Pathways

Glycolysis is controlled in multiple steps involving glycolytic enzymes. GLUT-1 and GLUT-
3 transport glucose into cells. PDK-1 inhibits mitochondrial metabolism by decreasing the
activity of PDH. LDHA converts pyruvate to lactate. From Denko Nat Rev Cancer, 2008

Sep; 8(9): 705-13
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1.5 Glycolysis and the Pasteur Effect

Glycolysis is the metabolic pathway which provides energy in the form of
adenosine triphosphate (ATP) through the oxidation of glucose molecules which
results in the end product of lactate (Figure 1-4). The process begins with the
phosphorylation of glucose which enters the cell through glucose transporters.
The result is a 6-carbon sugar diphosphate molecule which is formed at the
expense of two ATP molecules. This 6-carbon molecule is then split into two 3-
carbon sugar phosphate molecules and these are converted into pyruvate
molecules through a series of electron transfers that convert NAD+ to NADH. As
a result 4 ATP molecules are produced and the entire process results in a net
gain of 2 ATP molecules [40]. Because NAD+ is in limited supply, NADH must be
oxidized and in the absence of oxygen this occurs through the reduction of

pyruvate and the production of lactic acid.
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Figure 1-4: Glycolysis and Oxidative Phosphorylation

Energy metabolism can occur via glycolysis or oxidative phosphorylation. In aerobic
conditions pyruvate is transported into the mitochondria. In conditions of hypoxia
pyruvate is converted into lactate. This latter step can occur in malignant cells even in
conditions of normal oxygen. From Gatenby et al., Nat Rev Cancer, 2004 Nov;4(11):891-9
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In the presence of oxygen NADH is oxidized in the mitochondria through
the electron transport chain in the process of oxidative phosphorylation. This
occurs by transportation of pyruvate into the mitochondria. This yields almost 20
times more ATP than glycolysis [40]. The pathways of cell energy metabolism
are therefore influenced by oxygen status within the cell. Louis Pasteur found
that there is decreased lactate production in the presence of oxygen, implying a
shift of ATP production towards a mitochondrial process. However Warburg
found that oxygen status was not the only factor determining the glycolytic rate

for tumours [41].

1.6 Warburg Effect

It has been estimated that over 60% of tumours utilize glycolysis for
energy production and survival [42]. This shift to a glycolytic metabolism was first
postulated by Warburg 80 years ago who observed that cancer cells have a high
rate of glycolysis even in the presence of oxygen [43]. Warburg hypothesized
that this phenomenon was an inherent property in all cancer cells due to a
dysfunction in mitochondria; however it was found that tumours still could
produce energy through mitochondrial metabolism. To this date, questions
regarding the mechanisms of the ‘Warburg Effect’ remain, but it is thought that
this property of increased glycolysis may be an evolutionary phenotype that
arises due to the environmental constraint of hypoxia in malignant growth [40].

Alternatively, this property could have arisen through malignant transformation

14



into a phenotype which produces more enzymes and substrates required for

glycolytic cell metabolism.

Since pre-malignant lesions are separated from rich vascular networks by
the basement membrane, oxygen must diffuse through the stromal compartment,
basement membranes and layers of tumour cells before being metabolized. In
general, in-situ carcinoma grows in relatively hypoxic conditions [45]. To survive
in these conditions, cells which are capable of an increased oxygen-independent
metabolism will be more likely to thrive in a Darwin-like selection process [44].
This property of an increased energy production in the absence of oxygen could
be due to complex and dynamic processes controlled by numerous epigenetic
and biochemical changes. Recent studies have suggested that the transcription
factor HIF-1 may play an important role in this process. As discussed above,
HIF-1 is not only active in hypoxia but oncogenic signals and growth factors can
lead to increased levels in the cell. It would be consistent that HIF-1 could

therefore control glycolysis in both hypoxic and normoxic environments.

1.7 Glycolysis as a Prognostic Indicator — Lactate

Lactic acid, the end product of glycolysis, is produced through pyruvate
reduction coupled with NADH oxidation and its accumulation can be used as an
indicator of the glycolytic process. As glycolysis is the main process of energy

production in low oxygen conditions, tumour lactate content has been previously
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thought to be a surrogate for tumour hypoxia [45]. However advances in
molecular techniques have shown that there indeed exists a process of
glycolysis in normoxic conditions [46]

Using a bioluminescence technique for the measure of glycolytic
metabolites, studies have shown tumour lactate concentration to be a predictor
of outcome and response in patients with head and neck and cervix cancer [47].
Patients in these studies had biopsies of their primary tumour which were used
for lactate measurements and it was found that the patients with the higher
lactate content had inferior prognosis as compared with those with low lactate
[48, 49]. Low and high lactate levels were defined by the relation to the median
lactate levels of all patients on the study.

Lactate has also been found to be a metabolic indicator for classification
of aggressiveness of rectal tumours [50]. Tumour specimens were taken from
colorectal cancer patients prior to therapy and lactate measurements were
obtained. Patients were followed and those who had developed metastatic
disease had significantly higher lactate content. These findings in rectal
adenocarcinoma are similar to the correlation of poor prognosis and lactate in
squamous cell cancers. It is still not completely understood what role lactate
plays in its association with more aggressiveness disease with propensity for
metastases and poor response to treatment. The high lactate levels could be an
indicator of an increased glycolytic rate and ‘Warburg Effect,” and tumours with
these properties could be inherently aggressive as these changes are due to

oncogenic activation, loss of tumour suppressors or hypoxia.
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Lactate itself may have a causative role in the development of tumour
aggressiveness. One possible contribution of lactate is the induction of
angiogenesis through production of VEGF [51]. It has been shown that lactate
can diffuse from tumour cells to fibroblasts and this initiates synthesis of
hyaluronan, which facilitates transport of tumour cells in surrounding stroma
promoting cancer invasion and metastasis [52]. Recent research has examined
the role of lactate as an energy source for oxygenated tumour cells [53]. Lactate
produced in hypoxic tumour cells are transported into oxygenated tumour cells
and preferentially used for metabolism over glucose. This allows the glucose to
be taken up by hypoxic cells and used for glycolysis. It was shown that by
inhibiting MCT-1, lactate metabolism switches to glycolysis in oxygenated tumour
cells and causes a decrease in glucose availability and an inability to produce
adequate ATP in the hypoxic tumour cells potentially resulting in hypoxic cell
death and an overall anti-tumour effect.

In the cervix and head and neck studies, radiation was the primary
treatment modality for many of the patients as most had locally advanced
disease [47]. Lactate has been shown to be a radical scavenger of oxygen
radicals, as is pyruvate [54]. The high lactate content could also represent a
metabolic state of the tumour that is less responsive to radiation. Also there may
be no strong correlation with radiotherapy as perhaps the glycolytic state is
simply a predictor of outcome in general, as seen in the measure of
aggressiveness through lactate. This is supported by the findings that hypoxia

can adversely affect the outcomes of patients treated primarily with surgery in
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gynaecological cancers and sarcomas [5]. However a study by Quennet et al.
examines the relationship between radiation response and lactate by measuring
the TCD50 of various head and neck xenograft tumours [55]. The finding was
that lactate correlated positively with radiation resistance [55]. This was again
found in a fractionated radiotherapy study of head and neck xenografts in 2010
[56]. Interestingly, the lactate values did not correlate with hypoxic fraction as
measured by pimonidazole staining. This was also seen in a more recent study
examining the co-localization of hypoxic regions with lactate accumulation where
it was found that no positive correlation exists [57]. Therefore, although the
lactate could indicate a metabolic state that causes the tumour to be more

radioresistant, the data suggests that this is not necessarily related to hypoxia.

1.8 ATP

ATP is the primary energy source for both normal and malignant cells. As
discussed above, ATP can be produced through two pathways — glycolysis and
oxidative respiration. Mitochondrial metabolism produces ATP in a much more
efficient manner, yielding 38 total molecules of ATP per glucose as compared to
glycolysis, which produces only 2 ATP per glucose. However malignant cells that
primarily use glycolysis for energy production increase the overall flux of glucose
metabolism through an increase in enzymes involved in the process.

Levels of ATP have been measured through the same bioluminescence
technique used for the lactate studies. Unlike lactate, ATP levels have not been

18



found to predict tumour aggressiveness [50]. However a previous study did show
that ATP decreases in HIF-1 inhibited tumours [39]. It was theorized in that study
that the high ATP levels in tumours bearing HIF-1 contributes to radiation
sensitivity as the ‘bioenergetics’ of the cell is required for cellular sensitivity
although there was no formal correlation of ATP with radiation sensitivity in the
study. There also was no further analysis of cell metabolism and lactate was not

measured.

1.9 Hypoxia and Glycolysis Imaging

The importance of tumour hypoxia has been demonstrated pre-clinically
and clinically with relation to outcome and treatment response [7]. As a result,
there has been much interest in the development of techniques for measuring
hypoxia in tumours. Techniques include needle electrode measurements,
exogenous hypoxia markers and also PET imaging. A classic standard technique
is the polarographic needle electrode measurements which has been shown to
be feasible in hypoxia measurements in both the pre-clinical and clinical setting
[58]. Measurements have also been used to identify hypoxia levels and results

have been found to correlate with clinical outcome.

Exogenous hypoxia markers include 2-nitroimidazoles, compounds that
undergo a reduction reaction in low oxygen tension. This allows the compound

to bind covalently to macromolecules of hypoxic cells thus creating a 2-
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nitroimidazole-protein adduct which can be visualized through binding with
specific antibodies and imaged through immunohistochemical detection [59].
Examples of 2-nitroimidazole are EF5 and pimonidazole. Radiolabelled 2-
nitroimidazole has brought forward PET imaging of hypoxia through ®F-FAZA
and "°F-MISO.

As tumour glycolysis plays an important role in treatment response,
methods for assessing metabolic status can potentially help guide treatment
strategies to improve outcomes. Different techniques to measure tumour
glycolysis that can be classified as either in vivo or ex vivo include MR-
Spectroscopy, FDG-PET imaging and bioluminescence imaging

MR-Spectroscopy (MRS) is a non-invasive technique that can be used to
assess the biochemical content of tissues [60]. As discussed, lactate the end-
product of glycolysis may be an indicator of tumour aggressiveness and 'H MRS
can detect lactate as well as choline-containing compounds. Studies have used
MRS to assess lactate in tumours however there has been limited data showing
a correlation between lactate and tumours malignancy measured with this
technique [61].

"®F.FDG-PET like MRS is a non-invasive imaging technique for
assessment of tumour metabolism. '®F-FDG-PET imaging is based on the
uptake of fluorodeoxyglucose (FDG) into tumours. As tumours have a high
capacity for glycolysis, the rate of glucose uptake is increased in order to
produce adequate ATP for tumour survival and progression. The FDG uptake

signal can be therefore an indicator of glycolytic capacity.
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The advantage of MRS and "®F-FDG-PET imaging are that they are non-
invasive modalities that can be easily used in the clinical setting. They can also
be readily employed in the pre-clinical setting in both in-vivo and ex-vivo models.
However, it would be desirable to study the spatial distribution of metabolites
such as lactate and glucose in tumour and a major limitation of these techniques
is the lack of spatial resolution. Ex-vivo bioluminescence imaging is a technique

that can address this issue.

1.10 Bioluminescence Imaging

Bioluminescence is characterized as a process of light emission from a
living organism. This chemical light reaction, which is catalyzed by the enzyme
luciferase, can occur in certain insects, marine species and bacteria. The most
well-known is the light produced from the firefly, photinus pyralis [62]. This
reaction occurs first through the reaction of the luciferase substrate luciferin with
ATP-Mg®*. The intermediate luciferyl-adenylate is produced and this is oxidized
and decarboxylated in the second step of this reaction to oxyluciferin the light
emitter (Figure 1-5). The light that is emitted through this reaction is in the

yellow-green spectrum between 550-570 nm [63].
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—>
Luciferase + D-LH, + ATP-MG# Luciferase -D-LH, ~AMP + PPi-Mg2*

Luciferase-D-LH,-AMP + O, —> Luciferase + AMP +CO, + oxyluciferin + photon

Figure 1-5 : ATP Luciferase Reaction

A common application of bioluminescence in oncology research pertains
to in vivo imaging of gene expression [64]. Genes fused with the luciferase
enzyme promoters allow the ability to correlate the amount of gene transcription
with light intensity from luciferase. This setup requires the injection of luciferin
and a CCD camera for light measurements [65].

Bacterial luciferase catalyzes light reaction in a manner different to that of
the firefly. Instead of luciferin, the substrates in this reaction consist of a reduced
flavin mononucleotide, oxygen and a long chain fatty acid, such as tetradecanal
[66]. In this reaction (Figure 1-6) O, oxidizes FMNH; and decanal and the energy

produced through this process is emitted as light.
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FMNH, + RCO + O, FMN + RCOOH + H,O + photon

A

Bacterial Luciferase

NAD(P)+ NAD(P)H

Figure 1-6: Oxidation of FMNH,

Baterial lucierase catalzes the light reaction which is produced in the bioluminescence
process for lactate measurements

A technique of bioluminescence microscopy has been developed for the
measurement of metabolic intermediates such as ATP, lactate and glucose in
tumour tissue [67]. This method, which was originally developed for the study of
brain tissues, uses ex-vivo tumour sections that are placed in contact with a
solution containing the necessary substrates for light reaction [68]. For ATP
measurement, the firefly bioluminescence reaction is used as described. The
lactate reaction uses the bacterial luciferase from Photobacterium Fischeri

(Figure 1-6).

The above technique has been used in various pre-clinical and clinical
studies of tumour metabolism. The advantage of this technique is that spatial
distribution and quantification of the metabolites can be visualized from the
intensity variation of the bioluminescence reaction within the tumour section. This
allows quantification of the metabolite concentration in the vital tumour regions
excluding areas of necrosis, as lactate can accumulate in necrotic tissue [69].

Quantification can be achieved accurately with high spatial resolution
23




(approximately 10 puM) by relating the light intensity of the bioluminescent
reaction with metabolite concentration in pmol/g. Also, by taking serial sections,
different areas of bioluminescence can be correlated with other
immunohistochemical stains. Finally, this technique can be readily applied to

clinical biopsies [48-50].

To achieve the bioluminescence reaction, cryosections are placed in
contact with an enzyme solution which contains luciferase, the light emitting
enzyme obtained from either bacteria or the firefly (Figure 1-7). For lactate,
bacterial luciferase is used and the reaction is based on the production of
NADPH which is akin to the physiological redox reactions in cell metabolism
involving NAD+ and catalyzed by oxidoreductases. The reaction is coupled with
the oxidation of FMNH, and as a result light emission is proportional to the
concentration of the metabolite that is produced. The lactate reaction enzyme
solution contains glutamate, NAD, FMN, 1,4-dithiothreitol, decanal, lactate
dehydrogenase, NAD(P)H-FMN oxidoreductase , glutamate pyruvate
transaminase and luciferase, all in phosphate buffer. The ATP bioluminescence
reaction was achieved through a cocktail solution containing firefly-lanterns
(Photinus pyralis from Sigma), which was homogenized. The solution consisted
also of glycerol, polyvinyllyrrolidone, HEPES, di-sodium-hydrogen-arsenate and
MgCl, [67]. The bioluminescence reactions for ATP and lactate (along with

glucose) are depicted in Figure 1-7.
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To calibrate the concentration of lactate with the intensity of light emission
from bioluminescence, standards were made with solutions of metabolites
dissolved in 0.1M PBS. Various concentrations of this solution were mixed with
OCT Tissue Tek and frozen and fixed to a slide for bioluminescence microscopy
imaging. Concentrations were in pmol/L and this was approximated to be
equivalent to pmol/g assuming that the tumour consists of mostly water. A
standard curve was made that related light intensity with concentration and this

was fitted with a box-lucas curve.
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Figure 1-7: Bioluminescence Reactions for Measurements of Energy Metabolites

From Mueller-Klieser et al., Histochem J., 1993 Jun; 25(6); 407-20
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1. xenograft

6. Imaging
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2. frozen slide

Bright field

3. enzyme solution U .
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4. reaction: enzyme and sample 5. Temperature controlled chamber
ATP

Figure 1-8: Bioluminescence Technique

Cryosections are placed in contact with with reaction enzyme solution and then imaged
with a system consisting of a EMCCD camera and microscope all within a light-tight
temperature-controlled system.
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Figure 1-9: Bioluminescence Images of Lactate Cryosection

Parallel bright-field and H&E sections are obtained in order to delineate viable tumour

regions.
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1.11 Goals of Thesis

The goal of this study was to examine the effects of HIF-1 inhibition on
glycolysis and radiation response in tumours. As discussed above the
consequences of HIF-1 inhibition on tumour metabolism are not entirely clear.
Although knocking down HIF-1 is expected to decrease glycolytic rate, this has
not been demonstrated clearly in the in vivo setting. Furthermore, while tumour
lactate content has been shown to be predictive for radiation response, no study
has examined the potential role of lactate changes in genetically altered tumours
as a biomarker of response in HIF-1 targeted treatment. The role of ATP in
radiation response is also controversial. While correlative studies have not
shown ATP to be predictive of radiation response, one study of HIF-1 inhibition
found a decrease in ATP with HIF-1 inhibition, which was thought to be a
mechanism of radiation resistance[39]. As lactate was not measured in that
study, the goal of our research was to examine both metabolites in the setting of
HIF-1 inhibition and study the correlation of these changes with radiation
response. We hypothesized that HIF-1 inhibition would lead to a decrease in
lactate content as a result of glycolytic inhibition and this would increase
radiation sensitivity in solid tumours.

Chapter 2 of this thesis describes a study in which bioluminescence
microscopy was used for lactate and ATP measurements in control and HIF-1
inhibited tumours in two different xenograft squamous carcinomas, cervix and

head and neck. Immunohistochemical staining for markers of hypoxia such as
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EF5 were correlated with these findings. Growth delay experiments were carried
out to assess radiation response. Chapter 3 describes the implications of these
findings and the potential use of HIF-1 targeting as a method of glycolytic
inhibition. The role of lactate as a clinical biomarker of response in neoadjuvant

metabolic targeting with radiation treatment is also discussed.
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2 Metabolic targeting by HIF-1 inhibition of glycolysis
enhances radiation response in hypoxic solid
tumours
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2.1 Abstract

Purpose/Objective(s): Increased glucose metabolism may occur in malignant
tumours due to altered gene expression or a response to hypoxia. It has been
shown that tumours with high levels of glycolysis, as indicated by high lactate
concentration, are less responsive to radiotherapy and behave more
aggressively. The goal of this pre-clinical study was to evaluate metabolic
targeting as a strategy of enhancing radiation response by inhibiting the HIF-1
transcription factor, a primary mediator of glycolysis.
Materials/Methods: Hypopharynx (FaDu) and Cervix (ME180) xenograft
tumours were grown in the hind leg of nude mice. Mice were placed in an
environmental chamber for exposure to different oxygen conditions (air or 7%
inspired oxygen concentration). Inhibition of HIF-1 was achieved by two
methods: lentiviral transfection of the HIF-1 shRNA (FaDu) and a doxycycline-
inducible HIF-1 negative mutant (ME180). Quantitative bioluminescence
microscopy of lactate and ATP concentrations in tumour cryosections was used
to evaluate glycolysis levels. Tumour hypoxic fraction was measured using EF5
immunohistochemical staining. Growth delay of xenografts was studied following
irradiation with a single 20 Gy fraction.

Results: In air-breathing conditions, HIF-1 knockdown caused no significant
difference in average lactate or EF5 levels or in tumour growth. Under conditions
of hypoxia (7% oxygen), HIF-1 inhibition produced a significant (P<0.05)

reduction in average lactate levels compared to controls in both the FaDu and
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ME180 tumours (14.9 to 12.1 umol/g and 8.3 to 5.1 ymol/g respectively). The
hypoxic fraction increased (P<0.05) with HIF-1 inhibition in both tumours
(ME180: 0.07 to 0.20 and FaDu: 0.10 to 0.26). Tumours treated with a
combination of HIF-1 knockdown and radiation had an increased growth delay
compared to tumours treated with radiation alone (P<0.05). HIF-1 inhibition did
not affect the growth of non-irradiated tumours.

Conclusions: Inhibition of HIF-1 can lead to reduced glycolysis and
enhancement of radiation response in hypoxic solid tumours despite an
associated increase in hypoxic fraction prior to the time of radiation. The
underlying molecular mechanisms require further investigation but the results
suggest that HIF-1 inhibitors might be useful radiosensitizing agents by virtue of

their effects on tumour metabolism and glycolysis.
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2.2 Introduction

It has been estimated that over 60% of tumours utilize glycolysis for
energy production and survival [42]. This shift to a glycolytic metabolism was first
postulated by Warburg 80 years ago who observed that cancer cells have a high
rate of glycolysis even in the presence of oxygen [43]. Warburg hypothesized
that this phenomenon was an inherent property in all cancer cells due to a
dysfunction in mitochondria but this was not proven to be consistently true.
Although questions about the mechanisms of the ‘Warburg Effect’ remain, it is
known that tumour glycolytic metabolism is a complex and dynamic process
controlled by numerous epigenetic and genetic changes [44].

A property not unique to malignancy is the decrease in mitochondrial
respiration as a result of low oxygen availability resulting in high glycolysis — a
process termed the ‘Pasteur Effect’. This effect is also seen in cancer as many
tumours have low oxygen tension (or are ‘hypoxic’), due in part to the
development of abnormal vasculature through angiogenesis. This biochemical
shift in the setting of hypoxia represents a different pathway towards glycolysis
than in the normoxic scenario.

The unique property of an elevated glycolysis can be potentially utilized to
differentiate malignant cells from surrounding normal tissue. Different
applications of metabolic imaging are being studied with FDG-PET imaging
being a prime example [70]. A therapeutic strategy is to target the cell’s main

mechanisms for energy production. Cancer cells rely largely on glycolysis for
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energy production and survival and studies have shown that high glycolysis can
be correlated with poor outcome [47]. Various pharmaceutical agents targeting
glycolysis are now being studied in phase /1l trials [71].

One strategy is to target the HIF-1 gene. HIF-1, or hypoxia-inducible
factor, as its name implies is induced in hypoxic conditions but it has also been
found to be elevated in many tumours in oxygenated conditions, implying that it
is most likely involved in both aerobic and anaerobic glycolysis [72]. It also
controls many of the enzymes involved in glycolysis, such as GLUT-1, HK-II,
PDK-1 and LDH.

A study by Quennet et al. studied the radiation response of head and neck
xenograft tumours with different content of lactate [55]. It was found that with
higher glycolytic rate as measured by lactate content, the more resistant the
tumour was to radiation. The underlying reason for this finding is not understood
but it is thought that lactate itself could either be a proponent of radiation
resistant or a surrogate of another process such as lack of perfusion or hypoxia
[57, 73].

A potential strategy to improve response to radiation is to decrease lactate
content in tumours by inhibiting its production through downregulation of
glycolysis. We propose that by inhibiting the HIF-1 gene in malignant cells, the
ability to undergo glycolysis will be compromised due to a lack of glycolytic
enzymes and this effect would be more prominent under conditions of hypoxia

where glycolysis is controlled both in constitutive and anaerobic pathways. The
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resulting decrease in lactate production would be expected to affect the growth

delay of tumours after radiation.

2.3 Methods

Mice, tumour cell lines and HIF-1 inhibition

Experiments were performed using the ME180 (human cervix cancer) and
FaDu (human head and neck) tumour cell lines. ME180 cells were grown as
monolayers in plastic tissue culture flasks using a-MEM medium supplemented
with 10% fetal bovine serum. FaDu cells were grown in a similar protocol except
with MEM-F15 Medium with 10% fetal bovine serum.

HIF-1 knockdown cells were obtained from Dr. Brad Wouters. HIF-1
knockdown was achieved in ME180 cells through a doxycycline-inducible HIF-1
shRNA. To induce expression of HIF-1 knockdown in cells, 1 ug/mL doxycycline
was added to culture media. To induce expression of HIF-1 knockdown in
tumours 5g/L doxycycline was added to the drinking water of the mice for 5 days
prior to analysis. Therefore, control ME180 mice were not treated with
doxycycline as opposed to HIF-1 knockdown ME180 tumours (Dox). This system
was developed using the Flp-In T-Rex Core Kit from Invitrogen (Breda, NL)
according to the manufacturer’'s recommendations. To achieve HIF-1 knockdown
in FaDu cells (HIF-1 KD), lentiviral transfection of an HIF-1 shRNA was

performed. In both cell lines, HIF-1 knockdown was confirmed with western blot
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analysis in vitro and RT-PCR was employed to verify knockdown in vivo. Control
FaDu cells (EVC) were transfected with the empty vector promoter.

Cells between their 2" and 5" in vitro passage were removed from the
flasks during exponential growth using 0.05% trypsin for 3 minutes at 37°C and
transplanted into the mice. Transplantation was achieved by injection of 1x10°
cells in a 50ul volume of the appropriate media into the left gastrocnemius
muscle of syngeneic 8-12 week old nu/nu female mice (Charles River
Laboratories). Animals were housed at the Ontario Cancer Institute animal
facility and had access to food and water ad libitum. All experiments were
performed under protocols approved according to the regulations of the
Canadian Council on Animal Care.

Western Blotting: Protein lysates from ME180 and FaDu cells were
collected as mentioned in Schwock et al. [74] and stored at -80C. Briefly cell
lysates were isolated with RIPA buffer (20min at 12000 rpm 4°C). Protein
concentrations were determined using a BCA protein assay (Pierce
Biotechnology). Denatured proteins (40ug) were separated by SDS-PAGE 10%
[w/v] gels, and transferred to nitrocellulose membranes (Amersham) using the
Mini Trans-Blot System (BioRad). Membranes were incubated overnight at 4°C
with human anti-mouse HIF-1alpha (BD Bioscience 1:50) and with anti-rabbit
Actin (Sigma; 1:2000) for equal protein loading. Blots were washed with PBS
and incubated for 1hr at room temperature with fluorescent dye-labeled
secondary antibodies. Protein detection and quantification was performed using

the Odyssey Imaging System.
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RNA extraction and qRT-PCR: Total RNA was extracted using the
RNeasy Mini Extraction kit (Qiagen) from frozen tissue according to
manufacturer’s instructions. From 0.5 ug of DNase-treated total RNA, first-
strand cDNA was reverse-transcribed using OmniScript (Qiagen). For real-time
PCR detection, cDNA (1/10) was mixed with primers (0.3uM), ddH20 and SYBR
Green Master Mix (Applied Biosystems) with a well volume of 20ul. Human
HIF1-a primer sequences (Forward: 5 -AGTTACAGTATTCCAGCAGACTCAAA,;
Reverse: 5’AGTGGTGGCAGTGGTAGTGG) were synthesized by Invitrogen.
The real-time PCR protocol consisted of 40 cycles at 50°C for 2 minutes, 95°C
for 10 minutes, 95°C for 15 seconds and 60°C for 1minute. The reactions were
run and analyzed with ABI 7900 Sequence Detector (Applied Biosystems).
Human L32, ribosomal protein, was used as an endogenous control for
normalization. Samples were run in ftriplicate to obtain the corresponding
threshold cycle values which were used as a direct quantitative measurement of

gene expression level.

Hypoxia Exposure

For hypoxia exposure in the in vivo setting, mice were placed in an
incubator chamber and then exposed to a continuous flow of humidified 7% O,
and balanced N, gas mixture for 3 hours. After exposure, mice were analyzed
according to intended experiment. For tumour BLI and histological analysis, mice
were immediately killed when removed from hypoxia chamber after 3 hours

exposure. In growth delay experiments the mice in the radiation group were
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placed in irradiator for setup. Beam was turned on an average of 5 minutes after

proper setup.

Radiation Treatment

Mice were treated with radiation when tumours reached a size of 8-10
mm diameter. Tumour bearing mice were administered a single dose of 20 Gy,
at a dose rate of 3.17 Gy/minute, using a parallel opposed technique with a 225
kVp irradiator (XRad 225 Cx) [75]. A specially designed lucite jig was used to

ensure targeted radiation of the tumour bearing limbs only [33].

Growth delay

Tumour growth was monitored by measurement of the external leg
diameter every 2-3 days. Measurements performed in a blinded technique, with
no knowledge of the treatment group. When tumours reached a size of 15 mm,
mice were Killed as per animal protocol. Leg diameter was converted into weight
in grams by a standard conversion curve previously generated. For each group,
the median time for tumours to reach a certain size (ME180 - 0.79 g; FaDu 0.45
g) was determined, and the difference between the two groups was taken as the
growth delay. This comparison was made between control and HIF-1 knockdown

in both air-breathing and hypoxia conditions.
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Immunohistochemical Analysis

Analysis for hypoxia was carried out using the hypoxia marker EF5 [2- (2-
nitro- 1 H- imidazole- 1- yl) N- ( 2, 2, 3, 3, 3- pentafluoropropyl) acetamide] with
protocols as developed by Dr. Cam Koch [76]. Tumour bearing animals were
injected with EF5 at 10 mg/kg 3 h prior to tumour excision. Once excised, the
tumour was snap frozen in liquid nitrogen. The slides were processed according
to standard immunohistochemical protocols. The primary antibody used for EF5
was the biotinylated antibody ELK 3.51 1 mg/ml (1/250).

The stained sections were analysed using the Aperio imaging system
(Aperio Technologies, Vista, CA). Entire sections were scanned using the
ScanScope CS and the total area of positive staining was quantified using a
positive pixel algorithm designed for brown/blue immunohistochemical stains.
The area of positive staining was calculated by dividing the total number of
positive pixels (weak, medium and strong staining) by the total number of pixels
in the image (positive + negative pixels) to yield the overall percentage of

positive pixels (positivity).
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Immunofluorescence Imaging and Analysis

For CD31 and Ki-67, sections were labeled for fluorescence microscopy,
using primary antibodies against CD31 (Santa Cruz Biotechnology, Santa Cruz,
CA) and Ki-67 clone sp6 from Neomarkers (Lab Vision, Freemont, CA).
Secondary Cy5-conjugated anti-rat or anti-rabbit antibodies were used for
indirect immunofluorescence staining (Jackson Laboratories, Bar Harbour, ME).
Secondary antibodies were used alone to control for nonspecific background.

Entire immunofluorescence-stained sections were imaged at 0.5 um
resolution, using a laser scanning system (TISSUE Scope; Biomedical
Photometrics, Waterloo, ON), and composite images of regions of interest were
imaged at higher resolution (magnification 20), using a conventional
fluorescence microscope and scanning stage (BX50; Olympus Corporation).
Uncompressed TIFF images (8-bit) were acquired for analysis.

H&E images were reviewed to generate masks of viable tumor areas for
individual images of immunofluorescence using image analysis tools developed
in-house on the basis of IDL 6.3 programming language. Fluorescence of debris
and other artifacts was omitted. Measurements of fluorescence intensity in viable
tumor areas were done using Image-Pro Plus 6.1.0 (Media Cybernetics,
Bethesda MD). Immunofluorescence intensity was visually inspected and was
represented by intensities above the 75th percentile [the 3rd quartile, (Q3)]. The
integrated optical density and fractional labeled area were measured in viable

tumor areas by using the Q3 threshold. The product of integrated optical density
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and fractional labeled area was -calculated to represent relative protein

abundance.

Bioluminescence Microscopy

A system of bioluminescence microscopy of tumour sections was
developed at Princess Margaret Hospital/Ontario Cancer Institute based on the
technique described by the Mueller-Klieser lab in Mainz, Germany[77].
Metabolites measured were lactate and ATP. Multiple tumour cryosections (2-4),
spaced either 32 um or 77 um apart were measured to account for
heterogeneity. The closest section used to evaluate metabolism was 26 um from
a parallel EF5 section. To distinguish vital tumour regions from normal tissue and
necrotic areas, parallel H&E stained sections were used and reviewed with Dr.
Joerg Schwock to ensure consistency. Bright field images of the metabolite
sections were also taken to properly align the bioluminescence images with the

H&E sections.

Standards

To calibrate the concentration of lactate and ATP with the intensity of light
emission from bioluminescence, known concentrations of these metabolites were
dissolved in 0.1M PBS. Various concentrations of this solution were mixed with
OCT Tissue Tek and frozen and fixed to a slide for bioluminescence microscopy

imaging. Concentrations were in pmol/L and this was approximated to be
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equivalent to pmol/g assuming that the tumour consists of mostly water. A
standard curve was developed that related light intensity with concentration and

this was fitted with a box-lucas curve.

Parallel Experiments

The results of growth delay experiments were compared with
bioluminescence and immunohistochemistry as experiments were designed as
parallel studies (Figure 2-1). Ideally, BLI and IH results would be obtained from
mice that are radiated in order to relate the metabolic state with radiation
sensitivity. However, this would not be possible as the mice are killed for tumour
harvesting and analysis and therefore mice would not be alive for growth delay
experiments. To address this, parallel studies were designed in which one study
consisted of control and HIF-1 KD mice which were exposed to different oxygen
conditions and killed for tumour analysis. The parallel study applied the same
groups of mice exposed to varying oxygen conditions. However these mice were
then radiated and tumour sizes were followed for growth delay experiments. The
average growth delay of the different groups were compared with the BLI and IH

analysis of the same groups.
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Figure 2-1: Experimental Design

Parallel experiments were performed for control and HIF-KD mice in both tumour types
(ME180 and FaDu). Biomarkers (Lactate, ATP, EF5, CD31, Ki-67) were obtained for each
group of mice and corresponding growth delay measurements were done. Results were
compared between control and HIF-1 KD. Experiments were repeated with hypoxia
exposure where mice were placed in a hypoxia chamber (7% oxygen) for 3 hours.
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Statistical Method

Mean values of lactate, ATP, EF5 positivity, Ki-67 positivity and CD31
vessels density were obtained from groups of 6-10 tumours. Non-parametric
testing using the Mann-Whitney statistical test was performed for analysis of
statistical significance between control and HIF-1 knockdown groups. Due to the
analyses of different markers made in this study the p-values calculated need to
be viewed with caution concerning their statistical significance.

Growth delay curves were analyzed using linear mixed-effects modeling
and growth delay analysis. In mixed-effect analysis, a random intercept term was
included to account for the fact that tumor size measurements taken on the same
mouse will be highly correlated. The difference in tumor growth over time
between the two treatment protocols was investigated using an interaction term
between time and treatment type. For the ME180 cell line, tumor sizes were log-
transformed to stabilize the variance. For the FaDu cell line, the raw tumor size
measurements were used; however the initial “dip” in tumor size that occurs after
RT was given was ignored with only tumor sizes measured after the twelfth day
included in the analysis. Because of the unreliability of the mixed effect model in
the FaDu cell line due to the initial ‘dip’ caused by the decrease in size and
regrowth, statistical significance was tested using a non-parametric method with

Mann-Whitney statistical test for growth delay.
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2.4 Results

HIF-1 Knockdown

HIF-1 knockout was tested in both cell lines by western blot analysis.
Cells were exposed to conditions of normoxia or 0.2% oxygen for 24 hours. The
ME180 cells were also tested under the condition of 0.2% oxygen for 8 hours.
Low HIF-1 protein was seen in both the control cells (EVC FaDu, control ME180)
under condition of normoxia (21% oxygen). In conditions of hypoxia, high levels
of HIF-1 were seen in the control cells however there was an absence of the
protein in the FaDu knockdown cells and a low level of protein in the ME180
knockdown cells (Figures 2-2, 2-3).

HIF-1 knockout was verified in the intramuscular tumours of both cell lines
by RT-PCR analysis (Figure 2-4). For both FaDu EVC and ME180 control
tumours, high levels of HIF-1 gene expression was seen under the condition of
hypoxia. Under the same conditions, there was an approximate 8-fold reduction
in HIF-1 gene expression for FaDu HIF-1 knockdown tumours and ME180
doxycycline-treated tumours. In air-breathing conditions, low levels of HIF-1 were
seen in both control and knockdown tumours for both tumour lines. These results
suggest a significant component of transcriptional control of HIF-1 activation, as
opposed to a post-transcriptional mechanism as described by HIF-1 degradation

through proline hydroxylation. Although the low levels of HIF-1 mRNA were not
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expected, such results have been previously reported in studies describing the

transcriptional activity of HIF-1 [16].

FaDu HIF-1 in vitro Western Blot

Normoxia Hypoxia 0.2% 24hrs

EVC KD EVC KD

Actin ————— w— — — —

Figure 2-2: Western Blot for HIF-1 in FaDu Cells

Comparison is made with the empty vector control (EVC) under two conditions. Normoxia
and hypoxia (0.2% oxygen for 24 hours)
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Figure 2-3: Western Blot for HIF-1 in ME180 Cells

Conditions of hypoxia exposure of 0.2% oxygen (0, 8 and 24 hours)
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Figure 2-4: RT-PCR Analysis of HIF-1x Gene Expression

A decrease in HIF-1x for knockdown tumours (KD and +DOX) in the hypoxia
setting confirms knockdown in the tumour models. Low levels of HIF-ilot mRNA
expression in the air-breathing condition for control tumours (EV and -DOX)
suggest a signifciant transcriptional component for the regulation of HIF-1
activity.
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Hypoxic Fraction

In air-breathing conditions (20% oxygen), hypoxic fraction as measured by
EF5-positive tumour areas had a trend of decreasing for HIF-1 knockdown
tumours as compared with control, for both the ME180 and FaDu tumour lines
(Figure 2-7a, 2-7c). For ME180, the control tumours (no doxycycline treatment)
had a mean EF5 positivity of 0.18 (n=6) compared with 0.12 in the HIF-1
knockdown group (n=6) (doxycycline- treated) (Figure 2-7). For FaDu, the empty
vector control tumours had a mean EF5 positivity 0.23 (n=9) compared with 0.17
in HIF-1 knockdown tumours (n=8) (Figure 14). No significant difference was
found in hypoxic fraction between control tumours and those generated from
HIF-1 knockdown cells in both tumour lines.

Under conditions of hypoxia (7% oxygen, 3 hours), hypoxic fraction was
found to have increased in HIF-1 knockdown tumours as compared with the
control group for both tumour lines. For ME180, mean EF5 positivity was 0.07
(n=6) in the control group and was significantly higher at a mean level of 0.20
(n=6) in the HIF-1 knockdown group (p = 0.04) (Figure 2-7b). FaDu tumours
showed a similar trend with an increase from a mean EF5 positivity of 0.10 in
the control group (n=8) to 0.26 in the HIF-1 knockdown group (n=9) (p=0.02)
(Figure 2-7d).

Interestingly when comparing the air-breathing and hypoxia scenarios, it is

seen that there is an overall trend of decrease in hypoxic fraction for control
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tumours when exposed to hypoxia and an increase in hypoxic fraction for HIF-1

knockdown tumours exposed to hypoxia.
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Figure 2-5: Hypoxic Fraction

A trend in of a decrease in hypoxic fraction was seen with HIF-1 knockdown for both
tumours in the air-breathing scenario (a,c). Under hypoxia, there was a increase in
hypoxic fraction with HIF-1 knockdown (b,d)
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Vessel Density

In FaDu tumours there was a trend towards a decrease in vessel density
with HIF-1 knockdown, where it was found that EVC tumours had a mean vessel
density of 7.91 compared to 7.27 in HIF-1 KD tumours in the air-breathing
condition (Figure 2-8). In hypoxia, there was also a trend towards a decrease in
vessel density between the EVC and HIF-1 KD tumours (EVC 9.29, HIF-1 KD
6.463, P=0.01) (Figure 2-8). ME180 tumours showed no trend or difference
between control and doxycycline-treated tumours in both the air-breathing and

hypoxia scenario (Figure 2-8).

52



a b
CD31 ME180 Air-Breathing CD31 ME180 Hypoxia
159 15+
N=6

= 2 P>0.05
@ 104 N=8 2 104
3 P>0.05 3
2 ®
§ 5+ § 5

° N i+ ° N i+

O
Ooo\‘ P 00«\\‘0 P
b d
CD31 FaDu Air-Breathing CD31 FaDu Air-Breathing

151 15
=2 =2
2 101 N=9-10 2 101 N=9-10
3 —— P>0.05 3 —— P>0.05
2 2

0 . 0 T

O
& &

Figure 2-6: Vessel Density

Vessel density as measured by CD31 staining showed no difference between control and
HIF-1 knockdown tumours. There was a trend of decrease in CD31 staining under hypoxia

for FaDu HIF-1 KD tumours as compared with EVC.
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Cell Proliferation

No significant difference was found in cell proliferation, by Ki-67 analysis,

between control and HIF-1 inhibited tumours for both tumour types. (Figure 2-9).
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Figure 2-7: Cell proliferation

Cell proliferation in the tumours as indicated by Ki-67 labelling. HIF-1 knockdown of
tumours did not result in a significant change in proliferation
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Lactate

In air-breathing conditions (20% oxygen), mean lactate levels in viable
tumour sections were similar between control and HIF-1 knockdown tumours in
both the ME180 and FaDu tumour lines. For FaDu, the empty vector control
tumours had a mean lactate level of 7.1 ymol/g (n=7) and the HIF-1 knockdown
tumours had a mean lactate level of 6.4 ymol/g (n=8) (Figure 2-10c). For the
ME180 line, the control tumours (no doxycycline treatment) had a mean lactate
level of 12.1 ymol/g (n=8) similar to the level in the HIF-1 knockdown group
(doxycycline-treated), 13.3 umol/g (n=8) (Figure 2-10a).

Under conditions of hypoxia (7% oxygen, 3 hours), lactate was found to
be decreased in HIF-1 knockdown tumours as compared with the control group
for both tumour lines. For ME180, mean lactate was 14.9 ymol/g (n=7) in the
control group and significantly lower at a mean level of 12.1 ymol/g (n=7) in the
HIF-1 knockdown group (P = 0.02) (Figure 2-10b). FaDu tumours showed a
similar trend with a decrease in mean lactate from 8.3 umol/g in the control group
(n=7) to a mean lactate level of 5.1 in the HIF-1 knockdown group (n=8) (P=0.03)

(Figure 2-10d).
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Figure 2-8: Lactate Concentration
Lactate levels in ME180 and FaDu tumours as assessed by BLI analysis. Lactate was

found to be unchanged in the air-breathing condition for both tumours. A trend for a
decrease in lactate was found in the HIF-1 knockdown tumours under hypoxia.
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ATP

Mean ATP levels in viable tumour sections were similar between control
and HIF-1 knockdown tumours for ME180, while FaDU tumours showed a trend
towards increasing mean ATP with HIF-1 knockdown. However no significant
difference was found statistically between HIF-1 knockdown and control tumours.
In air-breathing conditions, FaDu EVC tumours had a mean ATP level of 0.67
pmol/g (n=7) and the HIF-1 knockdown tumours had a mean ATP level of 1.01
pmol/g (n=7) (Figure 2-11c). For ME180, control tumours had a mean ATP level
of 1.40 pmol/g (n=8) while doxycycline treated mice had a mean ATP level of
1.37 ymol/g (n=7) (Figure 2-11a). In the hypoxia setting, a trend of increase in
mean ATP levels was seen with HIF-1 knockdown for FaDu tumours (Figure 2-
11d). FaDu EVC tumours had a mean ATP of 0.76 pmol/g (n=7) while the mean
ATP in HIF-KD tumours was 1.23 ymol/g (n=7). Mean ATP levels of ME180
tumours were similar for both groups in hypoxia (EVC 1.29 umol/g, HIF-KD 1.33

pmol/g) (Figure 2-11c).
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Figure 2-9: ATP Concentration

ATP levels in the ME180 and FaDu tumours as assessed by BLI analysis. A trend of
increase in ATP concentration was seen in FaDu HIF-1 KD tumours but this was not seen
for ME180 tumours .
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Growth Delay — Radiation Response

For both cell lines, intramuscular tumours with HIF-1 knockdown grew at
the same rate as control tumours with no apparent compromise of the health or
activity of the mice under conditions of normoxia or hypoxia (7% oxygen for 3
hours) (Figure 2-10).

For irradiated ME180 tumours, under air-breathing conditions HIF-1
knockdown did not alter the growth rate significantly (Figure 2-10a). However,
after being exposed to chronic hypoxia and then irradiated under air breathing
conditions, HIF-1 knockdown decreased the growth rate of ME180 tumours
(p=0.01, mixed effect analysis) (Figure 2-10b). No difference was found in the
median growth delay (Figure 2-11). It is noted that there seems to be minimal
effect of radiation on ME180 tumours in the hypoxia setting. This can be possibly
attributed to variation in initial tumours sizes from 0.27 g to 0.60 g, which may
lead to differential radiation responses from larger tumours as compared to
smaller ones.

For irradiated FaDu tumours, under air-breathing conditions HIF-1
knockdown did not alter the growth rate significantly (Figure 2-10c). After
exposure to hypoxia and irradiation under air breathing conditions, HIF-1
knockdown increased the median growth delay by 32.5 days (P=0.04) (Figure 2-

11).
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Figure 2-10: Growth Delay Curves

For both FaDu and ME180 tumours, growth was not affected by HIF-1 knockdown in the
unirradiated condition (N = 7-9). In the irradiated tumours under air-breathing conditions
(N=7-10), no difference in growth was seen. In hypoxia, radiated FaDu tumours (N = 10)
had an increase in median growth delay for HIF-1 KD of 32.5 days (P=0.04). In hypoxia,
irradiated ME180 tumours (N=7-8) did not show a difference in median growth delay but a
decrease in the rate of growth for Dox tumours was found on mixed-effect analysis
(P=0.01). (Error bars in b and d are are depicted as one-directional for viewing
convenience)
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Figure 2-11: Median Growth Delay

ME180 tumours had no difference in median growth delay but showed a difference in
growth rate by mixed-effect analysis (P=0.01). FaDu tumours showed an increase in
median growth delay for HIF-1 KD tumours by 32.5 days (P=0.04)

2.5 Discussion

Targeting glycolysis for tumour growth inhibition is an attractive strategy
given the unique metabolic properties of cancer cells. It has been suggested that
HIF-1 is a major regulator of the increased glycolytic process playing a role in
both the hypoxic and normoxic settings [38]. A strategy to inhibit HIF-1 would
decrease the glycolytic process in malignant cells, thereby potentially comprising
energy production. This study focuses on the relation between glycolysis and
radiation and the potential to alter response to radiotherapy by inhibiting tumour
metabolism via the HIF-1 pathway. It has been previously shown that tumours

that have a high content of lactate are more resistant to fractionated radiation
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[55, 56]. These studies related lactate with radiation response in a range of
tumour types. However, we are not aware of previous studies that examine the
question of whether altering a tumour’s glycolytic rate can change its inherent
response to radiotherapy.

HIF-1 inhibition can also affect other factors such as angiogenesis and
proliferation [39]. We measured the lactate content in tumour in order to study
HIF-1 knockdown effect on glycolysis, recognizing that other factors are also
controlled via this knockdown. Lactate levels were decreased by HIF-1
knockdown under conditions of hypoxia. However under air-breathing conditions,
HIF-1 inhibition did not significantly alter the rate of glycolysis. This is not
surprising given the findings from the RT-PCR analysis of the tumours, where it
is seen that HIF-1 gene expression is relatively low in the air-breathing scenario.
The low levels of MRNA for control tumours in air seem to imply a transcriptional
control of HIF-1 levels. Similar results have been seen in previous studies in vivo
[16]. Although HIF-1 mRNA is decreased in knockdown tumours in hypoxia,
there is still a detectable level of lactate found in the tumours. This could mean
that the role of HIF-1 in regulating glycolysis is shared with other mechanisms.

Glycolytic enzymes may also be upregulated by MYC, KRAS, mutant p53
or Sp1 transcription factor [44]. Under conditions of hypoxia however, there is a
biochemical shift of the energy metabolism towards a mitochondrial independent
production of ATP. The Pasteur effect is controlled mainly by a biochemical
process [41, 79]. When HIF-1 is suppressed it could be that there is insufficient

glycolytic capacity to compensate for the shutdown of the mitochondria under
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hypoxia. As a result there is a significant decrease in lactate as compared with
control tumours that are able to respond to the hypoxic environment by
increasing their rate of glycolysis. This study effectively shows that glycolysis is
decreased in solid tumours when HIF-1 is inhibited under conditions of hypoxia.
EF5 measurements showed an associated increase in hypoxic fraction for the
HIF-1 knockdown tumours. Therefore the EF5 levels could represent an increase
in oxygen consumption as the enzyme pyruvate-dehydrogenase kinase (PDK-1)
is inhibited downstream from HIF-1. PDK-1 limits the amount of pyruvate
entering the citric acid cycle and if PDK-1 is inhibited mitochondrial metabolism is
not suppressed and can continue to consume cellular oxygen.

Interestingly, although not initially designed to compare the air-breathing
conditions with hypoxia, this study shows a trend for the hypoxic fraction to
increase in HIF-1 KD tumours when exposed to hypoxia but decrease for control
tumours under hypoxia as compared with air. This may indicate a switch to
glycolysis from mitochondrial metabolism in control tumours when exposed to
hypoxia, thereby consuming less oxygen in this process. HIF-1 KD tumours are
unable to switch to glycolysis (in part due to an inability to inhibit pyruvate
transport to mitochondria from lack of PDK-1) and continue to consume more
oxygen, thus increasing hypoxia.

Previous studies were correlative and related lactate content in various
different cell lines showing that the more radioresistant tumours had higher
lactate. We related lactate with radiation response by altering the lactate in two

different tumour lines by inhibiting glycolysis through HIF-1. In the two studied
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cell lines, both had a significant delay in tumour growth with HIF-1 inhibition and
this was associated with a decrease in lactate.

At first glance, the increase in hypoxic fraction, however, seems to be
inconsistent with the response to radiotherapy however this could be a result of
the study design. The EF5 was injected prior to the mice being placed in the
hypoxic chamber for 3 hours and then irradiated in oxygenated conditions.
Therefore the hypoxic fraction in these tumours does not represent the state of
tumours at the time of radiation but rather more likely at a time in the hypoxia
chamber. This study was not designed to measure the hypoxic fraction at the
moment of radiotherapy. It is possible that the increase in EF5 with HIF-1
inhibition could be attributed to increased oxygen consumption which as a result
can lead to hypoxic cell death. From the Ki-67 and CD31 results, it is seen that
there is no consistent trend in vessel density and proliferation. Although there
was a significant decrease in vessel density in the FaDu HIF-1 knockdown
tumours under hypoxia, there was no difference observed in the ME180 cell line
and this could not convincingly explain the increased radiation response with
HIF-1. Ki-67 did not show a statistically significant trend in cellular proliferation
that could account for the radiation response see in this study. It appears that the
only consistent trend associated with the improved radiation response of these
two cell lines was the decrease in lactate.

Irradiation seemed to delay the growth of tumours more so in the ME180

group than in FaDu. Although the study was not designed to compare these two
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groups, the trend is consistent with the lactate content being higher in the more
radioresistant tumour, ME180.

This study shows that glycolysis can be manipulated through HIF-1
inhibition in conditions of hypoxia (7%, 3 hours). This change correlates with a
shift in lactate levels, consistent with previous published studies on the
relationship between radiation and glycolysis. However, HIF-1 does not decrease
glycolysis completely, evident from the lactate levels of HIF-1 knockdown
tumours. Other factors are mostly likely involved in the glycolytic process and
future studies should be directed at examining effective strategies to decrease
glycolysis, either through new agents of combination drug treatment. In
summary, glycolytic-targeting may be a potential strategy to enhance tumour

response to radiation.
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3 Discussion
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3.1 Thesis Discussion

Inhibition of HIF-1 is potential strategy for metabolic-targeting in oncology.
HIF-1 controls the initiation of several essential pathways involved in the survival
and progression of tumours. Interestingly, these processes, which include
angiogenesis, proliferation, apoptosis and metabolism, also play an important
part in response to radiation therapy. By combining HIF-1 inhibition therapy with
radiation, one would expect an increase in response to treatment knowing the
effect that HIF-1 has on angiogenesis, proliferation and apoptosis. However, the
effects that HIF-1 inhibition on tumour metabolism, as well as the effect that
metabolism has on radiation are not as well understood.

Despite previous studies of HIF-1 inhibition on tumour growth, metabolism
has not been consistently studied in parallel for the in vivo setting. Many studies
do address this with in vitro experiments; however it is known that these do not
reflect accurately the tumour environment that plays an important role in
determining the metabolic activity at the cellular level. Studies of lactate in single
cell layers for example do not accurately reflect the state of lactate metabolism
due to the limitations of measuring extracellular lactate in the media and not
accounting for intracellular lactate. It has also been found that HIF-1 knockdown
of the same xenograft tumours growing in different microenvironments show
differing effects on growth as a result of the knockdown. Metabolic effects of HIF-
1 have not been consistently studied, as HIF-1’s primary role is to give cells

exposed to hypoxia the ability to survive in harsh condition by altering their

67



metabolism. Furthermore, most HIF-1 studies have shown varying responses of
HIF-1 targeting towards this strategy in the setting of tumour growth inhibition. It
is therefore unclear whether metabolism is a major contributor to effectiveness of
anti-HIF-1 therapy.

These questions also remain in the setting of radiation therapy. A study by
Moeller and colleagues addresses the multiple effects HIF-1 could have on
radiation response [39]. Metabolism was also addressed, however only ATP
analysis was done. The decrease in ATP seen was attributed to a decreased
bioenergetics that might adversely affect radiation sensitivity, however it has not
been previously found what role ATP has on radiation treatment. Lactate has
been found to be correlated with radiation response, metastasis and outcome in
several pre-clinical and clinical studies [47-50, 55, 57, 67, 73, 77]. It has been
shown consistently that elevated lactate confers resistance to radiation therapy
but the mechanisms are not clear. Because of this, it is not known whether
altering lactate levels with metabolic targeting can change the intrinsic radiation
response of tumours.

In this study, we have shown that lactate levels could be altered with HIF-
1 inhibition for two tumour cell lines in the setting of hypoxia. This was not found
to be significant in the normoxic environments, which is not surprising given the
RT-PCR results of low levels of HIF-1 in the normoxic condition. In the setting of
hypoxia the difference in lactate between HIF-1 knockdown tumours and empty
vector controls is most likely due to the Pasteur Effect - i.e. decreased

availability of oxygen for mitochondrial metabolism. In the HIF-1 knockdown
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tumours, glycolytic enzymes are not upregulated and as a result there is less
end-product accumulation in the form of lactate as compared with controls.

ATP was not significantly different between control and HIF-1 inhibited
tumours. This was seen in both the normoxic and the hypoxic setting. The finding
that the HIF-1 inhibited tumours are producing as much ATP as the control
tumours is consistent since the presence of oxygen will increase mitochondrial
oxidative phosphorylation production of ATP, which is more efficient than
glycolysis. Furthermore one would expect oxidative phosphorylation to be higher
in HIF-1 knockdown cells since PDK-1, an inhibitor of mitochondrial respiration,
is downstream of HIF-1. In the setting of hypoxia however it was seen that ATP
production was also similar between control and HIF-1 knockdown cells,
whereas it would be expected that in low oxygenated conditions mitochondrial
metabolism would decrease. It could be that in the condition of 7% oxygen for 3
hours, there is still sufficient oxygen for oxidative phosphorylation.

These findings correlate with the EF5 results which show no difference
with HIF-1 knockdown in the inhibited tumours but do show a difference in the
hypoxia setting where EF5 positive staining is increased in HIF-1 knockdown
tumours. Other investigators have also shown an increase in hypoxia in HIF-1
inhibited tumours [80]. With HIF-1 being inhibited, mitochondrial respiration is
uninhibited due to knockdown of PDK-1 resulting in more oxygen consumption of
in the tumour.

Finally, correlation of the bioluminescence findings with radiation growth

delay shows that decreasing lactate levels correlate with an increase in radiation
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response. This has previously been shown in studies of multiple different tumour
lines; however the present study demonstrates that by inhibiting HIF-1, the
changes seen in lactate reflect a change in radiation response. The data shows
that in empty vector control tumours, the higher lactate levels reflect a higher
radiation resistance as compared with HIF-1 knockdown where lactate is lower in
the hypoxia setting. The underlying mechanism that drives resistance to
radiation with higher lactate level is unknown. Other HIF-1 dependent
mechanisms such as angiogenesis and cellular proliferation were examined
through immunohistochemistry and it seen that the increase in radiation
response cannot be attributed to these factors. Although it was seen that HIF-1
inhibition decreased vessel density in FaDu tumours, this was not the case in
ME180. Ki-67 staining was not different between control and HIF-1 inhibited
tumours. From this study, lactate concentration was the only predictive factor for
enhanced response to radiation.

One explanation could be that HIF-1 knockdown decreases lactate in the
hypoxic setting, which may result in more oxygen consumption due to an
increase in mitochondrial metabolism. An increase in oxygen consumption might
result in hypoxic cell death and this would ultimately improve sensitivity to
radiation when the tumours were re-oxygenated since the extent of viable
hypoxia cells would be decreased. This scenario is similar to our study where all
mice were reoxygenated prior to radiation.

In summary, HIF-1 inhibition can decrease the lactate content in tumours

in the setting of hypoxia. The lower lactate levels may predict for an increase
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response to radiotherapy in this condition. In well-oxygenated conditions, the
gene expression of HIF-1 is low and inhibiting HIF-1 may not have a significant

effect on tumour metabolism.

3.2 Future Directions

This study demonstrates a correlation between lactate changes with
radiation sensitivity using targeted HIF-1 knockdown. It is seen that targeting
metabolism could be used as a strategy to enhance response to radiation with
lactate as a predictor of response. Although knockdown was found to decrease
lactate levels and glycolysis, future work should be directed at studying other
pathways of glycolysis inhibition. Potentially combining other drugs with HIF-1
could decrease glycolysis even more significantly and improve radiation

response to a greater degree.

It would also be of interest to target other downstream enzymes of the
glycolytic pathway. Targeting more specific steps could perhaps lead to greater
lactate changes and might increase the radiation enhancement. Furthermore it
would be of interest to examine which specific steps in glycolysis result in the
largest change in lactate and radiation sensitivity. As discussed above, if indeed
oxygen consumption is an underlying factor for example, PDK-1 inhibition would

be of interest. Also, it was found that even with HIF-1 knockdown, tumours
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produced lactate. Therefore other pathways may contribute to glycolysis and

lactate production and may be studied for strategies in targeting glycolysis.

Finally, further studies using bioluminescence as a biomarker of metabolic
change with targeted therapies should be explored. From this study it can be
seen that lactate may have a potential in predicting radiation response and this
would be an attractive tool in the clinical setting when studying different
metabolic targeting agents. The use of other techniques to measure lactate such

as MRS should also be explored in the setting of glycolysis inhibition.

3.3 Supplementary

Supplementary in vitro studies were performed to study effects of HIF-1
knockdown on lactate production by the ME180 and FaDu cells and the effect of
lactate concentration on clonogenic survival following irradiation (Figures 3-1, 3-
2, 3-3, 3-4). Lactate concentration was measured in the media using a
colorimetric lactate assay kit (Eton Bioscience Inc, San Diego, CA). The in vitro
assays measured lactate levels in the medium and hence do not directly take
into account intracellular lactate. Different treatment conditions consisted of high
and low glucose media (5 g/L and 0.5 g/L), hypoxia (0.2% oxygen for 24 hours)
or normoxia (air). The results demonstrated that the highest lactate production
was observed in cells exposed to hypoxia in both the FaDu and ME180 cell lines.

After exposure to low glucose and hypoxia, lactate concentration per cell for
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ME180 control was 2.48 uM and this was decreased to 1.48 with HIF-1
knockdown (Figure 3-1). In the FaDu cell line this trend was also observed in this
setting with a very slight decrease with HIF-1 inhibition (Figure 3-3). The
concentration of lactate per cell found in EVC FaDu media was 0.82 uM under
conditions of low glucose and hypoxia and 0.57 uM for HIF-1 KD FaDu cells.
This trend of decreased lactate concentration with HIF-1 inhibition was also
observed in the high glucose and hypoxia setting for both cell lines. In normoxic
conditions however, there was no decrease in lactate with HIF-1 inhibition
(Figure 3-3).

Cells from all groups were irradiated with a cesium 137 source at different
doses to produce clonogenic survival curves for the various treatment conditions.
It is seen from the clonogenic assays that there is no significant difference in
survival between HIF-1 knockdown and control. There is a slight observed
decrease in survival with HIF-1 knockdown in the low glucose hypoxia condition
in both cell lines. FaDu cells also exhibited a decrease in survival for the high
glucose hypoxia condition. It can be seen in the in vitro setting that HIF-1
knockdown had a larger effect in decreasing lactate as compared to in vivo.
However, it is difficult to interpret these results with respect to the in vivo studies
as the lactate measured in the in vitro studies consists of only the extracellular
component of lactate, whereas the BLI measures both. One trend that seems to
be consistent between the in vitro and in vivo models is the increased radiation
response with HIF-1 knockdown and hypoxia, particularly with low glucose for

the in vitro study. Currently these studies have only been done once and need
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be repeated in the future to determine if there are true effects of lactate on cell

survival after radiation.
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Figure 3-1: ME180 Extracellular Lactate Concentration

Lactate Concentration in the media was measured using a colorimetric lactate assay kit
based on a NADH-coupled enzyme reaction to formazan which exhibits absorbance at 490
nm (Eton Bioscience Inc, San Diego CA). Different conditions of media were used
including high glucose (HG=5 g/ml) and low glucose (LG = 0.5 g/ml). Hypoxia condition
consists of 0.2% oxygen for 20 hours. Normoxia condition was 21% oxygen. Lactate
concentration in the media was normalized to an estimated average cell count. This was
the average between the initial number of plated cells and the cells counted after
exposure to given conditions.

In the case of ME180 cells, highest concentration of lactate was seen in the hypoxia
conditions for control cells. Interestingly, the cells in the low glucose media seemed to
produce more lactate than in the high glucose setting.
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Figure 3-2: ME180 Radiation Clonogenic Survival

Clonogenic assays to evalulate radiation response. Different conditions of media were
used including high glucose (HG = 5 g/ml) and low glucose (LG = 0.5 g/ml). Hypoxia
condition consists of 0.2% oxygen for 20 hours. Normoxia condition was 21% oxygen.
After 20 hours of exposure to given conditions, cell were irradiated at different doses (0,
2, 5, 8 Gy) using a cesium 137 source (MDS Nordion 1000). No difference was seen in
survival between control cells and DOX treated cells. A slight decrease in survival was
seen in the DOX group for the low glucose hypoxia condition.
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Figure 3-3: FaDu Extracellular Lactate Concentration

Experiments performed as in Figure 3-1. FaDu cell line showed high lactate concentration
per cell in the EVC and hypoxia condition. HIF-1 KD in the high glucose and hypoxia
setting also exhibited high lactate.
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Figure 3-4: FaDu Radiation Clonogenic Survival

Survival curve decreased in the HIF-1 KD groups in the setting of hypoxia. No difference
was seen between EVC and HIF-1 KD in normal oxygen conditions.
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