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ABSTRACT
The development of intratumoral hypoxia is associated with resistance to therapy in many
forms of human cancer, and pre-exposure of tumor cells to hypoxia confers multidrug
resistance. Research over the last several years has led to considerable advances in the
understanding of the cellular response to oxygen deprivation, however the hypoxia-induced
mechanisms that contribute to the chemoresistance phenotype are still not well understood.
Recent studies have identified hypoxia-inducible factor 1 (HIF-1), a master transcriptional
regulator of oxygen homeostasis, as an important mediator of hypoxia-induced
chemoresistance in cancer cells. The research described in this thesis confirms these findings
and demonstrates HIF-1 is required for hypoxia-induced resistance to doxorubicin and
etoposide in human tumor cells. In addition, novel findings revealed that hypoxia-induced
drug resistance occurred independently of changes in the apoptotic fraction and was
associated with decreased drug-induced senescence. DNA damage measured at the singlecell level revealed that the increase in survival correlated well with a HIF-1-dependent
decrease in etoposide-induced DNA strand breaks, providing direct evidence that exposure of
tumor cells to hypoxia leads to protection against some forms of drug-induced DNA damage.
Characterization of several classical mechanisms of drug resistance upstream of DNA
damage identified multiple determinants of cellular resistance to anticancer agents. The
relative contributions of each varied depending on the particular drug and cancer cell line
studied. Together, the findings presented here support a model in which hypoxia-induced
chemoresistance is a multifactorial phenomenon that is regulated, at least in part, through
HIF-1-dependent mechanisms.
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CHAPTER 1

GENERAL INTRODUCTION

1

1.1

TUMOR PROGRESSION AND CANCER CELL EVOLUTION

In the clonal evolution theory of cancer, originally proposed by Nowell more than 30 years
ago, tumor progression is viewed as an emergent phenomenon involving a sequence of
complex evolutionary steps, where cellular proliferation follows successful adaptation to
varying environmental constraints [1]. In this model, genetic and/or epigenetic
transformation events occurring in a single cell are thought to initiate the process of
carcinogenesis. Transformation events, such as gain of function mutations in oncogenes (e.g.
RAS, MYC), loss of function mutations in tumor suppressor genes (e.g. p53, RB, p16,
p21Waf1/Cip1/Sdi 1), and disruption of normal senescence pathways, enable cellular proliferation
that is self-sufficient and no longer under the tight regulatory control of growth factors, the
extracellular matrix, or interactions with other cells [2]. Other alterations may instead allow
transformed cells to become insensitive to growth inhibitory signals, gain limitless replicative
potential, or evade programmed cell death [3]. The common outcome of these alterations is
excessive cellular proliferation.

One important component of the clonal evolution model is that phenotypic heterogeneity
develops within the tumor cell population at an early stage of malignant progression.
Heterogeneity can result from genetic instability following loss-of-function mutations in
tumor suppressor genes involved in cell-cycle checkpoints, DNA repair, and telomere
maintenance. For example, the tumor suppressor protein p53 is regarded as the central
protector of genomic integrity and mutations in the TP53 gene are among the most
commonly observed genetic alterations in human cancers [4]. Failure to maintain genomic
integrity can result in chromosomal translocations, gene amplifications, intragenic mutations,
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and gene silencing. Loss of genetic stability is considered a hallmark of malignant
progression [1], and it has been proposed that cancer cells assume a mutator phenotype
during tumorigenesis, based on the argument that the level of mutations present in malignant
cells cannot be accounted for by the low rate of mutation observed in somatic cells [5].

Once phenotypic heterogeneity is present within the tumor, selection and clonal expansion of
cells possessing favorable survival traits may follow. Environmental pressures generated
within the growing neoplasm drive the process of clonal selection. For example, although
initial transforming events can permit uncontrolled proliferation, these alterations are only
sufficient for a limited degree of tumor growth before cellular crowding and nutrient
deprivation occurs. At that point, proliferation becomes critically dependent on substrate
availability. Subsequent cellular competition for critical nutrients generates selection
pressures favoring phenotypes that increase substrate delivery (i.e. through stimulation of
angiogenesis), or uptake (i.e. through amplification of membrane glucose transporters) [2].
Cell populations that lack these phenotypes will be unable to meet their nutrient
requirements, fail to proliferate and eventually undergo some form of replicative cell death,
such as apoptosis, senescence, mitotic catastrophe, autophagy or necrosis.

Cellular crowding is only one aspect of the tumor microenvironment that plays a role in the
emergence of survival traits. Cancer cells can potentially be influenced by any of the other
factors that define their surroundings including i) extracellular matrix (ECM) composition, ii)
stromal constituents, and the presence of other cell types in the tumor environment, iii) tumor
vasculature, which has a direct impact on the supply of nutrients, glucose, and oxygen (O2) to
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tumor cells, and therefore on the extent of oxidative stress generated in the tumor
environment, iv) tumor pH, and v) the presence of paracrine or autocrine growth factors and
hormones which can influence cell signaling and proliferation [6-8]. Given the diversity of
factors capable of influencing cell behavior at any given time, altered phenotypes resulting
from transient adaptations may be better suited for optimal survival in a dynamic and
unstable tumor microenvironment, rather than constitutive phenotypic alterations resulting
from genetic instability. Transient adaptations allow the adjustment of cellular activities in a
way that best suits the current needs of the cell, while minimizing the consumption of energy
and avoiding unnecessary commitment of cellular machinery. Cells with the ability to
selectively turn gene expression on, and off when appropriate, as warranted by environmental
conditions are likely to possess a survival advantage over the more static cells incapable of
adaptation. For that reason, the ability to adapt may also be regarded as an important
phenotype selected by the tumor microenvironment. In addition, these adaptive cells
represent a population capable of acquiring any number of potential phenotypes depending
on the temporal conditions in the local microenvironment, thus increasing the degree of
heterogeneity within the tumor. More importantly, it may be the inherent ability to adapt to
varying environmental constraints that predisposes this select tumor cell population for
malignant progression. In fact, there is increasing experimental evidence to support a model
in which transient adaptations to microenvironmental stress, in the absence of cellular
mutations, can drive the evolution of the malignant phenotype [9-11].
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1.2

THE TUMOR MICROENVIRONMENT AS A SELECTION PRESSURE
FOR MALIGNANT PHENOTYPES IN CANCER CELLS: THE ROLE OF
INTRATUMORAL HYPOXIA

Among the various environmental conditions that can influence cancer cell biology, tumor
oxygenation has emerged as a pivotal factor. In particular, the significance of hypoxic tumor
areas (defined as regions with O2 tensions that are below critical or physiological values) has
been the subject of extensive investigation over the last two decades. It is well established
that most locally advanced solid tumors contain hypoxic areas, or even regions that are
almost anoxic (i.e. devoid of O2), distributed heterogeneously throughout the tumor mass
[12,13]. Numerous studies have reported that the presence of hypoxia within the tumor mass
is correlated with a negative clinical outcome for patients with various types of cancers
including carcinoma of the head and neck [14], cutaneous melanoma [15], soft tissue
sarcoma [16], carcinoma of the cervix [17], and prostatic adenocarcinoma [18,19]. Some of
these studies demonstrated significantly lower survival for patients with severely hypoxic
tumors compared with patients with well-oxygenated tumors. Furthermore, assessment of the
oxygenation status of tumors reveals that local recurrences have a higher hypoxic fraction
than the respective primary tumors [13]. Increasing evidence from experimental studies
supports these clinical observations and implicates intratumoral hypoxia as an important
environmental pressure that selects for malignant properties in tumor cells. For example,
exposure to hypoxia increases tumor cell invasiveness in vitro and metastatic potential in
vivo [11,20-24]. Similarly, tumor cells exposed to hypoxia can acquire resistance against the
cytotoxic effects of many chemotherapeutic agents and ionizing radiation [13,25-29]. Before
illustrating how intratumoral hypoxia contributes to tumor progression, it is important to first
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examine the processes in the development of hypoxia in tumors and the cellular events
triggered in response, as these events provide the mechanistic basis for the emergence of
malignant phenotypes.

1.2.1

Pathogenesis of intratumoral hypoxia

Intratumoral hypoxia is a consequence of increased O2 consumption, coupled with an
inadequate O2 supply [30]. First, the characteristically uncontrolled rate of tumor cell
proliferation is associated with considerable energy demands, leading to increased
consumption of O2 for mitochondrial oxidative phosphorylation, which produces energy in
the form of adenosine triphosphate (ATP) using the electron transport chain (ETC). Elevated
consumption leads to decreased amounts of O2 available locally in actively proliferating
regions of the tumor. In addition, as the size of the tumor increases so does the separation
between proliferating cells and existing intratumoral blood vessels, thereby progressively
increasing the diffusion distance and altering intratumoral O2 gradients. Furthermore, the
tumor-induced vascular network is characterized by abnormalities in structure, permeability,
and function that manifest in an insufficient and erratic blood supply so that many tumor
regions experience either cycles of acute hypoxia/reoxygenation or chronic hypoxia [30,31].

1.2.2

Cellular consequences of hypoxia

Hypoxia can have widespread effects on cell physiology, as O2 availability is a critical
determinant of most cellular activities. O2 participates directly in several important enzymatic
reactions catalyzed by oxidases (e.g. cytochrome P450 oxidase, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, glucose oxidase, lysyl oxidase), hydroxylases
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(e.g. prolyl hydroxylases, tyrosine hydroxylase), oxygenases (e.g. heme oxygenase,
cyclooxygenase), and various other families of enzymes such as the nitric oxide synthases
(NOSs) responsible for the production of nitric oxide (NO).

Perhaps more important, however, are the consequences of limited O2 availability on all
energy-requiring processes in the cell, as O2 is essential for mitochondrial oxidative
phosphorylation and ATP production. Under aerobic conditions, the optimal yield of free
energy from glucose involves generation of electron carriers, nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) (from NAD+ and FAD,
respectively), through the citric acid cycle following the initial steps of glycolysis
(conversion of glucose to pyruvate), and oxidative decarboxylation (conversion of pyruvate
to acetyl coenzyme A (CoA)). The subsequent transfer of electrons from NADH or FADH2
to O2 (through the ETC) regenerates NAD+ and FAD, and establishes a proton gradient
across the inner mitochondrial membrane that is used to drive ATP synthesis. In hypoxia, the
lack of a recipient (i.e. O2) for the final transfer of electrons from complex IV (i.e.
cytochrome c oxidase) of the ETC prevents the regeneration of NAD+ and FAD. In the
absence of these electron acceptors, the citric acid cycle cannot operate and oxidative
decarboxylation of pyruvate is no longer necessary. Instead, cells divert pyruvate metabolism
away from oxidative phosphorylation towards anaerobic glycolysis (cytoplasmic conversion
of pyruvate to lactic acid), which produces a considerably lower yield of ATP per molecule
of glucose. Thus, in the absence of an adaptive response, hypoxia has the potential to
compromise cell functions on a global scale by decreasing the efficient utilization of glucose
for energy production.

7

Another important consequence of hypoxia related to its effects on respiratory chain activity,
involves the generation of reactive oxygen species (ROS). During the transfer of electrons
along the various complexes of the ETC, escape of some electrons is inevitable, particularly
at complexes I, II and III, resulting in generation of ROS, specifically superoxide [32]. The
extent to which this occurs will be a function of the activity of the ETC, which is determined
by the energy requirements of the cell. Accordingly, in rapidly proliferating tumor cells a
greater degree of electron escape would be anticipated. Indeed, there is increasing evidence
that cancer cells are characterized by increased intrinsic ROS stress, which has been
associated with elevated metabolic activity, as well as oncogenic signaling and aberrant
mitochondrial function [33]. Furthermore, under hypoxic conditions, when cytochrome c
oxidase (complex IV) activity is inhibited as a consequence of insufficient O2 available for
electron transfer, the half-life of reduced electron carriers upstream of site III is enhanced
[34]. This leads to a buildup of electrons in the inner mitochondrial membrane, which in turn
favors an increased rate of electron escape from the ETC [35]. When hypoxia is followed by
reoxygenation, the sudden abundance of O2 and electrons is thought to lead to excessive
production of ROS, such as superoxide, hydroxyl radical, and hydrogen peroxide, which can
interact with and damage DNA, proteins, and lipids within the cell. Under physiological
conditions ROS play important roles in numerous biochemical functions and a balance of
ROS generation and elimination is maintained by a system of antioxidant enzymes, including
superoxide dismutase (SOD), catalase, and peroxidases (e.g. glutathione peroxidase (GPx)),
as well as by non-enzymatic antioxidants, such as glutathione (GSH), ascorbate and
thioredoxin. However, when the production of ROS exceeds normal physiological levels the
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antioxidant system is overwhelmed, oxidative stress ensues and damage to cellular
components can occur. Targets in the immediate vicinity of ROS generation (i.e.
mitochondrial genes and ETC protein complexes) have the highest potential to suffer
damage, which could lead to compromised energy production or further increases in ROS
levels. Targets outside of the mitochondria are also vulnerable to ROS and therefore
oxidative stress resulting from cycles of hypoxia/reoxygenation has the potential to affect
numerous cellular functions.

As the primary cause of the potentially detrimental consequences outlined above, specifically
the disruption of O2-dependent enzyme activity, decreased energy production, and excessive
ROS generation, hypoxia represents a considerable environmental stress. Consequently,
survival under hypoxic conditions requires cellular adaptations. These adaptations are
accomplished through a complex pattern of gene expression, coordinately regulated by a
number of transcription factors that are activated when cells detect a decrease in O2
availability.

1.2.3

Mechanisms of oxygen sensing

Oxygen sensing and the downstream pathways regulating gene expression are complex and
still not completely understood. One of the earliest models put forward involves the sensing
of O2 by heme-containing proteins. It is proposed that under well-oxygenated conditions
binding of O2 to the ferrous iron atom in the porphyrin ring of the heme molecule maintains
the putative ‘sensor’ protein in an ‘oxy’ configuration [36,37]. Under hypoxic conditions a
lack of O2 binding induces a conformational change in the sensor to the ‘deoxy’ state,
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resulting in altered protein function and initiation of downstream signaling cascades.
Alternatively, more recently it has been proposed that redox processes involving ironcontaining or iron-dependent proteins represent a central mechanism by which cells perceive
a decline in O2 availability. Strong support for this model of O2 sensing emerged with the
identification of a family of iron- and O2-dependent hydroxylases that are directly
responsible for regulating the stability and activity of hypoxia-inducible factors (HIFs), key
transcriptional regulators of cellular adaptations in hypoxia that were first identified by
Semenza and Wang [38]. However, there is additional experimental evidence implicating the
presence of several O2-responsive systems that may coordinate with HIFs to regulate gene
expression under hypoxic conditions. As O2 is a constant and absolute requirement for cell
function, it is not surprising that cells have evolved to possess multiple mechanisms of
sensing O2 that often coordinate gene expression to achieve O2 homeostasis, as illustrated in
the following discussion.

1.2.3.1 Oxygen sensing by hydroxylases and hypoxia-inducible factors
An elegant and seemingly simple model of O2 sensing in mammalian cells involves O2dependent hydroxylation of HIFs by a family of iron- and 2-oxoglutarate (2-OG)-dependent
dioxygenases (Figure 1.1). HIFs are heterodimeric transcription factors composed of α (HIF1α, -2α, and -3α) and β subunits (HIF-1β or ARNT (aryl hydrocarbon-receptor nuclear
translocator)). These subunits are basic helix-loop-helix proteins of the Per/Arnt/Sim (PAS)
family of transcription factors [39]. HIF-1β is constitutively expressed and control of HIF
function occurs primarily through post-translational regulation of the O2-labile α-subunits by
prolyl hydroxylases (designated as PHD1, PHD2, or PHD3). When O2 is available, PHDs
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Figure 1.1. Schematic diagram showing the regulation of HIF-1 functional activity through posttranslational hydroxylation of HIF-1!. In the presence of O2 prolyl hydroxylases hydroxylate HIF-1!,
facilitating its recognition by the pVHL ubiquitin E3 ligase complex. HIF-1! becomes ubiquitinated and
is targeted for degradation by the 26S proteasome. As well, asparaginyl hydroxylation of HIF-1! inhibits
its association with the p300/CBP coactivator, preventing HIF-1 transactivation. In hypoxia, O2
availability is limited and hydroxylase activity is impaired allowing HIF-1! stabilization and
translocation to the nucleus where it can dimerize with HIF-1", recruit p300/CBP, and stimulate
transcription of HIF-1 target genes. See text for details. (HIF-1, hypoxia-inducible factor 1; pVHL, von
Hippel Lindau protein; CBP, cyclic AMP-response-element-binding protein (CREB) binding protein; 2OG, 2-oxoglutarate).
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hydroxylate two conserved proline residues located in the O2 degradation domain of HIF-α
[40,41], which is then recognized by the von Hippel Lindau tumor suppressor protein
(pVHL) [42,43]. pVHL is a component of an E3 ubiquitin ligase complex, which is
responsible for the ubiquitylation of HIF-α subunits and their subsequent targeting to the 26S
proteasome for degradation. In addition, a HIF asparaginyl hydroxylase (originally identified
as factor inhibiting HIF-1 (FIH-1)) hydroxylates an asparagine residue located in the Cterminal transactivation domain of HIF-1α, preventing association with the p300/CBP (cyclic
adenosine monophosphate (cAMP)-response-element-binding protein (CREB) binding
protein) co-activator [44]. Under limited O2 availability the activity of both classes of
enzymes is decreased, allowing stabilization and nuclear translocation of the α-subunits,
dimerization with HIF-1β, and recruitment of the p300/CBP co-activator to the
transcriptional complex. Additional regulation of HIF function involves mitogen-activated
protein kinase (MAPK)-regulated phosphorylation of HIF-α, which results in enhanced
transcriptional activity under hypoxic conditions by promoting nuclear accumulation of HIF1α [45-47]. This phosphorylation is specific to the extracellular signal-regulated kinases-1/2
(ERK1/2) following translocation of HIF-α to the nucleus [45].

Upon activation, HIFs bind to cis-acting hypoxia-responsive elements (HREs) to induce the
expression of target genes, several of which have physiologically relevant roles in malignant
progression [48]. For example, HIF activity has been shown to promote angiogenesis through
increased expression of vascular endothelial growth factor (VEGF) [49-51], and to increase
cellular invasion through upregulated expression of the urokinase plasminogen activator
receptor (uPAR) and matrix metalloproteinase 2 (MMP-2) [52], which facilitate the
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proteolytic breakdown of the extracellular matrix and basement membrane. HIF activity
promotes epithelial-mesenchymal transitions and the loss of tissue integrity through indirect
transcriptional repression of E-cadherin, a critical component of adherens junctions in
epithelial tissues (reviewed in [11]). HIF activity can also contribute to the regulation of cell
motility by increasing the expressions of scatter factor-1 (also known as hepatocyte growth
factor (HGF)) and its high-affinity receptor tyrosine kinase MET (reviewed in [11]). In fact,
HIF target genes have been associated with almost every aspect of carcinogenesis including:
genetic instability, immortalization, senescence, maintenance of stem cell pools, cell
survival/death, cellular dedifferentiation, angiogenesis, metabolic reprogramming, growth
factor signaling, regulation or cellular pH, remodeling of the ECM, cell migration, and
invasion/metastasis [11,53-56].

Hypoxia-induced gene expression regulated by the closely related HIF-1α and HIF-2α
proteins comprises both overlapping target genes (such as VEGF), and nonredundant,
subunit-specific targets such as glycolytic genes regulated by HIF-1α (glucose transporter 1
(Glut-1) and phosphoglycerate kinase (PGK)), or transforming growth factor-α (TGF-α) and
the stem cell factor Oct-4, which are under the transcriptional control of HIF-2α [57].
Targeted inactivation of HIF-1α and HIF-2α in embryonic stem cells is associated with
unique patterns of response to hypoxia and different developmental defects are observed in
HIF-1α-/- and HIF-2α-/- mouse embryos (reviewed by [58]). Differential regulation of target
genes may be related to distinct α-subunit expression patterns, as HIF-1α mRNA seems to be
expressed ubiquitously while expression of HIF-2α is generally confined to endothelial cells,
mesenchyme of the lung, and neural crest derivatives during development [59,60]. Similarly,
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evidence suggests that the three PHD isoforms contribute in a non-redundant manner to the
regulation of both HIF-1α and HIF-2α subunits. PHDs display specificity for different prolyl
hydroxylation sites within each HIF-α subunit, achieving a degree of selectivity between
HIF-1α and HIF-2α isoforms [61]. This provides a mechanism whereby cell type- and
isoform-specific patterns of PHD induction by hypoxia can mediate differential regulation of
HIF-1α- and HIF-2α-dependent target genes. While both HIF-1 and HIF-2 have been
implicated in human cancers [56,62], there is evidence suggesting that HIF-1 plays a more
predominant role in the regulation of the transcriptional response to hypoxia [62].
Accordingly, over the last decade considerably more research has focused on the elucidation
of the role of HIF-1, rather than HIF-2, in O2 sensing and malignant progression.

1.2.3.2 Oxygen sensing by nitric oxide synthases
Another class of iron-containing proteins implicated as putative O2 sensors is the family of
NOS enzymes that require O2 as a cosubstrate for the conversion of L-arginine into Lcitrulline to produce NO [63,64]. This family includes constitutively expressed isoforms such
as neuronal NOS (NOS-1/nNOS) and endothelial NOS (NOS-3/eNOS), as well an inducible
NOS isoform (NOS-2/iNOS). In addition to the well-characterized role of NO in the
regulation of vascular tone and neurotransmission, increasing evidence suggests that NOmediated signaling pathways play a significant role in regulating cellular phenotypes and
malignant properties. At low concentrations (i.e. in the low nanomolar range) NO can bind to
heme-containing molecules, such as its classical target soluble guanylyl cyclase (sGC) [65].
Binding of NO to the heme moiety of sGC results in conformational changes that activates
the protein, stimulating the production of the second messenger cyclic guanosine
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monophosphate (cGMP), which in turn regulates downstream targets such as cGMPdependent protein kinase (PKG) and cGMP-gated ion channels. At higher concentrations (i.e.
in the low micromolar to millimolar range) NO can have other biological effects including
modulation of ROS signaling by reacting with superoxide to form reactive nitrogen species
(RNS) such as peroxynitrite, which can in turn modify protein structure and function through
nitration of tyrosine residues [63]. NO can also undergo redox reactions that lead to Snitrosylation of thiol groups, and can bind to and disrupt metal-sulfide clusters such as those
found in zinc-finger domains of several transcription factors. Since the enzymatic activity of
NOS is dependent on O2 availability, NO production as well as the generation of cGMP
downstream are inhibited under hypoxic conditions [66,67]. Thus, alterations in NO
signaling represent another important mechanism through which cells can respond to
decreases in O2 availability to trigger necessary molecular adaptations. This is supported by
the observation that pharmacological inhibition of NOS activity can lead to adaptations
similar to those observed under hypoxic conditions, including upregulation of cellular
invasiveness and the transient induction of resistance to chemotherapeutic agents [23,68-71].

1.2.3.3 Oxygen sensing by mitochondria and reactive oxygen species
Mitochondria, the major O2-consuming organelles of the cell, are also regarded as putative
O2 sensors, capable of detecting and signaling O2 deprivation through altered levels of ROS,
which in turn can act as diffusible signaling molecules [72,73]. ROS can participate directly
in cytoplasmic redox-sensitive signaling pathways that influence the activity of multiple
nuclear transcription factors, such as nuclear factor-κB (NF-κB), activator protein-1 (AP-1),
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p53, Sp1 and CREB, thereby regulating gene expression downstream of changes in redox
status [33,74].

Experimental evidence also suggests a role for mitochondrial function in the regulation of
HIFs. Disruption of respiratory chain activity, either by chemical inhibitors (such as
rotenone, myxothiazol or stigmatellin), genetic deletion of ETC complexes, or depletion of
mitochondrial DNA, prevents cells from stabilizing HIF-1α under hypoxic conditions
(reviewed by [75]). Interestingly, inhibition of ETC function in anoxia has no effect on HIF1α stability, suggesting that O2, even if only available in scarce amounts in hypoxia, is
required for this effect. These observations may be explained by the findings of Moncada and
colleagues revealing that chemical inhibition of respiratory function, and in particular
cytochrome c oxidase activity, prevents consumption of the limited amount of O2 available,
thereby allowing it to be redistributed towards other O2-dependent systems such as the PHDs
[76]. An alternative explanation is that ROS generated through ETC activity, particularly the
ubiquinone (Q) cycle of complex III [75], are required to achieve the degree of inhibition of
hydroxylase activity necessary to stabilize HIF-α, through a mechanism involving oxidation
of PHD Fe(II) to Fe(III) [34]. This model is supported by observations that treatment with
antioxidants sustains hydroxylation of HIF-1α under hypoxic conditions, resulting in HIF-1α
destabilization, while increasing ROS levels, through overexpression of glucose oxidase or
addition of hydrogen peroxide, stabilizes HIF-1α under well-oxygenated conditions [77].
Under anoxic conditions maximal inhibition of PHD activity is achieved due to the total lack
of O2. Loss of PHD activity, together with diminished ROS generation under these
conditions, accounts for the lack of effect of mitochondrial inhibition on HIF-α
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hydroxylation in anoxia. It seems plausible to suggest that regulation of O2
consumption/distribution and mitochondrial-derived ROS both contribute to O2 sensing by
the mitochondria and therefore play an important role in cellular adaptations to hypoxia.

1.2.3.4 Additional mechanisms of oxygen sensing
While considerable research over the last decade has focused on the role of HIF-1 in the
transcriptional response to hypoxia, several other transcription factors are activated by
hypoxia and redox changes including CREB, NF-κB, early growth response-1 (EGR-1), and
AP-1 [30,78-83]. Similarly, multiple signaling pathways have been shown to contribute to
the regulation of hypoxia-inducible gene transcription. Some of these pathways include the
Ras/ERK and p38 MAPK cascades, the phosphatidylinositol-3-kinase (PI3K) and
mammalian target of rapamycin (mTOR) signaling pathways, as well as signaling via cAMPand cGMP-dependent kinase cascades [23,45,64,84-87].

Tumor cell evolution and adaptation to hypoxia are not restricted to one particular
mechanism, as revealed by the complexity of O2 sensing pathways. An important aspect of
this cellular response is the requirement for controlled expression of hypoxia-inducible genes
when it is appropriate, and the corresponding silencing of those genes when necessary, as
warranted by environmental conditions. Through the presence of multiple signaling pathways
that converge on the diverse subset of hypoxia-inducible genes cells possess a complex
system capable of sensing O2 deprivation of varying degrees, and of promptly initiating (and
possibly even fine-tuning) the changes necessary to ensure survival.
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1.2.4

Cellular adaptations to hypoxia

As discussed earlier, hypoxia represents a microenvironmental stress that requires a prompt
cellular response and initiation of adaptations in order to ensure cell survival. Generally
speaking, survival strategies adopted by cells in response to stress can be viewed as fitting
into one of three main approaches, which are typically mediated through changes in cell
signaling and/or altered gene expression. One approach may involve cellular attempts to
diminish the level of stress by altering the environment directly. Alternatively, survival may
be accomplished through an increase in the cells ability to tolerate the particular stress at
hand. A final survival strategy may involve escaping from the stressful conditions entirely
through physical migration away from the environment. All three of these adaptive responses
fittingly describe survival strategies adopted by cells exposed to hypoxia (summarized in
Figure 1.2). More importantly, as the following discussion will illustrate, the traits acquired
by cells undergoing these kinds of adaptations are the same traits associated with malignant
tumor cells (i.e. angiogenic, glycolytic, invasive, and metastatic phenotypes).

1.2.4.1 Diminishing hypoxia-induced stress: the angiogenic switch
Conceptually, the simplest way to survive conditions in which O2 availability is limited
involves an attempt to increase the O2 supply through stimulation of angiogenesis. Judah
Folkman first proposed the significance of angiogenesis in tumor progression in 1971 [88].
More than 30 years later, many of the cellular events in the transition from a non-angiogenic
to an angiogenic phenotype have been identified and are commonly referred to as the
‘angiogenic switch’ [89,90]. Angiogenic sprouting involves the initial dilation of blood

18

2

3

" Angiogenesis
& Vasodilation
" VEGF
" VEGFR
" NOS2

" Glycolysis
" PDK1
" LDH-A
" GLUT1/3
" PGK1
" Hexokinase II
" Enolase 1
" PKM

4

Environmental
Acidosis

" Invasion &
Metastasis
" uPAR
" MMPs
! E-cadherin
" HGF
" c-MET

HYPOXIA &
OXIDATIVE
STRESS
" HIF
! NO
" ROS
" AP-1
" NF-#
NF-#B

1

" Tolerance to
Acidic
Conditions
" MCT-4
" NHE1
" CAIX

8

! Apoptosis
" Bcl-2
" Mcl-1
! Bax
! Bad
! Bid
" Survivin
" IAP-2

5

" Antioxidants &
Protection
Against ROS
" NPSH (i.e
(i.e.. GSH)
" Thioredoxin
" APE/ref-1

7

6
Figure 1.2. Emergence of tumor cell survival traits driven by the presence of hypoxia in the tumor
microenvironment. Intratumoral hypoxia and oxidative stress, consequences of excessive cell
proliferation and inadequate vascular supply, lead to the activation of O2 sensing pathways involving
HIF-1 and other transcription factors (1). In response to O2 deprivation hypoxia-inducible gene
expression contributes to several adaptations that promote survival. Through stimulation of angiogenesis
and vasodilation tumor blood flow is increased, enhancing the delivery of O2 and nutrients to tumor cells
(2). By mediating the switch from oxidative phosphorylation to anaerobic glycolysis hypoxia facilitates
the cellular changes necessary to maintain energy production in the absence of O2 (3). As a result of
increased glycolysis regional acidosis occurs (4), which drives the emergence of cells tolerant to acidic
conditions. This adaptation is facilitated by hypoxia-inducible gene expression of targets involved in pH
homeostasis (5), as well as by the development of apoptosis-resistant populations (6). Survival under
conditions of oxidative stress is also promoted by hypoxia-induced increases in antioxidant levels and
factors required for redox homeostasis (7). A final strategy adopted by cells to ensure their survival
involves invasion into surrounding tissues or metastasis to secondary tissue sites. This process is
enhanced by hypoxia-dependent gene expression that supports loss of tissue integrity, breakdown of
extracellular barriers, and promotes cell motility and migration (8). Critical hypoxia-inducible gene
targets involved with each of these processes are indicated (see text for abbreviations and details).
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vessels and an increase in vascular permeability, permitting extravasation of plasma proteins
and generation of the scaffolding matrix network required for endothelial cell migration.
Existing blood vessels become destabilized, and disruption of endothelial cell-to-cell contacts
allows them to detach from supporting cells. Endothelial cells proliferate and migrate to
distant sites, under the guidance of various angiogenic chemotactic factors, which is followed
by recruitment of pericytes that produce a basal lamina surrounding the newly formed blood
vessels. Throughout this process a balance of proangiogenic and antiangiogenic factors
tightly regulates these steps [90].

Hypoxia is well established as an environmental cue that stimulates angiogenesis. Several
hypoxia-inducible genes play a role in modulating this process through regulation of vascular
permeability and vasodilation, as well as through promotion of mitogenic and migratory
activities of endothelial cells. For example, hypoxia increases the expression of VEGF and its
receptor VEGFR-1/Flt-1 through transcriptional activation involving HIF-1 [49,91]. VEGF,
originally identified by Dvorak and colleagues as vascular permeability factor (VPF) [92], is
a potent and selective endothelial mitogen that is essential for angiogenesis and tumor growth
[93]. In addition to a role in endothelial cell proliferation and migration, VEGF signaling has
been implicated in the breakdown of endothelial cell barrier function through disruption of
adherens junctions [94], actin rearrangement and induction of inter-endothelial cell gaps
[95,96]. VEGF overexpression is associated with increased microvascular permeability
[97,98]. Similarly, HIF-induced transcription of iNOS results in increased NO signaling
[99,100], which is associated with vasodilation, as well as endothelial cell proliferation,
migration and formation of capillary-like structures [101]. Upregulation of VEGF and NOS
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signaling are two methods through which hypoxia can disrupt the balance of angiogenic
regulatory factors in such a way that favors vascular sprouting, which can lead to improved
blood delivery and therefore diminish the extent of hypoxia in the tumor microenvironment
(Figure 1.2).

1.2.4.2. Tolerating hypoxia: the glycolytic switch and the emergence of phenotypes
resistant to acidic conditions, apoptosis and oxidative stress
As discussed earlier one important consequence of hypoxia is the impairment in aerobic
oxidative phosphorylation, which necessitates a switch to anaerobic glycolysis for energy
production. This switch is mediated through upregulated expression of two important HIF-1
target genes encoding the enzymes pyruvate dehydrogenase kinase 1 (PDK1) and lactate
dehydrogenase A (LDH-A). PDK1 is an inhibitor of pyruvate dehydrogenase, the enzyme
responsible for directing pyruvate into the citric acid cycle and towards the process of
oxidative phosphorylation. Inhibition of pyruvate dehydrogenase by PDK1 then enables
LDH-A to convert pyruvate to lactate, producing NADH, leading to subsequent generation of
small amounts of ATP. To compensate for the decreased yield of ATP derived through
anaerobic glycolysis, hypoxic cells increase their uptake and utilization of glucose by
increasing the expression of additional gene targets, including glucose transporters 1 and 3
(GLUT1, GLUT3), and glycolytic enzymes such as hexokinase II, aldolase A and C,
phosphoglycerate kinase 1 (PGK1), enolase 1, and pyruvate kinase M (PKM) (Figure 1.2)
[53,102,103]. Collectively, these changes enable cells to tolerate hypoxia by maintaining
energy production despite diminished mitochondrial oxidative phosphorylation.
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Although the upregulation of anaerobic glycolysis can sustain the energy requirements of the
cell and permit continual proliferation, it is associated with a potentially detrimental
consequence. Specifically, the excess production of lactic acid, combined with an inadequate
vasculature and diminished buffering capacity of tumor interstitial fluid leads to regional
acidosis in the tumor microenvironment, generating an additional barrier to growth [104].
Moreover, acidosis is associated with increased apoptosis, thus threatening the survival of
cells in acidic regions of the tumor [105]. This new environmental constraint forces the
emergence of acid resistant phenotypes. Hypoxia facilitates the tolerance of acidic conditions
through transcriptional upregulation of membrane located transporters, exchanges and pumps
that are necessary for tumor cells to maintain their intracellular pH at a physiological, or even
slightly alkaline pH (Figure 1.2) [54,106]. Specific hypoxia-inducible genes implicated in pH
homeostasis include the HIF-1 targets H+/lactate cotransporter monocarboxylate transporter4 (MCT4) [107], and the amiloride-sensitive Na+/H+ exchanger 1 (NHE1) [108], which
extrude H+ ions from the cell. Intracellularly, H+ ions can also titrate bicarbonate (HCO3-) to
form carbon dioxide (CO2) that is freely membrane-permeable and can exit the cell.
Hydration of CO2 in the extracellular space regenerates HCO3- and H+. In this way, CO2 can
be viewed as a H+ carrier, effectively resulting in H+ trapping in the extracellular space with a
net scavenging of one intracellular H+ per molecule of CO2 exiting the cell [106]. The
extracellular catalytic domain of membrane-associated carbonic anhydrase IX (CAIX) is
responsible for the hydration of CO2 [106]. CAIX expression is dramatically increased
following HIF-1 activation [109,110], which may represent an additional mechanism of pH
homeostasis induced by hypoxia.
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While maintenance of a slightly alkaline intracellular pH is required for survival,
acidification of the extracellular space may also confer selective advantages for tumor growth
and development [103]. Neighboring tumor cells and adjacent normal populations that do not
exhibit acid tolerance will be unable to survive in the toxic environment and be eliminated
both as competitive threats for nutrient supply and as physical barriers to invasion. Tumor
cell invasion and metastasis may be further enhanced by environmental acidosis through
enhanced tissue remodeling, involving acid-mediated degradation of the basement membrane
and extracellular matrix [103,111-113].

Independent of pH homeostasis, tolerance of acid-induced toxicity and resistance to
apoptosis triggered by other environmental cues, including hypoxia and oxidative stress, may
be facilitated by hypoxia-dependent disruption of the tightly regulated balance between
proapoptotic and antiapoptotic members of the Bcl-2 family. Programmed cell death
mediated by intrinsic apoptosis pathways is initiated when proapoptotic proteins (Bax, Bak,
or Bok) form heterodimeric protein pores that insert in the outer membrane of mitochondria,
effectively permeabilizing the mitochondria. Release of mitochondrial cytochrome c follows,
triggering the formation of the apoptosome and caspase activation, ultimately leading to
proteolysis and cell death. Antiapoptotic proteins (e.g. Bcl-2, Bcl-XL, Bcl-w, and Mcl-1)
function to guard mitochondrial integrity. These proteins can also insert into the
mitochondrial membrane and form heterodimers with proapoptotic members of the Bax
family, thereby preventing permeabilization of the outer membrane and abrogating apoptosis.
In addition, BH-3-only Bcl-2 family members (e.g. Bid, Bad, BNIP3, and others) regulate the
function of proapoptotic proteins. For example, binding of truncated Bid activates Bax [114].
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Alternatively, binding of Bid or Bad to antiapoptotic proteins (i.e. Bcl-2 or Bcl-XL) can
displace Bax or Bak from these antiapoptotic proteins, thus overcoming their protective
effect against programmed cell death [115,116]. Hypoxia has been shown to increase the
levels of antiapoptotic proteins such as Bcl-2 [117,118] and Mcl-1 [119], and decrease the
levels of proapoptotic protein members including Bax, Bad, and Bid through HIF-1dependent and –independent mechanisms (Figure 1.2) [118]. In addition, members of the
inhibitors of apoptosis (IAP) family, specifically IAP-2 and survivin, are endogenous
inhibitors of caspases that have been shown to be upregulated by hypoxia [120,121].
Collectively, these hypoxia-induced molecular changes manifest in an altered apoptotic
threshold that favors survival under adverse conditions.

Finally, in addition to impaired energy production and regional acidosis, cells in hypoxic
tumor regions are susceptible to cellular damage caused by oxidative stress. As mentioned
earlier, mammalian cells are equipped with a host of antioxidant enzymes and non-enzymatic
antioxidants that help eliminate or scavenge ROS, protect cells against ROS-mediated
damage, and maintain the redox status of the cell. Several components of this line of defense
against oxidative stress have been found to be elevated by hypoxia or following
hypoxia/reoxygenation. For example, non-protein sulphydryls (NPSH) such as GSH and
cysteine are thought to play an important role in maintenance of cellular redox status and
ROS scavenging. There is evidence that the GSH content of human colon carcinoma cells is
increased following exposure to hypoxia/reoxygenation as a result of elevated expression of
γ-glutamylcysteine synthetase (γ-GCS), the rate-limiting enzyme in de novo GSH synthesis
[122]. Elevated levels of NPSH have also been measured in hypoxic microregions of human
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cervical carcinoma xenografts [123,124]. Cellular redox status is also influenced by
thioredoxin, a small antioxidant protein that undergoes reversible oxidation/reduction and is
utilized by peroxiredoxin enzymes to reduce hydrogen peroxide. Thioredoxin expression was
shown to be elevated in hypoxic microregions of invasive cervical carcinomas [125] and in
human colon cancer cells exposed to hypoxia [126]. Thioredoxin also serves as a cofactor in
the NADPH-dependent reduction of oxidized protein substrates catalyzed by thioredoxin
reductase, another gene whose expression is upregulated by hypoxia [126]. Thioredoxin can
also play a role in coordinating the activity of several redox-sensitive transcription factors,
through

interactions

with

redox

effector

factor

1

(ref-1),

also

identified

as

apurinic/apyrimidinic endonuclease (APE). APE/ref-1, like thioredoxin, has been found to be
elevated in hypoxic regions of invasive cervical cancers [125], and in human cervical
carcinoma cells exposed to hypoxia in vitro [127]. Interestingly, APE/ref-1, in addition to its
role in redox maintenance, is a major enzyme in the base excision repair (BER) pathway
[128] and is involved in repair of spontaneous and oxidative damage to cellular DNA [129].
Thus, through the hypoxic upregulation of thioredoxin and APE/ref-1 cells can acquire the
ability to i) maintain transcriptional activities despite changes in redox status, ii) protect
against harmful ROS through scavenging and reduction of hydrogen peroxide, and iii) repair
DNA damage caused by oxidative stress. Together with additional changes in the levels of
antioxidants such as GSH, these kinds of adaptations can be expected to improve the cellular
tolerance of oxidative stress associated with hypoxia (Figure 1.2), and confer a survival
advantage to cells possessing these phenotypes.
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1.2.4.3 Escaping hypoxia: tissue remodeling, cell motility, cellular invasion
and metastasis
A more elaborate strategy adopted by cells to ensure their survival when challenged by
environmental stress involves physical migration away from their primary location. Local
invasion into nearby regions requires cells to overcome the cell-to-cell contacts that normally
maintain tissue architecture and alter the surrounding matrix structure to enable passage.
Migration to more distal locations requires cells to also enter vascular or lymphatic vessels,
survive within these networks, and eventually arrest and colonize a secondary tissue by
establishing conditions suitable for further growth (i.e. stimulate angiogenesis). This series of
events requires the coordination of a complex pattern of gene expression and hypoxia plays
an important role in driving these phenotypic changes (Figure 1.2) (reviewed in [11,55,130].
For example, hypoxia can facilitate disruption of tissue integrity through repression of Ecadherin expression, mediated by HIF-1-regulated transcriptional repressors such as SNAIL,
SLUG, TCF3, ZFHX1A and ZFHX1B [131-133]. Through upregulation of urokinase-type
plasminogen activator receptor (uPAR) expression, hypoxia enhances proteolytic activity at
the invasive front and alters the interactions between integrins and components of the
extracellular matrix, thereby enabling cellular invasion through the basement membrane and
the underlying stroma [24,52,134-136]. Cell motility may be increased through HIF-induced
HGF-MET receptor signaling, resulting in cell migration towards the blood or lymphatic
microcirculation [137-139]. Hypoxia-induced VEGF activity also plays a critical role in the
dynamic tumor-stromal interactions required for the subsequent stages of metastasis
[20,21,140-142]. VEGF promotes angiogenesis and lymphangiogenesis in the primary tumor,
providing the necessary routes for dissemination [143,144]. VEGF-induced changes in
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vascular integrity and permeability promote both intravasation and extravasation [97], while
VEGF-induced angiogenesis in the secondary tissue is essential for cell proliferation and
establishment of metastases. Through regulation of these critical molecular targets, hypoxia
promotes each step of the metastatic cascade and selects tumor cell populations that are able
to escape the stressful conditions associated with the hypoxic microenvironment of the
primary tumor.
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1.3

THE IMPACT OF INTRATUMORAL HYPOXIA ON CANCER THERAPY

Death in cancer patients occurs subsequent to local tumor cell invasion and metastasis, and
the development of resistance to therapy. The above discussion already described how
hypoxia within the tumor mass is viewed as an important factor in malignant progression,
particularly as a driving force behind the emergence of invasive and metastatic phenotypes.
Similarly, the presence of intratumoral hypoxia is associated with a negative impact on
cancer therapy, for a number of reasons, and is therefore linked to a poor clinical outcome for
patients with various types of cancers [13-19].

1.3.1

Hypoxia and radiation therapy

More than 50 years ago Gray and colleagues identified tumor oxygenation as an important
factor in radiotherapy [145]. It is now well established that intratumoral hypoxia in solid
tumors is an impediment for successful treatment with ionizing radiation delivered as a single
fraction [28]. This is because in well-oxygenated cells, the presence of O2 enhances the
cytotoxic effects of ionizing radiation through propagation of free radicals and generation of
ROS that cause cell damage in the form of DNA strand breaks, base modifications and
crosslinks [146]. Consequently, it is estimated that hypoxic cells are roughly three times
more resistant to radiation-induced damage compared with well-oxygenated cells [25,147].
Furthermore, the hypoxic cells surviving large doses of radiation are capable of either
regenerating the tumor in situ or establishing tumors following transplantation in other
animals [25]. In situations where fractionated radiotherapy is applied tumor reoxygenation
may occur between treatments. Reoxygenation allows cells that were hypoxic at the time of
irradiation to reacquire the radiosensitivity characteristic of well-oxygenated cells, thus
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becoming sensitive to subsequent treatments with ionizing radiation [25]. However, the
extent and rate at which tumor cells become reoxygenated varies between tumors, and
between different regions within a tumor so the continued presence of hypoxic cells may still
limit the effectiveness of fractionated radiotherapy. Various strategies aimed at improving
blood flow and O2 supply to tumors have been developed in an attempt to overcome the
problem of hypoxia in radiotherapy [25,146,148,149].

1.3.2

Hypoxia and chemotherapy

Intratumoral hypoxia is also associated with a poor response to chemotherapy
[25,27,29,150,151]. One reason for this association, although not a direct consequence of
hypoxia per se, is that many chemotherapeutic agents, in a manner similar to O2, are unable
to penetrate through multiple layers of tissue to reach remote areas of the tumor located at
greater distances from blood vessels [8,152,153]. Hypoxic regions, by virtue of being less
accessible due to the insufficient vascular supply, contain cell populations that escape
exposure to anticancer agents, and thus represent a limitation to successful chemotherapy.

A more direct consequence of hypoxia is observed for chemotherapeutic agents that require
O2 for maximum efficacy. For example, the antineoplastic effects of bleomycins, a family of
glycopeptide antibiotics, are thought to be mediated through fragmentation of DNA
following the formation of a DNA-bleomycin-ferrous iondioxygen complex that reduces O2
to yield highly reactive species [154,155]. Similarly, the cytotoxic actions of the
anthracycline doxorubicin (which include free radical formation, disruption of topoisomerase
II (topo II) function, DNA intercalation and cross-linking, protein/membrane binding, and
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metal ion chelation) may also be dependent on the presence of O2 for drug activation through
metabolic reduction, either by one-electron or two-electron transfer [25,156-159].
Specifically, one-electron transfer to the quinone moiety of doxorubicin and other
anthracyclines leads to the formation of a semiquinone radical, which, in the presence of O2,
rapidly regenerates the parent quinone with concomitant formation of ROS such as
superoxide anion, hydrogen peroxide and the hydroxyl radical [158]. Oxidative damage has
been considered an important mechanism of action for chemotherapeutics such as
bleomycins and anthracyclines, which is supported by the findings that hypoxic cells are
significantly more resistant to these agents compared with well-oxygenated cells [25,160].
Intratumoral hypoxia is also associated with decreased activity of several other
chemotherapeutics including cyclophosphamide, carboplatin, carmustine, etoposide, and
alkylating agents such as melphalan [25,150].

While O2 deprivation can directly limit the efficacy of certain chemotherapeutics, there is
evidence to suggest that hypoxia-induced adaptations may also play a significant role in the
acquisition of the chemoresistance phenotype of tumor cells [27,30,68,69,118,161-165].
Moreover, studies have demonstrated that pre-exposure of tumor cells to hypoxia in vitro is
sufficient to induce resistance to anticancer agents, albeit transiently, even when drug
exposure subsequently occurs under well-oxygenated conditions [68,69,165,166]. This
hypoxia-induced resistance has been demonstrated in numerous cancer cell types and with a
broad spectrum of chemotherapeutics, including those that do not require O2 for maximal
activity. Together, these findings implicate adaptations to hypoxia as an important
component of acquired drug resistance.
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1.3.3

Role of hypoxia-induced survival adaptations in the acquisition of the
chemoresistance phenotype

Cellular mechanisms known to facilitate chemoresistance exist at almost every stage of drug
action (Figure 1.3). Although several possible mechanisms have been put forth, the specific
adaptations that contribute to hypoxia-induced resistance, and the O2 sensing systems
involved, are still poorly understood. Interestingly, many of the adaptations that cells
undergo in order to survive in the hypoxic environment (presented earlier) may also
contribute to resistance to chemotherapeutic agents. For example, to stimulate angiogenesis
in an attempt to increase tumor blood flow, HIF-1 induces the expression of VEGF.
However, upregulation of VEGF also leads to an increase in vascular permeability [97] and
elevated interstitial fluid pressure (IFP) in solid tumors [167]. Tumor interstitial hypertension
represents a barrier to transcapillary transport of chemotherapeutics, and is therefore
associated with poor penetration and decreased cellular uptake of large therapeutic molecules
[168,169]. Clinical evaluation of the response to chemotherapy in patients with lymphoma or
melanoma revealed that only patients with low IFP, either initially or during treatment,
responded to treatment [170], suggesting that elevation of IFP may contribute to hypoxiainduced drug resistance in solid tumors.

Similarly, hypoxia-induced pH homeostasis in the tumor microenvironment can have a direct
impact on the cytotoxicity of anticancer drugs. Uptake of certain drugs occurs through
passive diffusion across the cell membrane, which is permitted when these agents are in an
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Figure 1.3. Generalized model of chemotherapeutic action illustrating the potential for multiple
factors to contribute to the chemoresistance phenotype. Chemotherapy in vivo requires systemic or
local delivery of the drug to the tumor, which is often limited by poor tumor blood flow, high interstitial
fluid pressure (IFP), and the presence of multiple layers of tumor cells hindering drug penetration. For
intracellularly-acting chemotherapeutics drug delivery must be followed by cellular uptake and
accumulation to cytotoxic levels. Acidic conditions in the tumor microenvironment can lead to
protonation of weakly basic chemotherapeutics and prevent their uptake by inhibiting passive diffusion
across the cell membrane. Drug accumulation is also opposed by the family of ABC transporters; wellcharacterized drug efflux pumps that confer multidrug resistance. Once inside the cells drugs may be
rapidly metabolized or potentially sequestered in cellular organelles such as endosomes, thus limiting
drug availability. Resistance against agents with distinct molecular targets, or against drugs with cellcycle phase-specific targets may be mediated through decreased expression or activity of those targets, or
decreased cell proliferation, respectively. Alternatively, increased levels of antioxidants and mechanisms
that maintain redox homeostasis confer resistance against drugs that utilize ROS generation for
cytotoxicity. Even following drug-induced damage survival may be promoted by enhanced repair of
damage suffered or through resistance to mechanisms of programmed cell death (see text for
abbreviations and details).
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uncharged form. However, as a result of the pH gradient established in the tumor
microenvironment (i.e. low extracellular pH, neutral to slightly alkaline intracellular pH)
weakly basic drugs, such as doxorubicin, mitoxantrone, vincristine, and vinblastine become
protonated, hindering their passage through the plasma membrane to enter the cell [171,172].
Similarly, active transport of drugs such as methotrexate may also be inhibited by an acidic
microenvironment [173]. Hypoxia-induced expression of the targets involved in acid
tolerance and pH homeostasis (e.g. NHE1, MCT-4 and CAIX) may contribute to drug
resistance by maintaining acidic extracellular conditions, thus preventing drug uptake by
tumor cells.

An additional obstacle for drug accumulation may include hypoxia-induced upregulation of
members of the ATP-binding cassette (ABC) transporter protein family, which confer drug
resistance through active efflux of a wide range of anticancer agents [174]. Specifically, HIF1 is known to stimulate expression of the multidrug resistance (MDR1/ABCB1) gene product
P-glycoprotein (P-gp) and breast cancer resistance protein (Bcrp/ABCG2) [175,176]. Several
widely used chemotherapeutics are established substrates for MDR1 and BCRP including
anthracyclines, epipodophyllotoxins, camptothecins, methotrexate, and mitoxantrone
(reviewed in [174]). While increased expression of these transporters is typically a
mechanism of survival adopted by cells chronically exposed to chemotherapeutics, their
upregulation under hypoxic conditions is also associated with a survival advantage. For
example, BCRP also binds and transports non-drug substrates such as heme and porphyrins
[176]. Increased amounts of these molecules can have detrimental effects under hypoxic
conditions as elevated intracellular iron content may lead to excessive ROS generation
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[176,177], and accumulation of heme/porphyrin can lead to loss of mitochondrial function
[178,179]. Indeed, when cultured under hypoxic conditions Bcrp+/+ cells have been shown to
possess a survival advantage over Bcrp-/- cells [176]. In addition, ABC transporters have
well-established roles in the efflux of GSH-conjugates, and they may also contribute to the
detoxification of oxidative metabolites such as lipid peroxidation products and fully oxidized
GSH (i.e. GSSG) [180,181]. Thus, upregulation of ABC transporters may also be an
important adaptive mechanism leading to cellular tolerance of oxidative stress and hypoxia.

Other hypoxia-induced adaptations that protect against oxidative stress, such as increased
levels of the antioxidant GSH, may also confer resistance to chemotherapeutics such as
doxorubicin, cisplatin, melphalan, cytosine arabinoside, and 2-methoxyestradiol, which can
exert cytotoxic effects through excessive ROS generation [33,182,183]. In addition, enzymes
such as glutathione-S-transferases (GSTs) contribute to the detoxification of endogenous and
exogenous oxidative species, including various chemotherapeutic agents, by conjugating
these molecules to GSH to promote their export from the cell [184].

An important adaptive response to unfavorable growth conditions involves temporarily
suspending the energy-consuming activities dedicated to cell division. Hypoxia and nutrient
deprivation, both associated with insufficient tumor blood supply and cellular crowding, can
induce cell cycle arrest and decrease the proportion of actively cycling cells [6,8,185]. This
effect may be mediated, in part, through hypoxic increases in the levels of cyclin-dependent
kinase p27Kip1 leading to G1/S arrest [186,187]. Many classes of chemotherapeutic agents are
considered to display cell-cycle phase specificity and are generally more effective in actively

34

proliferating cells versus non-cycling populations. For example, chemotherapeutics targeting
topoisomerases (such as camptothecins, anthracyclines and etoposide), or antimetabolites
that become incorporated into DNA and RNA (e.g. 5-fluorouracil), typically demonstrate
higher toxicity in cells actively synthesizing DNA during S-phase. Conversely, agents that
target mitotic spindles, either through the destabilization (e.g. vincristine, vinblastine) or
stabilization (e.g. paclitaxel) of microtubules, are preferentially toxic in cells undergoing
mitosis. As a low proliferating fraction limits the effectiveness of many cell-cycle specific
chemotherapeutic agents, hypoxia-induced growth arrest may be an important adaptation
supporting chemoresistance.

Finally, the success of chemotherapy in vitro is often measured by the extent of apoptosis
triggered in response to cell damage. Hypoxia has been shown to promote the emergence of
phenotypes resistant to apoptosis, through disruption of the balance between proapoptotic
and antiapoptotic factors as discussed above, as well as through selection for cells that have
lost sensitivity to p53-mediated apoptosis [117-121,188]. Accordingly, several recent reports
have associated decreased apoptotic potential as an important mechanism responsible for
hypoxia-induced resistance.
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1.4

RATIONALE AND HYPOTHESIS

As the above discussion illustrates numerous hypoxia-inducible genes, many of which are
transcriptionally regulated by HIF-1, have been implicated in a variety of mechanisms
associated with drug resistance. However, to date, direct evidence that HIF-1 is responsible
for hypoxia-induced resistance in tumor cells is lacking. It is also unclear whether therapeutic
targeting of HIF-1 represents a feasible approach to overcoming hypoxia-induced
chemoresistance, or whether alternative mechanisms can compensate for the loss of HIF-1
activity. Moreover, a causal relationship between the individual mechanisms proposed and
acquisition of the hypoxia-induced chemoresistance phenotype has yet to be demonstrated. In
light of the established impact of intratumoral hypoxia on response to chemotherapy and the
association with a poor patient prognosis, the following investigation was undertaken to
address these important questions.

The underlying hypothesis of this thesis is that HIF-1-regulated gene expression plays a
critical role in the hypoxia-induced adaptations that contribute to the acquisition of
chemotherapeutic resistance in tumor cells. As a corollary to this hypothesis, it is anticipated
that inhibition of HIF-1 activity in hypoxia will restore tumor cell chemosensitivity by
preventing the adaptive mechanism(s) responsible for this phenotype.
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1.5

OBJECTIVES

To address the above hypothesis, this dissertation sought to determine the role of HIF-1 in
hypoxia-induced chemoresistance, and to identify the potential HIF-1-regulated gene targets
and mechanisms involved with this phenotype. To accomplish this goal the following
specific objectives were developed:

1.

Based on the well-established role of HIF-1 in the adaptations leading to other hypoxiainduced malignant properties, specifically increased angiogenesis, cellular invasiveness
and metastatic ability, this study sought to examine the impact of inhibiting HIF-1
activity on hypoxia-induced chemoresistance in tumor cells.

2.

With the knowledge that HIF-1 activity contributes to increased expression of drug
efflux transporters linked to the multidrug resistance phenotype, the contribution of
drug efflux mechanisms to hypoxia-induced drug resistance was determined.

3.

Given the relevant dual functions of GSH as an antioxidant and as a component of
cellular detoxification systems, the effects of hypoxia on intracellular GSH content, and
the consequences of cellular GSH depletion on hypoxia-induced resistance were
investigated.

4.

In light of recent evidence that HIF-1 activity can disrupt the balance of proapoptotic
and antiapoptotic factors in tumor cells exposed to hypoxia, the mechanism(s) of cell
death induced by chemotherapeutic agents were characterized according to well-
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established morphological and biochemical criteria. As well, quantitative microscopic
analyses were performed to determine whether the observed increase in clonogenic
survival following pre-exposure of tumor cells to hypoxia was associated with escape
from a particular mechanism of cell death.

5.

Under the premise that cell death is initiated as a direct consequence of chemotherapyinduced damage to the cell, this study investigated the effects of hypoxia on DNA
damage caused by chemotherapeutic agents. In addition, with the knowledge that DNA
damage caused by many chemotherapeutic agents can display cell-cycle dependency,
the impact of hypoxia on the population of cells undergoing active DNA synthesis at
the time of drug exposure was investigated.

6.

Finally, based on the consensus that many of the chemotherapeutics used in this study
can exert cytotoxic effects through disruption of topoisomerase II function and
generation of DNA double-strand breaks, the impact of hypoxia on topoisomerase II
expression and activity was determined.

38

CHAPTER 2

THE ROLE OF HYPOXIA-INDUCIBLE FACTOR 1-MEDIATED GENE
TRANSCRIPTION IN HYPOXIA-INDUCED CHEMORESISTANCE
IN HUMAN TUMOR CELLS
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ABSTRACT
Clinical studies have shown that intratumoral hypoxia is associated with a poor patient
prognosis and correlates with increased tumor cell invasion, metastasis and resistance to
radiotherapy and chemotherapy.

Previous studies revealed that exposure to hypoxia

increases the resistance of human cancer cells to chemotherapeutic agents such as
doxorubicin and 5-fluorouracil. Hypoxia-inducible factor 1 (HIF-1) is a transcription factor
that regulates gene expression involved in cellular adaptations to hypoxia. This study sought
to test the hypothesis that HIF-1-dependent gene regulation contributes to hypoxia-induced
resistance. Using three distinct methods of inhibiting HIF-1 function direct evidence that
HIF-1 activity is required for hypoxia-induced resistance to doxorubicin in tumor cells is
provided. Hypoxia-induced resistance to doxorubicin was inhibited by introducing into
human MDA-MB-231 breast carcinoma cells small interfering RNA directed against HIF-1α
or a plasmid encoding a truncated HIF-1α protein that acts as a dominant-negative regulator
of HIF-1 activity. Downregulation of HIF-1 transactivation through inhibition of mitogenactivated protein kinase signaling, specifically the extracellular signal-regulated kinase, also
decreased hypoxia-induced doxorubicin resistance in a dose-dependent manner in human
breast and prostate cancer cells. Together these results highlight the importance of HIF-1 in
the development of chemoresistance and strengthen the rationale for use of small-molecule
inhibitors of HIF-1 as adjuvants to chemotherapeutic regimens.
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INTRODUCTION
Increasing evidence from experimental and clinical studies reveals that hypoxia plays a
fundamental role in malignant progression and contributes to the development of resistance
to ionizing radiation and chemotherapy [11,26,29,54,56,68,165]. Furthermore, the extent of
intratumoral hypoxia in various solid tumors correlates with a poor patient prognosis [18,56].

In order to survive in a hypoxic microenvironment tumor cells must undergo adaptive
changes that enable proliferation and maintenance of oxygen (O2) homeostasis. For example,
in response to hypoxia cells stimulate angiogenesis in an attempt to enhance O2 delivery
(termed the ‘angiogenic switch’), and undergo a transition from oxidative phosphorylation to
anaerobic glycolysis, facilitated by increased glucose uptake and glycolytic metabolism (the
‘glycolytic switch’). However, a consequence of increased glycolytic metabolism is
excessive production of lactate and the development of an acidic microenvironment. This in
turn necessitates further adaptation, driving the emergence of phenotypes resistant to acidinduced cell toxicity [103]. Complex cellular adaptations such as these involve the
coordinated expression of a large and diverse group of genes, many of which are
transcriptionally regulated, at least in part, by hypoxia-inducible factors (HIFs) [189]. In fact,
it is estimated that HIF-regulated target genes comprise roughly 1-2% of the human genome,
illustrating the significance of HIF activity in the control of gene expression under hypoxic
conditions [54].

HIF-1 is a heterodimeric transcription factor, composed of HIF-1α and HIF-1β subunits.
HIF-1β is constitutively expressed and control of HIF function occurs primarily through
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post-translational hydroxylation of the α-subunit involving O2- and iron-dependent
enzymatic activity. Hydroxylation of specific proline residues promotes the recognition of
HIF-1α by the von Hippel Lindau protein (pVHL) ubiquitin E3 ligase complex which targets
HIF-1α for subsequent degradation [42,43]. In addition, hydroxylation of an asparagine
residue in the transactivation domain of HIF-1α prevents its association with the p300/CBP
(cyclic AMP-response-element-binding protein (CREB) binding protein) coactivator, thus
limiting HIF-1-mediated transcriptional activity [44].

Under limited O2 availability

hydroxylase activity is diminished and the α-subunit is stabilized, allowing it to translocate
to the nucleus and dimerize with HIF-1β to stimulate transcription of a diverse group of
hypoxia-inducible target genes. These target genes contain cis-acting hypoxia-responsive
elements (HREs), to which HIFs bind. Among the critical physiological responses that are
affected by HIF-1 target genes are erythropoiesis (erythropoietin (EPO)), angiogenesis
(vascular endothelial growth factor (VEGF), angiopoietin-2 (ANG-2)), and glycolysis
(pyruvate dehydrogenase kinase 1 (PDK1), lactate dehydrogenase A (LDH-A), glucose
transporters 1 and 3 (GLUT1, GLUT3), and various other glycolytic enzymes), which are
examples of systemic, local and cellular responses to hypoxia, respectively [189]. Additional
target genes are associated with cell proliferation, cell survival, apoptosis, cell migration,
cellular invasion and metastasis [11,53-56].

HIF-1α overexpression is associated with increased patient mortality in many different
human cancers including cancers of the breast, colon, lung, brain, bladder, cervix, and ovary,
and others (reviewed by [56]). As well, an inherited deficiency in pVHL permits constitutive
stabilization of HIF-1α and often results in renal clear cell carcinoma, further implicating a
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significant role for HIF-1 in cancer progression [190,191]. Clinical findings are supported by
results from experimental studies in which HIF-1α expression levels were genetically
manipulated. Overexpression of HIF-1α leads to increased tumor growth, angiogenesis and
metastasis, while inhibition of HIF-1α expression is associated with decreased tumor growth,
angiogenesis and metastasis in animal models (reviewed in [11,56]). Given these findings it
is tempting to speculate that HIF-1-dependent gene expression also contributes to the
emergence of chemoresistance phenotypes. Several HIF-1 target genes with well-established
roles in the control of cell cycle progression, growth and survival have already been
identified [53,189]. As well, functional HREs have been identified in the promoter regions of
the genes encoding for P-glycoprotein (P-gp, originally identified as the multidrug resistance
gene (MDR1/ABCB1)) and breast cancer resistance protein (BCRP/ABCG2), two members of
the ATP-dependent transmembrane transporter family involved in the active efflux of various
toxins, including anticancer drugs [175,176,192]. However, studies suggest that hypoxiainduced drug resistance is distinct from transporter associated multidrug resistance and that
cells can acquire resistance through non-multidrug resistance-associated mechanisms which
are still poorly understood [193-196].

In light of the established importance of HIF-1 as a regulator of O2 homeostasis and a
contributing factor to malignant progression, experiments were designed to determine
whether HIF-1 activity is required for the development of the hypoxia-induced drug
resistance phenotype in tumor cells. During the time in which this study was underway,
findings from several independent laboratories had begun to shed light on the possible role of
HIF-1 in the development of drug resistance [118,161-163,197]. Many of these studies
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implicate HIF-1 activity with decreased susceptibility to chemotherapy-induced apoptosis,
mediated in part through downregulation of proapoptotic factors such as Bid [118,162].
However, data demonstrating that restoration of Bid expression levels is sufficient to
overcome hypoxia-induced drug resistance has not been reported. Moreover, it is not clear
whether evasion of chemotherapy-induced apoptosis is the primary mechanism by which
hypoxia increases the survival of cells treated with anticancer agents, or whether additional
HIF-regulated mechanisms play an important role in the emergence of drug resistance
phenotypes. The data presented here support the notion that HIF-1 is important for the
acquisition of hypoxia-induced drug resistance and demonstrate, using three independent
methods to inhibit HIF-1 activity, that downregulation of HIF-1 activity is sufficient to
inhibit hypoxia-induced drug resistance.
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MATERIALS AND METHODS
Cell culture and exposure to hypoxia
Human MDA-MB-231 breast carcinoma cells and human DU-145 prostatic carcinoma cells
were obtained from the American Type Culture Collection (Manassas, VA, USA), and
human HCT-116 colon carcinoma cells were kindly provided by Dr. Xiaolong Yang
(Department of Pathology and Molecular Medicine, Queen’s University).

Cells were

maintained in monolayer cultures in a standard CO2 incubator (5% CO2 in air at 37°C) in
either RPMI 1640 medium supplemented with 5% FBS (MDA-MB-231, DU-145), or
McCoy’s 5A medium supplemented with 10% FBS (HCT-116) (all tissue culture media were
obtained from Invitrogen, Burlington, ON, Canada). To establish hypoxic conditions, cells
were placed in airtight plastic chambers that were flushed with a 5% CO2/ 95% N2 gas
mixture. O2 concentrations within these chambers were maintained at 0.2% using Pro-Ox
Model 110 O2 regulators (Biospherix, Redfield, NY, USA).

Clonogenic (colony formation) assays
Methods for the clonogenic assay have been described previously [68,165].

Briefly,

following 24 h of standard or hypoxic incubation, culture media were replaced with either
complete medium (for non-treated controls) or complete medium containing various
chemotherapeutic agents (doxorubicin and daunorubicin: 5-12.5 μM; etoposide: 50-125 μM;
5-fluorouracil (5-FU): 50 mM; mitoxantrone: 0.5-1 μM; all chemotherapeutics were from
Sigma-Aldrich Canada Ltd., Oakville, ON, Canada). Cells were then incubated in standard
culture conditions for 1 h (or 24 h for 5-FU treatment), washed once with PBS, collected by
trypsinization and counted using a hemocytometer. Depending on the cell line studied, 100-
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250 cells/well (non-treated controls) or 1000-2500 cells/well (drug-treated groups) were reseeded into each well of a 6-well tissue culture plate. After an additional 7 to 14 days of
growth, surviving colonies were fixed with Carnoy’s fixative (1 part acetic acid: 3 parts
methanol), stained with a dilute crystal violet (0.33% w/v) solution and counted.

Western blot analysis of HIF-1α
Following incubation under various conditions, cells were frozen immediately upon removal
from the hypoxia chambers by rapidly discarding the media and placing the culture plates in
a liquid nitrogen bath. Cells were lysed on ice in HIF-1 lysis buffer (100 mM NaCl, 20 mM
Tris HCl pH 7.6, 5 mM MgCl2, 0.5 mM phenylmethylsulfonylfluoride, 1 mM sodium
orthovanadate with 10 μg/ml aprotinin, 0.5% Igepal CA630, Protease Inhibitor Cocktail
(Roche Diagnostics, Laval, QC, Canada)) or ERK lysis buffer (20 mM Tris HCl pH 7.4, 150
mM NaCl, 1 mM EDTA, 1% Triton X-100, Protease Inhibitor Cocktail), followed by brief
sonication (one 10 s pulse at 50 Hz). After clearance by centrifugation and determination of
protein content by a modified Lowry assay (Bio-Rad DC Protein Assay, Bio-Rad
Laboratories, Mississauga, ON, Canada), 10-25 μg samples of protein were resolved on 6%
SDS-polyacrylamide gels and transferred onto Immobilon-P membranes (Millipore
Corporation, Bedford, MA, USA) using a wet transfer apparatus. The membranes were
washed once with TBS (140 mM NaCl, 50 mM Tris HCl pH 7.2) containing 0.1% Tween 20
before blocking nonspecific binding with TBS/5% dry milk powder in a hybridization
incubator for 2-3 h at 4°C. The membranes were then incubated with primary antibody
overnight at 4°C in TBS/0.5% milk (HIF-1α antibody, 1:250 (BD Transduction Laboratories,
Oakville, ON, Canada); β-actin antibody, 1:5000 (Sigma-Aldrich Canada Ltd.)).

46

The

membranes were washed in TBS/Tween 20 (4 × 15 min) and then incubated for 1 h at room
temperature (RT) with horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit
antibodies in TBS/0.2% milk (1:2500-5000; Bio-Rad Laboratories, Mississauga, ON,
Canada). Membranes were then washed, followed by detection using enhanced
chemiluminescence (Amersham Biosciences, Baie D’Urfe, QC, Canada) and exposure to
Kodak X-Omat Blue film.

HRE reporter assay for analysis of HIF-1 transcriptional activity
HIF-1 activity was assessed using a reporter gene construct containing six copies of the
murine

phosphogylcerate

kinase

1

(PGK1)

promoter

HRE

(5’-

CGCGTCGTGCAGGACCCCGTGACAAAT-3’) arranged in tandem and subcloned into the
pGL3-Basic firefly luciferase reporter vector (pGL3-6×HRE; kindly provided by Dr. P. J.
Ratcliffe, Oxford University, UK) [43]. Transfections were performed in triplicate for each
condition using FuGENE6 Transfection Reagent (Roche Diagnostics) according to the
manufacturer’s instructions. Cells were transfected with pGL3-6×HRE and pRL-CMV (a cotransfected renilla luciferase plasmid serving as an internal control; Promega/Fisher
Scientific, Nepean, ON, Canada) for 48 h under standard culture conditions prior to a 24-h
incubation under standard or hypoxic culture conditions as described in the text. Luciferase
activity was measured using the Dual Luciferase Assay system (Promega) according to the
manufacturer’s instructions. Cell lysates were prepared using 1X Passive Lysis Buffer with
gentle rocking at RT for 15 min. A sample of each lysate was then assayed for firefly and
renilla luciferase activities using a Tropix TR717 Microplate Luminometer set for a 10 s read
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following substrate injections. Renilla luciferase measurements were used to normalize
firefly luciferase measurements for transfection efficiency.

Establishment of MDA pCEP4 and MDA pCEP4 HIF-1 DN cell lines
The pCEP4 HIF-1αΔNBΔAB (also referred to as HIF-1 DN) plasmid encodes a form of HIF1α lacking the amino-terminal basic domain required for DNA binding and the carboxyterminal transactivation domain. The truncated protein retains the HIF-1β dimerization
domain, allowing it to compete with full-length HIF-1α for HIF-1β binding, and in this
manner prevents the formation of functional HIF-1 heterodimers [49]. pCEP4 HIF-1 DN and
the pCEP4 empty vector were kindly provided by Dr. G. L. Semenza. MDA pCEP4 and
MDA pCEP4 HIF-1 DN cells (stably expressing pCEP4 or pCEP4 HIF-1αΔNBΔAB,
respectively) were generated by hygromycin selection of transfected MDA-MB-231 cells.
Plasmid transfections were performed using FuGENE 6 Transfection Reagent (Roche
Diagnostics) according to the manufacturer’s instructions.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) analysis
To assess the effects of the dominant-negative HIF-1α protein on cell growth and viability
under standard culture conditions, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was employed. This method is based on the functional activity of
mitochondrial dehydrogenases in actively metabolizing cells, converting MTT to dark blue
formazan crystals. Briefly, MDA-MB-231 parental, MDA pCEP4 and MDA pCEP4 HIF-1
DN cells were seeded in 96-well dishes and incubated in standard culture conditions for up to
120 h, where t = 0 at the time of cell plating. At 24 h time points, cells were incubated with
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freshly prepared MTT (200 μg/ml final concentration; Sigma-Aldrich Canada Ltd.) for 3 h in
standard culture conditions. Culture media were then removed, cells were treated with
DMSO to solubilize formazan crystals, and extracts were measured spectrophotometrically at
570 nm in a plate reader.

HIF-1α small interfering RNA (siRNA) transfection
Knockdown of HIF-1α expression was achieved using Silencer® validated siRNA targeted
against exon 5 of the human HIF-1α gene (ID #42840; Ambion Inc., Austin, TX, USA).
Silencer® Negative Control siRNA #1 (Ambion) was used to control for non-specific effects.
siRNA (25 nM final concentration) was introduced into cells by reverse transfection using
siPORT NeoFx reagent (Ambion) according to the manufacturer’s instructions. The siRNA
treatments were carried out for 48 h under standard culture conditions prior to incubation in
hypoxia. Pilot studies performed using Silencer® FAM™ labeled GAPDH siRNA (Ambion)
under similar conditions demonstrated uptake of siRNA in ~75-85% of cells (data not
shown).

Inhibition of MAPK signaling
To inhibit ERK1/2-mediated phosphorylation of HIF-1α, cells were treated with freshly
prepared medium containing 1-25 μM U0126 (Calbiochem/ VWR Scientific of Canada Ltd.,
Mississauga, ON, Canada), an inhibitor of MAPK-ERK kinase (MEK), the upstream kinase
responsible for ERK1/2 activation. Control groups were treated with medium containing
vehicle (DMSO; 0.1-0.25% v/v), or U0124 (10 μM; Calbiochem), the non-active structural
analog of U0126. MEK1/2 inhibition was monitored through Western blot analysis of

49

phosphorylated ERK1/2 levels using the methods described above with antibodies against
either phospho-ERK1/2 or total ERK1/2 (1:1000 phospho-p44/42 MAPK (Thr202/Tyr204)
antibody; 1:1000 p44/42 MAPK antibody, respectively (Cell Signaling/New England
Biolabs, Mississauga, ON, Canada)).

Calculations and statistical analysis
For clonogenic assays, plating efficiency was calculated as the mean number of surviving
colonies expressed as a proportion of the total number of cells inoculated.

Surviving

fractions were determined by dividing the plating efficiency of drug-treated groups by the
plating efficiency of the corresponding untreated control group. Data are reported as the
mean surviving fraction from replicates of six ± the standard deviation (SD). For luciferase
reporter assays the results are reported as the mean normalized luciferase activity ± SD from
three replicates. Statistical analyses were performed using GraphPad Prism software version
4.0 (GraphPad Software, Inc., San Diego, CA, US). When only two groups were compared
statistical significance was determined by an unpaired, two-tailed t-test. When more than two
groups were compared, statistical significance was determined by one-way ANOVA
followed by a Newman-Keuls Multiple Comparison test. All statistical tests were two-sided
and differences were considered to be statistically significant at P < 0.05.
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RESULTS
Exposure of human tumor cells to hypoxia leads to resistance against chemotherapeutic
agents, and is accompanied by an accumulation of phosphorylated HIF-1α and
increased HIF-1 activity.
To study the cellular adaptations leading to hypoxia-induced resistance an experimental
model was utilized in which cells are pre-incubated in hypoxia, followed by acute
chemotherapeutic treatment under well-oxygenated conditions [68,165]. By performing the
chemotherapeutic exposure under standard culture conditions drug efficacy is not
compromised by limited O2 availability, which is known to contribute to hypoxia-induced
resistance to certain chemotherapeutic agents [25]. Instead, this model allows for a direct
comparison of cells maintained in a well-oxygenated environment with cells that have
undergone hypoxia-induced adaptations potentially responsible for the acquisition of drug
resistance. In this experimental model, hypoxic pre-exposure (0.2% O2 for 24 h) of human
tumor cells, specifically MDA-MB-231 breast carcinoma, DU-145 prostatic adenocarcinoma,
and HCT-116 colon carcinoma cells, was sufficient to induce resistance to multiple classes of
chemotherapeutic agents (Table 2.1). The induction of resistance by hypoxia was transient
and the sensitivity of tumor cells to chemotherapeutic agents was restored following 12 - 24
h of reoxygenation. Furthermore, pilot studies performed using a hypoxic chamber (Coy
Laboratory Products, Inc., MI, USA) that enables manipulation of cells while under hypoxic
conditions revealed that reoxygenation of hypoxic cells was not required for the induction of
drug resistance and that pre-exposure to hypoxia was the primary determinant of increased
resistance to doxorubicin in this model (data not shown).
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Table 2.1. Hypoxia-induced chemotherapeutic resistance in human tumor cells.
CELL LINE AND TUMOR TYPE

DRUG CLASS

DRUG

MDA-MB-231

DU-145

HCT-116

Breast carcinoma

Prostatic adenocarcinoma

Colon carcinoma

Resistance Factor *
Anthracyclines

Daunorubicin

4.0 ± 0.8 (6)

nd

3.9 ± 0.3 (2)

Doxorubicin

4.0 ± 0.3 (48)

3.7 ± 0.6 (16)

1.5 ± 0.1 (2)

Epipodophyllotoxins

Etoposide

3.8 ± 0.4 (26)

4.0 ± 0.6 (9)

8.0 ± 3.0 (3)

Thiopurines

5-Fluorouracil

2.9 ± 0.8 (7)

1.5 (1)

nd

Anthracenediones

Mitoxantrone

2.8 ± 0.4 (8)

0.9 ± 0.3 (2)

nd

* The Resistance Factor was determined as the fold-increase in clonogenic survival of drug-treated cells
pre-exposed to hypoxia (0.2% O2, 24h), relative to cells maintained under standard (20% O2) conditions
(see text for details). Specific conditions for drug treatments are described in Materials and Methods.
Data are reported as the mean fold-increase in survival ± SE. The number of experiments performed are
shown in brackets (nd: not determined).
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An important early event in the adaptive response to hypoxia involves the stabilization and
phosphorylation of HIF-1α [39,45]. As shown in Figure 2.1A exposure of MDA-MB-231
cells to hypoxia (0.2% O2) resulted in accumulation of stabilized HIF-1α protein after ~45
min in hypoxia, and levels progressively increased with longer durations of hypoxia up to
180 min. The observed delay in HIF-1α stabilization following the start of culture in hypoxia
was likely a reflection of the time required for O2 levels in the culture medium to reach
equilibrium with those generated in the hypoxic chamber. Some additional time is likely
required to establish hypoxic conditions at the cellular level (i.e. when cytosolic O2 levels fall
below the threshold required to maintain prolyl hydroxylase activity). HIF-1α stabilization
preceded detectable phosphorylation of HIF-1α, which was observed following 90-180 min
of hypoxia. Elevated levels of phosphorylated HIF-1α were still evident following 24 h of
hypoxia in both MDA-MB-231 and DU-145 cells (Figure 2.1B). At the functional level,
hypoxia-induced stabilization and phosphorylation of HIF-1α correlated with increased HIF1-mediated transcriptional activity, as measured using an HRE-driven luciferase reporter
construct (Figure 2.1B). Following exposure to hypoxia (0.2% O2, 24 h) HIF-1-mediated
luciferase activity in MDA-MB-231 and DU-145 cells transiently transfected with the HIF-1responsive pGL3-6×HRE plasmid was significantly increased relative to cells maintained in
20% O2 (MDA-MB-231: 9.0 to 24.7-fold increase by hypoxia, P < 0.0001; DU-145: 5.4 to
7.5-fold increase by hypoxia, P < 0.0001). Together, these results demonstrate that under
conditions leading to hypoxia-induced chemoresistance in tumor cells, HIF-1 was activated
and transcription of HRE-containing genes was increased.
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Figure 2.1. Exposure of human MDA-MB-231 and DU-145 tumor cells to hypoxia leads to
accumulation of stabilized, phosphorylated HIF-1" protein and HIF-1 transcriptional activity. A,
Western blot analysis of whole cell lysates revealing the time course of HIF-1" protein stabilization and
phosphorylation in MDA-MB-231 cells exposed to hypoxia (0.2% O2). Analysis of !-actin protein levels
served as a loading control. The immunoreactive species corresponding to phosphorylated HIF-1" is
indicated (#). B, Western blot analysis (left panels) and luciferase activity assays (right panels) revealing
the accumulation of HIF-1", and the increase in HIF-1-activity in MDA-MB-231 and DU-145 cells
following culture in standard (20% O2) or hypoxic (0.2% O2) conditions for 24 h. For the luciferase
activity assays MDA-MB-231 or DU-145 cells were transiently transfected with a HIF-1-responsive
reporter construct (pGL3-6$HRE) prior to culture in standard or hypoxic conditions. Results shown are
representative of eight (MDA-MB-231) or five (DU-145) independent experiments. Significant increases
in relative HIF-1-mediated luciferase activity were determined by unpaired t-tests and are indicated
(a: P < 0.0001).
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Expression of a dominant-negative acting HIF-1α protein inhibits hypoxia-induced
doxorubicin resistance in MDA-MB-231 cells
To test the hypothesis that HIF-1 activity was required for hypoxia-induced drug resistance
MDA-MB-231 cell lines stably expressing a dominant-negative HIF-1α protein or the
pCEP4 empty vector were generated (designated MDA pCEP4 HIF-1 DN and MDA pCEP4
respectively). HIF-1 transcriptional activity in the stable cell lines was assessed using the
pGL3-6×HRE reporter plasmid. Incubation of MDA pCEP4 cells in hypoxia (0.2% O2, 24 h)
increased luciferase activity 8.4 to 20.9-fold (mean 15.3-fold, P < 0.001; n = 5) relative to
cells maintained in 20% O2 (Figure 2.2A). Compared with MDA pCEP4 cells, hypoxiainduced luciferase activity in MDA pCEP4 HIF-1 DN cells was 32.2 ± 0.06% lower (mean ±
SE, P < 0.001; n = 5). Clonogenic assays revealed that exposure to hypoxia increased the
survival of MDA pCEP4 cells treated with doxorubicin by 9.0 to 26.5-fold (mean 19.5-fold,
P < 0.001; n = 4) relative to standard culture conditions (Figure 2.2B). In MDA pCEP4 HIF1 DN the mean hypoxia-induced increase in clonogenic survival of cells was 6.9-fold (P <
0.05, n=3), representing a significant reduction (~65%) in hypoxia-induced resistance
compared with MDA pCEP4 cells (P < 0.001). The inhibitory effects of the dominantnegative HIF-1α protein were specific to hypoxia as doxorubicin sensitivity of cells
maintained under standard culture conditions was comparable in both cell lines. The growth
rates of MDA pCEP4 and MDA pCEP4 HIF-1 DN, as determined by the MTT assay, were
not affected by expression of HIF-1 DN and were comparable to wild type MDA-MB-231
cells (data not shown). Furthermore, inhibition of HIF-1-mediated luciferase activity and
hypoxia-induced survival were observed in two independent clones of the HIF-1 dominant-
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Figure 2.2. Expression of dominant-negative HIF-1! in human breast carcinoma cells inhibits
hypoxia-induced doxorubicin resistance. A, MDA pCEP4 or MDA pCEP4 HIF-1 DN cells transiently
transfected with the HIF-1-responsive pGL3-6"HRE luciferase reporter construct were incubated under
standard (20% O2) or hypoxic (0.2% O2) conditions for 24 h and assessed for luciferase activity. Hypoxia
increased HIF-1-mediated luciferase activity in both cells lines, however, relative to MDA pCEP4 cells
hypoxia-induced luciferase activity was significantly lower in cells stably expressing the HIF-1 DN
protein. Results shown are representative of five independent experiments. B, MDA pCEP4 or MDA
pCEP4 HIF-1 DN cells were incubated under standard (20% O2) or hypoxic (0.2% O2) conditions for
24 h, treated with doxorubicin (5 µM, 1 h in 20% O2) and cell survival was assessed by clonogenic
assays. Pre-exposure of MDA pCEP4 and MDA pCEP4 HIF-1 DN cells to hypoxia led to significantly
increased survival compared with cells maintained in standard culture conditions. However, hypoxiainduced survival of MDA pCEP4 HIF-1 DN was significantly lower than the survival of MDA pCEP4
cells following exposure to hypoxia. Results shown are representative of three independent experiments.
Significant differences were determined by one-way ANOVA, followed by a Newman-Keuls Multiple
Comparisons test (a: P < 0.001, b: P < 0.05).
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negative cell line, suggesting that these findings were not attributable to clonal effects (data
not shown).

HIF-1α small interfering RNA (siRNA) abrogates hypoxia-induced doxorubicin
resistance in MDA-MB-231 cells
To confirm the results observed using the dominant-negative HIF-1 plasmid, and to achieve a
more complete inhibition of HIF-1 activity, siRNA targeting HIF-1α was introduced into
MDA-MB-231 cells. Cells transfected with a negative control siRNA, which does not target
known human sequences, served as a control. Culture of control-transfected MDA-MB-231
cells in hypoxia (0.2% O2, 24 h) led to the typical accumulation of phosphorylated HIF-1α
(Figure 2.3A). This was not the case for whole cell lysates prepared from MDA-MB-231
cells transfected with HIF-1α siRNA in which HIF-1α protein was almost undetectable.

Clonogenic assays revealed that exposure of negative control-transfected cells to hypoxia
prior to doxorubicin treatment increased survival by 3.6 to 10.8-fold (mean 5.7-fold,
P < 0.001; n = 5) relative to similarly-treated cells maintained in standard culture conditions
(Figure 2.3B). In contrast, hypoxia did not increase the survival of MDA-MB-231 cells
treated with HIF-1α siRNA (n = 5). Relative to the survival of control-transfected cells, HIF1α siRNA significantly reduced hypoxia-induced clonogenic survival by 56 to 84% (mean ±
SE: 76 ± 5%, P < 0.001; n = 5). The effect of HIF-1α siRNA on survival was specific for
cells pre-exposed to hypoxia as there were no significant differences in survival of cells
maintained in 20% O2 (P = 0.88 following the comparison of the survival of controltransfected versus HIF-1α siRNA-transfected cells maintained in 20% O2). Plating efficiency
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Figure 2.3. Treatment of human breast carcinoma cells with HIF-1! siRNA prevents HIF-1!
accumulation and inhibits hypoxia-induced doxorubicin resistance. MDA-MB-231 cells were
transfected with negative control siRNA or HIF-1! siRNA (25 nM, 48 h in standard culture conditions)
and incubated under standard (20% O2) or hypoxic (0.2% O2) conditions for 24 h. A, Western blot
analysis of whole cell lysates revealing silencing of HIF-1! protein levels in cells treated with HIF-1!
siRNA. Analysis of "-actin protein levels served as a loading control. B, cells were treated as described
above, exposed to doxorubicin (5 µM, 1 h in 20% O2) and cell survival was assessed by clonogenic
assays. Pre-exposure to hypoxia led to significantly increased survival of doxorubicin-treated MDA-MB231 cells transfected with negative control siRNA, but not HIF-1! siRNA. Hypoxia-induced survival of
HIF-1! siRNA-transfected cells was significantly lower compared with that measured in cells transfected
with negative control siRNA. Data presented in B are representative of five independent experiments.
Significant differences in survival were determined by one-way ANOVA, followed by a Newman-Keuls
Multiple Comparisons test (a: P < 0.001).
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(i.e. the survival of cells not treated with doxorubicin) was comparable for cells transfected
with negative control or HIF-1α siRNA (data not shown).

Inhibition of MAPK/ERK Kinase-1/2 (MEK1/2) signaling inhibits HIF-1 activity and
hypoxia-induced resistance to doxorubicin in human breast and prostate cancer cells
Cellular adaptations to changes in the tumor microenvironment have been associated with
activation of MAPK signaling leading to altered gene expression [198]. For example,
ERK1/2-mediated phosphorylation of HIF-1α can increase HIF-1 transcriptional activity
[45], and thus activation of the MEK/ERK signaling cascade can contribute to the regulation
of gene expression in hypoxia. This provided the rationale for determining whether
MEK/ERK signaling contributes to the induction of doxorubicin resistance in human tumor
cells exposed to hypoxia. Based on previous observation that a 6-h incubation in hypoxia is
sufficient to induce the drug resistance phenotype [68], it was hypothesized that activation of
stress-related signaling pathways occurs early in the 24-h incubation in hypoxia and that
assessment of MEK activity would be most relevant at earlier time points. This hypothesis
was supported by results from the time-course of HIF-1α induction conducted in MDA-MB231 cells that revealed phosphorylation events taking place between 90 – 180 min in hypoxia
(Figure 2.1A). Thus, the effects of inhibiting MEK activity on HIF-1 function following 3 h
in hypoxia were assessed.

Treatment of MDA-MB-231 and DU-145 cells with the MEK1/2-specific inhibitor U0126
decreased ERK1/2 phosphorylation in a dose-dependent manner (Figure 2.4A) while
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Figure 2.4. Inhibition of MEK1/2 signaling inhibits HIF-1 activity and hypoxia-induced
doxorubicin resistance in human tumor cells. MDA-MB-231 or DU-145 cells were cultured in
standard (20% O2) or hypoxic (0.2% O2) conditions in the presence of the MEK1/2-specific inhibitor
U0126, the non-active structural analog U0124, or vehicle (control). A, Western analysis of whole cell
lysates following a 3-h incubation in hypoxia revealing decreased phosphorylation of ERK1/2 and HIF-1
" following treatment with U0126. In contrast, U0124 had no effect on either protein. The position of the
immunoreactive species corresponding to phosphorylated HIF-1" is indicated (#). B, hypoxia-induced
fold-increase in luciferase activity in MDA-MB-231 or DU-145 cells transiently transfected with pGL3-6
$HRE following culture in standard or hypoxic conditions for 24 h in the presence of vehicle, U0126, or
U0124. Compared with vehicle-treated controls U0126 significantly inhibited the induction of HREdriven luciferase production by hypoxia (a: P < 0.001, b: P < 0.05), while U0124 had no inhibitory effect.
C, clonogenic survival of non-transfected cells pre-treated as described in B and subsequently exposed to
doxorubicin (MDA-MB-231: 5 µM, DU-145 12.5 µM, 1 h in 20% O2). Compared with vehicle-treated
controls, MDA-MB-231 and DU-145 cells cultured in the presence of U0126 during hypoxia showed a
trend towards a lower induction of resistance by hypoxia, however differences were not statistically
significant. Results shown in B and C represent the mean induction (± SE) of three independent
experiments. Statistically significant differences relative to vehicle-treated controls were determined by
one-way ANOVA followed by a Newman-Keuls Multiple Comparison test.
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treatment with U0124, an inactive structural analogue, had no effect. Inhibition of ERK1/2
phosphorylation persisted for at least 24 h (data not shown), and total ERK1/2 levels were
comparable under all conditions tested. The inhibition of MEK1/2 activity was accompanied
by decreased levels of HIF-1α phosphorylation (Figure 2.4A), which correlated with a dosedependent inhibition of HIF-1-mediated luciferase production in cells transiently transfected
with pGL3-6×HRE (Figure 2.4B). Compared with control-treated cells, 25 μM U0126
decreased the hypoxic induction of luciferase activity by 61 to 77% in MDA-MB-231 cells
(mean ± SE: 68.7 ± 4.8%, P < 0.001; n = 3) and by 44 to 54 % in DU-145 cells (mean ± SE:
48.9 ± 2.8 %, P < 0.001; n = 3).

Finally, clonogenic assays performed with U0126-treated cells revealed a decrease in
hypoxia-induced doxorubicin resistance (Figure 2.4C) that closely reflected the inhibition of
HIF-1 activity observed under equivalent conditions. Compared with control-treated cells 25
μM U0126 decreased the hypoxic induction of survival by 33 to 75 % in MDA-MB-231 cells
(mean ± SE: 56.7 ± 12.3%; n = 3;) and by 47 to 68 % in DU-145 cells (mean ± SE: 57.4 ±
10.6 %; n = 2). U0124 did not alter the induction of doxorubicin resistance by hypoxia.
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DISCUSSION
There is strong evidence that hypoxia can promote the development of chemotherapeutic
resistance in tumor cells, however the role of HIF-1 activity in this process is still not well
understood. In this study three distinct approaches were utilized to inhibit HIF-1 function in
order to provide direct evidence that HIF-1 activity is required for the hypoxia-induced
resistance to doxorubicin in tumor cells. Downregulation of HIF-1 activity, either through
knockdown of HIF-1α expression, prevention of HIF-1α dimerization with HIF-1β or
inhibition of MEK/ERK-dependent phosphorylation of HIF-1α, led to inhibition of hypoxiainduced resistance to doxorubicin in human breast and prostate cancer cells. Furthermore,
under standard culture conditions the survival of cells in which HIF-1 was genetically
inhibited was comparable to controls, suggesting that the increased sensitivity to doxorubicin
observed following pre-exposure to hypoxia was due to the specific loss of hypoxia-induced
HIF-1 activity.

One of the earliest reports linking HIF-1-dependent mechanisms to chemotherapeutic
sensitivity proposed the upregulation of DNA double-strand break repair enzymes under
hypoxic conditions [161]. To date, identification of specific DNA repair enzymes under the
transcriptional control of HIF-1 has not been reported, however such a mechanism could
support increased survival of cells treated with chemotherapeutics that generate DNA strandbreaks, including topoisomerase II (topo II) poisons such as anthracyclines (doxorubicin,
daunorubicin), etoposide and mitoxantrone.
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An alternative mechanism that may contribute to resistance to doxorubicin involves HIF-1mediated downregulation of topo II expression. Wang and Minko reported that culture of
human ovarian cancer cells in hypoxia led to decreased expression of topo IIα mRNA, which
was partially rescued by treatment with antisense oligonucleotides against HIF-1α [199].
Whether topo IIα protein levels reflect the downregulation of mRNA expression under
hypoxic conditions and whether a similar downregulation occurs in other human cancers has
not yet been established. It is also unclear whether the decrease in topo IIα expression
observed in hypoxia was mediated directly through HIF-1 repression of the topo IIα
promoter, or indirectly following HIF-1-mediated downregulation of other targets.

At any rate, alterations in topo II expression are unlikely to explain the development of
hypoxia-induced resistance against chemotherapeutic agents with different mechanisms of
action, such as antimetabolites like 5-FU [68], DNA crosslinking agents like cisplatin [197],
or microtubule-targeting agents such as vincristine [163] and paclitaxel [69]. Instead, other
hypoxia-inducible mechanisms, such as HIF-1-mediated activation of MDR1 and BCRP
expression may contribute to the decreased sensitivity of cancer cells to these agents that is
observed following culture in hypoxia [175,176,192].

Alternatively, recent studies have provided evidence that inhibition of HIF-1 function can
alter the expression of proapoptotic and antiapoptotic members of the Bcl-2 protein family
[118,199]. Giaccia and colleagues showed that exposure of human colon carcinoma cells to
hypoxia downregulated the expression of the proapoptotic proteins Bax, Bad and Bid through
HIF-1-dependent (Bid) or HIF-1-independent mechanisms (Bax, Bad), while levels of the
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antiapoptotic Bcl-2 protein were unaffected [118]. In contrast, exposure of human ovarian
carcinoma cells to hypoxia led to increased expression of Bcl-2 and Bax through HIF-1dependent mechanisms [199]. Despite the fact that these two studies did not assess hypoxiaor chemotherapy-induced changes in survival or apoptosis following direct inhibition of HIF1 activity, they reveal that the role of HIF-1 in regulating the expression of proapoptotic and
antiapoptotic Bcl-2 family members cannot be generalized and may be cell-type specific.

Although further investigation is required to identify the precise mechanism(s) through
which HIF-1 regulates tumor cell chemotherapeutic resistance, the findings presented here
confirm that HIF-1-dependent gene expression is necessary for hypoxia-induced
chemoresistance and further implicate the pathophysiological role for hypoxia in the
development of the malignant phenotype and resistance to therapy. Identification of the HIF1-regulated genes involved in this process may reveal novel therapeutic targets to overcome
resistance and improve patient response to chemotherapy. Moreover, the finding that
hypoxia-induced drug resistance is abrogated following inhibition of HIF-1 activity
strengthens the rationale for use of small-molecule inhibitors of HIF-1 as adjuvants to
chemotherapeutic regimens.
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CHAPTER 3

THE CONTRIBUTION OF DRUG TRANSPORT MECHANISMS TO THE
HYPOXIA-INDUCED CHEMORESISTANCE PHENOTYPE IN
HUMAN TUMOR CELLS

The data presented in Figures 3.1 and 3.3 of this chapter have been previously published in
Clinical Cancer Research. 2007 April 1; 13(7):2199-2206
Frederiksen LJ, Sullivan R, Maxwell LR, MacDonald-Goodfellow SK, Adams MA, Bennett
BM, Siemens DR, and Graham CH.
Copyright © 2007 American Association for Cancer Research
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ABSTRACT
The development of intratumoral hypoxia is associated with resistance to therapy in many
forms of human cancer, and pre-exposure of tumor cells to hypoxia confers multidrug
resistance. One possible mechanism by which hypoxia may promote chemoresistance
involves increased efflux of chemotherapeutic agents, mediated by a broad family of ATPbinding cassette (ABC) multidrug transporters. Previously, studies have shown that preexposure of human MDA-MB-231 breast carcinoma and DU-145 prostatic adenocarcinoma
cells to hypoxia confers resistance to multiple chemotherapeutic agents including
doxorubicin, etoposide, daunorubicin, mitoxantrone and 5-fluorouracil. The present study
demonstrates that pre-exposure of these cells to hypoxia does not affect intracellular
accumulation of doxorubicin or drug efflux activity measured over a 90-minute period
following drug treatment. Treatment with ABC transporter inhibitors (R(+)-verapamil,
reserpine) chemosensitized tumor cells to doxorubicin and etoposide, but failed to prevent
hypoxia-induced resistance to these drugs. These data suggest that although ABC
transporters may contribute to the survival of MDA-MB-231 and DU-145 cells exposed to
chemotherapeutic agents, upregulation of drug efflux activity is not a primary mechanism
leading to hypoxia-induced drug resistance in these cells.
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INTRODUCTION
The emergence of tumor cell phenotypes that are resistant to multiple chemotherapeutic
agents remains a major obstacle for successful chemotherapy. Over the past few decades
research on drug resistance in cancer has largely focused on cellular resistance mechanisms
associated with genetic alterations (i.e. mutations, amplifications, and epigenetic changes)
linked to the development of the tumor cell itself, or with genetic adaptations that occur in
response to chemotherapy. The classic approach taken to identify mechanisms of multidrug
resistance (MDR) involves selection of surviving cells in the presence of cytotoxic drugs,
followed by application of cellular and molecular biology techniques to identify altered genes
which, when overexpressed in cells that have not been previously exposed to
chemotherapeutic agents, confer drug resistance. One of the major resistance mechanisms
revealed through this approach involves increased efflux of chemotherapeutic agents,
mediated by members of a conserved family of energy-dependent transmembrane proteins
known as ATP-binding cassette (ABC) transporters [174,180].

The human genome contains 48 genes that encode ABC transporters, which are organized
into seven subfamilies (designated A through G) (reviewed by [174,180]). There is a general
consensus that ABC transporters play a critical role in host detoxification and protection of
the body against xenobiotics. These transporters are responsible for the efflux of a broad
spectrum of substrates, ranging from naturally occurring biological compounds (including
phospholipids, ions, peptides, steroids, polysaccharides, amino acids, organic anions, bile
acids) to xenobiotics (including many commonly used chemotherapeutic agents)
[174,180,200]. Among the various ABC transporters overexpressed in cancer cell lines
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cultured under selective pressure, the most commonly observed transporters include Pglycoprotein (P-gp, also known as MDR1 or ABCB1), multidrug resistance protein 1
(MRP1, also known as ABCC1), and breast cancer resistance protein (BCRP, also known as
mitoxantrone-resistance protein (MXR) or ABCG2) [174].

Previous studies have revealed that pre-exposure of human MDA-MB-231 breast carcinoma
and DU-145 prostatic adenocarcinoma cells to hypoxia induces adaptations leading to
chemoresistance [68,69] (see also Chapter 2 of this work). Interestingly, there is
experimental evidence linking increased expression of ABC transporters with cellular
adaptations to hypoxia. For example, Comerford and colleagues identified that hypoxia
stimulates P-gp expression in transformed and non-transformed human cells in a HIF-1dependent manner [175]. The increase in P-gp protein correlated with increased functional
activity, as revealed by enhanced verapamil-inhibitable efflux of digoxin and rhodamine 123.
In that study, culture of 3-dimensional spheroid aggregates in hypoxia for 0 to 48 h resulted
in decreased doxorubicin-induced cytotoxicity relative to spheroids maintained in standard
conditions. Similarly, Wartenberg and colleagues demonstrated that in human prostate tumor
spheroids HIF-1α and P-gp protein levels correlated with spheroid diameter [192]. HIF-1α
and P-gp were highest in the spheroid center where the pericellular oxygen (O2) pressure was
considerably lower than that measured at the periphery, and the expression of both proteins
was further elevated by culturing the spheroids in hypoxic conditions. Furthermore, treatment
with chemical hypoxia mimetics (desferrioxamine or CoCl2) led to similar increases in HIF1α and P-gp in murine Hepa1 hepatoma cell spheroids, but not in HIF-1β-deficient Hepa1
C4 cells [192]. A similar link between hypoxia and BCRP expression was revealed by the
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observation that Bcrp-/- myeloid cells displayed reduced viability under hypoxic conditions
relative to wild type cells [176]. Krishnamurthy and colleagues further demonstrated that
hypoxia stimulates BCRP expression and reserpine-inhibitable efflux of Hoechst 33342
through a mechanism that was dependent on a functional HIF-1 pathway. Although the
authors did not investigate the consequences of hypoxia-induced BCRP expression on cell
sensitivity to chemotherapeutic agents, they identified that hypoxia can protect cells against
heme and porphyrin-associated toxicity by enhancing the active efflux of these molecules.

While the findings from the studies described above suggest that ABC transporter-mediated
efflux of chemotherapeutic agents may contribute to the hypoxia-induced chemoresistance
phenotype, direct evidence that ABC transporter activity is involved in hypoxia-induced drug
resistance is lacking. Furthermore, a causal relationship between HIF-1-dependent drug
efflux mechanisms and hypoxia-induced drug resistance remains to be established. Thus, the
present study investigated whether decreased intracellular drug accumulation, resulting from
increased ABC transporter activity, was responsible for hypoxia-induced chemoresistance in
MDA-MB-231 and DU-145 tumor cells.

69

MATERIALS AND METHODS
Cell culture and exposure to hypoxia
Human MDA-MB-231 breast carcinoma cells and human DU-145 prostatic carcinoma cells
were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells
were maintained in monolayer cultures in a standard CO2 incubator (5% CO2 in air at 37°C)
in RPMI 1640 medium supplemented with 5% FBS (all tissue culture media were purchased
from Invitrogen, Burlington, ON, Canada). To establish hypoxic conditions, cells were
placed in airtight plastic chambers that were flushed with a 5% CO2/ 95% N2 gas mixture.
Oxygen concentrations within these chambers were maintained at 0.2% using Pro-Ox Model
110 O2 regulators (Biospherix, Redfield, NY, USA).

Measurement of intracellular doxorubicin accumulation
Cells were cultured in 20% or 0.2% O2 for 24 h and incubated with doxorubicin (5-12.5 μM;
Sigma-Aldrich Canada Ltd., Oakville, ON, Canada) for 1 h in the dark in standard culture
conditions. Cells were then collected by trypsinization, washed twice with ice-cold PBS and
the intracellular doxorubicin-associated median fluorescence intensity was measured with a
Beckman Coulter EPICS Altra HSS flow cytometer. Excitation was performed with an argon
laser operating at 488 nm; the emitted fluorescence was collected at 575 ± 10 nm, and at least
10,000 events per sample were collected. Data are expressed relative to the median
fluorescence intensity for cells maintained in 20% O2.
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Doxorubicin efflux assay
Cells were cultured in 20% or 0.2% O2 for 24 h and incubated with doxorubicin as described
above. Cells were then washed with PBS and cultured for an additional 90 min in standard
conditions in either regular medium or medium containing chemical inhibitors of ABC drug
efflux transporters (R(+)-verapamil (10-100 μM; Sigma-Aldrich Canada Ltd.) or reserpine
(0.1-10 μM; Sigma-Aldrich Canada)). To control for background efflux, cells were also
collected at t = 0 (i.e. upon drug removal) and immediately transferred to 4°C. Intracellular
doxorubicin fluorescence was measured as described above. Data are expressed relative to
the median fluorescence intensity at t = 0 for cells maintained in 20% O2.

Clonogenic (colony formation) assays
Methods for the clonogenic assay have been described previously [68,69]. Briefly, following
24 h of standard (20% O2) or hypoxic (0.2% O2) incubation, culture media were replaced
with either complete medium (for non-treated controls) or complete medium containing
doxorubicin (5-12.5 μM) or etoposide (10-125 μM; Sigma-Aldrich Canada Ltd.). Cells were
incubated in standard culture conditions for 1 h, washed once with PBS, collected by
trypsinization and counted using a hemocytometer. Cells were then promptly reseeded in
medium containing either R(+)-verapamil (10-100 μM), reserpine (0.1-10 μM), or vehicle
(complete medium for R(+)-verapamil, 0.02% of Carnoy’s solution (1 part acetic acid: 3
parts methanol) for reserpine). Cells were reseeded at densities of either 50-125 cells/well
(non-treated controls) or 500-1250 cells/well (drug-treated groups) in 12-well tissue culture
plate (6 replicate wells were plated per condition) and returned to standard culture conditions.
The media were replaced 24 h later with regular medium, and cells were cultured for an
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additional 7 to 14 days of growth before surviving colonies were fixed with Carnoy’s
fixative, stained with a dilute crystal violet (0.33% w/v) solution and counted.

Where indicated in the text, additional clonogenic assays were performed in which the
chemical inhibitors were present during the 1-h exposure to chemotherapeutic agents as well
as for 24 h following drug treatment. As well, for clonogenic assays assessing survival of
cells treated with 5-fluorouracil (5-FU), cells were cultured in 20% O2 or 0.2% O2 for 24 h as
described, then exposed to 5-FU (25-50 mM; Sigma-Aldrich Canada Ltd.) and R(+)verapamil (100 μM) concurrently for 24 h in standard culture conditions, before being
reseeded in regular medium for the duration of the experiment.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) analysis
To assess possible effects of R(+)-verapamil on cell growth and viability, the 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was employed. This
method is based on the functional activity of mitochondrial dehydrogenases in actively
metabolizing cells, converting MTT to dark blue formazan crystals. Briefly, MDA-MB-231
cells were seeded in 24-well dishes at a density of 3000 cells/well and incubated in standard
culture conditions for up to 120 h, where t = 0 at the time of cell plating. For the duration of
24 h (between the 24-h and 48-h time points) cells were cultured in either regular medium or
medium containing R(+)-verapamil (10-100 μM). Following the 24-h incubation, media were
replaced with regular medium for the duration of the experiment. At the time points
indicated, cells were incubated with freshly prepared MTT (200 μg/ml final concentration;
Sigma-Aldrich Canada Ltd.) for 3 h in standard culture conditions. Culture media were then
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removed, cells were treated with DMSO to solubilize formazan crystals, and extracts were
measured spectrophotometrically at 570 nm in a plate reader. Data are presented as the mean
absorbance of 4 replicates.

Calculations and statistical analysis
For clonogenic assays, plating efficiency was calculated as the mean number of surviving
colonies expressed as a proportion of the total number of cells inoculated.

Surviving

fractions were determined by dividing the plating efficiency of drug-treated groups by the
plating efficiency of the corresponding untreated control group. Data are reported as the
mean surviving fraction from replicates of six ± the standard deviation (SD). Statistical
analyses were performed using GraphPad Prism software version 4.0 (GraphPad Software,
Inc., San Diego, CA, USA). Statistical significance was determined by one-way ANOVA
followed by a Newman-Keuls Multiple Comparison test. All statistical tests were two-sided
and differences were considered to be statistically significant at P < 0.05.
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RESULTS
Exposure of MDA-MB-231 or DU-145 tumor cells to hypoxia does not affect the
intracellular accumulation of doxorubicin.
Previous studies have demonstrated that pre-exposure of human tumor cells to hypoxia leads
to cellular resistance against doxorubicin and other chemotherapeutics such as daunorubicin,
etoposide and mitoxantrone [68,69] (see also Chapter 2 of this work). Given that these agents
are well-established substrates for members of the ABC drug efflux transporters [174], the
possibility that decreased intracellular drug accumulation was the mechanism responsible for
hypoxia-induced drug resistance in MDA-MB-231 and DU-145 cells address was addressed.
To do this, flow cytometric analysis based on the measurement of doxorubicin
autofluorescence was performed. Cells were cultured for 24 h in standard (20% O2) or
hypoxic (0.2% O2) conditions and exposed to doxorubicin as described in the Materials and
Methods. Fluorescence measurements taken immediately following drug treatment revealed
that the levels of doxorubicin uptake in MDA-MB-231 and DU-145 cells previously exposed
to hypoxia were comparable with those of cells maintained in standard culture conditions
(Figure 3.1).

To determine whether cells were capable of active drug efflux, doxorubicin-treated cells
were cultured for an additional 90 min in drug-free medium under standard conditions prior
to measuring doxorubicin-associated fluorescence. Following a 90-min incubation, relative
doxorubicin levels in MDA-MB-231 cells were not significantly different from those
measured immediately following drug treatment for either of the pre-exposure conditions
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Figure 3.1. Exposure of human MDA-MB-231 and DU-145 tumor cells to hypoxia does not affect
intracellular accumulation of doxorubicin. MDA-MB-231 or DU-145 cells were cultured in standard
(20% O2) or hypoxic (0.2% O2) conditions for 24 h before exposure to doxorubicin (1 h in 20% O2).
Intracellular doxorubicin-associated fluorescence was measured immediately following drug exposure, as
well as following 90 min of culture in drug-free medium. Pre-exposure to hypoxia did not affect the
uptake of doxorubicin in either cell line. While MDA-MB-231 cells did not demonstrate detectable efflux
activity, DU-145 cells showed significantly lower levels of doxorubicin-associated fluorescence
following drug removal (a: P < 0.001 relative to 20% O2 cells at 0 min; b: P < 0.001 relative to 0.2% O2
cells at 0 min). Pre-exposure to hypoxia did not affect the efflux of doxorubicin in either cell line over the
period monitored. Data are expressed relative to the doxorubicin-associated fluorescence in 20% O2 cells
at 0 min and are presented as the mean value of three independent experiments. Statistically significant
differences were determined by one-way ANOVA, followed by a Newman-Keuls Multiple Comparisons
test.
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(i.e. standard or hypoxic) (Figure 3.1). In contrast, in DU-145 cells doxorubicin-associated
fluorescence at the 90-min time point was significantly lower relative to fluorescence levels
measured at the time of drug removal for both O2 conditions (P < 0.001; n = 3). However,
pre-exposure of DU-145 cells to hypoxia did not significantly affect doxorubicin levels
relative to cells maintained in standard culture conditions.

To ascertain the possible involvement of ABC transporters in the control of intracellular
doxorubicin accumulation, cells were treated with various ABC transporter inhibitors during
the 90-min incubation following exposure to doxorubicin. R(+)-verapamil is a wellestablished inhibitor of P-gp (ABCB1/MDR1) and MRP1 (ABCC1) [174], whereas reserpine
has been shown to inhibit both ABCB1 [201] and BCRP (ABCG2/MXR) [176,202]. Relative
to cells incubated in regular medium, increasing concentrations of R(+)-verapamil (10-100
μM) or reserpine (0.1-10 μM) did not significantly affect the levels of intracellular
doxorubicin-associated fluorescence in MDA-MB-231 or DU-145 cells (n = 3 and 2,
respectively) (Figure 3.2). Fluorescence intensities were comparable between cells
maintained in standard conditions and those pre-exposed to hypoxia.

Treatment of MDA-MB-231 or DU-145 tumor cells with chemical inhibitors of drug
transporters

is

not

sufficient

to

overcome

hypoxia-induced

resistance

to

chemotherapeutic agents.
Although drug efflux was not detected in analysis of the bulk population of MDA-MB-231
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Figure 3.2. Treatment with ABC transporter inhibitors for 90 minutes does not increase
intracellular doxorubicin levels in MDA-MB-231 and DU-145 cells following drug exposure. MDAMB-231 or DU-145 cells were cultured in standard (20% O2) or hypoxic (0.2% O2) conditions for 24 h
before exposure to doxorubicin (1 h in 20% O2). Cells were then cultured for 90 min under standard
conditions in regular medium or medium containing the ABC inhibitors R(+)-verapamil or reserpine,
before intracellular doxorubicin-associated fluorescence was measured. Relative to fluorescence levels in
cells pre-exposed to 20% O2 and subsequently cultured in regular medium following doxorubicin
exposure, neither inhibitor had a significant effect on intracellular drug levels. Similarly, pre-exposure to
hypoxia did not have an effect on doxorubicin accumulation for any of the treatment conditions. Data are
presented as the mean value of three (MDA-MB-231) or two (DU-145) independent experiments.
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cells, earlier studies have revealed that the transient induction of chemoresistance in these
cells persists for at least 12 h following pre-exposure to hypoxia [68], suggesting that
resistance mechanisms upregulated by hypoxia may continue to confer survival advantages
during this time. Thus, it is possible that the cumulative efflux occurring over 12 to 24 h
following hypoxia may be an important factor contributing to the induction of resistance.
Attempts to measure changes in intracellular doxorubicin-associated fluorescence 24 h
following drug exposure were complicated by drug-induced cytotoxicity during this time,
potentially resulting in cell death or a loss of membrane integrity compromising
measurement of intracellular doxorubicin levels (data not shown). As an alternative,
clonogenic assays were performed in which cells were treated with ABC transporter
inhibitors for a 24-h duration following exposure to doxorubicin. It was hypothesized that if
hypoxia-induced drug resistance was due to an increase in ABC transporter activity, then
prevention of drug efflux by treatment with pump inhibitors during this period would abolish
the hypoxia-induced increase in survival.

Incubation of MDA-MB-231 cells in increasing concentrations of R(+)-verapamil (1-50 μM)
or reserpine (0.1-10 μM) for 24 h following doxorubicin treatment resulted in a dosedependent decrease in survival (Figure 3.3). At these concentrations the presence of
inhibitors did not affect the survival of control (i.e. non-doxorubicin treated) cells (data not
shown), indicating that these agents sensitized cells to the cytotoxic effects of doxorubicin.
Similar results were observed in DU-145 cells treated with 10-100 μM R(+)-verapamil or
0.1-10 μM reserpine. However, under most concentations tested the presence of these
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Figure 3.3. Treatment of MDA-MB-231 and DU-145 tumor cells with ABC transporter inhibitors
following doxorubicin exposure decreases clonogenic survival in a dose-dependent manner, but
does not prevent hypoxia-induced doxorubicin resistance. MDA-MB-231 or DU-145 cells were
cultured in standard (20% O2) or hypoxic (0.2% O2 ) conditions for 24 h before exposure to doxorubicin
(1 h in 20% O2). Cells were then replated in regular medium or medium containing R(+)-verapamil or
reserpine and cultured for 24 h in standard conditions before the media were replaced with regular
medium for the remainder of the clonogenic assay (see Materials and Methods for details). Culture in the
presence of transporter inhibitors resulted in a dose-dependent decrease in survival compared with
similarly treated cells maintained in inhibitor-free medium. However, culture in the presence of inhibitors
following doxorubicin exposure did not prevent the induction of survival by hypoxia. Data are presented
as the mean surviving fraction of 6 replicates (± SD) and are representative of six (MDA-MB-231) or
three (DU-145) independent experiments. Statistically significant increases in survival (relative to
similarly treated cells maintained in 20% O2) were determined by one-way ANOVA followed by a
Newman-Keuls Multiple Comparison test and are indicated (a: P < 0.001, b: P < 0.01, c: P < 0.05).
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inhibitors did not prevent hypoxia from significantly increasing survival relative to cells
maintained in 20% O2 (P < 0.05). For the few conditions where a significant upregulation of
survival was not observed following hypoxia (i.e. for cells treated with 10 μM reserpine, or
DU-145 cells treated with 50-100 μM R(+)-verapamil), there was still a trend towards higher
survival relative to cells at 20% O2 (n = 6 or 3 for experiments with MDA-MB-231 or DU145 cells, respectively).

To determine whether these inhibitors also sensitized cells to other chemotherapeutics,
similar experiments were performed following a 1-h exposure to etoposide. In contrast to the
results obtained with doxorubicin, incubation of cells for 24 h in R(+)-verapamil or reserpine
had no effect on survival of MDA-MB-231 or DU-145 cells treated with etoposide, and did
not prevent the significant upregulation of survival by hypoxia (P < 0.001 for all conditions)
(Figure 3.4). When experimental conditions were modified so that R(+)-verapamil (100 μM)
was present during etoposide exposure (1 h with 10, 25 or 50 μM) as well as for 24 h
following exposure, significant inhibition of MDA-MB-231 survival was observed in R(+)verapamil-treated groups relative to cells maintained in regular medium (Figure 3.5).
However, as observed with doxorubicin, R(+)-verapamil treatment did not prevent the
induction of resistance by hypoxia (P < 0.001 for all groups; n = 2).

Since doxorubicin and etoposide are both known substrates for multiple ABC transporters,
the effect of R(+)-verapamil treatment on cellular resistance to 5-FU (an anticancer agent not
known to be a substrate for the archetypal ABC transporters P-gp, MRP1, or BCRP [174])
was investigated. To date, MRP5 (ABCC5) is the only transporter reported to confer
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Figure 3.4. Treatment of MDA-MB-231 and DU-145 tumor cells with ABC transporter inhibitors
following etoposide exposure does not affect clonogenic survival. MDA-MB-231 or DU-145 cells
were cultured in standard (20% O2) or hypoxic (0.2% O2) conditions for 24 h before exposure to
etoposide (1 h in 20% O2). Cells were then replated in regular medium or medium containing R(+)verapamil or reserpine and cultured for 24 h in standard conditions before the media were replaced with
regular medium for the remainder of the clonogenic assay (see Materials and Methods for details).
Culture in the presence of transporter inhibitors did not affect clonogenic survival of etoposide-treated
cells. Pre-exposure to hypoxia led to significantly increased survival for all treatment groups relative to
the survival of similarly treated cells pre-exposed to 20% O2. Data are presented as the mean surviving
fraction of 6 replicates (± SD). Statistically significant increases in survival (relative to similarly treated
cells maintained in 20% O2) were determined by one-way ANOVA followed by a Newman-Keuls
Multiple Comparison test and are indicated (a: P < 0.001).
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Figure 3.5. The presence of R(+)-verapamil during etoposide exposure and for 24 hours following
drug treatment chemosensitizes MDA-MB-231 cells but does not prevent hypoxia-induced
etoposide resistance. MDA-MB-231 cells were cultured in standard (20% O2) or hypoxic (0.2% O2)
conditions for 24 h before exposure to etoposide (1 h in 20% O2) in the absence or presence of R(+)verapamil. Cells were then replated in regular medium or medium containing R(+)-verapamil accordingly
and cultured for 24 h in standard conditions before the media were replaced with regular medium for the
remainder of the clonogenic assay (see Materials and Methods for details). Compared with the cells
maintained in R(+)-verapamil-free medium, the survival of cells treated with the transporter inhibitor was
significantly decreased. However, in spite of the chemosensitizing effect, R(+)-verapamil did not prevent
the significant induction of etoposide resistance by hypoxia (P < 0.001 for all groups). Data are presented
as the mean surviving fraction of 6 replicates (± SD) and are representative of two independent
experiments. Statistically significant differences in survival were determined by one-way ANOVA
followed by a Newman-Keuls Multiple Comparison test and are indicated (a: P < 0.001 relative to 20%
O2 cells in regular medium; b: P < 0.001 relative to 0.2% O2 cells in regular medium).
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resistance to 5-FU [203], and overexpression of this transporter has not been observed in cell
lines selected for resistance [174]. To achieve sufficient levels of cell killing, drug treatment
was performed for 24 h following pre-exposure to hypoxia, and cells were treated with either
5-FU alone (25-50 mM), or the combination of 5-FU plus R(+)-verapamil (100 μM) during
this time. In contrast to the chemosensitizing effect observed with doxorubicin and etoposide,
R(+)-verapamil treatment significantly increased the survival of MDA-MB-231 cells exposed
to 5-FU compared with cells treated with 5-FU alone (P < 0.001; n = 2) (Figure 3.6A). The
significant induction of survival following pre-exposure to hypoxia was not affected by the
presence of R(+)-verapamil (P < 0.05 for all groups except for cells treated with 50 mM 5FU in the absence of R(+)-verapamil). To understand the nature of R(+)-verapamil-induced
5-FU resistance, the effect of R(+)-verapamil (10-100 μM) on cell growth was examined,
testing the hypothesis that cells acquired resistance to 5-FU as a result of a decreased rate of
proliferation in the presence of the inhibitor. Indeed, MTT analysis revealed that culture of
MDA-MB-231 cells for 24 h in the presence of 100 μM R(+)-verapamil temporarily delayed
cell growth, which was resumed upon removal of the inhibitor (Figure 3.6B). Lower
concentrations of R(+)-verapamil had no effect.
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Figure 3.6. R(+)-verapamil increases the survival of MDA-MB-231 cells treated with 5-fluorouracil,
likely through a mechanism involving delayed cell proliferation. A, MDA-MB-231 cells were
cultured in standard (20% O2) or hypoxic (0.2% O2) conditions for 24 h before exposure to 5-fluorouracil
(5-FU) in the absence or presence of R(+)-verapamil (24 h in 20% O2). Cells were then re-plated in
regular medium for the remainder of the clonogenic assay (see Materials and Methods for details).
Compared with the cells maintained in R(+)-verapamil-free medium, the survival of cells treated with the
transporter inhibitor was significantly increased.) Pre-exposure of cells resulted in a significant
upregulation of survival following treatment with 5-FU (P < 0.05) (except for cells treated with 50 mM 5FU in the absence of R(+)-verapamil). Data are presented as the mean surviving fraction of 6 replicates
(± SD) and are representative of two independent experiments. Statistically significant differences in
survival were determined by one-way ANOVA followed by a Newman-Keuls Multiple Comparison test
and are indicated (a: P < 0.001 relative to 20% O2 cells in regular medium; b: P < 0.001 relative to 0.2%
O2 cells in regular medium). B, MTT analysis of MDA-MB-231 cell growth following a 24 h incubation
in regular medium or medium containing R(+)-verapamil. The duration of the inhibitor treatment is
indicated. Compared with cells maintained in regular medium or exposed to 10-50 µM R(+)-verapamil,
treatment of cells with 100 µM of the inhibitor led to a delay in cell growth which was relieved by
removal of the inhibitor and replacement with regular medium. Data are presented as the mean
absorbance reading at 570 nm of 4 replicates (± SD) at each time point and are representative of two
independent experiments.
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DISCUSSION
The primary finding of this study is that an increase in drug efflux activity is unlikely to
account for the phenomenon of hypoxia-induced multidrug resistance in MDA-MB-231 and
DU-145 tumor cells. Measurements of intracellular doxorubicin-associated fluorescence
revealed that pre-exposure to hypoxia did not affect drug accumulation in either cell line, and
had no effect on drug efflux over a 90-min period. Furthermore, treatment with inhibitors of
prominent ABC transporters did not prevent hypoxia-induced resistance to doxorubicin or
etoposide.

The inability to detect hypoxia-induced changes in drug efflux activity in MDA-MB-231 and
DU-145 cells is in contrast to the findings of Comerford et al. who observed increased drug
efflux following exposure of T84 or Caco2 epithelial monolayers to hypoxia [175]. However,
the findings presented here are in agreement with those of Sakata and colleagues who
reported that exposure of EMT6/Ro mammary tumor cells to hypoxia did not affect the
efflux of doxorubicin relative to well-oxygenated cells [196]. Similarly, studies performed in
human MCF-7 breast carcinoma, SW1573 non-small cell lung carcinoma, and U373 MG and
PFAT-MT glioma cells, indicated that pre-exposure to hypoxia was not associated with
changes in the levels of P-gp, MRP1 or BCRP [193,195]. Together, these reports suggest that
hypoxia-induced changes in transporter expression and efflux activity occur in a cell-type
specific manner.

The lack of detectable drug efflux activity in MDA-MB-231 cells following 90 min of
incubation after doxorubicin exposure suggests that the expression of drug transporters in
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these cells is negligible under basal conditions and is not increased by pre-exposure to
hypoxia. Although a significant decrease in doxorubicin-associated fluorescence was
observed in DU-145 cells 90 min after drug exposure, treatment with ABC transporter
inhibitors during this time did not affect fluorescence intensities. While suboptimal
conditions (i.e. inadequate concentration, disadvantageous administration of the inhibitor
following drug exposure) cannot be ruled out as possible explanations for the inability to
prevent efflux, additional mechanisms should be considered. The potential involvement of
R(+)-verapamil- or reserpine-insensitive ABC transporters capable of doxorubicin efflux (for
example MRP2/ABCC2 [174]) cannot be ruled out. Alternatively, over the 90-min duration
the drug may have been metabolized, modified, sequestered (i.e. in organelles such as acidic
endosomes [204]) or intercalated in DNA [205] so as to result in a loss or quenching of
doxorubicin autofluorescence. For instance, intercalation of doxorubicin in DNA causes
fluorescence quenching to 5% of the fluorescence measured in the absence of DNA [206]. In
this situation, an observed decrease in fluorescence intensity may be misinterpreted as the
result of extracellular efflux of doxorubicin. However, since hypoxia-induced differences in
doxorubicin-associated fluorescence were not observed, the actual mechanism responsible
for the decrease in fluorescence is not predicted to contribute to hypoxia-induced
chemoresistance in DU-145 cells.

In contrast to the lack of effect on doxorubicin-associated fluorescence over 90 min, 24-h
treatment with ABC transporter inhibitors chemosensitized MDA-MB-231 and DU-145
tumor cells to doxorubicin and etoposide. Several explanations can be put forth to account
for the apparent discrepancy. First, since the duration of cell exposure to inhibitors in the
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clonogenic assays was considerably longer (16-fold), these conditions would be anticipated
to have a greater net effect on drug retention over time and, as a consequence, on survival as
well. Second, the longer treatment with these agents could be associated with additional
biological effects such as stimulation of extracellular transport of glutathione [207], which
could have independent consequences on drug metabolism and detoxification. Third, in
response to drug treatment cells may transiently stimulate transcription of ABC transporters,
such as P-gp, as part of an adaptive strategy to ensure survival [208]. Drug-induced
upregulation of efflux activity could account for the ability of transporter inhibitors to
chemosensitize cells over the course of 24-h period, while similar effects were not observed
during the first 90 min following drug exposure (likely due to insufficient time for
transcription and translation to occur). Finally, an additional factor that needs to be
appreciated is the difference in sensitivity limits of the two experimental methods.
Fluorescence measurements of doxorubicin levels are limited to analysis of the bulk
population of cells and provide only the mean or median fluorescence intensity (which as
described earlier may not necessarily reflect intracellular drug availability). Biologically
relevant changes occurring in a small proportion of cells are likely to be missed by flow
cytometry, particularly if the population is not substantial enough in size to be observed as a
distinct peak or ‘shoulder’ in a typical fluorescence intensity profile. In contrast, the moresensitive clonogenic assay is capable of detecting heterogeneity in R(+)-verapamil- or
reserpine-sensitive populations so that small changes in the response to chemotherapy may
be observed by this method.

87

The results from the clonogenic assay showed that inhibitors of ABC-mediated transport
were more effective at enhancing the cytotoxicity of doxorubicin compared with etoposide.
Treatment with 10-50 μM R(+)-verapamil following doxorubicin exposure was sufficient to
enhance killing, while higher concentrations of the inhibitor, present during and subsequent
to drug exposure, were required to chemosensitize cells to etoposide. These findings may
reflect distinct differences in the cytotoxic mechanisms of these anticancer agents or may be
related to variations in the binding affinities of potential transporters of these drugs. In
contrast to doxorubicin and etoposide, R(+)-verapamil treatment led to increased survival of
MDA-MB-231 cells exposed to 5-FU, through a mechanism that appeared to involve
decreased cell growth induced by the inhibitor during drug exposure. These findings indicate
that the chemosensitization observed with the ABC transporter inhibitors was due to specific
enhancement of drug doxorubicin- or etoposide-induced cytotoxicity rather than a nonselective increase in cell killing. The exact role of ABC transporter(s) in this
chemosensitization effect warrants further investigation, however in light of the evidence
presented above it is proposed that alternative, efflux-independent mechanisms are
responsible for the hypoxia-induced chemoresistance phenotype in MDA-MB-231 and DU145 tumor cells.
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CHAPTER 4

THE ROLE OF GLUTATHIONE IN HYPOXIA-INDUCED CHEMORESISTANCE
IN HUMAN TUMOR CELLS
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ABSTRACT
Adaptations leading to increased protection against oxidative stress have been linked with
tumor cell resistance to chemotherapeutic agents. Glutathione (GSH) is a tri-peptide
antioxidant that plays a central role in defense against oxidative stress and detoxification of
electrophilic xenobiotics. Therefore it is likely that, compared with normal tissues, high
cellular concentrations of GSH are necessary for cell survival in hypoxic and high oxidative
stress conditions that characterize the tumor microenvironment. The development of
intratumoral hypoxia is also associated with the emergence of chemoresistance phenotypes,
however the mechanisms involved remain poorly understood. To test the hypothesis that
hypoxia-induced chemoresistance is mediated by increases in cellular GSH content, human
breast and prostate tumor cells were cultured in hypoxia or standard conditions and assayed
for GSH content and clonogenic survival. Compared with well-oxygenated cells, preexposure of cells to hypoxia did not affect GSH levels, but did result in a significant
induction of resistance to doxorubicin, etoposide and 5-fluorouracil (5-FU). Chemical
inhibition of GSH biosynthesis by L-buthionine-(S,R)-sulfoximine (BSO) enhanced the
cytotoxic effects of doxorubicin, but not etoposide, 5-FU, or vincristine, specifically in cells
pre-exposed to hypoxia. However, BSO treatment was unable to prevent hypoxia-induced
chemoresistance, and depletion of GSH did not affect the activity of hypoxia-inducible factor
1 (HIF-1), a key regulator of adaptations to hypoxia that has been shown to be required for
hypoxia-induced drug resistance in a variety of cancer cells. Together, these results suggest
that hypoxia-induced changes in the GSH detoxification system are not a primary mechanism
responsible for acquisition of the hypoxia-induced chemoresistance phenotype in MDA-MB231 and DU-145 tumor cells.
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INTRODUCTION
As a result of an inadequate and erratic blood supply, many solid tumors contain regions that
experience either chronic hypoxia or cycles of acute hypoxia followed by reoxygenation.
Two significant consequences of these fluctuating oxygen (O2) levels are the disruption of
normal mitochondrial oxidative phosphorylation and the excessive generation of reactive
oxygen species (ROS) such as superoxide, hydroxyl radical, and hydrogen peroxide [32-34].
Oxidative stress and loss of redox homeostasis can be detrimental to many biological
processes either through impairment of redox-sensitive enzyme activity or through ROSmediated damage of DNA, proteins and lipids. Consequently, survival under conditions of
frequent or chronic oxidative stress requires cellular adaptations, such as those leading to an
increase in the cell’s ability to eliminate ROS [33]. These adaptations typically involve redox
buffering systems, several antioxidant enzymes, and non-enzymatic antioxidants that both
prevent and counteract the detrimental effects of oxidative stress. In particular, the nonprotein thiol glutathione (γ-glutamylcysteinylglycine; GSH) is an antioxidant that represents
an important component of cellular defense mechanisms against oxidative stress. GSH reacts
directly with ROS, effectively eliminating them and disrupting potentially harmful oxidation
chain reactions [209,210]. Glutathione-S-transferases (GSTs), a group of GSH-dependent
enzymes responsible for the detoxification of endogenous and exogenous oxidative species,
conjugate these molecules to GSH to promote their export from the cell [184]. In addition,
GSH stimulates multidrug resistance protein 1 (MRP1) transport activity, which may also
contribute to protection against oxidative stress [211]. Accordingly, GSH availability is
considered a critical determinant of the susceptibility to damage induced by oxidative stress.
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GSH may also be an important factor in the resistance of tumor cells to damage induced by
anticancer agents [212]. For example, intracellular concentrations of GSH were found to
correlate with resistance to doxorubicin and thiotepa in a panel of 14 human cancer cell lines
[213]. This may be explained by evidence that doxorubicin, as well as other anticancer agents
such as cisplatin, melphalan, cytosine arabinoside, and 2-methoxyestradiol, can cause an
increase in ROS levels, either directly or though inhibition of antioxidant enzymes
[33,182,183]. The induction of oxidative stress may represent an important mechanism of
cytotoxicity associated with these drugs. In addition, several chemotherapeutics are
electrophilic compounds that are targets for detoxification by the GSH system. Accordingly,
it is possible that an induction of GSH-mediated mechanisms that protect against oxidative
stress could also confer resistance to many chemotherapeutics. This concept is supported by
evidence that depletion of GSH by L-buthionine-(S,R)-sulfoximine (BSO; an inhibitor of
GSH biosynthesis) can sensitize chemoresistant cancer cells [211,214-217].

Previously studies have demonstrated that pre-exposure of human MDA-MB-231 breast
carcinoma and DU-145 prostatic adenocarcinoma cells to hypoxia stimulates adaptations that
confer resistance to doxorubicin and other chemotherapeutic agents [68,69] (see also Chapter
2 of this work). There is evidence to suggest that cellular adaptation to hypoxia may involve
upregulation of intracellular GSH stores. For example, O’Dwyer and colleagues reported that
in human colon carcinoma cells GSH levels were increased following exposure to
hypoxia/reoxygenation, which was attributed to increased expression of γ-glutamylcysteine
synthetase (γ-GCS), the rate-limiting enzyme in de novo GSH synthesis [122]. Similarly,
elevated levels of non-protein sulphydryls such as GSH have been shown to co-localize with
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regions of hypoxia in human cervical carcinoma xenografts [123,124]. However, in a followup study in patients with uterine cervical carcinoma an association between GSH levels and
tumor hypoxia was not found [218]. Furthermore, there are reports that following 8 h of
culture in hypoxia GSH levels were lower compared with cells maintained in welloxygenated conditions [219-221]. Interestingly, one study reported that although there was a
~55% decrease in GSH levels following 2 h of culture in hypoxia, by 6 h GSH content was
restored to baseline and remained at that level for up to 24 h, suggesting that hypoxic cells
may be capable of inducing a rapid recovery of GSH homeostasis [219]. Overall, there is not
a general consensus regarding the impact of hypoxia on intracellular GSH levels, which may
differ according to the type of cells under investigation and the conditions used to induce
hypoxia. Similarly, it has not been clearly established whether the transient induction of
chemoresistance by hypoxia is dependent on GSH availability and can be accounted for by
changes in intracellular GSH content. To address these questions, the present study
investigated the role of GSH in the hypoxia-induced adaptations associated with the
chemoresistance phenotype in MDA-MB-231 and DU-145 cells.
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MATERIALS AND METHODS
Cell culture and exposure to hypoxia
Human MDA-MB-231 breast carcinoma cells and human DU-145 prostatic carcinoma cells
were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells
were maintained in monolayer cultures in a standard CO2 incubator (5% CO2 in air at 37°C)
in RPMI 1640 medium supplemented with 5% FBS (all tissue culture media were purchased
from Invitrogen, Burlington, ON, Canada). To establish hypoxic conditions, cells were
placed in airtight plastic chambers that were flushed with a 5% CO2/ 95% N2 gas mixture.
O2 concentrations within these chambers were maintained at 0.2% using Pro-Ox Model 110
O2 regulators (Biospherix, Redfield, NY, USA).

Measurement of intracellular glutathione content
Following 24 h of culture in 20% or 0.2% O2 cells were collected by trypsinization and
counted using a hemocytometer. Cells were then divided into groups that were separately
analyzed for either intracellular GSH levels or total protein content. Intracellular GSH
content was measured using a colorimetric microplate assay for total GSH according to
manufacturer’s instructions (Oxford Biomedical Research, Inc., Oxford, MI, USA). Briefly,
extracts were prepared from the cell pellets using 5% metaphosphoric acid, then added to
microtiter plate wells and combined with 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB),
glutathione reductase, and β-NADPH2. Reaction progress (i.e. the rate of color change
monitored at 405 nm) was followed for 5 min following the addition of β-NADPH2 and total
GSH contents of samples (assayed in duplicate) were determined from a standard curve. To
determine total protein content, cell lysates were prepared using modified RIPA buffer (50
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mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% deoxycholate, and Complete
Protease Inhibitor Cocktail™ (Roche Diagnostics, Laval, QC, Canada)) and analyzed by a
modified Lowry assay (Bio-Rad DC Protein Assay, Bio-Rad Laboratories, Mississauga, ON,
Canada). Determined GSH values were then normalized according to the total protein
content of the corresponding cell lysate.

Inhibition of glutathione production and clonogenic (colony formation) assays
To assess the role of GSH in cell survival following exposure to chemotherapeutic agents,
clonogenic assays were performed in cells treated with BSO, a specific inhibitor of γglutamylcysteine synthetase (γ-GCS), the rate-limiting enzyme in de novo GSH synthesis
[222]. Survival was assessed by clonogenic assay as described previously [68,165]. Briefly,
cells were cultured for 24 h in standard (20% O2) or hypoxic (0.2% O2) conditions in the
presence of BSO (10-1000 μM: Sigma-Aldrich Canada Ltd., Oakville, ON, Canada). Cells
were then washed once with PBS and either collected for analysis of intracellular GSH
content as described above or assayed for clonogenic survival. For the clonogenic assays
cells were subsequently cultured with either complete medium (for non-treated controls) or
complete medium containing various chemotherapeutic agents (doxorubicin: 5-12.5 μM;
etoposide: 50 μM; 5-FU: 50 mM; or vincristine: 10 μM; all chemotherapeutics were
purchased from Sigma-Aldrich Canada Ltd). Cells were then incubated in standard culture
conditions for 1 h (or 24 h for 5-FU treatment), washed once with PBS, collected by
trypsinization and counted using a hemocytometer. Cells were re-seeded into each well of a
6-well tissue culture plate plating either 100-250 cells/well (non-treated controls) or 10002500 cells/well (drug-treated groups). After an additional 7 to 14 days of growth surviving
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colonies were fixed with Carnoy’s fixative (1 part acetic acid: 3 parts methanol), stained with
a dilute crystal violet (0.33% w/v) solution and counted.

HRE reporter assay for analysis of hypoxia-inducible factor-1 (HIF-1) transcriptional
activity
HIF-1 activity was assessed using a reporter gene construct containing six copies of the
murine phosphogylcerate kinase 1 (PGK1) promoter hypoxia-responsive element (HRE) (5’CGCGTCGTGCAGGACCCCGTGACAAAT-3’) arranged in tandem and subcloned into the
pGL3-Basic firefly luciferase reporter vector (pGL3-6×HRE; kindly provided by Dr. P. J.
Ratcliffe, Oxford University, UK) [43]. Transfections were performed in triplicate for each
condition using FuGENE6 Transfection Reagent (Roche Diagnostics) according to the
manufacturer’s instructions. Cells were transfected with pGL3-6×HRE and pRL-CMV (a cotransfected renilla luciferase plasmid serving as an internal control; Promega/Fisher
Scientific, Nepean, ON, Canada) for 48 h under standard culture conditions prior to a 24-h
incubation under standard or hypoxic conditions in the presence of BSO (10-1000 μM).
Luciferase activity was measured using the Dual Luciferase Assay system (Promega)
according to the manufacturer’s instructions. Cell lysates were prepared using 1X Passive
Lysis Buffer with gentle rocking at room temperature for 15 min. A sample of each lysate
was then assayed for firefly and renilla luciferase activities using a Tropix TR717 Microplate
Luminometer set for a 10 s read following substrate injections. Renilla luciferase
measurements were used to normalize firefly luciferase measurements for transfection
efficiency.
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Calculations and statistical analysis
For clonogenic assays, plating efficiency was calculated as the mean number of surviving
colonies expressed as a proportion of the total number of cells inoculated.

Surviving

fractions were determined by dividing the plating efficiency of drug-treated groups by the
plating efficiency of the corresponding untreated control group. Data are reported as the
mean relative survival (± the standard error (SE)) pooled from a minimum of three
independent experiments as indicated in the figure legends. Statistical analyses were
performed using GraphPad Prism software version 4.0 (GraphPad Software, Inc., San Diego,
CA, USA). When two groups were compared statistical significance was determined by an
unpaired, two-tailed t-test. When more than two groups were compared, statistical
significance was determined by one-way ANOVA followed by a Newman-Keuls Multiple
Comparison test. All statistical tests were two-sided and differences were considered to be
statistically significant at P < 0.05. Linear regression analysis was performed on the pooled
data set in which relative survival was plotted as a function of relative GSH levels.
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RESULTS
Exposure of MDA-MB-231 or DU-145 tumor cells to hypoxia does not influence
intracellular glutathione levels.
Intracellular GSH levels have been demonstrated to correlate with resistance to
chemotherapeutics such as doxorubicin and thiotepa [213]. To determine whether hypoxiainduced chemoresistance in human MDA-MB-231 breast carcinoma or DU-145 prostatic
adenocarcinoma is associated with changes in GSH content, total GSH levels in extracts
prepared from these cells were measured using a kinetic enzymatic recycling assay. This
assay is based on the oxidation of GSH by DTNB, which can be monitored
spectrophotometrically at 405 nm. Relative to incubation in standard (20% O2) conditions,
exposure of MDA-MB-231 or DU-145 cells to hypoxia (0.2% O2) for 24 h did not have a
significant effect on intracellular GSH levels (Figure 4.1A; n = 3). In MDA-MB-231 cells
intracellular GSH contents were 44.0 ± 1.0 pg/μg protein (mean ± SE) and 40.8 ± 2.5 pg/μg
protein following 24 h of culture in 20% O2 and 0.2% O2, respectively. In DU-145 cells
intracellular GSH contents were 83.5 ± 9.5 pg/μg protein and 65.0 ± 5.4 pg/μg protein
following 24 h of culture in 20% O2 and 0.2% O2, respectively. Similarly, following 24 h of
reoxygenation GSH concentrations in MDA-MB-231 cells pre-exposed to hypoxia were
comparable with cells maintained in 20% O2 (data not shown).
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Figure 4.1. Exposure of human MDA-MB-231 and DU-145 tumor cells to hypoxia does not affect
intracellular glutathione levels. A, MDA-MB-231 or DU-145 cells were cultured in standard (20% O2)
or hypoxic (0.2% O2 ) conditions for 24 h before intracellular glutathione (GSH) levels were measured.
GSH content in cells pre-exposed to hypoxia was comparable with cells maintained in well-oxygenated
conditions. Data are reported as the mean concentration of GSH (expressed in units of pg/µg of protein)
from a three independent experiments. B, GSH levels were decreased in a significant and dose-dependent
manner following a 24-h incubation in the presence of L-buthionine-(S,R)-sulfoximine (BSO), a specific
inhibitor of de novo GSH biosynthesis. Data are reported as the mean relative concentration of GSH
(± SE) from six (MDA-MB-231) or three (DU-145) independent experiments. Statistically significant
differences in GSH levels (relative to cells cultured in the absence of BSO in equivalent O2 conditions)
were determined by one-way ANOVA, followed by a Newman-Keuls Multiple Comparisons test and are
indicated (a: P < 0.001, b: P < 0.01.
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Depletion of glutathione enhances the cytotoxic effects of doxorubicin in MDA-MB-231
and DU-145 tumor cells pre-exposed to hypoxia, but does not prevent the induction of
chemoresistance by hypoxia.
To assess whether hypoxia-induced chemoresistance in MDA-MB-231 or DU-145 cells is
dependent on GSH availability (i.e. involving GSH-dependent detoxification or efflux
mechanisms) the survival of GSH-depleted cells was assessed following exposure to various
chemotherapeutic agents. Treatment of MDA-MB-231 or DU-145 cells with increasing
concentrations of BSO (10-1000 μM) for 24 h in 20% O2 or 0.2% O2 resulted in a significant
and dose-dependent decrease in GSH content compared with cells maintained in regular
medium (P < 0.001; n = 6 for MDA-MB-231, n = 3 for DU-145) (Figure 4.1B). Culture of
cells in hypoxia did not affect GSH levels in any of the BSO-treated groups. As well,
treatment with BSO alone did not affect cell viability or colony-forming ability (data not
shown).

For MDA-MB-231 and DU-145 cells maintained in 20% O2, the decrease in intracellular
GSH content mediated by BSO did not have a significant effect on survival following
doxorubicin treatment. In contrast, in cells pre-exposed to hypoxia, depletion of GSH led to
increased sensitivity to the cytotoxic effects of doxorubicin, as revealed by a significant and
dose-dependent decrease in clonogenic survival with decreasing GSH content (P < 0.001
following a comparison of the survival of MDA-MB-231 or DU-145 cells treated with 1000
μM BSO relative to cells in regular medium) (Figure 4.2). Under all conditions, cells preexposed to hypoxia displayed higher levels of survival compared with similarly treated cells
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Figure 4.2. Depletion of glutathione enhances the cytotoxic effects of doxorubicin in MDA-MB-231
and DU-145 cells pre-exposed to hypoxia, but not in cells maintained in well-oxygenated conditions.
MDA-MB-231 or DU-145 cells were cultured in standard (20% O2) or hypoxic (0.2% O2) conditions in
the absence or presence of L-buthionine-(S,R)-sulfoximine (BSO: 10-1000 µM) for 24 h before exposure
to doxorubicin (1 h in 20% O2). Following drug treatment survival was assessed by clonogenic assays as
described in Materials and Methods. BSO treatment did not have a significant effect on the survival of
doxorubicin-treated cells maintained in 20% O2. In contrast, depletion of glutathione under hypoxic
conditions resulted in significantly lower levels of survival (following exposure to doxorubicin) relative
to the survival of cells not treated with BSO. A significant induction of doxorubicin resistance by hypoxia
was only observed in untreated cells (P < 0.001 for both cell lines), or DU-145 cells treated with 10 µM
BSO (P < 0.01). Data reported represent the pooled values from five independent experiments. The mean
relative survival (± SE) for each condition is plotted against the corresponding mean relative intracellular
glutathione (GSH) level (± SE), as previously determined in Figure 4.1. The best-fit lines following linear
regression are shown (see Table 4.1 for details). Statistically significant differences in survival were
determined by one-way ANOVA, followed by a Newman-Keuls Multiple Comparisons test and are
indicated (a: P < 0.001, b: P < 0.05).
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Table 4.1. Summary of the linear regression analysis of the relationship between
intracellular glutathione levels and survival of doxorubicin-treated tumor cells following
pre-exposure to standard or hypoxic culture conditions.
Cell Line

MDA-MB-231

DU-145

20% O2

0.2% O2

20% O2

0.2% O2

Slope

0.945

2.548

0.911

2.650

Y-intercept

0.081

0.751

0.141

0.161

X-intercept

-0.086

-0.296

-0.155

-0.061

0.965

0.897

0.944

0.944

Slope

0.396 to 1.495

-0.075 to 5.151

0.237 to 1.585

0.693 to 4.607

Y-intercept

-0.218 to 0.380

-0.626 to 2.128

-0.260 to 0.542

-0.838 to 1.160

X-intercept

-0.851 to 0.165

-0.143 to 24.200

-2.080 to 0.180

-1.576 to 0.194

Best-fit values

r2
95% Confidence Intervals

See Figure 4.2 for corresponding graphs.
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maintained in 20% O2, however the upregulation of resistance by hypoxia was significant
only in cells not treated with BSO (P < 0.001), or DU-145 cells treated with 10 μM BSO (P <
0.01). Linear regression analysis was performed on the data to assess the relationship
between intracellular GSH content and cell survival following doxorubicin exposure (Table
4.1). Relative to cells maintained in 20% O2 there was a trend towards MDA-MB-231 and
DU-145 cells pre-exposed to hypoxia displaying greater dependence on GSH for survival
(determined by comparing the slopes for the best fit lines), however the data were not
statistically significant based on overlap of the 95% confidence intervals.

Similar experiments were performed in MDA-MB-231 cells treated with BSO and
subsequently exposed to etoposide, 5-FU or vincristine. In contrast to doxorubicin, the
cytotoxic effects of these anticancer agents were not enhanced by the loss of intracellular
GSH (Figure 4.3, Tables 4.2 to 4.4). Incubation in the presence of BSO did not prevent
hypoxia from significantly increasing the survival of cells treated with etoposide (P < 0.01; n
= 3) or 5-FU (P < 0.05; n = 3). The survival of vincristine-treated cells pre-exposed to
hypoxia was not significantly different compared to cells maintained in 20% O2 (n = 3).

Glutathione depletion does not affect HIF-1 functional activity in MDA-MB-231 and
DU-145 tumor cells.
In light of the data suggesting that GSH depletion has a greater effect on the survival of
doxorubicin-treated cells pre-exposed to hypoxia the possibility that loss of GSH impaired
HIF-1 activity was addressed. To monitor HIF-1 activity cells were transiently transfected
with the HIF-1-responsive pGL3-6×HRE luciferase plasmid and cultured under the same
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Figure 4.3. Depletion of glutathione does not affect the survival of MDA-MB-231 cells exposed to
etoposide, 5-fluorouracil or vincristine. MDA-MB-231 cells were cultured in standard (20% O2) or
hypoxic (0.2% O2 ) conditions in the absence or presence of L-buthionine-(S,R)-sulfoximine (BSO: 101000 µM) for 24 h before exposure to etoposide, vincristine (1 h in 20% O2), or 5-FU (24 h in 20% O2).
Following drug treatment survival was assessed by clonogenic assays as described in Materials and
Methods. BSO treatment had no effect on the sensitivity of MDA-MB-231 cells to these
chemotherapeutics. When compared with similarly-treated cells maintained in 20% O2 the survival of
etoposide- or 5-FU-treated cells cultured in hypoxia was significantly higher (P < 0.01 and P < 0.05,
respectively). Data reported represent the pooled values from 3 independent experiments with each
chemotherapeutic. The mean relative survival (± SE) for each condition is plotted against the
corresponding mean relative intracellular glutathione (GSH) level (± SE), as previously determined in
Figure 4.1. The best-fit lines following linear regression are shown (see Tables 4.2 to 4.4 for details).
Statistically significant differences in survival were determined by one-way ANOVA, followed by a
Newman-Keuls Multiple Comparisons test.
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Table 4.2. Summary of the linear regression analysis of the relationship between
intracellular glutathione levels and survival of etoposide-treated MDA-MB-231 cells
following pre-exposure to standard or hypoxic culture conditions.
20% O2

0.2% O2

Slope

0.355

0.275

Y-intercept

0.655

3.069

X-intercept

-1.846

-11.140

0.392

0.0589

Slope

-1.186 to 1.896

-3.075 to 3.626

Y-intercept

-0.184 to 1.494

1.304 to 4.834

X-intercept

0.127 to 0.967

-0.410 to 1.378

Best-fit values

r2
95% Confidence Intervals

See Figure 4.3 for corresponding graphs.

Table 4.3. Summary of the linear regression analysis of the relationship between
intracellular glutathione levels and survival of 5-fluorouracil-treated MDA-MB-231
cells following pre-exposure to standard or hypoxic culture conditions.
20% O2

0.2% O2

Slope

0.276

0.410

Y-intercept

0.699

1.600

X-intercept

-2.533

-3.900

0.678

0.298

Slope

-0.303 to 0.855

-1.505 to 2.326

Y-intercept

0.384 to 1.014

0.591 to 2.609

X-intercept

-0.490 to 3.063

-0.291 to 1.516

Best-fit values

r2
95% Confidence Intervals

See Figure 4.3 for corresponding graphs.

Table 4.4. Summary of the linear regression analysis of the relationship between
intracellular glutathione levels and survival of vincristine-treated MDA-MB-231 cells
following pre-exposure to standard or hypoxic culture conditions.
20% O2

0.2% O2

Slope

0.283

0.347

Y-intercept

0.762

1.179

X-intercept

-2.371

-3.402

0.482

0.481

Slope

-0.611 to 1.178

-0.749 to 1.442

Y-intercept

0.185 to 1.159

0.602 to 1.756

X-intercept

-0.181 to 1.645

-0.462 to 2.120

Best-fit values

r2
95% Confidence Intervals

See Figure 4.3 for corresponding graphs.

105

conditions described above. Consistent with previous reports [220], BSO treatment did not
affect HIF-1 activity in MDA-MB-231 or DU-145 cells incubated in 20% O2 or 0.2% O2 for
24 h (Figure 4.4).
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Figure 4.4. Depletion of glutathione does not affect HIF-1 activity in MDA-MB-231 or DU-145 cells.
MDA-MB-231 or DU-145 cells transiently transfected with the HIF-1-responsive pGL3-6!HRE
luciferase plasmid were cultured in standard (20% O2) or hypoxic (0.2% O2) conditions in the absence or
presence of L-buthionine-(S,R)-sulfoximine (BSO: 10-1000 µM) for 24 h before luciferase activity was
measured. Incubation in hypoxia resulted in a significant increase in HIF-1-mediated luciferase activity
relative to cells maintained in standard conditions (P < 0.001 for all groups). Treatment with BSO had no
effect on basal or hypoxia-inducible HIF-1 activity. Statistically significant differences in luciferase
activity were determined by one-way ANOVA, followed by a Newman-Keuls Multiple Comparisons test.
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DISCUSSION
The findings presented here demonstrate that following 24 h of culture in hypoxia GSH
levels in MDA-MB-231 and DU-145 tumor cells were unchanged. In cells pre-exposed to
hypoxia, inhibition of GSH biosynthesis sensitized cells to the cytotoxic effects of
doxorubicin, but not etoposide, 5-FU or vincristine, but was ineffective at preventing
hypoxia-induced HIF-1 activity and drug resistance. These data suggest that hypoxia-induced
changes in the GSH detoxification system were not a primary mechanism responsible for
acquisition of the hypoxia-induced chemoresistance phenotype in MDA-MB-231 and DU145 tumor cells.

Although significant differences in GSH content following hypoxia were not observed in
either of the cell lines studied, relevant hypoxia-inducible changes occurring in a small
population of cells cannot be ruled out. Measurement of GSH was performed in extracts
prepared from whole populations of cells and it is possible that this population is
heterogeneous with respect to hypoxia-induced changes in intracellular GSH content.
However, in light of the evidence that chemical inhibition of GSH production by BSO did
not prevent hypoxia-induced resistance it is unlikely that elevation of GSH content represents
an important contribution to the resistance observed in these cells.

The results of this study are in good agreement with the findings of Bracht and colleagues
who found that tumor cell resistance to doxorubicin was significantly correlated with
intracellular GSH concentrations, while similar relationships were not observed for
etoposide, 5-FU or vinblastine [213]. The observation that GSH depletion selectively
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enhances the cytotoxicity of doxorubicin and not other drugs is likely related to differences in
the mechanism of action of these agents. Specifically, the cytotoxic effects of doxorubicininduced ROS would be enhanced by loss of the antioxidant functions of GSH, while the
various forms of cell damage caused by exposure to etoposide, 5-FU and vincristine are not
typically associated with increased oxidative stress. In addition, a greater effect of GSH
depletion on the sensitivity of doxorubicin-treated cells pre-exposed to hypoxia was
observed, compared with cells maintained in well-oxygenated conditions. This effect was
specific for hypoxic cells subsequently treated with doxorubicin, as the survival of untreated
cells was not affected by BSO. Furthermore, the selective chemosensitization of MDA-MB231 and DU-145 cells pre-incubated in hypoxic conditions cannot be explained by changes in
HIF-1 activity following inhibition of GSH production. Instead, it is proposed that the
increase in cell death observed under these conditions was caused by excessive oxidative
stress resulting from the combination of hypoxia/reoxygenation and doxorubicin exposure.
ROS generated during both of these events occurring in succession would likely overwhelm
the already depleted antioxidant capacity of these cells, resulting in increased cell damage
and loss of viability.

Treatment with 1 mM BSO decreased GSH levels by roughly 75% and 90% in DU-145 and
MDA-MB-231 cells, respectively. However, hypoxia-induced resistance to doxorubicin was
still observed under these conditions. Extrapolation of the data to the theoretical condition
where cells are completely devoid of GSH (i.e. the y-intercepts for the best fit lines) revealed
interesting differences in the two cell lines studied. In MDA-MB-231 cells lacking GSH, preexposure to hypoxia is still predicted to result in increased resistance to doxorubicin (i.e. the
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y-intercept for cells pre-exposed to hypoxia was ~9-fold higher compared with cells
maintained in 20% O2, see Table 4.1). In contrast, in DU-145 cells the total loss of GSH may
prevent the induction of doxorubicin resistance by hypoxia. Although changes in GSH
content may not be involved in hypoxia-induced chemoresistance in either cell line,
resistance mechanisms associated with DU-145 cells might be impaired by the loss of redox
homeostasis. Conversely, mechanisms of resistance induced in hypoxic MDA-MB-231 cells
appear to be insensitive to GSH depletion. While further investigation is required to confirm
these findings and to establish significant differences in the hypoxic response of cells lacking
GSH, future studies will focus on the identification of the GSH-independent resistance
mechanisms that are likely to account for the hypoxia-induced chemoresistance phenotype.
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CHAPTER 5

HYPOXIA-INDUCED RESISTANCE TO ANTICANCER DRUGS IS ASSOCIATED
WITH DECREASED SENESCENCE AND REQUIRES HYPOXIA-INDUCIBLE
FACTOR 1 ACTIVITY

This study has previously been published in
Molecular Cancer Therapeutics. 2008; 7(7):1961-73
Sullivan R, Paré GC, Frederiksen LJ, Semenza GL, and Graham CH.
Copyright © 2008 American Association for Cancer Research
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ABSTRACT
Hypoxia in solid tumors is associated with the development of chemoresistance. Although
many studies have focused on the effect of hypoxia on apoptosis, the impact of non-apoptotic
pathways on hypoxia-induced drug resistance has not been previously investigated. In the
present study the effects of hypoxia on multiple forms of drug-induced death in human
MDA-MB-231 breast carcinoma cells were determined. Clonogenic assays showed that preexposure to hypoxia leads to resistance to various classes of chemotherapeutic agents
including anthracyclines (daunorubicin, doxorubicin), epipodophyllotoxins (etoposide) and
anthracenediones (mitoxantrone). Results revealed a high degree of heterogeneity in nuclear
and cytoplasmic alterations in response to acute drug exposure; however, the majority of
exposed cells displayed morphological and biochemical changes consistent with druginduced senescence. Hypoxia decreased only the proportion of cells in the senescent
population while the small proportion of cells exhibiting features of apoptosis or mitotic
catastrophe was unaffected. Similar results were obtained with human HCT-116 colon
carcinoma cells indicating the protective effect of hypoxia on drug-induced senescence was
not unique to MDA-MB-231 cells. Treatment of MDA-MB-231 cells with siRNA targeting
the α-subunit of hypoxia-inducible factor 1 (HIF-1), a key regulator of cellular adaptations to
hypoxia, prevented hypoxia-induced resistance. HIF-1α siRNA also selectively abolished the
hypoxia-induced changes in the senescent population, indicating that the increased survival
was due to protection against drug-induced senescence. These results support a requirement
for HIF-1 in the adaptations leading to drug resistance and reveal that decreased druginduced senescence is also an important contributor to the development of hypoxia-induced
resistance.
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INTRODUCTION
Regions of hypoxia are present in many solid tumors due to an inadequate and poorly formed
vasculature. Consequently, tumor cells often acquire the ability to adapt to hypoxia so that
their internal oxygen (O2) homeostatic balance is maintained. Increasing evidence from
experimental and clinical studies has revealed that tumor cell adaptations to hypoxia are
closely linked to malignant progression and contribute to the development of resistance to
ionizing radiation and chemotherapy [26,68,69,103,165,223].

Cellular adaptations to hypoxia involve the coordinated expression of a large and diverse
group of genes, many of which are transcriptionally regulated by hypoxia-inducible factor-1
(HIF-1) [189]. HIF-1 is a transcription factor composed of HIF-1α and HIF-1β subunits.
HIF-1β is constitutively expressed and control of HIF-1 function occurs primarily through
the O2-dependent degradation of the α-subunit. Upon activation, HIF-1 binds to cis-acting
hypoxia-responsive elements (HREs) to induce the expression of target genes, several of
which have physiological relevance to malignant progression.

Recent investigations into the role of HIF-1 in the development of drug resistance have
focused on determining whether there is a link between hypoxia and escape from druginduced apoptosis [118,161-163,197,224]. Unruh and colleagues reported that loss of HIF-1α
expression pre-disposed cells to apoptosis induced by chemotherapeutic agents and ionizing
radiation under standard and hypoxic culture conditions [161]. Human colon cancer cells
exposed to hypoxia in vitro or grown as tumor xenografts have been shown to express
decreased levels of the proapoptotic factors Bid, Bad and Bax compared to well-oxygenated
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cells [118]. Decreased levels of proapoptotic proteins were correlated with lower levels of
etoposide-induced apoptosis and attributed to both HIF-1-dependent and HIF-1-independent
mechanisms. Genetic approaches and small molecule inhibitors targeting HIF-1 have proven
effective at decreasing hypoxia-induced resistance to chemotherapeutics in colon [162],
neuroblastoma [163], and non-small cell lung cancer cells [197], thereby highlighting the
importance of HIF-1 in the acquisition of drug resistance.

A common paradigm is that chemotherapeutic agents stimulate cancer cells to undergo
apoptosis, implying that impairment of apoptotic pathways may be sufficient to account for
the development of chemoresistance. However, following DNA damage cells can be
eliminated through other forms of programmed death including autophagy, mitotic
catastrophe, and necrosis. In addition, several chemotherapeutic agents are known to induce
senescence in a variety of cancer lines in vitro, resulting in irreversible arrest of cell
proliferation [225-230]. Analysis of human breast tumor specimens indicates that druginduced senescence also occurs in vivo and is a physiologically relevant response to DNA
damage resulting from cancer therapy [229]. In fact there is evidence that in response to
some chemotherapeutic agents mitotic catastrophe and senescence are more prominent than
apoptosis [226,229].

Cells can also undergo non-apoptotic death through autophagy, a process characterized by
the formation of autophagolysosomes that mediate autodigestion in response to various
cellular stresses, including hypoxia [231-235]. Interestingly, autophagy is regarded as both a
survival strategy under conditions of acute stress, as well as a form of programmed cell death
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in more persistent stress situations. Furthermore, autophagy appears to be tightly regulated by
the balance between Bcl-2/Bcl-XL and Bax/Bak levels in a manner similar to that observed
for apoptosis. For example, Shimizu and colleagues showed that cells lacking both Bax and
Bak were apoptosis-resistant when treated with etoposide, but instead underwent autophagic
cell death with autophagosome formation that was modulated by the expression of Bcl-2/BclXL

[236]. This suggests a cellular mechanism where hypoxia, through HIF-1-dependent

regulation of Bcl-2 family members, may contribute to an imbalance in the molecular
pathways regulating apoptosis, non-apoptotic programmed cell death and autophagic cell
survival. Under conditions where such an imbalance favors prosurvival pathways cells may
acquire a chemoresistance phenotype. Interestingly, alterations in the autophagic
compartment have been linked to carcinogenesis and resistance to chemotherapy [233].

Highlighting the importance of non-apoptotic mechanisms of death in the response of tumor
cells to chemotherapeutic agents are results of experiments showing a lack of correlation
between specific inhibition of apoptosis and overall response to anticancer therapy. While
stable overexpression of the antiapoptotic Bcl-2 protein in HeLa cells nearly abolished
etoposide-induced apoptosis, there was no effect on survival when compared with controls
[237]. Bcl-2 overexpression prevented the appearance of apoptotic cells but instead led to the
formation of enlarged, multinucleated cells characteristic of mitotic catastrophe. Similarly,
overexpression of P-glycoprotein markedly diminished the sensitivity of HeLa cells to the
induction of apoptosis induced by ionizing radiation without affecting overall survival [238].
Analysis revealed that the inhibition of apoptosis was accompanied by compensatory
increases in cell death due to mitotic catastrophe and senescence. Conversely, knockdown of
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the expression of the antiapoptotic molecule Bcl-XL in colorectal cancer cells resulted in a
switch from drug-induced senescence to apoptosis following treatment with the
topoisomerase I inhibitor SN38 [239]. These studies suggest that in cells incurring sufficient
levels of DNA damage, suppression of a single death pathway may be inadequate to enable
survival as alternative death or non-proliferative pathways can be activated.

The impact of non-apoptotic pathways on hypoxia-induced drug resistance has not been
previously investigated. Furthermore, it is unclear whether decreased levels of drug-induced
apoptosis are sufficient to account for the increased survival following exposure to hypoxia
or whether this increase in survival may be due to a hypoxia-mediated downregulation of
alternative mechanisms of cell death. Thus, the present study determined the response of
human breast and colon cancer cells to multiple chemotherapeutic agents following preexposure to hypoxia and assessed the role of HIF-1 in the various pathways of drug-induced
cell death.
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MATERIALS AND METHODS
Cell Culture and Exposure to Hypoxia
Human MDA-MB-231 breast carcinoma cells were obtained from the American Type
Culture Collection (Manassas, VA, USA) and human HCT-116 colon carcinoma cells were
kindly provided by Dr. Xiaolong Yang (Department of Pathology and Molecular Medicine,
Queen’s University).

Cells were maintained in monolayer cultures in a standard CO2

incubator (5% CO2 in air at 37°C) in either RPMI 1640 medium supplemented with 5% FBS
(MDA-MB-231), or McCoy’s 5A medium supplemented with 10% FBS (HCT-116) (all
tissue culture media were purchased from Invitrogen, Burlington, ON, Canada). The MDAMB-231 cell line is derived from an adenocarcinoma pleural effusion and carries an
activating K-ras, codon 12 mutation; it is also p53-mutant, p16INK4a-null, carries wild type
retinoblastoma (Rb) protein, and is estrogen receptor-negative. The HCT-116 cell line is
derived from a colon adenocarcinoma, carries an activating K-ras mutation and expresses
wild type p53. To establish hypoxic conditions, cells were placed in airtight plastic chambers
that were flushed with a 5% CO2/ 95% N2 gas mixture. O2 concentrations within these
chambers were maintained at 0.2% using Pro-Ox Model 110 O2 regulators (Biospherix,
Redfield, NY, USA).

Clonogenic (Colony Formation) Assays
All drugs used in the clonogenic assays were purchased from Sigma-Aldrich Canada Ltd.
(Oakville, ON, Canada) and the methods for this assay have been described previously
[68,69,165]. Briefly, after 24 h of standard or hypoxic incubation, culture media were
replaced with either complete medium (for non-treated controls) or complete medium
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containing one of the following chemotherapeutic agents: daunorubicin, doxorubicin,
etoposide, or mitoxantrone, or staurosporine at the concentrations indicated in the figure
legends. Drug exposure was performed under standard culture conditions for 1 h (or 24 h for
staurosporine treatment); cells were then washed once with PBS, harvested by trypsinization,
counted using a hemocytometer, and re-plated (6 replicates per condition) in 6-well tissue
culture plates. After an additional 7 to 10 days of culture, cells were fixed with Carnoy’s
fixative (1 part acetic acid: 3 parts methanol), stained with a dilute crystal violet (0.33% w/v)
solution and surviving colonies consisting of ~50 or more cells were counted. Studies
performed using a hypoxic chamber (Coy Laboratory Products, Inc., MI, USA) that enables
manipulation of cells while under hypoxic conditions revealed that reoxygenation of hypoxic
cells was not required for the induction of drug resistance and that pre-exposure to hypoxia
was the primary determinant of increased resistance to doxorubicin (data not shown).

Microscopic Analyses and TUNEL Assays
To characterize morphological changes following exposure to anticancer drugs, cells were
treated as described above for the clonogenic assays. However, following drug exposure they
were instead re-plated onto glass coverslips in 6-well dishes and cultured for up to 8 days in a
standard incubator (37°C; 5% CO2). In order to retain the less adherent dead or dying cells,
an agarose overlay method was developed. Briefly, following re-plating of cells and an
additional 5 h of culture to allow for the cells to adhere to the coverslips, the culture media
were replaced with a thin layer of warm (37°C) complete medium containing 0.5%
SeaPlaque® low melting temperature agarose (Lonza, Rockland, ME, USA) and allowed to
solidify briefly at room temperature prior to returning to a standard incubator. Pilot studies
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confirmed that the agarose overlay did not cause restriction of cell proliferation or alterations
in cell morphology. At select time points cells were fixed for 15 min at 4°C using 3.7%
formaldehyde in PBS, allowing the formaldehyde to penetrate through the agarose layer
without disrupting the cells below. Fixative was removed and wells were gently washed in
PBS at 4°C (2 × 15 min). Coverslips were carefully excised from the agarose overlay,
washed once in PBS and either assayed for terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) (as a marker for drug-induced apoptosis) or stained for
senescence-associated

β-galactosidase

(SA-βgal)

activity

and

counterstained

with

hematoxylin to assess other morphological features.

TUNEL assays were performed using the DeadEnd™ Fluorometric TUNEL System
(Promega/Fisher Scientific, Nepean, ON, Canada) according to the manufacturer’s
instructions. Following the enzymatic reactions cells were counterstained with 4’,6diamidino-2-phenylindole (DAPI: Vectashield, Vector Laboratories, Inc., Burlingame, CA,
USA) and the percentage of TUNEL-positive cells was determined using fluorescence
microscopy scoring a minimum of 200 cells randomly sampled for each experimental
condition.

SA-βgal staining was performed using X-gal (5-bromo-4-chloro-3-indoyl β-D-galactoside;
Fermentas Canada Inc., Burlington, ON, Canada) at pH 6.0 as previously described [240].
Characterization of cell morphology and SA-βgal activity were determined by bright field
microscopy. A minimum of 200 cells was scored at random for each slide according to a
variety of morphological criteria including: 1) overall size of the nuclear compartment
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(normal, enlarged or shrunken), 2) the appearance of the nucleus (single, binucleated, multior micronucleated, or fragmented), 3) general chromatin appearance (regular and evenly
stained or condensed), 4) overall size of the cytoplasmic compartment (normal, enlarged, or
shrunken), 5) SA-βgal staining (positive or negative), and 6) general appearance of the cell
membrane (defined as ‘blebbed’ or ruptured). The intention of morphological scoring was to
follow the fate of plated cells over time in order to determine whether cells had undergone
death, become permanently arrested or remained viable (i.e. survived) following drug
treatment. In contrast to the arrested or dead cells, surviving cells underwent proliferation
leading to the formation of colonies with progressively increasing cell numbers throughout
the time course. Despite being comprised of multiple cells at the time of fixation, each
individual colony represented an individual surviving cell plated at the beginning of the time
course experiment and was therefore counted as such.

Flow Cytometry
For analysis of cellular complexity and cell division by flow cytometry, cells were treated as
described above for the clonogenic assays, trypsinized and labeled with the fluorescent
membrane-binding molecule PKH67 (Sigma-Aldrich Canada Ltd.) according to the
manufacturer’s instructions. Cells were re-plated and incubated under standard culture
conditions in the dark. Adherent and non-adherent cells were collected at various time points,
fixed in 2% paraformaldehyde and stored at 4°C protected from light. PKH67 fluorescence
and 90° light scatter were monitored with a Beckman Coulter EPICS Altra HSS flow
cytometer. Excitation was performed by an argon laser at a wavelength of 488 nm, the
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emitted fluorescence was collected at 525 ± 10 nm, and at least 10,000 events per sample
were analyzed.

Small interfering RNA (siRNA) Transfection
Validated Silencer HIF-1α siRNA (ID #42840) and Silencer Negative Control siRNA #1
were purchased from Ambion, Inc. (Houston, TX, USA). siRNA was introduced into cells by
reverse transfection using siPORT NeoFx reagent (Ambion) according to the manufacturer’s
instructions. The siRNA treatments were carried out for 48 h under standard culture
conditions prior to incubation in hypoxia.

Western blot analysis of HIF-1α levels
Following incubation under various conditions, cells were frozen immediately after removal
from the hypoxia chamber or standard incubator by rapidly discarding the media and placing
the culture plates in a liquid nitrogen bath. The levels of HIF-1α in cells were determined by
Western blot analysis as previously described [164]. To control for even sample loading
membranes were blotted with anti-β-actin antibody (1:5000, Sigma-Aldrich Canada Ltd.).

Calculations and Statistical Analysis
For clonogenic assays, plating efficiency was calculated as the number of surviving colonies
expressed as a proportion of the total number of cells inoculated. Surviving fractions were
determined by dividing the plating efficiency of drug-treated groups by the plating efficiency
of the corresponding untreated control group. Data are reported as the mean surviving
fraction from six replicates ± the standard deviation (SD).
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Statistical analyses were performed using GraphPad Prism software version 4.0 (GraphPad
Software, Inc. San Diego, CA, USA). When only two groups were compared statistical
significance was determined by an unpaired, two-tailed t-test. For analysis of more than two
groups one-way ANOVA was performed, followed by a Newman-Keuls Multiple
Comparisons test. All differences were considered to be significant at P < 0.05.
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RESULTS
Pre-exposure to hypoxia increases the clonogenic survival of human MDA-MB-231
breast carcinoma cells treated with chemotherapeutic agents
Exposure of MDA-MB-231 cells to hypoxia (0.2% O2) for 24 h prior to drug treatment led to
significantly (P < 0.01) increased resistance to multiple anticancer drugs (daunorubicin,
doxorubicin, etoposide or mitoxantrone) relative to cells maintained under standard culture
conditions (20% O2; Figure 5.1). The effect of hypoxia on survival was highly reproducible
and the mean increase in survival was 4.0-fold for daunorubicin (n = 6), 3.5-fold for
doxorubicin (n = 17), 4.8-fold for etoposide (n = 7) and 3.6-fold for mitoxantrone (n = 4).

Hypoxia does not alter MDA-MB-231 apoptotic cell death induced by treatment with
chemotherapeutic agents or staurosporine
The chemotherapeutics used in this study are thought to exert their anticancer effects in part
through disruption of topoisomerase II (topo II) function, leading to the formation of stable
DNA-topo II complexes and DNA strand breaks, and initiation of the apoptotic cascade. To
assess the effects of hypoxia on the apoptotic response of drug-treated MDA-MB-231 cells
the TUNEL assay was performed. This method preferentially detects DNA strand breaks in
apoptotic cells. Very few TUNEL-positive cells were detected at early time points (1 and 2
days following drug treatment), but 4 days following drug treatment a small population of
TUNEL-positive cells became evident and progressively increased throughout the time
course (Figure 5.2A). At 8 days following drug treatment less than 20% of the total
population showed TUNEL-positive staining for all of the 4 chemotherapeutics tested
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Figure 5.1. Pre-exposure of human MDA-MB-231 breast cancer cells to hypoxia results in
increased resistance to chemotherapeutic agents. Clonogenic assays were performed on MDA-MB231 cells pre-incubated for 24 h in standard (20% O2) or hypoxic (0.2% O2 ) conditions and subsequently
treated with various anticancer agents for 1 h under standard culture conditions as described in Materials
and Methods. Compared with the survival of cells incubated in 20% O2, the survival of MDA-MB-231
cells pre-incubated in 0.2% O2 was significantly higher following treatment with daunorubicin (5 µM),
doxorubicin (5 µM), etoposide (50 µM), or mitoxantrone (1 µM). Data are presented as the mean
surviving fraction (± SD) and are representative of a minimum of six independent experiments.
Statistically significant differences were determined by unpaired t-tests (a: P < 0.0001, b: P = 0.0021).
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Figure 5.2. Pre-exposure to hypoxia does not affect drug-induced apoptosis in MDA-MB-231 cells.
A, time course of appearance of TUNEL-positive cells following treatment with doxorubicin (5 µM) or
etoposide (50 µM). No statistically significant differences were found between the TUNEL-positive
fractions of cells pre-exposed to hypoxia and those maintained in standard culture conditions. Data are
reported as the mean percentage of cells scored in the microscopic field (± SE). B, mean percentage of
TUNEL-positive MDA-MB-231 cells after 8 days of culture following a 1-h treatment with daunorubicin
(5 µM), doxorubicin (5 µM), etoposide (50 µM) or mitoxantrone (1 µM) (no statistically significant
differences between cells exposed to 20% O2 and 0.2% O2 were observed).
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(Figure 5.2B). More importantly, when compared with cells maintained under welloxygenated conditions the proportion of TUNEL-positive cells following pre-exposure to
hypoxia was not statistically different for any of the drugs tested.

To further characterize the effects of hypoxia on the apoptotic response of MDA-MB-231
cells clonogenic assays were performed using staurosporine, a known inducer of apoptosis.
The majority of MDA-MB-231 cells treated with staurosporine showed morphological
features characteristic of cells undergoing apoptosis, including a high degree of cell
shrinkage, chromatin condensation, disintegration of the cell membrane to form structures
resembling apoptotic bodies, and TUNEL-positive staining (Figure 5.3A). In contrast to the
chemotherapeutic agents used in this study, pre-exposure to hypoxia did not increase the
clonogenic survival of staurosporine-treated MDA-MB-231 cells relative to cells maintained
under standard culture conditions (Figure 5.3B).

Treatment of MDA-MB-231 cells with chemotherapeutic agents predominantly leads to
the appearance of a senescence-like phenotype
To investigate the role of non-apoptotic forms of programmed cell death and arrest, changes
in MDA-MB-231 cell morphology following treatment with chemotherapeutic agents were
examined. Overall, treated cells showed a high degree of morphological heterogeneity
including enlarged and shrunken cells, multi- or micronucleated cells, cells with ‘blebbed’ or
ruptured plasma membranes, and various combinations of these features (Figure 5.4). A
small proportion of enlarged cells contained several completely or partially separated
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Figure 5.3. Pre-exposure to hypoxia does not affect staurosporine-induced apoptosis in MDA-MB231 cells. A, MDA-MB-231 cells were cultured on glass coverslips and left untreated (top panels) or
treated for 24 h with 0.5 µM staurosporine (lower panels) before fixing and counterstaining with
hematoxylin (left panels), analyzed by TUNEL assay (middle panels), or counterstained with DAPI (right
panels). Cells were visualized using bright field (hematoxylin) or fluorescence microscopy (TUNEL and
DAPI) (scale bar indicates 100 µm). Microscopic analysis indicated that this treatment was sufficient to
induce apoptosis in the majority of cells, as determined by the degree of cell shrinkage, chromatin
condensation, the disintegration of the cell membrane to form apoptotic bodies, and TUNEL-positive
staining. B, clonogenic assays were performed on MDA-MB-231 cells pre-incubated for 24 h in standard
(20% O2) or hypoxic (0.2% O2) conditions followed by treatment with staurosporine (0.5 µM, 24 h in
20% O2). In contrast to the effect of hypoxia on cell survival following treatment with the
chemotherapeutic agents used in this study, pre-exposure to hypoxia did not significantly increase the
survival of MDA-MB-231 cells treated with staurosporine, relative to cells maintained in 20% O2. The
data presented are representative of three independent experiments.

127

Hematoxylin

DOX, 1 day

DOX, 2 days

DOX, 4 days

DOX, 6 days

DOX, 8 days

Control, 4 days

DOX, 8 days

SA-!gal

Control, 1 day

Figure 5.4. Treatment of MDA-MB-231 cells with doxorubicin induces a senescence-like
morphology. MDA-MB-231 cells were cultured on glass coverslips under standard conditions (20% O2)
for up to 8 days following exposure to doxorubicin (DOX: 5 µM, 1 h in 20% O2), fixed and
counterstained with hematoxylin or stained for SA-!gal activity. Cells were visualized using bright field
microscopy (scale bar indicates 100 µm). Similar changes in MDA-MB-231 cell morphology and SA-!
gal-positive staining were observed following exposure to daunorubicin, etoposide and mitoxantrone (not
shown). Results shown are representative of 5 independent experiments.

128

micronuclei with evenly stained chromatin, features often reported for cells undergoing
mitotic catastrophe. A smaller fraction of cells appeared to have a shrunken cytoplasm with
condensed chromatin and blebbing of the plasma membrane disintegrating into structures
resembling apoptotic bodies. However, the predominant morphological change was the
emergence of enlarged and flattened cells, a phenotype associated with the onset of druginduced senescence [226]. Consistent with the observed morphological changes many
enlarged and flattened cells stained positive for SA-βgal activity (Figure 5.4), a
histochemical biomarker of senescent cells [226,240].

Based on the appearance of cells with a senescence-like morphology following drug
treatment, flow cytometric analysis was performed to confirm additional features associated
with senescence such as a loss of proliferative capacity and an increase in cellular complexity
[226,241,242]. MDA-MB-231 cells were treated as outlined for the clonogenic assay and
then labeled with the lipophilic fluorescent compound PKH67, which is incorporated into the
membrane of cells and subsequently distributed evenly between daughter cells during
mitosis. Measurement of PKH67 fluorescence is used to identify populations of cells that
have undergone division, indicated by decreased PKH67-associated fluorescence intensity,
while increases in 90° light scatter are a reflection of increases in cell size [241] and
granularity/complexity [242]. In untreated control cells PKH67 fluorescence progressively
declined over time and after 8 days of culture 99.7 - 99.8% of cells had reduced fluorescence
intensity compared with cells on day 1 (Figure 5.5, compare lower left quadrants of each dot
plot; n = 2). In contrast, doxorubicin treatment largely prevented the gradual decrease in
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Figure 5.5. Treatment of MDA-MB-231 cells with doxorubicin results in an increase in cellular
complexity and cell size. MDA-MB-231 cells were pre-incubated for 24 h under standard (20% O2) or
hypoxic (0.2% O2) conditions and subsequently treated with doxorubicin (5 µM, 1 h in 20% O2) prior to
labeling of the plasma membrane with PKH67. Cells were then cultured in drug-free medium under
standard conditions for up to 8 days before flow cytometric analysis of PKH67-associated fluorescence.
Dot density plots of PKH67 fluorescence (x-axis) versus 90° light scatter (y-axis) for untreated and
doxorubicin-treated cells reveal a progressive increase in cell size for doxorubicin-treated cells at
consecutive time points following treatment. A minimum of 10,000 cells was analyzed by flow cytometry
for all conditions and results shown are representative of two independent experiments.
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PKH67 intensity, with only 4.4 - 12.9% of cells showing decreased PKH67 intensity 8 days
after drug treatment. Furthermore, a large proportion of doxorubicin-treated cells exhibiting
high PKH67 fluorescence showed elevated 90° light scatter (Figure 5.5, compare upper right
quadrants of each dot plot). The increase in cell size and complexity was detectable 4 days
after treatment and progressively increased at later time points (55.1 - 57.4% by day 8).
Changes in cell size or complexity were not observed for untreated controls.

Flow cytometry was also used to assess the proliferative capacity of MDA-MB-231 cells
following pre-exposure to hypoxia. Compared with untreated control cells maintained under
standard conditions (Figure 5.6, upper left panel), pre-exposure to hypoxia had no apparent
effect on the proliferative capacity of MDA-MB-231 cells upon reoxygenation (Figure 5.6,
upper right panel). Similar to cells cultured at 20% O2, doxorubicin treatment of cells preexposed to hypoxia resulted in substantial retention of PKH67 fluorescence intensity,
however a larger proportion of cells with decreased fluorescence was evident compared with
cells cultured at 20% O2 (Figure 5.6, lower right panel), consistent with the hypoxia-induced
increase in clonogenic survival observed under similar conditions (Figure 5.1). Four days
after doxorubicin treatment this population of lower-intensity cells became distinct from the
peak of growth-arrested cells and progressively increased over subsequent time points
(identified as a lower intensity shoulder on the left side of the histograms for days 4 through
8).
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Figure 5.6. Treatment of MDA-MB-231 cells with doxorubicin results in arrest of cell division.
MDA-MB-231 cells were pre-incubated for 24 h under standard (20% O2) or hypoxic (0.2% O2)
conditions and subsequently treated with doxorubicin (5 µM, 1 h in 20% O2) prior to labeling of the
plasma membrane with PKH67. Cells were then cultured in drug-free medium under standard conditions
for up to 8 days before flow cytometric analysis of PKH67-associated fluorescence. Shown are the
PKH67 fluorescence profiles for untreated control cells (top panels) and for doxorubicin-treated cells
(lower panels) at consecutive time points following treatment. Untreated cells exhibited progressive loss
of fluorescence intensity due to cell proliferation while doxorubicin treatment almost completely
inhibited proliferative capacity. Note the small population of drug-treated cells that retained proliferative
capacity following pre-exposure to hypoxia (lower right panel, days 4 through 8). A minimum of 10,000
cells was analyzed by flow cytometry for all conditions and results shown are representative of two
independent experiments.
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Pre-exposure to hypoxia protects MDA-MB-231 cells from drug-induced senescence
Based on the predominant induction of senescence in MDA-MB-231 cells exposed to
chemotherapeutic agents, it was hypothesized that the increase in clonogenic survival
following pre-exposure to hypoxia was associated with a decrease in the proportion of cells
undergoing drug-induced senescence. To test this hypothesis quantitative microscopic
analyses were performed to determine which morphological features were altered in the
population of cells pre-exposed to hypoxia. Cell morphology was scored at multiple time
points following drug treatment according to criteria that encompassed morphological and
biochemical alterations in the nucleus, cytoplasm, and plasma membrane (see Materials and
Methods for details).

Overall, the progression of morphological changes was similar for all four chemotherapeutic
agents tested (Figure 5.7, see also Supplementary Figure 5.1 and Supplementary Table 5.1 in
Appendix A). For cells maintained under well-oxygenated conditions within 2 days of drug
exposure the majority of the population (~60-80% of total cells scored) was characterized by
an enlarged nucleus and enlarged cytoplasmic compartment. SA-βgal activity was detectable
4 days after drug treatment with the proportion of SA-βgal-positive cells increasing to ~3040% of the total population by day 8. For all chemotherapeutics, pre-exposure to hypoxia led
to significant decreases in the proportion of cells with enlarged nuclei and enlarged
cytoplasmic compartments, as well as significant decreases in the proportion of SA-βgalpositive cells (scoring results and P-values are summarized in Supplementary Table 5.1 in
Appendix

A).
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Figure 5.7. Characterization of chemotherapy-induced changes in MDA-MB-231 cell morphology
reveals a decrease in senescence-associated characteristics is cells pre-exposed to hypoxia.
Morphological analyses were performed on MDA-MB-231 cells treated with anticancer agents following
24 h of culture under standard (20% O2) or hypoxic (0.2% O2). Time courses of drug-induced changes in
the fraction of cells with enlarged or shrunken nuclei, enlarged or shrunken cytoplasms, and detectable
SA-!gal activity. The complete analysis from morphological scoring is shown in Supplementary Figure
5.1 and Supplementary Table 5.1 in the Appendix for this chapter. Compared with cells incubated in 20%
O2, pre-exposure to hypoxia led to a significant decrease in the proportion of drug-treated cells with
enlarged nuclei (P < 0.01), enlarged cytoplasms (P < 0.01), and SA-!gal activity (P < 0.005) for all of the
chemotherapeutic agents investigated (reported P-values correspond to differences at day 8 following
drug exposure). Data are reported as the mean percentage of cells scored in the microscopic field (±SE)
and results shown are representative of two independent experiments.
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of cells with shrunken nuclei or cytoplasms, which represented ~5-20% of the total
population by day 8, consistent with the observed fraction of TUNEL-positive cells (Figure
5.2B). Similarly, pre-exposure to hypoxia did not significantly affect the proportions of cells
with binucleated, multinucleated or fragmented nuclei, condensed chromatin, or blebbed or
ruptured cell membranes (Supplementary Figure 5.1 and Supplementary Table 5.1 in
Appendix A).

Pre-exposure of human HCT-116 colon carcinoma cells to hypoxia increases clonogenic
survival and protects cells from drug-induced senescence
To determine whether a similar decrease in drug-induced senescence occurs in other human
tumor cell lines exposed to hypoxia, clonogenic assays and morphological analyses were
performed using HCT-116 cells, a cell line previously reported to undergo doxorubicininduced senescence [226]. Similar to MDA-MB-231 cells, exposure of HCT-116 cells to
hypoxia (0.2% O2) for 24 h prior to drug treatment led to significantly (P < 0.0001) increased
resistance to daunorubicin, etoposide (Figure 5.8A) and doxorubicin (data not shown). The
mean increase in survival following pre-exposure to hypoxia was 3.9-fold for daunorubicin
(n = 2), 8.0-fold for etoposide (n = 3) and 2.3-fold for doxorubicin (n = 7). After 8 days of
culture following drug treatment the majority of HCT-116 cells were characterized by an
enlarged and flattened morphology, accompanied by expression of SA-βgal (Figure 5.8B).
Quantitative microscopic analyses confirmed that by day 8 ~60-75% of the total population
of cells maintained in 20% O2 were characterized by an enlarged nucleus and cytoplasm, and
~35-60%

of
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Figure 5.8. Hypoxia-induced drug resistance in human HCT-116 colon cancer cells and the
induction of a senescence-like cell morphology following exposure to chemotherapeutic agents. A,
clonogenic assays were performed on HCT-116 cells pre-incubated for 24 h in standard (20% O2) or
hypoxic (0.2% O2) conditions and subsequently treated with with daunorubicin (7.5 µM) or etoposide (60
µM) as described in Materials and Methods. Data are presented as mean surviving fraction (± SD) and are
representative of two (daunorubicin) or three (etoposide) independent experiments. Statistically
significant differences in survival were determined by unpaired t-tests (a: P < 0.0001). B, HCT-116 cells
were cultured on glass coverslips under standard conditions (20% O2 ) for 4 to 8 days following exposure
to daunorubicin (DNR: 7.5 µM, 1 h in 20% O2), fixed and counterstained with hematoxylin or stained for
SA-!gal activity. Cells were visualized using bright field microscopy (scale bar indicates 100 µm).
Similar changes in HCT-116 morphology were observed following treatment with etoposide (60 µM) and
doxorubicin (7.5 µM) (not shown).
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Figure 5.9. Characterization of chemotherapy-induced changes in HCT-116 cell morphology
reveals a decrease in senescence-associated characteristics in cells pre-exposed to hypoxia.
Morphological analyses were performed on HCT-116 cells treated with anticancer agents following 24 h
of culture under standard (20% O2) or hypoxic (0.2% O2) conditions as described for MDA-MB-231 cells
in Figure 5.7. Compared with cells incubated in 20% O2, pre-exposure to hypoxia led to a significant
decrease in the proportion of drug-treated cells with enlarged nuclei, enlarged cytoplasms, and SA-!gal
activity for both chemotherapeutic agents investigated (P < 0.005 for differences observed after 8 days
following drug exposure). The complete analysis from morphological scoring is shown in Supplementary
Table 5.2 in the Appendix for this chapter. Data are reported as the mean percentage of cells scored in the
microscopic field (±SE) and results shown are representative of two independent experiments.
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Supplementary Table 5.2 in Appendix A). Pre-exposure to hypoxia significantly reduced the
proportion of cells with enlarged nuclei (~25-30% decrease), enlarged cytoplasms (~24-31%
decrease), and detectable SA-βgal activity (~32-50% decrease), relative to cells maintained at
20% O2. Hypoxia-induced differences in the proportion of drug-treated cells with apoptoticlike morphologies were not observed.

HIF-1α is required for hypoxia-induced doxorubicin resistance and escape from druginduced senescence
To investigate the role of HIF-1-mediated gene transcription in the development of the
hypoxia-induced drug resistance phenotype siRNA targeting HIF-1α was introduced into
MDA-MB-231 cells and clonogenic survival and cell morphology were assessed following
drug treatment. Exposure of untransfected cells to hypoxia resulted in a substantial increase
in the levels of HIF-1α protein that was unaffected by transfection of negative control siRNA
(Figure 5.10A). In contrast, HIF-1α protein was barely detected in cells treated with HIF-1α
siRNA. Hypoxia increased the survival of untransfected and negative control siRNAtransfected cells treated with doxorubicin (Figure 5.10B) (untransfected cells: mean 3.5-fold
increase, P < 0.001, n = 17; negative control siRNA-transfected cells: mean 5.7–fold
increase, P < 0.001, n = 5). Pre-treatment of MDA-MB-231 cells with HIF-1α siRNA
abolished the hypoxia-mediated increase in doxorubicin resistance with no significant
difference in relative survival compared to similarly treated cells maintained at 20% O2 (n =
5). Transfection with either negative control siRNA or HIF-1α siRNA did not have a
significant effect on overall plating efficiency of control cells (no doxorubicin treatment; data
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Figure 5.10. Treatment of MDA-MB-231 cells with HIF-1! siRNA prevents HIF-1! accumulation
and hypoxia-induced resistance to doxorubicin. MDA-MB-231 cells were either transfected with
negative control siRNA or HIF-1! siRNA or left untransfected. Forty-eight h later they were incubated
under standard (20% O2) or hypoxic (0.2% O2) conditions for an additional 24 h prior to analysis by
Western blot or clonogenic assay. A, cell lysates were analyzed by immunoblot assay using anti-HIF-1!
or anti-"-actin monoclonal antibodies. B, following the treatment outlined above, cells were exposed to 5
µM doxorubicin for 1 h and clonogenic survival was assessed. Compared with the survival of cells
incubated in 20% O2, the survival of untransfected or negative control siRNA transfected cells preexposed to 0.2% O2 was significantly higher. In contrast, the survival of HIF-1! siRNA-transfected cells
following pre-exposure to hypoxic conditions was not significantly different compared with the survival
of cells maintained under standard conditions. The data are presented as mean surviving fraction (± SD)
and are representative of five independent experiments. Statistically significant differences in survival
were determined by one-way ANOVA, followed by a Newman-Keuls Multiple Comparisons Test and are
indicated (a: P < 0.001 compared to similarly treated cells at 20% O2).
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not shown) or survival of doxorubicin-treated cells pre-incubated at 20% O2 (Figure 5.10B)
when compared with untransfected MDA-MB-231 cells. Furthermore, treatment of MDAMB-231 cells with HIF-1α siRNA was also sufficient to prevent hypoxia-induced increases
in etoposide resistance (data not shown), indicating that the effects of HIF-1α knockdown on
resistance are not specific to doxorubicin.

To identify the population of cells affected by HIF-1α siRNA treatment, microscopic
analyses were performed following standard clonogenic assays. Cells were scored in the
three morphological categories demonstrating hypoxia-induced differences. As observed
previously, pre-exposure of untransfected cells to hypoxia significantly reduced the
proportion of the total population with enlarged nuclei (39.0-44.6% decrease, n = 2) and
enlarged cytoplasms (38.2-44.6% decrease), as well as the fraction of cells with positive SAβgal staining (49.6-68.6% decrease) (Figure 5.11 and Supplementary Table 5.3 in Appendix
A). Similarly, in cells transfected with negative control siRNA pre-exposure to hypoxia led
to a ~23% decrease in cells with enlarged nuclei, a ~25% decrease in cells with enlarged
cytoplasms and a 25-43% decrease in SA-βgal positive cells (n = 2). In contrast, the effects
of hypoxia on drug-induced morphological changes were abolished by loss of HIF-1α
expression as the proportion of enlarged or SA-βgal-positive cells were not statistically
different from HIF-1α siRNA-treated cells maintained under standard (20% O2) culture
conditions (Figure 5.11). The proportion of cells with shrunken nuclei and cytoplasm were
not statistically different under any of the conditions examined.
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Figure 5.11. Treatment of MDA-MB-231 cells with HIF-1! siRNA abolishes the effect of hypoxia
on doxorubicin-induced morphological changes. MDA cells were treated as described in Figure 5.10
and cultured on glass coverslips under standard conditions (20% O2) for up to 8 days. Graphs indicate the
time course of drug-induced changes in the fraction of cells with enlarged or shrunken nuclei, enlarged or
shrunken cytoplasms, and detectable SA-"gal activity. The complete analysis from morphological scoring
is shown in Supplementary Table 5.3. Pre-exposure of untransfected and negative control siRNA
transfected cells to hypoxia led to a significant decrease in the proportion of cells with enlarged nuclei (P
< 0.05), enlarged cytoplasms (P < 0.01), and SA-"gal activity (P < 0.05) following doxorubicin treatment
(reported P-values correspond to differences at day 8 following drug exposure). Transfection of cells with
HIF-1! siRNA completely prevented the hypoxia-induced decreases in the proportions of cells with
enlarged nuclei, enlarged cytoplasms or SA-"gal activity. Data are reported as the mean percentage of
cells scored in the microscopic field (±SE) and results shown are representative of two independent
experiments.
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DISCUSSION
This study demonstrated that hypoxia was able to increase tumor cell resistance to
chemotherapeutic agents by preventing drug-induced senescence independently of changes in
the apoptotic fraction. This conclusion is based on results showing that pre-exposure to
hypoxia increased the survival of human breast and colon carcinoma cells following
exposure to various anticancer drugs and that the increase in survival was associated with a
selective decrease in the proportion of cells undergoing senescence, the predominant
response triggered by the chemotherapeutic agents used. While a small population of MDAMB-231 and HCT-116 cells underwent apoptosis following drug treatment (as determined by
cell shrinkage, chromatin condensation, membrane blebbing or TUNEL staining), the
absence of hypoxia-induced changes in the proportion of apoptotic cells suggests that
hypoxia did not disrupt the balance of proapoptotic and antiapoptotic factors, and that
impairment of apoptosis was unlikely to account for the observed increase in survival. This is
consistent with the inability of hypoxia to induce resistance of MDA-MB-231 cells to
apoptosis induced by staurosporine.

Senescence is characterized by an irreversible arrest of the cell cycle and can be induced by
various forms of stress including telomere dysfunction, oxidative damage, DNA damage, and
aberrant expression of oncogenic proteins such as Ras [243]. In addition to a loss of
proliferative capacity senescent cells show a characteristic phenotype defined by the
development of an enlarged and flattened morphology, accompanied by increased granularity
and the detection of SA-βgal activity at pH 6.0 [226]. Senescence is generally categorized as
either replicative senescence, a physiological process triggered to limit the life span of non-
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malignant cells, or accelerated senescence, associated with a rapid onset of terminal
proliferation arrest in response to damage to the cell. Initiation of replicative senescence is
thought to occur when chromosomal telomeres reach a critical length following progressive
erosion over multiple cycles of replication [243]. Forced expression of the catalytic subunit
of telomerase in normal human cells is sufficient to maintain telomere length, prevent the
induction of senescence and extend the replicative life span [244,245]. Recent evidence
indicates that hypoxia can increase telomerase activity through HIF-1-mediated
transcriptional activation of telomerase gene promoters and alternative splicing that favors
the production of a more active telomerase variant [246-249]. In this way the hypoxic
microenvironment of solid tumors may contribute to malignant progression through selection
of cells with elevated telomerase activity that enables them to escape replicative senescence.
In contrast, drug-induced senescence is not prevented by overexpression of telomerase and
appears to occur in a telomere length-independent manner [230]. Accordingly, elevated
telomerase activity is unlikely to account for hypoxia-induced resistance. Nevertheless, there
is evidence that exposure to some chemotherapeutic agents such as doxorubicin can result in
preferential DNA damage (single- and double-strand breaks) in telomere-associated regions,
leading to a loss of protection of the telomere cap which may signal the initiation of
accelerated senescence [230]. It is not clear whether the hypoxia-induced increase in
telomerase activity is accompanied by additional changes in telomere structure that may
contribute to the protection of chromosomes in these regions and confer resistance to such
DNA-damaging agents.
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In contrast to the well-characterized family of proteins regulating the apoptotic response, the
signaling pathways and molecular regulators involved in drug-induced senescence have yet
to be clearly defined. The p53-p21Waf1/Cip1/Sdi 1-p16INK4a cascade is thought to play an
important role in initiating and maintaining terminal growth arrest following the onset of
DNA and other cellular damage [225,229,243]. While there is conflicting data regarding the
requirement for functional p53 in drug-induced senescence, characteristic morphological
changes and detection of SA-βgal activity have been reported in p53-deficient, as well as
p21- and p16-deficient colon cancer cells, suggesting that these proteins may function as
positive regulators of the response rather than absolute requirements [225,227]. The findings
presented here support a model in which the induction of drug-induced senescence, as well as
escape from it, can occur independently of p53 activity as the data reveal hypoxia protects
both p53-wild type HCT-116 and p53-mutant MDA-MB-231 cells from drug-induced
senescence.

Recent studies have demonstrated that cells cultured under hypoxic conditions can acquire
the ability to delay the onset of replicative senescence, through a mechanism mediated, at
least in part, by HIF-1-dependent upregulation of HRE-containing genes such as macrophage
migration inhibitory factor [250,251]. While hypoxia may potentially act in a similar fashion
to prevent the initiation or maintenance of drug-induced senescence, an alternative
mechanism for hypoxia-induced resistance is proposed. As outlined in the introduction there
is evidence that suppression of a single pathway of cell death may be insufficient for the
acquisition of drug resistance in damaged cells due to the activation of alternative death or
non-proliferative pathways [237-239]. A corollary to this hypothesis is that the hypoxia-
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induced increase in survival observed in tumor cells is a consequence of increased protection
against, or repair of drug-induced damage, rather than the result of an acquired inability to
undergo cell death or senescence due to hypoxic alterations in the signaling pathways
regulating these non-proliferative fates. This hypothesis is supported by preliminary data
revealing that pre-exposure of MDA-MB-231 or HCT-116 cells to hypoxia results in
decreased levels of etoposide-induced DNA damage (specifically DNA strand breaks
measured by comet assays) relative to cells maintained in standard culture conditions (R.
Sullivan and C. H. Graham, manuscript in preparation). The effect of hypoxia on DNA
damage is observed immediately following a 1-h drug treatment under identical conditions to
those used in clonogenic assays, indicating that cells exposed to hypoxia have already
acquired a survival advantage over well-oxygenated cells several hours (or days) before the
initiation of downstream signaling pathways regulating cell arrest or programmed cell death.
These findings are supported by evidence that cells expressing HIF-1α have increased
double-strand break repair efficiency and elevated resistance to carboplatin, etoposide and
ionization radiation compared with HIF-1α-deficient cells [161]. Further studies
investigating the effects of hypoxia on the mechanisms regulating DNA damage and repair
are underway.

In conclusion, the findings presented here support a requirement for HIF-1 activity in the
adaptations leading to the drug resistance phenotype and reveal that hypoxia can protect
tumor cells from drug-induced senescence leading to the development of hypoxia-induced
resistance
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CHAPTER 6

THE IMPACT OF HYPOXIA ON DRUG-INDUCED DNA DAMAGE AND
DNA REPAIR MECHANISMS

This study is currently in preparation for submission.
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ABSTRACT
The development of intratumoral hypoxia is associated with resistance to therapy in many
forms of human cancer, and pre-exposure of tumor cells to hypoxia confers multidrug
resistance. While most chemotherapeutic agents kill proliferating tumor cells by causing
DNA damage, a role for hypoxia-induced adaptations as determinants of the extent of DNA
damage caused by chemotherapeutic agents has not been clearly established. Similarly, the
contribution of DNA repair mechanisms to the hypoxia-induced drug resistance phenotype is
not well known. The findings presented here provide direct evidence that hypoxia-induced
resistance to etoposide in human tumor cells is associated with decreased drug-induced DNA
damage, as determined using the alkaline single-cell gel electrophoresis (“comet”) assay.
Moreover, the extent of damage was a good predictor of clonogenic survival within the same
population of cells, independently of culture conditions prior to drug treatment, suggesting
that the level of DNA damage suffered during etoposide exposure may be a more important
determinant of survival than subsequent events following DNA damage (i.e. DNA repair,
programmed cell death, etc.). Indeed, in cells pre-exposed to hypoxia the apparent DNA
repair capacity, as determined by the progressive disappearance of DNA in the tails of the
comets upon drug removal, was comparable to that of cells maintained in standard
conditions. Treatment of cells with siRNA targeting hypoxia-inducible factor 1α (HIF-1α)
inhibited hypoxia-induced etoposide resistance and abolished the protective effect of hypoxia
against etoposide-induced DNA damage. Cell cycle analyses demonstrated that while an
increase in the fraction of non-cycling cells is likely to contribute to hypoxia-induced
etoposide resistance, additional mechanisms exist to confer protection against drug-induced
damage within the cycling population of cells exposed to hypoxia. These findings support a
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model of hypoxia-induced drug resistance in which HIF-1-dependent adaptations contribute
to the escape of tumor cells from drug-induced DNA damage.
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INTRODUCTION
Exposure of human tumor cells to hypoxia is sufficient to induce resistance to the cytotoxic
effects of a variety of chemotherapeutic agents. It has been demonstrated that following
hypoxia, various tumor cell lines are characterized by increased expression of antiapoptotic
proteins such as Bcl-2 [117,118], Mcl-1 [119], IAP-2 and survivin [120,121], while the
expression of proapoptotic proteins, such as Bax, Bad, and Bid, is repressed [118,162].
Furthermore, cells pre-exposed to hypoxia have been shown to undergo decreased druginduced apoptosis [118,163]. These observations have led to the hypothesis that hypoxiainduced drug resistance is mediated by a disruption in the balance of antiapoptotic and
proapoptotic mechanisms [118,162,163]. This imbalance is presumed to confer drug
resistance and favor tumor cell survival by impairing the activation of the apoptotic cascade,
normally triggered in response to drug-induced cellular damage. However, alternative
mechanisms of cell death can be triggered in the absence of apoptosis [4,243]. Moreover,
there is experimental evidence indicating that impairment of apoptosis, through genetic
approaches, is not sufficient to confer resistance to chemotherapeutic agents due to the
compensatory activation of cell death mechanisms such as senescence and mitotic
catastrophe [237,238]. These findings do not support the hypothesis that hypoxia-induced
impairment of apoptosis, or any other death pathway, is sufficient for increased survival and
multidrug resistance.

Another important, and often overlooked aspect of this hypothesis is that alterations that
prevent activation of death signaling pathways do not directly alleviate or diminish the druginduced damage that originally warranted the initiation of cell death. Consequently,

150

additional mechanisms that prevent or counteract damage suffered by cells exposed to
chemotherapeutic agents would be required for cell recovery and continued proliferation.
Thus, it may be more appropriate to propose a simplistic model of cellular drug resistance in
which processes that lead to resistance are broadly classified into mechanisms that either
prevent damage from occurring initially or that contribute to the repair of damaged cellular
components. The first category contains classical mechanisms of drug resistance such as the
upregulation of drug efflux activity (mediated in part by ATP-binding cassette transporters
such as P-glycoprotein and multidrug resistance associated protein 1[174,180]), increased
expression of detoxification enzymes (e.g. glutathione-S-transferases, cytochrome P450
[33]), and cell cycle arrest [252-255]. The second category could include mechanisms such
as increased expression of DNA repair enzymes, for example those involved in base or
nucleotide excision repair (BER or NER, respectively) and repair of DNA double-strand
breaks through homologous recombination (HR) and non-homologous end-joining (NHEJ)
pathways [161,256-259].

Recent studies revealed that hypoxia-induced resistance to chemotherapeutic agents such as
doxorubicin, daunorubicin, etoposide and mitoxantrone, is associated with a decrease in
drug-induced senescence in human breast and colon tumor cells [260]. Consistent with the
concepts presented above, it was proposed that the hypoxia-induced increase in survival
observed in tumor cells was a consequence of increased protection against, or repair of druginduced damage, rather than the result of hypoxia-induced impairment of the pathways
regulating senescence. To test this hypothesis, the present study characterized drug-induced
damage in tumor cells pre-exposed to hypoxia in comparison with cells maintained in well-
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oxygenated conditions. The chemotherapeutic agents used in earlier studies (doxorubicin,
etoposide, mitoxantrone) have been reported to cause damage in the form of DNA strand
breaks [157,261-263]. The alkaline single-cell gel electrophoresis (“comet”) assay was
utilized to assess the effect of hypoxia on drug-induced DNA damage induced in human
tumor cells.
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MATERIALS AND METHODS
Cell culture and exposure to hypoxia
Human MDA-MB-231 breast carcinoma cells and human DU-145 prostatic carcinoma cells
were obtained from the American Type Culture Collection (Manassas, VA, USA), and
human HCT-116 colon carcinoma cells were kindly provided by Dr. Xiaolong Yang
(Department of Pathology and Molecular Medicine, Queen’s University). Cells were
maintained in monolayer cultures in a standard CO2 incubator (5% CO2 in air at 37°C) in
either RPMI 1640 medium supplemented with 5% FBS (MDA-MB-231, DU-145), or
McCoy’s 5A medium supplemented with 10% FBS (HCT-116) (all tissue culture media were
obtained from Invitrogen, Burlington, ON, Canada). To establish hypoxic conditions, cells
were placed in airtight plastic chambers that were flushed with a 5% CO2/ 95% N2 gas
mixture. Oxygen (O2) concentrations within these chambers were maintained at 0.2% using
Pro-Ox Model 110 O2 regulators (Biospherix, Redfield, NY, USA). For specific experiments
that required treatment of cells while in hypoxia, cells were incubated in a hypoxic, glovebox type, chamber (Coy Laboratory Products, Inc., MI, USA) maintained at 0.2% O2. Gloved
entry into the chamber permits manipulation of cells without reoxygenation.

Single-cell gel electrophoresis (comet) assays
The chemotherapeutic agents used in earlier studies (doxorubicin, etoposide, mitoxantrone)
have been reported to cause damage in the form of DNA strand breaks [157,261-263], which
can be measured using the alkaline single-cell gel electrophoresis (“comet”) assay as
described elsewhere [264,265] (outlined in Figure 6.1). This method allows detection of
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Figure 6.1. Schematic overview of the alkaline single-cell gel electrophoresis (comet) assay. The
alkaline comet assay provides a method for evaluating DNA damage (specifically DNA strand breaks) in
individual cells. This method is based on the ability of denatured and cleaved DNA fragments to migrate
more readily in an agarose gel under the influence of an electric field, whereas undamaged DNA migrates
slower and remains relatively immobile when a current is applied. The differential migration pattern of
intact versus fragmented DNA gives rise to the characteristic “comet” appearance, with the comet tail
consisting of smaller DNA fragments while the larger, intact DNA strands are localized to the comet
head. Evaluation of the distribution of DNA within the comet is used to assess the extent of DNA
damage. In this technique, cells are first treated in culture with a DNA-damaging agent, collected and
used to prepare a single-cell suspension in a pre-warmed agarose solution. This mixture is spread evenly
on a pre-coated microscope slide and a thin layer of agarose containing cells is cast. Cells are lysed in a
high salt/detergent lysis buffer, slides are rinsed to remove salt, and DNA is denatured in alkaline
electrophoresis solution (pH > 13). The slides are then subjected to electrophoresis at low voltage,
neutralized, and dried. Slides can then be stained using common DNA dyes such as SYBR Green 1,
propidium iodide, ethidium bromide, etc., that allow visualization of the DNA by fluorescence
microscopy and evaluation of individual comets.
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single- and double-strand DNA breaks, as well as alkali labile sites. All work was performed
under conditions of minimal light to avoid UV light-induced DNA damage. Cells were
incubated for 24 h in standard (20% O2) or hypoxic (0.2% O2) conditions. Culture media
were then replaced with either complete medium (for untreated controls) or complete
medium containing various chemotherapeutic agents (doxorubicin: 1-62.5 μM; etoposide:
50-125 μM; mitoxantrone: 0.25-1 μM; all chemotherapeutics were from Sigma-Aldrich
Canada Ltd., Oakville, ON, Canada). Cells were incubated in standard culture conditions for
1 h, quickly washed once with PBS, collected by trypsinization and a sample from each
group was promptly transferred to ice (remaining cells were maintained at room temperature
(RT) for use in clonogenic assays as described below). Single-cell suspensions (600,000
cells/ml) were prepared in PBS and 50 μl of each sample was combined with 950 μl of
0.75% (w/v) SeaPlaque® low melting temperature agarose (Lonza, Rockland, ME, USA)
(prepared in PBS and held at 40°C). Immediately following the addition of cells to the warm
agarose solution, 1 ml (containing 30,000 cells/ml) was spread over a frosted microscope
slide (Fisher Scientific Limited, Ottawa, ON, Canada) pre-coated with 1% agarose. A
coverslip was placed over the gel to spread it evenly over the slide, which was then placed on
a cold metal tray for 1 min to allow the gel to set. After removing the coverslips, slides were
carefully submersed in ice-cold alkaline lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM
Trizma base, pH 10.0, with 1% (v/v) Triton X-100 added fresh just prior to lysis), and
incubated for 1 h at 4°C. Slides were then carefully washed in ice-cold distilled water (3 × 5
min), and transferred to ice-cold alkaline electrophoresis solution (1 mM EDTA, 300 mM
NaOH, pH > 13) for 25 min at 4°C to allow DNA unwinding. Electrophoresis was performed
at 0.7 V/cm, ~300 mA, for 25 min at 4°C, slides were then neutralized (3 × 5 min in 0.5 mM
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Tris-HCl, pH 7.5, and 2 × 5 min in PBS), dehydrated in methanol (2 min at RT), and dried
overnight. Slides were stained with 1:10,000 SYBR Green 1 (Invitrogen Molecular Probes,
Burlington, ON, Canada) and individual comets were visualized using an Olympic IMT-2
inverted microscope with epifluorescence capabilities, projecting images onto a Moticam
2000 MCCamera (Motic Instruments Inc., Richmond, BC, Canada) (representative images
are shown in Figure 6.2). Comet analysis was performed using CometScore™ software
version 1.5 (Tritek Corporation, Sumerduck, VA, USA), scoring between 200 and 350
comets per condition. The % DNA in tail was chosen as a measure of DNA damage and
results are presented as the frequency distribution of binned data, with a bin width of 5%
DNA in tail.

Repair of DNA damage was also assessed by comet assays using the disappearance of DNA
strand breaks as a measure of repair. Cells were treated as described above and, following
collection by trypsinzation, were either promptly transferred to ice (t = 0), or returned to
standard culture conditions for 5 to 90 min. To quantify the repair of DNA damage over time,
% DNA in tail values were arranged in ascending order for each individual time point and the
mean % DNA in tail was determined for the top 20% of cells displaying the greatest extent of
damage. Data are presented as the pooled mean % DNA in tail over time.

To investigate the effect of hypoxia on DNA damage related to position in the cell cycle,
slightly

modified

comet

assays

[253]

were

performed

on

cells

labeled

with

bromodeoxyuridine (BrdU), a uridine derivative that is incorporated into the DNA of cells

156

Untreated

Etoposide

Figure 6.2. Representative images of human MDA-MB-231 breast carcinoma cells analyzed by the
alkaline comet assay. MDA-MB-231 cells were either left untreated or exposed to 50 µM etoposide for
1 h under standard culture conditions, followed by immediate assessment of DNA damage by the alkaline
comet assay. DNA was stained with SYBR Green 1 (images on the left), and fluorescence intensity was
subsequently converted to a full spectrum image (shown to the right) for analysis (scale bar indicates 100
µm). In contrast to untreated controls, cells treated with etoposide show considerable DNA strand breaks,
as evident by the migration of DNA and the appearance of comet tails. Note the heterogeneity with
respect to comet tail appearance in etoposide-treated cells, including the presence of cells showing
minimal DNA damage, comparable to levels observed in untreated controls.
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actively undergoing DNA synthesis (i.e. cells in S-phase of the cell cycle). Cells were
cultured for 24 h in standard (20% O2) or hypoxic (0.2% O2) conditions; the latter were
incubated in the hypoxic chamber that permits gloved entry (Coy Laboratories). To identify
cells in S-phase at the time of etoposide treatment, during the final h of the 24-h incubation,
culture media were replaced with pre-equilibrated medium containing BrdU (20 μM; BD
Pharmingen, Mississauga, ON, Canada). Alternatively, to identify cells in G0 of the cell cycle
(i.e. the non-cycling population) cells were incubated for the final 21 h of the 24 h
incubation. This duration was chosen for two reasons. First, 3 h in hypoxia is sufficient for to
allow the cells to become hypoxic prior to the addition of BrdU (see Figure 2.1 of Chapter 2
of this work). As well, the MDA-MB-231 and DU-145 cells both have doubling times of
~19-20 h (data not shown), and therefore 21 h is expected to be sufficient to allow all cycling
cells sufficient time to pass through S-phase and thus incorporate BrdU into the DNA. In
both experiments (i.e. identifying S- or G0-populations), following the completion of the 24-h
incubation cells were washed once with PBS, exposed to etoposide (50-125 μM for 1 h in
20% O2), and subsequently assayed by clonogenic and alkaline comet assays. The comet
assay was performed as described above, except slides were not dehydrated in methanol
following neutralization. Instead, slides were incubated with FITC-conjugated anti-BrdU
antibody (BD Pharmingen) (for each slide 20 μl of antibody was added to 50 μl of PBS
containing 0.5% Tween 20 and this solution was added directly to the gel surface). Slides
were kept in a humidified chamber protected from light for 30 min at RT, before being
transferred to 4°C overnight. The following day slides were washed in PBS-Tween 20 (3 × 5
min at RT) and allowed to air-dry overnight. Slides were then stained with propidium iodide
(5 μg/ml in PBS-Tween 20; 10 min), washed in distilled water (2 × 5 min), and comets were
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visualized as described earlier. Comparison of FITC-associated fluorescence with propidium
iodide-associated fluorescence was used to identify comets containing BrdU-labeled DNA,
allowing separate analysis of BrdU-positive and BrdU-negative populations.

Clonogenic (colony formation) assays
Methods for the clonogenic assay have been described previously [68,165]. Briefly, cells
were treated as described above up to the point of collection following trypsinzation. For the
clonogenic assay, cells were maintained at RT during counting and were subsequently reseeded into each well of a 6-well tissue culture plate (100-250 cells/well (non-treated
controls) or 1000-2500 cells/well (drug-treated groups)). After an additional 7 to 10 days of
culture, cells were fixed with Carnoy’s fixative (1 part acetic acid: 3 parts methanol), stained
with a dilute crystal violet (0.33% w/v) solution and surviving colonies consisting of ~50 or
more cells were counted. Studies performed using the gloved entry hypoxic chamber
revealed that reoxygenation of hypoxic cells was not required for the induction of drug
resistance and that pre-exposure to hypoxia was the primary determinant of increased
resistance to doxorubicin (data not shown).

Small interfering RNA (siRNA) Transfection
Knockdown of HIF-1α expression was achieved using Silencer® validated siRNA targeted
against exon 5 of the human HIF-1α gene (ID #42840; Ambion Inc., Austin, TX, USA).
Silencer® Negative Control siRNA #1 (Ambion) was used to control for non-specific effects.
siRNA (25 nM final concentration) was introduced into cells by reverse transfection using
siPORT NeoFx reagent (Ambion) according to the manufacturer’s instructions. The siRNA
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treatments were carried out for 48 h under standard culture conditions prior to incubation in
hypoxia. Pilot studies performed using Silencer® FAM™ labeled GAPDH siRNA (Ambion)
under similar conditions demonstrated uptake of siRNA in ~75-85% of cells (data not
shown).

Analysis of HIF-1α
Following incubation under various conditions, cells were frozen immediately after removal
from the hypoxia chamber or standard tissue culture incubator by rapidly discarding the
media and placing the culture plates in a liquid nitrogen bath. The levels of HIF-1α in cells
were determined by Western blot analysis as previously described [164] [260]. To control for
differences in sample loading, membranes were blotted with anti-β-actin antibody (1:5000,
Sigma-Aldrich Canada Ltd.).

Calculations and Statistical Analysis
For clonogenic assays, plating efficiency was calculated as the number of surviving colonies
expressed as a proportion of the total number of cells inoculated. Surviving fractions were
determined by dividing the plating efficiency of drug-treated groups by the plating efficiency
of the corresponding untreated control group. Data are reported as the mean surviving
fraction from replicates of six ± the standard deviation (SD).

To investigate the association between etoposide-induced DNA damage (measured by the
comet assay) and survival (measured by clonogenic assays), a threshold for DNA damage
associated with cell death was determined using previously reported methods [147,261].

160

Briefly, each comet assay performed was accompanied by a determination of the clonogenic
survival for the same population of cells. The values for % DNA in tail determined by the
comet assay were then arranged in ascending order. Based on the rationale that the surviving
fraction is most likely represented in the comet assay by the population of cells with the least
amount of DNA damage suffered [147,261], the % DNA in tail value that corresponded to
the surviving fraction was defined as the threshold. Pilot studies identified etoposide-induced
DNA damage thresholds of < 24% and < 2% DNA in tail for MDA-MB-231 and DU-145
cells respectively. Scatter plots were then prepared for the entire data set, plotting the fraction
of cells below the established threshold against the surviving fraction measured for the
corresponding population of cells. Linear regression analysis was performed to determine the
slope of the best-fit line for each data set and Spearman and Pearson correlation coefficients
were determined.

The effect of hypoxia on etoposide-induced DNA damage was determined by comparing the
mean percentage of cells with comets below the established DNA damage threshold
following culture in hypoxia or standard culture conditions.

All statistical analyses were performed using GraphPad Prism software version 4.0
(GraphPad Software, Inc., San Diego, CA, USA). When two groups were compared
statistical significance was determined by an unpaired, two-tailed t-test. When more than two
groups were compared, statistical significance was determined by one-way ANOVA
followed by a Newman-Keuls Multiple Comparison test. All statistical tests were two-sided
and differences were considered to be statistically significant at P < 0.05.
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RESULTS
Pre-exposure of human tumor cells to hypoxia decreases the extent of etoposideinduced DNA damage.
DNA damage induced by chemotherapeutic agents was measured by the alkaline comet
assay. This is a powerful method of analyzing DNA strand breaks in individual cells, and has
been shown, for certain chemotherapeutic agents, to be an effective method of identifying
drug-resistant cells in heterogeneous populations [147,261]. Alkaline comet assays
performed on human MDA-MB-231 breast carcinoma cells revealed that pre-exposure to
hypoxia (and subsequent reoxygenation for 1 h) did not affect basal levels of DNA strand
breaks relative to cells maintained in standard culture conditions, with both groups typically
containing 90 to 95% of the total population displaying less than 5% DNA in comet tails
(Figure 6.3A). In cells maintained in 20% O2, treatment with etoposide for 1 h was sufficient
to cause extensive DNA strand breaks, with the majority of comets displaying greater than
80% DNA in tail. However, there was heterogeneity with respect to DNA damage, and
smaller populations of cells displayed low to moderate levels of damage, with a few cells
showing minimal DNA strand breaks comparable to those observed in untreated controls
(Figures 6.2 and 6.3A). In MDA-MB-231 cells pre-exposed to hypoxia, etoposide treatment
still resulted in a large fraction of cells displaying considerable damage. However, when
compared with cells maintained in 20% O2 there was an increase in the population of cells
with lower levels of damage (Figure 6.3A; the hypoxia-induced differences are emphasized
in the smaller graphs to the right showing only the population of cells with ≤ 45% DNA in
tail, with the y-axis scale adjusted accordingly). Consistent with the decreased DNA damage
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Figure 6.3. Pre-exposure of MDA-MB-231 cells to hypoxia decreases etoposide-induced DNA
damage and increases clonogenic survival following drug exposure. MDA-MB-231 cells were
cultured in 20% O2 or 0.2% O2 for 24 h and subsequently treated with etoposide (50 µM, 1 h in 20% O2).
A, alkaline comet assays were performed immediately following drug treatment, and the extent of DNA
damage was determined by measuring the % DNA in tail for ~250-300 individual comets. The data are
presented as histograms of the relative frequencies for binned data (bin width = 5% DNA in tail).
Compared with untreated controls, the majority of cells exposed to etoposide displayed significant DNA
strand breaks and contained greater than 60% DNA in tail. The extent of etoposide-induced DNA damage
was diminished in cells pre-exposed to hypoxia, as evident by an increase in the population of cells with
lower levels of DNA strand breaks (i.e. comets containing ! 40% DNA in tail). For emphasis, the
populations of cells with the least amount of damage are shown in the small graphs to the right, in which
the x- and y-axes have been adjusted appropriately. B, clonogenic survival of the same population of
etoposide-treated cells represented in A. The data are presented as the mean surviving fraction (± SD)
from 6 replicates per condition. Statistically significant differences in survival were determined by an
unpaired t-test (a: P < 0.0001). Data shown in A and B are representative of 14 independent experiments.
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measured by the comet assay, clonogenic assays revealed a 4.4-fold increase in survival for
the same population of etoposide-treated MDA-MB-231 cells pre-exposed to hypoxia,
relative to cells maintained in standard conditions (P < 0.0001) (Figure 6.3B).

Based on the assumption that the cells displaying the least amount of DNA damage are those
that are most likely to survive drug treatment, the surviving fractions measured by clonogenic
assays were used to identify a ‘threshold’ of DNA damage below which cells may be
predicted to survive [147,261]. In other words, if the surviving fraction following etoposidetreatment was 0.12 (i.e. 12% of drug-treated cells survived), the threshold was identified as
the % DNA in tail value which contained the 12% least damaged cells in the corresponding
comet assay histogram. Using this approach, a threshold of damage ≤ 24% DNA in tail was
identified for MDA-MB-231 cells. Figure 6.4A shows a scatter plot comparing the
‘predicted’ survival (based on the percentage of cells with comets below this threshold)
versus the actual surviving fraction for the corresponding population of drug-treated cells
(cells pre-exposed to 20% O2 and 0.2% O2 are both represented in the scatter plot). Overall,
there was a good correlation between the proportion of cells with DNA damage ≤ 24% DNA
in tail (measured immediately following a 1-h exposure to etoposide) and clonogenic survival
of drug-treated MDA-MB-231 cells (Spearman correlation coefficient = 0.7337, P < 0.0001;
Pearson correlation coefficient = 0.7005, P < 0.0001). Furthermore, pre-exposure of MDAMB-231 cells to hypoxia resulted in a significantly higher percentage of cells with DNA
damage below this threshold, relative to cells maintained in 20% O2 (Figure 6.4B). Pooled
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Figure 6.4. Correlation between etoposide-induced DNA damage and clonogenic survival of MDAMB-231 cells. Alkaline comet assays and clonogenic assays were performed on MDA-MB-231 cells
treated with etoposide (50 µM, 1 h in 20% O2), and used to assess DNA damage (immediately following
drug treatment) and survival (~10 days later), respectively. A, the percentages of cells with ! 24% DNA
in tail measured in the comet assay were used to predict survival measured by clonogenic assays. The
best-fit line following linear regression analysis is shown (slope: 0.78, 95% confidence interval: 0.52 to
1.04). The Spearman correlation r value was 0.7337 (P < 0.0001), and the Pearson correlation r value was
0.7005 (P < 0.0001). B, the percentage of cells with ! 24% DNA in tail were determined for MDA-MB231 cells pre-incubated in 20% O2 or 0.2% O2 for 24 h and subsequently treated with etoposide (50 µM,
1h in 20% O2). Compared with cells maintained in standard conditions, pre-exposure to hypoxia resulted
in a significant increase in the fraction of cells with ! 24% DNA in tail (a: P = 0.0003; determined by an
unpaired, two-tailed t-test). Data are presented as the mean percentage of cells with ! 24% DNA in tail (±
SE), calculated from 14 independent experiments.

165

data from 14 independent experiments revealed that 12.7 ± 1.4% (mean ± SE) of cells preexposed to hypoxia were below the threshold, compared with 5.8 ± 0.8% of cells maintained
in standard conditions (P = 0.0003).

To determine whether hypoxia had a similar effect on etoposide-induced DNA damage in
other tumor cell lines, equivalent experiments were performed in human DU-145 prostatic
adenocarcinoma cells. Treatment of DU-145 cells with etoposide also resulted in a
heterogeneous response with respect to DNA damage (Figure 6.5A). The majority of cells
maintained in 20% O2 displayed a high degree of DNA strand breaks, while pre-exposure of
DU-145 cells to hypoxia decreased the extent of DNA damage. The increased proportion of
cells with fewer strand breaks following pre-exposure to hypoxia was consistent with the 4.7fold increase in clonogenic survival observed under these conditions (P < 0.0001) (Figure
6.5B). For DU-145 cells, the percentage of cells displaying ≤ 2% DNA in tail following
exposure to etoposide was found to correlate well with measured clonogenic survival
(Spearman correlation coefficient 0.8016, P = 0.0001; Pearson correlation coefficient =
0.8440, P < 0.0001) (Figure 6.6A). Finally, as observed in MDA-MB-231 cells, pre-exposure
of DU-145 cells to hypoxia significantly increased the percentage of cells with ≤ 2% DNA in
tail, relative to cells maintained in 20% O2 (Figure 6.6B). Based on data from 9 independent
experiments, 7.4 ± 0.9% of cells pre-exposed to hypoxia were below the threshold compared
with 2.5 ± 0.5% of cells maintained in standard conditions (P = 0.0003). A single comet
assay performed in human HCT-116 colon carcinoma cells also revealed decreased
etoposide-induced DNA damage following pre-exposure of cells to hypoxia, when compared
with cells maintained in 20% O2 (data not shown).
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Figure 6.5. Pre-exposure of DU-145 cells to hypoxia decreases etoposide-induced DNA damage and
increases clonogenic survival following drug exposure. DU-145 cells were cultured in 20% O2 or 0.2%
O2 for 24 h and subsequently treated with etoposide (125 µM, 1 h in 20% O2). A, alkaline comet assays
were performed immediately following drug treatment, and the extent of DNA damage was determined
by measuring the % DNA in tail for ~250-300 individual comets. The data are presented as histograms of
the relative frequencies for binned data (bin width = 5% DNA in tail). Compared with untreated controls,
the majority of cells maintained in 20% O2 displayed significant DNA strand breaks and contained
greater than 60% DNA in tail following treatment with etoposide. The extent of etoposide-induced DNA
damage was diminished in cells pre-exposed to hypoxia, as evident by an increase in the total population
of cells with lower levels of DNA strand breaks (i.e. comets containing ! 40% DNA in tail). For
emphasis, the populations of cells with the least amount of damage are shown in the small graphs to the
right in which the x- and y-axes have been adjusted appropriately. B, clonogenic survival of the same
population of etoposide-treated cells represented in A. The data are presented as the mean surviving
fraction (± SD) determined for 6 replicates per condition. Statistically significant differences in survival
were determined by an unpaired t-test (a: P < 0.0001). Data shown in A and B are representative of 9
independent experiments.
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DU-145 cells. Alkaline comet assays and clonogenic assays were performed on DU-145 cells treated with
etoposide (125 µM, 1 h in 20% O2), and used to assess DNA damage (immediately following drug
treatment) and survival (~14 days later), respectively. A, the percentages of cells with ! 2% DNA in tail
measured in the comet assay were used to predict survival measured by clonogenic assays. The best-fit
line following linear regression analysis is shown (slope: 0.82, 95% confidence interval: 0.55 to 1.09).
The Spearman correlation r value was 0.8016 (P = 0.0001), and the Pearson correlation r value was
0.8440 (P < 0.0001). B, the percentage of cells with ! 2% DNA in tail were determined for DU-145 cells
incubated in 20% O2 or 0.2% O2 for 24 h prior to etoposide treatment (125 µM, 1 h in 20% O2).
Compared with cells maintained in standard conditions, pre-exposure to hypoxia resulted in a significant
increase in the fraction of cells with ! 2% DNA in tail (a: P = 0.0003). Data are presented as the mean
percentage of cells with ! 2% DNA in tail (±SE), calculated from 9 independent experiments.
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To determine whether the above findings could be extended to other chemotherapeutic
agents, comet assays and clonogenic assays were performed in MDA-MB-231 and DU-145
cells treated for 1 h with doxorubicin or mitoxantrone. Overall, in MDA-MB-231 or DU-145
cells cultured in 20% O2 and subsequently treated with doxorubicin, there was a poor
correlation between drug-induced DNA strand breaks and measured clonogenic survival of
cells (Supplementary Figure 6.1 in Appendix A). At concentrations of doxorubicin that were
sufficient to limit clonogenic survival to less than 1%, the majority of treated cells displayed
minimal DNA damage (i.e. most comets contained ≤ 25% DNA in tail). Dose-dependent
decreases in clonogenic survival were not accompanied by dose-dependent increases in DNA
damage, in contrast to previous observations made in cells treated with etoposide (data not
shown). Furthermore, additional experiments were performed in cells pre-exposed to hypoxia
with results showing a similar poor correlation between DNA strand breaks and hypoxiainduced survival (data not shown).

Mitoxantrone treatment resulted in a more prominent induction of DNA strand breaks in both
cell lines (Supplementary Figures 6.2 and 6.3 in Appendix A). Pre-exposure of cells to
hypoxia resulted in a modest decrease in mitoxantrone-induced DNA damage in 2 out of 3
experiments performed in MDA-MB-231 cells, and 3 out of 3 experiments in DU-145 cells.
However, hypoxia-induced decreases in mitoxantrone-induced DNA strand breaks were not
always associated with increased resistance for the same population of treated cells, and the
actual extent of DNA damage did not correlate well with the corresponding surviving
fraction. Based on the lack of a strong association between drug-induced DNA strand breaks
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and cell survival following exposure to doxorubicin or mitoxantrone, all subsequent comet
assays were performed following treatment of cells with etoposide.

HIF-1α is required for the hypoxia-induced decrease in etoposide-induced DNA
damage and hypoxia-induced etoposide resistance
Previous studies have shown that treatment of MDA-MB-231 cells with siRNA targeting
HIF-1α is sufficient to prevent hypoxia-induced doxorubicin resistance [260]. To determine
whether the effects of hypoxia on etoposide-induced DNA damage were dependent on a
functional HIF-1 response, MDA-MB-231 cells were transfected with HIF-1α siRNA and
evaluated by comet and clonogenic assays. Similar to untransfected MDA-MB-231 cells,
exposure of negative control siRNA transfected cells to hypoxia resulted in accumulation and
phosphorylation of HIF-1α (Figure 6.7). Compared with untransfected cells or cells treated
with negative control siRNA, transfection of MDA-MB-231 cells with HIF-1α siRNA
decreased HIF-1α protein levels in hypoxia and standard culture conditions.

Comet assays revealed that transfection of cells with negative control or HIF-1α siRNA did
not affect the levels of DNA strand breaks observed in untreated cells, when compared with
untransfected cells (Figure 6.8). Similarly, pre-exposure of cells to hypoxia had no effect on
basal DNA strand breaks for any of the treatment conditions. As observed earlier, preexposure of untransfected MDA-MB-231 cells to hypoxia resulted in a ~2.4-fold increase in
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Figure 6.7. Treatment of MDA-MB-231 cells with HIF-1! siRNA decreases HIF-1! accumulation
under hypoxic conditions. MDA-MB-231 cells were either transfected with negative control siRNA or
HIF-1! siRNA or left untransfected. Forty-eight h later cells were incubated under standard (20% O2) or
hypoxic (0.2% O2) conditions for an additional 24 h prior to preparation of whole cell lysates. Western
blot analysis of cell lysates was performed using anti-HIF-1! or anti-"-actin monoclonal antibodies.

171

Untreated

Etoposide
Percentage
of cells

Percentage
of cells

60
40
20

0

20

40

60

80

100

20% O2

25

8

15

6

10

4

5

2

0

20

Percentage
of cells

0.2% O2

60
40
20

0

20

40

60

80

100

Percentage
of cells

Percentage
of cells

20

8

15

6

10

4

5

2

0

20

0

20

40

60

80

100

Percentage
of cells

0.2% O2

80
60
40
20

80

100

0

20

40

60

80

100

60
40
20

0

20

40

60

80

100

100

8
6

10

4

5

2

0

20

40

60

80

100

Percentage
of cells

0.2% O2

60
40
20

0.2% O2

25

0

20

40

60

80

100

% DNA in tail

0

40

0

20

40

0

20

40

10

20

8

15

6

10

4

5

2

0

20

40

60

80

100

0

% DNA in tail
12

20% O2

25

10

20

8

15

6

10

4

5

2

0

20

40

60

80

100

0

0

20

40

0

20

40

12

0.2% O2

25

10

20

8

15

6

10

4

5

2

0

20

12

30

80

0

10

15

0

40

12

30

80

20

% DNA in tail

% DNA in tail

20% O2

0

20

0

Percentage
of cells

Percentage
of cells

60

30

100

Percentage
of cells

40

20% O2

25

0

100

Percentage
of cells

Negative control siRNA

40

0

10

30

60

0

20

% DNA in tail

HIF-1! siRNA

100

% DNA in tail

20% O2

80

0

80

0.2% O2

25

0

100

0

60

12

% DNA in tail

0

40

30

80

0

10

20

0

100

0

12

30

20% O2

80

0

Percentage
of cells

Untransfected

100

0

20

40

60

% DNA in tail

80

100

0

% DNA in tail

Figure 6.8. Treatment of MDA-MB-231 cells with HIF-1! siRNA prevents the hypoxia-induced
decrease in DNA damage caused by etoposide treatment. (see next page for the complete figure
legend)
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Figure 6.8. Treatment of MDA-MB-231 cells with HIF-1! siRNA prevents the hypoxia-induced
decrease in DNA damage caused by etoposide treatment. MDA-MB-231 cells were either transfected
with negative control siRNA or HIF-1! siRNA or left untransfected. Forty-eight h later cells were
incubated under standard (20% O2) or hypoxic (0.2% O2) conditions for an additional 24 h and treated
with etoposide (50 µM, 1 h in 20% O2). Immediately following drug exposure DNA damage was
assessed by the alkaline comet assay. In untransfected cells and cells transfected with negative control
siRNA, pre-exposure to hypoxia led to an increase in the population of cells with lower levels of DNA
damage (i.e. ! 25% DNA in tail), compared with cells maintained in 20% O2 (compare smaller graphs to
the right; note the changes made to the scales for the x- and y-axes for emphasis). In contrast, hypoxia did
not affect the extent of DNA damage in cells transfected with HIF-1! siRNA. Compared with
untransfected MDA-MB-231 cells, transfection with either siRNA did not affect DNA damage in
untreated controls. Results shown are representative of four independent experiments that were
accompanied by assessment of clonogenic survival (summarized in Tables 6.1 and 6.2).
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the percentage of cells with ≤ 24% DNA in tail after etoposide treatment (P = 0.0328; n = 4)
(Figure 6.8, top panel, and Table 6.1). Similarly, in cells transfected with negative control
siRNA pre-exposure to hypoxia led to a ~2.7-fold increase in the percentage of cells below
the defined DNA damage threshold (P = 0.0315; n = 4) (Figure 6.8, middle panel, and Table
6.1). In contrast, the protective effect of hypoxia on etoposide-induced DNA damage was lost
in MDA-MB-231 cells transfected with HIF-1α siRNA (Figure 6.8, lower panel, and Table
6.1).

Transfection of MDA-MB-231 cells did not have an effect on plating efficiency (i.e. survival
of untreated cells), compared with cells that were not transfected. Clonogenic survival
following exposure to etoposide was in good agreement with the effect of hypoxia on
etoposide-induced DNA damage (Table 6.2). Following exposure to hypoxia, untransfected
and negative control siRNA transfected cells showed ~3.7- and ~4-fold higher survival after
etoposide treatment, respectively, compared with similarly treated cells maintained in 20%
O2 (P = 0.0264 and P = 0.0041; n = 4). Consistent with the absence of a hypoxia-induced
difference in DNA-damage measured by the comet assay, hypoxia did not induce etoposide
resistance in HIF-1α siRNA-transfected cells (Table 6.2). Although the basal survival of
etoposide-treated cells transfected with HIF-1α siRNA was higher compared with cells
transfected with negative control siRNA (P = 0.0225), it was not significantly different
relative to untransfected cells (P = 0.2622), as determined by unpaired t-tests. This trend was
reflected at the level of DNA damage measured by the comet assay, however differences
between groups were not statistically significant.
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Table 6.1. The effect of HIF-1! siRNA on hypoxia-induced protection against
etoposide-induced DNA damage in human MDA-MB-231 breast carcinoma cells.
Percentage of cells with
Treatment

< 24% DNA in taila

Resistance
Factorb

c

P-value

20% O2

0.2% O2

(Mean + SE)

(Mean + SE)

Untransfected

6.90 + 2.08

16.66 + 3.16

2.41

0.0328

Negative control
siRNA

6.98 + 1.73

18.45 + 3.73

2.65

0.0315

HIF-1! siRNA

11.15 + 2.60

11.58 + 1.88

1.04

0.8990

a: values reported represent the mean percentage of etoposide-treated cells with ! 24% DNA in tail (±SE) of 4
independent comet assays (see text for details regarding siRNA treatment and comet assay conditions)
b: resistance was determined as an increase in the percentage of etoposide-treated cells with ! 24% DNA in tail
following pre-exposure to hypoxia (0.2% O2, 24h), relative to cells maintained under standard (20% O2) conditions
(see text for details)
c: statistical significance was determined by unpaired t-test comparing the percentage of cells with ! 24% DNA in
tail following pre-exposure to hypoxia versus cells maintained in 20% O2

Table 6.2. The effect of HIF-1! siRNA on hypoxia-induced etoposide resistance in
human MDA-MB-231 breast carcinoma cells.
Surviving Fraction
Treatment

a

Resistance

c

P-value

20% O2

0.2% O2

(Mean + SE)

(Mean + SE)

Untransfected

0.040 + 0.011

0.150 + 0.039

3.74

0.0264

Negative control
siRNA

0.024 + 0.005

0.097 + 0.015

3.99

0.0041

HIF-1! siRNA

0.077 + 0.016

0.062 + 0.008

0.81

0.4557

b

Factor

a: values reported represent the mean surviving fraction (±SE) of 4 independent experiments (see text for details
regarding siRNA treatment and clonogenic survival assay conditions)
b: resistance was determined as the increase in clonogenic survival of etoposide-treated cells pre-exposed to hypoxia
(0.2% O2, 24h), relative to cells maintained under standard (20% O2) conditions (see text for details)
c: statistical significance was determined by unpaired t-test comparing the survival of cells pre-exposed to hypoxia
versus survival of cells maintained in 20% O2
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Pre-exposure to hypoxia of human tumor cells is associated with a ‘protective’ effect
against etoposide-induced DNA damage, rather than with an increase in DNA repair
following drug exposure
The findings above revealed that DNA damage assessed following a 1-h etoposide treatment
was decreased in cells that were incubated in hypoxia prior to drug exposure. To address the
potential effects of hypoxia on the extent DNA damage subsequent to drug exposure, comet
assays were performed on cells incubated in standard conditions for up to 90 min following
removal of etoposide. The progressive disappearance of DNA strand breaks over time was
monitored as an indication of DNA repair [266]. Figure 6.9A contains representative
histograms of DNA damage for MDA-MB-231 cells measured immediately following a 1-h
treatment with etoposide (0 min) and at 15 min intervals thereafter. Overall, repair of DNA
was evident during the 90-min incubation, with a progressive shift in the population towards
DNA damage levels similar to those in untreated controls. Consistent with earlier results, a
small hypoxia-induced increase in the percentage of cells with low levels of DNA damage
was detected at time 0, as compared with cells maintained in 20% O2. However, following 15
min of incubation, as well as at later time points, the hypoxia-induced difference in the
distribution of damaged populations was no longer evident (n = 3). Similarly, when DNA
repair was quantified by determining the mean % DNA in tail for the most heavily damaged
cells (constituting 20% of the total population) as a function of time, no differences were
observed between cells maintained in standard culture conditions and cells pre-exposed to
hypoxia (Figure 6.9B).
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Figure 6.9. Pre-exposure of MDA-MB-231 cells to hypoxia for 24 hours does not increase DNA
repair capacity. (see next page for the complete figure legend)
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Figure 6.9. Pre-exposure of MDA-MB-231 cells to hypoxia for 24 hours does not increase DNA
repair capacity. MDA-MB-231 cells were cultured in 20% O2 or 0.2% O2 for 24 h and subsequently
treated with etoposide (50 µM, 1 h in 20% O2). Cells were then either collected immediately upon drug
removal and either transferred to ice (0 min), or returned to standard culture conditions to allow DNA
repair (15 to 90 min). The disappearance of DNA strand breaks relative to time 0 was used as an
indication of DNA repair. A, representative histograms of DNA damage at each time point. Repair of
DNA damage is evident by the progressive left-directed shift in the population from being heavily
damaged (i.e. the majority of comets contain > 60% DNA in tail), towards lower levels of damage that
are observed in untreated cells. Note that at time 0 there is a slight increase in the percentage of comets
containing < 25% DNA in tail for cells pre-exposed to hypoxia, compared with cells maintained in
standard conditions. However, following 15 min of repair hypoxia-induced differences are no longer
detected. B, DNA repair was also assessed by tracking the top 20% of the most heavily damaged cells
over time. Data are shown as the mean % DNA in tail (±SE) for this fraction, from 3 independent
experiments. No differences in the rate of repair were observed for MDA-MB-231 cells incubated in
standard or hypoxic conditions prior to etoposide treatment.
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Similar experiments were performed in etoposide-treated DU-145 cells. Unlike the MDAMB-231 cell line, the hypoxia-induced increase in DU-145 cells with low levels of DNA
strand breaks observed at time 0 was observed throughout the time course, which is likely
due to the more robust initial response of these cells with respect to DNA damage (Figure
6.10A). However, as observed with MDA-MB-231 cells, the rate of repair of the top 20%
most damaged cells was not different between cells pre-exposed to standard or hypoxic
conditions (Figure 6.10B) (n = 2).

Effect of hypoxia on cell cycle progression and sensitivity to etoposide
The characteristically higher rate of proliferation in tumor cells versus normal, non-malignant
populations is often the basis for the ‘selectivity’ of chemotherapeutic agents that target
cellular components associated with DNA synthesis or cell division [267]. To investigate the
extent of etoposide-induced DNA damage within various phases of the cell cycle
(specifically S-phase versus all other stages), MDA-MB-231 and DU-145 cells were cultured
for 24 h in 20% O2 or 0.2% O2 and labeled with BrdU during the final hour of this incubation
as described in Materials and Methods. Comet assay analysis revealed that nearly all BrdUpositive (i.e. S-phase) MDA-MB-231 cells were heavily damaged following exposure to
etoposide (i.e. greater than 90% of the total population gave rise to comets containing ≥ 60%
DNA in tail) (Figure 6.11) (n = 3). Less than 1% of BrdU-labeled cells fell below the damage
cutoff of ≤ 24% DNA in tail, and thus survival for this population would be anticipated to be
0-1%. In contrast, the extent of DNA damage was heterogeneous in BrdU-negative cells (i.e.
in G0, G1 or G2/M phases of the cell cycle), and cells with minimal levels of DNA damage
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Figure 6.10. Pre-exposure of DU-145 cells to hypoxia for 24 hours does not increase DNA repair
capacity. (see next page for the complete figure legend)
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Figure 6.10. Pre-exposure of DU-145 cells to hypoxia for 24 hours does not increase DNA repair
capacity. DU-145 cells were cultured in 20% O2 or 0.2% O2 for 24 h and subsequently treated with
etoposide (125 µM, 1 h in 20% O2). Cells were then either collected immediately upon drug removal and
either transferred to ice (0 min), or returned to standard culture conditions to allow DNA repair (5 to 90
min). The disappearance of DNA strand breaks relative to time 0 was used as an indication of DNA
repair. A, representative histograms of DNA damage at each time point. Repair of DNA damage is
evident by the progressive left-directed shift in the population from being heavily damaged (i.e. the
majority of comets contain > 60% DNA in tail), towards lower levels of damage similar to those levels
observed in untreated cells. Note that at time 0 there is an increase in the percentage of comets containing
< 5% DNA in tail for cells pre-exposed to hypoxia, compared with cells maintained in standard
conditions. B, DNA repair was also assessed by tracking the top 20% of the most heavily damaged cells
over time. Data are shown as the mean % DNA in tail (±SE) for this fraction, from 2 independent
experiments. No differences in the rate of repair were observed for DU-145 cells incubated in standard or
hypoxic conditions prior to etoposide treatment.
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Figure 6.11. The protective effect of hypoxia against etoposide-induced DNA damage is only
observed in MDA-MB-231 cells that are not actively synthesizing DNA at the time of drug
exposure. MDA-MB-231 cells were cultured in 20% O2 or 0.2% O2 for 24 h and incubated in the
presence of bromo-deoxyuridine (BrdU) during the final hour of this incubation. Cells were subsequently
treated with etoposide (50 µM, 1 h in 20% O2), and DNA damage and BrdU incorporation were assessed
by a modified alkaline comet assay. Separate analysis of only BrdU-positive cells revealed extensive
damage in this population, with nearly every comet containing > 60% DNA in tail. Hypoxia-induced
differences in the extent of DNA damage were not observed. In contrast, BrdU-negative cells displayed a
full spectrum of damage, with many comets displaying moderate to low levels of DNA strand breaks. A
protective effect of hypoxia was observed within this population, as evident by an increase in the
percentage of cells with ! 25% DNA in tail. Differences in the extent of DNA damage in untreated
controls were not observed when BrdU-positive and BrdU-negative populations were compared. Results
shown are representative of three independent experiments.
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were detected (consistent with earlier findings when the entire population of etoposidetreated MDA-MB-231 cells was analyzed). The protective effect of hypoxia was observed
only in the BrdU-negative cell population. When compared with BrdU-negative cells
maintained in standard conditions there was a ~2.8-fold increase in the percentage of BrdUnegative cells pre-exposed to hypoxia that displayed comets containing ≤ 24% DNA in tail (n
= 3). Similar results were obtained using DU-145 cells, where the protective effect of
hypoxia was clearly present only in the fraction of cells that were BrdU-negative (Figure
6.12) (n = 2). Relative to cells maintained in standard conditions, pre-exposure of DU-145
cells to hypoxia resulted in a 3-fold increase in the BrdU-negative comets with ≤ 2% DNA in
tail (the previously identified etoposide-induced DNA damage threshold for this cell line).
Again, greater than 90% of the total population of BrdU-positive cells were found to have
comets containing > 60% DNA in tail, indicating extensive DNA breaks in this population of
cells following etoposide treatment. Comets containing ≤ 2% DNA in the tail were not found
within the BrdU-positive fraction.

Based on similar observations revealing that cells in S-phase are highly sensitive to DNA
damaging agents, others have proposed that perturbations in cell cycle progression that lead
to arrest in the G1 or G0 phases, represent an important mechanism of resistance to anticancer
agents such as etoposide [253,254,261]. To address the possibility that the protective effect
of hypoxia was associated with changes in cell cycle distribution, specifically a decrease in
the S-phase population, the relative proportions of BrdU-positive and BrdU-negative cells
were determined. In three independent experiments performed in the MDA-MB-231 cell line,
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Figure 6.12. The protective effect of hypoxia against etoposide-induced DNA damage is only
observed in DU-145 cells that are not actively synthesizing DNA at the time of drug exposure. DU145 cells were cultured in 20% O2 or 0.2% O2 for 24 h and incubated in the presence of
bromodeoxyuridine (BrdU) during the final hour of this incubation. Cells were subsequently treated with
etoposide (125 µM, 1 h in 20% O2 ), and DNA damage and BrdU incorporation were assessed by a
modified alkaline comet assay. Separate analysis of only BrdU-positive cells revealed extensive damage
in this population, with nearly every comet containing > 60% DNA in tail. Hypoxia-induced differences
in the extent of DNA damage were not observed. In contrast, BrdU-negative cells displayed a full
spectrum of damage, with many comets displaying moderate to low levels of DNA strand breaks. A
protective effect of hypoxia was observed within this population, as evident by an increase in the
percentage of cells with ! 5% DNA in tail. Differences in the extent of DNA damage in untreated
controls were not observed when BrdU-positive and BrdU-negative populations were compared. Results
shown are representative of two independent experiments.
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there was a trend towards a higher proportion of BrdU-positive cells following pre-exposure
of cells to hypoxia (Table 6.3). In cells maintained in standard conditions 45.3% of the total
population were BrdU-positive, compared with 55.5% of cells pre-exposed to hypoxia
(values reported are the mean of the three experiments). This effect was reproducible,
although significant differences were not observed in every experiment. Furthermore, a
similar trend was observed in MDA-MB-231 cells transfected with either negative control or
HIF-1α siRNA (n = 2), indicating that HIF-1α was not required for this effect. In two
independent experiments performed in the DU-145 cells, the reverse trend was observed
(Table 6.3). Incubation of DU-145 cells in hypoxia resulted in a decrease in the proportion of
BrdU-positive cells relative to standard conditions (35.9% of cells pre-exposed to hypoxia
were BrdU-positive, down from 42.5% of the total population of cells maintained at 20%
O2). Thus, even though exposure of MDA-MB-231 and DU-145 cells to hypoxia had a
similar protective effect against etoposide-induced DNA damage, the effect of hypoxia on
the BrdU-positive fraction differed between these two tumor cell lines.

In contrast to cells undergoing DNA synthesis, quiescent or non-cycling cells have been
associated with etoposide resistance [252-255]. To determine whether hypoxia had an impact
on the distribution of cycling versus non-cycling cells, MDA-MB-231 and DU-145 cells
were cultured for 24 h in 20% O2 or 0.2% O2 and labeled with BrdU during the final 21 h of
this incubation as described in the Materials and Methods. Quantitative analysis revealed that
under basal conditions (20% O2) only a small proportion of MDA-MB-231 and DU-145 cells
were BrdU-negative (i.e. non-cycling), constituting ~1-2% and ~3% of the total population,
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Table 6.3. The effect of hypoxia on the proportion of MDA-MB-231 or DU-145 tumor
cells labeled with BrdU during the final hour of a 24-h incubation in 20% O2 or 0.2% O2.
Cell line

Treatment

Untransfected

BrdU-positive fractionb
20% O2
0.2% O2

Experimenta
1

171/321 = 53.3%

167/292 = 57.2%

0.0934

2

95/231 = 41.1%

147/236 = 62.3%

0.0002

3

219/526 = 41.6%

246/523 = 47.0%

0.1083

45.3%

55.5%

2

107/285 = 37.5%

114/246 = 46.3%

0.0476

3

202/428 = 47.2%

124/246 = 50.4%

0.3910

42.2%

48.4%

2

127/308 = 41.2%

245/367 = 66.8%

< 0.0001

3

137/345 = 39.7%

164/314 = 52.2%

0.0025

40.5%

59.5%

4

181/417 = 43.3%

123/315 = 39.0%

0.2463

5

151/362 = 41.7%

120/366 = 32.8%

0.0048

42.5%

35.9%

Mean:
MDA-MB-231

Negative control
siRNA

Mean:
HIF-1! siRNA

Mean:

DU-145

Untransfected

P-valuec

Mean:

a: experiments are designated as 1 through 5 to indicate corresponding sets of data for the experiments
involving transfection of MDA-MB-231 cells with siRNA
b: values are reported as the number of BrdU-positive cells out of the total number of cells scored per
condition (see text for details)
c: to allow a statistical analysis of the data within an individual experiment, the fraction of BrdU-positive
cells was determined for each field scored (~20-40 fields scored per condition). P-values reported were
determined using an unpaired t-test comparing cells pre-exposed to hypoxia (0.2% O2) with cells
maintained in 20% O2.
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respectively (Table 6.4) (n = 2). Exposure of MDA-MB-231 cells to hypoxia resulted in a
~2-fold increase in the proportion of non-cycling cells but still representing less than 5% of
the total population of cells. The effect of hypoxia on DU-145 cells was more significant,
increasing the non-cycling population more than 3-fold to represent ~10% of the total
population (P < 0.005; n = 2). To control for the potential contribution of the G0 cells to the
resistant population observed in the comet assay, only the BrdU-positive (i.e. cycling) cells
were analyzed for DNA damage. Using this approach, the comet assay revealed that, for both
MDA-MB-231 and DU-145 cells, pre-exposure of the cycling population to hypoxia still
conferred a protective effect against etoposide-induced DNA strand breaks (Figure 6.13) (n =
2).
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Table 6.4. The effect of hypoxia on the proportion of MDA-MB-231 or DU-145
tumor cells not labeled with BrdU during the final 21 h of a 24-h incubation in
20% O2 or 0.2% O2.
Cell line

MDA-MB-231

Experiment

BrdU-negative fractionb
20% O2
0.2% O2

a

1

6/281 = 2.1%

7/320 = 2.2%

0.745

2

3/285 = 1.1%

11/272 = 4.0%

0.0453

1.6%

3.1%

Mean:

DU-145

P-value

c

1

8/238 = 3.4%

36/368 = 9.8%

0.0032

2

9/301 = 3.0%

30/284 = 10.6%

< 0.0001

3.2%

10.2%

Mean:

a: experiments are designated as 1 through 2 to indicate corresponding sets of data for the experiments
b: values are reported as the number of BrdU-negative cells out of the total number of cells scored per
condition (see text for details)
c: to allow a statistical analysis of the data within an individual experiment, the fraction of BrdU-negative
cells was determined for each field scored (~20-40 fields scored per condition). P-values reported were
determined using an unpaired t-test comparing cells pre-exposed to hypoxia (0.2% O2) with cells
maintained in 20% O2.
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Figure 6.13. The protective effect of hypoxia against etoposide-induced DNA damage is observed in
MDA-MB-231 and DU-145 cells that are actively cycling prior to drug exposure. MDA-MB-231 and
DU-145 cells were cultured in 20% O2 or 0.2% O2 for 24 h and incubated in the presence of
bromodeoxyuridine (BrdU) during the final 21 h of this incubation. Cells were subsequently treated with
etoposide (50 µM (MDA) or 125 µM (DU-145), 1 h in 20% O2), and DNA damage and BrdU
incorporation were assessed by a modified alkaline comet assay. BrdU-positive (i.e. cycling) cells
displayed a full spectrum of damage, with many comets displaying moderate to low levels of DNA strand
breaks. In addition, the protective effect of hypoxia was observed within this population, as evident by an
increase in the percentage of cells with ! 45% DNA in tail. Results shown are representative of two
independent experiments.
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DISCUSSION
This study demonstrated that hypoxia is able to increase tumor cell resistance to etoposide by
protecting cells against drug-induced DNA damage. This conclusion is based on results
showing that pre-exposure to hypoxia increased the survival of human breast carcinoma and
prostate adenocarcinoma cells treated with etoposide, and that the increase in survival was
associated with an increase in the proportion of cells with low levels of DNA damage,
specifically DNA strand breaks and alkali labile sites, measured by the alkaline comet assay.
Furthermore, prevention of HIF-1-mediated adaptations to hypoxia prevented the protective
effect against etoposide-induced DNA damage and abolished hypoxia-induced drug
resistance.

Experiments were also performed to investigate the association between hypoxia-induced
resistance to doxorubicin or mitoxantrone and DNA strand breaks caused by exposure of
tumor cells to these drugs. A strong correlation between doxorubicin-induced DNA strand
breaks and clonogenic survival was not observed, consistent with similar findings reported
by Olive and Banath [268] who found that doxorubicin-induced DNA damage was not a
reliable predictor for cell killing. Doxorubicin exposure has been associated with a variety of
cytotoxic effects in addition to DNA strand breaks, including generation or reactive oxygen
species (ROS), oxidative DNA base damage and lipid peroxidation, DNA alkylation,
formation of doxorubicin-DNA adducts, formation of DNA strand crosslinks interference
with DNA strand separation and helicase activity, and direct membrane effects [157,158,269271]. Hypoxia-induced doxorubicin could be associated with resistance to one or several of
these cytotoxic effects, making it difficult to clearly establish a causal relationship between
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increased clonogenic survival and protection against a single form of cell damage. It is also
important to note that DNA strand breaks induced by doxorubicin may potentially be masked
by doxorubicin-induced DNA strand crosslinks that retard the migration of DNA fragments
when a current is applied [271]. Thus, the presence of both forms of DNA damage could
potentially account for the poor correlation between doxorubicin-induced strand breaks and
survival. Like doxorubicin, mitoxantrone is also known to cause cell damage independently
of DNA strand breaks, through ROS generation, modification of DNA bases and
intercalation with DNA [263,272-275]. Hypoxia-induced protection against mitoxantroneinduced DNA strand breaks was observed, although the potential contribution of other
cytotoxic effects of mitoxantrone may account for the poor association observed between
DNA damage and survival. The possibility that hypoxia has a similar protective effect
against the other forms of DNA damage induced by doxorubicin and mitoxantrone should
not be ruled out and warrants further investigation.

The extent of etoposide-induced DNA damage measured immediately following a 1-h drug
treatment was a good indicator of clonogenic survival in the two tumor cell lines
investigated, independent of the conditions of cell culture prior to drug exposure. These
results suggest that the extent of etoposide-mediated DNA damage initially suffered may be a
greater determinant of survival, compared with the presence of repair mechanisms activated
downstream of damage. This is supported by the observation that hypoxia-induced resistance
was not correlated with an increase in the DNA repair capacity of MDA-MB-231 or DU-145
cells. A similar conclusion was drawn from previous studies in multicellular spheroids
treated with other chemotherapeutic agents, including tirapazamine, actinomycin D, 4-
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nitroquinoline-N-oxide and RSU 1069, where drug exposure was found to be a more critical
determinant of resistance rather that DNA repair capacity [268]. Although repair of DNA
strand breaks was evident within minutes of etoposide removal, this repair is not anticipated
to result in increased viability of heavily damaged cells. Subsequent to the generation of a
double-strand break, the newly established DNA ends have potential to become physically
dissociated from one another, making effective repair difficult to perform [276]. In the
situation where the majority of DNA exists in smaller fragments (i.e. corresponding to
comets with > 60 % DNA in tail), the presence of numerous DNA ends and the extent of
dissociation would be expected to make high fidelity repair almost impossible. In
mammalian cells, particularly those in the G0 and G1 phases of the cell cycle, the
predominant pathway of DNA repair involves non-homologous end joining (NHEJ) [277],
although homologous recombination (HR) can contribute to repair of DNA damage in cells
during S and G2 phases [276,278]. By comparison, NHEJ is more error-prone than HR and
corresponds with a greater potential for genetic alterations such as deletions, translocations,
and mutations [279]. The inability of NHEJ-mediated repair of strand breaks to preserve
genomic integrity following extensive DNA damage makes it unlikely that this form of repair
is sufficient to sustain cell viability following exposure to chemotherapeutics. Similarly,
there is evidence that the expression of several proteins involved in HR repair of DNA
double-strand breaks (e.g. RAD51, RAD51B/C, RAD54, XRCC4, BRCA1, BRCA2) are
repressed in cells following hypoxia [146,279-283], suggesting that hypoxia-induced
etoposide resistance is unlikely to be explained by increased capacity for HR-mediated
repair. Instead, the findings from this study support a model in which pre-exposure of cells to
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hypoxia leads to cellular adaptations that confer a protective effect against DNA damage,
upstream of repair mechanisms or initiation of cell death pathways.

Two possible factors may account for the differences in etoposide-induced DNA damage
thresholds observed for MDA-MB-231 and DU-145 cells (≤ 24% and ≤ 2% DNA in tail,
respectively). First, the finding that a proportion of damaged cells can contribute to the
surviving fraction reveals that effective DNA repair occurs in this population. Inherent
differences between the two cell lines with respect to their capacity for effective DNA repair
could reflect differences in the threshold of DNA strand breaks tolerated before drug-induced
senescence is triggered [260]. Alternatively, colony formation assays demonstrate differences
in the plating efficiency of untreated MDA-MB-231 and DU-145 cells (typically 70-85% and
35%, respectively, data not shown), suggesting a larger proportion of DU-145 cells lack the
capacity to form colonies even after 14 days of culture. Resistant cells within this population
could be contributing to the overall proportion of DU-145 cells with low levels of DNA
strand breaks without contributing to the measured surviving fraction. The presence of a
greater proportion of undamaged cells would lower the apparent threshold for etoposideinduced DNA damage in DU-145 cells, relative to MDA-MB-231 cells, since the threshold
assumes the surviving fraction is represented by the cells with the least amount of damage.
Additional studies are warranted to test this hypothesis.

The ability of hypoxia to protect MDA-MB-231 cells against DNA damage and confer
resistance to etoposide was dependent on the presence of a functional HIF-1 response. This
conclusion is based on the observation that hypoxia-induced differences in etoposide-

193

mediated DNA damage and clonogenic survival were not observed in cells transfected with
siRNA targeting HIF-1α. Interestingly, when compared with untransfected or negative
control siRNA transfected cells, the loss of HIF-1α under well-oxygenated conditions
resulted in an increase in the percentage of cells below the determined DNA damage
threshold, which correlated with an increase in basal survival. The increase in basal
resistance could not be explained by differences in the distribution of HIF-1α siRNA treated
cells in S-phase versus G0 + G1 + G2/M at the time of exposure to etoposide. HIF-1α protein,
primarily the non-phosphorylated form, is detected in MDA-MB-231 cells under welloxygenated conditions and may contribute to the regulation of various cell processes that
influence etoposide sensitivity under non-hypoxic conditions. A hypoxia-independent role of
HIF-1 activity is supported by evidence that a variety of O2-independent factors contribute to
the regulation of HIF-1, in particular growth factor receptor-mediated signaling pathways
that control glucose metabolism, proliferation and survival (e.g. the phosphatidylinositol 3kinase and mitogen-activated protein kinase pathways) [189,284]. In contrast to the findings
presented here, others have reported that HIF-1α-/- mouse embryonic fibroblasts displayed
increased sensitivity to etoposide, carboplatin and ionizing radiation under well-oxygenated
conditions compared with wild type cells [161]. Conversely, previous studies demonstrated
that the sensitivity of MDA-MB-231 cells to doxorubicin under basal conditions was not
affected by the loss HIF-1α [260]. Together, these findings suggest that the role of HIF-1α in
determining chemotherapeutic resistance in aerobic cells may be dependent on the anticancer
agent and cell line under investigation. Ongoing investigations are aimed at understanding
the role of basal and hypoxia-inducible HIF-1 activity in potential cellular mechanisms of
etoposide resistance.
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DNA damage analysis of cells in S-phase at the time of etoposide exposure revealed that this
population was highly predisposed to DNA strand breaks induced by drug treatment. This is
consistent with previous reports that S-phase cells display increased susceptibility to the
cytotoxic effects of etoposide, compared with cells in G0, G1 or G2/M [285]. These findings
can be explained by the mechanism proposed for the cytotoxic effects of etoposide, involving
stabilization of a transient complex between topoisomerase II and DNA (commonly referred
to as the “cleavable” complex). During DNA synthesis, collision of DNA replication forks
with these cleavable complexes convert them into double-strand breaks [273], which likely
accounts for the high susceptibility of S-phase cells to etoposide-induced DNA damage. Preexposure to hypoxia did not decrease the extent of DNA damage observed within the
population of S-phase cells, suggesting that protective mechanisms induced by hypoxia are
only present or effective in cells in G0, G1 or G2/M phases of the cycle. Conversely, simply
being in the G0 + G1 + G2/M population was not sufficient to avoid etoposide-induced DNA
damage, as many cells within this fraction gave rise to comets containing a high % DNA in
tail following drug exposure. Previous analysis of MDA-MB-231 cells revealed that a 6-h
incubation in hypoxia (1% O2) did not affect cell cycle distribution and there was no
evidence of G1 arrest [68]. In the present study, 24 h in hypoxia (0.2% O2) resulted in an
increase in the proportion of MDA-MB-231 cells in S-phase, while exposure of DU-145 cells
to the same conditions had an opposite effect. There is evidence that hypoxia can inhibit the
transition from G1 to S, likely mediated through hypoxia-induced expression of the cyclindependent kinase inhibitors p27Kip1 and p21Waf1/Cip1/Sdi

1

[186,286]. However, others have

reported variation in the abilities of cells to undergo cell cycle arrest as a response to hypoxia
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[287], suggesting the effect of hypoxia on cell cycle progression cannot be generalized,
consistent with the findings presented here. Furthermore, while hypoxia-induced resistance to
etoposide in MDA-MB-231 cells cannot be explained by a decrease in the proportion of
highly sensitive S-phase cells, the contribution of hypoxia-induced changes in cell cycle
distribution cannot be ruled out. Pre-exposure to hypoxia resulted in an increase in the
proportion of non-cycling cells (i.e. in the G0 phase), which have been reported to display
resistance to etoposide [252-255]. Therefore, the hypoxia-induced increase in the G0
population of tumor cells is expected to contribute to the etoposide-resistant fraction detected
by the comet assay. However, cycling cells exposed to hypoxia still suffer less etoposideinduced DNA damage compared with cycling cells maintained in standard culture conditions,
revealing an additional mechanism of hypoxia-induced etoposide resistance which is
independent of an increase in the non-cycling population.
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CHAPTER 7

THE IMPACT OF HYPOXIA ON DNA TOPOISOMERASE II FUNCTION IN
HUMAN BREAST AND PROSTATE TUMOR CELLS

This study is currently in preparation for submission.
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ABSTRACT
The development of resistance to chemotherapeutic agents in tumor cells is a significant
cause of treatment failure. Tumor cells characterized by diminished expression of DNA
topoisomerase II (topo II) proteins have been demonstrated to display resistance to the
cytotoxic effects of topo II poisons such as etoposide, mitoxantrone and doxorubicin.
Resistance to these chemotherapeutic agents is also observed following exposure of human
tumor cells to hypoxic conditions, similar to those encountered in most solid tumors. This
type of acquired resistance has been demonstrated to be dependent on the activity of hypoxiainducible factor 1 (HIF-1), a central mediator of hypoxia-induced adaptations. Evidence
presented here support a model in which hypoxia-induced decreases in topo IIα may
contribute to the acquisition of chemoresistance in human breast and prostate tumor cells.
Moreover, preliminary findings suggest that changes in topo II expression may be regulated,
at least in part, through HIF-1-dependent mechanisms. Prevention of hypoxia-induced
decreases in topo II expression may therefore contribute to the sensitization of tumor cells to
topo II-targeting chemotherapies observed following inhibition of HIF-1.
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INTRODUCTION
The development of tumor cell resistance represents a significant barrier for successful
chemotherapy. Physiological stress associated with the tumor microenvironment, such as that
occurring with acute or chronic hypoxia, glucose deprivation, and high acidity, has been
linked to the acquisition of the chemoresistance phenotype [26,29,103,223,267,288]. For
example, studies have shown that pre-exposure of human tumor cells to hypoxia in vitro
induces transient resistance to multiple chemotherapeutic agents, including doxorubicin,
etoposide, mitoxantrone, daunorubicin, 5-fluorouracil, and paclitaxel [68,69,165,260]. A
variety of cellular mechanisms have been proposed to account for the hypoxia-inducible
chemoresistance phenotype including downregulation of proapoptotic proteins resulting in
resistance to apoptosis [118,162,163], increased expression of multidrug efflux transporters
[175,192], hypoxia-induced cell cycle arrest [25,27], and increased capacity for DNA repair
[127,161].

Recent studies have provided evidence that hypoxia-induced resistance to etoposide in
human tumor cells is associated with a protective effect against drug-induced DNA strand
breaks that allows escape from drug-induced senescence [260] (see also Chapter 6 of this
work). In addition, these effects were found to be dependent on the activity of hypoxiainducible factor-1 (HIF-1), a key transcriptional regulator of the cellular adaptive response to
oxygen (O2) deprivation. The experimental data support a model in which hypoxia-induced
adaptations that prevent DNA damage from occurring are the primary mechanism for
increased survival, rather than changes in downstream mechanisms such as increased DNA
repair or impairment of cell death pathways.
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DNA damage (i.e. double-strand breaks) caused by etoposide treatment is thought to result
primarily from ‘poisoning’ of DNA topoisomerase II (topo II) enzymes. These proteins play
a critical role in many DNA-dependent functions (e.g. synthesis, transcription,
recombination, DNA condensation and decondensation, chromatid segregation, and DNA
repair), through regulation of DNA topology involving breakage-reunion of double-stranded
DNA through a transient, enzyme-bridged intermediate [289]. Drug-induced stabilization of
the DNA-topo II intermediate (termed the “cleavable” complex) generates double-stranded
breaks following a collision with the replication fork during DNA synthesis. In addition to
etoposide, other clinically relevant anticancer agents reported to impair topo II re-ligation
activity include anthracyclines (doxorubicin, daunorubicin), mitoxantrone and amsacrine
[157,158,262,290].

Mammalian cells express two isoforms of topo II (α and β; with molecular masses of 170
kDa, and 180 kDa, respectively)[291], which differ in their cell cycle expression. Topo IIα is
regulated in a cell cycle-dependent manner and is considered a marker of proliferating cells,
displaying peak activity during the S and G2/M phases of the cell cycle and declining rapidly
following mitosis [292-294]. Regulation of topo IIα activity throughout the cell cycle has
been shown to mediated, at least in part, through post-translational modification (e.g.
phosphorylation, ubiquitination) [292,295-297]. In contrast, topo IIβ regulation does not
show a similar dependency on the cell cycle and topo IIβ protein is expressed in cycling and
non-cycling populations [298].
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Tumor cell resistance to topo II-targeting anticancer agents has been associated with altered
topo II regulation, including decreased levels of topo II proteins, in particular topo IIα
[254,299-302], changes in the subcellular localization of topo IIα [303,304], and decreased
phosphorylation of topo IIα [305,306]. Interestingly, culture of tumor cells in hypoxia has
been shown to result in decreased topo IIα levels [199,307,308]. Similarly, there are reports
that nuclear topo IIα levels are decreased in cells cultured at high density [301] or as
multicellular spheroids [303,305], two conditions which are associated with hypoxia and
activation of HIF-1 [164,192]. A decrease in the amount of nuclear topo II protein decreases
the potential for formation of stabile cleavable complexes and thus represents a protective
mechanism against DNA strand breaks induced by topo II-targeting agents. Decreases in
topo II proteins could therefore contribute to the hypoxia-induced chemoresistance
phenotype. To test this hypothesis, the present study investigated the effect of hypoxia on
topo IIα and topo IIβ expression in human breast and prostate tumor cells.
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MATERIALS AND METHODS
Cell culture and exposure to hypoxia
Human MDA-MB-231 breast carcinoma cells and human DU-145 prostatic carcinoma cells
were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were
maintained in monolayer cultures in a standard CO2 incubator (5% CO2 in air at 37°C) and
were cultured in RPMI 1640 medium supplemented with 5% FBS (all tissue culture media
were obtained from Invitrogen, Burlington, ON, Canada). To establish hypoxic conditions,
cells were placed in airtight plastic chambers that were flushed with a 5% CO2/ 95% N2 gas
mixture. O2 concentrations within these chambers were maintained at 0.2% using Pro-Ox
Model 110 O2 regulators (Biospherix, Redfield, NY, USA).

Preparation of whole cell lysates
MDA-MB-231 or DU-145 cells were cultured for 24 h in standard (20% O2) or hypoxic
(0.2% O2) conditions, washed once with PBS, and collected by trypsinization. Cell pellets
were obtained following centrifugation (2000g 10 min at 4°C) and stored at -80°C until ready
for use. Whole cell lysates were prepared in lysis buffer containing 50 mM Tris-HCl (pH
7.5), 350 mM NaCl, 5 mM EDTA, 50 mM NaF, 0.1% NP-40, and Protease Inhibitor Cocktail
(Roche Diagnostics, Laval, QC, Canada), sonicated briefly (10 s at 50 Hz), and quantified by
a modified Lowry assay (Bio-Rad DC Protein Assay, Bio-Rad Laboratories, Mississauga,
ON, Canada).

203

Preparation of nuclear extracts
Nuclear extracts were prepared using previously described methods [262]. Briefly, following
culture under various conditions (as indicated in the figure legends) ~2.5×107 cells were
collected and washed once in PBS, and once in buffer A (0.15 M NaCl, 10 mM KH2PO4).
Samples were incubated for 30 min on ice with 4 ml buffer B (5 mM KH2PO4, 2 mM MgCl2,
4 mM DTT, 0.1 mM Na2EDTA, Protease Inhibitor Cocktail (Roche)), and dounce
homogenized with 15 strokes (the release of nuclei was confirmed microscopically before
proceeding further). Nuclei were collected by centrifugation (2500g for 15 min at 4°C),
resuspended in 2 ml buffer C (buffer B with 0.25 M sucrose) and carefully layered on top of
1 ml buffer D (buffer B with 0.6 M sucrose). Following centrifugation (2000g for 20 min at
4°C), the nuclear pellet was resuspended in 100 μl buffer E (5 mM KH2PO4, 4 mM DTT, 1
mM Na2EDTA Protease Inhibitor Cocktail (Roche)). An equal volume of buffer F (40 mM
Tris-HCl (pH 7.5), 4 mM DTT, 0.5 M NaCl, Protease Inhibitor Cocktail (Roche)) was added
and samples were incubated on ice for 30 min. The lysate was centrifuged (21,000g for 1 h at
4°C) and the supernatant was collected. The remaining nuclear pellet underwent two
additional sequential extractions, first in buffer F containing 1 M NaCl, and then again with
buffer F containing 1 M NaCl and 10 U DNase I (Promega/Fisher Scientific, Nepean, ON,
Canada). Protein content was determined by a modified Lowry assay (Bio-Rad).

Topoisomerase II activity assay
To minimize the potential for degradation of topo II protein, nuclear extracts were assayed
for topo II activity immediately following preparation as described above. Topo II activity
was measured using a kinetoplast DNA (kDNA) decatenation assay (TopoGEN, Inc., Port
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Orange, FL, USA) according to the manufacturer’s instructions. Specific conditions for the
assay included 1 μg of nuclear protein (obtained from the fraction collected following
extraction in buffer F containing 1 M NaCl) per reaction in a total volume of 20 μl, incubated
with 0.1 μg kDNA for 5 to 30 min at 37°C as indicated. Reactions were subjected to
electrophoresis in a 1% agarose TBE gel containing ethidium bromide, destained in distilled
water for 30 min, and photographed under UV light.

Western blot analysis of topoisomerase II protein
To assess topo II protein levels, 10-30 μg samples of protein from either whole cell lysates or
nuclear extracts were resolved on 9% SDS-polyacrylamide gels and transferred onto
Immobilon-P membranes (Millipore Corporation, Bedford, MA, USA) using a wet transfer
apparatus. The membranes were washed once with TBS (140 mM NaCl, 50 mM Tris HCl
pH 7.2) containing 0.1% Tween 20 before blocking nonspecific binding with TBS/5% dry
milk powder in a hybridization incubator overnight at 4°C. The membranes were then
incubated with primary antibody for 3 to 4 h at room temperature (RT) in TBS/5% milk (topo
IIα (# 611326), 1:2000 (BD Biosciences, Mississauga, ON, Canada); topo IIβ (# 611492),
1:4000 (BD Biosciences), β-actin, 1:5000 (Sigma-Aldrich Canada Ltd., Oakville, ON,
Canada)). The membranes were washed in TBS/Tween 20 (4 × 15 min) and then incubated
for 1 h at RT with horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit
antibodies in TBS/5% milk (1:2000-5000; Bio-Rad). Membranes were then washed,
followed by detection using enhanced chemiluminescence (Amersham Biosciences, Baie
D’Urfe, QC, Canada) and exposure to Kodak X-Omat Blue film.
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Topoisomerase II immunofluorescence
Analysis of topo II protein levels in situ was determined by immunofluorescence. Cells,
cultured on glass coverslips, were incubated for 24 h in standard or hypoxic conditions,
washed with PBS and fixed in 3.7% formaldehyde in PBS (10 min at RT). Cells were washed
in PBS (1 × 5 min), permeabilized in 0.1% Triton X-100 (10 min at RT), and washed again
in PBS. Non-specific binding sites in cells on coverslips were blocked with 3% FBS in PBS
(1 h at RT), and then cells were incubated with either topo IIα or topo IIβ antibodies (1:50 in
3% FBS in PBS; BD Biosciences) or negative control mouse IgG2a (DakoCytomation,
Carpinteria, CA, USA) for 1 h at RT. Coverslips were washed in PBS (3 × 2 min) and
incubated with Alexa Fluor 488-conjugated goat anti-mouse antibody (1:500 in 3% FBS in
PBS; Invitrogen Molecular Probes, Burlington, ON, Canada) for 1 h at RT. Coverslips were
washed, incubated with TRITC-conjugated phalloidin (1:200 in 3% FBS in PBS; SigmaAldrich Canada Ltd.) for 1 h at RT, washed again and mounted on microscope slides using
fluorescence mounting medium (DakoCytomation). Cells were viewed by fluorescence
microscopy and quantitation of nuclear fluorescence intensity was performed using
CometScore™ software version 1.5 (Tritek Corporation, Sumerduck, VA, USA). Using this
software, selective quantification of the fluorescence intensity for manually defined areas
(i.e. individual cell nuclei) was performed for ~400-650 individual cells. Background
fluorescence intensity (based on quantification of cells probed with mouse IgG2a antibodies)
was subtracted and results are presented as the frequency distribution of binned fluorescence
intensities.

206

Small interfering RNA (siRNA) Transfection
Knockdown of HIF-1α expression was achieved using Silencer® validated siRNA targeted
against exon 5 of the human HIF-1α gene (ID #42840; Ambion Inc., Austin, TX, USA).
Silencer® Negative Control siRNA #1 (Ambion) was used to control for non-specific effects.
siRNA (25 nM final concentration) was introduced into cells by reverse transfection using
siPORT NeoFx reagent (Ambion) according to the manufacturer’s instructions. The siRNA
treatments were carried out for 48 h under standard culture conditions prior to incubation in
hypoxia. Pilot studies performed using Silencer® FAM™ labeled GAPDH siRNA (Ambion)
under similar conditions demonstrated uptake of siRNA in ~75-85% of cells (data not
shown).

Calculations and Statistical Analysis
To quantify changes in topo II-associated immunofluorescence, individual fluorescence
intensities were arranged in ascending order and the mean intensity of each quartile was
calculated for all groups. Statistical significance was determined by one-way ANOVA
followed by a Newman-Keuls Multiple Comparison test (all statistical analyses were
performed using GraphPad Prism software version 4.0 (GraphPad Software, Inc., San Diego,
CA, USA)). All statistical tests were two-sided and differences were considered to be
statistically significant at P < 0.05.
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RESULTS
Characterization of topoisomerase II expression and activity in MDA-MB-231 and DU145 tumor cells following exposure to hypoxia
Earlier studies have shown that exposure of tumor cells to hypoxia confers resistance to
etoposide, mitoxantrone and doxorubicin [260]. DNA strand breaks caused by these agents
are thought to result primarily from ‘poisoning’ of topo II and stabilization of ‘cleavable’
topo II-DNA complexes, prompting an investigation of the effects of hypoxia on topo II
expression and functional activity in MDA-MB-231 and DU-145 cells. Western blot analysis
of whole cell lysates prepared from MDA-MB-231 cells revealed decreased levels of topo
IIα in cells exposed to hypoxia (0.2% O2), relative to cells maintained in 20% O2 (Figure
7.1A). This effect was observed in three out of five experiments (hypoxia-induced
differences were not detected in the other two experiments). Hypoxia did not appear to have
an effect on topo IIβ expression, showing levels comparable to cells in 20% O2 in the
majority of experiments (Figure 7.1A). To determine whether exposure of MDA-MB-231
cells to hypoxia altered the nuclear binding properties of topo II proteins, sequential salt
extractions were performed, first in 0.5 M NaCl, followed by 1 M NaCl, and finally 1 M
NaCl with DNA digestion by DNase [262]. Exposure to hypoxia did not affect the relative
distribution of topo II proteins in the various nuclear fractions (Figure 7.1B). As observed for
the whole cell lysates, nuclear extracts from hypoxic cells displayed slightly lower topo IIα
expression compared with similar extracts from well-oxygenated cells. Topoisomerase
activity in the 1 M NaCl nuclear extracts was also assessed using a kinetoplast DNA (kDNA)
decatenation assay that is specific for topo II. kDNA is organized as a network of interlocked
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Figure 7.1. The effect of hypoxia on topoisomerase II protein expression and functional activity in
MDA-MB-231 tumor cells. MDA-MB-231 cells were cultured for 24 h in standard (20% O2) or hypoxic
conditions (0.2% O2) and protein extracts were prepared. A, whole cell lysates were analyzed by Western
blot for topoisomerase (topo) II!, topo II" or "-actin (to control for sample loading). Compared with cells
maintained in 20% O2, exposure of MDA-MB-231 cells to hypoxia decreased topo II! protein levels
measured in whole cell lysates. B, nuclear proteins were isolated by sequential extraction in 0.5 M NaCl,
1 M NaCl, and 1 M NaCl with DNase added (see Materials and Methods for details), then 10 µg samples
were resolved by SDS-PAGE and analyzed by Western blot. Comparison of equivalent extraction
conditions revealed slight decreases in nuclear topo II! and topo II" in cells exposed to hypoxia, relative
to 20% O2 (arrows indicate the immunoreactive species corresponding to topo II! and topo II" proteins).
Hypoxia did not have a prominent effect on the relative distribution of topo II protein in the various
extracts. C, topo II functional activity in the 1 M NaCl extracts (shown in B) was measured using the
kinetoplast DNA (kDNA) decatenation assay. Reactions containing 1 µg of nuclear protein were prepared
and incubated with catenated kDNA at 37°C for 5 to 30 minutes as indicated, and then subjected to
electrophoresis in a 1% agarose-TBE gel. The nuclear extract prepared from MDA-MB-231 cells exposed
to hypoxia showed a slight decrease in topo II activity, as revealed by the increase in catenated kDNA
remaining after 20 and 30 minutes at 37°C. kDNA markers indicate the positions of catenated kDNA (1)
and various decatenation products: nicked decatenated kDNA (2), linear kDNA (3), circular, decatenated
kDNA (4). Cell lysates without kDNA added (- kDNA) were included to control for background.
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(catenated) DNA circles which are released following topo II-mediated decatenation in the
presence of ATP [309]. Nuclear extracts prepared from cells cultured under standard or
hypoxic conditions contained functionally active topo II, evident by the appearance of
decatenation products after as little as 5 minutes which progressively increased at later time
points (Figure 7.1C). Reactions containing nuclear extracts from hypoxic cells contained a
slightly higher level of catenated kDNA remaining following a 30-min reaction, relative to
the reaction containing nuclear protein from well-oxygenated cells. This is based on a
comparison of signal intensities in the vicinity of the loading well where non-migratory
catenated kDNA was located.

In DU-145 cells, topo II expression levels did not appear to be affected by exposure to
hypoxia, as determined by Western blot analysis of whole cell lysates and nuclear extracts
(Figure 7.2A and 7.2B, respectively). However, relative to extracts of cells maintained in
20% O2, topo II activity appeared to be lower in the 1 M NaCl nuclear extracts prepared from
hypoxic cells, as suggested by an increase in decatenated kDNA after 5 and 10 minutes of the
reaction, as well as by the greater amount of catenated kDNA remaining after 20 to 30 min
(Figure 7.2C). Although there was some inter-experimental variability and discrepancies
between the various methods of analysis, overall these experiments provide evidence that
exposure to hypoxia can result in decreased topo II protein levels and/or functional activity in
MDA-MB-231 and DU-145 and tumor cells.
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Figure 7.2. The effect of hypoxia on topoisomerase II protein expression and functional activity in
DU-145 tumor cells. DU-145 cells were cultured for 24 h in standard (20% O2) or hypoxic conditions
(0.2% O2) and protein extracts were prepared. A, whole cell lysates were analyzed by Western blot for
topoisomerase (topo) II!, topo II" or "-actin (to control for sample loading). B, nuclear proteins were
isolated by sequential extraction in 0.5 M NaCl, 1 M NaCl, and 1 M NaCl with DNase added (see
Materials and Methods for details), then 30 µg samples were resolved by SDS-PAGE and analyzed by
Western blot. Hypoxia did not have a prominent effect on the relative distribution of topo II protein in the
various extracts (arrows indicate the immunoreactive species corresponding to topo II! and topo II"
proteins). C, topo II functional activity in the 1 M NaCl extracts (shown in B) was measured using the
kinetoplast DNA (kDNA) decatenation assay. Reactions containing 1 µg of nuclear protein were prepared
and incubated with catenated kDNA at 37°C for 5 to 30 minutes as indicated, and then subjected to
electrophoresis in a 1% agarose-TBE gel. The nuclear extract prepared from DU-145 cells exposed to
hypoxia shows a slight decrease in topo activity, as revealed by the increase in catenated kDNA
remaining after 20 and 30 minutes at 37°C, as well as by a decrease in decatenation products evident after
5 and 10 minutes. kDNA markers indicate the positions of catenated kDNA (1) and various decatenation
products: nicked decatenated kDNA (2), linear kDNA (3), circular, decatenated kDNA (4). Cell lysates
without kDNA added (- kDNA) were run to control for background.
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Analysis of individual MDA-MB-231 and DU-145 tumor cells reveals an increase in the
proportion of cells with low topoisomerase IIα expression following exposure to hypoxia
Previously, studies have revealed heterogeneity within tumor cell populations with respect to
the protective effect of hypoxia against drug-induced DNA damage and the acquisition of
chemoresistance [260] (see also Chapter 6 of this work). To address the possibility of
heterogeneity in hypoxia-mediated regulation of topo II, immunohistochemical analysis of
topo II expression in individual cells was performed following 24 h of culture in standard or
hypoxic conditions. Analysis of MDA-MB-231 cells revealed topo IIα and topo IIβ were
localized primarily to the nucleus, with little or no topo II protein detected in the cytoplasmic
compartment (Figure 7.3). Exposure of cells to hypoxia did not have an obvious effect on the
subcellular localization of topo II proteins. In cells maintained in 20% O2, heterogeneity in
topo IIα expression was observed, with a few cells displaying fluorescence levels
comparable to background, while others appeared more intense. This is consistent with
evidence that topo IIα is regulated in a cell cycle-dependent manner so that heterogeneity in
topo IIα expression is observed in asynchronous populations [292-294]. Compared to topo
IIα, the expression of topo IIβ appeared to be more uniform throughout the population,
consistent with cell cycle-independent regulation of this topo II protein [298]. Quantitative
image analysis of individual nuclei revealed that pre-exposure of MDA-MB-231 cells to
hypoxia led to an increase in the population of cells containing low levels of nuclear topo IIα
protein (Figure 7.4) (n = 5). A similar effect of hypoxia on topo IIβ expression was not
observed.
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Figure 7.3. The effect of hypoxia
on topoisomerase II protein
expression
and
subcellular
localization in MDA-MB-231
tumor cells. MDA-MB-231 cells
grown on glass coverslips were
cultured for 24 h in standard (20%
O2) or hypoxic conditions (0.2%
O2)
and
analyzed
by
immunofluorescence for topo II!,
topo II", or mouse IgG2a (as a
negative control for background
fluorescence). Alexa Fluor 488conjugated
goat
anti-mouse
antibodies were used to detect
mouse primary antibodies (green
images),
while
actin
was
visualized by staining with
TRITC-conjugated phalloidin (red
images). Representative images
are shown for each condition
(scale bar indicates 50 µm). Note
the greater degree of heterogeneity
in topo II! expression relative to
topo II" protein levels. Compared
with
MDA-MB-231
cells
maintained in 20% O2, a greater
proportion of cells exposed to
hypoxia contain low levels of topo
II! protein in the nucleus, while
hypoxia did not appear to have an
effect on nuclear topo II" levels.
The experiment was repeated 5
times and representative images
are shown (topo: topoisomerase).
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Figure 7.4. Exposure of MDA-MB-231 tumor cells to hypoxia is associated with an increase in the
proportion of cells with low levels of topoisomerase II protein in the nucleus, compared with cells in
standard conditions. Immunofluorescence analysis for topoisomerase (topo) II! and topo II" were
performed in MDA-MB-231 cells cultured for 24 h in standard (20% O2) or hypoxic (0.2% O2)
conditions as described in Figure 7.4. Quantification of the fluorescence intensity associated with nuclear
topo II was performed in ~400-650 individual cells per condition. After correcting for background
fluorescence (based on cells stained with negative control mouse IgG2a antibodies), relative frequency
distributions of fluorescence intensity (expressed in arbitrary units) were determined for binned data
(topo II! bin width: 5 units; topo II" bin width: 2.5 units). Relative to cells cultured in 20% O2, exposure
of MDA-MB-231 cells to hypoxia resulted in an increase in the percentage of cells with lower levels of
topo II!, as revealed by a lower mean fluorescence intensity for the first quartile of cells cultured in 0.2%
O2 (values reported in the table correspond to the data shown in the graphs above). The effect of hypoxia
on nuclear topo II" levels was less pronounced. The data shown are representative of 5 independent
experiments (see also Figure 7.7 for pooled values from those studies).
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Immunohistochemical analysis of DU-145 cells also demonstrated heterogeneity in topo IIα
expression, and a more uniform expression of topo IIβ (Figure 7.5). Both proteins were
localized almost exclusively to the nucleus and this subcellular distribution was not affected
by hypoxia. As observed in MDA-MB-231 cells, exposure of DU-145 cells to hypoxia led to
an increase in the proportion of cells with low topo IIα expression, relative to cells
maintained in 20% O2 (Figure 7.6) (n = 3). A hypoxia-induced shift in the population
(towards lower levels of topo IIα) was confirmed by quantitative analysis of the mean
fluorescence intensity of the first quartile (20% O2: 3.5 ± 1.0 versus 0.2% O2: 1.0 ± 0.4
(mean ± SE); n = 2). Comparable changes in nuclear topo IIβ levels were not observed
following culture of DU-145 cells in hypoxia (20% O2: 4.4 ± 0.7 versus 0.2% O2: 4. 1.6 8 ±
(mean ± SE); n = 2).

The effect of HIF-1α siRNA on hypoxic regulation of topoisomerase II expression in
MDA-MB-231 tumor cells
The protective effect of hypoxia against drug-induced DNA damage (Chapter 6 of this work)
and the induction of multidrug resistance in hypoxic tumor cells [162,163,197,260] have
been demonstrated to be dependent on the presence of a functional HIF-1 response. To
determine whether HIF-1 was required for the downregulation of topo II expression induced
by hypoxia, MDA-MB-231 cells were transfected with siRNA targeting HIF-1α, the O2regulated subunit of HIF-1 [189] and topo II protein levels were analyzed by quantitative
immunofluorescence. Based on the results of Figure 7.4 revealing hypoxia-induced changes
in topo IIα expression in the first quartile, this sub-population was analyzed following
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Figure 7.5. The effect of hypoxia
on topoisomerase II protein
expression
and
subcellular
localization in DU-145 tumor
cells. DU-145 cells grown on glass
coverslips were cultured for 24 h
in standard (20% O2) or hypoxic
conditions (0.2% O2) and analyzed
by
immunofluorescence
for
topoisomerase (topo) II!, topo II",
or mouse IgG2a (as a negative
control
for
background
fluorescence). Alexa Fluor 488conjugated
goat
anti-mouse
antibody was used to detect
primary mouse antibodies (green
images),
while
actin
was
visualized by staining with
TRITC-conjugated phalloidin (red
images). Representative images for
each condition are shown (scale
bar indicates 50 µm). Note the
greater degree of heterogeneity in
topo II! expression relative to topo
II" protein levels. Compared with
DU-145 cells maintained in 20%
O2, a greater proportion of cells
exposed to hypoxia contain low
levels of topo II! protein in the
nucleus. The experiment was
repeated
three
times
and
representative images are shown.
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Figure 7.6. Exposure of DU-145 tumor cells to hypoxia is associated with an increase in the
proportion of cells with low levels of topoisomerase II! protein in the nucleus, compared with cells
in standard conditions. Immunofluorescence analysis for topoisomerase (topo) II! and topo II" were
performed in DU-145 cells cultured for 24 h in standard (20% O2) or hypoxic (0.2% O2) conditions as
described in Figure 7.6. Quantification of the fluorescence intensity associated with nuclear topo II was
performed in ~400-650 individual cells per condition. After correcting for background fluorescence
(based on cells stained with negative control mouse IgG2a antibodies), relative frequency distributions of
fluorescence intensity (expressed in arbitrary units) were determined for binned data (topo II! bin width:
5 units; topo II" bin width: 2.5 units). Relative to cells cultured in 20% O2, exposure of DU-145 cells to
hypoxia resulted in an increase in the percentage of cells with lower levels of topo II!, as revealed by a
lower mean fluorescence intensity for the first quartile of cells cultured in 0.2% O2 (values reported in the
table correspond to the data shown in the graphs above). Hypoxia did not decreases nuclear topo II"
levels. The data shown are representative of 3 independent experiments.
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multiple experiments. As observed earlier, exposure of untransfected MDA-MB-231 cells to
hypoxia led to a decrease in the amount of topo IIα, compared with cells maintained in 20%
O2, as revealed by the significant decrease in the mean fluorescence intensity for the first
quartile (20% O2: 12.5 ± 2.3 versus 0.2% O2: 8.5 ± 1.6 (mean ± SE); P < 0.05; n = 5) (Figure
7.7, top panel). A similar effect was observed in cells transfected with negative control
siRNA (20% O2: 11.8 ± 1.5 versus 0.2% O2: 6.7 ± 2.5 (mean ± SE); P < 0.05; n = 3). In
contrast, a hypoxia-induced decrease in topo IIα was not observed in cells lacking HIF-1α
(20% O2: 7.3 ± 1.9 versus 0.2% O2: 11.7 ± 2.6 (mean ± SE); n = 3). Interestingly, compared
to cells transfected with negative control siRNA, introduction of HIF-1α siRNA in MDAMB-231 cells led to decreased basal expression of topo IIα expression, although the changes
were not statistically significant. In contrast to topo IIα, neither exposure of MDA-MB-231
cells to hypoxia nor treatment with siRNA had an effect on topo IIβ levels in the nucleus
(Figure 7.7, lower panel).
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Figure 7.7. The effect of HIF-1! siRNA on the regulation of nuclear topoisomerase II protein levels
in MDA-MB-231 tumor cells. MDA-MB-231 cells were either transfected with negative control siRNA
or HIF-1! siRNA or left untransfected. Forty-eight hours later cells were incubated under standard (20%
O2) or hypoxic (0.2% O2) conditions for an additional 24 h prior to analysis of nuclear topisomerase II
(topo II) levels by immunofluorescence as described in Materials and Methods. The data are presented as
the mean fluorescence intensity (± SE) of the first quartile, pooled from three to five independent
experiments (for siRNA-transfected and untransfected cells, respectively). Exposure of untransfected or
negative control siRNA-transfected MDA-MB-231 cells to hypoxia resulted in a larger population of
cells with low levels of topo II!, relative to similarly treated cells maintained in 20% O2 (as revealed by a
significantly lower mean fluorescence intensity). A similar effect was not observed in cells treated with
HIF-1! siRNA. In contrast to the changes in nuclear topo II!, hypoxia did not affect the nuclear levels of
topo II", nor did transfection of cells with HIF-1! siRNA. Statistically significant differences in mean
fluorescence intensities were determined by one-way ANOVA, followed by a Newman-Keuls Multiple
Comparisons Test and are indicated (a: P < 0.05 relative to similarly treated cells in standard conditions).
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DISCUSSION
The evidence presented in this study suggests that hypoxia-induced decreases in topo IIα
expression may contribute to the protective effect of hypoxia against drug-induced DNA
damage and hypoxia-induced resistance to topo II-targeting anticancer agents. Furthermore,
the prevention of hypoxia-induced topo II depletion following HIF-1α knockdown may
partially account for the chemosensitizing effect of HIF-1α siRNA observed previously.

Altered trafficking of topo II proteins from the nucleus to the cytoplasm has been associated
with the acquisition of resistance to etoposide [301,303]. In addition to diminishing nuclear
topo II protein available to mediate DNA damage, increased cytoplasmic topo II proteins can
bind drugs such as etoposide in the absence of DNA [310], effectively preventing nuclear
accumulation of topo II-targeting chemotherapeutics [311]. In MDA-MB-231 and DU-145
cells, hypoxia did not affect the subcellular localization of topo II proteins indicating that
altered topo II trafficking is unlikely to represent a mechanism contributing to hypoxiainduced drug resistance.

Overall, the presence of only subtle hypoxia-induced changes in topo II expression detected
by Western blot analysis, functional activity assays, and immunofluorescence, are consistent
with the considerable overlap in topo II-associated fluorescence revealed by quantitative
analysis of individual cells cultured in standard and hypoxic conditions. Similarly, the subtle
topo IIα changes observed are consistent with the magnitude of the effect of hypoxia
observed in comet assays and clonogenic survival assays performed in these cell lines in
which only a small percentage of cells exposed to hypoxia show decreased drug-induced
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DNA damage and increased survival, respectively [68,69] [260] (see also Chapter 6 of this
work). Although a causal relationship between hypoxia-induced decreases in topo II
expression and hypoxia-induced chemoresistance still needs to be established, the data
presented here do support a model in which decreased topo II levels may contribute to
hypoxia-induced resistance to agents such as etoposide and mitoxantrone. Conversely,
prevention of the hypoxia-induced downregulation of topo II, or restoration of topo II levels
in hypoxic cells may represent a therapeutic strategy for overcoming hypoxia-induced
chemoresistance. In this regard, Asano and colleagues have previously demonstrated that
transfection of an etoposide-resistant MDA-MB-231 subline with a topo IIα expression
vector restored sensitivity to etoposide under well-oxygenated conditions [312], and a similar
approach might apply to cells displaying hypoxia-induced chemoresistance phenotypes.

Preliminary evidence suggests that the hypoxia-induced decrease in topo IIα may be
dependent, in part, on a functional HIF-1 response, as knockdown of HIF-1α expression
prevented the effect of hypoxia on topo IIα levels. Previously, treatment of MDA-MB-231
cells with HIF-1α siRNA abolished the protective effect of hypoxia against etoposideinduced DNA strand breaks and prevented the induction of etoposide resistance by hypoxia
(Chapter 6 of this work). However, loss of HIF-1α also led to a slight increase in basal
etoposide resistance which could be not be explained by a decrease in the proportion of cells
actively synthesizing DNA (a population of cells demonstrated to be highly sensitive to
etoposide-induced DNA damage). The findings presented here suggest that the observed
increase in basal resistance under these conditions may be the result of decreased expression
of topo IIα following the loss of HIF-1α expression under well-oxygenated and hypoxic
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conditions. Wang and Minko have previously demonstrated that treatment of human ovarian
carcinoma cells with HIF-1α antisense oligonucleotides results in decreased levels of topo
IIα mRNA, under well-oxygenated conditions [199]. Together, these data suggest a possible
role for HIF-1α in the regulation of basal topo II expression, although further investigation is
required to elucidate whether decreased topo II levels are a direct or indirect effect of HIF-1
knockdown.

The precise hypoxia-inducible mechanisms responsible for decreased topo II expression are
not well understood. There is evidence to suggest that HIF-1 activity may also mediate
repression of topo IIα mRNA expression under hypoxic conditions [199], which could
account for diminished topo II protein levels. Alternatively, it has been demonstrated that
treatment of human colon carcinoma cells with proteasome inhibitors prevents hypoxiainduced decreases in topo IIα protein [307], suggesting that hypoxia promotes proteasomal
degradation of topo II proteins. Further investigation is required to fully understand the
mechanism(s) by which hypoxia mediates the repression/depletion of topo II expression.
Establishment of a causal relationship between hypoxia-induced HIF-1 activity leading to
decreased topo II expression and the acquisition of the chemoresistance phenotype warrants
further investigation.
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CHAPTER 8

GENERAL DISCUSSION
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8.1

SUMMARY OF KEY FINDINGS

An important finding of the research described in this thesis is that hypoxia-induced
chemoresistance in human tumor cells is dependent on a functional HIF-1 response. This
conclusion is based on experiments demonstrating that multiple distinct methods of
inhibiting HIF-1 activity restored sensitivity to chemotherapeutic agents. To identify the HIF1-dependent targets responsible for the development of chemoresistance phenotypes, several
well-established mechanisms of drug resistance were investigated. Studies demonstrated that
pre-exposure of human breast and colon carcinoma cells to hypoxia increased survival
following drug treatment, independently of changes in the apoptotic population. Instead,
original findings revealed that the hypoxia-mediated increase in tumor cell survival was
associated with escape from drug-induced senescence, the predominant form of cell death
observed

following

exposure

to

multiple

chemotherapeutic

agents

(doxorubicin,

daunorubicin, etoposide, and mitoxantrone) [260]. DNA damage measured at the single-cell
level revealed that the increase in survival correlated well with a decrease in etoposideinduced DNA strand breaks, providing novel evidence that exposure of tumor cells to
hypoxia leads to protection against some forms of drug-induced DNA damage.
Characterization of several classical mechanisms of drug resistance upstream of DNA
damage identified multiple determinants of cellular resistance to anticancer agents. The
relative contributions of each varied depending on the particular drug studied, which can
likely be attributed, at least in part, to differences in the mechanisms by which these agents
exert their cytotoxic effects. Together, these findings support a model in which hypoxiainduced chemoresistance is a multifactorial phenomenon [25,27,29]. The multidrug
resistance phenotype induced by hypoxia is therefore proposed to be the result of multiple
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hypoxia-regulated mechanisms of drug resistance that are likely to involve both HIFdependent and HIF-independent targets. However, the finding that loss of HIF-1 prevents
hypoxia-induced drug resistance argues in favor of HIF-1-dependent mechanisms playing an
essential role in this response [162,163,197,260]. Moreover, targeting of HIF-1 as an
upstream regulator of multiple mechanisms contributing to hypoxia-induced drug resistance
may yield more therapeutic benefits compared with selective targeting of individual
mechanisms.

8.2

SUPPORT FOR A MULTIFACTORIAL MODEL OF HYPOXIAINDUCED CHEMORESISTANCE IN HUMAN TUMOR CELLS

Given the broad impact of hypoxia on gene regulation it is unlikely that the hypoxia-induced
drug resistance phenotype results from altered levels of only a few HIF-1-regulated genes
and instead is more likely to involve a multifactorial process requiring the coordinated
expression of several survival genes associated with adaptation to cellular stress. For the
same reasons, it is likely an oversimplification to assume that an identical subset of
molecular adaptations is involved in the development of resistance against such a broad array
of chemotherapeutics. Rather, the molecular adaptations that permit the emergence of
chemoresistance phenotypes are more likely to be closely related to the cytotoxic effects of
the specific chemotherapeutic to which resistance is conferred. However, the observed
phenomenon of multidrug resistance does suggest that at least some overlapping mechanisms
exist which are capable of conferring resistance to anticancer agents with seemingly distinct
mechanisms of action. In this case, the nature of the cellular adaptations may be more nonspecific, such as a decrease in cell cycle progression which would be expected to confer
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resistance to the majority of cancer drugs designed to exploit the characteristically high rate
of proliferation of tumor cells.

The multifactorial nature of hypoxia-induced drug resistance is perhaps best illustrated by a
comparison of the various determinants of etoposide and doxorubicin sensitivity in human
MDA-MB-231 breast carcinoma cells. The cytotoxic effects of etoposide were demonstrated
to be mediated, at least in part, through stabilization of DNA-topoisomerase II (topo II)
complexes resulting in the generation of extensive DNA strand breaks. This is consistent
with a well-established role of topo II proteins as important molecular targets of etoposide
[254,299-304]. Hypoxia-induced resistance to etoposide was correlated with decreased topo
IIα expression following culture of cells under hypoxic conditions. Inhibition of HIF-1
activity in MDA-MB-231 prevented hypoxia-induced decreases in topo IIα expression,
prevented the hypoxia-induced decrease in etoposide-induced DNA damage, and abolished
hypoxia-induced etoposide resistance. The sensitivity of MDA-MB-231 cells to etoposide
was not influenced by depletion of intracellular glutathione (GSH) content in hypoxic or
well-oxygenated cells, suggesting that generation of reactive oxygen species (ROS) and
oxidative stress were not involved in the cytotoxic effects of etoposide. In addition, drug
efflux mechanisms sensitive to R(+)-verapamil or reserpine were not identified as prominent
mediators of hypoxia-induced etoposide resistance.

Similar to etoposide, hypoxia-induced resistance to doxorubicin was abolished following the
loss of HIF-1 activity. However, an increase in basal doxorubicin resistance was not
observed following a HIF-1α siRNA-mediated decrease in topo IIα levels, in contrast to the
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effect observed for basal etoposide resistance. This observation, together with the evidence of
only minimal drug-induced DNA strand breaks, suggests that doxorubicin toxicity in MDAMB-231 cells was not mediated primarily through disruption of topo II function.
Interestingly, treatment of purified nuclear extracts prepared from MDA-MB-231 cells with
doxorubicin in vitro demonstrated effective prevention of topo II-mediated decatenation (data
not shown). This finding reveals that although doxorubicin is capable of disrupting the
function of isolated topo II proteins, a similar effect is not observed with intact MDA-MB231 cells where other cellular components (e.g. DNA) may be preferentially targeted
[157,158,269-271]. Doxorubicin cytotoxicity was enhanced in cells with decreased GSH
content, particularly in cells pre-exposed to hypoxia, which implicates generation of
oxidative stress as an important mechanism of drug action. Other groups have reported
similar findings [157,158,213,272]. Consequently, hypoxia-induced doxorubicin resistance in
MDA-MB-231 cells may be associated with HIF-1-dependent regulation of mechanisms that
protect against, or repair ROS-mediated damage. Furthermore, when compared with
etoposide, the survival of doxorubicin-treated MDA-MB-231 cells was influenced to a
greater extent by R(+)-verapamil- and reserpine-sensitive drug efflux activity following drug
exposure (based on the relative chemosensitization observed at equivalent concentrations of
these inhibitors). Although experimental evidence did not point to increased drug efflux as
the primary mechanism for hypoxia-induced resistance to doxorubicin, a partial contribution
of drug transporters to the HIF-1-mediated chemoresistance phenotype cannot be ruled out
[175,176,192].

227

The findings presented in this thesis also identify cancer cell type-specific differences that
are

likely to

contribute

to

the

multifactorial

phenomenon

of

hypoxia-induced

chemoresistance. For example, some aspects of the response of human DU-145 prostatic
adenocarcinoma cells to hypoxia and drug treatment differed in comparison with MDA-MB231 cells. DU-145 cells were characterized by a higher level of drug efflux activity relative to
MDA-MB-231 cells, which may represent an important mechanism of basal resistance in
these cells. Similarly, the intracellular GSH content of DU-145 cells under basal conditions
was nearly twice that measured in MDA-MB-231 cells. These observations may provide the
basis for the fact that DU-145 cells typically required 2.5-fold higher concentrations of
several chemotherapeutics such as doxorubicin to achieve comparable levels of cell death
observed in MDA-MB-231 cells. A higher intracellular GSH content may reflect a greater
dependency of DU-145 cells on this molecule for survival following doxorubicin exposure.
Data suggest that total depletion of GSH would prevent hypoxia-induced doxorubicin
resistance in DU-145 cells, while under similar conditions a hypoxia-induced increase in
survival is still predicted in MDA-MB-231 cells treated with this anthracycline. In addition,
hypoxia had a more pronounced effect on the non-cycling population of DU-145 cells
compared with MDA-MB-231 cells, suggesting hypoxia-induced delay or accumulation in
G0 of the cell cycle may be a more important contributing mechanism of resistance in DU145 cells. Thus, experimental data suggest that hypoxia may promote both distinct and
overlapping mechanisms of drug resistance to mediate to the increase in survival observed in
these cell types following exposure to antitumor agents.
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8.3

RELEVANCE OF STUDY

These studies provide direct evidence that HIF-1 is required for hypoxia-induced drug
resistance in tumor cells and that protection against DNA damage is an important mechanism
by which HIF-1 activity promotes the survival of tumor cells exposed to DNA-damaging
chemotherapeutic agents. These findings strengthen the rationale for the use of inhibitors of
HIF-1 as adjuvants for chemotherapeutic regimens in cancer patients. A growing number of
anticancer agents are currently being evaluated as inhibitors of HIF-1 activity, and several
clinical trials are underway to determine the therapeutic potential of HIF-1 inhibition in the
treatment of human malignancies [56,313-315]. Earlier clinical evidence revealing an
association between intratumoral hypoxia and a poor outcome for patients [14-19] may
identify a subset of human cancers in which inhibition of HIF-1 activity may have a greater
impact in preventing the emergence of drug resistant populations. However, the data
presented in this thesis also illustrate the need for further understanding of the role of HIF-1dependent gene regulation in tumor cells. Studies revealed that loss of HIF-1α in welloxygenated MDA-MB-231 cells led to increased basal resistance to etoposide, likely
secondary to decreased expression of topo IIα. Although knockdown of HIF-1α expression
was associated with prevention of hypoxia-induced etoposide resistance, the consequences of
HIF-1 inhibition on basal resistance should not be overlooked. A similar increase in basal
resistance might be predicted for additional chemotherapeutic agents whose primary
mechanism of cytotoxicity involves direct targeting of topo II proteins and generation of
DNA strand breaks. In contrast, loss of HIF-1 was not associated with increased doxorubicin
resistance under hypoxic or well-oxygenated conditions, revealing that potential therapeutic
benefits of disrupting HIF-1 function are likely to vary according to the cytotoxic
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mechanisms of the antitumor agent used in combination with HIF-1 inhibitors. Additional
studies similar to the one presented here are required to further elucidate the complex
network of HIF-1-regulated genes and processes that are determinants of tumor cell
resistance to chemotherapeutic agents. Such studies, in combination with a better
understanding of drug-mediated cytotoxic mechanisms, will be necessary to identify the
combination of chemotherapeutic agents and cancer cell types that are likely to show
maximal benefits of adjuvant therapies targeting HIF-1.
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ORIGINAL CONTRIBUTIONS
1.

An original finding of this research is that hypoxia-induced resistance to multiple
chemotherapeutic agents can occur independently of changes in the apoptotic
population of drug-treated tumor cells [260]. That study revealed that an increase in
survival of tumor cells pre-exposed to hypoxia was directly associated with HIF-1mediated escape of drug-induced senescence. This finding was significant in that it
revealed novel apoptosis-independent mechanisms responsible for the HIF-1-mediated
induction of drug resistance.

2.

The research presented here also describe the first evidence that pre-exposure of human
tumor cells to hypoxia induces HIF-1-regulated mechanisms that confer protection
against etoposide-induced DNA damage. This finding establishes protection against
DNA damage as a prominent mechanism contributing to hypoxia-induced drug
resistance. This study also links, for the first time, HIF-1-dependent downregulation of
topo II expression with hypoxia-induced etoposide resistance.

3.

Finally, characterization of the role of GSH in hypoxia-induced drug resistance has not
been previously reported. The original findings of this study identify GSH as an
important determinant of the survival of hypoxic tumor cells treated with doxorubicin.
The data suggest that interference with redox homeostasis may represent a viable
approach

to

chemosensitize

hypoxic

chemotherapeutics such as anthracyclines.
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cells

to

potential

ROS-producing

FUTURE DIRECTIONS
While there are many unanswered questions regarding the breadth of HIF-1-dependent gene
expression in regulation of hypoxia-induced drug resistance phenotypes, a few key areas of
future study have been identified in this thesis. It is important to note that throughout this
study analysis at the level of individual cells was found to be more informative about the
effect of hypoxia on mechanisms of drug resistance than analysis of bulk populations, which
is attributed to the presence of heterogeneity in the cell population and a relatively small, but
biologically meaningful, induction of chemoresistance within this population (typically less
than 5-10% of the total population). Thus, wherever possible efforts should be made to
perform analysis at the single-cell level in future studies.

The primary future direction should involve experiments designed to establish a causal link
between the HIF-1-dependent decrease in topo II expression under hypoxic conditions and
hypoxia-induced resistance to etoposide. Inhibition of proteasome-mediated degradation has
been demonstrated to prevent hypoxia-induced decreases in topo IIα levels [307]. A similar
approach may be applied to determine whether proteasome inhibition sensitizes hypoxic cells
to the cytotoxic effects of etoposide. However, an inherent limitation to this approach is that
proteasome inhibition will also result in stabilization of HIF-1α under well-oxygenated
conditions, complicating the comparison of resistance observed under standard and hypoxic
culture conditions in the presence of proteasome inhibitors. Similarly, the contribution of
other proteins stabilized following prevention of proteasome-mediated degradation has
potential to result in non-specific effects on drug resistance. A better understanding of the
mechanism by which HIF-1 regulates topo II expression may reveal better opportunities for
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experimental manipulation of this effect and therefore facilitate the establishment of a causal
link for HIF-1, topo II and hypoxia-induced chemoresistance.
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Supplementary Figure 5.1. Characterization of chemotherapy-induced changes in MDA-MB-231
cell morphology following pre-exposure to hypoxia. Morphological analyses were performed on
MDA-MB-231 cells treated with anticancer agents following pre-exposure to standard (20% O2 ) or
hypoxic (0.2% O2) culture conditions for 24 h. Shown are the time-courses of drug-induced changes in
the fraction of cells with binucleated, multinucleated or fragmented nuclei; condensed chromatin; and
‘blebbed’ or ruptured cells membranes (for clarity only populations exhibiting alterations from normal
morphology are shown). Statistically significant differences were not found between cells pre-exposed to
hypoxia and those maintained in standard culture conditions for any of the morphological criteria shown.
Data are reported as the mean percentage of cells scored in the microscopic field (±SE) and results shown
are representative of two independent experiments for each drug.
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Supplementary Table 5.1. Summary of microscopic scoring results for the drug-induced changes in MDA-MB-231 cell
morphology after 8 days of culture following treatment with chemotherapeutic agents.
Daunorubicin
Morphological feature

Normal
Relative size of
nucleus

Enlarged

Shrunken

Single

Binucleated
Appearance of
nuclei
Multinucleated

Fragmented

Normal
Appearance of
chromatin
Condensed

Normal
Relative size of
cytoplasm

Enlarged

Shrunken

Defined
Appearance of
cell membrane

Blebbed

Ruptured

SA-!gal-positive

% of cells in field
(Mean)

Doxorubicin

Effect of hypoxiaa

20% O2

0.2% O2

% increase

% decrease

P-valueb

% of cells in field
(Mean)

Etoposide

Effect of hypoxia

20% O2

0.2% O2

% increase

% decrease

P-value

% of cells in field
(Mean)

Mitoxantrone

Effect of hypoxia

20% O2

0.2% O2

% increase

% decrease

P-value

% of cells in field
(Mean)
20% O2

0.2% O2

Effect of hypoxia
% increase

% decrease

P-value

6.0

27.4

356.7

-

<0.0001

14.4

30.8

113.9

-

<0.001

28.9

47.1

63.0

-

<0.0001

12.3

22.4

82.1

-

0.004

18.7

39.8

112.8

-

<0.0001

38.4

45.7

19

-

0.145

23.6

42.6

80.5

-

<0.0001

11.8

31.5

167.0

-

<0.0001

89.1

62.4

-

30.1

<0.0001

72.9

49.1

-

32.6

<0.0001

60.5

41.4

-

31.6

0.001

71.1

57.4

-

19.2

0.007

73.7

50.5

-

31.4

<0.0001

49.3

37.4

-

24.1

0.001

73.2

51.2

-

30.1

<0.0001

77.3

56.7

-

26.7

<0.001

4.9

10.2

106.4

-

0.082

12.7

20.1

58.3

-

0.071

10.6

11.5

8.3

-

0.779

16.6

20.2

22.0

-

0.398

7.6

9.7

28.3

-

0.443

12.3

16.9

38.1

-

0.281

3.2

6.2

94.2

-

0.159

10.9

11.8

8.1

-

0.778

78.9

69.5

-

11.9

0.069

74.8

66.3

-

11.4

0.087

85.9

90.3

5.1

-

0.171

76.6

73.1

-

4.6

0.482

69.3

82.8

19.5

-

0.016

58.1

50.0

-

13.9

0.150

87.9

88.5

0.7

-

0.775

84.7

78.0

-

7.9

0.154

3.6

4.7

30.6

-

0.626

4.1

4.6

12.2

-

0.822

2.4

2.0

-

16.7

0.802

4.5

2.9

-

35.6

0.453

6.0

5.3

-

11.7

0.791

6.6

4.6

-

30.3

0.453

5.6

4.0

-

28.6

0.498

3.0

2.1

-

30.0

0.562

6.0

4.0

-

33.3

0.505

3.9

5.8

48.7

-

0.432

7.9

3.9

-

50.6

0.124

7.3

6.9

-

5.5

0.874

19.8

9.4

-

52.5

0.044

12.8

19.8

54.7

-

0.156

5.1

6.5

27.4

-

0.647

3.5

6.0

71.4

-

0.387

11.5

21.8

89.6

-

0.018

16.2

23.3

43.8

-

0.108

3.8

3.8

-

-

0.995

11.6

17.1

47.4

-

0.169

4.9

2.5

-

49.0

0.245

22.5

25.6

13.8

-

0.506

1.4

1.0

-

28.6

0.740

8.8

13.9

58.0

-

0.201

94.4

97.1

2.9

-

0.242

95.1

91.0

-

4.1

0.124

93.5

90.9

-

2.8

0.318

98.7

95.9

-

2.8

0.069

98.4

94.5

-

4.0

0.025

97.3

96.7

-

0.6

0.766

99.7

94.3

-

5.4

0.001

93.4

93.2

-

0.2

0.932

5.6

2.9

-

48.0

0.242

4.9

9.0

83.7

-

0.124

6.5

9.1

40.0

-

0.318

1.3

4.1

215.3

-

0.069

1.6

5.5

243.8

-

0.025

2.7

3.3

22.2

-

0.766

0.3

5.7

1800

-

0.001

6.6

6.8

3.0

-

0.932

4.3

18.0

318.6

-

0.0001

13.7

24.0

75.2

-

0.016

30.5

48.4

58.7

-

<0.0001

10.3

21.7

110.7

-

0.004

18.7

41.3

120.8

-

<0.0001

32.2

41.4

28.6

-

0.051

23.5

41.1

74.9

-

<0.0001

12.1

30.2

149.6

-

<0.0001

89.4

72.1

-

19.3

0.001

76.6

57.7

-

24.7

0.001

59.7

41.4

-

30.6

0.001

72.0

57.5

-

20.1

0.006

75.0

49.4

-

34.1

<0.0001

52.2

39.8

-

23.8

0.015

73.5

52.7

-

28.2

<0.0001

77.4

58.5

-

24.5

<0.001

6.3

9.9

57.1

-

0.224

9.7

18.3

88.9

-

0.021

9.8

10.2

4.4

-

0.890

17.7

20.8

17.7

-

0.469

6.3

9.3

47.4

-

0.254

15.5

18.8

21.2

-

0.465

3.0

6.2

108.4

-

0.123

10.5

11.3

7.6

-

0.790

85.9

65.7

-

23.5

<0.001

78.1

72.0

-

7.8

0.175

88.5

90.6

2.4

-

0.523

79.4

74.3

-

6.4

0.279

95.2

93.0

-

2.3

0.412

71.2

68.5

-

3.8

0.482

99.3

97.1

-

2.2

0.220

83.0

87.0

4.8

-

0.344

4.1

8.1

97.6

-

0.133

3.9

9.2

135.9

-

0.042

3.2

3.8

18.8

-

0.737

4.8

6.8

41.7

-

0.445

2.2

4.5

104.5

-

0.193

2.6

3.4

30.8

-

0.686

0.3

1.8

500.0

-

0.086

4.8

5.3

10.4

-

0.812

10.0

26.3

163.0

-

<0.001

18.0

18.8

4.4

-

0.851

8.3

5.6

-

32.5

0.312

15.8

18.9

19.6

-

0.530

2.6

2.5

-

3.8

0.969

26.2

28.1

7.3

-

0.717

0.4

1.1

175.0

-

0.421

12.2

7.7

-

36.9

0.223

34.6

6.8

-

80.3

<0.0001

33.3

15.9

-

52.4

0.001

24.2

13.6

-

44.1

0.004

46.1

29.8

-

35.4

0.004

20.9

10.9

-

47.9

0.026

19.5

7.2

-

63.2

0.001

19.8

6.6

-

66.5

0.002

15.6

6.2

-

60.6

0.012

a: Effect of hypoxia is expressed as the percent change relative to the proportion of 20% O2 cells displaying the corresponding morphological feature
b: Statistically significant differences were determined using unpaired, two-tailed t-tests
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Supplementary Table 5.2. Summary of microscopic scoring results for the drug-induced changes in HCT-116 cell morphology after
8 days of culture following treatment with daunorubicin or etoposide.
Daunorubicin
Morphological feature

Normal
Relative size of
nucleus

Enlarged

Shrunken

Normal
Relative size of
cytoplasm

Enlarged

Shrunken

SA-!gal-positive

% of cells in field
(Mean)

Etoposide

Effect of hypoxiaa

20% O2

0.2% O2

% increase

% decrease

19.1

39.9

108.9

-

16.9

34.8

105.9

-

66.8

49.6

-

70.5

51.3

-

14.1

10.5

12.6

13.9

17.3

41.1

137.5

21.1

36.4

72.5

76.4

52.6

-

74.7

56.2

-

6.3

6.3

4.2

7.4

57.5

38.2

35.9

24.5

P-value

b

% of cells in field
(Mean)

Effect of hypoxia

P-value

20% O2

0.2% O2

% increase

% decrease

<0.001

18.1

34.3

89.5

-

0.001

<0.0001

22.5

40.9

81.8

-

<0.001

25.7

0.004

61.5

43.8

-

28.8

0.003

27.2

<0.001

63.9

44.7

-

30.0

<0.001

-

25.2

0.321

20.4

21.9

7.4

-

0.757

10.3

-

0.691

13.6

14.4

5.9

-

0.838

-

<0.0001

21.1

35.4

67.8

-

0.008

-

0.002

24.8

39.8

60.5

-

0.004

31.2

<0.0001

71.2

54.0

-

24.2

0.002

24.8

<0.001

66.4

48.0

-

27.7

0.001

-

-

0.994

7.7

10.6

37.7

-

0.397

76.2

-

0.123

8.8

12.2

38.6

-

0.309

-

33.6

0.003

41.9

22.1

-

47.3

<0.001

-

31.8

0.029

40.5

20.1

-

50.4

<0.001

a: Effect of hypoxia is expressed as the percent change relative to the proportion of 20% O2 cells displaying the corresponding morphological feature
b: Statistically significant differences were determined using unpaired, two-tailed t-tests
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Supplementary Table 5.3. Summary of microscopic scoring results for the drug-induced changes in siRNA-transfected MDA-MB-231
cell morphology after 8 days of culture following treatment with doxorubicin.
Untransfected
Morphological feature

Normal
Relative size of
nucleus

Enlarged

Shrunken

Normal
Relative size of
cytoplasm

Enlarged

Shrunken

SA-"gal-positive

% of cells in field
(Mean)

HIF-1! siRNA

Negative control siRNA
a

Effect of hypoxia

20% O2

0.2% O2

% increase

% decrease

27.1

46.6

72.0

-

27.0

53.2

97.0

-

59.3

36.2

-

39.0

58.5

32.4

-

13.6

17.2

14.5

P-valueb

% of cells in field
(Mean)

Effect of hypoxia

20% O2

0.2% O2

% increase

% decrease

<0.001

23.9

45.2

89.1

-

<0.0001

39.5

49.5

25.3

-

<0.0001

57.6

43.7

-

44.6

<0.0001

55.2

42.8

26.5

-

0.290

18.5

14.4

-

0.7

0.988

25.9

45.0

73.7

-

29.5

53.2

80.3

61.7

38.1

59.2

P-value

% of cells in field
(Mean)

Effect of hypoxia

P-value

20% O2

0.2% O2

% increase

% decrease

<0.0001

25.1

28.6

13.9

-

0.514

0.029

21.2

25.2

18.9

-

0.417

24.1

0.008

65.9

60.8

-

7.7

0.364

-

22.5

0.013

63.9

67.2

5.2

-

0.498

11.1

-

40.0

0.073

9.0

10.6

17.8

-

0.647

5.3

7.7

45.3

-

0.372

14.9

7.6

-

49.0

0.024

<0.001

25.5

43.9

72.2

-

0.0001

26.6

28.7

7.9

-

0.709

-

<0.0001

38.2

50.3

31.7

-

0.012

25.6

26.8

4.7

-

0.794

-

38.2

<0.0001

58.4

44.4

-

24.0

0.004

65.2

61.0

-

6.4

0.462

32.8

-

44.6

<0.0001

56.3

42.3

-

24.9

0.006

65.1

69.0

6.0

-

0.430

12.4

16.9

36.3

-

0.203

16.1

11.7

-

27.3

0.278

8.2

10.3

25.6

-

0.529

11.3

14.0

23.9

-

0.394

5.5

7.4

34.5

-

0.461

9.3

4.2

-

54.8

0.050

13.5

6.8

-

49.6

0.052

16.8

12.5

-

25.6

0.365

10.0

10.9

9.0

-

0.611

20.4

6.4

-

68.6

0.001

19.4

11.1

-

42.8

0.046

12.4

11.5

-

7.3

0.794

a: Effect of hypoxia is expressed as the percent change relative to the proportion of 20% O2 cells displaying the corresponding morphological feature
b: Statistically significant differences were determined using unpaired, two-tailed t-tests
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Supplementary Figure 6.1. Lack of correlation between doxorubicin-induced DNA damage
measured by the alkaline comet assay and clonogenic survival of MDA-MB-231 and DU-145 cells.
MDA-MB-231 and DU-145 cells were cultured for 24 h in 20% O2 and treated with doxorubicin (MDAMB-231: 1-25 µM; DU-145: 2.5-62.5 µM, 1 h in 20% O2 ). DNA strand breaks were measured by the
alkaline comet assay and compared to the clonogenic survival measured for the same population of cells.
Doxorubicin treatment resulted in a modest generation of DNA strand breaks in each cell line, with DNA
damage levels higher than in untreated controls. However, despite significant decreases in clonogenic
survival with the higher concentrations of doxorubicin (a: P < 0.001 versus the survival for the lowest
concentration of doxorubicin tested, as determined by one-way ANOVA and a Newman-Keuls Multiple
Comparison test), corresponding dose-dependent increases in DNA damage were not observed.
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Supplementary Figure 6.2. Lack of correlation between mitoxantrone-induced DNA damage
measured by the alkaline comet assay and clonogenic survival of MDA-MB-231 cells. MDA-MB231 cells were cultured for 24 h in 20% O2 or 0.2% O2 and subsequently treated with mitoxantrone (top
panels: 1 µM top; middle and lower panels: 0.5 µM, 1 h in 20% O2). DNA strand breaks and survival
were assessed by alkaline comet assays and clonogenic assays, respectively. Pre-exposure of MDA-MB231 cells to hypoxia led to a variable increase in the percentage of comets with ! 25% DNA in tail,
relative to cells maintained in 20% O2. Hypoxia-induced resistance to mitoxantrone was also observed in
two of three experiments (a: P = 0.0119, b: P = 0.0036), however, overall there was not a good
association between decreased DNA strand breaks and mitoxantrone resistance in MDA-MB-231 cells.
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Supplementary Figure 6.3. Lack of correlation between mitoxantrone-induced DNA damage
measured by the alkaline comet assay and clonogenic survival of DU-145 cells. DU-145 cells were
cultured for 24 h in 20% O2 or 0.2% O2 and subsequently treated with mitoxantrone (top panels: 1 µM
top; middle and lower panels: 0.5 µM, 1 h in 20% O2). DNA strand breaks and survival were assessed by
alkaline comet assays and clonogenic assays, respectively. Pre-exposure of DU-145 cells to hypoxia led
to an increase in the percentage of comets with ! 25% DNA in tail, relative to cells maintained in 20%
O2. However, hypoxia-induced resistance to mitoxantrone was not observed in any of the three
experiments (a: P = 0.0002, significantly lower survival versus cells maintained in 20% O2), indicating
there was no association between decreased DNA strand breaks and survival of DU-145 cells following
exposure to mitoxantrone.
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