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ABSTRACT
Solid tumours can contain areas of poor oxygenation and nutrient status, and tumour cells in
these regions can limit tumour response to therapy. Increasing evidence suggests that the tumour
microenvironment can be dynamic, with temporally varying blood flow and oxygen tensions in
different tumour regions inducing a variety of gene expression profiles in populations of cells.
Cellular hypoxia that varies over time is a poorly understood feature of many tumours, but is
thought to represent a key factor contributing to therapy failure.
This thesis investigated the solid tumour microenvironment by demonstrating the therapeutic
relevance of transient tumour perfusion and transiently hypoxic tumour cells, while developing
methods to specifically identify and quantify these cells in human tumour xenografts. During the
course of these studies, a number of interesting and novel insights into tumour hypoxia and the
dynamic tumour microenvironment became evident, which may have far-reaching implications
for clinical cancer therapy.
The therapeutic relevance of dynamic tumour perfusion was established by pharmaceutical^
manipulating tumour blood flow to increase the radiation sensitivity of specific tumour cell
subpopulations.

Changes in tumour cell hypoxia over time were studied by sequentially

administering two exogenous "markers" of hypoxia followed by quantification of tumour cells
i

containing bound marker by flow cytometry. Tumour hypoxia was measured continuously (i.e.
was "integrated") over periods of time ranging from hours to days using multiple injections or
oral administration of the hypoxia marker pimonidazole, indicating temporal changes in the
hypoxic status of some tumour cells.
Tumour hypoxia was also studied more implicitly in vitro, using multicellular spheroids to
mimic the disparate tumour microenvironments associated with tumour hypoxia. Global gene
expression patterns of cells from different microenvironmental conditions were compared using
serial analysis of gene expression, and a number of genes were significantly differentially
ii

expressed. Products of these differentially expressed genes may provide a means to selectively
study the therapeutic implications of transiently hypoxic tumour cells in vivo.
Overall, improving our understanding of the dynamic tumour microenvironment (from
temporally varying tumour perfusion and hypoxia to differential gene expression) has important
implications for the strategic improvement of clinical cancer therapy.
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C H A P T E R 1: I N T R O D U C T I O N

1.1

THE M I C R O E N V I R O N M E N T OF SOLID T U M O U R S
Tumour cells live in a rather unusual environment, typically containing malformed tumour

blood vessels and chaotic vascular patterns that contribute to regions of poor perfusion, nutrient,
and oxygenation status (Vaupel et al, 1989). The resulting microenvironment in solid tumours
can be particularly heterogeneous compared to the more structured and regulated cellular
environment found in most normal tissues.
1.1.1

Physiology of Normal and Pathological Tissues

In the majority of tissues in the body, the supply of oxygen and nutrients through the
bloodstream is normally sufficient to satisfy the metabolic demands of the tissue cells, and to
maintain the functional capacity and general health of the tissue.

Blood vessels in normal

(healthy) tissues are structurally and functionally sound, spaced regularly, and are close enough
together to ensure adequate diffusion of oxygen and nutrients to tissue regions that are several
cell diameters away from the vasculature. The amount of oxygen and nutrients delivered to a
given cell therefore depends on the oxygen and nutrient levels in the bloodstream, and the flow
of blood through tissue vasculature. Some pathological conditions can lead to decreased oxygen
or nutrient delivery to various tissues or organs, with serious consequences i f left unchecked.
Perfusion disorders, for example, resulting from partial or complete blockages of blood vessels
can restrict blood flow to tissues, which is especially problematic i f the tissue has a high nutrient
and oxygen demand (e.g. heart and brain).
The demand for oxygen and nutrients depends on the functional and proliferative activity of
the cells in question. Increases in the demand for oxygen and/or nutrients to levels greater than
the blood can supply results in a net imbalance in tissue oxygen and/or nutrient status. Some
tissues have inherent mechanisms to survive (temporary) periods of increased metabolic demand;
skeletal muscle, for example, is capable of anaerobic energy metabolism (Section 1.4.2) during
periods of rigorous exercise. When coupled with the increases in blood flow (heart rate) and

blood oxygenation (breathing rate) associated with exercise, the tissue adaptations help to
maintain tissue function and health until "normal" conditions are restored. However, if increases
in metabolic demand are longer-term, or occur in a tissue less able to adapt to the metabolic
changes, pathological conditions can develop. This is the case with chronic alcoholism, where
increased oxygen consumption by the liver (to detoxify alcohol) can result in relatively poorly
oxygenated liver tissue, a factor that is thought to contribute to the development of liver cirrhosis
(Arteel et al, 1996; Arteel et al, 1997).
A high demand for the delivery of oxygen and nutrients is also created by the uncontrolled
cell proliferation associated with the growth of many solid tumours. Newly formed tumours use
host vasculature initially for their nutritional supply, but this is typically insufficient to support
continued growth of a tumour beyond ~ l m m in diameter. Continued tumour growth therefore
requires the recruitment and formation of new blood vessels (angiogenesis) to provide additional
nourishment. However, blood vessels that form in and around tumours tend to have significant
abnormalities in terms of both their structure and their functional capacity. When coupled with
the continually high metabolic demands of a growing tumour, the poorly functioning tumour
vasculature contributes to a tumour microenvironment that is typically deficient in oxygen and
nutrients.
1.1.2

Structure and Function of Tumour Blood Vessels

The majority of observations regarding tumour vasculature have been made in animal
systems, using either murine (rodent) tumours or human tumours xenografted into murine hosts.
As with most cancer research, the reasons for using animal-based tumour systems are primarily
dictated by ethics, technical feasibility, expense, and convenience. Experimental tumour systems
represent a venue for novel experimentation, and the resultant data provide insights into the
development and treatment of cancer that is largely unattainable in the clinic. These data provide
directions of further study for clinical research, but caution is warranted in directly applying
3

observations made in experimental tumour systems to tumours in the clinic. It is therefore worth
noting that the remainder of this Chapter will focus on observations made in experimental
tumour systems (typically with murine hosts/vasculature); tumour characteristics observed in the
clinic will be indicated where appropriate.
Blood vessels in many solid tumours tend to be malformed and irregularly spaced in
comparison to vasculature in "normal" tissues (Figure 1.1). Tumour vascular networks typically
lack hierarchy, contain tortuous blood vessels with varying diameter and blind ends, and can
have shunts that bypass portions of tumour tissue and mix out-flowing with in-flowing blood.
Tumour blood vessels can also be spaced irregularly and relatively far apart, producing areas of
tumour necrosis at a distance from vasculature when diffusion of oxygen and/or nutrients is
insufficient to sustain tumour cells (Thomlinson and Gray, 1955). Interestingly, vascular casting
experiments suggest that the seemingly chaotic patterns of tumour vasculature may actually
possess characteristics that are specific to the type of tumour under study, despite being
implanted in the same host mouse strain (Konerding et al., 1999).
From a structural point of view, tumour blood vessels can be lined with a disorganized
collection of endothelial cells which may include overlapping cells, cellular projections into the
vessel lumen, and relatively large intracellular gaps or pores (Hashizume et al., 2000; McDonald
and Foss, 2000). It is thought that the presence of these intracellular gaps contributes to tumour
blood vessels that are "leaky" in comparison to well-formed vasculature.

The leakiness of

tumour vasculature, coupled with the relative lack of functional lymphatic drainage in many
tumours, can produce areas of high interstitial fluid pressure (IFP). The high IFP essentially
counteracts the normal hydrostatic gradient responsible for the movement of macromolecules
from the lumen of blood vessels to the interstitial space, thereby limiting the delivery of bloodborne macromolecules to a less efficient passive diffusion mechanism (McDonald and Baluk,
2002).
4

Tumour

Normal

Shunt

Figure 1.1

Tortuous
Vessels

Illustration of vasculature in normal and tumour tissue.

Primary differences between vasculature in normal and tumour tissue are indicated.

Pink

shading indicates well-oxygenated, well-nourished tissue; blue shading indicates poorlyoxygenated, poorly-nourished tissue. Figure adapted from Brown and Giaccia, 1998.
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The majority of newly formed blood vessels in tumours appear to originate from venules of
host or tumour tissue (Vaupel et al, 1989; Konerding et al, 1999), with implications for the
oxygen and nutrient content of the blood provided to the tumour. While some tumour blood
vessels can have flow rates on par with normal tissues, a proportion of vasculature in many
tumours are subject to sluggish or intermittent blood flow, with episodes of flow reversal or
stasis (Vaupel et al, 1989). Modeling studies have indicated that the characteristics of many
tumour blood vessels, including abnormal vascular spacing (Secomb et al, 1993; Baish et al,
1996) and impaired blood flow (Baish et al, 1996), can limit effective oxygen and nutrient
delivery to some tumour regions independent of the intravascular oxygen and nutrient content.
Overall, the structural and functional abnormalities associated with tumour blood vessels can
contribute to a highly heterogeneous tumour microenvironment, and to tumour cells with
typically poor nutrient and oxygenation status. However, despite these conditions, populations
of tumour cells must be able to survive (and proliferate in) the tumour microenvironment since
tumours are capable of continued growth.

The solid tumour microenvironment therefore

represents a complex interplay between the characteristics of tumour vasculature discussed in
this Section, the formation of tumour microregions of heterogeneous oxygen and nutrient status,
and the response of individual tumour cells to an environment that may not be particularly
conducive to cell survival. The recruitment and formation of new blood vessels (angiogenesis)
can increase the perfusion and nutrient status of some tumour regions, while other areas can be
subject to increased extracellular lactic acid and decreased extracellular pH due to changes in
tumour cell metabolism (Section 1.4).

Different tumour regions can also contain diffusion

gradients of oxygen and nutrients, including areas of necrotic tissue (Section 1.2) presumably
resulting from severe and/or prolonged deprivation of oxygen and nutrients.
Of all the microenvironmental characteristics of solid tumours, the tumour oxygenation status
has received the most attention. This is largely due to observations that "poorly oxygenated"
6

tumours (and tumour cells) are typically more refractory to treatment with various cancer
therapies (Section 1.3), and to the availability and development of a number of methods to
directly or indirectly measure tissue oxygenation levels (Section 1.5). The oxygenation status of
tumour cells also affects the expression of a variety of genes involved in tumour cell metabolism,
pH regulation, and angiogenesis (Section 1.4), providing an attractive mechanism for the
formation of the myriad of microenvironmental characteristics common to many tumours.
However, before any of these topics can be discussed in detail, a brief overview of terminology
regarding "poorly oxygenated" tumour cells is necessary.

7

1.2

CLASSIFICATION OF T U M O U R H Y P O X I A
The first issue that should be addressed in any discussion of poorly oxygenated (i.e. hypoxic)

cells is the degree of oxygen deprivation intended. While there has been a great deal of work
invested in studying "hypoxic" tumour cells and their impact on tumour therapy, there is
surprisingly little standardization in terminology.

This subtle, but potentially important,

consideration has led to confusion and ambiguity in the literature, particularly when attempts
have been made to model tumour hypoxia in vitro.
The practice of describing cells as "poorly oxygenated" or "hypoxic" is ambiguous without
reference to the oxygenation level that one considers "oxic". Indeed, one could potentially argue
that most tissues in the body contain cells that are hypoxic relative to the 21% oxygen found in
air!

While this example is extreme, it is interesting to note that many groups studying the

molecular impact of hypoxia describe tumour cells in vitro as being at "normal" oxygen levels
(in culture medium equilibrated with air) when the cells are more precisely "hyperoxic" relative
to their "normal" environment in the human body (particularly in tumours).

Indeed, tumour

oxygenation measurements indicate that maximal oxygenation levels can be less than 5% O? for
cells in some murine tumours (~27 mmHg; Dewhirst et al., 1992) and human tumour xenografts
(~30 mmHg; Helmlinger et al., 1997). Other groups have estimated that maximally oxygenated
cells may be at levels as low as 2% O2 in some murine tumours (Pogue et al., 2001), human
tumour xenografts (Olive et al., 2002), and even clinical tumours (Urtasun et al., 1986b). While
there is likely considerable heterogeneity in the absolute values of maximally oxygenated cells in
different tumours (and in different regions of the same tumour), these values highlight the
importance of proper in vitro modeling of tumour hypoxia.

1

Most in vitro studies cite the oxygen concentration in the gas phase above culture medium as either parts per
million (ppm), a percentage, or the partial pressure of oxygen (PO2) in millimetres of mercury (mmHg). Thus
20,000 ppm O2 = 2% 0 = ~15 mmHg pC>2. Assuming equilibration of culture medium with the gas phase above it,
this corresponds to a dissolved oxygen concentration of 21 uM at 37°C.
1

2

8

An additional consideration when discussing "hypoxic" tumour cells is context; the levels of
oxygen deprivation required to induce changes in gene or protein expression are typically
different from those necessary to adversely affect tumour response to treatment (Horsman, 1998;
Hockel and Vaupel, 2001).

Moreover, low levels of oxygenation can limit the therapeutic

efficacy of various treatment modalities to different extents (Hockel and Vaupel, 2001). It is
therefore important to precisely define what is meant by "hypoxia" in a given situation. Thus for
the purposes of this thesis, "hypoxia" will refer to cellular oxygenation levels that are sufficiently
low so as to decrease cellular sensitivity to ionizing radiation (p0 < 10 mmHg; see Section
2

1.3.1).
Hypoxic tumour cells have traditionally been classified into one of two discrete categories:
"chronic" or "acute". These definitions primarily presume one of two specific mechanisms of
oxygen deprivation leading to hypoxia (as will be covered below), but also inherently imply a
non-specific duration of hypoxia. As more work has gone into identifying and characterizing
different sources of hypoxia in solid tumours, it has become apparent that classifying tumour
hypoxia in this binary way is imprecise and insufficient. What follows are descriptions of the
different processes that are thought to give rise to poorly oxygenated tumour cells, and
justification for the terminology that will be used throughout this thesis when discussing tumour
hypoxia.
1.2.1

"Chronic" and "Diffusion-Limited" Hypoxia

The historical model of tumour hypoxia originated from histological observations of clinical
tumour tissue with areas of necrosis running parallel to vascularized stroma, with apparently
viable tumour tissue in between. The width of the tumour tissue (-120 um) closely matched
calculated diffusion distances of oxygen, and cells adjacent to the necrosis were thought to be
hypoxic (Thomlinson and Gray, 1955). Histological observations in rodent tumours indicated an
alternative version of this model, consisting of necrotic areas surrounding ring-like "cords" of
9

apparently viable tumour tissue that surrounded individual tumour blood vessels (Tannock,
1968). Since then, many experimental and clinical tumours have been found to contain regions
of necrosis at varying distances from tumour vasculature, implying that this form of hypoxia is a
relatively common feature of many solid tumours.
1.2.1.1 Nomenclature
Tumour tissue that is adjacent to tumour vasculature tends to contain large fractions of
proliferating cells (Tannock, 1968).

As these tumour cells continue to proliferate, other

populations of cells are progressively "pushed" farther away from the nutrient source, and
eventually beyond the diffusion distance of oxygen. These cells become subject to "chronic" or
"diffusion-limited" hypoxia in the periphery of tumour cords, and eventually enter into the
necrotic compartment themselves (Figure 1.2). However, the word "chronic" implies a process
that does not vary over time and is indefinite in duration.

In actuality, this mechanism of

hypoxia formation is more "steady-state" in that these cells had been exposed to decreasing
levels of oxygen over time as they "progressed" down the oxygen diffusion gradient (away from
the blood vessel) to become hypoxic, and eventually anoxic (and necrotic). Thus "diffusionlimited" is the more accurate (and less time-sensitive) description of this form of tumour
hypoxia, and will be used throughout this thesis to describe hypoxia (pC>2 < 10 mmHg) derived
from this mechanism.
It is worth reiterating that diffusion-limited hypoxic cells are the result of a continuous radial
diffusion gradient of oxygen away from tumour vasculature. It therefore follows that diffusionlimited hypoxia is not a binary phenomenon, and that populations of cells situated at
"intermediate" distances from tumour blood vessels are at "intermediate" levels of oxygenation.
These cells are thought to have important implications for tumour response to clinical radiation
therapy regimens (Wouters and Brown, 1997; Evans et al, 1997; Olive et al, 2002), and will be
discussed further in Section 1.3.1.
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Diffusion-limited hypoxia.

Poorly oxygenated tumour cells are typically found at a radial distance of -100-150 pm from
functional tumour vasculature, and can be adjacent to regions of tumour necrosis. Poor vascular
delivery of oxygen combined with a relatively high oxygen consumption of cells near the
vasculature can further limit the diffusion distance of oxygen.

1.2.1.2

Variables affecting diffusion-limited hypoxia

The amount of tumour tissue between tumour blood vessels and necrosis can be quite
variable (typically on the order of 100-150 pm), depending on the heterogeneity of the tumour
vascular network (Secomb et al, 1993; Baish et al, 1996), the oxygen consumption of tumour
tissue adjacent to a given blood vessel (Dewhirst et al, 1994; Secomb et al, 1995), and the
oxygen content and flow of blood through that vessel (Jain, 1988; Vaupel et al, 1989; Baish et
al, 1996).

Each of these variables can contribute to levels of hypoxia that vary between

different tumour types, different tumours o f the same type, and different regions of the same
tumour.

'

Oxygenation levels and perfusion rates in tumour blood vessels can vary over a relatively
wide range, suggesting that some areas of tumour vasculature may provide only low levels of
oxygen to adjacent tumour cells.

Indeed, murine tumours implanted in a skin-fold window

chamber model (Huang et al, 1999) can contain blood vessels with relatively rapid blood flow,
but low p 0 of the perivascular tissue (Dewhirst et al, 1992; Helmlinger et al, 1997). These
2

observations indicate apparently "functional" blood vessels that contain non-nutritive blood
flow, and therefore would more appropriately be classified as "non-functional". The presence of
these vessels in other tumour types has been supported by theoretical studies modeling low
intravascular p 0 as a result of the abnormal vascular structures prevalent in many solid tumours
2

(Baish et al, 1996; Pogue et al, 2001). Longitudinal gradients of p 0 (i.e. along tumour blood
2

vessels) have also been observed in murine window chamber tumours, suggesting intravascular
oxygenation levels may decrease as blood vessels traverse through a tumour (Dewhirst et al,
1999). In addition, some tumour vasculature in the same model system has been shown to
contain plasma flow with very little erythrocyte flux (Dewhirst et al, 1996), with implications
for intravascular oxygen content.

12

It is worth noting that most of these studies involved murine tumours and need to be verified
in human tumour xenografts and spontaneous tumours (if possible). However, the principle that
tumour blood vessels can contain non-nutritive blood flow appears to be reasonable, and would
be thought to decrease the tumour cord radius in some tumour areas. Indeed, heterogeneous
tumour cord radii have been observed in many human tumours, and a small fraction of cells
adjacent to tumour blood vessels can bind exogenous hypoxia markers (Chapter 3-4) or display
some resistance to ionizing radiation (Chapter 2). These data effectively illustrate that the mere
presence of tumour vasculature does not indicate a well-perfused tumour region without also
considering the functionality of the blood vessels.
In extreme cases, blood vessels containing poorly oxygenated blood or poor blood flow may
produce areas of tumour hypoxia adjacent to tumour vasculature. Thus tumour hypoxia derived
from limited oxygen delivery (as distinct from limited oxygen diffusion through tissue) may also
be considered "chronic" in nature, assuming no significant changes in nutritive blood flow over
time.

Therefore for the purposes of this thesis, "chronic" hypoxia will pertain to oxygen

deprivation (pCh < 10 mmHg) resulting from limitations of oxygen diffusion and/or delivery that
are thought to be irreversible over time in the absence of treatment or other intervention.
1.2.2

"Transient" and "Intermittent" Hypoxia

As discussed in Section 1.1.2, tumour vasculature tends to be highly irregular and tumour
blood flow can be chaotic, with some areas exhibiting relatively rapid blood flow while other
areas may have sluggish blood flow or flow stasis (Vaupel et al, 1989). Blood flow in a given
tumour blood vessel can also vary over time, and real-time fluctuations in erythrocyte flux
through tumour vasculature have been measured with laser Doppler flowmetry both in
experimental tumours (Hill et al, 1996; Braun et al, 1999) and in the clinic (Hill et al, 1996;
Pigott et al, 1996). It therefore follows that tumour oxygenation may vary over time as well,
and that the non-constant tumour blood flow observed in both experimental and clinical tumours
13

may also indicate temporally variable tumour oxygenation in both systems. If fluctuations in
tumour oxygenation were to affect cells at sufficiently low oxygen levels, then changes in the
degree and duration of tumour hypoxia would occur over time.

Hypothetically, if regional

tumour oxygen tensions change significantly and frequently over time, it is conceivable that
hypoxia that is truly "chronic" in nature may be relatively infrequent (Dewhirst, 1998).
Moreover, since diffusion-limited hypoxic tumour cells may be destined to enter the necrotic
compartment and die in the absence of treatment or intervention, the potential therapeutic
relevance of these cells may be questionable.
Suggestions of a more dynamic form of tumour hypoxia (i.e. "acute" hypoxia) were
originally made over two decades ago from observations in animal tumours (Brown, 1979).
However, surprisingly little is known about tumour cells with a hypoxic status that changes over
time, particularly the relative numbers of these cells, their proximity to tumour vasculature, and
their influence on cancer therapy.

Furthermore, efforts to observe changes in tumour

oxygenation (and/or hypoxia) over time in the clinic have been limited by current hypoxia
detection methodology (as will be discussed further in Section 1.5).
Hypoxia that changes over time is thought to occur in tumour cells that are nutritionally
dependent on tumour blood vessels subject to partial and/or intermittent decreases in
functionality. Blood vessels that have temporary flow reductions or complete flow stasis are
likely involved, as well as blood vessels with relatively stable blood flow and transient decreases
in intravascular oxygenation. Importantly, changes in the hypoxic status of some tumour cells is
thought to occur in the absence of any sort of intervention or treatment (as will be discussed
further in Chapter 3). A great deal of confusion and ambiguity is prevalent in the literature when
it comes to describing hypoxia derived from these mechanisms. Different groups have used
names that include: "acute", "perfusion-limited", "cyclic", "transient", and "intermittent", none
of which are entirely appropriate. Each description has a few underlying implications as to the
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degree of hypoxia and/or the duration of the changing cellular hypoxic status in question, that
have typically not been derived from experimental data. As methods for studying changes in
tumour hypoxia improve, it will be necessary to modify these descriptions to better reflect
current understanding and to facilitate comparisons of this phenomenon between

different

tumours and different laboratories.
The word "acute" to describe tumour hypoxia either implies relatively low levels of static
oxygenation (i.e. not as low as "chronic" hypoxia), or that a hypoxic episode is short-lived and
may or may not recur.

"Perfusion-limited" hypoxia is a more descriptive term, although it

merely implies that perfusion is limiting tumour cell oxygenation and does not suggest a
dynamic process.

For example, poorly perfused tumour vasculature (including blood vessels

containing plasma flow) can limit oxygen delivery to tumour cords and reduce the diffusion
distance of oxygen. Perfusion limitations would therefore affect diffusion-limited hypoxia in
this case, leading to confusion and potential overlap between definitions for "perfusion-limited"
and "diffusion-limited" hypoxia. "Cyclic" hypoxia implies a process that is capable of repeating
itself, but also suggests some form of regularity and/or regulation. Fluctuations in tumour blood
flow and perivascular tumour pCh (Dewhirst et al, 1996; Kimura et al., 1996; Dewhirst et al,
1998; Braun et al, 1999) in murine tumours can appear to be cyclic, but the application of these
observations to changes in tumour hypoxia is inferential. While cyclic regimens of hypoxia and
reoxygenation may represent useful strategies for modeling dynamic tumour hypoxia in vitro
(Cairns et al, 2001; Cairns and Hill, 2004), describing tumour hypoxia as "cyclic" should
perhaps be avoided until such time as a cyclic regularity has been established in vivo.
"Transient" or "intermittent" hypoxia implies a process that can occur sporadically, at
different points in time, and may or may not recur. While these descriptions are somewhat vague
on their own, they convey the sense of irregularity thought to be prevalent in the blood flow of
many tumours, and have the potential to be informative if coupled with an indication of the
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degree and duration of hypoxia being discussed. This terminology is perhaps the best at this
point, although the actual degree and duration of transiently hypoxic episodes are rarely
explicitly mentioned, largely due to inadequate knowledge and methodology to study the
process. Therefore for the purposes of this thesis, "transient" or "intermittent" hypoxia will be
used interchangeably to describe hypoxia (p0 < 10 mmHg) that changes over time in the
2

absence of any intervention or treatment.
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1.3

TUMOUR PHYSIOLOGY AND CANCER THERAPY
The microenvironment of solid tumours can adversely impact the efficacy of clinical cancer

therapy in a number of ways. The oxygenation status, proliferative capacity, and D N A repair
capacity of tumour cells are a few of the factors directly related to the tumour microenvironment
that provide unique challenges for cancer therapy.
1.3.1

Radiotherapy

Ionizing radiation causes damage to D N A in the form of D N A strand breaks, and the
sensitivity of a given cell to radiation (i.e. its radiosensitivity) can be influenced directly or
indirectly by the tumour microenvironment. Almost 100 years ago, the radiation response of
skin was found to decrease when the area was compressed during irradiation, thereby reducing
blood flow to the region and providing the first evidence that perfusion status could affect
cellular radiosensitivity (Overgaard and Horsman, 1996). It was later hypothesized that poorly
oxygenated tumour cells may represent a major source of resistance to ionizing radiation (Gray
et al, 1953), and histological observations of presumably hypoxic cells adjacent to necrosis in
clinical tumours (Thomlinson and Gray, 1955) led to a plausible explanation for radiation
therapy failure in the clinic.
Since that time, oxygen has been identified as a potent enhancer of D N A damage induced by
ionizing radiation. Tumour cells are considered radiobiologically hypoxic when they are more
resistant to killing by a given dose of ionizing radiation (i.e. are more radioresistant) than
aerobic cells. Cells at oxygen tensions below that of venous blood (20-40 mmHg; Vaupel et al,
1989; Bussink et al, 2003) require progressively higher doses of radiation for the same
biological effect (i.e. the same level of cell kill). A 2-fold or greater reduction in radiosensitivity
can occur at p02 values less than 3-4 mmHg (Vaupel et al, 1989), and cells that are fully anoxic
can require up to three-times the radiation dose as aerobic cells for equivalent levels of cell kill
from a single, large dose of radiation (Gray et al, 1953; Dasu and Denekamp, 1998). The

enhancement of radiation damage by oxygen is expressed as the oxygen enhancement ratio
(OER) and stems from the high electron affinity of oxygen and its propensity to interact with
D N A free radicals formed by radiation damage. This process acts to "fix" (i.e. make permanent)
D N A strand breaks induced by ionizing radiation, leading to decreased efficacy of DNA repair
and increased levels of mitotic cell death in oxygenated cells.
In addition to the direct enhancement of radiation damage induced by oxygen during
irradiation, the radiation response of tumour cells can also be indirectly influenced by the tumour
microenvironment. In some cases, aspects of the tumour microenvironment can actually make
some populations of hypoxic cells more sensitive to killing by ionizing radiation. For example,
cells maintained in hypoxic conditions in vitro (simulating chronic hypoxia) tend to accumulate
in the radiosensitive G i phase of the cell cycle (Berry et al, 1970; Spiro et al, 1984; Shrieve and
Begg, 1985). Different tumour cell types also have varying inherent abilities to repair D N A
damage, and these repair processes require energy derived from nutrients that can be limited by
the perfusion status of different tumour regions. Cells that are chronically nutrient-deprived have
a lower cellular energy status and are less able to repair D N A damage compared to wellnourished cells in vitro (Ling et al, 1988; Gerweck et al, 1993), indicating that nutrientdeprived cells would be more radiosensitive. These observations are intriguing when considered
with the diffusion-limited hypoxia model, since cells on the periphery of tumour cords may lack
nutrients as well as oxygen. Although the diffusion distance of nutrients such as glucose through
tissue may be greater than that of oxygen in some cases (Groebe et al,

1994), areas of

insufficient nutritive blood flow may restrict the nutritive status of diffusion-limited hypoxic
cells with a resultant decrease in cellular energy status. Thus low levels of oxygenation at the
time of irradiation enhances cellular radioresistance, while a prolonged period of oxygen and/or
nutrient deprivation can confer a level of radiosensitivity to these cells (Hall et al, 1966; Berry et
al, 1970; Shrieve and Harris, 1985; Spiro et al, 1985; Pettersen and Wang, 1996; Zolzer and
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Streffer, 2002). However, chronically hypoxic tumour Cells and cells made acutely hypoxic in
vivo have been shown to display similar radiation sensitivities for at least one human tumour
xenograft line (Vordermark et al, 2003).
The traditional dogma prevalent in the radiation oncology field was that tumour cells subject
to diffusion-limited hypoxia were preferentially able to survive a given dose of radiation and
were largely responsible for tumour repopulation after (or during) therapy.

A reasonable

mechanistic explanation was that since most therapies were more effective against better
oxygenated, proliferating cells closer to tumour blood vessels, the killing (or damaging) of these
more sensitive cells could conceivably reduce oxygen consumption and increase the oxygen
diffusion distance. Treatment may therefore effectively increase the oxygenation of diffusionlimited hypoxic cells near the periphery of tumour cords and essentially "rescue" cells that would
otherwise have "progressed" into necrosis, thereby allowing these cells to contribute to tumour
repopulation. Thus the presence of tumour cords and the detection of diffusion-limited hypoxic
cells in many experimental and clinical tumours has provided indirect evidence to support the
role of diffusion-limited hypoxia in reducing tumour response to cancer therapy. However, cells
that are hypoxic only transiently (in the absence of treatment) may represent equally or even
more important limitations to the efficacy of tumour therapy.
Theoretically, transiently hypoxic tumour cells may have better access to nutrients (albeit
periodically), may not be preferentially concentrated in a radiosensitive phase of the cell cycle,
and may be better able to repair D N A damage than chronically hypoxic cells (Denekamp and
Dasu, 1999). Moreover, transiently hypoxic cells are capable of retaining some proliferative
capacity during the temporary reduction (or absence) of oxygen (Durand and Raleigh, 1998), and
therefore could potentially proliferate upon reoxygenation of a tumour region. Tumour cells at
intermediate levels of oxygenation (i.e. p02 = 0.5-10 mmHg) have also been suggested as
important limiting factors in tumour radiotherapy (Wouters and Brown, 1997; Evans et al, 1997;
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Olive et al, 2002) since they may also be better nourished and able to repair radiation-induced
D N A damage more readily than diffusion-limited hypoxic cells.

Direct testing of these

hypotheses has been limited, however, by a lack of methods available for distinguishing between
different "types" of hypoxic cell in vivo. If hypoxia detection methodology could be improved to
allow distinction between disparate hypoxic cells, appropriate assessments could be made of the
relative importance of diffusion-limited, intermediately oxygenated, and transiently hypoxic
tumour cells in tumour response to clinical radiotherapy regimens.
1.3.2

Chemotherapy

Features of the tumour microenvironment likely play important roles in the response of
tumour cells to chemotherapy agents, although the role of the tumour microenvironment in
tumour response to chemotherapy has received less attention than in the radiotherapy field.
Chemotherapeutic agents that are directly cytotoxic must reach the target cells in sufficient
concentration in order to be effective. Thus the delivery and diffusion limitations associated
with oxygen and nutrients may also apply to blood-borne chemotherapy drugs, and cells with
limited oxygenation or nutrient status would tend to receive the least amount of drug.
Drug delivery can be limited by tumour perfusion (Baish et al, 1996), particularly in regions
that may exhibit non-constant blood flow during the circulation lifetime of the agent. This
potential problem could be limited with the use of chemotherapeutics with longer circulation
lifetimes or by administering the agent in multiple or continuous low doses (Durand, 2001;
Colleoni et al, 2002; Kerbel et al, 2002; Man et al, 2002). These strategies may increase the
delivery of chemotherapy agents to poorly perfused tumour regions, but may also increase
normal tissue toxicity.
A further consideration in the treatment of solid tumours with chemotherapeutics is that
different agents have different abilities to diffuse through tumour tissue, limiting the amount of
drug that reaches tumour cells at a distance from the vasculature. Drug diffusion through tumour
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tissue can be limited i f the drug is bound, metabolized, or otherwise retained in cells near the
vasculature, thereby reducing the amount of drug available for further diffusion. The diffusion
characteristics of a variety of chemotherapy agents have been studied using in vitro models such
as multicellular spheroids (Durand, 1989; Durand, 1991) and multilayered cell cultures (Cowan
et al., 1996; Minchinton et al., 1997; Phillips et al., 1998; Tannock et al.,

2002),

indicating a

relatively wide range of diffusion distances for different drugs.
In terms of the mechanism of action of chemotherapy agents, tumour cell oxygenation can be
directly limiting for drugs that require the generation of reactive oxygen free radical species for
their cytotoxicity. The tumour microenvironment can also indirectly influence the efficacy of
chemotherapy in a similar fashion as previously discussed for radiation treatment, including
accumulation of tumour cells in a particularly resistant or sensitive cell cycle phase, and
differences in the D N A repair capacity of tumour cells related to nutrient status and cell type.
Furthermore, many chemotherapy drugs preferentially target actively cycling cells, and the
decreased proliferation associated with tumour cells subject to poor oxygen and/or nutrient
delivery (Tannock, 1968) can enhance cellular resistance to these agents.

Thus the tumour

microenvironment may represent a relatively effective barrier to the delivery, diffusion, and
cytotoxicity of many chemotherapeutic agents.
Novel strategies to use the tumour microenvironment as an advantage for chemotherapy have
more recently been devised, including agents that require intracellular enzymatic reduction to be
converted from a pro-drug into an actively cytotoxic form (Brown and Siim, 1996). Enzymecatalyzed reduction of exogenous agents occurs preferentially in cells at low oxygen tensions
(see Section 1.5.2.2), and diffusion of the pro-drug is therefore not limited by consumption or
accumulation in relatively well-oxygenated cells adjacent to tumour vasculature. Bioreductive
drugs such as tirapazamine (Zeman et al, 1986; Brown, 1993), and others (Sartorelli, 1988;
Brown and Siim, 1996), are therefore designed to target hypoxic cells regardless of the
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mechanism of hypoxia induction.

The use of agents to specifically target hypoxic cells

complements the cytotoxicity of many standard cancer therapies, and tirapazamine has shown
promising clinical results in combination with radiation and/or chemotherapy (Craighead et al,
2000; von Pawel et al, 2000; Rischin et al, 2001). Thus hypoxic cell-specific targeting may
prove to be a valuable strategy for tumour therapy, particularly as methods for detecting tumour
hypoxia are improved to identify patients that could potentially benefit from the intervention.
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1.4

T U M O U R M I C R O E N V I R O N M E N T A N D GENE EXPRESSION
Patients with poorly oxygenated tumours have been found to respond poorly to therapy (see

Section 1.5), even if the primary treatment consisted of surgical resection of the tumour (Hockel
et al, 1996a). These intriguing observations suggest that hypoxia itself, or a microenvironment
that favors hypoxic cells, may be related to the inherent aggressiveness of some tumours.
Although it is unknown whether a microenvironment containing a large number of hypoxic cells
is a cause, effect, or coincidence of a more aggressive tumour phenotype (Coleman et al, 2002),
investigations continue into the relationship between low oxygen levels and the expression of a
variety of genes involved in promoting aggressive tumour characteristics.
1.4.1

Hypoxia-Induced Gene Expression

Studies involving gene expression induced by hypoxia have largely revolved around a
hypoxia responsive transcription factor, appropriately named hypoxia inducible factor-1 (HIF-1),
that is a heterodimer consisting of an a- and a P-subunit. HIF-1 P (or aryl hydrocarbon receptor
nuclear translocator; ARNT) is a constitutively expressed nuclear protein, while levels of HIF-1 a
are hypoxia-responsive and therefore mediate the transcriptional activity of the HIF-1 complex.
HIF-1 a levels are primarily controlled at the protein level, and under non-hypoxic conditions
HIF-1 a is bound to the von Hippel-Lindau (VHL) tumour suppressor protein (Maxwell et al,
1999). V H L is the recognition component of an E3 ubiquitin-protein ligase complex, and acts to
target HIF-1 a for proteasomal degradation under non-hypoxic conditions (Cockman et al, 2000;
Kamura et al, 2000; Ohh et al, 2000; Tanimoto et al, 2000). Hydroxylation of two proline
residues on HIF-1 a is required for interaction with V H L (Ivan et al, 2001; Jaakkola et al, 2001;
Masson et al, 2001; Y u et al, 2001), and this reaction is catalyzed by one of three prolyl
hydroxylases (Bruick and McKnight, 2001; Epstein et al, 2001) that require oxygen and 2oxoglutarate for the reaction. Thus in the absence of oxygen, HIF-1 a is not hydroxylated, does
not interact with V H L , and is not targeted for degradation. This effective stabilization of HIF-1 a

protein levels (half-maximal response at cellular oxygenation levels of 1.5-2% Cb) is responsible
for the oxygen-dependent regulation of H I F - l a expression (Wang et al., 1995; Jiang et al.,
1996).
The transcriptional activity of HIF-1 is also regulated by oxygen (Jiang et al., 1997; Pugh et
al., 1997) through the co-repressor "factor inhibiting HIF-1" (FIH-1; Mahonetal.,

2001). FIH-I

hydroxylates H I F - l a in the presence of oxygen, preventing its interaction with transcriptional coactivators necessary for the up-regulation of many hypoxia-induced genes (Hewitson et al.,
2002; Landq et al., 2002a; Lando et al., 2002b). Thus the post-translational modifications of
H I F - l a protein by various hydroxylation reactions limit both the intracellular level and the
transcriptional activity of the protein via inherently oxygen-dependent processes.
H I F - l a protein levels can also be increased in a non-oxygen dependent manner in some
cases. Depending on the cell type, stimulation by a variety of growth factors can increase
synthesis of H I F - l a protein (Semenza, 2003) via activation of the phosphatidylinositol 3-kinase
(PI3K) or mitogen activated protein kinase (MAPK) pathways (Zhong et al., 2000; Laughner et
al., 2001; Fukuda et al., 2002; Fukuda et al., 2003). Moreover, cells that have loss-of-function
mutations in V H L can have constitutively high levels of H I F - l a since the protein is not
ubiquitinated and targeted for degradation under non-hypoxic conditions (Maxwell et al., 1999).
Increases in H I F - l a levels that are oxygen-independent can lead to increased transcription of
HIF-1 responsive genes when the levels of H I F - l a protein are higher than can be repressed by
the oxygen-dependent action of FIH-1.
HIF-1 was first identified as a regulator of erythropoietin expression (Semenza and Wang,
1992), and since then has been shown to regulate the transcription of over 60 genes related to
glycolysis, angiogenesis, vascular remodeling, cell proliferation, and cell viability (Semenza,
2003). Rather than present an exhaustive list of genes regulated by HIF-1, specific examples that
are relevant to this thesis will be discussed in Sections 1.4.2, 1.4.3, 1.5.3, and also in Chapter 5.
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1.4.2

Tumour Metabolism

HIF-1 regulates transcription of glucose transporters 1 and 3 (Ebert et al, 1996; Behrooz and
Ismail-Beigi, 1997) and a number of enzymes involved in glucose metabolism by glycolysis
(Figure 1.3,4). Under well-oxygenated conditions, cells get the majority of their energy in the
form of adenosine triphosphate (ATP) from the efficient, oxygen-dependent process of oxidative
phosphorylation downstream of glycolysis (Figure 1.35).

Under conditions of reduced

oxygenation however, up-regulation of glucose transporters and glycolytic enzymes indicate a
metabolic switch from oxidative phosphorylation to glycolysis as the primary source of A T P
generation (Seagroves et al, 2001; Williams et al, 2002). Glycolysis is a less efficient energy
producing process than oxidative phosphorylation, and increased glucose transporter and
glycolytic enzyme levels are necessary to increase the rate of glycolysis to maintain adequate
cellular energy levels. The terminal phase of glycolysis can be completely anaerobic (Figure
1.3C), producing lactic acid as a primary waste product that typically dissociates into hydrogen
ions and lactate anions. Both the lactic acid and/or the hydrogen ions are transported out of the
cell to maintain a neutral intracellular pH (Griffiths, 1991), and a (variable) pH gradient across
the cell membrane (Gerweck and Seetharaman, 1996; Prescott et al, 2000). The production of
lactic acid is therefore thought to contribute to the acidic extracellular pH commonly associated
with the tumour microenvironment, although low pH values have also been found in tumours
unable to produce lactic acid (Newell et al, 1993; Yamagata et al, 1998; Helmlinger et al,
2002). These latter observations suggest the involvement of an additional mechanism of pH
modification in some tumours, and carbonic anhydrases are thought to play a role (Potter and
Harris, 2003).
1.4.3

Carbonic Anhydrases

-Carbonic anhydrases are a family of enzymes that catalyze the reversible hydration of CO2 to
carbonic acid (H2CO3). Carbonic anhydrase 9 and 12 (CAIX and CAXII) are transmembrane
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proteins that are transcriptionally regulated by HIF-1 (Wykoff et al, 2000) and have major roles
in maintaining intracellular pH homeostasis (Potter and Harris, 2004).

The removal of

intracellular hydrogen ions produced during anaerobic glycolysis is facilitated by combination
with bicarbonate anions followed by carbonic anhydrase-catalyzed dehydration to form freely
diffusible CO2. C A I X (or CAXII) can convert CO2 back to bicarbonate outside of the cell,
creating a diffusion gradient that removes C 0 from the cell and maintains a more neutral
2

intracellular pH (Potter and Harris, 2003). In normal tissues, extracellular hydrogen ions are
typically removed from the interstitial space by blood or lymphatic drainage to maintain a neutral
pH between 7.0 and 7.4. Conceivably, the hypoxia-induced up-regulation of C A I X coupled with
increased anaerobic glycolysis (and lactic acid production) in hypoxic tumour cells produces a
net increase in hydrogen ions in the extracellular space (Ivanov et al, 2001), particularly with the
insufficient interstitial drainage commonly found in many tumours. Extracellular pH values can
be as low as 6.2 in some tumours (Vaupel et al.,' 1989), and an acidic extracellular
microenvironment is commonly associated with hypoxia in many tumours.
Thus there are a variety of genes up-regulated in hypoxic tumour cells, some of which can
directly or indirectly influence various characteristics of the tumour microenvironment.
Increased expression levels of some hypoxia-inducible proteins have even been used as
indicators of hypoxic tumour cells in vivo, as will be discussed in Section 1.5.3.
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1.5

M E T H O D S FOR M E A S U R I N G T U M O U R H Y P O X I A
The oxygenation status of a tumour is thought to have potential prognostic value in cancer

treatment, and many methods for measuring tumour oxygenation have been developed (Raleigh
et al, 1996; Horsman, 1998; Dewhirst et al, 2000; Bussink et al, 2003). Techniques vary in
terms of convenience, resolution, relevance of the information obtained, and applicability to
measuring tumour oxygenation or hypoxia in the clinic. Methods that have already been used in
the clinic with varying degrees of success include: 1.) insertion of physical probes to directly
measure tumour oxygenation, 2.) detection of exogenous agents that are modified and bound
under hypoxic conditions, and 3.) detection of endogenous gene products expressed as surrogate
markers of hypoxia.

This thesis primarily deals with the latter two methods of hypoxia

detection, and therefore exogenous and endogenous hypoxia markers will be discussed in the
most detail.
1.5.1

Physical Measurements of Tumour Oxygenation

Polarographic oxygen electrodes (Cater and Silver, 1960; Whalen et al, 1967) have been
used most often in the clinic to directly measure tumour oxygenation, and provided the majority
of oxygen tensions cited in the preceding Sections. The electrode is introduced into a tissue of
interest, and electrochemical reduction of oxygen at the probe tip produces a current that is
proportional to the oxygen tension (PO2) surrounding the tip.

The sensitivity of the probe

therefore decreases at lower oxygen tensions, which can be problematic for the accurate
determination of absolute p02 values in poorly oxygenated tumour regions. However, this effect
is minimized in practice since tissue p02 values are typically cited as the median of multiple
measurements or the fraction of measurements below a given threshold value (usually 5 or 10
mmHg). The electrochemical reaction at the probe tip consumes oxygen that could potentially
induce oxygen gradients in the tissue, although this effect can be minimized by using a smaller,
recessed probe tip with a decreased sampling volume (Schneiderman and Goldstick, 1978;
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Linsenmeier and Yancey, 1987). Commercially available Eppendorf

pC>2

microelectrodes are

housed in 300 um needles with a probe tip of 12-17 urn and include computer automated linear
repositioning of the probe after each measurement (Kallinowski et al, 1990; Hockel et al., 1991;
Vaupel et al, 1991). Polarographic electrodes have been used in a variety of clinical studies for
measuring oxygen tensions, primarily in cancers of the uterine cervix or of the head and neck.
Low levels of tumour oxygenation have correlated with reduced local control after radiotherapy,
decreased disease free and overall survival (Hockel et al, 1993; Hockel et al, 1996b; Nordsmark
et al, 1996; Brizel et al, 1997; Fyles et al, 1998; Brizel et al, 1999; Nordsmark et al, 2001),
and increased distant metastases (Brizel et al, 1996; Pitson et al, 2001; Fyles et al, 2002).
These clinical correlations with therapeutic outcome have led to consideration of Eppendorf pO?
measurements as the "gold standard" of clinical oxygen detection to which other methods are
often compared (Stone et al, 1993). Recessed tip micro-electrodes with smaller tip sizes (3-10
um) have been used to monitor changes in tumour pC>2 for up to 2 hours at a single location in
murine tumours (Dewhirst et al, 1996; Kimura et al, 1996; Dewhirst et al, 1998; Braun et al,
1999), but these types of studies have not been replicated in the clinic.
The Oxylite fibre-optic microprobe (Griffiths and Robinson, 1999) is a more recent
alternative to the polarographic p02 microelectrode, but has not yet been used in the clinic. The
Oxylite system uses fibre-optic detection of short-lived fluorescent pulses induced from a
substrate in the probe tip, with lifetimes that are inversely proportional to the surrounding
oxygen tension (Young et al, 1996; Griffiths and Robinson, 1999). Oxylite probes therefore
have improved sensitivity in areas of low p02, and produce oxygen distributions that are
generally similar to polarographic probes (Collingridge et al, 1997; Braun et al, 2001; Seddon
et al, 2001). Importantly, Oxylite probes do not consume significant amounts of oxygen during
p02 measurements, which has facilitated the continuous monitoring of p02 over time (with or
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without hypoxia manipulation) in a variety of experimental tumours (Bussink et al, 2000a;
Urano et al, 2002; Brurberg et al, 2003; Brurberg et al, 2004).
Taken together, studies monitoring tumour p 0 over time using polarographic or Oxylite
2

probes have provided evidence that significant, yet highly heterogeneous changes in tumour p 0
can occur with different periodicities and different magnitudes in many tumour types.

2

While

p 0 probes provide real-time tissue oxygenation measurements^ direct measurements of tumour
2

p 0 are limited in that both the number and the viability of tumour cells being measured are
2

unknown, and therefore the functional significance of observed temporal changes in p 0 must be
2

inferred. Furthermore, physical probes are most easily used in superficially accessible tumours,
and there is a large dependence on operator experience for reliable and reproducible p 0

2

readings (Stone et al, 1993; Nozue et al, 1997; Brown and Le, 2002). Importantly, the probes
are unable to distinguish between viable tumour tissue and areas of necrosis, potentially leading
to spuriously low p 0 readings depending on the intra-tumour placement of the probe and the
2

degree of necrosis in the tumour. Moreover, the mechanical introduction of one or more probes
into a tumour is invasive, and can significantly perturb or damage tumour tissue. Many of the
issues associated with using physical probes for measuring tumour oxygenation can be avoided
through the use of exogenous agents as "markers" of tumour hypoxia.
1.5.2

Exogenous Hypoxia Markers

Exogenous hypoxia markers are chemical agents that can be introduced into a tumour system
to label cells that are below a given level of oxygenation.

Typically these agents undergo

enzyme-catalyzed chemical modification in cells at low oxygen tensions, resulting in binding of
drug adducts to intracellular macromolecules and retention within the cells. Various methods
have been developed for qualitatively and quantitatively assessing the amount of drug bound
within a tumour, and hence the fraction of a tumour below a given oxygenation level. In terms
of resolution, tumour hypoxia can be expressed as a function of drug retained by whole tumours,
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or as the fraction of tumour area or tumour cells containing bound drug adducts. Importantly,
exogenous markers have been used clinically to assess hypoxia in a variety of tumours, including
non-superficial tumours that are largely inaccessible to solid
1.5.2.1

pC>2

probes.

Radiolabeled misonidazole

Among the earliest exogenous markers of poorly oxygenated cells were radiolabeled
derivatives of 2-nitroimidazole compounds, such as the hypoxic cell radiosensitizer misonidazole
(Figure 1.44). Early studies into the cytotoxic mechanism of misonidazole demonstrated that the
drug was converted to a reduced form under conditions of hypoxia (Varghese et al, 1976), and
that the reduced drug was capable of binding to intracellular R N A and/or protein (Varghese and
Whitmore, 1980; Miller et al,

1982).

Since misonidazole binding apparently occurred

selectively in poorly oxygenated cells, it was proposed that 2-nitroimidazole binding could be
used as an indication of hypoxia in solid tumours, provided that a detection method could be
devised for the bound adducts (Chapman, 1979; Chapman, 1984).
Bound adducts of radiolabeled misonidazole were first detected in fixed tissue sections using
autoradiography.

These studies demonstrated that misonidazole adducts were bound and

retained in the interior of multicellular spheroids and adjacent to necrosis in solid tumours
(Chapman et al, 1981), both of which were assumed to be sites of diffusion-limited hypoxia. By
sequentially modifying the external oxygen concentration of spheroids, it was subsequently
confirmed that the binding rate of radiolabeled misonidazole increased several-fold in response
to relatively small changes in cellular oxygenation (Franko and Chapman, 1982; Miller et al,
1982). The binding process itself was largely oxygen-dependent, and gradients of other nutrients
or catabolites were found to have minimal effects on misonidazole binding patterns (Franko et
al, 1987). Further studies demonstrated the amount of misonidazole bound within hypoxic cells
depended on intracellular misonidazole concentration, the duration of misonidazole contact, and
the cell type (Franko et al, 1982; Chapman et al, 1983; Franko and Koch, 1984; Koch et al,
31

Figure 1.4

Structures of exogenous hypoxia markers.

(A) Misonidazole; sites of C
(B) CCI-103F.
( Q Pimonidazole.
(D) EF5.

1 4

(*) or H (**) also indicated for radiolabeled misonidazole.
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1984; Van Os-Corby et al, 1987). Importantly, the drug diffused rapidly through tissue (Franko
et al, 1987) and remained preferentially Bound within the cell in which it was reduced (Franko et
al, 1982; Chapman et al, 1983; Franko and Koch, 1984). Moreover, a relatively large (and
easily detectable) number of adducts could be bound per cell without observable effects on
cellular proliferative capacity or survival (Miller et al, 1982; Chapman et al, 1983).

The

fraction of tissue area containing bound radiolabeled misonidazole was also comparable to the
radiobiologically hypoxic fraction of spheroids (Franko, 1985) and tumours (Hirst et al, 1985).
Radiolabeled misonidazole was subsequently used in the clinic and provided evidence of
hypoxic tumour cells, albeit with a great deal of inter- and intra-tumour heterogeneity (Urtasun et
al, 1986a; Urtasun et al, 1986b; Chapman, 1991). Hypoxic cells were found primarily adjacent
to necrosis, although misonidazole binding was also observed surrounding tumour vasculature
(Urtasun et al, 1986b), providing the first clinical suggestion that hypoxia could result from
limited nutritive blood flow in some tumour regions.
Despite indications that misonidazole displayed promising characteristics as a marker of
tumour hypoxia, the mechanism of 2-nitroimidazole binding was largely unknown and there
were observations of presumably non-oxygen dependent binding in some tissues (Cobb et al,
1990; Cobb et al, 1992). Studies into the nature of misonidazole binding reconciled some of
these observations, and led to the improved design of 2-nitroimidazole derivatives as exogenous
hypoxia markers.
1.5.2.2

Binding of 2-nitroimidazoles

The current model for 2-nitroimidazole binding is depicted in Figure 1.5. When intracellular
oxygen concentrations decrease to a sufficient level (binding occurs below 14 uM O2 in vitro;
Arteel et al, 1995), reducing equivalents of N A D H (or N A D P H ) normally involved in oxidative
phosphorylation donate electrons to the intracellular 2-nitroimidazole. Nitroreductase enzyme
activity is required for the "bioreductive activation" of 2-nitroimidazole into a nitro radical anion
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Figure 1.5

Mechanism of 2-nitroimidazole binding in hypoxic cells.

(A) 2-nitroimidazole derivative; R = side chain (see Figure 1.4).
(B) Nitro radical anion intermediate.

Note the conversion of (A) to (B) is reversible in

presence of oxygen.
(C) Hydroxylamine intermediate.
(D) 2-nitroimidazole adduct bound to intracellular thiol-containing protein (S-R").
Figure adapted from Arteel et al, 1998.

intermediate.

This reaction is reversible in the presence of oxygen (Perez-Reyes et al, 1980),

which is thought to account for the dependence of 2-nitroimidazole binding on low levels of
oxygen (Raleigh et al, 1999).

The formation of 2-nitroimidazole adducts is dependent on

cellular redox state insofar as the conversion of parent drug to bound adduct requires N A D H as
an electron donor (Moreno et al, 1983). Importantly, neither an increase in the absolute levels
of intracellular N A D H nor an increase in the pyridine nucleotide redox state (i.e. more N A D H
relative to N A D ) changes the oxygen dependence of 2-nitroimidazole binding (Arteel et al,
+

1998). The rate of formation of the nitro radical anion may increase, but the anion is still rapidly
reoxidized in the presence of oxygen. Conversion of the nitro radical anion intermediate into a
form that binds to intracellular macromolecules likely occurs through a chemically unstable
hydroxylamine intermediate (McClelland et al, 1984). Reductively activated 2-nitroimidazole
adducts are formed most efficiently with thiol-containing proteins (Raleigh and Koch, 1990) and
peptides such as glutathione (Varghese, 1983; Chacon et al, 1988; Arteel et al, 1997), although
the precise physical structure of 2-nitroimidazole adducts bound to macromolecules is presently
unknown.
Observations of 2-nitroimidazole adducts bound in some normal tissues in vivo (Cobb et al,
1990; Cobb et al, 1992) led to speculation that binding could occur in the presence of oxygen if
cells contained high levels of oxygen-sensitive enzymes such as cytochrome P450-dependent
nitroreductases (Cobb et al,

1990).

However, subsequent studies demonstrated that large

differences in P450 nitroreductase levels did not weaken the link between tissue p02 and 2nitroimidazole binding in murine liver tissue (Arteel et al, 1995).

High levels of oxygen

independent nitroreductases such as NAD(P)H:quinone acceptor oxidoreductase (DT diaphorase)
may also influence non-oxygen dependent binding of 2-nitroimidazoles (Cobb et al, 1992),
although this effect does not appear to dominate binding patterns in a variety of normal and
tumour tissue assessed in vivo (Parliament et al, 1992). Thus the binding of 2-nitroimidazoles
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generally require low levels of oxygen in the majority Of cell types, but the relative number of
bound adducts per cell can be influenced by metabolic factors that can vary between different
tissue and tumour types (Raleigh et al, 1996).
Other studies with radiolabeled derivatives of misonidazole demonstrated that the side chain
of the drug was retained during nitroreduction and intracellular adduct binding (Raleigh et al,
1985; Rasey et al, 1985). These observations led to assessment of a variety of 2-nitroimidazole
derivatives as. potential hypoxia markers, many of which had been originally tested as
alternatives to misonidazole for use as enhancers of radiation sensitivity (Williams et al, 1982).
The most prominent agents were 2-nitroimidazole derivatives that differed in their side chain
composition, ranging from fluorination (e.g. CCI-103F and EF5) to the addition of more
complicated ring structures (e.g. pimonidazole).
1.5.2.3
Fluorinated

CCI-103F

2-nitroimidazole

derivatives

exhibit

similar

oxygen-dependent

binding

characteristics as radiolabeled misonidazole (Raleigh et al, 1987; Rasey et al, 1987). CCI-103F
(Figure 1.45) is a hexafluorinated 2-nitroimidazole derivative originally developed to study
tumour hypoxia based on bulk retention of the drug in tumours measured by non-invasive
imaging methods (Raleigh et al, 1986; Maxwell et al, 1989; Jin et al, 1990; Kwock et al,
1992). Levels of CCI-103F binding were consistent with the known hypoxic fractions of a
variety of tumour types (Maxwell et al, 1989; Jin et al, 1990), and tumour-to-plasma ratios
were comparable to those reported for misonidazole (Raleigh et al, 1986).

However, non-

invasive imaging techniques monitor bulk tumour retention of a drug as an indication of the
hypoxic fraction, and therefore do not provide information on the spatial heterogeneity of
hypoxia within a tumour and have limited sensitivity for detecting smaller hypoxic fractions
(Cline et al, 1990; Kwock et al, 1992).
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A n important advance in the use of 2-nitroimidazole derivatives for measuring tumour
hypoxia was realized with the synthesis of polyclonal antiserum against the hexafluorinated side
chain of protein-bound CCI-103F (Raleigh et al, 1987). The antiserum had a much higher
affinity for bound CCI-103F adducts than for the free drug (Raleigh et al, 1994), and enabled
testing of fluorescence and peroxidase-based immunohistochemical methods for detecting
tumour cells containing CCI-103F adducts in tissue sections. Immunohistochemical detection of
bound CCI-103F adducts was more efficient than autoradiographic detection of radiolabeled 2nitroimidazoles, and did not require the administration or handling of radioactive agents (Miller
et al, 1989). The binding patterns of CCI-103F and misonidazole were very similar to each
other on a microregional level in multicellular spheroids and murine tumours (Raleigh et al,
1987; Miller et al, 1989; Moore et al, 1992), suggesting that the two agents were labeling
similar populations of tumour cells.
Automated methods to quantify fractions of CCI-103F-labeled cells in sections derived from
canine tumour biopsies (Cline et al, 1994; Cline et al, 1997; Thrall et al, 1997) provided a
method for measuring tumour hypoxia with potential clinical applicability. A n enzyme-linked
immunosorbent assay (ELISA) was also developed to quantify the total concentration of bound
CCI-103F adducts found in single cell suspensions produced from tumour biopsies (Raleigh et
al, 1992)., Despite the loss of positional information obtainable by analyzing tumour sections,
the ELISA was thought to be more convenient than automated analyses of tumour sections for
repeated tumour hypoxia measurements (Raleigh et al, 1994; Azuma et al, 1997; Thrall et al,
1997). Despite the development of these methods to detect and quantify cells containing bound
CCI-103F adducts and the favorable binding pattern comparisons with misonidazole, CCI-103F
was not used clinically due to the relative insolubility of the drug (5.3 m M in water; Raleigh et
al,

1986).

However, the use of other 2-nitroimidazole derivatives with improved water
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solubility (pimonidazole and EF5) enabled tumour hypoxia to be studied in the clinic, with much
of the detection and quantification methodology derived from pre-clinical work with CCI- 103F.
1.5.2.4 Pimonidazole
Pimonidazole (Ro 03-8799) is a 2-nitroimidazole derivative previously used as an alternative
to misonidazole as a radiosensitizer.

Pimonidazole has a piperidine-containing side chain

(Figure 1.4C), and monoclonal antibodies were developed against protein-bound adducts of
pimonidazole (Arteel et al, 1995) enabling their detection by immunohistochemistry. Oxygendependent inhibition of pimonidazole binding in vitro is half-maximal at ~4 uM O2 (Arteel et al.,
1998) with detectable binding up to 14 u M O2 (Arteel et al, 1995). Pimonidazole is highly
soluble in saline (400 mM), and is not cytotoxic to human tumour xenograft cells when
administered in single doses up to 400 mg/kg (Durand and Raleigh, 1998). Pimonidazole is a
weak base (pKa = 8.6 at 37°C) and intracellular uptake of the drug (and therefore amount of drug
available for adduct formation) could potentially be decreased in tumour areas with low
extracellular pH. While decreased pimonidazole uptake with lower pH has been observed in
vitro (Dennis et al, 1985; Watts et al, 1990), any in vivo effect appears to be relatively small
compared to the large binding differences observed between hypoxic and aerobic cells (Arteel et
al, 1995).

Moreover, while intra-tumour gradients of oxygen can be steep spatially, pH

gradients in the same areas tend to be relatively flat (Helmlinger et al, 1997), suggesting the
sharp transitions between labeled and non-labeled cells observed in most tumours is influenced
by oxygen more than pH.
A considerable advantage to the use of pimonidazole as a hypoxia marker is that relatively
detailed toxicity and pharmacokinetic studies were performed when pimonidazole was used as a
clinical radiosensitizer (Saunders et al,

1982; Roberts et al,

1984; Dische et al, 1989).

Pimonidazole has a plasma elimination half-life of just over 5 hours in humans, and the drug has
been shown to preferentially accumulate in tumours within 30 minutes of administration with a
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tumour-to-plasma ratio of 3.4-to-l (Saunders et al, 1984). Armed with this previous clinical
knowledge, pimonidazole was introduced rather quickly into the clinic as a marker of tumour
hypoxia (Kennedy et al., 1997; Varia et al. ,1998).
Binding patterns of pimonidazole-labeled cells in (spontaneous) clinical tumours (Kennedy et
al, 1997) are extremely similar to patterns of CCI-103F labeling in spontaneous canine tumours
(Cline et al, 1994). From a functional standpoint, tumour cells that bind pimonidazole have
been shown to be clonogenic, providing evidence that pimonidazole is bound in viable,
therapeutically relevant hypoxic cells in vivo (Durand and Raleigh, 1998). Pimonidazole binding
has been correlated with the fraction of Eppendorf p02 readings below a given threshold value
(either 5 or 10 mmHg; Raleigh et al, 1999), and mean or median pC>2 measurements obtained
with Oxylite probes have also correlated well with mean and median fractions of pimonidazolecontaining cells in three human tumour xenograft lines (Bussink et al, 2000b). Functionally,
pimonidazole binding has been correlated with the radiobiological hypoxic fraction of various
murine tumours (Raleigh et al, 1999) and with radiation-induced D N A damage as assessed by
the alkaline comet assay (Olive et al, 2000), providing further evidence that hypoxic cells
labeled with pimonidazole are therapeutically relevant.

Attempts to combine pimonidazole

labeling with measures of perfused tumour blood vessels in the clinic are ongoing (Janssen et al,
2002), and may represent a useful vehicle for relating both microenvironmental parameters to
clinical therapeutic outcome.
Fluorescent antibodies against bound pimonidazole adducts have enabled quantification of
pimonidazole-labeled cells by flow cytometry analysis of single cell suspensions derived from
whole experimental tumours (Durand and Raleigh, 1998; Olive et al, 2000) or from clinical
biopsies

(Durand and

Aquino-Parsons, 2001a;

Durand and

Aquino-Parsons, 2001b).

Interestingly, the number of pimonidazole adducts bound in a given hypoxic cell can vary
between tumours, and even within different regions of the same tumour.

Differences in the
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numbers of bound pimonidazole adducts may be due to transient perfusion (and thus nonconstant drug exposure and oxygenation status), different nitroreductase activities in some cells,
or variations in the ratio of intracellular protein thiol to non-protein thiol concentrations (Raleigh
and Koch, 1990). However, despite variations in the absolute number of bound adducts between
pimonidazole-containing cells, the several-fold increase in the relative number of bound
pimonidazole adducts between labeled and non-labeled cells provides a clear transition within a
few cell diameters in vivo.

Thus the fraction of a tumour section that is hypoxic can be

quantified by setting a "threshold" to identify the fraction of tumour area that is "pimonidazolepositive", without distinguishing between hypoxic cells that contain higher or lower numbers of
bound adducts.

Similarly, fluorescence intensity thresholds can be set to distinguish between

labeled and non-labeled cells in flow cytometry analyses.

This methodology is analogous to

citing the fraction of Eppendorf p 0 measurements below a given threshold of oxygen tension,
2

and will be discussed further in Section 1.5.2.6.
1.5.2.5 EF5
EF5 is a pentafluorinated derivative of etanidazole (Figure 1.4D) that has been shown to
display less non-oxygen dependent binding than misonidazole (Lord et al, 1993). Monoclonal
antibody synthesized against bound EF5 adducts has facilitated analysis of the hypoxic content
of spheroids and tumours by image analysis and flow cytometry (Evans et al, 1995; Koch et al,
1995). EF5 has been used to study hypoxia in normal (murine) tissues (Bergeron et al, 1999)
and to measure tumour hypoxia in the clinic (Evans et al, 2000; Evans et al, 2001), albeit with
different quantification principles than are typically used for pimonidazole (see Section 1.5.2.6).
EF5 binding correlates with resistance to ionizing radiation in tumours (Evans et al, 1996; Lee
et al, 1996) and in subpopulations of spheroid cells derived from different spheroid cell layers
(Woods et al, 1996). Interestingly, the best correlations of EF5 and radiobiological hypoxic
fraction were found when only considering cells with intermediate binding intensities (Evans et
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al, 1996), which may represent cells at intermediate levels of steady-state oxygenation. EF5
binding correlates weakly with Eppendorf p02 readings, which has been attributed to differences
in detection volumes, the influence of necrosis, and the measurement duration of each technique
(Evans et al, 2000; Jenkins et al, 2000). Detailed clinical pharmacokinetic studies have been
performed with EF5, highlighting the in situ stability of the drug and a plasma elimination halflife that is approximately twice that of either the parent compound (etanidazole) or pimonidazole
(Koch et al, 2001). This body of work has made EF5 a suitable alternative to pimonidazole for
measuring tumour hypoxia in the clinic, and may eventually lead to analyses involving
sequential administration of the two markers to measure changes in hypoxia over time (see
Chapters 3, 4, and 6).
1.5.2.6

Quantification of pimonidazole and EF5

Differences in the absolute numbers of hypoxia marker adducts bound in hypoxic cells from
different tumours has led to a substantial debate over the appropriate method to quantify tumour
hypoxia using exogenous markers. Proponents of EF5 typically view hypoxia marker binding as
a continuum that parallels the continuum of steady-state tumour cell oxygenation.

A cell

containing more bound adducts is more intensely fluorescent after contact with appropriate
antibody, and is therefore considered more hypoxic than a cell containing fewer bound adducts
in a given tumour. Since the absolute fluorescence intensity can vary between tumours, EF5
binding is "calibrated" in vitro using excised tumour tissue exposed to the hypoxia marker under
defined oxygen levels. The maximal binding intensity of the in vitro tissue sample is then
compared to that obtained in situ, and an estimate for the oxygenation level of cells in the tumour
are determined. The assumption is that the primary variables determining binding intensity are
the concentration of marker in the cell, the degree of cellular hypoxia, and the duration of
binding allowed between hypoxia marker administration and tumour biopsy. While these may
be the primary variables when labeling hypoxic cells in vitro, comparison to hypoxia marker
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binding in vivo assumes constant tumour perfusion (i.e. marker delivery and therefore
intracellular concentration) and cellular oxygenation (i.e. ability to bind hypoxia marker) over
time. Thus the delivery of hypoxia marker and the duration of hypoxia in situ are not taken into
account with this method, both of which likely constitute very important determinants of hypoxia
marker binding intensity.
As discussed in Section 1.2.1.2, tumour perfusion can be quite variable over time in a variety
of tumour types. Delivery of exogenous hypoxia markers to tumour cells may not be a limitation
if the goal is for a given cell to receive enough marker to be detectable above some threshold
value (e.g. for image or flow cytometry analysis). Exogenous hypoxia markers are typically
freely diffusible, even to relatively poorly perfused tumour regions provided the circulation
lifetimes are sufficiently long. However, since delivery of the drug may not be constant over
time, the absolute number of bound adducts would be variable in areas of varying perfusion. It
is worth noting that this is not a problem i f the goal were to determine the fraction of tumour
cells labeled with a concentration of marker sufficient to distinguish between labeled and nonlabeled cells (i.e. to produce sufficient binding relative to non-hypoxic cells).
The duration of cellular hypoxia is an even more complex variable that may affect absolute
levels of hypoxia marker binding. Since changes in tumour oxygenation can occur over time in a
variety of tumour types (Section 1.2.1.2), the intensity of hypoxia marker binding may also be
affected by the fraction of time that a given cell is below the appropriate oxygen tension. Clearly
a cell that was able to bind hypoxia marker adducts for 3 hours would have a higher absolute
binding intensity than a cell that was only hypoxic enough to bind marker for 30 minutes (with a
given marker concentration). Again, this issue is avoided by using a quantification method that
expresses hypoxia as a fraction of tumour cells labeled with (detectable) levels of hypoxia
marker, without distinguishing between lightly and heavily labeled cells.

This method for
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quantifying hypoxic tumour cells will therefore be used for the flow cytometry analyses of
tumour cells containing exogenous hypoxia markers presented in Chapters 3 and 4.
1.5.3

Endogenous Hypoxia Markers

Recently, there has been an increasing movement toward the use of hypoxia responsive
proteins as endogenous "markers" of tumour hypoxia (Sutherland et al, 1996). Endogenous
gene products that are up-regulated in response to hypoxia represent less inconvenient and
invasive "markers" of hypoxia when compared to exogenous agents (that must be administered),
such as pimonidazole and EF5. The expression of endogenous markers can also be measured in
archival biopsy material, allowing retrospective assessments of endogenous marker expression
with therapeutic outcome.

This feature of endogenous hypoxia markers has led to a large

number of studies in a relatively short period of time, primarily involving hypoxia inducible
factor-la and carbonic anhydrase 9.
1.5.3.1

Hypoxia inducible factor-la

As outlined in Section 1.4.1, the expression of a variety of hypoxia inducible genes is
regulated by the hypoxia inducible factor-1 (HIF-1) transcription factor (Semenza, 2003). The asubunit of HIF-1 is rapidly degraded in the presence of oxygen, and relative protein levels
therefore increase below a given level of oxygenation. Antibodies have been developed for
immunohistochemical detection of HIF-la, and correlations observed between fractions of cells
containing high levels of H I F - l a and cell fractions labeled with the exogenous hypoxia markers
EF5 (Vukovic et al, 2001) or pimonidazole (Vordermark and Brown, 2003) in human tumour
xenografts. However, H I F - l a co-localized relatively poorly with either exogenous marker, and
image analysis identified HIF-1 a-containing cells located closer to tumour vasculature than EF5labeled cells.

These data can be reconciled by the differences in oxygen dependency for

increased levels of H I F - l a protein (half-maximal at 1.5-2% O2; Jiang et al, 1996) compared to
EF5 binding (half-maximal at - 1 % O2). Thus with respect to the diffusion-limited model of
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tumour hypoxia, H I F - l a protein levels are increased in cells that are closer to tumour vasculature
and not hypoxic enough to bind significant levels of exogenous hypoxia marker.
Degradation of H I F - l a is rapid in the presence of oxygen with a half-life of only a few
minutes (Wang et al, 1995; Jiang et al, 1996; Jewell et al, 2001; Vordermark et al, 2004), and
tumour samples must therefore be rapidly fixed or frozen upon excision to prevent loss of
detectable protein. This characteristic of H I F - l a is not commonly discussed in the literature and
may preclude its use as an endogenous marker for archival material, particularly in the
(common) situation where the time between tumour biopsy and tissue fixation is unknown.
In terms of prognostic ability, increased H I F - l a protein levels have been correlated with
decreased overall survival after treatment of oligodendrogliomas (Birner et al, 2001) and
cancers of the esophagus (Koukourakis et al, 2001b), lung (Giatromanolaki et al, 2001b), and
breast (Bos et al, 2003). Increased H I F - l a levels also correlated with decreased overall survival
and disease free survival after radiation treatment of cancers of the cervix (Birner et al, 2000)
and of the head and neck (Aebersold et al, 2001; Koukourakis et al, 2002). Observations that
H I F - l a protein levels can be increased by non-oxygen dependent mechanisms in some cases
(Maxwell et al, 1999; Semenza, 2003) may influence its prognostic utility, particularly in
spontaneous clinical tumours that typically have increased genetic heterogeneity compared to
tumour cell lines used for in vitro or in vivo experimental work. Indeed, correlations between
H I F - l a protein levels and in vitro radiobiological hypoxic fractions indicate a relationship that is
dependent on tumour cell type (Vordermark et al, 2004).

Other studies have shown poor

correlations between H I F - l a protein levels and pimonidazole in a small series of head and neck
tumours (Janssen et al, 2002), or disease free survival in cervix carcinomas (Haugland et al,
2002).

Interestingly, H I F - l a has also been shown to correlate with improved disease free

survival and overall survival in head and neck tumours treated by surgical resection (Beasley et
al, 2002). These latter observations oppose the relatively common belief that hypoxic tumours
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tend to be more aggressive, and suggest further work is required relating H I F - l a levels to
outcome from various treatment regimens before H I F - l a can be used as a reliable prognostic
indicator (Brown and Le, 2002; Begg, 2003).
Gene products that are transcriptionally regulated by HIF-1 may represent attractive
alternatives to H I F - l a as endogenous hypoxia markers, particularly since HIF-1 transcriptional
activity requires oxygen-dependent hydroxylation by the co-repressor FIH-1 (Jiang et al., 1997;
Pugh et al., 1997; Mahon et al., 2001). Thus the transcription of HIF-1 regulated genes provides
a second oxygen-dependent step which may alleviate some of the issues associated with nonoxygen dependent increases in H I F - l a protein levels (Begg, 2003).

HIF-1 regulated gene

products that have been used as endogenous markers of tumour hypoxia include the
transmembrane protein carbonic anhydrase 9.
1.5.3.2

Carbonic anhydrase 9

As indicated in Section 1.4.2, carbonic anhydrase 9 (CAIX) has a major role in maintaining
intracellular pH homeostasis (Potter and Harris, 2004), and is transcriptionally regulated by HIF1 (Wykoff et al., 2000). The expression of C A I X has been demonstrated in a variety of tumour
cell types, indicating its potential utility as a prognostic marker of tumour hypoxia (Beasley et
al., 2001; Ivanov et al., 2001; Swinson et al., 2003). C A I X is expressed primarily in viable,
hypoxic tumour cells (Olive et al., 2001a) and is stable in vitro, with protein levels remaining
unchanged for up to 72 hours after up-regulation by hypoxia (Turner et al., 2002).

The

remarkable stability of C A I X has made it a popular endogenous hypoxia marker for retrospective
studies of tumour hypoxia in archival clinical tissue. C A I X expression has been correlated with
low p02 measurements (Loncaster et al., 2001), and decreased overall survival (Giatromanolaki
et al., 2001a; Koukourakis et al., 2001a) and/or disease free survival (Chia et al., 2001;
Loncaster et al., 2001; Hui et al., 2002; Hoskin et al., 2003) in a variety of tumour types.
However, other groups have reported contradictory results in the same tumour types, with no
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significant correlations between C A I X expression and low pO? measurements (Hedley et al,
2003) or disease free survival (Kaanders et al, 2002; Turner et al., 2002; Hedley et al, 2003). It
remains to be determined whether these discrepancies represent actual differences in the
prognostic value of C A I X expression levels, or technology-based differences associated with
tumour section image analyses used to quantify C A I X expressing cells (Airley et al, 2003).
Qualitative comparisons between cells expressing C A I X and cells labeled with exogenous
pimonidazole indicate a relatively large degree of overlap (Wykoff et al, 2000; Hoskin et al,
2003), although C A I X expressing cells are typically observed closer to tumour vasculature
(Olive et al, 2001a; Kaanders et al, 2002). Since C A I X expression is controlled by HIF-1,
these observations are consistent with the differences in oxygen dependencies between HIF-la
protein levels and exogenous hypoxia marker binding cited in the previous Section.
Quantitatively, C A I X expression has been found to correlate to varying degrees with
pimonidazole binding (Kaanders et al, 2002; Airley et al, 2003; Hoskin et al, 2003), HIF-la
protein expression (Hui et al, 2002), and expression of the HIF-1 regulated glucose transporter-1
(Glut-1; Airley et al, 2003; Hoskin et al, 2003).
For studying variations in tumour hypoxia over time, the expression of C A I X is less
responsive than H I F - l a to temporal changes in cellular hypoxic status. C A I X is stable once
expressed in a hypoxic cell, and therefore theoretically indicates the hypoxic "history" of cells.
Tumour cells that were hypoxic enough for long enough over the previous several days will
express C A I X , without distinguishing between cells that were hypoxic for all or part of that time.
Conversely, H I F - l a is rapidly degraded in the presence of oxygen and therefore cells containing
high levels of H I F - l a were hypoxic within a few minutes of tumour biopsy for analysis.
Similarly, H I F - l a protein levels increase rapidly in response to hypoxia, particularly when
compared to the increased expression of C A I X protein that requires HIF-1 induced up-regulation
of C A I X mRNA and subsequent protein synthesis.

Different endogenous hypoxia markers
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therefore provide disparate information pertaining to the dynamics of tumour hypoxia, and it is
unknown which estimate of tumour hypoxia is more relevant for therapy. Furthermore, it would
appear that no single method of estimating tumour hypoxia is readily applicable to measuring
transient tumour hypoxia, but the combination of multiple hypoxia markers into a single assay
may provide insights into the dynamic tumour microenvironment (Chapters 3-4).
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1.6

R E S E A R C H OBJECTIVES
The working hypothesis for this thesis is that tumour hypoxia is a dynamic process, and that

tumour cells with a temporally changing hypoxic status differ from tumour cells with more
steady-state hypoxia in terms of response to perfusion modification, proximity to tumour
vasculature, and gene expression profiles. Judicious selection and development of methods
designed to identify and quantify transiently hypoxic tumour cells represents a therapeutically
relevant goal, particularly for the further assessment of the presence and potential therapeutic
impact of transient hypoxia in the clinic.
1.6.1

Specific Aims

I. To determine how drug-induced changes in tumour blood flow influence tumour
radiosensitivity through improved oxygenation of different tumour cell subpopulations.
Work In this aim will help to establish the therapeutic relevance of different populations o f
hypoxic tumour cells.
II.

To develop a method for quantifying transiently hypoxic tumour cells and to use this
method to characterize transient hypoxia in human tumour xenografts. Work in this aim
will highlight the importance of selecting appropriate methodology for measuring hypoxic
cells in tumours with different transient hypoxia kinetics, and will introduce the concept of
hypoxic fractions that are "integrated" over time.

III.

To evaluate an alternate route of exogenous hypoxia marker administration for labeling
hypoxic tumour cells. Work in this aim is concerned with extending "integrated" hypoxia
measurements to include tumour cells with a hypoxic status that changes over periods of
many days, and to establish the therapeutic relevance of these cells.

IV. To identify differences in gene expression induced by hypoxia between tumour cells grown
in disparate microenvironments in vitro. Work in this aim may lead to novel endogenous
markers to distinguish between chronically and transiently hypoxic tumour cells in vivo.

1.6.2

Thesis Overview

The subsequent Chapters of this thesis will deal with each of the Specific Aims listed above.
Chapter 2 will focus on drug-induced changes in tumour blood flow to reduce tumour hypoxia.
Two drugs with established mechanisms of action were used as tools to modify net tumour
perfusion and the distribution of tumour blood flow in different tumour regions. The influence
of these perfusion changes on the radiosensitivity of various tumour cell subpopulations indicate
the therapeutic relevance of different hypoxic tumour cells.
Chapter 3 will involve the development of a method for identifying and quantifying
transiently hypoxic cells in solid tumours. Two sequentially administered exogenous hypoxia
markers were used to differentially label cells that were hypoxic over different periods of time,
with quantification by flow cytometry. Estimates for the transiently hypoxic fractions of two
tumour types will be presented, along with indications of the kinetics of transient hypoxia in
these tumours and the importance of "time-integrated" tumour hypoxia measurements.

The

potential clinical applicability and relevance of the method will also be discussed. Chapter 4 will
describe oral administration of the exogenous hypoxia marker pimonidazole to label hypoxic
tumour cells. Oral pimonidazole was combined with injection of a second hypoxia marker or a
proliferation marker to provide insights into the fractions of tumour cells with long-term changes
in hypoxic status, and the therapeutic relevance of these cells.
Chapter 5 presents gene expression patterns from cells exposed to a transient hypoxic
episode after being grown in different microenvironments in vitro. Candidate gene products to
potentially differentiate between hypoxic cells in different' growth conditions in vivo will be
identified, along with preliminary data for using a selected gene product as a potential
endogenous marker of transiently hypoxic tumour cells. Chapter 6 will include a thesis summary
and will present suggestions for future work, with particular reference to the potential clinical
applicability of the data, methods, and concepts discussed in this thesis.
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C H A P T E R 2: M O D I F Y I N G T U M O U R P E R F U S I O N T O
IMPROVE TUMOUR RADIOSENSITIVITY

This Chapter has been adapted from the following published manuscript:
Bennewith, K L and Durand, R E (2001) Drug-induced alterations in tumour perfusion yield
increases in tumour cell radiosensitivity. Br J Cancer 85(10): 1577-1584.
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2.1

INTRODUCTION
As outlined in Section 1.3.1, many solid tumours contain poorly oxygenated cells that are

less sensitive to treatment with ionizing radiation. The presence of diffusion-limited hypoxic
cells is well-established in a variety of tumour types, and was traditionally thought to represent
the primary barrier to effective radiation therapy. However, the radiation response of tumour
cells not only depends on their oxygenation level at the time of irradiation (Gray et al, 1953),
but also on their nutrient status insofar as it influences D N A repair capacity (Ling et al, 1988;
Gerweck et al, 1993; Denekamp and Dasu, 1999). Tumour cells that have a higher nutrient
status and are at intermediate levels of oxygenation (i.e. cells situated along the oxygen diffusion
gradient) are therefore thought to represent important limitations to radiation therapy (Wouters
and Brown, 1997; Evans et al, 1997; Olive et al, 2002). Moreover, tumour cells that experience
changes in hypoxic status over time (i.e. transiently hypoxic cells) have also been postulated to
influence tumour response to radiation therapy, despite inadequate methodology to detect these
tumour cells in the clinic. Transiently hypoxic tumour cells are thought to have improved D N A
repair capacity relative to diffusion-limited hypoxic cells (Denekamp and Dasu, 1999), and have
been shown to retain some capacity to proliferate during temporary decreases in oxygenation
(Durand and Raleigh, 1998).
One strategy for improving tumour response to radiation therapy is to improve the
oxygenation of tumour cells at the time of irradiation. For example, increasing the oxygen
content of systemic blood through breathing high oxygen content gas would be thought to
increase the delivery and the diffusion distance of oxygen in a tumour, thereby targeting
diffusion-limited hypoxic cells (Chaplin et al, 1986). Conversely, modifying tumour perfusion
may increase oxygen delivery to tumour regions that are normally transiently hypoxic, without
necessarily influencing oxygen delivery to diffusion-limited hypoxic cells. The hemorrheologic
drug pentoxifylline was used as a tool to study how changing tumour perfusion to favor
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increased delivery of oxygen prior to a dose of radiation could influence the radiosensitivity of
different subpopulations of tumour cells.
Pentoxifylline has been shown to increase the deformability of red blood cells and leukocytes
in vitro (Ehrly, 1978; Armstrong et al., 1990; Arcuri et al., 1998). As discussed in Section
1.2.1.2, chaotic tumour vasculature can contribute to the formation of a hypoxic tumour
microenvironment (Vaupel et al., 1989). The buildup of cellular waste products and CCh in
poorly vascularized tumour tissue decreases tumour extracellular pH, which may also decrease
the pH of some tumour microvasculature containing sluggish blood flow.

Lower pH can

increase the rigidity of blood cells and increase blood viscosity (Van Nueten and Vanhoutte,
1980; Hakim and Macek, 1988), further impairing blood flow through tumour blood vessels.
Pentoxifylline is thought to counteract microenvironment-induced increases in blood cell
rigidity, decrease blood viscosity, and improve blood flow through narrow tumour vasculature.
Pentoxifylline has been shown to decrease interstitial fluid pressure and increase net tumour
perfusion, oxygenation, and radiosensitivity in a variety of experimental tumour systems (Lee et
al., 1992; Song et al, 1992; Honess et al, 1993; Lee et al, 1993; Lee et al, 1994; Song et al,
1994; Honess et al, 1995; Kelleher et al, 1998).
Pentoxifylline was used to induce changes in tumour perfusion on a whole tumour and a
microregional scale in two different human tumour xenografts.

Net tumour perfusion was

measured by quantifying tumour uptake of the radioisotope rubidium-86 (Rb ; Sapirstein, 1958;
86

Gullino and Grantham, 1961), while changes in microregional tumour perfusion were assessed
by quantifying tumour areas that were differentially stained with two sequentially administered
fluorescent perfusion dyes (Trotter et al, 1989).

These methods indirectly measure drug-

induced changes in tumour cell oxygenation, and the oxygenation status can be functionally
evaluated using an in vivo-in vitro assay of tumour cell sensitivity to ionizing radiation.
Fluorescence-activated cell sorting based on intracellular content of a fluorescent perfusion dye
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was used in conjunction with the radiosensitivity assay to isolate the radiation responses of
different subpopulations of tumbur cells'. These data therefore provide information on tumour
cells that are preferentially radiosensitized by pentoxifylline-induced changes in tumour
perfusion, and indicate the relevance of these cells in tumour response to ionizing radiation.
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2.2

M A T E R I A L S A N D METHODS
The materials and methods outlined in Sections 2.2.1, 2.2.4, and 2.2.5 are central to this

thesis and will be used in subsequent Chapters; the methods will therefore be discussed in some
detail.
2.2.1

Tumours

Tumours derived from SiHa, a human cervical squamous cell carcinoma (Friedl et al, 1970),
and WIDr, a human colon adenocarcinoma (Noguchi et al, 1979), were used for all experiments
in this Chapter and in Chapters 3-4. Both were obtained as cultured cell lines (American Type
Culture Collection, Rockville, MD), grown in severe combined immunodeficient (SCID) mice
and maintained by intramuscular transplant.

Experimental tumours were grown as dorsal

subcutaneous implants in 7-8 week old SCID mice (typically male; bred in-house), and were
used 3-4 weeks after implantation at an average weight of -500 mg.

A l l procedures were

performed in accordance with the ethical standards of the University of British Columbia
Committee on Animal Care and the Canadian Council on Animal Care.
2.2.2

Reagents

Diltiazem hydrochloride (ICN'Biomedicals, Costa Mesa, C A ) and pentoxifylline (SigmaAldrich Canada Ltd., Oakville, ON) were dissolved in Dulbecco's PBS (Gibco Invitrogen Corp.,
Burlington, ON) for intraperitoneal (i.p.) injection at the cited concentrations in an approximate
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volume of 0.01 ml/g mouse body weight. Rubidium-86 chloride (Rb CI; Amersham Pharmacia
Biotech, Buckinghamshire, U K ) was diluted in PBS to an activity of -3.7 M B q of R b

86

per 0.1

ml injection.
2.2.3

Rubidium-86 (Rb ) Extraction

Tissue uptake of R b

86

86

after a bolus intravenous (i.v.) injection of R b C l is proportional to the
86

fraction of the cardiac output (CO) flowing through that tissue (Sapirstein, 1958). This method
of estimating tissue perfusion has also been validated for measuring net blood flow in implanted
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tumours (Gullino and Grantham, 1961), however each blood flow measurement is terminal since
the detection of R b

86

is performed on excised tissue. A modified R b

86

extraction method was

developed to enable multiple tumour blood flow measurements in the same mouse (e.g. before
and after treatment with a blood flow modifying drug); each animal (and tumour) was therefore
used as its own control.
The method involved a solid-state radiation detection probe positioned over the implanted
tumour during each of two sequential i.v. injections of Rb CI (Figure 2.1), with i.p.
administration of a blood flow modifying drug before the second R b C l injection. Activity from
86

the tumour area was measured for 90 seconds after each isotope injection, which has previously
been established as the time in which tumour uptake of R b

86

is at a plateau (Zanelli and Fowler,

1974). The activity remaining from the first R b C l injection was used as the background signal
86

for the second injection, and the radioactivity of the tail was measured after each injection in
order to correct for any solution remaining at the injection site.

Mice were excluded from

analysis i f the activity remaining in the tail from either R b C l injection was more than 10% of
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the injected activity (suggesting poor injection technique).
Animals were terminated 90 seconds after the second isotope injection, and the tumour and
overlying skin were excised, weighed, and monitored for radioactivity in a Cobra II Auto
Gamma well-type radiation counter (Packard Instrumentals, Meriden, CT).

The external

radioactivity signal from the tumour area was normalized for the skin overlying the tumour to
provide a radioactivity estimate for the tumour alone. Data are expressed in terms of % injected
activity per gram of tumour tissue, which is proportional to the % cardiac output per gram of
tissue (% CO/g).
2.2.4

Dual Stain Mismatch

Changes in regional tumour perfusion over time can be assessed using two sequentially
administered fluorescent perfusion dyes (Trotter et al., 1989).

Tumour areas stained more
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R a d i a t i o n Probe

P o w e r Source /
Signal T r a n s d u c e r

L e a d Shield

Figure 2.1

Diagram of the R b extraction method.
Sb

The lead shield was designed with an aperture so the radioactivity signal from the tumour area
could be isolated from the overall radioactivity of the animal. The signal from the tumour area is
normalized for activity from the skin overlying the tumour (see text).
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intensely with one dye relative to the other indicate regions that experienced a relative increase
or decrease in perfusion during the time between dye injections (Figure 2.2).
The fluorescent bisbenzimide dye Hoechst 33342 (0.5 mg per mouse delivered in 0.05 ml
PBS; Sigma-Aldrich Canada Ltd.) was administered by i.v. injection to tumour-bearing mice,
followed 35 minutes later by i.v. injection of the carbocyanine derivative DiOCv (0.1 mg per
mouse in 0.05 ml of 75% D M S O ; Sigma-Aldrich Canada Ltd.). Pentoxifylline was injected i.p.
15 or 30 minutes before carbocyanine injection, and 5 minutes later the tumours were excised,
embedded, frozen, and sectioned. Representative microscopic images of the tumour sections
were digitized and analyzed by locally developed software that enabled quantitative assessment
of the differential relative fluorescence intensities of each stain (Durand and LePard, 1994;
Durand and LePard, 1995). Ten images were collected for each tumour and the data were
averaged to include perfusion changes from various tumour regions.
Differences in staining profiles were quantified using a multistep algorithm to facilitate
statistical analysis. Briefly, the fluorescence intensity of each stain was normalized against the
maximal and background stain intensities found in each set of ten images (for a given tumour).
Each image was then analyzed on a pixel-by-pixel basis, and when the fluorescence intensity of
either stain exceeded background, the relative intensity of the carbocyanine staining (green) was
compared with the Hoechst staining (blue). Relative staining intensities that varied by less than a
factor of 2 were defined as "matched" staining and assigned a value of "0% change". A 2- to 3fold increase in carbocyanine staining relative to Hoechst staining (green > blue) indicated areas
of increased relative perfusion over the time interval and were defined as "+100% change".
Similarly, a 3- to 4-fold increase in relative staining intensity was defined as a "+200% change",
etc. Areas of decreased carbocyanine intensity relative to Hoechst intensity (green < blue) were
expressed as negative percentage changes. Percentage changes exceeding ±300% (i.e. > 4-fold
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I

(Drug)

I

Carbocyanine

\

Time Interval (35 min)

Relative Intensity Change (Dye 2 : Dye 1 as %)

Figure 2.2

Illustration of dual stain mismatch experiments.

Tumour areas that stained more brightly with carbocyanine relative to Hoechst (i.e. positive
intensity changes) were adjacent to blood vessels that became more functional ("opened") during
the time interval. Tumour areas that stained less brightly with carbocyanine relative to Hoechst
(i.e. negative intensity changes) were adjacent to blood vessels that became less functional
("closed") during the time interval. Tumour areas that had "matched" staining patterns were
adjacent to blood vessels that did not increase or decrease perfusion by more than 2-fold during
the time between dye injections.
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changes in relative staining intensity) roughly corresponded to previous visual criteria for stain
"mismatch" (Trotter et al, 1989).
2.2.5

Fluorescence Activated Cell Sorting

Fluorescence-activated cell sorting is a method to subdivide a tumour into a number of
fractions based on intracellular content of the fluorescent dye Hoechst 33342.

Hoechst

administered i.v. to tumour-bearing animals demarcates cells at varying distances from
functional tumour blood vessels (and therefore at varying levels of oxygenation; see Chapter 3).
Tumour-bearing animals were treated with either diltiazem or pentoxifylline before whole
body 250 keV X-irradiation with a dose rate of 3 Gy/min. Immediately post-irradiation, animals
were given an i.v. injection of Hoechst 33342 (1 mg in 0.05 ml double-distilled water), and 20
minutes later the tumours were excised and washed in ice-cold PBS.

Hoechst at this

concentration is not toxic to host animals or tumour cells.
Single-cell suspensions were prepared from excised experimental tumours by finely mincing
with crossed scalpels and agitating the resulting brie for 40 minutes in an enzyme suspension
containing 0.5% trypsin and 0.08% collagenase in PBS. After incubation, 0.06% DNAse was
added and the cell suspension gently vortexed and filtered through 30 urn nylon mesh to remove
clumps.

Monodispersed cells were washed by centrifugation and resuspended in minimal

essential medium ( M E M ; Gibco Invitrogen Corp.) containing 10% fetal bovine serum (FBS;
HyClone, Logan, UT) for cell sorting (Durand, 1982; Durand, 1986).
Viable tumour cells were sorted using a dual laser F A C S 440 flow cytometer (Becton
Dickinson, Mountainview, CA). Cells were distinguished from cellular debris on the basis of
forward light scatter (cell size); sort windows were automatically set to subdivide the cell
population into eight fractions of differing intracellular Hoechst concentrations (Durand, 1986).
In general, the brightest Hoechst-stained cells, designated fraction 1, were proximal to functional
vasculature while the dimmest Hoechst-stained cells, designated fraction 8, were most distant
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from functional vasculature at the time of Hoechst injection (Chaplin et al, 1985; Olive et al,
1985; Chaplin et al, 1986). The primary assumption of the method is that the Hoechst staining
profile mimics the oxygenation profile during irradiation, which is valid provided the time
between irradiation and Hoechst injection is sufficiently short so that significant changes in
tumour perfusion do not occur (Chaplin et al, 1985). Predetermined numbers of cells were
sorted into tubes containing M E M with 10% fetal bovine serum (M10), and 1% penicillinstreptomycin containing 0.1% Fungizone (Gibco Invitrogen Corp.).
2.2.6

In Vivo-In Vitro Cloning Assay

In vivo-in vitro cloning assays are used to determine the efficacy of a particular cytotoxic
treatment. Tumour-bearing mice are treated (in this case with drug prior to radiation) and the
tumour is excised, disaggregated, and known numbers of cells are added to Petri dishes for
growth in vitro. Clonogenic tumour cells that survived the cytotoxic treatment will proliferate to
form colonies that can be subsequently stained and counted.

Data are typically presented in

terms of tumour cell "survival" and expressed as a fraction of the number of cells plated for a
given dose of treatment.
Sorting the tumour cells into different subpopulations based on their relative proximity to
perfused vasculature prior to plating provides information on the survival of different
subpopulations of tumour cells (Chaplin et al, 1985; Olive et al, 1985; Durand, 1986). Tubes
containing sorted tumour cells (obtained as described in Section 2.2.5) were poured and rinsed
into 100 mm tissue culture dishes and incubated at 37°C in 94% air with 6% CO2 for two weeks
to allow colony formation. No special additives were used for tumour cell culture, nor were
feeder cells, gel cultures, or low oxygen tensions found to improve cell growth or viability of
these cell lines (note that these human tumour cell lines were initially selected in tissue culture).
For all clonogenicity data, the ratio of observed colonies to cells plated is presented without
correcting for control plating efficiencies (which were in the 20-30% range).
60

2.2.7

Statistics

Statistical tests were conducted using SPSS software (SPSS Inc., Chicago, IL). Two-sample
student's t-tests (two-tailed) were used to analyze the dual stain mismatch and radiosensitivity
data.
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2.3

RESULTS
2.3.1
The' Rb

Drug-Induced Changes in Net Tumour Perfusion
extraction method was used to determine the pentoxifylline dose required to

increase net tumour blood flow 15 minutes after administration. Net SiHa tumour perfusion did
not significantly change 15 minutes after administration of 5-50 mg/kg pentoxifylline (Figure
2.3A). Net WiDr tumour perfusion increased linearly with pentoxifylline dose up to 130% ±
40% (mean ± s.e.m.) 15 minutes after administration of 50 mg/kg (Figure 2.3A). Changes in net
tumour perfusion were also determined at varying times after administration of the drug dose that
provided the largest increases in net tumour perfusion after 15 minutes.

Interestingly, the

increase in net WiDr tumour perfusion observed 15 minutes after pentoxifylline administration
returned to control levels within 30 minutes (Figure 2.35).
2.3.2

Pentoxifylline-Induced Changes in Microregional Tumour Perfusion

Changes in tumour blood flow on a microregional level were studied 15 and 30 minutes after
administration of pentoxifylline in both tumour types. In the absence of drug treatment, SiHa
tumours demonstrate fewer large-scale changes in perfusion over a 35 minute period than WiDr
tumours (this will be discussed further in Chapter 3). Microregional SiHa tumour perfusion was
not significantly affected 15-30 minutes after administration of 5 mg/kg pentoxifylline (Figure
2.4,4).

A redistribution of microregional WiDr tumour perfusion was observed 15 and 30

minutes after

50 mg/kg pentoxifylline compared to untreated

tumours (Figure 2.4.5).

Specifically, the fraction of WiDr tumour blood vessels normally exposed to increased perfusion
over a 35 minute interval (positive relative intensity changes) increased with pentoxifylline
treatment. These data suggest that 50 mg/kg pentoxifylline increased blood flow through WiDr
tumour vasculature that would not normally experience perfusion changes over a 35 minute
period.
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extraction.

(A) Net tumour perfusion measured 15 minutes after administration of pentoxifylline. SiHa
tumour perfusion (•) did not change significantly over the doses studied, while WiDr tumour
perfusion (•) increased linearly with increasing pentoxifylline dose. Data are mean ± s.e.m.; n =
3-5 animals per data point.
(B) Net perfusion of WiDr tumours after administration of 50 mg/kg pentoxifylline.

The

increase in net WiDr perfusion observed after 15 minutes returned to control levels by 30
minutes. Data are mean ± s.e.m.; n = 3-5 animals per data point.
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Dual stain mismatch data showing changes in the microregional distribution of

tumour blood flow 15 and 30 minutes after administration of pentoxifylline (Pento).
(A) SiHa tumours did not demonstrate statistically significant alterations in microregional
perfusion after administration of 5 mg/kg pentoxifylline. Data are mean + s.e.m.; n = 6 animals
per group.
(B) WiDr tumours demonstrated statistically significant increases (*p < 0.05) in microregional
tumour perfusion 30 minutes after administration of 50 mg/kg pentoxifylline. Data are mean +
s.e.m.; n = 8-10 animals per group .
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2.3.3

Impact of Tumour Perfusion Modification on Tumour Cell Radiosensitivity

Mice bearing SiHa or WiDr tumours were given 5 mg/kg and 50 mg/kg pentoxifylline at
various times prior to single irradiation doses of 5 Gy or 10 Gy respectively.

The different

radiation doses are reflective of the inherent radiosensitivity differences between these two
tumour types. Drug concentrations were chosen based on the maximal increases in net tumour
ay-

perfusion observed by Rb

extraction presented in Figure 2.3. No significant changes in tumour

cell radiosensitivity were observed when SiHa tumour-bearing mice were given 5 mg/kg
pentoxifylline 15 minutes to 2 hours prior to a single radiation dose of 5 Gy (Figure 2.5A).
Increases in the radiosensitivity of some WiDr tumour cell subpopulations were observed
when 50 mg/kg pentoxifylline was administered 15-30 minutes prior to a radiation dose of 10 Gy
(Figure 2.55). The cells that corresponded to intermediate levels of Hoechst intensity exhibited
statistically significant increases in radiosensitivity (i.e. decreased survival) with pentoxifylline
treatment prior to irradiation (p < 0.05). Increased tumour cell radiosensitivity was also observed
in the most brightly Hoechst-stained tumour cells, while no significant radiosensitivity increase
was observed in the dimmest Hoechst-stained

tumour cells.

These data suggest that

pentoxifylline had no observable radiosensitizing effect on diffusion-limited hypoxic cells (dim
sort fractions; distant from functional tumour vasculature).
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Radiosensitivity data for SiHa and WiDr tumours with pentoxifylline (Pento)

administered prior to tumour irradiation.
Tumour cells were sorted based on Hoechst 33342 content prior to the in vitro cloning assay.
Pentoxifylline was administered 15 min (•), 30 min (A), 1 h (•), and 2 h (•) prior to tumour
irradiation (•).
(A) SiHa tumour cell radiosensitivity was not significantly affected by 5 mg/kg pentoxifylline
prior to 5 Gy irradiation. Data are mean ± s.e.m.; n = 4-6 animals per curve.
(B) WiDr tumour cell radiosensitivity was significantly increased in sort fractions 3-6 (*p < 0.05)
and sort fractions 4-6 (**p < 0.05) when 50 mg/kg pentoxifylline was administered 15 and 30
minutes prior to 10,Gy irradiation respectively. Data are mean ± s.e.m.; n = 4-8 animals per
curve.
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2.4

DISCUSSION
Tumours that have been derived from different cell lines can have very different

characteristics in terms of their hypoxic fractions, intrinsic radiosensitivity, and propensity to
undergo changes in hypoxia over time. SiHa tumours demonstrate little evidence of transient
perfusion over relatively short periods of time, while WiDr tumours .typically demonstrate
relatively large-scale perfusion changes over periods of 30 minutes or less (Durand and AquinoParsons, 2001a) and have a higher fraction of hypoxic cells (Durand and Raleigh, 1998). In
addition, qualitative microscopic examination of tumour sections indicates that SiHa tumours
tend to contain larger diameter blood vessels than WiDr tumours. Thus the narrower vasculature
and increased transient perfusion in WiDr tumours may suggest higher levels of transient
hypoxia compared to SiHa tumours.
In terms of drug-induced changes in perfusion, the mechanism of action of a given drug may
prove more efficacious in modifying tumour perfusion of different tumour types. Importantly,
the activity of pentoxifylline does not require delivery to tumour cells and is therefore not limited
by areas of poor tumour perfusion. The accepted mechanism of pentoxifylline-induced changes
in tumour perfusion (i.e. by affecting blood cell deformability and increasing blood flow through
narrow tumour vasculature) suggests that this drug may be more effective in tumours containing
tortuous vasculature and/or intermittent perfusion. Thus when combined with the features of
WiDr tumours described above, pentoxifylline would likely be more effective in increasing
perfusion in WiDr tumours relative to SiHa tumours. Indeed, pentoxifylline did not significantly
increase the net perfusion of SiHa tumours (Figure 2.3A), or the radiosensitivity of tumour cell
subpopulations (Figure 2.5,4). It is worth noting that these data indicate pentoxifylline was
ineffective at increasing the oxygenation (and hence the radiosensitivity) of diffusion-limited
hypoxic cells (furthest from functional vasculature; sort fractions 7-8).
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Pentoxifylline increased the net perfusion of WiDr tumours (Figure 2.3,4) 15 minutes after
administration of 50 mg/kg, a dose that agrees' with other published data (Song et al, 1992;
Honess et al, 1993; Song et al, 1994; Kelleher et al, 1998) although the maximal increases in
tumour perfusion varies between tumour systems. The increase in net tumour perfusion after 15
minutes coincided with an increase in blood flow through tumour blood vessels that did not
normally experience increases, in functionality over that time interval (Figure 2.45).
Interestingly, the redistribution of tumour perfusion on a microregional level lasted for 30
minutes despite no observable increase in net tumour perfusion at that time. These data suggest
that changes in tumour blood flow on a microregional scale may not necessarily be associated
with changes in net blood flow to a tumour, and would therefore not be detectable using the R b
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extraction method.
The in vivo-in vitro cloning assay data indicate increases in the radiosensitivity of WiDr
tumour cells at intermediate levels of Hoechst intensity when pentoxifylline was given 15 and 30
minutes prior to tumour irradiation (Figure 2.55). In a tumour displaying temporally constant
blood flow, the intermediate sort fractions contain cells that were presumably intermediately
oxygenated, receiving intermediate levels of stain due to their distance from functional
vasculature. However, in tumours with perfusion changes on the order of minutes such as WiDr
tumours, the intermediate sort fractions can also contain cells with a perfusion status that
changed during the lifetime of the Hoechst in the circulation (ti/2 =110 seconds; Olive et al,
1985). Thus intermediate sort fractions are potentially enriched with transiently hypoxic tumour
cells, although methods to directly identify transiently hypoxic cells were not available at the
time of these experiments (see Chapter 3).
When taken with the known mechanism of pentoxifylline-induced changes in tumour
perfusion and the dual stain mismatch data 30 minutes after drug administration, the
radiosensitivity assay therefore suggests pentoxifylline-induced oxygenation of transiently
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hypoxic tumour cells. The increase in WiDr radiosensitivity after 30 minutes was of comparable
magnitude to the increased radiosensitivity associated with the net perfusion increase after 15
minutes.

These data suggest both the microregional redistribution of tumour blood flow to

increase oxygen delivery to transiently hypoxic cells and the increase in net tumour blood flow
were capable of increasing WiDr tumour cell radiosensitivity. However, this argument relies on
two indirect measurements and one functional assessment of tumour oxygenation (by measuring
tumour perfusion and radiosensitivity respectively), and would benefit from a method to directly
measure transiently hypoxic tumour cells on a cell-by-cell basis (see Chapters 3 and 4).
It is worth emphasizing at this point that WiDr and SiHa tumours display different
microenvironmental characteristics despite being implanted in the same SCID murine host strain.
Tumour cells are therefore capable of influencing the characteristics and functionality of host
vasculature (including response to blood flow modification) in a tumour-type specific fashion.
These observations imply that further study of the microenvironment associated with different
human tumour xenografts provides information with potential clinical relevance, without the
necessary technical limitations associated with studying tumours in the clinic.
The influence of various tumour cell subpopulations on tumour response to radiation is
difficult to directly assess clinically, largely due to limitations in methodology and current
definitions of tumour "response" to therapy.

In the clinic, tumours are generally considered

"responsive" to treatment i f the tumour decreases in size with continued therapy, indicating a
majority of tumour cells have both died and disappeared from the tumour.

However, when

considering the goal of tumour "cure", kinetics studies in experimental tumours suggest that
killing tumour cells that are maximally resistant to treatment is critical since even a relatively
small number of cells surviving treatment can cause tumour regrowth (Durand, 1993; Durand,
1994). Defining a radiotherapy intervention that affects a minority of (maximally resistant)
tumour cells is therefore difficult in the clinic, particularly since the response of the majority of
69

tumour cells is the easiest to directly observe. Thus the further refinement of pre-clinical and
clinical methods designed to elucidate the responses of specific tumour cell subpopulations to
various therapeutic interventions is warranted.
'

Determining the identity of cells that respond to a particular therapeutic intervention has

important implications for the advancement of clinical therapy. Various populations of tumour
cells likely have different influences on tumour response to therapy, and more work is necessary
to determine which tumour cells are primarily responsible for treatment failure. Tumour cells at
intermediate levels of oxygenation are thought to affect tumour response to radiation (Wouters
and Brown, 1997; Evans et al, 1997; Olive et al, 2002), and pre-clinical work has suggested the
potential importance of transiently hypoxic tumour cells on clinical cancer therapy (Durand and
Raleigh, 1998; Denekamp and Dasu, 1999). The data presented in this Chapter also support the
potential therapeutic relevance of transient tumour hypoxia in that drug-induced changes in
tumour blood flow to favor increased oxygen delivery to cells normally exposed to transient
perfusion yielded increases in tumour cell sensitivity to radiation. Despite these pre-clinical
observations, further characterization of tumour hypoxia in the clinic is necessary before
strategies for targeting specific tumour cell subpopulations can be effectively utilized.
There is, however, a lack of methodology available to study (dynamic) tumour hypoxia in the
clinic. In particular, there are no satisfactory methods to distinguish between diffusion-limited
hypoxic, intermediately oxygenated, and transiently hypoxic cells in experimental tumours, let
alone in the more technically and ethically limiting clinical situation.

The development of

methods to distinguish between hypoxic cells derived from different oxygen deprivation
mechanisms is therefore a worthwhile endeavor, particularly i f the methods could potentially be
applied to the clinic for use in improving cancer therapy.
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C H A P T E R 3: Q U A N T I F Y I N G T R A N S I E N T T U M O U R
HYPOXIA BY FLOW CYTOMETRY

This Chapter has been adapted from the following published manuscript:
Bennewith, K L and Durand, RE (2004) Quantifying transient hypoxia in human
xenografts by flow cytometry. Cancer Res 64(17): 6183-6189.

3.1

INTRODUCTION
Many solid tumours contain subpopulations of cells that are poorly oxygenated, and the

presence of these cells has been shown to limit the outcome of cancer therapy by radiation,
chemotherapy, and even surgery (Hockel and Vaupel, 2001).

The oxygenation status of a

tumour is thought to have potential prognostic value in cancer treatment, and many methods for
measuring tumour oxygenation have been developed (Section 1.5). Exogenous markers, such as
pimonidazole (Arteel et al, 1995) and EF5 (Lord et al, 1993), have been used clinically to label
poorly oxygenated tumour-cells for subsequent image analysis of tumour sections obtained by
excision biopsy (Raleigh et al, 2001), for flow cytometry analysis of cells from excision or fine
needle aspirate biopsies (Olive et al, 2000; Durand and Aquino-Parsons, 2001a; Durand and
Aquino-Parsons, 2001b), or for visual scoring of tumour cell smears (Olive et al, 2001b).
However, while exogenous markers are useful tools to identify poorly oxygenated cells in both
experimental and clinical tumours, a single injection or infusion of a marker (as is typically
performed) only provides information on tumour oxygenation during the circulation lifetime of
the marker. Moreover, only those cells that are at sufficiently low levels of oxygen for sufficient
time intervals will bind measurable quantities of a given marker.

Thus there are inevitable

questions as to the therapeutic relevance of the labeled cells in terms of both the degree and
duration of their oxygen deprivation.
As discussed in Section 1.2, the terms "hypoxic" or "hypoxia" in this thesis denote oxygen
deprivation that is sufficient to result in decreased cellular sensitivity to ionizing radiation.
Operationally, exogenous hypoxia markers specifically label such cells (Evans et al, 1996;
Raleigh et al, 1999), and "thresholds" used to distinguish labeled from non-labeled cells in flow
cytometry analyses (Hodgkiss et al, 1995; Durand and Raleigh, 1998) provide tumour hypoxic
fractions that are consistent with other functional assays such as the paired radiation survival
curve technique (Moulder and Rockwell, 1984). However, even though radiation survival curves
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provide unequivocal data regarding tumour radiosensitivity (and oxygenation indirectly), these
parameters are again assessed over the relatively short duration of the radiation exposure and
therefore do not take into account changes in hypoxia that occur over time.
Tumour hypoxia was originally thought to arise exclusively in tumour cells situated at a
substantial distance from functional tumour blood vessels (100-150 um), beyond which there is
limited oxygen delivery due to the high oxygen consumption of the intervening cells (Section
1.2.1). This diffusion-limited hypoxia has been extensively characterized in both animal and
human tumour systems, and its impact on cancer therapy is well understood.

However,

observations in animal tumours over two decades ago (Brown, 1979) led to suggestions of a
more dynamic form of hypoxia, which has more recently been discussed as a potential factor
impacting clinical cancer therapy (Denekamp and Dasu, 1999; Durand, 2001; Durand and
Aquino-Parsons, 2001a; Durand and Aquino-Parsons, 2001b).

This transient or intermittent

hypoxia is poorly understood, and there are many unanswered questions regarding its presence
and potential influence in the treatment of solid tumours. Transient hypoxia is thought to occur
in tumour cells that are dependent on tumour blood vessels that are subject to partial and/or
intermittent decreases in functionality, thereby reducing oxygen (and nutrient) delivery and
availability (Section 1.2.2). Importantly, as the oxygenation status of these cells increases or
decreases over time, there are concomitant changes in their sensitivity to radiation (Denekamp
and Dasu, 1999) or chemotherapy (Durand, 2001). Moreover, a portion of transiently hypoxic
cells are capable of retaining some proliferative capacity during the temporary reduction (or
absence) of oxygen (Durand and Raleigh, 1998), and therefore could potentially proliferate upon
reoxygenation of a tumour region. Thus although their presence in clinical tumours has been
difficult to demonstrate conclusively so far (largely due to inadequate methodology), transiently
hypoxic tumour cells are potentially important players in limiting tumour response to therapy.
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Efforts to better understand the mechanism of transient hypoxia generation have primarily
involved monitoring changes in tumour oxygen tension (p0 ) over time by the insertion of one
2

(or two) oxygen detection probes (with the presumption that the probe is positioned in a region
of tumour containing viable cells).

Oxygen tensions have been monitored continuously in

murine tumours using recessed-tip oxygen microelectrodes (Kimura et al, 1996; Dewhirst et al,
1998; Braun et al,

1999) and in human melanoma xenografts using Oxylite fibre-optic

microprobes (Brurberg et al, 2003; Brurberg et al, 2004). These studies have provided realtime evidence that significant, yet highly heterogeneous changes in tumour blood flow and p 0

2

can occur with different periodicities and magnitudes in different tumour types, and in different
regions of the same tumour.

However, these data also reconfirm the spatial and temporal

heterogeneity of the tumour microenvironment, suggesting the need for multiple measurements
to more accurately depict the tumour as a whole. Moreover, the functional significance of
temporally fluctuating tumour p 0 observed in this way is largely inferential since the overall
2

fraction of viable tumour cells displaying a dynamic hypoxic status is not directly queried.
In Chapter 2, the effect of drug-induced blood flow modification on transient hypoxia in
human tumour xenografts was indirectly studied using dual stain mismatch analyses of tumour
sections, and the functional significance of the observed changes in tumour perfusion were
demonstrated by a radiosensitivity assay.

The dual stain mismatch method was originally

designed to observe (non-induced) microregional fluctuations in tumour blood flow, and
differences between the relative staining intensities of two i.v. injected fluorescent dyes indicate
tumour areas that were subject to perfusion changes during the time between stain injections
(Trotter et al, 1989; Trotter et al, 1991; Durand and LePard, 1995). Presumably, regions of a
tumour that are subject to fluctuations in blood flow (and thus oxygen delivery) may also exhibit
changes in hypoxia depending on the degree and duration of the perfusion fluctuations. While
this technique is adequate for quantifying transient tumour perfusion in animal systems, there are
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technical and ethical limitations to extending the method to tumours in the clinic.

Since

information regarding the presence and duration of intermittent hypoxia episodes in clinical
tumours would improve our understanding of the microenvironmental limitations of current
cancer therapy protocols, an approach for potentially measuring changes in tumour hypoxia in
the clinic is needed.
To quantify changes in hypoxia over time and essentially over an entire tumour, the hypoxia
markers pimonidazole and CCI-103F (Raleigh et al, 1987) were sequentially administered to
mice bearing human tumour xenografts.

Since hypoxia markers are bound and retained in

hypoxic cells during the circulation lifetime of the agent, multiple hourly injections of
pimonidazole were used to estimate a tumour hypoxic fraction that was "integrated" over time.
Fractions of pimonidazole-labeled cells were then compared to the more "typical" hypoxic
fraction determined with a single subsequent injection of CCI-103F, and those cells that
contained one hypoxia probe and not the other indicated cells that were hypoxic at one point in
time and "oxic" at another (Franko, 1986; Iyer et al,

1998; Ljungkvist et al, 2000).

Importantly, the use of flow cytometry allowed quantification of transient hypoxia on a cell-bycell basis, which provided an improvement in resolution when compared to the "local" insertion
of probes (Kimura et al, 1996; Dewhirst et al, 1998; Braun et al, 1999; Brurberg et al, 2003;
Brurberg et al, 2004) or the analysis of tumour sections for changes in microregional perfusion
(Trotter et al, 1989; Trotter et al, 1991; Durand and LePard, 1995) or hypoxia (Ljungkvist et
al, 2000; Raleigh et al, 2001).

Moreover, flow cytometry analysis provides hundreds of

thousands of data points for a single tumour, while also allowing the exclusion of necrosis and
host cells from the measurements.

Information on the proximity of transiently hypoxic cells

relative to tumour vasculature that was functional just before tumour excision was obtained by
sorting the tumour cells based on Hoechst 33342 perfusion (Chaplin et al, 1985; Olive et al,
1985) prior to hypoxia marker analysis.
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Using an 8 hour observation window and two xenografted tumour systems, the data clearly
indicate time and tumour-dependent variation in the number of transiently hypoxic cells and the
proximity of these cells to functional tumour vasculature.

Furthermore, it was found that

hypoxia measurements that are "integrated" over time enable the inclusion of transiently hypoxic
cells into estimates of tumour hypoxic fractions, and application of similar approaches in the
clinic would allow assessment of the therapeutic relevance of these estimates.
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3.2

M A T E R I A L S A N D METHODS
3.2.1

Tumours and Reagents

SiHa and WiDr human tumour xenografts were used as described in Section 2.2.1.
Pimonidazole hydrochloride was supplied as Hydroxyprobe-1 (Natural Pharmaceuticals
International, Inc., Belmont, M A ) , and CCI-103F was a generous gift from Dr. James A. Raleigh
from the University of North Carolina.

Pimonidazole was dissolved at a concentration of 20

mg/ml in double-distilled water and CCI-103F was dissolved in 10% D M S O and 90% peanut oil,
also at 20 mg/ml. Both hypoxia probes were injected i.p. at a dose of 100 mg/kg mouse body
weight. Pimonidazole and CCI-103F are conducive to combined assays for hypoxia since they
have similar abilities to discriminate hypoxic cells, and neither inhibition of labeling nor crossreactivity between primary antibodies has been observed in flow cytometry or tumour section
analyses (Ljungkvist et al, 2000).
3.2.2

Fluorescence Activated Cell Sorting

Single-cell suspensions were prepared from excised tumours and sorted into fractions based
on intracellular concentration of Hoechst 33342 i.v. injected by the lateral tail vein 20 minutes
before host sacrifice and tumour excision as described in Section 2.2.5. In this case, the tumours
were sorted into six fractions for subsequent flow cytometry analysis. In general, the brightest
Hoechst-stained cells, designated fraction 1, were proximal to functional vasculature while the
dimmest Hoechst-stained cells, designated fraction 6, were most distant from functional
vasculature at the time of Hoechst injection (Chaplin et al, 1985; Olive et al, 1985; Chaplin et
al, 1986).
Hoechst 33342 has a high avidity for D N A and slowly diffuses away from functional
vasculature after i.v. injection, thereby establishing a marked gradient of staining intensity with
increasing depth into tissue (Durand, 1982; Chaplin et al, 1985). A 20 minute interval between
Hoechst injection and tumour excision provides an optimal Hoechst intensity gradient between
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brightly staining and dimly staining tumour cells with increasing distance from functional
tumour blood vessels, thereby facilitating sorting based on the relative intracellular Hoechst
intensity (Chaplin et al, 1985; Olive et al, 1985; Chaplin et al, 1986). The presence of cellular
debris in the most dimly staining Hoechst fractions provides (indirect) evidence that the lower
end of the Hoechst intensity gradient includes cells adjacent to tumour necrosis.
3.2.3

Antibodies

Fractions of tumour cells obtained by fluorescence activated cell sorting were fixed in chilled
70% ethanol and stored at -20°C for a minimum of 24 hours. Detection of intracellular hypoxia
marker adducts was achieved by incubation with appropriate antibodies before analysis by flow
cytometry (Durand and Raleigh, 1998). Intracellular protein-bound adducts of pimonidazole
were identified by an unconjugated IgGl mouse monoclonal (clone 4.3.11.3) primary antibody
(Arteel et al, 1995) and a goat anti-mouse Alexa 594 (red) fluorescent secondary antibody
(Molecular Probes Inc., Eugene, OR). Intracellular CCI-103F adducts were visualized with antiCCI-103F rabbit antisera (Raleigh et al, 1987) supplied by Dr. James A . Raleigh, and a
polyclonal goat anti-rabbit Alexa 488 (green) fluorescent secondary antibody (Molecular Probes
Inc.). D N A was counterstained with 4', 6-diamidino-2-phenylindole dihydrochloride hydrate
(DAPI; Sigma-Aldrich Canada Ltd., Oakville, ON) at a concentration of 2 ug/ml prior to flow
cytometry analysis.

A l l antibodies were diluted in a solution containing 4% calf serum

(HyClone, Logan, UT) and 0.1% Triton X-100 in Dulbecco's PBS (Gibco Invitrogen Corp.,
Burlington, ON).
3.2.4

Flow Cytometry

Flow cytometry analyses were performed using a dual laser Epics Elite-ESP flow cytometer
(Beckman Coulter Corp., Hialeah, FL). Data were obtained in the form of list mode files that
were subsequently reprocessed for analysis using the WINLIST software package (Verity
Software House Inc., Topsham, ME). Cells were identified based on forward light scatter (cell
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size) and time-of-flight (cell doublet discrimination) to exclude cellular debris and cell doublets
from further analysis. The diploid D N A content of host (murine) normal cells enabled their
exclusion from analysis of the hyperdiploid human tumour cells.
The fluorescent antibodies described in Section 3.2.3 enable identification of cells containing
protein-bound hypoxia marker adducts by flow cytometry, and the absolute fluorescence
intensity of a given cell (at the appropriate emission wavelength) is proportional to the absolute
number of bound hypoxia marker adducts in that cell. Bivariate plots of absolute fluorescence
intensity vs D N A content on a cell-by-cell basis enable a fluorescence intensity threshold to be
set to distinguish between cells that are "labeled" with hypoxia marker relative to cells that are
"non-labeled". A considerable advantage to setting relative intensity thresholds is realized by
sorting the tumour cells prior to analysis. Since the brightest Hoechst-stained cells were closest
to functional vasculature and contain the fewest hypoxic cells, relative fluorescence intensity
thresholds can be set based on profiles from this sort fraction (for a given tumour) and kept
relatively constant for the analysis of the remaining sort fractions for that tumour.
Cells identified as "pimonidazole-positive" or "CCI-103F-positive" were quantified and the
data were normalized to the expected profile for simultaneous administration of the two markers
(i.e. close to 100% concordance between pimonidazole- and CCI-103F-labeled cells).

This

normalization provided more conservative estimates of the fraction of cells labeled only with
CCI-103F or only with pimonidazole.
3.2.5

Statistics

Statistical tests were conducted using SPSS software (SPSS Inc., Chicago, IL). Two-sample
student's t-tests (two-tailed) were used to analyze the flow cytometry data from the unsorted
tumour samples.
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3.3

RESULTS
3.3.1

"Time-Integrated" Pimonidazole Labeling in SiHa Tumours

Plasma pimonidazole levels were maintained at a high level over time by repetitively
administering the hypoxia marker via hourly injections; hypoxic cells were therefore labeled
over a 1-8 hour period (Figure 3.1). For SiHa tumours, there was a statistically significant (p <
0.05) increase in the fraction of total tumour cells labeled with pimonidazole from 37% after a 1 ~
hour period of pimonidazole labeling to 56% after 5-8 hours of exposure to pimonidazole (Figure
3.1,4). It is important to note that the presence of bound pimonidazole adducts in a particular cell
is an indication only that the cell had been hypoxic enough for long enough at some point during
the labeling interval to bind sufficient quantities of the marker.

Thus cells labeled with

pimonidazole were not necessarily hypoxic at the time of tumour excision.
Pimonidazole labeling within subpopulations of SiHa tumour cells located at increasing
distance from functional tumour blood vessels was also examined by sorting the cells based on
Hoechst 33342 perfusion prior to flow cytometry analysis (Figure 3.IB). As expected, there
were increasing numbers of pimonidazole-labeled cells as the distance from tumour vasculature
increased (decreased Hoechst staining intensity; higher sort fraction number). For example, with
a single injection of pimonidazole (1 hour of labeling in Figure 3.1,4) and the tumour cells sorted
into six fractions (open circles in Figure 3.15), pimonidazole labeling was observed in ~4% of
the tumour cells staining most brightly with Hoechst (fraction 1 of 6; closest to functional
vasculature). These cells correspond to -0.7% of the total number of sorted tumour cells (4% x
1/6 of total tumour cells per sort fraction). Similarly, 72% of the cells furthest from functional
tumour blood vessels were labeled with pimonidazole (fraction 6 of 6; 12% of the total number
of tumour cells). Therefore, the increase in the total number of pimonidazole-labeled cells with
time observed in Figure 3.1,4 was primarily due to an increase in the number of pimonidazolelabeled cells found in sort fractions of intermediate to dim Hoechst intensity (fractions 3-6).
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S i H a tumour cells labeled with pimonidazole (Pimo).

(A) Percentage of Pimo-labeled tumour cells ( • ) after tumour-bearing mice were given hourly i.p. Pimo injections
prior to tumour excision. *Statistically significant difference with each subsequent time point (p < 0.05).
(B) Same data with tumour cells sorted before P i m o analysis based on cellular content of the fluorescent

perfusion

dye Hoechst 33342. Dashed lines indicate percentage of Pimo-labeled cells from whole tumours. M i c e were given
hourly P i m o injections for 1 h ( O ) , 2 h ( A ) , 3 h ( V ) , 4 h ( O ) , 5 h ( • ) , 6 h (A), 7 h (T), or 8 h ( * ) .

Data are mean ±

s.e.m.; n = 4-9 tumours per curve.
(C) Experimental protocol. Each red box represents a 1 hour pimonidazole labeling interval resulting from a single
pimonidazole injection. The white box indicates the 2 hour period prior to tumour excision used for administration
of a second hypoxia marker (see Section 3.3.2).
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3.3.2

Evidence of Transient Hypoxia in SiHa Tumours

A second hypoxia marker, CCI-103F, was injected 1 hour after the final pimonidazole
injection and 2 hours prior to tumour excision for each of the tumours (Figure 3.24). It is worth
noting that these data represent all CCI-103F-labeled cells detected in each sample, and that a
portion of these cells may or may not have been labeled previously with pimonidazole.
Similarly, the data presented in Figure 3.1 indicated all tumour cells labeled with pimonidazole,
without distinguishing between cells that may or may not have been labeled with subsequent
CCI-103F.

Importantly, the degree of hypoxia as assessed by CCI-103F labeling did not

increase with increased pimonidazole administration, indicating that labeling hypoxic cells with
multiple injections of pimonidazole over time did not affect tumour oxygenation (Raleigh et al.,
1999). On a cellular level, these data also indicate that differences in the numbers of intracellular
pimonidazole adducts (even after multiple injections of pimonidazole) did not limit subsequent
binding of CCI-103F in the same cells. This was largely expected, since the number of bound
intracellular pimonidazole adducts has been shown to increase linearly with time and dose
(Durand and Raleigh, 1998).
The fractions of tumour cells that were labeled with both pimonidazole (red) and subsequent
CCI-103F (green) are shown in Figure 3.25. These cells were therefore sufficiently hypoxic at
some point during the circulation lifetimes of each hypoxia probe to label with both markers,
although labeled cells may or may not have been hypoxic for the entire labeling duration of
either marker.

Again, the presence of bound intracellular hypoxia marker adducts does not

necessarily indicate cells that were hypoxic at the time of tumour excision.
Figures 3.2C and 3.2D indicate the percentage of tumour cells in each sort fraction that were
exclusively labeled with CCI-103F (green only) or pimonidazole (red only) respectively.
Importantly, the determination of whether or not a particular cell is "pimonidazole-positive" or
"CCI-103F-positive" (i.e. is above a given threshold of relative fluorescence intensity) is
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Sorted SiHa tumour cells labeled with CCI-103F and/or pimonidazole (Pimo).

(A) Percentage of tumour cells labeled with C C I - 1 0 3 F 2 h after i.p. injection of the marker.
(B) Percentage of tumour cells labeled with both P i m o and subsequent C C I - 1 0 3 F .
( O Percentage o f tumour cells labeled with C C I - 1 0 3 F , but not previously labeled with P i m o .
(D) Percentage of tumour cells labeled with P i m o , but not labeled with subsequent C C I - 1 0 3 F .
M i c e were given hourly P i m o injections 1 h ( O ) , 2 h ( A ) , 3 h ( V ) , 4 h ( O ) , or 5 h ( • ) prior to C C I - 1 0 3 F injection,
or a single P i m o injection simultaneously with C C I - 1 0 3 F ( • ) .

Curves for 6-8 hourly Pimo injections were not

significantly different than the 5 h curve and were omitted for clarity. Data are mean ± s.e.m.; n = 4-6 tumours per
curve.
( £ ) Experimental protocol. Red boxes represent 1 hour pimonidazole labeling intervals from single pimonidazole
injections; green box indicates the C C I - 1 0 3 F labeling interval.
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performed independently for each marker. Thus while the relative fluorescence intensity of cells
containing bound

pimonidazole adducts increases with increasing

pimonidazole dose

administered over time, the ability to identify cells labeled with CCI-103F is not affected.
The profiles in Figure 3.2D represent cells that were hypoxic enough during the
pimonidazole exposure to label with that marker, but were not hypoxic enough during the
subsequent exposure to CCI-103F to label with that marker. As the duration of pimonidazole
labeling was increased, there was an increase in the fraction of cells that labeled only with
pimonidazole. These data suggest that the increase in total pimonidazole-labeled cells with time
observed in Figure 3AA was due to the detection of cells that were hypoxic only transiently. The
number of cells that were transiently hypoxic during the 1-5 hour period of pimonidazole
labeling ranged from 5-20% of the total number of tumour cells. Interestingly, the majority of
cells that demonstrated changes in hypoxia over this time period were located at an intermediate
to large distance from tumour vasculature that was functional just prior to tumour excision (sort
fractions 3-6).
Typical flow cytometry profiles are presented in Figure 3.3 for comparison of a SiHa tumour
in which pimonidazole and CCI-103F were administered simultaneously (Figures 3.3A and
3.35), and a SiHa tumour with 5 hourly injections of pimonidazole followed by an injection of
CCI-103F (Figures 3.3C and 3.3/3).

Tumour cells were sorted based on Hoechst 33342

perfusion prior to flow cytometry analysis, and profiles for the brightest and the dimmest
Hoechst-stained sort fractions are shown in each case. For all plots, pimonidazole-positive cells
(red) are above the horizontal threshold and CCI-103F-positive cells (green) are to the right of
the vertical threshold; the dashed diagonal line is included as an approximate slope of the
population of dual-labeled cells. The majority of hypoxic tumour cells in Figures 3.34 and 3.35
are dual-labeled (red and green), with few cells labeled only with pimonidazole or CCI-103F.
Cells labeled only with pimonidazole (i.e. red and not green) are observed in Figures 3.3C and
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Representative flow cytometry dot plots showing hypoxic SiHa tumour cells

labeled with pimonidazole and CCI-103F.
The threshold (solid) lines on each plot are for illustration purposes only; actual thresholds used
for analysis were set using linear distributions of each hypoxia marker vs D N A content, with
additional gating on multivariate plots.
(A) Sort fraction 1 (brightest Hoechst) and (B) sort fraction 6 (dimmest Hoechst) for SiHa
tumour with pimonidazole and CCI-103F administered simultaneously 2 h prior to tumour
excision.
( Q Sort fraction 1 and (D) sort fraction 6 for SiHa tumour with 5 hourly injections of
pimonidazole followed by a single CCI-103F injection 2 h prior to tumour excision. Note the
distribution of labeled cells has a distinctly different shape (upward shift relative to the dashed
line) due to the increased fraction of cells labeled only with pimonidazole.
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3.3D as upward shifts of the dual-labeled populations from the unlabeled cells, due to an increase
in the fraction of cells above the (horizontal) threshold for being considered pimonidazolepositive, and to the left of the (vertical) threshold and therefore CCI-103F-negative.
Figure 3.3 also effectively illustrates the benefits of flow cytometry for quantifying the
continuum of hypoxic status for tens of thousands of tumour cells simultaneously.

Flow

cytometry provided a vastly increased number of discrete measurements and an improved
resolution when compared to regional

pC>2

detection with solid probes (Kimura et al, 1996;

Dewhirst et al, 1998; Braun et al, 1999; Brurberg et al, 2003; Brurberg et al, 2004) or
microregional hypoxia marker detection in tumour sections (Ljungkvist et al, 2000; Raleigh et
al, 2001).

Moreover, the different flow cytometry profiles between cells of differing

intracellular Hoechst intensities visually reinforces the relative rarity of observing hypoxic cells
directly adjacent to tumour blood vessels that were functional just prior to analysis (which would
be indicative of relatively large-scale changes in vascular functionality).
3.3.3

Transient Hypoxia in WiDr Tumours

For WiDr tumours, there was a statistically significant (p < 0.05) increase in the fraction of
total tumour cells labeled with pimonidazole from 44% after 1-3 hours to 52% by 5-8 hours
(Figure 3.4.4). As with the SiHa experiments, tumour cells were sorted based on Hoechst 33342
perfusion prior to flow cytometry analysis (Figure 3.45), and a less dramatic increase in
pimonidazole-labeled cells with time was observed.

Interestingly, there was a decrease in

pimonidazole labeling in the most dimly Hoechst-stained cells (sort fraction 6) for all WiDr
curves relative to the preceding sort fraction that was not observed in SiHa tumours. Since
pimonidazole preferentially labels viable hypoxic cells (Durand and Raleigh, 1998), this
disparity may be due to a decrease in WiDr tumour cell viability at a large distance from tumour
vasculature. Indeed, these tumours typically contain relatively large areas of necrosis away from
tumour blood vessels and a large amount of cellular debris, suggesting a high degree of cell
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W i D r tumour cells labeled with pimonidazole (Pimo).

(A) Percentage o f Pimo-labeled tumour cells ( • ) after tumour-bearing mice were given hourly i.p. P i m o injections
prior to tumour excision. ^Statistically significant differences between each preceding time point and the 5 h point
(p < 0.05).
(B) Same data with tumour cells sorted before P i m o analysis.

Dashed lines indicate percentage o f Pimo-labeled

cells from whole tumours. M i c e were given hourly P i m o injections for 1 h ( O ) , 2 h ( A ) , 3 h ( V ) , 4 h ( O ) , 5 h ( • ) , 6
h (A), 7 h ( • ) , or 8 h ( • ) .

Data are mean ± s.e.m.; n = 4-8 tumours per curve.

(C) Experimental protocol. Each red box represents a 1 hour pimonidazole labeling interval resulting from a single
pimonidazole injection.

The white box indicates the 2 hour period prior to tumour excision used for C C I - 1 0 3 F

labeling.
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mortality in these regions. Conversely, SiHa tumours tend to contain far less cellular debris, and
a larger fraction of viable SiHa cells are typically recoverable per gram of tumour when
compared to WiDr tumours.
When CCI-103F was administered to WiDr tumours 1 hour after the final pimonidazole
injection and 2 hours prior to tumour excision (Figure 3.54), the decrease in pimonidazole
labeling in the most dimly Hoechst-stained fraction was also observed for CCI-103F. This is
consistent with the previous explanation (e.g. decreased cell viability), independent of the
individual hypoxia marker used. Additionally, there was a relatively high level of CCI-103F
labeling in the brightest Hoechst staining fraction (sort fraction 1) compared to the pimonidazole
labeling in Figure 3.45 for the same subpopulation of cells.
Tumour cells that were labeled with both pimonidazole (red) and subsequent CCI-103F
(green) are indicated in Figure 3.55, and tumour cells that either labeled only with CCI-103F or
only with pimonidazole in Figures 3.5C and 3.5D respectively. Although there is an observable
increase in the fraction of cells labeled only with pimonidazole (red only) over time (Figure
3.5Z)), the differences between the curves are much less distinct than for the SiHa data (Figure
3.2D). Up to 8% of the total number of unsorted WiDr tumour cells were transiently hypoxic
over the 5 hour period, with an approximately equal contribution from cells in each sort fraction
for the 3-5 hour curves.
Typical flow cytometry profiles for two WiDr tumours are presented in Figure 3.6, where
pimonidazole and CCI-103F were administered simultaneously 2 hours before tumour excision
(Figures 3.6,4 and 3.65), or 5 hourly injections of pimonidazole were given with a subsequent
CCI-103F injection 2 hours prior to tumour excision (Figures 3.6C and 3.6D). There was an
observable upward shift of the dual-labeled population from the unlabeled cells with 5 hourly
injections of the marker in Figures 3:6C and 3.6D, however the shift was diminished relative to
that observed in SiHa tumours (Figures 3.3C and 3.3D).
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per curve.
(E) Experimental protocol. Red boxes represent 1 hour pimonidazole labeling intervals from single pimonidazole
injections; green box indicates the C C I - 1 0 3 F labeling interval
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Figure 3.6

Representative flow cytometry dot plots showing hypoxic WiDr tumour cells

labeled with pimonidazole and CCI-103F.
(A) Sort fraction 2 and (B) sort fraction 6 for WiDr tumour with pimonidazole and CCI-103F
administered simultaneously 2 h prior to tumour excision.
(C) Sort fraction 2 and (D) sort fraction 6 for WiDr tumour with 5 hourly injections of
pimonidazole followed by a single CCI-103F injection 2 h prior to tumour excision. Note the
distribution of labeled cells has a slightly different shape due to a fraction of cells labeled only
with pimonidazole, although the difference is not as marked as was observed in SiHa tumours
(Figure 3.3).
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3.4

DISCUSSION
While dividing tumour cells into either "hypoxic" or "non-hypoxic" fractions is a simplistic

representation of tumour cell oxygenation in vivo, it is a necessary step in quantifying tumour
hypoxia when one considers the myriad of absolute fluorescence intensities observed in a
population of tumour cells.

As discussed in Sections 1.5.2.4 and 1.5.2.6, the absolute

fluorescence intensity of hypoxia marker-containing tumour cells varies within a given tumour
due to microregional and cellular differences in the degree of hypoxia, the duration of hypoxia,
the concentration of hypoxia marker delivered over time, and the intracellular nitroreductase
levels and activities. Furthermore, technical aspects of the flow cytometric data collection (e.g.
detector voltage, sheath fluid flow rate, sample pressure, etc.) can produce marked differences in
the apparent fluorescence intensities of tumour cell samples, even i f every effort is made to
reproduce and maintain the numerical flow cytometer settings.

Fortunately, despite these

variations in measured cellular fluorescence intensities, there remains a several-fold difference in
the fluorescence intensity of "labeled" cells relative to "non-labeled" cells (i.e. cells that
accumulated sufficient quantities of bound hypoxia marker adducts during the labeling interval
relative to the population of cells that did not).
For the experiments reported in this Chapter, multiple hourly injections of pimonidazole
were used to label cells over increasing intervals of time. Thus tumour cells were essentially
exposed to larger cumulative doses of pimonidazole with increasing numbers of injections,
although the plasma concentration of pimonidazole at any point in time was limited by continued
clearance of the marker (elimination ti/2 = 30 minutes; Walton et al., 1989).

As the total

cumulative pimonidazole dose increased, the absolute fluorescence intensity increased for all
tumour cells (since even "oxic" tumour cells are capable of binding small quantities of hypoxia
markers). Thus i f an absolute (i.e. fixed) fluorescence intensity threshold were to be set for a.
given tumour after a single 100 mg/kg injection, then increasing the total cumulative
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pimonidazole dose administered would lead to erroneously high estimates of "labeled" cells (due
to the inclusion of cells that are clearly "oxic").

However, a relative fluorescence intensity

threshold is set independently for each tumour (and for each hypoxia marker concentration)
based on the data obtained in the analysis of that tumour. The method therefore remains valid
over a range of hypoxia marker concentrations, provided the hypoxia marker dose is not so high
as to induce changes in tumour blood flow, hypoxia, cellular metabolism, or toxicity (as can
occur after administration of pimonidazole in larger single doses).

The non-linear binding

kinetics of pimonidazole as a function of oxygenation are particularly helpful when determining
an appropriate fluorescence intensity threshold, as a significant increase in binding occurs only in
"hypoxic" cells (Figure 3.7).
One important consideration with the "time-integrated" pimonidazole data is that the increase
in pimonidazole-labeled cells observed over time was not due solely to the increase in total
cumulative pimonidazole dose from the multiple pimonidazole injections.

Importantly,

previously published data indicate a linear increase in relative fluorescence intensity of hypoxic
cells with increasing single doses of pimonidazole up to 400 mg/kg, whereas the fraction of
pimonidazole-labeled SiHa tumour cells is approximately the same 3 hours after single injections
of 200-400 mg/kg (Durand and Raleigh, 1998).

These data indicate that increasing the

administered dose of pimonidazole increases the fluorescence intensity of hypoxic cells (Figure
3.7), without significantly increasing the labeling of cells identified as "oxic" at lower
administered doses (assuming no pimonidazole-induced increases in tumour hypoxia with
increasing dose as discussed above).
Previously published dual stain mismatch data (Figure 3.8) indicate that SiHa and WiDr
tumour xenografts have very different propensities to undergo fluctuations in tumour perfusion
over a 30 minute period. Changes in WiDr perfusion (and likely hypoxia) typically occur with a
frequency of less than an hour, and these perfusion changes can be quite dramatic in some
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Log Pimo Fluorescence
(arbitrary units)

Figure 3.7

D N A Content

Comparison of different pimonidazole doses on the relative fluorescence intensity

of pimonidazole-labeled cells and the fraction of pimonidazole-labeled cells.
(A) SiHa tumour cells labeled 3 hours after a single injection of 100 mg/kg pimonidazole. The
histogram illustrates the relative fluorescence intensity of labeled (red) vs non-labeled (black)
tumour cells.

The flow cytometry dot plot is a more "typical" representation of the data;

thresholds are set based on linear distributions of fluorescence intensity vs D N A content.
(5) SiHa tumour cells labeled 3 hours after a single injection of 300 mg/kg pimonidazole. Note
the increased fluorescence intensity of the pimonidazole-labeled cells (i.e. increased width of red
histogram or height of red dots) compared to the relatively static fluorescence intensity of the
non-labeled cells.

Despite the 3-fold increase in pimonidazole dose, the area of the red

histogram and the number of red dots (i.e. the fraction of pimonidazole-labeled cells) were
virtually equivalent to those in (A).
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Dual stain mismatch data for untreated WiDr and SiHa human tumour xenografts.

Plots indicate cumulative fractions of blood vessels exhibiting (A) decreases or (B) increases in the normalized
intensity ratio of carbocyanine (DiOC ) relative to Hoechst 33342 over a 30 minute period (see Section 2.2.4 and
7

Figure 2.2). Vertical dotted lines indicate qualitative (visual) identification of stain "mismatch" (Trotter, et al,
1989). Note the greater fraction of WiDr tumour blood vessels that demonstrate larger scale changes in perfusion
during the time interval. Data are mean ± s.e.m.; n = 15 tumours per tumour type. Figure adapted from Durand and
Aquino-Parsons, 2001a.
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tumour regions, representing up to 8-fold differences in the delivery of two sequentially
administered fluorescent perfusion dyes. Conversely, SiHa perfusion tends to be much more
stable over relatively short time intervals and perfusion changes (when present) are typically of a
lesser magnitude. These observations had initially suggested that SiHa tumour blood flow was
fairly constant, and that there was little transient hypoxia in these tumours. While this statement
remains true when considered on the order of minutes, the data reported herein suggest that
significant changes in the hypoxic status of SiHa tumour cells can occur over several hours.
Hypoxia probes such as pimonidazole "integrate" tumour hypoxia over the circulation time
of the agent (murine plasma elimination tm - 30 minutes; Walton et al., 1989). Thus a single
100 mg/kg injection of pimonidazole would label cells that were hypoxic enough (for long
enough) during a —1-1.5 hour period without distinguishing between cells that were hypoxic for
all or part of this time. For experimental tumours that exhibit changes in tumour perfusion (and
likely hypoxia) over periods of less than an hour such as WiDr tumours, pimonidazole labeling
would not detect minor or short-lived changes in hypoxia that occurred within this time frame.
This is important insofar as the estimates for the fraction of transiently hypoxic cells included in
this Chapter should be viewed as conservative (particularly for WiDr tumours) since they do not
take into consideration changes in tumour hypoxia that may have occurred with a duration of less
than an hour. Similarly, previously published data indicating changes in SiHa tumour hypoxia
over many days using "time-integrated" orally administered pimonidazole (Bennewith et al.,
2002) should also be viewed as conservative (where the shortest interval of hypoxia marker
labeling was 6-12 hours; see Chapter 4).
While no attempts were made to shorten the interval of hypoxia measurement with
pimonidazole, the labeling interval was increased by performing multiple hourly injections of the
marker. SiHa tumours demonstrated distinct hypoxia marker "mismatch" when pimonidazole
exposure was maintained, indicating the number of hypoxic tumour cells increased over times up
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to at least 5 hours. Importantly, the fraction of SiHa tumour cells that were hypoxic over a 1
hour period was 37% (determined by a single pimonidazole injection as is typically performed in
rodents), but increased significantly to 56% when considered over a longer period of time! This
increase in the total fraction of hypoxic cells was due to the inclusion of cells that were not
labeled with subsequent CCI-103F, and were therefore transiently hypoxic. Thus the "timeintegrated" administration of pimonidazole over a 5 hour period provided an estimate for the
hypoxic fraction of SiHa tumours that included cells that were transiently hypoxic.
WiDr tumours demonstrated a large degree of concordance between the two hypoxia markers
over the same time frame. Indeed, the fraction of hypoxic cells increased only marginally from
44% to 52% from 1-5 hours of pimonidazole exposure, indicating a lesser propensity for WiDr
tumours to undergo changes in hypoxia over this time period. When combined with the dual
stain mismatch data indicating a large degree of perfusion fluctuation in WiDr tumours over a 30
minute interval (Figure 3.8), these data suggest that the bulk of intermittent hypoxia episodes in
WiDr tumours likely occur with a frequency of less than an hour.

Therefore, a single

pimonidazole injection appears to provide a hypoxic fraction that already includes the majority
of transiently hypoxic cells in WiDr tumours.

A more accurate representation of transient

hypoxia (specifically) in WiDr tumours would involve assessing differences in tumour hypoxia
over shorter time intervals, perhaps combining "time-integrated" pimonidazole labeling with
differential quantification of a short-lived endogenous hypoxia "marker" such as HIF-la
(Semenza, 2001; Begg, 2003; Vordermark and Brown, 2003).
The intra-tumoural proximity of transiently hypoxic cells relative to vasculature that was
perfused just prior to tumour excision was also determined. Transiently hypoxic cells in SiHa
tumours were found primarily at an intermediate to large distance from functional tumour
vasculature, which is an observation that has important mechanistic implications. With earlier
dual stain mismatch data indicating relatively large perfusion changes in (some) tumour blood
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vessels (Trotter et al, 1989), it was tempting to assume that transient hypoxia was largely a
result of complete stoppages of flow through tumour blood vessels. While larger-scale changes
in perfusion are the most impressive to observe, they have perhaps taken attention away from
more modest (and more frequently observed) changes in perfusion that may also impact tumour
hypoxia (Trotter et al, 1991; Durand and LePard, 1995). Indeed, studies monitoring erythrocyte
flux through tumour blood vessels in murine tumours have shown that modest changes in flux
are more common than complete stoppages in tumour blood flow (Dewhirst et al, 1996).
The location of transiently hypoxic cells at an intermediate to large distance from tumour
vasculature also makes intuitive sense when one considers the location of the boundary between
"oxygenated" (i.e. radiosensitive) and radiobiologically hypoxic cells in relation to functional
blood vessels. In order for changes in tumour perfusion to impact the oxygenation of cells
directly adjacent to a functional blood vessel, the vessel would have to experience a drastic
decrease in flow (i.e. complete collapse or obstruction). However, a much less drastic decrease
in blood vessel functionality could conceivably shift the boundary between "oxic" and hypoxic
cells toward the vessel by a few cell diameters. The oxygenation of cells at an intermediate
distance from tumour blood vessels should therefore be more responsive to modest blood flow
changes than the cells directly adjacent to tumour vasculature. Due to the radial geometry of
tumour cords surrounding tumour blood vessels, the number of cells that could potentially be
affected by modest changes in tumour perfusion could conceivably be quite large. Thus the
number of tumour cells affected by (relatively infrequent) large-scale changes in tumour
perfusion is likely small relative to the number of cells potentially affected by more modest
perfusion changes. Measuring changes in tumour hypoxic status on a cellular level using flow
cytometry analysis provides a means to detect and quantify these cells, with a resolution that is
not possible with regional p 0 observation (Kimura et al, 1996; Dewhirst et al, 1998; Braun et
2

97

al, 1999; Brurberg et al, 2003; Brurberg et al, 2004) or microregional hypoxia marker
detection (Ljungkvist et al, 2000; Raleigh et al, 2001).
It is worth noting that SiHa tumour cells that demonstrated changes in their hypoxic status
over time were present in a similar proximity to tumour blood vessels as cells inferred to be at a
static level of intermediate oxygenation (Wouters and Brown, 1997; Evans et al, 1997; Olive et
al, 2002). Further work is required to resolve these two conceptually different (though possibly
related) types of hypoxic cell, although both are potentially important limitations of cancer
therapy.
Quantification of transiently hypoxic cells in solid tumours has a number of practical
implications for the clinic. Of primary importance is the ability to detect these cells, and to
address whether the presence of intermittent hypoxia correlates with poor clinical prognosis.
From a therapy standpoint, the presence and fraction of transiently hypoxic cells in a tumour
could conceivably dictate the type of treatment strategy that is employed (Chaplin et al, 1986).
For example, strategies that improve tumour perfusion (Chaplin et al, 1998; Bennewith and
Durand, 2001) or that involve repeated low doses of radiation (Denekamp and Dasu, 1999) or
drugs (Durand, 2001) would be expected to target cells with changing perfusion and hypoxic
status. Ideally, quantification of the intermittently hypoxic content of a tumour could be used to
individualize treatments designed to target hypoxic tumour cells.
Since some tumour cells are hypoxic only intermittently, assessing tumour hypoxia over
relatively short periods of time likely underestimates the (potentially therapeutically relevant)
hypoxic fraction of a tumour. Thus the administration of hypoxia markers such as pimonidazole
by a single i.p. injection in experimental animals or by i.v. infusion in patients (plasma half-lives
of 30 minutes (Walton et al, 1989) and 5.1 hours (Saunders et al, 1984) respectively), may not
provide an accurate picture of tumour hypoxia when considered over a period of many hours in
rodents or a day or more in patients. Changes in hypoxia over longer time intervals may not be
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considered important when administering a single dose of therapy, but could potentially have a
significant impact on tumour response to multi-fractionated radiotherapy (Denekamp and Dasu,
1999) or chemotherapy (Durand, 2001). Changes in tumour hypoxia over time may also affect
the regrowth potential of a tumour as formerly hypoxic cells may suddenly find themselves in an
environment that is better oxygenated and more favorable for proliferation (Durand and Raleigh,
1998; Durand and Aquino-Parsons, 2001b). A n additional complexity arises when one considers
changes in tumour hypoxia that may be induced by the tumour response to therapy itself, a factor
that has not been adequately studied in the clinic to this point. Thus a method for measuring
changes in tumour hypoxia over time may have application to determining treatment-induced
changes in tumour hypoxia, while "time-integrated" hypoxia measurements may provide more
therapeutically relevant estimates of hypoxia prior to therapy.
By using two sequentially administered hypoxia markers with subsequent analysis by flow
cytometry, the presence of intermittent hypoxia episodes on a whole-tumour scale was
established over several hours, enabling estimation of the transiently hypoxic fractions of two
human tumour xenografts.

A similar method (e.g. using pimonidazole and EF5) would be

applicable to detecting transiently hypoxic cells in biopsies obtained from human tumours, which
would enable the presence and influence of these cells to be studied in the clinic. Once these
critical clinical questions have been addressed, it follows that re-evaluation of methods used to
measure hypoxia in the clinic may be necessary. Overall, improved understanding of transient
hypoxia will aid in the design of cancer therapy protocols to take advantage of the dynamic
nature of the solid tumour microenvironment.
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C H A P T E R 4: O R A L L Y A D M I N I S T E R E D P I M O N I D A Z O L E T O
LABEL HYPOXIC TUMOUR CELLS

This Chapter has been adapted from the following published manuscript:
Bennewith, K L , Raleigh, JA, and Durand, RE (2002) Orally administered pimonidazole to
label hypoxic tumor cells. Cancer Res, 62(23): 6827-6830.
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4.1

INTRODUCTION
It is well accepted that poorly oxygenated tumour cells have a negative impact on tumour

response to therapy, and considerable effort has been devoted to developing techniques for
quantifying tumour hypoxia in the clinic.

However, many of the current methods are

inconvenient, requiring the insertion of a polarographic probe (Kallinowski et al, 1990), or
injection of a hypoxia marker with non-invasive regional imaging (Koh et al, 1992) or biopsy if
microregional information is desired (Kennedy et al., 1997; Evans et al., 2000; Olive et al.,
2000). Furthermore, these techniques only provide information about tumour hypoxia during the
time that the electrode is in place or over the circulation lifetime of the injected hypoxia marker.
Each method is therefore typically used for measuring hypoxia during a fixed time interval,
without consideration of hypoxia that may change over time.
Chapter 3 introduced a novel method for estimating transient tumour hypoxia using flow
cytometry analysis of hypoxic cells differentially labeled with one of two sequentially
administered exogenous hypoxia markers.

Multiple injections of the hypoxia marker

pimonidazole increased the interval of hypoxic cell labeling and generated a "time-integrated"
measurement of tumour hypoxia. However, the duration of pimonidazole labeling was limited to
8 hours or less for the sake of convenience, practicality, and tolerance of the animals to multiple
i.p. injections. With these limitations in mind, it was discovered that pimonidazole administered
in the drinking water of tumour-bearing mice could effectively label hypoxic tumour cells, and
that tumour hypoxia could therefore be measured over much longer periods of time than was
possible with multiple i.p. injections.
Using a principle similar to that discussed in Chapter 3, hypoxic cells labeled with oral
pimonidazole (i.e. by a hypoxia measurement that was "integrated" over time) were compared to
cells labeled with a second hypoxia marker, CCI-103F (Raleigh et al, 1987), providing a means
to study the long-term dynamics of tumour hypoxia.

Subsequent determination of the
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proliferative capacity of tumour cells labeled with oral pimonidazole provided indications of the
potential therapeutic relevance of these cells, while pharmacokinetic investigations were
conducted to monitor plasma pimonidazole concentrations over time. Consequently, the use of
orally administered pimonidazole not only adds convenience and versatility to the measurement
of tumour hypoxia, but also has the potential to provide new insights into transient tumour
hypoxia and the dynamic tumour microenvironment.
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4.2

M A T E R I A L S A N D METHODS
4.2.1

Common Materials and Methods

SiHa and WiDr tumour xenografts were used as described in Section 2.2.1. Pimonidazole
and CCI-103F were used as described in Section 3.2.1, except that pimonidazole was dissolved
at a concentration of 1 mg/ml in sterilized water for oral administration. Fluorescence activated
cell sorting based on intracellular Hoechst 33342 intensity was performed as described in Section
3.2.2. Intracellular adducts of pimonidazole and CCI-103F were labeled with the appropriate
antibodies as outlined in Section 3.2.3, and cells containing bound hypoxia marker adducts were
identified and quantified by flow cytometry as described in Section 3.2.4.
4.2.2

Iododeoxyuridine

In order to label cells actively synthesizing D N A , iododeoxyuridine (IdUrd; Sigma-Aldrich
Canada Ltd., Oakville, O N , Canada) was injected i.p. 30 minutes prior to tumour excision at a
dose of 90 mg/kg (6 mg/ml stock solution in 40 m M Tris buffer, pH 10). IdUrd incorporates into
D N A during D N A synthesis, and (alcohol-fixed) tumour cell samples were therefore denatured
in 2N HC1 containing 0.5% Triton X-100 for 20 minutes before antibody contact to allow the
antibody access to the incorporated IdUrd. Tumour cells were washed three times with minimal
essential medium (MEM) to neutralize the acid prior to contact with a B44 clone-conjugated
FITC antibody (Becton Dickinson Biosciences, San Jose, C A ) . Goat anti-mouse IgG Rphycoerythrin fluorescent secondary antibody (Sigma-Aldrich Canada Ltd.) was used in
conjunction with the monoclonal anti-pimonidazole primary antibody identified in Section 3.2.3.
Again, each antibody was diluted in a solution containing 4% calf serum (HyClone, Logan, UT)
and 0.1% Triton X-100 in Dulbecco's PBS (Gibco Invitrogen Corp., Burlington, ON).
4.2.3

Pimonidazole Pharmacokinetics

Blood samples were taken from the lateral tail vein of mice at various times after the
initiation of ad libitum pimonidazole consumption or i.p. injection of pimonidazole. Plasma was
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obtained by centrifugation, and the samples were subsequently treated with 0.5 ml methanol,
vortexed, and centrifuged.

The supernatant Was removed and evaporated to dryness under

vacuum with gentle warming (45°C) prior to reconstitution in deionized water. Concentrations
of pimonidazole were quantified using Waters modular high-precision liquid chromatography
(HPLC) equipment (Waters Assoc., Milford, M A ) including model 510 H P L C pumps, a model
712 Waters Intelligent Sample Processor (WISP), and a model 996 photodiode array detector.
Separations were performed on a Waters reversed-phase octadecylsilane (CI8) Symmetry
column (15 cm x 3.9 mm i.d., 5 um beads) and eluted isocratically with 11% acetonitrile in 50
m M ammonium dihydrogen orthophosphate containing 5 m M hexane sulfonic acid at a flow rate
of 1 ml/min. Absorbance was monitored at 324 nm, and pimonidazole was quantified based on
chromatograph peak area with reference to same-day standard curves (derived from spiked
mouse plasma standards) that were linear over the range 0.05-50 ug/ml. The lower limit of
detection was < 0.05 ug/ml with an on-column detection of < 1 ng for a 20 ul injection volume;
run times were < 7 minutes.

104

4.3

RESULTS
4.3.1

SiHa Tumour Cells Labeled with Oral Pimonidazole

Pimonidazole was administered orally (ad libitum) to SiHa tumour-bearing mice for 3-96
hours, and the fractions of tumour cells that had incorporated the marker over time are indicated
in Figure 4.1,4. The apparent rapid increase in the fraction of pimonidazole-labeled cells from 36 hours (dashed line) is an indication of pimonidazole consumption that was inadequate to allow
discrimination of hypoxic tumour cells by flow cytometry.

Interestingly, an increase in the

fraction of pimonidazole-labeled cells was observed between 6 and 48 hours of continued
pimonidazole consumption, followed by a further gradual increase in labeling up to 96 hours
(solid line). Increased resolution of the shorter labeling intervals would be required to determine
if the labeling pattern could be described as asymptotically increasing over time (as was the case
with the hourly pimonidazole injections used in Chapter 3).
Tumour cells labeled with oral pimonidazole were also evaluated at increasing distance from
functional tumour blood vessels by sorting the cells into subpopulations based on intracellular
content of Hoechst 33342 prior to flow cytometry analysis (Figure 4.15).

By essentially

"breaking down" tumours into subpopulations of cells from regions of differing blood flow (at
the time of Hoechst administration), substructure in the pimonidazole labeling patterns could be
observed.

Specifically, there was an increased percentage of pimonidazole-labeled cells with

increasing distance from functional tumour vasculature (decreased Hoechst staining intensity;
dimmer sort fraction).

Moreover, the increased total number of pimonidazole-labeled cells

observed beyond 6 hours in Figure 4.1,4 was largely due to increased labeling of cells at a
distance from tumour blood vessels that were functional just before tumour excision.
4.3.2

Relative Fluorescence Intensity of Oral Pimonidazole-Labeled Tumour Cells

Tumour cells are scored as "positive" for pimonidazole labeling when the intensity of antipimonidazole antibody fluorescence is above a threshold value, allowing labeled cells to be
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Figure 4.1

SiHa tumour cells labeled with oral pimonidazole (Pimo).

(A) Percentage of tumour cells labeled with oral Pimo after tumour-bearing mice consumed
Pimo-containing water ad libitum for 3-96 h (•).
(B) Same data with tumour cells sorted prior to Pimo analysis based on Hoechst 33342. Dashed
lines indicate percentage of Pimo-labeled cells from whole tumours.
Mice were allowed to drink Pimo-containing water for 3 h (o), 6 h (•), 12 h (A), 24 h (Y); 48 h
(•), or 96 h (•) prior to tumour excision. Data are mean ± s.e.m.; n ~ 10-12 tumours per curve
(except for 3 h and 6 h; see Section 4.3.3).
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distinguished from non-labeled cells. Information about the relative number of pimonidazole
adducts bound per hypoxic cell can be obtained by expressing the fluorescence intensity of
pimonidazole-"positive" (hypoxic) cells relative to the fluorescence intensity of pimonidazole"negative" (non-labeled) cells.

Figure 4.2A' illustrates the relative fluorescence intensity of

pimonidazole-labeled cells with increasing duration of pimonidazole consumption as a function
of their proximity to functional vasculature (sort fraction). For example, the fluorescence of
hypoxic cells in sort fraction 6 (distant from functional blood vessels) was 4- to 7-fold more
intense than the fluorescence of non-labeled cells with increasing duration of pimonidazole
consumption (also shown in Figure 4.25; triangles). When the relative fluorescence intensity of
pimonidazole labeling in the least well-perfused cells was compared to the estimated cumulative
pimonidazole dose based on the volume of water consumed (Figure 4.25; diamonds), the amount
of incorporated pimonidazole per labeled cell progressively increased with time, essentially
paralleling pimonidazole exposure.

Thus, both the percentage of pimonidazole-labeled cells

(Figure 4.15) and the number of bound pimonidazole adducts per labeled cell (Figure 4.25)
increased with increasing duration of pimonidazole consumption in this sort fraction.
Interestingly, for all tumour cells that incorporated pimonidazole (recognizing that many
fewer pimonidazole-labeled cells were in fact near blood vessels), it was found that cells at an
intermediate radial distance from functional tumour vasculature contained the least number of
bound pimonidazole adducts. This presumably reflects, in part, that cells nearer tumour blood
vessels are typically larger, more likely to be proliferating, and are more metabolically active
than cells that are further from functional blood vessels. Therefore, cells closer to tumour blood
vessels (when hypoxic) tended to be more intensely labeled with pimonidazole than smaller, less
metabolically active cells. With sustained hypoxia however, cells that were more distant from
tumour vasculature became more intensely labeled than the intermediate cells. Taken together,
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Relative fluorescence

intensity

of SiHa tumour cells labeled

with oral

pimonidazole (Pimo).
(A) Fluorescence intensity of Pimo-labeled cells relative to the fluorescence' intensity of nonlabeled cells. Mice were allowed to drink Pimo-containing water for 6 h (•), 12 h (A), 24 h (r),
48 h (•), or 96 h (•) prior to tumour excision; tumour cells were sorted prior to Pimo analysis.
(B) Relative fluorescence intensity of Pimo-labeled cells for the most hypoxic tumour cells (sort
fraction 6; v), plotted on left axis. Cumulative pimonidazole dose ingested by tumour-bearing
mice over time (o), plotted on right axis. Data are mean ± s.e.m.; n = 4 tumours per curve.
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these data illustrate a rather complex interplay between the delivery and retention of
pimonidazole with tumour cell proximity to functional vasculature.
4.3.3

Oral Pimonidazole and Transiently Hypoxic SiHa Tumour Cells

The fraction of tumour cells labeled with oral pimonidazole over time was also compared to
tumour cells labeled with an i.p. injection of CCI-103F administered 3 hours prior to tumour
excision. The CCI-103F binding represented a relative "snapshot" of tumour hypoxia over 3
hours, while oral pimonidazole provided a hypoxia measurement that was "integrated" over 6-96
hours. Similar fractions of cells were labeled with CCI-103F over a 3 hour period in a number of
SiHa tumours and, of particular importance, ingestion of pimonidazole did not adversely affect
tumour oxygenation (Raleigh et al, 1999) or cell viability (Durand and Raleigh, 1998) as
assessed by CCI-103F binding (Figure 4.3,4).
Tumour cells labeled with both oral pimonidazole (red) and subsequent i.p. CCI-103F
(green) are indicated in Figure 4.35.

During a simultaneous 3 hour exposure to oral

pimonidazole (1 mg/ml) and CCI-103F, tumour hypoxia was detectable by CCI-103F but only
minimally by pimonidazole binding, indicating inadequate pimonidazole consumption over 3
hours to discriminate hypoxic from non-hypoxic tumour cells by flow cytometry analysis. After
6 hours, oral pimonidazole produced very similar information to that obtained from the 3 hour
exposure to CCI-103F. Importantly, these results argue that the differences in labeling observed
between 6 and 96 hours of oral pimonidazole consumption shown in Figure 4.1 were not due to
inadequate pimonidazole ingestion or binding over the shorter time intervals.

The fractions of

tumour cells labeled with pimonidazole (red), but not with subsequent CC1-103F (i.e. not green)
are shown in Figure 4.3C, indicating cells that were subject to changes in their hypoxic status
over time. These tumour cells were sufficiently hypoxic during the long-term exposure to oral

While this statement remains true for these data, a caveat became evident with further study of oral pimonidazole
to label hypoxic tumour cells over a 6 hour period. These observations will be discussed in Section 4.3.5 as they
apply to the WiDr tumour data.

2
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I 3 h J excise
tumour
I

Sorted SiHa tumour cells labeled with CCI-103F and/or oral pimonidazole

(Pimo).
(A) Percentage of tumour cells labeled with CCI-103F 3 h after i.p. injection of the marker.
(B) Percentage of tumour cells labeled with both oral Pimo and subsequent i.p. CCI-103F.
( Q Percentage of tumour cells labeled with oral Pimo, but not with subsequent CCI-103F.
Mice were allowed to drink Pimo-containing water for 3 h (o), 6 h (•), 12 h (A), 24 h (Y), 48 h
(•), or 96 h (•) prior to tumour excision. Data are mean ± s.e.m.; n = 4 tumours per curve.
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pimonidazole to incorporate that marker, yet were not hypoxic enough to incorporate CCI-103F
during the 3 hours just prior to analysis.

Interestingly, most tumour cells demonstrating a

changing hypoxic status over this relatively long timeframe were located in sort fractions of the
poorest perfusion status prior to tumour excision.
4.3.4

Oral Pimonidazole and Proliferative Capacity of SiHa Tumour Cells

SiHa tumour cells actively synthesizing D N A 30 minutes prior to tumour excision (labeled
with iododeoxyuridine; IdUrd) are indicated in Figure 4.4,4 for mice consuming oral
pimonidazole for 6-96 hours. The fractions of S-phase tumour cells decreased with increasing
distance from tumour blood vessels that were functional 10 minutes later (i.e. the time difference
between IdUrd and Hoechst 33342 injections). While there was some degree of scatter in the
IdUrd data (likely due to different

SiHa tumour implant generations used for various

experiments), there was no consistent trend of changing tumour cell proliferative capacity with
increasing pimonidazole consumption.
Cells labeled with both oral pimonidazole (red) and subsequent IdUrd (green) are shown in
Figure 4.45. These data indicate that a relatively small, but therapeutically relevant, fraction of
cells that were hypoxic enough to label with oral pimonidazole during the previous 6-96 hours
were sufficiently well-oxygenated to be capable of synthesizing D N A just prior to analysis.
4.3.5

Oral Pimonidazole to Label Hypoxic WiDr Tumour Cells

WiDr tumour cells labeled with oral pimonidazole after 6-96 hours of ad libitum
consumption are indicated in Figure 4.5. The increase in pimonidazole-labeled cells between 6
and 12 hours (dashed line) is indicative of inadequate consumption and/or binding of
pimonidazole over this time period, particularly when compared to the CCI-103F profiles in
Figure 4.6,4. Since the SiHa tumour data presented in Figure 4.1 indicated adequate labeling of
hypoxic tumour cells over a 6 hour period, the contradictory observations in WiDr tumours
would suggest some form of tumour type-specific differences in pimonidazole labeling with 6
ill
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Figure 4.4
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Sorted SiHa tumour cells labeled with IdUrd and/or oral pimonidazole (Pimo).

(A) Percentage of tumour cells labeled with IdUrd 30 min after i.p. injection of the marker.
(B) Percentage of tumour cells labeled with both oral Pimo and subsequent i.p. IdUrd.
Mice were allowed to drink Pimo-containing water for 6 h (•), 12 h (A), 24 h (T), 48 h (•), or
96 h (•) prior to tumour excision. Data are mean ± s.e.m.; n = 4-6 tumours per curve.
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WiDr tumour cells labeled with oral pimonidazole (Pimo).

(A) Percentage of tumour cells labeled with oral Pimo after tumour-bearing mice consumed
Pimo-containing water ad libitum for 6-96 h (•).
(B) Same data with tumour cells sorted prior to Pimo analysis based on Hoechst 33342. Dashed
lines indicate percentage of Pimo-labeled cells from whole tumours.
Mice were allowed to drink Pimo-containing water for 6 h (•), 12 h (A), 24 h (T), 48 h (•), or
96 h (•) prior to tumour excision. Data are mean ± s.e.m.; n = 10-12 tumours per curve.
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Sorted WiDr tumour cells labeled with CCI-103F and/or oral pimonidazole

(Pimo).
(A) Percentage of tumour cells labeled with CCI-103F 3 h after i.p. injection of the marker.
(B) Percentage of tumour cells labeled with both oral Pimo and subsequent i.p. CCI-103F.
(C) Percentage of tumour cells labeled with oral Pimo, but not with subsequent CCI-103F.
Mice were allowed to drink Pimo-containing water for 6 h (•), 12 h (A), 24 h (•), 48 h (•), or
96 h (•) prior to tumour excision. Data are mean ± s.e.m.; n = 6 tumours per curve.
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hours of consumption. Indeed, hypoxic SiHa and WiDr tumour cells typically bind different
absolute numbers of pimonidazole adducts in vivo over a given period of time, suggesting
differences in intracellular nitroreductase levels and/or activities (Durand and Raleigh, 1998).
While this could conceivably impair the discrimination of labeled from non-labeled cells at low
concentrations of pimonidazole depending on the tumour-type, this was not likely a major factor
in the binding differences observed after 6 hours of oral pimonidazole consumption. Subsequent
experiments with oral pimonidazole in SiHa tumours showed a similar low level of binding over
a 6 hour period and, in hindsight, these observations could be reconciled through the differences
in murine activity at various times of day. Mice are largely nocturnal, and the 6 hour time point
indicated in Figure 4.1 was initiated at 5:00 A M (i.e. the mice were still active), while the 6 hour
time points in all subsequent oral pimonidazole experiments were initiated at 7:00-9:00 A M .
Therefore, caution is warranted when using oral pimonidazole to label hypoxic tumour cells over
periods of 6 hours or less to ensure adequate mouse activity for sufficient ad libitum
pimonidazole consumption.
In terms of the increase in pimonidazole-labeled WiDr tumour cells over time relative to
SiHa tumour cells, Figure 4.5.4 indicates a sharper increase between 12 and 24 hours and a more
gradual increase from 24 to 96 hours (solid line). Again, improved resolution of the shorter
labeling intervals would be required before the labeling patterns could be accurately described as
either "multi-phasic" or "asymptotic". The increase in pimonidazole-labeled WiDr tumour cells
over time were primarily in the more poorly perfused sort fractions (Figure 4.55), and the
percentage of pimonidazole-labeled (hypoxic) cells was greater in WiDr tumours than in SiHa
tumours for a given duration of pimonidazole consumption. The CCI-103F data presented in
Figure 4.6 suggest that 12 hours of oral pimonidazole consumption provided a hypoxia profile
that was comparable to that obtained from 3 hours of CCI-103F labeling.

Moreover, the

fractions of cells labeled only with oral pimonidazole were less than that obtained for SiHa
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tumours, suggesting WiDr tumour cells have a lesser propensity to undergo long-term changes in
their hypoxic status.
Figure 4.7,4 illustrates WiDr tumour cells labeled with a 30 minute "pulse" of IdUrd,
indicating a larger range of proliferation between tumour cells with increasing distance from
functional tumour blood vessels when compared to SiHa tumours over the same time period.
Cells labeled with both oral pimonidazole (red) and IdUrd (green) are shown in Figure 4.75,
with a relatively higher fraction of formerly hypoxic cells synthesizing D N A compared to SiHa
tumours, and a relative maximum of these cells at an intermediate distance from functional
tumour vasculature.
4.3.6

Pimonidazole Pharmacokinetics

Plasma levels of pimonidazole after 6-96 hours of oral consumption are shown in Figure
4.8,4. Plasma pimonidazole levels were variable between mice after 6 hours of pimonidazole
consumption, again highlighting the influence of mouse activity on ad libitum water
consumption over relatively short time intervals. As consumption of pimonidazole-containing
water continued over many days, plasma concentration of the marker remained relatively
constant, suggesting a continual elimination of drug from the bloodstream.
independently

of pimonidazole uptake and retention

This occurred

in hypoxic tumour

cells since

pharmacokinetic profiles of mice without tumours were indistinguishable from mice that had
either SiHa or WiDr tumour implants. Moreover, neither the tumour types, tumour sizes, nor the
mouse weights consistently influenced plasma pimonidazole concentrations.
Typical profiles for consumption of pimonidazole-containing water over time are shown in
Figure 4.85 (open circles), along with single-mouse profiles for unusually high (open squares)
and low (open triangles) levels of consumption. Interestingly, the relatively high pimonidazole
consumption observed in the single mouse corresponded with a relatively large (> 1.5 g) increase
in body weight over the 96 hour period, but did not produce noticeably increased plasma
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Sorted WiDr tumour cells labeled with IdUrd and/or oral pimonidazole (Pimo).

(A) Percentage of tumour cells labeled with IdUrd 30 min after i.p. injection of the marker.
(B) Percentage of tumour cells labeled with both oral Pimo and subsequent i.p. IdUrd.
Mice were allowed to drink Pimo-containing water for 6 h (•), 12 h (A), 24 h (T), 48 h (•), or
96 h (•) prior to tumour excision. Data are mean ± s.e.m.; n = 6-8 tumours per curve.
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Pimonidazole pharmacokinetics.

(A) Concentration of pimonidazole in mouse plasma after ad libitum consumption of
pimonidazole-containing water for 6-96 h. Data are mean ± s.e.m.; n = 9 mice.
(B) Cumulative consumption of pimonidazole-containing water over 6-96 h (o). Data are mean
± s.e.m.; n = 7 mice. Single mice with abnormally high (•) or low ( A ) consumption rates are
shown separately.
(C) Concentration of pimonidazole in mouse plasma after a single i.p. injection of 100 mg/kg
pimonidazole. The least-squares fit regression line (solid) was used for calculation of the plasma
half-life of pimonidazole. Data are mean ± s.e.m.; n = 9 mice.
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pimonidazole levels.

The mouse that consumed unusually low levels of pimonidazole-

containing water lost > 1.5 g of body weight over the 96 hour period, and also had low plasma
pimonidazole levels.
For comparison, pharmacokinetic data for a single i.p. injection of 100 mg/kg pimonidazole
are presented in Figure 4.8C. The plasma elimination half-life was 37 ± 3 minutes, and was
similar for mice with or without implanted tumours, and mice with different tumour types and
tumour sizes.

4.4

DISCUSSION
Orally administered pimonidazole enables tumour hypoxia to be measured over longer

periods of time than was possible with the multiple pimonidazole injections used in Chapter 3.
However, there are important differences inherent to each route of pimonidazole administration
in terms of the hypoxia measurement integration times and the sensitivity to changes in cellular
hypoxic status. A single injection of pimonidazole will label hypoxic tumour cells over a few
circulation half-lives of the drug, without distinguishing between cells that were hypoxic for all
or part of this time. A particular cell will be labeled with pimonidazole provided it is hypoxic
enough for long enough to bind detectable quantities of the marker while there is sufficient
concentration of drug in the circulation. This principle also applies to orally administered
pimonidazole, with the caveat that the concentration of pimonidazole obtainable in the
circulation during ad libitum consumption is less than that observed after i.p. injection (Figure
4.8). Cells must therefore be hypoxic enough to bind pimonidazole for relatively long periods of
time in order to accumulate detectable quantities of the marker, and the minimum labeling
duration for oral pimonidazole is 6-12 hours (Figure 4.1 and 4.5). The longer integration time of
oral pimonidazole is therefore less sensitive to changes in hypoxia that occur over periods of less
than about 6 hours, but is amenable to studying longer-term changes in tumour hypoxia.
A n interesting extension of these observations arises when considering cells that are labeled
with pimonidazole during the minimum labeling duration (e.g. < 6 hours in the SiHa experiments
shown in Figure 4.1). Since cells only retain and accumulate pimonidazole when hypoxic, any
cells with a hypoxic status that changed significantly during the minimum labeling duration
would not bind detectable quantities of the marker. This implies that the tumour cells labeled
with pimonidazole after 6 hours of low dose oral pimonidazole consumption exhibited minimal
changes in their hypoxic status over this time period. Thus cells that are initially labeled with
oral pimonidazole were the most hypoxic for the largest proportion of the minimum labeling
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duration, although further work would be required to justify describing these cells as
"chronically" hypoxic over the minimum labeling interval.
As the labeling interval was increased with continued pimonidazole consumption over a few
days, cells displaying a dynamic hypoxic status were included in the measurement as indicated
by the increased differential labeling when compared to CCI-103F (Figure 4.3Q. These data
suggest changes in tumour hypoxia that occurred over a period of days in SiHa tumours, while
WiDr tumours typically contained cells with a hypoxic status that changed over shorter periods
of time (Figure 4.6Q.

Interestingly, increasing fractions of hypoxic cells labeled with oral

pimonidazole over time were found primarily in the more dimly staining Hoechst fractions for
both tumour types. When taken with the results presented in Chapter 3, these data suggest that
tumour cells with a hypoxic status that changes over a period of days are generally located
further from functional tumour vasculature than cells with a hypoxic status that changes on the
order of a few hours.
Importantly, tumour cells labeled with oral pimonidazole were subsequently able to
synthesize D N A (Figure 4.45 and 4.75) as measured with a 30 minute "pulse"-label of IdUrd.
The presence of cells labeled with IdUrd and oral pimonidazole indicate the potential therapeutic
relevance of formerly hypoxic tumour cells, but also should be interpreted as a conservative
estimate of the fraction of pimonidazole-labeled cells that may potentially be capable of
subsequent proliferation. The relatively short IdUrd exposure limited the number of tumour cells
labeled, and the 24-26 hour cell cycle time of WiDr and SiHa tumours (Durand and Sham, 1998)
suggests a much larger fraction of tumour cells would traverse S-phase over longer IdUrd
labeling intervals.

Estimates of the near-maximal proliferative potential of tumour cells that

were hypoxic in vivo can be obtained using in vitro IdUrd labeling of tumour cells post-excision
(Durand and Aquino-Parsons, 2001a). This method effectively increases the cellular oxygen and
nutrient status of formerly hypoxic tumour cells while also ensuring sufficient delivery of IdUrd
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(i.e. without in vivo perfusion or diffusion limitations). Modifying the IdUrd labeling method
would therefore enable the determination of less conservative estimates of the proliferative
capacity of tumour cells labeled with oral pimonidazole, further highlighting the therapeutic
importance of these cells.
Clinical evidence is emerging to support the pre-clinical notion that solid tumours can
contain temporally changing microregional blood flow (Hill et al, 1996; Pigott et al, 1996) and
cellular oxygenation status (Durand and Aquino-Parsons, 2001a).

However, current

methodology to detect tumour hypoxia in the clinic does not typically consider tumour cells that
may exhibit an intermittent hypoxic status over the course of a few days. Changes in tumour
hypoxia over these timeframes may not be considered important when administering a single
dose of therapy (e.g. radiation delivered over a few minutes), but may have a significant impact
on tumour response to multi-fractionated radiotherapy (Wouters and Brown, 1997; Denekamp
and Dasu, 1999) or chemotherapy (Durand, 2001).

As discussed above, formerly hypoxic

tumour cells are capable of subsequent proliferation (Durand and Raleigh, 1998), suggesting
these cells may represent important contributors to tumour regrowth after (or during) treatment
(Denekamp and Dasu, 1999; Durand and Aquino-Parsons, 2001a; Durand and Aquino-Parsons,
2004). This raises the (probably alarming) suggestion that methods of assessing tumour hypoxia
over relatively short periods of time may underestimate the therapeutically relevant hypoxic
fraction of a tumour. Thus the generation of "time-integrated" tumour hypoxia measurements
(that include transiently hypoxic cells) through the use of oral pimonidazole may provide
estimates of tumour hypoxia that are more physiologically and therapeutically relevant over a
course of therapy.
Oral administration of pimonidazole offers the primary advantages of versatility and
convenience in the determination of tumour hypoxia. Implicit in this statement is the potential to
determine the hypoxic fraction of a tumour not only prior to clinical therapy, but also during
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treatment in hopes of identifying those tumours that are responding poorly. Pimonidazole is
more convenient to administer orally rather than by infusion, and quantification of hypoxia in
clinical tumours can be minimally invasive with analysis of fine needle aspirate biopsies by flow
cytometry (Olive et al, 2000; Durand and Aquino-Parsons, 2001a). Of particular importance,
oral delivery of pimonidazole in the clinic, when combined with administration of a second
hypoxia marker such as EF5 (Lord et al, 1993) or with a proliferation marker, may finally allow
questions regarding the presence and potential therapeutic impact of transiently hypoxic cells in
clinical tumours to be addressed. Data generated in this regard would aid in the development of
therapeutic strategies designed to exploit the dynamic tumour microenvironment.
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C H A P T E R 5:

MICROENVIRONMENT-INDUCED

DIFFERENTIAL GENE EXPRESSION

This Chapter has been adapted from the following manuscript:
Bennewith, K L , Marra, M A , Khattra, J and Durand, RE. CD151 may be an endogenous
marker of transient tumor hypoxia, (in preparation)
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5.1

INTRODUCTION
Quantifying transiently hypoxic tumour cells using exogenous hypoxia markers and flow

cytometry as outlined in Chapters 3 and 4 may prove useful for studying tumour hypoxia in the
clinic. However, since exogenous hypoxia markers must be administered (whether by injection,
infusion, or orally), hypoxia measurements are limited to prospective clinical studies.

The

identification of a variety of intracellular proteins with expression levels that are influenced by
cellular oxygenation levels has stimulated the use of these gene products as endogenous hypoxia
"markers". The primary advantage of endogenous hypoxia markers is their potential application
to archival biopsy material for retrospective studies into the relationship between marker
expression and therapeutic outcome.
As outlined in Section 1.5.3, endogenous hypoxia markers typically consist of gene products
regulated by the hypoxia-inducible factor-1 (HIF-1) transcription factor, such as carbonic
anhydrase 9 (CAIX; Beasley et al, 2001; Ivanov et al, 2001; Olive et al, 2001a; Swinson et al,
2003), although a subunit of the HIF-1 heterodimer (HIF-la) has also been used (Brown and Le,
2002; Begg, 2003).

As with other measures of tumour hypoxia, the expression levels of

endogenous hypoxia markers have typically been used to estimate tumour hypoxia at a single
point in time, without consideration of potential temporal variations in tumour hypoxic status.
C A I X is a relatively stable protein once expressed, and therefore provides a "history" of tumour
hypoxia.

Cells containing C A I X may be hypoxic at the time of tumour sampling (i.e.

experimental tumour excision or clinical tumour biopsy), or may have been hypoxic at some
point during the previous few days. Conversely, the post-translational regulation of H I F - l a is
rapidly responsive to changes in cellular oxygenation; H I F - l a protein levels increase relatively
quickly in the absence of oxygen, and the protein is also degraded rapidly in the presence of
oxygen (Jiang et al, 1996; Jewell et al, 2001). Tumour cells containing increased levels of HIFl a therefore represent cells that were hypoxic within a few minutes of tumour sampling.
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For specifically studying changes in tumour hypoxia over time, neither C A I X nor HIF-1 a are
adequate alone since there is limited information on the expression of either marker under
conditions of transient hypoxia in vivo. Comparing the differential expression of C A I X and HIFl a as an indication of transiently hypoxic cells is one possibility, although the uncertainties
associated with the duration of hypoxia indicated by increased C A I X expression would make
quantification difficult. Differential expression of H I F - l a with binding of an exogenous hypoxia
marker such as pimonidazole (where the initiation time for the hypoxia measurement is known)
may be a more useful alternative, depending on the duration of transient hypoxia in question (see
Chapter 6).
A n alternative approach to studying transient tumour hypoxia involves the identification of
gene products that may be preferentially up-regulated (or down-regulated) under specific
microenvironmental conditions. Tumour cells that are exposed to fluctuating blood flow, and the
concomitant changes in oxygen and nutrient availability, may adapt to the adverse environment
through expression of specific hypoxia-inducible genes. Similarly, cells that are subjected to
chronically low oxygen or nutrient status may express certain genes in order to (temporarily)
survive the poor growth conditions. Thus by analyzing global gene expression profiles for
tumour cells exposed to different growth'conditions, candidate genes that are differentially
expressed under conditions of transient (or diffusion-limited) hypoxia may be identified. Ideally,
products of differentially expressed genes could be used to distinguish between cells exposed to
different microenvironmental conditions in vivo and, by extension, to assess the clinical presence
and therapeutic impact of transiently hypoxic tumour cells.
We chose to conduct these studies using tumour cells grown in vitro as multicellular
spheroids (Sutherland, 1988), which are tumour cell aggregates that contain a natural gradient of
oxygen and nutrients between the outer and the inner cell layers (see Figure 5.1). Thus under
typical growth conditions, the cells on the outside of spheroids are well-nourished, well126

0.5 -1 mm

Figure 5.1

Multicellular spheroid model.

Exponentially growing tumour cells are inoculated into glass spinner culture flasks and
maintained as indicated in the text. Also shown is a one-quarter cross-section of a spheroid
illustrating the different growth conditions with increasing spheroid depth. Note the similarities
to a diffusion-limited tumour microenvironment.
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oxygenated, and have a high proliferative fraction (similar to cells located adjacent to functional
tumour blood vessels).

The inner spheroid cell layers contain cells that are more poorly

nourished and oxygenated, have a lower fraction of proliferating cells, and larger spheroids even
have necrotic centers suggesting a microenvironment with similarities to diffusion-limited
hypoxia.
The multicellular spheroid system therefore enables more relevant modeling of the in vivo
tumour microenvironment than is possible with cells grown in monolayer culture, and tumour
cells from varying depths in the spheroids can be selectively recovered using fluorescence
activated cell sorting based on Hoechst 33342 diffusion. While the ability to sort spheroid cells
into subpopulations is a considerable advantage, disaggregating spheroids into a single cell
suspension is a prerequisite step that may affect cellular gene expression profiles. Moreover, the
p02 of individual spheroid cell layers with increasing depth is unknown, although it can be
estimated (e.g. by labeling with exogenous hypoxia markers at different ambient oxygen
tensions). The extent of the oxygen diffusion gradient between the outer and the inner cell layers
also produces sorted cell populations that are not "pure" from an absolute oxygenation
standpoint. This is particularly the case when sorting is based on spheroid volume, where the
spheroid geometry dictates that increased numbers of contiguous cell layers are included in the
inner sort fractions compared to the outer sort fractions to obtain the same number of cells. The
use of tumour cells grown in monolayer culture would have avoided concerns over absolute
oxygenation values and cell sorting methodology, however spheroids are the only system in
which spontaneous, chronic hypoxia can be easily differentiated from acute oxygen deprivation,
and were therefore considered the most useful and relevant model for these studies.
The spheroid system also has important advantages over human tumour xenografts,
particularly since the experimental conditions (e.g. oxygenation, glucose, pH, etc.) can be varied
easily and independently to more readily study their respective roles in tumour cell gene
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expression. Furthermore, contamination of the tumour cell population with host (murine) normal
tissue cells is not a concern with cells grown in vitro.
Serial analysis of gene expression (SAGE) was used to study the differential gene expression
of tumour cells from different spheroid subpopulations under conditions of oxygen-deprivation.
SAGE is a method to compare global gene expression patterns between populations of cells
(Velculescu et al, 1995), and does not require any previous knowledge of the genes under study
(e.g. unlike probe-based methods such as gene expression arrays).

SAGE has been used for

comparing gene expression profiles between a variety of cell types including tumour cells versus
normal cells (Zhang et al., 1997), endothelial cells derived from normal versus tumour tissue (St
Croix et al., 2000), or cells at varying stages of tumour progression or metastasis (ParleMcDermott et al., 2000; Porter et al, 2001).
Thus, multicellular spheroids were used to simulate conditions of diffusion-limited and
transient hypoxia in the inner and outer spheroid cell layers respectively, and SAGE was
performed to identify differentially expressed genes between tumour cells grown in the different
microenvironments.

Candidate gene products were identified that may have potential to

distinguish between diffusion-limited and transiently hypoxic tumour cells in vivo. If protein
levels of selected genes are also differentially responsive to hypoxia in cells under disparate
growth conditions, then probes against these gene products may represent a relatively untapped
resource for studying tumour microenvironment dynamics.
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5.2

M A T E R I A L S A N D METHODS
5.2.1

Multicellular Spheroids

Multicellular spheroids were grown from SiHa cells (Friedl et al, 1970), the human cervical
squamous cell carcinoma cell line used for human tumour xenograft studies in Chapters 2-4.
SiHa cells were obtained as a cultured cell line (American Type Culture Collection, Rockville,
MD) and were maintained by propagation as monolayers in 100 mm plastic Petri dishes with
weekly subcultivation in M10 (minimal essential medium containing 10% fetal bovine serum).
To initiate spheroid growth, asynchronous cells were removed from a confluent Petri dish
with 0.1% trypsin and added to a 250 ml glass spinner culture flask (Bellco, Vineland, NJ)
containing 200 ml of M10. The spinner flask was pre-gassed with 5% CO2 in air prior to
inoculation, maintained at 37°C, and stirred at 180 rpm for the duration of spheroid formation
and growth.

Medium was initially changed 3 days after flask inoculation, and then daily

thereafter.
Spheroids were 21-23 days old at the time of experimentation (corresponding to a mean size
of -500 um). Approximately 100-200 spheroids were transferred into two separate 75 ml glass
spinner flasks, each containing 50 ml of M10 pre-treated with a gas mixture of 5% CO2 and
either 1% or 10% O2 respectively. Both 75 ml flasks were maintained at 37°C and treated with
either the 1% O2 or the 10% O2 gas mixture for 3 hours. Single cell suspensions were prepared
from the spheroids in each flask by harvesting the spheroids and agitating them for 8 minutes
with 0.25% trypsin in Dulbecco's PBS. Monodispersed cells were suspended in ice cold M10,
and the cell suspensions remained on ice for cell sorting (Durand, 1982; Durand, 1986).
5.2.2

Fluorescence Activated Cell Sorting

Fluorescence activated cell sorting was based on the distribution of 0.2 mg Hoechst 33342
(0.01 ml from a 20 mg/ml stock solution) added to the medium 20 minutes before spheroid
harvest (Durand, 1982). Single cell suspensions derived from spheroids treated with either 1%
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or 10% O2 were sorted in a similar fashion as outlined in Section 2.2.5, except in this case each
cell suspension was divided into only two fractions based on intracellular Hoechst concentration.
The brightest Hoechst-stained cells were from the outer half of the spheroids while the dimmest
Hoechst-stained cells were from the inner half of the spheroids (based on spheroid volume).
Approximately 5 x 10 cells were collected in each sort fraction, and the tumour cells were then
6

treated with TRIzol Reagent (Invitrogen Corp., Carlsbad, C A ) for R N A extraction.
R N A quality was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, C A ) that compared the quality and quantity of mRNA for the 18S and 28S ribosomal
protein subunits. Importantly, the presence of residual Hoechst 33342 in cell lysates did not
appear to adversely affect the quality or integrity of the extracted R N A . The enzymatic
dissociation of spheroids into a single cell suspension is a necessary prerequisite to sorting
different spheroid cell subpopulations, and could conceivably have influenced cellular transcript
levels. However, the enzyme contact time was minimized while still allowing for sufficient
spheroid dissociation, and samples from either spheroid flask were treated identically to
minimize differential effects on gene expression patterns.
5.2.3

Modeling Tumour Hypoxia with Spheroids

Three S A G E libraries were constructed, each one representing cell populations obtained from
different experimental conditions (Figure 5.2). Cells from the outer half of spheroids treated
with 10% O2 for 3 hours had been exposed to "aerobic" conditions. Note that this level of
oxygenation could more accurately be described as hyperoxic relative to the maximally
oxygenated cells typically found in SiHa tumour xenografts (Olive et al., 2002), but well
oxygenated cells were desired for comparison with the hypoxia-treated cells. Cells from the
outer half of spheroids treated with 1% O2 for 3 hours were derived from conditions of
"transient" hypoxia. That is, these cells were grown under well-nourished, well-oxygenated
conditions and were exposed to a low level of oxygen for a relatively short period of time. Cells
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Figure 5.2

Illustration of different subpopulations of cells within multicellular spheroids.

Flasks of spheroids were treated with either 10% 0 or 1% O2 for 3 hours. Two subpopulations
2

of cells were isolated from spheroids in each flask (indicated by the regions on either side of the
white circles); three of these cell subpopulations were retained and used for construction of serial
analysis of gene expression (SAGE) libraries.

The S A G E libraries therefore represented

populations of tumour cells taken from different regions of a continuous oxygen and nutrient
gradient between the outside and the inside of the spheroids.

132

from the inner half of spheroids treated with 1% O2 for 3 hours were derived from conditions of
"chronic" hypoxia. These cells were located at a distance from the supply of nutrients and
oxygen (i.e. the media) for a significant period of time leading up to the date of the experiment
(on the order of days), and therefore simulated a diffusion-limited tumour microenvironment.
5.2.4

Serial Analysis of Gene Expression

Serial analysis of gene expression (SAGE) libraries were constructed using the I-SAGE kit
(Invitrogen Corp.) in collaboration with Dr. Marco A . Marra, Director of Canada's Michael
Smith Genome Sciences Centre. A diagram of the SAGE method is presented in Figure 5.3.
Briefly, mRNA from a cell population of interest is bound to magnetic beads (or some sort of
solid phase medium) containing oligo deoxythymidine (dT) chains. Double stranded cDNA is
v

generated and restriction digested with the "anchoring" enzyme (Nla III in this case); the cDNA
of interest remains bound to the solid phase beads, and therefore represents sequence that is
downstream of the 3'-most restriction enzyme site (CATG. in this case). The cDNA pool is
divided in half and ligated to one of two linkers, each containing a restriction site for the tagging
enzyme and unique PCR primer binding sites. Each pool is restriction digested with the tagging
enzyme (Bsm FI in this case) that cleaves the cDNA downstream of the enzyme binding site in a
sequence independent fashion, creating "tags" with 10 base pairs (bp) of unique sequence. The
cDNA pools are recombined and the tags are ligated together to form "ditags", which are
subsequently PCR amplified and the linkers removed by restriction digestion with the anchoring
enzyme. The ditags are ligated together and the resultant concatemers (consisting of 20-50 tags
each) are cloned into sequencing vectors, and transformed by electroporation into E. coli bacteria
for subsequent colony formation. Resultant colonies are chosen at random and the concatemercontaining vectors undergo automated sequencing.
Since SAGE tags are derived from sequence that is downstream of the 3'-most C A T G site in
the original mRNA transcript, these sequences tend to be unique to specific genes. Thus the
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3'

5'

AAAAAA

Generate
ds cDNA

r-#

11111
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•

/

Bind R N A to oligo (dT) beads

Restriction digest with
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AAAAAA
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GTAC
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Figure 5.3

•CATG•GTAC"

i

I

CATG

Ligate "ditags"; clone concatemers into
sequencing vector
CATG.
GTAC

CATGGTAC

Diagram of serial analysis of gene expression (SAGE).

Dashed line indicates mRNA; solid lines indicate c D N A .

Nla III digests D N A at C A T G

sequences and Bsm FI digests D N A at a fixed distance downstream of the enzyme recognition
sequence, irrespective of the intervening sequence.
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sequence of a given tag can be used to identify the original gene transcript expressed under the
experimental conditions. Moreover, the relative number of a given S A G E tag with a particular
sequence provides an indication of the relative expression level of the corresponding gene in the
original population of cells.
The Nla III anchoring enzyme digests D N A at C A T G sequences (typically occurring every
~256 bp), and therefore mRNA transcripts that do not contain a C A T G sequence will not be
included in the analysis. It is also worth noting that the Bsm FI tagging enzyme produces 10 bp
of unique sequence in each SAGE tag, although other enzymes have been used to create longer
tags containing 17 bp of unique sequence (Saha et al, 2002). Longer tag sequences are more
specific for a given gene, and this "LongSAGE" method therefore decreases the number of
ambiguous tags (i.e. tag sequences that may correspond to more than one gene). However, this
advantage is somewhat offset by the fewer number of (longer) ditags possible per concatemer in
the sequencing vectors, and the resultant increase in the number of total sequencing reactions
necessary to sequence a given number of tags. Overall, longer S A G E tags were not used for the
studies reported herein since the methodology was not fully validated in-house at the time of
SAGE library construction.
5.2.5

DISCOVERYspace

Approximately 100,000 tags were sequenced for each of the three SAGE libraries (i.e. for
cells derived from each experimental condition), with 66,000-75,000 tag sequences of sufficient
quality to warrant inclusion in the analysis, and 17,000-22,000 unique tag sequences (Table 5.1).
Comparison of the different SAGE libraries was facilitated using "DISCOVERYspace", a locally
developed program that calculates statistics for comparing multiple S A G E libraries (Audic and
Claverie, 1997) and enables automated mapping of SAGE tag sequences to their corresponding
genes by querying publicly available databases.
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Abundance Classes for Aerobic Cells

Level o f Expression

1

2-4

5-9

10-99

100-999

1000+

Total

# o f Unique T a g Sequences

10159

4198

1482

1180

75

1

17095

Cumulative # o f Tags

10159

10966

9587

26287

16648

1110

74757

Abundance Classes for Chronically Hypoxic Cells

Level o f Expression

1

2-4

5-9

10-99

100-999

1000+

Total

# o f Unique T a g Sequences

13952

5069

1554

966

44

2

21587

Cumulative # o f Tags

13952

13132

9960

21686

9164

2782

70676

Abundance Classes for Transiently Hypoxic Cells

Level o f Expression

1

2-4

5-9

10-99

100-999

1000+

Total

# o f Unique T a g Sequences

12062

4727

1467

963

51

1

19271

Cumulative # o f Tags

12062

12220

9406

21556

9959

1157

66360

Table 5.1

Summary of abundance classes for SAGE libraries.

The number of unique tag sequences (first row) for given levels of expression (columns) are
indicated; the cumulative number of tags represent the number of unique tag sequences
multiplied by the respective level of expression of each unique tag sequence. The rightmost
column indicates the total number of unique tag sequences and the total number of (high quality)
tags sequenced for each library.
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5.3

RESULTS
5.3.1

Summary of SAGE Data

Tags differentially expressed between "chronically hypoxic" and "aerobic" conditions are
indicated in Figure 5.4, while Figure 5.5 illustrates tags differentially expressed between
"transiently hypoxic" and "aerobic" conditions. Summary statistics for each comparison are
included with the respective Figure.

Of the tags that were significantly (> 99.9% CI)

differentially expressed between either hypoxic condition and the aerobic cells: 56-71% mapped
unambiguously to genes, 8-13% mapped ambiguously to multiple genes, and 21-35% did. not
map to any known sequence in the public (Homo sapiens) sequence databases queried
(Mammalian Gene Collection and RefSeq). Selected tags that corresponded to genes of interest
are labeled numerically in Figures 5.4 and 5.5, with the gene identifications provided in Table
5.2. Of particular note were tags representing genes previously known to be regulated by HIF-1,
including V E G F (gene #2), C A I X and CAXII (genes #1, 10; see Section 1.4.3), Glut-1 (gene
#8), and a variety of glycolytic enzymes (genes #3-6, 11-12; see Section 1.4.2 and Figure 1.3).
Importantly, these data indicate the experimental conditions were sufficient to induce HIF-laregulated transcription, and suggest that the spheroid trypsinization and cell sorting procedures
did not (severely) decrease the relative expression levels of these genes. Protein levels of a few
of these genes have previously been used as endogenous markers of hypoxia in vitro and in vivo
(genes #1, 8; see Section 1.5.3.2).
5.3.2

S A G E Tags Differentially Expressed Between Chronic and Transient Hypoxia

SAGE libraries for the chronically hypoxic and transiently hypoxic cells are compared in
Figure 5.6.

While a few genes may have potential as general indicators of tumour hypoxia

(genes #7, 9; see Section 5.4.1), the majority of HIF-1 regulated genes identified in Figures 5.4
and 5.5 did not demonstrate significant differential expression between chronically and
transiently hypoxic conditions in the model spheroid system.
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Chronically Hypoxic vs. Aerobic Cells

5.0

1e01

5.0

1e02

5.0

1e03

Aerobic Calls

T a g s B e y o n d C o n f i d e n c e Intervals

95%

99%

99.9%

for C o m p a r i s o n

#

%

#

%

#

%

Chronically Hypoxic > Aerobic

138

0.45

275

0.90

572

1.88

Chronically Hypoxic < Aerobic

143

0.47

286

0.94

611

2.00

T o t a l # o f U n i q u e T a g Sequences C o m p a r e d = 30,492

Figure 5.4

SAGE tags differentially expressed between chronically hypoxic and aerobic

cells.
Each data point indicates the relative expression level of one or more unique tag sequences under
the specified experimental conditions (on a logarithmic scale).

The contour lines delineate

calculated confidence intervals, and (light blue) data points outside each set of lines indicate
relative expression differences that are statistically significant to the respective confidence
interval. The linear collection of data points closest to the abscissa and ordinate represent tags
that were not detected in the other library. Selected genes of interest are indicated in red; see
Table 5.2 for number designations.
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Transiently Hypoxic vs. Aerobic Cells

i

i

i

i

i

i_

5.0

1e01

5.0

1e02

5.0

1e03

Aerobic Cells

Tags Beyond Confidence Intervals
99. 9%
#
for Comparison
%
152
0.53
Transiently Hypoxic > Aerobic
111
0.39
Transiently Hypoxic < Aerobic
Total # of Unique Tag Sequences Compared = 28,414

Figure 5.5

95 %

99 %
#
294
236

%
1.03
0.83

#
802
561

%
2.82
1.97

SAGE tags differentially expressed between transiently hypoxic and aerobic cells.

Selected genes of interest are indicated in red; numbers correspond to the same genes as
indicated in Figure 5.4.

139

Gene#

Absolute # of Tags

Relative Increase in # of Tags

in Each Condition

Between Each Condition

Gene Identification

Chr

Tr

Air

Chr > Air

Tr > Air

Chr > Tr

Tr>Chr

1

8

2

0

-

Carbonic Anhydrase 9 (CAIX)

12

10

0

(2)
(10)

3.8

2

(8)
(12)

1.1

-

Vascular Endothelial Growth Factor (VEGF)

3

15

7

0

(15)

2.0

-

Phosphofructokinase L

4

55

56

1

58

(7)
63

-

1.1

5

21

19

1

22

21

1.0

-

6

72

75

4

19

21

-

1.1

Aldolase A / Fructose Biphosphate

7

46

55

9

5.4

6.9

-

1.3

Metallothionein IIA

8

15

21

9

1.8

2.6

-

1.5

Glucose Transporter-1 (Glut-1)

9

254

135

43

6.2

3.5

1.8

-

"Hypothetical Protein" RTP801

10

110

67

82

1.4

-

1.5

-

Carbonic Anhydrase 12 (CAXII)

11

94

103

80

1.2

1.5

-

1.2

12

1592

1157

1110

1.5

1.2

1.3

-

Table 5.2

Pyruvate Kinase M
6-Phosphofructo-2-Kinase

Lactate Dehydrogenase A
Glyceraldehyde-3-Phosphate Dehydrogenase

Identification of selected tags from Figures 5.4-5.6.

Tag numbers are presented as fold-increases in expression between the cited conditions, and have been normalized for the total
number of (high quality) tags sequenced for each library. Numbers in parentheses indicate comparison to a library that did not
contain a tag of that sequence (and are not normalized).
'Chr' = chronically hypoxic, 'Tr' = transiently hypoxic, ' A i r ' = aerobic.

Chronically Hypoxic vs. Transiently Hypoxic Cells

5.0

1e01

5.0

5.0

1e02

1e03

Transiently Hypoxic C e l l s

Tags Beyond Confidence Intervals
99.9%
for Comparison
#
%
24
Chronically > Transiently Hypoxic
0.08
Chronically < Transiently Hypoxic
24
0.08
Total # of Unique Tag Sequences Compared = 31,624

Figure 5.6

99 %
#
52
71

95%
%
0.16
0.22

#
190
234

%
0.60
0.74

SAGE tags differentially expressed between chronically hypoxic and transiently

hypoxic cells.
Selected genes of interest are indicated in red; numbers correspond to the same genes as
indicated in Figures 5.4 and 5.5. Note the majority of these genes are found within the contour
lines (i.e. no significant differential expression).
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Interestingly, the data in Figure 5.6 also indicate the presence of tag sequences that were
differentially expressed between cells in the chronically and transiently hypoxic conditions.
Figure 5.7 presents the same data from Figure 5.6 including indications of tag ambiguity,
unknown tag sequences, and tags that corresponded to a few notable genes (genes #13-16) with
the gene identifications provided in Table 5.3. Importantly, i f differential expression of the
identified transcripts translate to similar differences at the protein level, the gene products may
represent potential targets for antibodies to distinguish between diffusion-limited and transiently
hypoxic tumour cells. These genes will be discussed further in Sections 5.4.2-5.4.3.
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Figure 5.7

Selected genes of interest

significantly

differentially expressed

between

chronically and transiently hypoxic cells (> 99.9% CI).
Black data points represent ambiguous tags, pink data points indicate unknown tag sequences,
and genes of interest specific to this comparison are indicated in red. Number designations are
identified in Table 5.3.
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Gene#

Absolute # of Tags

Relative Increase in # of Tags

in Each Condition

Between Each Condition

Chr

Air

Chr > Air

Tr > Air

Chr > Tr

Tr > Chr

11

-

Stearoyl-CoA (Delta-9) Desaturase

8.0

-

Diphosphomevalonate Decarboxylase

-

3.0

SI00 Calcium Binding Protein P

4.1

CD151 Antigen

13

45

4

9

5.3

14

51

6

6

9.0

-

15

87

242

240

-

1.1

16

7

27

17

-

1.8

Table 5.3

Gene Identification

Identification of selected tags from Figure 5.7.

Tag numbers are presented as fold-increases in expression between the cited conditions, and have been normalized for the total
number of (high quality) tags sequenced for each library.
'Chr' = chronically hypoxic, 'Tr' = transiently hypoxic, ' A i r ' = aerobic.

5.4

DISCUSSION
It is important to reiterate that SAGE provides information on relative gene expression at the

mRNA transcript level, and there are a variety of potential applications for these data. If one is
interested in gene expression specifically, the relative expression levels for selected genes
indicated by S A G E are typically confirmed with subsequent (cost-effective) alternatives, such as
quantitative real-time RT-PCR with subsequent Northern blot analysis.

Further molecular

studies into the mechanisms of gene regulation and the identification and characterization of
novel genes could then be pursued as desired.
However, the studies reported herein did not involve gene expression per se, and SAGE was
merely used as a means to identify potential candidate genes that may be capable of
distinguishing between cells growing in different microenvironmental conditions. Thus the
preliminary experiments performed following SAGE data analysis were directed toward probing
tumour cell populations for detectable differences in candidate gene products, without attempting
to further validate or quantify the transcript expression differences observed by SAGE.
Moreover, in order to utilize existing in-house methodology and expertise, detection of gene
products in tumour cell populations was implemented at the protein level (in favor of a
transcript-based probing method such as in situ hybridization). While there is an obvious and
significant leap from the serial analysis of relative transcript expression levels to the detection of
the resultant protein(s), the latter endpoint was deemed more relevant to the (initial) project goal
of identifying potential endogenous markers of transient hypoxia. Extensions of these studies
will be discussed in Chapter 6.
A relatively efficient and cost-effective means of probing tumour cell populations for the
expression of (a small number of) candidate gene products at the protein level is to preferentially
select genes for further study that have commercial antibodies readily available. Fluorescent
secondary antibodies could then be used for image analysis of tissue sections or for flow
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cytometry analysis of single cell suspensions, thereby providing qualitative and quantitative
information on hypoxia-induced alterations in protein levels under various in vitro and in vivo
conditions. Preliminary data for one of the more promising gene products (CD151; gene #16)
will be presented in Section 5.4.3, where differential gene expression at the mRNA level was
observed between chronically hypoxic and transiently hypoxic conditions, and levels of the
associated protein provided some intriguing labeling patterns in vivo. However, before these
data are presented, other potential markers of tumour hypoxia will be discussed.
5.4.1

Metallothionein IIA and RTP801

Expression of metallothionein IIA mRNA (gene #7) was increased 5- to 7-fold under either
hypoxic condition relative to aerobic spheroid cells. Metallothioneins are a heavily thiolated
endogenous family of polypeptides that have been shown to increase the resistance of
mammalian cells to radiotherapy and chemotherapy (Bakka et al, 1982; Satoh et al, 1994;
Shibuya et al, 1997), and metallothionein IIA is the predominant form of the protein (Skroch et
al, 1993). Up-regulation of metallothionein IIA mRNA has been observed after hypoxia and
reoxygenation in vitro (Murphy et al, 1994), qualitatively confirming the hypoxia-induction
observed in Figures 5.4 and 5.5. However, the potential use of metallothionein IIA as a marker
of hypoxia in vivo requires further study since metallothionein protein expression increases
rapidly in murine tumours with hypoxia induction by hydralazine (Raleigh et al, 1998), but does
not localize well with pimonidazole labeling in clinical biopsies (Raleigh et al, 2000).
SAGE tags corresponding to the "hypothetical protein" RTP801 (gene #9) were significantly
differentially expressed between all three experimental conditions.

RTP801 is ubiquitously

expressed at low levels in a variety of human tissues, and is up-regulated rapidly in response to
hypoxia in vitro and in vivo (Shoshani et al, 2002), again confirming the observations in Figures
5.4 and 5.5. RTP801 is thought to play a role in enhancing oxidative stress-induced cell death
(Kim et al, 2003; Lee et al, 2004), although the intracellular signaling mechanism is largely
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unknown. Conversely, in some cell types the presence of RTP801 prior to hypoxia in vitro is
thought to suppress the generation of reactive oxygen species and protect cells from oxidative
stress-induced cell death (Shoshani et al, 2002).
RTP801 may represent a useful marker of tumour hypoxia in some tumour types, and the
statistically significant differential expression and high relative tag abundances between hypoxic
and aerobic cells (Table 5.2) are favorable characteristics if translatable to the protein level.
However, in terms of differentiating between diffusion-limited and transiently hypoxic cells, the
difference in absolute tag abundances is less than 2-fold and (if also applicable to protein
expression) may not provide a large enough labeling differential to discriminate between hypoxic
cells in different microenvironmental conditions.
5.4.2

Indications of Microenvironmentally-Influenced Differential Gene Expression

Stearoyl-CoA desaturase (gene #13) is the rate-limiting enzyme in the synthesis of
monounsaturated fatty acids used for membrane phospholipids, triglycerides, and cholesterol
esters (Ntambi and Miyazaki, 2004). Increased levels of stearoyl-CoA desaturase mRNA have
been found in colonic and esophageal carcinomas, and in hepatocellular adenocarcinomas
relative to their normal tissues of origin (Li et al, 1994), although the influence of the tumour
microenvironment on gene expression is unknown.
Diphosphomevalonate decarboxylase (gene #14) is an enzyme involved in the synthesis of
prenyl-derived lipids and the post-translational prenylation of proteins, including the oncoprotein
Ras. Blocking enzyme activity has been shown to inhibit the membrane association of mutant
Ras, thereby decreasing mutant Ras-activated cell proliferation in vitro (Cuthbert and Lipsky,
1995; Cuthbert and Lipsky, 1997).

Thus the enzyme may potentially contribute to tumour

progression in some cases by assisting in the activation of oncogenic proteins, although gene
expression levels of diphosphomevalonate decarboxylase have not previously been reported in
tumours.
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S100 calcium binding protein P (S100P; gene # 15) is thought to be involved in mediating
intracellular calcium signaling, although the precise signaling pathways are currently unknown.
Elevated levels of SI OOP have been observed following loss of senescence in breast cancer cell
lines in vitro, implying that overexpression may be an early event in immortalization of human
breast epithelial cells (Guerreiro Da Silva et al, 2000). SI OOP is highly differentially expressed
at the mRNA and protein level in a variety of tumours compared to normal tissues including
breast (Russo et al., 2001), pancreas (Iacobuzio-Donahue et al., 2002; Crnogorac-Jurcevic et al,
2003; Logsdon et al, 2003), and prostate (Mousses et al, 2002). Expression of SI OOP protein
has also been found to increase with clinical tumour progression in cancers of the breast (Russo
et al, 2001) and prostate (Mousses et al, 2002). While these studies suggest a relationship
between SI OOP expression and tumour aggressiveness, there is little information on the influence
of the tumour microenvironment on SI OOP gene expression.
As indicated in Table 5.3, both stearoyl-CoA desaturase and

diphosphomevalonate

decarboxylase (genes #13 and #14) demonstrated significantly higher levels of expression in
cells under poor growth conditions (inner spheroid cell layers; "chronically hypoxic") relative to
better-nourished cells (outer spheroid cell layers; "aerobic" and "transiently hypoxic"). Note that
the differential expression occurred irrespective of the 3 hour hypoxia treatment.

Similarly,

SI00 calcium binding protein P (gene #15) was significantly more highly expressed in the outer
spheroid cell layers ("aerobic" and "transiently hypoxic") relative to the inner spheroid cell
layers ("chronically hypoxic") irrespective of the hypoxia treatment. One possible explanation
may be that the inner spheroid cell layers experienced a greater degree of hypoxia than the outer
layers during treatment (i.e. < 1% O2 with oxygen diffusion limitations). However, the lack of
differential expression between conditions of chronic and transient hypoxia (i.e. inner and outer
cell layers) for a variety of known hypoxia-regulated genes argues against this oxygenation
difference as a primary determinant of gene expression in this system.
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Furthermore, hypoxia-regulated expression of genes #13-15 have not previously been
reported, suggesting the different cellular micrbenvirbnments (independent of hypoxia) may be
involved in the observed differences in relative gene expression. The expression levels of these
genes may also be related to the degree of tumour cell proliferation in the different spheroid
regions, representing an indirect relationship with cellular oxygenation and/or nutrient status.
Thus, while hypoxia is the most commonly studied microenvironmental factor influencing
tumour cell gene expression, other characteristics of the tumour microenvironment may also
produce specific and exploitable differential gene expression patterns.
Overall, more work is necessary with genes #13-15 to further characterize mRNA and
protein

expression

patterns,

with

particular

attention

to

regulation

by

the

tumour

microenvironment, relationship to cellular proliferative status, and assessment of gene product
levels as potential indicators of specific microenvironmental conditions.
5.4.3

CD151

One of the more interesting differentially expressed tags mapped to the gene for CD 151
(gene #16), a member of the tetraspanin family of transmembrane proteins. CD151 (or plateletendothelial tetraspan antigen-3; PETA-3) is expressed in a variety of cell types (Sincock et al,
1997; Funakoshi et al, 2003), and is able to form complexes with a number of different integrins
involved in cell motility (Yauch et al, 1998; Berditchevski and Odintsova, 1999; Sincock et al,
1999). In tumour cells, CD151 protein concentrates along tumour cell-endothelial cell borders
during in vitro transendothelial invasion (Longo et al, 2001), and over-expression of CD151 has
been found to enhance tumour cell motility, invasion, and metastasis (Testa et al, 1999; Kohno
et al, 2002). In the clinic, tumours containing high levels of CD151 protein correlate with
decreased survival in non-small cell lung cancer (Tokuhara et al, 2001) and colon cancer
(Hashida et al, 2003), which has been attributed to increased formation of metastases. The
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influence of the tumour microenvironment on CD151 expression has not previously been
reported.
As indicated in Table 5.3, CD151 mRNA levels were found to be 4-fold higher in transiently
hypoxic cells compared to chronically hypoxic cells from the same population of spheroids. The
availability of a commercial antibody to CD151 protein facilitated the detection of CD 151 in
frozen tissue sections of SiHa spheroids and SiHa tumour xenografts (Figure 5.8). Based on the
work reported in Chapter 3, transiently hypoxic tumour cells are typically located at an
intermediate distance from functional tumour vasculature in SiHa tumours, and the presence of
CD151 expressing cells in this region is intriguing. These preliminary observations warrant
more detailed studies into the influence of hypoxia and the tumour microenvironment on the
expression of CD151 mRNA and protein. O f particular interest is the degree and duration of
hypoxia required to induce changes in CD151 expression, the kinetics of CD151 up-regulation
(and down-regulation), and the potential influence of other microenvironmental factors on
CD151 expression levels.
As evidenced by the (relatively brief) descriptions of selected genes in Sections 5.4.1-5.4.3, a
great many questions have been generated by the S A G E data regarding the role of the tumour
microenvironment in influencing the expression of a variety of genes. While elucidating the
specific mechanism(s) of gene regulation was not a direct goal of the work presented in this
Chapter, identification of a number of genes that were differentially expressed between the
experimental conditions indicates a rather large area for further study. Of particular relevance to
this thesis was the identification of a number of genes that were significantly differentially
expressed between cells grown under different microenvironmental conditions in vitro and
exposed to a relatively short-term hypoxic episode. Differential expression of the products of
these genes may enable the use of probes for selectively identifying cells exposed to different
microenvironments in vivo.
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Necrosis

Figure 5.8

Section of SiHa human tumour xenograft showing proximity of CD151 to

perfused blood vessels and diffusion-limited hypoxia.
Pimonidazole (100 mg/kg) was administered 1 hour prior to tumour excision and Hoechst 33342
was administered 20 minutes prior to tumour excision. Previous work in Chapter 3 indicated that
transiently hypoxic SiHa tumour cells are typically located closer to tumour blood vessels than
cells labeled with a single injection of pimonidazole. Blue = Hoechst 33342 (perfusion), green =
pimonidazole (diffusion-limited hypoxia), red = CD151.
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Ultimately, the detection of genes differentially expressed in specific subpopulations of
tumour cells would facilitate further studies into both the physiological mechanisms associated
with tumour hypoxia, and the therapeutic relevance of various features of the tumour
microenvironment. A rapid and relatively non-invasive method to identify and quantify tumour
cells that are potentially more relevant for therapeutic outcome would also aid in the assignment
of treatment strategies to take advantage of the dynamic solid tumour microenvironment. Thus
by exploiting the specific gene expression profiles of transiently (or chronically) hypoxic tumour
cells, it may be possible to address some fundamental questions about tumour physiology and to
improve clinical cancer therapy strategies targeting tumour hypoxia.
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C H A P T E R 6: S U M M A R Y A N D F U T U R E D I R E C T I O N S

6.1

SUMMARY
The tumour microenvironment is increasingly being appreciated as a dynamic entity with

potentially far-reaching therapeutic implications, although surprisingly little is known about
tumour physiology in the clinic.

This lack of knowledge stems, in part, from inadequate

methodology to detect and. study various tumour microenvironmental parameters in the
necessarily restrictive realm of clinical cancer research. Since tissue oxygenation is considered
the most easily measurable characteristic of the tumour microenvironment, and since poorly
oxygenated tumours typically correlate with poor clinical outcome, a variety of methods have
been developed for measuring tumour oxygenation. Each method has its own unique advantages
and disadvantages in terms of invasiveness, resolution, detection sensitivity, and functional
relevance of the oxygenation levels measured. However, none of the currently used methods for
measuring tumour oxygenation consider potential changes in oxygenation status that may occur
over time. A number of pre-clinical studies suggest that temporal fluctuations in tumour blood
flow and regional oxygenation can be common and inter-related phenomena in experimental
tumour systems, but their presence and influence in clinical tumours is largely unknown. Of
particular importance is the lack of methodology available for detecting changes in the hypoxic
status of individual tumour cells over time, an aspect of the tumour microenvironment that may
represent a significant barrier to effective cancer therapy.

Using novel methods to measure

intermittent tumour hypoxia on a cellular level, the studies reported herein revealed rather
surprising insights into the dynamic tumour microenvironment.
Two human tumour xenografts (WiDr and SiHa) were studied in this thesis, each with
intrinsically different propensities to undergo changes in perfusion over time despite being
implanted in the same murine host system. WiDr tumours typically exhibit frequent, large-scale
changes in tumour perfusion over periods of 30 minutes or less, while SiHa tumours have much
more stable blood flow over the same period of time. Relatively modest drug-induced increases
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in net tumour perfusion were capable of significantly changing the microregional distribution of
blood flow in WiDr tumours, but not in SiHa tumours. Drug treatment temporarily decreased the
level of transient perfusion in WiDr tumours, and increased the oxygenation status of hypoxic
tumour cell subpopulations as indicated by increased sensitivity to ionizing radiation.
Specifically, fluorescence activated cell sorting prior to an in vivo-in vitro cloning assay revealed
radiosensitivity increases in subpopulations of WiDr tumour cells at an intermediate distance
from functional tumour blood vessels. These data suggest that tumour cells with an oxygenation
status that changes over time are therapeutically relevant, highlighting the importance of a
method to identify and quantify these transiently hypoxic cells.
Subsequent studies involved assessing transient hypoxia in WiDr and SiHa tumours on a
whole-tumour scale by sequentially administering two exogenous hypoxia markers followed by
quantification of hypoxic tumour cells by flow cytometry. High levels of the first hypoxia
marker (pimonidazole) were maintained in the circulation for up to 8 hours using multiple hourly
injections, providing a "time-integrated" measure of tumour hypoxia with an asymptotic increase
in the total number of hypoxic cells over time. Subsequent administration of a second hypoxia
marker (CCI-103F) showed that substantial numbers of the previously pimonidazole-labeled
cells were no longer hypoxic during the circulation lifetime of the second marker. The overall
fraction of tumour cells that demonstrated changes in hypoxic status over time increased with
different kinetics and by different magnitudes in the two xenograft systems. Surprisingly, up to
20% of the cells in SiHa tumours were intermittently hypoxic over an 8 hour period, despite
previous observations of relatively stable tumour perfusion when assessed over 30 minute
intervals. Moreover, 8% of the cells in WiDr tumours were intermittently hypoxic over an 8
hour period despite previous observations of frequent, large-scale perfusion changes over 30
minute intervals. These observations indicate the importance of proper definition of "transient"
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rumour perfusion or hypoxia since both tumour types displayed transient and relatively steadystate behavior when assessed with different methods and over different periods of time.
Interestingly, the tumour cells that demonstrated a transient hypoxic status were typically not
adjacent to tumour blood vessels (as had been suggested by previous observations of large-scale
changes in tumour perfusion over time). These data indicate that more frequently observed,
smaller-scale changes in tumour perfusion may be more relevant sources of transient hypoxia.
During the course of these studies, it was discovered that the exogenous hypoxia marker
pimonidazole could label hypoxic tumour cells when administered in the drinking water of
tumour-bearing mice.

As pimonidazole consumption was maintained for 6-96 hours (ad

libitum), both the fraction of hypoxic tumour cells and the relative number of pimonidazole
adducts bound in those cells increased.

Further, the sustained ingestion of pimonidazole

revealed a larger (i.e. "time-integrated") hypoxic fraction compared to a single injection of a
second hypoxia marker (CCI-103F). The numbers of hypoxic cells observed with,longer-term
oral pimonidazole administration also increased with different kinetics and by different
magnitudes in SiHa and WiDr tumours, reflecting the inclusion of transiently hypoxic tumour
cells into the tumour hypoxia estimates.

Moreover, a proportion of cells labeled with oral

pimonidazole were subsequently sufficiently well-oxygenated to synthesize D N A , indicating the
potential therapeutic relevance of tumour cells with a changing oxygenation status. Thus in
addition to its convenience and versatility when compared to hypoxia marker injection, oral
administration of pimonidazole identified physiologically and therapeutically relevant hypoxic
tumour cells assessed over relatively long periods of time.
Importantly, the use of a "time-integrated" measure of tumour hypoxia (with either multiple
injections or oral administration of pimonidazole) combined with a subsequent "snapshot" of
tumour hypoxia with a second hypoxia marker (e.g. EF5) is a strategy with potential clinical
applicability. In particular, the use of flow cytometry to identify and quantify cells in fine needle
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aspirate biopsies that are differentially labeled with either hypoxia marker would provide
invaluable information on the presence of transient tumour hypoxia in the clinic. Further clinical
application of this method would allow studies into the duration of intermittent hypoxia episodes
and the fractions of transiently hypoxic cells in clinical tumours which would, in turn, have
important implications for the strategic improvement of cancer therapy.
An additional method to study transiently hypoxic tumour cells with potential clinical
applicability could be realized by identifying gene products that are more highly expressed under
conditions of transient (or diffusion-limited) hypoxia.

The influence of reduced cellular

oxygenation on the expression of various genes in vitro is well-established, and increased levels
of select hypoxia-inducible genes have been used as endogenous indicators of hypoxic cells in
vivo. However, little is known about gene expression differences between hypoxic cells in the
disparate tumour microenvironments typically associated with either transient or diffusionlimited hypoxia. Serial analysis of gene expression was used to identify genes differentially
expressed between subpopulations of cells grown in multicellular spheroids exposed to a
relatively short-term period of hypoxia. The outer and inner spheroid cell layers contained cells
in different growth conditions, and selective recovery of specific cell subpopulations allowed
construction of global gene expression profiles from in vitro conditions of transient or diffusionlimited hypoxia respectively.

Notably, the multicellular spheroid system largely reflects the

solid tumour microenvironment in vivo, enabling more relevant modeling of tumour hypoxia
than is possible with tumour cells grown in monolayer culture. Genes that were differentially
expressed between conditions of transient and diffusion-limited hypoxia were identified,
representing a potentially valuable resource for the future development of methods to selectively
identify and quantify similar cells in vivo. However, more work is required before the potential
of these data can be fully realized.
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6.2

F U T U R E DIRECTIONS
A number of additional studies can be envisaged as extensions to this thesis, particularly

from the data and concepts presented in Chapters 3-5.
With the method for quantifying transient tumour hypoxia in experimental tumours outlined
in Chapter 3, directly assessing the therapeutic efficacy of various cytotoxic treatments on
transiently hypoxic cells would be valuable. This could perhaps be accomplished by analyzing
half of a tumour (or one of two tumours from the same animal) for transient hypoxia while
plating the other half in an in vivo-in vitro survival assay after treatment. Additional experiments
using various hypoxia modification strategies (e.g. carbogen gas, nicotinamide, etc.) could be
used to quantify the effects of tumour hypoxia modification on transient hypoxia and treatment
response.
To study the mechanisms of transient hypoxia generation, differential pimonidazole and CCI103F labeling could be combined with the dual stain mismatch method to compare regions of
transient hypoxia with regions of transient perfusion over various periods of time. The perfusion
dyes would necessitate image analysis for quantification rather than flow cytometry, but useful
information could be obtained, particularly with hypoxia modification.
The concept of "time-integrated" hypoxia measurements using an exogenous marker could
also be combined with endogenous hypoxia marker expression to quantify changes in tumour
hypoxia over time. Using pimonidazole and a rapidly responsive endogenous marker such as
H I F - l a may represent a useful method to study changes in hypoxia that occur over relatively
short periods of time (on the order of minutes) in some tumour types (e.g. WiDr). Due to the
instability of HIF-la, this method would likely require quantification by image analysis after
rapid tissue fixation, although quantifying H I F - l a levels by flow cytometry may also be possible
(Vordermark and Brown, 2003).
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Extensions of the studies presented in Chapter 4 regarding oral pimonidazole to label
hypoxic tumour cells are necessary, particularly for improving the labeling of hypoxic cells over
shorter labeling intervals (< 6-12 hours).

Preliminary attempts to increase the dose of oral

pimonidazole consumed over time involved using up to a 4-fold higher pimonidazole
concentration in the drinking water. However, the mice had an aversion to water containing
higher concentrations of pimonidazole, even when glucose was added as a sweetener. Preclinical studies involving pimonidazole administration by forced oral dosing would facilitate the
generation of more in-depth oral pimonidazole pharmacokinetic data, particularly since an
escalating series of pimonidazole doses could be used. While oral dosing in this way would get
away from the concept of "time-integrated" hypoxia measurements, the data would prove
beneficial for studying the plasma clearance rate of orally administered pimonidazole. In the
clinic, administering pimonidazole orally to label hypoxic tumour cells should be tested to
determine if this represents a feasible (and more convenient) alternative to pimonidazole
administered by intravenous infusion.
From a methodological standpoint, the concepts of "time-integrated" hypoxia measurements
and differential labeling of hypoxic cells with two exogenous hypoxia markers could be directly
applied to the clinic with flow cytometry analysis of tumour biopsies (Durand and AquinoParsons, 2001a; Olive et al, 2001b).

Pimonidazole and EF5 are already used clinically to

measure tumour hypoxia, and pharmacokinetic data are available for each marker (Saunders et
al, 1984; Koch et al, 2001). Moreover, pharmacokinetics studies of pimonidazole combined
with the parent compound of EF5 (etanidazole; SR-2508) have previously been conducted when
these agents were under study as clinical radiosensitizers (Newman et al, 1988; Bleehen et al,
1989).

While the pharmacokinetics of etanidazole and EF5 are different, the earlier work

suggests that administering both pimonidazole and an etanidazole-derivative at different points
in time may be clinically feasible.

Unfortunately, considerable "philosophical differences"
159

between proponents of either EF5 or pimonidazole regarding the "correct" method for
quantifying fractions of hypoxic tumour cells labeled with either marker may delay these types
of experiments.
The S A G E data presented in Chapter 5 represent a rather large resource for future work. A
number of tag sequences were identified with significant differential expression between the
model conditions of chronic and transient hypoxia, any of which could be pursued for further
study. Repeating the spheroid experiments is necessary to validate the relative expression levels
of selected genes using a more cost-effective method such as quantitative real-time RT-PCR. A
number of tag sequences did not match any known sequence in the RefSeq or M G C (Homo
sapiens) databases, and RT-PCR using a primer derived from the tag sequence and a poly-T
primer may help in isolating a partial sequence of the unknown genes. Other tags matched
multiple genes in the databases, and RT-PCR using commercial primers specific to these genes
would identify the gene(s) represented by an ambiguous S A G E tag sequence.
The kinetics of hypoxia-induced gene expression can be studied in spheroids by varying the
degree and duration of the in vitro hypoxic episode. Repeated hypoxic exposures over varying
lengths of time could be used to simulate intermittent hypoxia (Cairns et al, 2001; Cairns and
Hill, 2004), and the multicellular spheroid model is also conducive to independently studying the
effects of other tumour microenvironmental parameters (e.g. glucose, pH, etc.) on levels of
mRNA or protein expression. Once the expression behavior of a particular gene of interest is
characterized, studies into the mechanism(s) of induction could be conducted as desired.
Using the expression level of a particular gene of interest (e.g. CD151) as an indication of
microenvironmental conditions in vivo could be tested in human tumour xenografts at the
transcript level (using in situ hybridization) or the protein level (using flow cytometry or Western
blots). Expression levels of genes such as CD151 should also be combined with quantification
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of hypoxia, transient hypoxia, and tumour cell proliferation in the same system to identify
potential relationships.
Lastly, for membrane-bound proteins such as CD151, it may be possible to sort cells based
on the level of CD151 expression, as has been done previously with C A I X (Olive et al, 2001a).
Provided the disaggregation of human tumour xenografts for cell sorting could be managed
without perturbing CD151 protein levels, cells with varying levels of CD 151 expression could be
plated in an in vivo-in vitro cloning assay to determine the relationship between CD151 and
response to radiation or chemotherapy treatment.
In summary, this thesis constitutes a body of work with potentially important methodological
and therapeutic implications, and also represents a starting point for continued pre-clinical and
clinical studies into the relationship between tumour perfusion, tumour hypoxia, and
microenvironment-induced differential gene expression.

As such, the data and concepts

presented in this thesis provide both a foundation and an impetus for directed studies to improve
clinical

cancer

therapy

through

enhanced

understanding

of

the

dynamic

tumour

microenvironment.
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