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SUMMARY

Solid tumor oxygenation is highly heterogeneous, often showing regions of hypoxia
that demonstrate oxygen concentrations much lower than those encountered in normal
tissues. Tumor hypoxia can cause treatment resistance, resulting in a poorer treatment
outcome. In addition, hypoxia forms a part of the pathophysiologic microenvironment
that characterizes solid tumors and is involved in disease progression, possibly through
alterations in gene expression. This chapter discusses recent research focused on meth-
ods of measuring tumor hypoxia accurately and extensively, with the aim of tailoring
treatment on an individual patient basis. Examples of therapeutic approaches designed
to exploit tumor hypoxia directly or indirectly, are discussed.

Key Words: Tumor hypoxia; HIF-1; hypoxic markers; bioreductive drugs; gene-
directed enzyme prodrug therapy.

1. INTRODUCTION

Tissue oxygenation is the result of a balance between oxygen supply and consumption,
a balance that is finely regulated in normal tissues. In solid tumors this balance is dis-
turbed, such that the supply is no longer adequate, resulting in hypoxia. The definition
of hypoxia varies between studies, and the term has been used to describe severe oxygen
deprivation, near 0 mmHg, or oxygen levels (~15-20 mmHg) approaching those of
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Fig. 1. Differences in median pO, of normal tissue (black bar) vs tumor tissue (white bar). The
range of pO, values are shown within the bars for head and neck (/18), pancreas (119), cervix
(120), and prostate cancers (58). The median values for the lung samples were taken from Brown
and Wilson (6), and no range was available.

normal, well-oxygenated tissue. Experimentally, hypoxia is often used to describe pO,
values below ~7.5 mmHg. Solid tumors demonstrate a low median pO, of ~5-20 mmHg,
as compared to most normal tissues (median pO, of ~20-95 mmHg). Representative
values for human tumors are shown in Fig. 1. Tumor oxygenation is highly heteroge-
neous, both within an individual tumor and between tumors (/). Hypoxia in tumors has
long been known to induce resistance to both radiation and chemotherapy, and clinically
median oxygen partial pressures (pO,) below ~10 mmHg are generally found to be
associated with poorer treatment outcome. There is also mounting evidence of a role for
tumor hypoxia in tumor progression (2). As a consequence of the negative impact of
tumor hypoxia on treatment outcome, recent research has focused on further elucidating
the role of hypoxia in disease progression (2,3), on methods of measuring tumor hypoxia
accurately and extensively (4,5), and on exploiting tumor hypoxia to improve treatment
response (6,7). This chapter provides an overview of each of these three areas.

2. HYPOXIA IN TUMORS

The tumor microenvironment is characterized by several pathophysiologic conditions
including tumor hypoxia, reduced pH, and elevated interstitial fluid pressure, all of which
are, to varying extents, a consequence of the disorganized structure and function of the
abnormal vasculature that characterizes solid tumors (8). Tumor growth and development
is supported by both the pre-existing host vasculature and by neovasculature generated
through the process of angiogenesis. Studies using tumors growing in window chambers
have shown that this process may be initiated early in tumor growth when the tumor
comprises 60-80 cells (9). The host vessels do notincrease in number during tumor growth
(initially they may actually regress) (10), and consequently, the number of preexisting
vessels is reduced in comparison to the area they supply. Furthermore, the host venules
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undergo morphological changes including elongation and dilation, and may become
obstructed or compressed by the surrounding tumor cells (/7). The arterioles remain
largely intact, but are restricted to the fascial surface of the tumor, resulting in longer
transport distances through the arteriolar tumor supply vessels (/2). The neovasculature
that develops through angiogenesis is highly chaotic, resulting in further spatial hetero-
geneity. The vessels formed are immature and demonstrate several abnormalities, being
dilated, tortuous, and lacking in enervation. They often have an incomplete or missing
endothelial cell layer and basement membrane that makes them more permeable (/3). In
addition, they are prone to excessive branching, blind ends and neovascular shunts (Fig.
2). These abnormalities resultin increased geometric resistance, plasma channels contain-
ing few or no red blood cells, and longitudinal pO, gradients, all of which contribute to
aberrant flow and the development of a pathophysiologic tumor microenvironment that
is extremely heterogeneous, both within an individual tumor and between different tumor
types (1,8,11).

The existence of hypoxic cells in tumors was highlighted in 1955 by Thomlinson and
Gray, who noted that regions of necrosis were often observed in human lung cancers at
distances of 160-200 wm away from the supporting vasculature. As these distances were
consistent with the calculated diffusion distances of oxygen from the capillary network,
it was suggested that viable chronically hypoxic cells alongside regions of necrosis were
a feature of solid tumors as a consequence of oxygen diffusion limitations (/4). The
diffusion radius of oxygen depends on the rate of oxygen consumption by the cells and the
pO, in the adjacent vessel(s); thus, the distance from the blood vessels to the edge of the
necrotic region (sometimes called the tumor cord radius) may vary from tumor to tumor
and within tumors because of declining levels of oxygen and pO, in the vasculature as it
progresses through the tumor parenchyma. In addition, the existence of a highly chaotic
vascular network and plasma channels as well as rheologic effects, such as altered blood
viscosity and subsequent slow flow rates, can lead to the development of regions of
hypoxiain areas that would appear to have an adequate vascular network, possibly through
areduction in the intravessel blood oxyhemoglobin saturation. Oxyhemoglobin saturation
levels in a tumor can be much lower than those in normal vessels, possibly because of
increased oxygen consumption to facilitate rapid proliferation or through an increase in
extraction of oxygen from hemoglobin at low pO, as a result of sluggish flow (8).

Oxygen diffusion limitations may be expected to give rise to tumor cells that are
hypoxic over extended periods of time, referred to as chronically hypoxic cells. However,
there are also regions in tumors that fluctuate between normoxic and hypoxic states, and
this is referred to as acute, transient, or perfusion-limited hypoxia. The existence of
transiently hypoxic tumor cells was investigated in studies using fluorescent dyes that
stain cells adjacent to functional vasculature. The administration of two dyes either
simultaneously or sequentially showed colocalization only for simultaneous administra-
tion. With sequential administration, there was mismatch in the staining patterns of these
dyes, consistent with variations in perfusion (/5). This study went on to demonstrate that
differences in vascular flow were reflective of differences in viable hypoxic cells in the
tumors over time. Fluctuations in tumor blood flow were also observed by direct mea-
surements of regional blood flow using laser Doppler techniques (/6), and indirectly by
measuring temporal changes in tumor temperature (/7).

However, the situation is at once more complex and more subtle. The dye mismatch
studies could only identify fluctuating flow and acute hypoxia as a result of complete
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occlusion and subsequent reopening of the vessels, whereas studies measuring red cell
flux over a two hour period demonstrated that complete occlusion may be arelatively rare
event (18). More recent data from studies focused on measuring changes in tissue pO,
continuously over 30- to 90-min periods demonstrated frequent fluctuations above and
below S mmHg (/9,20). This is suggestive of a higher frequency of tumor cell exposure
to cyclic hypoxia-reoxygenation than previously anticipated. The impact of this cyclic
hypoxia on tumor progression and therapeutic response is not well established, although
a major product of hypoxia-reoxygenation is the reactive oxygen species, superoxide
anion, which could result in enhanced mutagenic frequency, potentially contributing to
tumor progression.

Hypoxic cells are known to be approximately three times more resistant to ionizing
radiation than oxygenated cells, because oxygen can chemically modify, and thus pre-
vent, direct chemical repair of the damage caused by the initial radiation-induced radicals
(21). The oxygen level required for half-maximal sensitization to radiation is widely
reported to be about 3 mmHg for mammalian cells, but recent work has suggested that
the value may be higher in tumors (~7.5 mmHg) because of higher levels of nonprotein
sulphydryls, particularly cysteine (22).

The role of hypoxia in resistance to chemotherapeutic drugs is less well defined, but
there are several proposed mechanisms. Hypoxic areas distant from functional vascula-
ture will have limited diffusion of therapeutic agents, as will cells surrounding chaotic
vasculature and plasma channels where perfusion may be limited. Reduced drug delivery
is likely to be associated with reduced efficacy. Furthermore, many traditional chemo-
therapeutic agents were designed to target dividing cells. Under hypoxic conditions
cellular proliferation is reduced, impacting negatively on the cytotoxic effects of these
agents. Additionally, some drugs require oxygen to modify DNA damage, similar to
radiotherapy (6,23). As well as these physiological constraints, hypoxia contributes to
genetic and epigenetic changes (2) including the upregulation of several genes involved
in drug resistance and the selection of cells with p53 mutations, which can increase
cellular resistance to apoptosis and reduce drug sensitivity (see Fig. 2) (6).

3. MARKERS OF HYPOXIA

The link between solid tumor hypoxia and both treatment resistance and disease pro-
gression makes the ability to measure tumor hypoxia accurately and extensively ex-
tremely desirable. As such, different approaches have been, and are being, examined to
achieve this aim and thus tailor treatment accordingly. The majority of clinical data
relating tumor hypoxia to treatment resistance and/or disease progression is based cur-
rently on pO, measurements taken using the Eppendorf polarographic electrode system
(5,24). This system involves a fine-needle probe with a sampling volume of approxi-
mately 500 cells that automatically progresses through the tissue in a stepping motion,
thereby measuring pO, at multiple points within a tumor (25). However, the system is
limited to easily accessible tumors and does not distinguish regions of necrosis, or even
normal cells. Furthermore, the Eppendorf electrode gives no information as to the loca-
tion or kinetics of tumor hypoxia, in relation to proximity to the vasculature or the acute
versus chronic hypoxia status of the cells in the hypoxic region. To overcome these
limitations, there have been numerous studies into alternative methods of measuring
tumor hypoxia, with particular attention paid to the use of exogenous and endogenous
markers that can be used with biopsy specimens. Alternative mechanisms of measuring
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tumor hypoxia would need to fulfill certain criteria for successful application in the clinic,
in particular that they are associated with prognosis. Ideally, the degree of hypoxia would
also correlate to results obtained using the Eppendorf electrode, the current gold standard.
In addition, some method of standardization, both in the biopsy procedure and subse-
quent analyses would be required to validate widespread use.

3.1. Exogenous Markers

Three alternative possibilities for evaluating tumor hypoxia are exogenous markers
(2-nitroimidazoles), endogenous markers (genes upregulated by hypoxia), and
noninvasive imaging. Each of these methods has potential advantages and limitations.
The 2-nitroimidazole compounds used as exogenous markers were developed originally
as radiosensitizers for use in conjunction with conventional radiotherapy. They are
metabolized in, and bind strictly to, hypoxic cells. The most commonly used 2-
nitroimidazoles are pimonidazole (1-(2-nitro-1-imidazolyl)-3-N-piperidino-2-propanol)
and EF-5 (nitroimidazole [2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoro-
propyl)acetamide]). These markers exhibit comparable mechanisms of activation, and
are reduced by viable hypoxic cells to generate reduction products that form adducts in
the cells that are easily detectable through immunohistochemistry (26). Both markers are
reduced at oxygen concentrations below ~10 mmHg, and they tend to mark regions more
distant from the vasculature than the endogenous markers CA-IX or glucose transporter
(Glut)-1 (see Subheading 3.2.).

Tumor hypoxia as marked by pimonidazole has been shown to correlate with other
methods of hypoxic detection known to indicate levels of hypoxia that affect cellular
radiosensitivity (radiobiologically relevant hypoxia), in both murine and human tumors.
This would imply that pimonidazole labeling is representative of radiobiologically rel-
evant hypoxia (5). However, pimonidazole labeling was found to show only a weak,
nonsignificant correlation with tumor hypoxia assessed using the Eppendorf electrode
method in human tumors (27). A similar result was seen for EF-5 in squamous cell carci-
nomas (28), and in brain tumors (29). One possible explanation for this disparity may be
the inherent differences in the techniques; the Eppendorf electrode measures discrete vol-
umes of cells in a stepping method through the tumor before amalgamating the results to
give an overall definition of the hypoxic nature of the tumor. In contrast, the use of exogen-
ous markers specifies hypoxia on an individual cell basis and is dependent on the level of
hypoxia and exposure time to the markers. Furthermore, the heterogeneity of tumor oxy-
genation requires the examination of multiple tissue sections to provide an overall picture
of the hypoxic status of a tumor. Such analyses have rarely been performed to date.

Nevertheless, current data would suggest that exogenous markers can indicate radio-
biologically relevant hypoxia in tumors accessible for biopsy, thereby overcoming a
major difficulty of the Eppendorf electrode method. In addition, they can provide infor-
mation on hypoxia at a cellular level and allow hypoxia to be assessed in relation to other
parameters such as vascular density or regions of necrosis. Both pimonidazole and EF-
5 have been successfully applied in the clinic. One study measured tumor hypoxia using
pimonidazole binding in patients selected for a clinical trial of accelerated radiotherapy,
carbogen, nicotinamide (ARCON)), a therapeutic approach aimed at improving the re-
sponse of hypoxic regions to radiotherapy. Pimonidazole binding was found to correlate
with poor prognosis, primarily in patients that did not receive ARCON, suggesting that
ARCON was successful in reducing the impact of hypoxia on treatment response (30).
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3.2. Endogenous Markers

Endogenous markers share the advantages of the exogenous markers, with the further
benefit that there is no need to administer any agents before obtaining a tissue biopsy. This
enables retrospective analyses as well as current evaluation, provided that the biopsy
material has been stored adequately. This method of marking hypoxia is focused on the
hypoxia-specific expression of proteins. Hypoxic gene expression is primarily regulated
by a heterodimeric transcription factor, hypoxia inducible factor (HIF)-1. HIF-1 is
responsible for the hypoxia-mediated transcriptional regulation of a wide selection of
genes initiated through a cognate recognition sequence, to which HIF-1 binds upstream
of the coding region (see Subheading 6.). This is termed the hypoxia response element
(HRE), and all the known HIF-1-responsive genes have been found to contain HRESs of
50 bp or less, with a conserved region functionally essential for HIF-1 binding (7,31).
Thus, studies of endogenous markers of hypoxia have considered the use of HIF-1a, the
hypoxia-regulated element of HIF-1, or genes upregulated by HIF-1, most commonly
carbonic anhydrase 9 (CA-IX) or Glut-1. HIF-1a. is targeted for rapid degradation by the
proteasome under normoxic conditions (see Subheading 3.4.) (32). Thus, CA-IX and
Glut-1 have an advantage over HIF-1a in that they are neither rapidly degraded on
exposure to oxygen, nor stabilized in response to hypoxia, potential problems in the
removal and preparation of biopsy specimens for analysis. However, if the specimens are
prepared correctly and rapidly, HIF-1a should be indicative of the hypoxic state of cells
at the specific time of the biopsy, whereas CA-IX and Glut-1 may be more representative
of long term or diffusion limited hypoxia (4). The simultaneous analysis of these markers
with differing expression profiles could potentially distinguish between areas of diffu-
sion limited and transient perfusion limited hypoxia, providing HIF-1a. is not constitu-
tively expressed, as appears to be the case in some tumors (33).

Endogenous markers have been linked with outcome. HIF-1o expression has been
demonstrated as indicative of a worse prognosis (34-36), as has CA-IX (37-40) and, to
a lesser degree, Glut-1 (41). However, the published results are not consistent, as HIF-
1o expression was also correlated with significantly improved disease-free and overall
survival in head and neck squamous cell carcinoma patients (42). Likewise, CA-IX
expression in renal carcinoma was indicative of an improved prognosis in one study (43).
Itis possible that this difference could be because of differences in HIF-1 activity, as renal
carcinomas have demonstrated defective regulation of HIF-1a (33). In the previously
mentioned ARCON study (see Subheading 3.1.), a greater hypoxic fraction as revealed
by CA-IX expression did not correlate with outcome, despite a good correlation between
CA-IX expression and pimonidazole binding (30). Thus, the current data are not conclu-
sive and, to date, potential limitations of these studies associated with the handling of the
biopsies and with heterogeneity in labeling from one region of the tumor to another have
not been adequately addressed. A further potential limitation of these markers is that their
expression may also have alternative mechanisms of regulation distinct from that of
hypoxia, and thus they may not necessarily be specific markers of tumor oxygenation, but
may also reflect other changes within the tumor microenvironment (7,44,45). This does
not rule out the future use of these markers, but rather suggests that further study is
required to elucidate the most appropriate approach.
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3.3. Noninvasive Imaging

Noninvasive imaging methods of quantifying tumor hypoxia would be of great thera-
peutic benefit, as they are not restricted to accessible tumors, although they are not
applicable to retrospective studies. A major advantage of noninvasive imaging is the
potential to measure hypoxia dynamically and to monitor the activity of therapeutic
agents in relation to tumor hypoxia, thus verifying whether hypoxia is influencing drug
delivery or whether resistance is the result of alternative causes (46). Such methods can
potentially enable real-time imaging of fluctuations in flow and hypoxia, possibly allow-
ing for measurement of both diffusion-limited and transient perfusion-limited hypoxia.
Two imaging mechanisms that have been widely studied are positron emission tomog-
raphy (PET) and single-photon emission computed tomography (SPECT) (47). Both
PET and SPECT involve the introduction of isotope-labeled hypoxia-targeted drugs and
the emitted radiation is used to generate an image. However, the results obtained to date
do not correlate well with those generated using the Eppendorf electrode method (26).

A further imaging method that is being investigated is blood-oxygenation level-de-
pendent (BOLD) imaging, a functional magnetic resonance technique. Unlike PET and
SPECT, isotope-labeled agents are not required. Instead, BOLD imaging relies on the
inherent magnetic properties of hemoglobin, which vary according to its oxygenation
state (26). Thus, BOLD imaging permits a direct measurement of (blood) oxygenation
without the use of any other agents, similar to endogenous markers. However, this method
also has limited spatial resolution, and the linkage between blood oxygenation levels and
tissue oxygenation levels is likely indirect because of the heterogeneous and chaotically
organized vasculature in tumors. The same concern also applies to other magnetic reso-
nance and computed tomography techniques for measuring blood perfusion in tumors.
The use of noninvasive imaging methods to measure tumor hypoxia is still at a relatively
early stage of application (48). Results to date are promising but further work is needed
to determine their true potential.

4. TUMOR HYPOXIA AND DISEASE PROGRESSION

The advent of the Eppendorf electrode as a reliable and reproducible method of mea-
suring tumor pO, in the clinic permitted widespread clinical studies focused on both the
incidence of hypoxia in solid tumors and consequent treatment outcome, primarily over
the past decade. These studies have revealed substantial levels of hypoxia in cervical
carcinoma (49-51), head and neck carcinoma (52-54), soft tissue sarcoma (55,56), and
prostate carcinoma (57-59). Furthermore, tumor hypoxia has been linked with a poorer
prognosis/reduced survival outcome in cervix carcinoma, head and neck carcinoma and
soft tissue sarcoma (49-52,56) (Table 1). Current data are suggestive of a similar link in
prostate carcinoma (59). There are several potential explanations for this link. As dis-
cussed above, hypoxic tumor cells are known to be refractory to radiotherapy, and com-
mon chemotherapeutic drugs and this may reduce treatment efficacy. However, the effect
of hypoxia on treatment outcome was apparent in patients treated with radiotherapy,
chemotherapy, or surgical resection. In addition, there was a correlation between tumor
hypoxia and distant spread as well as local failure. Both of these observations imply that
hypoxiais associated with more aggressive disease as well as being involved in treatment
resistance (49,50).

Experimental data are indicative of a role for tumor hypoxia in disease progression.
Early work demonstrated that a 24-h exposure of three murine tumor cell lines to hypoxia
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in vitro, before intravenous injection in vivo, resulted in enhanced metastatic ability (60).
Interestingly, this effect was transient, suggesting a potential role for hypoxia-mediated
alterations in gene expression. Concomitant with this, a significant correlation between
hypoxic fraction, as measured using the Eppendorf electrodes, and micrometastases in the
lungs was demonstrated for one of the cell lines (murine fibrosarcoma) (617). Similarly, a
correlation between the formation of macroscopic metastases and tumor hypoxia has been
demonstrated using an orthotopic pancreatic xenograft model (62). Comparable results
have been seen in a human melanoma cell line, in accord with its level of expression of
vascular endothelial growth factor (VEGF), a hypoxia-regulated gene. An increase in the
number of metastases following hypoxic exposure, and consequent induction of VEGF,
was seen only in a cell line with low constitutive expression of VEGF. A melanoma cell
line with high constitutive expression of VEGF did not demonstrate increased metastatic
potential, despite similar hypoxic induction. Thus, hypoxia-enhanced metastases would
appear to occur in a manner specific to individual tumor cells (63).

Experimentally induced acute hypoxia (12 cycles 5—7% O, for 10 min, followed by 10
min of air each day) in murine fibrosarcoma-bearing mice significantly increased the
formation of micrometastases in the lung relative to both control (air breathing) and
chronic hypoxia (5-7% O, for 120 min each day) treatment groups (64). Similarly, mice
bearing orthotopically implanted cervix carcinoma xenografts exposed to the same acute
hypoxia treatment demonstrated an increase in lymph node metastases. These data are
indicative of a causal role for acute hypoxia in metastases formation, both in blood borne and
lymphatic metastases (65). The exact mechanisms through which this occurs remain to
be elucidated, but a possibility is that regions of acute hypoxia may contribute to meta-
static disease because of their increased cell viability and proximity to tumor vasculature.

5. TUMOR HYPOXIA AND GENOMIC INSTABILITY

There is no definitive explanation for how hypoxia might contribute to a more aggres-
sive phenotype, but experimental studies suggest an assortment of genetic alterations
endowing hypoxic cells with a survival advantage. These phenotypic changes could arise
from hypoxia-mediated upregulation of gene transcription or via hypoxia-mediated ge-
nomic instability (2,66). The tumor suppressor gene p53 is involved in the apoptotic
response to DNA damage and accumulates under hypoxic conditions. It is commonly
mutated in many cancers, resulting in a survival advantage under conditions characteris-
tic of the tumor microenvironment. Oncogenically transformed p53** and p53~~ murine
embryonic fibroblasts demonstrated a clear survival advantage for p53-deficient cells
following hypoxic exposure. The p53-deficient line was extremely resistant to apoptosis.
In addition, if the two cell populations were mixed at a ratio of 1:1000 of
p53~:p53** and cultured under repeated rounds of hypoxia, the percentage of p53~/-
cells increased following each treatment until they became the predominant cells in the
culture. Consistent with this result, tumors grown from the p53*/* cells in vivo demon-
strated a substantially higher apoptotic frequency as compared to tumors from the p53/-
cells despite similar hypoxic profiles (67). This provides evidence for hypoxia-mediated
selection of mutant variants.

Transient inactivation of p53 under hypoxic conditions may also lead to increased resis-
tance to stress-induced apoptosis. Recent studies in a murine fibrosarcoma model have
demonstrated that hypoxia can upregulate the expression of murine double minute 2 (mdm?2),
a negative regulator of p53 that targets pS3 protein for degradation by the proteasomal
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degradation pathway, consequently downregulating p53 protein levels. The tumor cells
with increased mdm?2 expression were found to be more efficient at forming lung me-
tastases following intravenous injection, because they were more resistant to apoptosis
induced by the stress of being arrested in the lung environment (68).

Hypoxic tumors have also been reported to demonstrate a higher incidence of muta-
tions than the same tumor cell line grown under oxic conditions in vitro, and studies
involving intermittent exposure to hypoxia and reoxygenation in vitro resulted in in-
creased mutation frequency relative to the number of exposures (69). This suggests that
in vivo exposure to fluctuating levels of hypoxia can result in increased mutation levels
and possibly genomic instability. In addition, tumor hypoxia has been found to reduce the
expression of genes involved in DNA mismatch repair (70). These hypoxia-mediated
effects could contribute to treatment resistance as well as disease progression per se,
potentially through reduced drug efficacy as a consequence of decreased apoptotic ability
or deregulated expression of genes involved in drug resistance.

6. HYPOXIA-MEDIATED GENE EXPRESSION

Hypoxia imposes a stress on cells, thereby inducing a response to improve survival.
High throughput screens, such as microarray analysis and differential display, have
enabled the discovery of a large number of genes that respond to hypoxia, including
proapoptotic and antiapoptotic genes, genes involved in invasion, metabolism, growth
arrest and differentiation, and synthesis of DNA, RNA, and proteins. Apart from HIF-1,
hypoxia-mediated gene expression can also be regulated through several transcription
factors such as the cyclic AMP-response-element-binding (CREB) protein, the activator
protein 1 (AP-1), the nuclear factor- kB (NFxB), the early growth response-1 protein
(EGR-1), and p53 (2,3). HIF-1 has been the most extensively studied, and is responsible
for the transcriptional regulation of over 60 genes involved in survival mechanisms,
including angiogenesis (e.g., VEGF, endoglin, leptin, transforming growth factor-f33),
metabolism (e.g., hexokinases 1 and 2, Glut-1, lactate dehydrogenase A, phosphoglyc-
erate kinase 1, triosephosphate isomerase), and proliferation (e.g., cyclin G2, insulin-like
growth factor [IGF]-2, IGF-binding protein [BP]-1, TGF-o,, TGF-B3), many of which are
classically associated with cancer (7,71). HIF-1 is a heterodimer composed of two sub-
units, HIF-1a and HIF-1f3. HIF-1 is constitutively expressed such that HIF-1a. is the
regulatory subunit of HIF-1, undergoing rapid posttranslational oxygen dependent deg-
radation (32) with a half-life of about 5 min following reoxygenation (72—75). The
ubiquitin-proteasome pathway is known to be involved through the interaction of HIF-
Lo with the von Hippel Lindau protein (pVHL), the product of the VHL tumor suppressor
gene (33,76). pVHL interacts physically with HIF-1ot via its B-domain and targets it for
degradation (77). This interaction is regulated through hydroxylation of conserved pro-
line residues 402 and 564 on HIF-1o by prolyl hydroxylase proteins 1-3 (7,78,79). These
HIF-1a prolyl hydroxylase proteins require molecular oxygen as a substrate, providing
a mechanism through which oxygen dependent degradation of HIF-1at is achieved (7).

Under hypoxic conditions, there is an instantaneous and strong stabilization of HIF-1ot
protein, and thus, the HIF-1 dimer is formed and induces expression of its downstream
genes. HIF-1 activation occurs only when there is nuclear translocation of HIF-1a protein,
allowing it to dimerize with HIF-1B (73,77) and its coactivator CBP/p300. CBP/p300 is
a general transcriptional coactivator that binds to the HIF-1ot transactivation domain, an
interaction that is also oxygen dependent, as factor inhibiting HIF-1(FIH) mediates hydroxy-
lation of asparagine residue 803 and acts to inhibit this interaction under normoxia (80).
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There is a variety of both clinical and experimental data to suggest a role for HIF-1 in
tumor progression, although not all reports support such arole (42). Clinically, evidence
of HIF-1a overexpression is found in many human tumors (34,35,81-84), such that HIF-
lacisreported to be expressed in over 90% of all colon, lung and prostate cancers, whereas
there is no corresponding expression in normal tissue (3/,77). Clinical studies have
linked this overexpression with subsequent poor prognosis in carcinoma of the head and
neck, ovaries, oesophagus, brain, breast, cervix, and uterus (7). Experimentally, it has
been demonstrated that by disrupting the ability of HIF-1a to interact with its transcrip-
tional coactivator CBP/p300, thereby inhibiting HIF-1 activation in a dominant negative
manner, tumor growth could be restricted (85). A study of naturally occurring pancreatic
cell lines with constitutive expression of HIF-1a., alongside corresponding low-express-
ing variants, demonstrated better tumor growth of those expressing HIF-1o. Further-
more, the cell lines expressing HIF-1a demonstrated improved survival in response to
hypoxia and glucose deprivation in vitro, a result that could be replicated in the low-
expressing cell lines by stable transfection of HIF-1a (86).

Together, the clinical and experimental data suggest that HIF-1 is involved in poten-
tiating tumor growth, although the precise mechanisms through which this may be
achieved remain unclear. One possibility is that HIF-1 may enhance the ability of the
tumor cells to utilize the restricted nutrients of the microenvironment most efficiently.
The introduction of an HIF-1a expression vector into a human colon carcinoma line,
thereby upregulating HIF-10 expression, demonstrated a significantly enhanced ability
to invade through Matrigel under hypoxic conditions. Correspondingly, inhibition of
HIF-1o through targeted degradation with small-interfering RNA (siRNA) reduced the
invasive-capacity of this cell line. Subsequent analyses of gene expression in both murine
embryonic stem cells and human VHL-deficient tumor cells demonstrated HIF-1-depen-
dentinduction of genes such as urokinase-type plasminogen activator receptor and matrix
metalloproteinase 2, both of which are involved in the degradation of the basement
membrane. Specific inhibition of urokinase-type plasminogen activator receptor inhib-
ited invasion. Taken together, these data provide evidence for a role for HIF-1 in enhanced
tumor cell invasion, a vital characteristic of tumor metastasis (87).

7. HYPOXIA-TARGETED THERAPY

In view of its effect on progression, coupled with its negative implications for both
radiotherapy and common chemotherapy agents, tumor hypoxia has traditionally been
viewed as a therapeutic obstacle. However, because it is predominantly a tumor-specific
condition, recent work focused on its potential for targeted therapeutic approaches. Tra-
ditionally, attempts were made to reoxygenate the tumor cells, thereby rendering them
susceptible to conventional therapies; however, current work has concentrated on the
development of drugs designed to elicit a cytotoxic response selectively under hypoxic
conditions, or to target genes upregulated by the hypoxic environment (Table 2; Fig. 3).

7.1. Bioreductive Drugs

Bioreductive prodrugs represent a group of drugs that are enzymatically reduced to
yield a cytotoxic moiety, a process that is facilitated under hypoxic conditions. This
reduction is catalyzed by a variety of reductases, most commonly cytochrome P450
reductase and the cytochrome P450 family. In general, there is an initial formation of a one-
electron-reduced intermediate, which is further reduced to elicit toxicity. This inter-
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mediate can be back-oxidized in the presence of oxygen in a process known as futile
cycling, thereby preventing the production of the toxic species (see Fig. 3). However,
futile cycling produces a superoxide radical that can induce aerobic toxicity to varying
extents (88—90). Because cytotoxic bioreductive drugs selectively target hypoxic tumor
cells, combination therapy in conjunction with radiation or classic chemotherapeutic
drugs, which are more effective against well oxygenated cells, should result in a greatly
enhanced response through the complimentary killing of the cells refractory to the dif-
ferent treatment modalities (6,97). However, the stringent hypoxic requirement of many
of these drugs represents a potential problem, in that bioreductive drugs generally elicit
a cytotoxic response at oxygen concentrations only below ~3 mmHg. In contrast, cellular
radioresistance becomes apparent below ~20 mmHg. Thus, combined treatment with a
bioreductive drug and radiotherapy might result in a survival advantage for cells at
intermediate oxygen concentrations (92).

Clinically, the most widely studied bioreductive drug is tirapazamine (TPZ), a
benzotriazine di-N-oxide that elicits cytotoxicity through a nitroxide radical intermediate
that causes single- and double-stranded DNA breaks (90,93). Unlike most bioreductive
drugs, the toxicity range of TPZ extends to intermediate oxygen concentrations. Thus,
TPZ can target those cells that are radioresistant but too well oxygenated to represent a
suitable target for the majority of bioreductive drugs. Furthermore, TPZ enhances the
toxicity of cisplatin (94). It has achieved some success in clinical trials in combination
with cisplatin (95-98), and/or with radiotherapy (99-102) (see Table 3). The combina-
tion of TPZ and cisplatin was found to improve significantly median survival and re-
sponse rate in a phase III trial of patients presenting with non-small cell lung cancer (98).
Further studies began in 2004 with this drug in combination with radiation and cisplatin
in head and neck cancers (/02a). However, despite the success achieved to date in the
clinic, there is evidence for dose-limiting toxicity and the development of analogs that
may have a better therapeutic ratio is in progress (6).

Aside from TPZ, we are aware of only one other bioreductive prodrug that underwent
clinical trials in 2004, AQ4N. AQ4N is a di-N-oxide prodrug that is reduced under
conditions of low-oxygen tension to form the active species, AQ4, an alkylamino-
anthraquinone metabolite (/03). The process of futile cycling, in which the active drug
is back-oxidized into its nontoxic form on the reintroduction of oxygen, typical of most
bioreductive drugs, does not occur. Instead, oxygen completely inhibits the reducing
enzyme, cytochrome P450 (isoform 3A; CYP3A), and once formed, AQ4 is highly
stable. AQ4 is a DNA affinic, topoisomerase II poison and, as such, targets predomi-
nantly cycling cells, a potential drawback when targeting hypoxic tumor cells, which
generally demonstrate substantially reduced proliferation rates. However, the stability of
AQ4 enables cytotoxic targeting of transiently hypoxic tumor cells as they become oxic,
thus facilitating an improved response when combined with fractionated radiotherapy,
which can cause reoxygenation of hypoxic cells in tumors (27). AQ4 is also able to diffuse
into surrounding oxygenated tumor cells and elicit a cytotoxic response, thus causing a
bystander effect (6,104—107). Interim results have been released recently of a phase I
clinical trial examining the safety of AQ4N in patients with advanced esophageal carci-
noma undergoing palliative radiotherapy. The current results, in 13 of an anticipated 22
patients, are promising (KuDOS Pharmaceuticals 2004; http://www.kudospharma.co.uk/
news/current_item.php?time=1092673109&page_id=44).
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7.2. Gene-Directed Enzyme Prodrug Therapy

One limitation of bioreductive drug therapy is the requirement for specific reductase
enzymes for cytotoxic activation (88,90). The presence and level of reductase enzymes
is highly heterogeneous in tumors, and thus, the efficiency of a drug will demonstrate a
corresponding degree of tumor-specific variability. This has led to the development of
gene-directed enzyme prodrug therapy approaches, which can be used to develop a
further degree of selectivity through conferment of specificity in the expression of the
drug metabolizing enzyme. This was originally demonstrated through the exploitation of
the HIF-1/HRE system to drive the expression of the enzyme cytosine deaminase. This
enzyme is required for reduction of the prodrug 5-fluorocytosine (5-FC) to its active
form, 5-fluorouracil. Mammalian cells are resistant to 5-FC, because the enzyme cy-
tosine deaminase is not produced at sufficiently high levels to elicit significant reduction
of the drug. The use of HRE-driven expression of cytosine deaminase was shown to
selectively sensitize hypoxic tumor cells to 5-FC in vitro (108).

More recently, the generation of a tumor cell line stably expressing HRE-mediated
cytochrome P450 reductase was used to demonstrate a 30-fold increase, both in vitro and
in vivo, in the toxic effect of the bioreductive drug RSU1069 (109), a 2-nitroimidazole
that achieves toxicity under hypoxic conditions through an alkylating aziridine group as
its active species (110,111). A similar effect was observed in a separate study using the
HIF-1/HRE system to drive expression of human P450 reductase in hypoxic tumor regions.
To facilitate delivery of the gene to these regions, an adenoviral vector was generated,
allowing infection of both dividing and quiescent tumor cells on intratumoral injection
of the virus. Administration of this viral vector before combined TPZ and radiation
treatment resulted in cure in 85% of treated mice, irrespective of tumor size on treatment,
a significant improvement on TPZ and radiation treatment alone (//2). There are a
substantial number of gene-directed enzyme prodrug therapy-based studies examining a
variety of different reductive enzymes, prodrugs, and delivery methods; some promising
examples are shown in Table 2. A key difficulty with regard to this type of approach is
delivery of these vectors to all the tumor cells, particularly as regions of hypoxia are a
requisite for activation. Thus, this strategy does not circumvent one of the problems
tumor hypoxia presents for conventional therapeutic approaches, namely that hypoxic
tumor cells are either distant from vasculature or proximal to faulty vasculature, limiting
the diffusion of therapeutic agents.

7.3. Inhibition of HIF-1

Another therapeutic approach is to target HIF-1 specifically and thus reduce or elimi-
nate its expression. Recent data have shown HIF-1 to be upregulated in response to
radiation, potentiating endothelial cell radioresistance through upregulation of VEGF
and bFGF (113). There is also evidence to suggest that HIF-1 can render cells resistant
to chemotherapy. Exposure of HIF-1a-positive (HIF-10+/+++) and negative (HIF-1oc7")
murine embryonic fibroblast cell lines to two chemotherapeutic agents revealed a sub-
stantially lower I1Cs, (concentration that yields a 50% inhibition of growth) in the HIF-
1o~ line, an effect that was mimicked in vivo. There was an increased incidence of
apoptosis in the HIF-1a/~ line, in accord with a decreased ability to repair double-
stranded DNA breaks (/74).

One potential strategy to target HIF-1 is the use of small molecule inhibitors (715,116).
A high-throughput screen identified four potential small molecule inhibitors of HIF-1a,
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and studies of one of these agents, the Camptothecin analogue, Topotecan, demonstrated
a dose-dependent reduction in hypoxia-regulated expression of VEGF mRNA and pro-
tein (1/15), and of HIF-1a protein (/17). Further studies showed the effect of Topotecan
on inhibition of HIF-10 protein accumulation to occur at the translational level and to be
dependent on the presence of topoisomerase I, the target of this drug. The exact mecha-
nism remains unclear (1/17).

Another small molecule inhibitor of HIF-1o, 3-(5-hydroxymethyl-2’-furyl)-1-
benzylindazole (YC-1), has been shown to delay tumor growth in vivo. YC-1 was origi-
nally developed to treat circulatory disorders and it inhibits platelet aggregation and
vascular contraction through the activation of soluble guanylyl cyclase. YC-1 has also
been found to completely inhibit HIF-1o at the posttranscriptional level. Similar to
Topotecan, exposure to YC-1 under hypoxiain vitro was found to reduce HIF-1a protein,
and HIF-1 regulated genes, in a dose-dependent manner in a selection of cell lines.
Furthermore, treatment of tumors in vivo with YC-1 induced a growth delay. Immuno-
histochemical analysis demonstrated no HIF-1q staining in tumors from mice that had
received YC-1, in contrast to the detection of HIF-1ot in untreated tumors (//6). The
investigators attributed the reduced growth of the tumors to the inhibition of angiogen-
esis, because there was reduced immunostaining for the endothelial marker CD31 and
concordant reduction in VEGF protein expression.

The use of HIF-1 inhibitors is still relatively unexplored. Current data are promising
and imply a potential role for the use of these drugs in cancer therapy (7). It is of note that
the small molecule inhibitors so faridentified act to inhibit HIF-1 through indirect mecha-
nisms, and as such may have effects distinct from those of HIF-10o inhibition. Also, HIF-1o
protein levels, although principally regulated through hypoxia-inhibited proteasomal degra-
dation, are also affected by growth factors and cytokines (7), and by tumor suppressor
mutations and oncogene activation (71 ), both of which are common occurrences in solid
tumors. Thus, therapeutics targeted at HIF-1a have the potential for a broader spectrum
of efficacy than more specific hypoxia-targeted therapeutics. Direct inhibition of HIF-1a
has been achieved experimentally through siRNA approaches or the use of dominant
negative variants and antisense DNA (see Table 2), although the practicalities of such
applications in the clinic require further study. A greater degree of specificity than that
achieved with the small molecule inhibitors would allow for analysis of the specific role
of HIF-1aper se in tumor progression, and thus the potential for subsequent development
of more directed therapeutics.

8. SUMMARY

Tumor hypoxia results in resistance to common therapeutic regimens, and has also
been shown to be associated with disease progression. Tumor hypoxia is extremely
heterogeneous both spatially and temporally, and thus, the ability to assess the hypoxic
status of tumors in individual patients and tailor treatment accordingly is desirable.
Methods of measuring tumor hypoxia have been, and are being, developed with the
eventual aim of measuring the overall hypoxic fraction, and preferably the nature of
hypoxia (chronic vs transient), in all tumors, irrespective of location. Noninvasive meth-
ods are most desirable but are currently at an early stage of testing. Endogenous markers
have the potential to indicate the nature of hypoxia, with the added benefit of allowing
retrospective analysis of stored patient samples, a useful research tool. In line with this,
the impact of tumor hypoxia on treatment outcome and disease progression is being
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evaluated to improve prognosis, and in addition, drug development through improved
understanding of the causal relationships. Finally, therapeutic methods designed to target
hypoxic tumor cells are being explored for use in combination with conventional thera-
pies to improve treatment response and reduce local failure and metastatic dissemination.
At present, few of these approaches are in clinical trials. However, an increasing level of
information on all aspects of tumor hypoxia is developing from recent research that
should enable the development of improved therapeutic strategies that are more effective
in their methods of delivery and targeting of hypoxia. Targeting tumor hypoxia is a
dynamic and promising area of therapeutic study.
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