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Abstract

Tumour cells exploit both genetic and adaptive means to survive and proliferate in hypoxic microenvironments, resulting in the outgrowth
of more aggressive tumour cell clones. Direct measurements of tumour oxygenation, and surrogate markers of the hypoxic response in
tumours (for instance, hypoxia inducible factor-1«, carbonic anhydrase 9 and glucose transporter-1) are well-established prognostic
markers in solid cancers. However, individual markers do not fully capture the complex, dynamic and heterogeneous hypoxic response in
cancer. To overcome this, expression profiling has been employed to identify hypoxia signatures in cohorts or models of human cancer.
Several of these hypoxia signatures have demonstrated prognostic significance in independent cancer datasets. Nevertheless, individual
hypoxia markers have been shown to predict the benefit from hypoxia-modifying or anti-angiogenic therapies. This review aims to dis-
cuss the clinical impact of translational work on hypoxia markers and to explore future directions for research in this area.

Key words: cancer e hypoxia ® microarray e pathology e prognosis

Introduction

Accurate prognostic information is invaluable to both cancer
patients and clinicians. It permits clinicians to make evidence-based
recommendations on the incremental survival benefit of specific
treatments or to recommend a palliative approach where appropri-
ate. Many patients value accurate prognoses, which may help them
to plan their future and make informed decisions regarding their
medical care. The increasing choice of different chemotherapy reg-
imens, including expensive targeted biological therapies, has placed
renewed emphasis on predicting subsets of patients who are most
or least likely to benefit. Tumour morphology, histopathological
stage and/or grade are the prognostic gold standard for most can-
cer types. However, there are a number of instances where staging
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provides inadequate prognostic information. For example, the
5-year survival of patients with stage la lung cancer is only 40% [1];
histopathology is unable to predict which of these patients will
relapse. The current TNM staging criteria for oesophageal cancer
fails to adequately segregate patients into discrete prognostic
groups, with no significant difference in survival between stages
0 and Ila in one study (P = 0.52) [2]. The predicted survival of
patients with pancreatic endocrine cancers is dependent on their
metastatic potential [3]. Unfortunately, prognosis and future metas-
tases are not accurately predicted by routine histopathology [3].
Such deficiencies provide settings to develop and test other prog-
nostic markers that may better inform clinical decisions.
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Chronic hypoxia applies a selective pressure to neoplastic cells
that limits the growth of early lesions (to within 180 wm of blood
vessels) [4], until the tumour is able to activate the ‘angiogenic
switch’ by secreting pro-angiogenic factors [5]. For example, vas-
cular endothelial growth factor, which is secreted secondary to
oncogenic signalling (e.g. Wnt, Ras and members of the epider-
mal growth factor receptor family) [6-9] and hypoxia-dependent
transcription [10-15]. Tumour angiogenesis is poorly coordinated
compared to neoangiogenesis during embryonic development
[16]. As a consequence, large regions of the rich tumour vascula-
ture are often non-functional, resulting in acutely hypoxic
microenvironments within most tumours [17]. Acute hypoxia is
often transient, with subsequent reperfusion generating reactive
oxygen free-radicals that may damage cells in the affected tissue
[18]. Hypoxic cancer cells use genetic and adaptive changes to
permit survival and proliferation under these conditions (reviewed
in [19]). Indeed, preclinical research and mathematical modelling
suggests that the increased cellular stress observed in these
hypoxic regions applies a selective pressure, which drives the
clonal outgrowth of more aggressive cancers [20-23]. The conse-
quence of increased angiogenesis secondary to hypoxia may also
drive tumour growth [24] and facilitate metastasis [25]. A hypoth-
esis follows that the more hypoxic a tumour, the more aggressive
it will be and the worse the prognosis for the patient. Furthermore,
there is clinical evidence to suggest that hypoxia and surrogate
markers of hypoxia may mediate and therefore predict resistance
to anti-cancer therapies, including radiotherapy [26], hypoxia-
modifying therapy [27-31] and anti-angiogenic drugs [32].

A growing body of translational research has tested these
hypotheses in exploratory retrospective subset analyses of patient
cohorts and clinical trials [33]. The aim of this review is to discuss
the evidence supporting the use of pathological markers of
hypoxia in predicting patient survival and response to therapy tar-
geting hypoxic tumour cells. In addition, the emerging role of
expression profiling to define hypoxia signatures with prognostic
significance will be considered.

Pathological markers of hypoxia

Hypoxia is defined as a partial pressure of oxygen below that
required for normal cellular functions [34]. This is a physiological
definition, which can only truly be assessed in patients by the
invasive monitoring of cancers before they are resected. For
example, the pO2 in cervical cancer has been measured using an
oxygen electrode [35, 36]. Data from four of five independent
studies suggest that a pO2 <5 or =10 mmHg is associated with
a reduced likelihood of disease-free survival in cervical cancer [35,
37-41] (the one dissenting study found no evidence that hypoxia
affects patient survival) [42]. However, this invasive method may
be unpleasant for patients and it is not technically feasible for
tumours that are not readily accessible (e.g. pancreatic cancer).
The variable nature of tumour hypoxia, with well-perfused
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microenvironments co-existing alongside severe hypoxia, may not
be accurately captured using a large single electrode (perhaps
explaining the heterogeneity among studies of hypoxia in cervical
cancer). These limitations have prompted research into in situ sur-
rogate markers of hypoxia.

Necrosis

Rapidly growing cancers often exhibit regions of central necrosis,
as they outgrow their blood supply, and necrosis is more fre-
quently observed in solid tumours with increasing distance from a
well-vascularized stroma [4]. Our colleagues have described asso-
ciations between the presence of a fibrotic focus, hypoxia, angio-
genesis and survival in breast [43] and pancreatic carcinoma [44].
Yet, necrosis and fibrosis are only observed in areas of extreme
hypoxic-stress or anoxia. In areas of the tumour where hypoxia is
not as severe, hypoxic stress may not be readily apparent mor-
phologically. Morphology alone, therefore, tends to underestimate
the frequency of hypoxic microenvironments in human cancer.
Moreover, the presence of hypoxia in tumours may only be part of
the story. It is the way in which hypoxia influences the tumour
cells, their ability to survive, adapt and exploit hypoxia to develop
aggressive treatment-resistant clones that is biologically and clin-
ically important. As a consequence, markers of the tumour cells’
response to hypoxia have been investigated, to better understand
the interaction between cancer and its microenvironment and how
this influences the clinical behaviour of tumours.

Hypoxia inducible factor (HIF) targets

The hypoxic response involves genes concerned with numerous
different cellular functions that contribute to the hallmarks of can-
cer [45], e.g. self-sufficiency in growth signals (IGF-2) [46, 47],
evading apoptosis (IAP-2) [48], sustained angiogenesis (VEGF)
[11, 12, 14], limitless replicative potential (telomerase) [49], tis-
sue invasion (carbonic anhydrase 9) [50, 51] and metastasis
(lysyl oxidase) [52, 53]. The expression of many of these genes
is controlled at the transcriptional level by key transcription fac-
tors such as HIF-1 and HIF-2 [54] (discussed elsewhere in this
issue) [55]. However, the hypoxic response may also limit
tumour progression; high expression of HIF-1a and HIF-2« may
reduce the clonogenic survival of hypoxic breast cancer cells
in vitro [11], and many tumour suppressors are induced by
hypoxia (e.g. BCL-interacting killer [56, 57] and DEC1 [58, 59]).
Therefore, the biological behaviour of tumours (and the clinical
implications of this) depends on the balance between the onco-
genic and tumour suppressive effects of the hypoxic response
within different microenvironments.

To date prognostic significance has been reported for numerous
individual hypoxia markers, with a range of cellular functions, in
numerous solid tumour types, including breast adenocarcinoma,
head and neck cancer, cervical carcinoma and soft-tissue sarcomas
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[33]. Global hypoxia signatures are associated with a worse out-
come and, invariably, expression of individual hypoxia markers is
reported to be associated with shorter survival [33, 60]. Indeed, in
challenging settings where pathological staging performs poorly
(such as early stage lung cancer [61] and pancreatic endocrine
cancer [62]), markers of hypoxia have demonstrated that they can
outperform pathological stage or provide discriminatory prognos-
tic information within a single pathological stage.

HIF-1 versus HIF-2

Each tumour type has an individual hypoxic response [60], and
the prognostic significance of specific markers varies widely
among them. Nevertheless, the transcriptional regulators of
hypoxia, HIF-1 and HIF-2, and well described target genes, such
as carbonic anhydrase 9 (a HIF-1, but not HIF-2, target) [63, 64]
and glucose transporter-1 (a HIF-1 and/or HIF-2 target) [64,
65], are reported to have prognostic significance in numerous
tumour types [33]. The transcriptional response to hypoxia
mediated by HIF-1 is distinct from that mediated by HIF-2 [66],
and this is reflected in the heterogeneous hypoxic response in
cancer. For example, in breast cancer, the hypoxic response is
predominantly mediated through HIF-1 with a minor contribu-
tion from HIF-2 [64]. Nuclear HIF-1a expression is widely
reported to be a significant adverse prognostic factor in breast
cancer [67-72] and the strength of the prognostic impact of a
hypoxia expression signature is largely a feature of HIF-1
(not HIF-2)-mediated transcription [60]. In contrast, Helczynska
and colleagues report that HIF-2«, not HIF-1a, has prognostic
significance in breast cancer [73]. This might be explained by
heterogeneity among studies (including patient demographics,
the methods used to identify markers, scoring, sub-group cut-
offs and statistical analyses), or publication bias. To investigate
this, we performed a meta-analysis of reported hazard ratios for
HIF-1a in multivariate analyses of disease-free survival in
breast cancer from six published studies that included these
data [68-72, 74] (unfortunately the dissenting study [73] did
not include these data in their published manuscript). Overall,
nuclear HIF-1a expression was a significant adverse prognostic
factor, associated with a clinically significant hazard ratio for
disease-free survival of 1.80 (95% confidence intervals, 1.32 to
2.47; Fig. 1A). A funnel plot suggests there may be publication
bias in the reported prognostic significance of HIF-1a in breast
cancer, with a one-sided P-value for publication bias of 0.066
(Begg and Mazumdar rank correlation test; Fig. 1B). Although,
the classic fail-safe N estimates an additional 42 null studies
would need to be included in the meta-analysis for the P-value
to exceed 0.05. Despite this, scientists and clinicians must con-
sider the widely reported variations in the significance of
hypoxia markers depending on the stage of disease, patient
characteristics and the methods used. Validation of a standard-
ized approach is essential if these findings are to be used in
clinical practice.
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Fig. 1 (A) A forest plot of the prognostic significance of HIF-1a in
published multivariate analyses of disease free survival in breast cancer
[68-72, 74]. (B) A funnel plot of the studies described in (A).

Early versus late stage cancer

To confuse matters further, certain hypoxia markers have been
reported to have different prognostic significance in pre-invasive
versus invasive lesions; BNIP3 (a HIF-1 target gene and a pro-
apoptotic member of the Bcl-2 gene family) [75], is reported to be
a good prognostic factor in ductal carcinoma in situ, but a poor
prognostic factor in invasive ductal carcinoma [76]. In cervical
cancer, HIF-1a expression is associated with a trend towards a
good prognosis in large tumours, but towards a poor prognosis in
small tumours [77]. Perhaps these observations are a reflection of
the growth inhibitory effects of HIF-1a in vitro (due to direct
effects on proliferation and cell death) [11] as opposed to the
growth promoting effects of HIF-1a in vivo (due to effects on
angiogenesis and metastasis) [78]. Alternatively, they may be due
to differences in the relative contribution of acute hypoxia (due to
transient ischemia, secondary to dysfunctional angiogenesis; fre-
quently co-existing with reperfusion injury) versus chronic
hypoxia (due to cells existing at the limits of oxygen diffusion) in
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driving HIF-1a expression. There is biological evidence to suggest
that acute hypoxia has a greater effect on promoting tumour
metastasis than chronic hypoxia [79]. Moreover, the presence of
HIF-1a in acute hypoxia provides a selective advantage to neo-
plastic cells, but in chronic hypoxia HIF-1a expression may pro-
mote necrosis of the tumour [80]. In another preclinical model,
prolonged hypoxia was associated with increased radiosensitivity
(versus normoxia), as opposed to the resistance to radiotherapy
conferred by intermittent hypoxia [81]. One may hypothesize that
this difference is due to modulation of the HIF-1 transcriptional
program in acute versus chronic hypoxia; perhaps due to differ-
ences in microenvironmental conditions, such as pH [82].

Intratumour heterogeneity

Hypoxia and expression of hypoxia markers, is heterogeneous
throughout tumours (Fig. 2). Therefore, it is crucial that the appro-
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priate regions of whole sections are assessed for hypoxia and tissue
microarrays are designed with sufficient core redundancy to repre-
sent hypoxic and perinecrotic areas [83]. Vleugel and colleagues
have reported that perinecrotic HIF-1a expression has a greater
adverse prognostic impact, than diffuse HIF-1a expression [84].
Similarly, our own data on head and neck cancer suggest that cer-
tain hypoxia markers only have prognostic significance when
assessed in perinecrotic regions (Dr. Adrian Jubb, unpublished
data; Fig. 3A, B). Perhaps this is because markers of hypoxia may
also be up-regulated by oncogenic signalling or cellular stress that
is not directly related to the hypoxic response [85]; the context in
which expression is observed and the pattern of expression are,
therefore, critical. For instance, diffuse expression of carbonic anhy-
drase 9 (a HIF-1 target) in clear-cell renal carcinomas is often sec-
ondary to constitutive activation of HIF-1« due to genetic inactiva-
tion of the VHL tumour suppressor (Fig. 4A) [86]. By contrast, the
patchy expression of carbonic anhydrase 9 in renal papillary carci-
nomas with wild-type VHL is secondary to hypoxia (Fig. 4B) [86].
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Fig. 4 Diffuse expression of
carbonic  anhydrase 9
(brown diaminobenzidine
staining) in a clear cell renal
carcinoma with an inactivat-
ing VHL mutation (A), com-
pared to hypoxic membra-
nous expression of carbonic
anhydrase 9 (brown) in a
papillary renal carcinoma
with wild-type VHL (B). Bar =
100 pm.

The time taken to induce and turnover hypoxia markers influences
their clinical significance. Winter and colleagues have reported
that HIF-1a, but not its transcriptional target carbonic anhydrase
9, has prognostic significance in a series of head and neck can-
cers [87]. By contrast, Generali and colleagues have reported that
carbonic anhydrase 9, but not HIF-1« has prognostic significance
in a series of breast cancers [68]. This might be due to HIF-1a-
independent regulation of carbonic anhydrase 9 [88], but their
expression was positively associated [68, 87]. Similarly, another
group has reported disparity in the prognostic significance of
hypoxia and several hypoxia-inducible proteins [89]. These
results may be a reflection of the speed of induction and turnover
(i.e. half-life) of these markers in response to hypoxia. HIF-1«
protein stabilization is rapidly turned on and off, resulting in a
short half-life measured in minutes [90]. By contrast carbonic
anhydrase 9 is slow to accumulate and slow to turnover, with a
half-life measured in hours [90]. Therefore, carbonic anhydrase 9
is a more sensitive marker of tissue hypoxia (it is more strongly
associated with necrosis) [90, 91], but is not as accurate a reflec-
tion of transient fluctuations in tumour oxygenation as HIF-1«a
[90]. For instance, all cells of a clear-cell renal carcinoma may
express carbonic anhydrase 9, under control of HIF-1, but nuclear
HIF-1a may only be evident in 50% of cells (Fig. 5A, B). Similarly,
HIF-1a may be rapidly and strongly induced adjacent to early
necrotic lesions, before expression of carbonic anhydrase 9 has
been fully induced (Fig. 5C) [84]. This has implications for study
design and interpretation, but is rarely considered in the methods
or discussion of hypoxia marker studies.

Quality of reports and analyses

The confusion in the literature may be explained, in part, by limi-
tations in the conduct of tumour marker prognosis studies (many

22

of which were published before the REMARK criteria were
enforced) [92] and, in part, by the limitations of using a single
marker to inform a complex, dynamic and heterogeneous disease
process. Furthermore, assays are not done to GLP standards and
criteria for staining and scoring vary widely. To overcome these
limitations, expression signatures corresponding with specific
tumour types and subtypes have been sought, to provide a more
comprehensive picture of the hypoxic response, taking into
account the variation in individual response to hypoxia with a
more quantitative and reproducible technology.

Molecular signatures of hypoxia

Gene expression profiling has been used extensively to predict
outcome in cancer patients. Initially, research groups used a
supervised analysis to identify prognostic signatures, i.e. genes
were selected that were most strongly associated with clinical out-
come [93, 94]. However, if signatures are associated with specific
phenotypes, they have the potential to be not only prognostic but
also to predict benefit from specific interventions. Expression pro-
filing of mRNA transcript levels has been exploited to identify a
molecular signature associated with hypoxia and prognosis in
several different model systems.

Comparison of tumour with in vitro hypoxic
response profiles

Chi and colleagues examined the variation in the transcriptional
response to hypoxia among different cell types and how this varia-
tion might relate to tissue-specific diseases using cDNA-microarrays
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[60]. A wide variation in the hypoxic response was observed
between cell types and tissue types. However, they identified a
253-gene signature, including genes with common changes in
response to hypoxia in epithelial cells; specifically, human mam-
mary epithelial cells and renal proximal tubule epithelial cells. This
signature showed coordinated variation in several human cancers,
and it was a strong predictor of clinical outcome in breast and
ovarian cancer [60]. The authors were able to stratify human can-
cers according to their hypoxic response and showed that a group
of breast cancers, characterized by high expression of genes in the
hypoxia signature, had a significantly worse overall and metasta-
sis-free survival. This signature was also an independent prognos-
tic factor in a multivariate analysis including clinicopathological
variables and a previously derived wound signature [60].

A re-analysis of the experimental data from the above study
focused on the time dependency of hypoxia-regulated gene
expression by human mammary epithelial cells [95]. The early
response to hypoxia was characterized by genes concerned with
growth, apoptosis, the insulin pathway, oestrogen receptor sig-
nalling and transcription factors such as ATF3 (a regulator of the
unfolded protein response) [96] and BACH1 (a hypoxia-inducible
repressor of hemoxygenase-1) [97]. The late response to hypoxia
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Fig. 5 HIF-1a expression in ~50% of tumour cell nuclei (brown
diaminobenzidine staining) from a clear cell renal carcinoma (A), in
contrast to membranous carbonic anhydrase 9 (brown) expression in
~100% of tumour cells in a serial section (B). Double staining for
nuclear HIF-1a (brown) and membranous carbonic anhydrase 9 (blue)
adjacent necrosis in a breast cancer (C). Bar = 100 p.m. C, 40X. (C)
was reproduced with permission from reference [84].

was similar to the signature identified by Chi and colleagues, and
included genes involved in angiogenesis, glucose transport, pro-
liferation, metabolism and apoptosis [95]. The prognostic poten-
tial of early (1-6 hrs) and late (12—24 hrs) hypoxia signatures was
tested in analyses of disease-specific survival in breast cancer.
The authors reported that the early response signatures were
prognostic in univariate analyses (P = 0.004 for signatures
defined on exposure to 0% oxygen and P = 0.034 for 2% oxy-
gen); late hypoxia signatures were not prognostic [95]. However,
this significance was not maintained in multivariate analyses.
Moreover, another group could not confirm the prognostic signif-
icance of Chi and colleagues’ hypoxia signature in predicting the
local recurrence of breast cancer [98]. These data suggest that
hypoxia signatures defined in vitro may not adequately reflect the
complexity of the hypoxic response in human cancer and more
detailed analyses are required.

To better understand this complexity, Chen and colleagues
attempted to dissect transcriptional responses to lactic acidosis
and hypoxia in a gene expression study of primary human mam-
mary epithelial cells [99]. While the hypoxia signature was a
statistically significant adverse prognostic marker in several
publicly available breast cancer datasets, high expression of the
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Table 1 A summary of molecular signatures of hypoxia and cancer prognosis

Reference Signature derived from s.lze of gene Cancer tissue-type DAL LR
signature analyses analyses
Breast: overall
Mammary and renal tubular survival, relapse-
o . Breast cancer . .
epithelial cells in vitro (2 independent free survival, time  Breast: overall
Chi et al. [60] (hypoxia [2% or 0% 0O2] and 253 genes P to recurrence survival, metastasis

normoxia, 12 hour time-
points)

Chi et al. [60] and human
mammary epithelial cells in
vitro (Hypoxia [2% or 0.02%
02] and normoxia, early 1-6
hour and late 12-24 hour
time-points)

Seigneuric et al. [95]

Nuyten et al. [98] Chi et al. [60] 253 genes

Human mammary epithelial

Chi: 253 genes
Early: 15 genes
Late: 93 genes

Chen et al. [99]

cells in vitro (hypoxia
[2% 02] = 25 mM lactic

acidosis [pH 6.7])

1585 genes for
lactic acidosis 217
genes for hypoxia

datasets), ovarian
cancer

Breast cancer

Breast cancer

Breast cancer
(4 independent
datasets)

Ovarian: overall
survival, relapse-
free survival

Chi: not disease-
specific survival
Early: disease-
specific survival
Late: not disease-
specific survival

Not local
recurrence

Hypoxia: overall
survival

Lactic acidosis:
overall survival

at first event

Early: not disease-
specific survival

Hypoxia: overall
survival

Lactic acidosis:
overall survival

59 head and neck squamous
cell carcinomas; clustering

Winter et al. [100] around known Rypoxia= 99 genes
regulated genes
80 glioblastomas and 4 non-

Murat et al. [102] neoplastic brain tissues; 52 genes

unsupervised clustering

pECIRIEES Head and neck

cancer:
cancer: recurrence-
recurrence-free )
Head and neck ) free survival
survival

cancer, breast Breast cancer:

Breast cancer:

cancer . overall survival,

overall survival, )
) metastasis-free
metastasis-free .
. survival

survival

Glioblastoma

(4 datasets, .

) . Overall survival

including the

test-set)

lactic acidosis response signature was associated with good
prognosis, independent of the hypoxia signature [99]. The
authors hypothesized that this may relate to the role of lactic aci-
dosis in directing energy generation towards aerobic respiration,
and utilization of other energy sources, via repression of glycol-
ysis and Akt inhibition [99].

In vivo clustering with seed genes

A data-mining approach to define a hypoxia signature in cancer
in vivo has been explored by Winter and colleagues [100]. They
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derived an in vivo hypoxia metagene in head and neck squamous
cell carcinoma (HNSCC) by clustering around the gene expres-
sion of a small set of hypoxia-regulated genes (e.g. carbonic
anhydrase 9, glucose transporter-1 and VEGF) that have been
well validated [19]. To minimize random association and false-
positive findings, new genes were included in the metagene only
if they clustered with several hypoxia-regulated genes. This
approach was chosen to identify genes that are missed in in vitro
experiments, but may play an important role in the hypoxic
response in vivo, where the situation is more complex, requiring
consideration of multiple cell types, microenvironmental changes
and three-dimensional complexity. For example, VEGF was not
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present in the hypoxia signature derived by Chi and colleagues in
epithelial cells [60], but it is a well-validated hypoxia-regulated
gene [14] and plays a major role in cancer [101]. The 99-gene
metagene identified by Winter and colleagues was prognostic for
relapse-free survival in independent HNSCC and breast cancer
datasets [100]. In addition, the identification of novel hypoxia-
regulated genes has provided new avenues for research to better
understand the hypoxic response in cancer.

A recent study by Murat and colleagues [102] used unsuper-
vised clustering methods to identify a hypoxia-related signature in
glioblastoma. This included several known hypoxia-inducible
genes involved in angiogenesis and inflammation such as VEGF
[14] and BIRC3(clAP-2) [103], respectively. Furthermore, the
hypoxic-regulation of several new genes comprised in this signa-
ture was experimentally confirmed in glioma cell lines and primary
monocytes exposed to hypoxia [102]. Within the signature, sev-
eral independent components were identified; among them, the
relationship between hypoxia-modulated angiogenic genes and
inflammatory genes was the only component associated with out-
come in glioblastoma treated with chemoradiotherapy [102].

MicroRNAs

MicroRNAs are small non-coding RNA sequences that are thought
to regulate cellular processes by mechanisms including mRNA
turnover, inhibition of translation, promoter activation and epige-
netic silencing [104]. Recently, several hypoxia-inducible
microRNAs have been identified [105, 106]. For example, Camps
and colleagues profiled changes in microRNA expression in MCF7
breast cancer cells exposed to hypoxia to identify several novel
hypoxia-inducible microRNAs [105]. Of these genes, has-miR-210
was reported to be an independent prognostic factor in breast can-
cer of a clinically significant margin (hazard ratio for overall sur-
vival 11.38, 95% confidence intervals 4.1 to 31.7) [105]. Thus,
investigating the micro-RNA response to hypoxia in cancer, and its
relation to clinical outcome, might provide useful complementary
information to gene expression studies.

In summary, molecular signatures of the hypoxic response
have shown in statistically and clinically significant prognostic
potential (Table 1). This is encouraging, but large discrepancies
are present between signatures. In part, they might be due to a
lack of standardization; although, standards such as MIAME [107]
are continuously improving the reproducibility and transferability
of results, and studies such as MACQC [108] have shown good
reproducibility between different array technologies. Alternatively,
discrepancies might reflect real biological differences in the
hypoxic response in different tissues types, as some of these
studies have already demonstrated. Furthermore, different com-
ponents of the transcriptional response to hypoxia might play dif-
ferent roles in conferring resistance to specific treatments. This
needs to be addressed in predictive gene expression studies
where a specific interaction of the hypoxia transcriptional
response with a given treatment is tested.

© 2009 The Authors
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Markers of hypoxia and response
to treatment

Clinical data have shown a strong correlation between the degree
and extent of tumour hypoxia and resistance to radiotherapy in
certain tumour types (e.g. head and neck cancer, cervical cancer
and soft-tissue sarcoma; reviewed in [109]). Preclinical data sug-
gest that radio-resistance is due, in part, to a preferentially pro-
survival transcriptional response to HIF-1 expression by hypoxic
cells [81, 110]. The hypothesis that hypoxia limits the curability of
irradiated human cancers is difficult to prove, but there is emerg-
ing evidence that hypoxia markers can identify patients who are
relatively radioresistant. For example, in head and neck cancer, the
CHART (continuous hyperfractionated accelerated radiotherapy)
clinical trial randomized 918 patients to receive accelerated radio-
therapy (54 Gy over 12 days) versus conventional radiotherapy
(66 Gy over 6-7 weeks) [111]. Unfortunately, the primary clinical
end-point (an improvement in locoregional control) was not met
(hazard ratio of 0.96, with 95% confidence intervals of 0.79 to
1.17, for CHART versus conventional radiotherapy) and the two
treatment arms were considered equivalent [111]. However, retro-
spective subset analyses suggest that hypoxic tumours (identified
by nuclear HIF-2ac and/or membranous carbonic anhydrase 9
immunoreactivity) in this clinical trial were more resistant to
CHART than conventional radiotherapy (interaction analysis, one-
tailed P = 0.05) [112]. This is perhaps because CHART does not
permit time for sufficient tumour re-oxygenation between doses,
reducing radiation-induced cell death [112].

Furthermore, data from three independent trials suggest that
hypoxic tumours experience the greatest benefit from hypoxia-
modifying therapy. The first study showed that the level of
pimonidazole binding (a hypoxia marker) in head and neck
tumours predicted the likely benefit from hypoxia-modifying
ARCON (accelerated radiotherapy plus carbogen [a hyperoxic gas]
and nicotinamide [a vitamin B3 derivative], which are believed to
improve tumour oxygenation), with survival rates of ~60% and
~18% for hypoxic tumours receiving ARCON compared to con-
ventional radiotherapy, respectively [27, 28]. The second study
involved a retrospective subset analysis of a randomized-con-
trolled head and neck cancer trial (DAHANCAS5, The Danish Head
and Neck Cancer Group), which showed that the addition of
hypoxia-modifying nimorazole (an oxygen mimic with a high affin-
ity for electrons, that renders hypoxic cells radiosensitive) to con-
ventional radiotherapy was associated with an increase in locore-
gional control (49% versus 33%, respectively) and overall survival
(26% versus 16%, respectively) [29]. Patients in the DAHANCAS
trial with high plasma osteopontin levels (associated with tumour
hypoxia) [113] were most likely to benefit from nimorazole [30].
Disease-specific survival rates were 51% and 21% for patients
with high osteopontin levels undergoing hypoxia-modifying
versus radiotherapy alone [30]. A third study showed that patients
with hypoxic tumours (identified using 8E-FMISO positron-
emission tomography) had an improved outcome following

25

Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



chemoradiotherapy plus the bioreductive agent tirapazamine (a
cytotoxic agent with selective activity in hypoxic cells), compared
with hypoxic tumours that received chemoradiotherapy alone
(100% versus 39% locoregional control rate) [31]. These data
suggest that hypoxia may be used to individualize cancer patient
treatment, and work is ongoing in our laboratory to investigate
this further.

In addition, hypoxia may play an important role in predicting the
efficacy of anti-angiogenic drugs. The anti-VEGF receptor small
molecule inhibitor vatalanib only significantly improved the median
progression-free survival in two trials of first/second-line therapy
for metastatic colorectal cancer, if the patients had high circulating
levels of the hypoxia marker lactate dehydrogenase [32]. Similar
analyses were negative in prospectively-planned subset analyses of
the pivotal trial of the anti-VEGF monoclonal antibody bevacizumab
in first-line metastatic colorectal cancer [114]. However, carbonic
anhydrase 9 significantly predicted survival outcome in a single-
arm phase Il study of bevacizumab plus irinotecan in malignant
astrocytoma [90]. Further work is necessary to determine whether
this is a prognostic or a predictive association, and whether this
observation applies to other cancer types.

Concluding remarks

Individual hypoxia markers have demonstrated independent prog-
nostic significance in common tumour types, such as breast can-
cer [33], and in settings where routine histopathological staging
has failed to accurately inform the prognosis [61, 62].
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