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Background: Hypoxia is associated with a poor prognosis in prostate cancer. This work aimed to derive and val-
idate a hypoxia-related mRNA signature for localized prostate cancer.
Method: Hypoxia genes were identified in vitro via RNA-sequencing and combined with in vivo gene co-expres-
sion analysis to generate a signature. The signature was independently validated in eleven prostate cancer co-
horts and a bladder cancer phase III randomized trial of radiotherapy alone or with carbogen and nicotinamide
(CON).
Results: A 28-gene signature was derived. Patients with high signature scores had poorer biochemical re-
currence free survivals in six of eight independent cohorts of prostatectomy-treated patients (Log rank
test P b .05), with borderline significances achieved in the other two (P b .1). The signature also predicted
biochemical recurrence in patients receiving post-prostatectomy radiotherapy (n = 130, P = .007) or
definitive radiotherapy alone (n = 248, P = .035). Lastly, the signature predicted metastasis events in
a pooled cohort (n = 631, P = .002). Prognostic significance remained after adjusting for clinic-patho-
logical factors and commercially available prognostic signatures. The signature predicted benefit
from hypoxia-modifying therapy in bladder cancer patients (intervention-by-signature interaction test
P = .0026), where carbogen and nicotinamide was associated with improved survival only in hypoxic tu-
mours.
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Conclusion: A 28-gene hypoxia signature has strong and independent prognostic value for prostate can-
cer patients.

© 2018 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ninety percent of prostate cancer (PCa) patients are diagnosed with
localized carcinoma, which have a highly variable course of disease pro-
gression. Hypoxia is a common micro-environmental feature in most
solid tumours, which leads to changes in transcriptomic profiles, a
higher potential tometastasise and resistance to radiotherapy [1]. Local-
ized prostate cancer has marked and heterogeneous hypoxia [2], and
hypoxia is an adverse prognostic feature [3–5]. Combining hypoxia-
targeting treatmentwith radiotherapywas shown to improve local con-
trol of tumours and survival of patients in head and neck and bladder
cancers [6–9]. There is good evidence from the literature that the most
hypoxic tumours benefit the most from hypoxia-modifying therapy.
However, there is no clinically validated method of selecting prostate
cancer patients who would benefit from hypoxia modifying treatment.

Hypoxia gene signatures were successfully derived for multiple tu-
mour sites including head and neck, bladder, soft tissue sarcoma and
cervical cancers, which were not only independently prognostic but
also predictive of benefit from hypoxia-modifying therapy in head and
neck and bladder cancers [10–18]. Work in prostate cancer showed
some prognostic significance for signatures derived in other tumour
types [3] or associated with the hypoxia marker pimonidazole [15].

We previously showed that hypoxia gene signatures are better if tu-
mour site specific [19]. The aim of this study was to generate and vali-
date a prostate cancer-specific transcriptomic signature. In vitro
analysis of genes regulated by hypoxia was combined with in vivo anal-
ysis of a gene co-expression network and patient survival using data
from a retrospective cohort. Following signature derivation, validation
was performed in multiple independent cohorts.

2. Methods

2.1. Patient Cohorts

This study included patients with prostate carcinoma from twelve
cohorts, including the cancer genome atlas project (TCGA) [20],
GSE54460 [21], GSE21032 [22], CPC-GENE [23], Cambridge [24,25], six
retrieved from the Decipher GRID™ prostate cancer database
(NCT02609269) [26–31], and one from Belfast [32]. A summary of the
cohorts and procedures for pre-processing of transcriptomic data are
provided in Supplementary Table 1 and Supplementary Methods. Pa-
tient cohort characteristics are summarised in Supplementary Table 2.
The TCGA cohort was used as the training cohort. In addition, bladder
cancer patients enrolled in a randomized trial of hypoxia-modifying
therapy were available in the BCON cohort [6,18]. Informed consent
protocols were approved by local Institutional Review Boards.

2.2. Endpoints and Statistical Analysis

Biochemical recurrence (BCR) free survivalwas the clinical endpoint
of this study in all but one cohort. Distant metastasis (DMET) free sur-
vival was the clinical endpoint of the other cohort. Patient follow up
data were censored at 5-year. The signature derived from this work
assigned one hypoxia signature score for each individual tumour and
in each cohort patients were stratified into high vs. low hypoxia based
on the median cohort signature score. Survival estimates were per-
formed using the Kaplan-Meier method. The Log-rank test was used
to test the null hypothesis of equality of survival distributions. Hazard
ratios (HR) and 95% confidence intervals (CI) were obtained using the

Cox proportional hazard model. In case-cohort studies (originally de-
signed to sample the adverse pathology population to estimate risk of
metastasis after radical prostatectomy), randomly sampled sub-cohorts
were used in order to reduce over-estimation of events in evaluation of
the BCR endpoint. Odds ratios (OR) were obtained using logistic regres-
sion models. Association between hypoxia signature score and Gleason
group, tumour stagewas estimated using simple linear regression. All P-
values were two sided and statistical significance was set as 0.05.

2.3. Prostate Cancer Hypoxia Signature Development

A network-basedmethodologywas applied for generation of a pros-
tate cancer-specific hypoxia signature, hypothesising that in vitro hyp-
oxia regulated genes co-expressing with each other in vivo collectively
indicate tumour hypoxia. Briefly, genes up- and down-regulated by
hypoxia (1% O2, 24 h) were identified with RNA sequencing in four
PCa cell lines (PNT2-C2, LNCaP, DU-145, and PC-3). The four cell lines
were chosen as they were derived from human tissues and are widely
used as in vitro PCamodels [33]. A gene co-expression networkwas con-
structed in a TCGA training cohort and a putative genemodule enriched
with in vitro hypoxia genes was identified. Genes within the putative
module were ranked by their connectivity and added iteratively into
the signature. The final signature was selected based on prognostic sig-
nificance. The signature scores are a continuous variable, which were
then binarised into high and low categories using the median value
for each cohort. The hypoxia signature derived here was then indepen-
dently validated in the other eleven PCa cohorts. In multivariable anal-
ysis, the hypoxia gene signature was adjusted for standard clinic-
pathological factors and a genomic classifier Decipher [27]. More details
were given in Supplementary Methods.

2.4. Comparison with Literature Transcriptomic and Genomic Signatures

Seven hypoxia [10,11,14–17] and eleven prostate cancer
transcriptomic signatures [34–44]were curated from the literature and
their prognostic significances were evaluated for comparison (Supple-
mentary methods). Furthermore, the potential benefit of combining
the de novo hypoxia signature with a prognostic 31-loci DNA classifier
[45] was also investigated by entering both into a Cox model.

3. Results

3.1. In Vitro Hypoxia Responsive Genes

Genes up or down regulated under hypoxia in four PCa cell lines
were identified. 84, 306 and 848 genes were differentially expressed
in greater than four, three and two cell lines, respectively. A seed gene
database was constructed consisting of the 848 genes differentially
expressed in two or more cell lines (Supplementary Table 3). Eight
cell cycle and metabolism pathways were enriched in the hypoxia
seed genedataset (Supplementary Table 4). Formany of the above iden-
tified genes, their regulation under hypoxia was well documented
[46,47].

3.2. In Vivo Prostate Cancer-specific Hypoxia Gene Module

A PCa gene co-expression networkwas built from pre-treatment tu-
mour biopsies in the TCGA cohort. The network, containing 1856 genes
(including 113 seed genes) of good variability was partitioned into 34
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