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Abstract

Purpose: Hypoxia modification improves overall survival in
muscle-invasive bladder cancer patients who undergo radiother-
apy. There is evidence that hypoxic tumors benefit most from
hypoxia modification. The study aimed to identify or derive a
hypoxia gene signature that predicts benefit from hypoxia-mod-
ifying treatment in bladder cancer.

Experimental Design: Published hypoxia signatures were test-
ed and a new one derived by analyzing bladder cancer transcrip-
tomic data from public databases. Tumor samples were available
from the BCON phase III randomized trial of radiotherapy alone
or with carbogen and nicotinamide (CON). Gene expression data
were generated for 151 tumors using Affymetrix Human 1.0 Exon
ST arrays and used for independent validation.

Results: A 24-gene signature was derived, which was prog-
nostic in four of six independent surgical cohorts (n ¼ 679;

meta HR, 2.32; 95% CI, 1.73–3.12; P < 0.0001). The signature
was also prognostic in BCON patients receiving radiotherapy
alone (n ¼ 75; HR for local relapse-free survival, 2.37; 95% CI,
1.26–4.47; P ¼ 0.0076). The signature predicted benefit from
CON (n ¼ 76; HR, 0.47; 95% CI, 0.26–0.86; P ¼ 0.015).
Prognostic significance (P ¼ 0.017) and predictive significance
(P ¼ 0.058) remained after adjusting for clinicopathologic
variables. A test for interaction between hypoxia status and
treatment arms was significant (P ¼ 0.0094).

Conclusions: A 24-gene hypoxia signature has strong and
independent prognostic and predictive value for muscle-inva-
sive bladder cancer patients. The signature can aid identifica-
tion of patients likely to benefit from the addition of carbogen
and nicotinamide to radiotherapy. Clin Cancer Res; 23(16); 4761–8.
�2017 AACR.

Introduction
Muscle-invasive carcinoma is a high-risk bladder cancer sub-

type (1). Surgery is often the preferred treatment choice while
radical radiotherapy, with the advantage of preserving the normal
bladder function, is also an option (2). Hypoxia is a common
micro-environmental component in most solid tumors and is
associated with a poor prognosis in multiple cancer types (3–7).
Adding concurrent hypoxia modification to radiotherapy can
improve treatment outcomes with good evidence that more

hypoxic tumors benefit most from the hypoxia-modifying ther-
apy (4, 6, 8).

Gene expression signatures show promise for clinical applica-
tion (7). To date, hypoxia gene signatures were successfully
developed for head and neck, breast, and lung cancers, and
demonstrated to be not only prognostic in multiple tumor types,
but also predictive of benefit from hypoxia-modifying therapy in
head and neck cancers (4, 6, 7, 9). However, current evidence
suggests a need to tailor signatures for different types of tumors
(3). Specifically, we (6) showed that a hypoxia gene signature
developed using samples from head and neck cancer biopsies
failed to predict the benefit of adding hypoxia-modifying treat-
ment to radiotherapy for bladder cancer. The aim here, therefore,
was to identify a hypoxia gene signature for muscle-invasive
bladder cancer patients, which predicted benefit from hypoxia-
modifying therapy. In order to achieve this, published signatures
were tested and a bladder-specific signature derived using an
approach previously proven effective by us (6, 9) and others
(10). The BCON phase III trial which randomized bladder cancer
patients to radiotherapy alone or with hypoxia modification was
used as a cohort to validate the predictive performance of the
signatures (11).

Materials and Methods
BCON cohort

The study was conducted in accordance with European
GCP and approved by local research ethics committee
(LREC 09/H1013/24). Written informed consent was obtained.
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Pretreatment formalin-fixed, paraffin-embedded (FFPE) sam-
ples were available from the prospective BCON multicenter
phase III clinical trial of radiotherapy alone or with carbogen
and nicotinamide (CON). Patients had T1-T4a urothelial
(transitional) cell bladder carcinoma and were randomized
between November 2000 and April 2006. BCON patients
received 55 Gy in 20 fractions in four weeks or 64 Gy in 32
fractions in 6.5 weeks daily, five times per week. Carbogen was
given five minutes before and during radiotherapy. Nicotin-
amide (40–60 mg/kg) was given 1.5 to 2 hours before each
fraction.

A power calculation determined that 150 samples were
required to detect difference in hazard ratio with 0.01 signif-
icance and 80% power (assuming equal size of treatment
arms). Supplementary Fig. S1 shows the Consort diagram for
the study. Among the 152 BCON patients, 75 received RT and
77 received RT þ CON. Table 1 describes the cohort demo-
graphics, which are comparable with the original clinical trial
(Supplementary Table S1). One patient in the RT þ CON arm
was excluded from the signature validation as pathologic
review was consistent with prostate rather than bladder cancer.
Histopathology, RNA extraction, quality control and exon array
hybridization are described in Supplementary Methods. The
151 BCON patients used in this study contained nine T1
tumors and one grade 2 tumor, where T2 or greater tumors
and grade 3 tumors are associated with higher risk. The high-
risk muscle-invasive nature of the cohort represents the target
patient where the predictive signature proposed in this work
should be the most relevant in clinical application.

Independent cohorts
One bladder cancer training cohort was curated from the

cancer genome atlas project (TCGA; ref. 12). TCGA has the
RNA-sequencing and clinical information for 408 fresh frozen
muscle-invasive samples. Another six bladder cancer cohorts
(GSE5287, GSE13507, GSE31684, GSE32894, GSE19915, and

GSE1827) were also collected for independent validation. Pro-
cedures for normalization of transcriptomic data are provided in
Supplementary Methods.

Endpoints and statistical analysis
In the BCON study, bladder tumor control was based on

cyctoscopic examination at 6 months after treatment and at 6-
monthly intervals for a total of 5 years. Regional and systemic
assessment with CT was carried out as clinically indicated. Local
relapse-free survival (LRFS) was taken as time to muscle-inva-
sive tumor recurrence in bladder, locoregional failure, or death.
Patients with persistent muscle-invasive disease or with no
cystoscopy post treatment had their time set to zero. Overall
survival (OS), defined as death from any cause, was the main
clinical endpoint for surgical cohorts if available. Otherwise,
disease-free survival (DFS), defined as death from cancer, was
used as indicated in the original publications. Patients were
censored at 5 years. The c2 test was used to compare propor-
tions across the levels of categorical factors. The Mann–Whitney
U test was used to compare median values for continuous
variables between two groups. Survival estimates were per-
formed using the Kaplan–Meier method and differences com-
pared using the log-rank test. Hazard ratios (HR) and 95%
confidence intervals (CI) were obtained using the Cox propor-
tional hazard model. Hazard ratios from different cohorts were
combined to produce a meta-score in a fixed effect model with
generic inverse variance method. All P values were two sided,
and statistical significance was set as 0.05.

Table 1. Clinicopathologic details by randomization arm

RT RT þ CON
Variable N N ¼ 75 N ¼ 76 P

Gender
Male 115 55 (73.3%) 60 (78.9%)
Female 36 20 (26.7%) 16 (21.1%) 0.54

Age (years) 151 75.5 (51.1–87.0) 75.1 (51.5–89.7) 0.66
T stage
T1 9 0 (0%) 9 (11.8%)
T2 108 54 (72.0%) 54 (71.1%)
T3 30 19 (25.3%) 11 (14.5%)
T4a 4 2 (2.7%) 2 (2.6%) 0.01

Grade
2 1 0 (0%) 1 (1.3%)
3 150 75 (100%) 75 (98.7%) 0.99

TURBT
Biopsy 33 15 (20.0%) 18 (23.4%)
Partial 58 24 (32.0%) 24 (31.6%)
Complete 55 32 (42.7%) 33 (43.4%)
No data 5 4 (5.3%) 1 (1.3%) 0.55
Hb (g/L) 149 13.7 (9.8–16.9) 13.9 (9.5–17.2) 0.42
No data 2 1 (1.3%) 1 (1.3%)

Concurrent pTis
Absent 117 50 (67.7%) 67 (88.2%)
Present 34 25 (33.3%) 9 (11.8%) 0.003

Necrosis
Absent 71 39 (52.0%) 32 (42.1%)
Present 80 36 (48.0%) 44 (57.9%) 0.29

NOTE: Data representmedian (range) or n (%). Most patients (151; 99%) received
�90% of the prescribed RT. In the experimental arm, 66 patients (86%) received
� 90% of the stipulated carbogen doses and 50 patients (65%) received�90%
of the stipulated nicotinamide doses. All analyses were conducted on an
"intention to treat" basis.
Abbreviations: CON, carbogen and nicotinamide; Hb, hemoglobin; pTis, carci-
noma in situ; RT, radiotherapy; TURBT, transurethral resection of bladder
tumor.

Translational Relevance

Hypoxia is a common component in themicroenvironment
of most solid tumors, including bladder cancers. Adding
concurrent hypoxia modification into radiotherapy improves
the survival of patients, with good evidence that more hypoxic
tumors benefit the most from hypoxia-modifying therapy.
However, there are no clinically validated biomarkers that
can select the muscle-invasive tumors that would benefit from
adding hypoxia-modifying therapy to radical radiotherapy. A
signature was derived from public databases and indepen-
dently validated in a de novo cohort from theBCONtrial,which
randomly assigned patients to radiotherapy alone or
with carbogen and nicotinamide. The signature was both
prognostic and predictive of benefit from adding concurrent
hypoxicmodification to radiotherapy. The signature has trans-
lational relevance, as tumors from the BCON trial were FFPE
samples, a routine technique for preserving tissues in hospi-
tals. The signature can help identify patients likely to benefit
from the addition of carbogen and nicotinamide to
radiotherapy.
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Testing the predictive ability of published gene signatures
Seven hypoxia signatures developed for tumors of different

origins with prognostic value being demonstrated in independent
clinical cohorts were tested in BCON(4, 7, 9, 13–15). Five bladder
cancer signatures (1, 16–19) were also evaluated. For each signa-
ture, a Coxmodel was trained with the TCGA cohort and hypoxia
scores derived for BCON patients with frozen gene coefficients.
BCONpatientswere stratified intohigh-hypoxia and low-hypoxia
groups based on median cohort scores.

A novel bladder cancer hypoxia gene signature
To derive a bladder cancer–specific hypoxia signature, a candi-

date list of 611 generic hypoxia regulated geneswas created froma
recent literature review (3). Most of the curated genes are upre-
gulatedunderhypoxia across different tumor sites. Similarly to the
multi-seed approach used in our previous studies (7, 9, 20), we
hypothesized that a candidate gene is likely to be hypoxia regu-
lated in bladder cancer if coexpressing with multiple candidate
genes. Therefore, a coexpression network was constructed with
two genes connected if positively correlated (Spearman correla-
tion�0.5) inTCGA(12).Hypoxia signaturegeneswere selectedas
being prognostic (Cox P < 0.05) and associated with poor prog-
nosis (HR > 1). Hypoxia gene signature score was computed as
median of gene expressions for each tumor. Details of themethod
are available in Supplementary Methods. The derived signature
was then frozen and tested in independent validation cohorts and
BCON patients. Patients were stratified into high-hypoxia and
low-hypoxia groups based on themedian cohort hypoxia score. In
a multivariate analysis of the BCON cohort, the hypoxic status/
CON was adjusted for age of diagnosis, gender, tumor stage,
necrosis, and presence of carcinoma in situ (CIS).

Results
Testing literature gene signatures

Among the published signatures tested, only the Lendahl
hypoxia signature and Riester bladder cancer classifier had prog-
nostic and/or predictive significance (Table 2, Supplementary
Table S3).

Deriving a bladder cancer–specific hypoxia gene
coexpression network

As described in the Materials and Methods, in vivo transcrip-
tomic data were integrated with knowledge of gene functions to
derive bladder cancer–specific hypoxia coexpression network
and signature. The derived network comprised 168 candidate
hypoxia genes with 458 significant interactions (Supplemen-
tary Fig. S2). The high number of interactions between the
candidate genes indicates a good likelihood of their hypoxia
relevance in bladder carcinoma. The final bladder cancer hyp-
oxia signature derived comprised 24 genes, high expression of
which was significantly associated with poor prognosis (Sup-
plementary Table S4).

Copy number variation and methylation data were analyzed
to investigate the underlying associations with the 24-gene
panel. Copy number variation and methylation status was
correlated with the expression of the 24 genes in our signature
using data for TCGA tumor samples. The average correlation
between copy number variation of the 24 genes and their
corresponding gene expression across the de novo gene panel
was 0.16. A null distribution was constructed by calculating the
mean correlation values of 10,000 random gene sets of the
same size from the whole platform. The correlation for the 24-
gene panel was not significantly higher than the random gene
sets (P ¼ 0.99), suggesting that the expression levels of the
signature genes were not driven by copy number alteration. A
similar analysis was performed for methylation data, where the
gene panel had an average correlation of �0.36 between
methylation status and gene expression for the 24 genes, which
was significantly lower than that of the random gene sets (P ¼
0.0008). This analysis suggests that there is a significant asso-
ciation between methylation status and the expression of the
genes in our bladder signature.

Testing the de novo hypoxia signature in independent cohorts
The prognostic value of the frozen signature in chemother-

apy or cystectomy-treated patients was validated in six publicly
available bladder cancer cohorts totaling 679 patients, which
were independent from the discovery cohort. Kaplan–Meier
plots are provided in Fig. 1. Patients stratified as high hypoxia
by the de novo signature were significantly associated with poor
prognosis in GSE13507, GSE31684, GSE32894, and GSE1827.
Similar trends can be observed in the other two cohorts
(GSE5287 and GSE19915) where the signature had borderline
significance. Meta-analysis of the six cohorts revealed a HR of
2.32 (95% CI, 1.73–3.12, P < 0.0001) for hypoxic tumors
(Supplementary Fig. S3).

Testing the de novo hypoxia signature in BCON patients
In the BCON cohort, patients stratified as high hypoxia by

the signature had higher tumor stage (P ¼ 0.03; Supplementary
Table S5). High hypoxia also corresponded to lower pretreatment
hemoglobin levels (P ¼ 0.04, Supplementary Table S5). Protein
expression data for three well-known hypoxia biomarkers (CAIX,
HIF-1a, and GLUT1) were available for 127, 92, and 95 of the
BCON gene expression cohort, respectively (21). For each protein
marker, tumors were stratified into two groups based on upper,
median, or lower quartile. A t-test (two-tailed) was applied to
determine if the 24-gene signature scorewas significantly different
in high and low protein expression groups. The 24-gene signature
score was significantly higher in tumors with high CAIX protein

Table 2. Prognostic and predictive significance of the literature signatures for
LPFS analysis of the BCON cohort

Signature
BCON
Prognosisa

BCON (high-hypoxia patients)
prediction of benefit

Ragnum et al. (28) 0.882 0.389
Buffa et al. (7) 0.907 0.827
Winter et al. (9) 0.438 0.434
Betts et al. (13) 0.569 0.330
Toustrup et al. (4) 0.252 0.856
Toustrup et al.b (4) 0.653 0.664
Chi et al. (14) 0.120 0.078c

Lendahl et al. (15) 0.093c 0.038d

Mitra et al. (17) 0.960 0.530
Riester et al. (16) 0.002e 0.032d

Sanchez-Carbayo et al. (18) 0.260 0.140
Kim et al. (19) 0.478 0.541
Kim et al. (1) 0.855 0.880
aPrognosis was evaluated in patients receiving radiotherapy only, whereas
prediction of benefit of CON was assessed with both high-hypoxia and low-
hypoxia groups.
bClassification of samples into more or less hypoxic using the centroid method
described in Toustrup et al.
Significance codes: 0.001.
c0.1; d0.05; e0.01.
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expression (P ¼ 0.013, upper quartile, Supplementary Fig. S4A).
Tumors with high HIF-1a protein expression had a trend toward
having significantly higher 24-gene signature score (P ¼ 0.081,
lower quartile, Supplementary Fig. S4B). No significant associa-
tion was found between the signature and GLUT1 expression.

The prognostic value of the signature was examined in the
BCON radiotherapy arm (Fig. 2A). Patients categorized as more
hypoxic had a significantly poorer LPFS than those categorized as
less hypoxic (P ¼ 0.0076, HR 2.37, 95% CI 1.26–4.47). Tumor
hypoxia retained prognostic significance in multivariate analysis
(P ¼ 0.017, HR 2.25; Table 3). The signature had no prognostic
significance in patients receiving RT þ CON (Fig. 2B).

The 24-gene signature also predicted benefit from adding CON
to RT. Patients with high-hypoxia scores receiving RTþ CON had
an improved LPFS rate than those undergoing RT alone (P ¼

0.015, HR 0.47, 95%CI 0.26–0.86, Fig. 3A). Adding CON into RT
was associated with borderline significance in multivariate anal-
ysis (P ¼ 0.058, HR 0.52, Table 3). Patients with low-hypoxia
scores derived no benefit in fromCON (P¼ 0.21, Fig. 3B). Hazard
ratio, 95% confidence intervals, and P value for prognostic testing
of RT-treated patients and patients with high hypoxia signature
score were detailed in Table 3. A test for interaction between
hypoxia signature and treatment with the entire cohort showed
that response to CON was significantly different in more hypoxic
tumors than normoxic tumors, for both binary hypoxic status (P
¼ 0.0094) and continuous hypoxia score (P ¼ 0.045).

The potential benefit of integrating the 24-gene signature with
the Riester signature (16) was also investigated. Stratification of
BCON patients into four categories based on both 24-gene
hypoxia signature and Riester risk signature improved the
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Figure 1.

A–F, Kaplan–Meier plots for independent validations of the 24-gene hypoxia signature in chemotherapy or surgery-treated cohorts.
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prognostic value on patients receiving RT only (Supplementary
Fig. S5). Adding the Riester signature into the de novo hypoxia
signature also led to increased predictive significance in patients
with both high hypoxia and high Riester signature scores (n¼ 40,
P¼ 0.0082, HR 0.32, 95% CI 0.14–0.75, Supplementary Fig. S6).
Adding the Lendahl signature (15) into the 24-gene signature did
not improve its prognostic significance (Supplementary Fig. S7)
but resulted in higher predictive power (n ¼ 43, P ¼ 0.014, HR
0.32, 95% CI 0.13–0.79; Supplementary Fig. S8).

The prognostic and predictive performance of CAIX, HIF-1a,
GLUT1, and necrosis was assessed in the BCON gene expression
cohort used in this study. For each protein marker, tumors were
stratified into two groups based on upper, median, or lower
quartile. Tumors with high CAIX expression (upper quartile split)
had poorer LPFS when treated with RT alone (n ¼ 64, P ¼ 0.022,
HR 2.21, 95% CI 1.12–4.37) and derived benefit from CON (n¼
32, P ¼ 0.017, HR 0.32, 95% CI 0.13–0.82). A significant inter-
action between CAIX status and intervention was detected (P ¼
0.019). HighGLUT1 expression (median split) had no prognostic
value in RT-treated patients (P¼ 0.20), while there was a trend for
significance in prediction of benefit of CON (n ¼ 48, P ¼ 0.077,
HR 0.51, 95% CI 0.24–1.08). A test of interaction also showed

borderline significance (P ¼ 0.096). No prognostic or predictive
significance was found for HIF-1a expression in this cohort.
Necrosis was associated with a poor prognosis (n ¼ 75, P ¼
0.029, HR 1.97, 95%CI 1.08–3.60), predictive value (n¼ 80, P¼
0.0051,HR0.43, 95%CI 0.24–0.78), and a significant interaction
(P ¼ 0.002). The potential benefit of combining the 24-gene
signature with necrosis was then investigated. CON was associ-
ated with lower HR in tumors having both high 24-gene signature
score and necrosis (n ¼ 45, P ¼ 0.015, HR 0.37) than with either
high 24-gene signature score (n ¼ 76, HR 0.47) or necrosis (n ¼
80, HR 0.43), indicating that combining the two markers iden-
tifies the patients that benefit themost fromCON. In tumors with
either high signature score or necrosis, CON was associated with
comparable benefit (n¼111,HR0.49) than in thosehaving either
high signature score or necrosis, suggesting that combining the
two markers may also identify a wider range of patients that can
benefit from hypoxia-targeting therapy.

Discussion
This study showed that the Lendahl hypoxia signature (15)

was predictive of benefit from hypoxic modification but not

0.
0 

   
   

  
0.

2 
   

   
  

0.
4 

   
   

   
0.

6 
   

   
  0

.8
   

   
   

1.
0

0.
0 

   
   

  
0.

2 
   

   
  

0.
4 

   
   

   
0.

6 
   

   
  0

.8
   

   
   

1.
0

0       10      20      30      40      50      60 0       10      20      30      40      50      60

Time in months Time in months

Lo
ca

l r
el

ap
se

-fr
ee

 s
ur

vi
va

l

Lo
ca

l r
el

ap
se

-fr
ee

 s
ur

vi
va

l

# At risk
High
Low

# At risk
High
Low

42      29      21      14      10       8        1
33      28      24      19      15      12       6

34      28      26      21      15      11       7
42      34      26      21      17      15       8

High-hypoxia
Low-hypoxia
P = 0.0076

High-hypoxia
Low-hypoxia
P = 0.308

BCON RT Arm BCON CON ArmA B

Figure 2.

Kaplan–Meier plots for BCON patients
receiving (A) RT alone (B) RT plus CON.
Patients were stratified into high-hypoxia
and low-hypoxia by the 24-gene signature.
Patients with persistent muscle-invasive
disease or with no cystoscopy after
treatment had their time set to zero.

Table 3. Multivariate analysis of hypoxia signature and pathologic variables for the BCON study

Univariate Multivariate
Variable HR (95% CI) P HR (95% CI) P

RT arm Hypoxia 2.37 (1.26–4.47) 0.0076a 2.25 (1.16–4.39) 0.017b

Stage 3 or 4a 0.59 (0.28–1.23) 0.18 0.44 (0.21–0.95) 0.036b

Male 0.86 (0.45–1.64) 0.65 0.82 (0.42–1.63) 0.58
Age 1.02 (0.98–1.06) 0.34 1.02 (0.98–1.06) 0.40
CIS 2.06 (1.13–3.74) 0.018b 2.23 (1.18–4.22) 0.013b

Necrosis 2.10 (1.16–3.80) 0.015b 2.21 (1.18–4.16) 0.013b

High-hypoxia CON 0.47 (0.26–0.86) 0.015b 0.52 (0.26–1.02) 0.058c

Stage 3 or 4a 0.58 (0.29–1.17) 0.13 0.49 (0.24–1.01) 0.052c

Male 0.90 (0.49–1.67) 0.75 0.93 (0.49–1.74) 0.81
Age 1.03 (0.99–1.08) 0.094c 1.03 (0.99–1.08) 0.14
CIS 2.93 (1.59–5.39) 0.0006d 2.63 (1.30–5.32) 0.0069a

Necrosis 1.17 (0.66–2.1) 0.59 1.47 (0.78- 2.77) 0.24

Significance codes: 0.0001.
a0.01; b0.05; c0.1; d0.001.
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prognostic in muscle-invasive bladder carcinomas. None of the
other hypoxia signatures were prognostic or predictive. A de novo
24-gene signature was independently validated in multiple pub-
lically available cohorts and the new BCON cohort and shown to
be prognostic and predictive of benefit from the addition of CON
to radiotherapy.

Comparison of the de novo 24-gene signature with other pub-
lished hypoxia signatures showed little overlap. This lack of
overlap between genes in hypoxia signatures is well documented
andnot surprising given the large proportionof the genome that is
transcriptionally responsive to changes in oxygenation (3). Four
genes (CAV1, P4HA2, DPYSL2, and SLC2A3) from the 24-gene
signature also appeared in a hypoxia signature published from
another group (14). Similarly, two genes (SLC16A1 and LDLR)
were commonbetween the 24-gene signature andahead andneck
signature prognostic in multiple cancer types (9). There is one
overlap (SLC16A1) between the 24-gene signature and a 26-gene
signature derived in HNSCC by our group (13). This 26-gene
signature predicted benefit from CON in patients with laryngeal
tumors (ARCON phase III trial) but not bladder tumors (BCON;
ref. 6). The heterogeneity between signatures could reflect the
importance of different biological pathways involved in the
tumor hypoxia response in different cancer types. There is likely
to be tissue-dependent patterns of transcription modifiers inter-
acting with HIF, as shown recently for the effects of the BET
inhibitor JQ1, which modifies a subset of HIF target genes (22).

The limited overlap could also result from differences in the
methods for signature derivation (e.g., different starting seeds),
and the use of cell lines versus clinical samples from different
tumor types. On the other hand, any commonality observed is
likely due to the conserved portion of the transcriptional response
to hypoxia which is independent of hypoxia output (7, 14, 15,
23). Harris and colleagues (3) performed a systematic review and
identified 32 published hypoxia gene signatures. No gene was
found in all signatures, but 20 were identified as being the most
prevalent. One of these 20 genes, P4HA2, was in the 24-gene
signature.

Hypoxia can promote the stabilization of genes that promote
somatic copy number gains in tumors. It has been suggested that

generation of transient copy number gains could be an adaptive
cellular response of cells to stresses such as hypoxia and therefore
providing amechanism for the generation of tumor heterogeneity
(24). Our work showed no association between the expression of
the 24 genes in our signaturewith copynumber variation in the 24
genes showing no direct association, i.e., the genes do not appear
to be modified at the DNA level. In contrast, there appeared to be
direct associations with methylation status for the 24 genes with
higher methylation associated with lower expression of the indi-
vidual genes, consistentwith a gene silencing effect.Hypoxia leads
to epigenetic alterations and some genes are transcriptionally
repressed under hypoxia due to histone modification. Hypoxia,
however, has also been linked to a global reduction in methyl-
ation (25). Further research would be needed to assess the effects
of hypoxia in bladder cancer on global copy number alteration
and methylation status.

The 24-gene signature was validated in independent publically
available cohorts of 679 patients with fresh frozen tissues. The 24-
gene signature has translational relevance as it was validated in
FFPE samples, a routine technique for preserving tissues in hos-
pitals. It is widely agreed that degradation and chemical modi-
fication of nucleic acids in FFPE samples reduce RNAquality (26),
which further supports the robustness of the signature in clinical
application. The results of the current study clearly indicate that
the derived gene signature isworthy of further testing usingwidely
abundant FFPE samples. It is noted that a head and neck hypoxia
signature developed by Toustrup and colleagues (4)was validated
in FFPE tumor biopsies, and a signature derived from fresh frozen
soft tissue sarcoma samples was also prognostic on FFPE samples
(27). Second, our group has already validated a hypoxia signature
derived for head and neck cancer using a Taqman Low Density
Array approach and shown low intra-assay, interassay and intra-
tumor variability (13). Third, although the de novo signature was
applicable to any hypoxia-targeting therapy, an intervention is
available (CON) for use in patients. As our head and neck
signature is undergoing prospective qualification in a randomized
trial (10), the signature derived here can progress in a similar
fashion. The BCON cohort is the first time in the literature that
whole tumor transcriptome data have been generated for patients
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Kaplan–Meier plots for BCON patients
stratified as either (A) high-hypoxia or (B)
low-hypoxia by the 24-gene signature. In
each group, patients received either RT or
RT plus CON. Patients with persistent
muscle-invasive disease or with no
cystoscopy after treatment had their time
set to zero.
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recruited into a trial randomizing patients to radiotherapy alone
orwith hypoxiamodification. This enables proper evaluation and
comparison of the predictive performance of the de novo signature
together with competing protein markers and clinicopathologic
factors. A question of interest in terms of the next steps to take is
whether to use the gene signature alone or in combination with
another marker. Our analyses showed that a combination of
simple histological assessment of necrosis with the 24-gene
signature was superior to using either alone. The next step,
therefore, would be to carry out a biomarker driven trial using
the combination.

The use of median score as cutoff was prespecified in a power
calculation to determine the number of BCON samples for gene
expressionprofiling. In validationof the de novo signature,median
scorewas therefore chosen as threshold for patient stratification to
avoid bias and to provide balanced groups. The de novo 24-gene
signature has reached the statistical significance in terms of pre-
dicting the benefit of CON in patients with high signature scores
(Table 3, HR 0.47, 95 % CI 0.26–0.86, P ¼ 0.015). A test for
interaction between the 24-gene signature and intervention
showed significance for the resulting binary hypoxic status (medi-
an cutoff, P¼ 0.0094), confirming that response to intervention is
indeed different in patients in high and low hypoxia groups.
Therefore, the 24-gene signaturewith the predefinedmedian score
cutoff confirms the hypothesis of the study and median score is a
clinically relevant cutoff. Other thresholds have been used for
hypoxic classification (4, 14, 23). However, there is no consensus
on the ideal method to define tumors as hypoxic and no meth-
odological study to date assessing and comparing the perfor-
mance of the different methods exists. In a prospective clinical
trial, the first �50 patient samples could be used to generate a
median threshold in newer FFPE blocks for classification. A
strength of the study is the link with an intervention that could
pave the way for a future hypoxia signature driven trial.

In conclusion, a hypoxia gene signature for muscle-invasive
bladder cancer patients receiving radical radiotherapy was
derived. Used as a potential tool for personalized medicine, the
signature identifies more hypoxic tumors that have poorer out-

come. The signature also predicts benefit from adding concurrent
hypoxic modification to radiotherapy. The signature warrants
final qualification in a prospective setting.
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