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Abstract.
Background: Many studies investigated the prognostic or predictive relevance of single nucleotide polymorphisms (SNPs)
in biologically plausible genes in urinary bladder cancer (UBC) patients. Most published SNP associations have never been
replicated in independent patient series.
Objective: To independently replicate all previously reported associations between germline SNPs and disease prognosis or
treatment response in UBC.
Methods: A Pubmed search was performed to identify studies published by July 1, 2014 reporting on germline SNP associations
with UBC prognosis or treatment response. For the replication series, consisting of 1,284 non-muscle-invasive bladder cancer
(NMIBC) and 275 muscle-invasive or metastatic bladder cancer (MIBC) patients recruited through the Netherlands Cancer
Registry, detailed clinical data were retrieved from medical charts. Patients were genotyped using a genome-wide SNP array.
SNP association with recurrence-free, progression-free, and overall survival (OS) within specific patient and treatment strata
was tested using Cox regression analyses.
Results: For only six of the 114 evaluated SNPs, the association with either UBC prognosis or treatment response was replicated
at the p < 0.05 level: rs1799793 (ERCC2) and rs187238 (IL18) for BCG recurrence; rs6678136 (RGS4) and rs11585883 (RGS5)
for NMIBC progression; rs12035879 (RGS5) and rs2075786 (TERT) for MIBC OS.
Conclusions: Non-replicated genetic associations in the literature require cautious interpretation. This single replication does not
provide definitive proof of association for the six SNPs, and non-replication of other SNPs may result from population-specific
effects or the retrospective patient enrollment.
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INTRODUCTION

Urinary bladder cancer (UBC) is a common disease
which poses a significant burden on patients and
healthcare systems. In non-muscle-invasive bladder
cancer (NMIBC), the tendency to recur requires
intensive surveillance and repeated treatment. In
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muscle-invasive or metastatic bladder cancer (MIBC),
mortality is high and major surgery and systemic
chemotherapy are part of standard care. There is
large interpatient variability in prognosis and treatment
response in both NMIBC and MIBC. Traditional clin-
icopathological factors account for only part of this
variability. The risk group stratification using EORTC
predictors is recommended by the EAU guidelines for
decision-making in clinical practice. However, even
though these tools aid in discrimination of NMIBC
recurrence and progression risk at the group level, they
do not allow for precise prediction of the fate of an indi-
vidual patient [1–3]. In MIBC, there is an urgent need
for better tools to identify which patients would bene-
fit most from neo-adjuvant or adjuvant chemotherapy
and predict who will likely benefit from a cystectomy
or should be offered systemic therapy [4]. This empha-
sizes the importance of identifying new prognostic
and predictive (bio)markers to facilitate more accurate
outcome prediction in the individual patient, and of
research that fuels our mechanistic insight in urothelial
carcinogenesis and progression.

The last decade, many studies have investigated
the association between germline variants in biolog-
ically plausible genes and UBC prognosis or treatment
response [5–7]. Among these candidate genes were
those implicated in well-known cancer-related path-
ways, such as DNA repair, cell-cycle control, and
inflammation. A previous literature review by our
group indicated that most of the candidate-gene studies
were underpowered [6]. Even for NMIBC, the largest
studies to date included no more than 400 patients.
Only a small set of variants was evaluated by more than
one study; for these variants mostly inconsistent results
were reported. No more than two of the several dozen
studies that claimed an association, reported on suc-
cessful replication of findings in independent patient
series [8, 9]. Extensive external validation of reported
associations is however essential to distinguish true
from false-positive associations.

This study aims to independently replicate all
reported prognostic and predictive single nucleotide
polymorphisms (SNPs) among 1,559 UBC patients of
the Nijmegen Bladder Cancer Study, currently one of
the largest UBC patient series worldwide.

MATERIALS AND METHODS

Literature search and SNP selection

As an update to our previous literature review [6],
a Pubmed search was performed to identify all stud-

ies published by July 1, 2014 on the association
between germline genetic variants and UBC progno-
sis or treatment response. Titles and abstracts of all
identified studies published in English-language jour-
nals were manually reviewed for relevance according
to the selection criteria presented in Fig. 1. We focused
on single-SNP associations, and finally evaluated 114
SNPs mapping to 83 genes for which association was
claimed with at least one of the endpoints listed in
Table 1.

Patient population and outcome definitions

We used data of the Nijmegen Bladder Cancer Study
(NBCS) [10]. In the NBCS, UBC patients diagnosed
in one of seven hospitals in the mid-eastern part of
the country were identified through the population-
based Netherlands Cancer Registry (NCR) held by
the Netherlands Comprehensive Cancer Organization
(IKNL). Patients diagnosed under the age of 75 years
were invited to the NBCS by IKNL on behalf of
the treating physicians. The NBCS started in May
2007 with the invitation of UBC patients diagnosed
in 1995–2006 who were still alive. Later, the NBCS
was expanded with three more recently diagnosed
patient cohorts (2006–2008, 2008-2009, 2009-2010) in
three phases (January 2009, November 2010, February
2012, respectively). Of all the invitees, 66% agreed to
participate. Participants were sent a lifestyle question-
naire to fill out and blood samples were collected by
local Thrombosis Service centers. All participants gave
written informed consent and the study was approved
by the institutional review board of Radboud univer-
sity medical center, Nijmegen, the Netherlands. For
this study, we only used data of participants included
in the first two enrollment phases of the NBCS (diag-
nosis between 1995 and 2008) for which genome-wide
genotyping data were available.

Follow-up regarding vital status of NBCS patients
until December 31st, 2012 was obtained through link-
age of NCR data with the Dutch Municipal Personal
Records Database. Detailed data on clinicopatho-
logical tumor characteristics, treatment, and clinical
outcome were abstracted from medical charts. From
the 1,601 genotyped NBCS participants (see ‘Genotyp-
ing and imputation’), we excluded: three participants
with an unconfirmed UBC diagnosis based on medical
chart review; nine NMIBC patients with incomplete
follow-up information; 30 patients with previous or
synchronous upper urinary tract cancer. Finally, the
study population consisted of 1,559 UBC patients
(1,284 NMIBC/275 MIBC).
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Fig. 1. Flowchart visualizing the selection steps leading to the final set of single nucleotide polymorphisms included in this replication study.
Abbreviations: BCG: bacillus Calmette-Guérin; CNVs: copy number variations; MIBC: muscle-invasive or metastatic bladder cancer; NMIBC:
non-muscle-invasive bladder cancer; SNP: single nucleotide polymorphism; UBC: urinary bladder cancer; VNTRs: variable number tandem
repeats; QC: quality control.

For replication of published prognostic and/or pre-
dictive SNPs in NMIBC, we assessed the endpoints
recurrence and progression in the overall patient group
and also within relevant treatment strata (i.e., treated
with transurethral resection (TUR)-only (n = 463),
bacillus Calmette-Guérin (BCG) (≥6 instillations;

n = 192), or intravesical chemotherapy (≥6 instilla-
tions; n = 311)) (Table 1). Recurrence was defined as
a new, histologically confirmed bladder or prostatic
urethra tumor following at least one tumor-negative
follow-up cystoscopy or two surgical resection ses-
sions for the primary tumor. Disease progression was
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defined as shift to a higher grade or stage, local and/or
distant metastasis, or cystectomy for therapy-resistant
(‘uncontrollable’) disease. A more detailed description
of the prognostic endpoint definitions was published
before [11]. Recurrence-free and progression-free sur-
vival were defined as the time from the initial TUR
until the first event (recurrence or progression, respec-
tively) or date of censoring (i.e., date of last urological
check-up or five-year follow-up), whichever came first.

To replicate postulated SNP associations in MIBC,
the endpoint overall survival (OS) was evaluated
(Table 1). OS of patients with primary MIBC was
defined as the time from the initial TUR until death
(from all causes) or date of censoring (i.e., December
31st, 2012 or date of five-year follow-up), whichever
came first.

Genotyping and imputation

As part of a genome-wide association study (GWAS)
for UBC risk led by Radboud university medical cen-
ter and deCODE Genetics (Reykjavik, Iceland) [10],
germline DNA of NBCS participants diagnosed with
UBC in the period 1995–2008 was genotyped using the
Illumina HumanHapCNV370 BeadChip. Imputation
with IMPUTE v2 software was performed to increase
marker density by using the 1000 Genomes phase
1 integrated version 3 haplotypes (released March
2012, 1,092 individuals) as a reference panel (https://
mathgen.stats.ox.ac.uk/impute/data download 1000
G phase1 integrated.html). Imputation was performed
separately for NBCS participants diagnosed from
1995–2006 (NBCS1) and from 2006–2008 (NBCS2).
Pre-imputation quality control (QC) was performed
based on the following exclusion criteria: SNP
yield <96%, minor allele frequency (MAF) <1%,
Hardy-Weinberg equilibrium (HWE) p-value <10–5,
sample yield <96%, European ancestry <90% (based
on Structure analysis), duplicate samples based on a
relatedness check (using genome-wide complex trait
analysis [GCTA] software), and gender mismatch
with phenotypic data. This resulted in a total set of
333,068 and 333,920 markers (325,019 overlapping)
used as input for imputation in 1273 NBCS1 and 328
NBCS2 samples, respectively.

For evaluation of reported SNP associations, geno-
type data of the two imputation series was combined
(total n = 1,601; 38,037,363 overlapping markers).
From replication, we excluded reported SNPs (n = 2)
that did not pass the following post-imputation QC cri-
teria: HWE p-value > 10–3 and IMPUTE info score
>0.4 (in both imputation series) (Fig. 1).

Statistical analysis

Each SNP was assessed for association with the
respective outcome measure based on an additive,
dominant, and recessive inheritance model. In each
model, the most common (‘major’) allele in the
NBCS was used as reference allele. SNP associ-
ation parameters were obtained by Cox regression
analyses (using the estimated genotypic probabilities)
performed with ProbABEL v0.1-3 [12]. Independent
prognostic/predictive value of SNPs was evaluated by
multivariable analyses including relevant prognostic
variables. For NMIBC these were: age at diagno-
sis, gender, tumor stage, tumor grade, tumor focality
(solitary versus multifocal; exact tumor number was
poorly documented in medical files), presence of
concomitant carcinoma in situ [CIS], and treatment
(TURT only ± 1 postoperative (p.o.) chemotherapy
(CT) instillation; adjuvant intravesical (i.v.) CT; adju-
vant i.v. immunotherapy (IT); both adjuvant i.v. CT and
IT). Treatment was not included as a variable in the
analyses for TUR-only-treated, BCG-treated and i.v.
chemotherapy-treated NMIBC patients. Tumor size
was not included due to absence of this information in
medical files for a large fraction of patients. For MIBC
these were: age at diagnosis, gender and an aggregate
measure based on TNM classification (tumors of stage
T2-T4a with N0/NX and M0/MX vs. tumor of stage
T4(b) ór any T with N ≥1/N+ and/or M1). Statistical
significance was tested using a one degree-of-freedom
(df) Wald test. As our goal was to replicate previ-
ously identified SNP associations, we did not correct
for multiple testing. A two-sided significance threshold
of p < 0.05 was used. In some cases, the strand orien-
tation for strand ambiguous SNPs (A/T; C/G) could
not be inferred from the original report, complicating
assessment of consistency in direction of SNP effect.
In these cases, we assumed strand consistency of the
allele in the published report (e.g., C) and allele in the
NBCS (e.g., G) if both had frequency <0.45.

RESULTS

Baseline patient and tumor characteristics of the
study population are given in Table 2. Median follow-
up time of NMIBC and MIBC patients (i.e., time from
the initial TUR until last update of outcome status)
was 5.3 (interquartile range [IQR]: 3.7–8.7) and 9.8
(IQR: 6.7–13) years, respectively. Five-year Kaplan-
Meier risk of recurrence, progression (NMIBC), and
overall death (MIBC) was 50.5%, 17.2%, and 32.4%,

https://mathgen.stats.ox.ac.uk/impute/data_download_1000G_phase1_integrated.html
https://mathgen.stats.ox.ac.uk/impute/data_download_1000G_phase1_integrated.html
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Table 1
Overview of the number of publications and postulated SNP associations per endpoint as reported and used for replication

Reported endpoint Reported patient (sub)group No. publications No. SNPs No. genes Endpoint and (sub)population
used for replication

Study details + replication results

Recurrence NMIBC 14 21 16 Recurrence in NMIBC Table S1
Recurrence NMIBC+MIBC 2 2 2
Recurrence TUR-only-/non-BCG-treated

NMIBC
5 14 10 Recurrence in

TUR-only-treated NMIBC
Table S2

Recurrence BCG-treated NMIBC 27 37 32 Recurrence in BCG-treateda

NMIBC
Table S3

Progression NMIBC 5 9 7 Progression in NMIBC Table S4
Progression and/or

cancer-specific survival
NMIBC+MIBC 7 8 7 Progression in NMIBC/

Overall survival in MIBC
Tables S4/S6

Cancer-specific survival Intravesical/systemic
chemotherapy-treated
NMIBC+MIBC

1 6 2 Progression in intravesical
chemotherapy-treateda

NMIBC (Reproducibility
not evaluated in MIBC)

Table S5

Progression MIBC 2 1 1 Overall survival in MIBC Table S6
Cancer-specific survival MIBC 4 6 5
Overall survival MIBC 3 14 9
Overall survival NMIBC+MIBC 5 17 16
aTreated with at least six intravesical instillations. Please note: Numbers do not add up to the total of 114 evaluated SNPs, 83 genes, and 52 publications due to the existing overlap between
the listed endpoints. Abbreviations: BCG: bacillus Calmette-Guérin; MIBC: muscle-invasive or metastatic bladder cancer; NMIBC: non-muscle-invasive bladder cancer; SNP: single nucleotide
polymorphism; TUR: transurethral resection.
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Table 2
Baseline patient and tumor characteristics of the NBCS study population used for replication

n (%) NMIBC MIBC
n = 1,284 n = 275

Male gender 1,078 (84) 198 (72)
Median age (range; in yrs) 64 (25–92) 64 (27–93)
Smoking status Never cigarette smoker 200 (16) 30 (11)

Ever cigarette smoker 955 (74) 166 (60)
Unknown 129 (10) 79 (29)

Tumor stage 0a 865 (67) –
0is 50 (3.9) –
I 352 (27) –
II – 136 (49)
III – 51 (19)
IV – 88 (32)
Unknown 17 (1.3) –

Concomitant CIS No 1157 (90) 121 (44)
Yes 113 (8.8) 71 (26)
Unknown 14 (1.1) 83 (30)

Tumor gradea Low grade 774 (60) 15 (5.5)
High grade 497 (39) 238 (86)
Unknown 13 (1.0) 22 (8.0)

Tumor histology UCC 1,272 (99) 242 (88)
SCC – 11 (4.0)
AC 1 (0.1) 9 (3.3)
Other 2 (0.2) 11 (4.0)
Unknown 9 (0.7) 2 (0.7)

Tumor size < 3 cm 182 (14) 15 (5.5)
≥ 3 cm 94 (7.3) 39 (14)
Unknown 1008 (79) 221 (80)

Tumor focality Solitary 700 (55) 179 (65)
Multifocal 504 (39) 69 (25)
Unknown 80 (6.2) 27 (9.8)

Initial treatment NMIBCb TUR only (±one immediate p.o. i.v. CT instillation) 586 (46) –
TUR + adjuvant i.v. CT 366 (29) –
TUR + adjuvant i.v. IT 243 (19) –
TUR + both adjuvant i.v. CT and IT 23 (1.8) –
Immediate radical cystectomy 19 (1.5) –
Other 1 (0.1) –
Unknown 46 (3.6) –

Median time at risk (IQR; in yrs) Recurrencec 2.9 (1.2–5.1) –
Progressionc 4.9 (3.0–7.6) –
Overall deathc – 6.2 (3.0–9.7)

aLow grade: WHO 1973 differentiation grade 1 or 2, WHO/ISUP 2004 low-grade, or Malmström (Modified Bergkvist) grade 1 or 2a; High
grade: WHO 1973 differentiation grade 3, WHO/ISUP 2004 high-grade, or Malmström (Modified Bergkvist) grade 2b or 3. bReplication among
NMIBC treatment subgroups was performed among 463 patients treated with TUR only (without one p.o. i.v. CT instillation), and 192 and 311
patients initially treated with ≥6 intravesical instillations of BCG or chemotherapy, respectively. cFive-year Kaplan-Meier risk of recurrence,
progression (NMIBC), and overall death (MIBC) is 50.5%, 17.2%, and 32.4%, respectively. Abbreviations: AC: adenocarcinoma; CIS: carcinoma
in situ; CT: chemotherapy; IT: immunotherapy; i.v.: intravesical; MIBC: muscle-invasive bladder cancer; NMIBC: non-muscle-invasive bladder
cancer; p.o.: post-operative; SCC: squamous cell carcinoma; TUR: transurethral resection; UCC: urothelial cell carcinoma.

respectively. Number of recurrence and progression
events among the total of 1284 NMIBC patients was
598 and 197, respectively; among the total of 275
MIBC patients, 87 deceased.

Associations with recurrence in NMIBC

Among the 23 tested SNPs, only rs3795617
(RGS13) was associated with NMIBC recurrence at
the p < 0.05 threshold (CT/TT vs. CC: hazard ratio
[HR] = 1.26 [95% CI: 1.04–1.53]), but with conflict-

ing direction of effect compared to the original study
(Tables 3, 4, S1) [13]. Borderline significant evidence
(0.05 < p < 0.10) for a directionally consistent associa-
tion with recurrence was demonstrated for rs1800795
(IL6) and rs25487 (XRCC1) [14, 15].

Associations with recurrence in TUR-only-treated
NMIBC

A statistically significant decrease in recurrence
risk (HR = 0.23 [95% CI: 0.07–0.72]) was found for
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Table 3
Summary of significant associations (p < 0.05) between candidate SNPs and prognostic and predictive endpoints in the NBCS patient series

Endpoint Gene SNP M/ I Info HWE pa A1b A2b Genotype counts Model
(NBCS1/ NBCS2) (A1A1/A1A2/A2A2)c Unadjusted Adjustedd

Event No event HR (95% CI) pe HR (95% CI) pe

NMIBC – recurrence RGS13 rs3795617 M M 1 C T 136/318/144 204/335/147 ADD 1.13 (1.01–1.27) 0.033 1.12 (0.99–1.26) 0.080
DOM 1.26 (1.04–1.53) 0.016 1.20 (0.98–1.47) 0.085
REC 1.10 (0.91–1.33) 0.308 1.12 (0.92–1.37) 0.268

BCG-treated ERCC2 rs1799793f I 0.927 0.904 0.74 C T 27/31/15 49/62/8 ADD 1.49 (1.03–2.15) 0.033 1.55 (1.05–2.31) 0.029
NMIBC – recurrence DOM 1.21 (0.73–2.00) 0.462 1.16 (0.67–2.01) 0.594

REC 2.76 (1.53–4.99) 7.88 × 10–4 3.41 (1.79–6.47) 1.80 × 10–4

BCG-treated IL18 rs187238f I 0.999 0.998 0.54 C G 35/28/10 65/48/6 ADD 1.38 (0.97–1.96) 0.073 1.74 (1.18–2.57) 5.49 × 10–3

NMIBC – recurrence DOM 1.25 (0.79–1.98) 0.340 1.59 (0.97–2.62) 0.066
REC 2.35 (1.20–4.59) 0.013 3.57 (1.65–7.72) 1.20 × 10–3

TUR-only-treated SUFU rs11594179 M M 0.49 C T 150/90/3 143/62/15 ADD 0.95 (0.76–1.18) 0.635 0.99 (0.79–1.24) 0.929
NMIBC – recurrence DOM 1.09 (0.84–1.42) 0.497 1.17 (0.89–1.53) 0.255

REC 0.23 (0.07–0.72) 0.012 0.24 (0.08–0.75) 0.014
NMIBC RGS4 rs6678136f M M 1 G A 55/105/37 389/506/192 ADD 1.18 (0.97–1.43) 0.103 1.15 (0.93–1.44) 0.205
–progression DOM 1.39 (1.02–1.90) 0.038 1.31 (0.92–1.85) 0.130

REC 1.08 (0.75–1.54) 0.677 1.09 (0.74–1.63) 0.653
NMIBC RGS5 rs11585883f I 0.984 0.986 0.06 T C 166/29/2 936/150/1 ADD 1.20 (0.83–1.75) 0.339 1.21 (0.80–1.81) 0.367
–progression DOM 1.13 (0.76–1.66) 0.548 1.13 (0.74–1.72) 0.585

REC 10.0 (2.47–40.6) 1.27 × 10–3 6.76 (1.57–29.2) 0.010
MIBC – overall RGS5 rs12035879f I 0.619 0.607 4.7 × 10–3 G A 23/44/20 62/101/24 ADD 1.72 (1.13–2.61) 0.011 1.49 (0.97–2.29) 0.066
survival DOM 1.76 (0.88–3.54) 0.110 1.63 (0.78–3.43) 0.195

REC 2.79 (1.40–5.56) 3.47 × 10–3 2.10 (1.01–4.37) 0.048
MIBC – overall TERT rs2075786f I 0.719 0.721 0.19 G A 34/36/17 81/86/21 ADD 1.27 (0.90–1.80) 0.171 1.56 (1.09–2.24) 0.015
survival DOM 1.18 (0.71–1.97) 0.527 1.47 (0.88–2.47) 0.142

REC 1.93 (1.01–3.68) 0.045 2.97 (1.50–5.90) 1.81 × 10–3

aHWE p-value was calculated based on measured or best-guess genotypes in the total group of study subjects included for imputation (n = 1,601). bA1: major/reference allele; A2: minor/predictive
allele (both according to plus (+) strand orientation). cExpected genotype counts for imputed SNPs were calculated using SNPTEST v2 based on the sum of probabilities across all individuals in
the respective patient subgroup, and rounded to the nearest whole number. dIn NMIBC (subgroups): adjusted for gender (male/female), age (<60/60–70/>70 yrs), tumor stage (Ta/T1/CIS), tumor
grade (low/ high grade), concomitant CIS (no/yes), tumor focality (solitary/multifocal), and in case of analysis of the total NMIBC group, treatment (TURT only ± 1 p.o. CT instillation/ adjuvant
i.v. CT/ adjuvant i.v. IT/ both adjuvant i.v. CT and IT); In MIBC: adjusted for gender (male/female), age (continuous), and aggregate measure based on TNM classification (i.e. tumors of stage
T2-T4a with N0/NX and M0/MX vs. tumor of stage T4(b) ór any T with N ≥1/N+ and/or M1). eValues in boldface type indicate significance at P < 0.05. f SNPs with directionally consistent
association compared with original publication. Abbreviations: ADD: additive; BCG: bacillus Calmette-Guérin; CI: confidence interval; DOM: dominant; HR: hazard ratio; HWE: Hardy-Weinberg
equilibrium; I: imputed; M: measured (genotyped); MIBC: muscle-invasive or metastatic bladder cancer; NMIBC: non-muscle-invasive bladder cancer; REC: recessive; SNP: single nucleotide
polymorphism; TUR: transurethral resection.
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Table 4
Summary of previous publications reporting associations with SNPs that meet the p < 0.05 threshold in the current replication study

Reference Gene SNP N (n events) Allelesa Genotype Model HR (95% CI) p Directionally
counts consistent

replication in
current study

Lee EK et al. [13] RGS13 rs3795617 421 NMIBC (232 R) G/A NR ADD 0.79 (0.65–0.96) 0.019 N
RGS4 rs6678136 421 NMIBC (85 P) G/A NR DOM 2.07 (1.20–3.57) 9.4 × 10–3 Y
RGS5 rs11585883 421 NMIBC (85 P) A/G NR DOM 1.93 (1.12–3.32) 0.018 Y
RGS5 rs12035879 325 MIBC (144 OD) G/A NR REC 1.65 (1.02–2.66) 0.039 Y

Gangawar R et al. ERCC2 rs1799793 74 BCG-NMIBC (35 R) G/A 31/28/15 GENO 0.64 (0.25–1.64) 0.356 Y
[16] 3.07 (1.22–7.68) 0.016
Jaiswal PK et al. IL18 rs187238 78 BCG-NMIBC (34 R) G/C 36/39/3 GENO 2.35 (1.09–5.10) 0.030 Y
[17] 2.43 (0.50–11.79) 0.269
Chen M et al. SUFU rs11594179 141 TUR-only-NMIBC G/A GG: 93 DOM 1.57 (1.00–2.45) 0.05 N
[8] (92 R) GA+AA: 48
Andrew AS et al. TERT rs2075786 410 MIBC (172 OD) T/C 164/198/57 GENO 0.8 (0.6–1.1) NR Y
[22] DOM 0.5 (0.3–1.0) (Logrank

0.8 (0.5–1.0) p = 0.1)
aFirst allele is reference/major allele, and second allele is predictor/minor allele. Abbreviations: ADD: additive; BCG: bacillus Calmette-Guérin; CI: confidence interval; DOM: dominant; GENO:
genotypic; HR: hazard ratio; MIBC: muscle-invasive or metastatic bladder cancer; NMIBC: non-muscle-invasive bladder cancer; NR: not reported; OD: overall death; P: progression; R: recurrence;
REC: recessive; SNP: single nucleotide polymorphism; TUR: transurethral resection.
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homozygous T allele carriers of rs11594179 (SUFU)
compared to patients with the CT/CC genotype
(Table 3). Direction of effect was however conflicting
with the association presented in the original report
(Table 4), and the variant failed previous external val-
idation in the Spanish EPICURO cohort [8]. None of
the other 13 evaluated variants showed association at
the p < 0.05 threshold (Table S2). Yet, a borderline
significant risk increase was observed with each G
allele copy of rs1233560 (SHH), which confirms the
previously reported and already replicated association
[8].

Associations with recurrence in BCG-treated
NMIBC

The SNP rs1799793 in ERCC2 was found to be
statistically significantly associated with recurrence
in BCG-treated patients (TT vs. CT/CC: HR = 2.76
[95% CI: 1.53–4.99]) (Table 3). This is in line with
the previously reported 3-fold increased recurrence
risk among homozygous A allele carriers compared to
patients with the GG genotype, with no significant dif-
ference between patients with genotype GA and GG
(Table 4) [16]. Furthermore, we replicated the associ-
ation of rs187238 (IL18): GG vs. CG/CC: HR = 2.35
(95% CI: 1.20–4.59) [17]. We could not confirm asso-
ciation with BCG recurrence of any of the other 35
reported SNPs (Table S3).

Associations with progression in NMIBC

From the 17 evaluated SNPs, the previously pos-
tulated association with NMIBC progression of two
variants in regulator of G-protein signaling (RGS)
genes could be replicated (Tables 3, 4) [13]. The
SNP rs6678136 (RGS4) correlated with a risk increase
for progression in both heterozygous and homozy-
gous A allele carriers (dominant model: HR = 1.39
[95% CI: 1.02–1.90]). Besides, homozygous carri-
ers (n = 3) of rs11585883 [C] (RGS5) experienced
an elevated risk of progression (recessive model:
HR = 10.0 [95% CI: 2.47–40.6]). Also, we observed a
trend towards recessive association with progression of
rs2297518 (NOS2), consistent with the original report
[18]. A borderline significant and directionally consis-
tent association with NMIBC progression was found
as well for two SNPs originally associated with cancer-
specific survival (CSS) in a combined NMIBC and
MIBC patient series: rs1042522 (TP53) and rs9302752
(NOD2) (Table S4) [19, 20].

Associations with progression in
chemotherapy-treated NMIBC

For six SNPs originally associated with CSS
in (intravesical/systemic) chemotherapy-treated UBC
[21], we evaluated association with NMIBC progres-
sion after initial intravesical chemotherapy treatment.
None of the SNPs showed association (Table S5).

Associations with overall survival in MIBC

In accordance with the original study, we observed
a recessive association with OS in MIBC for
rs12035879 [A] in RGS5 (HR = 2.79 [95% CI:
1.40–5.56]) and rs2075786 [A] in TERT (HR = 1.93
[95% CI: 1.01–3.68]) (Tables 3, 4) [13, 22]. For
three of the other 42 evaluated SNPs (i.e., rs2227983
[EGFR], rs613120 [PGR], and rs1131341 [NQO1]),
we identified a borderline significant association with
patient survival that confirms the previously reported
direction of effect (Table S6) [22–24].

In conclusion, association of only six SNPs could
be replicated (i.e., directionally consistent association
at p < 0.05): rs1799793 (ERCC2), rs187238 (IL18),
rs6678136 (RGS4), rs11585883 (RGS5), rs12035879
(RGS5), and rs2075786 (TERT). Directionally con-
sistent association at borderline significance was
observed for nine SNPs, among which rs1233560
(SHH) was replicated before. Multivariable analyses
indicated independent prognostic/predictive value for
all replicated SNPs, except for rs6678136 (RGS4)
(Table 3). It did not reveal additional, directionally con-
sistent SNP associations at p < 0.05 (data not shown).

DISCUSSION

We conducted an independent replication analy-
sis of 114 SNPs previously reported to be associated
with UBC outcome based on candidate-gene stud-
ies, within one of the largest, population-based UBC
patient series. We restricted replication to SNPs only,
as other types of genetic variants (n = 8) were insuf-
ficiently covered by our genotyping array. We could
confirm association of only six of the proposed prog-
nostic or predictive SNPs at the p < 0.05 level and with
directionally consistent effects with the original pub-
lication. In addition, one of the three earlier replicated
SNP associations, i.e., rs1233560 (SHH) with NMIBC
recurrence after TUR, was confirmed with borderline
significance [8].
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Non-replication of a large proportion of the pub-
lished SNP associations is not surprising given that the
candidate-gene studies were small and evaluated most
candidates just once [25]. The large sample size and
long follow-up of the NBCS patient cohort gave us
higher power to detect the reported associations, limit-
ing the chance of false-negative findings. In the overall
NMIBC group, our study had >80% power at � = 0.05
to replicate association of a SNP conferring a relative
hazard per risk allele (frequency: 0.20) of at least 1.2
for recurrence (five-year risk: 50%) and 1.4 for pro-
gression (five-year risk: 20%). Although our MIBC
patient series was relatively small, our study still had
>80% power at � = 0.05 to detect a risk allele rela-
tive hazard of at least 1.7 and 1.5 for overall mortality
(five-year risk: 30%), assuming a risk allele frequency
of 0.20 and 0.40, respectively.

We can however not exclude that lack of replicating
the other reported SNP associations can be attributed
to differences in genetic or environmental background
between the discovery and NBCS population, or to
heterogeneity in patient characteristics, therapeutic
schemes, or endpoint definitions. In order to exemplify
this, we redid our analysis of the 17 SNPs that were
reported to be associated with disease progression. As
an alternative definition for progression we now used
a shift to muscle invasive disease (see Supplementary
Table S9). Of course, the confidence intervals of the
effect estimates are generally wider because of this
much stricter definition (i.e. less endpoints). Because
of that, the prognostic effect of the RGS4 SNP lost its
statistical significance. Also, the effect estimates itself
are sometimes quite different. For example, the prog-
nostic effect of the RGS5 SNP in the dominant model
is totally different. Also, the NOD2 SNP has now sta-
tistically significant prognostic value in the recessive
model. In general, however, the effect estimates are not
higher (i.e. stronger prognostic effect) with this stricter
definition as might have been expected if they really
had prognostic value for progression to MIBC.

Also, even though this study replicated SNP associa-
tions identified through a hypothesis-driven approach,
not all variants were selected because of predicted or
known functional consequences but also as represen-
tative, haplotype-tagging SNPs for selected candidate
genes. Only part of the reported SNP associations may
therefore actually capture the causal variant. Possible
differences in allele frequencies and in linkage-
disequilibrium (LD) structure between our European
population and the discovery population may there-
fore affect the strength of association for non-causal
SNPs and, consequently, our power for replication.

This emphasizes the need for additional replication ini-
tiatives in patients of similar ethnic background, and
identification of causal variation through fine-mapping
efforts in the original discovery population. Reporting
of causal rather than associated genetic variants would
increase potential for clinical utility. Given that fine-
mapping and functional validation of associations are
currently feasible using relatively affordable technolo-
gies, perhaps publication standards should be raised
accordingly.

The NBCS patient cohort was retrospectively
enrolled, with a time lag between diagnosis and study
enrollment up to 12 years. The absence of prevalent
patients that failed to survive until the sampling date
has resulted in a study population biased towards favor-
able survival. This may have biased the effect size
estimates to some extent and thereby the ability of our
study to reproduce the reported associations. Assess-
ment of the association of the six replicated SNPs
within the subset of our patient cohort with a maxi-
mum time between diagnosis and study enrollment of
3 years showed, however, only marginal differences in
the effect size estimates compared to the total patient
cohort (data not shown).

Genotype data for the large majority of evaluated
SNPs in our NBCS replication series was based on
imputation; for 27 (24%) of the 114 SNPs included
in this study the patients’ genotype was measured
through the Illumina chip. Nevertheless, the IMPUTE
info score that expresses the level of imputation reli-
ability was at least 0.8 for 79 (91%) and even >0.9
for 71 (82%) of the 87 imputed SNPs. Also given the
fact that our analyses took into account the uncertainty
in genotype estimation, we expect that the influence
of potential genotype misclassification among study
participants on effect estimation is negligible.

On the other hand, single replication by our study
does not provide definitive proof of the six SNP associ-
ations. The prior evidence supporting these candidate
associations was limited (Table 4). None of the six
replicated SNP associations was reported more than
once. Only association of rs17999793 (ERCC2) with
recurrence after BCG was previously evaluated by
more than one study, but was identified exclusively
by Gangwar et al. [16, 26]. Also, if we would have
tested association for a random selection of 114 (non-
candidate) variants at an alpha level of 0.05, we would
a priori expect to find association for six of them purely
by chance. Replication in additional patient cohorts is
needed to confirm true association. For this reason, we
will only shortly touch upon the biological background
of the replicated variants.
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The strongest association signal (p = 7.88 × 10–4)
was found in relation to BCG recurrence for
rs1799793 (Asp312Asn) in the excision repair cross-
complementation group 2 (ERCC2) gene, which
encodes a nucleotide excision repair (NER) protein.
NER may diminish reactive oxygen species (ROS)-
induced DNA damage in the inflammatory response
that is evoked by BCG [16, 26]. In addition, we repli-
cated association with BCG response of a promoter
variant (rs187238) in interleukin-18 (IL18), which
exerts its anti-tumor activity by augmenting interferon-
� production, promoting T-helper 1 differentiation,
and enhancing cytotoxic activity [27]. Furthermore,
our study strengthened the evidence for implication
in NMIBC progression and MIBC survival of two
RGS genes, which may influence processes such as
tumor neovascularization through modulation of G
protein-coupled receptor (GPCR) signaling [28]. We
also confirmed association with MIBC survival of
the intronic SNP rs2075786 in telomerase (TERT)
involved in maintenance of telomere ends and thereby
in escape of cellular senescence in tumor cells [29].
Finally, we added to the evidence for association of a
3’ UTR variant (rs1233560) of sonic hedgehog (SHH),
encoding the ligand that initiates one of the major sig-
naling pathways in cancer stem cells, with recurrence
after TUR [8].

The fact that we do not observe more extreme sig-
nificance levels, even at the relatively high degree of
statistical power, indicates that if true associations exist
at all, most of the evaluated genetic variants are proba-
bly only weakly associated with patient outcome in our
population. It remains therefore questionable whether
the currently reported markers will ever markedly con-
tribute to more accurate outcome prediction at the
individual patient-level in order to tailor treatment and
surveillance plans.

This first replication study of all previously reported
prognostic and predictive SNP markers in UBC sug-
gests that non-replicated genetic associations in the
literature require a cautious interpretation. It supports
the notion that many published prognostic and pre-
dictive SNPs that lack a replication may represent
false-positives (25), also in UBC. Additional large-
scale replication initiatives are needed to confirm this
statement. Based on our replication in the NBCS,
the SNPs rs1799793 (ERCC2), rs187238 (IL18),
rs2075786 (TERT), rs1233560 (SHH), rs6678136
(RGS4), rs11585883 and rs12035879 (RGS5) are
especially worth pursuing in further replication and
functional follow-up studies. The low number of repli-
cated SNP associations underscores the need to apply

more stringent criteria when reporting associations, in
particular replicating identified associations as part of
the original study. Also, to allow the reader to judge the
usefulness of a study and understand why conclusions
may be dissimilar for different studies, transparent
and complete reporting should be encouraged [30].
Importantly, the initiation of a strong international con-
sortium of bladder cancer prognostic studies is highly
called for to facilitate the replication of genetic asso-
ciation findings across populations. In the future, an
agnostic GWAS approach, which is not biased by
a priori assumption of relevant candidate loci and
includes extensive replication, may lead to elucidation
of new disease mechanisms and prognostic or predic-
tive biomarkers.
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