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Genome-wide association studies (GWAS) of urinary bladder cancer (UBC) have yielded common variants at 12
loci that associate with risk of the disease. We report here the results of a GWAS of UBC including 1670 UBC
cases and 90 180 controls, followed by replication analysis in additional 5266 UBC cases and 10 456 controls.
We tested a dataset containing 34.2 million variants, generated by imputation based on whole-genome sequen-
cing of 2230 Icelanders. Several correlated variants at 20p12, represented by rs62185668, show genome-wide
significant association with UBC after combining discovery and replication results (OR 5 1.19, P 5 1.5 3
10211 for rs62185668-A, minor allele frequency 5 23.6%). The variants are located in a non-coding region ap-
proximately 300 kb upstream from the JAG1 gene, an important component of the Notch signaling pathways
that may be oncogenic or tumor suppressive in several forms of cancer. Our results add to the growing
number of UBC risk variants discovered through GWAS.

INTRODUCTION

Worldwide, almost 400 000 individuals are diagnosed with
urinary bladder cancer (UBC) and .150 000 patients die from
the disease every year (1,2). In the United States, UBC is the
5th most common type of cancer with an estimated 72 500 new
cases diagnosed and 15 200 deaths in 2013 (3). The male to
female ratio of UBC is 3 : 1. Although in vitro studies and animal
models support an essential role for the androgen receptor in
UBC risk and progression, this gender difference has been larg-
ely attributed to historical differences in tobacco smoking and
occupational exposure to aromatic and heterocyclic amines,
the most important risk factors for UBC.

In addition to smoking and occupational exposures, genetic
factors play a role in UBC risk. Population-based studies show
that the risk of UBC is almost 2-fold the population average
for the first-degree relatives of UBC patients (4,5) and the risk
is even higher for relatives of young probands (4–6). Families
with many cases of UBC are rare and segregation analyses
suggest that the ‘no major gene’ model is the best one to describe
the occurrence of UBC in these families (7). Taken together,
these studies suggest that the genetic UBC risk may be largely
conferred by many variants of moderate-to-low effect. Early

genetic studies that focused on variants in carcinogen-
metabolizing genes, strongly suggested that NAT2 slow acetyla-
tor and GSTM1 null genotypes increase UBC risk (8). In addition,
genome-wide association studies (GWAS) have yielded 12 UBC
risk loci in populations of European ancestry (9–15). All the var-
iants reported are common with risk allele frequencies .19% and
exert a relatively weak effect on UBC risk (allelic odds ratios
(ORs) ,1.24).

In this study, we searched for additional variants that affect
UBC risk in Iceland by performing GWAS on sequence variants
identified through whole-genome sequencing of Icelanders and
with follow-up of selected variants in .5000 UBC cases and
10 000 controls from 11 European populations.

RESULTS

To search for sequence variants that associate with UBC, we
performed a GWAS using information from the Icelandic
Cancer Registry (ICR) on all UBC diagnoses in Iceland since
1955 and sequence variants identified through whole-genome
sequencing of Icelanders. At the beginning of this study, 2230
Icelanders, including 22 UBC cases, had been whole-genome
sequenced to an average sequencing depth of 22×.
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Approximately 34.2 million SNPs and small INDELs were iden-
tified in this effort and, using imputation assisted by long-range
phased haplotypes, the genotype probabilities of all the sequence
variants were estimated for 826 UBC cases genotyped with Illu-
mina chips and for additional 844 UBC cases who are close rela-
tives of chip-typed individuals (16–18). The sequences of these
1670 UBC cases were compared with the sequences of 90 180
controls matched on genotype informativeness (see Materials
and Methods). In this analysis, the marker showing the strongest
association with UBC was the previously reported SNP
rs10094872-T on 8q24.2 (P ¼ 1.7 × 1027, OR ¼ 1.26) (13).
The variants reported to associate with UBC at 2q37.1, 3q26.2,
3q28, 4p16, 5p15.3, 8p22, 8q24.21, 8q24.3, 11p15.5, 18q12.3,
19q12 and 22q13.1 all showed effect in the reported direction
with P-values ranging from 0.06 to 1.7 × 1027 except for
rs10936599 at 3q26.2 (P ¼ 0.68) and rs8102137 at 19q12
(P ¼ 0.21) (Supplementary Material, Table S1). Since our
dataset allows testing of variants, both common and rare, that
were previously not covered by HapMap or commercial chips,
we scrutinized previously reported GWAS loci for variants
representing the association better than the reported SNPs or
representing additional independent signals. At three of the
loci, we observed variants that have either slightly stronger asso-
ciation in our data than the reported variants or coding variants
that could potentially explain the observed association (Supple-
mentary Material, Table S1). However, at none of the loci did we
find evidence that the associated variants are tagging a rarer
variant with higher risk nor did we observe evidence of other in-
dependent association signals at any of the loci (P , 1025).

Since no signal reached the threshold of genome-wide signifi-
cance in our analysis (P , 2 × 1029), we applied the following
marker selection scheme for identification of new UBC signals
(Supplementary Material, Fig. S1). SNPs at previously reported
loci and all SNPs with minor allele frequency (MAF) , 0.005
were filtered out; of the remaining markers, we selected those
with P-value of ,1 × 1025 and imputation information score
.0.95 for further analysis. A total of 82 variants representing
19 loci fulfilled these criteria (Supplementary Material,
Table S2). These 82 variants were tested for association with
UBC, using in silico follow-up in a set of 1601 Dutch UBC
cases and 1824 controls, genotyped with Illumina’s Human
Hap CNV370 chip and imputed using 1000 Genomes low-
coverage pilot haplotypes (released June 2010) and the
HapMap3 haplotypes (release #2 February 2009) (13). Twelve
of the 19 loci had imputed SNPs that could be used for follow-up
and two of those, represented by rs62185668 on 20p12.2 and
rs10784282 on 12q14.1, showed suggestive association with
UBC risk in the same direction as the Icelandic dataset (Supple-
mentary Material, Table S2A). For the other 10 loci, the associ-
ation signal did not replicate in the Dutch GWAS. Nine markers,
representing 7 loci, were not present in the Dutch GWAS dataset
and no good proxies were identified. These markers, along with
rs62185668 and rs10784282 that showed suggestive results in
silico, were genotyped with single SNP assays in UBC case–
control sample sets from The Netherlands (2098 cases and
4545 controls—including the samples used in the GWAS) and
Sweden (343 cases and 1264 controls) (Supplementary Material,
Table S2B). Only rs62185668 on 20p12.2 showed suggestive as-
sociation with UBC in both sample sets and this locus was
selected for a further follow-up.

In the Icelandic GWAS dataset, three markers at 20p12.2
show the strongest association with UBC; two single nucleotide
variants rs62185668 and rs4813953 and an INDEL rs148953085
(4 bp deletion) (Fig. 1 and Table 2). Because none of the markers
were present on the chips used for genotyping, all three variants
were directly genotyped to verify the accuracy of the Icelandic
imputation. Comparing the counts of the risk alleles of the
three markers among 2633 individuals, the correlation between
imputation and direct genotyping was .0.97 for all variants.

The variants rs62185668, rs4813953 and rs148953085 were
genotyped in a total of 5241 UBC cases and 10 456 controls
from 11 European UBC case–control sample sets (Table 1).
Using information on over 18 000 cases and controls from the
12 study populations directly genotyped for all three markers,
we determined that rs62185668 and rs148953085 are highly cor-
related (r2 ¼ 0.96) and can be assumed to represent the same
association signal. For convenience, this signal will hereafter
be referred to using rs62185668. The correlation between
rs62185668 and rs4813953 is moderate (r2 ¼ 0.50). The evi-
dence for replication of the UBC associations in non-Icelandic
populations was significant (OR ¼ 1.17, P ¼ 2.5 × 1027 for
rs62185668 and OR ¼ 1.13, P ¼ 6.2 × 1026 for rs4813953)
and showed no evidence of heterogeneity (Table 2). Combined
with the Icelandic data, the overall association passed the thresh-
old of genome-wide significance for both variants (rs62185668;
OR ¼ 1.19, P ¼ 1.5 × 10211 and rs4813953; OR ¼ 1.16, P ¼
2.1 × 10210) (Table 2).

We ran conditional analysis on rs62185668 and rs4813953
where we adjusted the results for each variant, using the other
variant as a covariate, including all individuals that had been
genotyped by single-variant assays for both markers. Once
adjusted for the other, the effect of each marker became consid-
erably smaller and the P-value much less significant (P . 0.01),
suggesting that both markers are capturing the same signal al-
though neither marker appears to fully explain the association
(Supplementary Material, Table S3).

We tested whether the risk variants at 20p12.2 associate with
disease subtypes that carry different risks of progression. Clinic-
al and molecular evidence suggests that UBC can develop along
at least two distinct pathways, one predicted to have low risk of
progression (tumors confined to the bladder mucosa and not
poorly differentiated) and the other having a high risk of progres-
sion (tumor invasion in or beyond the lamina propria or poorly
differentiated) (21). Using the same classification of cases, we
found that the frequency of rs62185668 and rs4813953 was not
different between patients with tumors of different risks of pro-
gression (P ¼ 0.84 and 0.23, for rs62185668 and rs4813953,
respectively) (Supplementary Material, Table S4). Neither
rs62185668 nor rs4813953 associates with gender or age at diag-
nosis of UBC.

The UBC risk variants are located in a non-coding region on
20p12.2. The closest gene is JAG1 (jagged1), located �300 kb
upstream of rs62185668, rs148953085 and rs1327235 (Fig. 1).
JAG1 is the ligand for the NOTCH family of transmembrane
receptors that play important roles in determining cell fate and
stem cell maintenance, promote cell survival and have been
implicated in many forms of cancer (22). An immunohistochem-
ical study on 70 bladder carcinomas and 10 samples of normal
urothelium revealed significantly decreased NOTCH1 and
JAG1 staining in tumor tissues (23). We assessed the expression
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of JAG1 mRNA in bladder tissues (4 normal urothelial samples
and 181 tumors) profiled on the Affymetrix U133Plus2 expres-
sion microarray (24). Consistent with the previous study, there
was a trend towards lower JAG1 expression in bladder tumors
from the level in normal urothelium (t-test P-value ¼ 0.063;
Supplementary Material, Table S5). Furthermore, in the large
majority of our panel of 45 UBC cell lines, expression of JAG1
mRNA is less than in than normal human urothelial cells (Sup-
plementary Material, Fig. S2).

We next attempted to determine if the UBC risk variants asso-
ciate with differential expression of JAG1 in urothelial cells.
Normal urothelium is hard to obtain because of the difficulty
in isolating the few layers of urothelial cells from the stroma
beneath it and no large-scale expression datasets are available
for this tissue type. We therefore assessed JAG1 expression in
34 low-passage normal human urothelial cell strains, using
quantitative real-time RT-PCR and correlated expression with
genotype of rs62185668, adjusting for number of passages.
JAG1 showed a trend towards lower expression in carriers of
rs62185668-A (P-value ¼ 0.11, effect ¼ 20.15 per allele)
(Supplementary Material, Fig. S3). We searched for eQTLs for
JAG1 in the GTEx database (http://www.broadinstitute.org/
gtex) which contains eQTLs for nine different tissue types,
albeit no data from urothelium. Lung tissue was the only tissue
type reporting eQTLs for JAG1; these eQTLs were not corre-
lated to our UBC markers. We then genotyped rs62185668 in

67 tumor samples for which DNA was available and correlated
the genotype with JAG1 expression, JAG1 locus loss in
tumors, stage and grade of the tumor, mutation status of
FGFR3 and TP53, and the presence or absence of the recently
defined MRES epigenetic phenotype (24). While JAG1 expres-
sion is associated with its copy number, rs62185668 genotype
did not show significant association with any of the tumor pheno-
types. However, taking into account bladder tumor heterogen-
eity, the number of tumors is too small to conclusively rule out
modest effects.

Analysis was undertaken to explore the potential functional
roles of the UBC risk variants. First, we identified a set of variants
at the 20p12.2 locus that are strongly correlated with rs62185668
or rs4813953 (r2 . 0.9). A total of 12 variants were correlated
with rs62185668 with r2 . 0.9 but no variant was found that
had this strong correlation with rs4813953 (the most highly
correlated marker is rs62185671 with r2 ¼ 0.86). We then cross-
referenced the selected variant locations with potential biologic-
al functional features according to The Encyclopedia of DNA
Elements project (25–27). The most-highly annotated variant
is the INDEL rs148953085 located within a predicted DNaseI
hotspot with strong signal in 32 cell types (Supplementary Ma-
terial, Table S6). According to a ChIP-Seq analysis, this site
also binds the C-FOS, C-JUN and GATA2 transcription
factors in the umbilical vein endothelial cell line HUVEC. Fur-
thermore this site is in a region annotated as an enhancer based on

Figure 1. Regional association plot for the 20p12.2 locus. The figure shows the 2log10 P-values (left vertical axis) of variant associations with UBC in the Icelandic
discovery samples against their positions at the 20p12.2 locus. The purple circle highlights the most significant SNP, rs4813953, in the discovery analysis and circles
corresponding to other SNPs are color coded to reflect their LD with rs4813953 estimated in the Icelandic dataset. The red line indicates recombination rates (right
axis), based on the Icelandic recombination map for males and females (19) combined with the peaks indicating recombination hotspots defining LD blocks. Known
genes in the region are shown underneath the plot, taken from the UCSC genes track in the UCSC genome browser. All positions are in NCBI Build 36 coordinates. The
plot was created using a standalone version of the LocusZoom software (http://csg.sph.umich.edu/locuszoom/) (20).
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histone mark data from four cell types (27), it has RegulomeDB
score of 4 (28) and Gerp score of 2.62 (29). The second strong-
est candidate is the SNP variant rs62185663 (r2 ¼ 1 with
rs62185668) which is located within a predicted DNaseI
hotspot with strong signal in 17 cell types. This site is in a
region annotated as an enhancer based on histone mark data
from two cell types; it has RegulomeDB score of 4 (28).

Heterozygous mutations in JAG1 cause Alagille syndrome
(arteriohepatic dysplasia; OMIM 118450), a multisystem dis-
order primarily affecting the liver, heart, skeleton, eye and

face. Previously, common variants at the JAG1 locus have
been reported that associate with bone mineral density (BMD)
(rs3790160, rs2273061) (30,31) and various measures of blood
pressure (BP) (rs1327235) (32). Neither rs62185668 nor
rs4813953 is correlated with the BMD variants (r2 , 0.04),
whereas rs62185668 shows modest correlation with the BP var-
iants (r2 ¼ 0.32) (Supplementary Material, Table S7). We tested
the association of the BMD and BP variants with UBC and, con-
versely, whether the UBC variants associated with BMD or BP,
using the extensive genotype and phenotype data available at

Table 1. Case–control groups used in the study

Study group No. of cases No. of controls Average age at
diagnosis (range)

% males (cases) Study type

Discovery group (GWA)
Iceland 1670 90 180 68 (20–95) 76 Population-based

In silico replication (GWA)
The Netherlandsa 1601 1824 62 (25–93) 81 Population-based

Follow-up groups
The Netherlandsa 2340 4545 64 (23–93) 81 Population-based
UK, Leeds 771 574 73 (30–101) 71 Hospital-based
Italy, Torino 332 391 63 (40–75) 100 Hospital-based
Italy, Brescia 183 193 63 (22–80) 100 Hospital-based
Belgium, Leuven 201 385 68 (40–93) 86 Population-based
Eastern Europe (Hungary, Romania, Slovakia) 214 533 65 (36–90) 83 Hospital-based
Sweden, Stockholm 352 1350 69 (32–97) 67 Population-based
Spain, Zaragoza 246 1844 65 (27–94) 87 Hospital-based
Germany, Dortmund 213 298 65 (20–91) 86 Hospital-based
Germany, Lutherstadt Wittenberg 197 239 71 (35–89) 75 Hospital-based
Germany Neuss 217 104 71 (26–93) 78 Hospital-based

Total 6936 99 682

aThe Dutch dataset used for in silico replication is a subset of the total Dutch case–control sample set used for follow-up

Table 2. Association of rs62185668[A] and rs4813953[T] on 20p12.2 with UBC

Study population rs62185668[A] rs4813953[T]
Frequency OR 95% CI P-value Phet I2 Frequency OR 95% CI P-value Phet I2

Cases Controls Cases Controls

Discovery groups (GWA)
Icelanda 0.290 0.253 1.26 1.14, 1.40 5.84E206 0.425 0.367 1.26 1.15, 1.38 9.06E207

Follow-up groups
The Netherlands 0.260 0.236 1.13 1.04, 1.23 0.0037 0.396 0.368 1.13 1.05, 1.21 0.0019
UK 0.266 0.231 1.20 1.00, 1.45 0.052 0.422 0.394 1.12 0.95, 1.32 0.17
Italy, Torino 0.287 0.233 1.33 1.04, 1.69 0.023 0.451 0.399 1.23 0.99, 1.53 0.057
Italy, Brescia 0.243 0.237 1.03 0.70, 1.52 0.86 0.406 0.369 1.17 0.86, 1.59 0.33
Belgium 0.247 0.221 1.16 0.86, 1.55 0.34 0.415 0.367 1.22 0.95, 1.57 0.13
Eastern Europe 0.260 0.253 1.03 0.76,1.41 0.84 0.390 0.403 0.95 0.73, 1.23 0.68
Sweden 0.253 0.222 1.19 0.97, 1.46 0.10 0.389 0.377 1.05 0.88, 1.27 0.58
Spain 0.278 0.250 1.15 0.93, 1.43 0.20 0.409 0.394 1.06 0.88, 1.29 0.52
Germany Dortmund 0.300 0.233 1.41 1.02, 1.95 0.038 0.448 0.379 1.33 1.00, 1.76 0.046
Germany, Luth/Witt 0.262 0.238 1.14 0.80, 1.61 0.47 0.391 0.362 1.13 0.85, 1.51 0.40
Germany, Neuss 0.313 0.221 1.60 1.08, 2.37 0.019 0.433 0.375 1.27 0.90, 1.80 0.17

Follow-up groupsb 0.270 0.234 1.17 1.10, 1.24 2.50E207 0.78 0.0 0.413 0.381 1.13 1.07, 1.19 6.20E206 0.86 0.0
All combinedb 0.271 0.236 1.19 1.13, 1.26 1.50E211 0.70 0.0 0.414 0.380 1.16 1.11, 1.21 2.10E210 0.56 0.0

All P-values shown are two sided. Shown are the allelic frequencies of variants in affected and control individuals and the allelic OR with P-values based on the
multiplicative model.
aResults adjusted by the method of genomic control (see Supplementary Material). Of the Icelandic subjects, 826 cases and 44 604 controls were directly genotyped,
the remaining cases and controls are individuals that had not been chip typed, but for which genotype probabilities were imputed using methods of familial imputation
(17).
bFor the combined study populations, the control frequency was the average, unweightedcontrol frequencyof the individual populations, while the OR and the P-value
were estimated using the Mantel–Haenszel model.

Human Molecular Genetics, 2014, Vol. 23, No. 20 5549

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/23/20/5545/2900863 by U
.S. D

epartm
ent of Justice user on 16 August 2022

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu264/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu264/-/DC1


deCODE (Supplementary Material, Table S8). The BMD and
BP variants showed no association with bladder cancer in the
Icelandic data (Supplementary Material, Table S8), whereas
the UBC variant rs62185668 showed association with several
measures of bone density with P , 3 × 1024. To further test
the association between the UBC variants and BMD, we used
data from the meta-analysis of GWAS for BMD of the femoral
neck (FN-BMD; n ¼ 32 961) and lumbar spine (LS-BMD;
n ¼ 31 800), including �2.5 million autosomal genotyped or
imputed SNPs from 17 studies from populations across North
America, Europe, East Asia and Australia (http://www.gefos.
org/?q=content/data-release, downloaded February 12, 2014)
(31). rs4813953 was directly tested in the meta-analysis but
the marker rs62185668 was not present in the dataset so a
perfect surrogate (D′ ¼ 1, r2 ¼ 1, according to http://www.
broadinstitute.org/mpg/snap based on 1000 Genomes pilot 1)
was tested instead. In this large sample set, rs4813953 and
rs6077985 showed association with FN-BMD with P-values of
0.003 and 0.001, respectively, but did not associate with
LS-BMD (P ¼ 0.41 and 0.03, respectively). Given that the
meta-analysis has far more power and greater sample size than
the Icelandic study alone, we conclude that the additional evi-
dence from non-Icelandic studies does not replicate the associ-
ation with the same effect observed initially in Iceland and that
the UBC SNPs are unlikely to have an effect on BMD.

Finally, a suggestive association between a variant at 20p12.2
(rs6104690, MAF ¼ 0.44) and UBC was recently reported,
however, this association (OR ¼ 0.89, P ¼ 7.13 × 1027) did
not reach the level of genome-wide significance (15). The var-
iants reported here to associate with genome-wide significance
with UBC have a lower frequency and a stronger effect than
the reported variant rs6104690 and show low-to-moderate cor-
relation with this variant (r2 between rs6104690 and each of
the variants rs62185668 and rs4813953 is 0.30 and 0.14, respect-
ively). We performed conditional analysis where we adjusted the
association results for rs62185668 for rs6104690 and vice versa,
using data on 826 UBC cases and 44 604 controls in the Icelandic
population (Supplementary Material, Table S9). After adjust-
ment for rs62185668, no signal remained at rs6104690
whereas the association signal of rs62185668 was not affected
by adjustment with rs6104690. Finally, a variant at 6p22.3,
rs4510656, was also reported to have a suggestive association
with UBC (OR ¼ 0.89, P ¼ 6.7 × 1027) (15). We assessed the
association between rs4510656 and UBC in the Icelandic and
Dutch GWAS data. In both datasets, the variant showed a
weak effect in the same direction as reported (combined OR ¼
0.94, P ¼ 0.061); however, the results from combined analysis
of the Icelandic, Dutch and published GWAS failed to reach
the threshold for genome-wide significance (OR ¼ 0.91, 95%
CI (0.88, 0.94), P ¼ 3.6 × 1027, Phet ¼ 0.29, I2 ¼ 18.9).

DISCUSSION

In this study, we discovered and validated associations between
UBC and common markers at 20p12.2. The strongest association
signal is represented by two moderately correlated markers
rs62185668 and rs4813953. Conditional analysis showed that
neither variant retains a significant association after adjustment
for the other, indicating that they may represent the same signal.

Using the sequence information of 2230 Icelanders who have
been whole-genome sequenced to an average sequencing
depth of 22×, we can impute variants down to �0.1% frequency
into our case–control population. We scrutinized the region
flanking rs62185668 (1 Mb on either side) and did not observe
any variants that could better explain the association signal
than rs62185668 and rs4813953. However, it should be noted
that even at this coverage, current WGS technology has pro-
blems resolving some regions of the genome, such as repetitive
sequences and first exons of protein coding genes. We can there-
fore not exclude that the causative variant still remains to be
found.

The closest gene to the UBC variants at 20p12.2 is the
NOTCH1 ligand, JAG1, prompting speculations that this gene
may contribute to susceptibility to UBC. The Notch pathway
has been shown to play a complex role in cancer where its role
is highly dependent on cell type and context, being implicated
both as a tumor promoter and suppressor (22). Activation of
Notch pathways is commonly observed in different cancer
types and inhibitors of Notch signaling are being tested as
cancer medicines (33). Reports of expression of Notch
pathway genes in UBC have been conflicting. In the Expression
Atlas (a study that compiles 5372 samples from 206 different
studies generated on the HG-U133A array platform) both
NOTCH1 and JAG1 are reported to be upregulated in UBC
(34) and a recent study on 131 bladder tumors, released
through The Cancer Genome Atlas research network, reported
upregulation of JAG1 expression in 12 tumors (35). However,
a study that assessed the presence of the NOTCH1 and JAG1 pro-
teins by immunohistochemistry of bladder tumors and normal
urothelium and our own results suggest that JAG1 is downregu-
lated in bladder tumors and UBC cell lines. Notably, post-
operative disease-free survival time in patients with papillary
tumors with low Notch1 and Jag1 expression has been found
to be significantly shorter than that in patients with other expres-
sion patterns (23). Finally, NOTCH1 is on the long arm of 9q
which is deleted in a high fraction of both superficial and
muscle-invasive UBC (36).

In conclusion, we have discovered an association between se-
quence variants close to JAG1 at 20p12.2 and the risk of UBC.
This finding brings the growing number of UBC risk loci identi-
fied through GWAS to 13.

MATERIALS AND METHODS

Study subjects from Iceland

Records of all UBC diagnoses were obtained from the ICR (http
://www.krabbameinsskra.is). The ICR contains all cancer diag-
noses in Iceland from January 1, 1955. The ICR contained
records of 1983 Icelandic UBC patients diagnosed until Decem-
ber 31, 2011. Recruitment of UBC cases was initiated in 2001
and included all prevalent cases as well as newly diagnosed
cases from that time. The participation rate for newly diagnosed
cases since 2001 is 75%. Patients were recruited by trained
nurses on behalf of the patients’ treating physicians, through
special recruitment clinics. Participants in the study donated a
blood sample and answered a lifestyle questionnaire. A total of
826 patients (77% males; diagnosed from December 1964 to De-
cember 2011) were included in a genome-wide SNP genotyping
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effort, using the Infinium II assay method and either the Sentrix
HumanHap 300, HumanCNV370-duo or Omni Express Bead-
Chips (Illumina). The median age at diagnosis for all consenting
cases was 67.4 years (range 10–96 years) as compared with 68.9
years for all UBC patients in the ICR. In addition to the chip-
genotyped cases, we used information on 844 UBC cases
without chip information whose genotype probabilities were
imputed using methods of familial imputation (17). The 90
180 controls used in this study consisted of individuals from
other ongoing GWAS at deCODE. No individual disease
group is represented by .10% of the total control group.
Cancer patients (prostate, breast, colorectal and lung) were ana-
lyzed separately, and the frequency of the sequence variants
studied did not differ from other controls. Samples from prostate,
breast, colorectal and lung cancer patients as well as individuals
used for the analysis of smoking variables come from other
ongoing project at deCODE Genetics. The study was approved
by the Data Protection Authority of Iceland and the National Bio-
ethics Committee. Written informed consent was obtained from
all patients, relatives and controls. Personal identifiers asso-
ciated with medical information and blood samples were
encrypted with a third-party encryption system for which the
Data Protection Authority maintains the code.

Study subjects from the Netherlands

The Dutch patients were recruited for the Nijmegen Bladder
Cancer Study (NBCS: http://dceg.cancer.gov/icbc/mem
bership.html). The NBCS identified patients in the Eastern part
of the Netherlands through the Netherlands Cancer Registry
held by the Comprehensive Cancer Centre the Netherlands
(IKNL). Patients diagnosed between 1995 and 2006 under the
age of 75 years were selected and their vital status and current
addresses updated through the hospital information systems of
seven community hospitals and one university hospital
(Radboud university medical center, Radboudumc). All patients
still alive on August 1, 2007 were invited to the study by the
Comprehensive Cancer Center on behalf of the patients’ treating
physicians. A second group of patients, diagnosed between 2006
and 2008, was invited in 2009, a third group, diagnosed between
2008 and 2009, was invited in 2010 and a fourth group, diag-
nosed between 2009 and 2011, was invited in 2012. In case of
consent, patients were sent a lifestyle questionnaire to fill out
and blood samples were collected by Thrombosis Service
centers, which hold offices in all the communities in the
region. In total, 2654 patients were invited to participate. Of
all the invitees, 1744 gave informed consent (66%): 1603 filled
out the questionnaire (60%) and 1626 (61%) provided a blood
sample. All the patients that were selected for the analyses
were of self-reported European descent. The median age at diag-
nosis was 64 (range 25–81) years. Eighty percent of the partici-
pants were males. Data on tumor stage and grade were obtained
through the cancer registry.

The series of patients that was recruited through the Compre-
hensive Cancer Centre was combined with a non-overlapping
series of 465 bladder cancer patients who were (i) recruited pre-
viously for a study on gene–environment interactions in three
hospitals (Radboudumc, Canisius Wilhelmina Hospital, Nij-
megen and Streekziekenhuis Midden-Twente, Hengelo, the
Netherlands) (ii) consecutive bladder cancer patients from the

Department of Urology, Radboudumc, Nijmegen, The Nether-
lands. The median age at diagnosis was 64 (range 30–93)
years. Eighty-five percent of these participants were males.
Data on tumor stage and grade were obtained through the
cancer registry.

Additionally, another non-overlapping series of 249 consecu-
tive bladder cancer patients from the Department of Urology,
Erasmus Medical Center in Rotterdam, The Netherlands were
included (81% males). All patients signed an informed consent
form for their blood samples.

The control group (46% males) was recruited within a project
entitled ‘Nijmegen Biomedical Study’. Control individuals
from the NBS were invited to participate in a study on gene–
environment interactions in multifactorial diseases such as
cancer. The details of this study were reported previously
(37). Briefly, this is a population-based survey conducted by
the Department for Health Evidence and the Department of
Clinical Chemistry of the Radboudumc. Age- and sex-stratified
randomly selected adult inhabitants of Nijmegen (n ¼ 22 451), a
city located in the eastern part of the Netherlands, received an
invitation to fill out a postal questionnaire including questions
about lifestyle, health status and medical history, and to donate
a blood sample for DNA isolation and biochemical studies.
A total of 9350 (43%) persons filled out the questionnaire, of
which 6468 (69%) responders donated blood samples.

The study protocols of the Nijmegen Bladder Cancer Study
and the Nijmegen Biomedical Study were approved by the Insti-
tutional Review Board of the Radboud university medical center
and all study subjects gave written informed consent.

Study subjects from the United Kingdom

Details of the Leeds Bladder Cancer Study have been reported
previously (38). In brief, patients from the urology department
of St James’s University Hospital, Leeds were recruited from
August 2002 to March 2006. All those patients attending for
cystoscopy or transurethral resection of a bladder tumor who
had previously been found, or were subsequently shown, to
have urothelial cell carcinoma of the bladder were included. Ex-
clusion criteria were significant mental impairment or a blood
transfusion in the past month. All non-Caucasians were excluded
from the study leaving 764 patients. The median age at diagnosis
of the patients was 73 years (range 30–101). Seventy-one
percent of the patients were male and 36% of all the patients
had tumors with low risk of progression (pTaG1/2). The controls
were recruited from the otolaryngology outpatients and ophthal-
mology inpatient and outpatient departments at St James’s Hos-
pital, Leeds, from August 2002 to March 2006. All controls of
appropriate age for frequency matching with the cases were
approached and recruited if they gave their informed consent.
As for the cases, exclusion criteria for the controls were signifi-
cant mental impairment or a blood transfusion in the past month.
Also, controls were excluded if they had symptoms suggestive of
bladder cancer, such as hematuria. 2.8% of the controls were
non-Caucasian leaving 530 Caucasian controls for the study.
Seventy-one percent of the controls were male. Data were col-
lected by a health questionnaire on smoking habits and
smoking history (non-, ex- or current smoker, smoking dose in
pack-years), occupational exposure history (to plastics, rubber,
laboratories, printing, dyes and paints, diesel fumes), family
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history of bladder cancer, ethnicity and place of birth and places
of birth of parents. The participation response rate of cases was
�99%, that among the controls �80%. Ethical approval for the
study was obtained from Leeds (East) Local Research Ethics
Committee, project number 02/192.

Study subjects from Torino, Italy

The source of cases for the Torino bladder cancer study are two
urology departments of the main hospital in Torino, the San Gio-
vanni Battista Hospital (39). Cases are all Caucasian men, aged
40–75 years (median 63 years) and living in the Torino metro-
politan area. They were newly diagnosed between 1994 and
2006 with a histologically confirmed, invasive or in situ,
bladder cancer. Of all the patients with information on stage
and grade, 56% were at low risk of progression (pTaG1/2).
The sources of controls are urology, medical and surgical depart-
ments of the same hospital in Torino. All controls are Caucasian
men resident in the Torino metropolitan area. They were diag-
nosed and treated between 1994 and 2006 for benign diseases
(such as prostatic hyperplasia, cystitis, hernias, heart failure,
asthma and benign ear diseases). Controls with cancer, liver or
renal diseases and smoking-related conditions were excluded.
The median age of the controls was 57 years (range 40–74).
Data were collected by a professional interviewer who used a
structured questionnaire to interview both cases and controls
face to face. Data collected included demographics (age, sex,
ethnicity, region and education) and smoking. For cases, add-
itional data were collected on tumor histology, tumor site, size,
stage, grade and treatment of the primary tumor. The participa-
tion response rates were 90% for cases and 75% for controls
resulting in 328 cases and 389 controls. Ethical approval for
the study was obtained from Comitato Etico Interaziendale,
A.O.U. San Giovanni Batista – A.). C.T.O./Maria Adelaide.

Study subjects from Brescia, Italy

The Brescia bladder cancer study is a hospital-based case–
control study. The study was reported in detail previously (40).
In short, the catchment area of the cases and controls was the
Province of Brescia, a highly industrialized area in Northern
Italy (mainly metal and mechanical industry, construction, trans-
port and textiles) but also with relevant agricultural areas. Cases
and controls were enrolled in 1997–2000 from the two main city
hospitals. The total number of eligible subjects was 216 cases
and 220 controls. The participation rate (enrolled/eligible) was
93% (N ¼ 201) for cases and 97% (N ¼ 214) for controls.
Only males were included. All cases and controls had Italian na-
tionality and were of Caucasian ethnicity. All cases had to be
residents of the Province of Brescia, aged between 20 and 80,
and newly diagnosed with histologically confirmed bladder
cancer. The median age of the patients was 63 years (range
22–80). Twenty-nine percent of all the patients with known
stage and grade had tumors with low risk of progression
(pTaG1/2). Controls were patients admitted for various uro-
logical non-neoplastic diseases and were frequency matched to
cases on age, hospital and period of admission. The study was
formally approved by the ethical committee of the hospital
where the majority of subjects were recruited. A written
informed consent was obtained from all participants. Data

were collected from clinical charts (tumor histology, site,
grade, stage, treatments, etc.) and by means of face-to-face inter-
views during hospital admission, using a standardized semi-
structured questionnaire. The questionnaire included data on
demographics (age, ethnicity, region, education, residence,
etc.), and smoking. ISCO and ISIC codes and expert assessments
were used for occupational coding. Blood samples were col-
lected from cases and controls for genotyping and DNA
adducts analyses.

Study subjects from Belgium

The Belgian study has been reported in detail (41). In brief, cases
were selected from the Limburg Cancer Registry and were
approached through urologists and general practitioners. All
cases were diagnosed with histologically confirmed urothelial
cell carcinoma of the bladder between 1999 and 2004 and
were Caucasian inhabitants of the Belgian province of
Limburg. The median age of the patients was 68 years; 86% of
all the patients were males. For the recruitment of controls, a
request was made to the ‘Kruispuntbank’ of the social security
for simple random sampling, stratified by municipality and
socio-economic status, among all citizens .50 years of age of
the province. The median age of the controls was 64 years;
59% of the controls were males. Three trained interviewers
visited cases and controls at home. Information was collected
through a structured interview and a standardized food fre-
quency questionnaire. In addition, biological samples were
collected. Data collected included medical history, lifetime
smoking history, family history of bladder cancer and a lifetime
occupational history. Informed consent was obtained from
all participants and the study was approved by the ethical
review board of the Medical School of the Catholic University
of Leuven, Belgium.

Study subjects from Eastern Europe

The details of this study have been described previously (42).
Cases and controls were recruited as part of a study designed
to evaluate the risk of various cancers due to environmental
arsenic exposure in Hungary, Romania and Slovakia between
2002 and 2004. The recruitment was carried out in the counties
of Bacs, Bekes, Csongrad and Jasz-Nagykun-Szolnok in
Hungary; Bihor and Arad in Romania; and Banska Bystrica
and Nitra in Slovakia. The cases (N ¼ 214) and controls (N ¼
533) selected were of Hungarian, Romanian and Slovak nation-
alities. Bladder cancer patients were invited on the basis of histo-
pathological examinations by pathologists. Hospital-based
controls were included in the study, subject to fulfillment of a
set of criteria. All general hospitals in the study areas were
involved in the process of control recruitment. The controls
were frequency matched with cases for age, gender, country of
residence and ethnicity. Controls included general surgery,
orthopedic and trauma patients aged 30–79 years. Patients
with malignant tumors, diabetes and cardiovascular diseases
were excluded as controls. The median age of the bladder
cancer patients was 65 years (range 36–90); 83% of the patients
were males. The median age of the controls was 61 years (range
28–83); 51% of the controls were males. The participation rates
among cases and controls were �70%. Of all the patients with
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known stage and grade information, 28% had a low-risk tumor
(pTaG1/2). Clinicians took venous blood and other biological
samples from cases and controls after consent forms had been
signed. Cases and controls recruited to the study were inter-
viewed by trained personnel and completed a general lifestyle
questionnaire. Ethnic background for cases and controls was
recorded along with other characteristics of the study population.
Local ethical boards approved the study plan and design.

Study subjects from Sweden

The Swedish patients come from a population-based study of
UBC patients diagnosed in the Stockholm region in 1995–
1996 (43). Blood samples from 352 patients were available out
of a collection of 538 patients with primary urothelial carcinoma
of the bladder. The average age at onset for these patients is 69
years (range 32–97 years), and 67% of the patients are males.
Clinical data, including age at onset, grade and stage of tumor,
were prospectively obtained from hospitals and urology units
in the region. The control samples came from blood donors in
the Stockholm region and were from cancer-free individuals of
both genders. The regional ethical committee approved the
study and all participants gave informed consent.

Study subjects from Spain

The Spanish study patients were recruited from the Urology and
Oncology Departments of Zaragoza Hospital between Septem-
ber 2007 and June 2009. Two hundred and forty-six patients
with histologically proven urothelial cell carcinoma of the
bladder were enrolled (response 77%). Clinical information in-
cluding age at onset, grade and stage was obtained from
medical records. The median age at diagnosis for the patients
was 65 years (range 27–94) and 87% were males. The 1844
Spanish control individuals were part of a larger collection of
control samples obtained from individuals who had attended
the University Hospital in Zaragoza, Spain, for diseases other
than cancer between November 2001 and May 2007. The con-
trols were of both genders and median age was 52 years (range
11–87). Controls were questioned to rule out prior cancers
before drawing the blood sample. All patients and controls
were of self-reported European descent. Study protocols were
approved by the Institutional Review Board of Zaragoza Univer-
sity Hospital. All subjects gave written informed consent.

Study subjects from Germany

The study subjects from Germany came from three different
studies.

(i) The Neuss bladder cancer study. Details of the bladder
cancer cases of this study have been published previously
(44). The ongoing case–control series consists of 217
bladder cancer cases and 105 controls from the Department
of Urology, Lukasklinik Neuss, Germany, located �20 km
from the Ruhr area. The median age at diagnosis was 72.9
(range 26.1–93.4) years. Seventy-eight percent of the par-
ticipants were males. Data on tumor stage and grade were
obtained through the cancer registry. Forty-five percent
of the patients had a low-risk tumor (pTaG1/2). The 105

control individuals (64% males) (median age 42.4, range
18.0–89.0) were cancer free. Data were collected from
June 2009 to July 2010. The local ethics committee
approved the study plan and design.

(ii) The Dortmund bladder cancer study. Details of the bladder
cancer cases of this study have been published previously
(43). The case–control series consists of 197 patients
with a confirmed bladder cancer from the Department of
Urology, St.-Josefs-Hospital Dortmund-Hörde, located in
the Ruhr area, an area of former coal, iron and steel indus-
tries and 240 controls from the same Department of
Urology, admitted for treatment of benign urological dis-
eases, enrolled from July 2009 to July 2010. The median
age at diagnosis was 71.2 (range 35.0–89.2) years.
Seventy-five percent of the participants were males. Sixty
percent of the patients had tumors with low risk of progres-
sion (pTaG1/2). The 240 control individuals (77% males)
were cancer free and frequency matched for age with the
cases (median age 70.7, range 21.7–100). The local
ethics committee approved the study plan and design.

(iii) The Lutherstadt Wittenberg study. Details of the bladder
cancer cases of this study have been reported previously
(44–46). In brief, 221 patients with a confirmed bladder
cancer from the Department of Urology, Paul Gerhardt
Foundation, Lutherstadt Wittenberg, Germany, were
included. Patients were enrolled from December 1995 to
January 1999. Exclusion criterion was a missing written
informed consent into the study. The median age of the
patients was 65 years (range 20–91); 86% of the patients
were males. A total of 214 controls were from the same de-
partment of urology, but were admitted for treatment of
benign urological diseases. Exclusion criteria were malig-
nant disease in the medical history or a missing written
informed consent. The median age of the controls was 68
years (range 29–91); 84% of the controls were males.
Data were collected from July 2000 to May 2005. All
cases and controls were Caucasians, which was confirmed
by questionnaire-based documentation of nationality.
Cases and controls were matched for age. Data collected
in cases and controls include age, gender, a complete docu-
mentation of occupational activities performed at least for 6
months, documentation of work places with known bladder
cancer risk over the entire working life, exposures to known
or suspected occupational bladder carcinogens, lifetime
smoking habits, family history of bladder cancer, numbers
of urinary infections treated by drugs during the previous
10 years, place of birth and places of residency for .10
years. For bladder cancer cases, data on tumor staging,
grading and treatment were taken from the records. First
diagnosis of bladder cancer was recorded from July 1979
to January 1999. The local ethics committee approved the
study plan and design.

Genome-wide genotyping and imputations of untyped
variants

The Icelandic chip-typed samples were assayed with the Illumina
HumanHap300, HumanCNV370, HumanHap610, Human-
Hap1M, HumanHap660, Omni-1, Omni 2.5 or Omni Express
bead chips. SNPs were excluded if they had (i) yield ,95%,
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(ii) minor allele frequency ,1% in the population, (iii) signifi-
cant deviation from Hardy–Weinberg equilibrium (P ,
0.001), (iv) if they produced an excessive inheritance error rate
(over 0.001) or (v) if there was substantial difference in allele fre-
quency between chip types (from just a single chip if that
resolved all differences, but from all chips otherwise). All
samples with a call rate ,97% were excluded from the analysis.
For the HumanHap series of chips, 308 840 SNPs were used for
long-range phasing, whereas for the Omni series of chips 642
079 SNPs were included. The final set of SNPs used for long-
range phasing was composed of 785 863 SNPs.

Variants were imputed based on WGS data from 2230 Icelan-
ders, sequenced at a minimum depth of 10× (average 22×). Ap-
proximately 34.2 million SNPs and small indel variants were
imputed based on this set of individuals. A detailed description
of imputation methods used for the Icelandic population has
been published recently (18). In brief, sequencing by synthesis
was performed on Illumina GAIIx and HiSeq2000 instruments.
SNPs that were identified through sequencing were imputed into
all Icelanders who had been phased with long-range phasing
using the same model used by IMPUTE.

The full GWAS results provide specific information on the
genetic characteristics of the whole Icelandic nation, precluding
full disclosure of the data. Association results for all variants
with P-value , 1024, MAF . 0.005 and imputation informa-
tion score .0.95 are shown in Supplementary Material,
Table S10.

The Dutch GWAS has been described previously (13). In
brief, 1631 Dutch cases and 1824 Dutch controls were assayed
with the Illumina HumanHap300 or HumanHapCNV370 (Illu-
mina, SanDiego, CA, USA). SNPs were excluded if they had
MAF ,0.01, were not in Hardy–Weinberg equilibrium (P ,
10–5) or had different frequency for the two chip types used
(P , 10–5). For imputation into the Dutch dataset, we used
292 650 autosomal SNPs present on both chip types and that
passed QC to impute an additional 7 543 837 ungenotyped
SNPs using the IMPUTE v2.1 software (47,48) and a training
set consisting of the combined 1000 Genomes low-coverage
pilot haplotypes (released June 2010, 120 chromosomes) and
the HapMap3 haplotypes (release #2 February 2009, 1920 chro-
mosomes) downloaded from http://mathgen.stats.ox.ac.uk/imp
ute/impute_v2.html#filtered_1kg_hm3_haps.

Single track variant genotyping

Genotyping of single SNP was carried out by deCODE Genetics
in Reykjavik, Iceland, applying the Centaurus (Nanogen) plat-
form (49). The quality of the imputation was evaluated by com-
paring imputed genotypes to genotypes obtained by using the
assay. The concordance was .97%. Positive and negative con-
trols were present on all genotyping plates in order to ensure
correct genotyping. Genotyping of the indel variant
rs148953085 was done by PCR amplification followed by size
fractionation on Applied Biosystems model 3730 sequencer,
using Genescan (v. 3.0) peak-calling software. Alleles were
called using an internal allele-calling program (50). The
sequences of the primers used for genotyping were as follows:
forward 5′-(GTGGGTAAGGCAAACCAAAA)-3′, reverse
5′-(AGGTTCAGTCTGCCCTGAAA)-3′.

Association testing

Case–control association testing
Logistic regression was used to test for association between se-
quence variants and disease, treating disease status as the re-
sponse and expected allele counts from imputation or allele
counts from direct genotyping as covariates. The analysis
included assessment of chromosome X. Testing was performed
using the likelihood ratio statistic. When testing for association
using the in silico genotypes, controls were matched to cases
based on the informativeness of the imputed genotypes, such
that for each case C controls of matching informativeness
where chosen. Failing to match cases and controls will lead to
a highly inflated genomic control factor, and in some cases
may lead to spurious false positive findings. The informativeness
of each of the imputation of each of an individual’s haplotypes
was estimated by taking the average of

a(e, u) =
e − u

1 − u
, e ≥ u

u− e

u
, e , u

⎧⎪⎨
⎪⎩

over all SNPs imputed for the individual, where e is the expected
allele count for the haplotype at the SNP and u is the population
frequency of the SNP. Note that a(u,u) ¼ 0 and a(0,u) ¼
a(1,u) ¼ 1. The mean informativeness values cluster into groups
corresponding to the most common pedigree configurations used
in the imputation, such as imputing from parent into child or from
child into parent. Based on this clustering of imputation inform-
ativeness, we divided the haplotypes of individuals into seven
groups of varying informativeness, which created 27 groups of
individuals of similar imputation informativeness; 7 groups of
individuals with both haplotypes having similar informativeness,
21 groups of individuals with the two haplotypes having different
informativeness, minus the one group of individuals with neither
haplotype being imputed well. Within each group, we calculate
the ratio of the number of controls and the number of cases, and
choose the largest integer C that was less than this ratio in all
the groups. For example, if in one group there are 10.3 times as
many controls as cases and if in all other groups this ratio was
greater, then we would set C ¼ 10 and within each group random-
ly select 10 times as many controls as there are cases.

Quantitative trait association testing
A generalized form of linear regression was used to test for associ-
ation between sequence variants and BMD or BP. Let y be the
vector of quantitative measurements, and let g be the vector of
expected allele counts for the SNP being tested. We assume the
quantitative measurements follow a normal distribution with a
mean that depends linearly on the expected allele at the SNP and
a variance covariance matrix proportional to the kinship matrix:

y�N(a+ bg, 2s2F),

where

Fij =
1

2
, i = j

2kij, i = j

⎧⎨
⎩ ,
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is the kinship matrix as estimated from the Icelandic genealogical
database. It is not computationally feasible to use this full model
and we therefore split the individuals with in silico genotypes
and BMD and BP measurements into smaller clusters. Here, we
chose to restrict the cluster size to at most 300 individuals.

The maximum likelihood estimates for the parameters a, b
ands2 involve inverting the kinship matrix. If there are n indivi-
duals in the cluster, then this inversion requires O(n3) calcula-
tions, but since these calculations only need to be performed
once, the computational cost of doing a genome-wide associ-
ation scan will only be O(n2) calculations; the cost of calculating
the maximum likelihood estimates if the kinship matrix has
already been inverted.

Association analysis of follow-up datasets

For association analysis of the follow-up datasets, we used a
standard likelihood ratio statistic, implemented in the NEMO
software (51) to calculate two-sided P-values for each individual
allele, assuming a multiplicative model for UBC risk, i.e. the
bladder cancer risk multiplies by the number of risk alleles a
person carries. Results from multiple case–control groups
were combined using a Mantel–Haenszel model in which the
groups were allowed to have different population frequencies
for alleles and genotypes but were assumed to have common
ORs (52).

Stratified analyses were conducted by smoking and by UBC
aggressiveness. For the latter, all patients for whom detailed hist-
ology information was available were classified with regards to
risk of progression, based on stage and grade information.
Patients with ‘low risk of progression’ were defined as having
TNM stage pTa in combination with WHO 1973 differentiation
Grade 1 or 2 or WHO/ISUP 2004 low grade. All other tumors
were classified as ‘high risk of progression’ (stage pTis or ≥
pT1 or WHO 1973 Grade 3 or WHO/ISUP 2004 high grade).

Conditional analysis

For the two variants rs62185668 and rs4813953, their associ-
ation was tested conditional on the observed association of the
others. For the replication cohorts for which direct genotypes
were available, the conditional analysis was done using the
Nemo software (51). For the Icelandic cohort, the conditional
analysis was done using the same method used for the genome-
wide association analysis that takes into account the imputation
uncertainty. However, the analysis was restricted to the 863
cases and 46 602 controls that have been chip typed as the imput-
ation is much less reliable for individuals with genotype prob-
abilities estimated based on information from chip-typed
relatives. While this does not affected the single marker associ-
ation analysis, very uncertain estimates for genotype probabil-
ities for the variant that is conditioned on make the conditional
analysis harder to interpret.

Heterogeneity calculations

Heterogeneity was tested by comparing the null hypothesis of
the effect being the same in all populations to the alternative hy-
pothesis of each population having a different effect using a like-
lihood ratio test. I2 lies between 0 and 100% and describes the

proportion of total variation in study estimates that is due to het-
erogeneity (53).

Bioinformatics methods

A search was carried out to detect overlaps between variant loca-
tions and known bioinformatic features. We retrieved data from
UCSC test browser (HG19 build 37) (26). We accessed feature
tracks relevant to the bladder tissue containing genome position-
al information and identified those features that overlapped
with the SNP. We also accessed HaploReg v2 (27) and Regulo-
meDB (28). We accessed The Gene Expression Atlas by EBI for
reports on expression of JAG1 in bladder cancer (54). These are
recognized draft quality data and were used as is without quality
filtering.

Assessment of expression in cell lines and tissues

Expression of JAG1 in tumor and normal UBC tissues was
measured by Affymetrix HG-U133 Plus 2.0 arrays as described
(55). The microarray data are available from ArrayExpress
(www.ebi.ac.uk/arrayexpress/) under the accession numbers
E-MTAB-1803 for the muscle-invasive bladder tumors and
E-MTAB-1940 for the non-muscle-invasive tumors and
normal samples.

Bladder cell lines used in this study and gene expression pro-
filing using GeneChip Human Genome U133 Plus 2.0 Arrays
(Affymetrix) were as described (56). Normal human urothelial
cells (NHUC) were isolated from human ureters obtained at
nephrectomy (57) and were used either uncultured (passage 0)
or cultured to low passage (passages 1 or 2). Total RNA was
extracted directly from passage 0 NHUC or from cells cultured
to 70–80% confluence using an RNeasy Mini Kit (Qiagen).
cDNA was synthesized using 1 mg of total RNA and Superscript
II (Invitrogen) according to the manufacturer’s instructions.
Expression of JAG1 in low-passage NHUC was assessed by
quantitative real-time RT-PCR using a TaqMan assay
(Hs01070032_m1; Applied Biosystems). Levels of expression
were normalized to SDHA (Hs00417200_m1) and measured
relative to cell line 97-18.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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