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Introduction

Current evidence suggests that the effect of urinary bladder 
cancer (UBC) related single nucleotide polymorphisms 
(SNPs) may depend on smoking exposure (1-4). However, 
it remains unknown if gene-environment interactions (GxE) 

can be differential across UBC subtypes and characteristics.
To date, studies on gene-tobacco interactions (GxT) for 

UBC have only considered the overall risk of UBC as an 
outcome. These investigations have resulted in overlapping 
findings, collectively reporting multiple significant loci  
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(2-4). Some of the most commonly reported genes (NAT2, 
UGT1A6) are regulatory of phase II detoxification, a 
pathway for metabolizing tobacco-related carcinogens (i.e., 
aromatic amines) (2,3,5). As polymorphisms in NAT2 and 
UGT1A6 alter smoking-related carcinogen clearance, their 
effect naturally becomes limited to smokers. Concurrently, 
the effect is reduced (2) or almost absent for never  
smokers (5). Importantly, the level of smoking exposure 
has shown to be an important aspect in GxT, revealing 
an important pattern of certain genotypes interacting 
with smoking in a dose-dependent manner (2,4-7). Some 
genotypes, namely GSTM1-null status (3), appear more 
important for non-smokers, although significant effects 
are present regardless of tobacco use. Expectedly, the 
effect of these genotypes on UBC risk does not vary within 
smoking intensity categories (6).

UBC is one of few cancers with an established GxE (4),  
yet previous research has not distinguished between muscle 
invasive bladder cancer (MIBC) and non-muscle invasive 
bladder cancer (NMIBC) groupings. Given our continually-
evolving knowledge of the pathogenesis of MIBC and 
NMIBC (8), not stratifying for these categories in genetic 
analyses could result in overlooking important biological 
mechanisms. Furthermore, it is now known that genetic loci 
for UBC risk are not relevant for UBC prognosis (9), which 
continues to highlight the complexity of genetic associations. 
Finally, little evidence is present for genetic associations with 
specific characteristics such as tumor size, grade, stage or 
patient age (2,5). However, these characteristics are especially 
influential for NMIBC outcomes (10), and are more specific 
entities than the more broadly-defined prognostic outcomes 
such as recurrence or progression.

We have previously carried out a genome-wide association 
study (GWAS) on NMIBC tumor and patient characteristics 
in the Bladder Cancer Prognosis Programme (BCPP) cohort, 
potentially identifying novel genetic associations (11). In the 
current study, we have investigated if smoking status and/
or smoking intensity interact with the effect of discovered 
variants on key NMIBC characteristics of tumor grade, stage, 
size and patient age within the BCPP cohort.

Methods

Participants and genotyping

BCPP is a prospective cohort of 1,544 participants (12). 
Baseline clinical tumor characteristics (stage, grade, size) 
were collected from medical records, while demographic 

and smoking data were retrieved from records of semi-
structured interviews conducted at baseline. Largest 
tumor size was estimated visually during cystoscopy. Blood 
samples of 888 participants were genotyped on the Illumina 
Infinium OmniExpress-24 BeadChip array (previously 
known as The HumanOmniExxpress-24 BeadChip) at 
deCODE genetics (Reykjavik, Iceland) (13).

Quality control (QC)

QC for the initial GWAS was carried out in PLINK v1.90 
(released 17th November 2016) (14,15) and is described 
in more detail elsewhere (11). In brief, genotype samples 
yielding inconclusive sex calls, excessive missingness, low 
or increased heterozygosity rate were excluded from the 
analysis. Related individuals and participants presenting as 
population outliers [identified in the principal component 
analysis (PCA)] were additionally excluded from the study. 
Genetic markers deviating from the Hardy-Weinberg 
equilibrium (HWE), those with high missingness rate and 
low minor allele frequency (MAF) were excluded. All QC 
steps resulted in a pre-imputed dataset consisting of 653 
individuals and 597,764 SNPs.

Imputation

A two-step imputation was performed with Eagle v2.3.2 (16) 
for haplotype phasing and IMPUTE2 (17) for genotype 
imputation, using 1000 Genomes Phase 3 (released 2nd 
May 2013) (18) as a reference panel in the genome build 19 
(GRCh37/hg19). Post-imputation QC consisted of deleting 
markers having info score of <0.3 and MAFs of <1%, resulting 
in a dataset containing 11,914,228 markers that were used for 
GWAS analysis with tumor and patient baseline characteristics. 
The exact thresholds applied and number of exclusions per 
step are outlined in detail in Figure 1.

Outcomes and exposure variables

As studies on genetic associations with NMIBC baseline 
characteristics are scarce, we have used results of a 
previously-reported GWAS in the BCPP cohort (11). Hence, 
a total of 61 discovered variants were used to test for GxT. 
The outcomes were as follows: tumor size (centimeters), 
stage (T1 vs. Ta/Tis), grade (G3/G2 vs. G1), and patients’ 
age [years as a continuous outcome and a binary variable with 
sample mean as a cut-off value (</≥69.9 years, representing 
sample mean age)]. Our analyses were restricted to NMIBC 
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BCPP cohort
888 UBC patients’ blood samples sent 

for genotyping
CLINICAL DATA CLEANING
165 cases excluded due to ineligibility or missing data

QUALITY CONTROL
Per individual exclusions (N=59; 70 collectively identified, 11 duplicates)

Discordant sex information (F=0.2–0.8, N=3); Missing genotype rate (>2%, N=49); 
Excessive/reduced heterozygosity rate (±3 SDs of the mean, N=12);
Duplicates/Related individuals (IBS>0.1875, N=2)
PCA (N=4)

Per marker exclusions (N=49,610):
Missing genotype rate (>2%, N=14,631)
HWE for autosomes and X chromosome for females only (p<0.00001, N=158)
MAF (<1%, N=37,912)

IMPUTATION
1000 Genomes Phase 3 (2013 May Release)
Extracting SNPs with MAF<1% and info<0.3

GWAS analysis on 653 NMIBC cases 
and 11,914,228 markers for phenotypes:

Tumour size
    Grade 
       Stage
          Patient’s age

61 genome-wide significant SNPs 
across all outcomes

GxT with SMOKING STATUS
(Ever- vs. Never-smoker,

 N=546)

107 cases excluded due to missing data 
on smoking behaviour

GxT with SMOKING INTENSITY
(Number of cigarettes smoked

 per day, N=322)

Gene-tobacco interaction (GxT) analyses
(N=546)

Primary analysis Secondary analysis 
(for smokers only)

Figure 1 Flowchart for data analysis on GxT in the BCPP cohort. GxT, gene-tobacco interaction; BCPP, Bladder Cancer Prognosis 
Programme; HWE, Hardy-Weinberg equilibrium; SD, standard deviation; IBS, identity by state; PCA, principal component analysis; MAF, 
minor allele frequency; NMIBC, non-muscle invasive bladder cancer; PCA, principal component analysis; SD, standard deviation; SNP, 
single nucleotide polymorphism.

cases only (corresponding to recorded stage at the time of 
diagnosis of Ta, T1, or Tis) who also had valid records on 
tobacco use, resulting in 546 patients.

Smoking exposure was modelled as two variables: smoking 
status (ever vs. never smokers) and smoking intensity (number 
of cigarettes smoked daily for smokers only). GxT with 
smoking status was considered as a primary analysis (including 
546 subjects), while analysis on smoking intensity was 
considered secondary (consisting of 322 smokers with valid 
data on number of cigarettes smoked per day).

Statistical analysis

Differences in baseline sample characteristics were calculated 

by applying chi-square distribution test for categorical 
variables (age, tumor size, stage, grade) and t-test for 
continuous variables (age, tumor size, smoking intensity).

To test the interaction terms that account for the 
uncertainty of imputed genotypes, QUICKTEST software 
was used (19). All analyses were adjusted for gender and 
first five genetic principal components to increase estimate 
precision.

A total set of 61 SNPs that were discovered in the 
previous GWAS analysis of the BCPP cohort (11), were 
tested. GxT term (depicted as SNP × smoking or SNP ×  
smoking intensity) was modelled for each discovered 
association. An interaction term was deemed to be 
significant if P value <0.05.
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Functional annotation and network analysis

All identified significant SNPs were annotated to an 
overlapping or closest gene using a web-based SNPnexus 
tool (20,21), with Ensembl (22) (version 74) as a functional 
annotation system. Gene-Tissue Expression (GTEx) 
database (23) was queried for all significant SNPs to identify 
expression quantitative loci (eQTL).

Results

BCPP patient characteristics are presented in Table 1. Out 
of the total sample of 546 participants, 72 were never-
smokers, whilst 474 had a history of tobacco use. Participant 
gender was predominantly male (chi-square statistic =9.97, 
P=0.002). No other statistically significant differences in 
baseline characteristics between smokers and never-smokers 
were observed.

Out of 61 SNPs tested for a GxT in the BCPP cohort, 10 
have reached P<0.05, all associated with tumor size (Table 2,  
Figure 2). Five of these SNPs were located in 6q14.1, two in 
14q21.1; while the rest were mapped to 1p31.3, 3p26.1, and 
13q14.13.

The most significant interaction with smoking status 
was observed for a SNP in 14q21.1 locus [base pair (BP): 
14:38247577, P=0.0008], that maps to the TTC6 gene 
(Table 3). Another SNP in the same locus has also yielded 

statistical significance for interaction (rs188958632, 
P=0.008, TTC6), but the two variants show differential 
results for smokers and non-smokers (Figure 2). SNP 
in 14:38247577 has an effect on tumor size only among 
smokers (β=7.1 cm, P=1.93E-13). However, rs188958632 
is significant among both tobacco use groups, with a larger 
effect size for never-smokers [β (never-smokers) =9.9 cm, 
P=9.84E–05; β (ever-smokers) =2.6 cm, P=6.98E–07]  
(Table 2, Figure 2).

Five variants on 6q14.1 were statistically significantly 
associated with NMIBC tumor size among both strata of 
smoking behavior; however, β estimates for never-smokers 
were universally higher, more than doubling the effect 
sizes for ever-smokers (Table 2, Figure 2). All five SNPs 
(rs180910528, rs74603364, rs187040828, rs144383242, and 
rs117587674) have mapped to intergenic regions (Table 3).  
Interestingly, two of these SNPs (rs144383242 and 
rs117587674) are recorded in the GTEx database as having 
an effect on the expression of HMGN3-AS1 in the tibial 
nerve tissue (Figures S1,S2, available online) (23). None of 
the 6q14.1-located SNPs have shown significant interaction 
between tumor size and smoking intensity in our sample.

Rs113705641 on 3p26.1 (intergenic region) has shown 
to only be statistically significantly associated with tumor 
size among ever-smokers (β=2.4 cm, P=2.39E–06), and no 
interaction with smoking intensity. Similarly, rs2937268 on 
1p31.3, mapped to the PDE4B gene, has not only reached 

Table 1 Descriptive characteristics of the BCPP sample for GxE with smoking analysis

Characteristics Never smokers (N=72) Ever smokers (N=474) P value*

Tumor size (cm), mean (SD) (N=533) 2.69 (2.14) 2.48 (1.86) 0.4

Gender (N=546) 0.002

Males (%) 46 (10.8) 381 (89.2)

Females (%) 26 (21.8) 93 (78.2)

Age (years), mean (SD) (N=546) 72.2 (10.9) 69.7 (10.2) 0.07

Grade (N=539) 0.7

G3 (%) 49 (13.6) 312 (86.4)

G2 and G1 (%) 22 (12.4) 156 (87.6)

Tumor stage (N=546) 0.6

Ta and Tis (%) 47 (12.6) 326 (87.4)

T1 (%) 25 (14.5) 148 (85.5)

Cigarettes smoked/day, mean (SD) (N=322) N/A 15.8 (12.9) N/A

*, P value was calculated with chi-square test for categorical variables and t-test for continuous outcomes. BCPP, Bladder Cancer 
Prognosis Programme; GxE, gene-environment interaction.
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significance among ever-smokers (β=2.3 cm, P=7.08E–11), 
but has also shown suggestive interaction with smoking 
intensity (P=0.06) among tobacco users.

It is notable that variants associated with a stronger effect 
among never-smokers, had higher estimates overall (ranging 
from 7.1 to 9.9 cm). In contrast, rs2937268 (1p31.3, PDE4B) 
and rs113705641 (3p26.1) variants, shown to be significant 
only for smokers, have been observed to carry a more 
modest increase in tumor size. The exception would be the 
14:38247577 variant in 14q21.1 that was not significant 
among never-smokers, but resulted in a very large tumor 
size increase of 7.1 cm in smokers (Table 2, Figure 2).

Discussion

We hereby report findings for GxE with smoking status 
for SNPs previously discovered in a GWAS on NMIBC 
baseline characteristics (11). The study provides indication 
for ten variants interacting with smoking status for tumor 
size at the time of NMIBC diagnosis, and two of those 
additionally having suggestive interactions with smoking 
intensity.

Previous studies on GxT for UBC risk show repeating 
patterns that highlight potential biological mechanisms 
(2,4,24). Smoker-specific UBC risk genes are associated 
with pathways of metabolite detoxification (24), offering a 
plausible explanation on why the effect is more penetrant 
among smokers.  Alternatively, genes having more 
importance among never smokers are more often enriched 
in those regulating cell cycle and DNA integrity (24). 
Additionally, results across multiple GxT studies on UBC 
demonstrate that variants significant for never-smokers 
carry a large effect (i.e., multiplicative interaction), while 
SNPs that are more important for smokers usually exhibit a 
milder effect (additive interaction) (5).

Among smokers, the strongest evidence for GxT in our 
sample was observed for variants rs113705641 (3p26.1) and 
rs2937268 (1p31.3, PDE4B).

Rs113705641 maps to a long non-coding RNA molecule, 
and reports on its function are lacking, therefore we are 
unable to postulate on a potential biological mechanism of 
interaction.

On the other hand, phosphodiesterase 4B (PDE4B) 
enzymes are well described to regulate cyclic adenosine 
3’,5’-monophosphate (cAMP) concentration in cells by 
breakdown to non-active molecules (25). The PDE4 family 
is cAMP-specific, and four existing isoforms of PDE4B 
account for most cAMP-degradation in a cell (25).T
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Figure 2 Group-specific patterns of significant loci for gene-environment interaction for NMIBC tumour size in the BCPP cohort. 
Idiogram credit: David Adler, Available online: http://www.pathology.washington.edu/research/cytopages/idiograms/human/. NMIBC, non-
muscle invasive bladder cancer; BCPP, Bladder Cancer Prognosis Programme.

The beneficial effect of PDE inhibitors is well-known 
and they are commonly used for a variety of disorders: 
inflammatory conditions [namely chronic obstructive 
pulmonary disease (COPD) (26,27), asthma (26), and psoriasis 
(26,27)], overactive bladder (28,29), and various cancer types 
(30-35). Importantly, studies suggest tumor PDE4 expression 
can serve as a prognostic marker in colorectal cancer (35). As 
cAMP signaling is pleiotropic, the mechanisms behind the 
observed benefit have garnered more than one explanation. 
For example, elevated cAMP levels suppress cell invasion 
and migration by disrupting the microtubule cytoskeleton 
in bladder cancer cells (36), increase phosphatidylinositol 
3-kinase (PI3K/AKT)-dependent apoptosis in B-cell 
malignancies (37), and prohibit proliferation via protein 
kinase (PKA) and cAMP response element binding (CREB) 
protein pathways in ovarian cancer (38).

Interestingly, tobacco exposure also increases cAMP 
signaling in epithelial cells (39), specifically by polycyclic 
aromatic hydrocarbons (PAHs, found in tobacco smoke) 
binding to aryl hydrocarbon receptors (AhR) (39). Stimulation 

of cAMP results in increased levels of amphiregulin (AR), 
which is hypothesized to eventually form a self-sustainable 
loop of survival for neoplastic cells (39-41).

In our analysis, cAMP seems to be the overlapping 
component between PDE4B and smoking, which results 
in a counter-effect of cAMP regulation (i.e., overexpressed 
PDE4B decreases cAMP, while smoking increases cAMP). 
Thus, we hypothesize that smoking interacts with PDE4B 
mutation status and results in a smaller tumor size increase 
than the PDE4B mutation itself. This pattern would explain 
the difference between a main effect exhibited by the SNP 
in PDE4B (resulting in 2.6 cm increase in tumor size) and a 
surprising reduced estimate of a joint effect of the SNP and 
smoking exposure (2.1 cm increase in tumor size).

Smoking, when considered as an independent factor, is 
the main external risk factor for developing UBC (42). Our 
described interaction is conditional on the overexpression 
of PDE4B enzyme; thus, it should be viewed not as a case 
for the benefits of smoking, but one describing a potential 
cAMP-related pathway of bladder cancer pathogenesis.
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An additional variant in 14q21.1 (BP: 38247577) reached 
statistical significance among smokers only. However, a 
SNP in the same locus (rs188958632) showed contradicting 
results and had a significant effect regardless of smoking 
exposure. We suspect that the SNP on 14:38247577 is 
more likely to be a random result due to a lower imputation 
accuracy (info =0.59) than rs188958632 (info =0.95) 
(remaining SNPs have an info score of ≥0.90, with the 
exception for rs113705641, with info =0.62).

In contrast, variants on 13q14.13 and 6q14.1 have 
reached significant values for main effects among all 
participants. However, the clinical importance might be 
higher for never smokers as they showed substantially 
higher effect sizes than for smokers. The mapped FAM194B 
(ERICH6B) gene (13q14.13) is recorded in the GTEx 
database as excessively expressed in testis tissue (23), but 
other reports on gene function or phenotype associations 
are scarce, thus precluding a discussion on its potential 
biological pathway. SNPs in 6q14.1 were mapped to 
intergenic regions, with rs180910528 and rs187040828 
located between protein coding genes of PHIP and 
HMGN3. Interestingly, four of the total five SNPs in 6q14 
region (rs180910528, rs187040828, rs144383242, and 
rs117587674) are recorded in the GTEx database as having a 
cis-regulatory effect on an RNA gene of HMGN3-AS1 (23).  
Antisense RNAs bind to messenger RNA molecules, 
preventing them from being translated into protein (43). 
Thus, lower expression of HMGN3-AS1 may cause higher 
levels of proteins coded by HMGN3 gene. HMGN is a 
family of nucleosome-binding proteins that alter chromatin 
structure and regulate essential cell functions, such as 
differentiation and development (44).

Our study has several limitations. Current analysis was 
carried out on a relatively small sample of individuals, 
and false-positives are naturally not to be excluded. The 
associations between genetic variation and NMIBC tumor size 
should be interpreted with caution, as they lack validation (11). 
Besides tobacco, other variables, such as occupational-related 
exposures with aromatic amines might have independent GxE 
effects and were not adjusted for in our analyses (45). Larger 
samples with detailed clinical data are a next step to exploring 
and validating reported GxEs with smoking for NMIBC. 
Until robust evidence exists for including genetic variance into 
NMIBC prognostication tools, our study is complementary to 
other proof-of-principle reports (2).

In summary, our study suggests smoking might alter 
the outcome between genetic variance and NMIBC tumor 
characteristics. These results may provide more evidence on 
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the complexity of the joint influence of genetic background 
and external exposures on bladder cancer.
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Figure S1 eQTL effect of rs144383242 (6q14.1) across multiple tissues (source: GTEx). eQTL, expression quantitative loci; GxE, gene-
environment interaction.

Supplementary



Figure S2 Boxplot of an eQTL effect of rs144383242 (6q14.1) in nerve tissue (source: GTEx). eQTL, expression quantitative loci; GxE, 
gene-environment interaction.
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