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ABSTRACT

Smoking accounts for approximately 52% of bladder cancer incidence among postmenopausal
women, but the underlying mechanism is poorly understood. Our study investigates whether
changes in DNA methylation, as measured in blood, mediate the impact of smoking on bladder
cancer risk among postmenopausal women. We conducted analyses among 206 cases and 251
controls that were current or never smokers at baseline from a previous case-control study of
bladder cancer and genome-wide DNA methylation nested within the Women's Health Initiative.
Separate mediation analyses were conducted for three CpG sites demonstrating robust associations
with smoking in prior methylome-wide association studies: cg05575921 (AhRR), cg03636183 (F2RL3),
and cg19859270 (GPR15). We estimated causal effects using the regression-based, four-way decom-
position approach, which addresses the interaction between smoking and each CpG site. The overall
proportion of the excess relative risk mediated by cg05575921 was 92% (p-value = 0.004) and by
€g19859270 was 79% (p-value = 0.02). The largest component of the excess relative risk of bladder
cancer due to 30 pack-years of smoking history in current smokers was the mediated interaction for
both cg05575921 (72%, p = 0.02) and cg19859270 (72%, p-value = 0.04), where the mediated
interaction is the effect of smoking on bladder cancer that both acts through differential methyla-
tion and depends on smoking history. There was little evidence that smoking was mediated
through ¢g03636183. Our results suggest that differential methylation of ¢g05575921 and
€g19859270 mediate the effects of smoking on bladder cancer, potentially revealing downstream
effects of smoking relevant for carcinogenesis.
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Introduction carcinogens that promote DNA adduct formation
and subsequent accumulation of somatic muta-
tions [1,8-10] and epigenetic reprogramming
[11]. Specifically, the aromatic amines 2-naphthy-
lamine and 4-aminobiphenyl are combustion pro-
ducts of cigarette smoke that can cause bladder
cancer, as established in the context of the dye
industry [1,12]. However, the specific mechanisms
related to the carcinogenicity of cigarette smoking
are not well described and fail to explain why
bladder tissue is particularly susceptible to the
tumorigenic effects of smoking [10,13].

Since DNA methylation is involved in transcrip-
tional regulation, alternative splicing, and genome
integrity, it is a promising marker of the

Cigarette smoking is an established cause of bladder
cancer [1]. Transitional cell carcinoma (TCC) is by far
the most common type of bladder cancer, accounting
for 94% of cases [2]. Based on results from the NIH-
AARP cohort, smoking accounts for an estimated
52% of TCC bladder cancer incidence in US women
that are 50 to 71 years of age [3]. Approximately 25%
of cases are diagnosed with muscle-invasive bladder
cancer (MIBC) [4,5], and smokers are more likely to
present with MIBC as well as with other aggressive
tumour characteristics [6,7].

The link between smoking and bladder cancer is
thought to involve exposure to more than 60
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carcinogenicity of smoking [11]. Blood-based mea-
sures of DNA methylation at specific loci have
been reliably associated with past and current
smoking [14-16]. Further elucidation of these
smoking-associated methylation changes may
improve our understanding of bladder carcinogen-
esis and reveal new avenues for bladder cancer
prevention, screening, and treatment.

We hypothesize that smoking has indirect effects
on bladder cancer through changes in DNA methyla-
tion at specific CpG sites, as was previously observed
for lung cancer; Fasanelli et al. observed that hypo-
methylation of ¢g05575921 and of cg03636183 in
blood explained approximately 37% of the increased
risk of lung cancer induced by smoking [17]. Our
study quantifies mediation of the association between
smoking and bladder cancer through differential
DNA methylation, as measured in blood, at each of
three smoking-associated CpG sites.

Results

Table 1 shows the distribution of relevant variables
by case-control status. A much higher proportion
of cases were current smokers and methylation
levels of the three CpG sites were lower among
cases. In addition, compared to controls, a greater
proportion of cases were White.

We verified previously reported associations
between smoking and methylation (-values at
cg05575921 (regression coefficient = -0.23;
q-value = 1.3e-114), cg03636183 (regression coeffi-
cient = —0.13; g-value = 9.2e-66), and cg19859270
(regression coefficient = —0.05; q-value = 1.1e-64).
Adjustment for cell mixture using the reference-
free method had a negligible impact on the associa-
tion between smoking and B-values at cg05575921,
cg03636183, and ¢g19859270.

The results of mediation analyses for each of
cg05575921, cg03636183, and cg19859270 are pre-
sented in Table 2. The excess relative risk for the
total effect (ERR'®) of 30 pack-years of smoking in
current smokers as compared to never smoking on
bladder cancer slightly varied across CpG sites and
ranged from 2.63 to 3.19 (all p < 0.05).

Much of the excess relative risk associated with
30 pack-years of smoking in current smokers as
compared to never smoking was mediated through
g05575921 [92% of ERR""] and cg19859270 [79%

Table 1. Distribution of relevant demographic and clinical
characteristics among included bladder cancer cases and
controls nested within the Women's Health Initiative.

Cases Controls
Smoking status (N, %)
Never smoker 153 (74%) 233 (93%)
Current smoker 53 (26%) 18 (7%)
Mediators, M-values (mean, SD)
¢cg03636183 1.38 (0.54) 1.49 (0.36)
€g05575921 3.20 (1.36) 3.83 (0.84)
€g19859270 3.62 (0.49) 3.79 (0.28)
WHI arm (N, %)
0sS 108 (52%) 131 (52%)
CT: HRT and DM 4 (7%) 6 (6%)
CT: HRT only 6 (13%) 9 (12%)
CT: DM only 8 (28%) 5 (30%)
Age, years (N, %)
< 50-59 58 (28%) 57 (23%)
60-69 85 (41%) 116 (46%)
70-79+ 63 (31%) 78 (31%)
Year of enrollment (N, %)
1994-1995 50 (24%) 1 (24%)
1996 74 (36%) 9 (32%)
1997 50 (24%) 5 (26%)
1998 2 (16%) 6 (18%)
Follow-up time, years (mean, SD)  13. 29 (3.89) 14. 05 (3.29)
DNA extraction method (N, %)
5-prime 197 (96%) 240 (96%)
Phenol 9 (4%) 11 (4%)
Race (N, %)
Asian/Pacific Islander 3 (2%) 0 (4%)
Black/African American 12 (6%) 5 (10%)
Hispanic/Latino 4 (2%) 3 (5%)
Non-Hispanic White 186 (90%) 196 (78%)
Other 1 (<1%) 7 (3%)
Education (N, %)
< High school 9 (4%) 2 (5%)
High school 39 (19%) 0 (24%)
Post-high school training 6 (37%) 9 (35%)
College degree 23 (11%) 8 (11%)
Post-college training 59 (29%) 62 (25%)

Abbreviations: OS = observational study; CT = clinical trials; HRT =
hormone therapy clinical trial; DM = dietary modification clinical trial

of ERRTE] (Table 2), where the excess relative risk
for the total indirect effect (ERR™™) is the sum of
the excess relative risk for the mediated interaction
(ERR'™NT™edy and the excess relative risk for the
pure indirect effect (ERR™). The relationship
between components of the four-way decomposi-
tion is illustrated in Figure 1, which also shows
how these results correspond to the causal rela-
tionships relevant for our study.

The mediated interaction was the largest com-
ponent of the ERR of bladder cancer attributable
to smoking for both cg05575921 (72%, p = 0.02)
and cg19859270 (72%, p-value = 0.04). ERR™"™
captures the effect of smoking through differen-
tial methylation of the mediator that is both
caused by smoking and has effects on bladder
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Table 2. Estimated mediating effects of select CpG sites in the association of 30 pack-years of smoking among current smokers with

bladder cancer risk in the Women'’s Health Initiative.

Component of ERR estimate®

Percent of ERR estimate®

CpG site Component of smoking ERR Estimate 95% Cl Estimate P-value
¢cg05575921 CDE 0.18 (—=1.94, 2.29) 5% 0.86
INT, ¢ 0.09 (0, 0.17) 3% 0.05
INT eq 2.29 (0.02, 4.55) 72% 0.02
PIE 0.64 (—0.38, 1.66) 20% 0.21
TE 3.19 (0.43, 5.95) 100% -
903636183 CDE 2.06 (-1.47, 5.58) 77% 0.09
INT o 0.03 (=0.15, 0.21) 1% 0.74
INT eq 0.90 (-1.16, 2.95) 34% 0.45
PIE -0.32 (-0.60, —0.03) —-12% 0.15
TE 2.67 (0.21, 5.13) 100% -
€g19859270 CDE 0.46 (—1.66, 2.58) 17% 0.64
INT et 0.10 (=0.03, 0.23) 4% 0.13
INTmed 1.89 (0.04, 3.75) 72% 0.04
PIE 0.18 (—0.38, 0.74) 7% 0.52
TE 2.63 (0.24, 5.03) 100% -

“Mediation models were adjusted for race/ethnicity, education, WHI arm, age at baseline, year of enrollment, follow-up time, and DNA extraction method.
Abbreviations: ERR = excess relative risk; CDE = controlled direct effect; INT,es = reference interaction; INT,.q = mediated interaction; PIE = pure

indirect effect; TE = total effect

Pack-Years of
Smoking

\ Methylation Level /

at CpG Site

----------- -> BladderCancer

Figure 1. Graphical representation of the relationship between a causal directed acyclic graph (DAG) of the study and the results
from the four-way decomposition method, where the sum of the mediated interaction (INT,,eq) and the pure indirect effect (PIE)
corresponds to the indirect effect through the mediator (represented by solid arrows in A and B).

Abbreviations: CDE = controlled direct effect; INT,.s = reference interaction; INT,.q = mediated interaction; PIE = pure indirect effect;
PDE = pure direct effect; TIE = total indirect effect; TE = total effect

cancer that depend on the presence of smoking.
There was little evidence that the effect of smok-
ing on bladder cancer was mediated through
cg03636183.

Discussion

Overall, our study suggests that the effects of
smoking may be mediated through differential
methylation of ¢g05575921 and ¢g19859270.
Supporting the validity of our estimates, the
total relative risks of bladder cancer associated
with current smoking with a 30 pack-year smok-
ing history as compared to never smoking
ranged from 3.63 to 4.19, which is consistent
with the adjusted hazard ratio of 4.65 for current
smoking that was reported for women in the
demographically similar NIH-AARP Diet and

Health study [3]. The effect sizes for the associa-
tion between baseline current smoking and
methylation levels at our selected loci were also
consistent with those reported by previous
methylome-wide association studies [18-24].
Compared to non-smokers, smokers demon-
strate decreased methylation at cgl19859270, as
observed in our study and as reported by previous
methylome-wide studies of smoking [18-20,22-24].
This CpG site is located in the first exon of GPRIS5,
a gene coding for a chemoattractant receptor [25].
First exon methylation is closely associated with
transcriptional silencing and may be even more
strongly associated with low gene expression than
promoter methylation [26], so hypomethylation of
GPR15 in leukocytes is expected to increase GPR15
expression in the blood of smokers. However,
rather than an active causal change in methylation
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at cg19859270, there is evidence suggesting that the
methylation change reflects a shift in the immune
system. Specifically, smoking may trigger an inflam-
mation response that substantially increases the
proportion of T-cells expressing GPR15 (GPR15+
T-cells). In a study by Bauer et al,, these GPR15+
T-cells were detected as an overall decrease in
GPR15 methylation and increase in GPRI5 expres-
sion in the blood of smokers [27]. In fact, Bauer
et al. demonstrated that smoking was no longer
associated ~ with  decreased methylation of
cgl9859270 after adjustment for GPR15+ T-cell
subtype [27]. This finding of strongly differential
expression of GPR15 in the blood of current versus
never smokers was independently replicated (fold-
change = 5.8, gq-value = 0.004) [25]. GPR15 appears
to regulate the homing of T-cells in epithelial tissue
[28] and may be an indicator of chronic inflamma-
tion [25,28,29], and the inflammatory response has
canonical relationships with the promotion of
tumour initiation and progression [30,31]. Since
the causal effect of smoking through cg19859270
was observed primarily as a mediated interaction,
our results suggest that a pro-inflammatory change
involving GPR15+ T-cells could be particularly car-
cinogenic in the context of other effects related to
current smoking.

The ¢g05575921 CpaG site is located in an enhan-
cer-like regulatory element within AhRR, which is
a putative tumour suppressor gene [32] whose
expression down-regulates the aryl hydrocarbon
receptor (AhR). This CpG site was found to be
hypomethylated among smokers as compared to
nonsmokers in our study and in prior methylome-
wide studies [18-21]. Hypomethylation of
cg05575921 in blood may reflect an inflammatory
response mediated by white blood cells. There is
convincing evidence that smoking is associated
with hypomethylation of ¢g05575921, activates the
AhRR enhancer, and up-regulates AhRR in a subset
of monocytes [33], which may then promote inflam-
matory signalling in monocytes [34] and in mono-
cyte-derived macrophages [33,34]. Alternatively,
differential methylation of AhRR in blood may be
associated with changes in the AhRR-ARNT com-
plex in normal bladder tissue [11]. In fact, Wan et al.
assert that this exposure-induced methylation
change in AhRR occurs to some extent in all cell
types, including those found in saliva (r > = 0.90

with monocytes) [33]. In data from The Cancer
Genome Atlas (TCGA), current as compared to
never smoking has a suggestive association with
cg05575921 hypomethylation in normal bladder tis-
sue when adjusting for age at diagnosis and gender
(regression coefficient = —0.10; p-value = 0.07; N = 8)
[35]. This change is part of a shift in the aryl hydro-
carbon receptor signalling pathway, which may be
particularly affected by smoking-induced methyla-
tion changes in blood [11]. This pathway is involved
in the detoxification of chemicals in cigarette smoke,
and aberrant AhRR methylation may enhance
CYPIAI expression, induce the formation of DNA
adducts, and initiate smoking-related cancer [11].
Both proposed mechanisms are consistent with the
strong mediated interaction of approximately 72%
that we observed, since the effects of the methylation
change at ¢g05575921 would depend on the contin-
ued presence of exposure to cigarette smoke.

Even though smoking was highly associated
with hypomethylation of cg03636183, we found
no evidence that the association between smoking
and bladder cancer risk is mediated through
cg03636183. We note that this locus is in the
north shore of an intragenic CpG island in
F2RL3, which encodes the thrombin protease-
activated receptor-4 protein (PAR-4) [15].

While there have been prior methylome-wide
association studies of smoking and bladder cancer
[36-39], to our knowledge, there is no prior media-
tion analysis that assess smoking-associated methy-
lation changes as potential mediators of the
association between smoking and bladder cancer.
We were uniquely positioned to conduct mediation
analyses, since our study is nested in a prospective
cohort that includes pre-diagnostic blood samples
and comprehensive baseline information on poten-
tial confounders, which allowed us to address the
temporality and no-confounding assumptions
required for causal inference. Despite being nested
in a large cohort study, our sample size did not
allow us to explore whether these causal effects vary
across subtypes of bladder cancer.

Since we only have single measures of smoking
and DNA methylation at baseline, they may
imprecisely capture smoking and methylation
levels for the time periods etiologically relevant
to bladder cancer carcinogenesis. These errors in
our measures of smoking and methylation are



likely to be non-differential and are expected to
attenuate the reported direct and indirect effect
estimates. Additional error was likely introduced
when we calculated pack-years from self-reported
categorical data. As such, it is also possible that the
methylation changes at the smoking-associated
mediators capture some of the direct effects of
smoking, thereby leading to overestimation of
indirect effects.

With the mechanisms related to the immune
response and inflammation that we propose to
underlie our observations, we would expect asso-
ciations for current smoking with GPRI5 and
AhRR methylation to be largely attenuated by
reference-free adjustment for cell-type composi-
tion. However, this was not the case. While this
may suggest that smoking-related changes in
methylation may be markers of mechanisms unre-
lated to immune response, it should be noted that
the cell-type adjustment method is not based on
actual reference data for white blood cell types and
does not explicitly account for white blood cell
subtypes, including GPR15+ T-cells or AhRR+
monocytes.

The methylation changes at each of cg05575921,
cg03636183, and cg19859270 are closely associated
with smoking and, as a result, are highly correlated
with each other. As a result, the mediated causal
effects estimated from the individual models for
these CpG sites likely capture the same causal
pathways. However, we were unable to model
these sites together because methodology for
extending the four-way decomposition approach
to allow for multiple mediators is not yet available.
When interpreting our results, it is also important
to keep in mind that the ERR“P* captures some of
the effect of the ERR™™, due to limitations of
this approach.

A substantial proportion of the effect of current
smoking on bladder cancer may be mediated
through methylation differences at cg05575921
and ¢g19859270 and may be particularly harmful
in the context of continued smoking. These results
may indicate the promotion of chronic inflamma-
tion through a higher proportion of GPRI15+
T-cells in blood or through increased expression
of AhRR in specific white blood cell subtypes or in
bladder tissue. Further investigation of these pos-
sible mechanisms has the potential to expand our
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understanding of the relationship between bladder
cancer and smoking, which is its strongest known
risk factor.

Patients and methods

Study participants

Data for the current analyses were drawn from
our case-control study of pre-diagnostic DNA
methylation and bladder cancer [36], which was
approved by the Fred Hutchinson Cancer
Research Center Institutional Review Board.
This case-control study was nested in the
Women’s Health Initiative (WHI), which
includes 161,808 postmenopausal women
recruited from 1993 to 1998 across the US [40].
There are two arms of the WHI: the clinical trials
(CT) and the observational study (OS). The CT
involved concurrent-randomized controlled trials
of hormone therapy, dietary modification, and
subsequently calcium/vitamin D. Those not eligi-
ble or not willing to participate in the CT were
asked to participate in the OS. A total of 440 cases
diagnosed with urothelial carcinoma (i.e. transi-
tional cell carcinoma) of the bladder during the
WHI follow-up period were included in the case-
control study, as were 440 cancer-free controls
matched on year of enrollment, age at enrollment
(+ 2 years), follow-up time greater than or equal
to their matched case, trial component, and DNA
extraction method [36].

Since smoking-associated methylation changes
are reversible [17,41], we expected the associations
under investigation would be attenuated in former
smokers. Despite the reduction in sample size, to
most effectively examine the relevant causal rela-
tionships, we restricted our analyses to the 210
cases and 256 controls who were never smokers
or current smokers with available pack-years data.
To allow for covariate adjustment of our models,
we also excluded the few participants whose DNA
was extracted using BioServe or salt methods (N =
4) and who were missing data on race/ethnicity or
education level (N = 5), leaving 206 cases (53
current smokers, 153 never smokers) and 251 con-
trols (18 current smokers, 233 never smokers) for
analyses, where 48 (23%) of the cases were diag-
nosed with muscle-invasive bladder cancer.
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Data and biospecimen collection

Basic demographic information, including age and
race/ethnicity, was reported during the WHI
screening process [40]. On baseline questionnaires,
participants reported if they had ever smoked at
least 100 cigarettes (yes, no), currently smoked
cigarettes (yes, no), or had ever smoked to lose
weight (yes, no); this information was used to
determine smoking status. Participants also dis-
closed the average number of cigarettes currently
or previously smoked per day (<1, 1-4, 5-14,
15-24, 25-34, 35-44, 45+) and the number of
years as a regular smoker (<5, 5-9, 10-19, 20-29,
30-39, 40-49, 50+). Pack-years were calculated by
dividing the approximate midpoint of the cigar-
ettes per day category by 20 and then multiplying
by the approximate midpoint of the years of reg-
ular smoking category. For current smokers who
did not provide information on years as a regular
smoker or indicated over 50 years as a regular
smoker, years of regular smoking were estimated
based on the categorical age at which they started
smoking regularly, if available. The time from
enrollment to end of follow-up was based on the
number of days between enrollment and death or
last contact. In addition, blood samples were col-
lected at baseline after at least 12 hours of fasting
and stored at —70°C as bufty coats.

DNA methylation array

As described previously, we used the Illumina
450K Infinium HumanMethylation Bead Array
(Illumina, San Diego, CA, USA) to interrogate
methylation status at approximately 485,577 CpG
sites among bladder cancer cases and controls
[36]. We used the M-value to measure methylation
at each CpG site to improve the heteroscedasticity
of methylation levels [42]. To get the M-value, we
calculated the base-2 logit of the P-value, where
the P-value is the ratio of the methylated signal
over the total signal and can be interpreted as the
proportion of methylation at a specific site [43].
After reading in the raw image files, we checked
for failed samples and then performed background
correction and functional normalization of the
methylation data [36]. We excluded any CpG
sites that were undetected in at least 10% of

samples, had a beadcount less than 3 in at least
10% of samples, were in any SNP or within 10 base
pairs of SNPs with minor allele frequencies greater
than 1%, were classified as cross-reactive probes,
or were located on the sex chromosomes [36].

Identifying and validating smoking-associated loci

A systematic review of 14 methylome-wide studies
in blood reported a total of 1,460 CpG sites asso-
ciated with smoking [15]. Three CpG loci were

most consistently associated with smoking:
cg05575921 (located in the aryl-hydrocarbon
receptor repressor gene; AhRR), ¢g03636183

(located in the F2R like thrombin receptor 3
gene; F2RL3), and c¢gl19859270 (located in the
G-protein receptor 15 gene; GPRI5). These asso-
ciations were subsequently verified in two large-
scale studies [18,41].

Statistical analysis

To validate the previously reported associations
between the selected CpG sites and current smok-
ing, we used adjusted linear regression models to
test associations between current smoking and
methylation levels across the genome, focusing
on three CpG sites of interest in our study popula-
tion. The PB-value, rather than the M-value, was
used to allow direct comparisons with results from
previous studies. We used the empirical Bayes
approach to test the significance of these associa-
tions and adjusted for multiple testing using the
FDR method [44]. To address the role of cell-type
composition, we additionally adjusted these asso-
ciations for latent variables related to cell mixture
using the reference-free method [45], where the
latent variable dimension was estimated using the
random matrix theory method, standard errors
were estimated based on 100 bootstrap samples,
and p-values were adjusted for multiple testing
using the FDR approach [45].

Separate mediation analyses were conducted with
baseline methylation level at each of the three CpG
sites  (cg05575921, ¢g03636183, cg19859270) as
a mediator, with baseline pack-years of smoking as
the exposure among current or never smokers, and
incident bladder cancer as the outcome. We esti-
mated the causal effects using a regression-based



approach for dichotomous outcomes [46,47], which
is based on a counterfactual framework for causal
inference. This method uses a logistic regression
model to estimate the outcome and a linear regres-
sion model to estimate the mediator. The models
were adjusted for a set of covariates that included
our matching covariates (WHI arm, age at
baseline, year of enrollment, follow-up time, DNA
extraction method) and the following potential con-
founders: race/ethnicity (Asian/Pacific Islander,
Black/African American, Hispanic/Latino, non-
Hispanic White, other) and education (less than
high school, high school, post-high school training,
college degree, post-college training).

To account for an additive interaction between
the exposure and the mediator, we used the four-
way decomposition method, which addresses
interaction and mediation simultaneously [47].
We estimated the relevant causal effects as com-
ponents of the excess relative risk (ERR or RR-1)
of bladder cancer associated with smoking using
the coefficients from the regression models
(Appendix 1, Supplemental Online Material),
where these causal effects capture all possible com-
binations of mediation (absent, present) and inter-
action (absent, present). The calculations were
based on setting smoking to a level of 30 pack-
years as compared to 0 pack-years, where the
median smoking history among current smokers
was 37.5 pack-years. The meditator was consid-
ered absent at its average M-value in non-
smoking controls (m*). Each continuous covariate
and level of categorical covariates was held con-
stant at the level observed in controls.

The analyses were conducted using SAS® soft-
ware (version 9.3, SAS Institute Inc., Cary, NC,
USA) and the four-way decomposition code pub-
lished by VanderWeele [47].
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