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Abstract

Background: Diesel exhaust is a complex mixture, including polycyclic aromatic hydrocarbons
(PAHSs) and nitrated PAHs (nitro-PAHSs), many of which are potent mutagens and possible bladder
carcinogens. To explore the association between diesel exposure and bladder carcinogenesis, we
examined the relationship between exposure and somatic mutations and mutational signatures in
bladder tumors.

Methods: Targeted sequencing was conducted in bladder tumors from the New England Bladder
Cancer Study. Using data on 797 cases and 1,418 controls, two-stage polytomous logistic
regression was used to evaluate etiologic heterogeneity between bladder cancer subtypes and
quantitative, lifetime estimates of respirable elemental carbon (REC), a surrogate for diesel
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exposure. Poisson regression was used to evaluate associations between REC and mutational
signatures.

Results: We observed significant heterogeneity in the diesel-bladder cancer risk relationship,
with a strong positive association among cases with high-grade, non-muscle invasive 7P53%
mutated tumors compared to controls (Odds Ratio(OR)top Tertile vs.Unexposed=4-8, 95% Confidence
Interval(C1)=2.2,10.5; p-trend<0.001; p-heterogeneity=0.002). In muscle-invasive tumors, we
observed a positive association between diesel exposure and the nitro-PAH signatures of
1,6-dintropyrene (RR=1.93, 95% CI1=1.28,2.92) and 3-nitrobenzoic acid (RR=1.97, 95%
Cl=1.33,2.92).

Conclusion: The relationship between diesel exhaust and bladder cancer was heterogeneous
based on the presence of 7253 mutations in tumors, further supporting the link between PAH
exposure and 7P53 mutations in carcinogenesis. Future studies that can identify nitro-PAH
signatures in exposed tumors are warranted to add human data supporting the link between diesel
and bladder cancer.

Impact: This study provides additional insight into the etiology and possible mechanisms related
to diesel exhaust-induced bladder cancer.

Keywords

Bladder cancer; TP53; diesel; next-generation sequencing; nitrated polycyclic aromatic
hydrocarbons

Introduction

Bladder cancer is the tenth most common cancer worldwide [1]. Certain occupational
exposures, as well as increasing age, male sex, and a history of cigarette smoking, are
established risk factors for bladder cancer [2]. Diesel exhaust, a notable occupational

and environmental exposure, was classified as carcinogenic to humans (Group 1) by the
International Agency for Research on Cancer (IARC) in 2012 based on sufficient positive
evidence for lung cancer and limited positive evidence for bladder cancer [3]. Diesel exhaust
is a complex mixture of varying compounds, including polycyclic aromatic hydrocarbons
(PAHSs) and nitrated PAHs (nitro-PAHS), many of which are potent mutagens and possible
bladder carcinogens [2, 3]. Associations between diesel exhaust and bladder cancer risk have
largely been reported from studies where diesel exhaust exposure was inferred for specific
occupations (including truck drivers, mechanics, railroad workers, and operators of heavy
equipment) [4]. More recent studies that quantified cumulative exposure to diesel exhaust
have found a 60% increased risk of bladder cancer in subjects with high levels of exposure
[5, 6], including our previous work that combined data from two large population-based
case-control studies [6]. We aim to build on our previous observations by evaluating possible
mechanisms by which diesel exhaust might lead to bladder cancer.

In this study, we evaluated the associations between exposure to diesel exhaust and somatic
mutations observed in bladder tumors based on data from two large studies of bladder
cancer. Studies such as these are needed to establish biologic plausibility that diesel exhaust
causes bladder cancer in humans.
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Materials and Methods

Study Population

The New England Bladder Cancer Study (NEBCS) is a population-based case-control study
that included 1,213 cases and 1,418 controls. Cases in the NEBCS were patients with
histologically confirmed bladder cancer newly diagnosed between 2001 and 2004 among
residents of Maine, New Hampshire, and Vermont, ages 30 to 79 years. Sixty-five percent
of all eligible cases, identified through hospital pathology departments and hospital or

state cancer registries, were interviewed by trained interviewers after providing written
informed consent. A standardized histopathology review to assign stage and grade was
carried out by a study pathologist. Tumors were staged according to the tumor, node, and
metastases (TNM) criteria and graded according to the 1973 World Health Organization
(WHO) criteria. The study protocol was approved by all appropriate institutional review
boards. All cases from Maine and Vermont were considered (n=797) in the current analysis,
with sequencing data available for 322 cases. The study protocol was approved by the
institutional review board of the National Cancer Institute (in accordance with the Belmont
Report).

Targeted sequencing of 44 genes frequently mutated in bladder cancer (Supplemental Table
1) was conducted in 322 formalin-fixed paraffin-embedded (FFPE) bladder tumors from
NEBCS patients enrolled in Maine and Vermont who returned pathology consent forms,
completed the interview, and had DNA (tumor and normal) available for the current analysis.
DNA from FFPE tumors was isolated using the phenol-based AutoGenprep 245T Animal
Tissue DNA Extraction Kit (Autogen). Normal DNA was extracted, using the Autopure
protocol (QIAGEN), from exfoliated buccal cells collected from mouthwash samples.

Ampliseq Designer was used to design a panel of amplicons to cover the coding region

and splice site regions of each exon in the 44 targeted genes. For each patient, 30 ng of
tumor and germline DNA was used for amplification, library construction, and sequencing
(performed on an lon Torrent S5). Additional details pertaining to the sequencing, variant
calling and quality control have been previously published [7]. Variants with a quality score
=50 and allele fraction =210% were called and included in the current analysis.

In the NEBCS, lifetime occupational histories combined with exposure-oriented questions
were used to estimate cumulative exposure to respirable elemental carbon (REC), a primary
surrogate for diesel exhaust [8]. A detailed description of the assessment of diesel exhaust
exposure and risk associated with bladder cancer have been previously published [6]. An
industrial hygienist blindly assigned probability, intensity, and frequency of diesel exposure
for each job based on an extensive review of the diesel exhaust occupational health literature
and detailed questionnaire responses from the subjects on their work activities [9]. The
cumulative exposure calculation was limited to participants with jobs where the estimated
proportion of workers exposed to diesel exhaust was >50%. This metric was calculated

by summing the product of intensity, frequency, and duration of exposure over all jobs. In
addition to frequency (hours/week) and duration (years), participants were also queried
about location (indoor/outdoor), activities performed, products/services made/provided,
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equipment/chemicals handled, and whether they worked near engines or smelled engine
exhaust.

We also used information from 412 muscle-invasive bladder cancers included in The

Cancer Genome Atlas (TCGA) project (https://tcga-data.nci.nih.gov/). Publicly available,
whole-exome sequencing data was used to identify tumor mutations [10]. In TCGA, patients
reported occupational information such as job title of usual occupation (“occupation in
which the patient was employed for the majority of their working years”), industry of usual
occupation, and chemical exposures (“any chemical exposure the patient had during their
working years in their primary occupation™). These data were used to create a dichotomized
variable (no/yes) for exposure to diesel exhaust, based on expert knowledge of jobs with
either moderate or high probability of occupational diesel exposure as previously described
[11].

Statistical Analysis

Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated using two-stage
polytomous regression [12] to evaluate etiologic heterogeneity and measure the association
between cumulative REC and risk of bladder cancer subtypes defined by the presence/
absence of specific gene mutations. Additional subtype models were also considered using
tumor characteristics such as stage (non-muscle invasive vs. muscle-invasive) and grade
(low vs. high). We used the R package SignatureEstimation [13] to extract the four

major single-base substitution signatures observed in bladder tumors: COSMIC signature

1, APOBEC-mediated signatures 2 and 13, and 5*/ERCC2 signature [10, 14], as well as four
mutational signatures for nitro-PAHSs: 1,6-dinitropyrene (1,6-DNP), 1,8-dinitropyrene (1,8-
DNP), 3-nitrobenzoic acid (3-NBA), and 6-nitrochysene [15]. These nitro-PAH signatures
were selected because the nitro-PAHSs are considered specific markers of diesel exhaust
exposure[3], they are potent mutagens which are considered to be the main contributors to
the genotoxicity of diesel exhaust[16, 17], they have been shown to result in robust single
base substitution signatures in experimental models[15], and studies of populations exposed
to diesel have shown the presence of nitrated PAHSs excreted in urine (and thus bioavailable
to the bladder)[18-20]. Poisson regression was used to evaluate the relationship between
cumulative REC and these mutational signatures. Case-control analyses to identify risk
heterogeneity were conducted only in the NEBCS and case-case analyses with mutational
signatures were conducted in both the NEBCS and TCGA datasets.

Diesel exhaust exposure was dichotomized (no/yes) in both NEBCS and TCGA and was
also evaluated continuously (cumulative REC per 100 pg/m3) or categorically (based on

the cumulative REC distribution in exposed cases) in the NEBCS. We used the Wald test
for linear trends, treating the median value for each category (including unexposed) among
control subjects as continuous. In these models, we adjusted for covariates that changed
parameter estimates by more than 10%. Multivariate analyses for binary outcomes (absence
or presence of gene mutation) were performed using R package TOP [12] and analyses for
mutational signatures were performed using SAS 9.3 (SAS Institute Inc., Cary NC).
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Data availability

Results

The data from the current study are available from the corresponding author on reasonable
request.

Characteristics of cases and controls from the NEBCS and cases from TCGA are shown

in Table 1. A total of 15 cases were excluded from NEBCS and 29 from TCGA analyses
because of variant quality-control. An additional 33 were excluded from NEBCS (9 controls
and 24 cases) due to missing information on occupational histories. Cases with and without
tumor sequencing data in the NEBCS were similar with regard to age, sex, race, smoking
status, stage/grade, and diesel exposure (Supplemental Table 2). In the population-based
NEBCS, 260 (84.5%) tumors were non-muscle invasive and 47 (15.5%) were muscle-
invasive, while all 383 (100%) of the tumors from TCGA were muscle-invasive.

We observed significant heterogeneity in the relationship between diesel exhaust and risk
of bladder cancer by 7P53 mutation status in the NEBCS (p-heterogeneity=0.013) (Table
2, Supplemental Table 3). The highest tertile (T) of REC exposure from diesel exhaust

was associated with bladder cancer risk only when comparing patients with 7P53-mutated
tumors with controls (compared to unexposed: OR1=1.36, 95% CI1=0.66, 2.78; ORT2=1.30,
95% CI1=0.63, 2.69; ORT3=2.84, 95% CI=1.40, 5.74; p-trend=0.003). Among patients

with wild-type 7P53tumors, there was no apparent association between cumulative REC
exposure and bladder cancer (p-trend=0.603). Occurrence of somatic mutations in other
genes was not associated with cumulative REC. Similar to the results from the NEBCS

in Table 3, there was no association between diesel exposure and 7253 mutation in muscle-
invasive cases in TCGA (case-case OREye=0.76, 95% C1=0.40, 1.46).

Subtype analyses incorporating 7253 mutation status and additional clinical features (stage:
non-muscle invasive, muscle-invasive and grade: low-grade, high-grade) also indicate
etiologic heterogeneity in the relationship between diesel exhaust and bladder cancer
(p-het=0.002) (Table 3). The observed association between increasing cumulative REC
tertiles was strongest among non-muscle invasive, high-grade tumors with a 7253 mutation
(compared to unexposed: ORT1=2.34, 95% CI=1.09, 5.04; OR,=2.02, 95% CI1=0.90,

4.53; OR13=4.79, 95% CI=2.19, 10.51; p-trend<0.001). In other subtypes, there was no
association between diesel exposure and bladder cancer risk. Consistent with the overall
mutational profile of bladder tumors, the majority of mutations observed in 7P53 were of
APOBEC-type and multivariable analysis did not reveal any specific 7253 mutation type to
be associated with exposure (Supplemental Table 4).

We observed several positive associations between nitro-PAH mutational signatures and
exposure to diesel exhaust in muscle-invasive bladder cancer in both the NEBCS and TCGA
datasets (Table 4). In pooled analyses adjusted for study, we saw the strongest associations
for 1,6-DNP (OR=1.93, 95% CI=1.28, 2.92) and 3-NBA (OR=1.97, 95% CI=1.33, 2.92).
No associations were found in non-muscle invasive cases from the NEBCS. Exposure-
response relationships were limited to the NEBCS, but also suggested an increasing trend
between cumulative REC and 1,6-DNP signature mutations (ORy1: 2.12, 95% C1=0.57,
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7.93; OR12=4.02, 95% CI=1.46, 11.03; ORT3=4.92, 95% CI=1.03, 23.56; p-trend 0.05;
Supplemental Table 5). Risk estimates did not change significantly after being adjusted
for smoking status (Supplemental Table 6) or other risk factors. Plots of the nitro-PAH
mutational signatures (and the four major single-base substitution signatures observed in
bladder tumors) in the NEBCS are presented in Figure 1. Cosine similarities between the
mutational signatures induced by the nitro-PAHS, those reported in the COSMIC database
(\Version 2: https://cancer.sanger.ac.uk/signatures/signatures_v2/), and those observed in
bladder tumors are reported in Supplemental Table 7.

Positive associations between quartiles of cumulative REC and mutational signature 1,
characterized by C>T mutations at CpG dinucleotides (Table 5) were also apparent.
Compared to unexposed cases, exposure to REC nearly doubled the risk of mutations
characterized by signature 1 (RRquartile 1 or 91=1.86, 95% CI=1.06, 3.26; RR>=1.64,

95% CI=0.90, 3.00; RRp3=1.97, 95% CI=1.08, 3.60; RRg4=2.31, 95% CI=1.31, 4.06;
p-trend=0.042), adjusting by age at diagnosis and other confounding factors. Ever exposure
to diesel exhaust was also associated with an increasing proportion of signature 1 mutations
in the TCGA dataset (RR=1.46, 95% CI=1.37, 1.56); the pooled estimate for ever exposure
to diesel exhaust in NEBCS and TCGA was RR=1.47, 95% CI=1.38, 1.57. There was

no relationship between cumulative REC and any of the other single-base substitution
signatures.

Discussion

In the current analysis, we observed an increased risk of 7P53mutated tumors among
cases with increasing exposure to cumulative REC, suggesting that diesel exhaust may lead
to somatic 7P53 mutations in bladder tumors. Additionally, associations between diesel
exhaust exposure and nitro-PAH mutational signatures in muscle-invasive disease observed
here further implicate diesel exhaust in the development of bladder carcinogenesis. The
observed associations between diesel exhaust and mutagenic activity at CpG dinucleotides
also suggests a possible link with epigenetic mechanisms.

Epidemiologic evidence has linked diesel exhaust to bladder cancer [4-6, 21], but research
on the mechanisms by which diesel may lead to bladder cancer remains limited. Recently,
experimental studies of cells exposed to environmental carcinogens have provided insights
into the mechanisms of carcinogenesis by identifying specific mutational patterns across
the whole genome that are induced by exposure. This includes specific mutational
signatures attributed to PAHs and nitro-PAHs (genotoxic constituents of diesel exhaust),
such as 1,8-DNP, 1,6-DNP and 3-NBA [15]. Our study found associations between these
mutational signatures and diesel exhaust exposure in muscle-invasive disease, providing
further evidence for the carcinogenicity of diesel exhaust in bladder tumors. Although

we saw positive associations for all four of the nitro-PAH mutational signatures that we
examined, 1,6-DNP and 3-NBA had the most consistent associations with diesel exposure
across the two studies. Based on the quantitative estimates of cumulative REC, a significant
exposure-response trend was only observed for 1,6-DNP (p-trend=0.045) and a potential
borderline trend was observed for 1,8-DNP (p-trend=0.164). However, these finding was
based on a small number of muscle-invasive cases in the NEBCS, and more studies that have
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quantitative data on level of diesel exposure are needed to further explore these observations.
Urinary biomonitoring studies have demonstrated the presence of excreted PAH/nitro-PAH
metabolites after exposure to diesel exhaust [3, 22]. Experimental studies have demonstrated
PAH carcinogenicity by formation of DNA adducts, reactive oxygen species, and DNA
breaks in cells treated with 3-NBA [23-25] and 1,6-DNP [26]. Thus, these potent mutagens
may be important contributors to diesel-induced bladder cancer.

PAHSs have also been proposed to induce mutations in important genes such as 7P53through
the formation of adducts [3, 27, 28]. The link between PAH exposure and 7P53 mutations
has been demonstrated in lung cancer [28-30], and may be similar for bladder cancer. 7P53
is a tumor suppressor gene important in cell cycle regulation and is commonly mutated

or inactivated in muscle-invasive bladder cancers [31, 32]. Employment in a high-risk
occupation for bladder cancer has been previously associated with 7253 inactivation [7,
33]. Consistent with our recent report [6], this analysis reveals an association between
quantitative cumulative diesel exhaust and bladder cancer risk, but additionally finds
significant etiologic heterogeneity by 7P53 mutation status. A suggested p53-dependent
mechanism for diesel exposure has been previously discussed in the literature [34], and

the importance of cell cycle regulators in bladder tumors has been noted [3, 10, 35]. 7P53
mutations in the DNA-binding domain may prevent or inhibit the protective responses to
cellular stress and DNA damage such as cell cycle arrest, DNA repair, or programmed cell
death [36, 37]. One experimental study suggests that cell line differences in p53 status may
partly explain the increased levels of DNA adducts [25]. Thus, 7P53 mutations may be one
mechanistic pathway in which diesel exhaust exposure induces bladder cancer.

In our case-control analyses, we found that the association between diesel exhaust and
TP53-mutated tumors was particularly strong among high-grade non-muscle invasive
(NMI) bladder cancers. Although 7P53 mutations are more common in muscle-invasive
bladder cancers, mutations are still present in 10-20% of non-invasive disease and are

more prevalent in high-grade tumors [38, 39]. 7P53 mutations could play a role in the
overexpression of p53 protein that has been observed in higher grades of NMI bladder
cancers [40-42]. Additionally, studies of NMI bladder cancers have found higher likelihood
of progression among tumors with 7P53 mutations, suggesting the acquisition of 7P53
mutation as one possible mechanism of tumor progression to invasiveness [36, 42-45]. Thus,
the heterogeneity across stage/grade subtypes found in our study may suggest that diesel
exhaust has a promoting role both in the initiation and progression of bladder cancer.

We also observed a positive association between cumulative REC and COSMIC mutational
signature 1 in both the NEBCS and TCGA datasets. This signature is characterized by C>T
base changes at CpG dinucleotides and reflects the natural age-dependent degradation of
5-methylcytosine [46, 47]. However, associations persisted after adjustment for age was
considered. Data also suggest that some of the most frequent 7”53 mutations found in a
variety of tumor types have a strong link to the activity of mutational signature 1 [48].

And in fact, in our data, we observed a significant positive association between signature 1
and mutated 7P53in NEBCS tumors (OR=1.49, 95% CI=1.05, 2.11). Thus, the observed
associations between signature 1 and diesel exhaust exposure may be indirectly associated
with 7P53 mutations. Models adjusting for the presence of 7P53 mutation, however, did not
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impact the positive results for signature 1; thus, it is possible that alternative mechanisms
are also at play. Some controlled human exposure studies have shown diesel exhaust can
affect DNA methylation [49-51]. Assessing the impact of diesel exhaust exposure at CpG
dinucleotides and any resultant transcriptional changes in bladder tumors may be valuable
considering the wealth of data linking particulate exposure to altered DNA methylation [52].

This study’s strengths include expert assessment of diesel exhaust exposure with additional
quantitative estimates of cumulative REC in the NEBCS. The NEBCS is a population-based
set of cases while TCGA is a muscle-invasive-only case series. However, a standardized
pathologic review with genomic characterization of tumors and bladder cancer risk factor
information is available for both studies; this combination of features is uncommon but
hugely advantageous to further understand the role of diesel exhaust exposure in bladder
carcinogenesis. Limitations of these analyses include the limited exposure characterization
for diesel exhaust in TCGA and the small size of the targeted sequencing panel in

the NEBCS. While we were able to reliably characterize previously reported mutational
signatures, some misclassification of the contribution of individual mutations to each
signature is also possible when using only a 44-gene targeted panel in the NEBCS.

The NEBCS study population, however, is a representative sample of the New England
population and allowed for risk (case-control) analyses using quantitative data for diesel
exposure. Nonetheless, our analyses of heterogeneity by subtype and mutational signatures
sometimes resulted in small numbers.

In conclusion, our study provides additional insight into the etiology and possible
mechanisms related to diesel exhaust-induced bladder cancer. Our findings also suggest
diesel exhaust is a risk factor specifically for aggressive bladder cancer subtypes. Future
confirmatory research and experimental studies are needed to continue exploring the
mounting evidence linking diesel exhaust exposure and bladder cancer risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Plots of signature profiles in the New England Bladder Cancer Study.
They include the four major mutational signatures (COSMIC signature 1, APOBEC-

mediated signatures 2 and 13, and 5*/ERCC?2 signature) and the four mutational signatures
for nitro-PAHSs (1,6-dinitropyrene (1,6-DNP), 1,8-dinitropyrene (1,8-DNP), 3-nitrobenzoic
acid (3-NBA), and 6-nitrochysene). The x-axis denotes the 5’ and 3’ nucleotides for each
substitution type (e.g., A[T>C]C, thymine to cytosine substitution with 5’ adenine and 3’
cytosine).
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Select characteristics among cases and controls in the New England Bladder Cancer Study and cases in The

Cancer Genome Atlas.

New England Bladder Cancer Study (NEBCS)

The Cancer Genome Atlas (TCGA)

Characteristic (’iisse& ﬁi?tﬁlé ﬁis;§3
Age; N (%)

<55 52 (17.0) 255 (18.0) 45 (11.8)
55-64 87 (28.3) 336 (23.7) 107 (27.9)
65-74 109 (35.5) 544 (38.3) 127 (33.2)
75+ 59 (19.2) 283 (20.0) 104 (27.2)
Sex; N (%)

Female 74 (24.1) 379 (26.7) 94 (24.5)
Male 233 (75.9) 1,039 (73.3) 289 (75.5)
Race; N (%)

White 279 (90.9) 1,313 (92.6) 301 (78.6)
Non-White 28 (9.1) 105 (7.4) 58 (17.8)
Smoking; N (%)

Occasional smokers 4(1.3) 40 (2.8) N/A
Never smokers 46 (15.0) 472 (33.3) 95 (24.8)
Former smokers 154 (50.2) 699 (49.3) 187 (48.8)
Current smokers 103 (33.5) 206 (14.5) 83 (21.7)
Stage/Grade; N (%)

Ta, Low-Grade 139 (45.3) N/A 0(0.0)
Ta, High-Grade 60 (19.5) N/A 0(0.0)
T1, High-Grade 61 (19.9) N/A 0(0.0
T2+ (M) 47 (15.3) N/A 383 (100.0)
Diesel Exposure; N (%)

Unexposed 126 (41.0) 639 (45.1) 184 (48.0)
Possibly exposed 37 (12.1) 165 (11.6) N/A
Exposed 141 (45.9) 605 (42.7) 56 (14.6)
Missing 3(1.0) 9(0.6) 143 (37.4)

*
Excludes cases that were dropped after quality control.

N/A=Not Applicable or data not collected/available.
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Odds ratios for cumulative respirable elemental carbon (REC) and risk of bladder cancer by 7P53 tumor
subtype from two-stage polytomous logistic regression in the New England Bladder Cancer Study.

Table 2:

Case-case analysis
Unexposed

0-8.6

>8.6 -73.5

>73.5

p-trend
Case-control analysis
Unexposed

0-8.6

>8.6 - 73.5

013

Cumulative REC ™™ (ug/m3-yrs)

Continuous REC (per 100 pg/m?3-yrs)

Controls

639
255
211
139

1244

No TP53 mutation TP53 mutation
Cases O(%ds%/?actli;)* Cases Og%%/':actli;’*
98 Ref 28 Ref
44 Ref 12 1.28 (0.55, 3.01)
36 Ref 13 1.52 (0.65, 3.59)
24 Ref 12 3.20 (1.28,7.99)
0.015
98 Ref 28 Ref
44 106(0.76,1.48) 12  1.36(0.66, 2.78)
36  0.86(0.60,1.23) 13  1.30(0.63, 2.69)
24 0.89 (0.56, 1.40) 12 2.84 (1.40,5.74)
p-trend=0.603 p-trend=0.003
p-heterogeneity = 0.013
202 1.05(0.95115) 65  1.11(0.97,1.28)

*
Adjusted for age, race/ethnicity, sex, smoking status, and employment in a non-diesel related high-risk occupation.

Aok

Cut points for cumulative REC (tertiles) are based on 7P53mutated cases.

Note: counts do not add up to total due to exclusion of those possibly exposed to diesel from the reference group.
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