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Abstract

Purpose: Exome and whole-genome sequencing of muscle-invasive bladder cancer (BC) has 

revealed important insights into the molecular landscape; however, there are few studies of non-

muscle invasive BC with detailed risk factor information.

Experimental Design: We examined the relationship between smoking and other BC risk 

factors and somatic mutations and mutational signatures in bladder tumors. Targeted sequencing of 

frequently mutated genes in BC was conducted in 322 formalin-fixed paraffin-embedded bladder 

Correspondence to: Stella Koutros, PhD, MPH, Division of Cancer Epidemiology and Genetics, Occupational and Environmental 
Epidemiology Branch, National Cancer Institute, 9609 Medical Center Dr., MSC 9771, Bethesda, MD 20892, Tel:+1 240-276-7165; 
Fax: +1 240-276-7835, koutross@mail.nih.gov.
*Equal Contribution

Author disclosures: The authors declare no potential conflicts of interest.

HHS Public Access
Author manuscript
Clin Cancer Res. Author manuscript; available in PMC 2022 January 01.

Published in final edited form as:
Clin Cancer Res. 2021 July 01; 27(13): 3725–3733. doi:10.1158/1078-0432.CCR-20-4419.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tumors from a population-based case-control study. Logistic regression was used to calculate odds 

ratios (ORs) and 95% confidence intervals (CIs), evaluating mutations and risk factors. We used 

SignatureEstimation to extract four known single base substitution mutational signatures and 

Poisson regression to calculate risk ratios (RRs) and 95%CIs, evaluating signatures and risk 

factors.

Results: Non-silent KDM6A mutations were more common in females than males 

(OR=1.83,95%CI:1.05–3.19). There was striking heterogeneity in the relationship between 

smoking status and established single base substitution signatures: current smoking status was 

associated with greater ERCC2-Signature mutations compared to former (p-value=0.024) and 

never smoking (RR=1.40, 95% CI: 1.09–1.80, p-value=0.008); former smoking was associated 

with greater APOBEC-Signature13 mutations (p-value=0.05); and never smoking was associated 

with greater APOBEC-Signature2 mutations (RR=1.54, 95% CI: 1.17–2.01, p-value=0.002). 

There was evidence that smoking duration (the component most strongly associated with BC risk) 

was associated with ERCC2-Signature mutations and APOBEC-Signature13 mutations among 

current (p-trend=0.005) and former smokers (p=0.0004), respectively.

Conclusions: These data quantify the contribution of BC risk factors to mutational burden and 

suggest different signature enrichments among never, former, and current smokers.
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INTRODUCTION

In Europe and North America, bladder cancer is the 9th most commonly diagnosed cancer 

among men and women of all ages.[1] Major established risk factors for bladder cancer 

include increasing age, male sex, a history of cigarette smoking, and occupational exposures.

[2] The major subtypes of bladder cancer are non-muscle-invasive bladder cancer (NMIBC, 

the tumor is confined to the mucosa or the lamina propria) and the less common, but more 

aggressive, muscle-invasive bladder cancer (MIBC, tumor invades muscle). While exome 

and whole-genome sequencing of MIBC has revealed important molecular insights, the 

mutational profile of NMIBC remains poorly characterized, despite the fact that NMIBC 

represents 70% of incident diagnoses.[3–11] Studies combining mutational profiles with 

detailed risk factor information are needed to learn more about possible mechanisms by 

which the major risk factors for bladder cancer influence carcinogenesis.

Here, we used deep, targeted amplicon sequencing of the coding regions of 44 genes 

frequently mutated in bladder cancer to characterize somatic mutations in 307 formalin-

fixed paraffin-embedded (FFPE) bladder tumors (260 NMIBC and 47 MIBC) from a 

population-based case-control study and evaluated the associations between somatic 

mutations and detailed information on smoking as well as other major risk factors for 

bladder cancer.
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MATERIAL AND METHODS

Study Population and Tumor Tissue Collection

The New England Bladder Cancer Study (NEBCS) is a large population-based case-control 

study that includes 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. A total of 1,213 

patients were ascertained through hospital pathology departments and hospital and state 

cancer registries and interviewed (65% of eligible cases were interviewed). A standardized 

histopathology review to assign stage and grade was carried out by a study pathologist.[12] 

Tumors were staged according to the tumor, node, and metastases (TNM) criteria of the 

American Joint Commission on Cancer[13, 14] and graded according to both the 1973 

World Health Organization (WHO) and 2004 WHO/International Society of Urologic 

Pathologists (ISUP) criteria.[15, 16] Participants were interviewed by trained interviewers to 

obtain detailed information on demographics, use of tobacco products[17], lifetime 

occupational histories[18], and other risk factors. All participants provided written consent. 

The study protocol was conducted in accordance with the ethical guidelines outlined in the 

Belmont report and was approved by all appropriate institutional review boards. Blinding 

and randomization are not relevant to this study.

Three hundred and twenty-two FFPE tumor tissue blocks from NEBCS patients with 

urothelial cell carcinoma enrolled in Maine and Vermont returned pathology consent forms, 

completed the interview, and had DNA available for the current analysis. There were no 

significant differences between these cases and those not sequenced with respect to age, 

gender, state of residence, education, history of work in a high-risk occupation for bladder 

cancer, cigarette smoking status, and tumor stage and grade (Supplemental Table 1). Tumor 

regions as annotated on digital images were hand macrodissected from three 5 μm sections 

and placed into 1.5 ml microcentrifuge tubes. DNA was isolated using the phenol-based 

AutoGenprep 245T Animal Tissue DNA Extraction Kit (Autogen) and DNA yield and 

purity were determined by NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA).

Targeted Sequencing, Variant Calling and Quality Control

Using previously published papers[3, 7, 9, 10, 19], we identified 44 genes that are frequently 

mutated in bladder cancer (Supplemental Table 2). The Ampliseq Designer was used to 

design a panel of amplicons to cover the coding region and splice site regions of each exon. 

The panel was tested on a pilot set of FFPE samples from the NEBCS that included 20 

duplicate DNAs. From these data, we selected an quality score of 50 and an allele fraction of 

10% as cutoff values for somatic variants. For each sample, 30 ng of tumor and germline 

DNA was used for amplification, and library construction, and sequencing that was 

performed on an Ion Torrent S5 sequencer. Variants were called in the Ion Torrent Variant 

Caller software using the paired sample option. All variants recurrent in more than three 

samples were manually reviewed in the Integrative Genomics Viewer and variants 

determined to be sequencing artifacts were removed. When comparing all variants in the 

TP53 gene identified in the same samples in the current study and, previously, by Sanger 
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sequencing, we observed 99.3% concordance. Prior data, from Sanger sequencing of 

selected FGFR3 exons, were also incorporated.[20–23] The gene-wise mutation frequency 

plots for NMIBC and MIBC were generated using the R package maftools (oncoplot 

function).

Mutational Signatures

Based on single nucleotide variants (SNVs), we define 96 trinucleotides as possible 

mutation types[24] to construct a mutational catalogue matrix M. Because of a small 

number of genes being sequenced, it was difficult to decompose M de novo to identify 

mutational signatures directly. Instead, we leveraged the current knowledge of major 

mutational signatures for bladder cancer and defined a 96×4 mutational signature matrix P 
consisting of COSMIC signatures 1 (age-related), APOBEC-mediated signatures 2 and 13 

and 5*/ERCC2 signature [4, 25] (5*/ERCC2 signature cosine similarity of 0.90 to COSMIC 

5). Given these matrices M and P, we extracted the exposure matrix E by minimizing 

Frobenius norm ∥M-PE∥ using the R package SignatureEstimation.[26]

Statistical Analysis

Multivariate logistic regression was used to calculate odds ratios (ORs) and 95% confidence 

intervals (95% CI) for the relationship between bladder cancer risk factors and presence or 

absence of somatic mutation (missense, nonsense, splice site, insertions, deletions) as well 

as the presence or absence of indels (any deletion, any insertion, one base pair deletions, one 

base pair insertions) in all 44 genes. Risk factors evaluated included age at diagnosis, sex, 

race (white/non-white), smoking characteristics (as described below), and ever employment 

in a high-risk occupation (yes/no). High-risk occupation was defined as a priori “suspect 

occupation” with an odds ratio of 1.1 or higher based on 15 or more exposed individuals in 

this study.[18] Smoking characteristics evaluated included cigarette smoking status (never, 

former, current), duration (in years), combined status and duration (never, former (and 

duration among former smokers), current (and duration among current smokers), intensity 

(cigarettes per day), and pack-years (all characteristics are defined in Baris et al.[17])). Risk 

factors, as well as tumor cellularity (defined as the percent of tumor cells by visual 

inspection of study pathologist), were included in multivariate models when they changed 

parameter estimates by more than 10%. Somatic mutations were also evaluated as a group 

assigned to the following major pathways altered in bladder cancer[4, 19]: cell-cycle 

regulation, histone modification/chromatin remodeling, transcription factors, RTK/Ras/

PI(3)K, DNA damage response (DDR). Poisson regression was used to evaluate the 

relationship between risk factors and counts of mutations corrected for total mutational 

burden (TMB) (or, the proportion of mutations) contributing to each of the four major single 

base substitution (SBS) signatures in bladder tumors (Signature 1, C>T at CpG; APOBEC-

Signature 2 C>T in TC[A/T] motifs; APOBEC-Signature 13 C>G in TC[A/T] motifs; 

ERCC2-Sig mutations). Genotypes of the germline single nucleotide polymorphism (SNP) 

rs1014971, previously associated with bladder cancer risk and APOBEC-signature mutation 

load [27], were available from a previous genome-wide association study.[28]
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RESULTS

Of the 322 bladder tumors sequenced, 15 were excluded due to poor sequencing coverage 

(mean coverage <100x) leaving 307 samples for analysis (accession number 

phs002318.v1.p1). The resultant mean sequencing coverage across all targeted exons was 

630x. The median number of mutations per sample was 5 with a range of 0–39. Two 

hundred and sixty patients had NMIBC (84.7%) and 47 had MIBC (15.3%).

First, we analyzed individual mutations. The most frequently mutated gene in NMIBC was 

FGFR3 (53% mutated) and in MIBC tumors was TP53 (60% mutated, Figure 1). Mutations 

in histone/chromatin regulating genes (87% of samples mutated) and RTK/Ras/PI(3)K 

pathway alterations (93.5% samples mutated) were present at a high frequency in low grade 

Ta tumors. High grade, T1 tumors showed the highest frequency of mutation in genes in 

transcription factor pathways (45.9%) while MIBC had the highest frequency of cell-cycle 

alterations (74.5%) compared to other stage/grade subtypes (Figure 2).

The presence of non-silent mutations was not associated with age at diagnosis or race group. 

Non-silent KDM6A mutations were significantly more common in females compared to 

males, OR=1.83, 95% CI: 1.05–3.19; in females these mutations largely occurred in Ta 

tumors (86%, OR=2.17, 95% CI: 1.17–4.22) (Supplemental Table 3). A history of 

employment in a high-risk occupation was significantly associated with mutations in cell 

cycle pathway genes OR=1.89, 95% CI: 1.01–3.55 (Supplemental Table 4). This was 

predominantly driven by the strong positive association between TP53 mutations in those 

with a history of employment in a high-risk occupation, OR=5.73, 95% CI: 2.07–15.83, p-

value=0.0008 (Supplemental Table 4). There were no significant associations between any 

metrics of smoking and the presence of any somatic mutation in any of the 44 genes 

frequently mutated in bladder tumors.

Next, we analyzed four major mutational signatures, which were constructed using data on 

1,472 SNVs in the 44 sequenced genes. These SBS signatures included Signature 1, C>T at 

CpG, overall mean contribution: 0.115; Signature 2, APOBEC C>T in TC[A/T] motifs, 

overall mean contribution: 0.316; Signature 13 APOBEC C>G in TC[A/T] motifs, overall 

mean contribution: 0.121; ERCC2-Signature mutations, overall mean contribution: 0.448. 

Signature 1 mutations were significantly associated with age at bladder cancer diagnosis 

(p=0.007), ERCC2-Signature mutations were significantly associated with non-silent 

ERCC2 mutations (p=3.24 ×10−11), and the bladder cancer risk allele of a germline SNP 

rs1014971 was associated with APOBEC-signature 13 mutations (β=0.29, p=0.044) in 

multivariate Poisson regression models.

The incorporation of detailed cigarette smoking history showed several notable associations 

with all mutational signatures tested except Signature 1. Current smoking was associated 

with greater ERCC2-Signature mutations compared to both never smokers (RR=1.40, 95% 

CI: 1.09–1.80, Table 2) and former smokers (p-value=0.0238, Supplemental Table 5); among 

cases with wild-type ERCC2, the relative proportion of ERCC2-Signature mutations was 

even stronger among current smokers (compared to never smokers, RR=1.52, 95% CI: 1.13–

2.05). APOBEC-Signature 13 mutations were highest among former smokers (RR=1.58, 
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95% CI: 1.00–2.50, p-value=0.050), and APOBEC-Signature 2 mutations were highest 

among never smokers (RR=1.54, 95% CI: 1.17–2.01, p-value=0.0019, Table 2). Further, 

there was significant evidence that smoking duration was associated with ERCC2-Signature 

mutations among current smokers (p-trend=0.005) and with APOBEC-Signature 13 

mutations among former smokers (p=0.0004, Supplemental Table 5). There were no 

significant trends between intensity or pack-years smoked and any of the signatures. Among 

former smokers, APOBEC-Signature 13 mutations were also increased with a shorter time 

since quitting (RR=2.62, 95% CI: 1.59– 4.30, p-value = 0.0002, Table 2).

A strong positive association was also observed between presence of any 1-bp deletions and 

both status and duration of smoking (RRFormer,<30yrs= 3.09, 95% CI: 0.80–11.89; 

RRFormer,≥30yrs= 3.57, 95% CI: 0.93–13.80; RRCurrent,<45yrs= 4.54, 95% CI: 1.13–18.27; 

RRCurrent,≥45yrs= 6.89, 95% CI: 1.77–26.82; p-trend=0.0027, Table 3). These deletions were 

most common in genes influencing histone modification/chromatin remodeling (67%). 

There were no positive associations between any smoking characteristic and the presence of 

1-bp insertions.

All analyses conducted separately for non-muscle invasive and muscle-invasive disease can 

be found in Supplemental Tables 7-10.

DISCUSSION

In the current analysis, we observed several associations between major bladder cancer risk 

factors and cancer gene mutations, as well as mutational signatures derived from 44 genes 

frequently mutated in bladder cancer. Notably, there was striking heterogeneity in the 

relationship between cigarette smoking and the established bladder cancer SBS and indel 

signatures that directly track with the components of smoking (status and duration) that 

drive the risk for bladder cancer. These results show a clear imprint of cigarette smoking in 

bladder tumors and provide new insights into the mechanisms by which cigarettes influence 

carcinogenesis.

The mutational profile of bladder tumors has been described to include four major SBS 

signatures[4, 25] and, more recently, doublet base substitution and indel signatures.[29] 

Interestingly, the SBS mutational signature associated with tobacco smoking (COSMIC 4) 

has not been identified in bladder cancer[30], but rather a nucleotide-excision repair (NER) 

pathway-related mutational signature, associated with recurrent somatic ERCC2 mutations, 

has been associated with ever (but not former/current) smoking status.[4, 25] Here, we also 

show a link between cigarette smoking and ERCC2-Signature mutations and, by using 

detailed lifetime cigarette smoking history, we further clarify that current smoking is 

associated with the greatest ERCC2-Signature mutational burden compared to both former 

and never smokers. Our results are consistent with a recent reanalysis of TCGA data that 

showed a significantly higher burden of COSMIC signature 5 (cosine similarity of 0.90 to 

ERCC2-signature) among current smokers.[31] The activity of this signature has also been 

shown to be positively correlated with pack-years smoked.[25, 30] Here, we demonstrate a 

dose-dependent increase in the proportion of ERCC2-signaure mutations with duration 

smoked (among current smokers), but not with intensity or pack-years of smoking. The 
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above observations are directly supported by epidemiologic evidence that status and duration 

of cigarette smoking are the components of smoking that drive increasing risk for bladder 

cancer.[17]

NER is the major pathway for the repair of bulky DNA adducts induced by carcinogens in 

cigarette smoke,[32] thus, it is not surprising that ERCC2 (a major NER gene) is frequently 

altered in bladder cancer and that ERCC2-Signature mutational burden is highest among 

current smokers. Consistent with other reports, we also observed a higher proportion of 

ERCC2-Signature mutations in smokers compared to never smokers among those with wild-

type ERCC2 [4, 25], but found that this was significantly higher in current (and not former) 

smokers. It has been suggested that the observed enrichment of ERCC2-Signature mutations 

in smokers with wild-type ERCC2 may be due to the influence of ERCC2 germline variants 

or other unidentified DNA repair genes/pathways contributing to ERCC2-Signature 

mutational burden.[25] Future integration of detailed smoking history with both somatic and 

germline NER pathway variant characterization may yield additional insights into the 

contribution of ERCC2-Signature mutations, particularly among lifelong smokers, and the 

mechanisms by which cigarette smoking influences bladder carcinogenesis.

APOBEC-signature mutations accounted for 43% of SNVs in our dataset of largely NMIBC, 

confirming that APOBEC-signature mutation load is likely generated early in the 

carcinogenic process. Here, we demonstrate a strong link between certain smoking 

characteristics that differ between the two APOBEC mutational signatures and show novel 

additional evidence of the imprint of cigarette smoking in bladder tumors. Loads of 

APOBEC-Signature 13 mutations (C>G in TC[A/T] motifs) were found to be highest among 

former smokers, compared to never or current smokers. These mutations were significantly 

enriched for mutations in histone-modifying and chromatin remodeling genes (Supplemental 

Table 11). Although this link has not been reported before in bladder cancer, pack-years of 

smoking has been linked to elevated APOBEC-Signature 13 mutational burden in smokers 

with lung adenocarcinoma.[25, 30] In our study, we also observed a significant increase in 

APOBEC-Signature 13 mutations with smoking duration and with shorter time since 

quitting among former smokers, which provides additional evidence that increasing 

exposure increases APOBEC-Signature 13 mutational load in former smokers. We also note, 

that APOBEC-Sig 13 mutational burden was not associated with intensity of smoking or 

with pack-years (the primary metric of cumulative cigarette smoking used to explore this 

relationship in prior analyses).[25, 30] APOBECs introduce mutations by editing single-

stranded DNA, which is abundant under conditions associated with DNA damage, repair, 

and replication.[33, 34] Furthermore, expression of APOBEC3A and APOBEC3B genes 

that encode main mutagenic enzymes, is elevated in bladder tumors [4, 27]) and was found 

to be induced directly by DNA damage in bladder cancer cell lines.[27] In the process of 

bioactivation/detoxification, tobacco-derived carcinogens accumulate in urine where they 

form adducts with DNA at the bladder epithelium; resolution of these adducts through DNA 

breaks generates single-stranded DNA that activates the APOBEC system. Thus, the 

induction of APOBEC-signature mutations in bladder cancer due to cigarette smoking is 

plausible.
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APOBEC-Sig 2 mutations (C>T in TC[A/T] motifs) were found to be highest among never 

smokers. This contrasts with reports based on TCGA data that never smokers had higher 

C>G mutations [19] and APOBEC-Signature 13 mutations (C>G in TC[A/T] motifs).[31] 

Despite the highly statistically significant finding for never smokers in our study, we only 

had 46 never-smoking bladder cancer cases; thus, our findings would need to be replicated. 

We note, however, the possibility of misclassification of the smoking data in TCGA, 

particularly among never smokers, who comprise an unusually high proportion (27.8%) of 

MIBC cases in that study[4] compared to only 11.5% of MIBC cases in the population-

based NEBCS.[17] Alternatively, TCGA may not be representative of all MIBC. Additional 

exploration of the role of environmental tobacco smoke (ETS) among never smokers in our 

study showed no association between ETS and APOBEC-Sig 2 mutations. Thus, more work 

is needed to fully understand if there is a divergent etiology associated with the two 

APOBEC signatures in bladder tumors.

Recent data have characterized indel signatures, classified as deletions or insertions of a 

single base or longer fragments in many tumor types. In our dataset, the most common 

pattern was for 1-bp indels. When we evaluated the relationship between the presence of 

these indels and the various smoking characteristics, we observed a strong positive 

association between smoking status and duration smoked (p=0.0027) and 1-bp deletions. 

Nearly all the cases harboring these 1-bp deletions were smokers (54/57 tumors), further 

suggesting that these are driven by tobacco exposure. A more detailed analysis of specific 

types of 1-bp deletions was not possible due to the limited sample size, however we 

observed that 67% percent of these deletions occurred in genes influencing histone 

modification/chromatin remodeling. The mechanism by which observed mutations in genes 

involved in these processes impact bladder cancer development is not well understood, but 

histone methylation is generally described to influence gene expression and numerous 

cellular processes.[35] Future studies that aim to evaluate cigarette-induced histone and 

other epigenomic changes in experimental studies of bladder cancer, like those done for lung 

cancer[36, 37], are warranted given our findings.

There are sex differences in the incidence of bladder cancer with a male-to-female ratio of 

about 4.0, which cannot be entirely attributed to cigarette smoking.[2] Still, the molecular 

basis of this sex disparity is not well understood. Cross-cancer analysis of sex-based 

differences suggested a higher proportion of gene expression and DNA methylation 

differences in bladder cancer were significantly enriched in the sex chromosomes.[38] 

Recently, case-only findings by Hurst et al.[39] and by Nassar et al.[40] revealed that 

mutations in the X-linked KDM6A gene were more frequent in tumors from women 

compared to those from men. Here, we confirm this observation in 199 Ta tumors and find 

that 53.6% of Ta tumors from women and 35.6% of Ta tumors from men had at least one 

KDM6A mutation. This difference was statistically significant with multivariable adjustment 

for other bladder cancer risk factors that differ by sex, most notably, cigarette smoking. And, 

case-control analyses suggest a true increase in the risk for KDM6A positive tumors in 

women (p-heterogeneity=0.02, see Supplemental Table 3a). Among the 35 women with 

mutated KDM6A in our study, 9 had more than one KDM6A mutation, and two others have 

a likely loss of heterozygosity (allele fraction ≥70%). Several pieces of evidence support the 

tumor suppressor function of KDM6A in bladder cancer.[7, 41] Coupled with KDM6A 
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escape from X-chromosome inactivation [42], this may partially explain the lower incidence 

rates for bladder cancer among women compared to men. Despite this protection, when 

women do develop bladder cancer, KDM6A mutations and reduced expression were shown 

to be predictive of reduced disease-free survival in MIBC (not observed in men).[41] 

Papillary (Ta) NMIBC, is frequently characterized by recurrent FGFR3 mutations (and now 

also KDM6A mutations) and recent data suggest that the co-occurrence of these alterations 

cooperate in bladder cells to reduce the expression of luminal genes, promoting a more basal 

(aggressive) cell state.[43] These findings provide some insights into the progression of 

some papillary tumors to more consequential subtypes; unfortunately, we do not have 

disease recurrence, progression, or survival information in this study to explore this 

question.

Over 40 high-risk occupations have been identified for bladder cancer, most notably from 

historic exposure to aromatic amine chemicals.[2] Lifetime assessment of occupational 

histories (all jobs held for at least 6 months since age 16) from patients in this study show 

the highest frequency of ever being employed in transportation occupations, as mechanics 

and repairers, in military occupations, as handlers, equipment cleaners and laborers, or in 

service occupations (except private households and protective) (Supplemental Table 5). The 

mutational profile of subjects ever employed in a high-risk occupation suggests an excess of 

mutation in genes regulating the cell-cycle, particularly for mutations in TP53. Our data also 

show a higher burden of ERCC2-Signature mutations among those employed in high-risk 

occupations compared to those who were never employed in these jobs (Table 4). Our results 

suggest that exogenous exposures (other than smoking) contribute to the mutational burden 

in bladder tumors and are consistent with the observed excess risk for bladder cancer due to 

occupational carcinogens. One other independent study also identified an excess of TP53 

mutations among men who held high-risk occupations [44] but we are not aware of similar 

reports linking high-risk occupations to mutational profiles in bladder tumors, thus these 

results require replication. Since the exposures in the noted high-risk occupations are highly 

heterogenous, studies that also include detailed characterization of specific exposures and 

putative mechanisms that are driving these associations are needed.

Our study has several strengths, most notably, a detailed characterization of all bladder 

cancer risk factors from an extensive interview with study participants. This allowed for a 

comprehensive analysis of the relationship between smoking characteristics (status, 

duration, intensity, pack-years, and ETS) and somatic mutations in bladder cancer. We were 

also able to assess the impact of lifelong occupational exposures, which are not routinely 

collected in the clinical setting. The weaknesses of the study include limitations in the 

sample size to look at individual gene mutations and the size of the targeted sequencing 

panel. Despite the small number of SNVs detected, we were able to reliably characterize the 

four main SBS signatures previously reported in bladder tumors. This is supported by the 

observed relationship in our data to established characteristics of these signatures, i.e., age at 

diagnosis and COSMIC SBS signature 1[30], non-silent ERCC2 mutation and ERCC2-

Signature mutations[25], and the germline bladder cancer risk variant rs1014971[28] 

associated with increased APOBEC mutational load.[27] Still, some misclassification of the 

contribution to each signature is possible. As an added check of the signature derivation 

from SignatureEstimation, we manually annotated all mutations according to stringent 
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APOBEC context [45] (to compare observed results between APOBEC mutagenesis and 

smoking characteristics) and found the same association between former smoking duration 

and APOBEC-Signature 13 C>G in TC[A/T] mutations and APOBEC-Signature 2 C>T in 

TC[A/T] mutations and never smoking (data not shown). In addition, when we extracted the 

four signatures from the bladder cancer samples in the publicly available TCGA dataset 

(which includes only MIBC) using only the 44 genes included in our panel, the relative 

contributions of the signatures was observed to be comparable to those from muscle-invasive 

cancers in our dataset (Supplemental Table 12). Other limitations in the study include our 

inability to characterize mutations in the TERT promoter using our panel. The TERT 
promoter, although commonly mutated in bladder cancer, is very GC-rich and effective 

analysis requires a specific PCR-based approach or whole genome sequencing which was 

not possible in our study on FFPE tumors.

In conclusion, our study provides additional insight into the impact of cigarette smoking on 

the mutational burden in bladder cancer. In addition, we found that other major risk factors, 

including occupational exposures, also contribute to known bladder cancer mutations and 

mutational signatures. This work highlights the value of integrated analyses of risk factor 

information with somatic mutation characterization to add insight into the mechanism for 

bladder carcinogenesis.
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Translational Relevance:

Few studies have examined detailed risk factor information with somatic mutational 

profiling and mutational signatures in population-based studies. By analyzing 322 

representative urothelial bladder carcinomas, we confirm an enrichment of KDM6A 
somatic mutations in women and show etiologic heterogeneity in risk. Mutational 

signature profiles demonstrate a clear imprint of cigarette smoking in bladder tumors and 

show that these track with the components of smoking (status and duration) that drive the 

risk for bladder observed in population-based epidemiologic studies. TP53 mutations 

were enriched in patients with a history of ever holding a high-risk occupation. These 

observations underscore the connection between established bladder cancer risk factors 

and the mutational burden in tumors and highlight the need for detailed clinical 

characterization of these factors.
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Figure 1. 
Top 15 genes with somatic mutations in non-muscle invasive (NMIBC) and muscle-invasive 

bladder cancer (MIBC) in the New England Bladder Cancer Study.
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Figure 2. 
Pathway alterations by stage and grade of bladder cancer

Koutros et al. Page 15

Clin Cancer Res. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Koutros et al. Page 16

Table 1.

Select characteristics among 307 patients with targeted sequencing data in the New England Bladder Cancer 

Study

Characteristic N Percent

Age

<55 52 16.9

55–64 87 28.3

65–74 109 35.5

75+ 59 19.2

Sex

Female 74 24.1

Male 233 75.9

Race

White 279 90.9

Non-White 28 9.1

Smoking

Occasional smokers 4 1.3

Never smokers 46 15.0

Former smokers 154 50.2

Current smokers 103 33.6

High-Risk Occupation

No 63 20.5

Yes 241 78.5

Missing 3 1.0

Stage/Grade

Ta, Low Grade 139 45.3

Ta, High Grade 60 19.5

T1, High Grade 61 19.9

T2+ (MIBC) 47 15.3
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