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Abstract
Background: Tobacco-smoking is a known risk factor for bladder cancer (BCa). However, a typical
tobacco-smoking induced mutation signature, COSMIC SBS4, established in lung and head-and-neck
cancer, has not yet been virtually found in BCa.

Methods: De novo mutation signature extraction was performed. Association of SBS4-like signature with
tobacco-smoking and clinicopathologic and molecular features were analyzed with statistical and
bioinformatics analysis. The role of AHR/CYP1A in BaP-induced carcinogenic effects was functionally
investigated in RT4 and T24 cell lines.

Results: We identi�ed a mutation signature resembling the COSMIC SBS4 in a cohort of whole exome
sequenced BCa tumors, with moderate contribution to the overall mutation load. Its relationship with
tobacco-smoking was demonstrated given its transcriptional strand bias and association with tobacco-
smoking history and other proven tobacco-induced mutation signatures, DBS2 and ID3. Load of this
signature showed anti-correlation with APOBEC mutagenesis, enrichment in luminal unstable and
depletion in stroma-rich molecular subtypes, and association with patients’ prognosis, tumor grade, tumor
proliferation, immune in�ltration, in�ammation, IFN-response, and urothelial versus squamous
differentiation. We computationally identi�ed and functionally validated AHR/CYP1A axis as a pivot of
tobacco-induced carcinogenesis in BCa. We proposed a hypothetic mechanistic model of tobacco
toxicants-related BCa development and evolution in summary of the �ndings.

Conclusions: A tobacco-smoking induced mutation signature with important biological and clinical
signi�cance is present in BCa. As a direct measurement of chronic tobacco genotoxic effects, it can be
used for further investigations on BCa etiology and clinical management. AHR/CYP1A axis is essential in
tobacco-induced carcinogenic process of BCa, which can be a potential target in BCa prevention and
treatment.

Background
Bladder cancer (BCa) is one of the most frequent malignancy of the human urinary tract [1, 2].
Association between tobacco-smoking and BCa risk has long been investigated and has been
epidemiologically established as analyzed in large-scale meta-analysis of observational studies, and is
independent of gender, racial, and directness of exposure [3–6]. A recent Mendelian randomization study
has further suggested a causal relationship between tobacco-smoking and bladder cancer, reinforcing the
link [7]. Importantly, tobacco-smoking was associated with poor short-term and long-term BCa patient
outcome, with undetermined mechanism [8]. DNA damages caused by tobacco-smoking related
carcinogens may leave characteristic somatic alteration patterns, the so-called mutation signature, like
many other mutagenesis mechanisms [9, 10]. Recent efforts of large-scale whole genome and whole
exome tumor somatic mutation signature characterization along with validation in experimental models
have identi�ed signatures attributable to DNA misreplication caused by with tobacco carcinogens, ie. the
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COSMIC SBS4, DBS2 and ID3. The COSMIC SBS4 has been established in tumors of tobacco-smoking
related cancer types such as lung cancer and head-and-neck cancer, as well as benzo[a]pyrene (BaP, a
major and potent carcinogen of cigarette-smoke) treated experiment models including normal urothelium
cultured in vitro, as direct evidence of active exposure of tobacco carcinogens [11–14]. However, the
presence of this mutation signature and association with tobacco-smoking has paradoxically not been
shown in BCa tumors. Instead, a COSMIC SBS5-like signature has been repeatedly found in BCa, and
reported as associated with tobacco-smoking behavior and loss-of-function mutation of ERCC2, an
important component of nucleotide excision repair (NER) machinery which is responsible for eliminating
covalent DNA adducts caused by metabolically activated BaP products [15–17]. Nevertheless, given the
wide presence and clock-like nature of COSMIC SBS5 signature in pan-cancer, its association with
tobacco carcinogenesis in BCa seems indirect and less straightforward [17].

We aimed here to investigate whether the cigarette-smoking induced COSMIC SBS4 signature is truly
absent in BCa tumors or it could have been due to limitations of mutation signature extraction and
interpretation in previous studies [18, 19]. We performed de novo mutation signature extraction using
TCGA BLCA somatic variants of whole exome sequencing (WES). We found a mutation signature highly
similar to the COSMIC SBS4. Its enrichment in current and late reformed smokers compared to life-long
non-smoker and early reformed smokers and its link with DBS2 and ID3 strongly supported its
association with tobacco-smoking. Further exploration revealed its correlation with patients’
clinicopathologic factors and prognosis, as well as transcriptomic features and molecular classi�cations.
Importantly, we further identi�ed AHR as a likely pivot and demonstrated a potential role of AHR-mediated
xenobiotic metabolism in tobacco-induced bladder cancer carcinogenesis. Our �ndings allow to propose
a general model of tobacco toxicants-induced bladder cancer development and evolution, and highlight
the signi�cance of smoking-quitting and modulation of AHR/CYP1A xenobiotic metabolism axis in
bladder cancer prevention and management.

Methods

Data collection
The TCGA BLCA WES somatic substitution variant calls (n = 410; #mutations = 131,660), WES somatic
copy-number variant (CNV) calls (GISTIC categorized, n = 408), RNA-seq transcriptomes (n = 410, RSEM
normalized counts) and patient clinical data were downloaded from cBioportal database (TCGA Cell
2017 data package) [20]. COSMIC mutation signatures (version 3.1) in numeric format was downloaded
from COSMIC Mutation Signature database [21]. Raw RNA-seq counts of TCGA BLCA tumors and
genome-wide CpG methylomes of TCGA BLCA tumors measured with Illumina 450K array were
downloaded from UCSC Xena data portal [22]. APOBEC mutagenesis (COSMIC SBS2 and SBS13) fraction
scores for TCGA BLCA tumors (n = 410) was downloaded and extracted from supplements of Shi et al
[23]. Single-cell RNA-seq data of a BaSq MIBC tumor was downloaded from the GEO database (accession
number, GSE145137) [24]. Markers for human skin basal / suprabasal keratinocytes and urothelial cells
were extracted from The Single Cell Type Atlas of the The Human Protein Atlas (THPA) database [25, 26].
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De novo mutation signature extraction
Non-negative matrix factorization (NMF) based de novo mutation signature extraction was applied to the
WES single base substitutions (SBS) calls of the TCGA BLCA tumors [16]. The optimal number of
signatures was estimated automatically using the cophenetic correlation coe�cients and residual sum of
squares (RSS) as described [27]. The de novo mutation signatures were compared against known
COSMIC signatures by calculating cosine similarity as described [27]. The contribution of the signatures
to each sample was obtained through NMF-based deconvolution. The above analysis was performed
using the Palimpsest Bioconductor package v2.0 with default parameters [28].

Mutation origin analysis
The probability that a given mutation signature gave rise to a given mutation event in a given tumor was
calculated as described in Letouzé et al. using the Palimpsest Bioconductor package v2.0 with default
parameters [27].

Transcriptional strand bias analysis
The distribution of mutated G against C bases on the untranscribed strands of genes was analyzed to
test if more mutated G than C on the untranscribed strands suggesting damage to guanine and activity of
transcription-coupled nucleotide excision repair, particularly for C > A and T > A transversions [10, 29].

Transcriptome-based molecular subtyping
The consensus clustering classi�ers by Kamoun et al. was applied to the log2 transformed RSEM
transcriptome of TCGA BLCA tumors to classify the tumors to a total of 6 molecular subtypes (Luminal
Papillary, LumP; Luminal Unstable, LumU; Luminal Non-speci�ed, LumNS; Basal/Squamous, Ba/Sq;
Stroma-rich; and Neuroendocrine-like, NE-like) [30]. Samples that were unable to be con�dently assigned
to any molecular subtype were discarded.

Transcriptome differential analysis
Raw RNA-seq counts of TCGA BLCA tumors were downloaded from UCSC Xena data portal and
compared against the SBS4-like mutation burden group dichotomized at median (10 SBS4-like
mutations). The DESeq2 R package was used for the transcriptome-wide differential analysis.
Hypergeometric test based enrichment analysis, as well as gene set enrichment analysis (GSEA) based
on the pre-ranking by log2 fold-change (log2FC), were performed using the WEB-based GEne SeT
AnaLysis Toolkit (WebGestalt, http://www.webgestalt.org/) [31].

CpG methylome differential analysis
Genome-wide CpG methylomes of TCGA BLCA tumors measured with Illumina 450K array were
downloaded from UCSC data portal and compared against the SBS4-like mutation burden group
dichotomized at median (10 SBS4-like mutations). The limma R package was used for the methylome-
wide differential analysis, where the beta-values were �rst logit transformed [32].
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Transcriptome-based microenvironment in�ltration
inference
Constitution of the tumor stroma, including in�ltrated immune and mesenchymal lineages, was
computationally estimated using Microenvironment Cell Populations-counter (MCP-counter), based on
the tumor transcriptomes, with default parameters [33]. Inferred were the relative abundance of T cells,
CD8 T cells, NK cells, cytotoxic lymphocytes, B lineage, monocytic lineage, myeloid dendritic cells,
neutrophils, endothelial cells, and �broblasts.

Single cell RNA-seq analysis
Log2 transcripts-per-million normalized gene expression of single cells from a BaSq subtype MIBC tumor
was downloaded from GSE146137 dataset [34]. Genes detected in less than 3 cells were discarded.
Quality control excluded cells with less than 200 genes. Data were scaled and the top 2000 variable
genes were used as features for subsequent principal component analysis based linear dimension
reduction. The �rst 9 principal components were used for a graph-based clustering approach plus
Louvain modularity optimization, and uniform manifold approximation and projection (UMAP)
embedding for visualization (Supplementary Figure S1). Differentially expressed genes of each cluster, ie.
cluster markers were identi�ed and used for annotation of the clusters. The highly expressed genes of the
differentiated luminal tumor cells against the basal tumor cells were used as a signature of urothelial
differentiation in tumor (Supplementary Table S1). All these analyses were performed using the Seurat v4
package with default parameters unless otherwise speci�ed [35].

Cell lines and culturing
RT4 and T24 bladder transitional cell carcinoma cell lines were purchased from Procell Life Science &
Technology Co., Ltd. (Wuhan, China). The cell lines were authenticated by the supplier using short tandem
repeat (STR) pro�ling analysis. RT4 and T24 cells were cultured in McCoy’s 5A medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin per standard culture conditions
suggested by the supplier. The cells were free of mycoplasma contamination.

Cell viability assay
RT4 and T24 cells were seeded in triplicate in 96-well plates and left to adhere overnight. Before treated
2.5uM or 5uM BaP for 24h and 48h, the cells were pretreated with 0.1% DMSO, 1.25uM, 2.5uM, or 5uM
CH-223191, a potent selective AHR small molecule inhibitor. Control cells were treated only with DMSO.
Cell viability was assessed with the Cell Counting Kit-8 (CCK-8) assay per manufacturer’s instructions.
The CCK-8 kit, BaP, and CH-223191 were purchased from MedChemExpress (Princeton, NJ, USA). The
assays were done in three replicates for each treatment.

Ethoxyresoru�n-O-deethylase assay
Ethoxyresoru�n-O-deethylase (EROD) assay was performed to measure the induction of xenobiotic-
metabolizing enzyme cytochrome P-450 (CYP) 1A1 / 1A2 activity by AHR in RT4 and T24 cells pre-treated
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with 0.1%DMSO or 5uM CH-223191 for 6h and then treated with 5uM BaP for 24h. The assays were done
using human EROD enzyme linked immunosorbent assay (ELISA) kit (GMS18017.1; Genemed
Biotechnologies, Inc.; USA). The assays were done in three replicates for each treatment.

Benzo(a)pyrene- trans-7,8-dihydrodiol-9,10-epoxide assay
The benzo(a)pyrene- trans-7,8-dihydrodiol-9,10-epoxide (BPDE), a DNA-binding genotoxic metabolite of
BaP by CYP1A1 / CYP1A2, was measured in RT4 and T24 cells pre-treated with 0.1%DMSO or 5uM CH-
223191 for 6h and then treated with 5uM BaP for 24h. The assays were done using human BPDE ELISA
kit (NBP2-70012; Novus Biologicals, LLC; USA), per manufacturer’s instructions. The assays were done in
three replicates for each treatment.

DNA damage assays
Assays for two tobacco-smoke associated DNA damage markers, the 8-hydroxydeoxyguanosine (8-
OHdG) and phosphorylation of the Ser-139 residue of the histone variant H2AX (γH2AX) were performed
to detect the genotoxic effect in RT4 and T24 cells pre-treated with 0.1%DMSO or 5uM CH-223191 for 6h
and then treated with 5uM BaP for 24h. The assays were done using 8-OHdG DNA damage quanti�cation
direct kit (P-6003-48; Epigentek Group Inc; USA) and HT Gamma H2AX ELISA kit (4418-096-K; Trevigen;
USA), respectively, per manufacturer’s instructions. The assays were done in three replicates for each
treatment.

RNA preparation and reverse transcription-polymerase chain
reaction assays
RNA isolation and real-time �uorescence quantitative reverse transcription polymerase chain reaction
assays (RT-PCR) was done with conventional protocols. In brief, collected cell line cells were lysed with
1ml Trizol LS (Invitrogen, USA) before puri�cation with RNAeasy mini kits (Qiagen, Germany). RNA was
subjected to cDNA synthesis and analysis using sequence speci�c primers, as shown in Supplementary
Table S2.

Bulk RNA-sequencing
Total RNA extracted from RT4 cells was subjected to quality control for purity, integrity, contamination,
and concentration. Total RNA free of degradation, DNA and protein contamination was processed for
library preparation, which was then quanti�ed with Qubit 2.0, assessed with Agilent 2000 for insert size,
and then quanti�ed with qPCR. The quality controlled library was then sequenced using 150bp pair end
reads on Illumina NovaSeq platform. The fastq �les were trimmed for adapter sequences and quality, and
then mapped to the human reference genome hg19 using STAR package v2.5.4b [36]. Raw read counts
were then calculated using the subread featureCounts v1.6.0 package [37].

Statistical analysis
Unless otherwise speci�ed, continuous variables were described as median with inter-quartile range (IQR)
and compared using Wilcoxon rank sum test, and categorical variable as count with proportion and
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compared using Fisher’s exact test. Survival analysis were performed with Kaplan-Meir curves, log-rank
test and Cox proportional hazard modeling. GraphPad Prism 8 was used for visualization of data
associated with functional assays. All statistical analyses were conducted using R version 3.5.3. Two-
sided P ≤ 0.05 was considered statistically signi�cant.

Results

SBS4-like signature identi�ed in BCa tumors
The optimal number of de novo SBS signatures was determined as k = 7 (Figure S2, upper). In the
mutation signatures extracted, we found one with high similarity to the COSMIC SBS4 signature (SBS de
novo 2, cosine similarity = 0.86). Mutation signatures equivalent to or resembling COSMIC SBS1 (SBS de
novo 7, cosine similarity = 0.97), COSMIC SBS2 (SBS de novo 6, cosine similarity = 0.99), COSMIC SBS13
(SBS de novo 1, cosine similarity = 0.89), COSMIC SBS5 (SBS de novo 3, cosine similarity = 0.83), and
COSMIC SBS10b (SBS de novo 5, cosine similarity = 0.79, showing contamination of COSMIC SBS10a)
were extracted as well. One signature, SBS de novo 4, with minor contribution to the overall mutation
load, showed moderate similarity (cosine similarity = 0.66) with COSMIC SBS3 related with homologous
recombination de�ciency (HRD). De novo signatures with ~0.9 or higher cosine similarity to established
COSMIC SBS signatures were thereafter considered as the corresponding COSMIC signature, those with
~0.8 cosine similarity was named as the corresponding COSMIC signature followed by a ‘-like’ su�x,
except the SBS de novo 4 signature which was re-named as “Moderate similarity to SBS3, HRD’ (Figure
1A). Namely, SBS de novo 1 was re-named as SBS13, SBS de novo 2 as SBS4-like, SBS de novo 3 as
SBS5-like, SBS de novo 4 as SBS3 moderate similarity, SBS de novo 5 as SBS10b-like, SBS de novo 6 as
SBS2, and SBS de novo 7 as SBS1. The heat map showing systematic cosine similarity analysis of the
mutation signatures were shown in Figure S2 lower panel.

APOBEC-associated mutagenesis contributed most to the overall SBS mutation load (SBS13, #mutations
= 55,828, 43.3%; and SBS2, #mutations = 31,244, 24.2%) same as previously reported [38], followed by
SBS5-like (#mutations = 11,788, 9.1%), SBS4-like (#mutations = 8,436, 6.6%), and SBS1 (#mutations =
7,682, 6.0%). The SBS10b-like signature associated with certain POLE exonuclease domain mutations
were basically limited to one hypermutator sample with POLE P286R mutation (TCGA-DK-A6AW-01;
Figure S3). The distribution of sample-wise mutation signature fraction scores was shown in Figure 1B.

SBS4-like signature associated with smoking history and
other smoking somatic signatures
TCGA BLCA tumors without documented tobacco-smoking history (n = 13) or current reformed smoker
with unspeci�ed duration (n = 10) were excluded from this analysis. The remaining TCGA BLCA patients
were classi�ed to four tobacco-smoking history categories, namely lifelong non-smoker (n = 111), current
smoker (n = 89), early reformed smoker (current reformed smoker for >15 years, n = 114), and late
reformed smoker (current reformed smoker for ≤ 15 years, n = 73). Applying a mutation etiology



Page 8/31

estimation algorithm by Letouzé and colleagues, SBS4-like mutations were further re�ned here to those
with SBS4-like signature as the most probable origin, totaling 5,057 mutations. We found a signi�cantly
higher proportion of tumors with detected SBS4-like mutations as well as higher number of SBS4-like
mutations in current or late reformed smokers than early reformed or lifelong non-smokers (Fisher’s exact
test, P = 0.017; Wilcoxon test, P = 0.008; Figure 2A and 2B). All other signatures expect SBS5-like showed
null association with tobacco-smoking behavior, consistent with previous reports (Figure S4) [15, 17].

We further demonstrated the correlation of SBS4-like signature with other known tobacco-smoking
induced mutation signatures, ie ID3 and DBS2, as tumors with detected DBS2 (characterized by CC > AA
mutations) and ID3 (characterized by 1bp deletion of C) mutations showed signi�cantly higher number of
SBS4-like mutations (Wilcoxon test, P = 6.9 × 10−9 and 0.038, respectively; Figure 2C and 2D).

SBS4-like mutations showed transcriptional strand bias
We found transcriptional strand bias featured by more mutated G than C bases on the untranscribed
strands of genes for C > A and T > A mutations (binomial test, P = 1.2 × 10−25 and P = 0.005,
respectively), a characteristic coherent with what has been observed in the COSMIC SBS4 mutations
(Figure 2E).

SBS4-like signature anti-correlated with APOBEC
mutagenesis
We looked at the Spearman’s correlation coe�cients among APOBEC mutagenesis fraction scores
calculated in our previous work [23] and that of the SBS4-like signature which was calculated as the
sample-wise proportion of NMF-deconvolution derived SBS4-like signature mutation counts against
overall mutation load. The APOBEC fraction scores were as expected highly correlated with each other,
and both showed signi�cant anti-correlation with the SBS4-like signature fraction (SBS2 vs SBS4-like,
Spearman’s rho = -0.58, P = 2.9 × 10−37; SBS13 vs SBS4-like, rho = -0.50, P = 4.8 × 10−37; APOBEC vs
SBS4-like, Spearman’s rho rho = -0.60, P = 1.9 × 10−41; Figure 3A), suggesting potential competing
relationship between these two types of mutagenesis. Coherently, the SBS4-like high tumors
(dichotomized at median of SBS4-like mutation count, 10) showed signi�cantly lower APOBEC mutation
fraction and load both, compared with SBS-like low tumors (Wilcoxon test, P = 4.2 × 10−13 and 4.8 × 10−6,
respectively; Figure 3B and 3C).

SBS4-like signature associated with BCa molecular subtype
We further asked whether there was a link between SBS4-like mutagenesis and TCGA BLCA molecular
subtypes. The MIBC consensus classes by Kamoun and colleagues was considered [30]. We found that
the LumU tumors showed a strong enrichment of SBS4-like mutations (Figure 4A; Kruskal-Wallis test, P =
5.6 × 10−5; Wilcoxon test, P = 3.1 × 10−6). With categorical analysis, the SBS4-like high tumors showed
signi�cantly higher proportion of LumU subtype tumors and lower proportion of stroma-rich and LumP
subtype tumors, compared to SBS4-like low tumors (Figure 4B; Chi-squared test, P = 3.7 × 10−4). This
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enrichment was independent of overall tumor mutation load exclusively for the SBS4-like mutations, thus
ruling out the possibility that the observation was merely a side-effect of higher global genomic instability
in LumU tumors (Figure 4C).

SBS4-like mutation load correlated with tumor grade and
prognosis
We then asked whether SBS4-like mutation load was correlated with patient’s clinicopathologic factors
and prognosis. The SBS4-like high tumors showed signi�cantly higher proportion of high-grade tumors,
and the two groups had similar tumor stage, and patient’s age and gender pro�les (Figure 4D and Figure
S5). The SBS4-like high group tumors had signi�cantly worse disease-free survival (DFS) and overall
survival (OS) compared with SBS4-like low group tumors (Figure 4E; median DFS, 24.8 months in SBS4-
like high and 54.8 months in SBS4-like low tumors, log-rank test, P = 0.02; median OS, 24.3 months in
SBS4-like high and 46.8 months SBS4-like low tumors, log-rank test, P = 0.03). SBS4-like mutation load
showed independent prognostic signi�cance in a multivariate Cox model with age, gender, tumor stage,
tumor grade, and consensus classi�cation subtypes as adjustment covariates (SBS4-like high vs low,
hazard ratio = 1.42, 95% con�dence interval = [1.04, 1.94]; P = 0.03).

SBS4-like mutation load associated with enhanced cell
cycle, suppressed IFN response and immune in�ltration,
and squamous differentiation
We performed transcriptome differential analysis comparing SBS4-like high and low tumors. The genes
were pre-ranked in decreasing order by log2FC for GSEA, considering the Broad Institute Hall Mark 50
gene sets. Among the gene sets with statistically signi�cant enrichment (false discovery rate (FDR) <
0.05), the cell cycle related ontologies (eg., cell cycle progression: E2F targets, normalized enrichment
score (NES) = 2.29, FDR = 0; cell cycle progression: G2/M checkpoint, NES = 1.90, FDR = 6.2 × 10−4) were
top enriched for genes up-regulated in SBS4-like high tumors, and the immune/in�ammation/interferon
related ontologies (eg., interferon gamma response, NES = -2.47, FDR = 0; allograft rejection, NES = -2.47,
FDR = 0; in�ammation, NES = -2.12, FDR = 0) for those down-regulated (Figure 5A). We then looked at the
difference in tumor microenvironment in�ltration between SBS4-like high and low tumors, using
transcriptome-derived cell population abundance estimated with the MCP-counter. Similar with �ndings
of gene expression differential analysis, we found signi�cantly lower abundance of T cells, myeloid
dendritic cells, neutrophils, and endothelial cells in SBS4-like high tumors than SBS4-like low tumors, as
well as a trend for CD8 T cells, cytotoxic lymphocytes, NK cells, B lineage cells and monocytic lineage
cells (Figure 5B).

We also noted among the top genes up-regulated in SBS4-like high tumors an enrichment of skin /
epidermis development / keratinization related genes, including squamous cytokeratin (KRT1, KRT6B, etc)
and keratinization/corni�cation related proteins (squamous Kallikrein-related peptidase, small proline rich
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protein family, late corni�ed envelope family, desmoglein family, etc; Figure 5C, Figure S6, and
Supplementary Table S4). Given expression of these genes was basically found in Ba/Sq subtype tumors
but no difference in the proportion of Ba/Sq tumors was observed between the SBS4-like high and low
groups, we further performed transcriptomic differential analysis within the Ba/Sq tumors. Consistent
with what was observed in global analysis, the Gene Ontology (GO) terms enriched for the top 200 genes
up-regulated in SBS4-like high Ba/Sq tumors were basically epidermis/keratinization related (eg.,
GO:0031424, keratinization, FDR = 0; GO:0009913, epidermal cell differentiation, FDR = 0; Figure 5D).
This was further validated by pre-ranked GSEA analysis with single cell RNA-seq derived skin supra-
basal/basal keratinocyte markers (supra-basal keratinocyte markers, NES = 2.22, FDR = 0; basal
keratinocyte markers, NES = 1.82, FDR = 0; Figure 5E and 5F). On the other hand, the SBS4-like high
Ba/Sq tumors showed loss of urothelial differentiation in GSEA analysis with both single cell RNA-seq
derived urothelial cell markers and markers of luminal epithelial cells found in a Ba/Sq tumor (urothelial
cell markers, NES = -1.45, FDR = 0; markers of luminal epithelial cells found in Ba/Sq tumor
GSM4307111, NES = -2.12, FDR = 0; Figure 5G and 5H).

In contrast, CpG methylome wide comparison revealed only a few differentially methylated CpG sites
(Limma Padj < 0.05) between these two groups with no difference in global CpG methylation status
(Figure 5I and Table S3).

SBS4-like mutations enriched in tumors with AHR
ampli�cation and high CYP1A enzyme expression
Given the key role of AHR-mediated xenobiotic metabolism in the activation of tobacco-smoking
carcinogens, we investigated the association between AHR copy number alterations and SBS4-like
signature. We here did not consider the AHR mutations as we demonstrated the AHR Q383H hotspot was
induced by APOBEC thus less likely to be associated with SBS4-like given the anti-correlation between the
two, and the other AHR mutations were basically non-recurrent of minor signi�cance. We found that
tumors with AHR genomic ampli�cations showed signi�cantly higher SBS4-like mutation load (Wilcoxon
test, P = 8.1 × 10−4; Chi-squared test, P = 5.8 × 10−4; Figure 6A left and right), which was not observed for
all other SBS signatures (Figure S7). Our genome-wide analysis of somatic CNV further con�rmed this as
a genuine biological effect as the AHR gene was found within the 7p21.1 locus with top differential
ampli�cation rate between the tumors with high and low SBS4-load (proportion of 7p21.1 ampli�ed =
11.7% and 1.96%, number of gene-level ampli�cation event = 287 and 35, respectively in SBS4-high and
low tumors; odds ratio = 6.62, Fisher’s test, P = 8.6 × 10−5; Figure S8). The CYP1A1 and CYP1A2 enzymes
have been established as major canonical down-stream effectors of AHR-mediated carcinogen
metabolism [39, 40], which we further con�rmed by transcriptomic DEGs analysis in RT4 BCa cells pre-
and post- treatment of 5uM tobacco carcinogen BaP for 24 hours as CYP1A1 and CYP1A2 were the top 2
up-regulated canonical xenobiotic CYP enzymes induced by BaP (log2FC = 10.8 and 4.5, Padj. = 1.5 ×

10−30 and 1.9 × 10−17, respectively; Figure S9). We then tested the association between SBS4-like
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mutation load and the collective gene expression level of the two enzymes measured by gene set
variation analysis (GSVA), and we found that tumors with high CYP1A1/A2 expression showed
signi�cantly higher SBS4-like mutation load (Figure S10), further suggesting a role of AHR in tobacco-
smoking induced mutagenesis in BCa.

BaP-induced cytotoxicity and DNA-damage dependent on
AHR-mediated xenobiotic metabolism in BCa cells
BaP treatment showed concentration and time-dependent inhibition on cell viability of luminal RT4 cells
with high AHR expression (Figure S11), which was antagonized by pre-treatment of 5uM AHR inhibitor
CH-223191 in a concentration dependent manner (Figure 6B, left). In contrast, the non-luminal T24 cells
with low AHR expression (Figure S11) showed neutral effect in cell viability in response to the treatments
(Figure 6B, right).

In RT4 cells, pre-treatment of 5uM AHR inhibitor CH-223191 largely attenuated the effect of 5uM BaP
treatment for 24h on the induction of CYP1A1/A2 enzyme activity as measured by EROD assays, as well
as the production of BPDE, a genotoxic metabolite of BaP, and DNA damage biomarkers including 8OHdG
and γH2AX (Figure 6C). In contrast, all these effects were absent in T24, which showed no response to
BaP treatment (Figure 6C).

No effect of short-term BaP exposure on gene expression
of APOBEC3A
Our previous study showed that the APOBEC-associated hotspot mutations were basically of YTCN (Y = C
or T) motif and tumors presenting these hotspots had a higher APOBEC3A expression-level compared
with other tumors, suggesting a major role of APOBEC3A in APOBEC-mediated mutagenesis process in
bladder cancer [41]. We in this study found an anti-correlation between APOBEC and tobacco-smoking
induced mutation load, thus then tested the effect of short-term BaP exposure on APOBEC3A expression
level in RT4 and T24 cell lines. We showed APOBEC3A was not among the signi�cant DEGs between RT4
cells pre- and post-treatment of 5uM BaP for 24h in the bulk RNA-seq analysis (log2FC = 0.22, Padj = 0.83;
Figure S9). This was further con�rmed by RT-PCR analysis (Figure 6D).

Discussion
Somatic mutations leave speci�c patterns corresponding to various mutagenesis processes known or
undetermined, as foot-print like features called somatic mutation signatures. Linking somatic mutation
signatures with exogenous and endogenous mutagenic sources, using computational and experimental
approaches, offers great opportunities to trace the origin of somatic mutations with novel insights for the
understanding and management of somatic diseases, particularly cancer. BCa is among the cancer types
with the highest mutation burden. We and other teams have demonstrated that the majority of SBS
mutations corresponds to APOBEC mutation signatures in BCa, followed by clock-like signatures SBS5-
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like and SBS1 [16, 38]. Though tobacco-smoking has been well established as a causal risk factor for
BCa, the smoking induced signature SBS4 that has been found widely present in lung and head-and-neck
cancer tumors and detected in an in vitro system of BaP-treated human urothelium, has not been
identi�ed in any of the previous mutation signature works involving human BCa tumors, while a
correlation between the SBS5-like signature and tobacco-smoking behavior has been suggested, which is
highly likely confounded indirect association [17]. However, from a computational perspective,
considering the ‘�atness’ of SBS5 in terms of the 96-category distribution (base substitution plus 5’ and 3’
bases) and its high contribution to mutations in BCa tumors, it is likely the SBS5-like signature extracted
in previous studies were contaminated of mutations of other signatures including SBS4, making the
absence of SBS4 a likely false negative which is a recognized issue in mutation signature analysis as
discussed previously [18, 19]. Using up-to-date deconvolution strategy, we successfully de novo extracted
a mutation signature with high cosine similarity to the COSMIC SBS4 signature, which we nominated as
SBS4-like in BCa. We believe this SBS4-like mutation signature is indeed part of the �nger-print of
tobacco-smoking induced genomic instability, given its transcription-strand bias and signi�cant
correlation with tobacco-smoking history as well as the established tobacco-smoking induced non-SBS
mutation signatures DBS2 and ID3. This identi�cation may put a comma on the elusiveness regarding
the presence of tobacco-smoking induced mutation signature in BCa and once again warns that caution
is needed in the investigation and interpretation of mutation signature analysis results. The identi�cation
of this mutation signature shows the feasibility in directly measuring the active effect of tobacco-
carcinogenesis in BCa, with biomarker potential superior to tobacco-smoking behavior which is inevitably
at risk of confounding. It can also be used as a quantitative trait for the identi�cation of genetic
susceptibility to BCa speci�cally associated with tobacco-smoking. The presence of SBS signatures
equivalent to or resembling COSMIC SBS4 still remains unclear in multiple cancer types with
epidemiologically suggested association with tobacco-smoking, which can be either a genuine absence
due to tissue-speci�city in terms of metabolic reactions to carcinogen (eg. inducibility / capacity of
elimination of the terminal carcinogen), DNA damage repair machinery and dominance/take-over by
other competing mutagenic forces, or simply a failure in discovery due to limited power (eg. limited
sample size and small sample-wise mutation load) or inappropriate computational implementation,
which should be carefully explored in future studies before any conclusion can be made.

The SBS4-like signature contributed to 6.6% of all exonic SBS mutations in the cohort, with a median
contribution of ~10% in individual BCa tumors. The mutation load in number of mutations per megabase
was 0.33 [0, 0.91], which was ~30 times weaker compared with that in lung and head-and-neck cancer
with relatively comparable global somatic mutability [42]. Besides, it showed minimal correlation with
tumor mutation burden (Spearman’s rho = 0.03), unlike the signi�cant correlation found in lung and head-
and-neck cancer reported previously [43]. The mechanism for these dramatic differences remains to be
explored. The difference in abundance of tobacco carcinogens and tissue-speci�city in metabolic
transformation, elimination and DNA damage repair, and the presence of other competing mutagenic
forces such as APOBEC could be likely explanations.
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Like APOBEC-mutation signatures whose association with clinical and molecular tumor characteristics
has been suggested [44–47], we also demonstrated SBS4-like signature of important clinical and
biological signi�cance in BCa. It showed independent prognostic signi�cance while associated with
tumor grade, molecular subtype, cell cycle and tumor stroma characteristics. The tumor cells of high
SBS4-like mutations, namely those with stronger genomic instability caused by tobacco carcinogens, are
of poorer differentiation and higher proliferation rate, both indicating higher aggressiveness. We observed
a loss of urothelial differentiation and an increase in squamous phenotype in BaSq subtype tumors with
high SBS4-like burden. The former could be a result of the stronger sensitivity to tobacco-carcinogen
induced cell death in differentiated cells with CYP1A-inducibility, as what we observed in RT4 cells. The
squamous histology has also been reported in BCa related with other chemical carcinogens, and shown
as associated with poor prognosis in BCa patients [16, 30, 48–50]. On the other hand, the tumor stroma
compartment of high SBS4-like tumors presents a non-speci�c pan-immune suppression phenotype,
suggesting restricted potential of anti-tumor immunity. This could be a result of the non-selective
cytotoxic effects induced by the tobacco carcinogens to these cell populations as well as decreased
immune cell migration, as previously described [51, 52]. This is associated with weaker IFN response that
has been suggested as likely source driving APOBEC mutagenesis [53], which may partly explain the
reduced APOBEC mutation intensity in SBS4-like high tumors. Short-term BaP exposure is of neutral
effect to APOBEC3A expression, and the full picture of the interactions between tobacco-smoking and
APOBEC mutagenesis remains to be explored.

We computationally identi�ed AHR as a likely key factor in tobacco-smoking induced mutagenesis in
BCa. We tested AHR’s role in the BaP metabolic reaction process in two in vitro cell line systems RT4 and
T24. As described previously [54], these two cell lines may represent two distinct urothelial cell subtypes
in terms of CYP1A inducibility, where both of them showed almost no baseline gene expression of CYP1A
enzymes and comparable baseline EROD activity. We proved AHR as a pivot in the BaP-triggered
induction of CYP1A enzymes and subsequent metabolic transformation, terminal toxicant generation and
DNA damage, as pre-BaP-exposure AHR inhibition by small molecular antagonist signi�cantly attenuated
the effect cascade in BaP responsive RT4 cells. Though at a much lower level, the T24 also express AHR
of the same isoform constitution as that in RT4 (CCLE RNA-seq expected transcript counts, data not
shown), the presence of AHR mRNA seems not a su�cient condition for CYP1A inducibility. We believe at
least part of the luminal differentiated urothelial cells are CYP1A activity-inducible regardless of pre-
challenge CYP1A expression levels, as suggested previously the differentiation related POR expression
may play a role [55]. However, we found no correlation between POR gene expression and SBS4-like
mutation load in the investigated cohort, thus the exact multi-level regulatory mechanism behind this
selectiveness in CYP1A inducibility remains to be clari�ed, with epigenetic states of the regulatory
elements and AHR protein complex status among possible explanations. Further studies may leverage
single-cell techniques on the systematic identi�cation of cell populations responsible for response to
xenobiotic carcinogens like BaP, as these cells could be the local prime evil in the chemical bladder
carcinogenesis including tobacco-smoking and could be the cellular target for personalized prevention.
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Conclusions
In summary of the �ndings, we propose a hypothetic mechanistic model regarding tobacco-smoking
toxicants’ role in BCa, as illustrated in Figure 7. The differentiated luminal cells with inducibility potential
of AHR-mediated xenobiotic metabolism represents the biochemical reactors which transform the
primary procarcinogens such as BaP to genotoxic terminal carcinogens such as BPDE, and they
themselves at the same time suffer from DNA damage and stress, which predispose malignant
transformation. Chronic in-situ exposure to this damage in luminal cells result in accumulation of
somatic alterations and increasing genomic instability, namely toward a LumU phenotype, and will likely
in long-term confer a fast proliferating phenotype and loss of urothelial differentiation. The above
represents the �rst-hand direct scenario in the luminal path. On the other hand, the produced genotoxic
metabolites trigger cytotoxic cell death particularly in the upper luminal layers which make the terminal
carcinogens released to the microenvironment and deprives supra-basal protection from basal epithelial
cells that further undergoes a squamous transformation under exposure to the terminal carcinogens. This
microenvironment is also toxic to immune cells and inhibits in�ltration and in�ammatory effect,
suppressing APOBEC mutagenesis that is basically APOBEC3A directed and likely IFN signaling
promoted in BCa. These represent the second-hand indirect impact.

The present study has certain limitations. First, NMIBC tumors are left unstudied. Second, the mutation
signature analysis was based on WES data. Third, the data used are of insu�cient power to support a
hotspot analysis. The NMIBC tumors were generally of mutation burden much lower than MIBC tumors,
thus much larger sample size is required to reach a reasonable power for the extraction of the non-
predominant SBS4-like signature in NMIBC tumors. Inclusion of WGS tumor samples will largely increase
the detection power regarding recurrent / hotspot mutations or regions and be helpful for the
identi�cation of complex variant signatures and elucidation of the DNA-level mutagenesis mechanism.

In summary, we identi�ed in bladder cancer a tobacco-smoking induced SBS mutation signature of
moderate contribution to mutation burden and signi�cant association with patient prognosis, tumor
grade, molecular subtype, proliferation, squamous and urothelial differentiation, immune-in�ltration, IFN-
signaling, and APOBEC mutagenesis. We highlighted the AHR/CYP1A axis as a potential pivot in tobacco-
smoking induced carcinogenesis in BCa. This mutation signature as direct measurement of chronic
tobacco genotoxic effects, can be used for further investigations regarding BCa etiology and clinical
management.
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Figure 1

(A) Mutation signature de novo extraction identi�ed 7 SBS mutation signatures in the TCGA BLCA cohort
whole exome sequenced tumors (n = 410), including one with high cosine similarity with COSMIC SBS4,
named SBS4-like. (B) Distribution of fraction of the 7 SBS signatures in the tumors. SBS4-like signature
showed moderate contribution with ~10% as the median fraction.
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Figure 2

(A) Higher proportion of patients with SBS4-like mutation detected in current / late reformed smokers
compared with never / early reformed smokers. (B) Higher SBS4-like mutation burden in current / late
reformed smokers than never / early reformed smokers. (C) Higher SBS4-like mutation burden in tumors
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with DBS2 mutation detected. (D) Higher SBS4-like mutation burden in tumors with ID3 mutation
detected. (E) Transcription strand bias of SBS4-like mutations in BCa.

Figure 3

(A) Correlation matrix showing Spearman’s correlation coe�cient among sample fractions of APOBEC
mutation signatures and smoking-related SBS4-like signature. (B) BCa tumors with high SBS4-like
mutation load showed signi�cantly lower fraction of APOBEC mutations, compared with tumors with low
SBS-like mutation load. (C) BCa tumors with high SBS4-like mutation load showed signi�cantly lower
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APOBEC mutation load, compared with tumors with low SBS-like mutation load, suggesting anti-
correlation between APOBEC and smoking related mutagenesis in BCa.

Figure 4
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(A) Variable SBS4-like mutation load in tumors of different consensus molecular subtypes, with LumU the
highest and Stroma-rich the lowest. (B) Proportion of Stroma-rich subtype in SBS4-like high tumors were
half the value of that in SBS-like low tumors. Though comparable proportion of luminal and basal
subtype tumors between the SBS4-like high and low tumors, signi�cantly higher proportion of LumU
tumors were found in SBS4-like high tumors. (C) Enrichment of SBS4-like mutations in LumU tumors was
independent of the globally higher genomic instability of LumU tumors, as indicated by the non-overlap
of 95% con�dence interval (95% CI) of the ratio of the median count (D) High SBS4-like mutation burden
associated with high tumor histologic grade. (E) Kaplan-Meier curves showing high SBS4-like mutation
burden associated with reduced DFS and OS. 
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Figure 5

(A) Cancer hall mark gene-set enrichment analysis of differential gene expression between SBS4-like high
and low tumors revealed up-regulation of cell cycle genes and down-regulation of interferon response and
in�ammation related genes. (B) SBS4-like high tumors present a suppressed immune microenvironment
as inferred with MCP-counter. (C) Genes speci�cally expressed in squamous epithelium (eg. skin
epidermis and esophagous squamous epithelium, taking KRT1/cytokeratin-1 and DSG1/Desmoglein-1 as
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examples) but negative in bladder urothelium were among the genes top up-regulated in SBS4-like high
tumors (see Supplementary Table S5). (D) Skin epidermis / keratinization related gene ontologies were
enriched in the genes top up-regulated in SBS4-like high compared with SBS4-like low BaSq tumors. (E-H)
Gene-set enrichment analysis with single-cell analysis derived cell population signatures revealed loss of
urothelial differentiation and increased squamous phenotype in SBS4-like high compared with SBS4-like
low BaSq tumors. (I) Minimal difference in CpG methylation between SBS4-like high and low tumors.
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Figure 6

(A) AHR ampli�ed tumors showed signi�cantly higher SBS4-like mutation burden (left) and strong
enrichment of SBS4-like high tumors (right). (B) Time- and concentration-dependent cytotoxic effect of
BaP attenuated by AHR inhibition in a dose-dependent manner, in BaP-responsive RT4 cells (left) but not
BaP non-responsive T24 cells (right). (C) AHR inhibition suppressed the BaP-triggered induction of CYP1A
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activity, production of terminal carcinogen BPDE, and DNA damage in RT4 cells. No effect in T24 cells.
(D) Short term BaP exposure showed neutral effect on APOBEC3A gene expression in RT4 cells. 

Figure 7

A hypothetic mechanistic model illustrating roles and interactions of tobacco-smoking carcinogens in
BCa.
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