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The field effect in cancer is a phenomenon that describes 
histologically normal-appearing tissue surrounding or 
adjacent to a neoplasm that can give rise to additional 
neoplastic lesions. Bladder cancer has a high rate of 
recurrence and the development of multifocal lesions is 
common. Molecular analyses in a variety of tumor types, 
including bladder cancer, have implicated genetic and 
epigenetic alterations in so-called field cancerization (1,2). 
Majewski and colleagues recently combined state-of-the-
art genomics analyses with a whole-organ histologic map 
to interrogate molecular changes within the urothelium 
of a whole bladder harboring multifocal papillary  
cancer (3). From a single surgical specimen, 41 mucosal 
samples were collected for histopathological evaluation and 
multi-platform genomics analyses including whole-exome 
sequencing (WES, 37 samples), copy number variation 
(CNV, 33 samples) and whole-genome DNA methylation 
(27 samples). The rich resource generated from the study 
provides novel insights into the molecular changes that 
drive the field effect in bladder carcinogenesis.

In this study, the authors identified a total of 386 
genomic loci with non-silent mutations, which comprised 
312 single-nucleotide variants (SNVs, n=312) and indels 
(n=74). Mutations fell into two clusters based on frequency 
across individual mucosal regions, with cluster ‘a’ mutations 
shared by multiple samples and showing the increased 
frequency with progression, and cluster ‘b’ mutations 
showing low frequency and restriction to individual 

samples. Hierarchical clustering of a subset of genes with 
non-silent SNVs or indels revealed two clusters that 
behaved differently with neoplastic progression. Genes 
in the first cluster showed increased frequency of variant 
alleles with evolution to high-grade intraurothelial neoplasia 
(HGIN) and urothelial carcinoma (UC), and included those 
encoding transcription factors and cell cycle regulators, 
cell adhesion proteins, small GTPases, and chromatin 
remodeling factors. In contrast, genes in the second cluster 
did not show altered frequency of variant alleles with 
progression and were enriched for those regulating protein 
ubiquitination, epithelial differentiation, cell proliferation 
and innate immunity.

To assess the clonal landscape of the field effect, 
the mutation pattern was assessed across the mucosa. 
Between 1 and 33 mutations (10, on average) were shared 
by all samples, but many regions displayed only unique 
alterations. However, there was a significant increase in 
private mutations shared by samples corresponding to 
HGIN and UCs indicating the clonality of HGIN and 
UC. Thus, there is significant mutational heterogeneity in 
the field effect together with significant alteration in the 
mutational landscape with disease progression. To address 
the evolution of the mutational signatures as the field 
effect progressed to UC, the authors analyzed single base 
substitutions (C > A, C > G, C > T, T > A, T > C, and T > G) 
in all mucosal samples and identified a significant increase 
in the pattern for C > T mutations that increased from 
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evolution of normal urothelium/low-grade intraurothelial 
neoplasia (NU/LGIN) to HGIN and UC. By comparison 
with the Sanger signatures reported previously (4,5), more 
than 10 distinct signatures were observed in individual 
samples, and were considerably more heterogeneous in 
the mucosal field effect corresponding to NU/LGIN than 
in the samples of HGIN or UCs. Among the signatures 
detected were those attributed to tobacco use, BRCA1/2 
mutations, DNA mismatch repair, and APOBEC, as well 
as a number associated with unknown biological processes. 
Interestingly, the APOBEC signature, which has been 
implicated in progression of both non muscle-invasive and 
muscle-invasive bladder cancer (6-9), was not increased 
significantly with progression to HGIN and UCs, and 
was not prominent in the overall mutational landscape 
in this patient. A recent multi-region study of human 
bladder cancer using whole cystectomy specimens from  
10 patients (10) found that APOBEC mutational signatures 
were present very early in the disease course and persisted 
as a major source of mutations throughout tumor evolution.

APOBEC activation is a component of innate immunity 
against viruses and retrotransposons (11). In the current 
study, analysis of copy number changes in mucosal samples 
using genome-wide SNP arrays identified significant 
copy number gains on chromosome 7q and losses on 
chromosome 8p. Among the losses on 8p were loci 
encoding anti-microbial proteins called defensins that act in 
innate immunity. One locus harboring 11 genes encoding 
defensins was deleted early in disease and associated with 
clonal expansion of the field effect, whereas a separate locus 
encoding defensins was deleted later during the evolution of 
HGIN to UC. As noted above, the frequency of mutations 
in several genes that regulate innate immunity including 
FLG2, HRNR, and PIK3CB was noted to be unchanged 
with the evolution from NU/LGIN to HGIN to UC, 
and so these mutations are present at the earliest stages of 
neoplasia and throughout the disease course. Notably, a 
recent report demonstrated that exposure to uropathogenic 
E. coli elicited alterations in the mucosa similar to those 
observed upon exposure to cancer-causing nitrosamines (12). 
Together, these discrete findings provide evidence for a role 
for immune mechanisms in cancer initiation.

In addition to CNVs and mutational analysis, the authors 
also explored whole-genome DNA methylation changes 
across all mucosal samples using hybridization-based 
microarrays corresponding to ~10,000 gene-associated CpG 
islands. 610 genes were found to be either hyper- or hypo-
methylated in at least one mucosal sample by comparison 

with normal urothelium from the ureters of patients without 
urothelial neoplasia. Hierarchical clustering of genes 
based on methylation level yielded two clusters comprising 
a majority of HGIN and UC samples in one, and the 
majority of NU/LGIN, plus one HGIN and one UC 
samples in the other. By assessing methylation in relation 
to progression of neoplasia, from the mucosal field effect 
to HGIN and UC, differentially methylated genes could 
be divided into 3 clusters. Group 1 comprised genes that 
were abnormally methylated in NU/LGIN that persisted 
with development of HGIN and UC. Among the genes 
that were hypermethylated and predicted to be repressed 
were the defensin DEF6, NALP1, a component of the 
inflammasome, and SIGLEC8, which has been implicated in 
inflammatory processes. These observations are consistent 
with the relationship between immune processes and cancer 
initiation noted above. Group 2 consisted of genes with 
abnormal methylation that paralleled HGIN development 
and was retained in UC, and contained transcription 
factors implicated in regulation of pluripotent stem cells as 
well as regulation of p53 activity. Genes in Group 3 were 
abnormally methylated only in UC samples and of these 
12 out of 85 were linked to regulation of migration and 
invasion, consistent with acquisition of more aggressive 
oncogenic behaviors with disease progression.

To understand the functional significance of abnormal 
methylation and the consequences for target genes, 189 
genes showing monotonic alteration associated with 
disease progression were subjected to Ingenuity Pathway 
Analysis. Forty-two canonical pathways were identified 
that could be divided into 3 groups based on enrichment 
with progression from NU to UC. Among the 18 pathways 
altered in the mucosal field effect associated with NU/
LGIN and progression to HGIN/UCs were those involving 
small GTPases, cell proliferation and invasion. Analysis 
of TCGA data validated the involvement of RhoGDI, Rac 
and Cdc42 signaling in early field effects, and showed these 
pathways to be activated in UCs of both luminal and basal 
subtypes. Furthermore, pathways linked to activation of 
innate immunity were suppressed in a majority of luminal 
subtype tumors. Conversely gene set enrichment analysis 
showed the luminal subtype was enriched for immune 
suppression. Thus, the authors strengthen their conclusion 
that suppression of innate immunity-associated pathways 
plays a significant role in development of UC, and may be 
an early event.

As a final analysis, the authors performed integrative 
molecular subtyping with iCluster, a methodology that 
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integrates multiple genomic data types (13) to assess 
the contributions of different genomic alterations such 
as CNVs, mutations and DNA methylation to disease 
progression. Three clusters were identified by iCluster. 
Among the genomic features evaluated, methylation was 
the dominant contributor to clustering, whereas CNVs and 
mutations contributed equally. Cluster 1 comprised all NU/
LGIN samples plus one each of HGIN and UC; Cluster 
2 comprised both HGIN and UC samples; and Cluster 3 
consisted of only UC samples. Thus, the enrichment for 
both genomic and epigenomic alterations showed a clear 
association with evolution from mucosal field effect to 
HGIN and progression to UCs. 

Several aspects of this study stand out as highlights, 
including the whole organ multi-omics analysis and the 
identification of methylation as a dominant and early 
contributor to the mucosal field effect and to tumor 
initiation. This group has applied the whole-organ mapping 
approach in a number of prior studies to address genetic 
and molecular correlates of early events in bladder cancer 
initiation and multi-focality (14-17). This approach enables 
evaluation of the entire genetic and genomic landscape, 
particularly in the context of clonal expansion and multi-
focal tumors. From a bioinformatics perspective, the analysis 
was robust although some limitations are noted. WES 
was performed initially to identify variant alleles, however 
mutations in introns or other non-coding sequences such as 
microRNAs may be missed with this approach. Also, CNV 
analysis relied on an array-based approach, which may be 
limited by the resolution and coverage of the SNPs and 
probes on the array. Lastly, the methylation analysis relied 
on the use of urothelial cell suspensions from donor ureters 
as a non-neoplastic control, which may have confounded 
interpretation, given the differing embryologic origins of 
bladder and ureteral urothelium. However, given the scale 
and multi-faceted nature of the analyses performed in the 
study, these are minor limitations. 

In the current report, the analysis was restricted to a 
single patient, and this was considered to be a limitation 
of the study. Interestingly, in an analysis by Heide and 
colleagues who applied multi-omics strategies to whole 
cystectomy specimens from 10 patients (10), APOBEC 
mutations were identified very early in tumor development 
and were found to persist in CIS lesions and throughout 
tumor. Similarly, at least four other studies that applied 
genomic analyses to isolated tumor specimens identified 
an APOBEC mutational signature in early stage, non-
muscle-invasive bladder cancers (6,7,9,18) consolidating 

the association between APOBEC mutations and cancer 
initiation.

As noted by the authors, one limitation of the current 
study was the lack of RNA expression data from mucosal 
samples, with expression data from the Cancer Genome 
Atlas used to infer gene expression changes resulting from 
genomic and epigenomic alterations. Since TCGA data 
represent muscle-invasive bladder cancers, events relevant 
to the earliest stages of cancer initiation, and particularly 
those relevant to the mucosal field effect may have been 
missed. RNA sequencing in several prior studies has shed 
light on differential gene expression associated with early-
stage tumors (7,9,18,19). Consistently, early-stage tumors 
from multiple different cohorts show enrichment for the 
Urobasal A subtype, which is characterized by expression 
of urothelial differentiation markers such as uroplakins, and 
the transcriptional regulators GATA3, FOXA1 and PPARγ. A 
second subtype was also evident and defined as Genomically 
Unstable characterized by expression of cancer stem cell 
markers and epithelial to mesenchymal transition-associated 
(EMT-associated) transcription factors. Such changes were 
not noted explicitly in the current study. 

The heterogeneity noted by Majewski and colleagues 
among mucosal specimens from a single bladder provides 
a strong rationale to define genomic, epigenomic and 
transcriptomic profiles at single-cell resolution. With the 
ever-increasing interest and use of single cell genomics 
approaches in a wide variety of contexts, it is only a matter 
of time before these data can be integrated into current 
analytical pipelines.
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