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Abstract

Histological and molecular analyses of urothelial carcinoma often reveal intratumoural and 

intertumoural heterogeneity at the genomic, transcriptional and cellular levels. Despite the clonal 

initiation of the tumour, progression and metastasis often arise from subclones that can develop 

naturally or during therapy, resulting in molecular alterations with a heterogeneous distribution. 

Variant histologies in tumour tissues that have developed distinct morphological characteristics 

divergent from urothelial carcinoma are extreme examples of tumour heterogeneity. Ultimately, 

heterogeneity contributes to drug resistance and relapse after therapy, resulting in poor survival 

outcomes. Mutation profile differences between patients with muscle-invasive and metastatic 

urothelial cancer (interpatient heterogeneity) probably contribute to variability in response to 

chemotherapy and immunotherapy as first-line treatments. Heterogeneity can occur on multiple 
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levels and averaging or normalizing these alterations is crucial for clinical trial and drug design to 

enable appropriate therapeutic targeting. Identification of the extent of heterogeneity might shape 

the choice of monotherapy or additional combination treatments to target different drivers and 

genetic events. Identification of the lethal tumour cell clones is required to improve survival of 

patients with urothelial carcinoma.

Heterogeneity resulting from clonal expansion of individual mutations, genomic alterations 

and variability of gene expression between tumour regions and, in patients with metastasis, 

between the primary tumour and metastases, forms the basis of the complexity of cancer1. 

Tumour heterogeneity is recognized as a hallmark of urothelial carcinoma and is potentially 

related to high mutational burden that can change cellular differentiation over time with each 

cell division2,3. Next-generation sequencing enables identification and characterization of 

urothelial carcinoma heterogeneity at the genomic and transcriptomic levels and provides the 

opportunity to associate alterations with tumour morphology and clinical outcome4. 

Nevertheless, tumour heterogeneity is a considerable obstacle for both scientists and 

clinicians when developing new agents or choosing therapeutic strategies for treatment of 

patients with urothelial carcinoma5. For example, treatments directed at individual genomic 

targets are likely to result in expansion of non-responding clones that do not harbour these 

targets, and less-targeted therapies (for example, chemotherapy and immunotherapy) might 

fundamentally alter the clonal and/or transcriptional subtypes of an individual tumour6.

Evidence for the critical role of tumour heterogeneity was identified in lung cancer7, renal 

cell carcinoma8 and colorectal cancer9,10. In these detailed studies of multiple tumour sites, 

parental driver alterations are shared, but new clones result over time. For example, in lung 

cancer, driver mutations in TP53, MET, EGFR and BRAF were often clonal, whereas 

alterations in PIK3CA, NF1 and DNA damage repair and chromatin-regulatory genes were 

more heterogeneous and occurred as later alterations7. New methods and model systems for 

assessing and studying the effects of tumour heterogeneity on phenotype and clinical 

behaviour will facilitate an improved understanding of this cancer hallmark in urothelial 

carcinoma11.

Bladder cancer heterogeneity occurs on multiple levels and directly affects clinical care. 

Patients with bladder cancer usually die from muscle-invasive disease and much research is 

focused on this disease stage. However, 75% of patients are diagnosed with non-muscle-

invasive disease12 and tumour heterogeneity is likely to have a role in the management of 

these patients, as it might affect the selection of non-muscle-invasive bladder cancer 

(NMIBC) risk groups, surveillance monitoring strategies, intravesical therapies and early 

application of radical therapy13. Unfortunately, few data exist to suggest that substantial 

tumour heterogeneity is present and a driver of treatment resistance in NMIBC. In addition, 

the total mutation burden reported for NMIBC is lower than that of muscle-invasive bladder 

cancer (MIBC)14, and data on the application of tumour subtypes to NMIBC are limited. 

Overall, tumour heterogeneity affects several major aspects of bladder cancer management: 

molecular profiling of MIBC to assess risk of relapse, selection of aggressive tumours 

(NMIBC or MIBC) for radical treatment, and use of urine and blood biomarkers to identify 

aggressive tumours, apply early radical therapy and identify relapse.
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In this Review, we describe the multiple levels of heterogeneity in bladder cancer and how 

they affect tumour biology and clinical care. We summarize common definitions of tumour 

heterogeneity and discuss the link between heterogeneity and tumour evolution, as well as 

the influence of treatments and molecular drivers. We then describe current knowledge of 

genomic heterogeneity at the DNA level and the expression level, resulting in different 

tumour subtypes and the morphological heterogeneity seen in variant bladder cancer 

histology. Finally, we discuss the influence of heterogeneity on treatment decision-making, 

drug development and clinical trial design.

Definitions of tumour heterogeneity

Improved technology to characterize the heterogeneity of tumours at the morphological, 

genomic and transcriptional levels led to an appreciation by clinicians that neoplastic disease 

is inherently unstable, characterized by heterogeneous tumour composition and evolving 

morphological changes that occur in the disease course. With this recognition, scientists and 

clinicians have worked to develop a framework to understand the heterogeneity of urothelial 

carcinoma between tumours, within a tumour and over time (BOX 1; FIG. 1).

Interpatient heterogeneity.

Patients with cancer have traditionally been characterized clinically by the location of their 

primary tumour and its histology. Clinicians treat eligible patients with metastatic urothelial 

carcinoma using cisplatin-based chemotherapy; some of these patients will initially respond 

very well to this therapy and others will not respond at all3. Currently, the molecular features 

associated with response to chemotherapy are not fully understood but might include tumour 

immune cell invasion (for example, indicated by PDL1 status), total mutation burden (a 

surrogate for neoantigen load), DNA damage response defects and tumour morphology6. As 

genomic and molecular characterization become routinely utilized, this information can help 

to evaluate interpatient heterogeneity in patients with the same tumour type, providing new 

data to characterize patients’ tumours beyond their histological information and determine 

their optimal treatment plan.

Intratumoural heterogeneity.

Perhaps the most commonly referenced type of heterogeneity for urothelial carcinoma is 

intratumoural heterogeneity, which describes differences among regions of the primary 

tumour that might have discreet genomic and functional alterations during tumour 

evolution7,8,15. Intratumoural heterogeneity has long been recognized clinically by 

histological differences in distinct tumour areas. For example, in prostate cancer, the 

Gleason Score is calculated by adding the two most prominent grades from different tumour 

areas to give a sum score16. Specific clinical considerations for patients with urothelial 

carcinoma include whether multiple areas of the tumour should be biopsied; how the 

molecular information might influence care and whether different molecular targets exist; 

and — when multiple histologies are present in the same tumour — whether the more 

aggressive histology and its relative representation can be identified.

Meeks et al. Page 3

Nat Rev Urol. Author manuscript; available in PMC 2021 May 01.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Intertumoural heterogeneity.

This type of heterogeneity refers to differences between the primary tumour and metastases, 

different metastatic sites or multiple tumours found in the same primary location. Research 

from patients with metastases suggests that very few genomic alterations are shared between 

the primary tumour and the metastases17. Several investigations have demonstrated 

heterogeneous genetic findings of metastatic lesions from the same patient: the genetic 

makeup of some of the lesions represented that of a subclonal population in the primary 

tumour, whereas others represented distinct mutations found only in the metastatic 

lesions8,18,19. The key consideration for the clinician is when to biopsy a metastatic deposit 

and how to use the information gained from genetic analysis. The identification of a new or 

different mutation in a metastasis might indicate the need to change therapy, add additional 

therapy or treat a rogue metastatic lesion with local therapy if it is believed to be an isolated 

event in a patient with otherwise adequate systemic disease control.

Temporal heterogeneity.

Temporal heterogeneity describes changes in the tumour over time. Urothelial carcinomas 

are inherently genetically unstable and new mutational events occur frequently, which can 

accumulate over time20,21. Temporal heterogeneity is more likely to affect patients with 

metastatic cancer22. One practical consideration for clinicians and when planning a clinical 

trial is to determine when archival tissue is acceptable or when a new biopsy is needed. 

Clinically, the answer is sometimes self-evident, for example, in a patient with a tissue 

sample from many years ago who now has recurrent disease a biopsy is likely to be part of 

the assessment of new drivers in the metastases. In trials that involve evaluation of genomic 

alterations, archival tissue for analysis is commonly allowed if available from within a 

certain time period (for example, from the past 12 months)23. Clinicians are hesitant to 

pursue re-biopsy owing to the potential medical risks, discomfort to the patient and cost24. 

The rapidly expanding availability and utility of blood-based and urine-based liquid biopsies 

might obviate this problem25,26.

Circulation heterogeneity.

Circulation heterogeneity refers to differential genomic profiles of circulating DNA 

compared with tissue from the primary or metastatic site27,28. Liquid biopsy is the 

measurement of the cell-free DNA in the blood29 but can be extended to include circulating 

tumour cells30. The utility of liquid biopsies is rapidly improving as technological advances 

are made and they are increasingly used in both clinical and trial settings31. Several 

important questions regarding circulation heterogeneity in urothelial carcinoma currently 

remain unanswered. For example, whether direct comparison of genomic alterations and 

allele frequencies between tissue, urine and blood samples is possible; which platforms, 

tumour types and tumour burdens are best evaluated by blood assays; and whether 

integrating data from multiple tumour sites with divergent evolution is meaningful. Much 

work is being done to address these questions and developments in blood-based assays now 

provide the opportunity for longitudinal and frequent assessment, especially of specific 

mutational events that can be targeted with therapy at progression32.
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Heterogeneity and branching evolution

Urothelial carcinoma is characterized by a high total mutational burden of >7 mutations per 

Mb — only exceeded by lung and skin cancer33. This high mutation rate is believed to fuel 

tumour heterogeneity and tumour evolution (FIG. 2). Several studies have examined the 

evolutionary dynamics of urothelial carcinoma2,17,34–36. Mutational analyses of early-late 

tumour pairs identified the existence of a single ancestral origin within each assessed patient 

demonstrated by identical mutations at a high cellular prevalence in the primary and invasive 

tumour pairs. Furthermore, subclonal mutations that were specific to the individual tumours 

were identified34. Branched evolution was also found as an early event in the natural history 

of urothelial carcinoma with metastasis. Phylogenetic analysis of 21 sets of matched early 

and late tumours showed that the ancestral clone gave rise to multiple cell populations that 

evolved in parallel during the early stages of tumour evolution17. A high level of 

intertumoural heterogeneity between primary tumours and metastases was also seen in 

another study37. Evaluation of molecular features of metachronous tumours from 29 patients 

initially diagnosed with early-stage bladder cancer revealed a common origin of the 

metachronous tumours that developed years later. Tumours from patients with progressive 

disease had a higher variation in the intrapatient mutational spectrum and a higher frequency 

of APOBEC-related mutations than those from patients with non-progressive disease2. 

Genomic studies have shown a significant difference in the number and frequency of 

individual mutations and rearrangements between ancestral and progressive clones4. 

Frequent mutations of tumour suppressors and oncogenes, including in KDM6A, TP53, 
PIK3CA and FGFR3, were found in the ancestral clone, whereas mutations in TP53, MLL3, 
FBXW7 and SETD2 were found in progressing clones2,34. Non-aggressive subclones in 

early tumours harboured mutations (in FGFR3, AFDN and H3F3A) that were absent in 

invasive clones. Fibroblast growth factor (FGF) signalling was enriched in ancestral clones 

of early invasive urothelial carcinoma with PIK3CA mutations, whereas DNA damage 

checkpoint regulation signalling was enriched in progressing subpopulations34. The 

differences in genes altered before and after progression suggest that tumour evolution 

continues as a function of time.

Chemotherapy-driven clonal evolution.

The effect of systemic therapies on the evolutionary trajectory of urothelial carcinoma (FIG. 

2) was studied by comparing the genomic profiles of samples from matched untreated and 

chemotherapy-resistant tumours from individual patients17. Whole-exome sequencing and 

clonality were estimated in tumour analyses of 16 matched chemotherapy-naive and 

cisplatin-treated tumours. Only one-third of the mutations were shared within the tumour 

pairs, demonstrating mutational heterogeneity for each pair. Reconstructing the phylogenetic 

relationship of each patient’s samples revealed early branching evolution occurring in 

successive waves of clonal expansion. The observed increase in the clonality of mutations 

found in post-chemotherapy tumours suggested that chemotherapy restricted the mutational 

landscape of the tumour17. Chemotherapy-resistant tumours were enriched in genes involved 

in integrin signalling, which is linked to cell-adhesion-mediated survival and drug 

resistance38. Increased activity of integrin signalling pathways is a possible shared link 

between drug resistance and metastatic spread of urothelial cells. These findings are 
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consistent with mathematical models showing that even a small advantage in a single cell 

under selective pressure from chemotherapy can enable the descendants of this resistant cell 

to replace the precursor tumour mass, thereby increasing clonality and restricting mutational 

heterogeneity39. A study of the mutational patterns in chemotherapy-resistant muscle-

invasive urothelial carcinoma using whole-exome sequencing of matched samples from 30 

patients before and after neo-adjuvant cisplatin-based chemotherapy identified a new 

cisplatin mutation signature, which was linked to 14% of mutations in treated tumours, 

supporting the idea that chemotherapy shapes the mutational landscape of urothelial 

carcinoma6. The cisplatin mutation signature is enriched in T>A and C>A mutations 

compared with other mutational signatures, such as the APOBEC (C>T) and mutation 

signature 5 (comparatively flat signature with minimal signature peaks). Collectively, these 

data suggest that systemic chemotherapy for urothelial carcinoma affects the evolution of a 

cancer, constraining the clonality, and ultimately leading to treatment resistance.

APOBEC3-related mutagenesis.

The true initiating steps of bladder cancer are unknown, but the development of genomic 

mutations is likely to have a fundamental role. Compared with other solid tumours, the high 

mutational burden in urothelial carcinoma might be partly driven by enzymatic activity. The 

DNA-editing enzyme apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 

(APOBEC3) family consists of seven enzymes34,40. These enzymes are members of a super 

family of evolutionarily conserved deaminases, including activation-induced cytidine 

deaminase, APOBEC1, APOBEC2 and APOBEC4 (REF.41). APOBEC3 enzymes are 

known for their role in restricting viruses by editing viral DNA42. APOBEC3-induced DNA 

editing is caused by the deamination of cytidines (C) to uridines (U), which are repaired to 

guanines (G) or thymidines (T)41. Each of the seven human APOBEC3 para-logues has a 

preferred cytidine-harbouring motif. For instance, APOBEC3B preferentially deaminates 

cytidines in a TCW motif (in which W can be A or T)43. APOBEC3-induced mutational 

signatures are prevalent in bladder, cervical, breast, head and neck, and lung cancers44. 

Analysis of gene expression data and mutation patterns, distributions and loads of 19 

different cancer types showed that APOBEC3B-catalysed genomic uracil lesions are 

responsible for a large proportion of mutations in urothelial carcinoma45.

The frequency of APOBEC mutational signatures found at all stages of bladder cancer 

provides evidence for a role of APOBEC in this disease40. APOBEC3 mutational signatures 

become enriched during progression from early-stage to muscle-invasive urothelial 

tumours2. These signatures have been specifically identified in high-risk NMIBC and 

potentially fuel tumour progression and evolution, even in these early stages46. Analysis of 

the mutational signatures from The Cancer Genome Atlas (TCGA) muscle-invasive 

urothelial carcinoma patient cohort show that both APOBEC3A and APOBEC3B signatures 

accounted for 67% of single nucleotide variations40. Patients with APOBEC-enriched 

tumours had a better prognosis (median survival 50 months versus not reached, 1.5 × 

10−4)40. Whether this improved survival reflects better response to treatment is not known.

APOBEC3A and APOBEC3B expression levels also correlate with APOBEC3-associated 

mutational load47. Several studies suggest that APOBEC3-associated mutations have a role 
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in shaping urothelial carcinoma evolution. More than 40% of clonal mutations in cancer 

driver genes of several tumour types, including urothelial carcinoma, were found to have 

APOBEC-signature enrichment1. In urothelial carcinoma, 62% and 75% of mutations 

associated with APOBEC3A and APOBEC3B are clonal, respectively, suggesting that the 

majority of APOBEC3 signature mutations occur early in urothelial carcinoma evolution40. 

Mutational signatures associated with APOBEC3A and APOBEC3B were enriched in 

urothelial carcinoma after cisplatin-based chemotherapy17. APOBEC3 activity is enriched in 

lagging DNA strands in early-replicating, gene-dense and active chromatin regions and it is 

plausible that conditions that increase the abundance of single-strand DNA, such as 

chemotherapy, could increase the substrate availability for APOBEC3-induced 

mutagenesis43,48–53. These data suggest a potential interaction between chemotherapy and 

APOBEC3-induced mutagenesis in shaping the evolutionary landscape of urothelial 

carcinoma. In addition, previous findings in breast cancer models suggest that APOBEC3B 

promotes tamoxifen resistance54. Whether APOBEC3 enzymes have similar roles in 

treatment resistance in urothelial cancer remains to be determined.

Gene expression heterogeneity

The substantial intertumoural heterogeneity identified in urothelial carcinoma might be 

driven by variations in cell cycle activity and cellular differentiation programmes between 

patients55. To classify the differences in gene expression between urothelial carcinomas, a 

system of molecular subtypes was proposed, with distinct molecular characteristics and 

associations with pathological findings and clinical outcome40,46,55. The characteristics and 

evolution of subtypes in NMIBC and MIBC have been previously described13,56 and, in 

MIBC, a consensus classification of six subtypes is emerging, which includes luminal 

papillary, luminal non-specific, luminal unstable, stroma-rich, basal squamous, neuronal-like 

subtypes57. Some studies have observed molecular subtypes to be associated with response 

to therapeutic treatment, but conflicting results have been reported and no consensus 

exists58–62.

Interpatient heterogeneity is likely to be caused by a range of underlying DNA changes 

(mutations, rearrangements, insertions or deletions, long non-coding RNAs and 

methylations) accumulated during the evolution of each cancer, but observed differences 

might also be a product of varying cell-type compositions in the analysed tissue sample. The 

constant evolution of the cancer genome generates new genomic subclones63 that might give 

rise to differences in gene expression patterns within the tumour. However, most analyses of 

molecular subtypes are based on the assumption that no intratumoural heterogeneity exists 

and try to assign a single subtype to each tumour. Multiple subtype classification studies 

have reported unclassified samples and varying classification strengths (for example, 

silhouette width measures64), suggesting that substantial intratumoural heterogeneity in gene 

expression exists. This heterogeneity might also be caused by undiscovered subtypes, but, on 

the basis of current knowledge of genomic evolution, several subtypes are likely to coexist in 

single tumours.

Studies of temporal intratumoural heterogeneity have shown differences in tumour 

classifications. In a study from 2005 of array-based gene expression analysis in 
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metachronous tumours, most paired tumour samples had similar expression patterns but 

several exceptions were found65. In 9 of 14 patients, tumours at presentation had gene 

expression similar to tumours at progression. Across all patients, gene expression of early-

stage and late-stage tumours from an individual patient was more similar than that of 

tumours at the same stage across patients. New studies of synchronous and metachronous 

tumours had similar results2,46,66. A study in 57 primary MIBCs and 28 matched lymph 

node metastases found only 18% discordance (12 of 67 pairs) in subtype classification 

between primary tumours and metastases overall but 58% discordance (7 of 12 pairs) in the 

basal/squamous-like subtype67. In 6 of these 12 discordant pairs, the primary tumour 

showed substantial intratumoural heterogeneity, including mesenchymal, genomically 

unstable and small-cell neuroendocrine subtype regions. Thus, discordance might be caused 

by intratumoural heterogeneity in half of these pairs and the rest might reflect subtype 

plasticity.

In a study of spatial intratumoural heterogeneity in four patients68, the authors identified 

both luminal-like and basal-like gene expression subtypes in laser-microdissected tumour 

tissue from cystectomy specimens68. Importantly, different subtype classifications were only 

observed in the two patients with multifocal tumours. In one patient, basal-like expression 

patterns were observed in a muscle-invasive tumour and luminal-like expression patterns in 

synchronous Ta tumours. However, in the second patient with multifocal MIBC, the luminal-

like and basal-like expression subtypes were intermixed in different areas of the individual 

tumours. Overall, the gene expression differences mirrored genomic alterations in tumour 

biopsy samples, suggesting that gene expression patterns might be founded in DNA 

alterations. In TCGA MIBC data set, associations of mutation patterns specifically with a 

tumour subtype were limited, although luminal papillary tumours were enriched in FGFR3 

alterations56. Histone regulation might have a role in subtype development, as luminal 

tumours have an increased frequency of KDM6A mutations, which are also found in low-

grade (papillary) tumours. Thus, subtypes might be affected by genetic and epigenetic 

mechanisms of regulation.

Collectively, intratumoural heterogeneity complicates gene expression subtyping of a subset 

of bladder tumours, and average bulk tumour estimates might confound subtype analysis (for 

example, for therapy response estimation), and more advanced approaches to subtyping 

might be required. In colorectal cancer, a meta-analysis of expression subtypes documented 

evidence for a continuous subtype score instead of the traditional subtype association 

approach69. The high mutation rate and intratumoural heterogeneity observed in bladder 

cancer suggests that differences in gene expression patterns are likely to arise within the 

tumour during its development; hence, a similar approach for subtyping of bladder tumours 

might be useful. However, further studies are required to evaluate whether continuous scores 

might provide a more clinically relevant classification of bladder tumours than the current 

subtype likelihood scores.

The rapid developments in single-cell sequencing approaches might enable better 

delineations and more granular definitions of subtypes than those from bulk tumour 

analyses. No large studies of single cell RNA sequencing (RNA-seq) have been published 

for bladder cancer, but, in colorectal cancer, specific T cells, identified by single-cell 
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analysis, were found to be preferentially enriched in patients with microsatellite-instable 

tumours, which might explain favourable responses to immune checkpoint blockade in 

patients with these tumours70. In melanoma, single-cell RNA-seq revealed a resistance 

programme in malignant cells that is associated with T cell exclusion and immune evasion71. 

Specific cell subpopulations will probably not be identified from bulk tumour analysis and 

the high-resolution cellular maps of tumours generated from single-cell analysis might be 

crucial for an improved understanding of gene expression heterogeneity and subtype 

differences and for identification of better predictive biomarkers.

Morphology of heterogeneity

The genomic and transcriptional drivers that cause intratumoural heterogeneity are 

ultimately reflected in the varied histological morphologies of urothelial carcinoma. This 

heterogeneity can be observed in tumours that include more than one histological 

appearance within the same tumour. These morphologies reveal the wide spectrum of 

morphological heterogeneity in urothelial cancer and ultimately affect how a tumour 

responds to treatment72–75. Variants of urothelial carcinoma are divided on the basis of their 

microscopic morphological features, but increasing knowledge of the genetic and 

transcriptional attributes of histological variants have led to a better understanding of the 

molecular features associated with a subset of these lesions. The morphological spectrum of 

urothelial carcinoma includes divergent differentiation, such as squamous and glandular, as 

well as variant histologies such as nested, plasmacytoid, micropapillary, sarcomatoid and 

small-cell (neuroendocrine) carcinoma. Rarely, tumours of non-urothelial histology can 

develop in the bladder, such as squamous cell carcinoma and adenocarcinoma (FIG. 3).

Urothelial carcinoma with divergent differentiation.

The two most common variants of divergent differentiation in urothelial carcinoma are 

squamous and/or glandular differentiation76. Squamous differentiation is the most common 

variant, occurring in up to 30% of high-grade and/or high-stage urothelial carcinomas. In 

urothelial carcinoma with squamous differentiation, expression profile analysis of separate 

areas of urothelial and squamous morphology in the same tumour classified urothelial areas 

as luminal and squamous areas as basal/squamous in a subset of cases4,77. An association of 

squamous differentiation with human papillomavirus infection has been explored, but little 

genomic information exists to support a viral origin72,75. However, rarely, such as in patients 

with neurogenic bladder dysfunction or those requiring repeated catheterization, a viral 

aetiology has been identified, supported by p16 expression and human papillomavirus in situ 

hybridization78,79.

The presence of glandular differentiation in urothelial carcinoma is less common than 

squamous differentiation (8–18% of high-grade tumours)80. Morphologically, the glandular 

component resembles adenocarcinomas of other organs, most commonly showing features 

of enteric or colonic adenocarcinoma, but can also rarely resemble mucinous or various 

mixed types of glandular morphology. One analysis of the molecular features of glandular 

differentiation in urothelial carcinoma has revealed high rates of hotspot mutations in the 

TERT promoter region, similar to urothelial carcinoma ithout glandular differentiation81.
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Nested urothelial carcinoma.

This rare variant of urothelial carcinoma belongs to a group of morphologically deceptively 

bland tumours that can be associated with an aggressive clinical course82. The 

morphological characteristics of nested urothelial carcinoma include the presence of invasive 

clusters of tumour cells without considerable morphological atypia or generally not 

associated with a stromal reaction. Identifying this variant can be challenging, as it is shares 

features with benign conditions, such as proliferative cystitis, von Brunn nest hyperplasia, 

nephrogenic adenoma or inverted papilloma83,84. To date, a high rate of TERT promoter 

mutations, which was not found in benign mimickers, was the only molecular finding in this 

tumour type85, suggesting that it has molecular alterations similar to those of urothelial 

carcinoma in general.

Plasmacytoid urothelial carcinoma.

The plasmacytoid variant of urothelial carcinoma is another rare but aggressive tumour 

primarily composed of discohesive, infiltrating cells that resemble plasma cells, mostly 

admixed with other cells that contain intracytoplasmic vacuoles, giving the appearance of 

signet ring cells86–88. Patients with this tumour typically present at an advanced stage and 

have low survival. This tumour is also associated with high relapse rates and frequent 

peritoneal carcinomatosis, although patients might initially respond to chemotherapy86–90.

This tumour shares immunohistochemical and genetic features with urothelial carcinoma. It 

frequently expresses markers of urothelial differentiation, such as CK7, p63, GATA3 and 

uroplakins, and generally has genetic alterations similar to those of urothelial carcinoma, 

such as mutations in TP53, RB1, KMT2D and ARID1A86–90. However, in contrast to 

urothelial carcinoma, loss-of-function mutations in CDH1, and less commonly promoter 

hypermethylation of CDH1, drive the development of this variant and contribute to its 

aggressive biology86. Targeted next-generation sequencing of macrodissected areas of 

plasmacytoid and urothelial histologies from the same tumour revealed shared mutations, 

suggesting that both arose from the same origin, but CDH1 mutation was limited to the 

plasmacytoid component, supporting the role of CDH1 loss in the development of this 

variant histology86.

Micropapillary urothelial carcinoma.

The designation of micropapillary carcinoma requires the presence of small tight tumour 

clusters without true fibrovascular cores located within clear spaces, which is the result of 

reverse cellular orientation or polarization91–93 and a lack of cohesion between tumour and 

stroma. This tumour type is generally associated with high rates of ERBB2 alterations, 

mostly amplification94 and less commonly mutations95. Morphological intratumoural 

heterogeneity in micropapillary carcinoma is common, as most of these tumours also contain 

a component of not otherwise specified (NOS) urothelial carcinoma72. In addition, 

intratumoural heterogeneity of ERBB2 amplification is common. In tumours with mixed 

micropapillary and NOS urothelial carcinoma, ERBB2 amplification was more common in 

micropapillary than NOS urothelial carcinoma components96. Additionally, the rate of 

ERBB2 amplification in the NOS urothelial carcinoma component associated with 
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micropapillary components was much higher than that in NOS urothelial carcinoma not 

mixed with micropapillary components40,97,98.

Sarcomatoid urothelial carcinoma.

When a component of urothelial carcinoma takes the form of a mesenchymal neoplasm, the 

tumour is designated sarcomatoid urothelial carcinoma, which is a rare form of bladder 

cancer that is typically associated with an advanced stage and overall poor prognosis99. The 

presence of a sarcomatous component in urothelial carcinoma does not exclude other variant 

histologies, as tumours with urothelial, glandular, squamous and/or small-cell or 

neuroendocrine differentiation have been reported72. The most common morphology of the 

sarcomatous component is that of spindle-cell proliferation, but it can also include myxoid, 

pseudoangiosarcomatous, undifferentiated pleomorphic sarcoma-like morphology, and true 

heterologous elements in the form of cartilaginous, osseous and other elements100. The 

sarcomatous and urothelial components within the same tumour have been reported to share 

a common clonal origin101. A comprehensive study of sarcomatoid urothelial carcinoma 

showed that this tumour type is enriched with mutations in TP53, RB1 and PIK3CA and is 

associated with dysregulation of the epithelial-mesenchymal transition pathway and 

overexpression of epithelial-mesenchymal transition markers100,102.

Small-cell (neuroendocrine) carcinoma.

Small-cell carcinoma is a rare form of urothelial carcinoma and can be admixed with a 

urothelial (invasive or non-invasive), glandular, squamous of sarcomatous component72. Its 

morphological appearance is similar to small-cell carcinomas of other organs; similarly, it 

commonly harbours co-alterations in both TP53 and RB1 (REFS97,103,104). However, TP53 
and RB1 mutations are insufficient to explain development of small-cell carcinomas of the 

bladder, as these genetic alterations also often occur in urothelial carcinoma that does not 

exhibit features of small-cell or neuroendocrine differentiation. Furthermore, other 

alterations detected in urothelial carcinoma are also found in small-cell carcinoma of the 

bladder, in contrast to small-cell carcinoma of other organs. These aberrations include TERT 
promoter mutations in ~95% of samples and truncating alterations within chromatin 

remodelling genes, such as CREBBP, EP300, ARID1A and KMT2D, in nearly 75% of 

samples104. A high level of chromosomal instability is observed in bladder small-cell 

carcinoma, including whole genome duplication in 72% of tumours. Similar to MIBC, the 

APOBEC mutation signature is present in 95% of small-cell carcinoma of the bladder20, 

which contrasts with small-cell carcinoma of the lung, whose mutation signature is typically 

associated with tobacco exposure104. These findings suggest that bladder small-cell 

carcinoma develops through transdifferentiation from urothelial carcinoma, but the exact 

molecular mechanisms for this transition are not yet clear20,97,105. In contrast to, for 

example, prostate cancer, where neuroendocrine differentiation almost always develops in 

the setting of androgen receptor-directed therapy106, neuroendocrine differentiation in the 

bladder seems to develop de novo. Studies based on RNA and immunohistochemical 

expression profiling have identified a subtype of bladder cancer that is enriched in 

neuroendocrine markers but does not have the microscopic appearance of a true small-cell or 

neuroendocrine carcinoma107,108. This subtype has been referred to as “neuronal subtype” 

by TCGA classification40 and “neuroendocrine-like” by a consensus clustering 
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recommendation of the Bladder Cancer Molecular Taxonomy Group57. Whether this 

subtype represents an early step in the development of frank neuroendocrine carcinoma is 

yet to be determined.

Adenocarcinoma.

The presence of pure glandular morphology is required for the diagnosis of primary 

adenocarcinoma of the bladder, which can develop anywhere in the bladder. If such a tumour 

develops in the bladder dome and is associated with a urachal remnant, it will be designated 

as urachal adenocarcinoma109. Most of these tumours resemble colorectal adenocarcinomas, 

but they can also resemble adenocarcinoma of any other organs. Genetically, 

adenocarcinomas are different from urothelial carcinoma, as they generally lack mutations in 

chromatin-modifying genes and the TERT promoter region and resemble a subset of 

colorectal adenocarcinoma that is enriched in mutations in TP53, KRAS and SMAD4, as 

well as a small subset with EGFR and ERBB2 amplification110–112.

Heterogeneity, systemic therapy and drug design

Tumour heterogeneity complicates systemic therapy, drug development and delivery owing 

to the potential variable response to therapeutics in different tumour regions8,113. Relapse is 

often associated with the emergence of resistance and resistance can occur because of 

intratumoural heterogeneity, and not only because of drug resistance mechanisms or the 

presence of natively resistant populations, such as cancer stem cells114,115. Subtyping of 

muscle-invasive urothelial carcinoma on the basis of gene expression profiles provides an 

opportunity for personalized medicine4,55,58. Similarly, expression profiles of NMIBC might 

enable subclassification of these tumours, but the therapeutic implications have not yet been 

explored46. Histological variants of MIBC, such as the micropapillary variant, might have 

distinct genetic profiles (for example, ERBB2 overexpression), but whether these correlate 

with response to certain therapeutics (for example, HER2-targeted agents) has not been 

determined116. Defining which subtypes represent well-delineated groups, either natively or 

after therapy, remains a priority in the field.

Neoadjuvant chemotherapy and chemoradiotherapy.

Cisplatin-based regimens that comprise multiple agents are the most effective chemotherapy 

in advanced urothelial carcinoma117. Following evidence of improved survival of patients 

with metastatic bladder cancer treated with cisplatin chemotherapy, prospective randomized 

trials have demonstrated improved survival of patients with MIBC treated with neoadjuvant 

cisplatin-based chemotherapy118,119. Neoadjuvant chemotherapy is the current standard of 

care, but positive responses to immune checkpoint inhibitors (ICIs) in patients with MIBC 

and metastatic urothelial carcinoma have altered the neoadjuvant landscape to include 

immunotherapy120. Thus, determining the response of each tumour subtype to neoadjuvant 

chemotherapy and/or immunotherapy will be critical in determining the most efficacious 

precision therapy. For example, patients with basal-subtype tumours have the most improved 

survival benefit from neoadjuvant chemotherapy (3-year overall survival without 

neoadjuvant chemotherapy 49.2% versus 77.8% with neoadjuvant chemotherapy)59, whereas 

those with luminal tumours treated without systemic therapy have the lowest rate of 
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upstaging compared with those with nonluminal tumours (34% versus 51%)121. Subtype 

assignment is usually considered absolute, but some subtypes are more ‘stable’ than others, 

meaning that repeat bio-informatic analysis of tumours with these designated subtypes is 

likely to result in the same subtype assignment. By contrast, subtypes such as luminal 

infiltrated tumours contain varying amounts of stroma and immune cells and are ‘unstable, 

with an increased likelihood of being designated as other subtypes in repeat clustering4,68. 

Thus, complexity at the cellular level is likely to affect subtype membership, which might 

have the greatest influence on the choice of neoadjuvant systemic therapy.

Targeted therapy.

Relatively few MIBCs are driven by single-gene drivers, with the exception of FGFR3, RAS 
and PPARG, which are predominantly found in luminal-subtype tumours40. BLC2001, a 

phase II dose-escalation study of the FGFR3-targeted agent erdafitinib in 99 patients, 

demonstrated an overall response rate of 34% and a median duration of response of 5.5 

months in patients with metastatic urothelial cancer that harbours FGFR3 mutations and 

overexpression122,123. On the basis of these results, erdafitinib was approved by the FDA in 

2019 for the treatment of patients with locally advanced or metastatic bladder cancer with 

FGFR3 or FGFR2 alterations and has progressed following platinum-containing 

chemotherapy122. In addition, in a phase II trial, the pan-FGFR inhibitor infigratinib 

demonstrated a 25.4% response rate and a 38.8% disease stabilization rate in patients with 

metastatic urothelial carcinoma and FGFR alterations31. Response to small molecular 

therapies targeting mutations or activation of FGFR might depend on intratumoural 

heterogeneity. For example, an evaluation of 27 MIBCs found FGFR3 alterations in ~30%, 

but only ~15% had FGFR3 alterations at deep tissue levels124. In addition, activating 

mutations of PPARG are common in MIBC (up to 15% of patients)125. Targeting of PPARG 

in urothelial carcinoma cell lines showed that inverse agonism of PPARG reduced 

proliferation rates of PPARG-mutant cells but not PPARG wild-type cells125, pointing to 

another strategy by which patients with luminal tumours might benefit from targeted therapy 

in addition to established benefit from chemotherapy125.

Response to immunotherapy.

Immunotherapy is contingent upon T cell infiltration in response to neoantigen 

expression61,126. Neoadjuvant immunotherapy in melanoma indicates that ICIs alter 

intratumoural heterogeneity, in part through selection of specific populations with a low 

antigen load, and might be more efficacious in regions with high immunogenicity127. In the 

phase II trial PURE-01 in patients with MIBC, treatment with the ICI pembrolizumab before 

cystectomy resulted in a reduction in total mutation burden or neoantigens in matched 

tumour samples, indicating removal of tumours with high mutational burden128. Thus, one 

conceivable mechanism of developed resistance to ICIs is a change in the neoantigen burden 

and the type of alterations found across a tumour after ICI treatment.

Clinical trial considerations

As our understanding of the molecular features that differentiate types of bladder cancer 

improves, biomarkers are likely to have an expanded role in future clinical trials. To improve 

Meeks et al. Page 13

Nat Rev Urol. Author manuscript; available in PMC 2021 May 01.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



their accuracy, the reliability of both prognostic and predictive biomarkers in the setting of 

tumour heterogeneity is being investigated. Clinical decisions are made on the presence or 

absence of a biomarker and the accuracy of this biomarker to represent a treatment response 

of the tumour is critically dependent on the heterogeneity of the tested sample. One 

contemporary example in bladder cancer is the SWOG S1314 (co-expression extrapolation) 

study129. This randomized phase II trial includes 167 evaluable patients with non-metastatic 

MIBC and uses an Affymetrix gene expression model. Two separate models were tested 

(one for gemcitabine plus cisplatin (GC) and one for a dose-dense combination of 

methotrexate, vinblastine, doxorubicin and cisplatin (ddMVAC)) as prognostic and 

predictive biomarkers in these patients randomized to GC or ddMVAC chemotherapy 

regimens. Early data suggest that the individual GC and ddMVAC biomarkers do not predict 

response in their individual treatment arms but that the GC biomarker predicts response 

when applied to the larger, combined cohort of all patients (HR 2.33, 95% CI 1.11–4.89; P = 

0.02)130. Future studies are essential to validate these results.

The S1314 study identified the challenges associated with heterogeneity that need to be 

addressed to optimize future biomarker-oriented bladder cancer clinical trials in the 

neoadjuvant setting. First, adequate tumour sampling, including depth of biopsy and 

multiple regions, will be required to evaluate the biomarker across multiple tumour sites. 

Depending on the tumour stage, a minimum tumour size or specifying the amount of viable 

tumour might be necessary. This might be easier for MIBC than for NMIBC, owing to the 

tumour burden, whereas the challenge in metastatic disease will be obtaining adequate tissue 

from needle biopsies. In multicentre trials, engaging local pathologists might also be 

advantageous, for example, to enable separate verification of an adequate amount of viable 

tissue as part of determining eligibility for inclusion in the trial. Second, the use of archival 

tissues versus the requirement for new tissue biopsy is an important consideration. 

Biologically, current assessment is desirable, as it minimizes aspects of temporal 

heterogeneity. However, in practice, requiring a new tissue biopsy of a metastatic site might 

put patients at increased risk and potential discomfort, making the patient less likely to 

participate in the trial.

The use of blood-based biopsies in clinical trials is quickly emerging as a new option131. 

This approach has the potential to obviate many concerns around the assessment of temporal 

heterogeneity, as contemporary sampling is easier than with tissue biopsies. In addition, the 

utility of urine analysis for tumour DNA continues to be investigated. This approach might 

enable direct measurement of tumour burden and identify specific dominant clones. For 

example, in patients with NMIBC, serial evaluation of urine specimens might identify 

drivers of persistence and recurrence during intravesical therapy. The utility of this strategy 

depends on the identification of cancer drivers and heterogeneity in NMIBC. For example, 

the currently limited genomic evaluation of Ta and T1 tumours suggests that FGFR3 
alterations are a dominant driver, but the clonality of this mutation during selective 

intravesical treatment remains unclear132. However, the handling of urine specimens 

requires special methods to avoid lysis of white blood cells and preferentially sampling 

urine, for example, in the morning to avoid increased dilution of cell-free DNA. 

Furthermore, identification of novel actionable targets through liquid biopsy analysis has 

been demonstrated in patients with metastatic bladder cancer and could complement current 
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patient selection procedures for clinical trials. A study in 68 patients with MIBC 

demonstrated an association between circulating tumour DNA fluctuations and 

chemotherapy response, which might enable more efficient treatment response evaluations in 

clinical trials than the current standard of radiographical imaging133. Thus, blood-based 

evaluation of circulating DNA might be a dynamic method of capturing a snapshot of 

tumour heterogeneity and inform changes in treatment owing to tumour evolution.

Conclusions

Our current understanding of the development and progression of urothelial carcinoma at the 

genetic and molecular levels indicates that single-agent therapy is unlikely to be successful, 

predominantly owing to intratumoural and intertumoural heterogeneity. This heterogeneity 

occurs at multiple levels and is best demonstrated in tumours with variant histology. 

Therapeutic targeting of the primary and metastatic lesions might require analysis of solid 

tumour or liquid biopsy samples to identify the evolving landscape of clones. Metastatic 

cells might have different subtypes and therapy might need to be further tailored as we begin 

to understand these populations. New therapeutics are still needed as response rates to agents 

currently in clinical trials remain suboptimal. As new drug candidates are being developed, 

designing trials that include those patients who are most likely to benefit and developing 

biomarkers to define these patients will be imperative.
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Key points

• Bladder cancers have a high total mutational burden and considerable 

intratumoural and intertumoural heterogeneity at the genomic, transcriptional 

and cellular levels that remain difficult to quantify.

• Heterogeneity might be driven by genomic events initiated by APoBEC 

enzymes and selection pressure from therapeutic interventions, which both 

drive tumour evolution.

• Bladder tumours can be categorized into different subtypes on the basis of 

gene expression signatures, but these molecular subtypes might be unstable 

and different subtypes can occur within the same tumour causing 

intratumoural heterogeneity.

• variant tumour histologies are the morphological extreme of tumour 

heterogeneity and include glandular, squamous, nested, plasmacytoid, 

micropapillary, sarcomatoid and small-cell carcinoma.

• Tumour heterogeneity might affect treatment efficacy, for example, of 

neoadjuvant chemotherapy and immune checkpoint inhibitors, as well as 

targeted therapy, for example, when individual actionable mutations only 

occur in a fraction of the tumour.

• Biomarkers to select personalized treatments in precision medicine 

approaches will likely shape future clinical trial design, but their validity 

might be affected by heterogeneity.
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Box 1 |

Definitions of heterogeneity

• Heterogeneity: the state of comprising diverse or dissimilar elements

• Interpatient heterogeneity: differences between tumours of patients diagnosed 

with the same type of primary cancer

• Intratumoural heterogeneity: differences between spatial regions of the 

primary tumour of the same patient

• Intertumoural heterogeneity: differences between multiple primary tumours in 

the same patient, the primary tumour and metastatic deposits or multiple 

metastatic sites

• Temporal heterogeneity: molecular or genetic changes in the tumour over 

time and/or during treatment of the same patient

• Circulation heterogeneity: differences between circulating tumour markers 

and tissue-based tumour markers
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Fig. 1 |. Different types of heterogeneity found in bladder cancer.
Bladder tumours can vary in morphology, gene expression profile and mutations. This 

heterogeneity exists not only between patients (interpatient heterogeneity) but also within 

the same patient, where subclassifications can be made. Intratumoural heterogeneity 

describes variations between regions of one tumour and can be affected or caused by 

clonality, immune cell infiltration and the tumour microenvironment. Differences between 

multiple tumours and/or metastases within one patient are termed intertumoural 

heterogeneity. Heterogeneity can also change over time and during treatment (temporal 

heterogeneity). Finally, differences can also exist between tissue-based tumour markers and 

circulating markers (circulation heterogeneity) and can be assessed by comparing data from 

tumour deposits with those from liquid biopsy approaches.
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Fig. 2 |. Tumour evolution with emergence of distinct tumour subtypes.
a | Schematic of the occurrence of tumour subclones over time. Genomic differences 

between subclones might result in different expression patterns and thereby different tumour 

subtypes. Chemotherapy can cause contraction of subtypes and isolation of a specific 

subtype, which becomes the dominant clone after chemotherapy (subtype 4 in this example). 

b | The fractions of different subtypes can vary over time and under the selection pressure of 

treatments, resulting in inconsistent subtype calling even if the entire tumour is analysed. 

Sampling of only parts of a tumour would be expected to further complicate consistent 

subtype calling.
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Fig. 3 |. Variant histology of urothelial carcinoma.
Tumour heterogeneity is most pronounced at the morphological level when comparing 

urothelial carcinomas with variant histology. The morphological spectrum of urothelial 

carcinoma includes divergent differentiation, such as squamous differentiation (part a) and 

glandular differentiation (part b). Variant histologies of urothelial carcinoma include nested 

variant (part c), plasmacytoid variant (part d), micropapillary variant (part e) and 

sarcomatoid variant (part f). Primary tumours of non-urothelial histology can also develop in 

the bladder, including squamous cell carcinoma (part g), mucinous adenocarcinoma with 

signet ring cells (part h) and small-cell or neuroendocrine carcinoma (part i). Haematoxylin 

and eosin staining in all images, magnification ×50.
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