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Molecular biology of bladder cancer
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SYNOPSIS

Many detailed studies of the molecular pathogenesis of bladder cancer have been published during
the past three decades, identifying important roles for many of the classic cancer pathways in
bladder cancer development. Nonetheless, recent large scale mutational and expression analyses in
bladder cancer made possible by next generation sequencing and other new techniques have
uncovered multiple genes and pathways important for bladder cancer development, many of which
were previously unknown. Genes involved in cell cycle control, chromatin regulation, and
receptor tyrosine and Pl 3-kinase-mTOR signaling pathways are commonly mutated in muscle-
invasive bladder cancer, and most cancers have involvement of more than one of these pathways.
In addition, expression-based analyses have enabled identification of two distinct types of bladder
cancer, basal and luminal, that are similar to those same subsets of breast cancer, and have
prognostic and therapeutic significance. These observations are leading to a number of novel
therapeutic approaches in bladder cancer, providing optimism for therapeutic progress in the near
future.
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BACKGROUND

Bladder cancer is a leading cause of morbidity and mortality, with nearly 400,000 new cases
and 150,000 deaths worldwide (1). However novel approaches to treatment in the past two
decades have been sparse. Since 2006, of 126 approvals granted by the US Food and Drug
Administration for hematology/oncology medications, none have been for the treatment of
bladder cancer (2), and chemotherapeutic approaches remain rooted in cisplatin-based
combinations first introduced thirty years ago. This limited progress has provided major
incentive to analyze molecular alterations in bladder cancer in detail in an effort to identify
novel treatment approaches.
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Bladder cancer genetics and molecular biology have historically provided important general
insights into cancer biology, beginning with the discovery of HRASas the first oncogene in
a bladder cancer cell line (3). Since that seminal discovery, multiple genes commonly
subject to mutation in bladder cancer have been identified, including TP53 (4), RB1 (5),
TSC1 (6), FGFR3 (7), and PIK3CA (8, 9).

Furthermore, comparative genomic hybridization and related techniques were used
extensively in bladder cancer, leading to identification of multiple amplified and deleted
genes, including PPARG, E2F3, EGFR, CCND1 and MDM2 which are amplified, and
CDKNZ2A and RB1 which are commonly deleted (10-17). These and other molecular
alterations involved in bladder cancer are summarized in past reviews (16, 18).

Recently, next generation sequencing (NGS) has enabled large-scale analyses, mainly
focused on muscle-invasive bladder cancer, greatly expanding our understanding of this
malignancy (19-22). The initial NGS studies were performed by the Beijing Genomics
Institute (20, 21), in studies which focused initially on mutation identification (20), and then
included both mutation analysis and transcriptome studies (21). More recently The Cancer
Genome Atlas (TCGA) project, funded by the National Cancer Institute, has performed a
comprehensive analysis of 131 muscle-invasive bladder cancers, including assessment of
mutations, copy number changes, expression profiling by RNA-Seq, miRNA analysis, CpG
methylation analysis, proteomic analysis of about 150 proteins, and integrated analyses of
these data sets.

This review will summarize the current understanding of molecular alterations in bladder
cancer, and will focus on the findings of the TCGA project (19) and the Beijing group (20,
21). We will also discuss recent reports providing improved understanding of molecular
subtypes of bladder cancer based on expression analyses.

MOLECULAR ALTERATIONS IN BLADDER CANCER

Figure 1 illustrates the major findings of the TCGA study, showing mutation rates and
frequencies, gene deletions and amplifications, and changes in expression for genes of
interest (19).

Mutations in bladder cancer — general findings

The TCGA study identified a relatively high rate of 7.68 mutations per Mb within coding
regions, equivalent to 302 exonic mutations per cancer (19). This mutation rate is exceeded
among cancers studied in the TCGA project (now > 20) only by lung adenocarcinoma, lung
squamous cell carcinoma, and melanoma (23). The mechanism or cause of this high
mutation rate in bladder cancer is not known with certainty. Although smoking is associated
with mutation rate and spectrum in lung cancer, this was not seen in bladder cancer (19),
despite the well-known epidemiologic association between cigarette smoking and bladder
cancer. On the other hand, 51% mutations seen in bladder cancer were TCW -> TTW or
TGW changes (“TCW mutations” (C > T and C > G mutations at T-C-A/T [TCW)]
trinucleotides), a class of mutation likely mediated by one of the DNA cytosine deaminases,
in the APOBEC gene family (24, 25). In addition, APOBEC3B was expressed at high levels
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in all bladder cancers examined, suggesting a major role for APOBEC-mediated
mutagenesis in the high mutation rate seen in bladder cancer (19).

The Beijing group identified a somewhat lower overall mutation rate, but by statistical
analyses identified significant levels of mutation in 37 genes. This included many genes
identified previously, as well as multiple chromatin remodeling genes: KDM6A, ARID1A,
CREBBP, EP300, KMT2A, NCOR1, CHD6, KMT2C (20, 21). In the TCGA analysis, 32
genes were identified as sustaining mutations at a statistically significant rate (Figure 1b).
There was considerable overlap between the genes identified by the Beijing group and those
identified in the TCGA analysis, providing significant confirmation, despite the distinctly
different populations being studied (Beijing — Chinese; TCGA — mostly American and
European origin). Genes sustaining significant levels of mutation can be organized into
several classes.

Somatic copy number alterations (SCNA) in bladder cancer

SCNAs were also very common in the TCGA data set, with an average of 204 segmental
SCNAs and 22 genomic rearrangements per cancer analyzed (19). Statistical methods
(GISTIC) were used to identify statistically significant recurrent focal SCNAs, and 27
amplified and 30 deleted regions were identified (Figure 1c). CDKN2A was deleted in nearly
half of samples, and other genes that were probable targets of deletion included: KDM6A,
RB1, WWOX, PDE4D, FOXQ1, FAM190A, LRP1B, and CREBBP. Many deletions extended
over a large genomic region and a single gene target could not be identified. Many genes
were focally amplified including: E2F3/SOX4, CCND1, EGFR, PPARG, MDM2, ERBB2,
YAP1, CCNEL, MYC, ZNF703, FGFR3, MYCL1, and BCL2L1. Other chromosomal regions
of amplification extended over a large genomic region, containing more than a single gene.
This included a region on chromosome 1g22-23.2 containing PVRL4, and a region on
chromosome 8qg22.3 containing YWHAZ. Multiple past reports made similar though more
limited findings (14, 26-28).

Cell cycle gene aberrations in bladder cancer

Mutation or deletion of cell cycle genes in cancer has been known for many years, and
reported previously in bladder cancer for over 2 decades, e.g. (4, 17, 29, 30). The recent in-
depth genomic analyses performed have confirmed and extended our knowledge of cell
cycle gene events in bladder cancer. Reviewing these alterations in the order of frequency,
TP53 (encodes p53) mutations were found in 49% and 24% of bladder cancers by the TCGA
and Beijing groups (19-21). p53 is the ‘guardian of the genome’, and it responds to cellular
stress by inducing cell cycle arrest, apoptosis, senescence, and DNA repair. Its loss leads to
bypass of these important effects, enhancing further genome damage, and continued
proliferation. CDKNZ2A deletions are also very common in bladder cancer, similar to many
other malignancies, with deletions seen in about 50% of samples in both the TCGA and
Beijing studies (19-21). Mutations in CDKN2A were also seen in 5% of bladder cancers
(19). CDKN2A encodes both p19ARF and p16!NK4A proteins, which regulate the p53 and RB
pathways, respectively. p16!NK4A is a cyclin-dependent kinase (cdk) inhibitor for cdk4 and
cdk6, and its loss enhances cell cycle progression.
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RB1 was mutated in 10% and deleted in 15% of TCGA tumors (19), with similar findings by
the Beijing group (20, 21). The RB protein regulates the cell cycle by binding to the E2F
transcription factor (31), and its loss also leads to enhanced cell cycle progression despite
DNA damage or other signals.

A novel finding in the TCGA analysis was inactivation of CDKN1A by mutation in 14% and
deletion in 6% (19). Another group reported similar findings simultaneously (22). CDKN1A
encodes another cyclin dependent kinase inhibitor, p21, distinct from p16!/NK4A byt its loss
similarly pushes the cell toward continued division despite DNA damage or other signals,
enhancing cell proliferation and accumulation of additional DNA damage. CDKN1A
mutation has not been seen at appreciable frequency in any other cancer studied to date by
the TCGA.

Three cell cycle genes were amplified in bladder cancer in these studies: CCND1 (cyclin
D1) in 10% — 21% of bladder cancers; CCNEL (cyclin E1) in 12% — 13%; and MDM2 in 9%
— 4% of samples respectively in the TCGA and Beijing analyses (19-21). Both cyclin D1
and cyclin E1 are necessary co-factors for different cdk’s and hence their overexpression
enhances cell proliferation. MDM2 encodes an E3 ubiquitin-protein ligase, the enzyme
which degrades p53 protein, and hence its overexpression lowers p53 levels, thereby
inhibiting p53 function. MDM2 amplification was mutually exclusive of TP53 mutation for
the most part in the TCGA analysis (Figure 1) (19).

Overall one or more cell cycle genes were mutated, deleted, or activated by amplification in
93% of the TCGA tumor samples, most often the TP53 and/or CDKN2A genes (Figure 1).

Kinase signaling: receptor tyrosine kinases and the PI3K-mTOR pathway—
Given the well-known successes of tyrosine kinase inhibitor therapy for activated kinases in
both chronic myelogenous leukemia, driven by BCR-ABL, and lung adenocarcinoma,
driven by activating mutations in EGFR, there is major interest in the identification of
similar activated tyrosine kinases in all types of cancer. Activating mutations in FGFR3
were first identified in bladder cancer 15 years ago (7), though more commonly seen in
superficial than in muscle-invasive cancers. FGFR3 mutations were seen at 11% frequency
in the muscle-invasive cancers studied by the TCGA and Beijing groups (19-21). In
addition, 3% of cases had FGFR3 amplification, and another 3% had FGFR3-TACC3 gene
fusions (19). These latter gene fusions have recently been reported by several groups, and
shown to be activating (32, 33). Three members of the ERBB family of receptor tyrosine
kinases were also altered at significant frequency in bladder cancer (19). EGFR
amplification was seen in 11%, ERBB2 was mutated in 5% and amplified in 7%, and ERBB3
was mutated in 11% and amplified in 2% of bladder cancers. These events in FGFR3, and
ERBB family members are all potentially targetable using either tyrosine kinase inhibitors,
or antibody-mediated therapies (34, 35). This potential is underscored by a recent report of
the benefit of both erlotinib (EGFR tyrosine kinase inhibitor) and cetuximab (monoclonal
antibody against EGFR) in some subsets of muscle-invasive bladder cancers (36).

Mutations involving genes in the PI3K-PTEN-AKT-TSC1-TSC2-mTOR signaling pathway
have long been recognized in bladder cancer (6, 8, 9). The recent large-scale studies
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provided further documentation of mutation of both positive and negative regulators in this
signaling cascade. PIK3CA was mutated in 15% and amplified in 5%; PTEN was mutated in
3% and deleted in 13%; TSC1 was mutated in 8%; and TSC2 was mutated in 2% in the
TCGA analyses, with similar results from the Beijing studies (19-21). All of these mutations
lead to potential therapeutic targets, as highlighted by two recent studies showing that
bladder cancer patients with TSC1 and MTOR mutations were exceptional responders to
treatment with/including everolimus, an mTOR allosteric inhibitor (37, 38).

Other genes and pathways—Two genes involved in the response to oxidative stress
were found to be mutated in bladder cancer in the TCGA analysis. NFE2L2 encodes a
transcription factor which is induced to mediate the cellular response to oxidative stress, and
missense mutations in this gene were identified in 8% of the TCGA samples (19). Mutations
in NFE2L2 were previously reported in cancer and shown to promote malignancy (39),
although not previously known for bladder cancer. TXNIP encodes thioredoxin interacting
protein and is also involved in mediating the response to oxidative stress (40). Mutations
were seen in 7% of cancers in the TCGA study (19).

Mutations in genes involved in lipid metabolism were also identified in the TCGA analysis
(19). RXRA, which encodes the retinoid X nuclear receptor alpha (41) was mutated in 9% of
bladder cancers, with 7 of 12 mutations occurring at the same amino acid in the ligand-
binding domain. All seven of these cancers showed increased expression of genes involved
in lipid metabolism, consistent downstream effects of RXR activation. PPARG, which
encodes the peroxisome proliferator-activated receptor gamma (glitazone receptor), was
amplified in 17% of bladder cancers.

STAG?2 is another relatively novel gene found to be mutated in bladder cancer by several
groups at frequencies from 10 — 20% (19, 21, 42-44). The STAG2 protein is a subunit of
cohesin, a protein complex that regulates the separation of sister chromatids during cell
division. Conflicting results were seen in terms of a potential association between STAG2
mutation and survival in bladder cancer (21, 42-44).

ERCC2 was observed to be mutated in 12% and 7% of bladder cancers in the TCGA and
Beijing analyses (19-21). ERCC2 is a nucleotide excision repair gene that causes xeroderma
pigmentosum (45). It appears that these mutations may act in a dominant negative fashion,
as 15 of 16 were deleterious missense mutations (19). A recent report described a positive
association between ERCC2 mutation and response to cisplatin-based chemotherapy in
bladder cancer, consistent with loss of ERCC2 function leading to an Achilles heel-like
sensitivity to cisplatin (46).

Epigenetics: chromatin regulation

The role of epigenetic effects on regulation of gene expression, and their alterations in
cancer in general have been studied for many years. However, the potential importance of
these events in bladder cancer was advanced considerably by the recent in-depth genomic
analyses. Mutations in chromatin regulatory genes in bladder cancer were first identified by
the Beijing group, and then confirmed and extended by the TCGA analyses (19-21). It is
known that there are two main categories of chromatin modification that influence gene
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expression. The first is methylation at the C position of CG nucleotide sequences, and other
less common modifications to the nucleotide sequence itself. The second is histone
modifications, which are generated by chromatin regulatory genes. Chromatin regulatory
genes are often referred to as ‘writers’, ‘erasers’, and ‘readers’, based on their function in
creating covalent modification of histones (methylation, acetylation), removing such
modifications (de-methylation, de-acetylation), and in binding to such modifications to
influence gene transcription. Genes involved in all three of these functions are commonly
mutated in bladder cancer.

Mutations in KDMB6A, an ‘eraser’ demethylase acting on histone H3 at lysine 27, are seen in
20-25% of bladder cancers (19-21). MLL2, encoding a histone 3 lysine 4 (H3K4)
methyltransferase of the trithorax group, is a ‘writer,” and is mutated in 27% of bladder
cancers (19). ARID1A, encoding a member of the SWI/SNF family, has helicase and
ATPase activity, is a ‘reader,” and is mutated in 25% of bladder cancers (19). EP300,
encoding a histone acetylase, is a ‘writer’ which is also a transcription factor, and is mutated
in 15% of bladder cancers (19). Many other chromatin regulatory genes are mutated in over
10% of bladder cancer samples, including MLL3, MLL, CREBBP, CHD7 and SRCAP (19).
In addition, CREBBP and NCORL1 were deleted in 13% and 25% of bladder cancers,
respectively (Figure 1). Despite the likely importance of these mutations in the chromatin
regulation of the genome in bladder cancer cells, there was no significant association
between any of these gene mutations and expression profile or other features in the TCGA
analysis (19).

Viral infection in bladder cancer: CMV, BK polyomavirus, and HPV16—
Exploration of infectious etiologies has long been of interest in bladder cancer: a viral
etiology for bladder cancer has been considered for some time, and there is a clear
epidemiologic relationship to chronic Schistosoma infection. The TCGA analysis identified
seven tumors (6%) with viral DNA sequences and five tumors with viral RNA transcripts
(19). The tumors with viral transcripts were: 3 with CMV, 1 with BK polyomavirus, and 1
with HPV16. Some of those with viral DNA sequences showed integration of viral DNA
into the genome, with one instance of integration into BCL2L1, an apoptosis regulatory
gene, suggesting the possibility that insertional mutagenesis might contribute to bladder
cancer development in these cases.

Molecular subtypes of bladder cancer

There is considerable heterogeneity in bladder cancer, both in terms of natural history and
response to chemotherapy. Many efforts have been made to define molecular subsets of
bladder cancer based upon mutation profile and/or expression features to attempt to provide
prognostic information, as well as guidance in selection of chemotherapy. For example,
Takata et al. analyzed gene expression profiles of biopsy materials from 27 invasive bladder
cancers by microarray to identify 14 “predictive” genes whose expression levels were most
correlated with response to methotrexate, vinblastine, doxorubicin, and cisplatin (M-VAC)
chemotherapy (47). Ongoing studies are attempting to validate this expression profile
prospectively. In the TCGA analysis, unsupervised clustering by non-negative matrix
factorization of mutations and focal SCNAs identified three groups (Fig. 1a) (19). Group A
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(red), labeled “focally amplified’, was highly enriched in focal SCNAs in several genes, as
well as mutations in MLL2. Group B (blue), labeled “papillary CDKN2A-deficient FGFR3
mutant’, was enriched in papillary histology, and the majority had loss of CDKN2A, and one
or more alterations in FGFR3. Group C (green), labeled ‘TP53/cell-cycle-mutant’, had TP53
mutations in nearly all samples, and enrichment for RB1 mutations, and amplifications of
E2F3 and CCNE1 (Fig. 1).

The TCGA analysis also used RNA-Seq based expression profiling to identify four distinct
MRNA expression clusters (Figure 2A) (19). Cluster | (*papillary-like’) was enriched in
cancers with papillary morphology, FGFR3 mutations, FGFR3 copy number gain, elevated
FGFR3 expression, and FGFR3-TACC3 gene fusions. Cluster Il was similar to Cluster | in
several respects but did not have an association with papillary morphology or FGFR3
events. Clusters | and 1l both expressed high HER2 (ERBB2) levels and had an elevated
estrogen receptor beta (ESR2) signaling signature, suggesting a relationship to HER2-
positive breast cancers. Clusters | and Il also had features similar to those of luminal A
breast cancer, with high expression of GATA3 and FOXAL. | and Il also expressed
uroplakins (markers of urothelial differentiation), E-cadherin, and members of the miR-200
family of miRNAs (which target multiple regulators of epithelial-mesenchymal transition),
suggesting that these cancers had urothelial differentiation to some extent. In contrast,
cluster 111 (*basal/squamous-like”) was similar in some respects to both basal-like breast
cancer, and squamous cell cancers of the head and neck and lung with expression of
epithelial lineage genes, including several keratin genes. Some also showed some degree of
variant squamous histology on pathology review.

Similar but more extensive findings were made simultaneously by two other groups (48, 49).
Unsupervised clustering using array-based RNA expression data identified three robust
clusters, termed basal, luminal and p53-like in one of these studies (Figure 2B) (48).
Samples in the basal cluster expressed high levels of keratins 5, 6, and 14, similar to Cluster
I11 from the TCGA analysis. This cluster was labeled basal since the authors recognized that
this expression pattern was similar to that of the basal layer of the normal urothelium, which
is least differentiated and does not express the usual urothelial marker genes. Several other
expression features were common to these two independently derived clusters by the TCGA
and Choi et al. Choi et al. also showed that basal bladder cancers had the poorest prognosis,
with the shortest disease-specific survival (48). The luminal cluster was similar to clusters I
and Il identified in the TCGA analysis, with expression of luminal breast cancer markers, as
noted above. The last cluster, p53-like, was similar to the luminal cluster in terms of luminal
breast marker expression, but also had an activated wild-type p53 gene signature. Choi et al.
did extensive replication analyses to validate their clustering analysis, including reanalysis
of a large data set in which clustering had identified clusters of a similar nature, though
named somewhat differently (50, 51). Pathway analysis led to identification of Stat-3,
NFkB, Hif-1, and p63 as probable transcriptional drivers of basal gene expression (48); and
correspondingly PPARYy and the estrogen receptor (ER) as drivers of the luminal gene
expression pattern. shRNA knockdown of p63 in a basal-like bladder cancer cell line, UM-
UC14, showed decreased basal gene expression, and increased PPARy pathway expression.
Treatment with rosiglitazone, a PPARYy activator, also reduced basal gene expression, and
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enhanced luminal cluster gene expression, providing evidence that p63 and PPARy
antagonize each other. Choi et al. also noted that patients with bladder cancers in the p53-
like expression cluster showed a poor response to cisplatin-based chemotherapy, finding this
to be consistent among several different treatment groups they were able to collect (48).
Notably, the p53-like expression cluster, defined by expression of a p53 gene set, did not
correlate with mutation of TP53. There were tumors in the p53-like cluster that had TP53
mutations, as well as tumors that were wild-type for TP53 but did not segregate to this
cluster. Gene expression pattern could be assayed using DAZL technology on formalin-
fixed paraffin-embedded samples, enabling wide adoption of this method of bladder cancer
expression clustering (48).

A similar clustering of bladder cancer into basal and luminal subtypes was made
independently by the third group, also using multiple data sets (49). In addition, these
investigators found that there was a significant association between mutation and expression
subtype. FGFR3 and TSC1 mutations were significantly enriched in the luminal subtype,
whereas RB1 pathway alterations including RB1 mutation/deletion, CCND1 amplification,
SOX4/E2F3 amplification, and CCNE1 amplification were significantly enriched in basal-
like bladder cancer (Figure 2C) (49).

SUMMARY

Great progress has been made in deciphering in considerable detail the molecular events that
occur in muscle-invasive bladder cancer (19-22). Mutations are common in multiple
signaling pathways in bladder cancer, and typically cancers have various alterations in
different pathways that likely all contribute to cancer development. Cell cycle gene
alterations are very common in bladder cancer, similar to many other adult malignancies, but
therapeutic development in this sphere has not progressed. In contrast, multiple alterations in
both receptor tyrosine kinases and the PI3K-mTOR pathway occur commonly in bladder
cancer, and there is significant hope that many of these can be targeted effectively with
specific kinase inhibitors either in use currently or under development. Chromatin regulatory
gene mutations are especially common in bladder cancer, and there is hope for therapeutic
development directed at these mutations.

Recent comprehensive expression profiling studies have been convergent in identifying two
major types of bladder cancer, basal and luminal, with some significant similarities to the
same subtypes in breast cancer (19, 48, 49). Moreover, these subtypes have different
prognoses and natural histories, and response to conventional chemotherapy. Thus, there is
hope that this new understanding will also translate to improved care for the bladder cancer
patient.
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KEY POINTS

There is a high rate of both mutations and genomic amplifications and deletions
in muscle-invasive bladder cancer.

The ERBB family sustains mutation and copy number changes at a cumulative
high frequency in bladder cancer, including EGFR, ERBB2, and ERBB3, which
are potentially targetable using small molecule kinase inhibitors or antibody
therapeutics.

FGFR3 is commonly activated in bladder cancer, through either mutation, gene
fusion events, or elevated expression, and is another potential therapeutic target.

The PI-3-kinase-mTOR signaling cascade also sustains many mutations in
bladder cancer, including PI3KCA, PTEN, and TSC1, and all of these are also
potential therapeutic targets.

Chromatin regulatory gene mutations occur at high frequency in bladder cancer,
higher than any other epithelial cancer, and often there is more than one per
cancer. Although this pathway has historically not been druggable, there is some
optimism that agents may be developed, and would therefore present therapeutic
opportunity.

Cell cycle gene mutations, amplifications (cyclins), and deletions (cdk
inhibitors) are very common in bladder cancer.

Viral infection appears to contribute to bladder cancer development in 5-10% of
cancers.

The main RNA expression subtypes of bladder cancer are basal and luminal,
similar to breast cancer, and confer both prognostic and therapeutic significance.
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Figure 1. The genomic landscape of bladder cancer
a, Mutation rate and type, histological subtype, smoking status, gender, tumour stage and

cluster type. b, Genes with statistically significant levels of mutation and mutation types. c,
Deletions and amplifications for genomic regions with statistically significant focal copy
number changes. ‘Copy number’ refers to absolute copy number. Note that two
amplification peaks (*) contain several genes, any of which could be the target, as opposed
to the single gene listed here. d, RNA expression level for selected genes, expressed as fold
change from the median value for all samples. Cancers were grouped into three clusters (red,
blue and green) using consensus NMF clustering.

From Macmillan Publishers Ltd: Nature. The Cancer Genome Atlas Research Network.
Comprehensive molecular characterization of urothelial bladder carcinoma. Nature
2014;507:315-322. Copyright 2014; with permission.

From The Cancer Genome Atlas Research Network Nature 507, 315-322 (2014) doi:
10.1038/nature12965. Available at: http://www.nature.com/nature/journal/v507/n7492/full/
nature12965.html. Accessed Oct 13 2014; with permission.
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Figure 2. Molecular subtypes of bladder cancer defined by expression profiling in 3 studies
A. Expression clustering by the TCGA. a, Papillary histology, FGFR3 alterations, FGFR3

expression and reduced FGFR3-related miRNA expression are enriched in cluster 1. b,
Expression of epithelial lineage genes and stem/progenitor cytokeratins are generally high in
cluster 111, some of which show variant squamous histology. ¢, Luminal breast and urothelial
differentiation factors are enriched in clusters | and 1. d, ERBB2 mutation and oestrogen
receptor beta (ESR2) expression are enriched in clusters I and 11.

B. Expression clustering and survival by Choi et al.

a. Array-based RNA expression profiling and hierarchical cluster analysis of a cohort of 73
muscle-invasive bladder cancers. RAS, TP53, RB1, and FGFR3 mutations are indicated
below the dendrogram. Black, mutation; white, wildtype; gray, data not available. Right:
Kaplan-Meier overall survival (p=0.098) and disease-specific survival (p=0.028) in the three
tumor subtypes.
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b. Expression of basal and luminal markers in the three subtypes. The heat maps depict
relative expression of basal (left) and luminal (right) biomarkers. GSEA analyses (not
shown) were used to confirm that basal and luminal markers were enriched in the subtypes.
C. Associations between mutations and basal subtypes of bladder cancer by Damrauer et al.
FGFR3 and TSC1 alterations were significantly enriched in luminal bladder cancer, whereas
alterations of the RB1 pathway were enriched in basal-like bladder cancer. TP53 alterations
were distributed evenly in the two subtypes.

Fig 2A: From The Cancer Genome Atlas Research Network Nature 507, 315-322 (2014)
doi:10.1038/nature12965. Available at: http://www.nature.com/nature/journal/v507/n7492/
full/nature12965.html. Accessed Oct 13 2014; with permission.

Fig 2B: From Choi W, Porten S, Kim S, et al. Identification of distinct basal and luminal
subtypes of muscle-invasive bladder cancer with different sensitivities to frontline
chemotherapy. Cancer Cell 2014 25:152-65; with permission.

Fig 2C: From Damrauer JS, Hoadley KA, Chism DD, Fan C, Tiganelli CJ, Wobker SE, Yeh
JJ, Milowsky M, lyer G, Parker JS, Kim WY. Intrinsic subtypes of high-grade bladder
cancer reflect the hallmarks of breast cancer biology. Proc Natl Acad Sci U S A 2014
111:3110-5; with permission.
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