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Abstract
Bladder cancer is the fourth most common cancer in men and fifth most common overall. The use of next-generation sequenc-
ing (NGS) approaches is crucial to precisely characterize the molecular defects of tumors, and this information could be 
combined with other clinical data, such as tumor histology and TNM staging, with the goal of precise tumor classification. 
In many settings, targeted NGS is evaluated in patients with first- and second-line metastatic cancer. Yet, in the decade to 
come we anticipate increased application of precision oncology at all stages of bladder cancer with the aim of customizing 
cancer treatment. Here, we review the genomic and transcriptomic features associated with risk stratification in bladder 
cancer and summarize the current efforts for precision oncology in localized urothelial carcinomas.
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Introduction

Bladder cancer is the fourth most common cancer in men 
and fifth most common overall [1]. While 80% of patients 
present with non-muscle invasive bladder cancer (NMIBC), 
an additional 20% will have locally invasive or metastatic 
cancer and require both local and systemic therapy [2]. To 
date, treatment is largely based on clinical parameters, such 
as TNM staging, with no precision treatments targeting 
specific tumor vulnerabilities [3]. Yet, the comprehensive 
genomic profile of both NMIBC and muscle-invasive blad-
der cancer (MIBC) has identified different molecular fea-
tures that may help predict risk of aggressiveness and even 
guide therapy [4]. Towards this goal of precision care, this 
review will focus on the genomic and transcriptomic features 
associated with risk stratification and summarize current 
efforts for precision oncology in localized bladder cancer.

Non‑muscle invasive bladder cancer

Compared to MIBC, NMIBC is nearly fourfold more com-
mon with significant heterogeneity between tumors of differ-
ent stage and grade. Low-grade, non-invasive cancers have 
a cancer-specific survival of 98% compared to only 84% in 
high-grade invasive cancers [5–7]. The most comprehen-
sive evaluation of low- and high-grade non-muscle invasive 
bladder cancer was performed by Hurst et al. in a study that 
included analysis of genomic copy number (141 tumors), 
microarray-based gene expression (79 tumors) and whole-
exome sequencing (24 tumors) [8]. The authors proposed a 
classification system discriminating between “GS2 tumors”, 
characterized by the genomic loss of 9q that occurred in 
45% of cases and “GS1 tumors”. The GS1/GS2 genomic 
classification accurately predicted pathologic stage, dif-
ferentiating GS1 and GS2 tumors into low- and high-grade 
tumors, respectively (28% high-grade GS1 versus 52% GS2; 
p = 0.008). The authors hypothesized that a strong candidate 
gene lost on 9q was TSC1, resulting in higher activity of 
mTOR signaling, which was confirmed by the identifica-
tion of the mTOR pathway among the gene sets enriched 
in the differentially expressed genes. Exome sequencing of 
17 GS1 and 7 GS2 tumors found a mean and median tumor 
mutation burden (TMB) of 1.64 and 2.41 mutations/MB, 
respectively. Overall, APOBEC C > T mutational patterns 
were found in 60% of samples and represented 35% of all 
mutations with a correlation between APOBEC enrichment 
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and higher TMB. APOBEC-associated mutations, APOBEC 
RNA expression and TMB were all increased in GS2 com-
pared to GS1 tumors. Since TMB correlated with neoanti-
gen burden, those tumors with a GS2 and high TMB likely 
have more neoantigens and could potentially benefit from 
BCG over intravesical chemotherapy. To date, a formal 
comparison of TMB, APOBEC activity and GS status and 
response to BCG has not been performed [9]. Thus, non-
invasive cancers may be risk stratified by two features: 9q 
deletion (GS2) and APOBEC signatures. Patients with 9q 
loss may benefit from targeted mTOR therapy or chemo-
therapy while those with APOBEC signatures may have a 
better response to immunotherapy, such as BCG. Evalua-
tion of somatic mutations found that 79% of tumors had 
an FGFR3 mutation, which were mutually exclusive with 
mutations in RAS family members. These cancers may be 
sensitive to targeted therapy for FGFR3-targeted therapies 
such as erdafintinib, BGJ398 or AZD4547 [10]. To date, 
two trials have attempted to selectively target FGFR3 in 
non-muscle invasive bladder cancer (NCT01732107 and 
NCT02657486). The trial with Dovitinib (HCRN 12-157) 
resulted in only one CR of 13 patients enrolled, while the 
BJF398 is open to accrual for patients with FGFR3 muta-
tions [11].

A more comprehensive evaluation of the genomic land-
scape of NMIBC was described in a study from the Dyrskjøt 
group, in which 460 tumors were profiled by transcriptomic 
analysis, including 345 Ta, 112 T1 and 3 CIS cancers [12]. 
Tumors were clustered into three groups (clusters 1–3). 
Cluster 2 tumors were the most likely to be high grade, had 
concomitant CIS and progressed to MIBC. Compared to 
the other subtyping taxonomy, Class 1 and Class 3 tumors 
aligned to Urobasal A (Lund) tumors, with Class 3 more 
similar to basal tumors (Base47) and Class 2 a mixture of 
infiltrated (37%) or genomically unstable (57%) from Lund 
[13]. Class 1 and 2 tumors had the highest expression of uro-
plakin markers, while Class 3 tumors over-expressed KRT5 
and 14 with CD44 stem cell marker. EMT markers were 
enriched in class 2 tumors. Using RNA-Seq to guide muta-
tion signature analysis, class 2 tumors were over-represented 
with APOBEC-associated mutation signatures. The authors 
developed a 117-gene signature to help classify tumors to 
the three clusters and validated their clustering in blad-
der cancer cell lines, NMIBCs and MIBCs. This 117-gene 
classifier was also applied by Knowles to the non-invasive 
tumors and confirmed that GS1 tumors were approximately 
50% class 1 with the remaining half being cluster 2 and 3, 
while the majority of GS2 tumors were cluster 2 [8].

Few studies have focused on biomarkers of risk strati-
fication of T1 bladder cancer. T1 cancers are challenging 
because they have invasion and share many genetic features 
of T2 cancers [12, 14]. A focused evaluation of 167 patients 
with T1 bladder cancer was performed by the Lund group 

[15]. Using a combination of immunohistochemical and 
gene expression markers, tumors were grouped into Uro 
(urobasal), GU (genomically unstable) and SCCL (squa-
mous). GU and SCCL were found to have similar rates of 
progression, but were more aggressive than Uro tumors. 
Interestingly, grouped GU and SCCL tumors could be dis-
tinguished by the expression of CD3, a T cell marker whose 
overexpression was associated with worse outcomes. While 
CD3+ has often been associated with improved response in 
MIBC, NMIBC tumors with higher CD3 had significantly 
higher rates of progression (HR 2.33, 95% CI 09–5.01). A 
microarray-based study of 80 T1 patients identified a 24 
gene signature that predicted response to BCG and many 
of these genes are involved in the immune response [16].

We performed targeted exome sequencing of high-risk 
NMIBC, which included 22 T1HG cancers [14]. High-risk 
NMIBCs (22 T1s and 3 TaHG + CIS) at initial presentation 
were divided into two cohorts: (1) those that recurred and 
progressed and (2) those that did not recur or progress. A 
third cohort of MIBC and metastatic bladder cancer from 
the same institution was evaluated for comparison of genetic 
mutations on the same platform. While more mutations were 
found in tumors at the time of recurrence, the cohort was 
too small to identify a common genetic event that was a 
driver of progression in multiple samples. Interestingly, most 
tumors already had a TP53 mutation, but only tumors at 
progression had both a TP53 and CDKN2A loss, suggest-
ing that loss of both checkpoints may be necessary for pro-
gression. Loss of CDKN2A has previously been described 
as a key event in the evolution of NMIBC [17]. A formal 
comparison of total mutation burden (TMB) was made on 
the Foundation assay comparing all three cohorts. Com-
pared to non-progressors (15 mutations/MB), tumors that 
progressed had lower TMB (12.8 mutations/MB), which 
decreased further at progression (10.1 mutations/MB) and 
was significantly higher than MIBC and metastatic cancers 
(5.1 mutations/MB). One hypothesis to explain this trend in 
TMB suggests that contraction of TMB at recurrence is a 
decrease in neoantigen load, as most patients had received 
BCG immunotherapy. This contraction of TMB, wherein 
mutations and neoantigens are decreased as a mechanism 
to decrease immune recognition, has been demonstrated 
in patients with metastatic melanoma that progressed after 
checkpoint immunotherapy [18]. An important next step will 
be to determine how clonality of each mutation changes in 
response to immunotherapy.

Muscle invasive bladder cancer

Evaluation of locally advanced bladder cancer has been the 
focus of multiple groups and was performed most exten-
sively by the Cancer Genome Atlas [19]. Originally released 
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in 2014 with the comprehensive profiling of 131 tumors, 
the MIBC bladder TCGA was updated in 2017 to reach 432 
tumors [20]. Through gene expression and mutation analy-
sis, multiple clustering systems were applied. In the follow-
ing sections, we review the mutation and gene expression 
signatures found in MIBC and we discuss about the opportu-
nities of using these information to stratify patient survival.

Genomic mutations are hypothesized to be the origin of 
most cancers and MIBC has one of the highest total muta-
tion burden [20]. Collectively, single-nucleotide mutations 
can be analyzed together with the nucleotide context where 
they occur, and this led to the identification of tri-nucleotide 
mutation signature [21]. The true role of mutation signatures 
remains unknown, but the extraction of different signatures 
can identify a footprint of a how a tumor develops, even the 
potential initiating cause. Mutational signatures were ini-
tially detected in human cancer by the Stratton group and 
documented in the Catalogue of Somatic Mutations in Can-
cer (COSMIC) [21]. Multiple groups have then used similar 
bioinformatics approaches to extract these signatures from 
TCGA and other cancer datasets. Our group has developed a 
package to extract signatures from tumors using an R frame-
work [22] and applied it to the study of multiple bladder can-
cer datasets [23]. The most common signature in the bladder 
cancer is the two APOBEC signatures, signature 2 and 13, 
found in 67% of bladder cancers [19, 24]. Tumors enriched 
with APOBEC signatures were associated with higher total 
mutation burden (TMB) and APOBEC gene expression. 
While signatures are descriptive, high APOBEC tumors were 
associated with increased neoantigen load and prognostic 
of a two-fold improved survival of patients (38.2 months 
compared to 18.5 months, p = 0.005) with a 75% five-year 
survival probability. Our group validated these signatures 
in a cohort from the Beijing Genomics Institute (BGI) com-
posed of both MIBC and NMIBC [24]. We confirmed the 
same association of APOBEC enrichment with improved 
survival but found that those patients of Asian race had a 
lower frequency of APOBEC signatures and APOBEC gene 
expression. In those tumors without APOBEC enrichment, 
we found increased frequency of oncogenic drivers KRAS 
and FGFR3 that were inversely related APOBEC signatures, 
suggesting that despite the absence of APOBEC, these onco-
genes may have been the driver of progression. Patients with 
MutSig2 from the TCGA had the lowest mutation rate and 
a 5-year probability of death of only 22%. Just as APOBEC 
mutations are associated with improved survival, signa-
tures related to smoking (COSMIC Signature 5, ERCC2, 
ERCC2*, MutSig4) were identified in 13.8% of bladder can-
cer patients. An analysis of mutated genes found in ERCC2 
tumors identified an increased association with loss of func-
tion mutations of ERCC2 and nucleotide excision repair. 
In their multi-variate analysis of features associated with 
survival, patients who had the best survival on multivariate 

Cox-regression analysis had the ERCC2/MutSig4 signature 
[19]. In a study comparing humans to mice, our group iden-
tified the same signature 5 as the only mutational signature 
directly induced by carcinogen exposure in the mouse BBN 
model. This opens the potential for comparison of different 
therapeutic strategies in a pre-clinical murine model [25].

MIBC has the third-highest rate of total mutations after 
melanoma and lung cancers, and the total mutation burden 
may be more prognostic than any one individual mutation 
since oncogenic drivers are rare. The most frequent muta-
tions occur in the TP53 and RB1 genes (48% and 17%, 
respectively), but tumors with either mutation have no differ-
ence in the survival. The second group of frequently mutated 
genes encodes for COMPASS proteins (KMT2C: 19%, 
KMT2D: 28% and KDM6A: 26%). Interestingly, KMT2D 
and KDM6A had mutually exclusive alterations (5.1%, 
p = 0.036), but KMT2D and KMT2C mutations occur con-
currently (8.7%, p < 0.001) [19]. While the role of KMT2D 
mutations has not been identified, mechanistic investiga-
tion of KMT2C and KDM6A may be critical for H3K27me3 
demethylation, involving BAP1 [26]. This interaction may 
have therapeutic implications by treatment with inhibitors 
of EZH2 that are currently in trials.

Since the identification of the association between homol-
ogous recombination and sensitivity to chemotherapy, loss 
of function of genes and pathways involved in DDR has 
become a predictive biomarker for response to chemo-
therapy [27]. Approximately, 38% of patients with MIBC 
have mutations in genes involved in the DNA damage repair 
pathway. Multiple studies have identified mutations in the 
nucleotide excision repair gene, ERCC2, as predictive of 
response to cisplatin chemotherapy. Loss of function muta-
tions in ERCC2 were identified in 9 patients (out of 25) 
that were responders, compared to no ERCC2 mutations in 
non-responders [28]. Interestingly, the tumors with ERCC2 
mutations had a significantly higher total mutation burden 
(15.5 mutations/MB) compared to tumors without ERCC2 
mutations (p = 0.01) suggesting correlation of ERCC2 with 
increased DNA damage. Evaluation of further cohorts with 
both a discovery (n = 34) and validation (n = 24) subcohorts 
identified mutations in Fanconi Anemia C (FANCC), RB1 
and ATM cisplatin susceptibility genes with significantly bet-
ter pathologic response and overall survival in both cohorts 
when these mutations were present [29]. In a validation 
cohort of 45 patients, 8/20 responders had ERCC2 mutations 
compared to 2/28 non-responders [30]. These data were the 
basis for an Alliance Trial (NCT03609216), (A031701), 
“a phase II study of dose-dense gemcitabine plus cisplatin 
(DDGC) in patients with muscle-invasive bladder cancer 
with bladder preservation for those patients whose tumors 
harbor deleterious DNA damage response.”

Based on these findings in patients with MIBC, an 
analysis of 48 tumors treated with chemoradiotherapy was 
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analyzed for mutations associated with response to treat-
ment [27]. Of the 26 tumors with any DDR alteration, 12 
had deleterious DDR mutations, and 6 with ERCC2 muta-
tions. Only 1 of 8 patients with an alteration of in ERCC2, 
BRCA1 or PALB2 had a recurrence and ERCC2 mutations 
were associated with decreased metastatic recurrence (0 vs 
43%, p = 0.04).

Mutations in DDR-associated genes have also been asso-
ciated with response to radiotherapy and immunotherapy 
[31]. Similar to chemotherapy and radiotherapy, a retrospec-
tive study of patients with metastatic bladder cancer treated 
with checkpoint immunotherapy identified an enhanced 
response when a DDR mutation was identified [32]. These 
loss of function mutations were associated with increased 
response (67%) compared to no DDR alteration (18%) and 
a predicted deleterious DDR mutation had an even greater 
response rate (80%). The median TMB (calculated by the 
MSK-IMPACT assay) was greater in deleterious DDR 
(19.4), compared to DDR mutations (10.2), and those with 
wild-type DDR (5.72). The increased DDR likely increases 
the neoantigens of the tumor, to enhance the immune 
response.

Bladder cancer is a heterogeneous disease featuring mul-
tiple patterns of gene expression and, hence, tumors can 
be grouped into molecular subtypes in a manner similar to 
breast cancer [30]. Molecular clustering is based on gene 
expression, and the number of subtypes varies depending 
on the genes that are examined (Fig. 1). For example, the 
BASE47 classifier groups tumors into only two subtypes, 
luminal and basal [33]. Luminal tumors were thought to 
arise as a consequence of expansion of differentiated luminal 
cells of the bladder, enriched for the expression of uroplakins 

compared to basal cell compartment located at the base of 
the lamina propria. These basal cells were hypothesized to 
be more similar to triple-negative breast cancers expressing 
high levels of cytokeratin 5 and 14 (KRT5 and KRT14) and 
stem cell markers (CD44). The two subtype systems evolved 
into four subtypes (TCGA I-IV) described in the TCGA that 
included luminal (I), luminal infiltrated (II), basal (III) and 
squamous (IV) tumors [17]. Further research from the UNC 
group suggested that a subgroup of basal tumors is more 
inflamed with immune infiltrates, but also had markers of 
exhaustion and were similar to claudin-low breast tumors 
[34]. With expansion of the 2017 publication by the TCGA 
to over 400 patients, which added NMF clustering methods, 
five subtypes by k = 5 clustering were identified [19]. These 
subtypes were described as luminal papillary (formerly 
luminal or TCGA I), luminal (derived from the intermedi-
ate layer), luminal infiltrated (TCGA II), basal (TCGA III) 
and neuronal. These subtypes have varying frequencies from 
35% (luminal papillary) to neuronal (5%). While clustering 
has evolved with bioinformatic methodology, the intrinsic 
biology of subtypes remains an important part of subtyp-
ing methodology. Luminal papillary tumors have papillary 
morphology and have a significantly lower stage compared 
to the other four subtypes (55% T2 compared to 23% of other 
subtypes). The molecular driver for luminal papillary is 
often FGFR3 with 42/57 tumors from the TCGA with muta-
tions, amplification, fusions or over-expression of FGFR3. 
Luminal tumors express high levels of uroplakins and the 
umbrella cell markers (KRT20 and SNX31). Luminal infil-
trated tumors are distinguished by high rates of myofibro-
blasts, immune cells with increased expression of immune 
(PD-L1) markers and EMT markers. Basal tumors express 

Fig. 1   Subtypes of MIBC 
according to different systems. 
Diagram summarizing molecu-
lar subtypes of bladder tumors, 
as identified by RNA-seq data 
and using different classification 
approaches. Different subtypes 
are somewhat overlapping, 
depending on the gene lists 
and criteria used for classifica-
tion. The LUND 2017, TCGA 
2017, TCGA 2014, and UNC/
BASE47 systems are compared. 
Molecular and clinical attributes 
associated with specific tumor 
groups are indicated
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high levels of basal (KRT5) and stem cell markers(CD44), 
signature 5 genomic mutations, CIS and immune expres-
sion. Similar to neuroendocrine tumors, 85% of tumors had 
TP53 and RB1 alterations including loss of TP53 and RB1. 
Neuronal tumors are not synonymous with neuroendocrine 
bladder cancer as only 3/17 were histologically classified as 
NE. Neuronal tumors had the poorest survival and appeared 
to be the most aggressive subtype of bladder cancer.

Subtyping is truly a tumor segmentation approach defined 
by gene expression as few mutations are unique to each sub-
type [19]. In addition to the FGFR3 mutations, luminal pap-
illary tumors are enriched with KDM6A mutations (23%), 
which were also found more frequently in low-grade luminal 
tumors. Luminal papillary tumor also had the lowest fre-
quency of TP53 mutations (32%) and highest frequency of 
STAG2 mutations (20%). This can be contrasted with basal 
tumors that had 60% mutations in TP53, 41% deletion of 
CDKN2A and 24% loss of function in KMT2D but only 19% 
mutations in KDM6A. This lack of direct co-concordance 
between mutations and subtypes has led many to speculate 
that subtypes are more plastic and may change over time or 
after exposure to different therapies. Targeting tumors based 
on molecular subtype may be a very challenging task, due 
to tumor heterogeneity, timing, progression, and location of 
the tumor sampled. Since subtyping is based on gene expres-
sion patterns, the methodology has evolved from microar-
ray (first generation) to fully transcriptomics by RNA-Seq 
(second generation). We are likely near the third generation 
of subtyping in which each patient will likely be classified 
for diagnostic purposes based on a panel of genomic infor-
mation that will take into account both tumor heterogeneity 
(for example, using RNA-seq data from multiple sampling 
locations, or single-cell analysis technology) and evolution 
(for example, by monitoring gene expression changes with 
respect to time or recurrence).

Lund molecular taxonomy

An alternative to the TCGA-based classification is the 
Lund molecular taxonomy [35]. The Lund taxonomy dif-
fers from subtyping described in earlier sections by inclu-
sion of both gene expression profiling with immunohisto-
chemical staining. The Lund Urobasal (Uro) subtype class 
encompasses UroA, UroB and UroC subtypes that are the 
most urothelial-like of Lund classification, similar to lumi-
nal tumors described by TCGA [13]. While many of the 
urothelial differentiation genes are shared, UroA tumors 
uniquely express the HoxA and HoxB genes suggestive 
of active retinoid and PPAR-gamma pathways [36]. UroB 
tumors express KRT5 and KRT14 of basal urothelial cells 
with significantly worse prognosis compared to UroA and 
UroC. UroC has features similar to genomically unstable 

(GU) tumors but distinct from GU tumors by expression of 
FGFR3, CCND1 and RB1 with low CDKN2A expression. 
GU tumors have the highest rate of TP53 mutations, inacti-
vation of RB1 and high CDKN2A with the highest overall 
total mutation burden. The Lund basal/SCC-like subtype 
tumors express high levels of KRT5, KRT14 and low lev-
els of GATA3 and FOXA1 with increased MYC activity. 
Mesenchymal-like (Mes-like) tumors express high levels 
of ZEB2 and VIM with no expression of KRT5, KRT14, 
GATA3 or FOXA1. The neuroendocrine-like (Sc/NE-like) 
tumors are distinguished by the expression of FOXM1/
MYBL2/E2F1/E2F2/MuvB with only MYCN activity and 
no uroplakin expression [34]. Recently, the Lund classi-
fication was converted to a single-patient classifier using 
only gene expression (the LundTax classifier) [37].

Combining genetic risk stratifiers

While basic research on risk stratification in bladder can-
cer is promising, there are few CLIA-grade biomarkers 
that directly impact treatment. Next-generation sequencing 
of patients with metastatic cancer, by any commercial plat-
form, may identify drivers that can be targeted in bladder 
cancer. While these targeted sequencing panels can expose 
the “long tail” of urothelial carcinoma, they often describe 
the overall mutation rate or total mutation burden (TMB). 
From studies of PD-1/PD-L1 inhibitors, a higher TMB 
has been associated with response to immuno-oncology 
(IO) agents, and analysis of IMVigor 210 and 211 cohorts 
has demonstrated greater response to metastatic bladder 
cancer in patients with high TMB [38]. The identification 
of DDR mutations may have direct interaction with TMB 
and both have been shown to directly impact response to 
IO and systemic chemotherapy. Thus, targeted genomic 
sequencing with TMB may have direct impact on patient 
care. We hypothesize that subtyping may predict response 
to therapy, while the choice of treatment may take into 
account the rare number of activating mutations in blad-
der cancer (Fig. 2). Finally, two studies of tumor subtyp-
ing by RNA expression analysis of pre-treatment bladder 
tumors identified basal tumors to have the most significant 
survival benefit to neoadjuvant chemotherapy [39]. Thus, 
multiple RNA expression platforms are under development 
to combine both subtyping and immune scores. Currently, 
there is one RNA based platform by GenomeDx that mir-
rors their prostate Decipher [39]. We caution hesitation 
to utilize this classifier clinically, as it has not been pro-
spectively validated. We anticipate that several trials will 
test the function of these expression platforms in the near 
future.
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Conclusions

Bladder cancer is a heterogeneous disease, comprising many 
tumor subtypes with differences in histology, genomic aber-
rations, as well as prognosis and sensitivity to anti-cancer 
treatments. Incorporating genomic information in the diag-
nostic process has the potential to transform the way bladder 
cancer is treated and improve outcomes. In the last 10 years, 
many genomic determinants of bladder cancer were iden-
tified, and specific associations with tumor pathology and 
patient trajectories were revealed. In the decade to come, 
we anticipate that NGS-based analyses will be leveraged 
to customize anti-cancer treatments and procedures, in an 
effort toward precision oncology. Cancer subtypes that are 
known to be more likely to recur or progress may be treated 
using more aggressive treatments closer follow-up recom-
mended. Likewise, patients affected by invasive tumors may 
benefit from a more comprehensive characterization not just 
limited to the tumor histology, but expanded information of 
gene expression, gene mutations, and mutational signatures. 
Bioinformatic approaches allowing identification of patients 
with high neo-antigen-load tumors or strong immune-sup-
pression already exist and could be applied in the clinic to 
maximize drug safety and efficacy. In conclusion, leveraging 
tumor genomic data is expected to improve classification 

of bladder cancer patients, revealing risks and predicting 
efficacy of different therapeutic options and this will be a 
crucial step towards precision oncology.

Author’s contributions  Fantini- data collection and management, 
manuscript writing/editing. Meeks- data collection and management, 
manuscript writing/editing

Funding  JJM is supported by Grant BX003692 and the John P. Hanson 
Foundation for Cancer Research at the Robert H. Lurie Comprehensive 
Cancer Center of Northwestern University.

Compliance with ethical standards 

Ethical statements  All research involving human subjects should refer 
back to primary studies.

Conflicts of interest  JJM is a consultant for AstraZeneca and Ferring 
and receives research funding from Epizyme, NextCure, Abbvie and 
Tesaro.

References

	 1.	 Howlader NNA, Krapcho M, Garshell J, Miller D, Altekruse SF, 
Kosary CL, Yu M, Ruhl J, Tatalovich Z, Mariotto A, Lewis DR, 
Chen HS, Feuer EJ, Cronin KA. SEER Cancer Statistics Review, 
National Cancer Institute. Bethesda, MD

	 2.	 Chang SS, Boorjian SA, Chou R et al (2016) Diagnosis and treat-
ment of non-muscle invasive bladder cancer: AUA/SUO guide-
line. J Urol 196:1021–1029

	 3.	 Clark PE, Spiess PE, Agarwal N et al (2016) NCCN guidelines 
insights: bladder cancer, Version 2.2016. J Natl Compr Canc Netw 
14:1213–1224

	 4.	 Glaser AP, Fantini D, Shilatifard A et  al (2017) The evolv-
ing genomic landscape of urothelial carcinoma. Nat Rev Urol 
14:215–229

	 5.	 Babjuk M, Bohle A, Burger M et al (2017) EAU guidelines on 
non-muscle-invasive urothelial carcinoma of the bladder: update 
2016. Eur Urol 71:447–461

	 6.	 Kirkali Z, Chan T, Manoharan M et al (2005) Bladder cancer: epi-
demiology, staging and grading, and diagnosis. Urology 66:4–34

	 7.	 Sylvester RJ, van der Meijden AP, Oosterlinck W et al (2006) 
Predicting recurrence and progression in individual patients with 
stage Ta T1 bladder cancer using EORTC risk tables: a com-
bined analysis of 2596 patients from seven EORTC trials. Eur 
Urol 49:466–477 (discussion 475–467)

	 8.	 Hurst CD, Alder O, Platt FM et al (2017) Genomic subtypes of 
non-invasive bladder cancer with distinct metabolic profile and 
female gender bias in KDM6A mutation frequency. Cancer Cell 
32:701–715.e707

	 9.	 Meeks JJ, Lerner SP (2017) Molecular landscape of non-muscle 
invasive bladder cancer. Cancer Cell 32:550–551

	10.	 Pal SK, Rosenberg JE, Hoffman-Censits JH et al (2018) Efficacy 
of BGJ398, a fibroblast growth factor receptor 1–3 inhibitor, in 
patients with previously treated advanced urothelial carcinoma 
with FGFR3 alterations. Cancer Discov 8:812–821

	11.	 Hahn NM, Bivalacqua TJ, Ross AE et al (2016) A phase II trial of 
dovitinib in BCG-unresponsive urothelial carcinoma with FGFR3 
mutations or overexpression: Hoosier Cancer Research Network 
Trial HCRN 12-157. Clin Cancer Res 23(12):3003–3011

Fig. 2   Leveraging genomic data to maximize treatment safety and 
efficacy. Based on the molecular alterations detected in a tumor, it 
may be possible to predict patient trajectories and recommend opti-
mal treatments. The diagram summarizes some of the distinctive 
molecular alterations commonly identified in NMIBC and MIBC, 
and links them to the expected patient outcome, as well as to the 
therapeutics that could be beneficial to the patient, given the current 
understanding of tumor biology, trial results, and in vitro or in vivo 
data



1757World Journal of Urology (2019) 37:1751–1757	

1 3

	12.	 Hedegaard J, Lamy P, Nordentoft I et al (2016) Comprehensive 
transcriptional analysis of early-stage urothelial carcinoma. Can-
cer Cell 30:27–42

	13.	 Sjodahl G, Lauss M, Lovgren K et al (2012) A molecular tax-
onomy for urothelial carcinoma. Clin Cancer Res 18:3377–3386

	14.	 Meeks JJ, Carneiro BA, Pai SG et al (2016) Genomic characteriza-
tion of high-risk non-muscle invasive bladder cancer. Oncotarget 
7(46):75176

	15.	 Patschan O, Sjodahl G, Chebil G et al (2015) A molecular patho-
logic framework for risk stratification of stage T1 urothelial car-
cinoma. Eur Urol 68:824–832 (discussion 835–826)

	16.	 Kim YJ, Ha YS, Kim SK et al (2010) Gene signatures for the pre-
diction of response to Bacillus Calmette-Guerin immunotherapy 
in primary pT1 bladder cancers. Clin Cancer Res 16:2131–2137

	17.	 Warrick JI, Hovelson DH, Amin A et al (2015) Tumor evolution 
and progression in multifocal and paired non-invasive/invasive 
urothelial carcinoma. Virchows Arch 466:297–311

	18.	 Riaz N, Havel JJ, Makarov V et al (2017) Tumor and microenvi-
ronment evolution during immunotherapy with nivolumab. Cell 
171(934–949):e915

	19.	 Robertson AG, Kim J, Al-Ahmadie H et al (2017) Comprehensive 
molecular characterization of muscle-invasive bladder cancer. Cell 
171(3):540–556

	20.	 Cancer Genome Atlas Research N (2014) Comprehensive molec-
ular characterization of urothelial bladder carcinoma. Nature 
507:315–322

	21.	 Alexandrov LB, Nik-Zainal S, Wedge DC et al (2013) Signatures 
of mutational processes in human cancer. Nature 500:415–421

	22.	 mutSignatures: Decipher Mutational Signatures from Somatic 
Mutational Catalogs

	23.	 Fantini D, Seiler R, Meeks JJ (2018) Molecular footprints of mus-
cle-invasive bladder cancer in smoking and non-smoking patients. 
Urol Oncol

	24.	 Glaser AP, Fantini D, Rimar KJ et al (2017) APOBEC-Medi-
ated Mutagenesis In Urothelial Carcinoma Is Associated With 
Improved Survival, Mutations In DNA Damage Response Genes, 
And Immune Response. bioRxiv

	25.	 Fantini D, Glaser AP, Rimar KJ et  al (2018) A Carcinogen-
induced mouse model recapitulates the molecular alterations of 
human muscle invasive bladder cancer. Oncogene 37:1911–1925

	26.	 Wang L, Zhao Z, Ozark PA et al (2018) Resetting the epigenetic 
balance of Polycomb and COMPASS function at enhancers for 
cancer therapy. Nat Med 24:758–769

	27.	 Rimar KJ, Tran PT, Matulewicz RS et al (2017) The emerging 
role of homologous recombination repair and PARP inhibitors in 
genitourinary malignancies. Cancer 123:1912–1924

	28.	 Van Allen EM, Mouw KW, Kim P et al (2014) Somatic ERCC2 
mutations correlate with cisplatin sensitivity in muscle-invasive 
urothelial carcinoma. Cancer Discov 4:1140–1153

	29.	 Plimack ER, Dunbrack RL, Brennan TA et al (2015) Defects 
in DNA repair genes predict response to neoadjuvant cisplatin-
based chemotherapy in muscle-invasive bladder cancer. Eur Urol 
68:959–967

	30.	 Liu D, Plimack ER, Hoffman-Censits J et al (2016) Clinical vali-
dation of chemotherapy response biomarker ERCC2 in muscle-
invasive urothelial bladder carcinoma. JAMA Oncol 2:1094–1096

	31.	 Felsenstein KM, Theodorescu D (2018) Precision medicine for 
urothelial bladder cancer: update on tumour genomics and immu-
notherapy. Nat Rev Urol 15:92–111

	32.	 Teo MY, Seier K, Ostrovnaya I et al (2018) Alterations in DNA 
damage response and repair genes as potential marker of clinical 
benefit from PD-1/PD-l1 blockade in advanced urothelial cancers. 
J Clin Oncol 36:1685–1694

	33.	 Damrauer JS, Hoadley KA, Chism DD et al (2014) Intrinsic sub-
types of high-grade bladder cancer reflect the hallmarks of breast 
cancer biology. Proc Natl Acad Sci USA 111:3110–3115

	34.	 Kardos J, Chai S, Mose LE et al (2016) Claudin-low bladder 
tumors are immune infiltrated and actively immune suppressed. 
JCI Insight 1:e85902

	35.	 Sjodahl G, Eriksson P, Lovgren K et al (2018) Discordant molecu-
lar subtype classification in the basal-squamous subtype of blad-
der tumors and matched lymph-node metastases. Modern Pathol

	36.	 Sjodahl G, Eriksson P, Liedberg F et al (2017) Molecular classifi-
cation of urothelial carcinoma: global mRNA classification versus 
tumour-cell phenotype classification. J Pathol 242:113–125

	37.	 Marzouka NA, Eriksson P, Rovira C et al (2018) A validation and 
extended description of the Lund taxonomy for urothelial carci-
noma using the TCGA cohort. Sci Rep 8:3737

	38.	 Mariathasan S, Turley SJ, Nickles D et al (2018) TGFbeta attenu-
ates tumour response to PD-L1 blockade by contributing to exclu-
sion of T cells. Nature 554:544–548

	39.	 Seiler R, Ashab HAD, Erho N et al (2017) Impact of molecu-
lar subtypes in muscle-invasive bladder cancer on predicting 
response and survival after neoadjuvant chemotherapy. Eur Urol 
72:544–554


	Genomic classification and risk stratification of bladder cancer
	Abstract
	Introduction
	Non-muscle invasive bladder cancer
	Muscle invasive bladder cancer
	Lund molecular taxonomy
	Combining genetic risk stratifiers
	Conclusions
	References




