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Abstract

Background: Previous molecular subtyping for bladder carcinoma (BLCA) involved
<450 samples, with diverse classifications.
Objective: To identify molecular subtypes by curating a large BLCA dataset.
Design, setting, and participants: Gene expression publicly available were combined
and reanalyzed. The dataset contained 2411 unique tumors encompassing non-muscle-
invasive (NMIBC) and muscle-invasive BLCA (MIBC). Subtypes were reproduced on The
Cancer Genome Atlas, UROMOL, and IMvigor210.
Intervention: Subtypes were assigned by gene expression.
Outcome measurements and statistical analysis: Kaplan-Meier analyses were per-
formed for subtype-clinical outcome correlations; Chi-square/Fisher exact tests were
used for subtype-clinicopathological parameters associations.
Results and limitations: We identified six molecular subtypes with different overall
survival (OS) and molecular features. Subtype Neural-like (median OS, 87 mo) is
prevalent in MIBC and characterized by high WNT/b-catenin signaling. HER2-like
(107.7 mo) is distributed evenly across NMIBC and MIBC, with higher ERBB2 amplifica-
tion and signaling. Papillary-like (>135 mo), an NMIBC subtype enriched in urothelial
differentiation genes, shows a high frequency of actionable FGFR3mutations, amplifica-
tions, and FGFR3-TACC3 fusion. Luminal-like (91.7 mo), predominantly NMIBC, has
higher MAPK signaling and more KRAS and KMT2 C/D mutations than other subtypes.
Mesenchymal-like (MES; 86.6 mo) and Squamous-cell carcinoma-like (SCC; 20.6 mo)
are predominant in MIBC. MES is high in AXL signaling, whereas SCC has elevated PD1,
CTLA4 signaling, and macrophage M2 infiltration. About 20% of NMIBCs show MIBC
subtype traits and a lower 5-yr OS rate than Papillary-like NMIBC (81% vs 96%). Themain
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based on transcriptome subset due to comparisons across gene expression quantifi-
cation technologies.
Conclusions: BLCA can be stratified into six molecular subtypes. NMIBC, with a high
risk of progression, displays the molecular features of MIBC.
Patient summary: Biomarkers are urgently needed to guide patient treatment
selection and avoid unnecessary toxicities in those who fail to respond. We believe
molecular subtyping is a promising way to tailor disease management for those who
will benefit most.
© 2018 EuropeanAssociation of Urology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Bladder carcinoma (BLCA) is one of the most common and
lethal diseases worldwide, with approximately 430
000 new cases and more than 165 000 related deaths per
year [1], a figure anticipated to double in the near future
[2]. Urothelial carcinoma (UC) is the predominant histolog-
ical type, with less-frequent histological variants including
squamous (Squa), glandular differentiation (GD), neuroen-
docrine (NE), micro-papillary (MP), sarcomatoid, (Sarco)
and plasmocytoid tumors. At diagnosis, 75% of patients have
non–muscle-invasive BLCA (NMIBC), whereas the remain-
ing 25% have muscle-invasive BLCA (MIBC) [2]. NMIBC is
characterized by common activating FGFR3 mutations,
diploid or near-diploid karyotypes, frequent recurrence
(50–70%) but a low propensity to progress (10–15%), and a
5-yr survival of �90% [2,3]. MIBC, however, is characterized
by frequent TP53 mutations, aneuploidy, with many
chromosomal alterations, high rates of metastasis, and a
5-yr survival of <50% despite radical surgery [4].

On the therapeutic front, the management is distinct for
NMIBC and MIBC. The treatment has remained essentially
unchanged over the past few decades [3] until the launch of
clinical trials using fibroblast growth factor receptor
(FGFR)-targeting agents [5] and the US Food and Drug
Administration approval of immune checkpoint inhibitors
[6,7] in first-line or metastatic settings. However, most
patients do not benefit from these cancer therapies. The
IMvigor210 phase II trial in platinum-treated locally
advanced UC reported that themolecular subtype proposed
by The Cancer Genome Atlas (TCGA) was associated with
atezolizumab clinical response [8,9]. This suggests that
stratification of BLCA based on molecular subtype could be
an effective strategy for therapeutic regimen allocation.

Apart from TCGA [10,11], several studies have shown that
NMIBC and MIBC could be assigned across 2–7 molecular
subtypes based on transcriptomic [12–16] or genomic [17]
data andwith distinct clinicopathological characteristics. To
facilitate clinical adoption, a consensus classification
unifying these different subtypes is needed. Attempts have
been made to unravel the complexity and refine these
molecular subtypes [16,18–20] based on biomarkers and
pathways, mutations and copy number aberrations, or
protein abundance [21]. Motivated by the need for a
unifying subtype scheme, in this original study, we collated
and analyzed a collection of 2411 BLCA gene expression
profiles. Such a large sample size allows for greater
statistical power in subtype identification and characteri-
zation[15_TD$DIFF], and minimizes sampling bias [22]. This study is also
motivated by one of the most important unmet clinical
needs of identifying potentially lethal NMIBCs. These
NMIBCs, with a very high risk of disease progression, can
be subjected to more aggressive disease management
[23]. As high-risk NMIBC may display MIBC traits [14,17],
NMIBC and MIBC tumors were analyzed together in this
meta-cohort to allow for comparisons between the two
progression pathways at the molecular level.

2. Materials and methods

2.1. Inclusion criteria

We adopted broad inclusion criteria because the aim of the study was to
compile a database for broader generalization (covering different stages,
grades, and histologies) and for a larger sample size [24]. All publicly
available data annotated as BLCA were included (last accessed May 4,
2018). Clinical data of GSE38264 [25]was kindly provided by the authors.

2.2. Gene expression analysis

We downloaded the publicly available BLCA gene expression datasets
(Supplementary Fig. 1; Supplementary data). A total of 36 cohorts were
collected[5_TD$DIFF]. Cohorts with <20 tumors and cohorts hybridized on older
(Affymetrix U133A) or two-color microarray platforms were removed from
meta-cohort compilation (Supplementary [16_TD$DIFF]Tables 1 and 2; Supplementary
data). We performed a quality check, platform-specific normalization, and
combined them by ComBat [26] (Supplementary Fig. 2; Supplementary
data). Duplicate sampleswere removed from themeta-cohort (Supplemen-
tary Table 3). Principal component analysis, clinicopathological parameter
correlations, and batch effect metrics [27] assessment were performed to
ensure minimization of batch effect (Supplementary Fig. 2; Supplementary
data). Validation RNA-seq datasets—TCGA BLCA version 2016_01_28 [28],
UROMOL E-MTAB-4321, and IMvigor210—were downloaded from GDAC,
ArrayExpress, and the Supplementary data of Mariathasan et al. [9],
respectively. Significantlymutated genes and focal copynumberaberrations
were extracted from Robertson et al. [11], and the distribution of these
mutations and aberrations was analyzed.

We employed the R ConsensusClusterPlus v1.36.0 [29] to identify
clusters in the meta-cohort using the most varying 5328 genes out of the [17_TD$DIFF]
10596 genes common across the expression microarray platforms
(Supplementary data). Core samples were defined by silhouette width
of >0.01. Previously reported subtypes were inferred by the published
predictor [30] or consensus clustering using subtype signatures
[15,20,21].We employed an epithelial-mesenchymal transitionprojection
[31] and R GSVA 1.20.0 to estimate pathway enrichment scores for each
sample. Immune cell infiltration was estimated using CIBERSORT [32].

2.3. Statistical analysis

Statistical tests were computed using Matlab R2016b (MathWorks;
Natick, MA, USA). Kaplan-Meier analyses were computed using



Table 1 – Clinical information of urothelial carcinomameta-cohort

n %

No. of cohorts 19 100
No. of samples 2533 100
Normal 122 4.82
Primary 2388 94.58
Recurrent 23 0.91

Histology
Urothelial carcinoma (with CIS) 1973 (37) 81.8 (1.5)
Micropapillary 53 2.2
Squamous/epidermoid 46 1.91
Sarcomatoid 6 0.25
Glandular/adenocarcinoma/lymphoepithelioma 6 0.25
Neuroendocrine/small cell 6 0.25
Mixed/other 5/9 0.21/0.37
Not available 307 12.73

Gender
Male 797 33.07
Female 225 9.33
Not available 1,389 57.61

Age
Median (yr) 67 –

Min–max 20–96 –

Muscle-invasive
Yes 1386 57.49
No 653 27.08
Not available 372 15.43

Stagea

pTa/pT1 678 26.77
pT2 579 22.86
pT3/pT4 440 17.37
Not available 580 24.06

Lymph node invasion
No 596 24.72
Yes 143 5.93
Not available/not applicable 1226/446 50.9/18.5

Metastasis
Loco-regional 622 25.79
Distant 88 3.65
Not available/not applicable 1235/466 51.2/19.3

Overall survival
Median (mo) 35.35 –

No. of events 347 14.39
Disease-free survival
Median (mo) 18.99 –

No. of events 49 2.03
Grade
Lowb 331 13.73
High 828 34.34
Not available 1252 51.93

Surgery
Cystectomy 414 17.17
Transurethral resection 992 41.15
Not available 1005 41.68

CIS = carcinoma in situ.
a pT0, Tx excluded.
b Combined with 130 (5.4%) originally labeled punlump samples.
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GraphPad Prism v5.04 (GraphPad Software; La Jolla, CA, USA).
Differences in the mean expression or pathway enrichment scores
between subtypes were computed using Significant Analysis of
Microarray ( [ 1 8_ T D $ D I F F ]SAM, software website, https://github.com/MikeJSeo/
SAM) or analysis of variance test. Subtype association analyses of
clinical parameters were computed using chi-square/Fisher exact tests.
Correlation analyses were computed using the Spearman's rank
correlation coefficient test.

3. Results

3.1. UC meta-cohort shows six molecular subtypes, displaying

good overlap with published subtypes

To identifymolecular subtype based on gene expression, we
compiled a BLCA meta-cohort of 2411 samples from 19 UC
cohorts and applied a consensus clustering algorithm [29]
(Table 1; Supplementary Table 1; Supplementary Figs. 1–4;
Supplementary data). Based on similarity matrix, change in
the area under the curve value, and sample cluster
consensus metrics, we selected a stable classification of
six major molecular subtypes (MC1–6; n > 100 in each
cluster; Fig. 1A; Supplementary Fig. 3), hereafter denoted as
“BOLD” for BLCA subtypes Of Large meta-cohort Database.
To ensure that BOLD did not result from potential
confounding factors (eg [19_TD$DIFF]. batch effect, tissue source), we
checked the distribution of BOLD across different clinical
parameters, tissue sources, cohorts, and microarray plat-
forms (Supplementary Fig. 3D; Supplementary Table 4). All
six subtypes were distributed evenly across clinicopatho-
logical parameters, cohorts, and gene expression micro-
array platforms. We labeled several genes implicated in
BLCA subtyping, such as basal, luminal, immune, prolifera-
tion, differentiation, and other subtype markers previously
reported [16,20,21] (Fig. 1; Supplementary Table [20_TD$DIFF]9).

To investigate if BOLD subtypes overlapped with
published subtypes, we adopted a three-pronged strategy
to compare BOLD against published subtypes (Supplemen-
tary data). First, we checked the markers expressed in each
subtype (Fig.1A; Supplementary Tables 8 and 9). Second,we
extracted the existing subtype annotation (Supplementary
Fig. 5A). Third, we re-performed consensus clustering on a
subset of the BLCA meta-cohort (selected by microarray
platform) using most varying genes and published subtype
signatures [10,13–15,30], and then annotated the samples
with published subtypes based on biomarkers or predictor
outputs (Fig. 1B and 1C; Supplementary Fig. 5B; Supple-
mentary data). The three-pronged strategy yielded accor-
dant results that BOLD has good agreement with published
subtypes (Supplementary Fig. 5C; Supplementary data). We
annotated the BOLD MC1-6 with selected biological
features (Fig. 1D): MC1/Neural-like (NEURAL) is similar to
LUND_SC/NE and TCGA_Neuronal subtypes; MC2/Luminal-
like (LUM) is most similar to UROMOL2016_C3; MC3/
Papillary-like (PAP) to LUND_Urobasal (Uro)/TCGA_Lum-
inal-papillary; MC4/HER2-like (HER2L) to LUND_Genomic
Unstable (GU)/TCGA_Luminal; MC5/Squamous-cell carci-
noma-like (SCC) to LUND_ SCC-like)/MDA_basal/TCGA_Ba-
sal-Squamous; and MC6/Mesenchymal-like (MES) to
LUND_Infiltrated (Inf)/MDA_TP53/TCGA_Luminal-infiltrat-
ed. UNC_Luminal encapsulated HER2L, LUM, and PAP,
whereas basal captured NEURAL, MES, and SCC (Fig. 1D).
Comparedwith published NMIBC subtypes (Fig. 1C and 1D),
the HER2L, MES, and SCC subtypes were similar to the
aggressive genomic subtype LICAP_HG2 [17], and paradox-
ically, PAP was akin to LICAP_HG1 (p = 5.3E-27; Fig. 1C).
Similarly, we observed the poor prognosis of HER2L and SCC
subtypes enriched in the aggressive, MIBC-like URO-
MOL2016_C2 [33]. However, LUM was enriched in another
aggressive UROMOL2016_C3 [33] (p = 3.2E-155; Fig. 1C).

https://github.com/MikeJSeo/SAM
https://github.com/MikeJSeo/SAM
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Fig. 1 – Unsupervised hierarchical clustering of urothelial carcinoma (UC) meta-cohort revealed six molecular subtypes. (A) Gene expression heatmap
(red = high expression; green = low expression) of UC (n = 2411) aligned by identified molecular subtypes using 5328 most varying genes. Color bars
show stage (NMIBC = red, MIBC = blue, grey = no annotation), and gender (female = red, male = blue, grey = no annotation). The subtypes are labeled as
NEURAL (neural-like), LUM (luminal-like), PAP (papillary-like), HER2L (HER2-like), MES (mesenchymal-like), SCC (squamous-cell carcinoma-like), and
denoted as BOLD (bladder carcinoma subtype of large meta-cohort database). Selected biomarkers for differentiation, proliferation are labeled. (B) Bar
plots showing the frequency% (y-axis) association of BOLD with published molecular subtype: UNC, MDA, UBC, TCGA, and LUND. (C) Bar plots showing
the frequency% (y-axis) of BOLD in the published NMIBC molecular subtypes of LICAP (left) [17], and UROMOL2016 [33] (right), using only the NMIBC
found in BLCA meta-cohort. (D) A scheme depicting the inter-relationship between the BOLD and published molecular subtypes. The p values were
computed by chi-square tests.
Color code: Purple = NEURAL; dark blue = LUM; green = PAP; orange = HER2L; red = SCC; light blue = MES.
Ba/SCC = basal/squamous-cell carcinoma-like; Ba-Sq = basal-squamous; BOLD = bladder carcinoma subtypes of large meta-cohort database; CL,= claudin-
low; diff[10_TD$DIFF]. = differentiation; ECM = extracellular matrix; GU = genomic unstable; HER2L, HER2-like; LICAP = Leeds Institute of Cancer and Pathology; L-
papillary = luminal-papillary; Lum = luminal; LUM = luminal-like; Lum-inf = luminal infiltrated; LUND = Lund University; MDA = MD Anderson Cancer
Center; Mes, mesenchymal; MES = mesenchymal-like; MIBC = muscle-invasive bladder carcinoma; Neu = neuronal; NEURAL = neural-like; NMIBC = non-
muscle-invasive bladder cancer; PAP = papillary-like; SC/NE = small cell/neuroendocrine; TCGA = The Cancer Genome Atlas Network; UBC = University of
British Columbia, UNC = University of North Carolina; Uro = urobasal.
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Together, BOLD represents an umbrella subtype scheme
capturing the various subtype schemes previously pub-
lished.

3.2. Both NMIBC and MIBC harbor BOLD subtypes, with distinct

clinicopathological associations and pathways

We next compared the characteristics of BOLD with those of
the published subtypes it resembles. We applied silhouette
analysis (Supplementary Fig. 6A; Supplementary data) to
identify core samples for analyses of clinicopathological
associations (Fig. 2; Table 2) and pathways. Unclassified
samples or samples not associated with one of the BOLD
subtypeswere excluded fromthe analyses. In the entire BLCA
meta-cohort,BOLDhaddifferentmedianoverall survival (OS)
outcomes (p< 0.0001; Fig. 2A): PAP (>135 mo), HER2L
(107.7mo), NEURAL, LUM,MES (�90mo), and SCC (20.6mo).
The survival difference between PAP and LUM is most
profound in NMIBC (Fig. 2A; middle panel). Intriguingly, the
PAP subtype had a similar prognosis in MIBC (Fig. 2A; right
panel), which may be due to the lower number of samples.
Insufficient data did not allow an assessment of correlation
with disease-free survival (Supplementary Fig. 6B). NEURAL,
PAP, andSCCwere significantlycorrelated toOS,andNEURAL,
LUM, and MES were an independent prognostic factor
(univariate and multivariate Cox regression analyses; Sup-
plementary Table 10). The age at diagnosis was marginally
different across BOLD,with the youngest age associatedwith
the PAP subtype (p = 0.0011; Supplementary Fig. 6C).
Interestingly, there were more females than males in the
SCC subtype (Fig. 2B). LUM and PAP had more NMIBC,
whereasNEURAL,MES, andSCChadmoreMIBC.HER2Lhada
comparable prevalence of NMIBC and MIBC. Interestingly,
most Ta BLCAswere PAP, and T1 BLCAswere LUM andHER2L
(Supplementary Fig. 6D; Table 2). Notably, �20% of NMIBCs
were NEURAL, MES, and SCC—subtypes predominantly
comprising MIBC (Fig. 2B). Poor prognosis HER2L, MES,
and SCCwere characterized by late-stage (p < 1E-300), high-
grade (p = 3.3E-116) cancers and were prone to lymph node
invasion (p = 6.2E-57; Fig. 2B).



[(Fig._2)TD$FIG]

Fig. 2 – Characterization of BOLD. (A) Kaplan-Meier analysis of overall survival and BOLD in both NMIBC + MIBC (left), NMIBC only (middle), and MIBC
(right). Median survival and subject at risks in months are given for each subtype. T denotes the time in months. Note that the summation of patients
is not equal due to missing information of stage in certain patients. (B) Frequency% bar plot showing percentage of molecular subtype (y-axis) in
different histology, gender, stage, grade, and lymph node/lymphovascular invasion) (x-axes). (C) Dot plot of immune cell infiltration, FGFR3 signature,
Differentiation signature, Blaveri's SCC-like signatures, MDA TP53-like signature, EMT and breast cancer HER2+ subtype signature (y-axis) in BOLD (x-
axis). Only core samples defined by silhouette width >0.01 were used for analysis. (D) Enrichment score (y-axis) of progression (left) and carcinoma in
situ (right) in BOLD. The computation was performed only on NMIBC samples in BLCA meta-cohort. (E) Chart showing the elevated (up arrow) or
depleted (down arrow) of selected pathways in BOLD. The p values were computed by log-rank (A), chi-square test (B), ANOVA (C, D; bottom) or Mann-
Whitney (C; upper) tests. Data are presented as the mean � SEM.
Color code: Purple = NEURAL; dark blue = LUM; green = PAP; orange = HER2L; red = SCC; light blue = MES.
ANOVA = analysis of variance; BOLD = bladder carcinoma subtypes of large meta-cohort database; CIS = carcinoma in situ; EMT = epithelial-mesenchymal
transition; FGFR = fibroblast growth factor receptor; GD = glandular; HER2L, HER2-like; LN = lymph node; LUM = luminal-like; MES = mesenchymal-like;
MIBC = muscle-invasive bladder cancer; MP = micro-papillary; NE = neuroendocrine; NEURAL = neural-like; NMIBC = non-muscle-invasive bladder cancer;
PAP = papillary-like; Sarco = sarcomatoid; SCC = squamous-cell carcinoma-like; SEM = standard error of the mean; Squa = squamous; UC = urothelial
cancer.
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BLCAs of non-UC histologies are rare, aggressive, and
haveworse prognosis than UC (Supplementary Fig. 4A). Not
surprisingly, the majority of non-UC histologies were
distributed in the poor prognosis SCC and MES subtypes
(Fig. 2B). The GD histology was mainly SCC; NE displayed
similarity to NEURAL; MP was evenly distributed between
HER2L andMES; and expectedly, BLCAswith Sarco and Squa
differentiation were assigned primarily to SCC (Fig. 2B;
Supplementary Table 5). Of note, LUM only had UC. This
indicates that the rare variant histologies resembled
transcriptomically the aggressive and poor prognosis
subtypes of BOLD.

To ensure that the results presented were not biased by
sampleswithout complete clinical annotations (Table 1), we
checked the distribution of clinicopathological parameters
as well as the subtype in samples with annotation of
histology, age, gender, stage, and grade available (n = 802),
and samples without one or more of the annotation
(n = 1609). Although there are differences in terms of
distribution, all subtypes and clinicopathological parame-
ters were represented in samples with or without complete
clinical annotation (Supplementary Table 6). To affirm that
the association results reported (Fig. 2; Supplementary Fig.
6C and 6D) were not an artefact arising from samples with
missing data, we repeated the clinical association analyses
using only core samples with complete annotation of
histology, age, gender, stage, and grade (n = 544; Supple-
mentary Fig. 6E–G; Supplementary Table 7). We observed
that the subtype-clinicopathological parameters associa-
tions were highly concordant (Fig. 2B; Supplementary Fig.
6), demonstrating that the results were not distorted by the
samples with incomplete clinical annotation.

From transcriptomic data, we observed higher infiltra-
tion of immune cells in MES and SCC subtypes. PAP is
enriched for FGFR3 signature (p = 1.3E-46; Fig. 2C). The
differentiation signature [34] showed that SCCwas themost
dedifferentiated (p = 5.2E-62). In concordance with the
observation that MES is similar to the MDA_TP53 subtype,
MES had the highest TP53-like signature (p = 1.5E-97;
Fig. 2C). Likewise, SCC had the highest enrichment score
for an SCC signature (p = 1.4E-55; Fig. 2C), and HER2L had
the highest enrichment score of ERBB2+ signature [35]



Table 2 – Distribution of BOLD subtypes in selected clinicopathological parametersa

Parameter/subtype n NEU, n (%) LUM, n (%) PAP, n (%) HER2L, n (%) SCC, n (%) MES, n (%)

Subtype prevalence 1543 350 (22.7) 89 (5.8) 422 (27.4) 170 (11) 268 (17.4) 244 (15.8)
Invasiveness
NMIBC 424 38 (9) 64 (15.1) 175 (41.3) 70 (16.5) 17 (4) 60 (14.2)
MIBC 779 205 (26.3) 18 (2.3) 162 (20.8) 69 (8.9) 191 (24.5) 134 (17.2)

Stage
Ta 209 17 (8.5) 24 (11.5) 122 (57.5) 14 (7) 9 (4) 23 (11.5)
T1 low-grade 75 11 (14.7) 24 (32) 24 (32) 5 (6.7) 0 (0) 11 (14.7)
T1 high-grade 113 10 (8.9) 9 (8.0) 25 (22.1) 44 (38.9) 6 (5.3) 19 (16.8)
T2 385 66 (17.1) 9 (2.3) 90 (23.4) 43 (11.2) 99 (25.7) 78 (20.3)
T3 173 26 (15) 5 (2.9) 21 (12.1) 19 (11) 64 (37) 38 (22)
T4 77 12 (15.6) 4 (5.2) 12 (15.6) 7 (9.1) 26 (33.8) 16 (20.8)

Lymph node invasion 72 6 (8.3) 6 (8.3) 9 (12.5) 9 (12.5) 26 (36.1) 16 (22.2)
Distant metastasis 47 3 (6.4%) 3 (6.4%) 11 (23.4%) 6 (12.8%) 15 (31.9%) 9 (19.1%)
Gender
Female 150 12 (8.0%) 20 (13.3%) 41 (27.3%) 12 (8.0) 39 (26.0) 26 (17.3)
Male 499 42 (8.4) 60 (12.0) 139 (27.9) 87 (17.4) 71 (14.2) 100 (20.0)

HER2L = HER2-like; LUM = luminal-like; MES =mesenchymal-like; MIBC = muscle-invasive bladder carcinoma; NEU = neural-like; NMIBC = non–muscle-
invasive bladder carcinoma; PAP = papillary-like; SCC = squamous-cell carcinoma-like.
a Percentage computation is based on a subset of core samples displaying the BOLD subtype only (n � 1543; silhouette width > 0.01), limited by the availability of
clinical information (see column n). Please note that the number of samples with available clinical information is different from that of Table 1 due to our finer
categorization of the clinical parameters. Only parameters related to invasiveness/staging were selected here.
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(p = 1E-6; Fig. 2C). The EMT score is a value representing the
position of a cell or a tumor in a spectrum ranging from the
most epithelial (�1.0) to the most mesenchymal phenotype
(+1.0) [31]; this score indicates that MES and SCC are more
EMT than other subtypes (p = 3E-81 and 1E-48, respective-
ly; Fig. 2C). Interestingly, MES and SCC showed enrichment
of claudin-low breast cancer and basal signatures (Supple-
mentary Fig. 7A; Supplementary data). MES was prone to
co-occur with carcinoma in situ (CIS; p = 5.3E-37; Supple-
mentary Fig. 6D; albeit, this was not conclusive [n < 50]). In
addition, SCC, consistent with its high EMT characteristics
(Fig. 2C), had greater propensity than the other subtypes to
invade lymph node and to form distant metastasis
(p = 4.9Ee-37; Table 2; Supplementary Fig. 6D). For BLCA
treated by methotrexate, vinblastine, adriamycin, and
cisplatin combination regimen, MES subtype samples were
less likely to respond (p = 0.0109; Supplementary Fig. 6D).
Looking at only NMIBC samples, consistently, MIBC-like
subtypes NEURAL, SCC, and MES had higher enrichment of
the progression signature [36] (Fig. 2D). Of note, LUM and
HER2L—the more aggressive subtypes found in NMIBC—
were significantly enriched for the progression signature
(Fig. 2D). CIS signature [37] suggests that HER2L, SCC, and
MES would be more likely to occur with CIS (Fig. 2D); the
finding that HER2L andMESwere likely to co-occurwith CIS
was concordant with clinical association (Supplementary
Fig. 6D); however, SCC was not associated with CIS. Briefly,
BOLD had different clinical outcomes and clinicopathologi-
cal characteristics. Importantly, the distributions of good
and poor prognosis subtypes were not exclusive to NMIBC
or MIBC despite the prevalent differences.

Pathway analyses (Molecular Signature database version
6.1 [38]) revealed differential (increased) pathway enrich-
ment across subtypes (Fig. 2D; Supplementary Table 11):
WNT/b-catenin, neural-related pathways (GO axon, crani-
al-nerve, glial-cell) in NEURAL; MYC signaling in LUM; AXL
signaling in MES; microtubule-related, ERBB signaling, DNA
mismatch repair pathways in HER2L; androgen receptor
(AR) signaling in PAP, MES, and SCC; wound healing
pathway in more EMT subtypes NEURAL, MES, and SCC.
TGF-b signaling in PAP, MES, and SCC; and EGF signaling in
SCC. When comparing PAP and LUM—the two transcripto-
mically akin subtypes (Supplementary Table 12)—LUM had
significantly higherMAPK activity, indicating LUM is amore
proliferative form of PAP. Notably, PD1 and CTLA4 pathways
were enriched in MES and SCC (Supplementary Table 11).
Interferon-g, angiogenesis, and inflammatory pathways
were up-regulated in NEURAL, MES, and SCC. As several
subtypes showed high immune cell infiltration and immune
signature enrichment, we investigated if the BOLD classifi-
cation results in differential immune cell infiltration
allocation (Supplementary Table 13; Supplementary Fig.
7B). LUM has higher T-cell CD8+ infiltration, whereas MES
and SCC have higher infiltration of tumor-associated
macrophage M2 (Supplementary Fig. 7B). Because CD8+
cells are associated with anti-PD1 response [9], we
projected a CD8 effector and a PD1 responder signature
[39] (Supplementary Fig. 7C) and observed no significant
correlation. Overall, BOLD recapitulated the existing pub-
lished subtypes [10,11,13–15,21,30,40] and provided an
elaborated classification of differential clinical outcomes.

3.3. BOLD subtype stratification is reproducible in independent

NMIBC, MIBC, and metastatic BLCA cohorts

To examine the reproducibility of BOLD, we projected the
subtype signatures derived using core samples (Supple-
mentary Table 14; Supplementary data) on an NMIBC
cohort (UROMOL), MIBC cohort (TCGA), and metastatic
BLCA cohort (IMvigor210; Fig. 3A; Materials and methods).
Of note, few samples in UROMOL were allocated to the
NEURAL subtype. Subtype-clinicopathological associations
were similar to those observed in the meta-cohort
(Supplementary Fig. 8): PAP was associated with early-
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Fig. 3 – BOLD is reproducible in UROMOL, TCGA, and IMvigor210 cohorts. (A) Heatmap of 1861 most differentially expressed genes (red = high
expression, green = low expression) across BOLD in core samples (silhouette width > 0.01) in [11_TD$DIFF]BLCA[3_TD$DIFF] meta-cohort, and in NMIBC cohort UROMOL, MIBC
cohort TCGA, metastatic BLCA cohort IMvigor210, and cell lines UBC40. Color bars above heatmap show the inferred BOLD subtype on the different
cohorts. (B) Kaplan-Meier analyses of OS and DFS (progression- and recurrence-free) in UROMOL (left), TCGA (middle), and IMvigor210 (right). (C)
Frequency% (y-axis) plot of response to anti-PD1 (atezolizumab). Response is measured by RECIST v1.1 (x-axis). (D) Heatmap of BLCA significantly
mutated genes and focal copy number aberrations differentially associated with subtypes. Copy number (cn) definition in log2 ratio: Amp, cn > 1; gain,
0.59 < cn � 1; loss, �1 � cn < �0.42; del, cn [12_TD$DIFF]< �1. The frequency% of altered genes in each subtype is given next to the heatmap.
The p values were computed by log-rank test (B) and ANOVA (C).
Color code: Purple = NEURAL; dark blue = LUM; green = PAP; orange = HER2L; red = SCC; light blue = MES; black = mutated; maroon = amp; pink = gain;
light blue = loss; dark blue = del.
ANOVA = analysis of variance; Amp = copy number amplification; BLCA = bladder carcinoma; BOLD = bladder carcinoma subtypes of large meta-cohort
database; CR = complete response; Del = copy number deletion; DFS = disease-free survival; HER2L = HER2-like; LUM = luminal-like; MES = mesenchymal-
like; MIBC = muscle-invasive bladder cancer; Mut = mutated; NEURAL = neural-like; NMIBC = non-muscle-invasive bladder cancer; OS = overall survival;
PAP = papillary-like; PD = progressive disease; PR = partial response; SCC = squamous-cell carcinoma-like; SD = stable disease; TCGA = The Cancer Genome
Atlas; UBC 40 cell line = urothelial bladder cancer 40 cell line.
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stage, low-grade, lower European Organisation for Research
and Treatment of Cancer scores, smaller (<3 cm) tumors,
and younger patients; SCC tended to progress during
treatment (Supplementary Fig. 8D). Intriguingly, the
observation that PAP had a good prognosis in NMIBC but
comparable prognosis to that of other subtypes inMIBCwas
replicated in UROMOL, TCGA, and IMvigor210 cohorts
(Fig. 3B). This suggests that PAP classification is more
relevant in NMIBC, where PAP NMIBC and non-PAP NMIBC
showed significantly different OS (Supplementary Fig. 8B;
p = 0.0022). Nevertheless, we observed that SCC had the
poorest outcome across NMIBC, MIBC, andmetastatic BLCA.
Similarly, LUM and MES both performed poorly in terms of
survival. HER2L had a similar poor survival outcome in
NMIBC and MIBC but relatively better prognosis in an anti-
PD1-treated cohort in IMvigor210. This could be because
HER2L is more likely to respond to anti-PD1 treatment
(Fig. 3C). Higher mutation, copy number aberrations, and
neoantigen load, thus, may predict the response to anti-PD1
treatment (Supplementary Fig. 9). In general, the clinical
characterization of BOLD in our BLCA meta-cohort, URO-
MOL, TCGA, and IMvigor210 cohorts were concordant,
indicating good reproducibility of our subtype identifica-
tion.

Using TCGA data, we investigated the association of
BOLD with significantly mutated genes, focal [11] and
genome-wide copy number profiles (Fig. 3D; Supplemen-
tary Fig. 9C; Supplementary Table 16). Similar to previous
reports, we observed that FGFR3 fusion, mutation, and
amplification were highly enriched in PAP, and that TP53
mutation was enriched in HER2L and SCC. HER2L had more
mutations, copy number aberrations, and neoantigen load
(Supplementary Fig. 9A). Notably, PAP and LUM had 9q
extensive deletions (Supplementary Fig. 9C), mimicking the
low-risk HG1 NMIBC genomic subtype [17] but had
different prognosis outcomes. In brief, BOLD exhibited
diverse genetic and genomic alterations that may point to a
potential targeted therapy.

We noticed that BLCA tumors harbor subtype-specific
actionable mutations, aberrations, or pathway activations
(Supplementary Tables 11 and 16): FGFR3-TACC3 fusion in
PAP; ERBB2 amplification inHER2LandLUM(Supplementary
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Table 16; Supplementary Fig.10A; Supplementary data); AXL
pathway inMES;ARpathway inMESandSCC;PD1andCTLA4
pathways inMES and SCC; and PPARG fusion/amplification in
HER2L.Ofnote, highPPARGandMRE11expressionshavebeen
linked to good outcome to bladder-preserving trimodality
treatment (maximal transurethral resection, radiotherapy,
and chemotherapy or immunotherapy) [41], suggesting
HER2L could be a good candidate for trimodality treatment
(Supplementary Fig. 10B). To explore a potential treatment
strategy, we projected the BOLD signature to a BLCA cell line
collection, UBC40 [42] (Supplementary Table 17), a patient-
derivedorganoidcollectionGSE103990[43]established from
mainly Ta/T1BLCA, andBLCAcell lines fromCOSMIC [44].We
correlated subtype enrichment scores with 50% growth
inhibitory concentration (GI50) of different compounds. The
epithelial-like PAP and LUM were more resistant than SCC
(Supplementary Fig. 10C–E). MES, being stem-like, is
expectedly resistant. HER2L, being genomically unstable,
surprisingly shows nopreferential sensitivity or resistance to
any of the compounds tested (Supplementary data). In
summary, BOLD subtypes have distinct molecular character-
istics that are targetable, and the preliminary cell line-drug
response analysis shows that subtypes have differential
responses to compounds.
4. Discussion

Molecular subtyping holds great promise in understanding
disease and in personalized therapeutics. In BLCA, an
endeavor has been made to classify the disease into
molecular subtypes to guide disease management
[10,11,13–15,30,40]. However, most studies to date have
been based on smaller cohort sizes (100–500 samples) even
though >3000 BLCA samples are required to reliably detect
gene mutations in 2% of samples [40]. Accordingly, more
samples are needed to detect subtype differences with
greater statistical power and to identify rare subtypes. This
is exemplified by the TCGA, where only four gene
expression subtypes were detected among 130 samples
initially and later refined to five after expanding to
412 samples [10,11]. Here, we curated a database of
>2400 samples and identified six molecular subtypes
(denoted as BOLD). These six subtypes showed good
concordance with previous reports, thus representing a
convergence of findings. A recent meeting reached a
consensus that there is a basal/SCC subtype; however, it
remains unclear whether luminal/urobasal subtypes should
be considered [19]. By amalgamating a large dataset, our
findings not only affirm the basal/SCC subtype but also
corroborate the existence of three luminal/epithelial-like
subtypes (PAP, LUM, HER2L), a NEURAL subtype, and a
claudin-low/stem-like MES subtype. Furthermore, our
study showed that �20% of NMIBCs display features of
MIBC-like subtypes such as MES and SCC. Analysis of the
meta-cohort also revealed that the rare but aggressive
variant histologies of BLCA showed transcriptomic similar-
ity with poor prognosis subtypes—SCC, MES, and HER2L.
This resonates with the findings that NE BLCA has striking
resemblance with UC [45], exhibiting similar mutational
landscape and signature. However, a caveat of the rare
histology analysis is the low number of samples for each
variant (n < 50), and that the rare variants often co-existed
with UC within a tumor lesion.

Molecular characterization of BOLD uncovered specific
exploitable vulnerabilities. Notably, PAP NMIBC patients
have significantly better survival outcomes and may, thus,
require less frequent surveillance. HER2L, LUM, MES, and
SCC are at high risk of progression and would, therefore,
require more frequent monitoring andmay be treatedmore
aggressively. It is not surprising that BOLD displayed widely
preferential responses. From a cell line-drug response
analysis, MES was generally resistant to chemotherapy
compounds, such as cisplatin and paclitaxel, agreeingwith a
previous report that claudin-low (resembles MES) tumors
are less likely to respond to cisplatin-neoadjuvant chemo-
therapy [13]. While NEURAL, MES, and SCC had elevated
PD1 and CTLA4 signaling, suggesting that they may be
candidates for anti-PD(L)1 or anti-CTLA4 treatments[19_TD$DIFF]; data
from IMvigor210 show that the three subtypes were not
significantly associated with complete response, with MES
being the least beneficial. However, HER2L had a high tumor
mutational burden and neoantigen load, which are associ-
ated or predicted with durable immune checkpoint inhibi-
tion response [8,9]. IMvigor210 data show that HER2L is
more likely to be benefited from anti-PD(L)1 treatment.
Interestingly, HER2L displayed elevated DNA-replication/
cell-cycle signaling, lower hypoxia signaling (Supplemen-
tary Table 11), and at the same time high PPARG and MRE11
expression (Fig. 1A; Supplementary Fig. 10B), suggesting
that HER2L tumors may benefit from bladder-preserving
trimodality therapy (maximal transurethral resection,
followed by concurrent radiotherapy and chemotherapy/
immunotherapy) [41,46]. However, BLCA is heterogeneous
and unlikely to be solely dependent on one pathway. For
example, MES and SCC, despite having high PD1, CTLA-4
signaling, also exhibited elevated angiogenesis, TGF-b
signaling, and increased infiltration of immunosuppressive
macrophage M2, which have been linked to lack of
immunotherapy response [9]. Thus, a single-agent approach
may not yield significant outcome improvement in these
subtypes. Instead, combining immune checkpoint inhibi-
tionwith an AXL inhibitor [47] inMES, an anti-TGF-b inMES
and SCC [9], or an AR inhibitor in MES, and SCC may be
viable treatment options [3]. Other targetable axes that
could be explored include: (1) FGFR3 amplification,
activating mutations, and FGFR3-TACC3 fusion in MIBC or
metastatic BLCA of PAP subtype through the use of a pan-
FGFR inhibitor [5]; TCGA luminal-papillary subtype, which
resembling PAP, was shown to have promising activity to a
pan-FGFR inhibitor Erdafitinib [48], suggesting the feasibil-
ity of targeting FGFR3 in PAP subtype, (2) ERBB2 amplifica-
tion in HER2L and LUM via a HER2 inhibitor, (3) PPARG
activating mutation, fusion in HER2L by a PPARG inhibitor
[49], and (4) PTGS2-driven wound healing pathway in
NEURAL, MES, and SCC via a COX2 inhibitor [50]. Supple-
mentary Figure 11 summarizes the potential therapeutic
framework of BOLD stratification.
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As this study is based on curation and re-analysis of
samples from different sources, the study is limited by the
completeness, accuracy, or quality of the samples collected.
More of the available studies were MIBC-focused, and thus,
the prevalence and natural history of BLCA were not fully
represented by the compiled meta-cohort. In addition, the
main limitations of our study are the lack of clinical
annotation among several publicly available BLCA cohorts.
Therefore, while care has been taken to ensure that the
analyses were not biased by samples without complete
clinicalannotation (SupplementaryTables6and7),wecannot
rule out the possibility of misdiagnosis, especially for Ta/T1
and CIS cases. However, we believe even such misdiagnosed
or wrongly annotated cases are likely rare, and the effect of
such cases within>2400 cohort should be minimal. Another
limitation is that some genes were not available in the meta-
cohort as the analysis required a comparison across different
gene expression quantification technologies. However, the
effect of missing genes should be negligible in regard to
subtype prediction, as seen by the good molecular character-
istic conformity of the BOLD classification with other
published subtypes. Finally, the clinical relevance of these
sixmolecular subtypes is based on survival data analysis. The
therapeutic impact of these subtypes could not be assessed
due to the unavailability of treatment-related data.

5. Conclusions

BLCA can be stratified into six molecular subtypes, each
with distinct pathways and targetable vulnerability. These
findingsmayhave relevance in clinical practice. Therapeutic
implications should be evaluated in prospective biomarker-
driven clinical trials.
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