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Abstract
We present the proteomic profiling of 79 bladder cancers, including treatment-naïve non-muscle-invasive bladder
cancer (NMIBC, n = 17), muscle-invasive bladder cancer (MIBC, n = 51), and neoadjuvant-treated MIBC
(n = 11). Proteins were extracted from formalin-fixed, paraffin-embedded samples and analyzed using data-
independent acquisition, yielding >8,000 quantified proteins. MIBC, compared to NMIBC, shows an extracellular
matrix (ECM) and immune response signature as well as alteration of the metabolic proteome together with
concomitant depletion of proteins involved in cell–cell adhesion and lipid metabolism. Neoadjuvant treatment did
not consistently impact the proteome of the residual tumor mass. NMIBC presents two proteomic subgroups that
correlate with histological grade and feature signatures of cell adhesion or lipid/DNA metabolism. Treatment-
naïve MIBC presents three proteomic subgroups with resemblance to the basal-squamous, stroma-rich, or luminal
subtypes and signatures of metabolism, immune functionality, or ECM. The metabolic subgroup presents an
immune-depleted microenvironment, whereas the ECM and immune subgroups are enriched for markers of
M2-like tumor-associated macrophages and dendritic cells. Markers for natural killer cells are exclusive for the
ECM subgroup, and markers for cytotoxic T cells are a hallmark of the immune subgroup. Endogenous proteolysis is
increased in MIBC alongside upregulation of matrix metalloproteases, including MMP-14. Genomic panel
sequencing yielded the prototypical profile of prevalent FGRF3 alterations in NMIBC and TP53 alterations in
MIBC. Tumor–stroma interactions of MIBC were investigated by proteomic analysis of patient-derived xenografts,
highlighting specific tumor and stroma contributions to the matrisome and tumor-induced stromal proteome
phenotypes.
© 2024 The Author(s). The Journal of Pathology published by JohnWiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Urothelial bladder cancer ranks among the top 10 most
common malignancies worldwide [1], comprising
non-muscle-invasive bladder cancer (NMIBC, Tis to
T1 stage) and muscle-invasive bladder cancer (MIBC,
T2 to T4 stages) [2]. Progression from NMIBC to MIBC
may occur [3]. Treatment of NMIBC includes transure-
thral resection (TURB) and intravesical chemotherapy
(including Bacillus Calmette-Guérin) [4,5], while treat-
ment of MIBC may require radical cystectomy (RCX)
and potentially radiation therapy, (neo-)adjuvant chemo-
therapy, and/or immunotherapy [5,6]. Recurrence-free
survival (RFS) and 5-year survival are substantially
lower for MIBC than for NMIBC.
Transcriptomic and genomic studies have defined dis-

tinct bladder cancer (BC) subgroups [7–14], including
the UROMOL classifier [8] for NMIBC and a consensus
of six transcriptomic subtypes for MIBC [15]. However,
the correlation between transcriptome and proteome data
is limited [16,17]. At present, there exist only a few
published proteomic studies focusing on BC [18–20].
We present the deep proteomic characterization of
urothelial BC.

Materials and methods

Ethics and patient consent statement
The study was approved by the Ethics Board of the
University Medical Center Freiburg (approval 491/16).
Written patient consent was obtained before inclusion.
The study is in accordance with the Declaration of
Helsinki.

Patient cohort and tissue collection
We enrolled 79 patients with urothelial BC, operated at
the University Medical Center Freiburg between 2015
and 2020, including 17 treatment-naïve NMIBC,
51 treatment-naïve MIBC, and 11 neoadjuvant-treated
MIBC cases. NMIBC samples were collected through
TURB or ureter resection, and MIBC samples were
obtained by TURB or RCX. Further characteristics are
shown in Figure 1A and supplementary material,
Table S1.

Patient-derived xenografts
Formalin-fixed paraffin-embedded (FFPE) samples of
patient-derived xenografts (PDX) of MIBC were pro-
vided by Charles River Laboratories, Freiburg, Germany
(supplementary material, Table S2).

Sample preparation
FFPE slides were deparaffinized and macrodissected
to obtain �1 mm3 of tissue. Protein extraction was
performed as described elsewhere [21] and prepared
using S-TRAP™ (ProtiFi, Fairport, NY, USA). Peptide

samples were vacuum-concentrated until dry and stored
at �80 �C.

Liquid chromatography–tandem mass spectometry
(LC–MS/MS) and statistical analysis
Samples were analyzed using an Orbitrap Fusion Lumos
mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany) coupled to an EASY-nLC 1200 (Thermo
Fisher Scientific) in random order. A more detailed
description of the LC–MS/MSmeasurements, processing
of RAW files using DIA-NN (version 1.7.12) [22], and
statistical analysis is given in Supplementary materials
and methods [23–32].

Tumor-infiltrating lymphocytes
Tumor-infiltrating lymphocytes (TILs) were quantified
by a trained pathologist using consensus scoring recom-
mendations for breast cancer [33]. TILs were evaluated
on FFPE tissue sections (4 μm) at �200–400 magnifi-
cation. Percentage stromal TILs represented mononu-
clear inflammatory cells in the stromal compartment.
Exclusions included crush artifacts, necrotic areas,
peritumoral follicular aggregates, and tertiary lymphoid
structures.

Immunohistochemistry for Ki-67, MMP-14, BSCL-2,
and YAP-1
Immunohistochemistry (IHC) was performed using FFPE
tissue sections (4 μm) with the following primary anti-
bodies: anti-Ki-67 [34] (Catalogue No. IR626, Agilent
Dako, Santa Clara, CA, USA), anti-MMP-14 (Catalogue
No. ab51074 [35], Aabcam, Cambridge, UK), anti-BSCL2
(Catalogue No. PA5-23621, Invitrogen, Carlsbad, CA,
USA), or anti-YAP1 (Catalogue No. 14074 [36], Cell
Signaling Technology, Danvers, MA, USA). Further
details are specified in Supplementary materials
and methods.

Multiplexed immunofluorescence staining of PD-L1
and CD8
Iterative indirect immunofluorescence imaging of FFPE
tissue was performed as previously described [37]. The
following antibodies were applied: AE1/AE3, CD3,
CD4, CD8, PDCD1, PD-L1, Goat anti-Mouse IgG con-
jugated to Alexa Fluor 647, and Donkey anti-Rabbit IgG
conjugated to Alexa Fluor 555. Hoechst 33342 was
employed for counterstaining of nuclei (see
Supplementary materials and methods).

For quantification of CD8 and PD-1 cells in PD-L1 low
and high expressing tumors, QuPath image analysis soft-
ware (version 0.2.1) was used for cell detection and iden-
tification of double-positive cells by thresholding [38].
Five cancer samples per PD-L1 group (high versus low),
and three regions per sample were quantified (a total of
15 regions per group) and used for statistical analysis
(unpaired Wilcoxon test).
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Figure 1. Overview of study. (A) Overview of BC cohort. (B) Overview of experimental workflow (created with Biorender.com). (C) Quantified
proteins per sample. (D) Principal component analysis of treatment-naïve BC samples. (E) Differential abundance of proteins in treatment-
naïve MIBC versus NMIBC at sparsity reduction with a 90% cutoff, resulting in 7,356 proteins. We used linear models of microarray analysis
(LIMMA), applying a significance cutoff using a Benjamini-Hochberg adjusted p value (p-adj) < 0.05 and a minimal fold-change of 1.5.
(F) Comparison of downregulated (top) or upregulated (bottom) biological processes in treatment-naïve MIBC versus NMIBC. (G) Immune and
stromal cell markers across NMIBC and MIBC. The selected proteins shown are either significantly enriched/depleted (Fisher’s exact test,
p < 0.05) or differentially regulated (quantitative difference >1.5-fold-change and p-adj < 0.05) in at least one proteomic group. The Z score
was calculated based on sample intensity subtracted by the mean intensity and divided by the standard deviation across all samples.
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Sequencing panel – DNA isolation and measurement
DNA from FFPE specimens was extracted and analyzed
according to the National Network Genomic Medicine
(nNGM) panel Germany version 2.1. Gene list and
details are specified in Supplementary materials and
methods.

MMP-14 silencing
The human BC cell line T24 [39] (Catalogue No. 300352,
CLS Cell Lines Service, Eppelheim, Germany) and
HEK293T/17 cells [40] (Catalogue No. CRL-11268,
ATCC, Manassas, VA, USA) were cultured as described
[41]. shRNA experiments were carried out as described
[41] using two MISSION® shRNA constructs targeting
MMP14 (Sigma-Aldrich, Taufkirchen, Germany):
shMMP14_a (sh_A): TRCN0000050854 (sequence:
CGGCCTTCTGTTCCTGATAAA), shMMP14_b
(sh_B): TRCN0000050855 (sequence: CGATGA
AGTCTTCACTTACTT). MISSION pLKO.1-puro
vector (SHC002V) served as control (shCtrl). Stable cell
lines were generated through a 7-day selection (1 μg/ml
puromycin, InvivoGen, San Diego, CA, USA) and
probed by immunoblotting [41]. Cell lines were myco-
plasma-free and genotyped. Migration and invasion anal-
ysis employed 24-well plate 8-μm pore-size transwell
inserts (Corning, Corning, NY, USA) (see also
Supplementary materials and methods).

Results and discussion

Deep proteome coverage of bladder cancer
We investigated the proteome biology of urothelial BC
together with genomic, histological, and immunohisto-
chemical profiling (Figure 1A,B, supplementary mate-
rial, Tables S1 and S3). Tumor tissue percentage within
macrodissected samples in 10 selected cases was 82%
± 17% (94% ± 2% for NMIBC and 73% ± 17% for
MIBC). Using data-independent acquisition (DIA), we
identified 8,159 proteins at a 1% false discovery rate
(FDR) based on 55,953 identified unique peptides with
an average of 6,242 ± 499 proteins per sample
(Figure 1C. These numbers are comparable to those
obtained in emerging proteome studies on BC [19,20].
Protein intensities were symmetrically and near-
normally distributed with a wide dynamic range (sup-
plementary material, Figure S1A).

NMIBC and MIBC differed in their proteome
alongside enrichment of an immune- and
matrisome-related proteome in MIBC
The proteomes of treatment-naïve MIBC and NMIBC
showed good segregation by principal component anal-
ysis (PCA) (Figure 1D) and sparse partial least-squares
discriminant analysis (sPLS-DA) (supplementary
material, Figure S1B). Over 20% of the identified prote-
ome differed significantly between treatment-naïve

MIBC and NMIBC, with 893 upregulated and
833 downregulated proteins (Figure 1E), illustrating
highly differing proteome biology (supplementary mate-
rial, Table S4).

There was an enrichment of extracellular matrix
(ECM) and immune response proteins in treatment-
naïve MIBC versus NMIBC (Figure 1F), including pro-
teins of the complement system, the kallikrein-kinin
system (supplementary material, Figure S2), and
key proteins for antigen presentation (e.g. HLA-DR/-
DQ/-DP). Despite variations in standard surgical pro-
cedures for sample collection between MIBC and
NMIBC, these findings align with prior comparative
studies [18,42]. MIBC was enriched in proteins that
regulate integrin signaling (e.g. fermitin family members
1/2/3) and proteins related to focal adhesion biology
such as focal adhesion kinase 1 (supplementary material,
Figure S3).

Our deep proteome coverage included marker pro-
teins for tumor-infiltrating immune and stromal cells
(Figure 1G). The cancer-associated fibroblast (CAF)
marker FAPα distinguished between NMIBC and
MIBC. The tumor microenvironment (TME) of
NMIBC tended to have fewer immune cells compared
to MIBC, with reduced levels of most immune cell
markers (Figure 1G). NMIBC showed some macro-
phages/monocytes (marker: CD14). The TLR4 to
TLR2 ratio in NMIBC was shifted toward TLR4
(Figure 1G), indicating M1 polarization [43], while
MIBCwas characterized by markers for M2 polarization
[43] (Figure 1G). In summary, NMIBC and MIBC
presented divergent TMEs.

The metabolic proteome differed between NMIBC
and MIBC, with MIBC presenting a likely decreased
lipid metabolism (supplementary material, Table S4).
Transcription factors with roles in metabolic repro-
gramming, such as peroxisome proliferator-activated
receptor gamma (PPARG), were depleted in MIBC
(supplementary material, Table S4), underlining a meta-
bolic shift in MIBC, in line with previous reports [18,44].

Proteins linked to the ubiquitin-dependent endoplas-
mic reticulum-associated protein degradation (ERAD)
pathway wee upregulated in MIBC, e.g. derlin-1 (sup-
plementary material, Figure S4), possibly linked to accu-
mulated misfolded proteins in the secretory pathway in
MIBC [45].

Our cohort included an additional 11 neoadjuvant-
treated MIBC cases with chemotherapy or instillation
therapy. Proteome profiles of neoadjuvant-treatedMIBC
closely mapped to the proteomes of treatment-naïve
MIBC (supplementary material, Figure S5), suggesting
comparable proteome biology. However, this result
might have been affected by the small cohort size.

NMIBC proteomes revealed two subgroups
representing cell-adhesion or lipid-metabolism
biology
Unsupervised hierarchical clustering ofNMIBCproteomes
identified two distinct subgroups (Figure 2A), with
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linear models of microarray analysis (LIMMA) yielding
significantly enriched proteins (>1.5-fold-change, p-adj
< 0.05) (Figure 2B, supplementary material, Table S5).

One subgroup was enriched in cell-adhesion proteins and
the other in lipid-metabolism and DNA-replication pro-
teins. We named the subgroups accordingly. The MIBC

Figure 2. Proteomic characterization of NMIBC. (A) Unsupervised hierarchical clustering analysis with Euclidean distance and Ward’s
minimum variance method of NMIBC identified two distinct clusters. The analysis was performed after sparsity reduction to max. 25%,
leaving 4,800 proteins in the dataset, and solely on NMIBC samples. (B) Heatmap of selected differentially regulated proteins in proteomic
NMIBC subgroups. Only two proteomes were classifiable into one of the UROMOL subtypes [8]. CUR, complete ureter resection; PUR, partial
ureter resection. (C) Principal component analysis of NMIBC subgroups and MIBC. The Z score was calculated based on sample intensity
subtracted by the mean intensity and divided by the standard deviation across all samples. (D) Comparison of our NMIBC subgroups with
proteomic subtypes of Stroggilos et al [19]. The Cell Adhesion subgroup is enriched with 10 signature proteins of the NPS3 group.
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proteome was closer to the Lipid/DNA subgroup than to
the Cell Adhesion subgroup (Figure 2C). The Cell
Adhesion subgroup contained all low-gradeNMIBC cases,
in contrast to the Lipid/DNA subgroup (Figure 2B, Fisher’s
exact test, p = 0.035).
Stroggilos et al [19] identified three NMIBC prote-

ome subgroups (NPS1/2/3). NPS1 features cell-cycle
enrichment, NPS2 parallels NPS1 but adds an
EMT/ECM signature and decreased CD47. NPS3 was
enriched in cell–cell adhesion and luminal traits, tied to
low-grade disease. Ten NPS3 signature proteins
matched our Cell Adhesion subgroup for low grade
(Figure 2D). Two NPS1 signature proteins aligned with
our Lipid/DNA cluster (Figure 2D), and both were
enriched for cell-cycle proteins. Application of the
UROMOL classifier [8] to our proteome data showed
insignificant association (p > 0.05, Figure 2B, supple-
mentary material, Table S5), likely due to limited
mRNA-protein correlation [16,17], akin to previous
findings [19]. Due to the lack of sufficient follow-up
data for NMIBC cases, we were unable to assess whether
the proteome subgroups of NMIBCwere associated with
differences in disease progression.

MIBC proteomes revealed three proteome subgroups
with matrisomal, metabolic, or immune hallmarks
and differential abundance of therapeutic targets
Unsupervised hierarchical clustering identified three pro-
teome subgroups for MIBC (Figure 3A), with LIMMA
highlighting enriched proteins (p-adj < 0.05; quantitative
difference >1.5-fold-change). The three subgroups were
characterized bymetabolic, matrisomal/ECM, or immune
hallmarks (Figure 3A,B). We detected enriched luminal
markers in the metabolic subgroup including GATA3,
FOXA1, uroplakin 2 [10,46], while basal markers [12]
were particularly enriched in the immune subgroup
(e.g. CD44). The ECM subgroup showed intermediate
levels of both luminal and basal markers (supplementary
material, Table S6).
Xu et al [18] identified proteome-based subgroups in

NMIBC and MIBC (UI to UIII). The UI subgroup
contained both NMIBC (30/37) and MIBC (7/37) and
had luminal traits. Our ECM subgroup resembled UIII
with ECM and complement system proteins. The
immune subgroup showed similarities to UII with cell-
cycle, DNA-repair/replication proteins, and T-cell infil-
tration, yet basal markers have been reported for UIII,
which has an ECM fingerprint.
Resemblance of our proteomic subgroups to

transcriptome-based MIBC subgroups (consensusMIBC
classifier [15]) was probed. Results matched well
(Fisher’s exact test, p = 5.2 � 10�9), aligning ECM
subtype with stroma-rich, immune subtype with basal-
squamous, and metabolic subtype with luminal subtypes
(supplementary material, Table S6, supplementary mate-
rial, Figure S6).
Although not statistically significant, the metabolic

subgroup presented a higher proportion of T2 stage cases
(Figure 3C). Of 51 treatment-naïveMIBC cases, 46 were

accompanied by follow-up data with a median coverage
of 350 days after surgery (Figure 3D); five M1 cases
were excluded. Cox proportional hazard analysis
highlighted T4 stage as being associated with shorter
RFS, while the proteomic subgroups did not show dif-
ferences (Figure 3E).

Proteomic BC subgroups showed varying therapy
target levels. Immune therapy targets were found pri-
marily in the immune subgroup (see the corresponding
section below). Nectin-4 was reduced in the ECM and
immune subgroups compared to the metabolic subgroup
and NMIBC (Figure 3F, supplementary material,
Figure S7). Some individual cases had notably elevated
levels, suggesting the potential for personalized thera-
pies. The ECM subgroup exhibited higher levels of
ephrin receptor A2 (EPHA2), considered for antibody
drug conjugate-type therapies in BC [47]. Our xenograft
dataset (see below) further highlighted the tumor-cell
located EPHA2. FAPα was particularly enriched for
MIBC (Figure 1G), investigated as radioligand target
for diagnostic [48] and therapeutic [49] use.

Fibroblast growth factor receptor 3 (FGFR3) was
observed in several cases of the metabolic MIBC sub-
group and the NMIBC cell-adhesion subgroup
(Figure 3F), and FGFR3 inhibitors have been tested in
clinical trials [50]. HER2 (ERBB2) showed reduced
levels in the ECM and immune subgroups, with individ-
ual outliers (Figure 3F, supplementary material,
Figure S7) and HER2-targeting therapies also undergo-
ing clinical trials in BC [51,52]. Likewise, individual
cases showed elevated EGFR levels. CDK4 was slightly
enriched in the metabolic and immune subgroups, while
CDK6was enriched in the immune subgroup (Figure 3F,
supplementary material, Figure S7), coinciding with
elevated levels of the cell proliferation marker Ki67
(MKI67). CDK4/6 inhibitors have been discussed as a
therapeutic approach for advanced BC [53].

ECM subgroup characterized by matrisomal proteins
and dampened DNA damage response proteins
The ECM subgroup comprised 50% of the MIBC cases
in our cohort. It presented intermediate levels of luminal
[12,54–56] and basal markers [12,57] (Figure 3B). The
gene ontology (GO) term ‘extracellular matrix organiza-
tion’ failed to adequately represent the different aspects
of ECM constituents summarized by the matrisome
classification [58]. We applied the matrisome classifica-
tion to our proteome data and noticed that the ECM
subgroup was particularly enriched for the core
matrisome, including collagens, proteoglycans, and gly-
coproteins (Figure 3G). An additional hallmark of the
ECM subgroup is enrichment of proteins linked to
the complement and coagulation system (Figure 3B,
supplementary material, Figure S8).

We examined our proteomic data for immune cell
markers (Figure 1G). In the ECM subgroup, we noticed
elevated levels of CD14 and CD280, which suggested
the presence of M2-like tumor-associated macrophages
(TAMs) [59,60]. The markers CD11c, signal regulatory
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Figure 3. Proteomic characterization of MIBC. (A) Unsupervised hierarchical clustering of MIBC proteomes (proteins: quantitative difference
>1.5- fold-change and p-adj < 0.05) performed after sparsity reduction to maximum 25%, leaving 4,800 proteins in the dataset, and solely
on MIBC samples. (B) Heatmap including previously established candidates for molecular characterization of MIBC [9,15]. Proteins were
enriched/depleted (Fisher’s exact test, p < 0.05) or differentially regulated (p-adj < 0.05) in one or more proteomic MIBC subgroup.
Neuroendocrine markers were not enriched in any subtype. The Z score was calculated based on sample intensity subtracted by the mean
intensity and divided by the standard deviation across all samples. (C) Distribution of samples across proteomic MIBC subgroups, based on T
stage. (D) Distribution of recurrence-free survival or follow-up time, respectively. Five cases presented with recurrent tumor or metastasis
during surgery and were removed from this analysis. (E) Cox proportional hazard analysis. (F) Heatmap of possible therapeutic targets. FGFR3
intensities were taken from an additional analysis using a library-predicted approach and are specifically enriched in the metabolic subgroup
of MIBC (Fisher’s exact test, p = 8 � 10�4). (G) Enrichment of matrisome proteins across proteomic MIBC subgroups.
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protein alpha (SIRPA), and CD209 pointed to dendritic
cells [61], while CD66B and azurocidin 1 (AZU1) were
indicative of granulocytes [62,63]. The ECM subgroup
featured enrichment of NCAM1, a marker for NK cells
[64], but largely lacked cytotoxic T-cell markers (CD8A,
CD3D), granzyme B, and perforin-1.
The ECM subgroup featured enriched markers for

CAFs, including FAPα and PDGFRβ (Figure 1G).
Extracellular components and infiltration of CAFs indi-
cated a TME with increased stiffness. Mechanical stress
may activate HIPPO-YAP1 signaling [65]. We used
YAP1 IHC, which suggested YAP1 was more promi-
nent in MIBC tumor cells compared to NMIBC cells,
particularly in the ECM and immune subgroups
(Figure 4A,B). However, there was no correlation
between nuclear YAP1 levels and advanced T stage in
MIBC [66] (Fisher’s exact test, p = 0.52). We evaluated
the transcriptional activity of YAP by analyzing its asso-
ciated proteins [67,68]. Most showed no significant dif-
ferences between BC subtypes or were undetected
(supplementary material, Figure S9). Hence, we
refrained from making assumptions about YAP’s net
transcriptional activity. In contrast to the other MIBC
subgroups, proteins involved in DNA replication and
damage response were downregulated in the ECM sub-
group [e.g. MCM component 3/4/7, DNA polymerase
subunits, Ki-67 (Figure 3B, supplementary material,
Table S6)].

Metabolic subgroup was enriched for proteins
involved in lipid metabolism but depleted for
immune-related features
The metabolic subgroup featured luminal markers
[12,69] (Figure 3B). It contained >800 signature proteins
(>1.5-fold-change, p-adj < 0.05). Many of these had
enzymatic activity and were involved in energy metab-
olism (citric acid cycle, oxidative phosphorylation).
Numerous signaling/regulatory kinases and phospha-
tases featured prominently in this subgroup (e.g. SRC).
A prominent signature of the metabolic subgroup is lipid
metabolism (Figure 3A), including fatty acid oxidation
(e.g. fatty acid synthase) and corresponding transcription
factors such as PPARG (Figure 3B, supplementary
material, Table S6). The metabolic subgroup featured
reduced levels of immune cell markers (Figure 1G),
indicative of an immune-depleted TME.

Characterization of immune-enriched subgroup
The immune subgroup was enriched for basal/squamous
markers (e.g. CD44 [12,57]) (Figure 3B) with concomi-
tant loss of luminal markers (e.g. uroplakin 2, GATA3,
PPARG [12,54–56]) (p-adj < 0.05). This subgroup fea-
tured CD3D and CD8A, signaling the presence of
cytotoxic T cells (Figure 1G), together with an enrich-
ment of granzymes A/B/K and perforin (Fisher’s exact
test, p < 0.05) (Figure 1G). Other immune cell markers
point to dendritic cells (CD11c, integrin alpha-X [61]),
granulocytes (CD66B, AZU1 [63]), and M2-like TAMs

(e.g. CD14, CD280, CD163, CD206 [18,60,70]).
Proteins involved in antigen presentation were enriched,
including MHC type I and II, corroborating the presence
of professional antigen-presenting cells such as dendritic
cells. The NK-cell marker CD56 (NCAM1) and proteins
of the complement system were depleted (Figures 1G
and 3B).

The immune subgroup was also enriched for the pro-
inflammatory interleukin-18, which stimulates interferon-
gamma production [71,72], alongside an enrichment of
proteins that are linked to interferon signaling
(e.g. interferon-induced protein 35) (supplementarymate-
rial, Table S6). DNA replication and repair proteins
formed another signature of the immune subgroup
(Figure 3B) including Ki-67 (Figure 3B, supplementary
material, Figure S10A), for which IHC highlighted strong
expression by tumor cells (supplementary material,
Figure S10B) and enrichment in the immune subgroup
(supplementary material, Figure S10C).

Genomic profiling highlighted prototypical profile of
FGFR3 mutations for NMIBC and TP53 mutations
for MIBC
We performed genomic profiling for 65 of the 68 treat-
ment-naïve BC samples using the nNGM panel assay
(version 2.1) with 27 pan-cancer markers (supplemen-
tary material, Table S7). Missense mutations were prom-
inent, followed by nonsense mutations (Figure 4C).
Deletions and insertions were relatively rare. The most
frequent mutations were found in FGFR3 and TP53
[9,73]. Next, we focused on mutations that exhibited
predicted or annotated pathogenicity together with dif-
ferent prevalence in NMIBC or MIBC (Figure 4D). We
observed at least one FGFR3 mutation in 90% of cases
within the Cell Adhesion subgroup of NMIBC
(p = 5.8 � 10�7), contrasting with the absence of such
mutations in the Lipid/DNA subgroup. A similar trend
emerged for PIK3CA mutations, with 40% observed in
the Cell Adhesion subgroup compared to only 17%
in the Lipid/DNA subgroup (p = 0.026). TP53 muta-
tions were depleted in the Cell Adhesion subgroup of
NMIBC (p = 0.034) and were enriched particularly in
the Immune subgroup of MIBC (p = 0.033).

We aimed to probe for proteome-level sequence alter-
ations [e.g. single amino acid variants (SAAVs)] that
were not covered by the reference UniProt proteome
sequence used for peptide-spectrum matching (PSM)
of our mass spectrometry data. Without considering
putative pathogenicity, our genomic data revealed
93 coding single-nucleotide polymorphisms (SNPs),
five amino acid deletions, nine terminations/truncations,
and four frameshifts. We determined the theoretical pro-
teomic detectability of these genomic variants by focus-
ing on corresponding tryptic peptides of seven to
30 amino acid length and mapping to proteins that were
proteomically detected based on additional consensus
sequence peptides. This resulted in 57 tryptic variant
peptides for SAAVs, three tryptic variant peptides
representing amino acid deletions, and five tryptic
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variant peptides representing sequence terminations.
This theoretical overview highlights the perspective
of proteogenomics, i.e. the proteomic corroboration

of genomic alterations. However, proteogenomic ana-
lyses (based on the aforementioned tryptic variant pep-
tide sequences added to the reference proteome

Figure 4. YAP1 staining; genomic characterization of cohort. (A) IHC of YAP1 in treatment-naïve BC (NMIBC, n = 17; MIBC, n = 50)
comparing differences across MIBC subtypes and NMIBC. (B) Quantification of YAP1 in different tumor areas. YAP1 intensity score of
0 represents no signal, and a score of 3 indicates high signal intensity. Chi-squared tests show a correlation between YAP1 and BC subclusters
in both stroma (left) and tumor (middle). The right panel depicts the percentage of tumor nuclei with positive YAP1 signal. (C) Count and types
of genomic alterations per gene. (D) Frequency of genes with likely pathogenic mutations (FATHMM [74], ClinVar [75]) and different
prevalence in BC subgroups (Fisher’s exact test, p < 0.05).
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Figure 5. Tumor-infiltrating immune cells in MIBC; association of BSCL2 with recurrence-free survival. (A) Fraction of tumor-infiltrating
lymphocytes in MIBC subgroups (Kruskal–Wallis test, *p = 0.014), given in [%] as intratumoral stromal area occupied by mononuclear
inflammatory cells over total intratumoral stromal area. (B) Differential regulation of immune checkpoint proteins. PD-L1 intensities were
taken from the library-predicted approach (Fisher’s exact test, p = 1.3 � 10�3). (C) Representative images of CD8 (pink) and PD1 (turquoise)
in MIBC with either high or low PD-L1 (green) (n = 10) and (D) quantitative data (*p = 0.045, unpairedWilcoxon test). The bar plot shows the
mean of cells per μm2, error bars represent SEM. (E) Principal component analysis of proteomic BC subgroups. (F and G) Mass spectrometric
intensities of E- and P-cadherin in proteomic BC subgroups (E-cadherin: p = 1.9 � 10�9; P-Cadherin: p = 1.3 � 10�3, ANOVA). (H) Proteins
associated with time to recurrence. (I) MS intensities of BSCL2 comparing recurrence within 1 year (n = 11) to cases with recurrence-free
survival for more than 3 years (n = 8) (*p = 0.007, one-sided t-test; results of two-sided t-test are given in supplementary material,
Figure S13). (J) Representative IHC of BSCL2. (K) IHC quantification (h-score [83]) comparing recurrence within 1 year (n = 11) to cases with
recurrence-free survival for more than 3 years (n = 8) (p = 0.045, one-sided t-test; results of two-sided t-test are given in supplementary
material, Figure S13). (L) Kaplan–Meier plot of BSCL2 (p = 0.016, log-rank test). Cutoff point was determined by maximally selected rank
statistics [80]. Vertical lines indicate censored data.
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Figure 6 Legend on next page.
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sequence) of the present data yielded the proteomic
corroboration of only one variant (KRAS G12D) in
one MIBC sample (not shown). This limited outcome
highlights the need for improved sequence coverage in
MS-based proteomics to exploit fully the possibilities of
proteogenomic corroboration.

Immune cell infiltration in MIBC
We histologically assessed immune cell infiltration in
MIBC. TILs correlated with the subgroups (Figure 5A).
Immune-depleted luminal subgroup aligned with lumi-
nal features [44,56], while high immune infiltration char-
acterized the basal-squamous subgroup [44,56]. No
significant correlations were found with gender, age,
TNM, or grade (Kruskal–Wallis test, p > 0.05).
In MIBC, we detected the immune checkpoint pro-

teins CD276, CD47, and IDO-1 (Figure 5B) with ele-
vated presence in one or several MIBC subgroups
compared to NMIBC, suggesting an immunosuppres-
sive TME (Figure 1G). IDO-1 has been associated with
tryptophan metabolism, leading to its replacement by
phenylalanine in protein translation via WARS-1 [76].
Despite an enrichment of IDO-1 and WARS-1 in the
immune subgroup, we did not observe increased W>F
substitutions (supplementary material, Figure S11).
We employed a predicted spectral library for an addi-

tional analysis to capture proteins that are possibly
underrepresented in the pooled reference sample. We
identified additional cytokines (e.g. CXCL16) and
immune checkpoint proteins, notably PD-L1 solely in
the immune subgroup (Figure 5B, supplementary
material, Figure S12). PD-1 remained undetected by
LC–MS/MS and immunostaining (not shown), indicat-
ing its absence in most MIBC samples. For 10 selected
MIBC samples, we pursuedmultiplexed immunostaining
analysis of PD-1, PD-L1, and CD8 (Figure 5C,D). Three
different regions were analyzed in each sample, yielding
30 analyses. CD8+ cells that concomitantly express PD-1
were detected in only a very few regions. Moreover,
these cases were constrained to PD-L1+ MIBCs.

The metabolic MIBC subgroup showed proteomic
proximity to NMIBC
The metabolic subgroup displayed proteomic proximity
to NMIBC (Figure 5E). This resemblance extended
to the levels of cadherins across BC subtypes
(Figure 5F,G), for which a switch from E-cadherin in
NMIBC to P- (or N-) cadherin has been reported as
MIBC progresses in grade and stage [77].

Elevated BSCL2 levels are associated with shortened
RFS in MIBC
We used the CoxBoost method [78] to identify proteins
with prognostic value (Figure 5H). Seipin (BSCL-2) had
the largest estimated coefficient and was associated with
shorter PFS in early boosting steps. BSCL2 is a trans-
membrane protein of the endoplasmic reticulum associ-
ated with lipid droplet formation [79]. Reduced BSCL2
levels were detected for patients with prolonged PFS
(Figure 5I, supplementary material, Figure S13). IHC
showed that BSCL2 was present mainly in tumor cells
(Figure 5J) and corroborated elevated BSCL2 levels in
cases with early recurrence (Figure 5K). Kaplan–Meier
analysis supports an association of BSCL2 with RFS
(Figure 5L). Analysis of Human Protein Atlas [81] data
for BSCL2 with KMPlot [82] and using auto-selection
for optimal cutoff resulted in a log-rank p value of 0.022
and hazard ratio of 1.36 for elevated BSCL2 levels.

MIBC presented elevated endogenous proteolytic
processing
To capture endogenous proteolytic processing (supple-
mentary material, Figure S14A), we analyzed the present
dataset with a spectral library representing semi-tryptic
and tryptic peptide sequences, identifying more than
4,600 semi-tryptic peptides (Figure 6A). Over 1,500
proteins were found with at least one event of proteolytic
processing (Figure 6B, supplementary material,
Table S8). More than 20 proteolytic events were found
for a small group of proteins (Figure 6B). The elevated

Figure 6. Elevated proteolysis and MMP levels in MIBC; proteomic characterization of MIBC PDX models. (A) Number of semi-tryptic peptides
and fully tryptic peptides in treatment-naïve cases. (B) Number of semi-tryptic peptides per protein. (C) Proportional intensity of semi-tryptic
peptides in MIBC and NMIBC (p = 3.2 � 10�5, t-test). (D) Mean abundance of MMPs and TIMPs [86] (error bars represent SD). (E) MMP-14
levels (p = 6.0 � 10�6, t-test). (F) Representative MMP-14 IHC. The arrows highlight staining in stromal regions. (G) IHC quantification (h-
score [83]) of MMP-14 in tumor and stroma of treatment-naïve bladder cancer (NMIBC, n = 11; MIBC, n = 46; p = 7.9 � 10�6 unpaired
Wilcoxon rank-sum test). (H) Immunoblot of T24 cells with shRNA-based knockdown of MMP-14 using two different constructs (sh_A and
sh_B) and scrambled control (shCtrl). (I) Transwell migration (mean number of cells, ±SD) of T24 cells bearing MMP-14 shRNA-knockdown
versus control with 0% or 10% FCS chemoattractant [left panel; shCtrl versus sh_A (p = 2.8 � 10�6, t-test) or sh_B (p = 2.7 � 10�5); right
panel; shCtrl versus sh_A (p = 6.1 � 10�8) or sh_B (p = 5.4 � 10�8)]. Ten images were taken per condition. (J) Transwell matrigel invasion
assay (mean number of cells, ±SD) of T24 cells bearing MMP-14 shRNA-knockdown versus control with 0% FCS chemoattractant, shCtrl
versus sh_A (p = 1.1 � 10�5, t-test), and shCtrl versus sh_B (p = 2.9 � 10�5, t-test). The bar plot shows the mean of 10 images for each
condition. (K) Mass spectrometry-based proteomics of the MIBC PDX specimens showing numbers of identified human (tumor) and murine
(stroma) proteins per sample. (L) Summed protein intensities of either human (tumor) or mouse (stroma) origin for core matrisome (top) or
matrisome-associated (bottom) proteins; *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant (t-test). (M) Cross-species correlation
analysis of PDX proteomics data using a partial least-squares (PLS) model and depicted as a correlation circle plot, highlighting four distinct
sets of proteins and displaying the corresponding top 100 proteins of human or murine origin. Box-and-whisker plots show summed protein
intensities of tumor and stroma proteins of three differentially colored sets, highlighting their direct or inverse correlation. Key biological
features of tumor and stroma proteins are stated.
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level of semi-tryptic proportional intensities in MIBC
compared to NMIBC (Figure 6C) indicated an increase
in endogenous proteolytic processing regardless of the
proteomic MIBC subgroup (supplementary material,
Figure S14B).

Upregulation of matrix metalloproteases exceeded
upregulation of tissue inhibitors of metalloproteases
in MIBC
Matrix metalloproteases (MMPs) in BC increase with
grade and invasiveness [84,85]. We found upregulation
of several MMPs (1, 2, 8, 9, 10, 11, 12, 14, 23B) and their
endogenous inhibitors TIMP-1 and TIMP-3 in MIBC
(Figure 6D), raising the question of their stoichiometry.
We employed the approach of He et al [86] to compare
protein levels from DIA data. The combined MMP levels
exceeded the combined TIMP levels, suggesting the pres-
ence of noninhibited MMPs. MMP-9 and MMP-14
(Figure 6E,F) were enriched in every MIBC subgroup
(supplementary material, Figure S14C,D). Since both
proteases surpassed the combined TIMP level, we did
not consider in further detail that TIMP-1 and TIMP-3
had slightly different inhibitory profiles. We used IHC to
investigate MMP-14, observing strong staining in the
tumor cells of both NMIBC and MIBC samples, with
significantly higher levels in the stromal cells of MIBC
(Figure 6G). MMP-14 is a key mediator for the migratory
and invasive behavior of T24 MIBC tumor cells [87],
which we corroborated through stable silencing and
assessing BC cell migration and invasion (Figure 6H–J,
supplementary material, Figure S14E–G).

Proteome profiling of patient-derived xenografts of
MIBC tumor-stroma correlations
To study tumor-stroma interactions, we analyzed a small
cohort of MIBC PDX models (n = 8). We identified an
average of 3,849 ± 192 tumor (human) and 1,283 ± 266
stromal (murine) proteins per sample (Figure 6K, sup-
plementary material, Table S3). The core matrisome was
predominantly of stromal origin (Figure 6L). Tumor-
and stroma-derived ECM regulators and ECM-affiliated
proteins were present at comparable levels (Figure 6I).
Tumor-derived ‘secreted factors’ were more prominent
than stromal-derived factors, e.g. proteins of the S100
family (supplementary material, Table S3). The core and
affiliated matrisome aligned with the proteomic MIBC
subgroups, where the core matrisome typified the ECM
subgroup, while the affiliated matrisome was enriched in
the metabolic and immune subgroups. Our findings
emphasize the contribution of CAFs to the dominant
ECM subgroup of MIBC, alongside tumor-autonomous
biological processes.

Furthermore, we observed strong coregulation
between tumor and stroma, with 1,638 tumor proteins
and 970 stroma proteins interrelated and separated into
four sets by two sPLS-DA components (supplementary
material, Table S3). We focused on the top 100 proteins
from both tumor and stroma (Figure 6M). An inverse

correlation was observed between opposing protein sets,
while proteins within the same set showed a positive
correlation. For example, tumor proteins associated with
energy metabolism, protein turnover, and cellular
homeostasis correlated with stromal proteins linked to
lipid transport and the complement system (Figure 6M,
supplementary material, Figure S15).
Given the intertumor heterogeneity of the PDX

models while the recipient mice were isogenic, the data
illustrated induction of stromal heterogeneity by tumor
heterogeneity.

Conclusions

We presented one of the first proteomic characterizations
of NMIBC and MIBC using DIA with a deep proteome
coverage of more than 8,000 quantified proteins. We
identified two NMIBC subgroups that correlated with
histological grade and three MIBC subgroups that cor-
related with the consensus subgroups: basal-squamous,
luminal, and stroma-rich. MIBC subgroups differed in
cell proliferation, ECM production, fatty acid metabo-
lism, immune response, and both level and composition
of infiltrated stromal cells. BSCL2 has been identified as
a potential prognostic marker, as its elevated levels asso-
ciate with a higher likelihood of tumor recurrence. We
detected higher levels of proteolytic cleavage products in
MIBC. Moreover, several MMPs were upregulated,
including MMP-14, which promotes both invasiveness
and migration of tumor cells. Mixed-species proteome
profiling of MIBC PDXmodels enabled a closer inspec-
tion of tumor–stroma correlations.
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