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Abstract

Background There is an urgent need for the development of innovative diagnostic and therapeutic strategies in
bladder cancer (BICa) management, due to its significant incidence, mortality, and morbidity. Extracellular vesicles
(EVs) constitute promising candidates as biomarkers, as their cargo is highly protected from degradation, and they can
be isolated non-invasively from urine. Furthermore, they play a pivotal role in intercellular communication that drives
disease progression, making them suitable candidates for tailored therapy approaches.

Methods We employed high-throughput mass-spectrometry to perform a comprehensive proteomic analysis of cell
lysates and matched EVs. EVs were isolated from six distinct human BICa cell lines, representatives of the complete
disease spectrum, to identify a BICa-EV associated signature. The translational ability of this signature was analyzed in
urinary EV (UEV) samples from BICa patients and healthy controls.

Results This study established a new lysate-to-EV signature that is common to all malignant cell lines. Afterwards,

this profile was analyzed in BICa uEVs, identifying a robust and novel 13-protein BlCa-enriched signature, which
includes ITGA2, ITGA6, SCRIB, and TFRC.

Conclusion We unveiled a novel, EV-derived protein signature that has potential to be further applied for future
functional studies, non-invasive diagnostic assays and targeted therapeutic interventions against BlCa.
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Introduction Extracellular vesicles (EVs) are nano-lipidic struc-

Bladder cancer (BICa) is among the 10 most common
cancers in the world [1], presenting a significant health
burden due to increasing incidence and mortality rates,
coupled with the limitations of current diagnostic and
monitoring approaches [2]. While non-muscle-inva-
sive bladder cancer (NMIBC) often carries a favorable
prognosis, it presents high recurrence and progression
rates to muscle invasive disease [3]. Consequently, these
patients are subjected to lifelong, invasive surveillance
procedures [4]. Conversely, muscle-invasive bladder
cancer (MIBC) tumors are aggressive, with poor out-
comes, often showing limited therapeutic response [5].
Although less invasive alternatives exist, their insufficient
sensitivity severely hampers their clinical utility [6-9].
Altogether, the combination of all these factors makes
BlCa one of the cancers with the highest lifetime treat-
ment costs per patient [10]. Hence, there is an urgent and
unmet need for novel non-invasive diagnostic and moni-
toring alternatives that can reduce both the financial bur-
den and morbidity associated with BlCa management.

tures, pivotal in intercellular communication [11]. These
particles encapsule diverse molecular cargo — includ-
ing proteins, lipids, and nucleic acids — which are often
a reflection of its parental cell status [12]. These vesicles
have emerged as a promising source of non-invasive bio-
markers since they are readily accessible and highly stable
in biofluids [13]. In BlCa specifically, urine presents itself
as a golden EV biomarker source, since it allows for a
completely non-invasive and painless collection method
of a biofluid that has direct contact with the tumor [14].
Furthermore, tumor-derived EVs (tEVs) play crucial roles
in remodeling the tumor microenvironment and promot-
ing cancer progression [15], while also having enormous
potential for early cancer detection, as they are released
even by pre-malignant lesions [16]. However, targeting
and capturing tEVs remains challenging due to the high
complexity of biological samples, which encompass fac-
tors such as the contribution of different EV sources,
biological contaminants and patient heterogeneity. More-
over, diverse pre-analytical parameters need to be consid-
ered, such as time of collection, diet, sample processing,
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amongst other variables [17]. These factors generate sub-
stantial confounding markers while potentially masking
genuine disease-specific signals. Established cancer cell
lines provide a rich and controlled source of material that
allow for identification of tumor-specific EV signatures,
without the background noise of confounding variables
that are inherent to patient-derived biological fluids [18].

In this study, we employed advanced high-through-
put spectrometry to comprehensively characterize the
proteome of BICa cell lines, ensuring that the analyzed
molecular cargo was intrinsically related to the malig-
nant phenotype. Crucially, the side-by-side proteomic
comparison of the parental cell lysate and the matched
secreted EVs was used to identify a core BlCa-associated
EV signature and unveil the proteins that are actively
encapsulated and exported via vesicles [19, 20]. Com-
parison of this signature with BlCa patient uEVs, sup-
ported BICa cell lines as appropriate models to study
BlCa-derived EVs with biological and clinical accuracy.
This work has the potential to uncover EV-based tumor
communication mechanisms, as well as new non-invasive
diagnostic and management biomarkers and potential
therapeutic targets.

Materials and methods
Cell culture
Six BICa cell lines (SW780, RT112, T24, J82, UMUC3 and
253 J) presenting different characteristics of the disease
spectrum — from low to high grade lesions, across differ-
ent stages and molecular subtypes — were used [21-23].
All cell lines were purchased from ATCC and grown
using the recommended medium (Biochrom-Merck,
Berlin, Germany) supplemented with 10% fetal bovine
serum (FBS, Biochrom) and 1% penicillin/streptomycin
(GBICO, Invitrogen) at 37 °C and 5% CO? (Table 1, Fig-
ure S1A). All cell lines were authenticated, and passage
number was kept below 60, with maximum 10 passages
at each time cells were kept in culture. Mycoplasma test
was regularly performed (every two weeks) in all cell
lines, using TaKaRa PCR Mycoplasma Detection Set
(Clontech Laboratories, Mountain View, CA, EUA).

For EV isolation, cell lines were cultured in five 150 mm
Petri dishes, each containing 20 ml of medium, for 72 h,
with a previously optimized cell density so 80-90%

Table 1 Clinicopathologic characterization of human BICa cell

lines [23]

CellLine Grade Stage Subtype Gender Culture medium
SW780 G1 NR Luminal  F DMEM

RT112 G2 pla Luminal  F RPMI-1640

124 G3 pla NR F RPMI-1640

182 G3 pT3 Basal M MEM

UMUC3 G4 >pl2  Basal M DMEM

253 G4 pT4 Basal M DMEM
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confluency would be achieved at the end of experiment.
The culture medium was supplemented with EV-free fetal
bovine serum (FBS), which had been prepared before-
hand by depleting vesicles via ultracentrifugation (UC)
at 100,000 g for 70 min (min). Cell viability was assessed
at the time of collection and consistently exceeded 90%
across all conditions (Supplementary Table 1). After cul-
turing, the cells and their respective conditioned medium
(CM) were harvested and processed. Cells were washed
with PBS after trypsinization and then lysed using RIPA
lysis buffer supplemented with 1x protease inhibitors
cocktail (PIC). The cell lysates were incubated for 30 min
at 4 °C and subsequently centrifuged at 12,000 rpm for
20 min at 4 °C, with the resulting supernatant being col-
lected. For the CM, cellular debris was eliminated via two
sequential centrifugation steps at 10 °C: first at 500 g for
10 min, followed by a second spin at 3,000 g for 20 min.
Both the cell lysates and the processed CMs were stored
at -80 °C until further use.

EVs isolation from BlCa cell lines

100 mL of CM was used to perform EV isolation, using
differential UC, as previously described [6, 24, 25].
Firstly, CM was ultracentrifuged at 12,000 g for 20 min,
to deplete large EVs, then another UC at 100,000 g for
70 min was performed to pellet small EVs. All UCs were
performed at 10 °C in an Optima XE-100 Ultracentri-
fuge (Beckman Coulter, California, EUA) using the 45Ti
rotor (Beckman Coulter, California, EUA). Finally, EV
pellets were resuspended with 200 pL of 0.22 pm filtered
PBS (f-PBS) and stored at -80 °C after Nanosight tracking
analysis (NTA) characterization.

Urine supernatant processing and uEV isolation

Urine samples from a retrospective cohort of both BlCa
patients and healthy donors (HDs) were retrieved from
the IPO Porto Biobank. Patients’ urine was collected at
the time of diagnosis and before any therapy. Donors with
matched gender and average age of the patients’ group
were selected, to ensure comparability. Donors with
matched gender and average age of the patients’ group
were included, to ensure comparability. All procedures
were conducted under the approval of the Ethics Com-
mittee of IPO Porto (CES 174/022) and the specific clini-
copathological characteristics of the patients and HDs
are detailed in Table 2. This study complies with the insti-
tutional/national ethical standards, following the 1964
Helsinki declaration and its later amendments or com-
parable ethical standards. To maintain sample integrity,
all processing was initiated within a maximum of three
hours of collection. The samples were first centrifuged at
1,000 g for 10 min at 4 °C (without braking) to separate
the urine supernatant from any pelleted cells/debris. The
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Table 2 Clinical and pathological characteristics of urine
samples from BICa patients and controls used in the study. HG:
high grade, is: carcinoma in situ

Sample Classification Age Gender
BICa1 pTis (urothelial carcinoma in situ) 77 M
BlCa2 pTa, HG papillary urothelial carcinoma 58 M
BlCa3 pTa, HG papillary urothelial carcinoma 73 F
BlCa4 pT3, invasive urothelial carcinoma, high 81 F
grade
BICa5 pT1, HG papillary urothelial carcinoma 53 F
BlCab >pT2, HG invasive urothelial carcinoma, 85 M
conventional (5%) combined with neu-
roendocrine carcinoma (>50%)
HD1 - 66 M
HD2 - 59 F
HD3 - 63 F
HD4 - 63 M
HD5 - 64 F
HD6 - 61 M

resulting supernatant was then promptly stored at -80 °C
until further analysis.

After thawing, a 9 mL aliquot of the urine supernatant
was subjected to another centrifugation step at 3,000 g
for 20 min to remove any remaining sediments. For the
subsequent UC protocol, samples were transferred to
a thick wall polycarbonate tube (Ref: 355631, Beckman
Coulter, California, USA) and diluted with f-PBS to a
final volume of 10 mL.

The process of differential UC was then used to iso-
late urinary EVs (uEVs). First, a centrifugation step at
12,000 g for 20 min at 10 °C was performed to pellet
larger vesicles. The resulting supernatant was then sub-
jected to a final UC step at 100,000 g for 70 min (at 10 °C)
to isolate the smaller EVs. The UCs were carried out in an
Optima XE-100 Ultracentrifuge (Beckman Coulter, Cali-
fornia, USA) using the 70Ti rotor. Following the final UC,
the supernatant was discarded, and the isolated uEV pel-
lets were resuspended in 100 pL f-PBS into a 1.5 mL low-
binding tube. After NTA characterization, samples were
then stored at -80 °C until further use.

EV characterization

Protein quantification

Protein concentration of cell lysates and EV samples was
quantified using the BCA™ Protein Assay Kit (Thermo-
Fisher Scientific, Waltham, Massachusetts, USA), follow-
ing manufacturer’s instructions. The plates were read in a
microplate reader (BMG LABTEC, Ortenberg, German)
at 562 nm in a FLUOstar Omega.

Nanosight tracking analysis

For assessment of particle size and concentration,
we employed NTA using a Nanosight NS300 system
equipped with a red laser (Malvern Panalytical, United
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Kingdom). Three to six cell line derived-EV replicates
and 12 uEV samples were analyzed by this technique.
Briefly, EV samples were diluted in f-PBS and introduced
into a 1 mL syringe. Five 30 s videos were recorded dur-
ing the analysis, maintaining a continuous syringe pump
flow rate of 3 units. Throughout the experiments, the
temperature was maintained at a targeted 25 °C. For all
captures, a screen gain of 9 and a camera level of 10 were
consistently applied. The results obtained were validated
with a minimum of 1,000 total tracks and a particle count
ranging between 10 and 50 per frame. The recorded vid-
eos were subsequently analyzed using NTA software
version 3.4. Particle concentration was normalized to vol-
ume of urine.

Transmission electron microscopy

EV morphology was assessed by transmission electron
microscopy (TEM), using negative staining. Firstly, 10 uL
of diluted EVs were mounted on Formvar/carbon film-
coated mesh nickel grids (Electron Microscopy Sciences,
Hatfield, PA, USA) and left standing for 2 min. After-
wards, 10 puL of 1% uranyl acetate were added onto the
grids with excess liquid removed. Visualization was car-
ried out on a JEOL JEM 1400 microscope (Tokyo, Japan)
at 120 kV and images were recorded using the digital
camera Orious 1100 W (Tokyo, Japan).

Mass spectrometry

Three replicates from cell line-derived samples, and 12
human urine EV samples were analyzed by mass spec-
trometry (MS). Approximately 40 pg of total lysate pro-
tein or total EV protein were processed for proteomic
analysis. Samples were first incubated at 95 °C for 10 min
at 1,000 rpm in a solution containing 100 mM Tris (pH
8.5), 1% (w/v) sodium deoxycholate (SDC), 10 mM tris
(2-carboxyethyl) phosphine hydrochloride (TCEP) and
40 mM 2-chloroacetamide (CAA). Following the solid-
phase-enhanced sample-preparation (SP3) protocol,
samples were enzymatically digested with trypsin/LysC
as previously described [26].

Protein identification and quantification was per-
formed using nanoscale liquid chromatography-tandem
mass spectrometry (nanoLC-MS/MS). The instrumenta-
tion consisted of a Vanquish neoliquid chromatography
system coupled to an Eclipse Tribrid Quadrupole Ion
trap Orbitrap mass spectrometer along with a High-
field asymmetric waveform ion mobility spectrometry —
FAIMS equipment (Thermo Scientific). 250 nanograms
of peptides were quantified for each sample and data
acquisition was performed following the previously
established methods [26].
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Fig. 1 (See legend on next page.)
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Fig. 1 Isolation and characterization of BICa cell line derived-EVs. A Schematic representation of the study workflow with UC protocol and EV charac-
terization. Created with BioRender.com. B Representative NTA profile showing size distribution of BlCa-derived EVs. C EV mode size distribution and (D)
secretion range (number of particles released per cell) across the different cell lines. Statistical analysis was performed using the Kruskal-Wallis test, *
p<0.05;** p<0.01. Measurements of 3 to 6 replicates. E Representative TEM image EVs, derived from SW780 cell line, were acquired at 25,000x magnifica-
tion (scale bar: 500 nm) and 100,000x magnification (scale bar:100 nm). F Positivity (blue boxes) for conventional EV and non-EV markers across all samples

based on LC-MS/MS data

Bioinformatic analysis

Data was processed using Proteome Discoverer 3.1.0.638
software (Thermo Scientific) and searched against the
UniProt database for the Homo sapiens reviewed pro-
teome (2024_01 with 20,418 entries). A common pro-
tein contaminant list search from MaxQuant was also
included in the analysis.

The Results data file obtained from Proteome Discov-
erer, R software (v4.4.2) was used for processing, quality
control and analysis of the study proteomic data. Only
proteins with high False Discovery Rate (FDR) confi-
dence (1%), absent from the contaminant list and with
at least two unique peptides were retained. Moreover, to
ensure data quality and reliability, only proteins with at
least two peptide spectrum matches (PSMs; “High”) were
considered as identified by MS/MS. Therefore, abundan-
cies from proteins with PSMs <2 — “Peak Found” or “n/a”
entries in “Found in sample” — were set to 0 in the cor-
responding “Abundance (Normalized)” column. Missing
values in “Abundance (Normalized)” of identified pro-
teins were also replaced by 0. To increase robustness,
only proteins present in all replicates within at least one
condition were kept. For protein frequency analysis, pro-
teins’ presence or absence was assessed without consid-
ering abundance. For cell lines, a protein was considered
detected within a condition if it was present in 100% of
replicates of said condition (Figure S2). Regarding uEVs,
only proteins present in 50% of HDs or BlCa samples
were kept.

Package “ggplot2” was used to generate bar and box
plots, to identify protein counts across different sam-
ples. To account for protein overlap among experimental
groups an Upset plot was generated by “UpSetR” package
and “eulerr” package was used to generate the Euler dia-
grams for overlap between lysate and EV from each cell
line. For protein abundance, abundance values equal to
0 were imputed with the minimum non-zero abundance
value per sample divided by 3 to facilitate log2 transfor-
mation. Principal Component Analysis (PCA) evaluated
sample clustering using the “factoextra” package. Using
the “pheatmap” package, hierarchical clustering heatmap
was generated, and Pearson correlation heatmap was
generated to evaluate the correlation between samples.
Condition annotations were incorporated for visualiza-
tion. Statistical significance of log2-transformed protein
abundance for each of protein identified as BlCa-exclu-
sive was determined using the Wilcoxon rank-sum test.

Enrichment analyses for Biological Processes (BP) of
Gene Ontology (GO) were performed using the “cluster-
Profiler” package. The “enrichGO” function was applied
with multiple testing correction with the Benjamini-
Hochberg method. Subcellular localization was retrieved
from the Human Protein Atlas (HPA), using the “HPA-
analyze” package.

Statistics

Statistical analyses for particle concentration and sizes
were performed using GraphPad Software (GraphPad
Software, Boston, MA, USA). Kolmogorov-Smirnov
test was performed to check normality. Comparisons
between groups were performed using the non-paramet-
ric test Mann—Whitney U test. P-values lower than 0.05
were considered statistically significant, with *»<0.05
and **p<0.01, **p <0.001, ****p <0.0001.

Results

EV characterization

EVs representing different characteristics of BlCa dis-
ease (Table 1) were isolated by UC and characterized
in accordance with the Minimal information for stud-
ies of extracellular vesicles (MISEV) guidelines [27]
(Fig. 1A). NTA showed that particle size mode ranged
from 100 to 160 nm, with no significant differences
among EVs derived from the various cell lines, except
for 253 J-derived EVs, which were significantly smaller
than those from J82 (Fig. 1B-C, p=0.0025). Curiously,
J82 and UMUCS3, typically aggressive phenotype cell
lines, secreted more particles than SW780 and 253 ]
(Fig. 1D), suggesting that secretion pattern was indepen-
dent of tumor grade, since SW780 represents the lowest
stage among the analyzed cell lines, while 253 ] comes
from an aggressive and metastatic origin. TEM showed
cup-shaped vesicular structures within the expected EV
size range (Fig. 1E, S1A). Regarding protein markers, all
replicates expressed conventional EV-associated pro-
teins, except for one 253 J-EV replicate that lacked Flotil-
lin 2 (FLOT2). As expected, contaminant markers were
detected in the cell lysates but were largely absent from
the corresponding cell-derived EVs (Fig. 1F), showing the
successful isolation of our EV population.

Proteome characterization
From our proteomic study, 6,886 identified proteins
were absent from the contaminants list, with high FDR
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and presented at least two unique peptides. To increase
reliability and biological confidence, while minimizing
the impact of stochastic noise or sample-specific con-
taminants, 6,613 proteins that were consistently present
across all biological replicates of at least one cell lysate
or derived EV condition were considered for further
analysis.

To assess global similarities and differences across
the six cell line lysates and their derived EVs, PCA was
performed (Fig. 2A). Sample type — lysate or EV — was
the dominant factor influencing clustering (PC1 54.8%).
PC2 then separates lysates into two clusters (PC2 10.7%):
one comprising SW780, RT112 and J82, and the other
UMUCS3, 253 ] and T24. Furthermore, all lysate replicates
derived from the same cell line clustered together. More-
over, while EV samples clustered apart from cell lysates,
J82-derived EVs further segregated from other EV sam-
ples. The sample type separation was also evident in the
heatmap, which clearly distinguished lysates from EVs
(Fig. 2B).

In agreement with PCA, unsupervised hierarchical
clustering of Pearson correlations showed perfect seg-
regation of lysate replicates. In contrast, EV replicates
exhibited high mutual correlation, even across different
cell lines (Fig. 2C). Notably, lysate-to-EV showed weak
correlations (r=0.212 to 0.350), across matched lysate to
EV cell line (Supplementary Table 2).

Together, these analyses reveal two proteomic subtypes
among the cell lysates, while EVs display greater hetero-
geneity, with J82-EVs emerging as a distinct “outlier”
within the EV compartment.

BlCa cell line selective packaging and proteomic signatures
Considering that different cell lines were analyzed and
that cargo packaging can vary among them, we evaluated
the degree of overlap between lysate and EV proteomes
for each cell line (Fig. 3A-B and S3). Interestingly, the
proportion of shared proteins was similar across all cell
lines, with around 25% (~ 1,200 proteins) of the proteins
being common to both lysates and EVs (Supplementary
Table 3). In fact, almost 80% of lysate proteome is absent
from EVs, whereas, in contrast, EVs share 80% of pro-
teins with lysates proteome (Supplementary Table 4). As
expected, these results show that EVs do mirror the pro-
teomic composition of their cells of origin.

Regarding protein number, lysates displayed a substan-
tially higher number of detected proteins compared with
EVs. Cell lysates presented around 5,000 different pro-
teins, with 253 ] presenting the greatest diversity (5,120
proteins). In contrast, EVs contained almost half as many
proteins — about 2,000 proteins — with J82-derived EVs
presenting the lowest amount (1,561 proteins) (Fig. 3C,
S4A-B; Supplementary Table 5).
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The reliability of the proteins found in our analysis
was validated by comparison against publicly available
databases. For cell lysates, the majority of proteins over-
lapped with those reported in a previous proteomic anal-
ysis of BlCa cell line lysates [28]. Five out of the six cell
lines were common between the two studies, and nearly
3,500 proteins were present in both datasets, represent-
ing 89.5% of the proteins identified by Puttamalesh and
colleagues (Figure S5A). For EVs, comparison with Exo-
carta [29] and Vesiclepedia [30] databases showed that
our EV samples contained 73 of the “Top 100” EV mark-
ers listed in both databases, along with an additional 37
proteins appearing in at least one of the two lists (Figure
S5B). Additionally, when specifically examining the 374
BICa cell-derived EV proteins present in these databases,
most proteins — 275 — were also detected in our EV data-
set (Figure S5C).

To characterize the protein content expressed across
the different cell lines and to assess whether a com-
mon protein signature could be identified, we quantified
the intersecting proteins among all conditions, both in
lysates and EVs. Notably, the largest shared set consisted
of 1,424 proteins present exclusively in lysates across all
six cell lines. In contrast, 52 proteins were shared among
EVs from all six cell lines but were absent from the cor-
responding lysates. Importantly, 497 proteins were com-
mon to every condition, being expressed in all replicates,
from all cell line lysates as well as their derived EVs
(Fig. 3C). Additionally, the correlation between matching
lysate and EVs increased from 0.292, in the full proteome,
to 0.532 when focusing on commonly detected proteins
(Figure S6A and Supplementary Table 6). 156 out of 497
proteins have already been documented in BlCa EV-
related databases, showcasing strong alignment between
our dataset and previously published findings (Figure
S6B). Moreover, from the remaining 341 proteins, con-
sistently detected across all BlCa cell line EVs, some may
represent candidate BlCa EV-associated proteins not yet
documented in current databases.

As expected, most of the 1,424 lysate exclusive proteins
located in the nucleus (40.2%), followed by mitochon-
dria (20.9%) and cytosol (11.7%). On the other hand, EV-
exclusive proteins were predominantly associated with
vesicles (22.9%), as well as endoplasmic reticulum (ER),
Golgi apparatus, and nucleus (each 17.1%). Additionally,
none of the EV-exclusive proteins originated from mito-
chondria. Among the proteins common to all lysates and
EVs, the majority were assigned to the cytosol (35.1%),
nucleus (22.5%), and plasma membrane (13.7%) (Fig. 4A).
To further investigate the functional relevance of these
three protein groups, we performed GO enrichment
analysis focused on biological processes (Fig. 4B). Using
the full 6,613 protein set as a reference list, an over-repre-
sentation analysis (ORA) was performed. All significant
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Fig. 2 Proteomic characterization of lysate and EVs derived from different BlCa cell lines. A PCA plot of all detected proteins. B Unsupervised hierarchical
clustering heatmap of samples based on protein expression patterns across all 12 conditions (six cell lysates and matched EVs). The color scale indicates
log, protein abundance, from high (red) to low (blue) expression. C Hierarchical clustering of Pearson correlations, using log, protein abundance, among
all replicates
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GO terms were used to assess the most representative
biological clusters (Figure S7).

Proteins shared across all samples were primarily
involved in rapid, high-volume cellular activities and
motility. These functions are characteristic of highly
dynamic cells, such as cancer or migratory immune
cells. For instance, terms like “canonical glycolysis” and

152141
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Fig. 3 Overlap of lysate and EV proteome across all BICa cell lines. A Composition of lysate proteome showing percentage of lysate-exclusive and EV
overlap proteins. B Composition of EV proteome showing percentage of EV-exclusive and lysate overlap proteins. C Upset plot showcasing number of
proteins per condition, intersections and number of overlapping proteins across different conditions. Highlighted intersections present the 3 different
group signatures: Lysate-exclusive, Common (Lysate and EV) and EV-exclusive
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Composition of EVs Proteome
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“NADH metabolic processes” suggest a high energy
demand often seen in fast-growing cells. Processes such
as “actin cytoskeleton organization’, “lamellipodium
organization’, “import into cell” and “endocytosis” infer
about cell shape and movement, while telomere mainte-
nance strongly points to a population of actively dividing
or immortalized cells.
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Lysate-exclusive proteins were enriched in processes
associated with metabolic activity, including “oxidative
phosphorylation’, “cellular respiration”, and “ATP syn-
thesis’, underscoring the presence of energy-generating
machinery. Moreover, terms related to the maintenance
and repair of this machinery were prominent, such as
“mitochondrial gene expression’, “ribosome biogenesis’,
and “regulation of nucleotide-excision repair”. In contrast,
EV proteins were predominantly associated with cellular
defense and response to damage and threats. Enriched
terms included “hemostasis’, “fibrinolysis” and “wound
healing’, indicating active surveillance or inflammatory
states, further supported by terms such as “humoral
immune response” and “complement activation” Addi-
tionally, EV proteins maintained a strong emphasis on
cell adhesion and migration, highlighted by terms such as
“cell-cell adhesion’, “cell-substrate adhesion”, and “regula-
tion of cell migration” Notably, all protein groups shared
processes related to protein processing, such as “protein
folding”, “ribosome biogenesis’, and “protein processing”;
as well as functions related to signaling and molecular
trafficking such as “endocytosis’, “transport’, and “integ-

rin-mediated signaling pathway” (Fig. 4B).

BICa cell line common proteins are present in the tissues of
BlCa patients

To understand whether the signature found in BlCa cell
lines reflects patient-derived samples and can there-
fore have a translational purpose, we cross-checked
our proteomics data with a comprehensive proteomic
study conducted on formalin-fixed paraffin-embed-
ded (FFPE) bladder tumor tissues from BlCa patients.
This study analyzed a cohort of 434 tumor and normal

A B

BlCa cell line proteins

1553 Tissue Proteomics
5060
19.3%
(19.3%) . 1439
(17.9%)
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adjacent samples, comprising 242 tumors, ranging from
NMIBC Ta low grade to MIBC with lymph node metas-
tasis, and 192 paired normal adjacent mucosae, covering
the full spectrum of BlCa disease [31]. Globally, almost
63% of the total proteins identified in both studies over-
lapped (Fig. 5A), suggesting that BICa cell line proteins
largely mimic what is represented in tissues from BICa
patients. Focusing on proteins shared across the differ-
ent cell lines, we assessed the overlap between Dressler
and colleagues’ study and our three defined protein
groups (Common, Lysate-exclusive and EV-exclusive).
Remarkably, nearly all proteins common to our condi-
tions (486 of 497) were also present in the tissue samples,
representing approximately 7.5% of the tissue proteome
(Fig. 5B). Moreover, 1,270 of 1,424 lysate-exclusive pro-
teins were also expressed in tissues, accounting for 19.5%
of the tissue dataset. Among EV-exclusive proteins, 31 of
52 were found in tissues, representing 0.5% of the tissue
proteome. Additionally, another 50.4% of tissue proteins
were also present in our study, resulting in approxi-
mately 70% of the BlCa tissue proteome being repre-
sented within our BlCa cell line proteomics. Together,
these findings demonstrate a substantial molecular
convergence between BICa cell line and patient tumor
proteomes, indicating that the analyzed in-vitro mod-
els capture a large portion of the proteomic landscape
observed clinically, thereby supporting their use as rel-
evant translational models.

Translation potential of common proteins in BICa-uEVs

After identifying 486 proteins common in BICa cell lines
and cancer patients, we ascertained their potential for
biomarker and therapeutic strategies. Thus, we evaluated

All Common

EVs & Tissue

Lysates & Tissue

Other Cell or EV protein
M Tissue Only

1853
(27.6%)

Fig. 5 Presence of BICa cell line protein signatures in BlCa patient tissues. A Venn diagram of our BICa proteins (6,613) and overlap with proteins identi-
fied in BICa patients tissue proteomic study. B Donut chart showing distribution of protein presence/absence from the three different datasets in BlCa

patient’s tissue proteomics
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Fig. 6 Characterization and validation of BICa-EV cell line derived signature in uEVs of BICa patients. A Representative NTA profile showing size distribu-
tion of UEVs. B UEV concentration as number of particles per mL of urine and (C) uEV mode size distribution. Results are presented as mean+SEM. D
Representative TEM images of UEVs at 100,000x magnification (scale bar: 100 nm). E Log2 abundance values for conventional EV and non-EV markers
across all samples based on LC-MS/MS data. F Euler diagram comparing proteins from HD UEVs (> 50% detection), BICa UEVs (> 50% detection), BICa cell
line EVs, and common protein signature (only including proteins found in tissue database). G Heatmap of log2-transformed abundances for proteins
exclusive to BICa patient uEVs and found across all cell line conditions and Dressler tissue database. Row annotations indicate subcellular localization and

statistical significance

these proteins in uEVs from BICa patients, using nine
different publicly external datasets [32—-40] of potential
EV protein biomarker studies performed in BICa urine
samples and also using our own translational cohort. By
crosschecking the common proteins with patient samples
displayed in these databases (Supplementary Table 7), we
identified 53 proteins in common with our study (Figure
S8A). Moreover, six proteins — Heat Shock Protein 90
Alpha Family Class B Member 1 (HSP90AB1), Myris-
toylated alanine-rich C-kinase substrate (MARCKS),
Annexin A1 (ANXA1), Annexin A2 (ANXAZ2), Nicotin-
amide phosphoribosyltransferase (NAMPT) and Myo-
sin-9 (MYH9) — have been reported as upregulated in
BlCa uEVs in more than one of these studies (Figure S8B).
Additionally, we performed MS in a small translational
cohort comprising six BlCa patients — ranging from in
situ to muscle invasive disease — with age and gender
matched HDs, to check if there were overlaps between
our cell lines and proteins exclusively detected in BlCa
patients. uEVs were successfully isolated as seen by the
NTA profile and TEM images, showing no differences
in particle concentration and mode size between cancer
and healthy samples (Fig. 6A-D). Moreover, even though
uromodulin (UMOD), which is the major urine protein
contaminant, was found in uEVs, these samples also pre-
sented all the common EV markers (Fig. 6E).

Furthermore, EVs isolated from cell lines and urine
were similar in size and common markers. Cell line-
derived EVs ranged from 97 to 159 nm in mode, with an
average of 126 nm, while urine-derived EVs displayed a
range from 107 to 190 nm, presenting a similar average
mode of 130 nm (Supplementary Tables 1 and 8). Molec-
ularly, both EV sample types presented all common EV
markers and largely lacked cellular contaminants.

When comparing BlCa cell line EVs, including the
common proteins, with uEVs from BlCa and HDs, 408
proteins were present across the four groups, represent-
ing a high-confidence set of uEV proteins consistently
expressed across patient samples, cell line models, and
BlCa tissues (Fig. 6F). Nonetheless, each group presented
exclusive proteins, with BlCa uEVs presenting 1,046 pro-
teins not expressed in any other group. Notably, 52 out of
the 486 proteins commonly expressed in BlCa cell lines
and tissue data were also detected in urine from BlCa
patients but absent from >50% of HD samples. Con-
versely, 613 BlCa cell line EV proteins were not detected

in either urine groups, potentially reflecting differences
between in vitro models and clinical specimens.

Interestingly, 13 proteins out of the 486 were found to
be exclusive of BICa uEVs (Fig. 6G). Scribble planar cell
polarity protein (SCRIB), Transferrin receptor protein
1 (TERC), Integrin alpha-2 (ITGA2), Integrin alpha-6
(ITGA6), Activated RNA polymerase II transcription
factor 1 (SUB1), Minichromosome maintenance com-
plex component 4 (MCM4), High mobility group box 2
(HMGB2), DEK proto-oncogene (DEK), Ribosomal pro-
tein L8 (RPL8), Ran GTPase activating protein 1 (RAN-
GAP1), Serine and arginine rich splicing factor 1 (SRSF1),
Serine and arginine rich splicing factor 2 (SRSF2) and
Coiled-coil domain containing 47 (CCDC47) were pres-
ent in at least half of the BlCa patient samples and absent
from HDs. Additionally, ITGA2, ITGA6, SCRIB and
TFRC were detected in all BlCa patient uEV samples,
without being identified in any HDs and were also signifi-
cantly upregulated (Figure S9 and Supplementary Table
9). These four proteins can be easily targeted since they
are all located in the EV-membrane, demonstrating their
potential as minimally invasive BICa markers.

Discussion

The aim of this study was to uncover a core EV proteomic
signature representative of the heterogenous nature of
BICa, specifically, the protein machinery driving disease
biology and encapsulated within its secreted vesicles.

Advanced MS was performed to comprehensively char-
acterize the proteomes of BlCa cell line-derived lysates
and EVs across a broad disease spectrum. More impor-
tantly, following this discovery phase, we conducted
retrospective validation of prioritized biomarkers using
external datasets of differently expressed uEV proteins
in BlCa patients, and a limited, valuable patient cohort
to demonstrate their clinical relevance. To this end, uEV
samples from BlCa patients and HDs were analyzed to
assess the applicability of these markers in a real-world
clinical setting.

BlCa encompasses extensive molecular and phenotypic
heterogeneity, which is reflected in current molecular
subtyping systems that distinguish groups such as lumi-
nal and basal, each carrying distinct clinical implica-
tions [41-45]. This diversity is mirrored in the included
BICa cell lines, that span from NMIBC and MIBC mod-
els and represent different stages, grades, and molecular
subtypes. This strengthens the translational relevance of
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proteins identified as part of the common EV signature.
The variability observed across BlCa cell line EV profiles
in this study is consistent with the broad biological spec-
trum of this malignancy and helps explain the complex-
ity in finding BlCa-specific biomarkers. The fact that our
study includes cell lines representative of this spectrum
enabled the identification of a shared EV and lysate dis-
ease-specific signature across heterogeneity, rather than
restricting analysis to subtype-specific patterns [46].
However, these subtype-specific EV profiles could also be
important to be further explored, particularly in the con-
text of tumor molecular stratification.

One major advantage of using cell lines is their capac-
ity to provide virtually unlimited amounts of relevant
biological material. This is particularly valuable for EV-
focused studies, as EV yield from patient samples is often
very low, making cell lines vital for early biomarker/
therapeutic target discovery as well as cancer biology-
related studies. Nonetheless, it is important to recognize
that cell lines do not perfectly recapitulate tumors, espe-
cially due to intratumoral and interpatient heterogeneity,
and tumor microenvironment complexity. Furthermore,
although cell-derived EV collection parameters such as
seeding density and viability assessment at the time of
collection were standardized, some inter-replicate vari-
ability in EV secretion was observed across cell lines,
which likely reflects intrinsic biological differences in
EV biogenesis. Despite these limitations, in vitro mod-
els remain indispensable tools in EV and BlCa-related
research.

Beyond simply identifying potential biomarkers, cell
lines enable critical functional validation, demonstrat-
ing the relevant biological effects that EV cargo can exert
on the tumor microenvironment and cancer metasta-
sis [47]. This mechanistic insight is essential to confirm
a biomarker’s biological relevance rather than merely
correlating with disease. Cell lines can also elucidate
EV-mediated intercellular communication and identify
targetable pathways that can be exploited therapeutically.
Numerous BICa cell line-EV studies have demonstrated
that EV cargo can promote malignant phenotypes, with
EVs from more aggressive cell lines influencing the
behavior of less aggressive cells. These effects have been
demonstrated across studies assessing proliferation,
invasion, migration, drug resistance, and angiogenesis
[48-55]. Hence, this proteomic signature offers a starting
point for functional exploration of EV-mediated commu-
nication in BICa, including the impact of specific EV pro-
teins on BICa spreading.

Given the inclusion of EVs from multiple sources, we
employed a standardized differential UC protocol for EV
isolation, enabling a controlled and source-independent
EV proteomic content [24, 56]. The absence of a wash-
ing step may impair absolute purity and introduce some
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degree of co-isolation of non-EV particles and soluble
proteins. However, UC-based washing has been shown
to provide only marginal gains in purity while account-
ing for significant particle loss [57, 58]. Since none of
the UC-based isolation methods currently offer optimal
recovery regarding both EV yield and purity [27, 59, 60],
we chose to maintain adequate recovery across two bio-
fluids with distinct compositions, isolating EV popula-
tions with similar size across different biological sources.
Another related challenge inherent to uEV proteomics is
the co-isolation of UMOD, the most abundant protein in
urine, which forms filamentous polymeric networks that
co-sediment with uEVs during UC [61, 62]. In our study,
UMOD was consistently detected across all uEV samples.
This co-isolation is a well-recognized challenge across
the majority of uEV enrichment methods, persisting even
after more stringent isolation approaches [62]. While
reducing agents such as dithiothreitol (DTT) or TCEP
have been proposed to depolymerize UMOD, these treat-
ments risk altering the structure of disulfide bond-depen-
dent proteins and do not fully prevent co-sedimentation
upon UC. Moreover, its ubiquitous presence even in the
most rigorous isolation approaches suggests that it may
also represent a legitimate uEV cargo protein carried by
a subset of uEVs, and complete removal is not always
achievable or even desirable depending on the study
focus [62]. Overall, our study design adhered to MISEV
guidelines, which is essential to minimize methodologi-
cal variability in EV research [27], and patient-derived
samples were collected and processed using a routine
standard operating procedure to mitigate pre-analytical
variability. This is a known significant challenge in liquid
biopsy studies [63], strengthening the translational rel-
evance of the resulting signatures.

In our study, proteome analysis shows distinct profiles
between EVs and lysates. Low correlation and inter-cell-
line variability between EV and parental cell proteomes
has been previously documented [64, 65], with small EVs
exhibiting significantly lower protein correlation with
intracellular levels compared to non-vesicular fractions
[66]. Collectively, these findings establish that low and
variable EV-to-cell proteome correlation is biologically
meaningful, reflecting active cargo selection mechanisms
rather than a technical artefact. Moreover, correlation
strength of lysates with their derived EVs and other cell
lines’ EVs was not significantly different, suggesting that
vesicle-associated information is similar across cell lines.
Interestingly, lysate proteomic profile formed two dif-
ferent clusters, one comprising less aggressive cell lines
(SW780, RT112 and J82) and another consisting of more
aggressive and metastatic models (UMUC3, 253 ] and
T24). Although J82 originates from a high-grade (G3),
pT3 tumor, and is generally considered aggressive, previ-
ous reports show that it shares several features with less
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aggressive, luminal, or papillary cell lines such as SW780
and RT112, rather than clustering with highly mesenchy-
mal or more aggressive cell lines such as UMUC3, T24
or 253 ] [21, 22, 28]. In contrast, EVs showed similarities
across conditions, suggesting once again that EV cargo
appears largely cell-line independent, consistent with
previous studies [65].

As expected, lysates presented a higher number of
unique proteins than EVs: among the 6,613 proteins
identified across all replicates in at least one condition,
lysates comprised roughly 5,000 proteins, whereas EVs
contained approximately 2,000 distinct proteins. Fur-
thermore, we compared proteins identified in this study
with external public databases, and most listed proteins
were also present in our dataset, reinforcing the robust-
ness and reliability of our results [29, 30]. Importantly, a
substantial fraction of the proteins identified here repre-
sent novel data, thereby expanding the current proteomic
landscape.

To reach a protein signature shared across all lysates
and EVs derived from all BICa cell lines, we strati-
fied our dataset into three groups: proteins common to
both lysates and EVs, lysate-exclusive proteins, and EV-
exclusive proteins. This analysis showed that these three
groups differed markedly in protein abundance, sub-
cellular localization and biological functions. It should
also be noted that subcellular compartment classifica-
tions and biological processes reflect the known prop-
erties of each protein in the producing cell, rather than
its physical localization or biological function within the
EV itself. To further understand these proteins’ loca-
tion in the EVs and its implication on specific biological
mechanisms, dedicated approaches such as proteinase
K protection assays or surface biotinylation strategies
should be further explored [67-70]. Nonetheless, com-
mon proteins were primarily associated with prolifera-
tion and migration, whereas lysate-exclusive proteins
were enriched in pathways related to energy production,
and EV-exclusive proteins were linked to hemostasis and
defense responses, highlighting the functional diversity
of these proteomic subsets. Additionally, we show that
only 25% of the proteomic profile of lysates and EVs is
shared, and this overlap is consistent across the differ-
ent cell lines. Lysates retain most of their protein content
without packaging it into EVs, which is justified by the
localization of these proteins, since they are mainly asso-
ciated with the nucleus and mitochondria, a feature that
is not present in EV biogenesis [27, 71]. In contrast, most
proteins present in EVs were shared with the lysate’s pro-
teome, confirming that EVs do mimic their cell of origin.

Since our purpose was to identify a common BICa sig-
nature with potential translational value, we evaluated
whether our proteins reflected those found in patient-
derived bladder tissues, covering the full spectrum of
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BICa lesions, from Dressler and colleagues. Using this
dataset for comparison, we observed that more than
5,000 of the 6,613 proteins identified in our study were
also present in BlCa patients’ tissues. This finding shows
that both lysates and EVs from BICa in vitro mod-
els highly mimic what is expressed in patient samples,
addressing their clinical utility and suggesting its trans-
lational potential. Approximately 30% of tissue proteins,
however, were not detected in our dataset. This discrep-
ancy likely reflects the contribution of tumor microenvi-
ronment to tissue proteomic diversity [72, 73], as tissue
fragments contain not only tumor cells but also stromal,
immune, and vascular components, which are not cap-
tured in monoculture models. Focusing specifically on
the 497 proteins shared across all cell lines and EVs, only
11 were absent from the tissue proteomics dataset. This
high degree of overlap underscores the biological rel-
evance of the shared proteomic signature and suggests
that, despite their simplified nature, BICa cell lines cap-
ture key clinically important molecular features of the
disease.

The translational potential of this signature was fur-
ther evaluated in uEVs from BICa patients and HDs, both
in external datasets and in a small translational cohort.
The use of cell line—derived EVs and patient uEVs repre-
sent complementary but distinct experimental contexts.
Despite these differences, previous studies have dem-
onstrated meaningful overlap between cell line EVs and
patient-derived uEVs proteomes [51, 74] and transcrip-
tomes [46], supporting the translational relevance of cell
line—based discovery strategies. Altogether, these obser-
vations support our study design, in which cell line—
derived EV proteomics serves as a controlled discovery
platform, with translational relevance assessed through
cross-comparison with patient uEV data. Urine repre-
sents the ideal source of non-invasive BlCa biomarkers,
since it maintains direct contact with bladder tumor cells.
For EV focused studies, this is particularly advantageous,
as urine becomes enriched in tumor-derived EVs while
minimizing contamination from EVs originating from
non-urological tissue [75].

To further assess this translational robustness, we per-
formed a systematic cross-study comparison of our cell
line-derived signature against nine published BlCa uEV
proteomic datasets, focusing on proteins reported as
upregulated in BICa patients. This analysis identified 53
candidate proteins with prior independent evidence of
BlCa-associated detection in patient uEVs across multi-
ple studies, with six proteins detected in more than one
independent cohort. Notably, proteins unveiled in multi-
ple independent datasets represent the most translation-
ally consistent candidates, being identified across distinct
patient populations, isolation protocols, and analytical
platforms. This cross-study convergence substantially
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Table 3 List of uEV proteins and their roles in cancer, BICa, EVs and BlCa-derived EVs with respective protein reported studies. ALT:
alternative lengthening of telomeres, CNS: Central nervous system, ECM: Extracellular matrix, EMT: Epithelial mesenchymal transition,

HGSOC: High grade serous ovarian carcinoma, NR: Not reported

Protein Function BICa General EVs BlCa-EV
Role in cancer
SCRIB Involved in cell polarity, tumor suppressor [77]  Polarity disruption during urothelial carci- ~ NR NR
noma progression/EMT involvement [78]
TFRC Iron metabolism and cell proliferation [79,80]  Diagnostic marker, with higher expression  First EV identified protein ~ NR
in tumor tissues [81] and as therapeutic [83, 84], potential nanocar-
targets [82] riers for CNS parenchyma
[85]
[TGA2 ECM adhesion, promotes EMT, invasion and Cell proliferation, migration, and tumori- HGSOC[89], lung cancer NR
migration [86, 87] genesis [88] [90], pancreatic cancer [91]
[TGA6 Laminin-binding integrin, cell adhesion, lym- Higher expression of ITGA6 correlated with  Metastasis promotion in Tissue
phangiogenesis, metastasis poor prognosis [92] ovarian and pancreatic derived
cancer [93, 94] EVs: pre-
metastatic
niche in
draining
lymph
nodes [76]
SUB1 Transcriptional co-activator and chromatin Elevated in BICa, associated with survival, ~ NR NR
regulator. ALT, genome stability [95] related with cancer stemness genes,
potential therapy target [96]
MCM4 DNA replication, uncontrolled proliferation [97,  Overexpressed in BlCa cell lines [28], MCM  NR NR
98] family protein overexpressed across stages
[31,99]
HMGB2 Increases DNA repair efficiency, radioresistance  Associated with progression and angio- Muscle cell-EVs [103], NR
[100, 101] genesis [102] plasma EVs [104]
DEK Affects DNA damage repair; proliferation; inhib-  BICa tissues and urine [106] NR NR
its apoptosis [105]
RPL8 Proliferation via transcriptome and ALT [107] NR NR NR
RANGAP1 Nuclear protein export, pro-oncogenic [108] NR Nuclear export signal- NR
cargo in sEVs [109]
SRSF1 Alters splicing of crucial cell cycle regulatory Cell growth and migration [111], poor Cell line derived and NR
genes and tumor suppressors, oncoprotein prognosis and cisplatin resistance [112] plasma-derived EVs [113]
[110]
SRSF2 Pre-mRNA splicing/AS [110] Repressed in chemoresistance [114] Cell line derived and NR
plasma-derived EVs [113]
CCbc47 ER protein folding, calcium signaling [115] NR NR NR

strengthens the translational relevance of our signature
and provides an external, multi-cohort framework.

Interestingly, from the 486 identified targets in all cell
lines and present in BlCa tissues, 460 were present in
urine, reflecting their translation to human samples. 13
were exclusively present in uEVs of BlCa patients, four of
which (ITGA2, ITGA6, SCRIB and TFRC) were also sig-
nificantly upregulated and consistently detected across
all BICa samples analyzed.

Six out of 13 identified proteins have been implicated
in BlCa or EV biology, however, the only protein docu-
mented and explored in BlCa-derived EVs was ITGA6
(Table 3). Also by an MS approach, Lin et al. identified
and studied the role of BICa tissue derived ITGA6+-
EVs. These EVs targeted lymphatic vessels through
ITGA6-CD151 interplay and released circRNA-LIPAR
to induce E-selectin (SELE) overexpression. Moreover,

by engineering ITGA6+-EVs, lymphatic metastasis
was suppressed and survival rates increased, suggest-
ing a clear therapeutic application [76]. Our study adds
another layer to the importance of this marker by detect-
ing ITGAG in a different EV source — urine. This suggests
that the importance of ITGA6-EVs extends beyond local
tissue to systemic release. Therefore, further exploration
of the other 12 identified proteins in BlCa-EVs has the
potential to enhance our knowledge regarding the rele-
vance of these targets for BlCa detection and therapeutic
management.

Independent omics studies collectively point towards
a consistent biological portrait of BICa EVs, supporting
the existence of a disease-associated EV molecular sig-
nature from cell-of-origin to EV. Our findings align and
extend with recent RNA and glycan studies performed
in BICa EVs [46, 116]. Sun and colleagues demonstrated
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that BICa cell line—derived EV-mRNA profiles can be
translated to patient uEVs and support the concept of a
“core BICa EV transcriptome” with strong diagnostic per-
formance. Likewise, N-glycomics of BICa patients’ uEVs
have revealed disease-associated EV N-glycan patterns,
some of which are conserved across BlCa cell lines and
patient samples. In line with these findings, we observed
a similar pattern at the protein level, further supporting
that EV cargo captures overlapping intrinsic character-
istics of BlCa biology. Indeed, this work adds a compre-
hensive protein-level dimension to this emerging picture,
defining a BlCa cell line—derived EV proteomic signature
that is detectable in tumor tissue and mirrored, at least in
part, in uEVs from patients.

To the best of our knowledge, this is the first compre-
hensive proteomic study in BICa EVs across a broad panel
of in vitro models spanning relevant disease stages and
phenotypes. This study provides a proof-of-concept for
the utility of the EV proteome as a source of novel bio-
markers in BICa, as well as targets for functional studies
and new potential therapeutic interventions. Our strat-
egy to progress from cell lines to patient-derived samples,
supported by external tissue and uEV proteomics data
and validation in biofluids, demonstrates the feasibility of
translating in vitro findings into clinically relevant appli-
cations and enables rational prioritization of candidates
for translation.

Nonetheless, study limitations must be acknowledged.
One limitation of this study is the absence of a non-can-
cerous bladder cell line as an in vitro reference. Truly
“normal” urothelial cell lines are hampered by the effects
of immortalization, which irrespectively of the method
employed, even for the least disruptive approaches,
introduces significant genetic and functional alterations
that compromise normal urothelial biology [117, 118]. In
order to overcome this hurdle, uEVs from HDs were used
as the non-cancer comparator, reflecting the in vivo uro-
thelial milieu in a physiologically meaningful way. Future
studies incorporating the use of different primary normal
human urothelial (NHU) cell cultures or patient-derived
organoids [119] may offer improved biological relevance
over immortalized cell line models for EV studies. The
addition of HD samples provided a cancer-associated sig-
nature to our candidate proteins. However, the inclusion
of additional control groups, such as patients with benign
urological conditions including urinary tract infections,
benign prostatic hyperplasia, or nephrolithiasis, as well
as inflammatory disorders and other urological malig-
nancies, could be useful to establish a more solid clinical
BlCa-specific signature.

One of our primary aims was to establish the trans-
lational potential of our findings through comparison
with published uEV studies and direct MS analysis of
patient samples. Thus, validation of the most promising
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candidates by targeted immunoassays or antibody-based
approaches in a larger cohort remains an important next
step to confirm the observed trends and assess their
robustness. Nevertheless, LC-MS/MS-based proteomics
is increasingly recognized as a powerful tool for cancer
biomarker detection in its own right, offering advantages
over conventional immunoassays, including multiplexing
capacity and analytical specificity [120-123]. MS-based
analysis of biofluids is an emerging and rapidly advanc-
ing area with growing clinical translation potential [124,
125], and targeted MS approaches such as multiple
reaction monitoring and parallel reaction monitoring
are actively being developed as clinical-grade oncology
assays [126]. The candidate panel identified here is there-
fore well-positioned for further development within both
immunoassay-based and targeted MS-driven clinical val-
idation frameworks.

Our identified protein signature has the potential to be
further explored: (1) functionally, to understand the role
of these proteins in BlCa EV-mediated tumor communi-
cation; (2) in BlCa-enriched EV isolation strategies, par-
ticularly as some targets, such as integrins and SCRIB, are
transmembrane proteins that, through high-throughput
techniques such as microfluidics devices, could enable
targeted capture or detection of BlCa EVs [127-129]; and
(3) in exploration of therapeutic strategies aimed at mod-
ulating the expression of these proteins.

Overall, we identified a common EV-derived proteomic
signature spanning diverse BlCa stages and demonstrated
its translational potential to ultimately improve disease
diagnosis and management for better patient outcomes.
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