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Prognostic tests and treatment approaches for optimized clinical care of prostatic neoplasms are

an unmet need. Prostate cancer (PCa) and derived extracellular vesicles (EVs) proteome changes
occur during initiation and progression of the disease. PCa tissue proteome has been previously
characterized, but screening of tissue samples constitutes an invasive procedure. Consequently,

we focused this study on liquid biopsies, such as urine samples. More specifically, urinary small
extracellular vesicle and particles proteome profiles of 100 subjects were analyzed using liquid
chromatography coupled to high-resolution mass spectrometry (LC-MS/MS). We identified 171
proteins that were differentially expressed between intraductal prostate cancer/cribriform (IDC/Crib)
and non-IDC/non-Crib after correction for multiple testing. However, the strong correlation between
IDC/Crib and Gleason Grade complicates the disentanglement of the underlying factors driving

this association. Nevertheless, even after accounting for multiple testing and adjusting for ISUP
(International Society of Urological Pathology) grading, two proteins continued to exhibit significant
differential expression between IDC/Crib and non-IDC/non-Crib. Functional enrichment analysis based
on cancer hallmark proteins disclosed a clear pattern of androgen response down-regulation in urinary
EVs from IDC/Crib compared to non-IDC/non-Crib. Interestingly, proteome differences between IDC
and cribriform were more subtle, suggesting high proteome heterogeneity. Overall, the urinary EV
proteome reflected partly the prostate pathology.

Keywords Liquid chromatography mass spectrometry, Cribriform, Intraductal prostate carcinoma,
Proteomics, Urinary extracellular vesicles and particles

Prostate cancer (PCa) is the most frequently diagnosed cancer and the second leading cause of cancer-related
death among men in developed countries'. Cribriform pattern (Crib) and intraductal prostate cancer (IDC)
are two histological subtypes of PCa related to poor clinical outcomes and a worse prognosis, yet there are
limited clinical tools for their early detection®?. Studies that have investigated the histologic correlation between
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multiparametric magnetic resonance imaging (mpMRI) observation and Crib PCa have shown inconsistent
results, as those are often less visible on mpMRI than non-Crib predominant tumors*. Moreover, the positive
predictive value of an abnormal mpMRI remains extremely low, being less than 30% in most studies, meaning
that if one has an abnormal mpMRI lesion, IDC/Crib is found in only 30% of patients at radical prostatectomy
(RP). Overall, the use of mpMRI and mpMRI-guided biopsies is not sufficient for accurately categorizing these
abnormalities in a way that can be reliably applied in medical practice’.

Furthermore, prostate biopsies still have a significant number of false negatives (about 50%) for the accurate
diagnosis of those patterns®. The routine failure to accurately identify IDC/Crib in needle biopsies and mpMRI
outcomes leads to the misclassification of potentially aggressive prostate tumors. This clinical scenario takes
on even more significance due to the increasing trend of recommending active surveillance for patients with
Gleason 7 (3+4) disease.

Given the above clinical challenges, it is an urgent need to develop specific biomarkers for IDC/Crib as a
diagnostic tool in the clinical setting. Extracellular vesicles (EVs), particularly exosomes, which are 50-150 nm
in size and enclosed by a lipid bilayer membrane, are shed by various mammalian cell types, including cancerous
cells, and are formed in the endosomal network before being released by the fusion of multi-vesicular bodies
with the plasma membrane’. These vesicles contain various biomolecules, including proteins, lipids, DNA, and
RNA, that reflect the molecular composition of their tissue of origin®. The proteome of urinary EVs appears to
constitute a promising source of biomarkers for cancers of the urinary tract and prostate®. In this project, we focus
on liquid biopsies (urine samples) from benign prostatic disease (BPD) and PCa patients. BPD group constitute
non-cancer, and benign prostatic hyperplasia. More specifically, the proteome profiles of small EV enriched
fractions from 100 individuals were analyzed using liquid chromatography coupled to high-resolution mass
spectrometry (LC-MS/MS). EVs from three cohorts: BPD (N =24) patients without Crib and IDC histological
prostate patterns (non-IDC/non-Crib, N =21); and patients with Crib and/or IDC histological prostate patterns
(IDC/Crib, N =55) at biopsy were interrogated by LC-MS/MS-based proteomics.

Based on our results, we hypothesize that urinary EVs constitute a non-invasive target to unveil proteomic
signatures of IDC and Crib PCa patterns, allowing the identification of a urinary biomarker protein signature
for patients with Crib and IDC. Indeed, we identified 171 proteins differentially expressed between IDC/Crib
and non-IDC/Crib. Furthermore, functional analysis suggests that proteins involved in androgen responses are
overall downregulated in IDC/Crib compared to BPD in urinary sEVs. However, androgen response was less
relevant when comparing non-IDC/non-Crib and BPD.

Results

Patient samples

Clinical characteristics of the whole study population with urinary EV samples available are described in Table 1.
Table S1 provides clinical and demographic variables linked to MS raw data files. Figure S1 displays age and
pre-PSA concentration across major clinical subgroups. The study population consisted of 100 males, with a
median age of 72 years at diagnosis. Most patients (N =55, 55%) were diagnosed with either cribriform and/or
intraductal carcinoma of prostate (IDC/Crib). Non-IDC/non-Crib (N=21, 21%) and BPD (N =24, 24%) were
collected as control groups. BPD group is constituted of patients with prostate pathologies other than cancer.
Non-IDC/non-Crib consisted of patients who underwent radical prostatectomy and were subsequently verified

Variable N | Nppp=24'" | Nounemonciv=21" | Nipccn="55" p-value?
prePSA 92 |2.8(0.7,4.2) | 7.0 (5.0, 8.8) 11.4(7.7,31.8) <0.001
Cribriform 100
NA 24 (100%) 0 (0%) 0(0%)

<0.001
No 0 (0%) 21 (100%) 11 (20%)
Yes 0(0%) 0 (0%) 44 (80%)
IDC 100
NA 24 (100%) | 0 (0%) 0 (0%)

<0.001
No 21 (100%) 36 (65%)
Yes 0 (0%) 19 (35%)
#positive cores | 74 5(3,6) 7(4,12) 0.011
Gleason grade | 74
343 6 (32%) 0 [0/0/0] (0%)
3+4 10 (53%) 14 [4/2/8] (25%)

<0.001
4+3 3 (16%) 14 [1/0/13] (25%)
4+4 0 (0%) 7 [1/0/6] (13%)
>=9 0 (0%) 20 [2/9/9] (36%)

Table 1. Clinicopathological features of 100 subjects. 'Median (IQR); n (%). *Kruskal-Wallis rank sum test;
Pearson’s Chi-squared test; Fisher’s exact test. Numbers in square brackets indicate the number of subjects
with IDC and Crib, with IDC only, and with Crib only, respectively. BPD benign prostatic disease (non-cancer,
benign prostatic hyperplasia).
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to be non-IDC/non-Crib. Clinical parameters such as pre-biopsy, number of positive cores, Gleason grade,
and maximum percentage of core involvement are all significantly and positively correlated with histological
patterns with either cribriform and/or intraductal carcinoma of prostate.

Workflow for analyzing urinary EV proteome

Figure S2 displays the workflow used for the analysis of urinary extracellular vesicles and particles (EVs),
including the steps of EV isolation, trypsin digestion, and liquid chromatography mass spectrometry (LC-MS)
analysis. Urine samples were collected and immediately frozen within two hours of collection, and stored at
—80 °C until further processing. EVs were isolated by differential centrifugation and small urinary EVs were
further digested with trypsin and analyzed by liquid chromatography mass spectrometry (LC-MS). The acquired
data were analyzed using multivariate statistics and functional enrichment analysis.

Quality control of urinary small EV preparations from prostate cancer patients

Multiple subsets of urinary small EV (sEV) preparations were analyzed by western blotting for EV and non-EV
markers (Fig. 1A,B). The immunoblots assays of SEV preparations isolated from all major clinical subgroups
such as urine of BPD, patients without Crib and IDC histological prostate patterns (non-IDC/non-Crib) and
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Fig. 1. Urinary EV characterization by western blot and NTA. (A) CD63 and Alix western blot of
representative urinary EV samples from each major clinical groups. (B) Non-EV markers GRP75 (endoplasmic
reticulum marker) and TOM20 (mitochondrial marker) as markers of transmembrane, lipid-bound and
soluble proteins associated to other intracellular compartments than plasma membrane and endosomes. The
process of transforming the original blot image into the final annotated image is outlined at the end of the
supplementary documentation. NTA particle size distribution analysis of a representative urinary EV sample
from (C) BPD and (D) IDC/Crib (insert represents a zoom in). Particle size mode distribution (E) and number
of particles per protein amount (F) across major clinical subgroups. The central line inside each box represents
the median value. Whiskers extend from the edges of the box to the minimum and maximum values within 1.5
times the interquartile range (IQR). Individual data points beyond the whiskers are considered outliers and are
plotted individually. “c” indicates a mitochondrial enriched fraction from the large diffuse B cell lymphoma cell
line HT.
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patients with Crib and/or IDC histological prostate patterns (IDC/Crib) were performed. Consistent with the
MISEV 2018 guidelines'®, which recommend characterizing EVs based on protein content, our results show
that CD63 (Category 1, Fig. 1A) and ALIX (Category 2, Fig. 1A) both indicate the presence of extracellular
vesicles. As for specificity of small EV subtypes (Category 4) we have used GRP75 and TOM20 as markers of
transmembrane, lipid-bound and soluble proteins associated to other intracellular compartments than plasma
membrane and endosomes (Fig. 1B). Detailed immunoblot methods are described in the methods section and
MISEV 2018 check list is available in the supplementary data.

Nanoparticle tracking analysis (NTA) was performed on all urinary sEV samples. Figure 1C and D displays
two representative particle size distributions from two distinct urinary sEV samples. The highest peak is close
to 100 nm as expected for sEVs. Figure 1E displays the distribution of the most abundant particle size across all
the major clinical subgroups. The size distributions by NTA for urinary sEV samples were highly reproducible
across multiple measurements. Figure 1F shows the distributions of the number of particles per protein amount
across all the major clinical subgroups. The obtained particles per protein amount is consistent with moderate
to high quality SEV's preparations'!.

MS-based proteome data from urinary sEV preparations of 100 individuals were quality checked using
principal component analysis (PCA) and linear discriminant analysis (LDA) based on all quantitative data.
PCA exhibited reasonable separation with minor overlaps between groups when the first two components were
plotted. Supervised LDA resulted in excellent separation except for three data points, one from each of the three
subgroups analyzed (Figure S3). The scatter plot shows the projection of the data points onto the first two linear
discriminant functions (LD1 and LD2), which are derived from the LDA analysis. The discriminant functions
(LD1 and LD2) are plotted on the x-axis and y-axis, respectively, with the scale indicated on the corresponding
axes. The scatter plot reveals the separation of the three groups in two-dimensional space based on the LDA
analysis.

MS-based proteome data based on urinary sEV preparations from 100 patients were quality checked for
EV markers (Fig. 2A). The urinary sEVs from the current study had the highest expression of established small
EV markers compared to previous studies based on sEV samples from other sources, such as cell lines!*~!4,
lung fluids®®, and blood plasma'®. Urinary sEVs were devoid of microsomes or large EVs protein markers. For
markers indicating contamination from other subcellular organelles, a low level of calnexin was detected in
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Fig. 2. Urinary EV characterization by MS and TEM. (A) Small EV protein marker expression

comparison with expression observed in published studies on small EVs isolated from cell lines (based on
ultracentrifugation or polyethylene glycol (PEG)), bronchoalveolar lavage (BAL), plasma (P), diffuse large B
cell lymphoma (DLBCL), healthy donor in DLBCL cohort (HD), and urinary samples (current study). General
exosomes or small EV markers are color-coded in black, established exosome markers are in green, potential
contaminant markers from other subcellular organelles are in red and markers from large EVs or microsomes
are indicated in blue. (B) TEM 4000 X magnification, (C) TEM 20,000 X magnification.
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urinary sEVs. However, the expression levels were lower than what had been observed in previous studies. On the
other hand, the contaminant Tamm-Horsfall Protein (THP, uromodulin) was abundant in urinary sEVs isolated
in this study. Despite THP abundance, high protein coverage by mass spectrometry analysis was achieved as well
as a high number of identified proteins. Moreover, there was no regulation of THP across clinical subgroups
(Fig. 2A). In conclusion, sEV preparation was enriched in small EVs, according to our analysis which focused
on known EV and contaminant markers.

Transmission electron microscopy (TEM) analysis at 4000 X magnification was consistent with NTA
analysis in that the majority of the particles were around 100 nm (Fig. 2B). Magnification at 20,000 X revealed
characteristic cup-shape of sEV's as a known artifact result of the staining procedure (Fig. 2C).

Comparison of prostate tissue and urinary sEV proteome

It has been proposed that urinary EVs are mainly enriched in EV cargo of the surrounding tissues of origin,
therefore we have analyzed the proteome of prostate, kidney, and bladder tissues. Urinary sEVs proteome
obtained in this study was benchmarked against different human datasets reported in the literature. Based
on the bottom-up proteomics proteome profile of prostate tissue samples and baseline protein expression in
human tissues extracted from previous publications!”!® in comparison with the urinary sEV proteome, we
estimated that approximately 75% of the observed proteins in urinary sEVs were also detected in prostate tissue
(Figure S4A). Assuming the entire human proteome as background, this overlap was estimated to be highly
significant based on the hypergeometric probability function. Nevertheless, the overlap between the proteomes
of urinary sEVs and kidney and bladder were similar (Figure S4B and C). Kidney tissue displayed the largest
overlap with urinary sEVs, although the difference was marginal compared to urinary sEVs overlap with the
other two organ tissues (Figure S4D). The high significance in overlap was also identified for all other tissues
tested from Prakash et al!”. Restricting the analysis to the 50% most abundant proteins expressed in each tissue
and ranking based on the significance of the overlap the five highest ranked tissues were kidney, adipose tissue,
pancreas, bladder, and prostate. The largest overlap in Figure S4D is between the three tissue proteomes. The
second largest is between all four proteomes (urinary sEVs and tissue proteomes). Finally, each of the three
tissue proteomes has unique overlap with urinary sEVs ranging from 11 to 43 proteins. Although most proteins
in urinary sEVs are present in all three tissues, there are 367 proteins from other tissue sources. Overall, the large
coverage of prostate tissue proteins in urinary sEVs suggests that urinary sEVs are a promising source of markers
for prostate-related pathologies.

Unique identified proteins across clinical subgroups

Data-dependent acquisition with two technical replicates was applied for the identification of proteins. Figure S5A
summarizes the overlaps of proteins identified for each clinical subgroup. The unique proteins for each clinical
subgroup were typically not consistently identified throughout the subgroup (Figure S5B-F). Nevertheless, the
proteins unique to non-IDC/non-Crib and Crib displayed unique proteins that were shared between four to six
patients. For example, proteins such as NPTN (Neuroplastin), KRTAP11-1 (Keratin associated protein 11-1) and
CD99 (CD99 molecule) (Figure S5B,D).

Significant differentially expressed proteins

Three pairwise comparisons were performed using the R package limma!®. Figure 3 provides an overview table
and volcano plots visualizing regulated proteins for three pairwise comparisons. The comparison between non-
IDC/non-Crib and BPD resulted in the most regulated proteins (Fig. 3A,B and Table S2). For this comparison,
238 of the proteins were found down-regulated in non-IDC/non-Crib compared to BPD, with a log, range of
regulation from —6.57 to —0.25 (Fig. 3B). The range for the 118 up-regulated proteins ranged from 0.19 to
4.25. The comparison between IDC/Crib and BPD exhibited less regulated proteins (Fig. 3A,C and Table S3).
The range of significantly regulated proteins was 0.58-3.89 for up-regulated proteins and —3 to —0.23 for
down-regulated proteins. Comparing the merged non-IDC/non-Crib and IDC/Crib into the group cancer for
comparison with BPD resulted in a similar pattern of regulation as for the IDC/Crib and BPD comparison
(Fig. 3D, Table S4). Suggesting that IDC/Crib and non-IDC/non-Crib are identified as distinct entities based
on urinary EV proteome. Therefore, merging IDC/Crib and non-IDC/non-Crib results in large variance for
statistical comparisons. The regulated proteins parsed for functional analysis were additionally filtered to be at
least twofold regulated (indicated in Fig. 3B-F sub-title). Grouping patients into significant PCa (ISUP >2) and
non-significant PCa (ISUP=1) also resulted in regulated proteins after correction of multiple testing (Fig. 3E,
Table S5). Adjusting the linear models for prePSA, age and batch number resulted in only minor differences in
the list of regulated proteins (Fig. 3F, Table S6 versus Fig. 3E, Table S5).

To identify significant differences between IDC/Crib versus non-IDC/non-Crib and IDC versus cribriform
at EV proteome level, the IDC/Crib group characteristic of aggressive PCa was divided into more precise
subgroups. Pairwise comparisons of different combinations of cribriform and IDC samples versus non-IDC/
non-Crib patient samples resulted in many significantly regulated proteins after correction for multiple testing
(Fig. 4) compared to the comparisons using BPD group as a reference. Comparison between cribriform
and IDC patient samples also revealed significantly regulated proteins, but not after correction for multiple
testing (Fig. 4F). Again model adjustments by prePSA, age and batch effect resulted in only minor differences.
However, including adjustment for ISUP or Gleason grade eliminated almost all significantly regulated proteins.
Nevertheless, for the comparison IDC/Crib versus non-IDC/non-Crib two proteins (S100A10 and PTGES3)
showed significant dysregulation after correction for multiple testing and including adjustment for ISUP in the
linear model (Table S7).
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Fig. 3. Overview of regulated proteins for three pairwise comparisons. (A) Table summary of up- and
down-regulated proteins applying a 0.05 adjusted P value and no threshold on effect size. The numbers in
parenthesis represent regulated proteins with similar thresholds but applying regular P values. Volcano plots
for the pairwise comparisons (B) non-IDC/non-Crib versus BPD, (C) IDC/Crib versus BPD, (D) cancer versus
BPD, (E) ISUP > 2 versus ISUP=1 and (C) ISUP > 2 versus ISUP =1 considering adjustment of other clinical
variables. Red horizontal line indicates 0.05 P value threshold. Red vertical lines indicate two-fold differential
regulation. The number of regulated proteins indicated in the titles is based on P values and adjusted P values
with an effect size greater than twofold.

Proteins correlated with Gleason score and pre-PSA
Several protein expression patterns in urinary EVs were observed to correlate with clinical parameters such as
pre-biopsy PSA, Gleason grade, and number of positive cores. Figure 5 displays box plots and P values calculated
by Jonckheere’s test for the four significant increased protein expressions as Gleason score severity increase. These
proteins include histone cluster 1, H2be (HISTIH2BE), immunoglobulin J chain (JCHAIN), HPX (hemopexin)
and alpha-1-antitrypsin (SERPINA1). In addition, to JCHAIN and a number of other immunoglobulin related
proteins displayed significant increased trends as a severity of Gleason score increase (not shown).

prePSA measurements were also significantly correlated with increasing Gleason score (Jonckheere’s test P
value < 0.001). Therefore the proteins correlated with prePSA were similar to the ones correlating with Gleason
score. The four most correlated proteins to prePSA were SERPINA1, IGLV3-21 (Immunoglobulin lambda
variable 3-21), SERPINA3 and C9 (Complement component C9) were also among the most significantly
correlated to Gleason score.

Functional analysis of regulated proteins

Significantly regulated proteins with an effect size of at least two fold were subjected to functional enrichment
analysis (Figs. 6). In the first analysis, all regulated proteins with at least two-fold regulation were submitted for
each of the comparisons using the BPD group as reference (Figures S3A-C). Fatty acid metabolism appeared as
the most relevant functional group when comparing non-IDC/non-Crib and BPD groups (Fig. 6A, highlighted
in dashed box). When comparing IDC/Crib group or whole PCa cancer group versus BPD, androgen response
related proteins appeared as the most relevant functional group (Fig. 6A and C, highlighted in dashed box).
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Fig. 4. Volcano plots for the pairwise comparisons. (A) Number of significantly regulated proteins for each of
the pairwise comparisons givenas N_;. .~ (N ). (B) IDC/Crib versus non-IDC/non-Crib, (C)

N X ljust-p-value regular-p-value X
crib versus non-IDC/non-Crib, (D) cribriform and 1DC versus non-IDC/non-Crib, and (E) IDC versus non-
IDC/ non-Crib. (F) Crib versus IDC. Red horizontal line indicates 0.05 P value thresholds. Red vertical lines
indicate two-fold differential regulation. The number of regulated proteins indicated in the titles is based on P
values and adjusted P value with an effect size greater than twofold.

To provide additional information on the overall direction of regulation in the functional groups, heatmaps
summarizing p value enrichment based on all regulated proteins with a twofold effect size for all comparisons
with BPD as reference group (Fig. 6A), all regulated proteins with two-fold up-regulation (Fig. 6B) and all
regulated proteins with two-fold down-regulation were plotted (Fig. 6C). Androgen response appears overall
down-regulated for cancer group compared to BPD group. Furthermore, IDC/Crib group has the most
significant down-regulation of androgen response compared to non-IDC/non-Crib group (Fig. 6C). For up-
regulated proteins, fatty acid metabolism showed a correlation in non-IDC/non-Crib group whereas epithelial-
mesenchymal transition is involved in the IDC/Crib group (Fig. 6B). In the detailed analysis, androgen response,
epithelial-mesenchymal transition, and reactive oxygen species appeared as the main functional entities playing
a role in distinguishing the subgroups (Figures S6A-C).

Discussion
There are some previous clinical proteomics studies on urinary small EVs for the diagnosis of PCa?*-2%, which
were recently reviewed in Bernardino et al’. Nonetheless, analyzed cohorts were typically small, and the clinical
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Fig. 5. Box plot displaying the distribution of iBAQ values across increasing levels of Gleason score. The box
plot showcases the median (represented by the horizontal line inside the box), interquartile range (IQR; the
box’s height), and the minimum and maximum values (whiskers) within each level. Increasing trends are
displayed for (A) HIST1H2BE, (B) JCHAIN, (C) HPX, and (D) SERPINA1. P value calculated by Jonckheere’s
test.

groups considered were either PCa versus controls or based on Gleason score classification only. Specific
histopathological patterns with prognostic impact, such as IDC and Crib, were not considered in those reports.

Herein, we isolated small urinary EVs from 100 individuals (Table 1). The isolated urinary EVs displayed
the highest level of established EV markers compared to previous cell line studies and studies performed on
other types of biofluids (Fig. 2A). Although we identified THP as an abundant contaminant protein, THP
was not identified as significantly regulated among samples. According to previous reports, 70% of all urinary
proteins originate from kidney tissue?*. According to our analysis of the proteome of small urinary EVs, the
overlap of identified proteins between prostate, kidney, and bladder tissue with small urinary EVs is quite similar
(Figure S4). Only 367 proteins (3%) could not be explained by the three main organs in more close contact
with urine (Figure S4D). We consequently argue that small urinary EV's are promising sources of biomarkers
for diseases affecting the kidney, bladder, or prostate. Our findings also parallel those of Dhondt et al?’, who
compared urinary EV proteomes with prostate tissue. Concerning the number of uniquely identified proteins per
clinical subgroup, IDC + Crib and Crib displayed the highest number of identified proteins. This is concordant
with a previously published hypothesis that most advanced cancers display a higher richness in proteins!>. Most
of the uniquely identified proteins in the current study were identified in a few individuals, but for crib and non-
IDC/non-Crib, one protein was consistently identified only within the specific clinical group (Figures S5B & D).

TMBIM], also known as Bax inhibitor 1 (BI-1), was among those most upregulated in Crib and IDC
compared to prostate cancer without IDC/Crib (Fig. 4B-E). Bax inhibitor 1 (BI-1), plays a crucial role in
regulating apoptosis and calcium homeostasis by inhibiting the activity of the pro-apoptotic protein Bax and
protecting cells from apoptosis induced by various stimuli. In PCa, Bax inhibitor-1 is overexpressed?. Bax
inhibitor-1 specific down-regulation by RNA interference leads to cell death in human PCa cells?®. TMBIM1 has
also been previously identified as up-regulated in urinary EVs in patients with high-grade prostate cancer (poor
prognosis)?. Bax inhibitor-1 has also been implicated in glioblastoma multiforme, colon cancer?® and drug
resistance in hepatocellular carcinoma?®’.

Another protein factor consistently up-regulated in Crib and IDC found in our study is GNG5 (guanine
nucleotide-binding protein G(I)/G(S)/G(O) subunit gamma-5) and IGLL5 (immunoglobulin lambda-like
polypeptide 5). The higher expression level of heavy immunoglobulins (Igs) in the urine has been associated
with several diseases of the urinary tract. Moreover, in gammopathies such as multiple myeloma, in which
plasma cells subpopulation in the bone marrow increases to 10%, from the normal 2-3%, immunoglobulins
are found in the urine. In this study we have specifically identified an immunoglobulin subclass that correlated
with the Gleason score. GNG5 and IGLL5 are involved in immune regulation and B-cell activation, respectively,
suggesting regulated immune function. Recently, fusion transcripts of GNG5 have been identified in PCa which
might explain GNG5 dysregulation protein in urinary EVs from PCa patients®®. GNG5 has also been recently
described as a novel oncogene associated with cell migration, proliferation, and poor prognosis in gliomas?.
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Fig. 6. Functional enrichment analysis of cancer hallmark proteins based on significant regulated proteins

for pairwise comparisons to control: Heatmap summarizing the functional enrichment of cancer hallmark
proteins for each of the three pairwise comparisons to control based on (A) all regulated proteins, (B) up-
regulated proteins and (C) down-regulated proteins. . Functional analysis based on significant regulated
proteins for pairwise comparisons of different histological subgroups to non-IDC/non-Crib and cribriform:
Functional enrichment against cancer hallmarks was performed for (D) all regulated proteins (p <0.05), (E) all
up-regulated proteins, and (F) all down-regulated proteins for each of the pairwise comparisons.

Finally, G protein subunit gamma 5 in hepatocellular carcinoma is a prognostic biomarker and is correlated with
immune infiltrates®.

Gleason grade and IDC/Crib are correlated (Table 1). However, adjusting for ISUP in the limma regression
models still resulted in the proteins SI00A10, also known as p11, and Prostaglandin E synthase enzyme3
(PTGES3) significantly regulated after correction for multiple testing (Table S7). S100A10 is considered a
significant cancer promotor®!. Although, in urinary sEVs from IDC/Crib S100A10 was significantly down
regulated in urinary sEVs whereas in advanced tumor stages it is reported up regulated. PTGES3 is a well-studied
oncogene, also named p23. PTGES3 has been suggested to be overexpressed in multiple cancers, including breast
cancer, colorectal cancer, cervical cancer and lung®2. PTGES3 also correlates with poor prognosis. PTGES3 is
required for proper functioning of the glucocorticoid and other steroid receptors. Again, PTGES3 exhibited
a significant downregulation in urinary small extracellular vesicles and particles (sEVs), contrasting with the
observed reverse dysregulation in tissue. Perhaps diminished extracellular vesicle and particle (EV) secretion on
the tissue level of these oncoproteins may contribute to the elevated tissue levels.
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Fig. 7. Heatmap overview of the 20 most frequent reported differential regulated proteins from current study
compared with previous studies.

References Year | Target sample

Dhondt et al* 2020 | Urinary EVs

Sequeiros et al?® | 2017 | Urinary EVs

Fujita et al*! 2017 | Urinary EVs
Zhang et al* 2020 | Human Seminal Plasma
Principe etal®® | 2012 | Prostatic secretions

Kawahara et al** | 2019 | Prostate tissue

Turiak et al*® 2019 | Prostate tissue

Iglesias-Gato'® 2016 | Prostate tissue

Bijnsdorp etal®® | 2013 | Cell line

Table 2. Overview of past prostate cancer MS-based proteomics studies.

Significantly regulated proteins identified in our study based on pairwise comparisons were compared with
previous proposed biomarkers based on either prostate tissue-specific’?, prostate tissue marker'®343 or urinary
and cell line EVs marker?*-2>3¢ (Fig. 7, Table 2). Note there are no previous studies on IDC and Crib targeting
urinary EV proteome.

Strikingly, our study did not show any particular overlap with the previous studies by Fujita et al. 2! and
Kawahara et al. **. Most overlapping proteins are well described in association with cancer. For example,
Fetuin-A (AHSG) is described as driving pancreatic, prostate, and glioblastoma tumors®. Circulating blood and
urine B2M is a well-established marker of cancer®®. ELANE and CD177 are neutrophil markers with previous
association with prostate cancer.

On the other hand, the peripheral zone constitutes the most common site of origin of neoplasms in the aged
prostate and its stroma contains, among other cell types, fibroblasts. These, by inducing epithelial transformation
(EMT) and stimulating survival signaling, contribute to an increase in cancer cells invasion and metastisation.

A previous study on PCa®® identified HISTIH2BE as predictor of Gleason grade, which we identified as
correlating with Gleason score (Fig. 5). According to research conducted on a cohort of acute lymphoblastic
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leukemia (ALL), in deceased patients, the overexpression of JCHAIN was presumably connected to tumor
aggression’’. JCHAIN encodes the immunoglobulin J chain and joins the monomer units of IgA and IgM.
HPX has long been regarded as the ultimate scavenger of labile heme and the plasma protein with the highest
affinity for heme. A previous study observed low levels of HPX in prostate tumors and in the plasma of prostate
cancer patients*!. Perhaps increased urinary secretion of HPX occurs in cancer. Lung cancer, gastric cancer, and
colorectal cancer were demonstrated to have altered invasive and metastatic capacities in response to the serine
protease inhibitor serpinA1%2 serpinA1l was also identified when comparing PCa to BPD (Fig. 3D) and when
correlating protein expression with prePSA.

Androgen response (AR) refers to the ability of PCa cells to respond to androgens. Indeed, AR plays a crucial
role in both the onset and spread of PCa**. The majority of androgen-independent or hormone-refractory PCa
express AR, and AR expression is sustained throughout disease progression. AR transcriptional activation in
reaction to antiandrogens or other endogenous hormones, mutations of the androgen receptor, particularly
mutations that result in a relaxation of AR ligand specificity, may contribute to the progression of prostate cancer
and the failure of endocrine therapy. There is evidence to suggest that androgen response can decline in advanced
or aggressive PCa*!. Interestingly, we also observed IL2 Stat5 pathway dysregulation, which might be related to
the fact that, in PCa cells, transcription factor Stat5 synergizes with the androgen receptor®.

Opverall, significantly regulated proteins in urinary EVs mostly resemble the profiles characterized in previous
studies on PCa as well as other cancers.

This study has several limitations. The sample size was estimated to obtain proof of concept as a pilot study
and is single centered. It’s essential to acknowledge that while our findings are promising, they may not be directly
applicable to all patient populations or settings. The study was conducted in a specific context with a particular
patient cohort, and external validation is necessary to ensure generalizability to other groups. Global label free
quantitation was performed to target many proteins in an unbiased manner. More precise targeted protein
quantitation can be performed in follow up studies to measure concentration of biomarkers. Participants were
randomly assigned into two experimental batches except from non-IDC/non-Crib and potential batch effect
was corrected for in the analysis. All patients fulfilling the eligibility criteria were enrolled thereby minimizing
selection bias. Reporting bias was minimized by only addressing pairwise comparisons related to the objectives
in the study design. Future studies must improve the clinical study design to improve the disentanglement of
the association between Gleason grade and IDC/Crib. The project funding was for one year limiting the whole
study to one and half year.

Conclusion

Based on our analysis, we conclude that the proteome of small urinary EVs holds diagnostic potential and
reflects the proteome of prostate tissue. Urinary EV proteome highlighted proteins with a role in androgen
response, epithelial mesenchymal transition, fatty acid metabolism and reactive oxygen species as prognostic
factors for prostate cancer.

Online methods

Patients

Patients were selected for EV isolation followed by EV proteome profiling based on criteria defined below.
Information was collected prospectively in a single time for each patient before any treatment (treatment naive).
Patient enrollments started in April 2020 and ended in May 2022. All enrollments were from a single center,
Centro Hospitalar e Universitario Lisboa Central, Lisbon, Portugal. Enrollment was continued until the number
of samples were in accordance with the study protocol. The final cohort was composed of BPD (N =24) patients
without Crib and IDC histological prostate patterns (non-IDC/non-Crib, N =21), and patients with Crib and/or
IDC histological prostate patterns (IDC/Crib, N=55) at biopsy.

Inclusion Criteria

1. Men over 18 years old.
2. No previous history of PCa treatments.

Exclusion Criteria

1. History of other forms of focal treatment of PCa

2. Radical surgery performed in the context of “salvage” strategy, due to recurrence or local persistence.

3. Neoadjuvant and/or adjuvant treatment (includes any type of hormonotherapy as LHRH agonists/antago-
nists)

4. History of urothelial cancer (bladder or upper urinary tract)

Mid-stream urine (30-120 mL) from PCa suspects were collected, and immediately frozen at —80° C and stored
upon collection until EV isolation. The experimental protocols were approved by the medical agencies and ethics
committees of NOVA Medical School (82/2020/CEFCM). All patients signed an informed consent before trial
participation.

The collected clinical data included prePSA (ELISA), histological type, Gleason grade/score (World Health
Organization (WHO) and the College of American Pathologists (CAP)), number of positive cores, histological
patterns Crib and IDC-p at biopsy. Samples were organized into two experimental batches for urinary EV isolation
followed by LC-MS analysis with random batch allocation of the sample groups BPD and IDC/Crib. Subsequent
analysis adjusted for batch effects in the limma regression models to minimize confounding batch effects. All
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clinical measurements were obtained in a blinded manner without knowledge of the final clinical outcome. This
approach ensured that the assessors performing the measurements remained unbiased and uninfluenced by the
eventual results, minimizing potential researcher bias. The numbers of samples to collect were estimated based
on standard error obtained on LC-MS from previous studies performed in our group and estimated with the
R function pwr assuming paired testing. The number of samples collected and the single center collection were
considered appropriate for a pilot study. Strobe check list is presented in supplementary data.

Isolation of extracellular vesicles and particles from urine

Frozen urine specimens were thawed and centrifuged at 3000 X g for 20 min at 4 °C and then at 12,000Xx g
for 60 min at 4 °C. Clarified urine was ultracentrifuged in an Optima TM L-80XP ultracentrifuge (Beckman
Coulter, Brea, CA, USA) at 170,000 X g at 4 °C for 120 min with a Type 32 Ti rotor to pellet EVs. The supernatant
was carefully removed, and crude EV-containing pellets were resuspended in ice-cold PBS. This study has
been registered with the EV-TRACK knowledgebase (EV-TRACK ID: EV240158)*¢. We have followed the
MISEV2018 guidelines'® for the characterization and reporting of extracellular vesicles, ensuring transparency
and reproducibility of our methods and results. Details of our experimental protocols, including EV isolation,
characterization techniques, and relevant data, are available on the EV-TRACK platform for public reference.

Protein measurements
Following manufacturer’s instructions, a bicinchoninic acid (BCA) protein assay kit (Pierce Biotechnology,
Rockford, IL, USA) was used to measure the protein concentrations in isolated exosome fractions.

Western blotting

For western blotting (WB) assay, 5 ug sEV protein was mixed with Laemmli sample buffer (BioRad) boiled
for 10 min at 100 °C. Then, the samples were resolved by SDS-PAGE followed by transfer onto nitrocellulose
membranes (Cytiva). Blocking was performed during 1 h with 5% skim milk in TBST 0,1% or PBST 0,1% Tween
or 5% BSA in TBST 0,1% Tween. Primary antibodies (CD63, SICGEN (AB0047); Alix, SICGEN (AB0327),
TOM20, BD Biosciences (612,278), GRP75, Cell Signaling Technology (2816S)) were incubated overnight at
4 °C and secondary antibodies (HRP-AffiniPure Donkey Anti-Goat IgG (H+ L), HRP-AffiniPure Goat Anti-
Mouse IgG (H+L), HRP- Affini Pure Goa Anti-Rabbit IgG (H+ L), Jackson Immuno-Research) during 1 h at
room temperature (RT). Development was performed using ECL™ prime Western blotting detection reagent
(Cytiva) and the Chemidoc Touch Imager (BioRad).

Nanoparticle tracking EV measurements

A NanoSight NS300 instrument (Malvern Panalytical, Malvern, UK) was used to determine the concentrations
and sizes of the EVs in the samples. Samples were diluted in PBS to a final volume of 1 ml to reach the ideal particle
concentration of 1x 108-2x 10° particles/mL. The samples were loaded to the sample chamber in a continuous
flow by a syringe pump. The instrument was equipped with a 488 nm laser and a sSCMOS camera. The focus
for each sample was manually adjusted to achieve optimal visualization of particles and for each measurement
five videos of 60 s were captured. For all experiments the following settings were used: temperature: 25 °C;
Syringe speed: 20; Viscosity: 0.9 cP; camera level setting ranged from 13-14 in light scatter mode (LSM). After
capture, the videos have been analysed by the in-build NanoSight Software NTA 3.4 Build 3.4.4 with a detection
threshold of 5. To minimize variability, all camera and detection threshold settings were kept the same and all
particles over 300 nm of diameter were excluded from the analysis.

Electron microscopy

5 pL of each sample was incubated on glow-discharged (0.5 min) formvar-carbon coated copper mesh grids
(Electron Microscopy Sciences) for 2 min, before washing 10 times with dH20. Samples were negatively stained
with 2% uranyl acetate in dH2O for 2 min, before blotting dry and imaging with a Hitachi H-7650 TEM equipped
with an AMT XR41 M digital camera.

Peptide sample preparation

Samples containing a minimum of 20 pg of total EV proteins were further processed by the filter-aided sample
preparation (FASP) method. In short, protein solutions containing SDS and DTT were loaded onto filtering
columns (Millipore, Billerica, MA, USA) and washed exhaustively with 8 M urea (GE, Healthcare, Marlborough,
MA, USA) in HEPES buffer (Sigma-Aldrich, Saint Louis, MO, USA) as previously described**%. Proteins
were equilibrated with ammonium bicarbonate solution prior to trypsin digestion overnight at 37 °C (Sigma-
Aldrich, Saint Louis, MO, USA). Overnight cleavage of proteins was carried out using sequencing-grade trypsin
(Promega, Madison, WI, USA).

Mass spectrometry analysis

As previously described!?, samples were analyzed by mass spectrometry-based proteomics using nano-LC-
MSMS equipment (Dionex RSLCnano 3000) coupled to an Exploris 480 Orbitrap mass spectrometer (Thermo
Scientific, Hemel Hempstead, UK). In brief, samples were loaded onto a custom-made fused capillary pre-
column (2 cm length, 360 um OD, 75 pm ID, flowrate 5 pL per minute for 6 min) packed with ReproSil Pur
C18 5.0 pm resin (Dr. Maisch, Ammerbuch-Entringen, Germany), and separated using a capillary column
(25 cm length, 360 um outer diameter, 75 um inner diameter) packed with ReproSil Pur C18 1.9-um resin (Dr.
Maisch, Ammerbuch-Entringen, Germany) at a flow of 250 nL per minute. A 56 min linear gradient from 89%
A (0.1% formic acid) to 32% B (0.1% formic acid in 80% acetonitrile) was applied. Mass spectra were acquired
in positive ion mode in a data-dependent manner by switching between one Orbitrap survey MS scan (mass
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range m/z 350-m/z 1200) followed by the sequential isolation and higher-energy collision dissociation (HCD)
fragmentation and Orbitrap detection of fragment ions of the most intense ions with a cycle time of 2 s between
each MS scan. MS and MSMS.

settings: maximum injection times were set to “Auto”, normalized collision energy was 30%, ion selection
threshold for MSMS analysis was 10,000 counts, and dynamic exclusion of sequenced ions was set to 30 s.

Database search
The data obtained from the 200 LC-MS runs of urine EV samples from 24 controls and 76 PCa cases, characterized
following radical prostatectomy (55 with and 21 without Cribriform pattern and/or IDC) each run as technical
duplicates were analyzed. The LC-MS data were searched using VEMS*® and MaxQuant® (Version 2.1.0.0). The
MSMS spectra were searched against a standard human proteome database from UniProt (3AUP000005640).
Permuted protein sequences, where arginine and lysine were not permuted, were included in the database for
VEMS and FDR in MaxQuant version 2.1.0.0 were based on reversed sequences. 1% FDR threshold was applied
for peptide and protein identifications. Trypsin cleavage allowing a maximum of four missed cleavages was used.
Carbamidomethyl cysteine was included as fixed modification. Methionine oxidation, lysine and N-terminal
protein acetylation, were included as variable modifications. No restriction was applied for minimal peptide
length for VEMS search. All other search parameters were default values. The downstream analysis presented is
based on the MaxQuant results.

Estimation of analytical variability

In our comprehensive proteomic investigation, we meticulously evaluated the precision of our experimental raw
measurements (prior to quality filtering or normalization), as evidenced by a calculated average coefficient of
variation (CV) of 34.1%. The mean CV was estimated to 13.1% after normalization. This average CV is based
on all measurements on all proteins in the technical replicas. This indicative measure underscores the reliability
and consistency of protein abundance quantification across technical replicates, affirming the robustness of our
proteomic profiling methodology.

Statistical analysis

Statistical analysis of identified proteins was performed in R statistical programming language. Quantitative
data from MaxQuant and VEMS were analyzed in R statistical programming language version 4.04 (The R
Foundation, Vienna, Austria). Protein label free quantitation (iBAQ) and protein spectral counts from the two
programs were preprocessed by removing common MS contaminants, followed by a log,(x + 1) transformation
and removing common MS contaminants. iBAQ values from the duplicated measurements were averaged. No
imputation of missing or zero value protein quantitation values were performed in the analysis. Information on
sample grouping based on histological patterns which were used for pairwise comparisons were complete for all
samples. Protein iBAQ values were subjected to statistical analysis utilizing the R package limma'’, where the
contrast for different pairwise comparisons was specified for the main clinical groups BPD, non-IDC/non-Crib
and IDC/Crib (Tables S1-S3). Samples were processed in two large batches to minimize experimental bias. For
sensitivity analysis, various linear regression models including terms to correct for batch effect and PSA were
tested and these models displayed minimal effect on the number significantly regulated proteins called after
correction for multiple testing. For example, batch effect had no effect for the comparison IDC/Crib versus BPD
and cancer versus BPD. For non-IDC/non-Crib versus BPD only a difference of two more significantly regulated
proteins were observed.

Correction for multiple testing was applied using the method of Benjamini & Hochberg®'. Volcano plots
were constructed with ggplot software (The R Foundation, Vienna, Austria). To test for increasing trend in iBAQ
values as Gleason grade increase, the Jonckheere’s test were calculated using the R package clinfun®2. It examined
whether there is a significant trend in iBAQ values across the increasing levels of Gleason grade. A low p-value
indicates strong evidence against the null hypothesis of no trend, suggesting a significant increasing pattern.
For correlation analysis a few missing values were present for same patients and cases with missing values
for correlation analysis were excluded. Sensitivity of the analysis was assessed by comparing protein markers
obtained by correlating to clinical parameters that are known to correlate with sample grouping.

Functional enrichment analysis

Functional enrichment based on the hypergeometric probability test was performed as described previously
in R55, Functional enrichment was based on extracting all functional categories for which at least one of the
samples showed a significant enrichment based on the hypergeometric probability test>>>. For these functional
categories, the matching proteins’ gene names and numbers of proteins matching the functional categories were
extracted, and the estimated p values were —log, | transformed and plotted as heatmaps. Functional enrichment
was performed for all identified proteins in each sample group and for deregulated proteins when comparing
sample groups. Cellular component (CC), biological process (BP), molecular function (MF), KEGG and cancer
hallmark functional annotations were considered in the analysis.

Data availability
The mass spectrometry proteomics data that support the findings of this study have been deposited in Proteom-
eXchange Consortium®® via the PRIDE®® partner with the PXD043874 accession code.
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