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1. Introduction

Assessment of urine sample collection and
processing variables for extracellular vesicle-based
proteomics+

Guiyuan Zhang,*°< Yajie Ding,? Hao Zhang,®¢ Dong Wei,®® Yufeng Liu,®® Jie Sun,?
Zhuoying Xie, 2@ W. Andy Tao ) *@ and Yefei Zhu (2 *@©

Extracellular vesicles (EVs) in urine are a promising source for developing non-invasive biomarkers.
However, urine concentration and content are highly variable and dynamic, and actual urine collection
and handling often is nonideal. Furthermore, patients such as those with prostate diseases have chal-
lenges in sample collection due to difficulties in holding urine at designated time points. Here, we simu-
lated the actual situation of clinical sample collection to examine the stability of EVs in urine under
different circumstances, including urine collection time and temporary storage temperature, as well as
daily urine sampling under different diet conditions. EVs were isolated using functionalized EVtrap mag-
netic beads and characterized by nanoparticle tracking analysis (NTA), western blotting, electron
microscopy, and mass spectrometry (MS). EVs in urine remained relatively stable during temporary storage
for 6 hours at room temperature and for 12 hours at 4 °C, while significant fluctuations were observed in
EV amounts from urine samples collected at different time points from the same individuals, especially
under certain diets. Sample normalization with creatinine reduced the coefficient of variation (CV) values
among EV samples from 17% to approximately 6% and facilitated downstream MS analyses. Finally, based
on the results, we applied them to evaluate potential biomarker panels in prostate cancer by data-inde-
pendent acquisition (DIA) MS, presenting the recommendation that can facilitate biomarker discovery with
nonideal handling conditions.

pathophysiological state of their parental cells, and therefore
EVs are a promising source of biomarkers for a variety of dis-

Extracellular vesicles (EVs) are membranous vesicles wrapped
by lipid bilayers, which contain proteins, lipids, nucleic acids,
metabolites, and others."™ Initially believed to primarily serve
the purpose of discarding unwanted substances from cells,
EVs have been revealed to have vital roles in intercellular com-
munication and are essential for normal physiological pro-
cesses and pathological progression."”>® EVs are a hetero-
geneous population of particles, typically ranging in size from
30 to 1000 nm. During the process of EV biogenesis, EVs can
encapsulate molecules that may reflect the physiological or
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eases. Compared with other fluid biopsy sources, EVs have
multiple advantages: (i) EVs are present in nearly all body
fluids and their cargo molecules exhibit high stability when
enclosed within lipid bilayers; (ii) relatively a large number of
EVs are present in most biofluids compared to circulating
tumor cells (CTCs) or cell-free DNA (cfDNA); and (iii) EVs
enrich functional molecules, effectively circumventing the
complexity and wide dynamic range of biofluids. Various com-
mercial products and new technologies have been developed
for the separation of EVs from different biofluids. Common
separation techniques include ultracentrifugation, density gra-
dient separation, polymer-based precipitation, size exclusion,
and affinity-based isolation.”

Urine sample storage and handling can impact the detec-
tion of analytes including EVs present in urine, while the use
of different normalization methods may affect the measure-
ment and potentially introduce biases. So far, several studies
have demonstrated the stability of EVs in urine samples under
various storage conditions. For example, Zhou et al. found that
urine samples stored at —20 °C and —80 °C for 1 week or
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7 months showed different outcomes.® Freezing at —20 °C
resulted in significant loss of exosomes, whereas minimal loss
was observed after freezing at —80 °C. Riccardo Vago et al.
showed that adding preservatives to urine can maintain its
stability at room temperature for up to 6 months.’ In addition,
it has been reported that urine samples and isolated EVs can
remain stable at —80 °C for at least 2 years.'® However, most of
these studies have focused on the impact of long-term storage
on the stability of urine EVs. Currently, the short-term, tem-
porary storage of urine samples in labs and clinics has not
been systematically investigated in clinical applications.
Furthermore, when collecting clinical samples, often it can be
challenging to collect urine samples from patients such as
those with prostate problems at specific time points. In order
to solve the nonideal conditions encountered in the actual
urine collection process, it is necessary to study the variations
in EVs in daily urine collection and handling. Additionally,
due to the highly dynamic nature of urine samples, it is impor-
tant to normalize them during the sample preparation stage.
Although several standardized methods have been proposed,
such as exosome markers, nanoparticle tracking analysis (NTA)
and Tamm-Horsfall protein,"* ™ they have drawbacks in prac-
tical applications. Therefore, a sensible and effective normali-
zation strategy is needed to reduce the variability between
samples.

In this study (Fig. 1), we first examined the stability of EVs
in urine, by assessing factors such as nonideal urine collec-
tion, temporary storage temperature and short storage time,
and diet. We examined several normalization methods and
identified that creatine normalization is relatively effective and
easier to implement to minimize variations. Finally, we pro-
filed urine EV proteomes to screen potential biomarkers for
prostate cancer (PCa), so as to provide valuable guidance for
clinical applications. Currently, the detection methods for PCa
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mainly include serum prostate-specific antigen (PSA) measure-
ment and digital rectal examination (DRE), with serum PSA
measurement being the most widely utilized in -clinical
practice.®™*® Due to the low specificity of both PSA serum
measurements and DRE, a large number of unnecessary pros-
tate biopsies are performed. Therefore, there remains a clear
need for new biomarkers for the rapid and reliable diagnosis
of PCa. Recent proteomic analyses based on mass spec-
trometry (MS) make it possible to detect, quantify and charac-
terize cancer-specific EV biomarkers by high-throughput and
in-depth proteomic analysis of urine EVs.'” Currently, the
common MS data acquisition methods include the data depen-
dent acquisition (DDA) method and the data independent
acquisition (DIA) method. Compared to DDA, DIA has several
advantages, including higher coverage, sensitivity, and
repeatability.”’*>* Building a library is typically required in
advance for DIA data analysis, but recent advances in library-
free DIA (directDIA) have allowed researchers to achieve direct
peptide sequencing without library building.>*** In addition,
compared to DDA technology, directDIA can achieve higher
quantitative sensitivity, accuracy, and reproducibility.>®*” In
this study, we applied directDIA to profile urine EV proteomes
from prostate cancer patients and control groups.

2. Experimental section

Detailed experimental materials, western blotting methods
and EV proteome sample preparation are included in the ESIL{

2.1. Collection of samples

The urine samples were collected from the People’s Hospital
of Jiangsu Province. Urine samples were collected from healthy
individuals, patients with prostate cancer and other patients
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Fig. 1 Experimental design and workflow of the study. First, the stability of urine EVs during temporary storage, with daily changes and after liquid
intake was studied. Then, the effects of creatinine, protein and volume normalization were evaluated. Finally, clinical samples were analyzed using
mass spectrometry after normalization with creatinine, enabling the screening of potential biomarkers for prostate cancer.
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with prostatitis or prostate disease. All experiments were per-
formed according to the ethical guidelines of the local hospi-
tal. The study’s protocol was approved by the Ethics
Committee of the First Affiliated Hospital of Nanjing Medical
University (2021-SR-167, 7 April 2021), Nanjing, China.
Informed consent was obtained from human participants of
this study.

We collected urine samples from 7 individuals, and for
non-MS-based experiments such as western blotting, results
with 3 individuals were illustrated. The individuals followed a
light diet the day before sample collection. The urine collec-
tion process for individuals was conducted as follows: (1)
Individuals’ morning urine samples were collected. (2) Urine
samples were collected in the morning, after lunch, and after
dinner. Additionally, their morning urine samples were col-
lected for three consecutive days. (3) Urine samples were col-
lected in the morning. Subsequently, samples were collected
after the individuals consumed 500 mL of water or 500 mL of
Coca-Cola. (4) The individuals consumed a regular diet, and
urine samples were collected at various time points throughout
the day.

After collecting urine samples, they were centrifuged twice
at 2500g for 10 minutes each time (to remove cell fragments
and large apoptotic bodies). After centrifugation, the super-
natant was stored at —80 °C for subsequent operation. The
urine creatinine level was detected using a creatinine colori-
metric assay kit (Cayman, 500701).

2.2. EV isolation by EVtrap

The method of EV extraction using EVtrap magnetic beads
(Tymora Analytical, West Lafayette, IN, USA) was based on a
previous protocol.” EVtrap magnetic beads were added to each
urine sample in the proportion of 20 pL magnetic beads per
mL of urine. The mixture was then incubated at room tempera-
ture for 1 hour, after which the supernatant was removed with
the aid of a magnetic separator. Subsequently, EVs were
washed once with a 1x loading buffer and three times with 1x
PBS solution, respectively. Finally, EVs were obtained by
eluting the EVtrap magnetic beads with 200 pL of elution
buffer twice.

2.3. Nanoparticle tracking analysis (NTA)

EVs were eluted from 1 mL of the urine sample with 200 pL of
100 mM triethylamine and were diluted to 1 mL with PBS. The
detection of the particle size and concentration of separated
EVs was performed using ZetaView (Particle Metrix,
Meerbusch, Germany) following a standard protocol. The
instrument was initially calibrated using 100 nm polystyrene
particles, which were diluted 250000 times with purified
water. The brightness of the instrument was set to 20, and the
sensitivity and shutter were set to 70 and 100, respectively.

2.4. Characterization of EV by transmission electron
microscopy (TEM)

EVs isolated from 1 mL of the urine sample were dispersed in
200 pL of PBS. Then, 10 pL of the solution was applied to a
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200-mesh formvar carbon-coated copper grid, left to air dry
naturally, and subsequently incubated with a 2% phospho-
tungstic acid solution (pH = 7.0) for 2-3 minutes at room
temperature for negative staining. Finally, the EVs were
imaged using transmission electron microscopy (TEM) using a
Hitachi H-8100 electron microscope (Hitachi, Tokyo, Japan).

2.5. Data independent acquisition-mass spectrometry
(DIA-MS) analysis and data processing

Peptides were analyzed with a QE HF-X (Thermo Fisher
Scientific, USA) using nanospray, equipped with a Thermo
Scientific EASY-nLC 1200 system. Phase A was 0.1% formic
acid in water and phase B was 80% acetonitrile (ACN)/0.1%
formic acid, and the analytical column containing C18
packing (2.2 um, 100 A; Michrom Bioresources) had a flow rate
of 300 nL min~", with a linear 23 min gradient from 5% to
40% B, followed by a 7 min wash gradient. Mass spectrometry
was performed in the DIA mode. The detailed parameters are
as follows: the full MS resolution was set to 120 000, the scan
range was set to 400-1200 m/z, the AGC target was 3e6, and
the maximum IT was 30 ms. The DIA resolution was set to
15000, the AGC target was 1e6, the maximum IT was 20 ms,
and the isolation window was 8 m/z.

Thermo raw files were processed using the Direct-DIA ana-
lysis function of Spectronaut™ software 17 (Biognosys,
Schlieren, Switzerland). The analysis was performed using the
version of the human UniProt database downloaded on March
15, 2023. The default parameters of the software were used to
search the directDIA database: trypsin/P was set, up to
3 missed cleavages were allowed, carbamoylmethylation
(+57.02 Da) was chosen as the fixed modification and methion-
ine oxidation (+15.99 Da) and acetylation (+42.01 Da) were
chosen as variable modifications, protein and peptide false
discovery rates (FDRs) were set to 1%, MS/MS was used for
quantitative analysis. Perseus software was used to analyze the
differential expression of the search data, the volcano map and
heat map were generated (p < 0.05, ¢ test S, = 0, |log, (fold
change) |>1 is a differential protein), and the missing values
were filled according to the normal distribution.

2.6. Statistical analysis and data availability

Statistical analysis was performed using Perseus software. All
protein abundances were transformed using the binary logar-
ithm, and the samples were categorized into a control group
(negative samples) and a prostate cancer group (Gleason score
> 6). Proteins with abundance frequencies higher than 50%
across all samples were considered valid values. Missing
values were imputed with smaller values, drawn from a normal
distribution with a downshift of 1.8 standard deviation (SD)
and a width of 0.3 SD. Subsequently, the abundances were
median-normalized for each sample. Analysis of variance
(ANOVA) was used for the multiple comparison test with S, = 0
and p = 0.05. Finally, |log, (fold change)|>1 is a differential
protein. Statistical analysis was conducted using one-way ana-
lysis of variance (ANOVA) to assess the significance of differ-
ences. SPSS (v24.0) was employed for statistical analysis. A
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p-value <0.05 was considered statistically significant. All the
pictures were drawn using GraphPad Prism (v8.0), Origin2022
(v9.9) and R (4.2.3).

3. Results and discussion

3.1 EVtrap facilitates the isolation and evaluation of EV
stability

To assess the effect of urine collection and processing vari-
ables, we need to have a reliable and reproducible method for
EV isolation and evaluation. Our group has recently introduced
functionalized magnetic beads, EVtrap, to isolate EVs based
on chemical affinity, demonstrating effective EV capture by uti-
lizing the properties of hydrophilic and lipophilic groups,
which exhibit specific affinity for EVs.” To further confirm the
suitability of EVtrap in isolating EVs from urine to facilitate
evaluating preanalytical variables, EVs isolated by EVtrap were
characterized using WB, NTA, and TEM. In general, it is rec-
ommended to use both positive EV and negative markers to
verify the purity of EV capture,”® such as common EV markers
CD9, CD81, CD63, and TSG101, and calnexin, an endoplasmic
reticulum protein, as a negative marker.”® In the WB experi-
mental results, the EV markers CD9, CD81, and TSG101 were
clearly detected in samples from multiple individuals (illus-
trated with n = 3), while the calnexin signal (negative control)
was not observed (Fig. 2A). The results demonstrate the suc-
cessful isolation and specificity of EV isolation by EVtrap from
urine. The particle number and size distribution of EVs were
further determined using nanoparticle tracking analysis (NTA).
As depicted in Fig. 2B, urinary EVs isolated by EVtrap were pre-
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dominantly distributed in the range of 30-400 nm. To visualize
the size and structure of the captured EVs, TEM was also per-
formed (Fig. 2C and D) to reveal clear observation of the orig-
inal EV membrane and three-dimensional structure.

3.2 Effect of temporary urine storage temperature and time
on EV stability

In previous studies, the effect of long-term storage tempera-
tures (e.g., —20 °C and —80 °C), time and storage format on the
quantity and quality of EVs has been investigated. EVs and
their proteome appear stable in longitudinal samples of sub-
jects over a prolonged time-period at —80 °C, but freezing and
thawing can cause some loss of EVs or artifacts.>® However,
there is no systemic investigation of EV stability in the context
of clinical settings. During actual urine collection clinically,
immediate analysis of urine samples may not always be feas-
ible, such as in a busy hospital or local clinic. Once urine
samples are collected, hospitals and clinics may not have free-
zers available for storage immediately either. Instead, samples
are temporarily kept at room temperature or in a general
refrigerator at least for multiple hours before being trans-
ported to a freezer. Different temporary storage conditions can
greatly affect the EV concentration in urine. Therefore, it is
necessary to evaluate the stability of urine storage at different
temporary storage temperatures and time periods. We simu-
lated the actual clinical situation for urine collection and its
effect on EV stability, by carrying out the investigation at 4 °C
and room temperature (25 °C) for 6 and 12 hours, respectively,
while urine samples immediately stored at —80 °C served as
the control, with at least 3 biological repeats for each con-
dition. As illustrated in Fig. 3A and B, there was basically no
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Fig. 2 Characterization of EVs isolated from urine by EVtrap. (A) Western blot results of urine EVs captured by EVtrap in individuals (n = 3). The cell
extract was used as the control. CD9, CD81 and TSG101 were selected as biomarkers of EVs, and calnexin was used as a negative control; (B) NTA
results of urine EVs captured by EVtrap (n = 3); and (C and D) TEM images of urine EVs from a selected individual.
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Fig. 3 Characterization of urine EVs under different temperature storage conditions. (A) Western blotting results of urine EVs captured by EVtrap
(n = 3); (B) Grayscale values of CD9 and TSG101 bands in WB results (n = 3); and (C) NTA measurement (n = 3).

change in the WB signals of CD9 and TSG101 after the urine
had been stored at 25 °C for 6 hours and 4 °C for 6 hours and
12 hours, while the levels of CD9 and TSG101 decreased after
being stored at 25 °C for 12 hours. In addition, NTA was also
performed to detect EVs in urine under these conditions. As
can be seen from Fig. 3C, the EV concentration measured by
NTA is overall consistent with the WB results. This decrease in
EVs could be attributed to the possible degradation or frag-
mentation of EVs in urine under prolonged room temperature
conditions.”® We used a general linear model (one-way mixed
ANOVA) to investigate the effects of storage time and tempera-
ture on the EV sample. Compared with the control group, we
did not observe any significant difference between the two
groups in terms of the analyzed parameters (p > 0.05). The
results indicate that EVs remained relatively stable for 6 hours
at 25 °C or for 12 hours at 4 °C.

3.3 Effect of the urine sampling time and diet

The important physiological roles of urine are attributed to its
highly dynamic and volatile nature and vulnerability to exter-
nal conditions (exercise, diet, etc.).** While the general guide-
line for urine collection, for example, the first morning speci-
men, facilitates minimizing the variation, the actual sample
collection and handling can be quite inconsistent and difficult
to implement. For example, it is difficult to collect urine
samples from patients with prostate issues at designated time
points so a non-ideal compromise is typically made by collect-
ing urine samples anytime when the patient is ready. To
mimic the nonideal situation during the actual urine collec-
tion, we explored the variation of urine EVs on the same day,
for three consecutive days, and after consuming a large
volume of liquid. As illustrated in Fig. S1A-D,f there are
noticeable changes in the signals of CD9 and TSG101, whether
urine samples were collected over one day or morning urine
for three consecutive days from the same individuals. The CV

3420 | Analyst, 2024, 149, 3416-3424

values for CD9 and TSG101 were above 10%, with the highest
being 36.02%.

To further evaluate the dynamics of urine and its EV
content that is affected by dietary conditions, the urine
samples collected from three individuals after consuming
500 mL of water or soft drink were compared with their
normal first morning urine. Not surprisingly, the results
revealed a significant decrease in the EV amount in urine after
the individuals consumed a large amount of liquids (Fig. S27).
These findings clearly illustrated the dynamic nature of urine
samples and their content including urinary EVs and their sus-
ceptibility to external influences.?" Therefore, it is advisable
for patients to refrain from consuming excessive amounts of
water or beverages before the collection of urine samples.

3.4 Evaluation of EV normalization using urine creatinine
and the total EV protein amount

As urine collection and handling often is nonideal, it is necess-
ary to normalize urine samples before or during EV analysis.
Several EV normalization strategies have been proposed, e.g.,
NTA, CD9 biomarkers, etc., but they all present certain chal-
lenges. For example, NTA requires expensive instruments and
the result shows bias in detecting EVs smaller than 70 nm,
while the use of CD9 and other EV markers through immuno-
assay is time-consuming and less practical. Creatinine has
been widely used to correct the excretion rate or urine concen-
tration of a variety of endogenous and exogenous substances.*?
On the other hand, MS-based analyses typically involve the use
of the total protein/peptide amount to normalize samples. We
attempted to investigate which urine normalization method is
sufficient to minimize pre-analytical variables. To examine the
differences among various normalization methods in down-
stream MS analyses, we normalized the urine samples from
the same individual at different time points on 3 consecutive
days with 3 biological replicates using creatinine, volume, and

This journal is © The Royal Society of Chemistry 2024
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total protein amount. The protein content was quantified
using a BCA Protein Assay Kit (Beyotime, P0010). The total
protein amount in a 1 mL urine sample for each individual
over three days is as follows: Individual 1 (Day1-Day3: 7.65 pg,
5.14 pg, 7.12 pg, 5.63 pg, 4.95 pg, 4.80 pg, 7.43 pg, 6.22 pg, and
7.57 pg); Individual 2 (Dayl-Day3: 7.56 pg, 6.38 pg, 4.79 ug,
5.25 pg, 5.62 pg, 6.08 pg, 7.40 pg, 6.51 pg, and 5.21 pg); and
Individual 3 (Dayl-Day3: 4.63 pg, 7.34 pg, 5.14 pg, 4.24 pg,
5.20 pg, 5.71 pg, 6.52 pg, 6.60 pg, and 4.21 pg). As EV isolation
methods may affect the purity of EVs, low EV purity could
result in the dominance of contaminating proteins in total
protein measurement.*** In our study, we employed EVtrap
to capture EVs from urine samples. Fig. S31 shows that the cor-
relation between the total protein content and the number of
EVs ranges from 0.78 to 0.84, indicating a good correlation.
The normalization efficiency was assessed by western blot-
ting experiments based on two known EV markers, CD9 and
TSG101. As shown in Fig. S4A-41,1 without creatinine normali-
zation (volume normalization only), there was significant fluc-
tuation in the levels of CD9 and TSG101 at different time
points. When compared with volume and total protein normal-
ization, the intensities of CD9 and TSG101 bands were basi-
cally identical after urine normalization using creatinine. To
better compare the effect of normalization, we used the coeffi-
cient of variation to observe the level of volatility. As can be
seen from Fig. S4], when urine is normalized with creatinine,
the dispersion of the nine points is low, and the coefficients of
variation (CV) of CD9 and TSG101 are 8.02% and 6.89%, respect-
ively. However, when volume normalization and total protein nor-
malization were used, the dispersion of the nine points was
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higher, with the coefficients of variation (CVs) for volume nor-
malization being 19.43% and 29.11%, and the CV values for total
protein normalization being 17.55% and 15.76%, respectively.
The data indicate that normalizing urine with creatinine is more
efficient in reducing the variation from the same individuals. EVs
from biofluids, as nano- and micro-particles, are typically coated
with protein corona during the circulation and the total protein
amount can be affected by the EV size distribution and pro-
perties of the EV surface. This may explain why it is not a better
strategy to normalize urine based on the total protein amount.
As shown in Fig. 4A-C, when urine creatinine normalization was
applied, the variation of CD9 and TSG101 at different time
points was significantly reduced. The CV values for CD9 and
TSG101 in the volume-normalized samples were approximately
17% on average. However, after normalization with creatinine,
the CVs of CD9 and TSG101 signals decreased to around 6%
(Fig. 4D). These results indicate that normalizing urine samples
using creatinine could effectively reduce inter-sample variability.
The observation supports the relationship between the content of
EVs in urine and creatinine values, consistent with previous
literature.""*® Therefore, in clinical applications in which urine
sample collection and handling is nonideal, creatinine normali-
zation can be used to minimize the inter-sample variability for
EV-based studies.

3.5 Profiling urinary EV proteomes of prostate cancer
patients through DIA-MS analyses

Finally, we used the guideline from our observation to profile
urinary EV proteomes of prostate cancer patients and age-
matched controls. Urine samples from 30 prostate cancer
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Fig. 4 Characterization of EVs in urine at 8 different time points during the day. (A) Western blotting results of urine with volume normalization
only; (B) Western blotting results of urine with creatinine normalization; (C) Grayscale values of CD9 and TSG101 bands when urine creatinine was
not normalized (volume normalization) and normalized; and (D) Coefficients of variation of CD9 and TSG101 with or without urinary creatinine nor-
malization (n = 8, N: not normalized (volume normalization only), and Y: normalized).
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patients and 30 non-prostate cancer patients as the control
group were collected. In particular, prostate cancer patients
have challenges in holding urine at designated time points,
and therefore we did not restrict specific sample collection
time. Creatinine normalization was performed on all urine
samples. After normalization, EVs in urine were enriched
using EVtrap and lysated and proteins were extracted and
denatured using the phase transfer surfactant (PTS) buffer, fol-
lowed by reduction, alkylation and trypsin digestion to obtain
peptides for LC-MS analysis. A total of 47 334 unique peptides
representing 4939 proteins were identified. Label-free quantifi-
cation (LFQ) was performed to screen significant proteins
specific to prostate cancer by profiling proteomes in the
patient and control groups. The volcano plot (Fig. 5A, p-value <
0.05, log,|Fold change|>1) illustrates that a total of 57 signifi-
cantly differential proteins were identified, including 51 upre-
gulated proteins and 6 downregulated proteins. Among the
upregulated proteins, at least 19 have been previously reported
to be associated with prostate cancer (INAFM1, GLS, PDHA1,
IGFBP1, HLA-C, EPB41, SDC1, NDUFV2, C4BPB, FGFR3,
MMP11, GSTT1, TRIM28, POSTN, ADIRF, AKAP4, ANO1,
GOLM1, and SUCLA2). Notably, GOLM1, a Golgi membrane
protein, is upregulated in clinical prostate cancer and has
been found to be superior to serum prostate-specific antigen
(PSA) in diagnosing prostate cancer.’” POSTN is an exploratory
periosteal protein that is highly expressed in prostate cancer. It
promotes the proliferation and invasion of PCa cells and plays
an important role in osteoblast metastasis of PCa.*®

To further evaluate the 57 EV proteins differentially identi-
fied in prostate cancer, we performed a cluster analysis for the
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30 prostate cancer patients and 30 control groups. As seen in
the heat map (Fig. 5B, p-value < 0.05, ¢ test S, = 0), 51 upregu-
lated proteins and 6 downregulated proteins were visualized.
We conducted the Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis
on the 51 upregulated proteins (Fig. S5, p-value < 0.05). The
KEGG pathway analysis showed that these proteins were
related to central carbon metabolism in cancer, metabolic
pathways, carbon metabolism and others. In particular, it is
intriguing to the identification of four proteins (GLS, PDHA1,
EPB41, and FGFR3) in EVs involved in the central carbon
metabolism in the cancer pathway.

Boruta is a feature selection method based on random
forest, which randomly destroys each real feature sequentially,
evaluates the importance of each feature, and iteratively
deletes the features with low correlation to find the best
variables.?>** We further performed a signature protein screen
for 51 upregulated proteins by using the Boruta package. As
shown in Fig. S6A,T we screened a total of 16 feature proteins
(highlighted in green). In order to understand the ability of
each feature protein to distinguish between prostate cancer
and non-prostate cancer, we assessed the importance of the 16
feature proteins and visualized them in a variable importance
plots map (Fig. S6Bt). The top 5 proteins are ranked in terms
of importance as AKAP4, TRIM28, FGFR3, MMP11 and
ATP5PB. Among them, it has been reported that AKAP4 is
abnormally expressed in PCa and can be used as a potential
biomarker for PCa.*' We utilized receiver operating character-
istic (ROC) curves to evaluate the discriminatory capability of
these 5 proteins in distinguishing between prostate cancer
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Fig. 5 Quantitative proteomics of urine EVs from control and prostate cancer groups. (A) Volcano plot comparison of the differentially expressed
proteins. (B) Heatmap of the significantly regulated proteins of the control and prostate cancer groups.
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patients and non-prostate cancer patients. As shown in
Fig. S7,} the area under the curve (AUC) values of all 5 feature
proteins are below 0.8. In cancer diagnosis, individual indi-
cators may exhibit uncertainty, and there is a growing trend
towards combining multiple indicators for joint analysis. To
enhance the overall predictive ability, we integrated the 5 pro-
teins into a combined panel. By employing the random forest
algorithm, we constructed an ROC curve and calculated its
corresponding area under the curve (AUC). As illustrated in
Fig. S8,7 the results demonstrated that the panel comprising
the 5 feature proteins achieved a high AUC value of 0.988, indi-
cating their good performance in distinguishing prostate
cancer from non-prostate cancer patients. Therefore, these 5
proteins show promise as potential biomarkers for prostate
cancer for future validation and investigation with larger
cohorts of samples.

4. Conclusions

There is increasing interest in using urinary EVs as the source
to develop disease biomarkers. Previous studies have carefully
investigated the effects of preanalytical variables on EV stabi-
lity during long-term storage. Overall, urinary EVs and their
cargoes such as proteome are relatively stable over a prolonged
time-period, suggesting the feasibility of developing reliable
non-invasive diagnostic/prognostic biomarkers. However,
actual collection and handling of urine samples and tempor-
ary storage in clinics and hospitals before long-term storage
may have profound effects on EV stability. In addition, depend-
ing on clinical settings and patient conditions, urine collection
and handling often is not ideal. In this study, we simulated
the actual clinical sample collection to investigate the stability
of EVs when urine samples were collected and stocked on the
spot and examined different normalization methods to mini-
mize fluctuations. These explorations provide valuable gui-
dance for clinical urine sample collection and handling, and
demonstrated the identification of a panel of potential protein
biomarkers for the diagnosis of PCa that may facilitate stan-
dardization of urine EV biomarker research and development.
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The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner
repository with the data set identifier PXD042489.
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