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Abstract

Background The epithelial-mesenchymal transition (EMT) promotes cell signaling and morphology alterations,
contributing to cancer progression. Exosomes, extracellular vesicles containing proteins involved in cell-cell
communication, have emerged as a potential source of biomarkers for several diseases.

Methods Our aim was to assess the proteome content of exosomes secreted after EMT-induction to identify
potential biomarkers for ovarian cancer classification. EMT was induced in the ovarian cancer cell line CAOV3 by
treating it with EGF (10 ng/mL) for 96 h following 24 h of serum deprivation. Subsequently, exosomes were isolated
from the supernatant using selective centrifugation after decellularization, and their characteristics were determined.
The proteins present in the exosomes were extracted, identified, and quantified using Label-Free-Quantification (LFQ)
via Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS). To identify potential biomarkers, the obtained
proteomic data was integrated with the TGGA database for mRNA expression using principal component analysis and
a conditional inference tree.

Results The exosomes derived from CAOV3 cells exhibited similar diameter and morphology, measuring
approximately 150 nm, regardless of whether they were subjected to EMT stimulation or not. The proteomic analysis
of proteins from CAOV3-derived exosomes revealed significant differential regulation of 157 proteins, with 100
showing upregulation and 57 downregulation upon EMT induction. Further comparison of the upregulated proteins
with the TCGA transcriptomic data identified PLAU, LAMB1, COL6AT, and TGFB1 as potential biomarkers of the
mesenchymal HGSOC subtype.

Conclusions The induction of EMT, the isolation of exosomes, and the subsequent proteomic analysis highlight
potential biomarkers for an aggressive ovarian cancer subtype. Further investigation into the role of these proteins is
warranted to enhance our understanding of ovarian cancer outcomes.
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Background

Ovarian cancer has the highest mortality rate among
gynecological neoplasms. Of 314,000 women diagnosed
worldwide in 2020, approximately 65% would die from
the disease [1]. Among the various histotypes, high-grade
serous ovarian carcinoma (HGSOC) is associated with
the poorest prognosis [2].

Epithelial-mesenchymal transition (EMT) is a biologi-
cal process associated with the development and pro-
gression of malignant tumors, involving cell motility and
invasion, resistance to apoptotic stimuli, and acquisition
of stemness. However, the precise connection between
EMT and in vivo metastases remains unclear [3].

Exosomes, which are nanometer-sized vesicles, serve
as mediators of intercellular communication by trans-
ferring proteins, genes, chemokine receptors, soluble
factors, miRNAs, and other bioactive material. Tumor-
derived extracellular vesicles are believed to contribute
to the development and progression of cancer through
various mechanisms, including the activation of hema-
topoietic and stromal cells, stimulation of angiogenesis
[4], promotion of tumor dissemination, influence on the
EMT process, remodeling of extracellular matrix, evasion
of immune detection, and facilitation of the formation
of pre-metastatic niches. Furthermore, exosomes hold
promise as markers for the detection of metastases [5].

The discovery of proteins that regulate neoplastic
growth and metastasis holds the potential to yield new
biomarkers for early detection and prognosis of ovarian
cancer, as well as targets for treatment. In this study, our
objective was to identify potential biomarkers present in
exosomes derived from ovarian cancer cells during the
EMT process. We achieved this by employing mass spec-
trometry to identify proteins and comparing the results
with publicly available gene expression data.

Methods

Ovarian cancer cell culture

CAOV3 (ATCC® HTB-75™) and SKOV3 (ATCC® HTB-
77™) cells lines were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) (Gibco, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS)
(Thermo Scientific, Marietta, OH, USA). The OVCAR3
(ATCC® HTB-161™) cells were cultured in Roswell Park
Memorial Institute Medium (RPMI-1640) (Gibco) sup-
plemented with 20% Fetal Bovine Serum (FBS). Both
media were further supplemented with 100 U/mL peni-
cillin and 100 pg/mL streptomycin (Gibco). The cells
were maintained at 370C in a humidified incubator in
an atmosphere of 5% CO,. Before use, the cell lines were
authenticated by short tandem repeat (STR) profiling and
confirmed to be mycoplasma negative [6]. All cell lines
were acquired from the American Type Culture Collec-
tion (ATCC, Gaithersburg, MD).
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EMT induction

The cell lines were initially seeded in the supplemented
medium. After 24 h, the cell lines were washed twice
with PBS, and the media was replaced with an FBS-free
medium. Following additional 24-hour incubation, the
cells were treated with an FBS-free medium containing
10 ng/mL Epidermal Growth Factor (EGF) (Cat#236-
EG-200, R&D Systems, Minneapolis, Minnesota, USA).
The EGF-containing medium was replenished every 24 h
for a total duration of 96 h [6].

Protein extraction

The cells were washed with PBS twice and subsequently
disrupted in lysis buffer (Cat#9803, Cell Signaling, Dan-
vers, MA, USA) using three sonication cycles. Each
sonication cycle lasted for 5 min with cooled water in an
ultrasonic bath (Unique, Sdo Paulo, SP, Brazil). Following
sonication, the cell lysate was centrifuged at 20,000xg for
30 min at 40C. The supernatant containing the proteins
of interest was collected, and the protein concentration
was determined using the Bradford method (Bio-Rad,
Hercules, CA). Finally, the samples were stored at -800C.

Western blotting

The proteins were separated by SDS—-PAGE and then
electrotransferred onto PVDF membranes (GE Life-
sciences, Pittsburgh, PA, USA). Next, the membranes
were incubated with blocking buffer (25 mM Tris-HCI
(pH 7.5), 0.5 M NaCl, and 0.1% Tween-20) containing
5% non-fat dry milk. Primary antibodies were added to
the membranes, followed by incubation with a secondary
antibody, specifically horseradish peroxidase-conjugated
goat anti-rabbit IgG (Cat#7074, Cell Signaling), as per
the manufacturer’s instructions. The primary antibod-
ies used are listed in Supplementary Table 1. The mem-
branes were then developed using ECL Western Blotting
detection reagents (GE Lifesciences) and images were
captured using a CCD-Camera (ImageQuant LAS 4000
mini, Uppsala, Sweden). Dosimetric analyses were per-
formed using Image] software. The values are presented
as the EMT/CT ratio, normalized according to the con-
stitutive protein glyceraldehyde 3-phosphate dehydro-
genase (GAPDH). GAPDH was chosen as a loading
control because it is involved in glycolysis, a fundamental
metabolic pathway in most cells, and its expression lev-
els tend to be relatively stable under many experimental
conditions.

PathScan EGFR signaling array kit

The PathScan EGEFR signaling array kit (Cat#12622, Cell
Signaling) was utilized, which contains fixed antibodies
specific to phosphorylated proteins in a chemilumines-
cent sandwich immunoassay format. Experiments were
conducted following the manufacturer’s instructions.
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Densitometric analyses of the obtained data were per-
formed using the protein array analyzer plugin for Image]J
software.

ROS detection by fluorescence assay

The production of reactive oxygen species (ROS) was
assessed using the intracellular fluorogenic reagent CM-
H2DCFDA (C6827, ThermoFisher Scientific) according
to the manufacturer’s instructions. To serve as controls,
cell lines were incubated with PMA (50 nM) for 1 h to
induce ROS accumulation through PKC activation. For
the experimental groups, CAOV3, SKOV3, and OVCAR3
(both CT and EGF-treated) cell lines were incubated with
5 uM CM-H2DCEFDA for 1 h before analysis. The analysis
was performed at 37 °C in a 5% CO, atmosphere. ROS
using a FACSCalibur cytometer (Becton-Dickinson), and
the fluorescence was detected in the FL1/FL2 channel.
The acquired data were analyzed using FlowJo software
(Treestar, Inc).

Mitochondrial membrane potential (MMP) by fluorescence
assay

The assessment of mitochondrial membrane potential
was conducted using intracellular tetramethylrhoda-
mine ethyl ester perchlorate (TMRE) (#13296, Cell Sig-
naling), following the manufacturer’s instructions. To
establish control, cell lines were incubated with carbon-
ylcyanide 3-chlorophenylhydrazone (CCCP) (50 uM)
at 37 °C for 15 min to disrupt the mitochondrial mem-
brane potential. For the experimental groups, CAOV3,
SKOV3, and OVCAR3 (both CT and EGF-treated) cell
lines were incubated with 200 nM of TMRE for 20 min
before analysis. The analysis was performed at 37 °C in a
5% CO, atmosphere using a Varioskan LUX Multimode
Microplate Reader. The reader settings included excita-
tion around 550 nm and emission around 580 nm.

Isolation of exosomes

Following the EMT induction, the culture medium was
collected and subjected to centrifugation at 300xg for
10 min, followed by an additional centrifugation step
at 3000xg at 4°C for 30 min. The resulting supernatant
was then filtered using a 0.22 um syringe filter for decel-
lularization. Subsequently, the filtered solution was con-
centrated to a minimum volume of approximately 8 mL
using an Amicon ultrafiltration system with a 100-kDa
cutoff (Millipore, Billerica, MA, USA). The exosomes
were isolated and separated from the concentrated solu-
tion using the exoEasy Maxi kit (Qiagen; Valencia, CA)
as per the manufacturer’s instructions. Once isolated
and separated, the, collected exosomes were stored in a
freezer —80°C.
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Quantification of exosomes by nanoparticle tracking
analysis

The size, distribution, and quantification of the exosomes
obtained from independent experiments were assessed
using nanoparticle tracking analysis (NTA) performed
on a NanoSight NS300 system (Malvern Instruments,
Malvern, United Kingdom). The NTA data were analyzed
using NanoSight software (version 3.2.16) [7].

Characterization of exosomes by transmission electron
microscopy (TEM)

Freshly isolated exosomes were fixed in phosphate buf-
fer containing 3% glutaraldehyde (v/v) and 4% parafor-
maldehyde (v/v) at 4°C for 2 h. After centrifugation at
16,500xg for 30 min, the exosomes were resuspended in
PBS and applied onto Formvar/carbon-coated electron
microscopy grids. The exosomes were then visualized by
negative contrast using a transmission electron micro-
scope JEM-100 CX II (Jeol) equipped with a digital cam-
era Hamamatsu ORCA-HR at magnifications of 50000 X,
100000 %, and 200000 X [7].

Extraction of proteins from exosomes

The proteins were extracted from exosomes by disrupt-
ing them using a lysis buffer (8 M urea, 150 mM Tris (pH
8.0), 0.5% Octyl B-D-glucopyranoside (O.G) (Cat#09882,
Sigma, St Louis, MO, USA), and protease and phospha-
tase inhibitors (MSSAFE, Sigma). The disruption process
involved three sonication cycles, with each cycle lasting
5 min using cooled water in an ultrasonic bath (Unique,
Sado Paulo, SP, Brazil). After sonication, the samples were
centrifuged at 20,000xg for 30 min at 40C. The super-
natant was collected and the protein concentration was
determined by the BCA protein assay kit (Pierce Biotech-
nology, Rockford, IL, USA).

Proteomic analysis

The exosome proteins (5 pg) were first reduced with DTT
(1:1 mg/mg) for 5 min at 95°C and alkylated (5:1 mg/
mg). The proteins were separated by SDS-PAGE using
4-20% Mini-PROTEAN TGX Precast Protein Gels, Cat
# 4561093, Bio-Rad). After SDS-PAGE, each gel lane was
divided into 4 equal-sized pieces, and in situ digestion
was performed individually for each piece.

For each gel slice, SDS and dye were removed using
NH,HCO, (50 mM) containing 50% acetonitrile (ACN),
followed by a wash with pure ACN. The slices were dried
in SpeedVac (Savant) and then rehydrated with 20 pL of
NH,HCO, (100 mM) containing 0.6 pg of trypsin (Pro-
mega) for approximately 30 min. The gel slices were then
covered with sufficient NH,HCO; (100 mM) and main-
tained at 37°C for 16—18 h for digestion.

After digestion, the peptides were extracted from
the gel using an ACN gradient (50%, 70%, and 100%)
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containing 0.1% formic acid. The extracted peptides were
successively transferred to a clean microtube and dried
using a SpeedVac (Thermo Scientific). The dried samples
were resolubilized in ACN 5% containing 0.1% formic
acid and desalted using C18 Zip Tips~ columns (Sulpelco,
Sigma) following the manufacturer’s instructions.

For capillary liquid chromatography, an equivalent of
1 pg digested proteins was injected onto a column with
dimensions of 25 cm length x 100 pm internal diameter
of column). The peptides were separated using a lin-
ear gradient of ACN (5 to 35%) containing 0.1% formic
acid over a period of 90 min at a flow rate of 250 nL/
min. The chromatographic system was coupled to a high-
resolution mass spectrometer, Q-Exactive HF (Thermo
Scientific). The mass spectrometer was operated with
a capillary voltage of 3.2 kV, a capillary temperature of
200 °C, a resolution of 100,000, and an FT-target value of
1,000,000.

The spectra were acquired in a dependent mode, select-
ing the 15 most abundant ions with a+2 or +3 charge
state in the range of 400 to 1600 m/z for HCD (Higher-
energy C-trap dissociation) fragmentation and MS/MS
analysis. To avoid peptide sequencing redundancy, a
45-second exclusion window was applied.

Proteomic data analysis

The six separate files generated from the LC-MS/MS
analysis were processed using the Maxquant quantitative
proteomics software tool [8]. This software was used to
handle and process the data resulting in the identifica-
tion and the relative label-free quantification (LFQ) of the
detected proteins [9].

The search criteria used during the analysis were as fol-
lows: trypsin enzyme with a tolerance of two lost cleav-
ages, mass error tolerance for precursor peptide was 6
ppm in the main search, mass tolerance of 20 ppm for
fragment ions (MS/MS); and false positive rate (FDR) of
1% for both proteins and peptides.

The identified proteins were subjected to relative LFQ,
where the normalized intensity profiles (LFQ intensity)
were calculated. For paired comparisons, at least 1 pep-
tide identified by MS/MS was required (LFQ minimum
ratio count=1). The normalized intensity values (LFQ
intensity) obtained from the analysis were used for statis-
tical analyses using Perseus software version 1.6.7.0 [10].

Data visualization and gene ontology analysis

The list of quantified proteins that showed regulation
(<0.5 and >1.9) from our large-scale proteomics study
was subjected to further analysis using public databases
and available free open-source software. For the identi-
fication, clustering, and visualization of protein-protein
interaction networks, we utilized the database STRING
(http://string-db.org/). This allowed us to explore the
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functional relationships and interactions among the iden-
tified proteins.

To gain insights into the biological processes and func-
tions associated with the identified proteins, we per-
formed a Gene Ontology (G.O.) analysis using FunRich
[11]. FunRich enables us to annotate the proteins based
on their involvement in specific biological processes,
molecular functions, and cellular components. Addition-
ally, we used FunRich to identify proteins known to be
secreted by cell vesicles, providing us with valuable infor-
mation about the potential role of exosomes in the con-
text of our study [11].

Integrative and statistical analysis

To prioritize target candidate proteins, we used gene
expression data of 489 HGSOC available in The Cancer
Genome Atlas (TCGA) database. The samples were clus-
tered into the molecular subtypes immunoreactive (110),
mesenchymal (108), proliferative (136), and differentiated
(133) [12], The gene expression data was accessed using
the cBioPortal repository (http://www.cbioportal.org/).

To integrate and analyze the data, we employed R 4.1.1
(The CRAN project, https://www.r-project.org/) soft-
ware. We utilized the singular value decomposition for
principal component analysis (PCA) to identify major
sources of variation in the gene expression data. This
allowed us to gain insights into the overall patterns and
relationships among the samples based on their gene
expression profiles.

Furthermore, we employed a conditional inference tree
algorithm to identify the main potential biomarkers asso-
ciated with the different molecular subtypes of HGSOC.
This approach enabled us to uncover key proteins that
could serve as promising biomarkers for distinguishing
between the subtypes and potentially providing impor-
tant clinical insights.

Results
EMT induction and characterization of exosomes
Figure 1 shows the results of EMT induction. Follow-
ing 96 h of EGF stimulation at 24-hour intervals, cells
exhibited a spindle-shaped morphology and a loss of cell-
cell contact (Fig. 1A). Western blot analysis of protein
expression in CAOV3 cells illustrated the upregulation of
N-cadherin, vimentin, SNAIL, total EGFR, and phospho-
EGFR (Tyr1068) in cells induced to undergo epithelial-
mesenchymal transition (EMT) by EGF treatment. The
values in the graph represent the EMT/CT ratio, which
is a densitometry measure, with CT representing con-
trol cells. This ratio has been normalized with respect to
constitutive proteins, confirming the induction of EMT
(Fig. 1B).

We also observed an increase in the phosphorylation of
EGER residues Tyr845 and Tyr998, as well as, the effect
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Fig. 1 Characterization of EGF-induced Epithelial-Mesenchymal Transition (EMT). (A) Morphological changes observed by phase-contrast microscopy
after 24/96 hours (Scale Bar — 200 pm). (B) Western blot analysis of EMT markers after 96 h of EGF-induced EMT in CAOV3 cells. The bar graph shows the

EMT/CT ratio, a dosimetry measure, with CT representing control cells

of EMT induction on the phosphorylation of the down-
stream EGFR proteins MEK1/2 (Ser217 and Ser221) and
p44/42 MAPK (Thr202 and Tyr204) in both OVCAR3
and SKOV3 cell lines. (Figure 2A and B). Moreover, cells
undergoing EMT exhibited elevated levels of reactive
oxygen species (ROS) and a decline in mitochondrial
membrane potential (Fig. 2C and D).

Figure 3 shows the exosome characterization. Protein
extracts from exosomes exhibited a higher abundance
of CD9 protein compared to protein extracts from the
total cell lysate. The CD54-ICAM1 marker was exclu-
sively identified in protein extract from exosomes, and
the Hsp70 protein presented a lower amount in the pro-
tein extract from exosomes. The negative marker Cal-
nexin was observed only in the total extract fraction
(Fig. 3A) [13]. The diameter distribution was approxi-
mately 150 nm in both when comparing exosomes from
EMT-induced and control cells. The exosome concen-
trations were 1.24x10° for controls and 2.18x10° for
EMT-induced cells (Fig. 3B). Furthermore, the morphol-
ogy of exosomes from EMT-induced cells and controls
appeared similar under transmission electron micros-
copy (Fig. 3C).

Discovery proteomics

We identified 1,898 proteins (FDR<1%) in the exosomes
secreted by CAOV3 cells. Among them, 157 proteins
exhibited differential detection between exosomes from
EMT-induced and control cells, with 57 proteins down
accumulated and 100 proteins up accumulated (Supple-
mentary Tables 2 and 3).

Figure 4 shows the Gene Ontology (G.O.) enrichment
analysis of the list of differentially detected proteins. The
exosomes carried proteins from several cellular compo-
nents including lysosomes, the extracellular space, and

the exosomes themselves (Fig. 4A). We identified pro-
teins involved in multiple functional categories, such
as the structural constituent of the extracellular matrix,
DNA binding, ribosomal structural constituent, recep-
tor activity, ubiquitin-specific protease activity, and lipid
binding (Fig. 4B). These proteins were associated with
various biological processes, including cell growth and
maintenance, cell adhesion, protein metabolism, cell-cell
adhesion, cell migration, and wound healing (Fig. 4C).
Notably, EMT emerged as one of the major enriched bio-
logical pathways (Fig. 4D).

The protein-protein interaction networks of the 100
up-accumulated proteins from exosomes of EMT-
induced cells revealed 19 clusters. The largest cluster,
consisting of 39 nodes, exhibited strong associations with
positive regulation of extracellular exosome assembly,
extracellular matrix binding, and ECM-receptor interac-
tion regulated by an EGF-like domain (Fig. 4E).

Integrative analysis of proteomic data and TCGA mRNA
expression
To identify potential classifiers of HGSOC subtypes, we
integrated the list of 100 up-accumulated proteins iden-
tified from the exosomes of EGF-induced EMT cells
with the results of HGSOC gene expression data based
on molecular subtypes, including immunoreactive (110),
mesenchymal (108), proliferative (136), and differentiated
(133) [12]. We employed singular value decomposition
for principal component analysis and utilized a condi-
tional inference tree to identify key potential biomarkers.
Figure 5 A shows the principal component analysis of
TCGA mRNA expression z-score of 100 genes associ-
ated with the up-accumulated proteins from exosomes
of EMT-induced cell lines. We observed a distinct clus-
ter representing the mesenchymal subtype HGSOC.
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Fig. 2 Characterization of EGF-stimulation. EGFR-signaling evaluation by (A) antibody-array (CAOV3 cells) and, (B) Western Blotting (OvCa cells) kept FBS-
free for 18 h, followed by 15/30 minutes EGF-stimulation, showing MEK 1/2 total, phosphorylated MEK (Ser-217/Ser-221), p-44/42 MAPK (Erk 1/2) total,
and phosphorylated p-44/42 MAPK (Erk 1/2) (Thr-202/Tyr-204). (C) evaluation of ROS (CM-H2DCFDA) and, (D) mitochondrial membrane potential (JC-1
aggregate/JC-1) of OvCa cells after EGF EMT-induction (mean + SEM, *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001)
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Fig. 3 Characterization of exosomes induced by EGF-induced EMT. (A) Western blot analysis of exosome markers. (B) Evaluation of size and concentra-
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Supplementary Table 4 shows the 39 genes with signifi-
cantly higher expression in the mesenchymal subtype, as
determined by univariate analysis.

Figure 5B shows a classification tree using TCGA
mRNA z-score of 100 genes corresponding to up-accu-
mulated proteins from exosomes of EMT-induced cell

(A)

POLR2B
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lines. The combination of the expression of the genes
PLAU, LAMBI1, COL6A1, and TGFBI classified correctly
the majority of mesenchymal tumors. If PLAU presents
a z-score>0.54 and LAMBI presents a z-score>0.51,
91.8% of HGSOC were mesenchymal. If PLAU presents a
z-score>0.54 and LAMBI presents a z-score<0.51, only
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27.5% of HGSOC were classified as mesenchymal. When
PLAU presents a z-score<0.54 and COL6A1 presents a
z-score>1.22, 66% of HGSOC were classified as mesen-
chymal. If PLAU presents a z-score<0.54, COL6A1 pres-
ents a z-score<1.22 and TGFBI1 presents a z-score>0.19,
12.5% of HGSOC were classified as mesenchymal. If
PLAU presents a z-score<0.54, COL6A1 presents a
z-score<1.22 and TGFBI1 presents a z-score<0.19, 0.4%
of HGSOC were classified as mesenchymal. The Western
Blotting analysis proteins from SKOV3, OVCAR3, and
CAOV3 cell lines confirmed the presence of COL6A],
LAMBI, PLAU, and TGFB1 in exosomes (Fig. 5C) with
an increase after EGF stimulation.

Discussion

Our study revealed that EMT induction enhances the
concentration of exosomes secreted by ovarian cancer
cells, and these exosomes carry potential tumor mark-
ers associated with the mesenchymal HGSOC subtype.
Through evaluating changes in the proteome of exo-
somes derived from EGF-stimulated CAOV3 cells and
integrating the data with the mRNA expression profile
of the HGSOC from the TCGA-OV cohort, we identified
PLAU, LAMBI1, COL6A1, and TGFB1 as potential mark-
ers of mesenchymal HGSOC subtype.

The CAOV3 EMT induction model was previously
developed by our research group to emulate key aspects
of cancer progression and metastasis [6, 14]. The induced
EMT phenotypes in this model include enhanced motil-
ity, invasiveness, and resistance to cisplatin which have
been shown to arise from the stimulation of the ERK/
MAPK signaling pathway based on mechanistic studies
[15]. EGF stimulation plays a role in matrix remodeling
through the ERK and ILK/GSK-3 pathways in ovarian
surface epithelial cells [16], and the combined target-
ing of endothelin and EGF receptors has been shown to
increase antitumor activity in ovarian cancer [6, 17]. Fur-
thermore, the activation of NOX enzymes, some of which
are located in the plasmatic membrane, triggers EGFR
signaling, leading to increased H202 levels. This, in turn,
results in sulphenylating Cys797 residues of EGFR, creat-
ing a positive feedback loop and amplifying kinase activ-
ity [18-20].

In a study by Grassi et al. [6] the cell proliferation rate
was measured using BrdU incorporation, and it was
demonstrated that the proliferation rate of Caov-3 cells
remained unchanged after EGF-induced EMT. This find-
ing indicated that proliferation does not directly influ-
ence the production and release of exosomes.

EMT potentially plays a significant role in the out-
comes of HGSOC, which is a highly lethal gynecological
malignancy [2]. EMT endows tumor cells with metastatic
characteristics, enhancing their mobility, invasiveness,
resistance to apoptosis, and stem cell-like properties [3].
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The cancer cell secretome plays a crucial role in main-
taining the tumor microenvironment, facilitating disease
progression, and metastasis [21], with exosomes emerg-
ing as key players in this context [5]. Exosome-derived
proteins from tumor cells mediate binding, motility, and
degradation of the extracellular matrix, activation of
hematopoietic cells and stroma, angiogenesis, and pro-
motion of EMT in neighboring non-metastatic tumor
cells [4].

Exosomes serve as carriers for a diverse range of mol-
ecules, including proteins, nucleic acids, lipids, and
metabolites. In our study, among the differentially accu-
mulated proteins in exosomes from EMT-induced cells
and controls, a significant number belonged to lyso-
somes, nucleosomes, and proteasomes. The analysis of
vesicles derived from tumor cells, as well as non-classical
secretion processes, revealed intracellular proteins within
extracellular vesicles [9, 22, 23]. Additionally, extracel-
lular vesicles transmit EMT signals. Our study identified
several binding-associated proteins, particularly involved
in extracellular matrix (ECM) restructuring, cell growth,
and motility and migration. These proteins may play a
role in tumor EMT induction and metastasis. Overex-
pression or activation of these pathways in the tumor
microenvironment can lead to increased resistance to
treatment. The ECM of tumors is recognized as a signifi-
cant barrier to effective cancer treatment [24, 25]. High
expression of ECM remodeling genes distinguishes the
mesenchymal molecular subtype from the other three
HGSOC subtypes. The mesenchymal subtype is associ-
ated with upper abdominal and omental metastases, sub-
optimal surgical debulking, residual macroscopic disease
after surgery, severe post-operative complications, and
reduced overall survival [26]. Interactions between circu-
lating tumor cells and the distant microenvironment can
influence the formation of a metastatic lesion and coloni-
zation, contributing to the development of a metastatic
niche through the extracellular matrix. In murine can-
cer models, combination therapies targeting global ECM
deposition, such as TGF inhibitors, or specific compo-
nents of ECM, such as in situ hyaluronic acid breakdown,
have shown the potential to enhance responsiveness to
therapy [6, 27-30].

The integrated analysis of EMT-induced exosome
proteomic data and TCGA-OV cohort gene expression
z-scores [12] identified PLAU, LAMBI1, COL6A1, and
TGFB1 as potential markers to classify mesenchymal
HGSOC subtype. The PLAU gene encodes a secreted ser-
ine protease known as plasminogen activator urokinase.
Plasminogen activator urokinase converts plasminogen
to plasmin promoting the degradation of the basement
membrane and facilitating tumor invasion and metasta-
sis. The urokinase-type plasminogen activator system has
been associated with aggressiveness and poor prognosis
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in various solid tumors, including ovarian cancer [31].
Ovarian cancer patients, especially those in the advanced
stage, often exhibit increased serum levels of PLAU and
PLAUR [32, 33], but while its elevated level is linked to
shorter progression-free and overall survival, it does not
represent a standalone prognostic indicator [34].

The gene LAMBI encodes laminin subunit beta 1.
Laminins play a role in cell differentiation, migration,
adhesion, and tumor cell invasiveness [35],, LAMBI1 has
been identified in the EMT process of chemoresistant
ovarian cancer cell lines, contributing to a more invasive
phenotype [35, 36]. Overexpression of LAMA4, LAMBI,
and LAMC1 mRNAs has been associated with lower
overall survival (OS) and progression-free survival (PES)
in ovarian cancer [37].

In osteosarcoma and lung metastasis, COL6A1 is asso-
ciated with a worse prognosis. Additionally, COL6A1 can
be transported by exosomes and influence the differen-
tiation of normal fibroblasts into cancer-associated fibro-
blasts. This process, driven by TGF/COL6A1 signaling,
promotes cell metastasis, invasion, and migration [38]. In
ovarian cancer cells, COL6A1 has been identified as an
effector gene that promotes invasion and metastasis [39,
40]. The upregulation of COL6A1 and TGFB1 expression
in a hypoxic microenvironment may enhance cell prolif-
eration [41].

The role of TGFBI in cancer is ambiguous. Hypermeth-
ylation of the TGFB1 promoter has been associated with
the suppression of TGFB1 expression [42]. TGFB1 is
positively regulated by a feedback loop involving FXYD5,
TGF B/SMADs signaling drives EMT during ovarian
cancer progression [43]. Macrophage-produced TGFB1
supports an immunosuppressive microenvironment in
ovarian cancer [44]. TGFBI is also associated with patho-
genesis [45], facilitating migration and invasion [46]. Fur-
thermore, TGFB1 enhances autophagy and mitophagy
through PI3K/Akt and Ras-Raf-MEK-ERK pathways in
ovarian cancer [47].

While our study has provided valuable insights into the
proteomic analysis of exosomes secreted during EMT in
CAOV3 cells and the identification of potential biomark-
ers for mesenchymal HGSOC, we recognize the limita-
tion of utilizing a single cell line in the first step of our
investigation. Future studies should consider incorporat-
ing multiple cell lines in all steps of the study to enhance
the generalizability of our findings and to validate the
clinical relevance of these potential biomarkers.

Conclusions

Proteomic analysis of exosome proteins from multiple
cell lines offers great potential for advancing our under-
standing of ovarian cancer biomarkers. This approach
provides valuable tools for characterizing biomarkers
associated with the disease. In our study, we successfully
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identified and validated candidate biomarkers in EMT-
induced TP53 mutant ovarian cancer cell lines, shedding
light on their relevance in ovarian cancer progression.
The integration of experimental induction of EMT, exo-
some purification, large-scale proteomic analysis, and
integration with gene expression data from the TCGA
database allowed us to identify potential markers of the
mesenchymal subtype of HGSOC. The identified mark-
ers, including PLAU, LAMBI1, COL6A1, and TGFBI,
warrant further investigation regarding their roles in
prognosis, as potential predictors of debulking, and as
targets for new therapeutic drugs. Continued research in
this field holds the potential to drive advancements in the
diagnosis, prognosis, and treatment of ovarian cancer,
ultimately leading to improved outcomes for patients.
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