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Background: Butyrate-resistant (BR) cells play an important role in acquiring chemoresistance in colorectal cancer (CRC). Our
previous study demonstrated that BR CRC cells showed cross-resistance to chemotherapy drugs, including S-fluorouracil and
oxaliplatin, in both monolayer and spheroid cultures. The mechanisms underlying drug resistance were also elucidated. However,
the link between parental (PT) and BR cells remains unclear. Extracellular vesicles (EVs) are key cell-cell communications that
transport various molecules, including DNA, RNA, and proteins, between the donor and target cells. EVs contribute to drug
resistance in cancers, such as melanoma and lung cancer. Recently, we focused on the correlation of proteomic profiles of EVs
from different cell types.

Methods: In this study, we analyzed the proteomic profiles of EVs derived from PT and BR cells to investigate the mechanisms
underlying the butyrate- and chemo-resistant phenotypes. EVs were isolated from PT and BR cells using ultracentrifugation.
The characteristics of the EVs were evaluated using western blot and transmission electron microscopy. The EV proteomic data
were further analyzed using liquid chromatography-mass spectrometry.

Results: We identified a unique protein expressed in BR cells related to the chemoresistant phenotype. Functional enrichment
analysis showed that BR cells had higher protein catalytic activity, binding, and transcription activity. The STITCH database
showed a greater correlation between protein-drug interactions in BR cells than in PT cells. Moreover, our findings support the
hypothesis that EVs promote tumor progression and metastasis and affect the tumor microenvironment.

Conclusions: Proteomic analysis of EVs from BR CRC cells reveals insights into drug resistance mechanisms, including protein-
mediated carcinogenesis and reduced drug uptake, offering potential strategies to overcome resistance in clinical practice.
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Introduction [3]. Moreover, a connection between butyrate resistance
and chemoresistance has been proposed. Previous studies
on CRC cell lines have shown that butyrate-resistant (BR)
cells also resist chemotherapy drugs, including 5-FU, dox-
orubicin, oxaliplatin (Oxa), and tricostatin [4-6]. More-
over, these cells exhibit aggressive behaviors, including mi-
gration and invasion. However, the relationship between
butyrate resistance and chemoresistance has not been elu-
cidated. Although, it has been hypothesized that cells com-
municate and transfer proteins, nucleic acids, or lipids from

Colorectal cancer (CRC) is an urgent public health is-
sue, including in Thailand, with high rates of morbidity and
mortality. CRC treatments such as surgery and chemother-
apy are effective. However, approximately 40-50% of pa-
tients who receive only curative surgery and 20-30% who
receive adjuvant chemotherapy subsequently relapse, de-
velop metastatic disease, and die. Multidrug resistance in
cancer is the main reason for this relapse, leading to anti-

cancer drug resistance, treatment failure, and poor survival
outcomes [1]. The 5-fluorouracil (5-FU) overall monother-
apy response rate in advanced CRC patients is limited to
10-15% [2]. A previous study revealed that an increase
in butyrate-producing bacteria in patients with CRC corre-
lated with poor prognosis and poor response to treatment

resistant donor cells to the target cells.

Extracellular vesicles (EVs) are nano-sized vesicles
derived from cells that mediate cell-to-cell communication
by transporting bioactive molecules. EVs play an important
role in various physiological and pathological conditions.
EVs in cancer can transport specific cargo, especially pro-
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teins and RNAs, that affect drug efflux and regulate the sig-
naling pathways involved in epithelial-mesenchymal tran-
sition, autophagy, metabolism, and cancer stemness [7,8].
The proteomic content of EVs or proteomic EV cargo re-
flects the pathological status of patients and may be used for
diagnosis, prognosis, and prediction [8,9]. Several bioin-
formatic tools and databases have been used to determine
differences between patient groups [10—12].

In the present study, we aimed to elucidate the link
between butyrate- and chemo-resistant phenotypes using
proteomics. The proteomic patterns between parental (PT)
and BR EVs were characterized and compared. Our find-
ings revealed that EVs from BR cells focus on enzymes
with catalytic and modified activities, whereas EVs from
PT cells focus on metabolic maintenance. Moreover, inter-
actions between proteins in BR-derived EVs and drugs may
be associated with drug resistance during cancer treatment.
These findings contribute to a better understanding of EVs
in CRC cell biology and provide a basis for further research
on candidate predictive biomarkers.

Materials and Methods

Cell Culture and EV Isolation

Human epithelial colorectal carcinoma cells HCT-
116 (ATCC; CCL-247, University Boulevard, Manassas,
VA, USA) and PMF-Kol14 (Riken: RBC1426, Koyadai,
Tsukuba, Ibaraki, Japan) were cultured in Dulbecco’s Mod-
ified Eagle Medium (2556764, Gibco™ Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10%
fetal bovine serum with 56 °C heat-inactivated (FBS;
42G9391K, Gibco™ Thermo Fisher Scientific, Waltham,
MA, USA) combined with 1% penicillin/streptomycin
(171334, Gibco™ Thermo Fisher Scientific, Waltham, MA,
USA) in a humidified incubator with an atmosphere of 5%
CO5 at 37 °C. BR CRC cells were established and char-
acterized previously [5,6] and grown under the same con-
ditions as their PT cells. This project is exempt from the
Research Ethics Committee (REC) Faculty of Medicine,
Prince of Songkla University’s review process under ref-
erence number REC6337942. For the mycoplasma detec-
tion, we maintained the cell, routinely checked the cell mor-
phology, and tested the butyrate sensitivity to confirm the
characteristics of cells in accordance with previous research
[5,6]. For EV isolation, cells were seeded at 80% conflu-
ence in a 10-cm cell culture dish and maintained in Dul-
becco’s Modified Eagle Medium supplemented with 10%
heat-inactivated and EV-deplete FBS medium. The BR
and PT cells were collected after 24 h of incubation. FBS
with EV depletion was used as an EV collection medium.
The EV-deplete FBS was prepared by ultracentrifugation
at 110,000 xg for 16 h at 4 °C, and the supernatant was
utilized. Media were collected and differential centrifuga-
tion was performed. Initially, the media were centrifuged to
eliminate cell debris and apoptotic bodies at 2500 x g for 30
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min at 4 °C. The supernatant was then centrifuged at 20,000
x g for 60 min at 4 °C, and the final supernatant was ultra-
centrifuged at 110,000 xg for 2 h, at 4 °C to pellet the EVs
(CTZ17H15, Beckman Coulter, Brea, CA, USA).

EVs Characterization

After the differential centrifugation step, pellets were
resuspended in phosphate-buffered saline. Western blot
and electron microscopy were performed using a JEM-
2101 transmission electron microscope (TEM; Talos F200i,
Thermo Fisher Scientific, Waltham, MA, USA) to confirm
the presence of EVs in isolates. The electron microscopy
examination protocol has been previously described [13].
The EV samples were fixed in 2.5% glutaraldehyde and
then loaded onto grids coated with carbon copper. The grids
were then cleaned with Dulbecco’s phosphate-buffered
saline (14190144, Thermo Fisher Scientific, Waltham, MA,
USA) and distilled water. Before examination, 1% uranyl
acetate was used to stain the grid. For western blot, standard
SDS-PAGE and immunoblotting were performed using EV-
positive markers, including CD9 (cat. no. 13174; Cell Sig-
naling Technology, Inc., Danvers, MA, USA), CD81 (cat.
no. SC-166029; Santa Cruz Biotechnology, Dallas, TX,
USA), and CD63 (cat. no. 55051; Cell Signaling Tech-
nology, Inc., Danvers, MA, USA) as well as Alix (cat.
no. 2171; Cell Signaling Technology, Inc., Danvers, MA,
USA) for identifying the presence of EVs. Cytochrome C
(cat. no. 4272T; Cell Signaling Technology, Inc., Danvers,
MA, USA) negativity confirmed the absence of co-isolated
contaminating cell debris [14]. The primary antibody at di-
lution 1:500 was incubated overnight, whereas the compat-
ible secondary antibody at dilution 1:1000 was incubated
for 2 hrs.

Proteomic Analysis

All EV samples were subjected to mass spectrome-
try at the Functional Proteomics Technology Laboratory,
National Center for Genetic Engineering and Biotechnol-
ogy (BIOTEC), Thailand. EV pellets from PT and BR
cells were processed as described previously [5,6] and an-
alyzed by liquid chromatography-mass spectrometry (Ul-
tiMate 3000 Nano/Capillary, Bruker Life Science Mass
Spectrometry, Impact II, San Jose, CA, USA). The De-
Cyder MS differential analysis program (version 2.0; GE
Healthcare, Chicago, IL, USA) was used to quantify and
identify differentially expressed proteins, and the MAS-
COT search engine (version 2.8.3, Matrix Science, Lon-
don, UK) was based on the NCBI human protein databases.
Proteins differentially expressed among EVs from each
cell type were analyzed for pathway enrichment by Ky-
oto Encyclopedia of Genes and Genomes (KEGG) anal-
ysis by R-studio (version 4.1.1; R Foundation for Statis-
tical Computing, Vienna, Austria). PANTHER (version
16.0, https://pantherdb.org/) and UniProt software (https:
//'www.uniprot.org/) were utilized to classify proteins ex-
pressed uniquely in every cell type.
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Data Analysis

After collecting the proteins, the free functional en-
richment analysis tool FunRich (http://www.funrich.org/)
generated a Venn diagram. Data from the VesiclePedia
database were retrieved using the FunRich plugin for EVs,
and the ExoCarta exosome database (http://www.exocarta
.org/) was utilized. The PANTHER database (version 16.0,
https://pantherdb.org/) analyzed unique proteins from the
Venn diagram for their molecular functions, biological pro-
cesses, and protein classes. The unique protein datasets
were then analyzed for protein-protein interactions using
the STRING database (Version 12.0, https://string-db.or
¢/) and for protein-drug interactions using the STITCH
database (Version 5.0, http://stitch.embl.de/).

Statistical Analysis

The statistical analysis analyses used GraphPad Prism
Software (version 9.00 for macOS; GraphPad, San Diego,
CA, USA). The Student’s #-test (two-tailed) was used to
compare two independent group means, while one-way or
two-way ANOVA (followed by Tukey or Sidak’s multi-
ple comparison tests) compared more than two independent
group means. p values < 0.05 were considered statistically
significant.

Results

Quantification of EVs

Cellular morphology of PT and BR cells was captured
by an inverted light microscope (IX71, Olympus, Hachioji-
shi, Tokyo, Japan). There is a slight difference between PT
and BR cells as shown in Fig. 1A. The BR cells showed
an increase of vacoularization and cellular volume, repre-
sented in black and white arrows respectively. TEM and
western blot analyses characterized the presence of EVs.
Fig. 1B showed the EV morphology at 11,000 x magnifica-
tion. The TEM results showed a circular cup shaped vesicle
with a diameter of approximately 100—200 nm, indicated by
the black arrow. Western blot analysis, shown in Fig. 1C
and Supplementary Fig. 1, demonstrated a positive signal
for the EV-positive markers CD9, CD81, CD63, and Alix in
isolated EV samples. The negative marker, cytochrome C,
showed a no signal in the EV sample and a positive signal
in the cell lysate.

EV Proteome Profiling by Mass Spectrometry

Principal component analysis (PCA) of the proteomic
data was performed to investigate the differences in protein
expression. The data were plotted in a 2-dimensional graph
of PC1 and PC2 showing values of 16.23% and 13.91%,
respectively (Fig. 2A). The Venn diagram identified shared
and uniquely expressed proteins in each cell type. The
left panels of Fig. 2B,C represented the protein compari-
son between EVs from PT and BR in HCT and PMF cell
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Fig. 1. The quantities of extracellular vesicles (EVs) and their
(A) Cellular morphology of HCT-116 and
PMF-ko14 and their butyrate-resistant (BR) cells. The increas-
ing of vacoularization (black arrow) and cellular volume (white

characterization.

arrow) are indicated in the picture. Scale bar =50 um. (B) Image
of EVs from transmission electron microscopy. The bold black
arrows indicated EVs. Scale bar =200 nm. (C) Western blot anal-
ysis showed the presence of EVs through the EV-positive markers
CD9, CD63, and CD81, and the absence of co-isolated contami-
nants of cell debris through the EV-negative marker, Cytochrome
C. PT, parental.

lines. Shared proteins represented the main characteristics
of CRC cell lines, while unique proteins may be associated
with the BR status. Interestingly, the unique protein con-
tent of the BR-derived EVs was higher than that of the PT-
derived EVs in both cell types.

Furthermore, the right panels of Fig. 2B,C displayed a
Venn diagram from the EV database, highlighting unique
proteins in each cell type. We input data from two EV
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Fig. 2. Mass Spectrometry-based profiling of EV proteome. EV from HCT and PMF BR and non-resistant PT cancer cell lines were
analyzed by mass Spectrometry. (A) Principal component analysis (PCA) plot of difference in protein expression. (Left panel of B and
C) Venn diagram showing shared and unique proteins expressed in HCT-, HBR-, PMF-, and PBR-derived EVs. (Right panel of B and
C) Venn diagram showing proteins from isolated EVs and two EV databases: VesiclePedia and ExoCarta.

databases: VesiclePedia and ExoCarta. Based on these re-
sults, we found the proteins not included in the database for

any cell type.

BR-Derived EVs Exert Catalytic Activity,
Transcription Regulator Activity, and Biological
Regulation

Functional enrichment analysis using results from the
PANTHER database analysis of unique proteins in each
EV-derived cell type is shown in Fig. 3. Fig. 3A pre-
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sented a bar graph depicting a higher number of resistant
EV proteins involved in molecular functions such as bind-
ing, as well as molecular transducer, catalytic, and trans-
porter activities. The high expression of these proteins
may be correlated with the adaptation of cells to survive
in the presence of butyrate during the butyrate-induction
step. The results from the biological processes shown in
Fig. 3B also indicated an abundance of proteins involved in
metabolic processes, responses to stimuli, biological reg-
ulation, localization, and cellular processes, especially in
PBR-EVs. Moreover, Fig. 3C highlighted the abundance of
resistant EV protein classes including metabolite intercon-
version enzymes, gene-specific transcriptional regulators,
transmembrane signal receptors, cell adhesion molecules,
transporters, and protein-modifying enzymes.
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Fig. 3. Functional enrichment analysis of the unique proteins.
(A) Molecular function. (B) Biological process. (C) Protein class.
GO, Gene ontology.

The STRING database was used to examine the
protein-protein interactions of distinct proteins from EVs
in each cell type. Fig. 4 showed the protein network of EVs
in each cell type. Fig. 4A,B represented the STRING cor-
relation of HCT-EVs and HBR-EVs, respectively. While
Fig. 4C,D represented PMF-EVs and PBR-EVs, respec-
tively. Fig. 4E showed the status of the network. Ta-
bles 1,2 showed the molecular functions and KEGG path-
ways analyzed using the STRING database. In the con-
text of multiple testing within each category, the false dis-
covery rate (FDR) referred to p values adjusted using the
Benjamini-Hochberg procedure for accounting for the in-
flation of significance levels. Interestingly, the molecular
functions enriched in PBR-EVs were proteasome-related
proteins, while their parental PMF-EVs were enriched with
heat shock-related proteins. The KEGG pathways showed
high enrichment of proteins in the ribosomes of HCT-,
HBR-, and PMF-EVs, whereas PBR-EVs showed protea-
some pathway enrichment. The proteasome plays a crucial
role in regulating the level and function of proteins involved
in cancer cell proliferation, inhibition of chemotherapy-
induced apoptosis, and the developing drug resistance. Pro-
teasome inhibition has been postulated as a new target for
anti-cancer drugs.

We further determined protein-drug interactions using
the STITCH database. Fig. 5 showed the protein-drug in-
teractions of unique EV proteins in each cell type and drug
(5-FU and Oxa). We added the 5-FU-correlated protein,
single-strand-selective monofunctional uracil-DNA glyco-
sylase 1 (SMUG1), which removes uracil, 5-formyluracil,
and uracil derivatives from ssDNA and dsDNA. We corre-
lated them with biomarkers of aggressive phenotype, DNA
repair, cell cycle, and apoptosis [15]. We also added Oxa-
related proteins, including solute carrier family 47 member
1 (SLC47A1), a multidrug efflux pump, and solute carrier
family 22 member 2 (SLC22A2), an organic cation trans-
porter. Previous research demonstrated that HCT-BR cells
resist Oxa and PMF-BR cells resist to 5-FU [6].

Fig. 5A,B showed the interaction of the drugs and
unique proteins in HCT- and HBR-EVs, respectively. The
red rectangle indicated drug input. Fig. 5C,D represented
the interaction between the drugs and unique proteins in
PMF-EVs and PBR-EVs, respectively. Interestingly, the
drug-protein interaction in PT EVs showed a lower num-
ber of nodes and edges than that in resistant EVs, as shown
in Fig. 5E. The functional enrichment of the network was
analyzed. The KEGG pathway from the PT EV was ribo-
some, while more pathways were shown in the resistant EV,
including the Proteasome, and RNA polymerase. Table 3
shows an enrichment analysis of the KEGG pathway from
the STITCH database.

Differentially expressed proteins are shown in the vol-
cano plot. Fig. 6A represented proteins compared between
HCT-EVs and HBR-EVs, while Fig. 6B identified the pro-
teins between PMF-EVs and PBR-EVs. Green dots repre-
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Fig. 4. Protein-protein interaction network of unique proteins in each cell type from the STRING database. The protein interaction
of EVs from HCT (A), HBR (B), PMF (C), and PBR (D) are illustrated. The network status of each EV cell is shown in (E).

sented non-significant expression in both cell types, while
red dots represented significant up- or down-regulation. We
found that the levels of proteasome pathway (DLGAPS),
cytoskeleton (CEP170 and LAMB2), ribosomal (RPL11),
and cell regulation (FASTK, GLS2, and FOCAD) proteins
were higher in HBR-derived EVs than in their parental
HCT-derived counterparts. Meanwhile, the protein levels
of transcriptional regulators (ZBTB11, DEPDC1, KDM3B,
WARS, and TP53), as well as receptor (GRMS5, RRAGB,
and GPR143) and transporter (COPB1) proteins were de-
creased.

For the PMF cells, we found upregulation of proteins
involved in signal transduction (ZDHHC21, SH3KPBI,
ZBED4, HSP90AA1, and ZNF687), cytoskeleton proteins
(DNAH2 and PRTG), ribosomal proteins (RPS3A and
RPSA), and the proteasome (NPEPPS). In contrast, the pro-
teins involved in cell apoptosis and proliferation (ANGPT2,
TXN2, and STRADB), signal transduction (PLD1, ITPR3,
and ZNF567), and transcriptional regulation (WARS) were
decreased. The top 15 proteins with up and downregula-
tion in HCT and PMF cell types are listed in Tables 4,5,
respectively. The list of total proteins were shown in Sup-
plementary Tables 1,2.
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Table 1. Molecular function (Gene ontology) from STRING analysis.

Cell type GO-term Description Count in network  Strength FDR
GO:0008137 NADH dehydrogenase (ubiquinone) activity 6 of 41 1.74 1.4 x 10°°
HCLEV GO0:0009055 Electron transfer activity 7 of 121 1.33 4.0 x 10°°
GO:0015399  Primary active transmembrane transporter activity 70f 170 1.18 2.5 x10%
G0:0022804 Active transmembrane transporter activity 8 0of 421 0.85 8.6 x 1073
GO0:0030544 Hsp70 protein binding 4 of 47 1.47 2.7 x 1072
HBR.EV G0:0031072 Heat shock protein binding 6 of 126 1.22 1.1 x 1072
GO:0003735 Structural constituent of ribosome 6 of 169 1.09 2.7 x 1072
G0:0003723 RNA binding 16 of 1672 0.52 2.7 x 1072
PME-EV GO0:0030544 Hsp70 protein binding 4 of 47 1.56 2.9 x 1072
G0:0031072 Heat shock protein binding 50of 126 1.23 3.2 x 1072
GO0:1902494 Catalytic complex 16 of 1539 0.51 1.1 x 1072
GO:0140535 Intracellular protein-containing complex 11 of 784 0.64 1.5 x 1072
PBR-EV  GO0:0022624 Proteasome accessory complex 4 of 24 1.71 9.9 x 10
GO0:0005838 Proteasome regulatory particle 3 0f20 1.66 1.6 x 1072
G0:0000502 Proteasome complex 7 of 61 1.55 45x 106

FDR, false discovery rate; NADH, Nicotinamide Adenine Dinucleotide (NAD) + Hydrogen (H).

Table 2. KEGG pathway analyzed from the STRING database.

Cell type  Pathway Description Count in network  Strength FDR
hsa00190 Oxidative phosphorylation 6 of 128 1.24 0.00026
HCT-EV  hsa03010 Ribosome 4 of 131 1.05 0.0158
hsa04714 Thermogenesis 6 of 226 0.99 0.002
hsa04130 SNARE interactions in vesicular transport 4 of 32 1.64 0.00045
HBR-EV  hsa04141  Protein processing in endoplasmic reticulum 8 of 163 1.23 1.03 x 10
hsa03010 Ribosome 6 of 131 1.20 0.00045
hsa04966 Collecting duct acid secretion 3 0f24 1.73 0.0053
hsa04721 Synaptic vesicle cycle 30f72 1.25 0.0398
PMF-EV .
hsa03010 Ribosome 5of131 1.21 0.0053
hsa04141  Protein processing in endoplasmic reticulum Sof163 1.12 0.0053
PBR-EV  hsa03050 Proteasome 4 0f43 1.46 0.0045

KEGG, Kyoto Encyclopedia of Genes and Genomes.

Table 3. The functional enrichment analysis of the KEGG pathway.

KEGG Pathways
Pathway ID  Pathway description ~ Count in gene set ~ False discovery rate
HCT-EV
3010 Ribosome 11 2.82 x 10711
HBR-EV
3010 Ribosome 11 1.54 x 10711
PMF-EV
3010 Ribosome 12 2.70 x 10713
PBR-EV
3050 Proteasome 9 1.74 x 10711
3020 RNA polymerase 3 0.02
Discussion remains unclear. Many studies revealed that EVs indicate
cellular origin and release important molecules such as pro-
BR cells in CRC are considered chemotherapy resis-  teins or nucleic acids, representing the pathology of patients
tant [16]. However, the mechanism by which BR cells in-  and cancer development [9,13,17,18]. Our proteomic re-

duce resistance to treatment or the tumor microenvironment
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E Protein-Protein Network Stats | HCT-EV HBR-EV PMF-EV PBR-EV

number of nodes 58 55 54 77
number of edges 90 92 98 103
average node degree 31 335 363 2.68
clustering coefficient 0.922 0.928 0.905 0.862
expected number of edges 46 33 38 52
446x 107 0.00 6.66x 1016 | 2.40 x 10-10

PPI enrichment p-value

Fig. 5. Protein-protein and drugs interaction network of a
unique protein in each cell type from the STITCH database.
The interaction of EVs from HCT (A), HBR (B), PMF (C), and
PBR (D) were illustrated. The protein network status of EVs from
each group (E). The red box showed protein-drugs correlation.
PPI, protein-protein interaction.
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Table 4. The top 15 up and downregulated proteins in
HBR-EV compared with HCT-EYV, identified from the
Volcano plot.

Up Down

Protein logFC Protein logFC
PFN1 0.79 G8XUU7 -5.5
B4DMI9 1.26 E7ET48 -5.14
LAMB2 1.98 B4DK06  —4.97
B3KME6 2.19 A8K237 —4.14
B3KNL3 2.21 Q5VZMO 32
Q53FZ9 2.35 Q96M20  -2.73
QI9HB62 2.39 Q69YG3 -2.71
HBR-HCT  H3BRI8 2.48 B4DS20 2.7
Q5VVC8 2.63 B4E2P8 -2.61
HOYGAS 2.72 Q96D88 -2.54
Q86VZ3 3.16 Q59H97 -2.39
B2RAN2 3.57 G3V277 -2.38
Q53G91 3.64 E9PP73 -2.38
043708 4.47 CI9J9N1 -2.11
Q5VW36 4.66 LOEQUS  -2.07

Table 5. The top 15 up and downregulated proteins in
PBR-EV compared with PMF-EYV, identified from the
Volcano plot.

Up Down

Protein logFC Protein logFC
NPEPPS 1.51 B4DI83 —5.77
015354 1.55 Q9HBP3  —4.29
Q8IVQ6 1.62 Q59EA4 421
E9PFI5 2.02 H3BRI8  -3.67
Q5VSNO  2.07 F8VPE9  -3.07
Q9P225 2.12 Q59ES2  -3.03
HOYLT?7 2.18 E7ET48 -3.02
PBR-PMF F8WD59 226 F8WDN2 -2.98
075132 2.48 H7C3S5 291
Q59HA1 2.54 B2R7W6  -2.89
K9JA46 2.57 K7EIX6  -2.79
QS53EL8 2.73 FSWEL6  -2.61
Q8N539 3.11 G3Vv277  -2.59
HOYSIS 3.62 D3DQ69  -2.59
B4DL56 3.89 I3L3D5 —2.42

sults confirmed that BR cells still represent their PT cells,
as indicated by the shared proteins between both cell types
(depicted in a Venn diagram).

Several mechanisms are correlated with cancer drug
resistance, such as overexpression of drug transport of the
ATP-binding cassette, direct export of cytotoxic drugs, or
conferring resistance to drug-sensitive cells [19]. EVs con-
tribute to cancer cell metastasis, including promoting cell
migration and invasion, establishing a premetastatic niche,
and remodeling the extracellular matrix [8,20]. In our find-
ings, proteins correlated with cell proliferation (proline-
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Fig. 6. Volcano plot of the significantly up-regulated (upper-right quadrant) and down-regulated (upper-left quadrant) proteins.
Volcano plot of HBR-EVs compared to HCT-EV (A) and PBR-EV compared to PMF-EV (B).

rich protein 14 (PRR14) and NPEPPS), cell cycle con-
trol (HSP90AA1), and carcinogenesis (DLGAPS) were up-
regulated in EVs from BR cells. This may be due to
cell-to-cell communication, which results in tumor pro-
gression. Overexpression of (PRR14) has been reported
to be a marker of colon cancer progression and metasta-
sis [21]. Data from protein-protein interactions showing
proteasome-related proteins were found in the analysis of
BR-derived EVs. This may be correlated with reduced
drug effectiveness. We also identified proteasome-related
proteins (DLGAPS5 and NPEPPS) in both HBR- and PBR-
derived EVs. Previous data indicated Oxa and 5-FU resis-
tance in HBR and PBR cells. Proteasomal proteins in EVs
derived from BR cells may confer their resistant phenotype
upon normal cells. NPEPPS overexpression increases cis-
platin resistance by preventing cisplatin uptake by bladder
tumors [22,23]. The correlation between high expression
of disc large associated protein family (DLGAPS) and gall-
bladder cancer proliferation, migration, and poor prognosis
has been previously elucidated [24]. These molecules are
encapsulated in EVs and released by the cells, which results
in their transport and induction in the tumor microenviron-
ment, leading to tumor growth and the development of re-
sistance to anti-cancer drugs.

Meanwhile, proteins involved in anti-apoptotic func-
tion (TXN2), shear stress-activated response (WARS),
and tumor suppression (TP53) were found to have re-
duced, leading to an accumulation of these molecules
in cells and resulting in an anti-apoptotic response that
could be involved in the resistance to anti-tumor agents.
Tryptophanyl-tRNA synthetase (WARS) is highly ex-
pressed and is a potential prognostic marker of metastasis
in oral, ovarian, pancreatic, and colorectal cancers [25,26].

However, the results of protein-drug interactions only
show a correlation between drugs and their related proteins.
These correlations require further elucidation. The effects

of EVs on cancer cells also require clarification to under-
stand of resistance mechanisms and treatment management
better.

Conclusions

Our proteomic analysis of EVs from BR CRC cells
expands our understanding of drug resistance mechanisms.
These cells release proteins during cell proliferation and cell
cycle control, enhancing carcinogenesis. Furthermore, we
identified a protein with reduced antitumor drug uptake,
underscoring the complexity of drug resistance. Delving
deeper into the mechanisms underlying drug resistance can
pave the way for more effective strategies to overcome drug
resistance in clinical practice.
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