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ABSTRACT 

Early detection of colon adenocarcinoma (COAD) remains suboptimal. Fecal tests fail to diagnose 30% of stage I cancer, and serum 

CEA lacks sensitivity ( < 40%). Extracellular vesicles (EVs) circulate systemically and package tumor-related cargo, making them 

attractive non-invasive biomarkers for cancer diagnosis. We profiled the EV proteome from 233 human patients using LC-MS/MS, 
including stage I ‑IV tumors with matched non ‑tumor colon tissues ( n = 50 each; n = 100), paired pre ‑/post ‑operative plasma 
( n = 90) and healthy plasma ( n = 43). Circulating EVs contained both tumor-specific and stromal/immune cell-derived proteins, 
reflecting the systemic nature of EV biology in the cancer setting. Proteomic analysis identified 745 proteins enriched in tumor- 
derived EVs (e.g., SRPK1, THBS2) and 127 proteins enriched in adjacent tissues. Plasma EVs revealed 166 proteins enriched in 
COAD (e.g., UBA1, FCN1) and 233 enriched in healthy controls. Pathway analysis linked tumor EV cargo to angiogenesis, mRNA 

splicing, TGF ‑β signalling and RNA translation. Notably, a cross-cancer comparison (pancreatic = 10, lung = 14 cases) revealed 
that 76% of tumor EV proteins were COAD-specific, highlighting tissue of origin specificity. We further developed a 10-protein EV 

panel comprising seven tumor-associated and three healthy-enriched EV proteins, which effectively distinguished COAD patients 
from healthy controls in the two validation cohorts ( n = 104 and n = 215), achieving > 90% sensitivity for differentiating COAD 

Yura Seo, Yoon Dae Han, and Linda Bojmar shared co-first authorship 

One Sentence Summary : A 10 ‑protein extracellular ‑vesicle blood test detects colon cancer earlier and more sensitively than current clinical markers. 
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 20013078, 2
 Introduction 

arly cancer detection is critical for reducing cancer-related 
ortality (Corcoran and Chabner 2018 ). Liquid biopsies, which 
re used to analyse circulating biomarkers, have emerged as a 
romising tool for early cancer detection, recurrence monitoring 
nd assessment of drug responsiveness (Corcoran and Chabner 
018 ; Cohen et al. 2018 ; Jung et al. 2023 ). Liquid biopsy refers 
o the minimally invasive sampling and molecular analysis of 
irculating biofluids, such as circulating tumor DNA (ctDNA), 
irculating tumor cells and extracellular vesicles (EVs) (Yu et al. 
021 ; Zhou et al. 2022 ). This approach offers an alternative to inva- 
ive tissue biopsies and facilitates the identification of biomarkers 
o detect the early stages of cancer. Current research efforts 
re focused on solid cancers with relatively challenging early 
iagnoses, including gastrointestinal cancers, such as pancreatic, 
iver and colorectal carcinomas (Glass and Coffey 2022 ; Melo et al. 
015 ; Sun et al. 2023 ; Nakamura et al. 2022 ). 

olon adenocarcinoma (COAD) is the third most common 
ancer and the second leading cause of cancer-related deaths 
orldwide (Bray et al. 2024 ). For decades, colonoscopy has 
een the gold standard for COAD screening, providing direct 
isualisation of the colon (Dekker et al. 2019 ). However, this 
nvasive procedure can cause discomfort, bleeding and perfo- 
ation and has a low adherence rate of approximately 40% 

Force et al. 2021 ; Robertson et al. 2017 ; Singal et al. 2017 ). 
on-invasive stool-based screening methods, such as the fecal 
mmunochemical test (FIT), high-sensitivity guaiac fecal occult 
lood test and multitarget stool DNA test (FIT-DNA), have 
emonstrated varying sensitivity and specificity (Imperiale et al. 
014 ). FIT has a sensitivity of approximately 74% and specificity 
f 95%, while FIT-DNA exhibits higher sensitivity at 92% but 
ower specificity at 87%. Despite these improvements, screening 
dherence remains suboptimal at approximately 60% (Force 
t al. 2021 ; Robertson et al. 2017 ). Imaging-based approaches, 
uch as positron emission tomography–computed tomography 
adiomics, are also being investigated for COAD diagnosis, 
articularly in combination with machine learning techniques 
Kim et al. 2023 ). Blood-based carcinoembryonic antigen (CEA) 
esting lacks specificity for COAD, with a sensitivity and speci- 
icity of 50% and 80%, respectively (Fletcher, 1986 ; Sorensen 
t al. 2016 ). Circulating tumour DNA (ctDNA) assays offer 
mproved specificity, up to 90% in metastatic COAD—but their 
ensitivity remains limited ( ∼ 50%) in detecting early-stage or non- 
etastatic disease, (Cohen et al. 2018 ; Dasari et al. 2020 ; Sonpavde 
t al. 2019 ; Gupta et al. 2020 ; Chung et al. 2024 ) highlighting 
he urgent need for more reliable circulating biomarkers for 
OAD. 

Growing evidence suggests that EVs are valuable for early
cancer detection, prognosis and therapy guidance (Yu et al. 2021 ;
Hoshino et al. 2020 ; Chen et al. 2017 ; Shah et al. 2018 ). EVs
are generally classified as microvesicles, exosomes and apoptotic
bodies; however, because these labels imply distinct biogenesis
pathways that are not always directly demonstrated in most
biofluid studies, we use the operational term ‘EVs’ (and, where
appropriate, ‘small EV-enriched’ preparations) throughout this
work. EVs carry nucleic acids, lipids and proteins and can reflect
both disease-associated and systemic host responses, making
them attractive candidates for liquid biopsy applications (Al-
Nedawi et al. 2008 ; Becker et al. 2016 ; Skog et al. 2008 ; Thakur
et al. 2014 ; Wortzel et al. 2024 ). Circulating EVs are stably released
from parental cells at concentrations of up to 1010 vesicles/mL,
providing material that reflects the systemic status of the body
(Hoshino et al. 2020 ; Johnsen et al. 2019 ). EVs facilitate intercel-
lular communication by transferring proteins and nucleic acids
that can reprogram the tumor microenvironment (TME) and
distant organs, influencing cancer development and progression
processes, such as the epithelial–mesenchymal transition (EMT),
pre-metastatic niche formation and metastasis (Becker et al. 2016 ;
Jeppesen et al. 2014 ; Costa-Silva et al. 2015 ). Identifying novel
EV biomarkers involved in these processes could improve early
cancer detection, prognosis and monitoring for minimal residual
disease (Parikh et al. 2021 ). 

Patients with cancer exhibit increased EV production through
several mechanisms, such as enhanced oncogenic signalling
pathways, and endoplasmic reticulum stress and hypoxia (Kalluri
and McAndrews 2023 ). Most EVs are sourced from primary
tumors, the TME, distant organs (e.g., liver) and the immune
system (e.g., bone marrow) (Hoshino et al. 2020 ). Examining
cancer-associated EV proteins in the blood, primary colon tumor
tissues and adjacent colon tissues will enhance our understand-
ing of tumor-specific and host-responsive protein signatures in
cancer development and progression. 

In this study, we examined the proteomes of EVs isolated from
190 human samples, including paired tumors and adjacent colon
tissues from fresh surgical specimens obtained from patients with
newly diagnosed COAD, as well as plasma samples collected pre-
operatively (on the day of surgery) and post-operatively (six weeks
after surgery). We hypothesised that specific proteins found in
EVs from the plasma and colon tissue could serve as reliable,
non-invasive biomarkers for the early detection of COAD. We
compared plasma-derived EVs from patients with COAD with
those from healthy controls and validated the findings using the
enzyme-linked immunosorbent assay (ELISA). 
of 17
r curative resection, tumor-associated EV proteins decreased 
e, indicating surgical responsiveness. Collectively, EV protein 
or–host communication, further supporting blood-based early 
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FIGURE 1 Characterisation of EVs isolated from colon tissue explants and plasma in COAD. 
(A) Nanoparticle tracking analysis showing the concentration and size distribution of EVs isolated from human tissue explants and plasma. (B) 
Transmission electron microscopy images of EVs isolated from human tissue explants and plasma. (C) Immunoblotting of HCT116 cell lysates and 
EVs isolated from tissue explants (adjacent normal and tumor colon tissues), probed for the negative EV marker calnexin and the positive EV markers 
flotillin-1, CD81, and CD9. (D) Immunoblotting of HCT116 cell lysates and EVs isolated from plasma of healthy controls and patients with COAD, probed 
for calnexin, flotillin-1, CD81 and CD9. 
M, molecular weight marker. 

2 Results 

2.1 Characterization of EVs Isolated From Colon 

Tissue Explants and Plasma in COAD 

Samples were accrued in two non-overlapping periods: May 
2019–September 2022 for the discovery cohort and the 1st EV- 
ELISA validation cohort and September 2022–January 2025 for 
an independent 2nd EV-ELISA validation cohort (Table S1 ). EVs 
were isolated from tissue explants and plasma using sequential 
ultracentrifugation (Figure S1 ). For discovery-stage profiling, we 
performed LC–MS/MS on EVs from 190 specimens obtained from 

92 patients with COAD, including tumor tissues ( n = 50), matched 
adjacent tissues ( n = 50), preoperative plasma ( n = 62) and post- 
operative plasma collected six weeks after surgery ( n = 28). For 
ELISA-based translation, we assembled a 1st validation cohort 
( n = 104; 84 COAD and 20 healthy controls) and measured 
22 candidate EV proteins in plasma EVs (preoperative n = 84; 
paired post-operative n = 84; healthy controls n = 20) (Figure 
S2 and Table S1 ). We then evaluated the finalised EV-10 level 
using a locked cut-off in an independent 2nd validation cohort 
( n = 215) that additionally included clinically relevant non- 
COAD colorectal conditions (benign polyp, tubular adenoma 
with dysplasia and hereditary polyposis syndromes) (Table S1 ). 

To confirm that our preparations were consistent with EV- 
enriched populations suitable for downstream proteomics and 

EV-ELISA, we characterised EV size, morphology and marker 
expression. Nanoparticle tracking analysis (NTA) and transmis- 
sion electron microscopy (TEM) showed a predominant small 
EV-sized population, with modal diameters of ∼ 100 nm for 
tissue explant–derived EVs and ∼ 135 nm for plasma-derived EVs, 
and overall size distributions largely < 150 nm (Figure 1A,B ). 
We further validated EV identity and purity by immunoblot- 
ting for canonical EV markers (flotillin-1, CD81 and CD9) and 
a negative EV marker, calnexin (endoplasmic reticulum (ER) 
protein), as well as including HCT116 cell lysates as non-EV 

controls (Figure 1C,D ). EV preparations from both tissue explants 
and plasma were enriched for flotillin-1, CD81 and CD9, while 
calnexin was undetectable in EV lanes but readily detected in the 
HCT116 cell lysate control, supporting minimal ER contamina- 
tion and the integrity of EV-enriched isolates used in subsequent 
analyses (Figure 1C,D ). 

2.2 Identification of Tumor-Specific EV Proteins 
Released rom the COAD Tissue 

To first define tumor-associated EV programs at their source 
while prioritizing biologically grounded candidates before eval- 
uating circulating EV signals, we profiled tissue-derived EV 

proteomes from resected COAD tumors and matched adjacent 
colon tissues (Figure 2 and Figure S2 ). In the discovery cohort, 
we analysed EV proteomes from 190 specimens, including colon 

Journal of Extracellular Vesicles, 2026 3 of 17
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FIGURE 2 Identification of tumor-specific EV proteins released from the COAD tissue. 
(A) Bar graph showing the number of EV proteins detected in colon cancer tissue explants compared with that in adjacent non-tumor colon tissue 
explants. (B) t -distributed stochastic neighbour embedding ( t -SNE) plot illustrating distinct expression patterns between EVs derived from colon cancer 
tissues and those from adjacent normal tissues. (C) Volcano plot highlighting the top-enriched EV proteins in colon cancer tissue- versus adjacent tissue- 
derived EVs. (D) Top exclusively-expressed EV proteins in colon tumor tissues ( n = 50) and adjacent colon tissues ( n = 50). (E) Top 20 most-expressed 
EV proteins in colon tumor tissues ( n = 50) and adjacent colon tissues ( n = 50). (F) Top-enriched biological pathways identified by gene set enrichment 
analysis in EVs from colon tumor tissues (top panel) and adjacent tissues (bottom panel). (G) Venn diagram comparing tumor-associated EV proteins 
identified in colon, lung, and pancreatic adenocarcinomas. 

4 of 17 Journal of Extracellular Vesicles, 2026
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tumor tissues ( n = 50), matched adjacent tissues ( n = 50), 
preoperative plasma ( n = 62) and post-operative plasma collected 
six weeks after surgery ( n = 28). The median number of unique 
proteins detected in EVs derived from colon tumor tissues 
was 1755 (interquartile 25%–75% range, 1604–1,870), which was 
significantly higher than the median of 1356 proteins detected 
in EVs derived from adjacent colon tissues (interquartile 25%–
75% range, 1187–1521; P < 0.0001; Figure 2A ). Protein expression 
patterns were distinct between the colon cancer and adjacent 
colon tissues in the t -distributed stochastic neighbour embedding 
plot (Figure 2B ). We identified 745 and 127 highly expressed 
proteins in EVs derived from tumor and adjacent colon tissues, 
respectively (log2 fold change > 4-fold; adjusted P < 0.001; 
Figure 2C ). The top proteins exclusively expressed in the tumor 
or adjacent colon tissues or highly representative are highlighted 
in Figure 2D,E , respectively. 

Notably, 19 proteins were exclusively expressed in > 40% of 
colon tumor samples and were associated with messenger RNA 

(mRNA) processing (SRSF protein kinase 1 [SRPK1], DEAD- 
box helicase 18 [DDX18], serine and arginine-rich splicing factor 
7 [SRSF7], 5’-3’ exoribonuclease 2, THO complex subunit 3, 
ubiquitin-specific peptidase 39 [USP39], transformer 2 beta 
homolog [TRA2B], cleavage stimulation factor subunit 3 and 
SRPK2) (Yi et al. 2018 ; Saijo et al. 2016 ; Zhao et al. 2025 ; 
Akaike et al. 2014 ; Xiong et al. 2018 ), chromosome segregation 
(SRPK1, USP39, SRPK2, SUMO1 activating enzyme subunit 1, 
Ran GTPase activating protein 1 [RANGAP1], tubulin gamma 
complex component 2 and cell division cycle 23) (Wu et al. 2023 ; 
Yang et al. 2024 ; Murphy et al. 1998 ; Wang et al. 2003 ), and 
Rho GTPase signalling (RANGAP1, TRA2B and stress-induced 
phosphoprotein 1) (Akaike et al. 2014 ; Yang et al. 2024 ; Zhang 
et al. 2018 ), suggesting that EV proteins reflect the hallmark of 
colon cancer, such as alternative splicing (Yi et al. 2018 ; Saijo 
et al. 2016 ; Zhao et al. 2025 ; Akaike et al. 2014 ; Xiong et al. 
2018 ), genome instability (Wu et al. 2023 ; Yang et al. 2024 ; 
Murphy et al. 1998 ; Wang et al. 2003 ), or sustaining proliferative 
signalling (Akaike et al. 2014 ; Yang et al. 2024 ; Zhang et al. 
2018 ) (Figure 2D ). By contrast, catabolic enzymes, including 
cathepsin (CST) L, lipase A, lysosomal acid type, carbonic 
anhydrase (CA) 12 and pancreatic ribonuclease A family member 
1, were exclusively detected in EVs derived from the adjacent 
colon tissue (Figure 2D ). These proteins are commonly expressed 
in the gastrointestinal tract, as shown in the Human Protein 
Atlas (Uhlen et al. 2015 ) and play physiological roles, including 
pH homeostasis regulation (CA12) (Kivela et al. 2000 ), digestive 
ribonuclease activity (RNASE1) (Singh et al. 2025 ) and lysosomal 
enzyme functions (LIPA and CTSL) (Zhang 2018 ). 

The top 20 highest-representative proteins, based on the fold 
change between the adjacent colonic and tumor tissues, are 
shown in Figure 2E . The most prominent tumor-related pro- 
teins linked with stress granules, including G3BP stress granule 
assembly factors 1 and 2, DDX21, importin 7 (IPO7), flap structure- 
specif ic endonuclease 1 (FEN1) and eukaryotic translation ini- 
tiation factor 2 subunit alpha and 4 gamma 1 (EIF2S1 and 
EIF4G1). Other translation factors, including EIF2S1, EIF4G1, 
eukaryotic translation elongation factor 1 delta, signal recog- 
nition particle 9, thrombospondin 1 (THBS1) and IPO7 were 
also observed. Proteins associated with nucleosome assembly 

included minichromosome maintenance complex component 2, 
nucleosome assembly protein 1-like 4, structure-specific recogni- 
tion protein 1 and FEN1. By contrast, highly represented proteins 
in the adjacent colonic tissues were linked with physiologic 
colonic function, such as bicarbonate transport (CA4 and solute 
carrier family 26 members 2 and 3) and adaptive immune 
response (immunoglobulin lambda variable 7–43 [IGLV7-43], 
IGLV7-46 and CTSS) (Figure 2E and Table S2 ). Similar to 
the restricted protein pathways mentioned above, Gene Set 
Enrichment Analysis (GSEA) revealed RNA processing pathways 
and VEGF signalling as the most highly represented pathways 
in COAD. GSEA also identified tumor-derived EVs as being 
enriched for pathways associated with hypoxia, angiogenesis 
and mRNA splicing, the eukaryotic initiation factor protein 
translation pathway, transforming growth factor-beta (TGF- β) 
signalling and the cytosolic DNA-sensing pathway, which are 
crucial for colon cancer development and progression (Figure 2F 
and Table S3 ). Conversely, EVs derived from adjacent colonic 
tissues were primarily associated with the complement pathway 
(Figure 2F ). 

To contextualize whether tumor tissue–enriched EV proteins 
were predominantly colon-specific or instead reflected broader 
pan-adenocarcinoma programs, we compared colon tumor 
tissue–derived EV proteins with EV proteomes previously gener- 
ated from pancreatic and lung adenocarcinoma tissues using the 
same EV isolation protocol, the same proteomics facility and the 
same statistical pipeline (Figure 2G and Table S4 ), (Hoshino et al. 
2020 ). Notably, four proteins—THBS2, splicing factor 3b subunit 
3, inosine triphosphatase and four and a half LIM domains 
2—were commonly identified across the three cancer types, indi- 
cating their potential role as pan-cancer diagnostic biomarkers. 
Overall, 48% (84/176) of enriched lung tumor tissue–derived EV 

proteins were also found in colon tumor tissue–derived EVs, 
whereas 23% (119/530) of pancreatic tumor tissue–derived EV 

proteins overlapped with those from the colon tumor (Figure 2G ). 
Notably, 73% (537/736) of the identified enriched EV proteins were 
unique to colon tumors. This indicates that most of the colon 
tumor derived-EV proteins are specific to the colon tissue, which 
may assist in identifying tumors of unknown origin in certain 
patients. 

We prioritised tumor tissue–exclusive candidates via EV pro- 
teomics, only advancing when plasma EVs were detected pre- 
operatively, and lost after surgery within matched plasma. This 
is because downstream validation was designed to nominate 
circulating EV biomarkers measurable from blood. Among the 
tumor tissue–exclusive proteins that met the selection criteria 
were, SRPK1 and THBS2. These two proteins were detected in 
preoperative plasma EVs and were subsequently undetected post- 
operatively, consistent with a tumor-linked circulating EV signal. 
In addition, overlap analysis across colon, lung, and pancreatic 
adenocarcinoma tissue EV datasets identified THBS2 as one of 
the four proteins shared all three cancer types (Figure 2G and 
Table S4 ), supporting broader diagnostic relevance. Accordingly, 
SRPK1 and THBS2 were carried forward into the EV-ELISA 

candidate list, whereas the remaining tumor tissue–exclusive 
proteins were not pursued for plasma ELISA due to lim- 
ited evidence of detectability in circulation in this discovery 
dataset. 

Journal of Extracellular Vesicles, 2026 5 of 17
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2.3 Discovery of Plasma-Derived EV Proteins 
Detected Only before the Surgical Removal of Tumor 
Tissues 

To identify colon cancer-associated plasma EV proteins, we 
compared the protein profiles of EVs isolated from preoperative 
plasma samples ( n = 62), post-operative plasma samples collected 
6 weeks after surgery ( n = 28), and healthy control plasma 
samples ( n = 43; reference plasma EV proteomics dataset from 

(Hoshino et al. 2020 )). Each post-operative plasma sample was 
paired with its corresponding preoperative sample. The median 
number of unique proteins detected in plasma-derived EVs 
was 316 (interquartile range, 242–356), 281 (interquartile range, 
259–300) and 311 (interquartile range, 285–336) in preoperative, 
post-operative and healthy control samples, respectively. 

Next, we compared preoperative plasma samples with healthy 
control samples and identified 166 and 233 highly expressed 
EV proteins, respectively (log2 fold change > 2-fold, adjusted 
P < 0.05; Figure 3A ). Similarly, we compared pre- and post- 
operative plasma samples and identified 57 and 15 highly 
expressed EV proteins, respectively (log2 fold change > 2-fold, 
adjusted P < 0.05; Figure 3B ). Based on these differential 
expression analyses, we selected 10 candidate proteins enriched 
in preoperative plasma samples and those enriched in healthy 
control samples (Figure 3C ). Tumor-associated EV proteins 
included ficolin-1 (FCN1)—a pattern recognition receptor 
involved in the innate immune response and activation of 
the lectin complement pathway—and heterogeneous nuclear 
ribonucleoprotein K (hnRNPK)—an RNA-binding protein 
involved in RNA splicing, stability and translation. Additionally, 
proteins associated with translation, folding, degradation and 
ubiquitination were identified, such as ribosomal protein 
SA (RPSA), CTSB, proteasome 20S subunit beta 3 (PSMB3), 
ubiquitin-like modifier activating enzyme 1 (UBA1), chaperonin 
containing TCP-1 subunit 8 (CCT8), metabolic enzyme-like 
esterase D (ESD) and 5-aminoimidazole-4-carboxamide 
ribonucleotide formyltransferase/IMP cyclohydrolase 
(ATIC). Furthermore, tumor-associated proteins identified 
in preoperative plasma-derived EVs were enriched in pathways 
related to RNA metabolism, amino acid metabolism, protein 
translation, MYC targets and ribonucleoprotein complex 
biogenesis (Figure 3D and Table S5 ). By contrast, enriched 
EV proteins in healthy controls included soluble pattern 
recognition receptors (collectin subfamily members 10 
[COLEC10] and 11 [COLEC11]), antigen-presenting protein 
(major histocompatibility complex class I, C [HLA-C]) 
and proteins associated with the cytoskeleton and cellular 
movement (ezrin [EZR], alpha-actinin 4 [ACTN4], vasodilator- 
stimulated phosphoprotein [VASP] and TGF- β induced) 
(Figure 3C ). 

We further compared COAD tumor-associated EV proteins with 
EV proteins previously reported in plasma from pancreatic and 
lung adenocarcinoma cohorts in order to contextualize these 
COAD-associated circulating EV proteins relative to other tumor 
types (Hoshino et al. 2020 ) (Figure 3E ). Notably, proteasome 
20S subunit alpha 5 (PSMA5) was identified across all three 
cancer types. Six proteins (27%; 6/22) derived from lung tumor 
tissue EVs—PSMB3, CHMP4B, ADARB1, ERN1, ACTR1A and 
PSMA5—were also detected in colon tumor tissue–derived EVs. 

Conversely, only 5% (2/43) of pancreatic tumour tissue–derived 
EV proteins, lactotransferrin and PSMA5, overlapped with those 
from colon tumours (Figure 3E ). Consistent with the tissue- 
derived analyses, most identified plasma EV proteins (96%, 
159/166) were unique to COAD, supporting substantial tissue of 
origin specificity. 

Finally, to interpret whether candidate EV proteins reflect tumor- 
cell intrinsic secretion versus contributions from the TME or host 
immune compartments, we next assessed their detectability in 
EVs derived from colon cancer cell lines (SW620, HT29, HCT116, 
DLD1 and CT26) (Figure 3F ). Notably, some of the tumor- 
associated plasma EV proteins ( n = 10; preoperative-enriched), 
including FCN1 and PSMB3, were not expressed in the tumor 
cells, suggesting that FCN1 may be released from peripheral 
blood myeloid cells, such as neutrophils or macrophages, rather 
than tumor cells themselves (Figure 3F ). Similarly, 14 of 39 
colon tumor tissue–derived EV proteins were not detected in 
cancer cell–derived EVs; here, 39 represents the sum of “highly 
representative” ( n = 20) and “exclusively expressed” ( n = 19) 
tumor tissue–derived EV proteins (Figure 3F ). Together, these 
data suggest that a substantial fraction of COAD-associated EV 

proteins may originate from non–tumor-cell sources within the 
TME (e.g., fibroblasts, endothelial cells and immune cells) or 
systemic host responses. 

2.4 Validation of Plasma-Derived EV Proteins in 

Patients With COAD and Healthy Controls 

Because LC–MS/MS proteomics discovery yields a large set of 
differentially abundant proteins, we prioritised candidates for 
follow up ELISA-based assaying using a rationale-driven filter: 
candidates had to be detectable in plasma EVs, supported by 
commercially available antibodies and show consistent direc- 
tionality between discovery and validation settings (Figure S2 ). 
We established a 1st EV-ELISA validation cohort comprising 20 
healthy controls and 84 patients with COAD. The distribution of 
cancer stages was as follows—stage I, 18%; stage II, 24%; stage 
III, 28%; and stage IV, 30%—aligning with that in the discovery 
cohort (Table S1 ). We quantified 22 candidate proteins by EV- 
ELISA, including 12 tumour-associated proteins (SRPK1, THBS2, 
CHMP4B, CTSB, ESD, CCT8, ATIC, hnRNPK, RPSA, PSMB3, 
UBA1 and FCN1) and 10 healthy-enriched proteins (COLEC10, 
COLEC11, RELN, EZR, HLA-C, ACTN4, VASP, DBH, TGFBI and 
KCTD12) (Figure S2 and Figure S3A ). 

Candidate retention required both statistical support and con- 
cordant directionality relative to discovery (tumor-associated 
candidates higher in COAD than healthy controls; healthy- 
enriched candidates higher in healthy controls than COAD). 
Proteins that did not meet the predefined significance criterion 
( P ≥ 0.01) or showed discordant directionality in EV-ELISA 

were excluded (Figure S3B–C ). Based on these criteria (two- 
sided unpaired t -test; P < 0.01), we selected 10 EV proteins 
for downstream analyses, comprising seven tumor-associated 
proteins and three healthy control–enriched proteins (Figure 
S3A ). 

Among the tumour-associated proteins, UBA1, PSMB3, SRPK1, 
FCN1, THBS2, ATIC and CCT8 were significantly elevated in 
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FIGURE 3 Discovery of plasma-derived EV proteins detected only before the surgical removal of the tumor tissues. 
(A) Volcano plot showing the top enriched circulating EV proteins in preoperative colon cancer plasma-derived EVs ( n = 62) compared with EVs from 

healthy controls ( n = 43). (B) Volcano plot highlighting the top enriched circulating EV proteins in preoperative ( n = 62) versus post-operative ( n = 28) 
colon cancer plasma-derived EVs. (C) Heatmap showing the expression of top-candidate EV proteins across pre- ( n = 62) and post-operative plasma 
samples from patients with COAD ( n = 28) and healthy controls ( n = 43). (D) Top-enriched biological pathways identified by gene set enrichment 
analysis in EVs from pre-operative plasma EVs. (E) Venn diagram comparing plasma-derived tumor-associated EV proteins identified in colon, lung, 
and pancreatic adenocarcinomas. (F) Heatmap illustrating the expression patterns of top-enriched EV protein candidates in colon cancer cell lines, 
including SW620, HT29, HCT116, DLD1 and CT26. 
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FIGURE 4 Legend on next page. 

patients with COAD compared with healthy controls (two-sided 
unpaired t -test, P < 0.0001; Figure 4A ). As single markers, these 
proteins yielded AUCs of 0.797–0.976 (DeLong test, P < 0.0001; 
Figure 4B and Table S6 ). Similarly, the three healthy control–
enriched proteins (ACTN4, TGFBI and COLEC11) were signif- 
icantly different between groups (two-sided unpaired t -tests; 

P ≤ 0.0015; Figure 4C ), with AUCs ranging from 0.730 to 0.994 
(DeLong test; Figure 4D and Table S6 ). 

To improve robustness beyond any single marker, we integrated 
tumour-associated and healthy-enriched signals into a composite 
score (EV-10), capturing two opposing axes of discrimination in 
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a single metric. Specifically, EV-10 was calculated by subtracting 
the mean expression of the three healthy-enriched proteins from 

the mean expression of the seven tumour-associated proteins 
(Figure 4E ). Using a cohort-defined threshold of − 0.013 (the 
highest EV-10 value among healthy controls in the 1st cohort), EV- 
10 values showed clear separation between healthy controls and 
patients with COAD in this validation set (Figure 4F,G ). Together, 
these results nominate EV-10 as a candidate circulating EV-based 
biomarker for COAD and motivated locked-threshold evaluation 
in an independent cohort. 

2.5 Comparison of EV-10 With Serum CEA and 

Plasma ctDNA and Perioperative Changes After 
Surgery 

To assess the diagnostic utility of EV-10 in the 1st validation 
cohort, we compared EV-10 with serum CEA and plasma ctDNA. 
Preoperative CEA was measured before curative-intent surgery, 
and post-operative CEA was measured 6 weeks after surgery. For 
ctDNA analysis, 26 patients were randomly selected from the 1st 
validation cohort (stage I, 19%; stage II, 19%; stage III, 31%; stage 
IV, 31%). The same preoperative plasma samples used for EV- 
ELISA were analysed using the Guardant360 CDx assay to detect 
ctDNA somatic alterations. 

Across stages, serum CEA and ctDNA tended to be higher in 
stage IV compared with earlier stages, although differences were 
not statistically significant. EV-10 values were elevated in COAD 

across stages and did not significantly vary by stage (Figure 5A ). 
For detection-rate comparisons, CEA was considered positive 
at > 5 ng/mL, ctDNA positivity was defined by detection of 
somatic alterations, and EV-10 positivity was defined as EV- 
10 > − 0.013. In this cohort, EV-10 showed higher observed 
positivity across stages than CEA and ctDNA (Figure 5B and 
Figure S4 ); however, ctDNA was assessed in a limited subset 
( n = 26) and stage-stratified comparisons should be interpreted 
cautiously. Notably, the stage-invariant EV-10 signal suggests that 
EV-10 may be more informative for detection than for capturing 
stage-associated differences. Together, these results suggest that 
EV-10 may provide complementary diagnostic information to 
conventional markers. 

We next assessed perioperative changes using paired pre- and 
post-surgery plasma samples ( n = 84). Serum CEA decreased 
after surgery (two-sided paired t -test, P < 0.0001; Figure 5C ). In 

EV-ELISA, six of seven tumour-associated EV proteins decreased 
post-operatively (Figure 5D ), whereas the three healthy-enriched 
proteins increased (Figure 5E ), resulting in a significant decrease 
in EV-10 values (two-sided paired t -test, P < 0.0001; Figure 5F ). 
Post-operative EV-10 values approached those observed in 
healthy controls (Figure 5G ). Using the same threshold to bina- 
rize EV-10 status, EV-10 positivity significantly decreased after 
surgery (77/84 converted from positive to negative; McNemar’s 
exact test, two-sided P < 0.0001; Figure 5F , G ). 

2.6 Evaluation in an Independent 2nd EV-ELISA 

Validation Cohort, Including Non-COAD Colorectal 
Conditions 

For further validation, we tested EV-10 in an independent 2nd 
EV-ELISA validation cohort ( n = 215) from the same single- 
center (Yonsei Cancer Center). This 2nd cohort included healthy 
controls without colorectal disease ( n = 11), non-COAD colorectal 
conditions ( n = 45; benign polyp n = 15; tubular adenoma with 
dysplasia n = 25; hereditary polyposis syndromes n = 5), and 
COAD patients ( n = 159; stage I n = 18, stage II n = 49, stage III 
n = 56, stage IV n = 36). EV-10 values did not significantly differ 
among non-COAD subgroups or across COAD stages I–IV. How- 
ever, EV-10 differed significantly across the three clinical strata 
(healthy controls vs non-COAD vs COAD) (one-way ANOVA with 
Tukey’s multiple comparisons test, P < 0.001; Figure 5H ). 

We applied the same EV-10 cut-off ( − 0.013) defined in the 1st 
cohort to the independent 2nd cohort. Using this fixed threshold, 
EV-10 classification (Healthy + non-COAD, n = 56 vs COAD, 
n = 159) was significantly associated with disease status (Fisher’s 
exact test, P < 0.0001; Figure 5I ). ROC analyses further assessed 
separation between (i) Healthy and each non-COAD condition 
(Figure 5J ) and (ii) pooled non-COAD conditions and COAD by 
stage (Figure 5K ), demonstrating strong discrimination between 
COAD and non-COAD conditions while remaining largely stage- 
invariant. 

Together, LC–MS/MS screening in the discovery cohort identified 
22 candidate EV proteins, which were subsequently evaluated 
by plasma EV-ELISA in the 1st validation cohort and refined 
to a 10-protein EV-10 panel. A threshold derived from healthy 
controls in the 1st cohort was then locked and applied to an inde- 
pendent 2nd cohort that included clinically relevant non-COAD 

colorectal conditions. Across these analyses, EV-10 distinguished 

FIGURE 4 Validation of tumour biomarkers using plasma-derived EVs from patients with COAD and healthy controls. 
(A) ELISA analysis of seven tumour-associated proteins in EVs isolated from the plasma, comparing healthy controls and patients with COAD. Error 
bars represent the median with interquartile range. P values were calculated using a two-sided unpaired t -test. (B) ROC curve analysis using the DeLong 
test for the proteins shown in (A). (C) ELISA analysis of three proteins enriched in plasma-derived EVs from healthy controls compared with those 
derived from patients with COAD. Error bars represent the median with interquartile range. P values were calculated using a two-sided unpaired t -test. 
(D) ROC curve analysis using the DeLong test for the proteins shown in (C). (E) Heatmap showing the relative expression of proteins from (A) and 
(C). Each protein expression value is standardised ( Z -score). A new biomarker, EV-10, is defined by subtracting the average expression of the three 
healthy control-associated proteins from that of the seven tumour-associated proteins. (F) Waterfall plot of EV-10 protein levels. Using a cutoff value of 
− 0.013 (the highest value among healthy controls), patients with COAD and healthy controls are clearly separated. Values are shown in arbitrary units 
(a.u.), calculated by subtracting the average expression of the three healthy control-enriched proteins from the seven tumour-associated proteins. (G) 
Comparison of EV-10 protein levels between healthy controls and patients with COAD based on the cutoff value of − 0.013. Values are shown in a.u. P 
value was calculated using a two-sided unpaired t -test. Data are shown as individual points with summary statistics as plotted. Statistical significance is 
indicated as ns, P < 0.05, * P < 0.01, ** P < 0.001, *** P < 0.0001. 
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FIGURE 5 Legend on next page. 

COAD from cancer-free groups and decreased after curative- 
intent surgery. These findings support further evaluation of EV-10 
in larger, independent multi-center cohorts and in combination 
with existing modalities, such as CEA and ctDNA. 

3 Discussion 

This study identified 10 EV proteins derived from colon tissues 
and plasma as potential diagnostic biomarkers for COAD. These 
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circulating biomarkers, enriched in the plasma of patients with 
COAD and healthy controls, were validated in an independent 
cohort and showed higher sensitivity than serum CEA and ctDNA 

analyses. Following surgery, tumor-derived EV protein levels 
decreased, whereas healthy EV protein levels increased, further 
supporting their diagnostic potential for COAD. These COAD- 
specif ic proteins were distinct from those associated with other 
types of cancer. Collectively, our findings underscore the potential 
of EV proteins in the liquid biopsy for the diagnosis of COAD. 

The EV-based detection rate for early stages I–II was higher than 
that of conventional serum CEA or plasma ctDNA (Figure 5 ). 
Cancer is a systemic disease that can alter the cargo of EVs 
originating from cancer cells, immune cells, and other organs. 
Although serum CEA and plasma ctDNA are primarily derived 
from tumor cells, the advantage of using EV proteins in the liquid 
biopsy is their ability to provide insights into the interactions 
between cancer and the body, offering systemic information. Our 
proteomic analysis encompasses both colon tissue–derived EVs 
and circulating EVs in the plasma to assess whether circulating 
proteins are also detectable in colon tissues. Notably, SRPK1 and 
THBS2 were present in colon cancer tissue–derived EVs but were 
absent in adjacent colon tissue–derived EVs, suggesting that these 
proteins likely originate from the colon cancer tissue microen- 
vironment. However, other circulating EV biomarkers, such as 
ATIC, PSMB3, CCT8 and UBA1 were not identified in colon 
cancer tissue–derived EVs, indicating that these proteins are 
more likely derived from immune cells or other organs. Notably, 
we observed that EV proteins associated with innate immune 
response (e.g., FCN1 and COLEC11) and metabolic enzymes 
(e.g., ESD and ATIC) were altered in COAD. These altered EV 

proteins may interfere with antitumor immunity, potentially 
affecting M2 macrophage polarization (Tkach et al. 2022 ) and 
neutrophil extracellular traps (Su et al. 2023 ). Alternatively, they 
may contribute to the metabolic reprogramming of distant cells, 
such as endothelial cells, (Harmati et al. 2021 ) thereby enhancing 
premetastatic niche formation or distant metastasis during cancer 
development and progression (Becker et al. 2016 ). 

Notably, several top-enriched proteins in tumor tissue explant–
derived EVs appear to play a role in intercellular communication 
within the TME, particularly in modulating VEGF signalling, 
mRNA splicing and TGF- β signalling, as revealed by pathway 

analysis. One of the most notable proteins identified in our 
dataset was the extracellular matrix protein THBS2. THBS2 has 
also been significantly detected in pancreatic and lung adeno- 
carcinomas. THBS2 expression is linked to cancer-associated 
fibroblast (CAF) activation, the TGF- β pathway, and EMT acti- 
vation within the immunosuppressed TME (Bagaev et al. 2021 ; 
Thorsson et al. 2018 ). Our findings showed that THBS2 expression 
is lower than that of THBS1 in colorectal cancer cell lines, with 
predominant expression observed in CAFs, as indicated by a 
single-cell RNA sequencing dataset (Zhou et al. 2024 ). These data 
suggest that CAF-derived THBS2 is a characteristic feature of 
colorectal cancer tissue–derived and circulating EVs. However, 
the mechanism by which THBS2 in CAF-derived EVs impacts 
tumor cells, immune cells, or other TME components, and its 
specific role within the local TME remains elusive. Targeting 
these interactions may provide new opportunities for developing 
targeted treatment strategies against the TME. Moreover, the 
role of circulating EV-derived THBS2 in the formation of pre- 
metastatic niches in distant organs, such as the liver, is yet to 
be fully understood. Another notable group of proteins includes 
translation initiation factors, such as EIF2S1 and EIF4G1, as well 
as the splicing factor SRPK1. The recipient cells and the underly- 
ing mechanisms through which EVs transport these proteins and 
associated mRNA, which can then be translated into recipient 
cells to regulate gene expression and protein synthesis, are not 
yet fully understood within the TME. A better understanding of 
these intercellular communication processes could offer valuable 
insights into tumor development and inform potential strategies 
for targeting the TME. 

In the context of cancer biomarker identification, comparing 
tissue-derived and circulating EVs has highlighted important 
distinctions with potential clinical relevance, such as whether 
the proteins are sourced from primary tumours or distant 
organs. Among the EV-10 proteins, THBS2, (Hoshino et al. 2020 ) 
ATIC, (Chang et al. 2021 ) and CCT8 (Cho et al. 2021 ) have 
been previously reported as potential circulating biomarkers for 
cancer, which supports our findings. However, discrepancies in 
circulating EV protein biomarkers have been observed across 
studies. These inconsistencies could be attributed to factors, such 
as heterogeneous study populations (e.g., variations in cancer 
stages, race, and inclusion of healthy participants), differences 
in sample preparation (e.g., plasma vs. serum), variability in EV 

FIGURE 5 Comparison of the diagnostic accuracy of EV-10 with conventional biomarkers and the prognostic value of EV-10 before and after 
surgery. 
(A) Serum CEA, plasma ctDNA concentration and EV-10 level across COAD stages (CEA and EV-10: stage I n = 15, stage II n = 20, stage III n = 24, 
stage IV n = 25; ctDNA: stage I n = 5, stage II n = 5, stage III n = 8, stage IV n = 8). (B) Detection rates by stage for CEA ( > 5 ng/mL), ctDNA somatic 
mutation detection and EV-10 positivity (EV-10 ≥ − 0.013; negative if EV-10 < − 0.013) using the same locked cut-off. Data are presented as percentages of 
positive diagnoses across stages I–IV. (C − F) Pre- and post-surgery comparison of (C) serum CEA levels, (D) seven tumour-associated proteins, (E) three 
healthy control-enriched proteins, and (F) EV-10 levels in patients with COAD. P values were calculated using a two-sided paired t -test. (G) EV-10 levels 
in healthy controls and in patients with COAD pre- and post-operatively; the locked cut-off ( − 0.013) is indicated by a dotted line. (H) EV-10 scores in the 
2nd EV-ELISA validation cohort. The EV-10 cut-off ( − 0.013) defined in the 1st validation cohort was applied unchanged. Group differences were assessed 
by one-way ANOVA with Tukey’s multiple-comparisons test (healthy vs. non-COAD vs. COAD). (I) Confusion matrix summarising EV-10 classification 
in the 2nd validation cohort (healthy controls or benign condition, n = 56 vs. COAD, n = 159) using the locked cut-off ( − 0.013) and the same positivity 
definition as in (B). P -value was calculated by a two-sided Fisher’s exact test. (J) ROC curves of EV-10 for distinguishing non-COAD colorectal conditions 
(benign polyp, tubular adenoma with dysplasia and hereditary polyposis syndromes) from healthy controls (healthy as the reference). AUCs are shown in 
the panel. (K) ROC curves of EV-10 for distinguishing COAD (stage I–IV) from non-COAD colorectal conditions (pooled) (non-COAD as the reference). 
Stage-specific AUCs are shown in the panel. Data are shown as individual points with summary statistics as plotted. Statistical significance is indicated 
as ns, P < 0.05, * P < 0.01, ** P < 0.001, *** P < 0.0001. 
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isolation techniques (e.g., differential ultracentrifugation vs. size- 
exclusion chromatography), and variations in protein analysis 
methods (e.g., LC-MS/MS vs. ELISA) (Vergauwen et al. 2017 ). 
Standardization of protein detection methods, larger prospective 
validations and the evaluation of protein detection across differ- 
ent platforms are essential for refining biomarker discovery in 
EV-based cancer diagnosis. 

Current CRC screening guidelines recommend screening 
average-risk adults beginning at age 45 using established stool- 
based tests and direct visualization tests, with individualised 
decisions beyond age 75. Because our cohorts were not designed 
as a prospective, average-risk screening study, EV-10 may 
not be interpreted as a replacement for colonoscopy or FIT. 
Rather, our data support EV-10 as a complementary EV- 
based biomarker with two near-term potential applications: 
(i) perioperative monitoring following curative-intent surgery, 
supported by paired pre/post reductions in EV-10 levels and 
positivity, and (ii) an adjunctive tool to support diagnostic 
evaluation and triage, particularly when used in combination 
with existing biomarkers, such as CEA and ctDNA. Although 
ctDNA was available only in a small subset of the 1st validation 
cohort, exploratory paired analyses suggested that EV-10 may 
relate to ctDNA somatic mutation detection in non-metastatic 
disease, supporting potential complementarity between a 
systemic EV-proteomic signal (EV-10) and mutation-level 
characterization by ctDNA. Larger paired cohorts will be required 
to validate integrated approaches and quantify incremental 
value. 

Based on this study, future directions include identifying EV 

proteins with prognostic significance. EV diagnostic proteins 
are not necessarily the same as those with prognostic impact. 
Although diagnostic proteins are likely involved in the initial 
development of tumors, prognostic proteins may play a role 
in cancer metastasis and treatment resistance. Additionally, 
comparing EV proteins derived from the primary colon cancer 
tissue with those from metastatic tissues (e.g., liver or lung) 
could uncover novel proteins that help elucidate organotropic 
EV proteins. Targeting these organotropic EV proteins could 
facilitate multiorgan therapies, such as addressing thrombosis 
in the lung or preventing dysregulated metabolism in the liver 
(Lucotti et al. 2025 ; Wang et al. 2023 ). Comparing EV proteomes 
from colon cancer organoids, normal colon organoids and current 
colon tissue–derived EVs could enhance our understanding of 
EV proteomes, helping identify which EV proteins are cancer- 
specif ic or TME- specif ic. Finally, deeper proteomic coverage may 
improve detection of low-abundance proteins and further refine 
EV biology, for example, through longer liquid chromatography 
gradients, data-independent acquisition, and/or newer platforms, 
such as timsTOF, while maintaining an appropriate balance 
between throughput and clinical feasibility. 

This study has several limitations. First, age/sex distributions dif- 
fered between the discovery-stage reference controls and the YCC 

COAD discovery cohort (Table S1 ). Although EV-10 was subse- 
quently evaluated in validation cohorts with comparable age/sex 
distributions using a locked cut-off, residual confounding at the 
discovery stage cannot be fully excluded. In the 2nd validation 
cohort, a modest sex imbalance remained between cancer-free 
controls and COAD (Table S1 ), which should be considered when 

interpreting performance estimates. Second, the sample size is 
insufficient to generalize our findings, and the retrospective 
nature of the study necessitates future prospective validation 
using larger cohorts. Third, ELISA relies on commercially 
available antibodies, limiting our ability to test all potentially 
valuable proteins; high-throughput platforms (e.g., proximity 
extension assay) may improve scalability. Fourth, although we 
included an independent cohort with clinically relevant non- 
COAD colorectal conditions, we did not evaluate EV-10 in a 
prospective average-risk screening population. Therefore, EV-10 
performance for population-level screening or as a substitute 
for guideline-recommended screening tools (FIT/colonoscopy) 
remains unknown. Moreover, while we did not include inflam- 
matory intestinal conditions (e.g., inflammatory bowel disease) or 
other inflammation/microbiome-associated states, investigating 
these conditions in future studies will be important to further 
define the clinical specificity of EV-10. Finally, prospective multi- 
center external validation will be required to establish broader 
generalizability. 

In conclusion, we characterised the proteomes of colon tissue–
derived and circulating EVs from patients with COAD and 
cancer-free controls and validated an EV-10 protein panel as a 
candidate non-invasive biomarker to support COAD detection 
and clinical evaluation (Figure S5 ). 

4 Materials and Methods 

4.1 Study Design 

This study aimed to identify and validate diagnostic EV protein 
biomarkers for COAD using patient-derived tissue and plasma 
samples. All samples were collected at Yonsei Cancer Center 
(YCC, single-center only). Samples were accrued in two non- 
overlapping periods: May 2019–September 2022 for the discovery 
LC–MS/MS and 1st EV-ELISA validation cohorts and September 
2022–January 2025 for the independent 2nd EV-ELISA validation 
cohort. In the discovery cohort (COAD, n = 92), EVs were isolated 
from resected tumour tissue, matched adjacent normal tissue and 
available matched pre- and post-operative plasma, followed by 
LC–MS/MS proteomic profiling to nominate candidate markers 
(Table S1 ). Candidate proteins were then evaluated by EV-ELISA 

in a 1st validation cohort comprising healthy controls without 
colorectal disease ( n = 20) and patients with COAD (preoperative, 
n = 84) with paired post-operative plasma samples collected 6 
weeks after surgery ( n = 84), to refine a 10-protein panel (EV- 
10). A cohort-defined cut-off ( − 0.013; the highest EV-10 value 
among healthy controls in the 1st cohort) was pre-specified and 
subsequently applied unchanged to an independent 2nd EV- 
ELISA validation cohort ( n = 215) comprising healthy controls 
without colorectal disease ( n = 11), non-COAD colorectal condi- 
tions (benign polyp, tubular adenoma with dysplasia, hereditary 
polyposis syndromes; n = 45) and COAD ( n = 159), to assess 
performance against clinically relevant cancer-free colorectal 
conditions. Diagnostic performance was compared with pre- 
operative serum CEA ( n = 84 in the 1st cohort) and plasma 
ctDNA (Guardant360 CDx) measured in a subset of the same 
preoperative plasma samples (available for patients with COAD in 
the 1st cohort, n = 26). Sample sizes were determined by specimen 
availability. 
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4.2 Human Specimen Preparation and 

Processing 

Tumor and adjacent fresh colon tissues and plasma samples were 
obtained from patients treated at YCC between May 2019 and 
January 2025. All COAD cases were pathologically confirmed. 
Preoperative plasma was collected prior to curative-intent surgery 
and post-operative plasma was collected six6 weeks after surgery. 
Healthy control plasma samples were obtained from individuals 
without a history of malignancy and without colorectal disease 
(no COAD or polyps confirmed by colonoscopy). The 2nd EV- 
ELISA validation cohort additionally included patients with 
non-COAD colorectal conditions (benign polyp, tubular adenoma 
with dysplasia and hereditary polyposis syndromes), as detailed 
in Table S1 . For discovery-stage plasma EV proteomics, healthy 
control reference data ( n = 43) were obtained from a previously 
published dataset (Hoshino et al. 2020 ) (Table S1 ). All participants 
provided written informed consent under a protocol approved 
by the Institutional Review Board of Severance Hospital, Yonsei 
University College of Medicine (IRB no. 4-2019-0811), and the 
study was conducted in accordance with the Declaration of 
Helsinki. Clinical information, including age, sex, tumor his- 
tology and tumor stage (American Joint Committee on Cancer 
staging system 8th edition), was collected (Table S1 ). 

Colon tissue samples were processed as previously described 
(Bojmar et al. 2021 ). In brief, fresh tumors and adjacent colon 
tissues located 4 cm away from the cancer site were harvested 
from patients with COAD undergoing resection with curative 
intent at YCC. The tissue was placed in ice-cold phosphate- 
buffered saline (PBS) within minutes of collection and submitted 
for downstream processing and analysis. The tissues were cut into 
small pieces and cultured for 7–14 h in the serum-free Roswell 
Park Memorial Institute medium, supplemented with penicillin 
(100 U/mL) and streptomycin (100 µg/mL). 

Plasma samples were collected from patients with COAD and 
from healthy controls with no history of COAD or polyps, as 
confirmed by colonoscopy, as previously described (Bojmar et al. 
2021 ). Sample volumes varied from 2–4 mL of plasma. Blood 
samples collected in lavender-top EDTA tubes were kept at room 

temperature for 10 min, followed by centrifugation at 1900 ×g for 
15 min (Figure S1 ). The obtained supernatant was aliquoted and 
stored at − 80◦C; a subset of preoperative plasma samples ( n = 26) 
was submitted for ctDNA profiling (Guardant360 CDx), and the 
remaining plasma was processed for EV isolation (Figure S1 ). 

4.3 Cell Lines and Cell Culture 

CT26, DLD-1, SW620, HCT116 and HT29 cell lines were cul- 
tured in DMEM, supplemented with penicillin (100 U/ml), 
streptomycin (100 mg/ml) and 10% fetal bovine serum (FBS). 
Mycoplasma testing was performed before EV isolation for all 
cell lines using the American Type Culture Collection (ATCC) 
Mycoplasma Testing Kit. All cells were maintained in a humid- 
ified incubator with 5% CO2 at 37◦C and were routinely tested 
and confirmed to be free of mycoplasma contamination. When 
collecting conditioned media for EV isolation, FBS (GIBCO, 
Thermo Fisher Scientific, Waltham, MA) was first depleted of 
EVs by ultracentrifugation at 100,000 × g for 70 min. Cells were 

cultured for 3–4 days, and supernatant was collected before the 
cells reached confluency (Bojmar et al. 2021 ). 

4.4 EV Purification, Characterization and 

Analyses 

EVs were purified by sequential ultracentrifugation, as previously 
described (Bojmar et al. 2021 ). Briefly, plasma, resected tissue 
culture supernatant, or cell line culture media were centrifuged at 
500 × g for 10 min to remove cells. To remove dead cell, apoptotic 
bodies and large cell debris, the supernatants were centrifuged at 
3000 × g for 20 min, followed by centrifugation at 12,000 × g for 20 
min to eliminate large microvesicles. Finally, EVs were collected 
by centrifuging at 100,000 × g for 70 min. EVs were washed in 
PBS and pelleted again by ultracentrifugation at 100,000 × g for 70 
min using a Beckman Coulter Optima XE or XPE ultracentrifuge 
(Figure S1 ). The final EV pellet was resuspended in 200 µL of PBS 
and stored at − 80◦C. Protein concentration was measured using 
a BCA assay (Pierce, Thermo Fisher Scientific, Waltham, MA). 
The NS300 nanoparticle characterization system (NanoSight, 
Malvern Instruments, Malvern, UK) analysed EV size and parti- 
cle number with a red laser (642 nm). the histograms represent 
three individual replicates, with the experiment performed at 
least three times. Plasma-derived EVs at a concentration of 5000 
µg/ml were diluted at a ratio of 1:2000, while tissue explant- 
derived EVs at a concentration of 1000 µg/ml were also diluted 
at a ratio of 1:2000. 

4.5 Transmission Electron Microscopy (TEM) 

For negative staining TEM analysis, a solution containing 0.1 
µg/ µl of EVs in PBS was applied onto a grid coated with formvar 
and carbon (Bojmar et al. 2024 ). The EVs were allowed to settle 
on the grid for 1 min. The specimen was then blotted and treated 
with four consecutive drops of 1.5% aqueous uranyl acetate, 
with blotting performed after each drop. After the final stain 
application, the grid was blotted and allowed to dry naturally. 
The grids were observed using a JEOL JEM-1400 transmission 
electron microscope (JEOL USA Inc., Peabody, MA), operated at 
a voltage of 100 kV. Images were captured using a Veleta 2K × 2K 

CCD camera (Olympus-SIS, Munich, Germany). 

4.6 Western Blot Analysis 

A total of 20 µg of EV protein extracts from tissue explants 
was used for western blot analysis. And, a total of 50 µg of EV 

protein extracts from plasma was used. And a total of 10 µg 
of cell lysate protein extracts from cell lysate was used. Cell 
lysate and EVs were lysed using RIPA lysis and extraction buffer 
(Thermo Fisher Scientific, Waltham, MA), supplemented with 
1X protease inhibitor cocktail and phenylmethylsulfonyl fluoride 
(Sigma-Aldrich, Burlington, MA). Sonication was performed 
to enhance protein lysis. The denatured proteins were mixed 
with NuPAGE LDS Sample Buffer (Invitrogen, Thermo Fisher 
Scientific, Waltham, MA) and β-mercaptoethanol, then heated 
at 95◦C for 5 min. Proteins were separated by electrophoresis 
on 4%–12% Bolt BISTRIS Plus gels (Invitrogen, Thermo Fisher 
Scientific, catalog number TFS-NW04120BOX, Waltham, MA) 
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and transferred onto polyvinylidene difluoride membranes using 
iBlot 2 Transfer Stacks (Invitrogen, Thermo Fisher Scientific, 
catalog number TFS-IB24002, Waltham, MA). 

The membranes were blocked with 1X PBS containing 5% skim 

milk (w/v) and 0.1% Tween-20 (v/v), then incubated overnight 
at 4◦C with the primary antibodies. All primary antibodies were 
diluted at 1:1000 in a blocking buffer. The membranes were 
washed three times with 1X PBS containing 0.1% Tween-20 
(v/v), incubated with horseradish peroxidase (HRP)-conjugated 
secondary antibodies and washed three more times to remove 
unbound antibodies. Immunoblots were visualised using Super- 
Signal West Femto Maximum Sensitivity Substrate (Thermo 
Fisher Scientific, catalog number 34095, Waltham, MA) and 
ImageQuant LAS4000 mini (GE Healthcare, Chicago, IL). A list 
of all antibodies used is provided in Table S7 . 

4.7 Liquid Chromatography-Tandem Mass 
Spectrometry (LC-MS/MS) 

LC-MS/MS proteomic analysis was performed as previously 
described (Hoshino et al. 2020 ; Bojmar et al. 2024 ). In brief, EV 

protein samples were first dried using a vacuum centrifuge. Pro- 
teins were denatured in 8 M urea prepared in 50 mM ammonium 

bicarbonate (AMBIC) (Sigma, catalog number 09839), reduced 
with 10 mM dithiothreitol (Millipore sigma, catalog number 
233156) and alkylated using 100 µM iodoacetamide (Sigma, 
catalog number I1149) in 50 mM AMBIC under light-protected 
conditions. Samples were sequentially digested with LysC (for 4–5 
h) followed by overnight trypsin (Prometa, catalog number V5111) 
digestion at 37◦C. Proteolysis was terminated by acidification 
with trifluoroacetic acid, and peptides were cleaned using solid- 
phase extraction on C18 stage tips (CDS, catalog number 2215). 
Elution was performed with 70% acetonitrile containing 0.1% 

trifluoroacetic acid (Sigma, catalog number 302031), followed by 
vacuum drying and resuspension in 2% acetonitrile in water. 
Peptides analysed at the Rockefeller University Proteomics Core 
following established Core procedures (Hoshino et al. 2020 ; 
Bojmar et al. 2024 ). Approximately 3 µg of peptide from each 
sample was analysed by high-resolution nano–LC–MS/MS using 
reversed-phase C18 separation at 200 nL/min with a linear 
gradient (typically 90 min) from 1% to 35% buffer B (buffer A: 
0.1% formic acid; buffer B: 0.1% formic acid in 80% acetonitrile). 
Data were acquired in data-dependent acquisition (DDA) mode in 
positive-ion polarity on an Orbitrap platform (Thermo Scientific). 

4.8 Proteomic Data Analysis 

Raw LC–MS/MS data were searched against the UniProt human 
proteome database using Proteome Discoverer 1.4 and Mascot 2.4, 
with peptide-spectrum matches filtered to a 1% false discovery 
rate. Proteins were quantified using the average area of the three 
most abundant peptides per protein. Software tools used were 
open source R packages ( https://www.r-project.org , v3.5.0), in 
which “limma” was used for QC, analysis and exploration of 
proteomic expression data. For proteins identified by multiple 
UniProt IDs, values were collapsed using the probe with the maxi- 
mum intensity. For frequency analysis, proteins were classified as 
detected or not detected across all samples. Exclusive biomarkers 

were identified based on the detection criteria in specific sample 
groups. Biomarker selection was conducted using the Wilcoxon 
rank-sum test. In GSEA, the entire proteomic expression dataset 
and MSigDB v5.1 gene sets with default parameters were used to 
identify significantly enriched sets. 

4.9 EVELISA 

EV-ELISA was performed to detect proteins within the EVs 
(Hoshino et al. 2020 ). Briefly, 1.5 µg of EVs were resuspended 
in 0.4 M carbonate buffer and incubated overnight at 4◦C on 
a 96-well plate. The EVs were then washed three times for 
5 min with 1 × PBS and permeabilised with 1 × PBS containing 
0.2% Triton-X100 (v/v). The plates were blocked with 1 × PBS 
containing 2% bovine serum albumin (w/v), washed twice for 
5 min with 1 × PBS, and incubated overnight at 4◦C with the 
primary antibodies. All primary antibodies were diluted at 1:100–
1:500 in a blocking buffer. After washing the plate four times 
for 5 min with 1 × PBS, it was incubated for 2 h with HRP–
conjugated secondary antibodies diluted at 1:1000–1:2000. The 
plate was washed four more times for 5 min each to remove 
unbound antibodies. Next, 3,3 ′ ,5,5 ′ -tetramethylbenzidine liquid 
substrate (catalog number T0440, St. Louis, MO) was added and 
reacted with HRP for 15–30 min. After the colour developed, the 
reaction was terminated with a stop solution (Thermo Fisher 
Scientific, catalog number TFS-SS04). Absorbance at 450 nm 

was measured using a plate reader. All antibodies used are 
listed in Table S7 . All EV-ELISA experiments using the same 
samples and antibodies were conducted on the same plate to 
minimize potential batch effects. Each experiment was performed 
twice to ensure consistent and reproducible results. Proteins 
were excluded if they were undetectable in plasma or lacked 
commercially available antibodies. 

4.10 EV-ELISA Data Analysis 

For the EV-ELISA, 1.5 µg of EVs were used to coat each well. To 
account for variations in the amount of EVs across the samples, 
we measured the optical density at 450 nm for three tetraspanin 
proteins: CD81, CD9 and CD63. The expression levels of these 
three proteins were averaged to serve as the normalization stan- 
dard for each EV sample. All subsequent candidate protein optical 
densities were normalised by dividing them by this average 
and log2 -transformed, and the results were labelled as “protein 
expression (log2 )”. For the EV-10 score, the mean expression of 
the seven tumor-associated proteins was subtracted by the mean 
expression of the three healthy-enriched proteins. The EV-10 cut- 
off ( − 0.013) was defined in the 1st EV-ELISA validation cohort 
( n = 104) as the highest EV-10 value among healthy controls, 
and this threshold was subsequently applied as a pre-specified 
(locked) cut-off in the independent 2nd EV-ELISA validation 
cohort ( n = 215). 

4.11 Plasma ctDNA Somatic Mutation Test 

The Guardant360 CDx Blood Collection Kit was used for this 
analysis. Blood samples were collected in lavender-top EDTA 

tubes, kept at room temperature for 10 min and then centrifuged 
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at 1900 × g for 15 min. The supernatant, the plasma sample, 
was partially stored at − 80◦C for ctDNA analysis. A total of 
4 mL of plasma was shipped to the Guardant Health Clinical 
Laboratory, located in Redwood City, CA, USA. ctDNA extraction, 
library preparation, enrichment and DNA sequencing were per- 
formed from each plasma sample. The analysis focused on Single 
Nucleotide Variants (SNVs) and Insertions and Deletions (Indels) 
across a panel of 74 select genes, followed by data analysis and 
reporting. 

4.12 Statistical Analysis 

Statistical analyses were conducted using R software ( https:// 
www.r-project.org , v3.5.0) or GraphPad Prism (v9.4.1). Statistical 
significance was assessed using a two-tailed Student’s t -test, 
Wilcoxon rank-sum test, or two-way analysis of variance for 
multiple comparisons with the Sidak method. The results are 
presented as means ± standard error of the mean. In biological 
experiments, a P -value of < 0.05 was considered statistically sig- 
nificant. A false discovery rate of < 0.05 after multiple comparison 
corrections was considered statistically significant for proteomics 
data analysis. The levels of statistical significance are denoted as 
follows: * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 

The performance of the EV protein panel in distinguishing 
between patients with COAD and healthy controls was assessed 
using the area under the ROC curve (AUC). Changes in EV 

protein levels between pre- and post-operative samples were 
analysed to determine whether these proteins could serve as 
biomarkers for COAD detection. Statistical significance was 
determined using paired t -tests or nonparametric equivalents to 
compare protein levels between the groups. Proteins that were 
undetectable in the plasma or lacked commercially available 
antibodies were excluded from the analysis. All data points 
were used for the remaining proteins, and no missing values 
existed in the final analysis. The sample size was determined 
based on the expected differences in EV protein levels between 
patients with COAD and healthy controls, as well as between 
pre- and post-operative plasma samples. We aimed to detect 
significant differences in EV protein levels with a power of 0.8 
(80% probability of detecting a true difference) and an alpha level 
of 0.05 (5% chance of a type I error). 
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