:' frontiers ‘ Frontiers in Oncology

@ Check for updates

OPEN ACCESS

Zhen Dong,
Southwest University, China

Shinobu Ohnuma,

Tohoku University, Japan

Sara Khorami-Sarvestani,

University of Texas MD Anderson Cancer
Center, United States

Sanae Nakayama
sanae.nakayama@alpsalpine.com

01 May 2025
30 June 2025
30 July 2025

Nakayama S, Umeda M, Kobayashi K,
Nakano Y, Hori K, Umemura T and
Kurokawa H (2025) MicroRNAs in
circulating extracellular vesicles as
biomarkers of early colorectal cancer
captured using high mannose N-glycan-
specific lectin from Oscillatoria Agardhii.
Front. Oncol. 15:1619460.

doi: 10.3389/fonc.2025.1619460

© 2025 Nakayama, Umeda, Kobayashi, Nakano,

Hori, Umemura and Kurokawa. This is an

open-access article distributed under the terms

of the Creative Commons Attribution License

(CC BY). The use, distribution or reproduction

in other forums is permitted, provided the

original author(s) and the copyright owner(s)
are credited and that the original publication

in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Oncology

Original Research
30 July 2025
10.3389/fonc.2025.1619460

MicroRNAs in circulating
extracellular vesicles as
biomarkers of early colorectal
cancer captured using high
mannose N-glycan-specific
lectin from Oscillatoria Agardhii

Sanae Nakayama™, Miyabi Umeda®, Kenya Kobayashi®,
Yukiko Nakano?, Kanji Hori?, Tsukuru Umemura®*
and Hiroshi Kurokawa®

'R&D Department, Alps Alpine Co., Ltd, Osaki, Japan, ?Laboratory of Marine Bioresource Chemistry,
Graduate School of Integrated Sciences for Life, Hiroshima University, Higashi-Hiroshima, Japan,
SGraduate School, Department of Medical Technology and Sciences, International University of
Health and Welfare, Okawa, Japan, “Clinical Laboratory, Kouhoukai Takagi Hospital, Okawa, Japan

Introduction: Lectin (OAA), isolated from the filamentous cyanobacterium
Oscillatoria agardhii, exhibits high specificity and strong binding affinity for
high-mannose (HM) N-glycans. Previous studies have demonstrated that OAA
captured extracellular vesicles (EVs) derived from cancer cell lines. This study
aimed to confirm the effectiveness of OAA in capturing HM N-glycans in blood
and explore its potential in capturing circulating EVs derived from early-stage
colorectal cancer (CRC) tumors.

Methods: OAA1 (a recombinant OAA variant) was used to capture HM N-glycans
from blood samples. The ability of OAAL to capture circulating EVs in patients
with stage | CRC was assessed. The miRNA profiles of the OAAl-captured EVs
were analyzed and compared between 60 patients with stage | CRC and 60
healthy controls. Statistical analyses were performed to evaluate the potential of
the specific miRNAs as CRC biomarkers.

Results: OAA1 effectively captured HM N-glycans in the plasma. Nanoparticle
and immunoblot analyses confirmed the presence of EVs in the OAAl-captured
from plasma. The miRNA profile of OAAl-captured EVs exhibited characteristics
of patients with CRC. Statistical analysis identified five miRNAs (miR-122-5p, miR-
130a-3p, miR-146a-5p, miR-15b-5p, and miR-126) and three internal control
MiRNAs (miR-93-5p, miR-192-5p, and miR-502-5p) with a high potential for
cancer separation (area under the curve (AUC) = 0.948; sensitivity = 0.883;
specificity = 0.933).

Discussion: These results suggest that circulating miRNAs in OAAl-captured EVs
could serve as biomarkers for the surveillance of early stage CRC using liquid
biopsy. The OAAl-immobilized column device facilitates easier and quicker
inspection processes and accentuates differences in circulating miRNAs
associated with the disease.
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Conclusion: OAAl-column showed potential clinical application to analyze
circulating EVs and miRNAs associated with CRC, serving as a relevant liquid
biopsy for early cancer detection.

OAA, lectin, high-mannose type N-linked glycan, extracellular vesicle, miRNA,
colorectal cancer, liquid biopsy, biomarker

1 Introduction

High-mannose-type Asparagine (N)-linked glycan (HM N-
glycan) is an early glycan structure involved in the biosynthesis of
N-linked glycoproteins (1). In tumor cells, N-glycosylation
biosynthesis in the endoplasmic reticulum (ER) may involve less
processing, leading to the accumulation of HM N-glycans in the ER,
as observed in colorectal cancer (CRC) tissues (2). Several studies
have investigated the alterations in glycosylation in various cancers,
focusing on these changes as potential cancer markers for
developing treatment or prevention methods (3). HM N-glycans
display distinct patterns throughout CRC development, with a
particularly high abundance in early CRC tissues (4). We
previously isolated a potent anti-human immunodeficiency virus
(HIV) lectin, OAA, from the filamentous cyanobacterium
Oscillatoria agardhii (5, 6). OAA and its recombinant form
produced in Escherichia coli exhibit high specificity and affinity
for HM N-glycans (5-7). OAA-immobilized beads capture
extracellular vesicles (EVs) in cancer cell line-cultured medium,
but not in normal cell lines (1). These findings suggest that tumor-
derived EVs may possess HM N-glycans on their surfaces.

MicroRNAs (miRNAs) are short non-coding RNAs, 18-25
nucleotides in length, that regulate gene expression post-
transcriptionally across a wide range of organisms, from viruses to
humans. Since their first report in 1993 (8), miRNAs have garnered
significant interest from researchers as key regulators of epigenetic
processes as well as potential biomarkers for various diseases. In 2007,
Valadi et al. reported that miRNAs in EVs are released from cells and
can be delivered to other cells (9). This suggests that miRNAs play a
role in cell-to-cell communication via intercellular gene regulation.
EVs, which are released from all cell types into body fluids and
circulate throughout the body, contain cell-derived biomolecules such
as RNAs, proteins, and metabolites. Several studies have shown that
EVs retain the surface characteristics of their derived cells, including
surface antigens, protein modifications, and glycosylated molecules.
Consequently, EVs and their components, particularly miRNAs, are
considered promising biomarkers for human diseases (10, 11),
including CRC (12-14).

CRC is the third most common cancer in men and the second
most common cancer in women worldwide, with over 1.95 million
new cases reported in 2020 (15). In Japan, colon/rectum cancer will
be the leading cause of cancer deaths among women in 2022,
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accounting for 16% of deaths (16). The National Cancer Center of
Japan reported the 5-year relative survival rates for CRC diagnosed
in 2013-2014 across member hospitals of the Association of
Clinical Cancer Centers in Japan: stage I, 94.5%; stage II, 88.4%;
stage II1, 77.3%; stage IV, 18.7%; and overall, 72.5% (17, 18). The
sharp decline in the 5-year relative survival at stage IV underscores
the importance of early detection and treatment of CRC.

In this study, we aimed to capture circulating CRC-derived EV's
using an OAAl-immobilized column. Profiling of miRNAs in
OAALl-captured EVs revealed miRNA signature characteristics of
patients with CRC. Statistical analyses of the results from 60
patients with stage I CRC and 60 healthy controls identified
candidate miRNAs as biomarkers of early stage CRC.

2 Materials and methods
2.1 Clinical samples

The CRC staging is based on the postoperative pathological
stage, according to guidelines issued by the Japanese Society for
Cancer of the Colon and Rectum (19). EDTA-treated plasma from
60 patients with stage I CRC was used for statistical analysis, and 10
patients with CRC (stages II-IV) used for fundamental research
(Figures 1, 2, Table 1) were purchased from KAC Co., Ltd. (Kyoto,
Japan) and International Bioscience Inc. (Tokyo, Japan),
respectively. Seventy healthy control samples (EDTA-treated
plasma) were obtained with the approval of the Institutional
Review Board (IRB) of Eiken Chemical Co., Ltd. (No. 81-008 and
No. 82-007), International University of Health and Welfare (18-
Ith-066) and Kouhoukai (No. 224 and No. 333), and informed
consent was obtained from all participants. Of these, 60 samples (29
males, 31 females) were used for statistical analysis. Although
individual ages were not available, most donors were adults in
their 30s-70s, with ~70% in their 40s-60s. Individuals with a known
history of cancer were excluded; comorbidity data were not
available. Visibly lipemic or hemolyzed samples were excluded by
visual inspection. Ten were pooled and used for the miRNA assay
(Figure 3) to average out individual-specific characteristics and
transient physiological variations. A sodium citrate-treated human
plasma pool was purchased from Cosmo Bio Co., Ltd. (Japan) and
used for lectin blot and immunoblot assays and as a reference

frontiersin.org


https://doi.org/10.3389/fonc.2025.1619460
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Nakayama et al.

10.3389/fonc.2025.1619460

(A) Alexa-488 (B) Fluorescence CBB staining
labeled plasma plasma
° ° -
o Q = S o
© = =0 =
R 5 S & o 0 S & o o
kDa = Q T OFL m MIT OF m
M 5 - + + GSH kDa
20— :
15 4 M- | CBB staining 250
10 i 150
100
B st o |Fluorescence s v 75
*
Lanes:1 2 3 4 5 50
37
© CRC plasma Flow-through
25
< 0 20
¥
(uL) 7.565.0 251.0 755.0251.0 @ O 15
Free 10
OAA1 —— —————
(16kDa)
Lanes: 1 2 3 4 5 6 7 8 9 10 Lanes:1 2 3 4 5 6 7 8 9

FIGURE 1

OAA1 bound to HM N-glycans in human plasma. (A) Labeling of OAA1L with Alexa-488. The labeling reaction was stopped by adding of glutathione
(GSH), and the free fluorescent dyes were removed using 3K column (purified). (B) Lectin blot analysis using Alexa-488 labeled OAAL (left) and CBB
staining (right) of human plasma (total protein 5 pg each). Purified pig thyroglobulin (Tg) and bovine serum albumin (BSA) were used as positive and
negative controls, respectively. The sizes of the molecular weight marker (M) (lane 5) are shown on the right. Asterisks indicate the position of
human serum albumin (66.5 kDa). (C) Electrophoretic mobility shift assay using fluorescence labeled OAAL. Sixty microliters of CRC plasma were
applied to an OAALl-column and the flow-through was collected. Each microliter (7.5, 5.0, 2.5, or 1.0) of CRC plasma or the flow-through, 7.5 pL of
BSA or PBS, was mixed with 2.5 ug of the fluorescence-labeled OAAl and incubated at 37°C for 30 min. Each mixture was separated by SDS-PAGE,
and the fluorescence was scanned using the FLA7000. The fluorescence intensity of unbound OAA1 (free OAA1) was measured using ImageJ; the

relative values are summarized in Table 1.

standard for statistical data. Plasma was centrifuged at 10,000 x g
for 10 min and filtered through a 0.45 pm pore-sized Surfactant
Free Cellulose acetate membrane (Sartorius Stedim Biotech,
Germany) to remove debris. The plasma was divided into small
portions and stored at -80°C until use.

2.2 Preparation of OAAl and OAA1-
immobilized column

A recombinant OAA variant, named OAA1, which contained
two amino acid substitutions in OAA and an additional linker
sequence at the C-terminal region for covalent immobilization, was
prepared (unpublished data). OAA1 exhibited the same binding
specificity as that of OAA. OAAl-covalently immobilized
monolithic silica columns (OAAl-columns) were produced by
Kyoto Monotech Co., Ltd. (Japan) (20). OAA1 chelating columns
(OAAI1-Ni-columns), in which Histidine-tagged (His-tagged)
OAALl is immobilized by chelating bond, were prepared as
follows: His-tagged OAA1 solution (1 mg/mL; 200 pL) was
applied to a Ni-NTA column (Kyoto Monotech Co., Ltd.) pre-
washed using PBS (300 pL; FUJIFILM Wako Pure Chemical
Corporation, Japan). After incubation for 5 min at 25°C, the
flow-through solution was collected by centrifugation at 1,500 x g
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for 2 min. The columns were washed once with 300 uL of PBS and
stored at 4°C in PBS. The amount of immobilized OAAI was
calculated from the difference in absorbance at 280 nm between the
OAA1 and flow-through solutions from the column. The amount of
immobilized OAA1 per OAA1-column was more than 60 pg.

2.3 Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

SDS-PAGE was performed according to the Laemmli protocol
(21). Each protein sample in sample loading buffer (62.5 mM Tris-HCl
(pH 6.8), 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, and 0.001%
bromophenol blue) was boiled for 5 min before loading onto a 10-20%
gradient gel (ATTO Corporation, Japan). Precision Plus Protein Dual
Xtra Pre-stained Protein Standards (Bio-Rad Laboratories, Inc., United
States) were used as protein molecular markers.

2.4 Labeling OAA1 with fluorescence
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCI,

100 mM; 1 uL, FUJIFILM Wako Pure Chemical Corporation) in
degassed PBS was added to 100 uL of 100 uM OAAL1 in degassed PBS
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FIGURE 2

particle diameter (nm)

OAA1-captured EVs of human plasma. (A) Immunoblot analysis of the proteins captured by the OAAL-column using EV markers (anti-CD9, anti-
CD81 monoclonal antibodies), and anti-albumin polyclonal antibodies. Total plasma protein extracts (10 pg for EV markers and 1 ug for albumin),
and the eluate from the OAA1-column (20 pL for EV markers, 5 pL for albumin) were separated on a 12.5% SDS-PAGE gel. IB, Immuno bodies.
(B) Counting the number of particles in OAAl-captures by Tunable Resistive Pulse Sensor (QNano).

(10 molar equivalents of TCEP-HCI to lectin) and incubated for
30 min at 37°C in the dark. Subsequently, 200 pL of 1 mM Alexa
Fluor 488 Cs Maleimide (Thermo Fisher Scientific, United States) in
degassed PBS (20 equiv) was added and incubated for 2 h at 25°C in
the dark. The reaction was quenched by adding 20 uL of 100 mM
glutathione (FUJIFILM Wako Pure Chemical Corporation) to
degassed PBS (200 molar equivalents of glutathione to lectin) and
incubating for 2 h at 25°C in the dark. The reaction mixture was
applied to a Nanosep 3 K device (Pall Corporation, United States)
and washed three times with 500 L of PBS (14,000 x g, 10 min). The
upper solution, containing the fluorophore-lectin conjugate, was
collected. The concentration of fluorescently labeled OAAl was
determined to be approximately 50-100 puM using a BCA assay
(Thermo Fisher Scientific). To confirm the fluorophore-lectin

conjugates, 5 pL samples from each reaction step were separated
using SDS-PAGE, OAA1 (16 kDa) was detected by Coomassie
Brilliant Blue (CBB) staining, and fluorescence was scanned
using FLA7000 (FUJIFILM Wako Pure Chemical
Corporation) (Figure 1A).

2.5 Electrophoretic mobility shift assay

Sixty microliters of CRC plasma was added to an OAAIl-
column and centrifuged to collect the flow-through. Each
microliter (7.5, 5.0, 2.5, or 1.0) of CRC plasma or the flow-
through was mixed with 2.5 pg of the fluorescence-labeled OAA1
and incubated at 37°C for 30 min. Bovine serum albumin (BSA)

TABLE 1 Calculating of OAA1 bound to HM N-glycoproteins in CRC plasma or flow-through from the results of electrophoretic mobility shift
assay (Figure 1C).

. Volume . : .
Applied [uL] Fluorescence intensity relative value* Free OAA1 [ug] Bound OAAL [ug]
1 7.5 0.15 0375 2125
2 CRC 5 038 0.95 1.55
3 plasma 25 0.88 22 0.3
4 1 111 2775 -0.275
5 7.5 042 1.05 1.45
6 5 0.65 1.625 0.875
Flow-through
7 25 0.99 2475 0.025
8 1 1.02 255 -0.05
9 BSA 5ug 117 - -
10 PBS 0 1 25 0

The linear approximation of free OAA1 in the CRC plasma is y = -0.3304x + 2.8172. *The relative fluorescence intensity was normalized to the fluorescence intensity observed when PBS was

applied (lane 10).
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FIGURE 3

Each selective miRNA abundance in OAAl-captures from pooled healthy control (health) and that from pooled CRC (stage II-1V) plasma (CRC) is
shown in relative ratio. Data represent means + SD of four independent experiments. Statistical significance was determined using an unpaired two-

sided Student's t-test (***p < 0.001).

(Nacalai Tesque, Inc., Japan) and PBS (7.5 pL) were used as negative
controls. Each mixture was separated using SDS-PAGE, and
fluorescence was scanned using an FLA7000. The fluorescence
intensity of unbound OAA 1 (free OAAI) was measured using
Image] 1.53 (National Institutes of Health, United States).

2.6 OAAl-captured material recovery from
human plasma

The stored human plasma was centrifuged at 10,000 x g for
10 min to remove cell debris, and a portion (150 pL) of the
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supernatant was applied to a column. After allowing the column
to stand for 5 min at 25°C, the flow-through plasma was
collected by centrifugation at 1,500 x g for 2 min. The column
was washed three times with 300 pL of 10xPBS (-) (FUJIFILM
Wako Pure Chemical Corporation). To obtain OAA1-captures,
elution buffer (100 uL) was applied to a column and collected by
centrifugation at 400 x g for 2 min after standing for 5 min at
25°C. The elution buffers used for the immunoblotting analyses,
nanoparticle counting, and miRNA assays were 0.4% SDS in
PBS, 500 uM imidazole (FUJIFILM Wako Pure Chemical
Corporation) in PBS, and QIAzol Lysis Reagent (QIAGEN,
Germany), respectively.
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2.7 Lectin blot analysis

Each plasma sample (1, 5, or 10 ug) diluted in PBS, 5 ug of
purified thyroglobulin (Tg) (Merck KGaA, Germany), 10 ug of BSA,
or 10 pL of eluted sample from a column was boiled with sample
buffer for 5 min and loaded onto a 10-20% gradient gel. The gel was
then transferred to Amersham Hybond LFP PVDF 0.2 (GE
Healthcare Technologies Inc., United States). Membranes were
blocked with 5% of BSA in TBS-T (10 mM Tris-HCI (pH 7.5),
150 mM NaCl, and 0.05% Tween 20). The membrane was
incubated overnight with 2.5 pg/mL of the fluorescence-labeled
OAA1 in TBS-T containing 5% of BSA at 4°C and fluorescent bands
were scanned using the FLA7000.

2.8 Characterization of collected
nanoparticles

2.8.1 Immunoblot analysis

Each diluted plasma sample (1, 3, or 10 ug of total protein) in PBS
and 20 or 5 pL of the eluted sample from a column with the sample
loading buffer were boiled for 5 min and loaded onto a 12.5% SDS-
PAGE gel. The proteins were then transferred to a nitrocellulose
membrane (GE Healthcare Technologies, Inc.). The membranes were
blocked with 3% BSA for CD9, blocking acetic acid for CD81, or 10%
skim milk for albumin in TBS-T. The membrane was incubated with
a primary antibody for 16 h at 4°C. After washing thrice with TBS-T
for 15 min, the membrane was incubated with a secondary antibody
for 1 h at 25°C. After washing thrice with TBS-T for 15 min, bands
were detected using Immobilon Western Chemiluminescent HRP
Substrate (Merck Millipore, United States) and X-ray films (GE
Healthcare Technologies, Inc.).

2.8.2 Particle size analysis and nanoparticle
counting

Pooled CRC plasma (200 pL) was applied onto an OAA1-Ni-
column, and OAA1-bound materials were coeluted with OAA1
ligand with imidazole (100 pL; 500 mM). The counting of particles
in the OAAl-captures using a Tunable Resistive Pulse Sensor
(qNano) (Izon Science, Ltd., New Zealand) was outsourced to
Meiwafosis Co., Ltd. (Japan).

2.9 Antibodies

The antibodies and their dilutions were as follows: anti-human
CD9 mouse monoclonal antibody (1:200, sc-59140; clone ALBS6,
Santa Cruz Biotechnology, Inc., United States), anti-CD81 mouse
monoclonal antibody (1:200, sc-23962, clone 5A6, Santa Cruz
Biotechnology), and anti-albumin rabbit polyclonal antibody
(1:3,000, PAB028HU05, CLOUD-CLONE CORP., United States)
for primary antibodies, HRP-conjugated anti-mouse IgG (1:1,000,
P0447, Dako A/S, Denmark), and HRP-conjugated anti-rabbit IgG
(1:1,000, NA934V, GE Healthcare Technologies Inc.) for
secondary antibodies.
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2.10 Isolation and purification of miRNA

Total RNA from 100 pL of column elution or 30 pL of each
plasma sample was isolated using QIAzol Lysis Reagent. miRNAs
were purified using a nucleospin miRNA plasma kit (MACHEREY-
NAGEL GmbH & Co. KG, Germany), according to the
prescribed protocol.

2.11 MicroRNA assay

The miRNA assay was performed as described previously (22).
Purified miRNAs were reverse transcribed using the TagMan
MicroRNA Reverse Transcription Kit and miRNA-specific
primers (Thermo Fisher Scientific). The miRNAs were quantified
by Real-Time PCR (RT-qPCR) using a TagMan miRNA assay kit
and a 7500 Real-Time PCR system, according to the FAST protocol
(Thermo Fisher Scientific). The TagMan miRNA assay IDs and
miRBase accession numbers for the miRNAs used in this study are
listed in Supplementary Table 1. Synthesized cel-miR-39 (Norgen
Biotek Corp., Canada) was spiked at 33 attomoles per sample as an
external control. The cycle threshold (Cr) values were determined
using fixed threshold settings. Relative expression levels of the target
miRNAs were normalized to cel-miR-39 using the AACy
method (23).

2.12 Statistical analysis

An experimental flowchart is presented in Supplementary
Figure 2. There was no appropriate internal control for the
relative quantification of circulating miRNA expression levels.
Therefore, it is standard practice to either spike synthetic miRNA
from non-human sources as an external control or to use the
average value of three miRNAs with relatively low variability as
an internal control (24). We used two normalization methods.
External normalization: the Cr value of miRNA by RT-qPCR was
normalized using spiked-in cel-miR-39, and the delta-delta Cr
value was calculated by subtracting the ACr value of a standard
reference (commercial pooled healthy plasma) from the ACy value,
giving a ACTy, value. Internal normalization: The Cr value was
normalized using the average Cr value (CTj,) of these three
miRNAs (miR-93-5p, miR-192-5p, and miR-502-5p), which were
chosen as internal control miRNAs in this study (Results section
3.5), yielding a ACT,, value. The ACT,,, and ACT;,, values were
used for statistical processing. Logistic regression analysis and
evaluation of indices for logistic regression models were
performed using R version 3.5.2 (R Core Team, R Foundation for
Statistical Computing, Vienna, Austria). Predictor variables were
selected using the backward-forward stepwise method based on the
Akaike information criterion (AIC). The net reclassification
improvement (NRI) and Integrated discrimination improvement
(IDI) were calculated using R (25). The positive predictive value
(PPV) was calculated using a previously described method (26).
Statistical significance was set at p < 0.05 significant.
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3 Results

3.1 OAA1 bound to high-mannose N-
glycans in human plasma

OAA1 was labeled with Alexa-488 (Figure 1A). Lectin blot
analysis using labeled OAA1 demonstrated that OAA1 binds to
certain proteins in human plasma (Figure 1B), which are likely
high-mannose N-glycan linked glycoproteins (HM N-
glycoproteins), given OAA’s high binding specificity of OAA (6).
The labeled OAA1 bound to thyroglobulin (Tg), a ~660 kDa
precursor of thyroid hormones containing HM N-glycans (27),
but did not bind to bovine serum albumin (BSA) or serum albumin
in human plasma, which are not HM N-glycosylated (Figure 1B).
Immunoblot analysis detected low levels of serum albumin in the
blank column, likely due to non-specific binding (Figure 2A).

After mixing fluorescently labeled OAA1 with plasma and
performing electrophoresis, the band corresponding to unbound
OAALl (free OAA1) diminished. This suggests that OAA1 binds to
HM N-glycoproteins in plasma, resulting in a decrease in free OAA1
levels (Figure 1C). The amount of bound OAA1 was calculated based
on the decrease in the signal intensity of free OAA1 (Table 1). To
confirm whether the OAA1-column could capture HM N-glycan in the
plasma, we performed the same electrophoretic mobility shift assay
with the flow-through of the OAAl-column (see Materials and
Methods for details). The bound OAALl in the flow-through was
lower than that in the plasma (Table 1), suggesting that the OAA1-
column could capture some HM N-glycan in the plasma. The
calculated plasma volume required for all 2.5 pg of OAAI to bind is
8.53 pL (the linear approximation of free OAAL1 in the CRC plasma is y
= -0.3304x + 2.8172). Therefore, the amount of OAA1I needed to bind
all HM N-glycans contained in the applied 60 pL of plasma is 17.6 pg.
Despite sufficient OAA1 immobilization on the OAA1-column, more
than half of the OAA1l-binding components remained in the flow-
through (Figure 1C). This suggests that there may be a limitation to the
binding protocol using the OAA1 immobilized spin column device.

3.2 OAAl-captured EVs in human plasma

Immunoblotting assay demonstrated that CD81, an EV marker,
was detected in OAA1l-captured CRC plasma, but not in healthy
plasma (Figure 2A). Nanoparticle analysis of OAAl-captures
revealed that particles 50-150 nm in diameter constituted 87.4%
of the counted nanoparticles (40-1,300 nm) (Figure 2B). Given that
OAAL specifically binds to HM N-glycans (Figures 2B, 3A) (7),
OAA1-captured EVs are likely to be HM N-glycosylated.

3.3 MiRNA profiling of OAAl-captured EVs
derived from patients with CRC stage II-1V

Comprehensive profiling of miRNAs in OAAl-captured from

pooled CRC plasma or pooled healthy plasma showed that 17
miRNAs were upregulated, 13 miRNAs folded down, and 12
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miRNAs were stable in CRC plasma compared to healthy controls
(Supplementary Table 2). Based on these results and several previous
reports (10-14, 28, 29), we selected 12 miRNAs and performed
quantitative Reverse Transcription Polymerase Chain Reaction (RT-
qPCR) analysis of miRNA in OAA1l-captures from CRC and healthy
plasma (Figure 3). In OAA1-captures from the pooled plasma of 10
patients with CRC (stage II to IV), miR-21-5p, miR-130a-3p, miR-
146a-5p, miR-126, miR-15b-5p, miR-423-3p, miR-23a-3p, and miR-
199-3p were significantly increased (p < 0.001), while miR-122-5p
and miR-192-5p were significantly decreased (p < 0.001) compared
with pooled healthy plasma. There were no significant differences in
miR-93-5p (p = 0.10) and miR-502-5p (p = 0.49) levels between CRC
and healthy plasma samples (Figure 3).

Furthermore, the mixture experiments showed that the
fluctuations of some miRNAs in OAAl-captured samples were
dependent on the CRC plasma concentration (Supplementary
Figure 1). The relative values of each miRNA captured by the
column indicated that miR-21-5p, miR-130a-3p, miR-146a-5p, miR-
15b-5p, miR-126, and miR-423-3p increased, whereas miR-122-5p
decreased depending on the CRC plasma concentration, but not miR-
93-5p or miR-199a-5p. If OAA1 captured EVs unrelated to cancer, or if
there were any inhibitors or activators affecting the capture ability of
OAALI in plasma, the fluctuations of the miRNAs in OAA1-captures
would not have shown a mixing ratio-dependent manner. These data
suggest that the OAA1-column captured circulating miRNAs derived
from patients with CRC and that there were no inhibitors or activators
affecting the capture ability of OAA1 in the plasma.

3.4 Selection of OAAl-captured circulating
miRNAs as biomarkers for early-stage
colorectal cancer

To select miRNA biomarker candidates for early stage CRC, we
analyzed miRNA levels in the OAA1-captures from the plasma of
60 patients with CRC stage I and 60 healthy controls (Figure 4A,
Supplementary Table 3). Similar to the results obtained using the
pooled plasma of patients with CRC (stage II to IV) and healthy
controls (Figure 3), there were statistically significant differences
between patients with stage I CRC and healthy controls in miR-122-
5p, miR-130a-3p, miR-146a-5p, miR-15b-5p, miR-126 (p < 0.001),
and miR-192-5p (p < 0.05), but not miR-502-5p (p = 0.34).
Additionally, miR-93-5p expression differed significantly (p <
0.001). Receiver operating characteristic (ROC) curve analysis
indicated that miR-122-5p (area under the curve (AUC) = 0.779),
miR-130-3p (AUC = 0.788), miR-146a-5p (AUC = 0.788), miR-
15b-5p (AUC = 0.731), miR-126 (AUC = 0.730), and miR-93-5p
(AUC = 0.747) were good biomarker candidates (Figure 4B).

3.5 Selection of three miRNAs as internal
controls for analysis of OAAl-captured
circulating miRNAs in patients with CRC

The actual measurements of liquid biopsies are influenced by
multiple pre-analytical factors, including technical issues related to
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FIGURE 4

Eight miRNAs in OAAl-captures from plasma of 60 healthy controls and 60 patients with CRC stage I. The values were normalized to cel-miR-39 as
an external control and then to the average ACt value of the reference sample (ACT,,.). (A) Each level of 8 miRNAs in OAAl-captures is shown in
ACT ey Value. Each value of mean (x), error (SD), median (black lines), and 25th—75th percentiles (boxes) is detailed in Supplementary Table 3.
Statistical significance was determined using Welch'’s t-test or Mann—-Whitney U test; normality was determined using the Shapiro—Wilk normality
test (*p < 0.05, ***p < 0.001). (B) ROC curves for detecting stage | CRC using 8 miRNAs. AUC, area under the curve. The 95% confidence interval is

shown in Supplementary Table 3.
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collection and examination, as well as variations among column
lots. Therefore, selecting an internal control that normalizes all
variables is crucial for the relative evaluation of circulating miRNAs.
In this study, we selected three miRNAs as internal control
candidates: miR-93-5p, miR-192-5p, and miR-502-5p, based on
the following statistical criteria: 1) the standard deviation (SD) of
the ACT.y values for these miRNAs was lower than that of the
others (Supplementary Table 3); 2) the AUC values for miR-192-5p
(0.622) and miR-502-5p (0.567) were close to 0.5 (Figure 4B); 3) no
significant difference was observed in miR-93-5p (p = 0.10) and
miR-502-5p (p = 0.49) between pooled CRC plasma and pooled
healthy plasma (Figure 3, Supplementary Figure 1).

Normalized with
external control (ACT,,,)

10.3389/fonc.2025.1619460

The average Cr value of the three miRNAs was used as an
internal control in the subsequent statistical analysis involving 60
patients with CRC stage I and 60 healthy controls (Figure 5,
Tables 2, 3, Supplementary Tables 4, 5). The use of this internal
control resulted in lower SDs for each explanatory variable
(Supplementary Table 3) and improved the logistic model’s ability
to separate CRC stage I from the controls compared with the
external control (Supplementary Tables 4, 5). The Nagelkerke R*
ratio also indicated that the model using internal controls fit the
logistic regression data better than the model using external
controls (Table 2). Consequently, the ROC curve analysis
normalized to the internal control demonstrated a higher

Normalized with
internal control (ACT;,)
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FIGURE 5

ROC curve analysis for detection of CRC using five miRNAs (miR-122-5p, miR-130a-3p, miR-146a-5p, miR-15b-5p, miR-126) from 60 healthy and
60 patients with stage | CRC. Each miRNA was eluted from OAAl-captured (upper row) or whole plasma (bottom row). Data were normalized to
cel-miR-39 as an external control and then to the average ACy value of the reference sample (ACTey: left columns), or normalized to the average Ct
value of three miRNAs (miR-93-5p, miR-192-5p, and miR-502-5p) as an internal control (ACT;,, right columns). Statistical data are detailed in

Table 2. Statistical data of numbered plots in the right panels are shown in Table 3. AUC, area under the curve.
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TABLE 2 Statistics for model improvement.

Normalization External control (ACTqy:) Internal control (ACT;)
p-value p-value

Patients with stage I CRC (1) 60 60

Healthy controls (1) 60 60

Hosmer—Lemeshow goodness of fit

OAA-captured 6.380 0.6052 21.797 0.0053

whole plasma 11.200 0.1914 8.542 0.3824

Nagelkerke R? (ratio)

OAA-captured 0.624 0.725
whole plasma 0.478 0.584
NRI (Continuous) [95%
CI] (ratio) 0.867 [0.544-1.189] < 0.01 0.867 [0.546-1.187] <0.01
IDI [95% CI] (ratio) 0.130 [0.051-0.210] <0.01 0.165 [0.086-0.245] <0.01
AUC [95% CI] (ratio)
difference 0.062 [0.040-0.084] 0.0742 0.060 [0.042-0.078] < 0.05
OAA-captured 0.909 [0.858-0.960] 0.948 [0.908-0.989]
whole plasma 0.847 [0.774-0.920] 0.889 [0.830-0.947]

Cut off point optimized by Youden'’s index

OAA-captured 0.5328 0.5993

whole plasma 0.5894 0.5776

Sensitivity (ratio)

OAA-captured 0.817 0.883

whole plasma 0.767 0.767
Specificity (ratio)

OAA-captured 0.867 0.933

whole plasma 0.817 0.833

Positive predictive value (ratio)

OAA-captured 0.860 0.930
whole plasma 0.807 0.821

Negative predictive value (ratio)

OAA-captured 0.825 0.889

whole plasma 0.778 0.781

CRG, colorectal cancer; NRI, net reclassification improvement; IDI, integrated discrimination improvement; AUC, area under the curve; CI, confidence interval. ACT., = Patient ACt (Crmir-xx
= Creel-mir-39) — Reference Standard ACt (Crmir-xx = Creel-mir-39)- ACTine = Crmir-xx — average Cr value of miR-93-5p, miR-192-5p and miR-502-5p.

potential for cancer separation than normalization to the external  regression analysis using miRNAs in OAAl-captured EVs
control (right columns in Figure 5, Table 2). demonstrated superior statistical results compared with miRNAs
in whole plasma (Figure 5, Table 2, Supplementary Table 5).

Additionally, the predictive capability of the multivariate model

3.6 Valldlty of OAAl-captured circulating with OAAl-captured circulating miRNA biomarkers significantly
miRNAs in human plasma improved, as indicated by two metrics for comparative evaluation of
the two AUC:s: net reclassification improvement (NRIL p < 0.01) and

We conducted a miRNA analysis of whole plasma samples from  integrated discrimination improvement (IDI, p < 0.01)(Table 2)

60 patients with stage I CRC and 60 healthy controls. Logistic ~ (25). ROC curve analysis using miRNAs in OAA1l-captured EVs
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TABLE 3 Positive predictive value (ratio) of twelve cut-off points.

OAA1-captured (ACT;ne) Whole plasma (ACT;jn)
PPV PPV PPV PPV
SE | SP | Accuracy | o _g.002) | (P =0.035) SE | SP | Accuracy | o _ 9,002) | (P = 0.035)

1 0.733 0.983 0.858 0.081 0.615 1 0.300 0.983 0.642 0.035 0.395
2 0.850 0.967 0.908 0.049 0.480 2 0.350 0.967 0.658 0.021 0.276
3 0.867 0.950 0.908 0.034 0.386 3 0.383 0.950 0.667 0.015 0.218
4 0.883 0.933 0.908 0.026 0.325 4 0.467 0.933 0.700 0.014 0.202
5 0.883 0917 0.900 0.021 0.278 5 0.583 0917 0.750 0.014 0.202
6 0.883 0.900 0.892 0.017 0.243 6 0.650 0.900 0.775 0.013 0.191
7 0.900 0.850 0.875 0.012 0.179 7 0.900 0.717 0.808 0.006 0.103
8 0917 0.783 0.850 0.008 0.133 8 0917 0.717 0.817 0.006 0.105
9 0.933 0.750 0.842 0.007 0.119 9 0.933 0.717 0.825 0.007 0.107
10 0.950 0.733 0.842 0.007 0.114 10 0.950 0.667 0.808 0.006 0.094
11 0.967 0.733 0.850 0.007 0.116 11 0.967 0.667 0.817 0.006 0.095
12 0.983 0.617 0.800 0.005 0.085 12 0.983 0.633 0.808 0.005 0.089

Numbered plots in ROC in the right panels of Figure 5. The cut-off point optimized by Youden’s index (bold). The values of prevalence (P) are according to Japanese mass screening data in 1991
(30). SE, sensitivity; SP, specificity; P, prevalence; PPV, positive predictive value, PPV = P*SE/(P*SE + (1-P) (1-SE)). ACTjn = Crmir-xx - average Cr value of miR-93-5p, miR-192-5p and miR-
502-5p.

normalized to the internal control showed the highest potential for =~ miRNAs in OAAl-captured EVs could provide more sensitive
cancer separation ability (AUC, 0.948; sensitivity, 0.883; specificity, ~ detection of subtle tumor characteristics than whole circulating
0.933) (right upper panel in Figure 5, Supplementary Table 5). The ~ miRNAs. Liquid biopsy is expected to be a relevant approach for
highest Nagelkerke R” ratio (0.725) further supported this model as  early detection through annual medical checks and postoperative
the best among the four for explaining the data, and the Hosmer-  monitoring owing to its low invasiveness and rapid results. With
Lemeshow goodness-of-fit test indicated a good fit (p >  advancements in detection technologies and the discovery of new
0.05) (Table 2). biomarkers, their development has become remarkable. However,
body fluids contain a wide range of biological information released
from various cells, and simply increasing the detection sensitivity
4 Discussion increases the risk of false positives. Purification processes are
effective in avoiding false positives and improving the detection
Glycosylation is a crucial cellular mechanism that regulates  accuracy. In this study, we propose a pretreatment method using
various physiological and pathological processes. Glycosylation lectins. Lectins bind to glycans with high specificity. By selectively
alterations and abnormalities in cancer cells have garnered  collecting glycans that appear as signs of disease using lectins and
significant attention because of their potential in the diagnosis  detecting the target, the detection accuracy can be improved.
and treatment of neoplastic diseases (31, 32). Elevated levels of  Lectins are easier to process and handle than antibodies and can
high mannose N-glycosylation have been observed in several — be used in simple purification devices, such as spin columns. A
cancers, including ovarian (33, 34), breast (35), and prostate (36,  pretreatment system using lectins has the potential to improve the
37) cancer. Furthermore, specific changes in glycosylation are  convenience and accuracy of liquid biopsies.
involved in hematologic malignancies (38), neurodegenerative In Japan, annual fecal occult blood testing (FOBT) is
diseases such as Alzheimer’s disease (59), and infectious diseases =~ recommended as the primary screening method for CRC (40).
(39). Additionally, age-related changes in glycosylation are known  However, the follow-up colonoscopy rate among FOBT-positive
to contribute to the onset of diseases such as cancer and dementia  individuals remains below 50%, largely due to the low positive
(30). Glycosylation plays crucial roles in the diagnosis and  predictive value (PPV) (26) of FOBT (typically <10%) (41), the
treatment of these diseases. asymptomatic nature of early-stage CRC, and the physical,
Based on our results, the OAAI-column captured EVs from  psychological, and financial burdens associated with colonoscopy
human blood, which are expected to contain HM N-glycans. EVs (42, 43). These limitations highlight the urgent need for a more
retain several features of their parent cells, including miRNAs (10).  accessible and accurate secondary screening strategy. Although
We hypothesized that the OAAI-column could capture miRNAsin  circulating miRNAs have been extensively studied as potential
EVs derived from tumor cells, which might reflect the origin and ~ CRC biomarkers (12-14), their PPV remains limited in low-
function of these tumor cells. Therefore, we anticipated that prevalence populations, even when sensitivity and AUC exceed
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95% (44). For example, in a large-scale Japanese screening program
(1988), the PPV of fecal immunochemical testing (FIT) was only
0.035 for early-stage CRC (45). As shown in Table 3, our OAA1-
captured EV miRNA assay significantly improved PPV to 0.615
when used as a secondary screen following FIT, far surpassing the
performance of FIT alone or miRNA assays using whole plasma.
These findings support the clinical utility of our assay as a practical
and effective secondary screening tool. Importantly, it may serve as
a confirmatory step before recommending colonoscopy, helping to
identify individuals who are more likely to benefit from further
invasive testing. By improving the accuracy of secondary screening,
this approach has the potential to reduce unnecessary colonoscopies
and increase follow-up compliance among FIT-positive individuals.

In the present study, we confirmed the presence of OAAl-
captured EVs in the plasma of patients with CRC (Figures 2). Our
previous data indicated that OAAl-captured EVs released from
cancer cells, but not from normal cell lines (1). Collectively, these
findings suggest that OAA1-captured EVs from CRC plasma may
be tumor-derived EVs released into the blood from tumor cells.
However, the OAAl-column also captured EVs from healthy
plasma, suggesting that HM N-glycosylated EVs may be released
not only from tumor cells, but also from other cells with HM N-
glycosylated membrane proteins (46). HM N-glycans would exist in
various states in the plasma, such as on the surface of nanoparticles
(e.g., EVs and lipoproteins), fragments of cells, blood proteins, or
free molecules. We verified that some plasma proteins bound to
OAAL1 (Figures 1B, C). Apolipoprotein B, complement C3 alpha-2-
macrogloblin and other blood proteins were confirmed in OAA1-
captures by Nano-LC/MS/MS analysis (unpublished data),
indicating that these proteins were HM N-glycosylated.
Immunoblot analyses showed that the CD81-positive band, an
EV marker, was increased in the CRC plasma (Figure 2A). It is
known that EV secretion by cancer cells is higher than that by
normal cells (47), and that the amount of circulating EV's in cancer
patients is elevated (48). Our nanoparticle measurements confirmed
that EV particles were approximately 10 times more abundant than
in healthy plasma (data not shown). These results suggest that HM-
EVs may increase in patients with CRC and potentially originate
from CRC cells.

To further investigate the origin of OAA1-captured EVs, future
glycoproteomic profiling may offer a promising strategy for
distinguishing tumor-derived vesicles from those released by non-
malignant cells. Cancer-related EVs are known to exhibit distinct
glycosylation patterns which are rarely observed in EVs from
healthy tissues (49). These glycan features could serve as
molecular signatures of malignancy. Advanced analytical
techniques—including lectin-based enrichment, mass
spectrometry, and glycan-specific antibodies—may enable the
identification of such signatures in OAAl-captured EVs.
Furthermore, integrating glycoproteomic data with genetic
approaches such as single EV sequencing could facilitate precise
tracing of EV origin and provide deeper insights into their
biological roles. These combined strategies may enhance the
specificity of EV-based biomarkers and contribute to the
development of non-invasive diagnostic tools for cancer.
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Circulating non-EV-miRNAs are important for homeostasis
and disease development (50). Further studies are required to
establish the significance of OAAIl-captured circulating miRNAs
as potential biomarkers. To identify CRC-specific miRNA
biomarkers, we initially used pooled plasma samples from healthy
controls in the comprehensive screening phase (Figure 3). Pooling
was intended to reduce individual variability and transient
physiological fluctuations, thereby minimizing non-CRC-related
noise and enhancing the detection of CRC-specific signals.
However, we acknowledge that this approach may obscure subtle
inter-individual differences. To address this, complementary
analyses using individual samples were conducted to validate the
findings and refine the candidate miRNAs (Figures 4, 5). This two-
step strategy—broad screening with pooled samples followed by
individual-level validation—proved effective for biomarker
discovery in liquid biopsy research.

Considering that OAA1 specifically captures HM-EVs (1),
OAAIl-captured EVs increased in CRC plasma compared to
healthy plasma (Figure 2A), and that changes depend on CRC
plasma in mixed experiments (Supplementary Figure 1), we
hypothesized that the changes observed in miRNAs captured by
OAA1 might reflect circulating EVs derived from CRC tumor cells,
which might be encased in HM N-glycosylated membranes.

Given that the detection of spiked-in miRNAs remained
unaffected, the influence of co-captured HM-glycoproteins on
miRNA analysis appears negligible. In contrast, the OAAI-
column effectively removed abundant plasma proteins such as
albumin, which facilitated more efficient miRNA extraction.
Importantly, all 12 miRNAs differentially expressed between CRC
and healthy plasma shown in Figure 3 were identified as EV-
associated (51, 52), suggesting that the OAAl-column reduces
non-EV miRNA interference and enriches for tumor-derived EV-
miRNAs. This selective enrichment likely contributed to the
improved diagnostic performance observed in OAAIl-
captured fractions.

EV-associated miRNAs reflect the molecular characteristics of
their cells of origin and are widely studied as disease biomarkers
(10-14). Although the five miRNAs identified here have not been
previously reported as CRC-specific, all are known to circulate in
EVs. In contrast, well-known CRC-related miRNAs such as miR-
147b (53) and the miR-200 family (54), commonly found in tumor
tissues, were not detected in our profiling (Supplementary Table 2).
We also excluded miR-21-5p and miR-23a-5p—well-known
oncomiRs (55, 56)—despite their significant elevation in CRC
plasma (Figure 3), due to their variability in non-cancerous
conditions (57).

MiRNAs regulate the expression of epigenetic genes. In this
study, five miRNAs were selected as biomarkers for identifying early
stage CRC, such as stage I. Gene target analyses of these miRNAs
were performed based on database searches (see Supplementary
Methods for details). Supplementary Table 6 lists the target gene
candidates related to the CRC pathway. These genes play key roles
in various pathways involved in the development of CRC,
functioning as transcription factors, receptors, and accessory
proteins of enzymes. Although it remains unclear whether
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miRNAs in circulating EVs are directly related to cancer
progression, the miRNA profiles of circulating EVs may reflect
the condition of the body or cells owing to illness, progression, and
prognosis (58). These data support the high AUC values and the use
of circulating HM EVs as new CRC biomarkers.

5 Conclusion

OAA-immobilized columns may have the potential to collect
tumor-derived EV's from plasma. Analysis of the miRNAs extracted
from these EVs demonstrated promising AUC values, suggesting
their potential utility in the early diagnosis of CRC.
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