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ABSTRACT

Colorectal cancer (CRC) is the second leading cause of cancer-related death worldwide. The five-year sur-
vival rate of CRC patients depends on the stage at diagnosis, being higher than 80% when CRC is diagnosed
in the early stages but lower than 10% when CRC is diagnosed in advanced stages. Autoantibodies against
specific CRC autoantigens (tumor-associated antigens (TAAs)) in the sera of patients have been widely
demonstrated to aid in early diagnosis. Thus, we herein aim to identify autoantigens target of autoanti-
bodies specific to CRC that possess a significant ability to discriminate between CRC patients and healthy
individuals by means of liquid biopsy. To that end, we examined the protein content of the exosomes
released by five CRC cell lines and tissue samples from CRC patients by means of immunoprecipitation
coupled with mass spectrometry analysis. A total of 103 proteins were identified as potential autoanti-
gens specific to CRC. After bioinformatics and meta-analysis, we selected 15 proteins that are more likely
to be actual CRC autoantigens in order to evaluate their role in CRC prognosis by Western blot (WB) and
immunohistochemistry (IHC). We found dysregulation at the protein level for 11 of these proteins in both
tissue and plasma exosome samples from patients, along with an association of nine of these proteins
with CRC prognosis. After validation, all but one showed a statistically significant high diagnostic ability
to distinguish CRC patients and individuals with premalignant lesions from healthy individuals, either by
luminescence Halotag-based beads, or by a multiplexed biosensing platform involving the use of mag-
netic microcarriers as solid support modified with covalently immobilized Halotag fusion proteins con-
structed for CRC detection. Taken together, our results highlight the usefulness of the approach
defined here to identify the TAAs specific to chronic diseases; they also demonstrate that the measure-
ment of autoantibody levels in plasma against the TAAs identified here could be integrated into a
point-of-care (POC) device for CRC detection with high diagnostic ability.
© 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A. Montero-Calle, I. Aranguren-Abeigon, M. Garranzo-Asensio et al.
1. Introduction

Colorectal cancer (CRC) is the third most common cancer and
the second leading cause of cancer-related death worldwide
[1,2]. More than 60% of CRC patients are diagnosed in the late
stages, when the tumor has spread to nearby lymph nodes (stage
III) or to distal organs (stage IV), mainly the liver and lung. Diagno-
sis of CRC in these stages decreases the five-year survival rate to
less than 70% and 10%, respectively, whereas it could be increased
to more than 80% if CRC patients were diagnosed in the early stages
[3]. Current technologies for the diagnosis of CRC are invasive or
not specific enough to the disease, such as colonoscopy or fecal
occult blood test, respectively. In addition, current biomarkers
are useful for prognosis but not for diagnosis, such as the detection
of carcinoembryonic antigen (CEA) in plasma samples [4,5]. There-
fore, new biomarkers allowing for early, specific, and noninvasive
diagnosis of the disease are necessary. CRC develops from polyps
(adenoma), which are restricted to the intestinal mucosa, to adeno-
carcinoma. First, the tumor progresses to the intestinal submucosa
(stage 1), then into the lamina muscularis propria (stage II); finally,
it spreads to other organs (stages IIl and IV) [4,6]. Mutations and
epigenetic and genetic alterations result in protein alterations
and dysregulations throughout the different stages of CRC. Some
of these altered self-proteins become tumor-associated antigens
(TAAs) that induce a humoral immune response in CRC patients
[7,8]. Therefore, autoantibodies (immunoglobulin G (IgGs)) against
TAAs could be useful biomarkers for the specific detection of the
disease in its early stages by means of liquid biopsy [9,10].

In recent years, a variety of proteomics techniques have been
used to identify TAAs, with an emphasis on the use of microarrays,
such as phage or natural and recombinant protein microarrays
[11-13]. However, these techniques are limited by the number of
samples analyzed at the same time or by the number of proteins
printed onto the arrays. Protein arrays include only 50%-66% of
all human proteins and do not include post-translational modifica-
tions or proteoforms. Recently, we developed a new approach that
addresses these issues using protein extracts from CRC cells for the
identification of TAAs. This approach consists of a combination of
immunoprecipitation and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) procedures, followed by seroreactivity
assays [14].

Exosomes are extracellular vesicles 30-150 nm in size, which
are secreted by cells. They mediate intercellular communication
among surrounding cells and with cells located in distal organs,
via blood or lymphatic vessels [15,16]. Tumor-derived exosomes
(TDEs) have been reported to be involved in various steps of cancer
development and metastasis, inducing the activation of the epithe-
lial-mesenchymal transition, formation of premetastatic niches,
and modulation of the immune response of receptor cells [17-
19]. Due to the composition, function, and localization of TDEs in
body fluids, TDEs are an interesting and barely explored source
for the identification of TAAs that should be specific to CRC.

The tumor microenvironment (TME) comprises cancer cells and
a variety of resident and infiltrating host cells, secreted factors, and
extracellular matrix proteins. The stroma nurtures cancer cells and
facilitates tumor development, invasion, and metastasis. In addi-
tion, the TME contributes to the regulation of TAA expression
and immune-cell infiltration [20]. Therefore, an analysis of CRC
tumor tissue encompassing cancer cells and tumor stroma should
identify the tumor stroma neoantigens that have been missed in
the analysis of cancer cells in culture [14].

Due to great progress in electrochemical biosensors and
biosensing approaches in recent years, these technologies are stea-
dily gaining ground as very suitable high-performance and afford-
able tools. These approaches are easy to operate with little to no
training, and they can perform multiplexed and/or multiomics
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analysis in the field (i.e., in non-laboratory environments or in
areas with limited resources) to provide accurate and reliable
quantitative results using a small amount of real-world biological
samples and minimal actionable times [21,22]. These devices have
most recently been used to explore cancer biomarkers, with a par-
ticular focus on prevalent and high-mortality neoplasms such as
CRC, in order to assist conventional methodologies in early diagno-
sis and staging. Within the last two years alone, electrochemical
affinity-based biosensors have demonstrated unique opportunities
to determine CRC-related transcriptomic biomarkers (microRNAs);
epigenetic biomarkers (i.e., 5-methylcytosine (5-mC) and 5-
hydroxymethylcytosine (5-hmC) at both the global and regional
level in DNA and global N®-methyladenosine (m6A) in RNA, even
with single-base sensitivity); and proteomic biomarkers (i.e., pro-
teins, receptors, or proteases related to the presence of CRC, as well
as hypoxia and metastasis events involved in tumoral aggressive-
ness and progression) [23]. Here, we aim to enlarge the number
of CRC-specific TAAs with diagnostic value by using immunopre-
cipitation (IP) followed by mass spectrometry (MS) to study the
protein content of two complementary and barely studied protein
sources of CRC TAAs: D TME tissue samples from CRC patients in
the early stages (stages 1 and 1I); @ TME tissue samples from
CRC patients in the late stages (stages IIl and IV); and @ exosomes
secreted by CRC cell lines with different metastatic abilities. A total
of 103 different proteins were identified as specifically recognized
by IgGs from CRC patients. Fifteen of these were further selected
for validation by (D bioinformatics and meta-analysis, to determine
their potential dysregulation and association with CRC; @ serore-
activity assays to detect their autoantibodies and determine their
diagnostic value using sera from CRC patients at different stages,
individuals with colorectal premalignant lesions, and healthy indi-
viduals as controls; and @ Western blot (WB) and immunohisto-
chemistry (IHC) to analyze their role as CRC prognostic markers.
Finally, an electrochemical biosensing multiplexed platform envi-
sioned as a point-of-care (POC) device capable of detecting all
these autoantibodies in plasma was developed.

2. Materials and methods
2.1. Colorectal cancer cell lines

Isogenic CRC cell lines SW480 and SW620 were obtained from
the American Type Culture Collection cell repository. Isogenic cell
lines KM12C, KM12SM, and KM12L4a were obtained from Fidler’s
laboratory (MD Anderson Cancer Center) [24,25]. CRC cells were
grown according to established protocols in Dulbecco’s Modified
Eagle’s Medium (DMEM; Lonza, Switzerland) supplemented with
10% fetal bovine serum (FBS; Sigma Aldrich, USA), 1x L-
glutamine (Lonza), and 1x penicillin/streptomycin (Lonza).

2.2. Tissue and plasma samples

The Institutional Ethical Review Boards of the Carlos III Health
Institute at the San Carlos Clinical Hospital (Madrid) approved this
study on biomarker discovery and validation (CEI PI 45). Tissue and
plasma samples were obtained from the San Carlos Clinical Hospi-
tal biobank, which belongs to the Spanish National Biobank Net
cofounded with European Regional Development Fund FEDER
funds, after approval from the ethical review board of the institu-
tions. Written informed consent was obtained from all patients.
Plasma and tissue samples were collected using a standardized
sample collection protocol and stored at —80 °C until use [9,13,26].

For IP, 12 plasma samples from CRC patients at stages IIl and IV
obtained before surgery and 12 plasma samples from healthy indi-
viduals with negative colonoscopy and unknown pathology were
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Table 1
Information on the plasma samples from CRC patients and healthy individuals used in the study.
Samples Number (n)  Age average + SD (years) Age range (years) Gender (n) Stage
Male Female I I 1 v
Plasma samples
P Healthy individuals 12 63.1 +£20.8 35-83 4 8 - - = —
CRC patients 12 69.1 £ 8.7 56-85 7 5 - -9 3
Seroreactivity assays  Healthy individuals 38 60.1 + 15.3 23-88 14 24 - - = —
Low-grade adenoma individuals 19 61.8+7.2 40-73 11 6 - - = —
High-grade adenoma individuals 17 60.7 + 8.2 49-79 13 6 - - = -
CRC patients 38 703 £12.3 39-81 22 16 3 4 15 16
WB (exosomes) Healthy individuals 4 61.8 +8.3 52-70 3 1 - - = —
Premalignant lesion individuals 4 59.8 + 14.7 38-70 2 2 - - = —
CRC patients 9 68.3+73 61-85 5 2 4 1 2 2
Tissue samples
IP stages I-1II CRC patients 6 77.0 £9.0 60-86 2 4 5 1 - —
IP stages III-IV CRC patients 7 78.0 + 8.2 65-87 4 3 - - 6 1
WB CRC patients 17 74.3 +£13.1 39-88 9 8 5 6 5 1
IHC CRC patients 72 65.7 + 8.7 41-82 47 25 - 4 3 65

SD: standard deviation.

used (Table 1 and Table S1 (Appendix A)), together with 13 opti-
mum cutting temperature (OCT) compound-embedded frozen tis-
sue samples from CRC patients at stages I-IV (Table 1 and
Table S2 (Appendix A)). For luminescence and biosensing seroreac-
tivity assays, a total of 112 individual plasma samples from CRC
patients at stages I-1V obtained before surgery (n = 38), from indi-
viduals with premalignant lesions (low- or high-grade adenomas)
(n = 36), and from healthy individuals with negative colonoscopy
and unknown pathology (n = 38) were used (Table 1 and Table S1).

Premalignant and malignant colorectal lesions were assessed by
a pathologist with expertise in gastrointestinal pathology follow-
ing the internationally recommended criteria. Premalignant
lesions were classified as either low- or high-grade adenomas
according to the architectural and cytological grades of dysplasia.
Malignant transformation was also noted and staged following
Dukes’ or Kikuchi’s system.

OCT-embedded frozen tumoral and paired non-tumoral tissue
samples from 17 CRC patients at stages I-IV were used for WB
analysis (Table 1 and Table S2), together with 17 exosome samples
isolated from plasma from CRC patients at stages [ to IV (n = 4),
from individuals with premalignant lesions (n = 4), and from
healthy individuals as controls (n = 9) (Table 1 and Table S1).

2.3. Exosome isolation and purification

To isolate and purify the exosomes secreted by the CRC cells,
eight 175 cm? cell culture flasks (Corning, USA) were seeded per
cell line. Cells were grown until 90% confluence at 37 °C and under
5% carbon dioxide (CO,). The cells were then washed three times
with phosphate buffered saline (PBS) 1x and incubated with
20 mL of DMEM without FBS for 1 h at 37 °C and under 5% CO,
to remove the FBS and exogenous exosomes. Next, the cells were
washed three times with PBS 1x and incubated with 20 mL of
DMEM without FBS for 48 h at 37 °C under 5% CO,. Then,
160 mL of conditioned medium of each cell line was centrifuged
at 500g for 5 min at 4 °C to remove the cell debris (pellet) and then
centrifuged again at 2000g for 10 min at 4 °C to remove vesicles
greater than 1 pm (pellet). The clarified and conditioned mediums
were then collected and stored at —80 °C until use.

Purification of exosomes was then carried out by differential
centrifugation.  Conditioned mediums were centrifuged
(Beckman-Coulter ultracentrifuge, XL-100 K, USA) at 10 000g for
30 min at 4 °C to remove extracellular microvesicles (MVs) with
a size of 1 um. Next, the conditioned mediums were further cen-
trifuged at 100 000g for 70 min at 4 °C for exosome sedimentation.
The supernatants were discarded and the exosomes (pellet) were
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resuspended in a final volume of 1 mL of PBS 1x per cell line. Then,
20 mL of PBS 1x was used to wash each exosome preparation and
the samples were centrifuged again at 100 000g for 70 min at 4 °C.
Finally, the supernatants were discarded and the pellets containing
exosomes were resuspended in 500 pL of PBS 1x and stored at
-80 °C until use. Two aliquots of 10 pL were analyzed prior to IP
to avoid the continuous freezing and thawing of samples.

To isolate and purify human plasma exosomes, 3 mL of each
plasma sample was first centrifuged at 17 000g for 30 min at
4 °C to remove extracellular MVs. The supernatant was then fil-
tered through a 0.22 pm filter and subsequently ultracentrifuged
at 120 000g for 90 min for exosome collection (Fig. S1 in Appendix
A). Finally, cell culture exosome samples were diluted to 1:50 to
1:100 in PBS 1x and human plasma exosome samples were diluted
to 1:1000 in PBS 1x, and both were analyzed using a NanoSight
NS300 (Malvern Panalytical, United Kingdom) to verify that the
proper isolation and purification of exosomes had occurred.

2.4. Electron microscopy and cryo-electron microscopy

Exosome particles were analyzed by electron microscopy (EM)
and cryo-electron microscopy (cryoEM) with negative staining.
First, the exosome samples were fixed for 5 min in PBS 1x and
4% paraformaldehyde; they were applied to glow-discharged
carbon-coated grids for 5 min and negatively stained with 2%
aqueous uranyl acetate. The samples were then analyzed on an
FEI Tecnai 12 electron microscope equipped with a LaB6 filament
operated at 120 kV. Images were recorded with an FEI Ceta digital
camera.

Alternatively, indicated exosome preparations were analyzed
by cryoEM. To this end, exosome preparations were harvested on
rhodium grids previously hydrophilized, and samples were quickly
frozen in ethane. Samples were then analyzed with an FEI Tecnai
12 microscope operated at 120 kV. Images were recorded on a
charge coupled device (CCD) 1000 Gatan camera.

2.5. Protein extraction and quantification

CRC cell lines were grown until 90% confluence at 37 °C and
under 5% CO,, resuspended with PBS 1x containing 4 mmol-L™!
of ethylenediaminetetraacetic acid (EDTA), and harvested by cen-
trifugation at 1200 r-min~! for 5 min at room temperature. Then,
cells were resuspended in 500 pL of lysis buffer (radioimmunopre-
cipitation assay (RIPA); Sigma Aldrich) supplemented with 1x pro-
tease and phosphatase inhibitors (MedChemExpress, USA) and
lysed by mechanical disaggregation using 16 gauge and 18 gauge
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needle syringes. Finally, the samples were centrifuged at 10 000g
and 4 °C for 10 min and protein extracts (supernatants) were
stored at —-80 °C until use.

Protein extracts from OCT-embedded CRC tissue samples were
used for this study. First, tissue samples were cut into small pieces
on dry ice and washed twice with 500 pL of PBS 1x, which was
subsequently discarded by centrifugation at 10 000g at 4 °C for
5 min. The tissue samples were then resuspended in 300 pL of RIPA
supplemented with 1x protease and phosphatase inhibitors, and
mechanically lysed with the TissueLyser II (Qiagen, Hilden,
Germany) (two cycles for 2 min each at 30 Hz). Next, 200 pL of
RIPA supplemented with 1x protease and phosphatase inhibitors
was added to each sample, and the samples were mechanically dis-
aggregated again with the TissueLyser II (two cycles for 2 min each
at 30 Hz). Finally, the samples were centrifuged at 10 000g at 4 °C
for 10 min and the protein extracts (supernatants) were stored
at -80 °C until use.

Protein concentration was determined by the Trp quantification
method [27] and confirmed by Coomassie blue staining after 10%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) under reducing conditions.

The protein concentration of the exosome samples was quanti-
fied using a MicroBCA Protein Assay Kit (Thermo Fisher Scientific,
USA) and confirmed by Coomassie blue staining and WB after
10% SDS-PAGE. For the SDS-PAGE, the exosomes were lysed with
a loading buffer supplemented with 0.15% B-mercaptoethanol (five
cycles of 5 min on ice and 5 min at 95 °C). For IP, the exosomes
were lysed with RIPA supplemented with 1x protease and phos-
phatase inhibitors, by means of mechanical disaggregation. The
samples were then centrifuged at 10 000g at 4 °C for 10 min, and
the protein extracts (supernatants) were collected and stored until
use.

2.6. SDS-PAGE and Western blot

Protein expression was analyzed by Coomassie blue staining
and WB. 5 pg of each protein extract were separated using 10%
SDS-PAGE under reducing conditions and then transferred to nitro-
cellulose membranes at 100 V for 1 h. The membranes were
blocked with 0.1% Tween PBS 1x supplemented with 3% skimmed
milk (blocking buffer) for 1 h at room temperature and then incu-
bated with primary antibodies at optimized dilutions (Table S2) in
blocking buffer overnight (O/N) at 4 °C with shaking. Next, the
membranes were washed three times with 0.1% Tween PBS
1x and incubated with the appropriate indicated horseradish per-
oxidase (HRP)-conjugated secondary antibodies (Table S3 in
Appendix A) diluted in blocking buffer for 1 h at room temperature
with shaking. The membranes were then washed three times with
0.1% Tween PBS. A signal was developed using the ECL Pico Plus
chemiluminescent reagent (Thermo Fisher Scientific), detected on
an Amersham Imager 680 (GE Healthcare, USA). Protein band
intensities were quantified with Image ] software and normalized
according to the total protein content of the corresponding lanes
(Ponceau Red staining, Sigma Aldrich).

2.7. Immunoprecipitation

For the IP of proteins contained in exosomes, a total of 200 pg of
each exosome protein extract was used (1 mg of total protein),
whereas 2 mg of the total equimolecular protein extracts was used
for the study of CRC TME tissue (stages I-II and stages III-1V, sep-
arately). Protein pools were precleaned through incubation with
20 pL of Protein G agarose beads (SCBT), previously equilibrated
with RIPA, for 1 h at 4 °C with rotation.

First, IgGs from a pool of plasma samples from CRC patients at
stages Il and IV (n = 12) and from a pool of plasma samples from
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healthy individuals (n = 12) were isolated (Table 1 and Table S1).
200 pL of Protein G agarose beads was separately incubated with
50 pL of each pool of sera and 350 puL of 200 mmol-L~' sodium
phosphate at pH 7.0 for 90 min. The beads were then washed twice
with 1 mL of 200 mmol-L~! sodium phosphate at pH 7.0 for 5 min
and incubated again with another 50 pL of each pool of sera and
350 plL of 200 mmol-L~' sodium phosphate at pH 7.0 for 90 min.
Then, the beads were washed four times with 1 mL of
200 mmol-L~! sodium phosphate at pH 7.0 for 5 min. Finally, the
bound IgGs were eluted twice with 300 pL of 0.1 mol-L~! glycine
at pH 2.7 for 4 min. The eluted proteins were neutralized with
30 puL of 1 mol-L~! Tris buffer at pH 8.8, and the concentration of
isolated IgGs was quantified with the Nanodrop 2000C (Thermo
Fisher Scientific).

Next, isolated IgGs from CRC patients and healthy individuals as
controls were covalently bound to Protein G agarose beads, as pre-
viously described [14]. In brief, 100 pL of beads previously equili-
brated in 100 mmol-L~! Tris-HCI containing 150 mmol-L~! NaCl at
pH 7.4 (TBS 1x ) were separately incubated with 200 pg of IgGs
isolated from CRC patients or controls in TBS 1x for 2 h. Next,
the beads were washed with TBS 1x and incubated three times
with 200 mmol-L™" triethanolamine at pH 8.9 (Sigma Aldrich) for
5 min to remove all traces of Tris from the previous buffer. After
that, the beads were incubated twice with 200 mmol-L™! tri-
ethanolamine containing 50 mmol-L~! dimethyl pimelimidate
(DMP, Sigma Aldrich) at pH 89 for 1 h to ensure efficient
IgG-protein G cross-linking. The beads were then washed with
200 mmol-L~! triethanolamine at pH 8.9 and blocked with ethano-
lamine (Sigma Aldrich) for 15 min. Finally, non-cross-linked IgGs
beads were eluted twice with 0.1 mol-L~! glycine containing
2 mol-L~! urea at pH 2.7 for 5 min, and the beads were equilibrated
with RIPA prior to the incubation with the protein extracts .

Finally, the precleaned protein extracts were incubated with
Protein G beads covalently bound to IgGs from the controls O/N
at 4 °C with rotation and subsequently incubated with Protein G
beads covalently bound to IgGs from CRC patients O/N at 4 °C with
rotation. After incubation with the protein extracts, the beads were
washed 11 times with TBS 1x and the proteins that were recog-
nized by the IgGs from the controls and the CRC patients were
eluted twice with 100 pL of 0.1 mol-L~! glycine at pH 2.7 for
5 min. The eluted proteins were neutralized with 2 mol-L~! ammo-
nium bicarbonate (ABC) buffer at pH 8.0 and the protein concentra-
tion was quantified using the Nanodrop 2000C (Thermo Fisher
Scientific).

All incubations were performed at room temperature with rota-
tion, and all supernatants were removed by means of centrifuga-
tion at 13 200 r-min~' and 4 °C for 5 min. Aliquots of all steps
were analyzed by Coomassie blue or silver staining after 10%
SDS-PAGE (Fig. S2 in Appendix A).

2.8. Liquid chromatography-tandem mass spectrometry

Of the immunoprecipitated eluted proteins, 50% were separated
by 10% SDS-PAGE and stained with Coomassie Brilliant Blue G-250.
Then, whole lanes were cut into small pieces, separately unstained
with 50 mol-L~! ABC/50% acetonitrile (ACN), dehydrated with ACN,
and dried. The samples were then reduced with 10 mol-L~! dithio-
threitol (DTT) in 25 mol-L~! ABC and alkylated with iodoacetamide
to a final concentration of 50 mol-L~!. Next, the gel pieces were
dried, rehydrated with 12.5 ng-mL~! porcine trypsin (Thermo
Fisher Scientific) in 50 mol-L~! ABC, and incubated overnight at
37 °C. The peptides were extracted using 100% ACN and 0.5%
TFA, purified using a Zip Tip with 0.6 pL of C18 resin (Millipore,
Sigma Aldrich Quimica SL, Spain), and dried. Finally, the samples
were reconstituted in 5 pL of 0.1% formic acid/2% ACN prior to
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analysis by nano LC-MS/MS in the Proteomics and Genomics Facil-
ity of the Center for Biological Research (CIB-CSIC, Spain)

Peptide separations were carried out on an Easy-nLC 1000 nano
system (Thermo Fisher Scientific). For the analysis, the sample was
loaded into a precolumn Acclaim PepMap 100 (Thermo Fisher Sci-
entific) and eluted in a RSLC PepMap C18 that was 50 cm long, with
an inner diameter of 75 pm, and a particle size of 2 pm (Thermo
Fisher Scientific). The mobile phase flow rate was 300 nL-min '
using 0.1% formic acid in water (solvent A) and 0.1% formic acid
and 100% ACN (solvent B). The gradient profile was set as follows:
5%-35% solvent B for 90 min, 35%-100% solvent B for 4 min, and
100% solvent B for 8 min. Four microliters of each sample were
injected.

MS analysis was performed using a Q-Exactive mass spectrom-
eter (Thermo Fisher Scientific). For ionization, 1900 V of liquid
junction voltage and a capillary temperature of 300 °C were used.
The full-scan method employed a m/z 400-1500 mass selection, an
Orbitrap resolution of 70 000 (at m/z 200), a target automatic gain
control (AGC) value of 3e6 (i.e., 3x10°), and maximum injection
times of 100 ms. After the survey scan, the 15 most intense precur-
sor ions were selected for MS/MS fragmentation. Fragmentation
was performed with a normalized collision energy of 27 eV, and
MS/MS scans were acquired with a starting mass of m/z 200, an
AGC target of 2e5 (i.e., 2x10°), a resolution of 17 500 (at m/z
200), an intensity threshold of 8e3 (i.e., 8x10%), an isolation
window of 2.0 m/z units, and a maximum IT of 100 ms. Charge
state screening was enabled to reject unassigned, singly charged,
and equal or more than seven protonated ions. A dynamic exclu-
sion time of 20 s was used to discriminate against previously
selected ions.

2.9. Mess-specrometry data analysis

MS data were analyzed with Proteome Discoverer (version
1.4.1.14) (Thermo Fisher Scientific) using standardized workflows.
Mass spectra *raw files were searched against the
SwissProt_2016_10.fasta, Homo sapiens (human) database
(20 121 sequence protein entries) using the Mascot search engine
(version 2.6, Matrix Science, United Kingdom). Precursor and frag-
ment mass tolerances were set to 10 ppm and 0.02 Da, respec-
tively, allowing two missed cleavages, carbamidomethylation of
cysteines as a fixed modification, and methionine oxidation and
acetylation of the N-terminal as a variable modification. The iden-
tified peptides were filtered using a Percolator algorithm [28] with
a q value threshold of 0.01.

2.10. Bioinformatics and meta-analysis

A first screening of the proteins identified as potential autoanti-
gens specific to CRC was performed using the contaminant reposi-
tory for affinity purification MS data (CRAPome) database [29].
Proteins appearing in more than 15% of the IP experiments
reported in this database were discarded from further analysis.
Then, the proteins were analyzed wusing the STRING
(version 11.0) and DAVID (version 6.8) databases to study protein
enrichment and to identify altered networks and pathways in
which these proteins are involved [30-32]. The STRING settings
were fixed to Markov Cluster Algorithm (MCL) clustering enrich-
ment 2 and a confidence score of 0.4.

Extensive meta-analysis of the selected proteins was performed
by analyzing whether genetic alterations associated with CRC had
been previously associated with these proteins. To this end, the
UALCAN [33] and cBioPortal [34] databases were used, as they pro-
vide information on dysregulations in gene expression between
CRC and paired healthy tissue samples and genetic alterations
identified in tumor tissue samples, respectively. In addition, infor-
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mation from the Human Protein Atlas [35,36] and GEPIA 2 [37,38]
was used to examine whether the identified proteins had been pre-
viously associated with CRC patients’ prognosis or survival using
the best cutoff or the quartile, respectively.

2.11. Immunohistochemistry

For the IHC analysis, tissue microarrays containing 88 core sam-
ples from 72 CRC patients (Table 1 and Table S4 in Appendix A)
were constructed using the manual tissue arrayer-1 (MTA-1) tissue
arrayer (Beecher Instruments, USA). Each core (diameter: 1 mm)
was punched from pre-selected tumor regions in paraffin-
embedded tissues. Staining was conducted in 2 pm sections. Slides
were de-paraffinized via incubation at 60 °C for 15 min, and then
incubated on a PT-Link (Denmark) for 20 min at 95 °C in a low-
pH buffered solution (EnVision FLEX Target Retrieval Solution,
Dako, Denmark). To block endogenous peroxidase, the holders
were incubated with peroxidase-blocking reagent (Dako). Biopsies
were incubated overnight at 4 °C using optimized dilutions of the
indicated antibodies (Table S3). Tissues were incubated with the
appropriate anti-Ig horseradish peroxidase-conjugated polymer
(EnVisionFLEX-HRP, Dako) to detect the antigen—antibody reac-
tion. All antibodies and anti-Ig HRP-conjugated antibodies pre-
sented high specificity, and no positiveness resulted from these
antibodies individually. Sections were then visualized with 3,3'-
diaminobenzidine as a chromogen for 7 min and counterstained
with hematoxylin. Visualization and immunoreactivity were con-
ducted according to established protocols [14,39].

2.12. Gateway cloning and protein expression

Sequence-verified full-length complementary DNA (cDNA)
plasmids containing the TP53, TGM3, ACTR3, PSPH, MT-CO2, SPDL1,
HMGCS2, CYB5R1, RAB25, FABP5, SDF2L1, S100A8, SERPINB12, SER-
PINB3, RAB2A, and DEFA1 genes in a flexible pDONR221,
pDONR223, or pENTR223 vector system were obtained from the
publicly available DNASU Plasmid Repository (https://dnasu.org/
DNASU/Home.do) [40]. Subsequently, open reading frames (ORFs)
were transferred to the pANT7_cHalo vector for in vitro expression
by LR Clonase reaction (Invitrogen, USA), following the manufac-
turer’s instructions, to obtain full-length proteins expressed as
fusion proteins to Halotag in their C-terminal end [41,42]. Next,
TOP10 Escherichia coli (E. coli) cells were transformed with the LR
reaction’s products to isolate the expression plasmids of interest.
Donor and expression plasmids were purified using Miniprep
(Neobiotech, USA), according to the manufacturer’s instructions,
and the sequence was verified prior to use.

Fusion proteins were expressed using the 1-Step Human
Coupled IVT Kit HeLa cell lysate (Thermo Fisher Scientific),
according to the manufacturer’s instructions for luminescence
immunoassays. Protein expression was analyzed by WB as
previously described, using 0.67 pL of protein expression per well,
a mouse monoclonal primary antibody anti-Halotag (1/2500,
Promega, USA), and HRP-labeled goat anti-Mouse (GAM, Sigma
Aldrich) as the secondary antibody.

2.13. Seroreactivity luminescence assays

The seroreactivity of the p53, TGM3, ACTR3, PSPH, MT-CO2,
SPDL1, HMGCS2, CYB5R1, RAB25, FABP5, SDF2L1, S100A8, SER-
PINB12, SERPINB3, RAB2A, and DEFA1 proteins was analyzed by
a luminescence Halotag-based beads immunoassay, as previously
described [42-45], using Magne Halotag beads (MBs, Promega)
prepared following the manufacturer’s instructions. First, the
MBs were equilibrated three times in 500 pL of wash buffer
(0.1% Tween 20, 0.05% Triton X-100, in PBS 1x ) for 5 min at room
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temperature and with rotation. Then, the proteins expressed
in vitro were incubated with the MBs O/N at 4 °C with rotation,
in a relation of 0.67 pL of protein and 0.5 pL of MBs suspension
per reaction, in a final volume of 600 pL of PBS 1x . In addition,
96-well plates (Bio-Plex Pro Flat bottom plates, Bio-Rad, USA) were
blocked with 300 pL of 0.1% Tween PBS 1x supplemented with 3%
bovine serum albumin (BSA) O/N at 4 °C and 120 r-min~'. After
protein immobilization, the MBs were washed three times with
wash buffer for 5 min at room temperature with rotation, and then
blocked with SuperBlock Blocking Buffer (Thermo Fisher Scientific)
for 1 h at room temperature with rotation. After that, the MBs were
transferred to 96-well plates (Bio-Plex Pro Flat bottom plates, Bio-
Rad) and separately incubated with 50 pL of each of the 112
plasma samples at 1/400 dilution in 0.1% Tween PBS 1x supple-
mented with 3% BSA O/N at 4 °C and 150 r-min~! (Table 1 and
Table S1). Next, the wells were washed three times and incubated
with 50 pL of HRP-labeled anti-Human IgG secondary antibody
(Dako), diluted 1/3000 in 0.1% Tween PBS 1x supplemented with
3% BSA for 1 h at room temperature and 150 r-min~". Finally, the
wells were washed three times, and a signal was developed with
the ECL Pico Plus chemiluminescent reagent (Thermo Fisher Scien-
tific) and recorded onto The Spark multimode microplate reader
(Tecan Trading AG, Switzerland). As the controls for the assay,
the MBs that were covalently immobilized with fusion proteins
were incubated with anti-Halotag antibody and the appropriate
HRP-conjugated secondary antibody (Table S3).

2.14. Seroreactivity biosensing assays

The protocol used for seroreactivity biosensing assays has been
previously reported and optimized [41,42], so it was followed here.
Proteins were expressed in vitro, anchored to MBs, and incubated
with plasma samples [41,42]. To verify the correct protein immo-
bilization, Halotag fusion proteins were detected with anti-
Halotag mAb (Promega), followed by 1 h incubation with 1/3000
diluted HRP-conjugated anti-mouse IgG (Sigma Aldrich). The
amperometric measurements were performed in the presence of
the hydroquinone (HQ)/H,0, system with disposable screen-
printed carbon electrodes upon the magnetic capture of the MBs
bearing the immunocomplexes on the working electrode [41,42].
The biorecognition event was monitored by the variation in the
cathodic current generated by the enzymatic (HRP) reduction of
H,0, mediated by HQ and measured at —-0.20 V (vs Ag pseudoref-
erence electrode) [41,42].

2.15. Statistical analysis

Plots, mean, standard error of the mean, and t-test were
obtained with Microsoft Excel 2019 and GraphPad Prism 5 pro-
grams. Nonparametric Mann-Whitney U test values were calcu-
lated using R (v3.6.2, Austria). p values less than 0.05 were
considered to be statistically significant. Receiver operating
characteristic (ROC) curves to determine the diagnostic ability of
each protein individually or in combination were constructed with
R (v3.6.2), using the ModelGood and Epi packages.

3. Results

In this work, we analyzed CRC TDEs and the TME as complemen-
tary and barely analyzed sources for the identification of
CRC-specific TAAs that could be useful for the early detection of this
disease. For the identification of TAAs, we used a recently described
approach consisting of a combination of IP and LC-MS/MS, using
exosomes and CRC tumor tissues followed by seroreactivity assays
[14]. The exosomes used for TAA identification were isolated from
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the secretome of SW480 and KM12C CRC cells, as models of a pri-
mary tumor, and from the secretome of SW620, KM12SM, and
KM12L4a cells, as models of CRC metastasis to the lymph nodes,
liver, and liver and lung, respectively. CRC tissue samples and exo-
somes isolated from plasma samples of patients at different stages
were used to validate the dysregulation of the TAAs during the
course of the disease. Finally, we integrated the TAAs into an elec-
trochemical immunosensing platform based on Halotag technology
to construct a POC device for differentiating between CRC patients
and individuals carrying premalignant lesions, and healthy individ-
uals [41,42]. Fig. 1 depicts the workflow of this study.

3.1. Characterization of exosomes secreted by CRC cell lines

The extracellular vesicles released by the CRC cells were iso-
lated via the differential centrifugation of the conditioned media
of the cultured cells. The conditioned media was collected after
the CRC cells were incubated for 48 h in DMEM without FBS, thus
avoiding isolation of the exogenous exosomes. Before using the
exosome protein content in IP assays, the purified samples were
characterized to confirm that appropriate isolation and purification
of the exosomes had occurred (Fig. 2).

Using EM (Fig. 2(a)), we observed vesicles no larger than
150 nm, which were compatible with an exosome vesicle size
with a distorted structure due to the dehydration processes that
were necessary for sample preparation. No contaminants, such
as MVs non-previously harvested or protein aggregates, were
detected. For further confirmation, purified vesicles from
SW480 cells were analyzed using cryoEM (Fig. 2(a)). We
observed vesicles no larger than 150 nm surrounded by a lipid
bilayer and with their native structure. Finally, with the NS300,
we observed isolated vesicles in suspension, and obtained the
mean size and concentration of all the samples (Fig. 2(b)). The
vesicles isolated from non-metastatic KM12C and SW480 cells
were more heterogeneous in size and more numerous than those
secreted by their isogenic metastatic counterparts, the KM12SM
and KM12L4a cells and the SW620 cells, respectively. In addi-
tion, the mean size of the vesicles in all the samples was
between 140 and 200 nm, which was in agreement with the
sizes of the exosome samples.

We also analyzed the protein extract of the exosome samples
using Coomassie blue staining and WB (Fig. 2(c)). These analyses
showed differences in the protein content between the exosomes
and cell lysates of the same CRC cells. Importantly, the presence
of Alix, a protein marker specific to extracellular vesicles, was
exclusively observed in the exosome samples. Collectively, these
results confirmed that the appropriate isolation and purification
of exosomes from the CRC cells had occurred.

3.2. Identification of potential TAAs by IP coupled with LC-MS/MS

The exosomes secreted by the CRC cells and the CRC tissue sam-
ples from patients at stages I-IV were examined by IP followed by
LC-MS/MS in order to identify CRC-specific TAAs that had been
dysregulated during the course of the disease. Protein extracts
from the exosomes and tissue samples were first analyzed with
Coomassie blue staining (Fig. 2(c) and Fig. S2(a) in Appendix A)
to assess their quality.

Second, IgGs from CRC patients (n = 12) and from healthy indi-
viduals as controls (n = 12) were separately isolated from plasma
samples (Table 1 and Table S1) and covalently bound to Protein
G agarose beads. The protein extracts were then incubated with
the IgGs from the controls to remove the proteins that were serore-
active to the controls. Then, the clarified protein extracts were
subsequently incubated with the IgGs from CRC patients to identify
TAAs specific to the disease. Proteins that were seroreactive to the
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Fig. 1. Work flow of the approach used in this study for the identification, validation, and integration in POC diagnostic devices of TAAs from exosomes and tissue samples
from CRC patients. Protein extracts from exosomes secreted by five CRC cell lines with different metastatic abilities and tissue samples from CRC patients at stages -1V were
investigated using IP coupled to MS to identify potential TAAs specific to CRC that were dysregulated during the course of the disease and that had diagnostic ability. A meta-
analysis of the 103 proteins identified as specifically seroreactive to IgGs from CRC patients was performed, identifying 15 proteins more likely to be actual TAAs for
validation. WB, IHC, and meta-analysis were used to determine their association with CRC development, progression, and prognosis. Finally, the seroreactivity of these
proteins was validated by seroreactivity luminescence assays prior to integrating the proteins on POC-like devices for the diagnosis of CRC and colorectal premalignant

individuals.

IgGs from the controls and to those from the CRC patients were
eluted and analyzed by means of silver staining after 10% SDS-
PAGE, prior to LC-MS/MS analysis (Fig. 3(a)).

Next, proteins that were seroreactive to both IgGs were
concentrated in 10% SDS-PAGE, in-gel digested with trypsin,
and then identified using MS. A total of 919 proteins were
identified from the three IP assays (404 proteins from the tis-
sue samples from patients at stages I-II, 270 proteins from tis-
sue samples from patients at stages III-IV, and 245 proteins
from exosomes). Among these, 235 proteins were exclusively
seroreactive to the IgGs from CRC patients, 194 were exclu-
sively seroreactive to the IgGs from healthy individuals, and
490 proteins appeared in both analyses (Fig. 3(b) and Tables
S5-S7 in Appendix A).

Prior to the bioinformatics and meta-analysis, the 235 proteins
that had been exclusively identified as seroreactive to the IgGs
from CRC patients were screened in the CRAPome database with
a cutoff of less than 15% of appearance in IP experiments registered
in the database. A total of 103 different proteins were then selected
as more likely to be actual TAAs specific to CRC. Among these pro-
teins, 13 had been identified in two or three of the IP assays per-
formed in the study (Table 2 and Fig. 3(c)). Remarkably, some of
the 103 proteins were previously identified as CRC TAAs in previ-
ous studies [14], such as the TALDO1, MT-CO2, or SPCS2 proteins,
which supported the accuracy of this approach for the identifica-
tion of TAAs.
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3.3. Bioinformatics, meta-analysis, and validation

An extensive meta-analysis of the 103 proteins identified as
potential TAAs of CRC was then performed (Fig. 4). The STRING
and DAVID databases were used to examine the protein networks
and pathways in which these proteins are involved. With DAVID,
we found that the proteins were implicated in multiple key biolog-
ical processes and functions, with some playing critical roles in
cancer (Fig. 4(a)). Regarding their cellular localization, the proteins
were mainly cytoplasmic or located in extracellular exosomes,
which suggested that the exosomes would be enriched in TAAs
specific to the disease. Furthermore, with STRING, the proteins
were grouped by direct and indirect interactions into 10 clusters
comprising proteins related to metabolic processes, immune
response, cytoskeleton organization, signal transduction, protein
transport, response to stress, calcium binding, and cell differentia-
tion (Fig. 4(b)), all of which are processes closely associated with
cancer.

Next, as the protein targets of autoantibodies are dysregulated
in tumoral tissue and might be point mutated, frameshifted, or
overexpressed [7,8], among other alterations, we investigated
whether genetic dysregulations and/or any other alterations had
been previously described for these proteins associated with CRC.
With UALCAN, we found a statistically significant dysregulation
in the gene expression in CRC tissues in comparison with adjacent
paired healthy tissues for 79 proteins out of the 103 proteins
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Fig. 2. Characterization of the exosomes released by CRC cell lines. (a) Electron microscopy and cryoEM images of the vesicles secreted by CRC cell lines, isolated and purified
by differential centrifugation. Vesicles smaller than 150 nm were observed, surrounded by a lipid bilayer compatible with exosomes. (b) Overlapped spectra of the exosomes
secreted by CRC cells, obtained with the NS300, showed differences in their size and concentration in the different isogenic CRC cells. Exosomes secreted by non-metastatic
SW480 and KM12C cells were more heterogeneous in size and larger than those secreted by the isogenic metastatic SW620, KM12SM, and KM12L4a cells, respectively. In
addition, the SW isogenic cells secreted a greater number of exosomes than the KM12 cells. (¢) Coomassie blue staining (upper panel) and WB of exosomes and cell lysates
revealed differences in the protein pattern between exosomes and cells. The presence of Alix, a protein specific to extracellular vesicles, was observed only in exosomes.

identified (p < 0.05), with the gene expression of 39 of them being
upregulated in CRC (Fig. 4(c)). In addition, using cBioPortal, we
surveyed in two CRC datasets of the cancer genome atlas (TCGA)
program (PanCancer Atlas and Nature 2012) for genetic alterations
previously described for these proteins. We found that various
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genetic alterations—mainly mutations—had been previously
described for all the identified proteins but one (Fig. 4(d)). Further-
more, gene alterations and aberrant expression were identified in
more than 75% of the CRC tissue samples registered in these TCGA
datasets. These data confirmed that these proteins suffered from



A. Montero-Calle, I. Aranguren-Abeigon, M. Garranzo-Asensio et al.

IP CRC stages |-l
elution

kDa

CT

CRC kDa

250
130
100

55

35

25

15

CRC tissue samples
(stages | and Il)

CRC tissue samples
(stages Ill and IV)

(b)

CcT

IP CRC stages III-IV
elution

Engineering 7 (2021) 1393-1412

IP exosomes
elution

CRC kDa CcT CRC

Exosomes secreted
by CRC cells

{ Exosomes }

Fig. 3. IP followed by the LC-MS/MS of proteins from CRC cell-derived exosomes, tumoral tissue, and tumor stroma exosomes targeted by autoantibodies. (a) Silver staining of
proteins seroreactive to IgGs from healthy individuals and from CRC patients eluted after the three IPs carried out in this study. (b) Venn diagrams of the proteins seroreactive
to the IgGs from healthy individuals, those seroreactive to the IgGs from CRC patients, or those seroreactive to both IgGs, identified and quantified by LC-MS/MS in each IP. A
total of 919 proteins were identified from the three IPs, with 235 of them being specifically seroreactive to IgGs from CRC patients. (c) Venn diagram of the 103 proteins
identified as potential TAAs specific to CRC in each IP that appeared in < 15% of the IP experiments registered in the CRAPome database. Thirteen of these proteins were

identified in more than one IP performed in this study. CT: control.

alterations that might induce a humoral immune response in CRC
patients.

We then focused on the analysis of 15 of the 103 proteins
(Table 2) selected according to: (D genetic alterations and/or
dysregulations previously associated with CRC; @ existing
information about their association with CRC or other cancers;
@ knowledge about biological processes and cellular localization
associated with these proteins; and @ antibody and cDNA
availability.

First, we used WB to analyze their potential dysregulation at the
protein level in CRC tissue or in exosomes from CRC patients, in
individuals with premalignant lesions, and in healthy individuals.
A statistically significant dysregulation was found for eight of the
12 proteins analyzed in the tumoral tissue samples, in comparison
with non-tumoral paired tissue samples (n = 17), with SERPINB12,
HMGCS2, and FABP5 being downregulated and ACTR3, TGMS3,
SPDL1, SDF2L1, and RAB25 being upregulated in the tumor sam-
ples (Figs. 5(a) and (b)). Interestingly, statistically significant differ-
ences were found for nine of the 12 analyzed proteins, when
comparing protein levels at different stages of CRC. SDF2L1,
RAB25, PSPH, and SPDL1 were upregulated at stages I and III (i.e.,
early stages). In addition, TGM3 and ACTR3 were observed to be
upregulated at all stages of the disease (Fig. 5(c)). In contrast,
HMGCS2, FABP5, and SERPINB12 were statistically downregulated
at different stages of the disease (Fig. 5(d)), and their levels—
together with those of SERPINB3—tend to diminish in parallel to
the progression of the disease (Fig. 5(e)).

In human plasma exosomes (n = 17), differences at the protein
level between the pathological and control samples were found for
ten of the 12 proteins analyzed, with SPDL1 and SERPINB12 being
upregulated, and SERPINB3, ACTR3, MT-CO2, RAB25, HMGCS2,
PSPH, TGM3, and SDF2L1 being downregulated in the pathological
samples, with a fold change higher than 1.5 and smaller than 0.67,
respectively (Figs. 6(a) and (b)). Moreover, TGM3, ACTR3, RAB25,
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and HMGCS2 levels decreased in parallel to the progression of
the disease, from individuals with premalignant lesions to CRC
patients (Fig. 6(c)). In addition, reduced levels of SERPINB3,
SDF2L1, PSPH, and MT-CO2 were found in CRC patients at early
(CRC stages I-II) and late (CRC stages III-IV) stages (Fig. 6(c)).
Finally, SPDL1 was downregulated in individuals with premalig-
nant lesions and upregulated in CRC patients, whereas the levels
of SERPINB12 increased during the progression of the disease

(Fig. 6(c)).
3.4. Role of the identified CRC TAAs in CRC prognosis

Next, we used IHC and meta-analysis to investigate the role of
the 15 selected proteins as CRC prognosis markers. Due to antibody
availability, we used IHC to analyze the association with CRC prog-
nosis of SPDL1, ACTR3, and SDF2L1 at the protein level using four
different tissue microarrays (TMAs) related to the metastasis or
recurrence of CRC (Figs. 7(a) and (b)). ACTR3 and SPDL1 showed
cytoplasmic staining, whereas SDF2L1 showed both cytoplasmic
and nuclear staining (Fig. 7(a)). ACTR3 was significantly associated
with CRC lymph node metastasis. In addition, SPDL1 could statisti-
cally differentiate the lymph nodes CRC metastatic patients from
those CRC patients with no lymph node metastasis. No statistically
significant differences were found between patients with and
without lung or liver metastasis, but higher levels of SPDL1 were
associated with liver and lung metastasis. Interestingly, nuclear
SDF2L1 could statistically discriminate between CRC patients
according to their recurrence status and survival, with lower levels
of SDF2L1 being associated with the worst prognosis and recur-
rence (Fig. 7(b)).

To extend our study to the other 12 proteins, a Kaplan-Meier
analysis of the overall survival of patients with colon cancer was
performed, comparing differences between low and high mRNA
expression levels. Interestingly, significant association with CRC
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Proteins identified in the three IP assays with potential diagnostic value for CRC that appear in < 15% of the IP experiments in the CRAPome database.

Accession  Description Gene X coverage (%) X peptides X PSMs CRAPome number Identifications
number of experiments
(found/total)
A4D1P6 WD repeat-containing protein 91 WDR91 0.94 1 2 0 IP3
015143 Actin-related protein 2/3 complex subunit 1B ARPC1B 8.33 2 3 9/411 IP1, IP2
015144 Actin-related protein 2/3 complex subunit 2 ARPC2 3.67 1 1 18/411 IP1, IP2
015145 Actin-related protein 2/3 complex subunit 3 ARPC3 19.66 3 3 15/411 IP1
015511 Actin-related protein 2/3 complex subunit 5 ARPC5 7.95 1 1 12/411 IP1
075083 WD repeat-containing protein 1 WDR1 132 1 1 24/411 IP3
075223 Gamma-glutamylcyclotransferase GGCT 11.7 2 2 30/411 IP3
094832 Myosin-Id MYO1D 5.86 7 7 33/411 IP1, IP2
095994 Anterior gradient protein 2 homolog AGR2 10.29 2 2 0 IP1
P00352 Retinal dehydrogenase 1 ALDH1A1 1.6 1 1 4/411 IP3
P00403 Cytochrome c oxidase subunit 2 MT-C02 441 1 1 20/411 IP1, IP3
P00488 Coagulation factor XIII A chain F13A1 3.28 3 4 0 P2
P01023 Alpha-2-macroglobulin A2M 0.81 1 1 16/411 IP1
P01040 Cystatin-A CSTA 19.39 2 2 45/411 IP1
P02008 Hemoglobin subunit zeta HBZ 4.93 1 1 0 P2
P02671 Fibrinogen alpha chain FGA 4.27 3 3 2/411 P2
P02675 Fibrinogen beta chain FGB 13.24 6 6 9/411 P2
P02751 Fibronectin FINC 0.88 2 2 20/411 P2
P02788 Lactotransferrin TRFL 1.41 1 1 28/411 IP3
P04040 Catalase CAT 4.55 2 3 37/411 IP3
P05089 Arginase-1 ARG1 3.42 1 1 50/411 P3
P05109 Protein S100-A8 S100A8 7.53 1 1 57/411 1P3
P06396 Gelsolin GSN 6.01 4 5 26/411 P2
P06703 Protein S100-A6 S100A6 8.89 1 1 29/411 IP1
P07741 Adenine phosphoribosyltransferase APRT 6.11 1 1 25/411 IP3
P08134 Rho-related GTP-binding protein RhoC RHOC 5.7 1 1 35/411 IP1
P08246 Neutrophil elastase ELANE 13.48 2 2 2/411 P2
P08519 Apolipoprotein(a) APOA 6.82 1 1 0 IP1, IP2
P08559 Pyruvate dehydrogenase E1 component subunit alpha, PDHA1 9.74 4 4 47411 P2
somatic form, mitochondrial
P09327 Villin-1 VIL1 13.18 9 11 0 P2
P10620 Microsomal glutathione S-transferase 1 MGST1 10.32 1 1 0 IP1
P16520 Guanine nucleotide-binding protein G(I)/G(S)/G(T) GNB3 2.94 1 1 39/411 P2
subunit beta-3
P18754 Regulator of chromosome condensation RCC1 2.38 1 1 61/411 IP3
P20339 Ras-related protein Rab-5A RAB5A 5.12 1 1 42/411 P2
P20930 Filaggrin FLG 1.77 3 4 43411 IP3
P21796 Voltage-dependent anion-selective channel protein 1 VDAC1 3.89 1 1 58/411 IP3
P22531 Small proline-rich protein 2E SPRR2E 25 1 1 24/411 IP3
P22735 Protein-glutamine gamma-glutamyltransferase K TGM1 0.86 1 1 34/411 IP3
P23490 Loricrin LOR 2.56 1 1 5/411 IP3
P27338 Amine oxidase [flavin-containing] B MAOB 2.12 1 1 0 P2
P28331 NADH-ubiquinone oxidoreductase 75 kDa subunit, NDUFS1 4.13 2 2 19/411 IP1, IP2
mitochondrial
P29508 Serpin B3 SERPINB3 3.08 1 1 36/411 1P3
P30044 Peroxiredoxin-5, mitochondrial PRDX5 8.88 2 2 26/411 IP1
P31040 Succinate dehydrogenase [ubiquinone] flavoprotein SDHA 2.86 2 3 44/411 P2
subunit, mitochondrial
P31930 Cytochrome b-c1 complex subunit 1, mitochondrial UQCRC1 2.5 1 1 30/411 P2
P37837 Transaldolase TALDO 2.37 1 1 41/411 IP3
P42357 Histidine ammonia-lyase HAL 1.22 1 1 10/411 IP3
P45880 Voltage-dependent anion-selective channel protein 2 VDAC2 9.52 2 2 58/411 P2
P49773 Histidine triad nucleotide-binding protein 1 HINT1 7.14 1 1 27/411 IP3
P50552 Vasodilator-stimulated phosphoprotein VASP 3.42 1 1 6/411 P2
P51148 Ras-related protein Rab-5C RAB5C 5.56 1 1 61/411 IP3
P51149 Ras-related protein Rab-7a RAB7A 5.31 1 1 63/411 IP3
P54868 Hydroxymethylglutaryl-CoA synthase, mitochondrial ~HMGCS2 8.07 4 4 2/411 IP1
P56134 ATP synthase subunit f, mitochondrial ATP5)2 13.83 1 1 28/411 IP1
P57735 Ras-related protein Rab-25 RAB25 3.76 1 1 1/411 P2
P59665 Neutrophil defensin 1 DEFA1 19.15 2 2 23/411 1P3
P59998 Actin-related protein 2/3 complex subunit 4 ARPC4 6.55 1 1 39/411 IP1, IP2
P61019 Ras-related protein Rab-2A RAB2A 11.32 2 2 35/411 1P2
P61088 Ubiquitin-conjugating enzyme E2 N UBE2N 7.24 1 1 46411 IP3
P61158 Actin-related protein 3 ACTR3 2.15 1 1 41/411 1P1, IP2, IP3
P61160 Actin-related protein 2 ARP2 3.55 1 1 51/411 IP1, IP2
P61626 Lysozyme C LYz 4.73 1 1 58/411 P2
P62491 Ras-related protein Rab-11A RAB11A 3.7 1 1 47/411 IP3
P78330 Phosphoserine phosphatase PSPH 64 11 18 1/411 IP1, IP2, IP3
Q01469 Fatty acid-binding protein, epidermal FABP5 6.67 1 2 38/411 P2
Q08188 Protein-glutamine gamma-glutamyltransferase E TGM3 1.88 1 1 37/411 1P2, IP3
Q08380 Galectin-3-binding protein LGALS3BP 1.88 1 1 25/411 IP3
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Accession  Description Gene Y coverage (%) X peptides X PSMs CRAPome number Identifications
number of experiments
(found/total)
Q08554 Desmocollin-1 DSC1 2.57 2 2 51/411 IP3
Q09666 Neuroblast differentiation-associated protein AHNAK AHNAK 1.68 1 2 62/411 IP3
Q12792 Twinfilin-1 TWF1 2 1 1 28/411 IP1
Q13835 Plakophilin-1 PKP1 3.08 2 2 34/411 IP1, IP3
Q14019 Coactosin-like protein COTL1 4.93 1 1 1/411 P2
Q15005 Signal peptidase complex subunit 2 SPCS2 3.98 1 1 7/411 IP3
Q16666 Gamma-interferon-inducible protein 16 IFI16 1.66 1 1 9/411 P2
Q16851 UTP-glucose-1-phosphate uridylyltransferase UGP2 1.77 1 1 11/411 IP3
Q5VU13 V-set and immunoglobulin domain-containing protein 8  VSIG8 242 1 1 3/411 IP1
Q86SJ6 Desmoglein-4 DSG4 0.77 1 1 1/411 IP1
Q8IX]6 NAD-dependent protein deacetylase sirtuin-2 SIRT2 2.06 1 1 2/411 P2
Q8N7P1 Inactive phospholipase D5 PLD5 1.31 1 1 0 P2
Q8WVV4  Protein POF1B POF1B 4.41 2 2 25/411 IP3
Q92954 Proteoglycan 4 PRG4 3.42 1 1 0 IP3
Q969V3 Nicalin NCLN 2.49 1 1 6/411 IP1
Q96CW1 AP-2 complex subunit mu AP2M1 1.61 1 1 21/411 IP1, IP2
Q96EA4 Protein Spindly SPDL1 1.16 1 1 19/411 IP1
Q961U4 Abhydrolase domain-containing protein 14B ABHD14B 3.33 1 1 1/411 IP1
QI6P63 Serpin B12 SERPINB12 1.98 1 2 37/411 1P3
Q96PK6 RNA-binding protein 14 RBM14 1.79 1 1 52/411 IP3
Q96QA5 Gasdermin-A GSDMA 1.8 1 1 22/411 IP3
Q99698 Lysosomal-trafficking regulator LYST 0.21 1 1 1/411 P2
Q9BPWS Protein NipSnap homolog 1 NIPSNAP1 3.17 1 1 14/411 IP1
Q9BPX5 Actin-related protein 2/3 complex subunit 5-like protein ~ ARPC5L 7.84 1 1 3/411 IP1
Q9HCNS Stromal cell-derived factor 2-like protein 1 SDF2L1 19.46 3 4 5/411 P2
QINWT1 p21-activated protein kinase-interacting protein 1 PAK1IP1 2.3 1 1 22/411 P2
QINYL9 Tropomodulin-3 TMOD3 5.68 2 2 63/411 IP1
QINZT1 Calmodulin-like protein 5 CALML5 9.59 1 1 53/411 IP3
Q9UBG3 Cornulin CRNN 2.83 1 1 1/411 IP3
Q9UGM3  Deleted in malignant brain tumors 1 protein DMBT1 6.96 1 1 8/411 IP1
Q9UHQ9 NADH-cytochrome b5 reductase 1 CYB5R1 2.62 1 1 0 P2
Q9Y277 Voltage-dependent anion-selective channel protein 3 VDAC3 8.48 2 2 46/411 P2
Q9Y2Y8 Proteoglycan 3 PRG3 4.89 1 1 0 P2
QI9Y3A5 Ribosome maturation protein SBDS SBDS 3.2 1 1 13/411 P2
Q9Y4L1 Hypoxia upregulated protein 1 HYOU1 1.2 1 1 50/411 IP1
Q9Y6N5 Sulfide:quinone oxidoreductase, mitochondrial SQRDL 1.78 1 1 2/411 P2

IP1: immunoprecipitation with tissue samples from CRC patients at stages I and II; IP2: immunoprecipitation with tissue samples from CRC patients at stages IIl and IV; IP3:

immunoprecipitation with exosomes secreted by CRC cells.

In bold: The 15 identified proteins more likely to be TAAs specific to CRC among the 103 identified proteins and selected for seroreactivity validation.
NADH: nicotinamide adenine dinucleotide; UTP: uridine-5’-triphosphate; ATP: adenosine triphosphate; NAD: nicotinamide adenine dinucleotide.
X coverage: total percentage of protein sequence coverage sequenced by LC-MS/MS; X peptides: total number of peptides; X PSMs: total number of peptide spectrum

matches.

prognosis in patients was found for S100A8, MT-CO2, CYB5R1,
HMGCS2, FABP5, SDF2L1, ACTR3, SPDL1, and TGM3 with the log-
rank test. It was found that high mRNA levels of S100A8, MT-
CO2, and CYB5R1 were associated with a worse prognosis of CRC
patients, whereas overexpression of FABP5, ACTR3, TGM3, SDF2L1,
HMGCS2, and SPDL1 was associated with a higher probability of
survival (Fig. S3 in Appendix A). Finally, the GEPIA2 tool was used
to investigate the association of the gene signature with the prog-
nosis of CRC patients and patients with other cancers. Remarkably,
a strongly significant association at the mRNA level with higher
survival was found by comparing differences between high- versus
low-expression CRC groups with the log-rank test (p = 0.0069)
(Fig. 7(c)). Importantly, this gene signature was also surveyed in
other cancers under the same conditions to assess its association
with CRC. Upon retrieving data from the other 31 cancer datasets
of the TCGA project, the signature showed no significance for the
association with overall survival for gastrointestinal (esophageal,
liver, gastric, and pancreatic) and most prevalent (prostate, breast,
and lung) cancers (Figs. 7(d) and (e)). On the other hand, a signif-
icant association with lower survival was found for glioblastoma,
brain lower grade glioma, cervical squamous cell carcinoma, skin
cutaneous melanoma, thyroid carcinoma, uterine carcinosarcoma,
and uveal melanoma. No association was found for other cancers
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(Fig. S4 in Appendix A). These results suggest that the signature
is associated with higher overall survival of CRC patients.

Because autoantigens are self-proteins that are altered during
the course of the disease, the fact that many of these proteins were
previously described as being altered or were here observed as
being dysregulated in CRC at the mRNA level and at protein level
by WB and IHC supports their potential role as actual TAAs specific
to the disease.

3.5. Seroreactivity luminescence assays of the potential TAAs

Next, as the goal of this work was to identify proteins targeted
by autoantibodies and with diagnostic ability for subsequent inte-
gration into POC devices, we investigated the seroreactivity of the
selected 15 proteins as fusion proteins to Halotag (Table 2).

We analyzed the seroreactivity of these proteins against 112
individual plasma samples from CRC patients at stages I to IV
(n = 38), from individuals with premalignant lesions (n = 36), and
from healthy individuals with negative colonoscopy (n = 38) by
luminescence Halotag-based beads immunoassays, including p53
and cHalo proteins as positive and negative controls, respectively.
Proteins cloned into the pANT7_cHalo vector and expressed in vitro
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Fig. 4. Bioinformatics and meta-analysis of the proteins selected as potential TAAs specific to CRC. (a) Biological process, molecular function, and cellular component
processes in which many of the 103 identified proteins are implicated were determined with the DAVID database. Some of these processes are relevant processes and
functions that are altered in cancer development, with some being critical in cancer, such as cell-cell adhesion, metabolic processes, protein transport, or signal transduction.
In addition, some of these proteins are in exosomes and in the extracellular space, highlighting their susceptibility to be recognized by the immune system. (b) STRING
revealed ten different clusters of interaction among the proteins closely associated with CRC development, such as cell communication, protein transport, or immune
response. (c) The UALCAN database showed a statistically significant (p < 0.05) dysregulation in gene expression in CRC tissue samples in comparison with paired healthy
tissue samples for 79 proteins out of the 103 proteins identified. (d) cBioPortal revealed gene alterations of 102 of these proteins previously associated with CRC (TCGA Nature
2012 and PanCancer Altas). Alterations in these genes were described in more than 50% of the tissue samples registered in these databases. GDP: guanine dinucleotide

phosphate; GTP: guanosine triphosphate.

with HelLa extracts, as proteins fused to Halotag in their C-terminal
end, were covalently anchored to MBs throughout the Halotag,
individually incubated with each plasma sample and, subse-
quently, incubated with the secondary HRP-anti Human IgG anti-
body (Fig. 8(a)). First, we observed higher levels of
autoantibodies against all these proteins in the pathological group
(CRC patients and individuals with premalignant lesions) in com-
parison with the healthy individuals group, with 14 proteins being
statistically significant (p < 0.05) out of 15 (Fig. 8(b)). In addition,
all but SERPINB12, FABP5, SERPINB3, and DEFA1 were able to sta-
tistically discriminate (p < 0.04) between healthy controls and pre-
malignant subjects, as was p53 (Fig. 8(c)). Furthermore, all but
SERPINB12, RAB2A, and FABP5 were able to significantly discrimi-
nate (p < 0.04) between healthy controls and CRC patients
(Fig. 8(d)), unlike p53 (p = 0.09).

Next, to further investigate the diagnostic value of these
autoantibodies, the premalignant group was divided into low-
and high-grade adenoma groups, in order to compare their serore-
activity with that of the healthy individuals and the CRC groups
(Fig. S5(a) in Appendix A). First, both the low- and high-grade ade-
noma groups were more seroreactive than healthy individuals.
p53, PSPH, RAB2A, TGM3, ACTR3, CYB5R1, MT-CO2, S100AS,
SDF2L1, and SPDL1 were able to statistically distinguish
low-grade adenomas from healthy individuals (p < 0.009), and
p53, TGM3, S100A8, SDF2L1, and RAB25 were able to statistically
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distinguish high-grade adenomas from healthy individuals
(p <0.05). However, although differences in seroreactivity intensity
were found between the low- and high-grade adenoma and CRC
groups, none of these TAAs were able to statistically discriminate
CRC patients from individuals with premalignant lesions.

Collectively, these results demonstrate that SPDL1, FABPS5,
SERPINB3, DEFA1, CYB5R1, TGM3, ACTR3, SDF2L1, S100AS,
RAB25, RAB2A, PSPH, MT-CO2, and HMGCS2 are autoantigens
whose seroreactivity can distinguish CRC patients and/or prema-
lignant colorectal individuals from healthy individuals.

3.6. Analysis of the diagnostic value of the identified CRC TAAs

To evaluate the diagnostic value of the 15 TAAs, individual and
combined ROC curves were obtained (Fig. 8(e) and Table S8 in
Appendix A). All TAAs showed an area under the curve (AUC)
higher than 60% in discriminating premalignant individuals from
controls, with PSPH and SDF2L1 showing AUCs higher than 70%
and a sensitivity and specificity of up to 72.2% and 78.9%, respec-
tively. Moreover, the autoantibodies against all TAAs but p53 sta-
tistically discriminate between CRC patients and healthy
individuals, showing the highest AUCs for PSPH and SPDL1 of up
to 70.5%, with a sensitivity and specificity of up to 76.3% and
60.5%, respectively. Importantly, the TAAs showing statistically
significant seroreactivity also showed: an AUC of 79% and a
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Fig. 5. Analysis of dysregulation at the protein level of the potential TAAs in tissue samples from CRC patients. (a) Ponceau red staining of nitrocellulose membranes and
immune blotting of paired tumoral and non-tumoral tissue samples from CRC patients with the 12 potential TAAs analyzed. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the control in the assay. Protein bands quantified with Image] were normalized according to the total protein lane content based on their respective
Ponceau red staining. (b) Significant dysregulation at the protein level between non-tumoral and tumoral tissue samples was found for five of the 12 proteins, with
SERPINB12 and FABP5 being downregulated and ACTR3, TGM3 and SPDL1 being upregulated in tumor samples. (c) Overexpression of the proteins SDF2L1, RAB25, PSPH, and
SPDL1 was found at stages I and II, whereas TGM3, and ACTR3 were overexpressed at different stages of CRC. (d) Downregulation at the protein level was found for the
proteins HMGCS2, FABP5, and SERPINB12, which were observed to diminish in parallel to the progression of the disease, as did SERPINB3 levels. (e) The protein levels of
CYB5R1 and MT-CO2 were similar in tumoral and non-tumoral tissue samples. *: p < 0.05; **: p < 0.01; ****: p < 0.0001. Paired tumoral/healthy normal tissue from CRC

patients at stage [ (1, 2, 3, 4, 5, and 14), at stage II (6, 7, 10, 17, and 18), at stage Il (11, 12, 13, 15, and 16), and at stage IV (8) were used. NT: non-tumoral.
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Fig. 6. Dysregulation analysis of potential TAAs in exosomes from human plasma samples. (a) WB of exosomes from CRC patients, from individuals with premalignant
lesions, and from healthy individuals with the 12 potential TAAs analyzed and Ponceau red staining of nitrocellulose membranes. Alix was used in the assay as the control for
extracellular vesicles. Protein bands quantified with Image] were normalized according to the total protein lane content based on their respective Ponceau red staining.
(b) Differences at the protein level between pathological individuals (CRC patients and individuals with premalignant lesions) and controls (fold change > 1.5) were found for
ten of the 12 proteins analyzed, with SPDL1 and SERPINB12 being upregulated and SERPINB3, ACTR3, MT-CO2, RAB25, HMGCS2, PSPH, TGM3, and SDF2L1 being
downregulated in pathological samples. (¢) Dysregulation of proteins at different stages of the disease was found for ten of these proteins. TGM3, ACTR3, RAB25, and HMGCS2
protein levels decreased in parallel to the progression of the disease. SERPINB3, SDF2L1, PSPH, and MT-CO2 were overexpressed in CRC patients at early (CRC I-II) and late
(CRC IlI-IV) stages. SPDL1 was downregulated in individuals with premalignant lesions and overexpressed in CRC patients, and SERPINB12 protein levels increased during the
progression of the disease. Protein levels of CYB5R1 were similar in healthy individuals and patients, and FABP5 was not detected in exome samples. Outliers were not
considered in the analysis. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. Exosomes from CRC samples at stage I (40, 41, 46, and 47), stage I (43), stage Il (4 and 42),
and stage IV (44 and 45) were used in comparison with exosomes from healthy and premalignant individuals. Polyp: premaglinant lesions.

sensitivity and specificity of 74.3% and 76.3%, respectively, in dis- and specificity of 52.6%, and 94.7%, respectively, in differentiating

criminating between pathological colorectal individuals and con- CRC patients from healthy individuals.

trols; an AUC of 79.7% and a sensitivity and specificity of 94.4% To further analyze the early diagnostic value of these TAAs, the
and 55.3%, respectively, in discriminating between premalignant individual and combined ROC curves of the proteins with
individuals and controls; and an AUC of 76.2% and a sensitivity differential seroreactivity to low- and high-grade adenoma in
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Fig. 7. Evaluation of the prognostic association of the identified TAAs target of autoantibodies in CRC. (a) Representative SPDL1, ACTR3, and SDF2L1 IHC staining images.
(b) IHC analysis showed an association between ACTR3 and lymph node metastasis; between SDF2L1 and recurrence and survival status; and between nuclear SPDL1 and
lymph node metastasis (*: p < 0.05). (c-e) Association of the combination of nine proteins (S100A8, MT-CO2, CYB5R1, FABP5, ACTR3, TGM3, SDF2L1, HMGCS2, and SPDL1)
with CRC patients’ survival. The association of the signature with the prognosis of CRC and other cancers was investigated with GEPIA2. Colorectal adenocarcinoma TCGA
dataset was surveyed in comparison with breast cancer, prostate adenocarcinoma, stomach-gastric adenocarcinoma, lung adenocarcinoma, esophageal cancer, liver
adenocarcinoma, and pancreatic adenocarcinoma as controls for the specific association of the nine-gene signature with CRC prognosis.

comparison with healthy individuals were obtained (Table S8 and
Fig. S5(b) in Appendix A). The TAAs exhibited individual
AUCs between 55.7% and 79.6% in discriminating between low- or
high-grade adenomas and healthy individuals. In combination,
the TAAs showed an AUC of 84.1% and a sensitivity and specificity
of 73.7% and 81.6%, respectively, in discriminating between
low-grade adenomas and healthy individuals; and an AUC of 75%
and a sensitivity and specificity of 76.5% and 78.9%, respectively,
in discriminating between high-grade adenomas and healthy
individuals.

These results highlight the usefulness of the CRC TAAs identified
here as blood-based biomarkers for the detection of either early
colorectal lesions or CRC; thus, these TAAs should be part of diag-
nostic panels for CRC detection. Accordingly, we analyzed the TAAs
on a multiplexed electrochemical immunosensing platform to
determine which could be included in a POC device for use in a
clinical setting for the detection of CRC.
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3.7. Analysis of the diagnostic value of the identified TAAs as targets of
CRC autoantibodies in POC-like devices

Under previously optimized conditions [41,42], the ability of the
developed biosensing platform to detect the presence of autoanti-
bodies against the identified TAAs in human plasma was tested.
Random plasma samples from two healthy individuals, two prema-
lignant individuals, and two CRC patients were analyzed. Remark-
ably, the control individuals showed a significantly lower
seroreactivity in comparison with the premalignant and CRC
patients. More importantly, as previously observed via lumines-
cence, most of the CRC and colorectal premalignant patients were
reactive to > 8 TAAs, apart from p53. All premalignant and CRC indi-
viduals possessed autoantibodies for more than eight CRC autoanti-
gens and showed a clear signal in comparison with healthy
individuals and above the background (Fig. 9). Taken together,
these results demonstrate the usefulness of this methodology as a
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Fig. 8. Luminescence Halotag-based bead assays with the potential TAAs. (a) Confirmation of the proper cloning as Halotag fusion proteins and the in vitro expression of the
15 proteins investigated by luminescence assays was performed by WB. All proteins were recognized by the anti-Halotag antibody. (b) Differences in autoantibody levels
among the 112 individual plasma samples from CRC patients, individuals with premalignant lesions, and healthy individuals (Table 1 and Table S1). All TAAs selected except
for SERPINB12 could statistically differentiate between the pathological and control groups (p < 0.05), as could p53. (c) Seroreactivity against PSPH (p = 0.002), RAB2A
(p = 0.008), TGM3 (p = 0.005), CYB5R1 (p = 0.007), MT-CO2 (p = 0.019), S100A8 (p = 0.018), SDF2L1 (p = 0.002), ACTR3 (p = 0.009), SPDL1 (p = 0.010), HMGCS2 (p = 0.039),
RAB25 (p = 0.009), and p53 (p = 0.004) could statistically discriminate between premalignant lesions and healthy individuals. (d) Autoantibody levels against PSPH (p = 0.001),
TGM3 (p = 0.040), CYB5R1 (p = 0.003), MT-CO2 (p = 0.004), S100A8 (p = 0.040), SDF2L1 (p = 0.004), ACTR3 (p = 0.007), DEFA1 (p = 0.008), SPDL1 (p = 0.003), HMGCS2
(p=0.043), RAB25 (p = 0.003), and SERPINB3 (p = 0.042) could statistically discriminate between healthy individuals and CRC patients. (e) Evaluation of the diagnostic value of
14 potential TAAs with differentially seroreactivity to patients than to healthy individuals. The combination of p53 and the 15 proteins except for SERPINB12 showed an AUC
of 79% and a sensitivity and specificity of 74.3% and 76.3%, respectively, in discriminating between pathological individuals (individuals with premalignant lesions and CRC
patients) and healthy individuals (upper panel). Combined detection of autoantibodies against PSPH, RAB2A, TGM3, CYB5R1, MT-CO2, S100A8, SDF2L1, ACTR3, SPDL1,
HMGCS2, RAB25, and p53 showed an AUC, a sensitivity, and a specificity of 79.7%, 94.4%, and 55.3%, respectively, in discriminating between premalignant individuals and
healthy individuals (middle panel). The combination of PSPH, TGM3, CYB5R1, MT-CO2, S100A8, SDF2L1, ACTR3, DEFA1, SPDL1, HMGCS2, RAB25, and SERPINB3 showed an
AUC of 76.2%, and a sensitivity and specificity of 52.6% and 94.7%, respectively, in differentiating CRC patients from healthy individuals (lower panel). ns: not significant;
R.L.U.: relative light unit; *: p < 0.05; **: p < 0.01.

potential clinical tool for the detection of CRC. More importantly, involved in the progression of CRC that are useful as CRC prognos-
our results demonstrate that these TAAs should be included in sig- tic markers. Moreover, our results showed that the developed
nature panels for CRC detection by a simple blood test. luminescence or biosensing approaches overcome drawbacks

Collectively, these results highlight the usefulness of the fol- regarding the purification, degradation, and immobilization of pro-
lowed approach not only to identify TAAs with significant diagnos- teins, and thus have excellent potential for use in the detection of

tic ability, but also to find proteins target of autoantibodies CRC through a POC device.
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Fig. 9. Autoantibody measurement in plasma samples by the multiplexed electrochemical immunosensing platform. (a) The individual amperometric responses for the
indicated proteins obtained for randomly selected plasma samples were visualized using the MultiExperiment Viewer (v4.9.0, Massachussetts, USA). Notably different
amperometric responses were obtained among CRC patients (CRC), individuals with premalignant lesions (PRE), and healthy control individuals (CT). Green signal: absence or
low amperometric responses; black signal: intermediate responses; red signal: high amperometric responses. (b) The actual amperometric responses obtained for the TAAs
were larger for the premalignant and CRC patients in comparison with those for healthy individuals, in whom they were considerably lower or undetectable.

4. Discussion

Longer life expectancy and the progressive aging of the global
population are causing a marked increase in chronic diseases.
According to the World Health Organization, chronic diseases are
and will be—as the population ages—the main economic burden
on health systems. Chronic diseases are the main cause of disability
and are responsible for 63% of deaths around the world. CRC is one of
the non-infectious chronic diseases with the highest prevalence. To
reduce its impact on society and on healthcare costs, a comprehen-
sive approach must be applied for CRC prevention and control. In
this sense, the best cancer treatment strategy involves reinforcing
CRC detection at the early stages for cancer prevention while identi-
fying new specific diagnostic biomarkers, as this strategy would
make it possible to treat individuals before the disease evolves and
thereby improve both their survival and quality of life. Such a strat-
egy would also reduce the healthcare costs associated with CRC,
since it is much cheaper to treat patients at early stages, when the
disease is curable, than at advanced stages, when the possibility of
a cure is seriously compromised. To this end, it is necessary to iden-
tify and validate useful biomarkers for the early detection of CRC
while developing new diagnostic tools that allow multiple and
simultaneous detection of these biomarkers. These are the main
objectives of this work, which focuses on the identification and val-
idation of protein biomarkers based on the humoral response that
can be used for the early diagnosis of CRC, as well as on the develop-
ment of novel diagnostic platforms to integrate these biomarkers.

In this work, we employed an integral multilevel approach
ranging from the identification and validation of TAAs from exo-
somes and CRC tissue samples to the construction of a POC device
able to integrate the identified and validated TAAs into a signature
for the detection of CRC patients and premalignant colorectal indi-
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viduals. First, we used a recently developed approach involving IP
directly coupled to LC-MS/MS and CRC cell protein extracts [14].
Second, this approach allowed us to identify novel autoantibodies
and their protein targets associated with CRC by analyzing two
poorly studied sources of autoantigens. We analyzed exosomes
and frozen tissue samples to investigate the TME beyond cancer
epithelial cells. This allowed us to obtain a global picture of CRC
TAAs, in addition to previously identified TAAs from CRC cells via
LC-MS/MS [14] or the screening of protein microarrays [11]. Third,
we validated these results using orthogonal techniques and
meta-analysis, and demonstrated that all but one of the identified
proteins target of autoantibodies were dysregulated at the mRNA
and/or protein level. Moreover, this dysregulation was associated
with the prognosis of the CRC patients. In this sense, we have
demonstrated that proteins target of the humoral immune
response of CRC patients can be used for their diagnosis and
prognosis. Remarkably, we have established a nine-gene signature
associated with good CRC prognosis, which is not associated with
any other gastrointestinal or highly prevalent cancer. Importantly,
the autoantibodies against the TAAs identified herein were able to
detect precancerous lesions as well as CRC. Thus, these TAAs meet
the criteria for integration into diagnostic panels that can be used
to detect early and advanced CRC lesions. This information would
allow clinicians to monitor individuals who are at high risk of
developing CRC. Clinicians could then detect potential lesions
through liquid biopsy and remove premalignant lesions with
colonoscopy, as well as detecting CRC in any stage of the disease.

Finally, and as the main goal of this work, we have not only val-
idated the differential seroreactivity of 15 TAAs through recently
developed self-assembled luminescence immunoassays [41,42]
and further demonstrated their usefulness for CRC diagnosis, but
also integrated them into a POC biosensing device platform. Such
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a platform could be incorporated into a clinical setting for the
detection of CRC and colorectal premalignant individuals.

To identify the TAAs, we examined two complementary sources
of TAAs: CRC exosomes and the CRC TME from frozen tumoral tis-
sue. We hypothesized that, as the extracellular vesicles circulating
in the blood and the lymphatic vessels are key mediators of inter-
cellular communication with cells located in distal organs, tumor-
derived exosomes should be an interesting source for the discovery
of TAAs target of the autoantibodies of CRC patients. In addition,
since the TME contributes to regulating neoantigen expression
and immune-cell infiltration [20], we hypothesized that an analy-
sis of CRC tumor tissue encompassing cancer cells and tumor
stroma should be an interesting source for identifying tumor
stroma neoantigens that have been missed by the analysis of can-
cer cells in culture [14]. Importantly, these sources have been lar-
gely unexplored for the identification of CRC-specific TAAs. Here,
eight out of 15 validated CRC TAAs were identified from exosomes,
and 11 were identified from CRC tumoral tissue (with four TAAs
being found in common). One of the interesting results from this
study stemmed from the observation that KM12C and SW480 cells,
which have low metastatic capacity, secreted a larger number of
vesicles than their corresponding isogenic metastatic cells.
SW480 cells showed the highest exosome secretion, while
KM12SM and KM12L4a had the least concentrated exosome sam-
ples despite being isolated from the same volume of conditioned
media. These findings may be associated with the metastatic role
of these cells, which must prepare the metastatic niche for colo-
nization, in contrast to the situation with non-metastatic cell lines
[46].

One of the goals of this study was to identify the TAAs of proteins
that showed dysregulation either at the mRNA or the protein level
in CRC. We found that all the proteins target of autoantibodies,
except for one, were dysregulated in CRC patients. Importantly,
we observed that SERPINB12, SDF2L1, RAB25, ACTR3, TGM3, and
PSPH showed an opposite dysregulation in tissue and exosomes.
These results indicate potentially different roles of these proteins
in tumoral dissemination. In this sense, proteins that are downreg-
ulated in exosomes and upregulated in tissue samples, such as
SDF2L1, ACTR3, or TGM3, might be retained in the primary tumor
because they are necessary for its maintenance. In contrast, pro-
teins that are upregulated in exosomes and downregulated in tissue
samples might be involved in the establishment or maintenance of
the metastatic niche, due to the role of exosomes in mediating cell
communication between distal cells. These findings also suggest
that the dysregulation of proteins carried by exosomes can induce
a humoral immune response in CRC patients, since these proteins
are more exposed to the immune system of CRC and colorectal pre-
malignant individuals than that the proteins of the tumoral tissue.

Regarding our validated CRC TAAs dataset, SPDL1, SDF2L1,
SERPINB3, and MT-CO2 have not been previously described as can-
cer autoantigens, nor have they been identified as being related to
CRC. In contrast, although PSPH has not been previously described
as a cancer autoantigen, it has been previously associated with
CRC, as it was described as a potential driver gene in chromosome
7p [47]. Similar findings were observed for FABP5, S100A8, RAB2A,
ACTR3, CYB5R1, TGM3, HMGCS2, and DEFA1: These proteins have
been described as being altered in CRC, without being described as
cancer autoantigens target of autoantibodies. FABP5 has been
described as promoting cell growth and the metastatic potential
of CRC cells [48]. ST00A8 contributes to CRC [49], and RAB25 and
RAB2A have been described as a tumor suppressor and a novel
oncogene in colon cancer [50,51], respectively. ACTR3 has been
found to be altered in CRC and metastasis [52,53], and HMGCS2
has been described as enhancing invasion and metastasis in CRC
[54]. CYB5R1 has been described as being associated with the
epithelial-to-mesenchymal transition transition and as a poor
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prognosis of CRC [55]. TGM3 has been reported as acting as a
tumor suppressor in the progression of CRC [56]. Moreover, DEFA1
was found to be overexpressed in colon carcinoma [57].
Remarkably, the results presented here demonstrate that all of
the above-described proteins are CRC autoantigens target of
autoantibodies, which can discriminate CRC patients from healthy
individuals at early and advanced stages of the disease, including
patients with premalignant lesions (low- and high-grade
adenomas).

Finally, the main goal of this study was to identify and validate
CRC TAAs for CRC diagnosis and integrate them into a POC device
that is useful for clinical routine. The detection of multiple autoan-
tibodies is needed for a more specific and sensitive diagnosis of
CRC. The seroreactive luminescence and biosensing approaches
demonstrated here could be successfully used to distinguish CRC
patients and premalignant individuals from healthy controls. To
the best of our knowledge, this is the first report investigating a
specific autoantibody signature that comprises autoantibodies
against TAAs from exosomes isolated from cell lines and/or directly
from frozen patients’ tissue, and that has been integrated into elec-
trochemical bio-platforms for autoantibody detection with the aim
of enabling patient care.

Regarding the performance comparison of this signature, with
the determination in blood of the circulating tumor DNA (ctDNA)
markers (i.e., emerging markers) or CEA (an established clinical
marker), it has been observed that although ctDNA markers and
CEA can distinguish CRC with high AUCs, specificity, and sensitivity
(especially at the late stages of the disease), they are not useful
enough to detect premalignant or precancerous lesions, with AUCs
and sensitivities lower than 60% and 50%, respectively [58,59].
These data reinforce the idea that apart from the simplicity of
the final methodology, the continuous biological signal amplifica-
tion function of the immune system gives autoantibody screening
a unique advantage in the early diagnosis of tumors. In this sense,
the TAA combination permitted the differentiation of CRC or pre-
malignant individuals from healthy individuals with an AUC close
to 80% in both cases. However, it should be emphasized that our
aim is to integrate the TAAs identified here with previously identi-
fied CRC TAAs [11,13,14,60] in order to develop diagnostic plat-
forms that can integrate all CRC-specific TAAs in order to attain a
high diagnostic ability toward individuals with premalignant
lesions and CRC patients. This would make it possible to detect
CRC by means of a simple, noninvasive, fast, and cheap blood test.

Remarkably, although the sensitivity and specificity of ctDNA
markers in the diagnosis of CRC patients have been demonstrated
to be greater than the sensitivity and specificity obtained in this
work by autoantibody detection, it should be emphasized that
the procedures for the isolation, purification, and detection of these
ctDNA are more complex, longer, and more expensive than
Halotag-based electrochemical biosensing platforms. In addition,
the amount of plasma sample required for the quantification of
ctDNA is considerably larger (1.5 mL plasma per 10-15 ng of
cfDNA) than that required for autoantibody detection (1-5 pL of
plasma samples diluted 1:400 in the assays), due to the high speci-
ficity and affinity of the antigen-antibody interaction. It should
also be mentioned that electrochemical bio-platforms have
recently demonstrated preliminary potential—with a limited num-
ber of samples—to discriminate between the healthy and tumor
tissues of patients with CRC, with sensitivities and specificities of
89% and 67%, respectively, by targeting 5-mC and 5-hmC at the glo-
bal level without bisulfite treatment and polymerase chain reac-
tion (PCR) amplification, but requiring genomic DNA extraction
and denaturation [61]. Thus, the biosensing platforms used here
could integrate markers with different characteristics to increase
the sensitivity and specificity of the assay for the diagnosis of
CRC at early and late stages.
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5. Conclusions

In this work, we identified a CRC blood-based diagnostic signa-
ture based on the identification of non-previously investigated CRC
sources (i.e., exosomes and the TME from CRC frozen tissue) via IP
followed by LC-MS/MS analysis using IgGs isolated from the
plasma of CRC patients. These candidate TAAs could be part of a
multiplex biomarker panel for the blood-based diagnosis of CRC
as integrated on the biosensor platforms described herein. The
resulting platform would be ideal for CRC diagnosis, since it would
permit simultaneous autoantibody detection using a minimal
plasma sample volume. In conclusion, the novel and versatile elec-
trochemical biosensing strategy presented here meets the require-
ments of clinical routine and POC testing, since it greatly reduces
both assay time and production costs.

Although we reported the unbiased discovery of autoantibody
biomarkers validated using individual plasma samples from CRC
patients and colorectal premalignant subjects in comparison with
healthy individuals, the diagnostic ability of these biomarkers
should be further validated using a large number of samples and
independent patient cohorts. Further research is sure to obtain a
diagnostic panel by multiplexing the TAAs described here and pre-
viously validated CRC TAAs [14,41,42,44]. Such multiplexed
bio(sensing) platforms—as demonstrated here by integrating 15
CRC TAAs—should achieve high enough sensitivity, specificity,
and AUC for the blood-based clinical diagnosis of CRC, thereby
demonstrating the potential to greatly increase patient survival
and decrease the cost associated with CRC treatment by health
systems.
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